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ELECTROMAGNETIC INTERFERENCE
SHIELDING STRUCTURE INCLUDING
CARBON NANOTUBE OR NANOFIBER
FILMS AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefit of U.S. Provisional Appli-
cation No. 61/147,939, filed Jan. 28, 2009, which is incorpo-
rated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with U.S. government support
under Contract No. FA9550-05-1-0271 awarded by the Air
Force Office of Scientific Research. The U.S. government has
certain rights in the invention.

BACKGROUND OF INVENTION

This invention relates generally to nanoscale fibers, and
more particularly to electromagnetic interference (EMI)
shielding structures comprising nanoscale fibers.

Due to the growing need for more powerful and compact
electronic products, EMI is becoming a more significant fac-
tor in commercial and military applications. The EMI shield-
ing of electronic devices and/or radiation sources may be a
consideration in the reliable operation of devices, and possi-
bly in preventing human health risks.

Thin film attachment or spray coating of metal, conducting
polymers, and carbon black particles on a product surface
may shield the product from electromagnetic waves. Metal
serves as an effective shielding material because of its high
conductivity, but metal adds significant weight and corrosion
issues. Conducting polymers and carbon particles are light-
weight but their conductivity is not as high as that of metal.
Carbon nanotubes may offer an alternative for EMI shielding
due to their light weight, corrosion resistance, and high con-
ductivity (~10%S/cm).

Carbon nanotube (CNT) thin films, or buckypapers (BPs),
are highly conductive, lightweight materials that are easily
incorporated into structural composites. These properties
make BP use in EMI shield/structural multifunctional com-
posites an attractive option. Single-walled carbon nanotube
(SWNT) BP can provide high EMI shielding because of its
high electrical conductivity. Since mixed SWNT and multi-
walled carbon nanotube (MWNT) or carbon nanofiber (CNF)
BP also has high conductivity and is lower in cost, it could
also be used for EMI shielding.

Present carbon nanotube based composite techniques are
sometimes based on mixing nanotubes with resin. However,
such methods can fail to achieve high nanotube loading and
high conductivity in composites, which would be desirable
for EMI shielding. To increase the electrical conductivity and
mechanical properties, higher loading of CNTs in composites
is desirable. However, CNT composites made by mixing
CNTs witha polymer matrix are difficult to achieve high CNT
loading (i.e., >10 wt. %). Higher loading will lead to high
viscosity and agglomeration of the CNTs, thus undesirably
decreasing the mechanical properties and quality of the com-
posites.

It would therefore be desirable to provide improvements in
EMI shielding structures having nanotubes and/or nanofiber
films. In particular, it would be desirable to provide improved
EMI shielding structures that may be produced in a relatively
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lightweight form and at a relatively low cost. It also would be
desirable to provide improved methods for producing EMI
shielding structures that include nanotubes and nanofiber
films.

SUMMARY OF THE INVENTION

A composite material for electromagnetic interference
shielding is provided. In one aspect, the composite material
comprises a stack including at least two electrically conduc-
tive nanoscale fiber films, which are spaced apart from one
another by at least one insulating gap positioned between the
at least two nanoscale fiber films. The stack is effective to
provide a substantial multiple internal reflection effect.

In certain embodiments, the insulating gap comprises air.

In other embodiments, the insulating gap comprises a
dielectric film. In some embodiments, each of the at least two
nanoscale fiber films and the at least one insulating gap meet
at a distinct interface. In one embodiment, the dielectric film
comprises polyethylene, polyethylene terephthalate, poly-
etheretherketone, or a combination thereof.

In certain embodiments, the stack has a thickness from
about 1 mm to about 2.5 mm. In other embodiments the
insulating gap has a thickness from about 200 um to about 2
mm. In one embodiment, at least one of the nanoscale fiber
films has a conductivity of at least 5 S/cm.

In some embodiments, at least one of the nanoscale fiber
films comprises a buckypaper. In another embodiment, the
stack provides an electromagnetic interference shielding
effectiveness ranging from 5 dB to 100 dB.

