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Step 4
210

ing matrix material. Examples illustrate improvements in the through-thickness mechanical,
thermal, and electrical properties of the nanocomposite, in addition to substantial improve-
ments in geometrical stability upon temperature changes and vibrational damping, compared
Lo baseline composites reinforced with the two- dimensional [iber cloth alone. Embodiments

of the nanocomposite may also be configured to perform multiple functions simultaneously,
such as bearing a thermal or mechanical load simultaneously or bearing a mechanical load

while also monitoring the state of damage within the nanocomposite.
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THREE-DIMENSIONALLY REINFORCED MULTIFUNCTIONAL
NANOCOMPOSITES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of priority under 35 U.S.C. § 119(¢)
of U.S. Provisional Application Number 60/740,461 filed on November 28, 2005, the

entirety of which is incorporated herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED R&D
[0002] This invention was made with Government support under Contract
Numbers N00014-00-1-0692 and N00014-05-1-05086 awarded by ONR (Office of Naval
Research) and Contract Number NSEC0117792 awarded by NSF (National Science

Foundation). The Government has certain rights in this invention.

PARTIES OF JOINT RESEARCH AGREEMENT
[0003] This invention was made as a result of activities undertaken within the

scope of a joint research agreement between the University of Hawaii and Rensselaer

Polytechnic Institute.

BACKGROUND OF THE INVENTION
Field of the Invention

[0004] Certain embodiments of the present invention relate to composite
materials and, in particular, woven fiber composites reinforced through-the-thickness with

carbon nanotubcs.

Description of the Related Art

[0005] Compositc materials have been developed to meet increasing demands
for materials possessing a broad array of desirable properties. Composites are material
systems which combine two or more distinct materials, each with its own distinctive,
desirable properties, to create a new material with properties that may not be present, or to
the same extent, in the components alone. Composite materials, broadly, possess at least

two phases — a reinforcement and a matrix. The reinforcement is a material which is
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embedded within the matrix. In general, the reinforcing material and the matrix material
comprise any combination of metals, ceramics, or polymers. The utility and versatility of

" composites has resulted in their use within a wide variety of applications, ranging from
aircraft and marine structural components to sporting goods.

[0006] Significant rescarch has been directed to composite materials which are
reinforced in one- and two-dimensions (1-D, 2-D). 1-D and 2-D continuous-fiber
reinforced composites (CFRCs) employ long fibers which substantially span the length
and/or width of the composite material. In certain CFRCs, these fibers may take the form
of unidirectional tapes or tiber cloths, where small diameter filaments are woven to form
cloths having fibers which cxtend in predetermined orientations, such as 0°/90° and +45°,
This allows the composite to be constructed for a specific loading condition, placing the
relatively strong fibers in a position where they carry the majority of the applied stress.

[0007] However, an inherent weakness of 1-D and 2-D CFRCs is their
interlaminar and intralaminar properties. Interlaminar and intralaminar refers to processes
which happen between or within planes of the fibers, which are generally stacked through
the thickness of the composite. As 1-D and 2-D CFRCs lack reinforcement out of the
plane of the fibers, they possess little resistance to out of plane deformation. As a result,
these CFRCs possess low interlaminar fracture toughness, and interlaminar failure, such
as delamination, may occur at relatively low levels of applied stress under various loading
conditions.

[0008] To mitigate this weakness, 3-D composite architectures, with fibers
running both in 2-D in-planc and orthogonal to the fiber plane, have been explored.
However, attempts to develop these 3-D reinforced composites employing braided or
through-the-thickness stitched fibers have met with mixed success. Investigations of
composite laminates with 3-D braided reinforcements have found improvements in
damage tolerance but also determined that the braided reinforcement and the non-normal
orientation of the braided fiber with the 2-D in-plane fiber results in low in-plane
strengths.  The low in-plane strengths limit the applicability of the 3-D braided
composites to specific applications and geometries. In the case of stitching, the out-of-
plane reinforcing fibers can be orthogonal to the 2-D reinforcing fibers; however, the in-
plane mechanical performance of the stitched composites depend critically on the stitch

pattern. In practice, stitching has becn found to shorten the tensile fatigue life of the



29 May 2012

2006350255

composite and stitched laminates are reported to have tension and compression strengths
of approximately 20-25 percent lower than the strengths of unstitched laminates.

[0009] To address these deficiencies, composite systems employing carbon
nanotubes as a through-thickness reinforcement are now being developed. Carbon
nanotubes (CNTs) are quasi-onc dimensional, nearly single crystalline (axially), hollow,
graphitic carbon structures. Their combination of high aspect ratio, small size, and
excellent mechanical properties, coupled with low density, and high electrical
conductivity make thc;e matenals good candidates as reinforcements in 3-D reinforced
composites. Different researchers have reported significant improvements in the in-plane
mechanical properties of carbon nanotubes (CNTSs) reinforced nanocomposites compared
to the unreinforced counterparts. However, lack of control of the orientation of the
nanctubes and their dispersion is still a major challenge and indeed restricts their usage in
structural applications

[0010) Thesc deficiencies in the design of current 3-D reinforced composites
illustrate the need for improved systems and methods for through-thickness reinforcement

of 2-D continuous-fiber reinforced composites, and other improvements discussed below.

SUMMARY OF THE INVENTION
[0011] Onc embodiment of the present invention provides a three-
dimensionally reinforced composite laminate. The laminate comprises a matrix, such as
selected from polymers and ceramics, and a reinforcement positioned substantially within
the matrix comprising a woven fiber cloth and carbon nanotubes which are connected to

the woven fiber, extending outward from the surface defined by the woven cloth.
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Specifically, a first aspect of the present invention provides a three-dimensionally
reinforced composite laminate, comprising:

a matrix material;

a reinforcement positioned substantially within the matrix comprising a 2-D woven
fibre cloth and carbon nanotubes which are connected to the woven fibre, the carbon
nanotubes extending outward perpendicular from a surface defined by the woven cloth,

wherein the 2-D fibre cloth comprises SiC, C, or glass-fibre cloths.

A second aspect of the present invention provides a fabric reinforcement,
comprising:

a woven fibre cloth, wherein the woven fibre cloth comprises SiC at least at a
surface of the cloth; and

carbon nanotubes connected to the woven fibre cloth, wherein the carbon nanotubes
extend generally perpendicular to a surface defined by the woven fibre cloth.

A third aspect of the present invention provides a method of fabricating a three-
dimensionally reinforced composite laminate, comprising:

providing a two-dimensional woven fibre cloth that comprises SiC, C, or glass-fibre
cloth;

growing carbon nanotubes on a surface of the woven fibre cloth so as to form a
three-dimensional fibre preform, the carbon nanotubes extending generally perpendicular
from a surface of the woven fibre cloth;

substantially infiltrating the three-dimensional fibre preform with a matrix material
to form a three-dimensional composite lamina;

assembling a plurality of three-dimensional composite laminae such that the
nanotubes are substantially positioned between the laminae; and

curing the assembled laminae.

Another embodiment comprises a fabric reinforcement and a method of
manufacturing the same comprising a woven fibre cloth and carbon nanotubes connected
to the woven fibre cloth. The nanotubes extend generally perpendicular to the woven
fibre cloth. A plurality of such fabric reinforcements may be joined together to provide
an improved reinforcement structure.

In another embodiment, a method of fabricating a three-dimensionally reinforced
composite laminate is provided. In a first step, the method comprises providing a two-
dimensional woven fibre cloth. In a second step, the method comprises growing carbon
nanotubes on a surface of the woven fibre cloth, such as by chemical vapor deposition of

a nanotube precursor solution on the surface of the woven fibre cloth,

AH21(6322056_1):JJP




WO 2008/054409 PCT/US2006/045418

so as to form a three-dimensional fiber preform. In a third step, the method comprises
substantially infiltrating the three-dimensional fiber preform with a matrix material to
form a three-dimensional composite lamina. In a fourth step, the method comprises
assembling a plurality of three-dimensional composite laminae such that the nanotubes
are substantially positioned between the laminae. In a fifth step, the method comprises
curing the assembled laminae at a predetermined temperature.

[0014] One cmbodiment of the invention relates to growth of carbon
nanotubes on SiC fibers and woven fiber cloths. Another embodiment relates to growth
of carbon nanotubes on non-SiC fibers and woven fiber cloths, for example, carbon or
glass fibers and fiber cloths. In this embodiment, a SiC coating is applied to the non-SiC
fiber or fiber cloths. Carbon nanotubes may be grown on the SiC coating, Accordingly,
embodiments of the invention relate to fabric reinforcements wherein a woven fiber cloth

comprises SiC at least at a surface of the cloth.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] These and other objects and advantages will become more apparent
from the following description taken in conjunction with the accompanying drawings.

