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Multiwall Carbon Nanotube - Epoxy
Composites with High Shielding Effectiveness
for Aeronautic Applications
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Abdel-Razik Sebak, Fellow, IEEE, and Suong. V. Hoa

Abstract — Using mass-produced multiwall carbon nanotubes
(MWCNTs) from different providers, we have fabricated
nanocomposites with high and nearly constant shielding
effectiveness (SE) over a wide frequency range, up to 26.5 GHz.
The MWCNT weight fraction and sample thickness were lower
than 10% and 2 mm, respectively. The fabrication process and
percolation curves are described. A high D.C. conductivity of
239.1 S/m was achieved at a MWCNT loading of only 8% by
weight. The effect of aspect ratio on shielding performance is
addressed as well. By comparing the measured SE of the
composite with predictions from a model of the measurement
setup using Microwave Studio, the effective conductivity of the
nanocomposite was determined. Since the thickness of sample is
very important for shielding analysis, the SE/unit thickness
diagram was calculated by using the effective parameters of
samples. The results were verified experimentally by measuring
the SE of samples with different thicknesses.

Index Terms — Nanocomposites, multiwall carbon nanotubes,
shielding effectiveness, electrical conductivity, waveguides.

I. INTRODUCTION

IGHTWEIGHT and highly conductive composite
materials could be used in the aerospace industry to
replace metal for an aircraft skin and still provide effective
shielding against electromagnetic interference (EMI).
Composite materials are increasingly used in aircraft and
associated applications due to their light weight, high strength,
high stiffress and good fatigue resistance. Recent
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developments of new techniques for manufacturing also make
them to be cost competitive to metallic counterparts [1, 2].
Commonly used composite materials are made of epoxy matrix
and carbon fibers. Airplanes such as Boeing 787 and Airbus
380 have about 50% of their structures made of composite
materials.

High electrical conductivity and high aspect ratio (AR)
make carbon nanotubes (CNTs) one of the most promising
filler materials for conductive polymer nanocomposites [3]-
[22]. Recently, due to high conductivity and outstanding
mechanical properties, CNT composite has been also used as
an efficient replacement of copper in antenna applications
[23]-[25]. Because of their low price and scalable production,
multiwall carbon nanotubes (MWCNTS) are extensively used
with epoxy resins, one of the most widely used thermosets, to
obtain conductive composites [3]. The conductivity of the
composite and its shielding effectiveness (SE) are determined
by the properties and loading of the CNTs, and by the
characteristics of the conductive network formed by the CNTs
throughout the matrix. To obtain a conductive network, highly-
entangled agglomerates of MWCNTSs have to be dispersed
efficiently into the resin by shear mixing or by ultrasonic
processing. Among the shear mixing techniques, three-roll
milling [4-7] is one of the best methods as it is solvent free,
scalable, uniformly shears the entire volume of the material,
and can easily handle high nanotube loadings.

The aspect ratio of the nanotubes is one of the main
parameters that determines their percolation behavior and as a
result, the conductivity [3, 8-10] of the nanocomposites.

The majority of the studies on nanocomposites made of
CNTs and thermoplastics [11-18] or thermosets [19-22] have
reported the shielding effectiveness to be up to 60 dB over
various frequency ranges, from low frequencies (130 MHz) up
to the K-band where the maximum SE of 20 to 60 dB is
achieved only at very high nanotube loadings (15 to 50 wt%).
However, high CNT loading (>10 wt%) is detrimental to the
process and cost of the composite.

Recently at the Concordia Center for Composites
(CONCOM) [26], we have produced highly conductive
nanocomposites made of mass-produced MWCNTSs at low
loadings (<10 wt%) and epoxy resin [27]. The dispersion of
MWCNTSs was carried out by three-roll milling. However, in
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order to use composites in the aeronautic applications, the high
frequency study on shielding properties is an issue to be
addressed.

In this work, first we briefly introduce the preparation
process and DC conductivity properties of the proposed highly
conductive nanocomposites. Then, the high shielding
performance of various samples over G-, X-, Ku- and K-band
frequency range is investigated and compared with SE of other
types of CNT samples reported in the literature. In addition to
the conductivity, the thickness of the sample determines the SE
as well. The effect of sample thickness on the SE of our
nanocomposites is assessed and verified experimentally.

