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Abstract

The electromagnetic interference (EMI) shielding of well dispersed single-walled carbon nanotube (SWCNT)/polyurethane compos-
ites was studied and the results show that they can be used as effective and lightweight shielding materials. The EMI shielding of the
composite shows a reflection-dominant mechanism, while a shift from reflection to absorption was observed with increased SWCNT
loading and frequency. This is explained using EMI shielding theory and the intrinsic properties of the components.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

As commercial, military, and scientific electronic devices
and communication instruments are used more and more
widely, electromagnetic interference (EMI) shielding of
radio frequency radiation continues to be a more serious
concern in this modern society. Light weight EMI shielding
is needed to protect the workspace and environment from
radiation coming from computers and telecommunication
equipment as well as for protection for sensitive circuits
[1]. Compared to conventional metal-based EMI shielding
materials, electrically conducting polymer composites have
gained popularity recently because of their light weight,
resistance to corrosion, flexibility and processing advanta-
ges [2-9]. The EMI shielding efficiency (SE) of a composite
material depends on many factors, including the filler’s
intrinsic conductivity, dielectric constant, and aspect ratio
[7,9]. The high conductivity, small diameter, high aspect
ratio, and super mechanical strength and so on of carbon
nanotubes (CNTs) make them an excellent option to create
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conductive composites for high-performance EMI shield-
ing materials at low filling concentration. Recently, multi-
walled carbon nanotubes (MWCNTSs) have been studied
with various polymer matrix, including polystyrene (PS)
[1], epoxy [10], poly(methyl methacrylate) (PMMA) [11],
polyaniline (PANI) [1], polypyrrole (PPY) [1], PU
[10,12,13], etc., for the possible applications as effective
and light weight EMI shielding materials and the EMI
shielding has been attributed mainly due to the reflection
contribution [10,14,15]. When Fe is hybridized with
CNT/polymer composites, it is observed that the main con-
tribution to total EMI SE is absorption rather than reflec-
tion [16,17]. Also the influences of wall defects [10], aspect
ratio [10], and alignment [18] of CNTs on the EMI shield-
ing have been investigated. But the composite materials
with single-walled carbon nanotubes (SWCNTSs) have been
largely unexplored for this area so far [10,12]. Very recently
we reported the first EMI shielding study of the composite
materials of SWCNTs with epoxy as matrix in the fre-
quency range of 10 MHz-1.5 GHz [10]. But owing to many
different, and in many cases superior, properties compared
with MWCNTs, SWCNTs warrant more studies for light
and effective EMI shielding materials.
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Polyurethane (PU) elastomers are widely used high-per-
formance materials with many unique properties, including
good elasticity, high impact strength and elongation, resis-
tance to low temperature, and excellent bio-compatibility
[19,20]. And these properties have made them widely used
in many civil and military industries [21]. In this paper we
prepared well dispersed PU/SWCNT composites using a
simple physical blending method. An EMI SE up to 17 dB
at the band range of 8.2-12.4 GHz (so called X band) was
obtained for PU/SWCNT composites with 20 wt% SWCNT
loading. The composites show a percolation threshold as
low as ~0.2 wt%. The investigation in the shielding mecha-
nism shows a reflecting-dominant mechanism, whereas a
contribution shift behavior toward to absorption was
observed with increased SWCNT loading and frequency.
Using EMI shielding theory, this trend is explained with
the intrinsic properties of the components. At high SWCNT
loadings and we found the intrinsic properties favored the
absorbing ability rather than the reflecting one.

2. Experimental
2.1. Materials and measurements

SWCNTs were prepared in our laboratory using a mod-
ified arcing method [22]. Using AFM [23], we found the
bundles for the raw SWCNTs (AP SWCNTs) had an aver-
age diameter = 5.95 nm, average length = 1430 nm. The
AP SWCNTs have specific surface area of 1500 m?/g and
contain about 50 wt% SWCNTs. N,N-dimethyl formamide
(DMF, AR) was used as purchased. Polyurethanes were
supplied by Tianjin Polyurethane Co. (Mn = 20,000, hard-
ness =85, density = 1.34, synthesized from Diphenyl
methane 4,4-diisocyanate (MDI), 1,4-butadiol, and poly-
ethylene glycol adipate (Mn = 1000)).

