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CNT-TAILORED COMPOSITE AIR-BASED STRUCTURES

[0001] This application claims priority from U.S. Provisional Patent Application Nos.
61/263,807, filed November 23, 2009, and 61/286,340, filed December 14, 2009, both of

which are incorporated herein by reference in their entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] Not applicable.
BACKGROUND AND FIELD OF THE INVENTION

[0003] The present invention generally relates to carbon nanotubes (CNTs), and more

specifically to CNTs incorporated in composite materials and structures.

[0004] Hybrid composites have been used with varying degrees of success. The use of two
or three different reinforcements within a composite has been accomplished along with the
addition of aggregates and fillers used for various purposes including mechanical

strengthening, cost reduction, smoke prevention, chemical resistance, and the like.

[0005] Air-based structures are subject to a number of demands on operability and efficiency.
Structures housing electrical circuits can be prone to exposure to electromagnetic conduction
or electromagnetic radiation, which can impair operation without adequate protection.
Structures that are relatively tall as compared to surrounding structures or objects can be
prone to lightning strikes, which can severely damage or even destroy the structures without
electrical conductivity or added means to carry the electrical load. Minor or reparable
structural damage to structures can quickly progress to serious or even complete failure
without prompt detection. Ice can form on critical components, altering functionality, or
even causing failure, without de-icing. Shear, tensile, and compressive forces at critical
locations on structures can cause failure over time without adequate structural integrity.
Crack propagation can cause serious or even complete failure, if not prevented when micro-

cracks initially form. Variations in temperature or other factors can affect the structure with
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inadequate thermal conductivity. Structures can experience detection by radar waves without
appropriate radar absorbing materials. These and additional demands placed on air-based

structures result in difficulty in selecting materials suitable to address each demand.
SUMMARY

[0006] In some aspects, embodiments disclosed herein relate to tailored composite materials
that include a matrix material and a CNT-infused fiber material having particular

functionalities.

[0007] In some aspects, embodiments disclosed herein relate to an apparatus including a
structure supported by air having a composite structure having at least (1) a first carbon
nanotube infused material imparting a first functionality to the structure, and (2) a second
carbon nanotube infused material imparting a second functionality to the structure. In some
embodiments, the composite structure has additional carbon nanotube infused materials

imparting additional functionalities to the structure.

[0008] In some aspects, embodiments disclosed herein relate to methods including providing
a structure supported by air having a composite structure having at least (1) a first carbon
nanotube infused material imparting a first functionality to the structure, and (2) a second
carbon nanotube infused material imparting a second functionality to the structure. In some
embodiments, the composite structure has additional carbon nanotube infused materials
imparting additional functionalities to the structure. Carbon nanotube loading of the carbon

nanotube infused materials can be selected based on the corresponding functionalities.
BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Figure 1 shows a transmission electron microscope (TEM) image of a multi-walled
CNT (MWNT) grown on PAN-BASED carbon fiber via a continuous chemical vapor
disposition (CVD) process.

[0010] Figure 2 shows a TEM image of a double-walled CNT (DWNT) grown on PAN-

BASED carbon fiber via a continuous CVD process.

[0011] Figure 3 shows a scanning electron microscope (SEM) image of CNTs growing from
within the barrier coating where the CNT-forming nanoparticle catalyst was mechanically

infused to the fiber material surface.
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[0012] Figure 4 shows a SEM image demonstrating the consistency in length distribution of

CNTs grown on a fiber material to within 20% of a targeted length of about 40 microns.

[0013] Figure 5 shows a low magnification SEM of CNTs on carbon fiber demonstrating the
uniformity of CNT density across the fibers within about 10%.

[0014] Figure 6 shows a side view of a fuselage of an air-based apparatus, in accordance with

one embodiment of the present disclosure.

[0015] Figure 7 a perspective view of a portion of a fuselage of an air-based apparatus in

accordance with a particular embodiment of the present disclosure.

[0016] Figure 8 is a cross sectional view of various alternative embodiments of a lap joint of
a fuselage of an air-based apparatus, in accordance with particular embodiments of the

present disclosure.

[0017] Figure 9 is a perspective view of an embodiment of a lap joint of a fuselage of an air-

based apparatus, in accordance with an embodiment of the present disclosure.

[0018] Figure 10 is a cross-sectional side view of a portion of a fuselage of an air-based

apparatus in accordance with one embodiment of the present disclosure.

DETAILED DESCRIPTION

[0019] Tailored multiscale composites have been developed utilizing CNT-infused fibers.
CNTs can be grown directly onto the surface of glass and carbon fibers in a continuous, in
line process utilizing a modified CVD process, such as the one described in Applicant’s co-
pending applications, U.S. Publication Nos. 2010/0279569 and 2010/0178825, both of which
are incorporated herein by reference in their entirety. Composite structures made with CNT-
infused fiber materials have shown increased mechanical properties, specifically in shear -
interlaminar and in-plane. Additionally these composite structures have improved electrical
and thermal conductivity, based on the CNT loading and orientation. These CNT-infused
fiber materials can be used in composite structures in various orientations and locations to
provide custom tailored properties, including properties not available to current fiber

materials.

[0020] The CNT-infused fiber composite can employ any type of fiber substrate, including,
for example, carbon, glass, alumina, silicon carbide, or Kevlar. Moreover, since many fiber-

types are used in mechanical strengthening applications, the infused CNTs can perform an



WO 2011/126518 4 PCT/US2010/057921

additional role in enhancing mechanical strength. A range of CNT loading in CNT-infused
fiber materials can be specified to afford the functionality required for a given composite
part. More specifically, the CNT loading can be varied based on the location of a particular
CNT-infused fiber material within each composite structure for custom tailoring and
optimization. Depending on functionality desired at particular points on a structure, the
structure can have different CNT loading ranges at different locations within the CNT-
infused fiber material, different CNT loading ranges in different layers (or gradients) of a
given CNT-infused fiber material, or different CNT loading ranges for different CNT-infused
fiber materials. CNT loading on the fiber and in the overall composite can be selected from a
variety of ranges. For example, CNT loading in the composite can be divided into four
ranges. In some embodiments, the “low” range can be from 0.01% to 2%. The “low” range
can be from approximately 0% to approximately 2%, including loadings such as 0%, 1%, 2%,
and fractions thereof. The “mid” range can be from approximately 2% to approximately 5%,
including loadings such as 2%, 3%, 4%, 5%, and fractions thereof. The “high” range can be
from approximately 5% to approximately 40%, including loadings such as 5%, 10%, 15%,
20%, 25%, 30%, 35%, 40% and fractions thereof. The “ultra-high” range may be greater
than approximately 40%.

[0021] Fiber reinforced composite structures are used in advanced air-based applications
since their properties can be tailored to fulfill a given set of requirements. For example, a
particular lamina stacking sequence can be used to optimize a composite beam for flexural
stiffness or another sequence can be used to optimize for torsional rigidity. Hybrid
composites, which utilize two different types of reinforcement fiber, benefit from the positive
contributions of each fiber towards overall composite properties whether mechanical,

thermal, electrical, etc.

[0022] A wide range of functionality applicable for air-based composite structures is
available through different levels of CNT loading in CNT-infused fiber materials. Such

CNT-infused fiber materials can include continuous fiber, chopped fiber, or woven fabrics.

[0023] Such functionality can include electromagnetic interference (EMI) shielding,
lightning strike protection, damage sensing, de-icing, mechanical properties including but not
limited to interlaminar and in-plane shear strength and modulus, tensile strength and

modulus, compressive strength and modulus, flexural strength and modulus, crack and
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propagation resistance, thermal conductivity improvements, radar absorption and/or flame

resistance.

[0024] In some applications, high levels of CNT loading can provide EMI shielding and/or
lightning strike protection functionality. Such functionality can prevent undesirable effects of
electromagnetic conduction or electromagnetic radiation on sensitive electrical circuits, or
provide a mechanism through which the current can pass without significant degradation to
the matrix surrounding the base fibers, as described in Applicant’s co-pending application,
U.S. Publication No. 2010/0270069, which is incorporated herein by reference in its entirety.
EMI shielding composites and/or lightning strike protection composites can have CNT-
infused fiber materials disposed in a portion of a matrix material. The composite can be
capable of absorbing electromagnetic (EM) radiation, reflecting EM radiation, or
combinations thereof in a frequency range from between about 0.01 MHz to about 18 GHz.
The EM shielding capacity of the composite, measured as EMI shielding effectiveness (SE),
is in a range from between about 40 decibels (dB) to about 130 dB. CNTs have desirable
electromagnetic absorption properties due to their high aspect ratio. The CNTs in the
composites can be capable of absorbing a broad range of EM radiation frequencies, and
dissipating the absorbed energy to an electrical ground and/or as heat, for example.
Mechanistically, the CNTs can also reflect EM radiation. Moreover, for EMI shielding
applications, any combination of absorption and reflectance can be useful as long as
transmittance of the electromagnetic radiation is minimized. Regardless of the actual
operable mechanism, and without being bound by theory, composites can operate by reducing
and/or preventing substantial electromagnetic interference. The EMI shielding composites
can improve the shielding characteristics of materials already employed in EMI shielding
applications. CNT-infused fibers can impart improved EMI shielding of dielectric as well as
conductive composites, resulting in the ability to use low weight, high strength composites.
Some such composites may have been previously limited in application due to their
inherently poor EMI shielding capabilities. EMI shielding composites can provide an
absorbent surface that is nearly a black body across different sections of the electromagnetic
spectrum including visible, infrared (IR) and other portions of various radar bands. In order
to achieve black body-like behavior, the CNT density on the fiber material can be controlled.
Thus, for example, the refractive index of the CNT-infused fiber material can be tuned to
closely match the refractive index of air. According to Fresnel's law, this is when reflectance