Il. SAMPLE PREPARATION AND PERCOLATION CURVES

A. Materials

MWCNTSs synthesized by catalytic vapor deposition were
produced by Arkema (Graphistrength-C100), Bayer Material
Science (Baytubes-C150P) and NanoLab (Industrial Grade
CNTs-NLIG). Their main characteristics, given by the
manufacturer, are presented in Table I. The epoxy resin Epon
862 and the curing agent Epikure W were produced by Hexion
Specialty Chemicals. The MWCNTSs and all the reagents were
used as received.

B. Length and diameter measurement of the MWCNTSs

The length and diameter of the MWCNTSs were measured
using a Hitachi 4700 scanning electron microscope (SEM) at 2
kV of accelerating voltage and 10 pA of current intensity.
Approximately 2 mg of MWCNTSs were dispersed by a tip
sonicator (Misonix 3000) at the minimum power for 4 min. in
20 mL of deionized water containing 0.1 wt% of Triton-X100
(Sigma Aldrich). Next, an SEM stub was dip-coated with the
nanotube suspension and dried at room temperature. The
magnification used for imaging was from 15k up to 25k for the
length measurement and 60k for the diameter measurement.
Using the ImageJ 1.40g software, we measured 500 lengths
and 250 diameters for each MWCNT assortment.

Table Il presents the minimum, maximum and average
values of the length and diameter for each MWCNT
assortment. The average diameters of the MWCNTSs are quite
close, and agree well with those given by the manufacturer,
shown in Table I. In the case of length, Table Il shows large
discrepancies between the measured data and the
manufacturer’s specification. While the maximum length given
by the manufacturer is similar to the measured value, the
minimum length is usually much greater than the measured
value. Furthermore, the average lengths of the nanotubes are
very close to the minimum presented by the manufacturer
(C100) or even lower than the minimum (NLIG, and C150P).
This is the main reason that the mean aspect ratio in Table Il is
much smaller than that estimated from Table I.

@ o)

Fig. 1 SEM micrographs of NLIG composites (a) 1 wt% loading, (b) 8 wt%
loading.

TABLE |
CHARACTERISTICS OF THE MWCNTS GIVEN BY THE MANUFACTURER

Acronym Lot no. Outer Diam. (D)., nm Length (L), um
C100 7127 10-15 0.1-10
C150P 103 13-16 1->10
NLIG 43008 10-30 5-20
TABLE Il

MEASURED LENGTHS AND DIAMETERS OF THE MWCNTS

MWCNT Min Max Mean L/D
T Y Y o 7 M
T o - - 7 o
CLS0P gt e T irer | 57

C. DC conductivity measurements and percolation curves

1. Composite preparation

The resin, the curing agent (26.4 wt%) and the MWCNTSs
were weighed and hand mixed to form batches of 12 g. As the
reactivity of the curing agent is very low at room temperature,
we added the curing agent from the beginning in order to
reduce the mixture viscosity, especially for high nanotube
loadings. The batch was three-roll-milled several times on a
laboratory scale mill (EXAKT 80E, EXAKT Technologies,
Inc.) at different shearing intensities. Next, the mixture was
degassed in a vacuum oven at 90 °C for 30 min and loaded
between two aluminum plates coated with demolding agent
and separated by a PTFE spacer of 1.6 mm thickness. Finally,
the plates were tightened together by bolt joints, and the
composite was cured at 120 °C for 6 hours. After demolding,
the composite was trimmed to 50x50 mm square with a
thickness of 1.6 mm. Batches with nanotube loading lower
than 0.5 wt% were prepared by dilution of the 0.5 wit%
mixture. The SEM micrographs of Fig. 1 show that three-roll
milling is a very suitable method for homogeneously
dispersing MWCNTSs over a wide range of loadings.

2. DC conductivity measurements

The van-der-Pauw method [28] of measuring the
conductivity of thin materials is widely used in the



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

TABLE Il
PERCOLATION PARAMETERS OF THE MWCNT SAMPLES

MWCNT pc, wt% t oo, S/lcm
NLIG 0.012 1.77 230.75
C100 0.097 1.86 57.24
C150P 0.188 1.96 39.81

b
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Fig. 2 Percolation curves of the considered MWCNTSs, giving the DC
conductivity as a function for the CNT loading.

semiconductor industry, and recently was used to assess the
conductivity of CNT composites [29] at zero frequency or
“DC”. This four-probe method eliminates the contact
resistance and only one accurate dimension (thickness) is
needed to calculate the volume resistivity of the sample. The
current source (Keithley 6220 DC) and the nanovoltmeter
(Keithley 218A) were linked together and the measurements
were done in delta mode, when the current source alternates
the signal polarity and triggers the nanovoltmeter to read at
each polarity. The accuracy of the measurement setup was
verified using a conductivity standard of 111.1 S/m (VLSI
Standards Inc.).