The dc electrical conductivity of the SWCNT-epoxy
composites was determined using the standard four-point
contact method on rectangular sample slabs in order to
eliminate contact-resistance effects at room temperature.
Data were collected with a Keithley SCS 4200. The EMI
shielding effectiveness and complex (relative) permittivity
data of SWCNT/PU composites were measured with the
slabs of dimension of 22.86 mm X 10.16 mm X 2 mm to fit
waveguide sample holder using a HP vector network ana-
lyzer (HP E8363B) in 8.2-12.4 GHz (X band). And total
201 data points were taken within this frequency range for
each sample. The PU/SWCNT samples were freeze-frac-
tured in liquid nitrogen and gold coated for imaging on a
Hitachi S-3500 N scanning electron microscope (SEM).

2.2. Preparation of the PUISWCNT composites and their
films

We used the conventional solution process to prepare
the composites and their films. As an example, the follow-
ing describes the process to prepare the composite with
5 wt% SWCNT loading. SWCNTs (2.15 g) were added into

DMF (1500 mL), stirred for 2 h, and then the mixture was
sonicated for 2 h using a high power sonic bath (300 W,
modeled KQ-300DB) to disperse SWCNTs in DMF. Then
PU (43 g) dissolved in 300 mL of DMF was added to above
SWCNT suspension and the formed mixture was then stir-
red mechanically for 2 h. The mixture was further soni-
cated for 2 h using the above sonic bath. Note that more
DMF (to keep SWCNT concentration to be ~1.5mg/
mL) was used for higher SWCNT loading composites.
After the mixture was again stirred mechanically for 2 h,
it was then cast in a large mold to let solvent to evaporate
at ~140 °C. Then the PU/SWCNT films were pealed off
from the mold and vacuum dried at 80 °C for 48 h. After
a hot pressure process at 150 °C and 15 MPa, a flat film
of PU/SWCNT composite with 5 wt% SWCNT loading
was obtained. The sample was then cut to slabs with
desired sizes and then the surfaces of the slabs were pol-
ished if necessary. Other composites with different loadings
were prepared similarly. As a control, pure PU films and
slabs were prepared using the same process.

3. Results and discussion
3.1. Theoretical background

For a transverse electromagnetic wave propagating into
a sample with negligible magnetic interaction, the total
shielding efficiency (SEt) of the sample is expressed as
Eq. (1) [7,24,25]:

SET = 1010g(Pin/Pout) = SEA + SER + SEI (1)

where P;, and P, are the power incident on and transmit-
ted through a shielding material. The SEt is expressed in
decibels (dB). The SE, and SEg are the absorption and
reflection shielding efficiencies, respectively. The third term
(SE;) is a positive or negative correction term induced by
the reflecting waves inside the shielding barrier (multi-

reflections), which 1is negligible when SE, > 15dB
[24,25]. The terms in Eq. (1) can be described as
SEA = 8.68u/ (2)
L+’
Er =201
s R 0 Og 4|n| (3)

2
SE; = 20log ’
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where the parameters o, n, and y are defined as following
equations, / is the thickness of the shielding barrier.
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where /¢ is the wave length, ¢, the real part of complex rel-
ative permittivity, the £+ and = signs are applied for posi-
tive and negative ¢, respectively.[25] The loss tangent tan
0 = &fe, = oepe,, where g is the imaginary part of the rela-
tive permittivity; w = 2nF, where F is the frequency; ¢ is
the dielectric constant in free space and ¢ the conductivity.
Here we use the alternative conductivity (o,.) to express the
conducting ability of the alternative electromagnetic wave
in the composites: 0, = wepe,. The estimation of the SE
in this study is in the far-field limit [25], which assumes that
the distance from the source to the shielding barrier is long
enough and not to apply near-shielding effects. From Eqgs.
(1)~(7), SEt is tuned by o, n, and /. The intrinsic parameters
for the SE are o and n, which are determined by ¢, and g,..
From these equations, one can expect high shielding effi-
ciency for materials with higher ¢ and ¢,.. The thickness
of the material /is an extrinsic parameter which can be used
to control SE4 and SE7. The imaginary part of the complex
permittivity ¢,, also called loss factor, indicates the ability
of the materials to absorb radio wave. The term tan 9§, also
called loss tangent, indicates the ability of a material to
convert stored energy to heat. Thus, large values of loss
factor and loss tangent would indicate a better radio
absorbing material [26].

The material with tan 6 > 1 exhibits as a good conduc-
tor and the material with tan 6 < 1 exhibits as a weak con-
ductor [27]. In case of tan ¢ > 1, « can be approximated as
a & (wps/2)? and n ~ (1 + i)(6/2we) "2, where u is the per-
meability. This indicates that for the highly conducting
materials, the EMI shielding (including absorption and
reflection) shall be decided mainly by g, not ¢.. In the case
of tan § < 1, o~ (a/2)(/eoe,) /%, indicating that the elec-
tromagnetic energy dissipation can also occurred in the
weak conductors where permeability plays a more impor-
tant role. In the present study however, tan o~ 1 (see
below), so the above approximated formulas can not be
used, and both o, and &, must be considered when estimat-
ing the EMI shielding efficiency.