[0016] Figure 1 1s one embodiment of a 3-D nanocomposite laminate;

[0017] Figures 2A-2D are schematic illustrations of one embodiment of a
method of manufacturing the 3-D nanocomposite laminate of Figure 1;

[0018] Figures 3A-B are two embodiments of ortentations a 2-D fiber cloth
may adopt when uscd as a substrate upon which carbon nanotubes are grown;

[0019] Figures 4A-D are scanning clectron micrographs of one embodiment of
carbon nanotubes grown upon a 2-D woven fiber; (A) Low magnification top down view
of received 2-D fiber cloth; (B) Low magnification top down view of 2-D fiber cloth
illustrating coverage of the cloth with carbon nanotubes; (C) High magnification view of
(B); (D) Through-thickness view of (B), illustrating that the carbon nanotubes are oriented
approximately perpendicular to the plane of the fiber cloth;

[0020] Figures S5A-B are schematic illustrations of embodiments of

.mechanical test specimens for measurement of interlaminar fracture toughness and
corresponding testing results of embodiments of the 2-D baseline and 3-D
nanocomposites illustrating the improvement in interlaminar fracture toughness with

through-thickness reinforcement of carbon nanotubes; (A) Double cantilever beam (DCB)

-4-
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test for Mode 1 fracture toughness; (B) End notched flexure test for Mode 1T fracture
toughness; (C) Load-deflection response of (A); (D) Load-deflection response of (B);

[0021] Figures 6A-B are scanning electron micrographs of fracture surfaces of
embodiments of the 2-D baseline composites (Figurc 6A) and 3-D nanocomposites
(Figure 6B) illustrating the difference in appearance of the fracture surface upon inclusion
of the carbon nanotube reinforcement through the thickness into the 3-D nanocomposite;

[0022] Figures 7A-B are in-plane modulus (Figure 7A) and hardness (Figure
7B) values of embodiments of the 2-D baseline and 3-D nanocomposites illustrating the
improvement in these properties with through-thickness reinforcement of carbon
nanotubes;

[0023] Figures 8A-B present the test configuration (Figure 8A) and
exemplifying data (Figure 8B) for mechanical damping tests;

[0024] Figures 9A-B present the test configuration (Figure 9A) and
experimental measurements of through-thickness thermal conductivity as a function of
temperature (Figure 9B) for embodiments of the 2-D baseline and 3-D nanocomposites
illustrating the improvement in through-thickness thermal conductivity with through-
thickness reinforcement of carbon nanotubes;

10025] Figurc 10 is onc embodiment of a test sample for measurement of
through-thickness electrical conductivity;

[0026] Figures 11A-B illustrate certain embodiments of analytical and finite
element modeling of the mechanical and thermoelastic behavior of carbon nanotubes a
function of chirality angles; (A) Periodicity cell utilized in an Asymptotic Harmonization
Method (AHM); (B) Comparison of SWNTs as a function of chirality angle using AHM
and finite element modeling;

[0027] Figures 12A-B illustrate embodiments of heating schedules for curing
(A) and pyrolysis (B) of pre-ceramic polymers utilized to deposit SiC on non-SiC fiber
cloths.

[0028] Figures 13A-D are scanning electron micrographs illustrating top down
views of non SiC fiber cloths used as substrates for CVD growth of CNTs without a SiC
coating; (A-B) glass fiber; (C-D) carbon fiber; and

[0029] Figures 14A-B are scanning clectron micrographs illustrating top down
views of non SiC fiber cloths used as substrates for CVD growth of CNTs with a SiC

coating,
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0030] Reference will now be made to the drawings wherein like numerals
refer to like parts throughout. Figure 1 illustrates one embodiment of a laminated 3-D
nanocomposite 100.  The 3-D nanocomposite 100 comprises a reinforcing 3-D
reinforcement 102 and a surrounding matrix 104.

[0031] In one embodiment, the 3-D rcinforcement 102 comprises carbon
nanotubes (CNTs) 106 oriented approximately perpendicular to, and interconnected with
2-D woven fiber cloths 110. As will be discussed in greater detail below, at least a
portion of the through-thickness nanotubes 106 on adjacent lamina 112 are mechanically
mterlocked, providing improved delamination resistance to the nanocomposite 100. The
unique properties of the nanotubes 106 also provide through-thickness properties to the 3-
D nanocomposite 100, including electrical and thermal conductivity, thermal expansion,
and mechanical damping, which are improved over comparable 2-D reinforced
composites. Advantageously, the improvements in properties provided by the 3-D
reinforcement, and the through-thickness nanotubes 106 in particular, allow the 3-D
nanocomposites 100 to perform multiple functions simultaneously, such as supporting a
thermal and mechanical loads through the nanocorhposite thickness concurrently or
supporting a mechanical or thermal loads while utilizing the through thickness
conductivity to monitor the state of damage in the nanocomposite 100. These and other
advantages of the 3-D continuous-fiber reinforced nanocomposite 100 and 3-D
reinforcement 102 will be discussed in greater detail below.

[0032] Carbon nanotubes are a relatively new configuration of carbon which
has been developed. A single walled carbon nanotube (SWNT) can be conceptualized as
wrapping a one-atom-thick layer of graphite called graphene into a seamless cylinder.
Most SWNTs have a diameter of close to about | nanometer (nm), with a tube length that
can be many thousands of times larger. For example, SWNTs with length up to orders of
centimeters have been produced. A multiple walled carbon nanotubc (MWNT) comprises
multiple layers of graphite rolled upon themselves to form a tube shape.

[0033]  Carbon nanotubes possess a variety of superior properties: mechanical,
electrical, and thermal. Progress made in the production and purification of nanotubes in
recent years has made it practical to consider nanotubes as reinforcing materials in
composite materials. With respect to their mechanical propertics, nanotubes exhibit

extraordinary strength, on the order of tens of GPa, and elastic modulus, on the order of

-6-
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about 1TPa. Additionally, nanotubes may undergo plastic deformation at elevated tensile
stresses, allowing for some degree of permanent deformation. This deformation begins at
strains of approximately 5% and can increase the maximum strain the tube undergoes
before fracture.  These mechanical properties make CNTs excellent candidates as
reinforcing materials. Further, carbon nanotubes possess a relatively low density for a
solid, approximately 1.3-1.4 g/em®. This provides CNTs a specific strength which is very
high, also making them very attractive for use in composite materials, which are often
utilized in applications where weight is a key design consideration. Nanotubes may also
be engineered with high thermal and clectrical conductivities. As discussed in greater
detail with respect to the examples below, the use of CNTs as a through-thickness
reinforcement in conjunction with 2-D fiber reinforcements provides the 3-D
nanocomposites 100 with mechanical, thermal, and electrical properties that are superior
to their two-dimensionally reinforced counterparts.

[0034] In one embodiment, a method 200 of manufacturing the 3-D
reinforcement and 3D-nanocomposite 100'is schematically illustrated in Figures 2A-2D.
In a first step 202, a 2-D fiber cloth 110 is provided. In a second step 204, carbon
nanotubes 106 are grown on the surface of the 2-D fiber cloths 110, oriented
approximately perpendicular to the plane of the fiber cloth 110 to form a 3-D fiber
preform 302. In a third step 206, the 3-D fiber preforms 302 are infiltrated with the
polymer matrix 103 to form the individual lamina 112. In a fourth step 210, the 3-D
nanocomposite 100 is formed from the lamina 112 using generally understood laminate
assembly techniques, such as, in non-limiting embodiments, hand lay-up or resin transfer
molding,

[0035] Figures 3A-B illustrate one embodiment of the growth of CNTs 106 on
the 2-D fiber cloths 110. In one embodiment, the fiber cloth 110 may comprise 2-D plain-
weave fiber cloths 110 of SiC, C, and glass. In alternative embodiments, the fiber cloths
110 may comprise satin-weave fiber cloths. In further embodiments, the satin weave
fabrics may comprise 5- or 8-harness satin weave fabrics. In additional embodiments,
non-SiC fibers having a coating of SiC, such as C and glass-fiber cloths may also be
utilized.

[0036] The use of 2-D fiber cloths 110 with different weave patterns also
allows a measure of control over the degree of the alignment of the CNTs 106 in the 3-D

reinforcement 102 and the nanocomposite laminate 100 through-thickness direction. For

-7-
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example, the degree of CNT alignment substantially perpendicular to the 2-D fiber cloth
will increase as the weave-harness number increases, as the cloth will have less
undulation and more flat areas. Therefore, more CNTs will be substantially aligned
perpendicular to the planc of the fiber cloth. Conversely, the degree of CNT alignment
substantially perpendicular with respect to the fiber cloth will decrease as the weave-
harness number decreases, as the cloth has more undulation and fewer flat areas.
Advantageously, as altering the alignment of the through-thickness CNT reinforcement
influences the through-thickness properties of the resulting nanocomposites 100, changes
in the fiber weave allow the through-thickness properties of the nanocomposites 100 to be
adjusted, while keeping the materials and proportion of reinforcing fiber within the
nanocomposite 100 approximately constant.