would be minimized. Although minimizing reflection can be useful to optimize EM
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absorption, the composites can also be designed to minimize transmittance through the EMI
shielding layer. In other words, absorption is useful to the extent that it can provide EMI
shielding. For a particular wavelength that is not effectively absorbed by the CNT-infused
fiber material, it is beneficial to provide reflectance or provide a secondary structure capable
absorbing the radiation not absorbed by the CNT-infused fiber material. In this regard, it can
be beneficial to provide progressive layering of different CNT-infused fiber materials to
provide alternate absorption characteristics. Alternatively, or in addition to multiple-layered
materials, it can also be useful to incorporate a reflecting material, which can also be a CNT-
infused fiber material. Thus, for example, a composite of the present invention can have
multiple absorbing and/or reflecting layers comprising CNT-infused fiber materials. The
fiber material itself can act as a scaffold that organizes the CNTs in an array that provides an
overall composite with sufficient CNT density to create effective percolation pathways for
dissipation of the energy upon EM radiation absorption or lightning strike. The infused
CNTs can be tailored to have a uniform length, density, and controlled orientation on the
fiber material and in the overall composite to maximize EM radiation absorption and/or
lightning strike protection. By relying on CNTs for EM shielding properties and/or lightning
strike protection, the composites can utilize fiber materials and/or matrices that are either
conducting or insulating. Moreover, the EMI shielding and/or lightning strike protection
composites can be integrated as part of the surface structure of the article in which it is used.
In some embodiments, an entire article can function as an EMI shield and/or lightning rod,
not just the surface. In some embodiments, CNT-infused fiber materials can be employed as
a coating for pre-fabricated composites for use in EMI shielding and/or lightning strike
protection applications. Methods of manufacturing an EMI shielding and/or lightning strike
protection composite can include disposing a CNT-infused fiber material in a portion of a
matrix material with a controlled orientation of the CNT-infused fiber material within the
matrix material, and curing the matrix material. The controlled orientation of the CNT-
infused fiber material can control the relative orientation of CNTs infused thereon within the
overall composite structure. The manufacturing process to create CNT-infused fibers can be
amenable to large scale continuous processing. In the process, CNTs are grown directly on
carbon, glass, ceramic, or similar fiber materials of spoolable dimensions, such as tows or
rovings. The nature of the CNT growth is such that a dense forest is deposited at lengths that
can be tuned between about 5 microns to about 500 microns long, the length being controlled
by various factors as described below. This forest can be oriented such that the CNTs are

perpendicular to the surface of each individual filament of a fiber material thus providing
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radial coverage. The CNTs can be further processed to provide an orientation that is parallel
to the axis of the fiber material. The resulting CNT-infused fiber materials can be employed
in the as-manufactured form, or can be woven into fabric goods for use in producing the EMI
shielding and/or lightning strike protection composites used in EMI shielding and/or
lightning strike protection applications. A panel can include the EMI shielding and/or
lightning strike protection composite and can be adaptable to interface with a device for use
in EMI shielding and/or lightning strike protection applications. Such a panel can be further

equipped with an electrical ground.

[0025] In some applications, low levels of CNT loading can provide damage sensing
functionality. The CNTs can provide a percolation network that can be instrumented to
measure changes in resistance or signal transmission. Such measured changes can provide
information on the amount of damage the composite has sustained. Such damage sensing
functionality can be in the form of a skin or structure, either fabric, or multi-directional tow-
based or chopped fiber, as described in Applicant’s co-pending application, Serial No.
12/900,405, filed October 7, 2010, which is incorporated herein by reference in its entirety.
Damage sensing composites can include CNT-infused fibers in at least a portion of a matrix
material. The composites can be utilized in any platform for monitoring the integrity of
composite materials in structural components. Such damage sensing composites can utilize a
variable source signal, while taking advantage of a scalable manufacturing process, to create
a damage detection system having a high degree of control and sensitivity. Composites can
be tailored to a specific applications and can be used to 1) detect types of damage to the
composite through in situ monitoring, including monitoring of stresses on the materials prior,
during, and/or after use; and 2) reduce the likelihood of catastrophic failure by providing
structural enhancement and real time assessment of structural integrity. One component of
the composite materials is the CNT-infused fiber. Having CNTs infused on a fiber carrier
facilitates manufacturing of large composite structures using conventional fiber-reinforced
composite manufacture techniques to incorporate the CNT element throughout the composite
or in strategic portions of a composite article. Because CNT density and distribution is
tightly controlled with CNT-infused fibers compared to loose CNTs, the amount of CNTs can
be substantially reduced. Moreover, having the CNTs on fibers allows for synergistic
mechanical strength enhancement due to the CNT-fiber organizational hierarchy, allowing
the CNTs to perform a dual role in both sensing damage as well as contributing to structural

integrity by assisting in redistribution of load bearing stresses. The fiber carrier also
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facilitates strategic placement of CNTs throughout an entire 3-dimensional article or in a 2-
dimensional “skin.” This strategic placement allows control of conductivity along the fiber
axis and the transverse direction. The properties of the composite can be modulated by
control of CNT density, length, placement, and alignment, for example. Thus, composites
can be tailored to a specific application and/or to detect any type of damage, as well as reduce
the likelihood of damage. The infused CNTs can affect the electrical properties of the
composite and can serve to create percolation pathways that allow continuous, non-
continuous, or intermittent monitoring of the stress on the composite material. The resting
state of a composite can have associated percolation pathways with measurable electrical
properties such as resistance, for example, that can be monitored by an appropriately
positioned pair of sensors, such as an electrode pair. As the material experiences strain, some
of the CNT to CNT contacts are broken resulting in fewer operable percolation pathways.
Consequently, the resistance increases across the composite while it is experiencing this
strain load, which can be reversible or not. Composites made using the CNT-infused fibers
bearing CNTs tailored for improved electrical properties can be used in damage sensing
applications. Composites can also be used to improve composite strength. In a particular
application, a CNT-infused fiber can be used in specific locations to improve composite
strength as well as provide a means for damage detection at important structural components.
One such application is in composite lap joints where one composite structure is bound to
another composite structure (one structure can be perpendicular or parallel to the other). The
bounded interface between the structures is of particular interest because it is considered the
weak part of the structure. Utilizing the CNT-infused structure at this location allows for
improved Interlaminar Shear Strength (ILSS) as well as the ability to provide damage
detection. Composites can be used in a method of detecting stresses within the composite
material that includes monitoring modulated electrical signals (waveform along with
amplitude and frequency) and assessing structural integrity with improved detection
resolution and sensitivity. Amplitude measurements can be used to measure strain. Phase
can be used to monitor crack propagation. Frequency can be used to identify crack size. A
network of electrodes can be engaged or otherwise integrated with sensing circuitry that can
be used to measure and map location of strain, fatigue, damage, and cracks in the composite.
Composites, systems, and methods integrating damage sensing functionality can be used in a
variety of industries, for example, from the commercial airplane industry to ballistic armor

damage detection on tanks and other military armored vehicles.
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[0026] Mid-range levels of CNT loading can provide de-icing functionality in some
applications. The amount of CNTs can be tailored to the particular structure, or portion of the
structure, based on the required resistance, as described in Applicant’s co-pending
application, Serial No. 12/767,719, filed April 26, 2010, which is incorporated herein by
reference in its entirety. De-icing composites can have a matrix material and a carbon
nanotube CNT-infused fiber material. The CNT-infused fiber material can be disposed
throughout a portion of the matrix material and the composite structure adapted for
application of a current via the CNT-infused fiber material to provide heating of the matrix
material to de-ice or prevent the formation of ice on a surface of the composite structure.
Without being bound by theory, the CNTs of the CNT-infused fiber can alter the conductance
of the bulk matrix material by providing percolation conductivity. The percolation
conductance of the composite structures can be the result of CNT-to-CNT point contact, CNT
interdigitation/overlap, or combinations thereof. While the CNTs provide percolation
conductance pathways, the fiber carrier to which they are fused provides control of 1) CNT
orientation and degree of anisotropy, 2) CNT concentration, and 3) CNT location within the
bulk matrix material. Incorporation of CNTs infused to a fiber, within the composite
materials allows for the use of the composite structure itself as a resistive heating element. In
this manner, de-icing a structure such as the wing, fuselage, or tail assembly of an aircraft (or
a helicopter) formed from such composite materials requires no additional heating devices.
CNTs are introduced at the fiber level where mass percentages of greater than 3% can be
achieved. The CNT-infused fiber material can be used with conventional matrices and can be
optionally doped with additional CNTs that are not infused to the fiber to create composite
structures. By tailoring the CNT mass percentage present, the resistivity of the structure can
be adjusted and controlled to provide the appropriate thermal/conductive properties for using
the material as a resistive heating element. The CNT-based composite material can be used
as either a surface layer for targeted areas of a structure (such as the wing, fuselage, and tail
assembly) or over the entire composite structure, where it can be used to make any article for
use in deicing applications. The CNT-infused fiber composite can be a composite material
that is itself a resistive heating element. The metal spray coating “heater mat” approach
employed in the art for de-icing applications uses a manufacturing processes that increases
cost and complexity, metal spray coatings used over large surface areas of a composite
structure can also increase the overall structure weight. Additionally, the use of metal as the
resistive heating element brings the risk of galvanic corrosion (which is addressed by using

glass layers - a weak interface within the structure), and after repeated use the risk of
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structure failures. Finally, since the metal coating is not a similar material within the
composite structure, it can act as a weak point within the composite structure. The
incorporation of CNTs in composite structures reduces or eliminates each of these problems.
Since traditional composite materials are used with CNTs, the methods for manufacturing the
composite structures remain virtually unchanged. Methods used to incorporate CNTs on
composite fibers have also been developed that result in low cost material solutions, which
combined with the similar manufacturability result in a simple low cost solution (with no
weight increase -- in fact, weight could be reduced if CNT/fiber materials were used as the
structural component as well). Since metals are not used to provide the electrical path,
galvanic corrosion can be avoided using CNTs. Finally, since the material used to
incorporate the CNTs in a fiber, if used as a resistive heating layer, it will not result in a
weakening in the overall structure. Thus, a large circuit can be created when an electrical
potential is applied, such that the CNTs act as a large resistive heater to prevent or remove icy
conditions. Such construction can avoid the need for external heating. Mid-range levels can
be chosen because too few CNTs would require high voltage potential to create a current,
whereas too many CNTs would not offer enough resistance to act as a heating element. Such
de-icing formulations can be in the form of one or more patches of fabric with CNT coated

leads, or can be simply embedded tows providing the current pathway.

