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CARBON NANOTUBE-INFUSED FIBER MATERIALS CONTAINING PARALLEL-

ALIGNED CARBON NANOTUBES, METHODS FOR PRODUCTION THEREOF,

AND COMPOSITE MATERIALS DERIVED THEREFROM

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority under 35 U.S.C. § 1 9 from

United States Provisional Patent Application serial number 61/300,783, filed February 2,

2010, which is incorporated herein by reference in its entirety. This application is also

related to United States Patent Application serial numbers 12/61 1,073, 12/61 1,101 and

12/61 1,103, all filed on November 2, 2009, and 12/938,328, filed on November 2, 2010,

each of which is incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR

DEVELOPMENT

[0002] Not applicable.

FIELD OF THE INVENTION

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

particularly, to carbon nanotubes grown on fiber materials.

BACKGROUND

[0004] The increased use of composite materials in various high performance

applications has raised the demand for materials having improved performance

characteristics. Improved performance characteristics can include mechanical properties

such as, for example, improved tensile strength, stress/strain performance, impact

resistance, Young's Modulus, shear strength, shear modulus, toughness, compression

strength, and/or compression modulus. To enhance these properties and others,

composite materials contain a filler, typically a fiber material, that conveys its

characteristics to the bulk composite matrix (e.g., a polymer matrix, a metal matrix, a



ceramic matrix, or a glass matrix), thereby imparting enhanced properties to the

composite material as a whole.

[0005] The fiber material of a fiber-containing composite material can be

particularly critical for imparting enhanced properties to the composite material. Since

the properties of the fiber material are imparted to the composite material as a whole,

enhancement of the mechanical properties of the fiber material can result in improved

properties of the bulk composite material. Conventional microscale fiber materials

typically exhibit tensile strengths ranging from about 800 ksi to about 900 ksi. A number

of enhanced fiber materials have improved upon these values, but many of these

enhanced fiber materials are not amenable to large scale production due to their inability

to produce defect-free continuous fibers. Further, many of these enhanced fiber materials

are quite costly.

[0006] Nanoscale reinforcement of composite materials is another strategy that

has been pursued to improve the mechanical properties of composite materials.

Nanoscale reinforcement has most often been performed with carbon nanotubes, which

have exceptionally high tensile strengths. Multi-wall carbon nanotubes, for example,

have the highest tensile strength of any material yet measured, with a tensile strength of

approximately 63 GPa having been achieved. Moreover, theoretical calculations have

predicted a possible tensile strength of up to about 300 GPa for certain carbon nanotubes.

Composite material reinforcement strategies utilizing carbon nanotubes have typically

involved the dispersion of carbon nanotubes in the composite matrix as a separate and

distinct component from the fiber material. Most of these composite materials have

attempted to align the carbon nanotubes in a substantially parallel arrangement relative to

one another. In spite of the promise offered by carbon nanotubes as a nanoscale

reinforcement material, complex issues can be encountered when incorporating carbon

nanotubes in a composite matrix. These issues can include, for example, increased

matrix viscosity upon carbon nanotube loading and uncertain carbon nanotube orientation

and gradient control.

[0007] In view of the foregoing, a scalable, high quality, and cost effective

strategy for preparing enhanced fiber materials would be of substantial benefit in the art.



In a non-limiting example, such enhanced fiber materials can be used in the preparation

of high performance composite materials. The present disclosure satisfies these needs

and provides related advantages as well.

SUMMARY

[0008] In some embodiments, the present disclosure describes carbon nanotube-

infused fiber materials containing a fiber material and a layer of carbon nanotubes

infused to the fiber material. The infused carbon nanotubes are aligned substantially

parallel to the longitudinal axis of the fiber material. At least a portion of the

substantially parallel-aligned, infused carbon nanotubes are crosslinked to each other, to

the fiber material, or to both.

[0009] In some embodiments, the present disclosure describes composite

materials containing a matrix material and a carbon nanotube-infused fiber material that

contains a fiber material and a layer of carbon nanotubes infused to the fiber material.

The infused carbon nanotubes are aligned substantially parallel to the longitudinal axis of

the fiber material. At least a portion of the substantially parallel-aligned, infused carbon

nanotubes are crosslinked to each other, to the fiber material, or to both.

[0010] In some embodiments, methods of the present disclosure include providing

a carbon nanotube-infused fiber material that contains a fiber material and carbon

nanotubes infused to the fiber material that are aligned substantially perpendicular to the

surface of the fiber material, and reorienting the substantially perpendicular-aligned,

infused carbon nanotubes so as to form a layer of infused carbon nanotubes that are

aligned substantially parallel to the longitudinal axis of the fiber material.

[0011] In some embodiments, methods of the present disclosure include providing

a continuous fiber material, and growing a layer of carbon nanotubes on the continuous

fiber material in the presence of an electric field or a magnetic field. The carbon

nanotubes are infused to the continuous fiber material so as to form a carbon nanotube-

infused fiber material. The electric field or the magnetic field is oriented such that the

infused carbon nanotubes are aligned substantially parallel to the longitudinal axis of the

fiber material.



[0012] In some embodiments, methods of the present disclosure include providing

a carbon nanotube-infused fiber material that contains a fiber material and carbon

nanotubes infused to the fiber material that are aligned substantially perpendicular to the

surface of the fiber material; adding a crosslinking polymer to the carbon nanotube-

infused fiber material to form crosslinked, substantially perpendicular-aligned, infused

carbon nanotubes; and reorienting the crosslinked, substantially perpendicular-aligned,

infused carbon nanotubes so as to form a layer of crosslinked, infused carbon nanotubes

that are aligned substantially parallel to the longitudinal axis of the fiber material. The

crosslinking polymer forms pi-stacking interactions with the crosslinked, substantially

perpendicular-aligned, infused carbon nanotubes.

[0013] In some embodiments, continuous carbon nanotube growth processes

described herein include providing a continuous fiber material; growing carbon

nanotubes on the continuous fiber material in a continuous carbon nanotube growth

process, where the carbon nanotubes are infused to the fiber material so as to form a

carbon nanotube-infused fiber material; crosslinking at least a portion of the infused

carbon nanotubes to each other, to the fiber material, or both; and orienting the

crosslinked, infused carbon nanotubes by a mechanical process or a chemical process so

as to form a layer of crosslinked, infused carbon nanotubes that are aligned substantially

parallel to the longitudinal axis of the continuous fiber material. Crosslinking involves

treating the infused carbon nanotubes with a crosslinking polymer that forms pi-stacking

interactions with the infused carbon nanotubes so as to form crosslinked, infused carbon

nanotubes.

[0014] The foregoing has outlined rather broadly the features of the present

disclosure in order that the detailed description that follows can be better understood.

Additional features and advantages of the disclosure will be described hereinafter, which

form the subject of the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] For a more complete understanding of the present disclosure, and the

advantages thereof, reference is now made to the following descriptions to be taken in



conjunction with the accompanying drawings describing a specific embodiments of the

disclosure, wherein:

[0016] FIGURE 1 shows an illustrative TEM image of carbon nanotubes that

have been infused to carbon fibers;

[0017] FIGURE 2 shows an illustrative SEM image of a carbon fiber that has

been infused with carbon nanotubes, where the carbon nanotubes are within + 20% of a

targeted length of 40 µη ;

[0018] FIGURE 3 shows an illustrative SEM image of a carbon fiber tow within a

fabric weave of carbon nanotube-infused carbon fibers;

[0019] FIGURE 4 shows an illustrative chemical process through which a carbon

nanotube-infused fiber material having substantially parallel-aligned, infused carbon

nanotubes can be prepared;

[0020] FIGURE 5 shows a schematic of an illustrative continuous system for

synthesizing carbon nanotube-infused fiber materials having substantially parallel-

aligned, infused carbon nanotubes; and

[0021] FIGURES 6A - 6D show a series of representative SEM images

illustrating substantially perpendicular-aligned carbon nanotubes, as grown, on the

surface of a fiber material (FIGURE 6A) and substantially parallel-aligned carbon

nanotubes on the surface of the fiber material following realignment of the substantially

perpendicular-aligned carbon nanotubes (FIGURES 6B - 6D).

DETAILED DESCRIPTION

[0022] The present disclosure is directed, in part, to carbon nanotube-infused fiber

materials containing substantially parallel-aligned, infused carbon nanotubes and

composite materials containing the same. The present disclosure is also directed, in part,

to methods for preparing carbon nanotube-infused fiber materials containing substantially

parallel-aligned, infused carbon nanotubes.



[0023] In composite materials containing a fiber material and a matrix material,

enhanced physical and/or chemical properties of the fiber material can be imparted to the

composite material as a whole. Composite materials containing fiber materials that have

been infused with carbon nanotubes are one way in which current technological barriers

can be overcome to form advanced materials having both improved mechanical strength

and additional potential benefits such as, for example, electrical conductivity and thermal

conductivity. The substantially parallel alignment of the carbon nanotubes in the present

carbon nanotube-infused fiber materials and composite materials derived therefrom

allows these properties to be further augmented. Applicants' theoretical studies have

indicated, for example, a greater than 2-fold tensile strength enhancement over that of

conventional fiber materials in the present carbon nanotube-infused fiber materials.

Further, substantially parallel carbon nanotube alignment in the present carbon nanotube-

infused fiber materials can allow for closer fiber spacing in a composite material, thereby

allowing further mechanical property improvements to be realized.

[0024] Carbon nanotube-infused fiber materials containing substantially parallel-

aligned carbon nanotubes are a versatile platform for introducing carbon nanotubes into a

matrix material in a substantially aligned state, thereby allowing a significant problem in

forming carbon nanotube-containing composite materials to be overcome. In addition, by

varying, the length and density of coverage of the carbon nanotubes on the fiber material,

for example, different properties can be selectively expressed in a composite material.

For example, shorter carbon nanotubes can be used to convey structural support to a

composite material. Longer carbon nanotubes, in addition to conveying structural

support, can be used to establish an electrically conductive or a thermally conductive

percolation pathway in a composite material that is normally poorly conductive or non-

conductive. In addition, non-uniform or gradient placement of the carbon nanotube-

infused fiber materials in a composite material can be used to selectively convey desired

properties to selected parts of a composite material.

[0025] Fiber materials that have been infused with carbon nanotubes, including

carbon fibers, ceramic fibers, metal fibers, glass fibers and organic fibers, are described in

Applicants' co-pending United States Patent applications 12/61 1,073, 12/61 1,101, and



12/61 1,103, all filed on November 2, 2009, and 12/938,328, filed on November 2, 2010,

each of which is incorporated herein by reference in its entirety. FIGURE 1 shows an

illustrative TEM image of carbon nanotubes that have been infused to carbon fibers.

FIGURE 2 shows an illustrative SEM image of a carbon fiber that has been infused with

carbon nanotubes, where the carbon nanotubes are within + 20% of a targeted length of

40 µ η . In the images of FIGURES 1 and 2, the carbon nanotubes are multi-wall carbon

nanotubes, although any type of carbon nanotube such as single-wall carbon nanotubes,

double-wall carbon nanotubes, and multi-wall carbon nanotubes having more than two

walls can be infused to a fiber material and used in the various embodiments described

herein.

[0026] As used herein, the term "fiber material" refers to any material that has a

fibrous component as a basic structural feature. The term encompasses continuous or

non-continuous fibers, filaments, yarns, rovings, tows, tapes, woven and non-woven

fabrics, plies, mats, and the like.

[0027] As used herein, the term "infused" refers to being bonded and "infusion"

refers to the process of bonding. As such, a carbon nanotube-infused fiber material refers

to a fiber material that has carbon nanotubes bonded thereto. Such bonding of carbon

nanotubes to a fiber material can involve mechanical attachment, covalent bonding, ionic

bonding, pi-pi interactions (pi-stacking interactions), and/or van der Waals force-

mediated physisorption. In some embodiments, the carbon nanotubes are directly bonded

to the fiber material. In other embodiments, the carbon nanotubes are indirectly bonded

to the fiber material via a barrier coating and/or a catalytic nanoparticle used to mediate

growth of the carbon nanotubes. The particular manner in which the carbon nanotubes

are infused to the fiber material can be referred to as the bonding motif.

[0028] As used herein, the terms "crosslinking" or "crosslinked" refer to a

chemical interaction or electronic association between a carbon nanotube and at least one

other material. Crosslinking can involve ionic bonding, covalent bonding and/or pi-

stacking interactions in various embodiments.



[0029] As used herein, the term "nanoparticle" refers to particles having a

diameter between about 0.1 nm and about 100 n in equivalent spherical diameter,

although nanoparticles need not necessarily be spherical in shape. As used herein, the

term "catalytic nanoparticle" refers to a nanoparticle that possesses catalytic activity for

mediating carbon nanotube growth.

[0030] As used herein, the term "transition metal" refers to any element or alloy

of elements in the d-block of the periodic table (Groups 3 through 12), and the term

"transition metal salt" refers to any transition metal compound such as, for example,

transition metal oxides, carbides, nitrides, and the like. Illustrative transition metals that

form catalytic nanoparticles suitable for synthesizing carbon nanotubes include, for

example, Ni, Fe, Co, Mo, Cu, Pt, Au, Ag, alloys thereof, salts thereof, and mixtures

thereof.

