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The present invention provides a polymer composite material
structure comprising at least one layer of a foamed polymer
composite material comprising a foamed polymer matrix and
0.1 wt % to 6 wt % carbon based conductive loads, such as e.g.
carbon nanotubes, dispersed in the foamed polymer matrix.
The polymer composite material structure according to
embodiments of the present invention shows good shielding
and absorbing properties notwithstanding the low amount of
carbon based conductive loads. The present invention further-
more provides a method for forming a polymer composite
material structure comprising carbon based conductive loads.
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POLYMER COMPOSITE MATERIAL
STRUCTURES COMPRISING CARBON
BASED CONDUCTIVE LOADS

TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates to polymer composite
material structures comprising carbon based conductive
loads such as e.g. carbon nanotubes (CNTs) and/or carbon
black, and to a method for forming such polymer composite
material structures. The polymer composite material struc-
tures according to embodiments of the present invention have
good electromagnetic interference shielding properties and
good electromagnetic absorbing properties and can be used as
electromagnetic interference shields in, for example, radio
frequency systems.

BACKGROUND OF THE INVENTION

[0002] Conducting polymer composites, based on the asso-
ciation of a polymer core with conductive loads, are highly
attractive because they associate two antagonistic concepts,
i.e. “polymer”, which implies an insulator, and “electrical
conduction”. This characteristic can find applications, for
example, in the design of coatings able to limit electromag-
netic pollution. Electromagnetic shielding is one of the stron-
gest growth areas for development of materials. Due to the
emergence of a large number of high rate data transmission
systems and satellite, hertzian or mobile communications, the
problem of electromagnetic interferences is becoming a
growing environmental concern.

[0003] Due to the high level of conductivity required for
efficient electromagnetic shielding, only two families of con-
ductive loads, which reflect or absorb the electromagnetic
radiation, have traditionally been found suitable for being
dispersed inside a polymer, e.g. stainless steel fibres (obtain-
able from Bekaert Fibre Technology®) and nickeled carbon
fibres (obtainable from Inco SSP®).

[0004] For obtaining a sufficient conductivity, the loading
should be relatively high, i.e. about 11-15%, which gives rise
to negative effects on the density, the mechanical properties,
surface quality and cost of the final product. Moreover, due to
the macroscopic lengths of the fibres, moulding and process-
ing with conventional extrusion methods is difficult because it
is very difficult to avoid extensive breakage of the fibres
during processing because shielding properties are strongly
linked to the aspect ratio (=length/diameter) of the fibres,
which can lead to a degradation of properties of the fibres.
This is one of the most important limitations for electromag-
netic broadband applications, such as microwave shields and
absorbers, for which the best performances results from an
optimisation of the geometry and the concentration in con-
ductive inclusions, e.g. profile in gradient of concentration
[Neo and al., IEEE Transactions on Electromagnetic Com-
patibility, vol. 46, no.1, Feb. 2004, p. 102-106].

[0005] There is a growing interest in carbon nanotubes
(CNTs) formed of one or more concentric graphite cylinders
(respectively single or multi-wall CNTs) because of the
remarkable properties of these materials, i.e. a combination of
lightness, hardness, elasticity, chemical resistance, thermal
conductivity and, according to their molecular symmetry,
electric conductivity which is higher than the electric conduc-
tivity of copper. All these characteristics, as well as a nano-
scopic and high anisotropy (ratio length/diameter higher than
1000) makes CNTs aperfect candidate for the next generation
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of conducting composites, in particular, by ensuring their
“percolation” (or continuous network formation) at lower
load factors than those observed with other conductive fibres
but without the disadvantages of these other conductive
fibres. Moreover, CNTs are sufficiently short to be dispersed
inside a polymer by conventional extrusion/injection tech-
niques without risking them to break, after which they can be
moulded into desired shapes.

[0006] Conventionally, when electromagnetic interference
(EMI) shielding is cited as one of the promising outlets of
composite materials based on carbon nanotubes and on poly-
mer foams as a matrix, shielding properties have been
observed at the detriment of electromagnetic absorbent
behaviour [ Yang and al. Adv. Mat., 2005 (17), p. 1999-2003;
Yang et al. Nano Letters, 2005, 5(11), p. 2131-2134]. In Yang
et al,, the carbon nanotube-polymer foam composites have a
reflectivity of 0.81, a transmissivity of 0.01 and an absorptiv-
ity of 0.18, which indicates that these composite materials are
more reflective and less absorptive of electromagnetic radia-
tion and thus that the primary EMI shielding mechanism of
such composites is reflection rather than absorption in the
X-band frequency region.

[0007] Hence, the composite materials presented in the
state of art prove to be good shields, because they reflect
almost all incident power at the input interface (air-material)
so that no signal goes through the material, but are poor
absorbents since the power is reflected at the interface instead
of being completely absorbed in the composite material.

SUMMARY OF THE INVENTION

[0008] Ttis an object of embodiments of the present inven-
tion to provide polymer composite material structures with
good properties and a good method for forming such polymer
composite material structures.
[0009] The above objective is accomplished by a method
and device according to the present invention.
[0010] Tt is an advantage of polymer composite material
structures according to embodiments of the present invention
that they show good electromagnetic intetference (EMI)
shielding properties and good electromagnetic absorbing
properties notwithstanding the fact that they only have a low
content of carbon based conductive materials.
[0011] Hence, polymer composite materials according to
embodiments of the present invention are suitable for being
used in electromagnetic interference shielding applications.
For example, polymer composite material structures accord-
ing to embodiments of the present invention can be used as
electromagnetic interference shield in, for example, radio
frequency systems.
[0012] In a first aspect of the present invention, a polymer
composite material structure is provided whichis e.g. suitable
for being used in electromagnetic interference shielding. The
polymer composite material structure comprises at least one
layer of a foamed polymer composite material comprising:
[0013] a foamed polymer matrix, and
[0014] an amount of between 0.1 wt % and 6 wt %, for
example between 0.5 wt % and 4 wt %, between 0.5 wt
% and 2 wt % or between 0.5 wt % and 1 wt %, carbon
based conductive loads dispersed in the foamed polymer
matrix,
wherein the polymer composite material structure has a
reflectivity between -5 dB and -20 dB, preferably between
-10dB and -20 dB and most preferably between —15 dB and
-20dB.



US 2010/0080978 Al

[0015] An advantage of the polymer composite material
structure according to embodiments of the present invention
is that a lower amount of carbon based conductive loads such
as e.g. carbon nanotubes (CNTs) and/or carbon black (CB)
particles, are required to obtain good reflecting and absorbing
properties. Reflectivity is a negative measure for the absorb-
ing properties of the composite material. The lower the reflec-
tivity is, the better the absorbing properties of the polymer
composite material structure can be. Good reflective and/or
absorbing properties allow the polymer composite material
structure according to embodiments of the present invention
to be used as an electromagnetic interference shield in, for
example, radio frequency systems. Furthermore, because of
the low content of carbon based conductive loads required to
obtain a polymer composite material structure with good
reflecting and absorbing properties, the manufacturing of
such polymer composite material structures has a lower cost
and is easier to perform.

[0016] According to particular embodiments, the foamed
polymer matrix may be an annealed foamed polymer matrix.
[0017] According to embodiments of the invention, the
polymer composite material structure may comprise more
than one layer of foamed polymer composite material as
described above, to form a multilayered composite material
structure. In particular embodiments, each of the layers of
foamed polymer composite material may comprise a differ-
ent content of carbon based conductive loads such that a
concentration gradient of carbon based conductive loads or
charges exists in the polymer composite material structure.
An advantage of polymer composite material structures com-
prising such multilayer structures with a conductive load
concentration gradient is that the good properties of the poly-
mer composite material structures according to embodiments
of the present invention as described above can be improved.
[0018] According to other embodiments of the invention,
the polymer composite material structure may furthermore
comprise at least one layer of a non-foamed or solid polymer
composite material. In other words, according to these
embodiments, the polymer composite material structure may
comprise at least one layer of foamed polymer composite
material and at least one layer of non-foamed or solid polymer
composite material. The number of layers of foamed polymer
composite materials does not need to be the same as the
number of layers of non-foamed composite material.

[0019] The polymer composite matetial structure may have
a shielding effectiveness of between 5 dB and 90 dB, for
example between 40 dB and 90 dB, between 60 dB and 90 dB
or between 70 dB and 90 dB.

[0020] As already mentioned, the polymer composite
material structure according to embodiments of the invention
is well-suited for use as electromagnetic interference shields
in, for example, radio frequency systems, notwithstanding the
fact that it comprises only a low amount, i.e. between 0.1 wt
% and 6 wt % of carbon based conductive loads.

[0021] According to particular embodiments of the inven-
tion, the carbon based conductive loads may comprise carbon
nanotubes (CNTs). CNTs have an interesting combination of
properties, i.e. a combination of lightness, hardness, elastic-
ity, chemical resistance, thermal conductivity and, according
to their molecular symmetry, electric conductivity, which is
higher than the electric conductivity of copper. Because of
that they are a very good candidate to be used as carbon based
conductive loads in the polymer composite material structure
according to embodiments of the present invention.
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[0022] According to other embodiments of the present
invention, the carbon based conductive loads may comprise
carbon nanotubes (CNTs) and carbon black (CB) particles.
An advantage of using a combination of CNTs and CB par-
ticles is that it allows obtaining a composite with improved
properties compared to a composite only comprising CNTs or
only comprising CB.

[0023] The CNTs may be single-wall CNTs, double-wall
CNTs, multi-wall CNTs or combinations thereof. in particu-
lar embodiments, the CNTs may be multi-wall CNTs.
According to embodiments of the invention, the carbon nano-
tubes may have an aspect ratio of at least 10 and may have an
aspect ration of, for example, at least 100, at least 500 or at
least 1000.

[0024] The CNTs may be functionalised. The CNTs may,
for example, be modified by chemical modification, physical
adsorption of molecules at the surface, metallization, or a
combination thereof. Commercially available functionalised
CNTs may also be used. For example, amino-, hydroxyl-,
carboxylic acid-, thiol-functionalised carbon nanotubes may
be used. Some products are made available by Nanocyl SA
under the commercial names Nanocyl®-3152 for multi-wall
carbon nanotubes surface modified by amino groups, Nano-
cyl®-3153 for multi-wall carbon nanotubes surface modified
by hydroxyl groups, Nanocyl®-3151 and Nanocyl®-3101
for multi-wall carbon nanotubes surface modified by car-
boxylic acid groups, and Nanocyl®-3154 for multi-wall car-
bon nanotubes surface modified by thiol groups. These
examples are not intended to be restrictive and other surface
functionalised carbon nanotubes are made available by sev-
eral carbon nanotubes companies and may be used with
embodiments of the present invention.

[0025] According to embodiments of the invention, the
polymer matrix may comprise a polar polymer or a polyolefin
or a high-performance polymer or mixture of any of the
above. The polar polymer may be one of the group of a
polyester or a bio-polyester (such as, for example, polylactic
acid, polyglycolic acid or polyhydroxyalkanoate), a poly-
acrylate, a polymethacrylate, a polyurethane, a polycarbon-
ate, a polyamide, a polyetheretherketone, a polyvinylalcohol,
a polyesteramine, a polyesteramide, a polysulfone, a polyim-
ide, a polyethyleneglycol, a fluorinated polymer, a copolymer
(atactic or block copolymers) comprising olefins (e.g. ethyl-
ene, propylene and derivatives) with acrylic, methacrylic or
vinyl acetate monomers or mixtures thereof,

[0026] In particular embodiments, the polar polymer may
be a polyester, a polyurethane, a polycarbonate, a polyamide,
a copolymer (atactic or block copolymers) comprising olefins
(e.g. ethylene, propylene and derivatives) with acrylic, meth-
acrylic or vinyl acetate monomers, or mixtures thereof.