[0037] 2-D SiC fiber cloths 110 are placed approximately within the middle of
a furnace 304, for use as a substrate upon which the nanotubes 106 will grow. In one

“embodiment, the 2-D SiC fiber cloths 110 have a width of approximately 1 inch, with
lengths varying up to approximately eight inches. In one embodiment, the as-received 2-
D SiC fiber cloths 110 are fabricated from filaments possessing an average diameter of
approximately 16 pm. As illustrated in Figures 3A-B, the 2-D SiC fiber cloth 110 can be

“oriented either vertically (Figure 3A) or horizontally (Figure 3B). The vertical orientation
allows growth of CNTs 106 on both sides of the 2-D fiber cloth 110, while the horizontal
orientation allows growth of CNTs 106 on only one side of the 2-D fiber cloth 110. 2-D
SiC fiber cloths 110 with CNTs 106 grown on both sides may be used as 3-D fiber
prcforms 302 for tfabrication of multi-layer 3-D nanocomposites 100, while cloths with
CNTs 106 grown on one side may be utilized as 3-D fiber preforms 302 in dual layer 3-D
nanocomposites 100.

[0038] In a preferred embodiment, nanotubes are grown on the 2-D fiber
cloths 110 by chemical vapor deposition (CVD) based on Andrews et al., “Continuous
Production of Aligned Carbon Nanotubes: A Step Closer to Commercial Realization,”
Chem. Phys. Lett., 303, 467-474 (1999), the entirety of which is hereby incorporated by
reference. A quartz tube 306 having an inner diameter of approximately two inches is
housed in a horizontal furnacc 304 for use as a reaction chamber 306. Ferrocene and
xylene are utilized as a catalyst precursor and carbon source, respectively, as this
combination is known to produce nanotubes which are aligned approximately

perpendicular to a substrate surface, such as the 2-D fiber cloth 110. Ferrocene powder is

-8-
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dissolved into the xylene in a ratio of approximately 0.1 mg ferrocene to 10 ml xylene,
forming a brown colored precursor solution 310. The furnace 304 is heated and
maintained at approximately 800°C and the ferrocenc/xylene precursor solution 310 is
injected into the furnace 304 through a syringe pump at a constant speed, approximately
0.1-0.5 m/min. Argon gas is flowed at approximately 40 s.c.c.m to carry the solution into
a steel bottle (not shown) which is pre-heated within the rangc of about 150 to 200 °C,
allowing the precursor solution 310 to vaporize before entering the furnace 304
containing the 2-D SiC fiber cloth 110. At approximately 800°C, the precursor solution
310 decomposes into small Fe particles containing dissolved carbon that attach to the
surface of the 2-D SiC fiber cloth 110. The nanotubes grow as carbon clusters from the
carbon which precipitates out of the Fe particles. In one embodiment, the length of the
nanotubes 106 is varied in the range of tens to hundreds of micrometers by adjusting the
CVD reaction time, from about 10 minutes to one hour. In one preferred embodiment,
nanotubes of about 1 to 500 pm in length more preferably about 60 pm, possessing
diameters in the range of about 10 to 100 nm, more preferably about 30-50 nm, are grown
after 40 minutes growth, providing sufficient length for mechanical interlocking, as
discussed in greater detail below.

[0039] In one advantage, the CVD nanotube growth described above allows 3-
D fiber preforms 302 having large areas to be easily produced. Furthermore, the size of
the 3-D fiber preforms 302 are only limited by the size of the furnace chamber, allowing
3-D fiber preforms 302 of arbitrary size to be produced. For example, in one
embodiment, a 3-D fiber preform 302 having dimensions of approximately 13 cm x 4 cm
arc prepared using this method, although preforms 302 of greater or lesser size are also
possible.

[0040] In a further advantage, the nanotubes grown on the surface of the 2-D
SiC fiber cloth 110 are aligned approximately perpendicular to the plane of the 2-D
woven fabric 110 and cover the surface of the fiber cloth 110 approximately uniformly.
Figures 4A-D illustrate top down and cross-sectional micrographs of the 2-D SiC fiber
cloth 110 before and after growth of the nanotubes on the surface of the fiber cloth 110,
Figure 4A presents the as-received fiber cloth 110, where the individual filaments 400 are
apparent. Figure 4B illustrates a low magnification, top down view of the 3-D fiber
preform 302, in which CNTs 106 are grown on the surface of the 2-D fiber cloth 110. As
illustrated in Figure 4B, the CNTs 106 substantially cover the entire surface of the 2-D

9.
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fiber cloth after completion of the CVD process, giving the fiber cloth a coarse
appearance compared to Figure 4A. Figure 4C presents a higher magnification view of
Figure 4B, magnified approximately 10x from Figure 4B, further illustrating CNTs 106
grown on the surface of the 2-D SiC fiber cloth 110. This view clearly illustrates that the
CNTs 106 are grown approximately uniformly on the filaments 400, as all the exposed
filaments 400 on the surface of the fiber cloth 110 are covered by CNTs 106. Figure 4D
presents a side view of the CNTs grown on a filament 400 of the 2-D fiber cloth 110,
illustrating that the CNTs grown on the 2-D fiber cloth 110 are aligned approximately
perpendicular to the plane of the fiber cloth 110 in a linear array.

[0041] In one embodiment, the 3D-nanocomposite is fabricated from the 3D-
fiber preforms 302 formed as described above with respect to Figure 2. A plurality of 3-D
fiber preforms 302 are stacked, infiltrated with the matrix material or a matrix material
precursor, and subsequently cured. In alternative embodiments, the matrix material may
be varied, as dictated by the application. In one embodiment, the 3-D fiber preform 302
may be infiltrated with a polymer. In one non-limiting embodiment, the polymer may
comprise a high temperature epoxy based on diglycidyl ether of bisphenol A (DGEBPA)
and alkylglycidyl ether (AE). In another non-limiting embodiment, the polymer may
comprisc a pre-ceramic polymer such as KiON CERASET®, Preferably, the viscosity of
the matrix designed to be substantially low enough so as to permit substantial wetting of
the 3-D fibers preforms 302 with the matrix polymer.

[0042] In a preferred embodiment, the 3-D fiber preforms 302 are soaked in a
DGEBPA-AE epoxy resin bath for approximately 10 minutes to allow infiltration of the
epoxy into the 3-D fiber preform 302. Subsequently, the infiltrated lamina 112 were
stacked individually and hand rolled to substantially remove excess resin and achieve
compaction as generally understood in the context of conventional wet lay-up and/or
prepreg hand lay-up processes. In the ncxt step, stacked laminated structure is
subsequently cured in an autoclave at a maximum of 150° C for one hour to yicld the 3-D
nanocomposite 100 with the through thickness nanotubes 106 functioning as the core.

[0043] In one embodiment, a two layered sandwich composite structure may
be formed, where two SiC cloths with CNTs grown on one side reinforce a high
temperature epoxy matrix having weight fractions of the matrix, SiC fiber cloth, and

CNTs of 35%, 63%, and 2%, respectively.
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[0044] In further alternative embodiments, nanomaterials may be introduced
into the polymer prior to infiltration into the 3-D fiber preform 302 in order to provide
dispersion strengthening of the 3-D nanocomposite 100. In one embodiment, the
nanomaterials may comprise nanoparticles or CNTs, as disclosed in co-pending patent
application entitled, “Polymer Matrix Composites With Nano-Scale Reinforcements*, and
U.S Provisional Patent Application Numbers 60/753,006 filed on December 12, 2005,
60/753,155 filed on December 20, 2005, and 60/753,496 filed on December 22, 2005
entitted SUPER PERFORMING CNT/EPOXY RESIN, the entirety of each of which is
hereby incorporated by reference. In one embodiment, low weight fractions of
nanoparticles, such as TiO,, SiC, Y03, ZnO, and C, or carbon nanotubes comprising
SWNTs, are substantially uniformly distributed within the matrix polymer using a
magnetic stirring technique. Preferably, these nanomaterials are disperscd within the
matrix such that they are substantially disconnected from the woven fiber cloth.