[0027] In some applications, mid-range levels of CNT loading can provide shear strength
functionality. The CNTs can afford greater shear strength of the matrix, as well as improve
the load transfer between filaments. The composite can be comprised of unidirectional

fibers, chopped fibers, or fabric.

[0028] Some structures can include a composite structure to handle high shear loading in the
central planes, but can be electrically insulated through the thickness. CNT-infused fiber

materials can be used for the central lamina of a tailored composite to improve the maximum
shear strength characteristics. Unmodified fibers can be used as the surface layers to provide

the electrical insulation properties.

[0029] In certain applications, low levels of CNT loading can provide tensile strength
functionality. Thus, the baseline filament strength can be augmented with the strength of the
CNTs themselves. The low CNT loading can accommodate high fiber packing, leading to a
stronger composite given that the tensile strength of a composite in the fiber direction is

directly proportional to the amount of fibers. Close packing of the filaments can also enhance
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the entanglement between the CNTs, which can increase the effectiveness of the interfilament
load transfer. Additionally, advanced processing of the CNT material can align the CNTs in
the direction of the substrate filaments, to directly utilize the strength of the CNTs to increase

overall tensile strength of the composite in the fiber direction.

[0030] Low levels of CNT loading can provide compressive strength functionality in some
applications. Thus, the baseline filament strength is augmented with the strength of the CNTs
themselves. The low CNT loading can accommodate high fiber packing, leading to a
stronger composite given that the compressive strength of a composite in the fiber direction is
directly proportional to the amount of fibers. Close packing of the filaments can also enhance
the entanglement between the CNTs, which can increase the effectiveness of the interfilament
load transfer. Additionally, the CNTs can increase the shear stiffness and strength of the

matrix and thus help prevent micro-buckling of the filaments.

[0031] In some applications, mid-range levels of CNT loading can provide crack resistance
functionality. The CNTs can toughen the matrix, which is commonly the weak link. A crack
generally travels more easily through the matrix than through the filaments. Thus, the CNTs

can function as crack-arresting mechanisms.

[0032] High levels of CNT loading can provide thermal conductivity functionality in some
applications. In such applications, the CNTs can provide an interconnecting pathway through
which heat can be transferred, as described in Applicant’s co-pending application, Serial No.
12/767,719, filed April 26, 2010, which is incorporated herein by reference in its entirety.
Thermally conductive composites can have a matrix material and a carbon nanotube CNT-
infused fiber material. The CNT-infused fiber material can be disposed throughout a portion
of the matrix material and the composite structure adapted for application of a current via the
CNT-infused fiber material to provide thermal conductivity of the matrix material. Without
being bound by theory, the CNTs of the CNT-infused fiber can alter the conductance of the
bulk matrix material by providing percolation conductivity. The percolation conductance of
the composite structures can be the result of CNT-to-CNT point contact, CNT
interdigitation/overlap, or combinations thereof. While the CNTs provide percolation
conductance pathways, the fiber carrier to which they are fused provides control of 1) CNT
orientation and degree of anisotropy, 2) CNT concentration, and 3) CNT location within the
bulk matrix material. Incorporation of CNTs infused to a fiber, within the composite

materials allows for the use of the composite structure itself as a thermally conductive
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element. CNTs are introduced at the fiber level where mass percentages of greater than 3%
can be achieved. The CNT-infused fiber material can be used with conventional matrices and
can be optionally doped with additional CNTs that are not infused to the fiber to create
composite structures. By tailoring the CNT mass percentage present, the resistivity of the
structure can be adjusted and controlled to provide the appropriate thermal/conductive
properties for using the material as a thermally conductive element. The CNT-based
composite material can be used as either a surface layer for targeted areas of a structure or
over the entire composite structure, where it can be used to make any article for use in
thermal applications. The CNT-infused fiber composite can be a composite material that is
itself a resistive heating element. The CNT-infused fiber composite can employ any type of
fiber substrate, including, for example, carbon, glass, alumina, silicon carbide, or Kevlar.
Moreover, since many fiber-types are used in mechanical strengthening applications, the
infused CNTs can perform an additional role in enhancing mechanical strength. The use of
metal as the resistive heating element brings the risk of galvanic corrosion (which is
addressed by using glass layers - a weak interface within the structure), and after repeated use
the risk of structure failures. Finally, since the metal coating is not a similar material within
the composite structure, it can act as a weak point within the composite structure. The
incorporation of CNTs in composite structures reduces or eliminates each of these problems.
Since traditional composite materials are used with CNTs, the methods for manufécturing the
composite structures remain virtually unchanged. Methods used to incorporate CNTs on
composite fibers have also been developed that result in low cost material solutions, which
combined with the similar manufacturability result in a simple low cost solution (with no
weight increase -- in fact, weight could be reduced if CNT/fiber materials were used as the
structural component as well). Since metals are not used to provide the electrical path,
galvanic corrosion and difference in thermal expansion can be avoided using CNTs. Finally,
since the material used to incorporate the CNTs in a fiber, if used as a resistive thermally
conductive layer, it will not result in a weakening in the overall structure. Thus, a large
circuit can be created when an electrical potential is applied, such that the CNTs act as a large
thermal conductor. Such thermally conductive formulations can be in the form of one or
more patches of fabric with CNT coated leads, or can be simply embedded tows providing

the current pathway.
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[0033] High levels of CNT loading can provide embedded circuitry functionality in particular
applications. In such applications, the CNTs can provide the electrical pathway through

which signals can be transferred.

[0034] In some applications, a gradient of CNT loading can provide radar absorbent material
(RAM) functionality. Increasing CNT loading from the surface of the structure toward the
interior of the structure allows radar waves to penetrate and be trapped between the exterior
and the interior of the structure via internal reflection, as described in Applicant’s co-pending
application, U.S. Publication No. 2010/0271523, which is incorporated herein by reference in
its entirety. Some composite materials are RAMs. Radar absorbing composite materials can
have CNT-infused fiber materials disposed in a portion of a matrix material. The composite
can be capable of absorbing radar in a frequency range from between about 0.10 Megahertz
to about 60 Gigahertz. CNTs have desirable electromagnetic absorption properties due to
their high aspect ratio, high conductivity, and when infused to a fiber material can be tailored
for specific surface coverage densities. The CNTs in the overall composite can be capable of
absorbing radar and dissipating the absorbed energy as heat, for example. The radar
absorbing composite materials can improve the absorption characteristics of already low
observable surfaces. CNT-infused fibers can impart improved signature control of dielectric
(insolative—transparent to radar) as well as conductive (significantly reflective to radar)
composite materials, resulting in the ability to use low weight, high strength composites.
Radar absorbing composite materials can provide an absorbent surface that is nearly a black
body across different sections of the electromagnetic spectrum including the visible region
and various radar bands. CNTs infused on fibers allow tailored arrangement of particular
CNT densities in various layers to create a radar absorbing structure. That is, the radar
absorbing capacity can be achieved by providing varying CNT density across the depth of the
material. The CNT-infused fiber material can form a first layer that reduces radar reflectance
and a second layer that dissipates the energy of the absorbed radar. The fiber material can act
as a scaffold that organizes the CNTs in an array that provides an overall composite with
appropriate CNT density at different depths to provide internal reflection in some layers and
effective percolation pathways for dissipation of the energy upon radar absorption in other
layers. Still other layers can provide a combination of internal reflection and percolation
pathways to dissipate the absorbed radar energy. The infused CNTs can be tailored to have a
uniform length, density, and controlled orientation on the fiber material based on a

continuous CNT infusion process. The CNT-infused fiber thus obtained is then disposed
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within a composite structure to maximize radar absorption. In particular, near the surface of
a composite, CNT densities can be relatively low, creating a material that has a dielectric
constant similar to air or a refractive index close to air creating a black body-like structure
where radar reflectance is substantially minimized. That is, in order to suppress reflection,
the refractive index of the object can be close to that of air. This solution to minimize
reflectance is evident from Fresnel's law: R=(n—n0)2/ (n+n0)2, where R is reflectance, n is the
refractive index of the object, and ny is the refractive index of air. The CNT density on the
fiber material can be modulated in the continuous process described herein below such that
the CNT-infused fiber material can be tuned to exhibit a CNT density such that the refractive
index, n, in a layer of CNT-infused fiber within a composite structure approximates that of
air, ng. By relying on CNTs for radar absorption, the composite materials can utilize either
conducting or insulating fiber materials and/or matrices. Moreover, the radar absorbing
composite materials can be integrated as part of the surface and/or the overall structure of the
low observable. In some embodiments, the entire structure can function as a RAM, obviating
the issues of wear, chipping and the like associated with coated RAM paints, for example.
Significantly, unlike the urethane-type foams, the composite RAMS can be structural,
allowing for substantial weight reductions to be achieved relative to their foam counterpart.
In some embodiments, CNT-infused fiber materials can be employed as a coating while
avoiding the problems associated with chipping/wear, and the like due to the extended
lengths of fiber material employed. Methods of manufacturing a radar absorbing composite
can include disposing a CNT-infused fiber material in a portion of a matrix material with a
controlled orientation of the CNT-infused fiber material within the matrix material, and
curing the matrix material. The controlled orientation of the CNT-infused fiber material can
control the relative orientation of CNTs infused thereon. The manufacturing process to create
CNT-infused fibers for the aforementioned radar absorbing materials can be amenable to
large scale continuous processing. In the process, CNTs can be grown directly on carbon,
glass, ceramic, or similar fiber materials of spoolable dimensions, such as tows or rovings.
The nature of the CNT growth is such that a dense forest can be deposited at lehgths that can
be tuned between about 100 nanometers to about 500 microns long, the length being
controlled by various factors as described below. This forest can be oriented such that the
CNTs are perpendicular to the surface of each individual filament of a fiber material thus
providing radial coverage. The CNTs can be further processed to provide an orientation that
is parallel to the axis of the fiber material. The resulting CNT-infused fiber materials can be

wound as manufactured or can be woven into fabric goods for use in producing the radar
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absorbing composite materials used in low observable structures. Significantly, the
continuous process can allow for the production of sections of CNT-infusion with varied
CNT density. This readily allows for the manufacture of multi-layered structures which,
when assembled, contribute to the overall radar absorbing capability. A panel can include the
radar absorbing composite and can be adaptable to interface as a structural component of, for

example, a transport vessel, projectile, or missile for use in stealth applications.