[0027] The polymer composite material structure may be
incorporated in a radio frequency system as an electromag-
netic interference shield.

[0028] The present invention also provides the use of the
polymer composite material structure according to embodi-
ments of the present invention as an electromagnetic interfer-
ence shield in radio frequency systems.

[0029] Ina further aspect, the invention provides a method
for forming a polymer composite material structure, in par-
ticular a composite material structure in accordance with
embodiments of the present invention, the method compris-
ing providing at least one layer of a foamed polymer com-
posite material by:
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[0030]

[0031] dispersing an amount of 0.1 to 6 wt %, for
example between 0.5 wt % and 4 wt %, between 0.5 wt
% and 2 wt % or between 0.5 wt % and 1 wt % carbon
based conductive loads hereby forming a polymer com-
posite material, and

[0032]

[0033] and providing an annealed polymer composite
material by annealing the polymer composite material
before foaming or by annealing the foamed polymer
composite material.

[0034] Annealing of the polymer composite material
before foaming or annealing the foamed polymer composite
material results in a polymer composite material structure
with a reflectivity of between -5 and -20 dB, for example
between -10and -20 dB or between -15 and -20dB, because
it improves percolation or continuous network formation of
the carbon based conductive loads inside the polymer matrix.
Reflectivity is a negative measure for the absorbing properties
of the polymer composite material structure. The lower the
reflectivity is, the better the absorbing properties of the com-
posite material structure can be. Because of the good reflec-
tivity and absorptivity, the polymer composite material struc-
tures may have a shielding effectiveness 5 dB and 90dB, for
example between 40 dB and 90 dB, between 60 dB and 90 dB
or between 70 dB and 90 dB.

[0035] A further advantage of method according to
embodiments of the invention is that it leads to polymer
composite material structure only requiring a low amount of
carbon based conductive loads such as e.g. carbon nanotubes
(CNTs) and/or carbon black (CB) particles, to obtain good
reflecting and absorbing properties.

[0036] Annealing may be performed at a temperature equal
to or higher than the glass transition temperature (Tg) of the
polymer matrix in case the polymer matrix is formed of
amorphous polymers or at a temperature equal to or higher
than the melting point (Tm) of the polymer matrix in case the
polymer matrix is formed of semi-crystalline polymers.

providing a polymer matrix,

foaming the polymer composite material,

Foaming the polymer composite material may be performed
by adding a chemical or physical foaming agent to the poly-
mer composite material.

[0037] According to embodiments of the invention, the
method may furthermore comprise providing more than one
layer of a foamed polymer composite material. In this way,
multilayered composite material structures may be formed.
In particular embodiments, each of the layers of foamed
polvmer composite material may comprise a different content
of carbon based conductive loads such that a concentration
gradient of carbon based conductive loads or charges exists in
the polymer composite material structure. An advantage of
polymer composite material structures comprising such mul-
tilayer structures with a conductive load concentration gradi-
ent is that the good properties of the polymer composite
material structures according to embodiments of the present
invention as described above can be improved.

[0038] According to other embodiments of the invention,
the method may furthermore comprise providing at least one
layer of a non-foamed or solid polymer composite material.
According to these embodiments a polymer composite mate-
rial structure may be formed comprising at least layer of a
foamed polymer composite material and at least one layer of
a non-foamed or solid polymer composite material.
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[0039] Providing at least one layer of a non-foamed poly-
mer composite material may comprise:
[0040] providing a polymer matrix,
[0041] dispersing an amount of 0.1 wt % to 6 wt %, for
example between 0.5 wt % and 4 wt %, between 0.5 wt
% and 2 wt % or between 0.5 wt % and 1 wt % carbon
based conductive loads, hereby forming a polymer com-
posite material, and
[0042] optionally annealing the polymer composite
material.
[0043] According to embodiments of the invention, the
method may furthermore comprise pelletizing the polymer
composite material before annealing it.
[0044] According to particular embodiments of the inven-
tion, the carbon based conductive loads may comprise carbon
nanotubes (CNTs). CNTs have an interesting combination of
properties, i.e. a combination of lightness, hardness, elastic-
ity, chemical resistance, thermal conductivity and, according
to their molecular symmetry, electric conductivity, which is
higher than the electric conductivity of copper. Because of
that they are a very good candidate to be used as carbon based
conductive loads in the polymer composite material structure
according to embodiments of the present invention.
[0045] According to other embodiments of the present
invention, the carbon based conductive loads may comprise
carbon nanotubes and carbon black particles. An advantage of
using acombination of CNTs and CB particles is that itallows
obtaining a composite with improved properties compared to
a composite only comprising CNTs or only comprising CB.
[0046] The CNTs may be single-wall CNTs, double-wall
CNTs, multi-wall CNTs or combinations thereof. in particu-
lar embodiments, the CNTs may be multi-wall CNTs.
[0047] The CNTs may be functionalised. For example, the
CNTs may be modified by chemical modification, physical
adsorption of molecules at the surface, metallization, or a
combination thereof. Commercially available functionalised
CNTs may also be used. For example, amino-, hydroxyl-,
carboxylic acid-, thiol-functionalised carbon nanotubes may
be used. Some products are made available by Nanocyl SA
under the commercial names Nanocyl®-3152 for multi-wall
carbon nanotubes surface modified by amino groups, Nano-
cyl®-3153 for multi-wall carbon nanotubes surface modified
by hydroxyl groups, Nanocyl®-3151 and Nanocyl®-3101
for multi-wall carbon nanotubes surface modified by car-
boxylic acid groups, and Nanocyl®-3154 for multi-wall car-
bon nanotubes surface modified by thiol groups. These
examples are not restrictive and other surface functionalised
carbon nanotubes are made available by several carbon nano-
tubes companies and may be used with embodiments of the
present invention.
[0048] Particular and preferred aspects of the invention are
set out in the accompanying independent and dependent
claims. Features from the dependent claims may be combined
with features of the independent claims and with features of
other dependent claims as appropriate and not merely as
explicitly set out in the claims.
[0049] Although there has been constant improvement,
change and evolution of devices in this field, the present
concepts are believed to represent substantial new and novel
improvements, including departures from prior practices,
resulting in the provision of more efficient, stable and reliable
devices of this nature.
[0050] The above and other characteristics, features and
advantages of the present invention will become apparent



US 2010/0080978 Al

from the following detailed description, taken in conjunction
with the accompanying drawings, which illustrate, by way of
example, the principles of the invention. This description is
given for the sake of example only, without limiting the scope
of the invention. The reference figures quoted below refer to
the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0051] FIG. 1 shows the conductivity of a polycaprolactone
polymer and of a CNT/polycaprolactone composite material
structure without annealing, after 1 hour of annealing and
after 15 hours of annealing.

[0052] FIG. 2 shows the shielding effectiveness (SE) and
the reflectivity of a solid (non-foamed) CNT/polyethylene
composite having a thickness of 2 cm and comprising 0.5
weight percent CNTs according to the prior art.

[0053] FIG. 3 shows a comparison of the dielectric con-
stant, reflectivity, conductivity and shielding efficiency of
solid (non-foamed) and CNT/polycaprolactone composite
materials.

[0054] FIG. 4 illustrates a carbon nanotube/polymer com-
posite material (a) comprising a monolayer of material and
(b) comprising a tri-layer of material according to embodi-
ments of the present invention.

[0055] FIG. 5A shows the shielding effectiveness and FIG.
5B shows the reflectivity for monolayers of foamed CNT/
polycaprolactone composite materials comprising different
amounts of CNTs and for tri-layers of foamed CNT/polyca-
prolactone composite materials comprising a CNT concen-
tration gradient according to embodiments of the present
invention.

[0056] FIG. 6A shows the shielding effectiveness, FIG. 6B
shows the reflectivity and FIG. 6C shows the conductivity for
monolayers of foamed CNT/polycaprolactone composite
materials comprising different amounts of CNTs and for tri-
layer CNT/polycaprolactone composite material structures
comprising a CNT concentration gradient according to
embodiments of the present invention.

[0057] FIG. 7 illustrates the electrical conductivity as a
function of frequency for a 2 weight percent CN'T/Lotader®
polymer composite material without annealing and after
annealing for 2 hours.

[0058] FIG. 8A shows the shielding effectiveness and FIG.
8B shows the reflectivity for monolayers of polycaprolactone
(PCL) based composite materials and for monolayers Lota-
der® polymer composite materials comprising different
amounts of CNTs compared to tri-layer composite material
structures comprising foamed PCL+1 wt % CNT/solid Lota-
der® +2 wt % CNT/foamed PCL+4 wt % CNT according to
embodiments of the present invention.

[0059] FIG. 9 illustrates the dielectric constant for polyca-
prolactone and Lotader® polymer, both without carbon based
conductive loads.

[0060] FIG. 10 shows the electrical conductivity as a func-
tion of frequency for a polycaprolactone polymer comprising
different amounts of carbon black (CB) compared to a poly-
caprolactone polymer comprising 0.7 wt % CNTs according
to embodiments of the present invention.

[0061] FIG. 11 shows the electrical conductivity as a func-
tion of frequency for a Lotader® polymer filled with 2 wt %
CNTs and for a Lotader® polymer comprising 2 wt % CNTs
and 2 wt % CB, both after annealing for 2 hours.

[0062] FIG. 12 illustrates conductivity measurements of
polycarbonate non-foamed matrices without carbon nano-
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tubes and with 0.1 wt % of carbon nanotubes named Nano-
¢cyl®-3100 and Nanocyl®-7000.

[0063] FIG. 13 illustrates conductivity measurements of
polycarbonate non-foamed matrices without carbon nano-
tubes and with 0.3 wt % of carbon nanotubes named Nano-
cyl®-3100 and Nanocyl®-7000.

[0064] FIG. 14 illustrates conductivity measurements of
different polymer composites made of a Lotader-polyamide
blend.

[0065] FIG. 15 illustrates conductivity measurements of
different polymer composites made of a Lotader® polymer
filled with 2 wt % CNTs after annealing at 125° C. and 170°
C.

[0066] In the different figures, the same reference signs
refer to the same or analogous elements.

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0067] The present invention will be described with respect
to particular embodiments and with reference to certain draw-
ings but the invention is not limited thereto but only by the
claims. The drawings described are only schematic and are
non-limiting. In the drawings, the size of some of the ele-
ments may be exaggerated and not drawn on scale for illus-
trative purposes. The dimensions and the relative dimensions
do not correspond to actual reductions to practice of the
invention.

[0068] Furthermore, the terms first, second, third and the
like in the description and in the claims, are used for distin-
guishing between similar elements and not necessarily for
describing a sequential or chronological order. It is to be
understood that the terms so used are interchangeable under
appropriate circumstances and that the embodiments of the
invention described herein are capable of operation in other
sequences than described or illustrated herein.