[0031] As used herein, the terms "sizing agent," or "sizing," collectively refer to

materials used in the manufacture of fiber materials as a coating to protect the integrity of

the fiber material, to provide enhanced interfacial interactions between the fiber material

and a matrix material, and/or to alter and/or to enhance certain physical properties of the

fiber material.

[0032] As used herein, the terms "spoolable lengths" or "spoolable dimensions"

equivalently refer to a fiber material that has at least one dimension that is not limited in

length, thereby allowing the fiber material to be stored on a spool or mandrel following

infusion with carbon nanotubes. A fiber material of "spoolable lengths" or "spoolable

dimensions" has at least one dimension that indicates the use of either batch or

continuous processing for carbon nanotube infusion to the fiber material. An illustrative

carbon fiber material of spoolable dimensions that is commercially available is AS4 12K

carbon fiber tow with a tex value of 800 ( 1 tex = 1 g/l,000m) or 620 yard/lb. (Grafil, Inc.,

Sacramento, CA). Commercial carbon fiber tow can be obtained in 5, 10, 20, 50, and 100

lb. spools, for example, although larger spools can require special order.

[0033] As used herein, the term "uniform in length" refers to a condition in which

carbon nanotubes have lengths with tolerances of plus or minus about 20% or less of the



total carbon nanotube length, for carbon nanotube lengths ranging from about 1 µηι to

about 500 µ ι . At very short carbon nanotube lengths (e.g., about 1 µ η to about 4 µ ι),

the tolerance can be plus or minus about 1 µη , that is, somewhat more than about 20% of

the total carbon nanotube length.

[0034] As used herein, the term "uniform in density distribution" refers to a

condition in which the carbon nanotube density on a fiber material has a tolerance of plus

or minus about 10% coverage over the fiber material surface area that is covered by

carbon nanotubes.

[0035] As used herein, the term "matrix material" refers to the continuous phase

in a composite material than can serve to organize carbon nanotube-infused fiber

materials into particular orientations, including random orientations, aligned orientations,

perpendicular orientations, parallel orientations, and combinations thereof. Illustrative

matrix materials include, for example, polymers, metals, glass and ceramics.

[0036] As used herein, the term "continuous process" refers to a multi-stage

process that operates in a substantially uninterrupted manner.

[0037] In some embodiments, the present disclosure describes carbon nanotube-

infused fiber materials containing a fiber material and a layer of carbon nanotubes

infused to the fiber material. The infused carbon nanotubes are aligned substantially

parallel to the longitudinal axis of the fiber material. At least a portion of the

substantially parallel-aligned, infused carbon nanotubes are crosslinked to each other, to

the fiber material, or to both.

[0038] In various embodiments, the substantially parallel-aligned, infused carbon

nanotubes are in an at least partially crosslinked state. In some embodiments, at least a

portion of the substantially parallel-aligned, infused carbon nanotubes are crosslinked to

other carbon nanotubes in the layer of substantially parallel-aligned, infused carbon

nanotubes. In other embodiments, at least a portion of the substantially parallel-aligned

infused, carbon nanotubes are crosslinked to the fiber material. In still other

embodiments, at least a portion of the substantially parallel-aligned, infused carbon



nanotubes are crosslinked to other carbon nanotubes in the layer of substantially parallel-

aligned, infused carbon nanotubes and to the fiber material.

[0039] Crosslinking of the substantially parallel-aligned, infused carbon

nanotubes can occur through a chemical or electronic interaction between the carbon

nanotubes and another material. That is, according to the present embodiments,

crosslinking can involve an energetically favorable electronic association between the

carbon nanotubes and another material, not just the formation of covalent bonds

therebetween. For example, in some embodiments, crosslinking can involve ionic

bonding between the substantially parallel-aligned, infused carbon nanotubes and another

material. In other embodiments, crosslinking can involve pi-stacking interactions

between the substantially parallel-aligned, infused carbon nanotubes and another

material. In still other embodiments, however, crosslinking can involve covalent bonding

between the substantially parallel-aligned, infused carbon nanotubes and another

material.

[0040] Crosslinking of the substantially parallel-aligned, infused carbon

nanotubes can occur at a single point on the carbon nanotubes in some embodiments. In

other embodiments, however, crosslinking to the carbon nanotubes can occur at multiple

points ( i .e., more than one) on the carbon nanotubes. One of ordinary skill in the art will

recognize that multiple points of interaction between the carbon nanotubes and another

material will result in energetically more favorable interactions and/or stronger covalent

bonding therebetween. Particularly, when there are multiple pi-stacking interactions

between a carbon nanottube and another material, the strength of the interaction

therebetween can approach or even exceed that of a covalent bond.

[0041] In some embodiments, a crosslinking polymer forms the pi-stacking

interactions with the substantially parallel-aligned, infused carbon nanotubes. In general,

crosslinking polymers operable for forming pi-stacking interactions with carbon

nanotubes are rigid rod aromatic polymers, which can interact with the aromatic rings of

the carbon nanotubes. Illustrative rigid rod aromatic polymers capable of forming pi-

stacking interactions with carbon nanotubes are described in United States Patents

7,241,496; 7,244,407; 7,296,576; and 7,344,691, each of which is incorporated herein by



reference in its entirety. In some embodiments, the crosslinking polymer is a

polypheny leneethynlene). An illustrative rigid rod aromatic polymer suitable for

practicing the present embodiments is KENTERA, which is available from Zyvex

Performance Materials (Columbus, Ohio).

[0042] In any of the various embodiments described herein, the fiber material

infused with carbon nanotubes can include, for example, glass fibers, carbon fibers, metal

fibers, ceramic fibers, and organic fibers (e.g., aramid fibers). More specific examples of

fiber materials can include, for example, silicon carbide (SiC) fibers, boron carbide (B4C)

fibers, silicon nitride (Si3N4) fibers, aluminum oxide (A120 3) fibers and various

combinations thereof.

[0043] There are three types of carbon fibers that can be categorized based on the

precursors used to generate the fibers, any of which can be used in the various

embodiments described herein: Rayon, Polyacrylonitrile (PAN) and Pitch. Carbon fibers

from rayon precursors, which are cellulosic materials, have a relatively low carbon

content of about 20%, and the fibers tend to have a low strength and stiffness. In

contrast, PAN precursors provide carbon fibers having a carbon content of about 55% and

an excellent tensile strength due to a minimum of surface defects. Pitch precursors based

on petroleum asphalt, coal tar, and polyvinyl chloride can also be used to produce carbon

fibers. Although pitches are relatively low in cost and high in carbon yield, there can be

issues of non-uniformity in a given batch of the resultant carbon fibers.

[0044] In various embodiments, the fiber material is of a continuous length. In

various embodiments, the fiber material has a diameter ranging between about 1 µ and

about 100 µηι . Continuous length fiber materials having diameters in this range are

readily available from a variety of commercial sources

[0045] In various embodiments, the carbon nanotube-infused fiber material can be

in any of a variety of forms, including those containing single filaments as well as those

containing a plurality of fibers. One of ordinary skill in the art will recognize that a

continuous length of fiber material can facilitate a continuous process for infusing carbon

nanotubes thereto, as will be discussed hereinafter. In various embodiments, the carbon



nanotube-infused fiber material can be in non-limiting forms such as, for example,

filaments, rovings, yarns, fiber tows, tapes, braids, woven fabrics, non-woven fabrics,

fiber plies and fiber mats. As a non-limiting example, FIGURE 3 shows an illustrative

SEM image of a carbon fiber tow within a fabric weave of carbon nanotube-infused

carbon fibers. Further, the various woven and non-woven forms of carbon nanotube-

infused fibers mentioned above can contain any mixture of these or other fiber types,

including those not containing carbon nanotubes, if desired.

[0046] In various embodiments, carbon nanotubes of uniform length and density

distribution can be infused to spoolable lengths of filaments, rovings, fiber tows, tapes,

fabrics and other three-dimensional woven structures. While various filaments, fiber

tows, yarns, mats, woven and non-woven fabrics and the like can be directly infused with

carbon nanotubes, it is also possible to generate such higher ordered structures from the

parent fiber tow, yarn or the like from carbon nanotube-infused fibers. For example, a

carbon nanotube-infused fiber material can be transformed into a woven fabric from a

carbon nanotube-infused fiber tow.

[0047] Filaments include high aspect ratio fibers having diameters generally

ranging in size between about 1 µπ and about 100 µ ι . Rovings include soft strands of

fiber that have been twisted, attenuated and freed of foreign matter.

[0048] Fiber tows are generally associated bundles of filaments, which can be

twisted together to give yarns in some embodiments. Yarns include closely associated

bundles of twisted filaments, wherein each filament diameter in the yarn is relatively

uniform. Yarns have varying weights described by their 'tex,' (expressed as weight in

grams per 1000 linear meters), or 'denier' (expressed as weight in pounds per 10,000

yards). For yarns, a typical tex range is usually between about 200 and about 2000.

[0049] Fiber braids represent rope-like structures of densely packed fibers. Such

rope-like structures can be assembled from yarns, for example. Braided structures can

include a hollow portion. Alternately, a braided structure can be assembled about another

core material.



[0050] Fiber tows can also include associated bundles of untwisted filaments. As

in yarns, the individual filament diameter in a fiber tow is generally uniform. Fiber tows

also have varying weights and a tex range that is usually between about 200 and 2000. In

addition, fiber tows are frequently characterized by the number of thousands of filaments

in the fiber tow, such as, for example, a 12K tow, a 24K tow, a 48K tow, and the like.

[0051] Tapes are fiber materials that can be assembled as weaves or as non-woven

flattened fiber tows, for example. Tapes can vary in width and are generally two-sided

structures similar to a ribbon. In the various embodiments described herein, carbon

nanotubes can be infused to the fiber material of a tape on one or both sides of the tape.

In addition, carbon nanotubes of different types, diameters or lengths can be grown on

each side of a tape, which can be advantageous in certain applications. As described in

Applicants' co-pending United States Patent Applications, infusion of carbon nanotubes

to spools of tape can be conducted in a continuous manner.

[0052] In some embodiments, fiber materials can be organized into fabric or

sheet-like structures. These include, for example, woven fabrics, non-woven fiber mats

and fiber plies, in addition to the tapes described above. Such higher ordered structures

can be assembled from parent fiber tows, yarns, filaments or the like, with carbon

nanotubes already infused on the fiber material. As with tapes, such higher order

structures can also be directly infused with carbon nanotubes according to the procedures

described herein.

[0053] As described in Applicants' co-pending patent applications, a fiber

material is modified to provide a layer (typically no more than a monolayer) of catalytic

nanoparticles on the fiber material for the purpose of growing carbon nanotubes thereon.

In various embodiments, the catalytic nanoparticles used for mediating carbon nanotube

growth are transition metals and various salts thereof. In some embodiments, the

catalytic nanoparticles can be deposited on the fiber material using techniques such as,

for example, dip coating, spray coating, plasma deposition, evaporation techniques,

electrolytic deposition techniques, and other processes known to those of ordinary skill in

the art.



[0054] Carbon nanotubes can be metallic, semimetallic or semiconducting

depending on their chirality. An established system of nomenclature for designating a

carbon nanotube's chirality is recognized by those of ordinary skill in the art and is

distinguished by a double index (n,m), where n and m are integers that describe the cut

and wrapping of hexagonal graphite when formed into a tubular structure. In addition to

chirality, a carbon nanotube's diameter also influences its electrical conductivity and the

related property of thermal conductivity. In the synthesis of carbon nanotubes, the

carbon nanotube's diameter can be controlled by using catalytic nanoparticles of a given

size. Typically, a carbon nanotube's diameter is approximately that of the catalytic

nanoparticle that catalyzes its formation. Therefore, the carbon nanotubes' properties can

be controlled in one respect by adjusting the size of the catalytic nanoparticles used to

synthesize the carbon nanotubes, for example. By way of non-limiting example, catalytic

nanoparticles having a diameter of about 1 ran can be used to infuse a fiber material with

single-wall carbon nanotubes. Larger catalytic nanoparticles can be used to prepare

predominantly multi-wall carbon nanotubes, which have larger diameters because of their

multiple nanotube layers, or mixtures of single-wall and multi-wall carbon nanotubes.

Multi-wall carbon nanotubes typically have a more complex conductivity profile than do

single-wall carbon nanotubes due to interwall reactions that can occur between the

individual nanotube layers and redistribute current non-uniformly. By contrast, there is

no change in current across different portions of a single-wall carbon nanotube.