[0045] In additional alternative embodiments, the degree of dispersion and
efficacy of the nanomaterial reinforcement may be adjusted. Adjustments may comprise,
but are not limited to, variation of the nanotube diameter/length, nanoparticle size, and the
weight percentage of either nanotubes or nanoparticles. Advantageously, the addition of
the discrete nanotube or nanoparticle reinforcements within the matrix allows further
adjustment of the properties of the 3-D nanocomposites so as to tailor the nanocomposite
100 as necessary to meet the demands of particular applications.

[0046] In further embodiments, the adhesion properties of the CNTs to the 2-
D fiber cloth may be also varicd using an annealing technique in order to vary the
properties of the resultant 3-D nanocomposite 100. In one embodiment, the adhesion
strength of the CNT-fiber interface may be strengthened by subjecting the 3-D fiber
preform 302 to a heat treatment of approkimately 950°C for approximately 1-6 hours in
an argon atmosphere. In a non-limiting example, a heat trcatment of 950°C for
approximately six hours has been observed to provide a nearly two-fold increase in
adhesion strength of CNT nanobrushes on SiC fiber, from about 0.1 to 0.3 MPa to
approximately 0.5 MPa. Therefore high-temperature annealing is an additional
processing step which may optionally be used to enhance the adhesion strength between

nanotubes and SiC fibers and thus in turn, influence the nanocomposite 100 properties.
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Examples

[0047] In the following examples, testing is performed on 3-D
nanocomposites and their 2-D counterparts to illustrate the property improvements which
may be achieved through embodiments of the 3-D nanocomposite 100. In particular, in-
plane and interlaminar mechanical propertics, mecchanical damping, thermoelastic
response, and thermal and electrical conductivities are examined.  The 3-D
nanocomposites 100 tested are laminates formed as described above, using a 3-D fiber
preform 302 of SiC plain-weave fiber cloths having CVD-grown MWCNTSs extending
approximately perpendicular to the plane of the SiC fiber cloth and a matrix of DGEBPA-
AE. The nanocomposites further possess weight fractions of the matrix, SiC fiber cloth,
and CNTs of approximately 35%, 63%, and 2%, respectively. To assess the influence of
the through-thickness CNTs on performance of the 3-D nanocomposites 100, 2-D
baseline composites were similarly formed without the MWCNT reinforcement.

10048] Studies are also presented which investigate the growth of carbon
nanotubes on substrates comprising non-SiC fibers, such as carbon and glass-fiber cloths
coated with a layer of SiC. The coating is provided on the surface of carbon fibers in
order to allow these fibers to function as suitable substrates for the growth of CNTs using
the CVD deposition techniques discussed above. To assess the influence of the SiC
coating on the CVD growth of CNTs on carbon cloths, uncoated and coated carbon fibers

are examined.

Examples 1-4: Interlaminar fracture

[0049] Examples 1-4 illustrate the advantages of using of 3-D nanocomposites
over their 2-D counterparts to increase the delamination resistance of the composite. One
of the most commonly observed damage modes in laminated composites is the separation
of adjacent plies, or delamination. Delamination in laminated composites may arise from
one of the many events, including low velocity impacts, fatigue loadings, eccentricities in
the load path, or by geometric and structural discontinuities, such as holes, edges, or ply
drops, that act as stress raisers within the area adjacent to the discontinuity. With the
increased use of laminated fiber reinforced composite materials in primary aircraft and
marine structural components, delamination failure is a significant concern. Therefore,

Interlaminar fracture toughness testing is performed to determine interlaminar fracture
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toughness for two different modes of loading, Mode I, an opening mode, and Mode 11, a
sliding mode.

[0050] Mode [ fracture toughness testing is performed according to ASTM
standard D 5528-94a, “Test Method for Mode I Interlaminar Fracturc Toughness of
Unidirectional Fiber-Reinforced Polymer Matrix Composites.” The specimen geometry
for this testing, a double cantilever beam 500 (DCB), is illustrated in Figure 5A. The
DCB specimen 500 is a rectangular beam having length, L, of approximately 120 mm and
a width, W, of approximately 20 mm. An initial crack 502 of length a, is introduced
between the lamina 112 by insertion of a Teflon™ film approximately 12.5 um thick.
The lamina 112 are pulled apart with an applied force, F, using an Instron 4206 testing
machine and the load and displacements are recorded. To avoid bending failure at the
root of arms of the specimen, sheet metal tabs (not shown) are adhesively bonded to each
side of the specimen. The crack 502 is monitored to determine a critical force, F,, and
displacement, &c, at which the crack 502 starts to propagate along the length, L, of the
DCB specimen 500. The Mode [ fracture toughness, Gic, is calculated using Equation (1)

B nF.0,

Gie )

2wa

o

where n is the slope of a plot of log (8¢ /Pc) versus log a,.

[0051] Mode II interlaminar fracture toughness testing is performed according
to the method of Adams, et al. in “Experimental Characterization of Advanced composite
Materials,” 3" Ed. The test is conducted using an end notched flexure (ENF) specimen
5006, as illustrated in Figure 5B. The ENF specimens 506 possess the same dimensions
and crack length as the DCB specimens 500 discussed above. The lamina 112 are slid
past one another by loading the ENF specimen in flexure, compressively loading of the
ENF specimen 506 at approximately the center of the length with a force F while
supporting the specimen 506 ends. Testing is conducted using an Instron 4206 testing
machine and the load and displacements are recorded. The crack 502 is monitored to
determine the critical compressive force, F., and displacement, 8c, at which the crack 502
starts to propagate along the length, L, of the DCB specimen 506. The fracture toughncss,
G, is calculated using Equation (2) (Adams et al., 2003):

-13-



WO 2008/054409 PCT/US2006/045418

G - 9a’F.C
2w 1+1.5(2ar L) |

2

where Fe is the load at the onset of non-linearity in the load-displacement response, and C
is the compliance of the linear portion of the load-displacement response. Using Equation
2, the G is calculated for both the 3-D nanocomposites and comparable 2-D composites
and the results are presented in Table | below. It should be noted that Equation 2 is not
compliance corrected, as it is used for comparison purposes between the 2-D baseline
composite and 3-D nanocomposite.

[0052] Using Equations 1 and 2, the Gic and Gyic are calculated for both the 3-
D nanocomposites and comparable 2-D composites. Average values for three test

specimens are presented in Table 1 below.

Table 1 — Gc of 2-D baseline composites and 3-D nanocomposites.

Example Materials Mode G ,. | % Change From Baseline
(kJ/m")
1C 2-D Baseline composite | 1 0.95 N/A
2 3-D Nanocomposite i 4.26 450
3C 2-D Baseline composite | 11 9le-3 N/A
4 3-D Nanocompasite I 140e-3 54

[0053] As shown in Table 1, the addition of through-thickness CNTs
significantly improves the Mode 1 and Mode II interlaminar fracture toughness of the 3-D
nanocomposite over the 2-D baseline composite. Qualitatively examining the load-
deflection response 510 and 512 of the Mode T and Mode 11 tests, respectively, for each
material, Figures 5C-D, it is observed that for the same applied load, the detlection of the
3-D nanocomposite is less than the 2-D baseline composite, indicating that the
interlaminar fracture toughness of the 3D nanocomposite greater than the 2-D bascline
composite. This conclusion is quantitatively supported by the Gic and Gye measurements.
In Mode I, the 3-D nanocomposite demonstrates a Gic of approximately 4.26 kJ/m?,
compared to that measured for the 2-D baseline composites, approximately 0.95 kJ/m?.
These results represent an over four-fold improvement in the Mode I fracture toughness of
the 3-D nanocomposite over the 2-D baseline composite. In Mode I, the 3-D

nanocomposite demonstrates a Gyc of approximately 140 J/mz, compared to the 2-D
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baseline compositc value of approximately 91 J/m?. These results represent an
improvement of over fifty percent in the Mode II fracture toughness of the 3-D
nanocomposite over the 2-D baseline composite.

[0054] That the improved toughness of the 3-D nanocomposite is provided by
the through-thickness nanotubes 106 can also be secn in SEM micrographs of the fracture
surfaces of the two composites between adjacent lamina of the 2-D baseline composite
(Figure 6A) and the 3-D nanocomposite (Figure 6B). The 2-D baseline composite
exhibits a relatively smooth fracture surface 600 within the matrix 103. In contrast, as
illustrated in Figure 6B and inset, the 3-D nanocomposite 100 exhibits a plurality of
nanotubes 106 which extend outward from the fracture surface 602 which are embedded
within the matrix 103. As a result, nanotubes 106 from adjacent lamina interlock during
fabrication of the nanocomposite, providing a mechanical interconnection between the 3-
D fiber preform of thc adjacent lamina. This interlocking increases the resistance to
lamina separation, and raises the interlaminar toughness in both Mode I and Mode II

loadings.