[0035] Flame resistant composite materials can include carbon nanotube-infused fibers in a
matrix material. The flame resistant composite material can be a textile. Such flame resistant
textiles can include carbon nanotube-infused fibers in a matrix material. CNT-infused
textiles CNTs can be infused on a variety of fiber reinforcements at the tow or roving level
prior to textile weaving. Alternatively CNT infusion can occur after weaving the textile to
the specified weave architecture. The CNTs can occupy intra-tow and inter-tow space to
achieve high-volume CNT loading. Flame resistant textiles can be used as a primary material
and in fiber reinforced composite structures with resin systems that are not inherently flame
resistant. Textiles of CNT-infused fiber do not require additional coatings to protect from
flame exposure. Without being bound by theory, the CNT-infused fiber reinforcement is
itself flame resistant due to the density and thermo-oxidative stability of CNTs throughout the
composite, which can act as a barrier and allow decomposition of the surface resin only and
will not allow penetration of thermal decomposition of the composite. In some embodiments,
alignment of the CNTs along the axial direction of the fiber can allow thermal transport along
the surface of the textile but limit conductivity through the thickness, which can further
promote flame resistance. Alignment of infused CNTs on fiber substrates can be achieved by

mechanical means, by employing a plasma, or other methods known in the art.

[0036] Some air-based systems can incorporate the above-mentioned functionality into
composite structures in varying combinations. For example, the structures such as nose
cones or other parts of missiles, aircraft wings, primary structural parts, such as flaps and
aerofoils, propellers and air brakes, fuselages, helicopter shells and rotor blades, aircraft
secondary structural parts, such as floors, doors, seats, air conditioners, and secondary tanks,
airplane motor parts, and weather balloon instrument structures can benefit from the
structural enhancement provided by CNT-infused fiber materials. Any of these examples,
along with other air-based systems can incorporate one or more composite structures to

provide enhanced functionality.
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[0037] Depending on the structure or the portion of the structure, various functionalities can
be selected. As a structural example, a composite component can be subjected to a variety of
loadings. The component can have a joint that carries a shear load while another portion
supports a compressive load. The portion subject to shear and susceptible to delamination
failure can be made mid-range CNT loaded material, while the portion supporting tensile load

can utilize low CNT loaded material.

[0038] The CNT-infused fiber materials can be produced in a continuous fashion with precise
control of the CNT loading, CNT length, and CNT orientation. Other hybrid composite
systems incorporating nanoscale reinforcement require additional processing steps to
propérly disperse the nanoparticles of nanotubes into the matrix. In addition, the ability to
create a lamina with specific CNT loading different from the next layer can be achieved
through a CNT-infusion process. The CNT-infused fiber materials can be incorporated into a
composite using the same manufacturing techniques used for un-processed glass and carbon
filaments without the need for extra processing steps including, for example, orienting the
CNTs or sectional layering in multilayered composites. Moreover, because the CNTs are
infused to a fiber carrier, the issues associated homogeneous incorporation of CNTs, CNT
bundling, agglomeration, and the like, are alleviated. CNT-infused fiber materials allow the
composite structure to have larger CNT loading than can be achieved by simply mixing

CNTs directly with the composite matrix material.

[0039] In structural composites, it is typical to have roughly a 60% fiber to 40% matrix ratio;
however, the introduction of a third element, that is the infused CNTs, allows these ratios to
be altered. For example, with the addition of up to about 25% CNTs by volume, the fiber
portion can vary between about 35% to about 60% with the matrix range changing to about
40% to about 65%. The various ratios can alter the properties of the overall composite,
which can be tailored to target one or more desired characteristics. The properties of CNTs
lend themselves to fibers that are reinforced with them. Utilizing these enhanced fibers in
tailored composites similarly imparts increases that will vary according to the fiber fraction,
but can still greatly alter the properties of tailored composites compared to those known in

the art.

[0040] Figures 1-5 show TEM and SEM images of fiber materials. Figures 1 and 2 show
TEM images of MWNTs and DWNTs, respectively, that were prepared on an PAN-BASED

carbon fiber in a continuous process. Figure 3 shows a scanning electron microscope (SEM)
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image of CNTs growing from within the barrier coating after the CNT-forming nanoparticle
catalyst was mechanically infused to a fiber material surface. Figure 4 shows a SEM image
demonstrating the consistency in length distribution of CNTs grown on a carbon fiber
material to within 20% of a targeted length of about 40 microns. Figure 5 shows a low
magnification SEM of CNTs on carbon fiber demonstrating the uniformity of CNT density

across the fibers within about 10%.

[0041] CNT-infused fiber materials can be used in a myriad of applications. For example,
but not by way of limitation, air-based apparatus, such as airplanes can include air-based
structures, such as aircraft fuselages. Composites are becoming widely accepted as a material
for use in constructing aircraft fuselages. Referring to Figure 6, the fuselage 10 includes
several features, each with a specific function and specific requirements. Accordingly, the
composites must perform various functions, depending on the location within the structure.
Junctions 12 where external stringers or features such as wing attachment points are attached
to the fuselage 10 must have sufficient shear, tensile, and compressive strengths to withstand
the characteristic cyclic loading. Junctions 12 can also be formed by internal features,
including cross-bracing or other structural support (as illustrated in Figure 7). Mid-range
CNT loading material and low CNT loading material can be layered into these junctions 12 to
provide both the shear strength requirements and the tensile and compressive strength

requirements.

[0042] Referring now to Figure 7, in the construction of the fuselage 10, lap joints 14 are
formed where two pieces of composite must be joined. These lap joints 14 can be of various
configurations. For example, as illustrated in Figure 8, lap joints 14 can be single lap 14a,
splice strap single lap 14b, or splice strap double lap 14¢. These lap joints 14 require high
shear strength and high crack resistance. Thus, mid-range CNT loading material can be used
in the formation of lap joints 14, providing shear strength, and toughening. Referring to
Figure 9, the mid-range CNT loading material can form a portion of either or both of the
composite pieces 16 (illustrated as 16a and 16b) to be joined. Additionally, or alternatively,

the mid-range CNT loading material can form the splice strap or other connector 18.

[0043] Referring back to Figure 7, lightning strike protection is required to ensure the safety
of passengers and functionality of sensitive electronic equipment. Thus, an outer layer 20 of
mid-range to high CNT loading material pay provide a pathway for the high current to flow
without damaging the rest of the composite construction. The outer layer 20 of high CNT
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loading material can also provide EMI shielding functionality for sensitive instrumentation

housed within the cockpit and other locations inside the aircraft.

[0044] Damage sensing capability is important in high stress areas, near lap joints 14, and
near repair areas. Any area from which a crack can propagate is a good candidate for a
damage sensing layer or skin 22 made from low CNT loading material. This skin 22 is
ideally electrically insulated from other CNT material. However, high CNT loading material

can be used to form the feedback circuit.

[0045] De-icing functionality is also critical for aircraft. Ice buildup adds weight to the craft
and changes air flow around control surfaces, potentially decreasing lift. Mid-range CNT
loading material can be used for thermal circuits in a middle layer 24 (illustrated in Figure
10) of the composite. Current can run through this material to function as a resistive heater,

providing enough heat to help remove ice buildup on the surfaces.

[0046] Referring back to Figure 7, certain portions of the fuselage 10 require high tensile
strength. For such portions, panels 26 of low CNT loading material can be provided.
Referring now to Figure 10, the fuselage 10 can include mid-range CNT loading material in
junctions 12 and lap joints 14. A damage sensing skin 22 made from low CNT loading
material can be provided exterior to the junctions 12 and lap joints 14. Energy absorbing
foam 28 can be provided exterior to damage sensing skin 22 to absorb impact, sound, and
thermal energy and provide space for wires, antennae, etc. The middle layer 24 can include
mid-range CNT loading material for de-icing. The middle layer 24 can be external to the
energy absorbing foam 28, and can be partially or wholly covered by outer layer 20 of high
CNT loading material providing EMI shielding and lightning protection. Paint 30 can cover

outer layer 20 for smoothness for laminar flow.

[0047] Any of a number of different air-based structures can be constructed of composites
and CNT-infused fiber materials designed or chosen based on CNT loading associated with
various functionalities. Such functionalities can include, but are not limited to EMI shielding,
lightning strike protection, damage sensing, de-icing, mechanical properties including but not
limited to interlaminar and in-plane shear strength and modulus, tensile strength and
modulus, compressive strength and modulus, flexural strength and modulus, crack and
propagation resistance, thermal conductivity improvements, embedded circuitry capabilities,

and radar absorption.
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[0048] The location for application of the CNT-infused fiber material to a particular location
on the air-based structure can be selected based on the specific conditions of the structure.
CNT-infused fiber material with high CNT loading can be used certain locations on the
structure. More particularly, high CNT loading can be useful (1) in locations prone to
exposure to EMI, because high CNT loading provides EMI shielding, (2) in locations prone
to lightning strikes, because high CNT loading provides lightning strike protection, (3) in
locations where thermal conductivity is desired, because high CNT loading enhances thermal
conductivity, and/or (4) in locations proximate electric circuitry, because high CNT loading

facilitates transfer of electric signals.