[0055] The types of carbon nanotubes infused to the present fiber materials can

generally vary without limitation. In various embodiments, the carbon nanotubes infused

to the fiber material can be, for example, any of a number of cylindrically-shaped

allotropes of carbon of the fullerene family including single-wall carbon nanotubes,

double-wall carbon nanotubes, multi-wall carbon nanotubes, and any combination

thereof. In some embodiments, the carbon nanotubes can be capped with a fullerene-like

structure. Stated another way, the carbon nanotubes have closed ends in such

embodiments. However, in other embodiments, the carbon nanotubes remain open-

ended. In some embodiments, closed carbon nanotube ends can be opened through

treatment with an appropriate oxidizing agent (e.g., HN0 3 H S0 4) . In some

embodiments, the carbon nanotubes encapsulate other materials. In some embodiments,



the carbon nanotubes can be covalently functionalized after becoming infused to the fiber

material. Functionalization can be used, for example, to increase the compatibility of the

carbon nanotubes with a bulk composite matrix. In some embodiments, a plasma process

can be used to promote functionalization of the carbon nanotubes.

[0056] In some embodiments, the fiber materials further include a barrier coating.

Illustrative barrier coatings can include, for example, alkoxysilanes, methylsiloxanes,

alumoxanes, alumina nanoparticles, spin on glass and glass nanoparticles. For example,

in an embodiment the barrier coating is Accuglass T-ll Spin-On Glass (Honeywell

International Inc., Morristown, NJ). In some embodiments, the catalytic nanoparticles for

carbon nanotube synthesis can be combined with 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 catalytic

nanoparticles. In general, the barrier coating is sufficiently thin to allow exposure of the

catalytic nanoparticles to a carbon feedstock gas for carbon nanotube growth. In some

embodiments, the thickness of the barrier coating is less than or about equal to the

effective diameter of the catalytic nanoparticles. In some embodiments, the thickness of

the barrier coating is in a range between about 10 nm and about 100 nm. In other

embodiments, the thickness of the barrier coating is in a range between about 10 nm and

about 50 nm, including 40 nm. In some embodiments, the thickness of the barrier coating

is less than about 10 nm, including about 1 nm, about 2 nm, about 3 nm, about 4 nm,

about 5 nm, about 6 nm, about 7 nm, about 8 nm, about 9 nm, and about 10 nm, including

all values and subranges therebetween.

[0057] Without being bound by theory, the barrier coating can serve as an

intermediate layer between the fiber material and the carbon nanotubes and mechanically

infuses the carbon nanotubes to the fiber material. Such mechanical infusion via a barrier

coating provides a robust system for carbon nanotube growth in which the fiber material

serves as a platform for organizing the carbon nanotubes, while still allowing the

beneficial carbon nanotube properties to be conveyed to the fiber material. Moreover,

benefits of including a barrier coating include, for example, protection of the fiber



material from chemical damage due to moisture exposure and/or thermal damage at the

elevated temperatures used to promote carbon nanotube growth.

[0058] After deposition of the catalytic nanoparticles, a chemical vapor deposition

(CVD)-based process or other process for growing carbon nanotubes is used to

continuously grow infused carbon nanotubes on the fiber material. The resultant carbon

nanotube-infused fiber material is itself a composite architecture. Illustrative processes

for carbon nanotube synthesis include, for example, micro-cavity, thermal or plasma-

enhanced CVD techniques, laser ablation, arc discharge, flame synthesis and high

pressure carbon monoxide (HiPCO) synthesis, all of which are known to those of

ordinary skill in the art. In some embodiments, the CVD-based growth process can be

plasma-enhanced by providing an electric field during the growth process such that the

carbon nanotube growth follows the direction of the electric field.

[0059] In carbon nanotube-infused fiber materials prepared by the foregoing

processes, the infused carbon nanotubes are usually infused to the fiber material such that

they are substantially perpendicular to the surface of the fiber material, unless measures

are taken during synthesis to control the growth orientation. Applicants have discovered,

for example, that carbon nanotubes can be infused to the fiber material such that the

infused carbon nanotubes are substantially parallel to the longitudinal axis of the fiber

material by proper orientation of an electric field or a magnetic field during carbon

nanotube growth. That is, a layer of infused carbon nanotubes that are aligned

substantially parallel to the longitudinal axis of the fiber material can be directly obtained

from the carbon nanotube growth process. If substantially parallel-aligned carbon

nanotubes are not obtained from the carbon nanotube growth process, they can be

reoriented into a layer of substantially parallel-aligned, infused carbon nanotubes, as

described in further detail hereinafter.

[0060] In some embodiments, the present carbon nanotube-infused fiber materials

can further include additional carbon nanotubes that are grown on the layer of

substantially parallel-aligned, infused carbon nanotubes. Depending on the growth

conditions, the additional carbon nanotubes can be grown such that they are aligned

substantially perpendicular to the layer of substantially parallel-aligned, infused carbon



nanotubes or such that they are aligned substantially parallel to the layer of substantially

parallel-aligned, infused carbon nanotubes. That is, in some embodiments, the additional

carbon nanotubes are aligned substantially parallel to the to the longitudinal axis of the

fiber material. Like the layer of substantially parallel-aligned, infused carbon nanotubes

on the fiber material, any additional carbon nanotubes that are not initially in a

substantially parallel-aligned state can be reoriented according to the processes described

hereinafter.

[0061] Synthesis of the additional carbon nanotubes can take place by any of the

foregoing techniques described for growth of the infused carbon nanotubes. Further,

growth of the infused carbon nanotubes and the additional carbon nanotubes can take

place by the same or different carbon nanotube growth process. Generally, the additional

carbon nanotubes can also be any of the types of carbon nanotubes described above. That

is, the additional carbon nanotubes can be single-wall carbon nanotubes, double-wall

carbon nanotubes, or multi-wall carbon nanotubes, including open- and closed-ended

versions thereof and derivatives thereof. In some embodiments, the additional carbon

nanotubes and the infused carbon nanotubes are the same. However, in other

embodiments, the additional carbon nanotubes and the infused carbon nanotubes are

different. When the infused carbon nanotubes and the additional carbon nanotubes are

different, the differences can include different carbon nanotube types, different diameters,

different lengths, or different types of functionalization, for example.

[0062] As described hereinabove, infused carbon nanotubes are grown from

catalytic nanoparticles that are embedded in a barrier coating, and the infused carbon

nanotubes concurrently or subsequently become oriented to form a layer of substantially

parallel-aligned, infused carbon nanotubes. In the present embodiments, the additional

carbon nanotubes are grown from catalytic nanoparticles that are deposited directly on

the layer of substantially parallel-aligned, infused carbon nanotubes. That is, the

additional carbon nanotubes are not of themselves infused to the fiber material via the

barrier coating. In some embodiments, however, at least a portion of the additional

carbon nanotubes can be crosslinked to at least a portion of the substantially parallel-

aligned, infused carbon nanotubes. In some embodiments, at least a portion of the



additional carbon nanotubes can be crosslinked to each other or to both each other and

the substantially parallel-aligned, infused carbon nanotubes. Such crosslinking can result

in good adherence of the additional carbon nanotubes to the fiber material, such that they

are not easily removed therefrom. Crosslinking of the additional carbon nanotubes can

be accomplished by any of the techniques set forth hereinabove.

[0063] In some embodiments, the carbon nanotubes grown on the fiber material

can serve further purposes such as, for example, acting as a sizing agent to protect the

fiber material from moisture, oxidation, abrasion, compression and/or other

environmental condtions. Such a carbon nanotube-based sizing agent can be applied to a

fiber material in lieu of or in addition to conventional sizing agents. A carbon nanotube-

based sizing agent can also function as an interface between the carbon nanotube-infused

fiber material and the matrix material of a composite material.

[0064] When present, conventional sizing agents can be applied before or after

the infusion and growth of carbon nanotubes on the fiber material. Conventional 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 conventional sizing agents can be used to

protect the carbon nanotubes themselves from various conditions or to convey further

properties to the fiber material that are not imparted by the carbon nanotubes. In some

embodiments, a conventional sizing agent can be removed from the fiber material prior to

carbon nanotube growth. Optionally, a conventional sizing agent can be replaced with

another conventional sizing agent that is more compatible with the carbon nanotubes or

the carbon nanotube growth conditions.

[0065] After synthesis of the additional carbon nanotubes, the catalytic

nanoparticles can optionally be removed from the carbon nanotube-infused fiber material.

In some embodiments, the catalytic nanoparticles can be removed via an acid bath

treatment. In some embodiments, the infused carbon nanotubes and/or the additional

carbon nanotubes can be further purified (e.g., by liquid bromine treatment of the carbon

nanotube-infused fiber material).



[0066] In further embodiments, after the additional carbon nanotubes have

become substantially parallel-aligned to the longitudinal axis of the fiber material,

deposition of further catalytic nanoparticles can again be performed and still more carbon

nanotubes can be grown on the fiber material. Thus, the present carbon nanotube-infused

fiber materials can have any number of layers of carbon nanotubes grown thereon. In

some embodiments, the present carbon nanotube-infused fiber materials have a single

layer of substantially parallel-aligned, infused carbon nanotubes thereon. That it, in such

embodiments, the carbon nanotube-infused fiber materials contain a single layer of

substantially parallel-aligned, infused carbon nanotubes. In other embodiments, the

carbon nanotube-infused fiber materials can have a total number of layers, N, (one layer

of substantially parallel-aligned, infused carbon nanotubes and N-l layers of additional

carbon nanotubes grown on the layer of substantially parallel-aligned, infused carbon

nanotubes). In some embodiments, the total number of layers is between 1 and about 50.

In some embodiments, the total number of layers is between 1 and about 25. In other

embodiments, the total number of layers is between about 2 and about 10, or between

about 2 and about 5, or between about 5 and about 25, or between about 25 and about 50.

[0067] In general, the carbon nanotube-infused fiber materials described in

Applicants' co-pending patent applications have much higher carbon nanotube loading

percentages than can be produced by other methods. For example, such carbon nanotube-

infused fiber materials can contain about 1% to about 30% or even about 40% infused

carbon nanotubes by weight. By having the option for multiple carbon nanotube layers in

the present carbon nanotube-infused fiber materials, even higher weight percentages of

carbon nanotubes can be grown on the fiber material in the present embodiments. In

some embodiments, the present carbon nanotube-infused fiber materials can contain up to

about 2000% carbon nanotubes by weight relative to the original fiber material. In some

embodiments, the present carbon nanotube-infused fiber materials can contain about 1%

to about 2000% or about 1% to about 1000% or about 1% to about 500% or about 1% to

about 200% carbon nanotubes by weight relative to the original fiber material. In other

embodiments, the present carbon nanotube-infused fiber materials can contain about 5%

to about 50% or about 10% to about 40% carbon nanotubes by weight relative to the

original fiber material. The chosen carbon nanotube weight percentage can be dictated by



the given application in which the carbon nanotube-infused fiber material is to be

employed, and given the benefit of the present disclosure, one of ordinary skill in the art

can prepare a carbon nanotube-infused fiber material having a desired weight percentage

for a specific application.

[0068] In addition to the number of carbon nanotube layers, the weight percentage

of carbon nanotubes grown on the fiber material can also be determined by an average

length of the carbon nanotubes. Thus, for a given carbon nanotube weight percentage,

both the length of the carbon nanotubes and the number of carbon nanotube layers can be

varied to achieve a desired weight percentage. As set forth previously, the length of the

infused carbon nanotubes and the length of the additional carbon nanotubes can be

substantially the same or different in the various embodiments described herein. As

described immediately hereinafter, carbon nanotubes of different lengths can be used to

convey different properties to a fiber material. Thus, in embodiments where the infused

carbon nanotubes and the additional carbon nanotubes have substantially dissimilar

lengths, different properties can be selectively conveyed to the interior and exterior

regions of the present carbon nanotube-infused fiber materials.

[0069] In general, the carbon nanotube lengths in the present carbon nanotube-

infused fiber materials can vary over a wide range. Further, the lengths of the infused

carbon nanotubes and the additional carbon nanotubes can be varied independently. In

some embodiments, an average length of the carbon nanotubes is between about 1 µ

and about 10 µηι. Carbon nanotubes having such lengths can be useful, for example, in

applications to increase shear strength. In other embodiments, an average length of the

carbon nanotubes is between about 5 µη and about 70 µηι. Carbon nanotubes having

such lengths can be useful for increasing tensile strength, for example, particularly when

the carbon nanotubes are aligned substantially parallel to the longitudinal axis of the fiber

material as in the present embodiments. In still other embodiments, an average length of

the carbon nanotubes is between about 10 µ η and about 100 µ η. Carbon nanotubes

having such lengths can be useful, for example, to improve electrical and thermal

conductivity properties, in addition to mechanical properties. In some embodiments, an

average length of the carbon nanotubes is between about 100 µη and about 500 µ .



Carbon nanotubes having such lengths can be particularly useful to improve electrical and

thermal conductivity properties, for example. In addition, carbon nanotubes having

lengths greater than about 50 µ η can be particularly useful, for example, for conferring

flame resistance.