Examples 5-6: In-plane Mechanical Characterization

[0055] Examples 5-6 illustrate the effect of CNTs on the in-plane mechanical
properties of 2-D baseline composites and 3-D nanocomposites. The in-plane tensile
strength, elastic modulus, and flexural toughness of the two composite systems are
measured by 3-point, in-plane flexure loading based upon ASTM Standard D790-00,
titled, “Standard Test Methods for Flexural Properties of Unreinforced and Reinforced
Plastics and Electrical Insulating Materials.” Average values for three test specimens are
reported in Table 2 below, with the percent change in the 3-D nanocomposite property

values over the 2-D baseline composite in parentheses.

Table 2 — Gjc of 2-D baseline composites and 3-D nanocomposites.

Flexural Strength | Flexural Modulus | Flexural Toughness
Example Materials
(MPa) (GPa) (N mm)
2-D Baseline
5C 62.1 +2.1 23103 5.8
Composites
T 1501+ 14 243 +02 304
6 3-D Nanocomposites
(240%) (105%) (524%)
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[0056] Examples 5-6 demonstrate that the through-thickness CNTs may
provide significantly improved in-plane mechanical properties over their 2-D
counterparts, rather than the diminishment of the mcchanical properties, as observed when
adding through-thickness reinforcements to other composite systems. Flexural strength
increases over two-fold, from about 62.1 MPa to approximately 150.1 MPa. Similarly,
flexural toughness increases over five-fold, from approximately 5.8 N mm to
approximately 304 N mm. Flexural modulus is found to remain approximatcly

unchanged, increasing approximately five percent from 23.1 GPa to 24.3 GPa.

Example 7-8: Indentation Hardness and Modulus

{0057] Example 7-8 illustrates the spatial homogeneity of the properties of 3-
D nanocomposites. A concern with the introduction of the through-thickness
reinforcement is the uniformity of properties arising from the reinforcement. That is to
say, the reinforcement may cause spatial variation in local mechanical properties. These
variations are not apparent in macro-scale testing, in which relatively large volumes of the
composite arc sampled, providing an average property value. Thus, nanoindentation is
performed in order to measure hardness and modulus through the thickness of the
composite.

[0058] Nanoindentation of the 2-D baseline composite and the 3-D
nanocomposite is performed using the MTS NanoIndenter™ XP (MTS Nano Instruments,
Ouak Ridge, Tennessee). The nanoindentation is conducted according to procedure
outlined in the Product Data Sheet for the Nanolndenter' ™. Samples arc cut and polished
flat using an approximately 0.5 um grit. Samples are mounted for stability to an
aluminum stub using cpoxy. In the indentation test, an area of the nanocomposite is
selected, a hard tip is pressed into the sample at a known load for a predetermined time,
and the residual area of the indent is determined. Load and displacement are continuously
recorded during testing. The hardness is proportional to the applied load divided by the
area of the indent. The loading increment is maintained at approximately 5% of the
present load per second. The maximum indentation load was varied over the range of
approximately 0.115 — 2.5 pN to provide measurements at through-thickness depths up to

approximately 1 um. Ten indentations were carried out at each depth and the average

B
]
g
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result is reported. The results of these tests are illustrated in Figures 7A-B, with error bars
representing one standard deviation of the mean.

[0059] Examples 7-8 demonstrate that the spatial variation in the hardness and
modulus of the 3-D nanocomposite is comparable to the 2-D baseline composite. As
illustrated in Figures 7A-B, the elastic modulus and hardness of the 3-D nanocomposite
follow approximately the same trend as the 2-D baseline composites, indicating that the
spatial variation of through-thickness properties in the nanocomposite is comparable to
the baseline. Moreover, over the range of depths examined, the modulus is of the 3D
nanocomposite is slightly elevated over that of the 2-D baseline composite, approximately
12-30%. This result further reinforces the results of in-plane testing demonstrating that
the clastic modulus of the 3-D nanocomposite is modestly greater than the elastic modulus

of the 2-D baselinc composite.

Examples 9-10: Mechanical Damping

[0060] Examples 9-10 illustrate the effect of through-thickness CNTs on the
mechanical damping properties of 2-D baseline composites and 3-D nanocomposites.
Mechanical damping is the dissipation of vibrational energy under cyclic loading. Greater
damping in a structure can therefore reduce the amplitude of vibrations imposed by an
applied load, improving the fatigue lifc of a system. The fact that CNTs undergo high
frequency deformations qualifics them as a strong candidate for structural damping
applications.

[0061] The natural frequencies and damping of the 3-D nanocomposite 100
are measured and compared to thosc of their 2-D composite counterparts. The damping
test specimens 800 are gencrally rectangular beams which are fixed in place at one end, as
shown in Fig. 8A. The damping specimens 800 possess length, L, width W, and
thickness, T, of approximately 21.65mm x 1.25mm x 25.4mm, respectively. The free end
of the damping specimen 800 is initially moved to a predetermined distance and then
released, causing free vibration of the damping specimen 800. The displacement at the
free end of the damping specimen 800 is monitored by a laser displacement sensor 802,
recorded by a laser displacement controller 804, and transformed into frequency domain

with a dynamic signal analyzer 806.
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[0062] An exemplifying vibrational amplitude-frequency curve is illustrated in

Fig. 7B. From this curve, a natural vibration frequency, f,

n2

and damping ratio, £, are

calculated using Equations 3 and 4:

L=/ N

"2 o

3) - f,=

where f, is the frequency at which the measured vibrational amplitude (A) is maximum,
/, and f, are the two frequencies at which the amplitude is 0.707 times of its maximum,
and Af is the difference between f, and f, also called half-power bandwidth. If ¢ <<

1,then f, = f, . The damping factor, C, may be calculated using Equation (5)

C=@mM)(/.5) ©)

The damping ratio represents the ratio of actual damping, C, to a critical damping, C,, that
can prevent vibration, even at resonant frequency. Therefore, the closer the damping

factor is to 1, the higher the degree of damping possessed by a structure. The average

results of three tests are reported below in Table 3.

Table 3 - Mechanical damping properties of 2-D baseline composites and 3-D
nanocomposites.

¢ Normalized damping,
Example Materials fm (Hz) 4 | fo(H2) c
(X 10 ) (4JTM) Cfn
3C 2-D Baseline Composite | 753.8 9.5 753.9 7.162
73.1 43.963
4 3-D Nanocomposite 598.2 601.4
(770%) (613%)

[0063] As illustrated in Table 3, addition of the through-thickness nanotubcs
to the 3-D nanocompositc provides significantly increased mechanical damping over the
2-D baseline composite. In particular, the 3-D nanocomposite provides an over seven

fold increase in the damping ratio, from 0.0095 to 0.0731, and over a six-fold increase in
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the normalized damping factor. These results illustrate the benefits of using the 3-D

nanocomposite in applications where structural damping is desired.

Examples 11-12 — Thermal conductivity

[0064] Examples 11-12 illustrate the effect of CNTs on the through-thickness
thermal conductivity of 2-D baseline composites and 3-D nanocomposites. Thermal
conductivity, K, is a material property which provides a measure of the rate at which heat
is transferred through the material by conduction. For one-dimensional, steady-state
conduction in a thermal conductivity test sample 900 with an approximately constant

cross-sectional area, Figure 9A, thermal conductivity, can be determined from Equation 6:

SUEE

where Q is the amount of heat passing through a cross section, A, of the test sample 900,
giving rise to a temperature difference, A7 =7 — Tz, over a distance AL.

[0065] The tests are conducted using Anter Corporation’s Unitherm™ Model
2022 Thermal Conductivity Measuring System in accordance with ASTM Standard
E1530, “Guarded Heat Flow Meter Test Method”. During the test, the sample is held
under a uniform compressive load between two polished surfaces (not shown), each at a
different temperature, where the lower surface is part of a calibrated heat flow transducer.
Heat, Q, flows from the upper surface, through the sample 900, to the lower surface,
establishing an axial temperature gradient in the sample. After reaching thermal
equilibrium, AT across the sample 900 is measured with temperature sensors in the highly
conductive metal surface layers on either side of the sample 900 and the heat flow is
measured with the heat flow transducer. The temperature gradient, AT, the sample
thickness, AL, and the sample cross-sectional area, A, are then used to calculate the
thermal conductivity from Equation 6.