3. Percolation curves

According to the statistical percolation theory the
conductivity depends on the filler loading according to [3, 17]

o=0,(P—P.) (1)
where p is nanotube weight fraction, p. is percolation
threshold, tis critical exponent and oy is the conductivity of an
element of the percolating network. It should be noted that we
have used weight fractions instead of volume fractions as the
densities of the investigated nanotubes. The percolation
parameters were determined by iteratively varying p;, until the
best linear fit of Log (o) versus Log ( p-p. ) was obtained.
Fig. 2 and Table Il present the percolation curves and the
percolation parameters respectively for our MWCNT samples.

It can be observed from Fig. 2 that the aspect ratio has an
important influence on the conductivity. Thus composites with
NLIG have conductivities almost 10 times higher than those
with C150P, as the former has an aspect ratio 5.5 times greater
then latter. The maximum conductivity of 239.1 S/m obtained
for NLIG at 8 wt% is one of the highest values reported for
epoxy-MWCNT composites at similar loading.
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Fig. 3. G-, X-, Ku- and K-band waveguides with cables and network analyzer.
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Fig. 4. Measured SE of NLIG samples over G-, X-, Ku- and K-band frequency
ranges.

TABLE IV
SPECIFICATIONS OF TESTED NLIG SAMPLES

MWCNT Volume fraction Thickness (d)
(% wt) (% vf) (mm)
1 0.602 1.65
2 1.210 1.67
4 2.439 1.8
8 4.959 1.9

I1l. SHIELDING EFFECTIVENESS OF MWCNT COMPOSITES

The shielding effectiveness of our nanocomposites was
experimentally investigated over a wide frequency range, up to
26.5 GHz, using rectangular waveguides. As shown in Fig. 3,
we have used G-, X-, Ku- and K-band rectangular waveguides
with dimensions of 47.548 x 22.148 mm, 22.86 x 10.16 mm,
15.8 x 7.9 mm and 10.668 x 4.318 mm, respectively. Using an
Agilent-E8364B network analyzer, which can operate from 10
MHz to 50 GHz, the measured SE of NLIG samples with
different MWCNT loading is presented in Fig. 4. The sample
specifications are given in Table IV. The
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Fig. 5. Comparison of NLIG shielding performance with other samples from
the literature: (a) 4%wt and (b) 8%wt MWCNT NLIG.
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Fig. 6. The effect of aspect ratio on the SE of proposed 8%wt
nanocomposites.

SE is obtained by subtracting the measured S,; of waveguide
setup without sample from the S,; when the sample is placed in
the cross section of the waveguide. The SE increases from less
than 20 dB for 1 %wt to 20 to 25 dB for 2 %wt, 35 to 45 dB
for 4 %wt to 60 to 90 dB for 8 %wt. The SE is roughly
constant with frequency at G and X band, and increases with

Fig. 7. The electromagnetic model of waveguide setup developed in CST
MWS.

frequency at higher frequencies and higher CNT loadings,
especially at K band up to 26.5 GHz. This behavior can be
explained by the skin depth in the composite, which will be
addressed in next section.

In Fig. 5 we have compared the shielding properties of our
samples containing 4 and 8 %wt NLIG with similar composites
reported in the literature. It is observed that our
nanocomposites based on NLIG with lower nanotube loading
and smaller thickness have a much higher SE than those
reported in [16-19]. It should be noted that the MWCNT
samples reported in [16] are characterized over 8-10 GHz
frequency range so that the corresponding shielding
performance in Fig. 5 is calculated only over that frequency
band.

Fig. 6 presents the SE of nanocomposites made of
MWCNTs with different aspect ratios (Table II). The
MWCNT loading of these samples is 8%wt. The DC
conductivity in Fig. 2 is strongly dependent on the aspect ratio.
Fig. 6 shows that the SE is much higher using nanotubes with a
high aspect ratio. Thus the SE with NLIG is 60 to 90 dB over
the 4 to 26 GHz frequency range, much larger than C100
which has an SE of 30 to 40 dB.