[0070] In some embodiments, the carbon nanotubes infused to the fiber material

are generally uniform in length. In some embodiments, an average length of the carbon

nanotubes is between about 1 µιη and about 500 µηι, including about 1 µηι, about 2 µ η ,

about 3 µηι, about 4 µ η , about 5 µ , about 6 µ η , about 7 µηι, about 8 µ η, about 9 µηι,

about 10 µιη, about 15 µηι, about 20 µηι, about 25 µηι, about 30 µπι, about 35 µηι, about

40 µηι, about 45 µη , about 50 µηι, about 60 µηι, about 70 µη , about 80 µιη, about 90

µηι, about 100 µηι, about 150 µ η, about 200 µιη, about 250 µ η, about 300 µηι, about

350 µηι, about 400 µ , about 450 µη , about 500 µηι, and all values and subranges

therebetween. In some embodiments, an average length of the carbon nanotubes is less

than about 1 µη , including about 0.5 µιη, for example, and all values and subranges

therebetween. In some embodiments, an average length of the carbon nanotubes is

between about 1 µ ι and about 10 µη , including, for example, about 1 µ η, about 2 µ η,

about 3 µη , about 4 µπ , about 5 µιη, about 6 µηι, about 7 µ η, about 8 µηι, about 9 µ η,

about 10 µηι, and all values and subranges therebetween. In still other embodiments, an

average length of the carbon nanotubes is greater than about 500 µ η, including, for

example, about 510 µηι, about 520 µηι, about 550 µηι, about 600 µιη, about 700 µ η, and

all values and subranges therebetween. In still other embodiments, an average length of

the carbon nanotubes ranges between about 5 µηι and about 50 µηι or between about 5

µηι and about 25 µηι.

[0071] In some embodiments, the carbon nanotubes infused to the fiber material

are generally uniform in density distribution, referring to the uniformity of the carbon

nanotube density that is infused to the fiber material. As defined above, the tolerance for

a uniform density distribution is plus or minus about 10% over the fiber material surface

area that is infused with carbon nanotubes. By way of non-limiting example, this

tolerance is equivalent to about ±1500 carbon nanotubes/ µηι2 for a carbon nanotube



having a diameter of 8 nm and 5 walls. Such a figure assumes that the space inside the

carbon nanotube is fillable. In some embodiments, the maximum carbon nanotube

density, expressed as a percent coverage of the fiber material (i.e., the percentage of the

fiber material surface area that is covered with carbon nanotubes) can be as high as about

55%, again assuming a carbon nanotube having an 8 nm diameter, 5 walls and fillable

space within. 55% surface area coverage is equivalent to about 15,000 carbon

nanotubes/ µ η for a carbon nanotube having the referenced dimensions. In some

embodiments, the density of coverage is up to about 15,000 carbon nanotubes/ µπϊ2. One

of ordinary skill in the art will recognize that a wide range of carbon nanotube density

distributions can be attained by varying the disposition of the catalytic nanoparticles on

the surface of the fiber material, the exposure time of the fiber material to carbon

nanotube growth conditions, and the actual growth conditions themselves used to infuse

the carbon nanotubes to the fiber material. In addition, the additional carbon nanotubes

grown on the layer of substantially parallel-aligned, infused carbon nanotubes can

likewise be substantially uniform in density distribution and also varied over a wide

range of density distributions. It should be noted that the above calculations are for a

carbon nanotube-infused fiber material containing only a layer of substantially parallel-

aligned, infused carbon nanotubes, but not additional carbon nanotubes grown thereon.

[0072] Applicants have developed a micromechanical model to calculate the

expected tensile strength enhancement in the present carbon nanotube-infused fiber

materials containing substantially parallel-aligned carbon nanotubes. For the model, a

fiber material containing a layer of substantially parallel-aligned, infused carbon

nanotubes and variable layers of additional substantially parallel-aligned carbon

nanotubes were considered. The model assumes ideal carbon nanotube alignment and

crosslinking with KENTERA in each layer, where the ENTERA produces optimized

adhesion between the carbon nanotubes and the fiber material such that the carbon

nanotubes strain at the same rate as the fiber material. That is, there is no slippage of the

carbon nanotubes on the fiber material.

[0073] According to Applicants' model, the system is assumed to fail when either

the carbon nanotubes or the fiber material fails. Since carbon nanotubes have a much



higher tensile strength than the fiber material, fiber failure is always observed first in the

model. For a carbon nanotube-infused fiber material having 13 layers of carbon

nanotubes ( 1 layer of substantially parallel-aligned, infused carbon nanotubes and 12

layers of additional carbon nanotubes), a calculated tensile strength of 1833 ksi was

determined, thus validating that over a 2-fold increase in tensile strength can be realized

over that of conventional fiber materials. In actuality, the carbon nanotube-infused fiber

material may be capable of withstanding fiber material failure if sufficient carbon

nanotube layers are deposited thereon. That is, the carbon nanotubes can effectively

provide mechanical support after failure of the fiber material due to their ability to bridge

mechanical defects. Therefore, the actual tensile strength enhancement may be much

higher than that calculated above.

[0074] In other various embodiments, the present disclosure provides methods for

preparing carbon nanotube-infused fiber materials and composite materials derived

therefrom.

[0075] In some embodiments, methods of the present disclosure include providing

a carbon nanotube-infused fiber material that contains a fiber material and carbon

nanotubes infused to the fiber material that are aligned substantially perpendicular to the

surface of the fiber material, and reorienting the substantially perpendicular-aligned,

infused carbon nanotubes so as to form a layer of infused carbon nanotubes that are

aligned substantially parallel to the longitudinal axis of the fiber material.

[0076] In some embodiments, the present methods further include crosslinking at

least a portion of the substantially perpendicular-aligned, infused carbon nanotubes to

each other, to the fiber material, or to both the fiber material and each other. As

previously described hereinabove, crosslinking can involve covalent bonding in some

embodiments and pi-stacking interactions in other embodiments. As also described

previously, a crosslinking polymer can form the pi-stacking interactions with the

substantially perpendicular-aligned, infused carbon nanotubes in some embodiments.

[0077] In some embodiments, the present methods further include depositing

catalytic nanoparticles on the layer of substantially parallel-aligned, infused carbon



nanotubes, growing additional carbon nanotubes on the layer of substantially parallel-

aligned, infused carbon nanotubes, and orienting the additional carbon nanotubes such

that they are aligned substantially parallel to the longitudinal axis of the fiber material. In

some embodiments, the methods further include crosslinking at least a portion of the

additional carbon nanotubes to at least a portion of the substantially parallel-aligned,

infused carbon nanotubes. Such crosslinking can also involve crosslinking at least a

portion of the additional carbon nanotubes to each other or to both the substantially

parallel-aligned, infused carbon nanotubes and to each other. As with the substantially

parallel-aligned, infused carbon nanotubes, crosslinking can involve covalent bonding or

pi-stacking interactions in various embodiments, and crosslinking can be facilitated by a

crosslinking polymer in some embodiments.

[0078] Once a carbon nanotube-infused fiber material containing substantially

perpendicular-aligned, infused carbon nanotubes has been prepared, realignment of the

infused carbon nanotubes to form a layer of substantially parallel-aligned, infused carbon

nanotubes can be conducted. Realignment of the substantially perpendicular-aligned,

infused carbon nanotubes into a substantially parallel orientation can take place by a

mechanical process or a chemical process, as discussed hereinafter. In alternative

embodiments, substantially parallel alignment can occur concurrently with carbon

nanotube synthesis. As referenced above, alignment of the carbon nanotubes into a

substantially parallel orientation can occur concurrently with carbon nanotube synthesis

by utilizing an appropriately oriented electric field or magnetic field during the carbon

nanotube growth process. Like the infused carbon nanotubes, additional carbon

nanotubes grown on the layer of substantially parallel-aligned, infused carbon nanotubes

can also be oriented or reoriented using any of the aforesaid techniques.

[0079] In forming carbon nanotubes, growth tends to follow the direction of the

applied electric field or magnetic field. Electromechanical means for aligning carbon

nanotubes in a substantially parallel manner include, for example, use of electric fields or

magnetic fields that are aligned substantially parallel to the fiber material during carbon

nanotube growth, such that the carbon nanotubes become aligned substantially parallel to

the longitudinal axis of the fiber material during the growth process. By properly



adjusting the geometry of the plasma spray or like carbon feedstock source and the

electric field or magnetic field in a carbon nanotube growth process that produces

substantially parallel-aligned carbon nanotubes, a separate realignment step after carbon

nanotube synthesis can be avoided.

[0080] Mechanical means for aligning carbon nanotubes in a substantially parallel

manner can include, for example, extrusion, pultrusion, gas pressure aided dies,

conventional dies and mandrels. Use of these techniques and other related techniques that

apply a shearing force in the direction of the longitudinal axis of the fiber material can

realign carbon nanotubes thereon from a substantially perpendicular orientation into an

orientation that is substantially parallel to the longitudinal axis of the fiber material.

[0081] Chemical means for aligning carbon nanotubes on a fiber material in a

substantially parallel manner include the use of solvents, surfactants, and microemulsions

that result in a sheathing effect as the fiber material is drawn out of a liquid containing

these chemicals. Thus, drawing a carbon nanotube-infused fiber material from a liquid

can realign at least some of the carbon nanotubes thereon into a substantially parallel

orientation. In some embodiments, the chemical process involves crosslinking of at least

a portion of the carbon nanotubes. Such crosslinking can be conducted using a

crosslinking polymer such as those described hereinabove.

[0082] In some embodiments, combinations of electromechanical, mechanical,

and/or chemical means can be used to achieve a desired degree of carbon nanotube

alignment in a carbon nanotube-infused fiber material. That is, if an initial alignment

procedure does not produce a desired degree of alignment, the alignment procedure can

be repeated a number of times, or a different alignment procedure can be used.

[0083] In some embodiments, the fiber materials used in the present methods are

of a continuous length. That is, the fiber materials are of spoolable dimensions such that

the growth of carbon nanotubes on the fiber materials can be conducted using a

continuous carbon nanotube growth process. Further, the alignment of the carbon

nanotubes into a substantially parallel orientation can be operatively coupled to the

continuous carbon nanotube growth process.



[0084] FIGURE 4 shows an illustrative chemical process through which a carbon

nanotube-infused fiber material having substantially parallel-aligned, infused carbon

nanotubes can be prepared. Starting with fiber material 400, carbon nanotube-infused

fiber material 401 can be initially prepared according to the continuous carbon nanotube

growth procedures set forth herein and also described in Applicants' co-pending patent

applications. Carbon nanotube-infused fiber material 401 has its carbon nanotubes 402

infused to fiber material 400 in a substantially perpendicular-aligned manner relative to

the fiber surface. Next, carbon nanotube-infused fiber material 401 can be treated to form

crosslinks 403 between the carbon nanotubes, thereby forming crosslinked carbon

nanotube-infused fiber material 404. At this point, crosslinked carbon nanotubes 405 are

still aligned substantially perpendicular to the fiber surface. Crosslinked carbon

nanotubes 405 can then be reoriented into a substantially parallel alignment in parallel-

aligned carbon nanotube-infused fiber material 406, wherein the substantially parallel-

aligned, infused carbon nanotubes form layer 407 on parallel-aligned carbon nanotube-

infused fiber material 406.

[0085] Optionally, additional catalytic nanoparticles suitable for forming carbon

nanotubes can be deposited on layer 407 and additional carbon nanotubes can be grown

thereon (steps not shown). The additional carbon nanotubes can be grown with

substantially parallel alignment relative to the longitudinal axis of the fiber material or

they can be reoriented by any of the aforementioned realignment techniques to form a

layer of additional carbon nanotubes 408 on layer 407. The additional carbon nanotubes

can include crosslinks therebetween and/or crosslinks to the substantially parallel-aligned,

infused carbon nanotubes in layer 407. In this process, multi-layer parallel-aligned

carbon nanotube infused fiber material 409 is formed. Thereafter, further layers of

additional carbon nanotubes can be grown on layer 408 by repeating the catalyst

deposition, carbon nanotube growth, carbon nanotube orientation, and optional

crosslinking operations. Optionally, the catalytic nanoparticles can be removed after each

layer deposition, but catalyst removal is by no means required.

[0086] In some embodiments, methods of the present disclosure can be performed

without a separate operation of realigning the carbon nanotubes infused to the fiber



material. That is, in some embodiments, carbon nanotube infusion to the fiber material

can be conducted such that substantially parallel-aligned, infused carbon nanotubes are

directly obtained from the carbon nanotube synthesis.

[0087] In some embodiments, the methods of the present disclosure include

providing a continuous fiber material, and growing a layer of carbon nanotubes on the

continuous fiber material in the presence of an electric field or a magnetic field. The

carbon nanotubes are infused to the continuous fiber material so as to form a carbon

nanotube-infused fiber material. The electric field or the magnetic field is oriented such

that the infused carbon nanotubes are aligned substantially parallel to the longitudinal

axis of the fiber material.

[0088] When substantially parallel-aligned, infused carbon nanotubes are directly

obtained from the carbon nanotube synthesis, the carbon nanotubes can also be

crosslinked in some embodiments. Thus, in some embodiments, the present methods

further include crosslinking at least a portion of the substantially parallel-aligned, infused

carbon nanotubes to each other, to the fiber material, or to both the fiber material and

each other. As recited previously, crosslinking can involve covalent bonding to the

infused carbon nanotubes in some embodiments and pi-stacking interactions with the

infused carbon nanotubes in other embodiments. In some embodiments, a crosslinking

polymer forms the pi-stacking interactions with the substantially parallel-aligned, infused

carbon nanotubes. It should be noted that crosslinking in this case occurs after the

infused carbon nanotubes have been pre-aligned in a substantially parallel orientation.