[0069] Itistobenoticed that the term “comprising”, used in
the claims, should not be interpreted as being restricted to the
means listed thereafter; it does not exclude other elements or
steps. It is thus to be interpreted as specifying the presence of
the stated features, integers, steps or components as referred
to, but does not preclude the presence or addition of one or
more other features, integers, steps or components, or groups
thereof. Thus, the scope of the expression “a device compris-
ing means A and B” should not be limited to devices consist-
ing only of components A and B. It means that with respect to
the present invention, the only relevant components of the
device are A and B.

[0070] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure or characteristic described in connection
with the embodiment is included in at least one embodiment
of the present invention. Thus, appearances of the phrases “in
one embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring
to the same embodiment, but may. Furthermore, the particular
features, structures or characteristics may be combined in any
suitable manner, as would be apparent to one of ordinary skill
in the art from this disclosure, in one or more embodiments.
[0071] Similarly it should be appreciated that in the
description of exemplary embodiments of the invention, vari-
ous features of the invention are sometines grouped together
in a single embodiment, figure, or description thereof for the
purpose of streamlining the disclosure and aiding in the
understanding of one or more of the various inventive aspects.
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This method of disclosure, however, is not to be interpreted as
reflecting an intention that the claimed invention requires
more features than are expressly recited in each claim. Rather,
as the following claims reflect, inventive aspects lie in less
than all features of a single foregoing disclosed embodiment.
Thus, the claims following the detailed description are hereby
expressly incorporated into this detailed description, with
each claim standing on its own as a separate embodiment of
this invention.

[0072] Furthermore, while some embodiments described
herein include some but not other features included in other
embodiments, combinations of features of different embodi-
ments are meant to be within the scope of the invention, and
form different embodiments, as would be understood by
those in the art. For example, in the following claims, any of
the claimed embodiments can be used in any combination.
[0073] In the description provided herein, numerous spe-
cific details are set forth. However, it is understood that
embodiments of the invention may be practised without these
specific details. In other instances, well-known methods,
structures and techniques have not been shown in detail in
order not to obscure an understanding of this description.
[0074] The invention will now be described by a detailed
description of several embodiments of the invention. It is
clear that other embodiments of the invention can be config-
ured according to the knowledge of persons skilled in the art
without departing from the true spirit or technical teaching of
the invention, the invention being limited only by the terms of
the appended claims.

[0075] Inoneaspect, the present invention provides a poly-
mer composite material structure based on carbon based con-
ductive loads or charges dispersed inside a foamed polymer
matrix and a method for forming composite material struc-
tures comprising a polymer matrix and carbon based conduc-
tive loads or charges.

[0076] The term ‘carbon based conductive loads’ is used to
indicate suitable carbon based conductive materials, espe-
cially nanoscopic carbon based charges that can be incorpo-
rated in a polymer matrix and which may optionally be met-
allized, such as e.g. carbon nanotubes (CNTs) or carbon fibres
with a high aspect ratio of at least 10, for example at least 100,
at least 500 or at least 1000, carbon black (CB) particles, or a
combination thereof. The CNTs may have a length of
between 100 nm and 500 pm, for example between 100 nm
and 100 pm or between 100 nm and 250 um. The CB particles
may have a diameter of between 100 nm and 500 pm, for
example between 100 nm and 250 pm.

[0077] The present invention provides polymer composite
material structures comprising at least one layer of a foamed
polymer composite material. The at least one foamed poly-
mer composite material comprises a foamed polymer matrix,
which may in particular embodiments be an annealed foamed
polymer matrix, an amount of between 0.1 weight percent
and 6 weight percent (wt %), for example between 0.5 wt %
and 4 wt %, between 0.5 wt % and 2 wt % or between 0.5 wt
% and 1 wt %, carbon based conductive loads or charges, such
as e.g. CNTs or CB particles or a combination thereof, dis-
persed in the foamed polymer matrix. The polymer composite
material structure according to the present invention has a
reflectivity of between -5 dB and -20 dB. According to
embodiments of the invention the polymer composite mate-
rial structure may comprise at least one further layer of
foamed polymer composite material and/or at least one layer
of a non-foamed polymer composite material.
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[0078] The present invention will be illustrated and clari-
fied by means of experiments and examples (see further) of
polymer composite material structures comprising CNTs and
a combination of CNTs and CB, but this is not intended to
limit the invention in any way. Other suitable carbon based
conductive loads or charges as described above may also be
used with the present invention.

[0079] Polymer composite material structures according to
embodiments of the present invention show good absorbing
properties while maintaining a high level of shielding for
electromagnetic radiation in a large frequency region. Inother
words, the polymer composite material structure according to
embodiments of the present invention behaves at the same
time as an electromagnetic shield and as an absorbent. Also a
foamed material is light in weight.

[0080] In an aspect of the present invention, a polymer
composite material structure is provided comprising one
layer of a foamed polymer composite material. The layer of
foamed polymer composite material comprises a foamed
polymer matrix and an amount of between 0.1 wt % and 6 wt
%, for example between 0.5 wt % and 4 wt %, between 0.5 wt
% and 2 wt % or between 0.5 wt % and 1 wt %, of carbon
based conductive loads dispersed in the foamed polymer
matrix, which may in particular embodiments be an annealed
foamed polymer matrix. According to embodiments of the
present invention, the polymer composite material structure
has a reflectivity of between -5 dB and -20 dB, for example
between -10 dB and -20 dB or between —15 dB and -20 dB.
The reflectivity is a negative measure for the absorbing prop-
erties of the composite material. The lower the reflectivity is,
the better the absorbing properties of the composite material
can be. According to embodiments of the invention, the poly-
mer composite material structure may have a shielding effec-
tiveness of between 5 dB and 90 dB, for example between 40
dB and 90 dB, between 60 dB and 90 dB or between 70 dB
and 90 dB.

[0081] According to particular embodiments, whether
foamed materials or otherwise, the carbon based conductive
loads may be carbon nanotubes (CNTs). In particular
embodiments, the CNTs may be single-wall CNTs, double-
wall CNTs, multi-wall CNTs or combinations thereof. In
particular embodiments, the CNTs may be multi-wall CNTs.
The CNTs may be crude and/or purified.

[0082] The CNTs may be functionalised. According to
embodiments of the invention, the CNTs may be modified by,
for example, chemical modification, physical adsorption of
molecules at the surface, metallization, or a combination
thereof. Chemical modification of CNTs may, as known by a
person skilled in the art, comprise grafting molecules to the
CNT by e.g. plasma treatment or chemical treatment. The
chemical modification of the CNTs comprises the use of, on
the one hand, radical precursor molecules able to be grafted in
a covalent way to the CNT and, on the other hand, molecules
bearing conductive polymer moieties, such as e.g. thiophene,
pyrrole, phenylene vinylene or benzene moieties (e.g.
pyrene), able to adsorb/attach to the CNT by wt-rt interaction.
[0083] According to other embodiments, commercially
available functionalised CNTs may also be used. For
example, amino-, hydroxyl-, carboxylic acid-, thiol-func-
tionalised carbon nanotubes may be used. Some products are
made available by Nanocyl SA under the commercial names
Nanocyl®-3152 for multi-wall carbon nanotubes surface
modified by amino groups, Nanocyl®-3153 for multi-wall
carbon nanotubes surface modified by hydroxyl groups,
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Nanocyl®-3151 and Nanocyl®-3101 for multi-wall carbon
nanotubes surface modified by carboxylic acid groups, and
Nanocyl®-3154 for multi-wall carbon nanotubes surface
modified by thiol groups. These examples are not restrictive
and other surface functionalised carbon nanotubes are made
available by several carbon nanotubes companies and may be
used with embodiments of the present invention.

[0084] Suitable polymers to be used with embodiments of
the present invention may be polar polymers. polyolefin,
high-performance polymers or mixtures thereof. Polar poly-
mers may be selected from the group of polyesters (such as,
for example, polylactic acid, polyglycolic acid or polyhy-
droxyalkanoate), polyacrylates, polymethacrylates, polyure-
thanes, polycarbonates, polyamides, polyetheretherketones,
polyvinylalcohols,  polyesteramines,  polyesteramides,
polysulfones, polyimides, polyethyleneglycol, fluorinated
polymers, copolymers (atactic or block copolymers) com-
prising olefins (e.g. ethylene, propylene and derivatives) with
acrylic, methacrylic or vinyl acetate monomers, or mixtures
thereof. In particular embodiments, the polar polymer used
may be a polyester.

[0085] According to particular embodiments of the inven-
tion, the polymer composite material structure may comprise
a plurality of layers of polymer composite materials.

[0086] According to embodiments of the invention, the
polymer composite material structure may comprise a plural-
ity of layers of foamed polymer composite materials. Each
layer of foamed polymer composite material comprises a
foamed polymer matrix and an amount of between 0.1 wt %
and 6 wt %, for example between 0.5 wt % and 4 wt %,
between 0.5 wt % and 2 wt % or between 0.5 wt % and 1 wt
%, of carbon based conductive loads or charges. According to
particular embodiments of the present invention, each layer of
foamed polymer composite material may comprise a differ-
ent amount of carbon based conductive loads or charges. For
example, the polymer composite material structure may com-
prise a first layer of a foamed polymer composite material
with a first amount of carbon based conductive loads or
charges, a second layer of a foamed polymer composite mate-
rial witha second amount of carbon based conductive loads or
charges and a third layer of a foamed polymer composite
material with a third amount of carbon based conductive
loads or charges, the first, second and third amount of carbon
based conductive loads or charges being different from each
other and being such that a concentration gradient of carbon
based conductive loads or charges exists in the polymer com-
posite material structure. An advantage of polymer composite
material structures comprising such multilayer structures
with a conductive load concentration gradient is that the good
properties of the polymer composite material structures
according to embodiments of the present invention as
described above can be improved (see examples). it has to be
understood that according to embodiments of the present
invention multilayer structures may be formed comprising
any other number of layers of foamed polymer composite
material.

[0087] According to other embodiments of the invention,
the polymer composite material structure may comprise at
least one layer ofa foamed polymer composite material and at
least one layer of a non-foamed or solid polymer composite
material. For example, the polymer composite material struc-
ture may comprise a first, second and third layer of polymer
composite materials, the first and third layer comprising a
foamed polymer composite material with a first, respectively
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second amount of carbon based conductive loads or charges
and the third layer comprising a non-foamed or solid polymer
composite material with a third amount of carbon based con-
ductive loads or charges, at least one of the first, second and
third amount of carbon based conductive loads being differ-
ent from each other. According to other embodiments, the
first, second and third amount of carbon based conductive
loads or charges may be equal to each other. It has to be
understood that according to these embodiments, the polymer
composite material structure may comprise other configura-
tions and other numbers of layers of foamed and non-foamed
polymer composite materials.

[0088] By forming polymer composite material structures
comprising multilayers of polymer composite materials with
a concentration gradient in carbon based conductive loads, as
described above, the good properties of the polymer compos-
ite material structures according to embodiments of the
present invention as described above can be improved espe-
cially with respect to the reflectivity level and the frequency
bandwidth of operation.

[0089] Another way for improving the properties of the
polymer composite material structures according to embodi-
ments of the invention is by combining CNTs and CB par-
ticles as carbon based conductive loads which are dispersed in
the polymer matrix.