IV. EFFECTIVE CONDUCTIVITY OF NLIG-MWCNT SAMPLES
AND SIMULATION RESULTS

In section 11, D.C. conductivity (opc) of the nanocomposites
was reported along with the percolation curves of Fig. 2.
However, since composite materials may show a noticeable
frequency-dependent behavior, it is important to characterize
the effective parameters (conductivity, permittivity and
permeability) of samples over high frequencies [16-20], [30,
31].

In this section, we have obtained the effective conductivity
(oefr) of the nanocomposites by minimizing the difference
between the measured scattering parameters, obtained from the
waveguide setups, and the simulated scattering parameters
using a model in CST MWS [16, 23]. The effective
conductivity was also obtained by using analytical method and
the results were compared with CST MWS results.
Furthermore, for design purposes, the SE/thickness diagrams
of 1%, 2%, 4% and 8%wt MWCNT NLIG samples are
provided for the whole frequency range of interest.

A. Effective Conductivity

The scattering parameters of the slab of composite material
sandwiched between waveguides as in Fig. 7 could be
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determined to high accuracy using mode matching [32], but
here only the dominant mode will be accounted for. The slab
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Fig. 9. The phase of S,; parameter of the proposed MWCNT nanocomposites.

is assumed to have homogeneous effective parameters (e,
Lreit), Where the complex permittivity is used to include the
effect of loss. Our composite materials are non-magnetic so the
permeability is that of free space [16-20, 30, 31]. The
dominant mode inside the waveguide and slab is TE;y mode.
Evanescent modes exist in the waveguide both inside the slab
and in the air near the surfaces of the slab, and store energy.
Based only on the dominant mode, the scattering parameters of
the slab with thickness of d in the waveguide are

E
S,, =20log (ERJ )
E
S,, =20log (ETJ (3)
where
5 B rl + rze_jzﬂTElod (4)
E. 1+rre 2fed
and
E t e’jﬂTElOd
TLo i 5)

E 1l+tte el
where E;, Eg, and E; are incident, reflected and transmitted
electric fields in the waveguide, respectively. The other

parameters are

r— «’/ureff /greff -1
A

6
;ureff /greff +1 ( )
rhL=-n )
2
ﬂFElO = \ja)zluo/'lreff gogref'f _(ﬂ/a) (8)

and
tl _ Z\é/ureff /greff (9)
\’,ureff /greff +1

2
t, =—F—m—m
’ \é:ureff /greff +1

and o = 2zf'and a is the width of the waveguide. The accuracy
of the model could be improved by accounting for higher-
order modes, which are cutoff but which store energy.

Fig. 7 shows a realistic model of the waveguide
measurement setup for analysis with CST MWS [33]. MWS is
based on the finite integration technique (FIT), which

(10)
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TABLE V
EFFECTIVE RF CONDUCTIVITY OF NLIG SAMPLES VERSUS MWCNT
CONCENTRATION

MWCNT (% wt)
Simulation Setup
1 2 4 8
CST MWS 10 S/m 20 S/m 110 S/m 215 S/m
Analytical Model 13 S/im 22 S/m 118 S/m 228 S/m
DC Measurement | 6.9S/m | 21.5S/m | 73.6 S/m | 239.1 S/m
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Fig. 10. (a) Skin depth of NLIG samples given in Table IV versus frequency,
(b) Thickness to skin depth ratio of NLIG samples.

discretizes the integral form of Maxwell equations, and so
inherently accounts for the energy-storage effects of cutoff
waveguide modes in the slab and near the surfaces of the slab,
and so is expected to be more accurate than the dominant-
mode analysis presented above.

In order to find the effective conductivity of the slab, we try
to minimize the difference between measured and simulated
S;1 and S, scattering parameters, for various complex
permittivity values so that the conductivity can be extracted
from the imaginary part of the complex permittivity. We match
the mean value of the simulated scattering parameters to the
mean value of the measured parameters over the desired
frequency range, and choose the complex permittivity that
makes the mean values closest. For conciseness, only the X-
band results are reported as shown in Figures 8 and 9. The
normalizing impedance used for the scattering parameters is
50 Q. Table V shows the conductivity for samples with 1%,
2%, 4% and 8% MWCNT, from both the CST MWS model
and analytical model of (2) to (10). The conductivity values
obtained by the two models are comparable, but differ
somewhat. The more accurate values are those obtained by the
MWS model, which inherently accounts for higher-order
modes in the slab and near the surfaces of the slab. Table V
shows also the measured DC conductivity of the samples. The
values for 2% and 8% loading are comparable to the effective
values determined from the MWS model, but the values for
1% and 4% loading are considerably different. The effective
value ¢ for 1%, 2%, 4% and 8%wt samples is obtained as,
4, 7, 11, and 15, respectively. Due to the skin depth
phenomenon, since for highly conductive materials the
conductivity of material has major contribution in SE rather
than relative permittivity, here we just discuss about the
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Fig. 12. Measured SE / Thickness of NLIG samples with different MWCNT
loading: (a) 1%, (b) 2%, (c) 4%, and (d) 8%.