[0089] Further operations with the fiber material containing crosslinked,

substantially parallel-aligned, infused carbon nanotubes then proceed analogously to the

procedures set forth above. That is, in some embodiments, the methods further include

depositing catalytic nanoparticles on the layer of substantially parallel-aligned, infused

carbon nanotubes, growing additional carbon nanotubes on the layer of substantially

parallel-aligned, infused carbon nanotubes, and orienting the additional carbon nanotubes

such that they are aligned substantially parallel to the longitudinal axis of the continuous

fiber material. In some embodiments, the methods further include crosslinking at least a

portion of the additional carbon nanotubes to at least a portion of the substantially



parallel-aligned, infused carbon nanotubes. Such crosslinking can also involve

crosslinking at least a portion of the additional carbon nanotubes to each other or to both

the substantially parallel-aligned, infused carbon nanotubes and to each other. As with

the infused carbon nanotubes, crosslinking can involve covalent bonding or pi-stacking

interactions in various embodiments, and crosslinking can be facilitated by a crosslinking

polymer in some embodiments.

[0090] In some embodiments, methods of the present disclosure include,

providing a carbon nanotube-infused fiber material that contains a fiber material and

carbon nanotubes infused to the fiber material that are aligned substantially perpendicular

to the surface of the fiber material, adding a crosslinking polymer to the carbon naontube-

infused fiber material to form crosslinked, substantially perpendicular-aligned, infused

carbon nanotubes, and reorienting the crosslinked, substantially perpendicular-aligned,

infused carbon nanotubes so as to form a layer of crosslinked, infused carbon nanotubes

that are aligned substantially parallel to the longitudinal axis of the fiber material. The

crosslinking polymer forms pi-stacking interactions with the crosslinked, substantially

perpendicular-aligned, infused carbon nanotubes.

[0091] In some embodiments, continuous carbon nanotube growth processes

described herein include providing a continuous fiber material; growing carbon

nanotubes on the continuous fiber material in a continuous carbon nanotube growth

process, where the carbon nanotubes are infused to the fiber material so as to form a

carbon nanotube-infused fiber material; crosslinking at least a portion of the infused

carbon nanotubes to each other, to the fiber material, or both; and orienting the

crosslinked, infused carbon nanotubes by a mechanical process or a chemical process so

as to form a layer of crosslinked, infused carbon nanotubes that are aligned substantially

parallel to the longitudinal axis of the continuous fiber material. Crosslinking involves

treating the infused carbon nanotubes with a crosslinking polymer that forms pi-stacking

interactions with the infused carbon nanotubes so as to form crosslinked, infused carbon

nanotubes.

[0092] Once crosslinked, substantially parallel-aligned, infused carbon nanotubes

have been prepared in the continuous carbon nanotube growth process, growth of



additional carbon nanotube layers can then be performed. In such embodiments, the

continuous carbon nanotube growth processes further include depositing catalytic

nanoparticles on the layer of crosslinked, substantially parallel-aligned, infused carbon

nanotubes, growing additional carbon nanotubes on the layer of crosslinked, substantially

parallel-aligned, infused carbon nanotubes, and orienting the additional carbon nanotubes

such that they are aligned substantially parallel to the longitudinal axis of the fiber

material. In some embodiments, the continuous processes further include crosslinking at

least a portion of the additional carbon nanotubes to at least a portion of the crosslinked,

substantially parallel-aligned, infused carbon nanotubes. Such crosslinking can also

involve crosslinking at least a portion of the additional carbon nanotubes to each other or

to both the crosslinked, substantially parallel-aligned, infused carbon nanotubes and to

each other. As with the infused carbon nanotubes, crosslinking can involve covalent

bonding or pi-stacking interactions in various embodiments, and crosslinking can be

facilitated by a crosslinking polymer in some embodiments.

[0093] In various embodiments, methods of the present disclosure can further

include placing the carbon nanotube-infused fiber material in a matrix material, thereby

forming a composite material.

[0094] In various embodiments, the present disclosure describes composite

materials. The composite materials contain a matrix material and a carbon nanotube-

infused fiber material that contains a fiber material and a layer of carbon nanotubes

infused to the fiber material. The infused carbon nanotubes are aligned substantially

parallel to the longitudinal axis of the fiber material. At least a portion of the

substantially parallel-aligned, infused carbon nanotubes are crosslinked to each other, to

the fiber material, or to each other and to the fiber material. In various embodiments,

crosslinking can involve covalent bonding, and in other embodiments, crosslinking can

involve pi-stacking interactions. In some embodiments, a crosslinking polymer forms the

pi-stacking interactions with substantially parallel-aligned, infused carbon nanotubes.

[0095] In some embodiments, the present composite materials further include

additional carbon nanotubes grown on the layer of substantially parallel-aligned, infused

carbon nanotubes. In some embodiments, the additional carbon nanotubes are aligned



substantially parallel to the longitudinal axis of the fiber material. That is, in some

embodiments, the additional carbon nanotubes form one or more layers upon the layer of

substantially parallel-aligned, infused carbon nanotubes. In some embodiments, at least a

portion of the additional carbon nanotubes are crosslinked to at least a portion of the

substantially parallel-aligned, infused carbon nanotubes. In some embodiments, at least a

portion of the additional carbon nanotubes can also be crosslinked to each other or to

both the substantially parallel-aligned, infused carbon nanotubes and each other. Growth,

substantially parallel alignment of the carbon nanotubes, and crosslinking have been

considered in more detail hereinabove.

[0096] In various embodiments, matrix materials in the present composite

materials include, for example, polymer matrices, ceramic matrices, glass matrices and

metal matrices. Incorporation of carbon nanotube-infused fiber materials in various

composite matrix materials are described in Applicants' co-pending United States Patent

applications 12/952,144, filed on November 22, 2010; 12/953,434 and 12/953,447, both

filed on November 23, 2010; and 12/963,589, filed on December 8, 2010; each of which

is incorporated herein by reference in its entirety.

[0097] In general, thermoplastic polymers, thermosetting polymers and

elastomeric polymers are suitable polymer matrices for the present composite materials.

Suitable thermosetting polymer matrices include, for example, phthalic/maleic type

polyesters, vinyl esters, epoxies, phenolics, cyanates, bismaleimides, and nadic end-

capped polyimides (e.g., PMR-15). Suitable thermoplastic polymer matrices include, for

example, polyethylenes, polypropylenes, polyetheretherketones, polysulfones,

polyamides, polycarbonates, polyphenylene oxides, polyphenylene sulfides, polysulfides,

polyether ether ketones, polyether sulfones, polyamide-imides, polyetherimides,

polyimides, polyarylates, and liquid crystalline polyesters. In some embodiments,

particularly suitable polymer matrices can include, for example, an epoxy, a polyester, a

vinylester, a polyetherimide, a polyetherketoneketone, a polyphthalamide, a

polyetherketone, a polyetheretherketone, a polyimide, a phenol-formaldehyde, or a

bismaleimide.



[0098] A wide variety of metal matrices can be used in forming the composite

materials described herein. In some embodiments, the metal matrix can include at least

one metal such as, for example, aluminum, magnesium, copper, cobalt, nickel, zirconium,

silver, gold, titanium and mixtures thereof. A mixture of metal matrices can be a metal

alloy. As a non-limiting example, an illustrative metal alloy is a nickel-cobalt alloy.

[0099] Ceramic matrices suitable for use in the present composite materials can

include, for example, binary, ternary or quaternary ceramic materials, which can be

carbides, nitrides, borides or oxides in various embodiments. Illustrative ceramic

matrices include, for example, silicon carbide, tungsten carbide, chromium carbide

(Cr3 C2), titanium carbide (TiC), titanium nitride (TiN), titanium boride (TiB2), aluminum

oxide, silicon nitride (Si3N ), SiCN, Fe2N, BaTi0 3, lithium aluminosilicate or mullite (a

silicate mineral having two stoichiometric forms: 3Al20 3-2Si02 or 2A1 0 -Si02) . In

some embodiments the ceramic matrix can be a cement.

[0100] In general, the fiber materials of the present composite materials can be

any fiber material that can be infused with carbon nanotubes. In some embodiments, the

fiber material can be, for example, carbon fibers, glass fibers, metal fibers, ceramic fibers

or organic fibers (e.g., aramid fibers). Mixtures of various types of carbon nanotube-

infused fiber materials can also be included in the present composite materials. Further,

mixtures of carbon nanotube-infused fiber materials and fiber materials lacking carbon

nanotube infusion can also be included in the present composite materials.

[0101] In some embodiments, the carbon nanotube-infused fiber materials are

distributed uniformly in the matrix material. However, in other embodiments, the carbon

nanotube-infused fiber materials are distributed non-uniformly in the matrix material. In

embodiments having non-uniformly distributed carbon nanotube-infused fiber materials,

the carbon nanotube-infused fiber materials can be used to selectively convey enhanced

properties only to certain portions of the composite material. By way of non-limiting

example, a composite material having a carbon nanotube-infused fiber material only near

its surface can be used to enhance surface heat transfer properties or to convey surface

impact resistance. In alternative embodiments, carbon nanotubes having different lengths

can be infused to two or more different fiber materials, which can then be distributed



non-uniformly in the composite material. For example, fiber materials having different

lengths of carbon nanotubes infused thereon can be distributed in different portions of the

composite material. In such embodiments, the carbon nanotubes having different lengths

can differentially enhance the portions of the composite material in which they are

distributed. By way of non-limiting example, carbon nanotubes having a length

sufficient to improve impact resistance can be infused to a fiber material and distributed

near the surface of the composite material, and carbon nanotubes having a length

sufficient to establish an electrically conductive percolation pathway can be infused to a

fiber material and distributed in another region of the composite material. Other

combinations of property enhancements can be envisioned by those of ordinary skill in

the art in light of the present disclosure. In alternative embodiments, a non-uniform

distribution can involve a gradient distribution of the carbon nanotube-infused fiber

material in the composite material.

[0102] In some embodiments, the present composite materials can contain

between about 0.1% and about 25% carbon nanotubes by weight. In other embodiments,

the composite materials can contain between about 1% and about 15% carbon nanotubes

by weight. In still other embodiments, the composite materials can contain between

about 5% and about 20% carbon nanotubes by weight.

[0103] In some embodiments, the carbon nanotube-infused fiber materials are

aligned with one another in a substantially parallel manner in the composite materials. In

some embodiments, the carbon nanotube-infused fiber materials are distributed in a

cross-ply orientation in the composite materials. That is, the carbon nanotube-infused

fiber materials can be stacked in layers in the composite material, with the individual

fibers in each layer being substantially perpendicular to individual fibers in adjacent

layers in such embodiments. In alternative embodiments, the carbon nanotube-infused

fiber materials can be oriented in a random or like non-aligned manner in the present

composite materials. In some embodiments of the composite materials, the carbon

nanotube-infused fiber materials can be chopped fibers. In other embodiments of the

composite materials, the carbon nanotube-infused fiber materials can be continuous

fibers.



[0104] In some embodiments of the composite materials, crosslinking can involve

covalent bonding to the carbon nanotubes. In other embodiments, crosslinking can

involve pi-stacking interactions to the carbon nanotubes. As previously described, a

crosslinking polymer can form the pi-stacking interactions with the substantially parallel-

aligned, infused carbon nanotubes in some embodiments. In some embodiments of the

composite materials, the crosslinking polymer can also be crosslinked to the matrix

material. In such embodiments, the compatibility between the carbon nanotube-infused

fiber material and the matrix material can be increased, thereby leading to a stronger

interaction between the two and a composite material having enhanced mechanical

properties. In addition, the structure of the crosslinking polymer can be chemically

modified to form the most suitable types of interactions with various matrix materials

having a wide range of chemical characteristics. Still further, the crosslinking polymer

can serve to enhance load transfer from the matrix material to the fiber material and the

carbon nanotubes, thereby imparting improved tensile strength to the composite.

[0105] The present carbon nanotube-infused fiber materials and composite

material derived therefrom have a number of potential uses. In some embodiments,

articles containing a carbon nanotube-infused fiber material are described herein.

[0106] Carbon nanotube-infused conductive carbon fibers can be used in the

manufacture of electrodes for electrical devices. In the production of superconducting

fibers, it can be challenging to achieve adequate adhesion of the superconducting layer to

a fiber material due, at least in part, to the different coefficients of thermal expansion of

the fiber material and of the superconducting layer. Another difficulty in the art arises

during the coating of the fiber material by a CVD process. For example, reactive gases

(e.g., hydrogen gas or ammonia), can attack the fiber surface and/or form undesired

hydrocarbon compounds on the fiber surface and make good adhesion of the

superconducting layer more difficult. Carbon nanotube-infused carbon fiber materials

can overcome these aforementioned challenges in the art.