[0090] Inanother aspect of the invention, a method is pro-
vided for forming a polymer composite material structure.
The method comprises providing at least one layer of a
foamed polymer composite material. Providing at least one
layer of a foamed polymer composite material comprises
providing a polymer matrix, dispersing an amount of 0.1 wt %
to 6 wt %, for example between 0.5 wt % and 4 wt %, between
0.5 wt % and 2 wt % or between 0.5 wt % and 1 wt %, of
carbon based conductive loads into the polymer matrix,
hereby forming a polymer composite material, foaming the
polymer composite material and providing an annealed poly-
mer composite material by annealing the polymer composite
material before foaming or by annealing the foamed polymer
composite material.

[0091] Annealing of the polymer composite materials
according to embodiments of the present invention results in
polymer composite material structures with a reflectivity of
between -5 dB and -20 dB, for example between -10 dB and
-20 dB or between 15 dB and -20 dB because it improves
percolation or continuous network formation of the carbon
based conductive loads inside the polymer matrix. Reflectiv-
ity is a negative measure for the absorbing properties of the
polymer composite material structure. The lower the reflec-
tivity is, the better the absorbing properties of the composite
material structure can be. Because of the good reflectivity and
absorptivity, the polymer composite material structures may
have a shielding effectiveness of between 5 dB and 90 dB, for
example between 40 dB and 90 dB, between 60 dB and 90 dB
or between 70 dB and 90 dB.

[0092] According to embodiments of the invention the
method may furthermore comprise providing at least one
further layer of a foamed polymer composite material and/or
providing at least one layer of a non-foamed or solid polymer
composite material.

[0093] According to embodiments of the invention provid-
ing at least one layer of a non-foamed or solid polymer com-
posite material may comprise providing a polymer matrix,
dispersing an amount of 0.1 wt % to 6 wt %, for example
between 0.5 wt % and 4 wt %, between 0.5 wt % and 2 wt %
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or between 0.5 wt % and 1 wt %, of carbon based conductive
loads hereby forming a polymer composite material, and may
optionally comprising annealing the polymer composite
material.

[0094] According to embodiments of the present invention,
dispersion of carbon based conductive loads, e.g. CNTs, in
the polymer matrix may comprise on the one hand, a reactive
or non-extrusion process, i.e. an interfacial reaction between
CNTs, which may, according to embodiments of the inven-
tion, be functionalised. For example, the CNTs may be modi-
fied by e.g. chemical modification, physical adsorption of
molecules at the surface, metallization, or a combination
thereof, and the polymer matrix, or a simple mechanical
tangle of CNTs with the polymeric chains, respectively and,
on the other hand, a co-precipitation process wherein a solu-
tion containing the polymer and the CNTs are added to a
non-solvent medium, e.g. to an aqueous solution, of the poly-
mer. Also commercially available functionalised CNTs may
be used. For example, amino-, hydroxyl-, carboxylic acid-,
thiol-functionalised carbon nanotubes may be used. Some
products are made available by Nanocyl SA under the com-
mercial names Nanocyl®-3152 for multi-wall carbon nano-
tubes surface modified by amino groups, Nanocyl®-3153 for
multi-wall carbon nanotubes surface modified by hydroxyl
groups, Nanocyl®-3151 and Nanocyl®-3101 for multi-wall
carbon nanotubes surface modified by carboxylic acid
groups, and Nanocyl®-3154 for multi-wall carbon nanotubes
surface modified by thiol groups. These examples are not
restrictive and other surface functionalised carbon nanotubes
are made available by several carbon nanotubes companies
and may be used with embodiments of the present invention.

[0095] Foaming of the formed polymer composite materi-
als may be performed by the use of a physical or a chemical
foaming agent.

[0096] Physical foaming agents such as e.g. molecular
nitrogen and carbon dioxide (CO,) are gaseous agents. These
gases are soluble in particular molten state polymers under
high pressure. By depressurising the system in which foam-
ing is performed, a combination of nucleation and bubble
growth generates a cellular structure in the composite mate-
rial. The use of e.g. CO, in a supercritical state, i.e. a fluid
having an intermediate behaviour between gas and liquid
state, presents many advantages, in particular non-toxicity
compared to chemical foaming agents (see further) since no
solid residues or toxic gases are produced in the foamed
structure. Moreover, the inert nature of gas confers foaming at
very low temperatures under safety conditions. The dissolu-
tion of CO, in the polymer matrix (before its expansion) also
gives rise to a drop of the transition temperature or melting
temperature of the polymer (Tg or Tm). In this way, the
process with CO, can be implemented at temperatures lower
than the initial Tg or Tm, hereby making foaming of ther-
mosensitive matrixes also possible.

[0097] Examples of chemical foaming agents may be poro-
gene agents such as e.g. azodicarbonamide, which are gener-
ally used in the form of powders which decompose at rela-
tively high temperatures, e.g. typically 170° C. for
azodicarbonamide, in the presence of a decomposition accel-
erating agent or decomposition catalyst such as e.g. zinc
oxide and/or zinc stearate. The amount of foaming agent,
expressed in weight percent compared to polymer, may be
between 5% and 20%, for example between 10% and 15%.
The amount of decomposition catalyst, expressed in weight
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percent compared to polymer, may preferably be between 1%
and 10%, for example between 3% and 5%.

[0098] In case of, e.g. polyurethane foams, traditional
foaming processes known by a person skilled in the art, may
be used. An example of a foaming process is described in EP
0 930 323. Polyurethane foams loaded CNTs are in this
document prepared by reaction between one or more diols or
polyols and one or more polyisocyanates. CNTs are dispersed
in the liquid precursors or in solution before polymerisation
and foaming. An ultrasonic treatment could be applied to the
solution in order to improve the dispersion of the CNTs.
[0099] Suitable low molecular weight dials or polyols
which may be applied with the method according to embodi-
ments of the invention may be short chain diols or polyols
containing from 2 to 20 aliphatics, araliphatics or
cycloaliphatics carbons. Examples of diols are ethylene gly-
col, diethylene glycol, triethylene glycol, tetraethylene gly-
col, dipropylene glycol, tripropylene glycol, 1,2-propanediol,
1,3-propanediol, 1,4-butanediol, 1,4-butanediol, neopentyl
glycol, 2-ethyl-2-butylpropanediol, trimethylpentanediol,
the isomers of diethyloctanediol, 1,3-butylene glycol, cyclo-
hexanediol, 1,4-cyclohexanedimethanol, 1.6-hexanediol,
1,2- and 1,4-cyclohexanediol, hydrogenated bisphenol A
(2,2-bis(4-hydroxycyclohexyl)propane), 2.2-dimethyl-3-hy-
droxypropyl, 2,2-dimethyl-3-hydroxypropionate. Examples
of triols are trimethylolethane, trimethylolpropane or glyc-
erol. Examples of polyols are ditrimethylolpropane, pen-
taerythritol, dipentaerythritol and sorbitol. Particular diols or
polyols which may be used are 1,4-butanediol, 1,4-cyclohex-
anedimethanol, 1,6-hexanediol and trimethylol propane.
[0100] According to other embodiments, also higher
molecular mass polyols may be used, such as e.g. polyester
polyols, polyether polyols, hydroxy-functional (meth)acry-
late (co)polymers, hydroxy-functional polyurethanes or cor-
responding hybrids (see ‘Rompp Lexikon Chemie, p. 465-
466, 10th ed. 1998, Georg-Thieme-Verlag, Stuttgart’).
[0101] According to still other embodiments, mixtures of
diisocyanates or polyisocyanates may also be used. Polyiso-
cyanates may be aromatic, araliphatic, aliphatic or
cycloaliphatic di- or polyisocyanates. Examples of suitable
diisocyanates or polyisocyanates which may be used with the
method according to embodiments of the invention may be
butylene diisocyanate, hexamethylene diisocyanate (HDI),
isophorone diisocyanate (IPDI), 2,2,4- and/or 2,4 4-trimeth-
ylhexamethylene diisocyanate, the isomeric bis (4,4'-isocy-
anatocyclohexyl)methanes or mixtures thereof of any desired
isomer content, isocyanatomethyl-1,8-octane diisocyanate,
1,4-cyclohexylene diisocyanate, the isomeric cyclohex-
anedimethylene diisocyanates, 1,4-phenylene diisocyanate,
2,4- and/or 2,6-tolylene diisocyanate, 1,5-naphthylene diiso-
cyanate, 2,4'- or 4,4'-diphenylmethane diisocyanate, triph-
enylmethane-4,4' 4"-triisocyanate or derivatives thereof with
a urethane, urea, carbodiimide, acylurea, isocyanurate, allo-
phanate, biuret, oxadiazinetrione, uretdione, iminooxadiaz-
inedione structure and mixtures thereof.

[0102] Inmaking, forexample, polyurethane foams, it may
generally be preferred to add an amount of a surfactant to
stabilize the foaming reaction mixture until it cures. All sur-
factants used for stabilizing polyurethane foams known by a
person skilled in the art can be used with the present inven-
tion. Examples of surfactants which may be used may advan-
tageously comprise a liquid or solid organosilicone surfac-
tant. For example, silicone surfactants may be used with the
method according to the present invention. These silicone
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surfactants may, for example, include “hydrolysable” polysi-
loxane-polyoxyalkylene block copolymers; “non-hydrolys-
able” polysiloxane-polyoxyalkylene block copolymers; Pol-
ysiloxane-polycaprolactone block copolymers,
cyanoalkylpolysiloxanes; alkylpolysiloxanes; polydimethyl-
siloxane oils. The type of silicone surfactant used and the
amount required depends on the type of foam produced as
known by those skilled in the art. Silicone surfactants can be
used as such or can be dissolved in solvents such as, for
example, glycols.

[0103] The use of a foam structure allows to decrease the
dielectric constant of the polymer matrix. The dielectric con-
stant will be close to unity because of the volume of air
contained in the foam. This air contained in the foam structure
constitutes means to minimise the reflection of the signal and
thus to achieve good electromagnetic absorbers.

[0104] Themethod according to embodiments of the inven-
tion provides controlled dispersion and concentration of
CNTs in the polymer matrixes.

[0105] Summarized, the use of foams allows a penetration
of the electromagnetic waves within the material hereby low-
ering the dielectric constant and adequate shaping of the input
interface, while a control of the dispersion and the concen-
tration of CNTs, using the process according to embodiments
of the invention as described above, allows to maximise the
absorption of the electromagnetic waves inside the composite
with very weak concentrations in nanotubes, so as to mini-
mise the residual signal detected after the composite shield.
The limitation of electromagnetic interferences observed by
using the composite materials according to embodiments of
the invention is due to the combination of two properties
obtained simultaneously with the same composite material:
the shielding property, by the reduction/removal of any signal
detected after the electromagnetic shield, and the microwave
absorbing property, to reduce/remove any reflection of the
incident electromagnetic waves on the composite.

[0106] When using discrete conductive materials loaded
into an insulating matrix, percolation or continuous network
formation is of importance. In order to improve percolation ot
continuous network formation of carbon based conductive
loads, e.g. CNTs, inside the polymer matrix, after dispersion
of the carbon based conductive loads in the polymer matrix,
the thus formed polymer composite materials are annealed. In
particular embodiments, annealing may be performed at a
temperature equal to or higher than the glass transition tem-
perature (Tg) of the polymer used in case of amorphous
polymers, and equal to or higher than the melting point (Tm)
of the polymer in case of semi-crystalline polymers. Anneal-
ing of the polymer composite materials results in polymer
composite material structures with a reflectivity of between
-5dB and -20 dB, for example between —10 dB and -20 dB
or between -15 dB and -20 dB because it improves percola-
tion or continuous network formation of the carbon based
conductive loads inside the polymer matrix. Reflectivity is a
negative measure for the absorbing properties of the polymer
composite material structure. The lower the reflectivity is, the
better the absorbing properties of the composite material
structure can be. Because of the good reflectivity and absorp-
tivity, the polymer composite material structures may have a
shielding effectiveness 5 dB and 90 dB, for example between
40dB and 90 dB, between 60 dB and 90 dB or between 70 dB
and 90 dB.