In certain embodiments, the nanoscale fiber films have
substantially not been infiltrated with a resin, polymer, or
epoxy material.

In another aspect, an electromagnetic interference shielded
apparatus is provided. The apparatus includes an electrical
circuit in need of electromagnetic interference shielding and
abody at least partially surrounding the electrical circuit. The
body comprises a composite material that includes at least
two electrically conductive nanoscale fiber films overlying
and spaced apart from one another with at least one insulating
gap positioned between the at least two nanoscale fiber films.
The nanoscale fiber films and the insulating gap are effective
to provide a substantial multiple internal reflection effect in
shielding the electrical circuit from electromagnetic interfer-
ence.

In certain embodiments, at least one of the nanoscale fiber
films comprises a buckypaper and the at least one insulating
gap comprises air or a dielectric film.

In one embodiment, the composite material further com-
prises one or more structural materials.

In yet another aspect, a method for shielding an electrical
circuit from electromagnetic interference is provided. The
method comprises positioning a composite material between
the electrical circuit and an electromagnetic energy transmis-
sion source. The composite material comprises at least two
electrically conductive nanoscale fiber films overlying and
spaced apart from one another with at least one insulating gap
positioned between the at least two nanoscale fiber films. The
nanoscale fiber films and the insulating gap are effective to
provide a substantial multiple internal reflection effect to
shield the electrical circuit from electromagnetic interference
generated by the transmission source.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing of a cross-section of an
embodiment of a composite 10 structure comprising stacked
layers of buckypapers and polyethylene films.
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FIG. 2 is a schematic drawing of a cross-section of another
embodiment of a composite 20 structure comprising stacked
layers of buckypapers and a polyethylene film.

FIG. 3 is the scanning electron microscope image of a
SWNT/MWNT mixed BP as described in Example 1.

FIG. 4A is a SEM image of the fracture surface of a BP
composite made in Example 1. FIG. 4B is an enlarged SEM
image of the BP region in the composite.

FIG. 5 is a graph of the EMI shielding effectiveness (SE)
values of the embodiments of composites made in Example 1.

FIG. 6 is a graph of the EMI SE values of other embodi-
ments of composites made in Example 1.

FIG. 7 is a schematic illustration of embodiments of com-
posite structures made in Examples 2 and 3. FIG. 7A and F1G.
7B illustrate the structures of composites with three SWNT
BP layers on the surface of PMI foam or GFRP and SWNT
BP layers with alternating PMI foam or GFRP as a insulating
gap, respectively.

FIG. 8 illustrates the apparatus for a modified MIL-STD-
285 test method used in Examples 2 and 3.

FIG. 9A is a graph showing the estimated SE of one layer
BP composites based on their conductivity with and without
amultiple reflections induced correction term (SE, ). FIG. 9B
is a graph showing the SE estimate result for multiple
attached BP layers with different total thickness including a
correction term.

FIG. 10A is a graph showing the effect of the composite
design on SE with correction term (SE, ). FIG. 10B is a graph
showing the simulated SE of two separated BP layers with
different airgap (&,) distances.

FIG. 11A is a graph showing the SE of embodiments of
composites having one, two, and three adjacent BP layers on
the surface of PMI foam as determined by the modified MIL-
STD-265 method. FIG. 11B is a graph showing the SE of a
composite having three BP layers with 2 mm thick PMI foams
as shown in FIG. 7B as measured by MIL-STD-461C.

FIGS. 12A-B are graphs showing the SE of BP composites
with one and two surface BP layers attached to the glass fiber
reinforced polymer (GFRP), respectively, as described in
Example 3.

FIG. 13 is a graph showing the estimated and measured
EMI SE of alternately stacked PMI composite as made in
Example 3.

FIGS. 14A-B are schematics illustrating the structure of
the multiple BP layer composites made in Example 4.

FIGS. 15A-B are SEM micrographs of the SWNT BP/PE
composite with PE made in Example 4.

FIG. 16 is a graph showing EMI SE comparison of the
modeling and experimental results of a single BP layer/PE
composite described in Example 4.