[0049] Similarly, CNT-infused fiber material with mid-range CNT loading can be used in
particular locations on the structure, such as (1) in locations prone to ice formation, because
mid-range CNT loading provides appropriate resistance/conductivity for use in de-icing, (2)
in locations prone to exposure to shear forces, because mid-range CNT loading enhances
shear strength, and/or (3) in locations prone to cracking, because mid-range CNT loading

enhances crack resistance.

[0050] Likewise, CNT-infused fiber material with low CNT loading can be used in certain
locations on the structure, such as (1) in locations prone to damage, because low CNT
loading facilitates damage sensing, (2) in locations prone to tensile forces, because low CNT
loading enhances tensile strength, and/or (3) in locations prone to compressive forces,

because low CNT loading enhances compressive strength.

[0051] Finally, CNT-infused fiber material with a gradient of CNT loading can be used in
locations where radar absorption is desired. A gradient allows the radar waves to be absorbed
in the outermost layer, while reflecting the radar waves from the innermost layer, preventing
the waves from entering the structure, but also preventing the radar waves from being

reflected off the structure.

[0052] Another example of an air-based structure would be a weather balloon instrument
enclosure. This would need high CNT content material for EMI protection of the
instrumentation within. Also low CNT content material could be utilized for providing the
main structural requirements of the enclosure. De-icing functionality would be very

important for weather balloon instrumentation, which would be provided by midrange CNT
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material in a dedicated layer of resistive circuitry. Other functionality could also be

incorporated based on the application’s requirements.

[0053] In some embodiments, methods of designing, selecting, constructing, or otherwise
ensuring particular functionalities of an air-based structure can involve selecting the structure
and identifying the desired functionalities. Once the desired functionalities have been
determined, CNT-infused fiber materials with CNT loading ranges can be selected based on
the corresponding desired functionalities. Providing an air-based structure comprising a
composite material can involve purchase, fabrication, or other means. If the structure is
being fabricated, CNT-infused fiber materials can be formed as part of the structure. In other
instances, CNT-infused fiber materials can be applied to the pre-formed composite structure.
In either scenario, a first CNT-infused fiber material and a second CNT-infused fiber material
are provided. The first CNT-infused fiber material has a first range of CNT loading and is
selected to provide the structure with a first functionality. Similarly, the second CNT-infused
fiber material has a second range of CNT loading and is selected to provide the structure with
a second functionality. The first CNT-infused fiber material is applied to the structure at a
first location and the second CNT-infused fiber material is applied to the structure at a second
location. In some instances, the first location and the second location are remote from each
other, but still part of the structure. In other instances, the first location and the second
location can be very close, overlap, or even occupy the same location of the structure. For
example, the first CNT-infused fiber material can have a high CNT loading useful for EMI
shielding and the second CNT-infused fiber material can have a low CNT loading useful for
damage sensing. In such scenario, the second material can be applied directly to the

structure, with the first material being applied to the second material as a separate layer.

[0054] In one embodiment, an air-based structure has flame resistance, electrical resistance,
damage sensing, tensile strength, compressive strength, de-icing, shear strength, crack
resistance, electromagnetic interference shielding, lightning strike protection, thermal
conductivity, transfer of electric signals, and radar absorption functionalities. In other
embodiments, an air-based structure has fewer than all of these functionalities. For example,
some air-based structures have electromagnetic interference shielding, damage sensing, and
strength functions or radar absorption, crack resistance, and lightning strike protection
functionalities. In some embodiments, an air-based structure can have any one, two, three,

four, five, six, seven, eight, nine, ten, eleven, or twelve functionalities selected from the
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following: flame resistance, electrical resistance, damage sensing, tensile strength,
compressive strength, de-icing, shear strength, crack resistance, electromagnetic interference
shielding, lightning strike protection, thermal conductivity, transfer of electric signals, and
radar absorption functionalities. An air-based structure may have additional functionalities

not listed above.

[0055] In some embodiments, the first amount and second amount of CNTs are different in
different areas of a particular structure. This can be accompanied by a change in the CNT
type or not. Thus, varying the density of CNTs can be used to alter the properties of the
original fiber material, even if the CNT type remains unchanged. CNT type can include CNT
length and the number of walls, for example. In some embodiments, the first amount and the
second amount are the same. If different properties are desirable in this case along the two
different stretches of the spoolable material, then the CNT type can be changed, such as the
CNT length. For example, longer CNTs can be useful in electrical/thermal applications,

while shorter CNTs can be useful in mechanical strengthening applications.

[0056] In light of the aforementioned discussion regarding altering the properties of the fiber
materials, the first type of CNT and the second type of CNT can be the same, in some
embodiments, while the first type of CNT and the second type of CNT can be different, in
other embodiments. Likewise, the first property and the second property can be the same, in
some embodiments. For example, the EMI shielding property can be the property of interest
addressed by the first amount and type of CNTs and the second amount and type of CNTs,
but the degree of change in this property can be different, as reflected by differing amounts,
and/or types of CNTs employed. Finally, in some embodiments, the first property and the
second property can be different. Again, this can reflect a change in CNT type. For example,
the first property can be mechanical strength with shorter CNTs, while the second property
can be electrical/thermal properties with longer CNTs. One skilled in the art will recognize
the ability to tailor the properties of the fiber material through the use of different CNT
densities, CNT lengths, and the number of walls in the CNTs, such as single-walled, double-

walled, and multi-walled, for example.

[0057] In some embodiments, a first amount of CNTs on a fiber material exhibits a group of
properties that differs from a first group of properties exhibited by the fiber material itself.
That is, selecting an amount that can alter one or more properties of the fiber material, such

as tensile strength. The first group of properties and second group of properties can include
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at least one of the same properties, thus representing enhancing an already existing property
of the fiber material. In some embodiments, CNT infusion can impart a second group of
properties to the CNT-infused fiber material that is not included among the first group of
properties exhibited by the fiber material itself.

[0058] CNT-infused carbon and glass fiber materials have been described in Applicant’s co-
pending applications, U.S. Publication Nos. 2010/0279569 and 2010/0178825, both of which
are incorporated herein by reference in their entirety. Such CNT-infused fiber materials are
exemplary of the types that can be used as a reinforcing material in a tailored composite.
Other CNT-infused fiber materials can include metal fibers, ceramic fibers, and organic
fibers, such as aramid fibers. In the CNT-infusion processes disclosed in the above-
referenced applications, fiber materials are modified to provide a layer (typically no more
than a monolayer) of CNT-initiating catalyst nanoparticles on the fiber. The catalyst-laden
fiber is then exposed to a CVD-based process used to grow CNTs continuously, in line. The
CNTs grown are infused to the fiber material. The resultant CNT-infused fiber material is

itself a composite architecture.

[0059] The CNT-infused fiber material can be tailored with specific types of CNTs on the
surface of fiber material such that various properties can be achieved. For example, the
electrical properties can be modified by applying various types, diameter, length, and density
CNTs on the fiber. CNTs of a length that can provide proper CNT to CNT bridging are
needed for percolation pathways that improve composite conductivity. Because fiber spacing
is typically equivalent to or greater than one fiber diameter, from about 5 to about 50
microns, CNTs can be at least this length to achieve effective electrical pathways. Shorter

length CNTs can be used to enhance structural properties.

[0060] In some embodiments, a CNT-infused fiber material includes CNTs of varying
lengths along different sections of the same fiber material. When used as a tailored
composite reinforcement, such multifunctional CNT-infused fiber materials enhance more

than one property of the composite in which they are incorporated.

[0061] In some embodiments, a first amount of CNTs is infused to the fiber material. This
amount is selected such that the value of at least one property selected from the group
consisting of tensile strength, Young’s Modulus, shear strength, shear modulus, toughness,

compression strength, compression modulus, density, Electromagnetic wave
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absorptivity/reflectivity, acoustic transmittance, electrical conductivity, and thermal
conductivity of the CNT-infused fiber material differs from the value of the same property of
the fiber material itself. Any of these properties of the resultant CNT-infused fiber material

can be imparted to the final composite.

[0062] Tensile strength can include three different measurements: 1) Yield strength which
evaluates the stress at which material strain changes from elastic deformation to plastic
deformation, causing the material to deform permanently; 2) Ultimate strength which
evaluates the maximum stress a material can withstand when subjected to tension,
compression or shearing; and 3) Breaking strength which evaluates the stress coordinate on a
stress-strain curve at the point of rupture. Composite shear strength evaluates the stress at
which a material fails when a load is applied perpendicular to the fiber direction.
Compression strength evaluates the stress at which a material fails when a compressive load

is applied.

[0063] MWNTs, in particular, have the highest tensile strength of any material yet measured,
with a tensile strength of 63 GPa having been achieved. Moreover, theoretical calculations
have indicated possible tensile strengths of CNTs of about 300 GPa. Thus, CNT-infused
fiber materials are expected to have substantially higher ultimate strength compared to the
parent fiber material. As described above, the increase in tensile strength will depend on the
exact nature of the CNTs used as well as the density and distribution on the fiber material.
CNT-infused fiber materials can exhibit a two to three times increase in tensile properties, for
example. Exemplary CNT-infused fiber materials can have as high as three times the shear
strength as the parent unfunctionalized fiber material and as high as 2.5 times the
compression strength. Such increases in the strength of the reinforcing fiber material
translate to increased strength in a composite in which the CNT-infused fiber material is

incorporated.

[0064] Young’s modulus is a measure of the stiffness of an isotropic elastic material. It is
defined as the ratio of the uniaxial stress over the uniaxial strain in the range of stress in
which Hooke's Law holds. This can be experimentally determined from the slope of a stress-

strain curve created during tensile tests conducted on a sample of the material.