[0107] Theprofile or shape of the polymer composite mate-
rial structure according to embodiments of the present inven-
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tion can be optimised in order to minimise the reflection of the
incident electromagnetic waves on the surface of the compos-
ite material, for example, by manufacturing cone- or pyra-
mid-shaped materials for e.g. anechoic chambers or easily
processing or moulding by simple foam cutting.

[0108] Besides material and weight saving associated with
the low density of these composite material structures accord-
ing to embodiments of the invention and the advantages with
regard to electromagnetic performances as described above,
the polymer composite material structures according to
embodiments of the present invention also show specific
functionalities such as e.g. heat insulation, acoustic, vibra-
tions absorption and flame retardant, which make them also
suitable to be used as coating materials in many applications
such as housing, electronics, cars, . . . , directly concerned
with the problems of electromagnetic pollution. Moreover,
from a technological point of view, the dispersion of CNTs
within the honeycombed structure of expanded polymers
must lead to real synergies. On the one hand, the size modi-
fication in the foamed polymer matrix (lamellar morphology
of the polymer separating the gas-charged cells) must
enhance the percolation of the CNTs and reduce the load
factor or concentration of CNTs. In addition, CNTs, from
their nanoscopic size and their very high aspect ratio, will
contribute to reinforce the melt strength of the polymer and to
enhance the nucleation of the cells, for the benefit of a higher
homogeneity of the polymer foam.

[0109] Hereinafter some examples will be described to
illustrate different ways for forming polymer composite
material structures according to embodiments of the inven-
tion. First, methods for forming the particular composite
material structures will be described. In a second part, the
products obtained will be discussed and compared to known
composite materials. The examples will mainly be described
for the polymer being a polyester (e.g. polycaprolactone) and
a polyethylene terpolymer having functional groups such as
e.g. maleic anhydride, acrylic ester, glycidyl methacrylate. It
has, however, to be understood that these examples are not
intended to limit the invention in any way. Any suitable foam-
able polymer, as described above, can be used according to
embodiments of the present invention.

EXAMPLE 1

Formation CNT/Polycaprolactone (PCL) Composite
Material Structures by Melt Mixing

[0110] Composite material structures are prepared by melt
mixing of 4 g of polycaprolactone (CAPA® 6500, Mn=50,
000 g/mol) and 40 mg CNTs with an average external diam-
eter of 10 nm and a purity up to 95 wt % (produced by
Catalytic Carbon Vapour Deposition or CCVD and obtain-
able from “Nanocyl S.A.”) in a 5 cm® extruder (MIDI 2000
DSM) at 80° C. for 10 minutes at 200 rpm.

[0111] The mix is then pelletized (15 mmx25 mmx35 mm)
with a moulding press (Fontijn type) at 90° C. and under a
pressure of 80 bar during 5 minutes for the determination of
electromagnetic wave absorbing properties. The composite
materials structures are then annealed at a temperature of
180° C. or, in other words, at a temperature higher than the
melting point of the PCL polymer (T>Tm of PCL) during
several hours.

COMPARATIVE EXAMPLE 1

Formation of Polycaprolactone (PCL) Composite
Materials by Melt Mixing

[0112] The same material is formed as in Example 1, but
without addition of CNTs. Herefore, 4 g of polycaprolactone
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(CAPA® 6500, Mn—=50,000 g/mol) is introduced in a 15 cm?
extruder (MIDI 2000 DSM) at 80° C. and 200 rpm during 10
minutes. The polymer is then pelletized (15 mmx25 mmx35
mm) with a moulding press (Fontijn type) at 90° C. under a
pressure of 80 bar during 5 minutes for the determination of
electromagnetic wave absorbing properties. FIG. 1 shows
that the conductivity fora CNT/polycaprolactone with 1 wt %
CNTs (curve 420in F1G. 1) is higher than the conductivity for
a pure polycaprolactone polymer (see curve 400 in FIG. 1).
Furthermore, FIG. 1 shows that already after 1 hour ofanneal-
ing (see curve 430 in FIG. 1) the conductivity of the CNT/
polycaprolactone composite structure with 1 wt % CNT has a
slightly higher conductivity than when it is not annealed
(curve 420 in FIG. 1), but that after 15 hours of annealing
(curve 440 in FIG. 1) the conductivity is clearly improved.
This is because annealing improves percolation or continuous
network formation of CNTs inside the polymer matrix.

EXAMPLE 2

Formation of CNT/Polycaprolactone (PCL) Com-
posite Material Structures by Co-Precipitation

[0113] In a first step, 10 g of polycaprolactone (CAPA®
6500, Mn=50,000 g/mol) is dissolved in 400 ml of THF.
Then, 100 mg CNTs Thin with an average external diameter
of 10 nm and a purity up to 95 wt % (formed by Catalytic
Carbon Vapour Deposition or CCVD and obtainable from
“Nanocyl S.A”) are dispersed in the solution. An ultrasonic
treatment is applied during 30 minutes to enhance the CNT
dispersion in the solution. The composite materials are pre-
pared by adding the solution with dispersed CNTs in 400 ml
of heptan. The mix is then pelletized (15 mmx25 mmx35
mm) with a moulding press (Fontijn type) at 90° C., under a
pressure of 80 bar during 5 minutes for the determination of
electromagnetic wave absorbing properties.

COMPARATIVE EXAMPLE 2

Formation of Polycaprolactone (PCL) Composite
Materials by Co-Precipitation

[0114] The same material is formed as in Example 2, but
without addition of CNTs. In a first step, 10 g of polycapro-
lactone (CAPA® 6500, Mn=50,000 g/mol) are added to 400
ml of THF. An ultrasonic treatment is applied for 30 minutes.
The solution is added to 400 ml ofheptan. The polymer is then
pelletized (15 mmx25 mmx35 mm) with a moulding press
(Fontijn type) at 90° C., under a pressure of 80 bar during 5
minutes for the determination of electromagnetic wave
absorbing properties.

EXAMPLE 3

Foaming of CNT/Polycaprolactone (PCL) Compos-
ite Material Structures in a Chemical Way

[0115] Inafirststep, 3.6 g of CN'T/polycaprolactone com-
posite material structure, prepared according to the procedure
described in Example 1 or 2, 0.288 g of azodicarbonamide
(ADC FC2, obtainable from Bayer) used as foaming agent
and 0.096 g of zinc (ZnO 2C, Silox) used as decomposition
accelerating agent for the azodicarbonamide are mixed ina 5
cm’ extruder (MIDI 2000 DSM) at 80° C. for 10 minutes at
200 rpm. Then, the materials are pelletized (8 mmx25
mmx35 mm) with a moulding press (Fontijn type) at 90° C.,
under 80 bar during 5 minutes. The composite material struc-

Apr. 1,2010

ture is then heated up to 170° C. for 7 minutes in a conven-
tional drying oven to produce the foamed composite material
structures which are finally pelletized (15 mmx25 mmx35
mm) for the determination of electromagnetic wave absorp-
tion properties.

COMPARATIVE EXAMPLE 3

Foaming of Polycaprolactone (PCL) in a Chemical
Way

[0116] In a first step, 3.6 g of polycaprolactone (CAPA®
6500, Mn=50,000 g/mol), 0.288 g of azodicarbonamide
(ADC FC2, Bayer) used as foaming agent and 0.096 g of zinc
(Zn0 2C, Silox) used as decomposition accelerating agent are
mixed in a 15 cm? extruder (MIDI 2000 DSM) at 80° C. for 10
minutes at 200 rpm. Then, the materials are pelletized (8
mmx25 mmx35 mm) with a moulding press (Fontijn type) at
90° C., under 80 bar during 5 minutes. The mixtures are
foamed in a conventional drying oven at 170° C. for 7 min-
utes. The foams obtained are pelletized (15 mmx25 mmx35
mm) for the determination of electromagnetic wave absorp-
tion properties.

EXAMPLE 4

Foaming of CNT/Polycaprolactone (PCL) Compos-
ite Material Structures Using Supercritical CO, (in a
Physical Way)

[0117] CNT/polycaprolactone composite materials pre-
pared following the procedure described in Example 1 or 2
are pelletized (8 mmx25 mmx35 mm) with a moulding press
(Fontijn type) at 90° C., under 80 bar for S minutes. A pellet
is then introduced in a high pressure reactor and CO, is
injected using a high pressure syringe pump (model ISCO
260D) until a pressure of 60 bar is reached. After a saturation
temperature of about 50 a 60° C. has been reached, a new
pressurisation step may be performed at a saturation pressure
of about 250. After 3 hours (saturation time), the reactor is
depressurised at a predetermined rate (decompression time).
Foams are recovered, characterized and pelletized (15
mmx25 mmx35 mm) for the determination of electromag-
netic wave absorption properties.

COMPARATIVE EXAMPLE 4

Foaming of Polycaprolactone (PCL) Using Super-
critical CO, (in a Physical Way)

[0118] Polycaprolactone (CAPA® 6500, Mn=50,000
g/mol) is pelletized (8 mmx25 mmx35 mm) with a moulding
press (Fontijn type) at 90° C. at a pressure of 80 bar for 5
minutes. A pellet is then introduced in a high pressure reactor
and CO, is injected using a high pressure syringe pump
(model ISCO 260D), until 60 bar. The desired temperature is
fixed at a saturation temperature of 50 to 60° C. before pro-
ceeding to a new pressurisation step of the reactor (saturation
pressure : 250 bars). After 3 hours (saturation time), the
reactor is depressurised at a predetermined rate (decompres-
sion time). Foams are recovered, characterized and pelletized
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(15 mmx25 mmx35 mm) for the determination of electro-
magnetic wave absorption properties.

EXAMPLE 5

Formation of CNT/Polyethylene-co-Octene Com-
posite Material Structures by Melt Mixing

[0119] CNT/polyethylene-co-octene composite materials
have been prepared by melt mixing of 4 g of polyethylene-
co-octene (Engage 8400 obtainable from Dupont Dow Elas-
tomers) and 40 mg CNTs Thin with an average external
diameter of 10 nm and a purity up to 95 wt % (made by
Catalytic Carbon Vapour Deposition CCVD an obtainable
from “Nanocyl S.A.”)ina 15 cm? extruder (MIDI 2000 DSM)
at 90° C. for 10 minutes at 200 rpm. The mixture is pelletized
(15 mmx25 mmx35 mm) with a moulding press (Fontijn
type) at 90° C. at a pressure of 80 bar for 5 minutes for the
determination of electromagnetic wave absorption proper-
ties.

COMPARATIVE EXAMPLE 5

Formation of Polyethylene-co-Octene Materials by
Melt Mixing

[0120] 4 g of polyethylene-co-octene (Engage 8400
Dupont Dow Elastomers) have been introduced in a 15 cm®
extruder (MIDI 2000 DSM) at 80° C. for 10 minutes at 200
rpm. The polymer is then pelletized (15 mmx25 mmx35 mm)
with a moulding press (Fontijn type) at 90° C. at a pressure of
80 bar for 5 minutes for the determination of electromagnetic
wave absorption properties.