[0107] Articles containing carbon nanotube-infused fiber materials can display

improved wear resistance due to the presence of the carbon nanotubes. Articles that can

benefit from these properties can include, without limitation, brake rotors, automobile



drive shafts, rubber o-rings and gasket seals, tools, bearings, aircraft parts, and bicycle

frames.

[0108] The large effective surface area of carbon nanotubes can make the carbon

nanotube-infused fiber materials suitable for water filtration applications and other

extractive processes, such as, for example, separation of organic oils from water. Carbon

nanotube-infused fiber materials can also be used to remove organic toxins from water

tables, water storage facilities, or in-line filters for home and office use.

[0109] In oilfield technologies, the present carbon nanotube-infused fiber

materials can be useful in the manufacture of drilling equipment including, for example,

pipe bearings, piping reinforcement, and rubber o-rings. Furthermore, carbon nanotube-

infused fiber materials can be used in extractive processes that are also applicable to the

oilfield to obtain valuable petroleum deposits from a geological formation. For example,

the present carbon nanotube-infused fiber materials can be used to extract oil from

formations where substantial water and/or sand is present or to extract heavier oils that

would otherwise be difficult to isolate due to their high boiling points. In conjunction

with a perforated piping system, for example, the wicking of such heavy oils by the

present carbon nanotube-infused fiber materials overcoated on the perforated piping can

be operatively coupled to a vacuum system, or the like, to continuously remove high

boiling fractions from heavy oil and oil shale formations. Moreover, such processes can

be used in conjunction with, or in lieu of, conventional thermal or catalyzed cracking

methods that are known in the art.

[0110] The present carbon nanotube-infused fiber materials can also enhance

structural elements in aerospace and ballistics applications. For example, structures

including nose cones in missiles, leading edges of aircraft wings, primary aircraft

structural parts (e.g., flaps, aerofoils, propellers and air brakes, small plane fuselages,

helicopter shells and rotor blades), secondary aircraft structural parts (e.g., floors, doors,

seats, air conditioners, and secondary tanks) and aircraft motor parts can benefit from the

structural enhancement provided by the present carbon nanotube-infused fiber materials.

Structural enhancement in many other applications can include, for example, mine

sweeper hulls, helmets, radomes, rocket nozzles, rescue stretchers, and engine



components. In building and construction, structural enhancement of exterior features

includes, for example, columns, pediments, domes, cornices, and formwork. Likewise,

interior building enhancement includes structures such as, for example, blinds, sanitary-

ware, window profiles, and the like.

[0111] In the maritime industry, structural enhancement can include boat hulls,

stringers, masts, propellers, rudders and decks. The present carbon nanotube-infused

fiber materials can also be used in the heavy transportation industry in large panels for

trailer walls, floor panels for railcars, truck cabs, exterior body molding, bus body shells,

and cargo containers, for example. In automotive applications, carbon nanotube-infused

fiber materials can be used in interior parts (e.g. , trimming, seats, and instrument panels),

exterior structures (e.g., body panels, openings, underbody, and front and rear modules),

and automotive engine compartment and fuel mechanical area parts (e.g., axles and

suspensions, fuel and exhaust systems, and electrical and electronic components).

[0112] Other applications of the present carbon nanotube-infused fiber materials

can include, for example, bridge construction, reinforced concrete products (e.g., dowel

bars, reinforcing bars, post-tensioning and pre-stressing tendons), stay-in-place

framework, electric power transmission and distribution structures (e.g., utility poles,

transmission poles, and cross-arms), highway safety and roadside features (e.g., sign

supports, guardrails, posts and supports), noise barriers, municipal pipes and storage

tanks.

[0113] The present carbon nanotube-infused fiber materials can also be used in a

variety of leisure equipment such as, for example, water and snow skis, bicycles, kayaks,

canoes and paddles, snowboards, golf club shafts, golf trolleys, fishing rods, and

swimming pools. Other consumer goods and business equipment can include gears,

pans, housings, gas pressure bottles and components for household appliances (e.g.,

washers, washing machine drums, dryers, waste disposal units, air conditioners and

humidifiers).

[0114] The electrical properties of carbon nanotube-infused fiber materials also

can impact various energy storage and electrical applications. For example, the present



carbon nanotube-infused fiber materials can be used in wind turbine blades, solar

structures, and electronic enclosures (e.g., laptops, cell phones, and computer cabinets,

where the infused carbon nanotubes can be used to provide EMI shielding). Other

applications can include power lines, cooling devices, light poles, circuit boards,

electrical junction boxes, ladder rails, optical fiber, power built into structures such as

data lines, computer terminal housings, and business equipment (e.g., copiers, cash

registers and mailing equipment).

[0115] Embodiments disclosed herein utilize carbon nanotube-infused fiber

materials that can be readily prepared by methods described in Applicants' United States

Patent applications 12/61 1,073, 12/61 1,101, 12/611,103 and 12/938,328, each of which is

incorporated by reference herein in its entirety. A brief description of the processes

described therein follows.

[0116] To infuse carbon nanotubes to a fiber material, the carbon nanotubes are

synthesized directly on the fiber material. In some embodiments, this is accomplished by

first disposing a carbon nanotube-forming catalyst (e.g., catalytic nanoparticles) on the

fiber material. A number of preparatory processes can be performed prior to this catalyst

deposition.

[0117] In some embodiments, the fiber material can be optionally treated with

plasma to prepare the fiber surface to accept the catalyst. For example, a plasma treated

glass fiber material can provide a roughened glass fiber surface in which the carbon

nanotube-forming catalyst can be deposited. In some embodiments, the plasma also

serves to "clean" the fiber surface. The plasma process for "roughing" the fiber surface

thus facilitates catalyst deposition. The roughness is typically on the scale of nanometers.

In the plasma treatment process, craters or depressions are formed that are nanometers

deep and nanometers in diameter. Such surface modification can be achieved using a

plasma of any one or more of a variety of different gases, including, without limitation,

argon, helium, oxygen, ammonia, nitrogen and hydrogen.

[0118] In some embodiments, where a fiber material being employed has a sizing

agent associated with it, such sizing can be optionally removed prior to catalyst



deposition. Optionally, the sizing agent can be removed after catalyst deposition. In

some embodiments, sizing agent removal can be accomplished during carbon nanotube

synthesis or just prior to carbon nanotube synthesis in a pre-heat step. In other

embodiments, some sizing agents can remain throughout the entire carbon nanotube

synthesis process.

[0119] Yet another optional step prior to or concomitant with the deposition of the

carbon nanotube-forming catalyst ( i .e., catalytic nanoparticles) is application of a barrier

coating onto the fiber material. Barrier coatings are materials designed to protect the

integrity of sensitive fiber materials, such as carbon fibers, organic fibers, glass fibers,

metal fibers, and the like. Such a barrier coating can include, for example, an

alkoxysilane, an alumoxane, alumina nanoparticles, spin on glass and glass nanoparticles.

For example, in an embodiment the barrier coating can be Accuglass T-l 1 Spin-On Glass

(Honeywell International Inc., Morristown, NJ). The carbon nanotube-forming catalyst

can be added to the uncured barrier coating material and then applied to the fiber material

together, in one embodiment. In other embodiments, the barrier coating material can be

added to the fiber material prior to deposition of the carbon nanotube-forming catalyst.

In such embodiments, the barrier coating can be partially cured prior to catalyst

deposition. The barrier coating material can be of a sufficiently thin thickness to allow

exposure of the carbon nanotube-forming catalyst to the carbon feedstock gas for

subsequent CVD or like carbon nanotube growth process. In some embodiments, the

barrier coating thickness is less than or about equal to the effective diameter of the carbon

nanotube-forming catalyst. Once the carbon nanotube-forming catalyst and the barrier

coating are in place, the barrier coating can be fully cured. In some embodiments, the

thickness of the barrier coating can be greater than the effective diameter of the carbon

nanotube-forming catalyst so long as it still permits access of carbon feedstock gases to

the sites of the catalyst. Such barrier coatings can be sufficiently porous to allow access

of carbon feedstock gases to the carbon nanotube-forming catalyst.

[0120] Without being bound by theory, the barrier coating can serve as an

intermediate layer between the fiber material and the carbon nanotubes and mechanically

infuse the carbon nanotubes to the fiber material. Such mechanical infusion via a barrier



coating provides a robust system for carbon nanotube growth in which the fiber material

serves as a platform for organizing the carbon nanotubes, while still allowing the

beneficial carbon nanotube properties to be conveyed to the fiber material. Benefits of

mechanical infusion with a barrier coating are realized that are similar to the indirect type

fusion described hereinabove. Moreover, the benefits of including a barrier coating

include, for example, the immediate protection of 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 carbon nanotube growth.

[0121] As described further below, the carbon nanotube-forming catalyst can be

prepared as a liquid solution that contains the carbon nanotube-forming catalyst as

transition metal catalytic nanoparticles. The diameters of the synthesized carbon

nanotubes are related to the size of the transition metal catalytic nanoparticles as

described above.

[0122] Carbon nanotube synthesis can be based on a chemical vapor deposition

(CVD) process or related carbon nanotube growth process which occurs at elevated

temperatures. Other illustrative carbon nanotube growth processes include, for example,

micro-cavity, laser ablation, flame synthesis, arc discharge, and high pressure carbon

monoxide (HiPCO) synthesis. The specific temperature is a function of catalyst choice,

but can typically be in a range of about 500°C to about 1000°C. Accordingly, carbon

nanotube synthesis involves heating the fiber material to a temperature in the

aforementioned range to support carbon nanotube growth.

[0123] In some embodiments, CVD-promoted carbon nanotube growth on the

catalyst-laden fiber material is then performed. The CVD process can be promoted by,

for example, a carbon-containing feedstock gas such as acetylene, ethylene, and/or

ethanol. The carbon nanotube growth processes also generally use an inert gas (nitrogen,

argon, and/or helium) as a primary carrier gas. The carbon-containing feedstock gas is

typically provided in a range from between about 0% to about 15% of the total mixture.

A substantially inert environment for CVD growth can be prepared by removal of

moisture and oxygen from the growth chamber.



[0124] In the carbon nanotube growth process, carbon nanotubes grow at the sites

of transition metal catalytic nanoparticles that are operable for carbon nanotube growth.

The presence of a strong plasma-creating electric field can be optionally employed to

affect carbon nanotube growth. That is, the growth tends to follow the direction of the

electric field. By properly adjusting the geometry of the plasma spray and electric field,

vertically aligned carbon nanotubes (i.e., perpendicular to the longitudinal axis of the

fiber material) can be synthesized. Under certain conditions, even in the absence of a

plasma, closely-spaced carbon nanotubes can maintain a substantially vertical growth

direction resulting in a dense array of carbon nanotubes resembling a carpet or forest.

[0125] Returning to the catalyst deposition process, a carbon nanotube-forming

catalyst is deposited to provide a layer (typically no more than a monolayer) of catalytic

nanoparticles on the fiber material for the purpose of growing carbon nanotubes thereon.

The operation of depositing catalytic nanoparticles on the fiber material can be

accomplished by a number of techniques including, for example, spraying or dip coating

a solution of catalytic nanoparticles or by gas phase deposition, which can occur via, for

example, a plasma process. Thus, in some embodiments, after forming a catalyst solution

in a solvent, the catalyst can be applied by spraying or dip coating the fiber material with

the solution, or combinations of spraying and dip coating. Either technique, used alone

or in combination, can be employed once, twice, thrice, four times, up to any number of

times to provide a fiber material that is sufficiently uniformly coated with catalytic

nanoparticles that are operable for formation of carbon nanotubes. When dip coating is

employed, for example, a fiber material can be placed in a first dip bath for a first

residence time in the first dip bath. When employing a second dip bath, the fiber material

can be placed in the second dip bath for a second residence time. For example, fiber

materials can be subjected to a solution of carbon nanotube-forming catalyst for between

about 3 seconds to about 90 seconds depending on the dip configuration and linespeed.

Employing spraying or dip coating processes, a fiber material with a catalyst surface

density of less than about 5% surface coverage to as high as about 80% surface coverage

can be obtained. At higher surface densities (e.g., about 80%), the carbon nanotube-

forming catalyst nanoparticles are nearly a monolayer. In some embodiments, the

process of coating the carbon nanotube-forming catalyst on the fiber material produces no



more than a monolayer. For example, carbon nanotube growth on a stack of carbon

nanotube-forming catalyst can erode the degree of infusion of the carbon nanotubes to the

fiber material. In other embodiments, transition metal catalytic nanoparticles can be

deposited on the fiber material using evaporation techniques, electrolytic deposition

techniques, and other processes known to those of ordinary skill in the art, such as

addition of the transition metal catalyst to a plasma feedstock gas as a metal organic,

metal salt or other composition promoting gas phase transport.

[0126] Because processes to manufacture carbon nanotube-infused fibers are

designed to be continuous, a spoolable fiber material can be dip-coated in a series of

baths where dip coating baths are spatially separated. In a continuous process in which

nascent fibers are being generated de novo, such as newly formed glass fibers from a

furnace, dip bath or spraying of a carbon nanotube-forming catalyst can be the first step

after sufficiently cooling the newly formed fiber material. In some embodiments, cooling

of newly formed glass fibers can be accomplished with a cooling jet of water which has

the carbon nanotube-forming catalyst particles dispersed therein.