[0065] Electrical conductivity or specific conductance is a measure of a material's ability to
conduct an electric current. CNTs with particular structural parameters such as the degree of

twist, which relates to CNT chirality, can be highly conducting, thus exhibiting metallic
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properties. A recognized system of nomenclature (M. S. Dresselhaus, et al. Science of
Fullerenes and CNTs, Academic Press, San Diego, CA pp. 756-760, (1996)) has been
formalized and is recognized by those skilled in the art with respect to CNT chirality. Thus,
for example, CNTs are distinguished from each other by a double index (n,m) where n and m
are integers that describe the cut and wrapping of hexagonal graphite so that it makes a tube
when it is wrapped onto the surface of a cylinder and the edges are sealed together. When the
two indices are the same, m=n, the resultant tube is said to be of the “arm-chair” (or n,n) type,
since when the tube is cut perpendicular to the CNT axis only the sides of the hexagons are
exposed and their pattern around the periphery of the tube edge resembles the arm and seat of
an arm chair repeated n times. Arm-chair CNTs, in particular single-walled CNTs (SWNTs),
are metallic, and have extremely high electrical and thermal conductivity. In addition, such

SWNTs have-extremely high tensile strength.

[0066] In addition to the degree of twist, CNT diameter also effects electrical conductivity.
As described above, CNT diameter can be controlled by use of controlled size CNT-forming
catalyst nanoparticles. CNTs can also be formed as semi-conducting materials. Conductivity
in MWNTs can be more complex. Interwall reactions within MWNTs can redistribute
current over individual tubes non-uniformly. By contrast, there is no change in current across
different parts of metallic SWNTs. CNTs also have very high thermal conductivity,

comparable to diamond crystal and in-plane graphite sheet.

[0067] CNTs infused on the fibers can be any of a number of cylindrically-shaped allotropes
of carbon of the fullerene family including SWNTs, DWNTs, and MWNTs. CNTs can be
capped by a fullerene-like structure or open-ended. CNTs include those that encapsulate

other materials.

[0068] As used herein, the term “air-based” means generally capable of being supported by
air while in an operational state. Certain structures are considered air-based, but are also
considered land-based, sea-based, or space-based. For example, a cargo container can be air-
based, land-based, sea-based, and space-based and a water plane can be considered air-based

and sea-based. !

[0069] As used herein, the term “infused” means bonded and “infusion” means the process of
bonding. Such bonding can involve direct covalent bonding, ionic bonding, pi-pi, and/or van
der Waals force-mediated physisorption. For example, in some embodiments, the CNTs can

be directly bonded to the fiber material. Bonding can be indirect, such as the CNT infusion
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to the fiber material via a barrier coating and/or an intervening transition metal nanoparticle
disposed between the CNTs and fiber material. In the CNT-infused fiber materials disclosed
herein, the CNTs can be “infused” to the fiber material directly or indirectly as described
above. The particular manner in which a CNT is “infused” to a fiber material is referred to as

a “bonding motif.”

[0070] The CNTs infused on portions of the fiber material are generally uniform in length.
As used herein “uniform in length” refers to length of CNTs grown in a reactor. “Uniform
length” means that the CNTs have lengths with tolerances of plus or minus about 20% of the
total CNT length or less, for CNT lengths varying from between about 1 micron to about 500
microns. At very short lengths, such as 1-4 microns, this error can be in a range from
between about plus or minus 20% of the total CNT length up to about plus or minus 1

micron, that is, somewhat more than about 20% of the total CNT length.

[0071] The CNTs infused on portions of the fiber material are generally uniform in
distribution as well. As used herein, “uniform in distribution” refers to the consistency of
density of CNTs on a fiber material. “Uniform distribution” means that the CNTs have a
density on the fiber material with tolerances of plus or minus about 10% coverage defined as
the percentage of the surface area of the fiber covered by CNTs. This is equivalent to 1500
CNTs/pm? for an 8 nm diameter CNT with 5 walls. Such a figure assumes the space inside
the CNTs as fillable.

[0072] The present disclosure is directed, in part, to CNT-infused fiber materials. The
infusion of CNTs to the fiber material can serve many functions including, for example, as a
sizing agent to protect against damage from moisture, oxidation, abrasion, and compression.
A CNT-based sizing can also serve as an interface between the fiber material and a matrix
material in a composite. The CNTs can also serve as one of several sizing agents coating the

fiber material.

[0073] Moreover, CNTs infused on a fiber material can alter various properties of the fiber
material, such as thermal and/or electrical conductivity, and/or tensile strength, for example.
The processes employed to make CNT-infused fiber materials provide CNTs with
substantially uniform length and distribution to impart their useful properties uniformly over
the fiber material that is being modified. Some such processes are suitable for the generation

of CNT-infused fiber materials of spoolable dimensions.
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[0074] The present disclosure is also directed, in part, to CNT-infused fiber materials.
Various processes can be applied to nascent fiber materials generated de novo before, or in
lieu of, application of a typical sizing solution to the fiber material. Alternatively, the
processes can utilize a commercial fiber material, for example, a carbon tow, that already has
a sizing applied to its surface. In such embodiments, the sizing can be removed to provide a
direct interface between the fiber material and the synthesized CNTs, although a barrier
coating and/or transition metal particle can serve as an intermediate layer providing indirect
infusion, as explained further below. After CNT synthesis further sizing agents can be

applied to the fiber material as desired.

[0075] Some processes allow for the continuous production of CNTs of uniform length and
distribution along spoolable lengths of tow, tapes, fabrics, and other 3D woven structures.
While various mats, woven and non-woven fabrics and the like can be functionalized by
certain processes, it is also possible to generate such higher ordered structures from the parent
tow, yarn or the like after CNT functionalization of these parent materials. For example, a

CNT-infused woven fabric can be generated from a CNT-infused carbon fiber tow.

[0076] As used herein the term “fiber material” refers to any material that has filaments or
bundles of filaments as its elementary structural component. The term encompasses fibers,

filaments, yarns, tows, tapes, woven and non-woven fabrics, plies, mats, and the like.

[0077] As used herein the term “spoolable dimensions” refers to fiber materials having at
least one dimension that is not limited in length, allowing the material to be stored on a spool
or mandrel. Fiber materials of “spoolable dimensions” have at least one dimension that
indicates the use of either batch or continuous processing for CNT infusion as described
herein. One fiber material of spoolable dimensions that is commercially available is
exemplified by AS4 12k carbon fiber tow with a tex value of 800 (1 tex = 1 g/1,000m) or 620
yard/Ib (Grafil, Inc., Sacramento, CA). Commercial carbon fiber tow, in particular, can be
obtained in 5, 10, 20, 50, and 100 Ib. (for spools having high weight, usually a 3k/12K tow)
spools, for example, although larger spools can require special order. Certain processes
operate readily with 5 to 20 Ib. spools, although larger spools are usable. Moreover, a pre-
process operation can be incorporated that divides very large spoolable lengths, for example

100 Ib. or more, into easy to handle dimensions, such as two 50 1b spools.



27

WO 2011/126518 PCT/US2010/057921

[0078] As used herein, the term “carbon nanotube” (CNT, plural CNTs) refers to any of a
number of cylindrically-shaped allotropes of carbon of the fullerene family including single-
walled carbon nanotubes (SWNTs), double-walled carbon nanotubes (DWNTs), multi-walled
carbon nanotubes (MWNTs). Carbon nanotubes can be capped by a fullerene-like structure

or open-ended. Carbon nanotubes include those that encapsulate other materials.

[0079] As used herein, the term “transition metal” refers to any element or alloy of elements
in the d-block of the periodic table. The term “transition metal” also includes salt forms of

the base transition metal element such as oxides, carbides, nitrides, and the like.

[0080] As used herein, the term “nanoparticle” or NP (plural NPs), or grammatical
equivalents thereof refers to particles sized between about 0.1 to about 100 nanometers in
equivalent spherical diameter, although the NPs need not be spherical in shape. Transition

metal NPs, in particular, serve as catalysts for CNT growth on the fiber materials.

[0081] As used herein, the term “sizing agent,” “fiber sizing agent,” or just “sizing,” refers
collectively to materials used in the manufacture of fibers as a coating to protect the integrity
of the fibers, provide enhanced interfacial interactions between a fiber and a matrix material
in a composite, and/or alter and/or enhance particular physical properties of a fiber. In some

embodiments, CNTs infused to fiber materials behave as a sizing agent.

[0082] As used herein, the term “matrix material” refers to a bulk material than can serve to
organize sized CNT-infused fiber materials in particular orientations, including random
orientation. The matrix material can benefit from the presence of the CNT-infused fiber
material by imparting some aspects of the physical and/or chemical properties of the CNT-

infused fiber material to the matrix material.

[0083] As used herein, the term “material residence time” refers to the amount of time a
discrete point along a fiberous material of spoolable dimensions is exposed to CNT growth
conditions during a CNT infusion process. This definition includes the residence time when

employing multiple CNT growth chambers.

[0084] As used herein, the term “linespeed” refers to the speed at which a fiber material of
spoolable dimensions can be fed through the CNT infusion process, where linespeed is a

velocity determined by dividing CNT chamber(s) length by the material residence time.
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[0085] In some embodiments, the present disclosure provides a composition that includes a
CNT-infused fiber material. The CNT-infused fiber material includes a fiber material of
spoolable dimensions, a barrier coating conformally disposed about the fiber material, and
CNTs infused to the fiber material. The infusion of CNTs to the fiber material can include a
bonding motif of direct bonding of individual CNTs to the fiber material or indirect bonding

via a transition metal NP, barrier coating, or both.

[0086] Without being bound by theory, transitio.n metal NPs, which serve as a CNT-forming
catalyst, can catalyze CNT growth by forming a CNT growth seed structure. In one
embodiment, the CNT-forming catalyst can remain at the base of the fiber material, locked by
the barrier coating, and infused to the surface of the fiber material. In such a case, the seed
structure initially formed by the transition metal nanoparticle catalyst is sufficient for
continued non-catalyzed seeded CNT growth without allowing the catalyst to move along the
leading edge of CNT growth, as often observed in the art. In such a case, the NP serves as a
point of attachment for the CNT to the fiber material. The presence of the barrier coating can
also lead to further indirect bonding motifs. For example, the CNT forming catalyst can be
locked into the barrier coating, as described above, but not in surface contact with fiber
material. In such a case, a stacked structure with the barrier coating disposed between the
CNT forming catalyst and fiber material results. In either case, the CNTs formed are infused
to the fiber material. In some embodiments, some barrier coatings will still allow the CNT
growth catalyst to follow the leading edge of the growing nanotube. In such cases, this can
result in direct bonding of the CNTs to the fiber material or, optionally, to the barrier coating.
Regardless of the nature of the actual bonding motif formed between the CNTs and the fiber
material, the infused CNT is robust and allows the CNT-infused fiber material to exhibit

CNT properties and/or characteristics.