[0066] Figure 9B illustrates the thermal conductivity of the 2-D baseline
composite and 3-D nanocomposite at temperatures of approximately 8, 75, and 125°C.
The data demonstrate consistent improvements in the thermal conductivity of the 3-D
nanocomposite compared to the 2-D baseline composite over the complete range of
temperatures probed, from approximately 30% or more at temperatures of around 10°C to

approximately 50% or more at temperatures of approximately 125°C.
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Examples 13-14 - Thermal expansion

[0067] Examples 13-14 illustrate the effect of CNTs on the through-thickness
thermal expansion of 2-D baseline composites and 3-D nanocomposites.  The
thermoelastic behavior of composites plays a major role in their dimensional stability and
tolerances, particularly under severe temperature changes. In particular, when the
composite is dimensionally constrained, large dimensional changes can give rise to large
thermal stresses, which in turn can lead to cracking and premature failure of the
composite. For example, low thermal expansion is particularly important for structures
that are sensitive to shape changes and operate under tight tolerances, such as those used
in space optics, €.g., space telescopes and satellite dishes.

[0068] To characterize the through-the-thickness thermoelastic dimensional
stability of the composite specimens, the Coefficient of Thermal Expansion (CTE) of the
2-D baseline composites and 3-D nanocomposites are measured and compared. The
through-the-thickness measurements are made with a Michelson lascr interferometer
measurement system based on ASTM Standard E289-04, “Standard Test Method for
Linear thermal Expansion of Rigid Solids with Interferometry” and performed under
vacuum. Test specimens are heated to approximately 150°C and held at temperature until
their dimensions stabilize. Measurements of the specimen dimensions are taken as the
specimen temperature is cycled between the temperatures of approximately 150°C to 0°C
for at least 1 full temperature cycle. Further, the specimen thickness change and
temperature are continuously recorded during the tests. The average of three CTE

measurements in each composite material is presented in Table 4 below.

Table 4 - Thermal Expansion Coefficient of 2-D baseline composites and 3-D
nanocomposites.

Average CTE over 0° to
Example Material Type % Change From Baseline
150°C (p.p.m/°C)
2-D Baseline N/A
7C 1239404
composite
8 3-1D Nanocomposite 47.3+£0.3 -62%

[0069] Examples 13-14 illustrate the improved dimensional stability provided

to the composite by the through-thickness nanotube reinforcement. The average CTE is
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reduced by approximately 62%, from about 123.9 p.p.m/°C in the 2-D baseline composite,
to about 47.3 p.p.m/°C in the 3-D nanocomposite. These results indicate that having
nanotubes in the through-the-thickness direction significantly reduces the degree to which
the 3-D composite dimensions change with variations in temperature over the 2-D

baseline composite.

Examples 15-16 - Electrical Conductivity

[0070] Examples 15-16 illustrate the effect of CNTs on the through-thickness
electrical conductivity of 2-D baseline composites and 3-D nanocomposites. Electrical
conductivity, o, is a measure of a material’s ability to conduct electrical current. For a
body of length L, cross-sectional area A, and resistance R, the electrical conductivity is

calculated from Equation 7:
L
c=— (7
A )

10071] A two probe measuring method, where Lhe resistance of an electrical
conductivity test specimen 1000 is measured at a number of predetermined locations of
the specimen, Figure 10, to determine its electrical conductivity. Tests are performed by
polishing the upper and lower surfaces of the test specimen 1000 and depositing gold
layers 1002 on the predetermined locations to form an electrical contact, as illusirated in

Figure 10. The average of three tests for cach composite arc reported in Table 5 below.

Table 5 - Through-thickness electrical conductivity of 2-D baseline composite and
the 3-D nanocomposite.

Conductivity
(S/em)
7C 2-D Baseline composite |  0.075E-6

Example Material Type

8 3-D Nanocomposite 0.408

[0072] As shown in Table 5, the average electrical conductivity of the 3-D
nanocomposites is significantly higher than that of the 2-D composite. In particular, the
electrical conductivity of the 3-D nanocomposite was approximately 0.408 S/cm, while
that of the 2-D baseline composite was approximately 0.075e-6 S/cm, an increase of over

million-fold. In other words, the 2-D baseline composite is substantially non-conducting
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through the thickness but the 3-D nanocomposite is substantially conducting. These
results demonstrate the significant, beneficial influence that the CNTs may exert on the
through-thickness conductivity in the 3-D nanocomposites.

[0073] The relatively high electrical conductivity of the 3-D nanocomposite in
the through-thickness direction further expands the capability of the nanocomposite. In
one embodiment, the 3-D nanocomposite may be configured to act as a sensor which
monitors the development of cracks and crack growth in the 3-D nanocomposites,
providing a relative measurc of the “health” of the nanocomposite. In embodiments of 3-
D nanocomposites with health monitoring capability, electrical connections are attached
along a notched composite, such as the DCB and ENF specimens described above with
respect to Figure 5. Specimens are loaded and the resulting crack growth measured using
any combination of optical, mechanical, and crack gauge techniques as generally
understood in the art for the DCB and ENF loadings. Concurrent, continuous
measurement of the electrical conductivity thus provides electrical conductivity as a
function of crack growth and delamination. With this calibration, the electrical
conductivity of 3-D nanocomposites deployed in the field may be measured to determine
the extent of any cracking within the compositc.

[0074] Advantageously, this health monitoring capability significantly
improves the safety of using the 3-D nanocomposites. Monitoring the extent of cracking
by electrical conductivity is non-destructive, allowing technicians to establish the extent
of cracking without damaging or destroying the composite. Further, monitoring cracks in
this manner is superior to optical observations, as it may detcct sub-surface cracking as
well as fine cracks which are not apparent through the naked eye or light microscopy.
Furthermore, 3-D nanocomposite materials may be deployed in-service with the health
monitoring configured to provide real-time measurements of the extent of cracking,

allowing technicians to rcplace damaged 3-D nanocomposites while within safety

tolerances.

Example 17: Modeling

[0075] Example 17 illustrates analytical and finite element modeling of the
thermomechanical behavior of individual CNTs. The analytical and computational
methods discussed in detail below may substantiate the results from the experiments of

the nanocomposite specimens discussed in the examples above.
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10076] The mechanical and thermoelastic behavior of carbon nanotubes are
examined as a function of chirality angles, as illustrated in Figures 11A-B. Asymptotic
Homogenization Method (AHM) is utilized for analytical study and finite element
analysis (FEA) is utilized as a numerical approach. The thermomechanical behavior of
individual CNTs are examined. A periodicity cell of the graphene sheet forming SWNT
is considered, as illustrated in Figure 11A.

[0077] Using AHM, a simple working formulae for substantially the entire
elastic and thermoelastic effective properties of a single-walled nanotube is derived
(Kalamkarov, “Mechanical Properties Modeling of Carbon Single-Walled Nanotubes
Filled with Matrix,” J. of Comp. Mater, accepted for publication, (2005, in press). Based
on these results, it is inferred that the Young’s modulus of a single-walled nanotube
substantially increases with decreasing tube radius and increasing effective wall thickness

of the tube, as illustrated in Equation 8 below:

SE
Egwnr = {J—; (lb) 8

where §, /, and E represent the diameter, length, and Young’s modulus of C-C links,
respectively, forming the periodicity cell (Figure 11A). The results of these analytical
modeling are compared with those obtainéd from finite element modeling and excellent
agreement is achieved (Ghasemi-Nejhad and Askari, “Mechanical Properties Modeling of
Carbon Single-Walled Nanotubes: A Finite Element Method”, J. Comput. and Theor.
Nanosci. 2,298-318 (2005).

[0078] The chirality dependence of the thermomechanical performance of
CNTs using both AHM and FEA has also been examined, as discussed in Veedu et al.,
“Chirality Dependence of Carbon Single-Walled Nanotube Material properties: Axial
Young’s Modulus,” J. Nanosci. & Nanotech. (accepted for publication, 2005) and Askari
et al, “Chirality Dependence of Carbon Single-Walled Nanotube Material properties:
Axial Coefficient of Thermal Expansion,” J. Nanosci. & Nanotech. (accepted for
publication, 2005). The results of this investigation are illustrated in Figure 11B. Based
on these results, it is determined that AHM predicts substantially no chirality dependence
in the axial Young’s modulus of a carbon SWNT. This result which may be attributed to
the volume averaging and homogenization technique that has been performed in this
method, however, the model very well succeeds in developing the structural parametcrs

dependencies of the modulus. Finite element analyses of the carbon networks with
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different structures, such as zigzag, armchair, and chiral structures, predict a slight
dependency of the axial Young’s modulus of SWNT on its chirality angle (Figure 11B).
The finite element analysis further predicts that the zigzag SWNT has the highest axial
modulus and the armchair nanotube has the lowest modulus. The chiral SWNTs lie in
between these two limits, with a trend of decrease in modulus with increasing chirality
from zigzag to armchair configurations.