3.2. DC conductivity of the PUISWCNT composites

As seen from the EMI theory above, the EMI perfor-
mance of composites is highly coupled with the filler’s
intrinsic conductivity, dielectric constant, and aspect
ratio[7,9]. Fig. 1 shows the dc conductivity (opc) of PU/
SWCNT composites as a function of SWCNT mass fraction
(p). As can be seen, the conductivity of the PU/SWCNT
composites exhibits a dramatic increase at low loadings,
indicating the formation of percolating network. For exam-
ple, below 0.25 wt%, the conductivity of SWCNT compos-
ites displays a dramatic increase of 6 orders of magnitude
and the conductivity reaches 2.2 x 107* S/cm at 20 wt%
SWCNT loading. This value is 10 orders of magnitude
higher than that of the pure PU matrix (i.e., 1.2x 107"
S/cm).

Thus far, studies on the conductivity of SWCNT-poly-
mer composites have been reported low thresholds at
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p

Fig. 1. DC conductivity (6pc) vs weight percentage (p) of PU/SWCNT
composites at room temperature. The inset shows the log-log plot of opc

to (]7 - pc)-

various volume fractions with different fabrication methods
and different SWCNT aspect ratio [8,28]. For real applica-
tions, it is critical to have low filling threshold, since lower
filling fractions imply smaller perturbations of bulk physi-
cal properties as well as lower cost. It is well known that the
conductivity of a conductor—-insulator composite follows
the critical phenomena around the percolation threshold

(Eq. (8)) [29]:
opc x (v— vc)ﬁ (8)

where opc is the composite conductivity, v is the SWCNT
volume fraction, v, is the percolation threshold and f is the
critical exponent. Because the densities of the polymer and
SWCNTs are similar, we assume that the mass fraction, p,
and the volume faction, v, of the SWCNTs in the polymer
are almost the same. As shown in the inset to Fig. 1 for the
log (6pc) vs log (p — pc) plot, a least-squares analysis of the
fits using Eq. (1), shows that the threshold volume p, for
the composites was strongly bounded by the regions be-
tween the highest insulating and lowest conducting points
and the PU/SWCNT composite conductivity agrees very
well with the percolation behavior predicted by Eq. (8).
The best fit of the conductivity data to the log-log plot
of the power laws gave p. ~ 0.2%, and = 3.74, according
to Eq. (8), as shown in the inset in Fig. 1. While computer
models of conductivity percolation give a critical exponent
value of 2 for a 3-d rigid rod network, various values from
1.3 to 5.3 have been reported for different CNT-polymer
composites. These included SWCNT composites with crit-
ical exponent values of 1.5 for polyimide [30], 1.3 and 2.68
for epoxy [10,28], and 2-3 for different SWCNT materials
with epoxy [8]. Similarly, various values from 2.15 to 5.31
for MWCNT composites have been reported [17]. A perco-
lation threshold of ~16% has been predicted in two-phase
random composites when the conducting micro scaled fill-
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ers with sphere shape are used. However, the percolation
threshold p.~ 0.2 wt% in this work is ~2 orders smaller
than the theoretical result and also comparable to other
SWCNT composite materials [8,28,31]. This low threshold
value can be attributed to the large one dimensional aspect
ratio and well dispersion of SWCNTs in the composites.
The well dispersion was also confirmed with the SEM
image in Fig. 2 for the 20 wt% loading of SWCNTs. The
SEM image clearly shows that the SWCNTs were distrib-
uted rather homogeneously. Note electrostatic dissipation
applications typically require a conductivity of 107> S/cm
and thus with only addition of 5wt% SWCNTs, these
PU/SWCNT composites should be able to be used for
many electrostatic dissipation applications too.