conductivity of samples. Fig. 10 (a) shows the skin depth,
o=l rnfuo, of the NLIG samples versus nanotube

loading. Fig. 10(b) shows the ratio of sample thickness to skin
depth (d/o) for NLIG samples given in Table IV. It is observed
that for NLIG with 8%wt loading, the thickness of samples in
terms of the skin depth increases significantly with frequency.
This explains why the SE in Fig. 4 increases with frequency
between 18 and 26.5 GHz, where d gets greater than about 80.
In fact, as the frequency increases, the skin depth decreases
and the SE increases, even if the conductivity is constant.

B. Effect of Sample Thickness on Shielding Properties

For design purposes, we may need to control the shielding
level by considering the cost limitations. It was observed that
the level of SE could be controlled by using different
MWCNT loadings. One of the important factors which can be
used to adjust the level of SE is sample thickness. Therefore,
providing the SE/thickness table for any kind of composite
sample can be efficiently used for design purposes in different
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applications.

For a slab of conductive material where the skin depth is
much less than the slab thickness, the SE can be estimated by
ignoring interactions between the surfaces using [34]

2
SE = 20l0g| o) +8.686(dj
4770’73 5

where 7, and 7, are the intrinsic impedances for the TE;,

(11)

mode for the slab and for air, respectively and the SE is
expressed in dB. Equation (11) shows that the SE increases
linearly with thickness d for highly-conductive composite
samples.

Using the waveguide setup simulated in CST MWS and
using the effective parameters found in the previous section,
we have investigated the effect of the sample thickness on SE
of NLIG samples over the considered frequency range. Fig. 11
shows the simulated SE vs. thickness curves over X-band
frequency range. By fabricating samples with different
thicknesses, the experimental results (triangles in Fig. 11) are
in good agreement with the simulations (solid line) and with
(11) (dashed line). The SE of the composites shows a nearly
linear dependence on the sample thickness with the slope
given by (11). We also measured the level of SE for samples
with different thicknesses over the G-, X-, Ku- and K bands as
shown in Fig. 12.

V. CONCLUSIONS

The length and diameter distribution of various mass-
produced MWCNTs from different providers have been
successfully determined. While the average diameter was in
good agreement with the manufacturer’s specifications, the
average length was significantly shorter. Three-roll milling
was successfully used to form highly conductive homogeneous
MWCNT-epoxy dispersions with nanotube loading up to 8
%wt. The shielding performance of the proposed
nanocomposites is investigated over a wide frequency range up
to 26.5 GHz. The SE level can reach 90 dB in the K-band and
more than 60 dB over G-, X- and Ku-band frequency ranges
by loading sample with only 8%wt MWCNT. The proposed
nanocomposites show much greater shielding effectiveness
compared to the other types of CNT composites introduced in
literature so far.

The effect of MWCNT aspect ratio is also investigated. It
was found that higher aspect ratio results in lower percolation
threshold and higher conductivity. An increase in the aspect
ratio by a factor of 5.5 increases the SE of the corresponding
composites by more than 40 dB.

The effective conductivity of the proposed nanocomposites
is calculated by fitting the simulated scattering parameters to
the wvalues measured using waveguide setups and
conductivities as high as 228 S/m are found. The effect of
sample thickness on the shielding level of samples is
investigated both numerically and experimentally over the
frequency range of interest. It is found that as the thickness
increases beyond several skin depths, the shielding

effectiveness increases dramatically, and up to 90 dB of SE
has been found for the composites in this paper.

Showing very high shielding effectiveness for low MWCNT
loading (<10%), nanocomposite made of long MWCNTs and
epoxy resin is a good candidate for aerospace and aircraft
industry.
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