[0127] In some embodiments, application of a carbon nanotube-forming catalyst

can be performed in lieu of application of a sizing when generating a fiber and infusing it

with carbon nanotubes in a continuous process. In other embodiments, the carbon

nanotube-forming catalyst can be applied to newly formed fiber materials in the presence

of other sizing agents. Such simultaneous application of a carbon nanotube-forming

catalyst and other sizing agents can provide the carbon nanotube-forming catalyst in

surface contact with the fiber material to ensure carbon nanotube infusion. In yet further

embodiments, the carbon nanotube-forming catalyst can be applied to nascent fibers by

spray or dip coating while the fiber material is in a sufficiently softened state, for

example, near or below the annealing temperature, such that the carbon nanotube-

forming catalyst is slightly embedded in the surface of the fiber material. When

depositing the carbon nanotube-forming catalyst on hot glass fiber materials, for

example, care should be given to not exceed the melting point of the carbon nanotube-

forming catalyst, thereby causing nanoparticle fusion and loss of control of the carbon

nanotube characteristics {e.g., diameter) as a result.



[0128] The carbon nanotube-forming catalyst solution can be a transition metal

nanoparticle solution of any d-block transition metal. In addition, the nanoparticles can

include alloys and non-alloy mixtures of d-block metals in elemental form, in salt form,

and mixtures thereof. Such salt forms include, without limitation, oxides, carbides, and

nitrides, acetates, nitrates, and the like. Non-limiting illustrative transition metal

nanoparticles include, for example, Ni, Fe, Co, Mo, Cu, Pt, Au, and Ag, salts thereof and

mixtures thereof. In some embodiments, such carbon nanotube-forming catalysts are

disposed on the fiber material by applying or infusing a carbon nanotube-forming catalyst

directly to the fiber material. Many nanoparticle transition metal catalysts are readily

commercially available from a variety of suppliers, including, for example, Ferrotec

Corporation (Bedford, NH).

[0129] Catalyst solutions used for applying the carbon nanotube-forming catalyst

to the fiber material can be in any common solvent that allows the carbon nanotube-

forming catalyst to be uniformly dispersed throughout. Such solvents can include,

without limitation, water, acetone, hexane, isopropyl alcohol, toluene, ethanol, methanol,

tetrahydrofuran (THF), cyclohexane or any other solvent with controlled polarity to

create an appropriate dispersion of the carbon nanotube-forming catalytic nanoparticles

therein. Concentrations of carbon nanotube-forming catalyst in the catalyst solution can

be in a range from about 1: 1 to about 1:10,000 catalyst to solvent.

[0130] In some embodiments, after applying the carbon nanotube-forming

catalyst to the fiber material, the fiber material can be optionally heated to a softening

temperature. This step can aid in embedding the carbon nanotube-forming catalyst in the

surface of the fiber material to encourage seeded growth and prevent tip growth where

the catalyst floats at the tip of the leading edge a growing carbon nanotube. In some

embodiments heating of the fiber material after disposing the carbon nanotube-forming

catalyst on the fiber material can be at a temperature between about 500°C and about

1000°C. Heating to such temperatures, which can also be used for carbon nanotube

growth, can serve to remove any pre-existing sizing agents on the fiber material allowing

deposition of the carbon nanotube-forming catalyst directly on the fiber material. In

some embodiments, the carbon nanotube-forming catalyst can also be placed on the



surface of a sizing coating prior to heating. The heating step can be used to remove

sizing agent while leaving the carbon nanotube-forming catalyst disposed on the surface

of the fiber material. Heating at these temperatures can be performed prior to or

substantially simultaneously with the introduction of a carbon-containing feedstock gas

for carbon nanotube growth.

[0131] In some embodiments, the process of infusing carbon nanotubes to a fiber

material includes removing sizing agents from the fiber material, applying a carbon

nanotube-forming catalyst to the fiber material after sizing removal, heating the fiber

material to at least about 500°C, and synthesizing carbon nanotubes on the fiber material.

In some embodiments, operations of the carbon nanotube infusion process include

removing sizing from a fiber material, applying a carbon nanotube-forming catalyst to the

fiber material, heating the fiber material to a temperature operable for carbon nanotube

synthesis and spraying a carbon plasma onto the catalyst-laden fiber material. Thus,

where commercial fiber materials are employed, processes for constructing carbon

nanotube-infused fibers can include a discrete step of removing sizing from the fiber

material before disposing the catalytic nanoparticles on the fiber material. Some

commercial sizing agents, if present, can prevent surface contact of the carbon nanotube-

forming catalyst with the fiber material and inhibit carbon nanotube infusion to the fiber

material. In some embodiments, where sizing removal is assured under carbon nanotube

growth conditions, sizing removal can be performed after deposition of the carbon

nanotube forming catalyst but just prior to or during providing a carbon-containing

feedstock gas.

[0132] The step of synthesizing carbon nanotubes can include numerous

techniques for forming carbon nanotubes, including, without limitation, micro-cavity,

thermal or plasma-enhanced CVD techniques, laser ablation, arc discharge, flame

synthesis and high pressure carbon monoxide (HiPCO). During CVD, in particular, a

sized fiber material with carbon nanotube-forming catalyst disposed thereon, can be used

directly. In some embodiments, any conventional sizing agents can be removed during

carbon nanotube synthesis. In some embodiments other sizing agents are not removed,

but do not hinder carbon nanotube synthesis and infusion to the fiber material due to the



diffusion of the carbon-containing feedstock gas through the sizing. In some

embodiments, acetylene gas can be ionized to create a jet of cold carbon plasma for

carbon nanotube growth. The plasma is directed toward the catalyst-laden fiber material.

Thus, in some embodiments synthesizing carbon nanotubes on a fiber material includes

(a) forming a carbon plasma; and (b) directing the carbon plasma onto the catalyst

disposed on the fiber material. The diameters of the carbon nanotubes that are grown are

dictated by the size of the carbon nanotube-forming catalyst. In some embodiments, a

sized fiber material can be heated to between about 550°C and about 800°C to facilitate

carbon nanotube synthesis. To initiate the growth of carbon nanotubes, two or more

gases are bled into the reactor: an inert carrier gas {e.g. , argon, helium, or nitrogen) and a

carbon-containing feedstock gas {e.g., acetylene, ethylene, ethanol or methane). Carbon

nanotubes grow at the sites of the carbon nanotube-forming catalyst.

[0133] In some embodiments, a CVD growth process can be plasma-enhanced. A

plasma can be generated by providing an electric field during the growth process.

Carbon nanotubes grown under these conditions can follow the direction of the electric

field. Thus, by adjusting the geometry of the reactor, vertically aligned carbon nanotubes

can be grown where the carbon nanotubes are substantially perpendicular to the

longitudinal axis of the fiber material {i.e., radial growth). In some embodiments, a

plasma is not required for radial growth to occur about the fiber material. For fiber

materials that have distinct sides such as, for example, tapes, mats, fabrics, plies, and the

like, the carbon nanotube-forming catalyst can be disposed on one or both sides of the

fiber material. Correspondingly, under such conditions, carbon nanotubes can be grown

on one or both sides of the fiber material as well.

[0134] As described above, the carbon nanotube synthesis is performed at a rate

sufficient to provide a continuous process for infusing spoolable length fiber materials

with carbon nanotubes. Numerous apparatus configurations facilitate such a continuous

synthesis as exemplified below.

[0135] In some embodiments, carbon nanotube-infused fiber materials can be

prepared in an "all-plasma" process. In such embodiments, the fiber materials pass

through numerous plasma-mediated steps to form the final carbon nanotube-infused fiber



materials. The first of the plasma processes, can include a step of fiber surface

modification. This is a plasma process for "roughing" the surface of the fiber material to

facilitate catalyst deposition, as described above. As also described above, surface

modification can be achieved using a plasma of any one or more of a variety of different

gases, including, without limitation, argon, helium, oxygen, ammonia, hydrogen, and

nitrogen.

[0136] After surface modification, the fiber material proceeds to catalyst

application. In the present all-plasma process, this step is a plasma process for depositing

the carbon nanotube-forming catalyst on the fiber material. The carbon nanotube-

forming catalyst is typically a transition metal as described above. The transition metal

catalyst can be added to a plasma feedstock gas as a precursor in non-limiting forms

including, for example, a ferrofluid, a metal organic, a metal salt, mixtures thereof or any

other composition suitable for promoting gas phase transport. The carbon nanotube-

forming catalyst can be applied at room temperature in ambient environment with neither

vacuum nor an inert atmosphere being required. In some embodiments, the fiber material

can be cooled prior to catalyst application.

[0137] Continuing the all-plasma process, carbon nanotube synthesis occurs in a

carbon nanotube-growth reactor. Carbon nanotube growth can be achieved through the

use of plasma-enhanced chemical vapor deposition, wherein carbon plasma is sprayed

onto the catalyst-laden fibers. Since carbon nanotube growth occurs at elevated

temperatures (typically in a range of about 500°C to about 1000°C depending on the

catalyst), the catalyst-laden fibers can be heated prior to being exposed to the carbon

plasma. For the carbon nanotube infusion process, the fiber material can be optionally

heated until softening occurs. After heating, the fiber material is ready to receive the

carbon plasma. The carbon plasma can be generated, for example, by passing a carbon-

containing feedstock gas such as, for example, acetylene, ethylene, ethanol, and the like,

through an electric field that is capable of ionizing the gas. This cold carbon plasma is

directed, via spray nozzles, to the fiber material. The fiber material can be in close

proximity to the spray nozzles, such as within about 1 centimeter of the spray nozzles, to



receive the plasma. In some embodiments, heaters can be disposed above the fiber

material at the plasma sprayers to maintain the elevated temperature of the fiber material.

[0138] Another configuration for continuous carbon nanotube synthesis involves

a special rectangular reactor for the synthesis and growth of carbon nanotubes directly on

fiber materials. The reactor can be designed for use in a continuous in-line process for

producing carbon nanotube-infused fiber materials. In some embodiments, carbon

nanotubes are grown via a CVD process at atmospheric pressure and an elevated

temperature in the range of about 550°C and about 800°C in a multi-zone reactor. The

fact that the carbon nanotube synthesis occurs at atmospheric pressure is one factor that

facilitates the incorporation of the reactor into a continuous processing line for carbon

nanotube infusion to the fiber materials. Another advantage consistent with in-line

continuous processing using such a zone reactor is that carbon nanotube growth occurs in

seconds, as opposed to minutes (or longer), as in other procedures and apparatus

configurations typical in the art.

[0139] Carbon nanotube synthesis reactors in accordance with the various

embodiments include the following features:

[0140] Rectangular Configured Synthesis Reactors : The cross-section of a typical

carbon nanotube synthesis reactor known in the art is circular. There are a number of

reasons for this including, for example, historical reasons (e.g., cylindrical reactors are

often used in laboratories) and convenience (e.g., flow dynamics are easy to model in

cylindrical reactors, heater systems readily accept circular tubes (e.g., quartz, etc.), and

ease of manufacturing. Departing from the cylindrical convention, the present disclosure

provides a carbon nanotube synthesis reactor having a rectangular cross section. The

reasons for the departure include at least the following:

[0141] 1) Inefficient Use of Reactor Volume. Since many fiber materials that

can be processed by the reactor are relatively planar (e.g., flat tapes, sheet-like forms, or

spread tows or rovings), a circular cross-section is an inefficient use of the reactor

volume. This inefficiency results in several drawbacks for cylindrical carbon nanotube

synthesis reactors including, for example, a) maintaining a sufficient system purge;



increased reactor volume requires increased gas flow rates to maintain the same level of

gas purge, resulting in inefficiencies for high volume production of carbon nanotubes in

an open environment; b) increased carbon-containing feedstock gas flow rates; the

relative increase in inert gas flow for system purge, as per a) above, requires increased

carbon-containing feedstock gas flow rates. Consider that the volume of an illustrative

12K glass fiber roving is approximately 2000 times less than the total volume of a

synthesis reactor having a rectangular cross-section. In an equivalent cylindrical reactor

(i.e., a cylindrical reactor that has a width that accommodates the same planarized glass

fiber material as the rectangular cross-section reactor), the volume of the glass fiber

material is approximately 17,500 times less than the volume of the reactor. Although gas

deposition processes, such as CVD, are typically governed by pressure and temperature

alone, volume can have a significant impact on the efficiency of deposition. With a

rectangular reactor there is a still excess volume, and this excess volume facilitates

unwanted reactions. However, a cylindrical reactor has about eight times that volume

available for facilitating unwanted reactions. Due to this greater opportunity for

competing reactions to occur, the desired reactions effectively occur more slowly in a

cylindrical reactor. Such a slow down in carbon nanotube growth, is problematic for the

development of continuous growth processes. Another benefit of a rectangular reactor

configuration is that the reactor volume can be decreased further still by using a small

height for the rectangular chamber to make the volume ratio better and the reactions even

more efficient. In some embodiments disclosed herein, the total volume of a rectangular

synthesis reactor is no more than about 3000 times greater than the total volume of a fiber

material being passed through the synthesis reactor. In some further embodiments, the

total volume of the rectangular synthesis reactor is no more than about 4000 times greater

than the total volume of the fiber material being passed through the synthesis reactor. In

some still further embodiments, the total volume of the rectangular synthesis reactor is

less than about 10,000 times greater than the total volume of the fiber material being

passed through the synthesis reactor. Additionally, it is notable that when using a

cylindrical reactor, more carbon-containing feedstock gas is required to provide the same

flow percent as compared to reactors having a rectangular cross section. It should be

appreciated that in some other embodiments, the synthesis reactor has a cross-section that



is described by polygonal forms that are not rectangular, but are relatively similar thereto

and provide a similar reduction in reactor volume relative to a reactor having a circular

cross section; and c) problematic temperature distribution; when a relatively small-

diameter reactor is used, the temperature gradient from the center of the chamber to the

walls thereof is minimal, but with increased reactor size, such as would be used for

commercial-scale production, such temperature gradients increase. Temperature

gradients result in product quality variations across the fiber material (i.e., product quality

varies as a function of radial position). This problem is substantially avoided when using

a reactor having a rectangular cross-section. In particular, when a planar substrate is

used, reactor height can be maintained constant as the size of the substrate scales upward.