3.3. Complex relative permittivity vs SWCNT loadings and
frequencies

Recent studies have shown that SWCNT/polymer com-
posites posses high real permittivity (polarization, ;) as well
as imaginary permittivity (adsorption or electric loss factor,
¢;) in the 0.5-2 GHz[10]and 500 MHz-5.5 GHz ranges [32],
indicating that SWCNT/polymer composites could be used
as light weight and effective electromagnetic shielding mate-
rials. We thus measured the complex permittivity of
SWCNT/PU composites in the frequency range of 8.2
12.4 GHz (X band). Fig. 3 shows the complex relative per-
mittivity spectra of the composites containing 0%—20 wt%
SWCNTs. As can be seen, the real (&) and imaginary (&)
permittivity increase dramatically as the concentration of
SWCNTs increases from 5 to 20 wt%. The highest values
of the real and imaginary permittivity parts for the compos-
ite with 20 wt% SWCNT loading reach 38 and 26, respec-
tively. Overall the real and imaginary parts of permittivity
for this PU/SWCNT composites with 20 wt% SWCNTs
range from 32 to 38 and 24 to 26 in the frequency of 8.2—

Fig. 2. A typical SEM image of PU/SWCNT composite containing
20 wt% SWCNTs after freeze-fractured in liquid nitrogen and gold coated.
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Fig. 3. Real (¢;) and imaginary (g;) parts of the relative permittivity in the
frequency range of 8.2-12.4 GHz.

12.4 GHz. Furthermore, at low loadings, both the real
and imaginary parts of permittivity are almost independent
to the frequencies in the range we measured with the same
loading. But at higher (e.g. 20 wt%) loading, the values of
the real part of the permittivity intend to decrease with
increasing of frequency, while the imaginary values still
keep little change. The absolute values of the measured per-
mittivity are of the same order of magnitude as those
reported by Grimes et al. for SWCNT/polymer composites
in the 0.5-5.5 GHz range [32]. These trends are important to
understand the EMI mechanism discussed below. A peak
between 8.5 and 9.5 GHz was found for the composites
(10, 15, and 20 wt%) and it becomes stronger with higher
SWCNT loadings. This result implies the existence of a res-
onance behavior, which is expected when the composite is
highly conductive and skin effect becomes significant [16].
Che et al. [16] reported that the frequency at which the peak
occurs is determined by the aspect ratio of the nano-scaled
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fillers and they found that the Fe-encapsulated carbon
nano-cages have a peak at about 5 GHz and the Fe-encap-
sulated MWCNTs have a peak at about 7 GHz. In this
paper, the composites have a resonance peak at about
9 GHz. This is probably because a high aspect ratio of
SWCNTs compared to that of MWCNTs.

3.4. EMI shielding effectiveness of the PUISWCNT
composites

Fig. 4 shows the EMI shielding effectiveness over the fre-
quency range of 8.2-12.4 GHz for PU/SWCNT composites
with various SWCNT loadings. As expected from the
above data about conductivity and permittivity, the EMI
shielding effectiveness increases with increasing content of
SWCNTs in the composite and the contribution to the
EMI shielding should come from the addition of SWCNTs.
It is also observed that the shielding effectiveness of the
composites almost keeps unchanged except for a slight
decrease with increasing the frequency for the same load-
ing. The shielding effectiveness of the composites contain-
ing 20 wt% SWCNTSs is measured to be 16-17 dB over
the frequency range of 8.2-12.4 GHz.

Fig. 5 shows the tan ¢ values of the composites, from
which it can be seen that the tan ¢ values of the composites
are in the range of 0.25-0.8, very close to 1, indicating that
the composites in this work do not act as good nor weak
conductors [27]. Therefore the intrinsic parameters ¢. and
0, must be considered to evaluate the EMI SE. The
EMI SE was thus plotted versus ¢, and o,., respectively
at 8.2 GHz as an example in Fig. 6. The data in Fig. 6 fall
on smooth curves, and similar dependence of EMI SE on
0ac and ¢, was obtained. From the fitted curve in Fig. 6a,
we can see a dramatic increase in shielding effectiveness
with the initial variation of ¢,., and then EMI SE increases
slowly with the continuous increase in g,.. A similar trend
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was observed for the plotting of EMI versus ¢;. Recall that
both o,. and ¢, increase with SWCNT loadings in Figs. 1
and 3. The above results indicate that EMI shielding effec-
tiveness increases much faster at low SWCNT loadings,
which becomes slower with higher SWCNT loadings.

3.5. Contribution shift from reflection to absorption at higher
SWCNT loading and frequency

As discussed in Section 3.1, the EMI SE has three con-
tributions: reflectivity (R), Absorptivity (A4) and the multi-
reflecting correction of waves inside the shielding barrier.
For a very approximate analysis, the multi-reflecting part
could be neglected, particularly for the cases when total
SEA > 15 dB. Thus we could use the equation of 100% =
A+ T+ R to get all the values of 4 from the experimental
results of 7 and R to evaluate each contribution for the
total shielding. The results are summarized in Fig. 7.