[0121] Hereinafter, the properties of the products obtained
in the above examples will be discussed and will be compared
to similar, known foamed and solid (non-foamed) products.

EVALUATION TEST 1

Evaluation of Microwave Shielding and Absorbing
Properties

[0122] Preliminary tests achieved with solid or non-foamed
products, have highlighted the shielding and absorbing prop-
erties of composite materials containing CNTs and polyca-
prolactone (PCL) [see A. Saib et al., IEEE Trans. on Micro-
wave theory and techniques, vol. 54 (6), June 2006].

[0123] The few recent results presented in the literature
concerning the EMI shielding using nanofibres [Yang at al.,
Adv. Mat., 2005 (17) p. 1999-2003] or carbon nanotubes
[Yang at al., Nano Letters, 2005, 5(11)p. 2131-2134] disclose
composite materials having electromagnetic shielding prop-
erties obtained by maximisation of the reflected power at
input interface. However, these composite materials do not
show good absorption properties. In other words, these mate-
rials are good electromagnetic radiation shields, because they
reflect all the incident power at input interface so that no
signal goes through, but they are poor absorbents.

[0124] Forthe CNT/polymer composite material structures
according to embodiments of the invention, a reflectivity (R)
lower than —15 dB has been observed combined with a shield-
ing effectiveness (SE) of about 15 dB/cm, which is in the
range of values given for the available commercial products
(SE=0.4—19 [dB/cm], IRI=15-20 [dB], [see Laird Tech-
nologies, “RF products—Microwave absorbing materials™])
and higher than the reflectivity (IRI=1.8 dB) obtained by Yang
and al. [Nano Letters, 2005, 5(11) pp 2131-2134]. It should,
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however, be noted that these commercial products are foamed
composites with a concentration of conductive loads (carbon
black, carbon fibre) of about 10%.

[0125] Similar performances were obtained for solid or
non-foamed CNT/polymer composite materials obtained
with the process according to the present invention, the com-
posite materials having a concentration of CNTs of 0.5%
which is 20 times lower than the composite materials
described by Yang et al. [see A. Saib et al., IEEE Trans. on
Microwave theory and techniques, vol. 54 (6), June 2006].
[0126] This is illustrated in FIG. 2 which shows the shield-
ing effectiveness (SE, full line) and the reflectivity (R, based
on conductivity measurements (see insert). dashed line) as a
function of frequency for a solid (non-foamed) composite
material comprising 0.5 weight percent (wt %) CNTs. A first
insert of F1G. 2 (upper part of figure) illustrates the difference
between two concepts: it shows the voltage magnitude of
incident (subscript +) and reflected (subscript —) waves at
input (I) and output (o) interfaces between air and composite
material, as well as waves V1 and V2 present in the material
at those interfaces. Referring to the notation in this insert, the
power absorption (PA) is a measure of the decay undergone
by signal flowing through a composite material of thickness
AL, from just after the input interface (air-material) till just
before the output interface (material-air), and is not influ-
enced by the reflections at such interfaces:

PA=20log,, IV,/Y,|

[0127] The shielding effectiveness is defined as the ratio
between power incident in air at the input interface and power
detected in air at the output interface:

SE=20logyo IV,/V.clv—0-0

Shielding efficiency thus results from the combination of
power absorption inside the material and reflection of power
atthe input interface. Itis usually defined or measured assum-
ing no reflection in the output air medium (V_,=0).

[0128] Another parameter of interest for characterising the
composite materials is the reflectivity R. It measures the
efficiency of the composite material as a microwave absorber
that is presenting a low reflection coefficient at the input
interface. The reflectivity is defined as the ratio between
reflected and incident wave at the input air interface obtained
when backing the output interface by a metal plate, acting as
a perfect reflector:

R=2010g,5 |V /¥ )y o vic

="+

[0129] FormFIG. 2 it can be seen that a reflectivity of about
-15 dB is obtained and a shielding effectiveness of between
11 dB and 29 dB.

[0130] A secondinputinFIG. 2 (lower part of figure) shows
the conductivity o as a function of frequency. A conductivity
of about 1 S/m is obtained for the solid (non-foamed) com-
posite material comprising 0.5 wt % CNTs, which corre-
sponds with a shielding efficiency of about 13 dB/cm.
[0131] Better performances may be obtained for composite
material structures comprising at least one layer of foamed
polymer composite material or comprising at least one layer
of foamed polymer composite material and at least one layer
of non-foamed polymer composite material according to the
present invention (see further).

COMPARATIVE EVALUATION TEST 1

[0132] FIG. 3 and table 1 compare the performances of
foamed and solid (non-foamed) products. A low level of
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conductivity has been observed for pure polycaprolactone
(PCL) (see curves indicated with reference number 1 in FIG.
3), indicating that the polymer itself is not suitable for being
used as a shield for electromagnetic radiation because it has
poor shielding and reflectivity properties, as can also be seen
from FIG. 3.

[0133] The addition of CNTs in the polycaprolactone
matrix (curves indicated with reference number 2 (0.16 vol %
or 0.33 wt % CNTs) and reference number 3 (0.5 vol % or 1
wt % CNTs) in FIG. 3) allows to increase the conductivity,
and therefore also the shielding effectiveness, and to a certain
extent, to decrease the reflectivity. However, the reduction of
reflectivity is not optimal because the addition of CNTs
increases the permittivity, which contributes to increase the
reflection of the signal or electromagnetic wave at the input
surface of the composite material.

TABLE 1

values for the dielectric constant, conductivity, shielding
effectiveness and reflectivity obtained at 30 GHz for
foamed and solid (non-foamed) products.

Dielectric Shielding

constant  Conductivity effectiveness Reflectivity
Sample (€,) (0) (S/m) (SE)dB (dB)
PCL Pure 221 0.18 4.20 -6.15
PCL solid + 3.15 1.40 242 -10.5
0.16 vol % or
0.33 wt % CNTs
PCL solid + 0.5 3.84 1.90 31.7 -9.35
vol % or 1 wt %
CNTs
PCL foam + 238 1.40 28.0 -12.25

0.107 vol % or

1 wt % CNTs

PCL foam + 348 4.09 67.2 -8.50
0.25 vol % or

2 wt% CNTs

[0134] On the other hand, better results have been obtained
with the CNT/polycaprolactone foam composite materials
according to the present invention. [t can be seen from FIG. 3
that the reflectivity is much improved. A foamed CNT/poly-
caprolactone composite material containing 0.107 vol % or 1
wt % of CNTs (see curve with reference number 4 in FIG. 3)
has a conductivity close to that of a non-foamed sample
containing 0.16 vol % or 0.33 wt % of carbon nanotubes
(curve 2in FIG. 3), and thus involves a comparable shielding
effectiveness.

[0135] On the other hand, the dielectric constant of the
polymer composite material structures according to the
present invention is quite lower. This is because of the
increase of the permittivity induced by the presence of CNTs
is compensated by the presence of a large quantity of airin the
foam, which contributes to bring back the permittivity of the
foamed composite to a value close to the one for pure poly-
caprolactone (see curve 1). The result is that, with about an
identical concentration in CNTs, the reflectivity of the
foamed product is lower than the one of a non-foamed prod-
uct.

[0136] Beyond a certain threshold of concentration of
CNTs, the conductivity obtained for a polymer composite
material structure comprising at least one layer of a foamed
polymer composite material according to the present inven-
tion is higher than the conductivity of a non-foamed compos-
ite material. This is because the dispersion, and thus the
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percolation, occurs more easily within the foamed product.
Thus, the conductivity of a foamed composite material com-
prising 0.25 vol % or 2 wt % of CNTs (see curve 5 in F1G. 3)
is twice higher than the conductivity of a solid (non-foamed)
product containing 0.5 vol % or 1 wt of CNTs (curve 3). The
same comment holds for the shielding effectiveness. On the
other hand, thanks to the presence of air in the foamed com-
posite material structures, dielectric constants remain in the
same order of magnitude, which involves comparable levels
of reflectivity, in spite of a higher conductivity of the foamed
composite materials.

EVALUATION TEST 2

[0137] According to embodiments of the invention, the
foamed composite materials may be formed such thata CNT
concentration gradient is present in the composite material.
[0138] Experimental tests are performed with foamed poly-
caprolactone composite materials comprising respectively
0.5 wt % or 0.049 vol %, 1 wt % or 0.107 vol % and 2 wt %
or 0.25 vol % of CNTs. The topology is illustrated in FIGS.
4(a) and 4(). FIG. 4(a) shows a monolayer of the composite
matetial according to embodiments of the present invention.
The monolayer may, according to this example, have a thick-
ness of 3 cm. Tests were performed to such monolayers of
composite material comprising 0.5 wt % or 0.049 vol %, 1 wt
% or0.107 vol % and 2 wt % or 0.25 vol % of CNTs. F1G. 4(b)
shows a tri-layer composite material structure according to
the present invention, the tri-layer comprising a first layer 6 of
composite material having a thickness of e.g. 10 mm and
comprising 0.5 wt % or 0.049 vol %, CNTs, a second layer 7
of composite material having a thickness of e.g. 2 mm and
comprising 1 wt % or 0.107 vol % of CNTs and a third layer
8 of composite material having a thickness of e.g. 17 mm and
comprising 2 wt % or 0.25vol % of CNTs. Hence, the average
content of CNTs in the tri-layer composite material structure
having a thickness of, in the example given, 29 mm or 2.9 cm
may be about 1.3 wt % or 0.17 vol %.

[0139] FIG. 5A shows the shielding effectiveness for the
monolayer comprising the polycaprolactone (PCL) based
composite material formed by co-precipitation and having a
thickness of 3 cm and comprising 0.5 wt % or 0.049 vol %,
CNTs (curve 9), 1 wt % or 0.107 vol % CNTs (curve 10) and
2 wt % or 0.25 vol % CNTs (curve 11) and for a PCL based
composite material formed of a tri-layer composite material
structure as illustrated in F1G. 4(5) and having a thickness and
CNT distribution as described above (curve 12) for two dif-
ferent frequency ranges, i.e. for a first frequency range
between 7 and 15 GHz (graph on the left hand side) and for a
second frequency range between 20 and 32 GHz (graph on the
right hand side), it can be seen from FIG. 5A that, when the
concentration of CNTs in the composite material increases,
the shielding effectiveness (SE) also increases. This is
because the power of the signal or electromagnetic wave is
more absorbed in the conducting composite and thus the
reflectivity is degraded (-9 dB max for 0.25 vol % CNTs,
curve 15 in FIG. 5B). This can be seen from FIG. 5B which
shows the reflectivity for a foamed polycaprolactone (PCL)
based composite material formed of a monolayer having a
thickness of 3 cm and comprising 0.5 wt % or 0.049 vol %,
CNTs (curve 13), 1 wt % or 0.107 vol % CNTs (curve 14) and
2 wt % or 0.25 vol % CNTs (curve 15) and for a PCL based
composite material formed of a tri-layer composite material
structure as illustrated in FIG. 4(5) and having a thickness and
CNT distribution (0.049/0.107/0.25 vol %) as described
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above (curve 16) and a tri-layer composite material structure
having a 0.25/0.107/0.049 vol %, CNT distribution (curve
17). Again, the reflectivity is shown for two different fre-
quency ranges, i.e. for a first frequency range between 7 and
15 GHz (graph on the left hand side) and for a second fre-
quency range between 20 and 32 GHz (graph on the right
hand side).