{0079] Advantageously, these results allow prediction of the effective
properties of 3-D nanocomposites. Furthermore, the effects of adhesion strength of the

CNT-fiber interface on the properties of the 3-D nanocomposites may be predicted.

Examples 18-19 — SiC coated fiber cloths

[0080] Examples 18 and 19 investigate the effects of SiC coatings on non-SiC
fiber cloths used as substrates for CVD CNT growth. Growth of CNTs on both uncoated
glass fiber cloths and coated carbon fiber cloths are performed and examined to assess the
influence of the SiC coating on the growth.

[0081] The SiC coatings are provided through use of a pre-ceramic polymer.
Pre-ceramic polymers can be comprised of an organo-metallic polymer which, after a
pyrolysis step, is transformed into ceramic materials. For cxample, the KiON
CERASET® family of pre-ceramic polymers are liquid compositions which may provide
SiC, SiN, and silicon carboxide, depending on gas environment and the parameters
employed during pyrolysis. In the following examples, carbon fiber cloths are coated
with a layer of KiON CERASET®™ and pyrolyzed in an inert nitrogen environment to
provide a coating of SiC over approximately the surface of the carbon fiber cloths. In one
embodiment, the diameter of the filaments within the fiber cloth is approximately 16
microns, and the thickness of the SiC coating is on the order of the fiber diamcter, within
the range of approximately 10 to 20 microns.

10082] The SiC coating is provided on carbon fiber cloths in the following
manner. In a first step, the polymer composition is applied to the fiber cloths. A pre-
ceramic polymer composition is prepared by mixing KiON CERASET® with
approximately 2 wt % dicumyl peroxide, a free radical initiator, on the basis of the total
weight of the composition. The carbon fiber cloths, meanwhile, are laid upon a tooling
surface, such as an aluminum plate. Following preparation of the composition, the

composition is applied to the fiber cloths by brushing, which provides control over the
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uniformity, wetting, and thickness of the coating on the woven fiber cloths. However, it
may be understood that alternative coating methods known in the art, including but not
limited to spraying and dipping, may also utilized to coat the fiber cloths with the pre-
ceramic composition in alternative embodiments.

[0083] In a second step, the pre-ceramic polymer is converted to a ceramic
through curing and pyrolysis operations. As described below, the ceramic formed
comprises SiC, although it may be understood that the pre-ceramic polymer may be
pyrolyzed Lo yield other ceramics by modifying the procedure discussed below as
understood by those of skill in the art. The tooling surface containing the treated carbon
fiber cloths is placed within a mechanical convection oven and subjected to a curing
operation according to the manufacturer’s cure cycle. One embodiment of such a curing
operation 1is illustrated in Figure 12A, which is performed under approximately
atmospheric pressure. In a first stage of the cure, the treated cloths are heated from
approximately room temperature (22°C) to a target temperature of approximately 200°C.
Heating is performed over the period of about one hour at a constant heating rate of
approximately 2.9°C/min at approximately atmospheric pressure. . Upon reaching the
approximately 200°C target temperature, this temperature is maintained for approximately
one hour. Following the heat treatment at the target temperature, the fiber cloths are
cooled from approximately 200°C to approximately 75°C at a rate of about 2.1°C for
approximately one hour. Subsequently, the oven is tumed off to allow the fiber cloth to
cool down to approximately room temperature by natural convection. This cure
substantially converts the pre-ceramic polymer composition to a solid, cross-linked
polymer through a vinyl cross-linking mechanism.

10083] Following the curing process, the carbon fiber cloths are pyrolyzed to
convert the cross-linked polymer into SiC. The carbon fiber cloths are removed from the
convection oven and placed within a tube furnace containing a nitrogen environment in
which the nitrogen flows at a rate of approximately 150 CC/min. The pyrolysis heat
treatment is illustrated in Figure 12B. The fiber cloth samples are heated from
approximately room temperature to about 100°C at a heating rate of approximately 2°C
/min, maintained at about 100°C for approximately 2 hours, heated from about 100°C to
about 700°C at a rate of approximately 10°C /min, maintained at about 700°C for
approximately one hour, heated from approximately 700°C to approximately 1000°C at a
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rate of about 5°C/min, maintained at about 1000°C for approximately one hour. The
furnace is then allowed to cool down from about 1000°C to approximately 250°C at a rate
of approximately 3°C/min under the nitrogen gas flow. The fiber cloths are then cooled
down to room temperature by natural convection and removed from the tube furnace.
Following this procedure, the carbon fiber cloths possess a layer of SiC on their surface
having a thickness in the range of approximately 10-20 um.

[0084] Growth of CNTs by the CVD methods discussed above is performed
on both uncoated glass-fiber and carbon fiber cloths as well as coated carbon fiber cloths
to evaluate the influence of the SiC coating (Figures 13A-D and Figures 14A-B). The
fiber cloths are placed in a two-stage tubular quartz reactor having an inner diameter of
approximately 50 mm. A precursor solution comprising approximately 1 gram of
Ferrocene (98%, Sigma Aldrich) dissolved in approximately 100 ml of Xylene (Fisher
Scientific) is fed continuously into the two-stage tubular quartz reactor using a syringe
pump. The liquid feed is passed through a capillary tube and preheated to approximately
180°C prior to its entry into the quartz furnace. At this temperature, the precursor solution
exiting the capillary is immediately vaporized and swept into the reaction zone of the
furnace by a tlow of argon gas mixed with approximately 10% hydrogen. The furnace
temperature, ferrocene-xylene feed rate, total reaction time, and argon sweep gas flow rate
were adjusted to about 770°C, about 0.125 CC/min, approximately 1 hour, and
approximately 60 CC/min, respectively, for growing the aligned MWCNTSs on the fibers
and their cloth. After the approximately 1 hour reaction time, the pre-heater and the
furnace are allowed to cool to room temperature in flowing argon gas environment.

[0085] Figures 13A-B illustrate scanning electron micrographs of the glass
fiber cloths after being subjected to the CVD CNT growth process discussed above, while
Figures 13C-D illustrate the same for carbon fiber cloths. Examining the fiber cloths at
both low magnification (Figure 13A, C) and higher magnification (Figures 13B, D), the
bare fiber cloth is present, with substantially no nanotube growth observed. In
contrast, the coated carbon fibers demonstrate significant CNT growth, as illustrated in
the top down micrograph of Figure 14A. Similar to the CNTs grown upon SiC fibers, the
CNTs grown on the SiC coated carbon fibers exhibit nanotubes which substantially cover
the surface of the fiber cloth, approximately uniformly, giving the fiber cloth a coarsc
appearance. As further illustrated in the higher magnification top-down view of Figure
14B, the CNTs are similarly aligned approximately perpendicular to the plane of the 2-D
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woven fabric. These results indicate that SiC coated non-SiC fiber cloths may be used in
place of SiC fiber cloths in 3-D nanocomposites, as discussed above.

[0085] Further details regarding the embodiments provided herein are
described in Veedu et al., “Multifunctional composites using reinforced laminae with
carbon-nanotube forests,” Nature Materials, Vol. 5, Tune 2006, the entirety of which is
hereby incorporated by reference.

[0086] Although the foregoing description has shown, described, and pointed
out the fundamental novel features of the present teachings, it will be understood that
various omissions, substitutions, and changes in the form of the detail of the apparatus as
illustrated, as well as the uses thereof, may be made by those skilled in the art, without
departing from the scope of the present teachings. Consequently, the scope of the present
teachings should not be limited to the foregoing discussion, but should be defined by the

appended claims.
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CLAIMS

1. A three-dimensionally reinforced composite laminate, comprising:

a matrix material;

a reinforcement positioned substantially within the matrix comprising a 2-D
woven fibre cloth and carbon nanotubes which are connected to the woven fibre, the
carbon nanotubes extending outward perpendicular from a surface defined by the woven
cloth,

wherein the 2-D fibre cloth comprises SiC, C, or glass-fibre cloths.

2. The composite laminate of claim 1, wherein the matrix comprises a high
temperature epoxy based on diglycidyl ether of bisphenol A and alkylglycidyl ether, a
ceramic based on a pre-ceramic polymer, or polyester.

3. The composite laminate of claim 1, further comprising nanoparticles or
carbon nanotubes dispersed within the matrix.

4.  The composite laminate of claim 1, wherein the 2-D fibre cloth has a plain-
weave geometry.

5. The composite laminate of claim 1, wherein the 2-D fibre cloth comprises C
or glass-fibre cloths, and further comprise a layer of SiC upon at least the surface of the
cloth.

6.  The composite laminate of claim 1, wherein carbon nanotubes of adjacent
lamina are substantially mechanically interlocked.