From Fig. 7, it can be seen that the major contribution
for EMI SE still comes from the reflection; which is consis-
tent with the literatures [14,15] for CNT composites. At
low loadings, both 4 and R increases with increasing load-
ing. More interestingly, we can see a general trend at high
loadings (e.g. >10 wt% loadings) that the absorption con-
tribution for EMI shielding increases while the reflection
contribution decreases with the increase in the SWCNT
loading at the same frequency. For example, in the case
of the results at 12.4 GHz, the reflectivity of the composite
with a p = 5 wt% is as high as 46.4%, and the absorptivity
18.3%. As the p increases to 10 wt%, the reflectivity
increases to 69.8% and the absorptivity increases slightly
to 21.7%. As the p continues to increase to 15 wt%, a con-
tribution shift behavior is observed: the reflectivity
decreases from 69.8% to 52.8% and the absorptivity
increases to 42.7%, almost doubles the one at 10 wt%
SWCNTs’ loading (21.7%). As the p continues to increases
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to 20 wt%, the reflectivity continues to decreases to 51.4%
and the absorptivity increases to 45.9%. Furthermore, the
higher the frequency, the more evident the trend is.

Such a contribution shift behavior relates closely to the
inner properties of the composite. As we know that the loss
tangent tan ¢ indicates the ability of a material to convert
stored energy into heat, i.e., tan ¢ provides an indication
for how well the material can be penetrated by an electrical
field and how well it dissipates electromagnetic energy as
heat. It can be seen from Fig. 5 that tan ¢ increases with
the increase in SWCNT loadings. Tan ¢ is almost zero
for the sample without SWCNTs, indicating pure PU can
hardly attenuate/absorb the radio wave. As SWCNT load-
ing increases to 5 wt% and 10 wt%, tan ¢ increases to ~0.25
and 0.55, respectively. Thus A values increase as observed
in Fig. 7. This is also evident from Egs. (2)—(6). From
Egs. (2)—(6), we can see at higher frequency, with increasing
tan 6, SE, shall increase faster than SErt.

A similar trend was found as the increase of frequency
with the same SWCNT loading from Fig. 7, i.e., the reflec-
tivity decreases and absorptivity increases for the same
loading of SWCNTs . For example, for the case of
p =20 wt%, the reflectivity decreases from 76.0% to
61.5% and then to 51.4% as the frequency increases from
8.2 to 10.3 and then to 12.4 GHz. Such a contribution shift
behavior is more evident for the samples with a higher
loading.

Again this trend could be understood from Figs. 3 and 5
and Eq. (2)—(6). At the same loading, we can see the values
of tan J increases as frequency increases but the ¢. keeps
almost unchanged at lower loading and slightly decreases
with higher loadings (see Fig. 3). Recall the tan J indicates
the material capability to absorb radio wave energy; the
above trend thus would become expected. This can also
be evident from Eq. (2)—(6), as SE5 would increase rela-
tively faster than SEr when ¢, keeps almost unchanged
with increasing tan ¢ for the same loading of SWCNTs.

From Fig. 6 it can be seen that at the initial stage, EMI
SE increases much faster with increase of o, and ¢. and
from Fig. 7 we can see a greater increase in R and a smaller
increase in A at the same stage. This indicates that at low
SWCNT loadings, o, and &, affect more R than A4 with
the increasing SWCNT loading. Also from Fig. 6 in the
region with high values of ¢,. and ¢, EMI SE increases
slower and from Fig. 7 we can see a decrease in R and
an increase in A. These results thus indicates that at high
SWCNT loading, o,. and ¢, contributes more to A than
to R with increasing SWCNT loading.

4. Conclusion

In this paper, PU/SWCNT composites with well-dis-
persed SWCNTs were prepared using a simple physical
mixing method and an EMI shielding effectiveness of
~17 dB was achieved at the SWCNT loading of 20 wt%.
Together with PU excellent properties and wide applica-
tions, the EMI shielding properties endowed by SWCNT
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as a filler shall make these composites one of the ideal can-
didates for EMI application. The EMI shielding of the
composites show a reflecting-dominated mechanism,
whereas with the increase in SWCNT loading and the fre-
quency, a contribution shift from reflection to absorption
was observed at higher loadings. By analyzing the trans-
mission behavior of the electromagnetic wave and the
intrinsic properties of the composites, we attribute this phe-
nomenon to the increase of the tan ¢ due to the increase of
the imaginary part of the dielectric constant of the compos-
ite materials. Our observations call for a better understand-
ing for the EMI shielding mechanism to optimize the
design of EMI shielding materials using SWCNTs. Future
work will concentrate on studies for this energy transition
behavior and the application of this property in electro-
magnetic wave absorption.
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