[0140] Ifatri-layerstructureisused (topology as illustrated
in FIG. 4(b)), each layer having different concentration and
thickness, it is possible to obtain a good shielding effective-
ness which is higher than 20 dB for frequencies higher than 10
GHz, while preserving a reflectivity lower than -15 dB, i.e.
better than the reflectivity obtained with the monolayer of
foamed composite material. It should be noted that the tri-
layer structure has the same overall thickness as the mono-
layer and an average concentration of CNTs of 1.3 wt % or
0.17 vol %. An equal or higher shielding effectiveness may be
obtained compared to the monolayer with a concentration of
1 wt % or 0.107 vol % of CNTs, while maintaining a reflec-
tivity lower than that obtained for 0.5, 1 and 2 wt % or
respectively 0.049, 0.107 and 0.25 vol % of CNTs.

[0141] Moreover, it is observed that the reflectivity is not
symmetrical in the case of a tri-layer structure. Curve 16
corresponds to the measured reflectivity when the signal is
incident on layer 6 of the tri-layer structure as illustrated in
FIG. 4(b) having the lowest concentration of CNTs (i.e., in the
example given, 0.5 wt % or 0.049 vol %) while curve 17 gives
the reflectivity when the signal is incident on layer 8 having
the highest concentration of CNTs (i.e., in the example given,
2wt % or 0.25 vol %). Thus, from this it can be concluded that
the absorption properties of the composite material in case of
multi-laver structures depend on what side is exposed to the
incident signal.

[0142] The above discussion is about tri-layer structures. It
has to be noted, however, that this is only for the ease of
explanation and that in general multi-layer structures com-
prising any suitable number of different layers are also dis-
closed in this application, e.g. four layers, five layers, six
layers, etc.

[0143] The above illustrates that a control of the CNT con-
centration gradient and the thickness of the different layers
may allow optimising the performances of the composite
material structure while still maintaining a low load factor or
a low concentration in carbon based conductive loads, in the
example given CNTs.

[0144] The performances should be better if instead of a
tri-layer structure, one refined the gradient of concentration
by using finer layers of different concentration.

[0145] It has to be noted that the discontinuity observed in
the curves around 26 GHz is explained by a change of set-up
of the measurement at that frequency.

EVALUATION TEST 3

[0146] Theaboveresults relate to foamed polycaprolactone
(PCL) matrixes wherein the CNTs are included by co-pre-
cipitation.

[0147] Hereinafter, some results will be discussed with
respect to polycaprolactone (PCL) based composite materials
wherein CNTs were included by melt-blending or extrusion.
Experiments were performed on monolayers of PCL based
foamed composite material having a thickness of 2 cm and
comprising 1 wt % or 0.1 vol % of CNTs, 2 wt % or 0.222 vol
% of CNTs and 4 wt % or 0.541 vol % of CNTs. The results
of these experiments are compared to the experiments per-
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formed on a tri-layer of PCL based foamed composite mate-
rials, the tri-layer having a total thickness of 29 mm and
comprising a first layer with a thickness of e.g. 2 mm and 1 wt
% or 0.1 vol % CNTs, a second layer with a thickness of e.g.
10 mmand 2 wt % or 0.222 vol % CNTs and a third layer with
a thickness of e.g. 17 mm and 4 wt % or 0.541 vol % CNTs.
[0148] FIGS. 6A and 6B respectively show the shielding
effectiveness and reflectivity for monolayers comprising car-
bon nanotube/PCL foam composite material formed by melt-
blending or extrusion and with 1 wt % or 0.1 vol % CNTs
(curve 18), 2 wt % or 0.222 vol % percent CNTs (curve 19)
and 4 wt % or 0.541 vol % CNTs (curve 20) and for a tri-layer
having a thickness of 29 mm and having a CNT distribution as
described above (curve 21).

[0149] From FIGS. 6A and 6B it can be seen that similar
performances can be obtained with foamed composite mate-
rials based on a carbon nanotube/PCL composite obtained by
melt-blending or extrusion (FIGS. 6A and 6B) compared to
carbon nanotube/PCL composite material obtained by co-
precipitation (FIGS. 5A and 5B). Levels of conductivity
higher than 1 S/m are measured starting from a sufficient
concentration of about 4 wt % or 0.541 vol % CNTs, which
imply some excellent performances of the tri-layer device:
shielding effectiveness SE>50 dB, reflectivity R<-15 dB. It
can be seen from FIG. 6C that for composite materials com-
prising a CNT concentration of 1 wt % or 0.1 vol % and 2 wt
% or 0.222 vol % (see respectively curves 18 and 19), the
conductivity is lower than 1 S/m but that for composite mate-
rials comprising a CNT concentration of 4 wt % or 0.541 vol
% (see curve 20) a conductivity of about 3 S/m can be
obtained. The results for the foamed composite materials
according to embodiments of the present invention are com-
pared to a solid (non-foamed) polymer, e.g. Lotader®, with a
CNT concentration of 2 wt % (see curve 22). It can be seen
that the conductivity of such composite materials is lower
than for foamed composite material according to embodi-
ments of the present invention comprising a same 2 wt % or
0.222 vol % CNTs.

EVALUATION TEST 4

[0150] The results obtained and described above are not
limited by the polymer used. Other polar polymers, such as
for example Lotader®, can be used according with the present
invention. Lotader® 4700 resin is a random terpolymer of
Ethylene, Ethyl Acrylate and Maleic Anhydride. Mixtures
containing CNTs (Thick type obtainable from Nanocyl S.A.)
and Lotader® 4700 (obtainable from Atofina-Arkema) were
carried out by extrusion in a twin-screw extruder (DSM 15
cm?).

[0151] The processing conditions are as follows: 15 min-
utes with 100° C. at 100 or 250 rpm followed by annealing for
2 hours. Annealing allows to improve the conductivity of the
composite, as shown in FIG. 7 which shows the conductivity
for a composite material comprising Lotader® 4700 polymer
and 2 wt % CNTs without annealing (curve 23) and after
annealing for 2 hours (curve 24).

COMPARATIVE EVALUATION TEST 3

[0152] Lotader® (see curve 25 in FIG. 9) offers the advan-
tage of presenting, in pure state or without CNTs, a dielectric
constant lower than the dielectric constant of polycaprolac-
tone one (see curve 26 in FIG. 9). Therefore, according to
embodiments of the present invention, a layer of a non-
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foamed composite Lotader®+CNT may be sandwiched in
between two layers of polycaprolactone (PCL) to form a
tri-layer structure. This leads to an improved reflectivity of
the resulting composite, comparable and even higher than the
reflectivity of foamed tri-layers with polycaprolactone as a
polymer (see above). This is illustrated in FIGS. 8A and 8B
which respectively show the shielding effectiveness and
reflectivity for a monolayer of foamed PCL with 1 wt % or
0.107 vol % CNT (curve 27), solid Lotader® with 2 wt %
CNT (curve 28) and foamed PCL with 4 wt % or 0.541 vol %
CNT (curve 29) and for a tri-layer comprising a first layer of
PCL+1 wt % or 0.107 vol % CNT, a second layer of solid
Lotader®+2 wt % CNT and third layer of PCL+4 wt % or
0.541 vol % CNT (curve 30).

[0153] In conclusion, powerful tri-layers composite mate-
rial structures containing carbon nanotubes for EMI shielding
applications can be obtained using a polar polymer matrix, by
using an extrusion or co-precipitation process.

EVALUATION TEST 5

[0154] Moreover, it appears that the performances obtained
and described above are not limited to the use of nanotubes
(CNT) only: the combination of carbon nanotubes and carbon
black (CB) particles as carbon based conductive loads allow
obtaining a composite with improved properties compared to
a composite only loaded with CNT or CB particles.

[0155] FIG. 10 shows that the conductivity of a foamed 0.7
wt % carbon nanotube/polycaprolactone composite (see
curve 31) is higher than the conductivity of a foamed carbon
black/polycaprolactone composite (see curve 32 (2 wt % CB)
and curve 33 (5 wt % CB)). A concentration of 10 wt % CB
(see curve 34) is required to reach a conductivity higher than
or equal to the conductivity of a sample of PCL with 0.7 wt %
of CNTs. For comparison reasons, curve 35 illustrates the
conductivity for a pure PCL polymer (without CNTs or CB).
FIG. 11 illustrates that, after annealing, the conductivity for a
Lotader® composite material comprising 2 wt % CNT and 2
wt % CB (see curve 36) is higher than for a Lotader® com-
posite material comprising only 2 wt % CNT (see curve 37).
There is thus a particular synergy between the CNT and the
CB particles which improves the conductivity compared to
the composite materials comprising only one type of carbon
based conductive load. It has to be noted that when a combi-
nation of CNTs and CB particles is used in a polymer com-
posite material, preferably a concentration of at least 2 wt %
may be used because when e.g. only 1 wt % of CB particles is
used, there may no increase of conductivity be observed.

EVALUATION TEST 6
Polycarbonate as Polymer Matrix

[0156] In this evaluation test, polycarbonate (Lexan®
obtainable from General Electric) is used as a polymer
matrix. Polymer composite material structures are formed by
dispersing CNTs within the solid or non-foamed matrix in
different amounts between 0.1% and 2% and for different
types of CNTs.

[0157] FIG. 12 illustrates conductivity measurements for a
non-foamed or solid polycarbonate matrix without CNTs
(curve 40) and with 0.1 wt % of CNTs of the kind Nanocyl®-
3100 (thin (average diameter of 9.5 nm) multiwall, high
purity, COOH-functionalized CNTs) (curve 39) and 0.1 wt %
of the kind Nanocyl®-7000 (thin (average diameter of 9.5
nm) multiwall CNTs, not functionalized) (curve 38).
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[0158] Same experiments have been performed with 0.3 wt
% of CNTs dispersed in a polycarbonate matrix. This is
illustrated in FIG. 13. Curve 41 shows the conductivity for a
non-foamed polycarbonate matrix with 0.3 wt % CNTs of the
kind Nanocyl®-3100 (thin (average diameter of 9.5 nm) mul-
tiwall, high purity, COOH-functionalized CNTs). Curve 42
shows the conductivity of a non-foamed polycarbonate
matrix with 0.3 wt % CNTs of the kind Nanocyl®-7000 (thin
(average diameter of 9.5 nm) multiwall CNTs, not function-
alized). Curve 43 represents the conductivity for pure poly-
carbonate.

[0159] FromFIG.12itcanbe seenthatby dispersing 0.1 wt
% CNTs in a non-foamed polycarbonate polymer matrix, the
conductivity of the polymer matrix may already be improved
with a factor 2.5 or 3.5, depending on the kind of CNTs used.
However, as can be seen from FIG. 13, by dispersing 0.3 wt %
CNTs in the polycarbonate matrix, the conductivity may be
improved by a factor 8 to 14, depending on the kind of CNTs
used.

[0160] Hence, the polymer composite materials formed as
disclosed with respect to this evaluation test may advanta-
geously be used in a multilayer structure comprising at least
one layer of a foamed polymer composite material and at least
one layer of a non-foamed composite material, the at least one
non-foamed composite material then comprising a non-
foamed CNT/polycarbonate composite material as described
above. Moreover, even better conductivity results may be
obtained when foaming this non-foamed CNT/polycarbonate
composite material as described earlier.