[0087] Again, without being bound by theory, when growing CNTs on fiber materials, the
elevated temperatures and/or any residual oxygen and/or moisture that can be present in the
reaction chamber can damage the fiber material. Moreover, the fiber material itself can be
damaged by reaction with the CNT-forming catalyst itself. That is the fiber material can
behave as a carbon feedstock to the catalyst at the reaction temperatures employed for CNT
synthesis. Such excess carbon can disturb the controlled introduction of the carbon feedstock
gas and can even serve to poison the catalyst by overloading it with carbon. The barrier

coating employed in the present disclosure is designed to facilitate CNT synthesis on fiber
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materials. Without being bound by theory, the coating can provide a thermal barrier to heat
degradation and/or can be a physical barrier preventing exposure of the fiber material to the
environment at the elevated temperatures. Alternatively or additionally, it can minimize the
surface area contact between the CNT-forming catalyst and the fiber material and/or it can
mitigate the exposure of the fiber material to the CNT-forming catalyst at CNT growth

temperatures.

[0088] Compositions having CNT-infused fiber materials are provided in which the CNTs
are substantially uniform in length. In the continuous process, the residence time of the fiber
material in a CNT growth chamber can be modulated to control CNT growth and ultimately,
CNT length. This provides a means to control specific properties of the CNTs grown. CNT
length can also be controlled through modulation of the carbon feedstock and carrier gas flow
rates and reaction temperature. Additional control of the CNT properties can be obtained by
controlling, for example, the size of the catalyst used to prepare the CNTs. For example, 1
nm transition metal nanoparticle catalysts can be used to provide SWNTs in particular.

Larger catalysts can be used to prepare predominantly MWNTs.

[0089] Additionally, the CNT growth processes employed are useful for providing a CNT-
infused fiber material with uniformly distributed CNTs on fiber materials while avoiding
bundling and/or aggregation of the CNTs that can occur in processes in which pre-formed
CNTs are suspended or dispersed in a solvent solution and applied by hand to the fiber
material. Such aggregated CNTs tend to adhere weakly to a fiber material and the
characteristic CNT properties are weakly expressed, if at all. In some embodiments, the
maximum distribution density, expressed as percent coverage, that is, the surface area of fiber
covered, can be as high as about 55% assuming about 8 nm diameter CNTs with 5 walls.
This coverage is calculated by considering the space inside the CNTs as being “fillable”
space. Various distribution/density values can be achieved by varying catalyst dispersion on
the surface as well as controlling gas composition and process speed. Typically, for a given
set of parameters, a percent coverage within about 10% can be achieved across a fiber
surface. Higher density and shorter CNTs are useful for improving mechanical properties,
while longer CNTs with lower density are useful for improving thermal and electrical
properties, although increased density is still favorable. A lower density can result when
longer CNTs are grown. This can be the result of the higher temperatures and more rapid

growth causing lower catalyst particle yields.
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[0090] The compositions of the disclosure having CNT-infused fiber materials can include a
fiber material such as an individual filament, a fiber yarn, a fiber tow, a tape, a fiber-braid, a
woven fabric, a non-woven fiber mat, a fiber ply, and other 3D woven structures. Filaments
include high aspect ratio fibers having diameters ranging in size from between about 1
micron to about 100 microns. Fiber tows are generally compactly associated bundles of

filaments and are usually twisted together to give yarns.

[0091] Yarns include closely associated bundles of twisted filaments. Each filament

diameter in a yarn is relatively uniform. Yarns have varying weights described by their ‘tex,’
expressed as weight in grams of 1000 linear meters, or denier, expressed as weight in pounds
of 10,000 yards, with a typical tex range usually being between about 200 tex to about 2000

tex.

[0092] Tows include loosely associated bundles of untwisted filaments. As in yarns, filament
diameter in a tow is generally uniform. Tows also have varying weights and the tex range is
usually between 200 tex and 2000 tex. They are frequently characterized by the number of

thousands of filaments in the tow, for example 12K tow, 24K tow, 48K tow, and the like.

[0093] Tapes are materials that can be assembled as weaves or can represent non-woven
flattened tows. Tapes can vary in width and are generally two-sided structures similar to
ribbon. Process for formation can be compatible with CNT infusion on one or both sides of a
tape. CNT-infused tapes can resemble a “carpet” or “forest” on a flat substrate surface.

Again, such processes can be performed in a continuous mode to functionalize spools of tape.

[0094] Fiber-braids represent rope-like structures of densely packed fibers. Such structures
can be assembled from yarns, for example. Braided structures can include a hollow portion

or a braided structure can be assembled about another core material.

[0095] In some embodiments, a number of primary fiber material structures can be organized
into fabric or sheet-like structures. These include, for example, woven fabrics, non-woven
fiber mat, and fiber ply, in addition to the tapes described above. Such higher ordered
structures can be assembled from parent tows, yarns, filaments or the like, with CNTs already
infused in the parent fiber. Alternatively, such structures can serve as the substrate for the

CNT infusion process.
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[0096] There are three types of carbon fiber, which are categorized based on the precursors
used to generate the fibers, any of which can be used in the disclosure: Rayon,
Polyacrylonitrile (PAN) and Pitch. Carbon fiber from rayon precursors, which are cellulosic
materials, has relatively low carbon content at about 20% and the fibers tend to have low
strength and stiffness. Polyacrylonitrile (PAN) precursors provide a carbon fiber with a
carbon content of about 55%. Carbon fiber based on a PAN precursor generally has a higher
tensile strength than carbon fiber based on other carbon fiber precursors due to a minimum of

surface defects.

[0097] Pitch precursors based on petroleum asphalt, coal tar, and polyvinyl chloride can also
be used to produce carbon fiber. Although pitches are relatively low in cost and high in

carbon yield, there can be issues of non-uniformity in a given batch.

[0098] CNTs useful for infusion to fiber materials include SWNTs, DWNTs, MWNTs, and
mixtures thereof. The exact CNTs to be used depends on the application of the CNT-infused
fiber material. \CNTs can be used for thermal and/or electrical conductivity applications, or
as insulators. In some embodiments, the infused CNTs are SWNTs. In some embodiments,
the infused CNTs are MWNTSs. In some embodiments, the infused CNTs are a combination
of SWNTs and MWNTSs. There are some differences in the characteristic properties of
SWNTs and MWNTs that, for some end uses of the fiber, dictate the synthesis of one or the
other type of nanotube. For example, SWNTSs can be semi-conducting or metallic, while
MWNTs are metallic.

[0099] CNTs lend their characteristic properties such as mechanical strength, low to
moderate electrical resistivity, high thermal conductivity, and the like to the CNT-infused
fiber material. For example, in some embodiments, the electrical resistivity of a CNT-infused
fiber material is lower than the electrical resistivity of a parent fiber material. More
generally, the extent to which the resulting CNT-infused fiber material expresses these
characteristics can be a function of the extent and density of coverage of the fiber by the

* CNTs. Any amount of the fiber surface area, from 0-55% of the fiber can be covered
assuming an 8 nm diameter, S-walled MWNT (again, this calculation counts the space inside
the CNTs as fillable). This number is lower for smaller diameter CNTs and more for greater
diameter CNTs. 55% surface area coverage is equivalent to about 15,000 CNTs/um’.
Further CNT properties can be imparted to the fiber material in a manner dependent on CNT

length, as described above. Infused CNTs can vary in length ranging from between about 1
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micron to about 500 microns, including 1 micron, 2 microns, 3 microns, 4 micron, S,
microns, 6, microns, 7 microns, 8 microns, 9 microns, 10 microns, 15 microns, 20 microns,
25 microns, 30 microns, 35 microns, 40 microns, 45 microns, 50 microns, 60 microns, 70
microns, 80 microns, 90 microns, 100 microns, 150 microns, 200 microns, 250 microns, 300
microns, 350 microns, 400 microns, 450 microns, S00 microns, and all values in between.
CNTs can also be less than about 1 micron in length, including about 0.5 microns, for
example. CNTs can also be greater than 500 microns, including for example, 510 microns,

520 microns, 550 microns, 600 microns, 700 microns, and all values in between.

[0100] Compositions of the disclosure can incorporate CNTs have a length from about 1
micron to about 10 microns. Such CNT lengths can be useful in application to increase shear
strength. CNTs can also have a length from about 5 to about 70 microns. Such CNT lengths
can be useful in applications for increased tensile strength if the CNTs are aligned in the fiber
direction. CNTs can also have a length from about 10 microns to about 100 microns. Such
CNT lengths can be useful to increase electrical/thermal properties as well as mechanical
properties. CNTs can have a length from about 100 microns to about 500 microns, which can
also be beneficial to increase electrical and thermal properties. Such control of CNT length is
readily achieved through modulation of carbon feedstock and inert gas flow rates coupled

with varying linespeeds and growth temperature.

[0101] In some embodiments, compositions that include spoolable lengths of CNT-infused
fiber materials can have various uniform regions with different lengths of CNTs. For
example, it can be desirable to have a first portion of CNT-infused fiber material with
uniformly shorter CNT lengths to enhance shear strength properties, and a second portion of
the same spoolable material with a uniform longer CNT length to enhance electrical or

thermal properties.