7. The composite laminate of claim 1, wherein the carbon nanotubes provide
improvements in at least one of interlaminar fracture toughness, hardness, mechanical
damping, thermal conductivity, and electrical conductivity over comparable two
dimensionally reinforced composites.

8.  The composite laminate of claim 1, wherein the carbon nanotubes are
multiple walled carbon nanotubes.

9. A fabric reinforcement, comprising:

a woven fibre cloth, wherein the woven fibre cloth comprises SiC at least at a
surface of the cloth; and

carbon nanotubes connected to the woven fibre cloth, wherein the carbon
nanotubes extend generally perpendicular to a surface defined by the woven fibre cloth.

10. The fabric reinforcement of claim 9, further comprising a plurality of woven
fibre cloths with carbon nanotubes connected to the woven fibre cloths, wherein the

nanotubes extend generally perpendicular to surfaces defined by the woven fibre cloths,

AH21(6322056_1).JJP
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the nanotubes from adjacent fibre cloths being mechanically interlocked with each
other.
11. The fabric reinforcement of claim 9, wherein the woven fibre cloth

comprises SiC fibres.

29 May 2012

5 12. The fabric reinforcement of claim 9, wherein the woven fibre cloth
comprises carbon or glass coated with SiC.
13. A method of fabricating a three-dimensionally reinforced composite
laminate, comprising:
providing a two-dimensional woven fibre cloth that comprises SiC, C, or glass-

10 fibre cloth;

2006350255

growing carbon nanotubes on a surface of the woven fibre cloth so as to form a
three-dimensional fibre preform, the carbon nanotubes extending generally
perpendicular from a surface of the woven fibre cloth;

substantially infiltrating the three-dimensional fibre preform with a matrix

15 material to form a three-dimensional composite lamina;

assembling a plurality of three-dimensional composite laminae such that the

nanotubes are substantially positioned between the laminae; and
curing the assembled laminae.
14. The method of claim 13, wherein the carbon nanotubes are grown by
20 chemical vapour deposition of a nanotube precursor solution on the surface of the
woven fibre cloth.
15. The method of claim 14, wherein the precursor solution comprises a
solution of at least ferrocene and xylene.

16. The method of claim 13, wherein carbon nanotubes are grown on both sides

25 of the woven fibre cloth.
17. The method of claim 13, wherein the carbon nanotubes of adjacent laminae
are substantially mechanically interlocked.

18. The method of claim 13, wherein the matrix comprises a high temperature

epoxy based on diglycidyl ether of bisphenol A and alkylglycidyl ether, a ceramic based
30 on a pre-ceramic polymer, or polyester.
19. The method of claim 13, where the laminae are assembled by a hand lay-up

or resin transfer molding.

AH21(6322056_1):1JP
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20. A three-dimensionally reinforced composite laminate when prepared

according to the method of any one of claims 13 to 19.

Dated 29 May, 2012
University of Hawaii
-and-
Rensselaer Polytechnic Institute
Patent Attorneys for the Applicants/Nominated Persons
SPRUSON & FERGUSON

AH21(6322056_1).1JP




WO 2008/054409 PCT/US2006/045418

1/16

700

O }//ﬂ
e
/—\104

L TTT

I

O]O]0]0—

SUBSTITUTE SHEET (RULE 26)

77 7



PCT/US2006/045418

WO 2008/054409

N )7

902
¢ deyg

T T

G 5

V78]

SUBSTITUTE SHEET (RULE 26)



WO 2008/054409

Jo4

S04

306

PCT/US2006/045418

3/16

770

7G5 B

J70

775 7

775 27

SUBSTITUTE SHEET (RULE 26)



WO 2008/054409

PCT/US2006/045418

400
-

B
e
,‘\Q 5N
3

770

|
N

SUBSTITUTE SHEET (RULE 26)

Vo4



WO 2008/054409

PCT/US2006/045418

5/16

Vo84

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/045418

WO 2008/054409

6/16

0l

Y s

a8 rF /8%

(ww) uoyds|jaq ww ‘uoyos|jaQg
S 0 ol S 0

] 0 L l 0

d - —
ayisodwon Q5 —K— ajisodwo) 04d|aA-OUDN (—¢ —¥K—
Q —
ayisodwony ssog —W— ajisodwo) ssog —@— /
— GC m _
a (o]
o Q
— ‘Dl
=
|Om =z
z/4
k| , 443
5L

SUBSTITUTE SHEET (RULE 26)



WO 2008/054409 PCT/US2006/045418

7/16
, ¥ s
oy
L ;_J\) 7 . -
. -
ET] e a
Vo Via o
o e o o
s _ - m:?%d
E‘ N _r"‘ﬁ,w )
8 R
- © ,./. =~

602
f
Vo

l

706
‘:C*
2m

T
|
I"]
Q [ = T
\ ~
™~ N—
Jl‘
| ; Q
} %\
v \
f &
e b
' =P E'L,
NP N
§/—-—V 1:.‘, E[I
| e
gl

3

SUBSTITUTE SHEET (RULE 26)

Vot



PCT/US2006/045418

WO 2008/054409

8/16

. 0d

)

G LS

(wu) 8oppins o4u) juswaedn|dsiqg

Sl 0l S 0

T ) T 0
-apsodwony g ——
ayisodwo) aspg —@— T 1°
- ‘|| T
. o
—¢0a
3
o
A
E
1¢08,
- —v'0
g0

0¢

27 s

(wu) ouot:w ojul juawedp|dsig

Gl 0l S

| | ]

apisodwon s —l—

ajisodwoy aspg —@—

SUBSTITUTE SHEET (RULE 26)

(Pd9) sninpon



PCT/US2006/045418

WO 2008/054409

9/16

TP S

(zH) Aousnbauy

s /

v LO°O

“

(v) epnyiidwy

P s

J9ZA|puy
|oubig
JJWDUAQ

f

7784

JajjoJjuod sl

2P o0t

o8

usawioadg

Josuas
juawaop|dsip
Jaso7

)

908

oos

SUBSTITUTE SHEET (RULE 26)



WO 2008/054409 PCT/US2006/045418

10/16
o
— 0
o 2
2
Q.
£
. Q
(@) ~~
o O
oro L
() o0 -
7 2| B §
e o B
82 & O
2 of 8 § ‘Q
[~} | —
m N
| | | ' ©
Y] ~t (e} o
o o o
(M'w/M) Anayanpuo)d |puisay)
I
i < i
= = \
o \ o %\
< « Q

Q
N

SUBSTITUTE SHEET (RULE 26)

Voo



WO 2008/054409 PCT/US2006/045418

11/16

1002

75 70

SUBSTITUTE SHEET (RULE 26)



PCT/US2006/045418

WO 2008/054409

12/16

G L5

(ea4baQ) xiomjau ayy jo Ayoayd

06 SL 09 Sy 0¢ - Gl 0
L 1 L i 1 ] O
poyjapN uonpziusbowoy ojjojdwAsy —w— -0
POYjeN juaws|y apul{—e—
- ¥°0
- 9°0
- 80

(od1)''3 ssaupus |oIxy

ZI7 D05

0

SUBSTITUTE SHEET (RULE 26)



WO 2008/054409

PCT/US2006/045418
13/16
_ O
L N
~~
-
L
St
—~ o0 o
E
}—
- <
[ ¥ 1 I o
o Q (] [ o
o o o o
o~ (o] [Te) [ag]
(2.) sanjpisadwa]
- <
- M
|
< \\
S’
= N ®
E \
] %X
(@]

T
o
wn

250 q
200 A
150 4
100

(9.) @4njosadwa)

SUBSTITUTE SHEET (RULE 26)

75 7B



WO 2008/054409

PCT/US2006/045418

14/16
4,\\1‘.? . E
\:_. \\., :3

7T 1B

' A \
) o
!
T < i
h &
|
7 “'\
Ny \
N
. ‘ ' \
\) N
X
w “
v
g

SUBSTITUTE SHEET (RULE 26)



WO 2008/054409

PCT/US2006/045418

15/16
¢ 4
t o 2l
. W‘:;\‘ %\}
o - .
W 5 |

e

eg}é:
775 73D

g
U
)

ci}
gt
"
?
4 S
N
- k]
& ‘ . ':“‘
XA

Vo i

SUBSTITUTE SHEET (RULE 26)



WO 2008/054409 PCT/US2006/045418

16/16

P
V(A

¢
[
C 3
/ "IZJ((! o

o7
3 - . .
- s g
- - ])

75 47

? i
' < L ‘
17 SEEN TR
o‘,, " = ™
Lo ly 07 ’
f’)r‘ ,//Vﬂ y/ . ~

SUBSTITUTE SHEET (RULE 26)



	BIBLIOGRAPHY
	DESCRIPTION
	CLAIMS
	DRAWINGS