FIG. 17 is a graph showing the EMI SE of the mixed BP/PE
composites with different stacking or lay-up structures made
in Example 4.

FIG. 18 is a graph showing the comparison of SE for the
long-MWNT BP layer with and without PE impregnation and
a one layer long-MWNT BP/PE as described in Example 4.

DETAILED DESCRIPTION OF THE INVENTION

Nanoscale fiber film composite materials and methods of
manufacture thereof have been developed for use in EMI
shielding. In one aspect, the composite materials include a
stack of at least two nanoscale fiber films spaced apart from
one another by at least one insulating gap. The stack is effec-
tive to provide a substantial multiple internal reflection effect.

In particular embodiments, high EMI shielding effective-
ness (SE) is achieved due to the use of multiple internal
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reflection effects resulting from the insertion of insulating
gaps between nanoscale fiber films in the composites. In one
embodiment, two, three, four, five, or more layers of BP are
stacked and are respectively separated by one, two, three,
four, or more insulating gaps. In certain embodiments, the
insulating gaps have a thickness ranging from 200 pum to 2
mm (e.g., 0.5 mm to about 1.5 mm). Thus, a composite
material’s absorption loss may be increased due to the thick-
ness of conducting material, and yet the composite may be
almost as thin as the total thickness of the insulating gaps,
since the thickness of individual BP layers may be less than
30 um. Polymer insulators, such as low density polyethylene
(LIME) or polyethylene terephthalate (PET), may provide
improved EMI shielding and flexibility. With the selection of
a low dielectric polymer, the EMI SE may be improved as
described herein.

The SE is the sum of absorption, reflection, and multiple
reflections in the shield materials. For metal based shielding
materials, the contribution from multiple internal reflections
is usually ignored. However, multiple internal reflections can-
not be ignored in BP nanocomposites because of their small
absorption loss and multiple reflection contributions due to
the large surface areas of BP. Thus, the SE of BP composites
is affected by the conductivity and thickness of BP layers. The
EMI SE may not, however, linearly increase with the increase
of the number of BP layers that are stacked adjacent to one
another. The contribution of the multiple internal reflections
to the total SE may be small as a result of directly stacking
multiple BP layers together.

BP based composites may desirably be used for EMI
shielding because of the BP’s high concentration of carbon
nanotubes (10-65 wt. % or higher) and the high conductivity
provided by the BP. The high loading of nanotubes may be
achieved in BP composites, without losing the nanotubes’
mechanical properties. Thus, BP composites” high conduct-
ing nanotube networks further improve EMI SE. In addition,
by choosing particular BP layer stacking structures, improved
EMI SE may be achieved with the same amount of nanotubes.
Furthermore, BPs advantageously may be infiltrated with a
matrix material and incorporated into a structural composite
and conventional fiber-reinforced composite manufacturing
processes. These properties can provide a cost-effective tech-
nical approach to realize improved EMI shield/structural
multifunctional composites.

The nanoscale fiber film composite materials and methods
have an excellent potential for use in fabricating lightweight
EMI shielding structures, devices and multifunctional nano-
composites. Exemplary applications include producing EMI
shielding structures and composite structures for aerospace,
automobile and electronics industries, where highly efficient
EMI shielding and lighter weights are highly desired.

The Composite and the Shielded Device

In one aspect, an electromagnetic interference shielded
apparatus including an electrical circuit in need of electro-
magnetic interference shielding is provided. In one embodi-
ment, the apparatus includes a body at least partially sur-
rounding the electrical circuit. The body comprises at least
two nanoscale fiber films spaced apart from one another by at
least one insulating gap, wherein the stack is effective to
provide a substantial multiple internal reflection effect.

As used herein, “distinct interface” refers to the boundary
between two adjacent surfaces or surface layers (e.g., a BP
and an insulating gap). The distinct interface acts as a discrete
boundary such that the adjacent layers do not act effectively a
single, continuous shielding material layer within the EMI
shielding composite. In particular, in certain embodiments, a
distinct interface between two material layers results in a SE