[0102] Certain processes for CNT infusion to fiber materials allow control of the CNT
lengths with uniformity and in a continuous process allowing spoolable fiber materials to be
functionalized with CNTs at high rates. With material residence times between 5 to 300
seconds, linespeeds in a continuous process for a system that is 3 feet long can be in a range
anywhere from about 0.5 ft/min to about 36 ft/min and greater. The speed selected depends

on various parameters as explained further below.
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[0103] In some embodiments, a material residence time of about 5 to about 30 seconds can
produce CNTs having a length between about 1 micron and about 10 microns. In some
embodiments, a material residence time of about 30 to about 180 seconds can produce CNTs
having a length between about 10 microns to about 100 microns. In still further
embodiments, a material residence time of about 180 to about 300 seconds can produce
CNTs having a length between about 100 microns to about 500 microns. One skilled in the
art will recognize that these ranges are approximate and that CNT length can also be
modulated by reaction temperatures, and carrier and carbon feedstock concentrations and

flow rates.

[0104] CNT-infused fiber materials of the disclosure include a barrier coating. Barrier
coatings can include for example an alkoxysilane, methylsiloxane, an alumoxane, alumina
nanoparticles, spin on glass and glass nanoparticles. As described below, the CNT-forming
catalyst can be added to the uncured barrier coating material and then applied to the fiber
material together. In other embodiments, the barrier coating material can be added to the
fiber material prior to deposition of the CNT-forming catalyst. The barrier coating material
can be of a thickness sufficiently thin to allow exposure of the CNT-forming catalyst to the
carbon feedstock for subsequent CVD growth. In some embodiments, the thickness is less
than or about equal to the effective diameter of the CNT-forming catalyst. In some
embodiments, the thickness of the barrier coating is in a range from between about 10 nm to
about 100 nm. The barrier coating can also be less than 10 nm, including 1nm, 2 nm, 3nm, 4

nm, 5 nm, 6 nm, 7nm, 8nm, 9 nm, 10 nm, and any value in between.

[0105] Without being bound by theory, the barrier coating can serve as an intermediate layer
between the fiber material and the CNTs and serves to mechanically infuse the CNTs to the
fiber material. Such mechanical infusion still provides a robust system in which the fiber
material serves as a platform for organizing the CNTs while still imparting properties of the
CNTs to the fiber material. Moreover, the benefit of including a barrier coating is the
immediate protection it provides the fiber material from chemical damage due to exposure to
moisture and/or any thermal damage due to heating of the fiber material at the temperatures

used to promote CNT growth.

[0106] The infused CNTs disclosed herein can effectively function as a replacement for
conventional fiber “sizing.” The infused CNTs are more robust than conventional sizing

materials and can improve the fiber-to-matrix interface in composite materials and, more
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generally, improve fiber-to-fiber interfaces. Indeed, the CNT-infused fiber materials
disclosed herein are themselves composite materials in the sense the CNT-infused fiber
material properties will be a combination of those of the fiber material as well as those of the
infused CNTs. Consequently, embodiments of the present disclosure provide a means to
impart desired properties to a fiber material that otherwise lack such properties or possesses
them in insufficient measure. Fiber materials can be tailored or engineered to meet the
requirements of specific applications. The CNTs acting as sizing can protect fiber materials
from absorbing moisture due to the hydrophobic CNT structure. Moreover, hydrophobic
matrix materials, as further exemplified below, interact well with hydrophobic CNTs to

provide improved fiber to matrix interactions.

[0107] Despite the beneficial properties imparted to a fiber material having infused CNTs
described above, the compositions of the present disclosure can include further conventional
sizing agents. Such sizing agents vary widely in type and function and include, for example,
surfactants, anti-static agents, lubricants, siloxanes, alkoxysilanes, aminosilanes, silanes,
silanols, polyvinyl alcohol, starch, and mixtures thereof. Such secondary sizing agents can be
used to protect the CNTs themselves or provide further properties to the fiber not imparted by
the presence of the infused CNTs.

[0108] Compositions of the present disclosure can further include a matrix material to form a
composite with the CNT-infused fiber material. Such matrix materials can include, for
example, an epoxy, a polyester, a vinylester, a polyetherimide, a polyetherketoneketone, a
polyphthalamide, a polyetherketone, a polytheretherketone, a polyifnide, a phenol-
formaldehyde, and a bismaleimide. Matrix materials useful in the present disclosure can
include any of the known matrix materials (see Mel M. Schwartz, Composite Materials
Handbook (2d ed. 1992)). Matrix materials more generally can include resins (polymers),

both thermosetting and thermoplastic, metals, ceramics, and cements.

[0109] Thermosetting resins useful as matrix materials include phthalic/maelic type
polyesters, vinyl esters, epoxies, phenolics, cyanates, bismaleimides, and nadic end-capped
polyimides (e.g., PMR-15). Thermoplastic resins include polysulfones, polyamides,
polycarbonates, polyphenylene oxides, polysulfides, polyether ether ketones, polyether
sulfones, polyamide-imides, polyetherimides, polyimides, polyarylates, and liquid crystalline

polyester.
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[0110] Metals useful as matrix materials include alloys of aluminum such as aluminum 6061,
2024, and 713 aluminum braze. Ceramics useful as matrix materials include carbon
ceramics, such as lithium aluminosilicate, oxides such as alumina and mullite, nitrides such
as silicon nitride, and carbides such as silicon carbide. Cements useful as matrix materials
include carbide-base cermets (tungsten carbide, chromium carbide, and titanium carbide),
refractory cements (tungsten-thoria and barium-carbonate-nickel), chromium-alumina, and
nickel-magnesia iron-zirconium carbide. Any of the above-described matrix materials can be

used alone or in combination.

[0111] Although the invention has been described with reference to the disclosed
embodiments, those skilled in the art will readily appreciate that these only illustrative of the
invention. It should be understood that various modifications can be made without departing

from the spirit of the invention.
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What is claimed is:
1. An apparatus comprising:
a structure supported by air comprising a composite structure that comprises at least:

a first carbon nanotube infused material imparting a first functionality to the structure,
the first functionality selected from electrical resistance, damage sensing, tensile strength,
compressive strength, de-icing, shear strength, flexural strength, crack resistance,
electromagnetic interference shielding, lightning strike protection, thermal conductivity,

transfer of electric signals, and radar absorption;

a second carbon nanotube infused material imparting a second functionality to the
structure, the second functionality selected from electrical resistance, damage sensing, tensile
strength, compressive strength, de-icing, shear strength, flexural strength, crack resistance,
electromagnetic interference shielding, lightning strike protection, thermal conductivity,

transfer of electric signals, and radar absorption.

2. The apparatus of claim 1, wherein the composite structure comprises a third

carbon nanotube infused material.

3. The apparatus of claim 1, wherein a carbon nanotube loading of the first

carbon nanotube infused material is between 0% and 2.

4. The apparatus of claim 3, wherein the first carbon nanotube infused material is
located on the structure so as to be prone to damage, and wherein the first functionality is

damage sensing.

5. The apparatus of claim 3 wherein the first carbon nanotube infused material is
located on the structure so as to be prone to tension, and wherein the first functionality is

tensile strength.

6. The apparatus of claim 3, wherein the first carbon nanotube infused material is
located on the structure so as to be prone to compression, and wherein the first functionality

is compressive strength.

7. The apparatus of claim 1, wherein a carbon nanotube loading of the first

carbon nanotube infused material is between 2% and 5%.
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8. The apparatus of claim 7, wherein the first carbon nanotube infused material is
located on the structure so as to be prone to ice formation, and wherein the first functionality

is de-icing.

0. The apparatus of claim 7, wherein the first carbon nanotube infused material is
located on the structure so as to be prone to shear, and wherein the first functionality is shear

strength.

10.  The apparatus of claim 7, wherein the first carbon nanotube infused material is
located on the structure so as to be prone to cracking, and wherein the first functionality is

crack resistance.

11.  The apparatus of claim 1, wherein a carbon nanotube loading of the first

carbon nanotube infused material is between 5% and 40%.

12.  The apparatus of claim 11, wherein the first carbon nanotube infused material
is located on the structure so as to be prone to exposure to electromagnetic interference, and

wherein the first functionality is electromagnetic interference shielding.

13.  The apparatus of claim 11, wherein the first carbon nanotube infused material
is located on the structure so as to be prone to exposure to lightning strikes, and wherein the

first functionality is lightning strike protection.

14. The apparatus of claim 11, wherein the first carbon nanotube infused material
is located on the structure so as to provide thermal conductivity, and wherein the first

functionality is thermal conductivity.

15.  The apparatus of claim 11, wherein the first carbon nanotube infused material
is located on the structure proximate electric circuitry, and wherein the first functionality is

transfer of electric signals.

16.  The apparatus of claim 1, wherein a carbon nanotube loading of the first

carbon nanotube infused material is a gradient.

17. The apparatus of claim 16, wherein the first carbon nanotube infused material
is located on the structure so as to provide radar absorption, and wherein the first

functionality is absorption of radar waves.
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18. A method comprising:

Providing a structure supported by air comprising a composite structure that

comprises at least:

a first carbon nanotube infused material imparting a first functionality to the structure,
the first functionality selected from electrical resistance, damage sensing, tensile strength,
compressive strength, de-icing, shear strength, flexural strength, crack resistance,
electromagnetic interference shielding, lightning strike protection, thermal conductivity,

transfer of electric signals, and radar absorption;

a second carbon nanotube infused material imparting a second functionality to the
structure, the second functionality selected from electrical resistance, damage sensing, tensile
strength, compressive strength, de-icing, shear strength, flexural strength, crack resistance,
electromagnetic interference shielding, lightning strike protection, thermal conductivity,

transfer of electric signals, and radar absorption.

19. The method of claim 18, wherein the first carbon nanotube infused material

and the second carbon nanotube infused material overlap.
20.  The method of claim 18, further comprising:
determining the first functionality; and

selecting a first carbon nanotube loading of the first carbon nanotube infused material

based on the first functionality.
21.  The method of claim 20, further comprising:
determining the second functionality; and

selecting a second carbon nanotube loading of the second carbon nanotube infused

material based on the second functionality.
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