EVALUATION TEST 7
Lotader/Polyamide Blends as Polymer Matrix

[0161] In a further evaluation test, CNTs are dispersed
within a non-foamed polymer matrix made of a blend of
Lotader® (Lotader® 7500 from Arkema) and a polyamide, in
the example given co-polyamide 6-12 named “Grilon CF6S”
from EMS Grivory. Three ways have been used to investigate
the preparation of this polymer composite.

[0162] Ina first way, CNTs are dispersed within Lotader®
by extrusion in a twin-screw extruder (DSM 15 cm?) at 100°
C. for 15 minutes (250 rpm). Then, 30 wt % of the resulting
composite is blended with 70 wt % of polyamide for 10
minutes at 180° C. (250 rpm). The final amount of CNTs
dispersed within the resulting polymer composite material
appears to be 0.6 wt %.

[0163] In a second way, Lotader® and polyamide are
blended by extrusion in a twin-screw extruder (DSM 15 cm?)
at 180° C. for 10 minutes (250 rpm). Then, 2 wt % CNTs are
dispersed within the polymer blend.

[0164] Inathird way, 0.86 wt % CNTs are dispersed within
polyamide by extrusion in a twin-screw extruder (DSM 15
cm®) at 180° C. for 15 minutes (250 pm). Then 70 wt % of the
resulting composite is blended with 30 wt % of Lotader® at
180° C., for 10 minutes (250 rpm). The final amount of CNTs
dispersed within the resulting polymer composite material
appears to be 0.6 wt %.

[0165] For the different ways of forming the Lotader®/
polyamide blends with CNTs dispersed therein, an annealing
step may optionally be performed before conductivity mea-
surements are performed.

[0166] FIG. 14 illustrates the conductivity for the different
polymer composite materials made of Lotader®-polyamide
blend as described above. Curve 44 shows the conductivity of
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pure Lotader®. Curve 45 shows the conductivity for pure
polyamide. Curve 46 shows the conductivity for a blend made
of 30 wt % of Lotader® and 70 wt % of polyamide without
CNTs dispersed in it. Curve 47 shows the conductivity for a
polymer matrix made of 30 wt % of Lotader® and 70 wt % of
polyvamide and containing 0.6 wt % of carbon nanotubes
dispersed in the polymer matrix according to the second way
described above. Curve 48 shows the conductivity fora poly-
mer matrix made of 30 wt % of Lotader® and 70 wt % of
polyamide and containing 0.6 wt % of CNTs dispersed in the
polymer matrix according to the second way described above
and annealed before the conductivity measurement is per-
formed. Curve 49 shows the conductivity for a polymer
matrix made of 30 wt % of Lotader® and 70 wt % of polya-
mide comprising 2.0 wt % of CNTs dispersed in the polymer
matrix according to the third way described above. Curve 50
shows the conductivity for a polymer matrix made of 30 wt %
of Lotader® and 70 wt % of polyamide comprising 2.0 wt %
of CNTs dispersed in the polymer matrix according to the
third way described above and annealed before the conduc-
tivity measurement is performed.

[0167] From FIG. 14 it can be seen that, depending on the
way of making the Lotader®/polyamide/CNT polymer com-
posite material, the conductivity of the polymer composite
material may be improved with a factor of between 0.5 and 9
with respect to the pure Lotader®/polyamide blend, i.e. with-
out the CNTs dispersed in it. Very good conductivity results
of a conductivity of 0.87 S/m at 40 GHz are obtained for a
Lotader®/polyamide blend comprising 2 wt % CNTs and
formed according to the third way. Even better results may be
obtained after annealing of the Lotader®/polyamide blend
comprising 2 wt % CNTs and formed according to the third
way, i.e. 0.95 S/m at 40 GHz.

[0168] The polymer composite materials formed according
to this evaluation test may advantageously be used in a mul-
tilayer structure comprising at least one layer of a foamed
polymer composite material and at least one layer of a non-
foamed composite material, the at least one layer of non-
foamed composite material then comprising a non-foamed
CNT-Lotader®/polyamide blend composite material as
described above. Moreover, even better conductivity results
may be obtained when foaming this non-foamed CNT-Lota-
der®/polyamide blend composite material as described ear-
lier.

EVALUATION TEST 8
Influence of Annealing Temperature

[0169] FIG. 15 illustrates the conductivity for different
polymer composite materials made of a Lotader® matrix
comprising 2wt % CNTs. Curve 51 represents a conductivity
measurement for a polymer matrix made of Lotader® com-
prising 2 wt % CNTs after annealing for two hours at a
temperature of 170° C. Curve 52 represents a conductivity
measurement for a polymer matrix made of Lotader® com-
prising 2 wt % CNTs after annealing for four hours at a
temperature of 125° C. Curve 53 represents a conductivity
measurement for a polymer matrix made of Lotader® com-
prising 2 wt % CNTs before annealing. From FIG. 15, it can
be seen that the temperature at which annealing is performed
has a high influence on the conductivity of the resulting
polymer composite material structure. Very good results, i.e.
a conductivity of about 3.5 S/m can be obtained with a Lota-
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der® matrix comprising 2 wt % CNTs which is annealed for
two hours at a temperature of 170° C. or higher.

[0170] The polymer composite materials formed according
to this evaluation test, i.e. including an annealing step at a
temperature of at least 125° C. during at least 2 hours may
advantageously be used in a multilayer structure comprising
atleastone layer of a foamed polymer composite material and
at least one layer of a non-foamed composite material, the at
least one layer of non-foamed composite material then com-
prising a non-foamed CNT-Lotader® composite material as
described above.

EXAMPLE 6
Preparation of CNT/Polyurethane (PUR) Foam

[0171] In a first step, 4 g of Polycaprolactone triol
(Mw=300) is melt blended with 400 mg of CNTs in a 5 cm®
extruder (MIDI 2000 DSM) at 80° C. for 10 minutes under
high shear (300 rpm) to obtain perfectly dispersed CNTs
within the liquid precursor. The resulting viscous liquid is
then placed in a mechanical stirrer in the presence 0 0.04 g (1
wt %) of dibutyltin dilaurate (catalyst) and 0.12 g (2 wt %) of
PCL-b-PDMS-b-PCL (Tegomer H-Si 6440, surfactant). 0.08
g (2 wt %) of water is then added to the mixture under high
shear rate. After mixing for 15 s, 3.65 g of toluene diisocy-
anate (NCO/OH molar ratio=1.05) is added to induce foam-
ing.

[0172] The resulting foam may then be cut (15 mmx25
mmx35 mm) for being used for determination of electromag-
netic wave absorption properties.

[0173] It is to be understood that although particular or
preferred embodiments, specific constructions and configu-
rations, as well as materials, have been discussed herein for
devices according to the present invention, various changes or
modifications in form and detail may be made without depart-
ing from the scope and spirit of this invention. For example,
any formulas given above are merely representative of pro-
cedures that may be used. Steps may be added or deleted to
methods described within the scope of the present invention.

1-22. (canceled)

23. A polymer composite material structure comprising at
least one layer of a foamed polymer composite material com-
prising:

a foamed polymer matrix, and

an amount of between 0.1 wt % and 6 wt % carbon based

conductive loads dispersed in the foamed polymer
matrix,
wherein the polymer composite material structure has a
reflectivity between -5 dB and -20 dB.

24. The polymer composite material structure according to
claim 23, wherein the foamed polymer matrix is an annealed
foamed polymer matrix.

25.The polymer composite material structure according to
claim 23, furthermore comprising at least one layer of a
non-foamed polymer composite material.

26. The polymer composite material structure according to
claim 23, wherein the polymer composite material structure
has a shielding effectiveness of between 5 dB and 90 dB.

27. The polymer composite material structure according to
claim 26, wherein the polymer composite material structure
has a shielding effectiveness of between 40 dB and 90 dB or
between 70 dB and 90 dB.
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28. The polymer composite material structure according to
claim 23, wherein the amount of carbon based conductive
loads is between 0.5 wt % and 4 wt % or between 0.5 wt % and
2wt %.

29. The polymer composite material structure according to
claim 23, wherein the polymer composite material structure
has a reflectivity of between -10 dB and -20 dB or between
-15 dB and -20 dB.

30. The polymer composite material structure according to
claim 23, wherein the carbon based conductive loads com-
prise carbon nanotubes.

31. The polymer composite material structure according
claim 23, wherein the carbon based conductive loads com-
prise carbon nanotubes and carbon black particles.

32. The polymer composite material structure according to
claim 30, wherein the carbon nanotubes are multi-wall carbon
nanotubes.

33. The polymer composite material structure according to
claim 30, wherein the carbon nanotubes have an aspect ratio
of at least 10.

34. The polymer composite material structure according to
claim 30, wherein the carbon nanotubes are functionalised.

35. The polymer composite material structure according to
claim 23, wherein the polymer matrix comprises a polar
polymer, polyolefin, high-performance polymers or mixtures
thereof.

36. The polymer composite material structure according to
claim 35, wherein the polar polymer is a polyester, a polyure-
thane, a polycarbonate, a polyimide, a copolymer comprising
olefins with acrylic, methacrylic or vinyl acetate monomers,
or mixtures thereof.

37. A process for using a polymer composite material
structure as an electromagnetic interference shield in radio
frequency systems, wherein said polymer composite material
structure comprises at least one layer of a foamed polymer
composite material comprising:

a foamed polymer matrix, and

an amount of between 0.1 wt % and 6 wt % carbon based

conductive loads dispersed in the foamed polymer
matrix,
and said polymer composite material structure has a reflec-
tivity between -5 dB and -20 dB.

38. A method for forming a polymer composite material
structure, wherein the method comprises providing at least
one layer of a foamed polymer composite material by:
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providing a polymer matrix,

dispersing an amount of 0.1 wt % to 6 wt % carbon based
conductive loads hereby forming a polymer composite
material,

foaming the polymer composite material,

and providing an annealed polymer composite material by

annealing the polymer composite material before foam-
ing or by annealing the foamed polymer composite
material.

39. The method according to claim 38, further comprising
providing at least one layer of a non-foamed polymer com-
posite material by:

providing a polymer matrix,

dispersing an amount of 0.1 wt % to 6 wt % carbon based

conductive loads hereby forming a polymer composite
material, and

optionally annealing the polymer composite material.

40. The method according to claim 38, the polymer matrix
being formed of an amorphous polymer, wherein annealing is
performed at a temperature equal to or higher than the glass
transition temperature (Tg) of the polymer matrix.

41. The method according to claim 38, the polymer matrix
being formed of a semi-crystalline polymer, wherein anneal-
ing is performed at a temperature equal to or higher than the
melting point (Tm) of the polymer matrix.

42. The method according to claim 38, furthermore com-
prising pelletizing the polymer composite material before
annealing.

43. The method according to claim 38, wherein foaming
the composite material is performed by adding a chemical or
physical foaming agent to the polymer composite material.

44. A polymer composite material structure formed by a
method comprising:

providing at least onelayer of a foamed polymer composite

material by:
providing a polymer matrix,
dispersing an amount of 0.1 wt % to 6 wt % carbon based
conductive loads hereby forming a polymer compos-
ite material,
foaming the polymer composite material,
and providing an annealed polymer composite material by
annealing the polymer composite material before foaming or
by annealing the foamed polymer composite material.
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