Temperature gradients between the top and bottom of the reactor are essentially

negligible and, as a consequence, thermal issues and the product-quality variations that

result are avoided.

[0142] 2) Gas introduction. Because tubular furnaces are normally employed in

the art, typical carbon nanotube synthesis reactors introduce gas at one end and draw it

through the reactor to the other end. In some embodiments disclosed herein, gas can be

introduced at the center of the reactor or within a target growth zone, symmetrically,

either through the sides or through the top and bottom plates of the reactor. This

improves the overall carbon nanotube growth rate because the incoming feedstock gas is

continuously replenishing at the hottest portion of the system, which is where carbon

nanotube growth is most active.

[0143] Zoning . Chambers that provide a relatively cool purge zone extend from

both ends of the rectangular synthesis reactor. Applicants have determined that if a hot

gas were to mix with the external environment (i.e., outside of the rectangular reactor),

there would be increased degradation of the fiber material. The cool purge zones provide

a buffer between the internal system and external environments. Carbon nanotube

synthesis reactor configurations known in the art typically require that the substrate is

carefully (and slowly) cooled. The cool purge zone at the exit of the present rectangular

carbon nanotube growth reactor achieves the cooling in a short period of time, as required

for continuous in-line processing.



[0144] Non-contact., hot-walled, metallic reactor . In some embodiments, a

metallic hot-walled reactor (e.g., stainless steel) is employed. Use of this type of reactor

can appear counterintuitive because metal, and stainless steel in particular, is more

susceptible to carbon deposition (i.e., soot and by-product formation). Thus, most carbon

nanotube synthesis reactors are made from quartz because there is less carbon deposited,

quartz is easier to clean, and quartz facilitates sample observation. However, Applicants

have observed that the increased soot and carbon deposition on stainless steel results in

more consistent, efficient, faster, and stable carbon nanotube growth. Without being

bound by theory it has been indicated that, in conjunction with atmospheric operation, the

CVD process occurring in the reactor is diffusion limited. That is, the carbon nanotube-

forming catalyst is "overfed;" too much carbon is available in the reactor system due to

its relatively higher partial pressure (than if the reactor was operating under partial

vacuum). As a consequence, in an open system — especially a clean one — too much

carbon can adhere to the particles of carbon nanotube-forming catalyst, compromising

their ability to synthesize carbon nanotubes. In some embodiments, the rectangular

reactor is intentionally run when the reactor is "dirty," that is with soot deposited on the

metallic reactor walls. Once carbon deposits to a monolayer on the walls of the reactor,

carbon will readily deposit over itself. Since some of the available carbon is

"withdrawn" due to this mechanism, the remaining carbon feedstock, in the form of

radicals, reacts with the carbon nanotube-forming catalyst at a rate that does not poison

the catalyst. Existing systems run "cleanly" which, if they were open for continuous

processing, would produce a much lower yield of carbon nanotubes at reduced growth

rates.

[0145] Although it is generally beneficial to perform carbon nanotube synthesis

"dirty" as described above, certain portions of the apparatus (e.g., gas manifolds and

inlets) can nonetheless negatively impact the carbon nanotube growth process when soot

creates blockages. In order to combat this problem, such areas of the carbon nanotube

growth reaction chamber can be protected with soot inhibiting coatings such as, for

example, silica, alumina, or MgO. In practice, these portions of the apparatus can be dip-

coated in these soot inhibiting coatings. Metals such as INVAR® can be used with these

coatings as INVAR has a similar CTE (coefficient of thermal expansion) ensuring proper



adhesion of the coating at higher temperatures, preventing the soot from significantly

building up in critical zones.

[0146] Combined Catalyst Reduction and Carbon Nanotube Synthesis. In the

carbon nanotube synthesis reactor disclosed herein, both catalyst reduction and carbon

nanotube growth occur within the reactor. This is significant because the reduction step

cannot be accomplished timely enough for use in a continuous process if performed as a

discrete operation. In a typical process known in the art, a reduction step typically takes

1 - 12 hours to perform. Both operations occur in a reactor in accordance with the

present disclosure due, at least in part, to the fact that carbon-containing feedstock gas is

introduced at the center of the reactor, not the end as would be typical in the art using

cylindrical reactors. The reduction process occurs as the fiber material enters the heated

zone. By this point, the gas has had time to react with the walls and cool off prior to

reducing the catalyst (via hydrogen radical interactions). It is this transition region where

the reduction occurs. At the hottest isothermal zone in the system, carbon nanotube

growth occurs, with the greatest growth rate occurring proximal to the gas inlets near the

center of the reactor.

[0147] In some embodiments, when loosely affiliated fiber materials including,

for example, tows or rovings are employed (e.g,. a glass roving ), the continuous process

can include steps that spread out the strands and/or filaments of the tow or roving. Thus,

as a tow or roving is unspooled it can be spread using a vacuum-based fiber spreading

system, for example. When employing sized glass fiber rovings, for example, which can

be relatively stiff, additional heating can be employed in order to "soften" the roving to

facilitate fiber spreading. The spread fibers which contain individual filaments can be

spread apart sufficiently to expose an entire surface area of the filaments, thus allowing

the roving to more efficiently react in subsequent process steps. For example, a spread

tow or roving can pass through a surface treatment step that is composed of a plasma

system as described above. The roughened, spread fibers then can pass through a carbon

nanotube-forming catalyst dip bath. The result is fibers of the glass roving that have

catalyst particles distributed radially on their surface. The catalyzed-laden fibers of the

roving then enter an appropriate carbon nanotube growth chamber, such as the



rectangular chamber described above, where a flow through atmospheric pressure CVD

or plasma enhanced-CVD process is used to synthesize carbon nanotubes at rates as high

as several microns per second. The fibers of the roving, now having radially aligned

carbon nanotubes thereon, exit the carbon nanotube growth reactor.

[0148] Following the synthesis of carbon nanotube-infused fiber materials as

described in the processes outlined above, the carbon nanotubes infused thereon can then

be reoriented in a substantially parallel manner and crosslinked. Additional carbon

nanotubes can then be grown on the substantially parallel-aligned, infused carbon

nanotubes, and the additional carbon nanotubes can likewise be reoriented in a

substantially parallel manner and crosslinked. In various embodiments, the operations of

reorienting and crosslinking the infused carbon nanotubes and growing, reorienting and

crosslinking the additional carbon nanotubes can be operatively coupled to the initial

carbon nanotube infusion process. Such a process is outlined in FIGURE 5.

[0149] FIGURE 5 shows a schematic of an illustrative continuous system 500 for

synthesizing carbon nanotube-infused fiber materials having substantially parallel-

aligned, infused carbon nanotubes. Continuous system 500 includes an initial carbon

nanotube infusion station 501 that operates in accordance with any of the various

embodiments described hereinabove to infuse a fiber material with carbon nanotubes.

Upon exiting carbon nanotube infusion station 501, the fiber material enters crosslinking

station 502 to form crosslinks with at least a portion of the infused carbon nanotubes. In

various embodiments, crosslinking station 502 can be a bath containing a crosslinking

agent (e.g., a crosslinking polymer) such as those described hereinabove. Next, the fiber

material enters realignment station 503 in which the crosslinked carbon nanotubes are

realigned such that they form a layer of infused carbon nanotubes that are aligned

substantially parallel to the longitudinal axis of the fiber material. In practice, some

degree of alignment can also occur at crosslinking station 502 if a solvent is used that

exerts a drawing force on the fiber material. Further, to achieve a desired degree of

alignment, continuous system 500 can optionally contain multiple crosslinking stations

502 and/or realignment stations 503. For example, continuous system 500 can optionally

contain two or more realignment stations 503 to achieve a desired degree of carbon



nanotube alignment. Different realignment procedures can be employed when two or

more realignment stations 503 are used.

[0150] After forming a fiber material that has a layer of substantially parallel-

aligned, infused carbon nanotubes thereon, the fiber material passes into catalytic

nanoparticle deposition station 504. Deposition of catalytic nanoparticles can take place

as described hereinabove to deposit catalytic nanoparticles on the layer of substantially

parallel-aligned, infused carbon nanotubes. Upon exiting catalytic nanoparticle

deposition station 504, the fiber material enters carbon nanotube growth system 505.

Carbon nanotube growth system 505 operates in substantially the same manner as carbon

nanotube infusion system 501, with the exception that the carbon nanotubes are grown on

the layer of substantially parallel-aligned, infused carbon nanotubes rather than directly

on the barrier coating or fiber material. After growing carbon nanotubes in carbon

nanotube growth system 505, the fiber material passes through crosslinking station 506

and realignment station 507, where these stations operate similarly to previously

described stations 502 and 503.

[0151] After exiting realignment station 507, continuous system 500 can be used

to grow still additional carbon nanotubes on the fiber material. To this end, the fiber

material can again be passed through catalytic nanoparticle deposition station 504, carbon

nanotube growth system 505, crosslinking station 506 and realignment station 507.

These elements can be duplicated in series in continuous system 500, or continuous

system 500 can optionally route the fiber material through these elements multiple times.

The catalytic nanoparticles can be removed from the fiber material before growing

additional carbon nanotubes thereon by passing the fiber material through optional

catalyst removal station 509. In an embodiment, catalyst removal station 509 can employ

one or more acid baths suitable for removing the catalytic nanoparticles.

[0152] Once a desired amount of additional carbon nanotubes have been grown

on the fiber material, the fiber material is wound onto a spool, mandrel or like winder in

fiber uptake bobbin 510. When multiple fibers are having carbon nanotubes grown

thereon in continuous system 500, the system can further include optional fiber bundler



508, which winds the individual filaments into higher order fiber materials, such as those

described above.

[0153] It is understood that modifications which do not substantially affect the

activity of the various embodiments of this invention are also included within the

definition of the invention provided herein. Accordingly, the following Examples are

intended to illustrate but not limit the present invention.

[0154] EXAMPLE 1: Continuous process for infusing carbon nanotubes to a

carbon fiber material, followed by realignment and crosslinking thereof. In this example,

34-700 12K unsized carbon fiber tow with a tex value of 793 (Grafil Inc., Sacramento,

CA) was used as the fiber material for carbon nanotube infusion. The individual

filaments in this carbon fiber tow have a diameter of approximately 7 µηι. Carbon

nanotube infusion, realignment and crosslinking were conducted using a continuous

system similar to that depicted in FIGURE 5 above. In the present Example, one layer of

carbon nanotubes was grown on the carbon fibers.

[0155] As depicted in FIGURE 5, carbon nanotube infusion system 501 was used

to infuse carbon nanotubes to the carbon fiber substrate. Prior to entering carbon

nanotube infusion system 501, catalytic nanoparticles and barrier coatings were applied

in a reverse order. That is, after the fiber material was sufficiently spread in a spreader

station (not shown), the catalytic nanoparticles were coated onto the fiber material via

multiple dip baths where a solution of 'EFH- (Ferrotec Corporation, Bedford, NH)

diluted in hexane by a dilution rate of 3000 to 1 by volume was used. The fiber material

was dried thereafter. Next, a barrier coating of 'Accuglass T-l l Spin-On Glass'

(Honeywell International Inc., Morristown, NJ) diluted in isopropyl alcohol at a dilution

rate of 40 to 1 by volume was applied via a dip bath. Drying in a bake oven was

conducted thereafter. Carbon nanotube growth by atmospheric pressure CVD was

conducted in a rectangular reactor, such as that described herein, having a 24 inch growth

zone. 98.0% of the total gas flow was inert gas (nitrogen) and the other 2.0% was the

carbon feedstock (acetylene). The carbon fiber tow was drawn through the reactor at a

rate of 1.5 feet/min, where the growth zone was held at 700°C. The resulting infused

carbon nanotubes were -10 µη in length.



[0156] The carbon nanotube-infused carbon fiber tow was then pulled through

crosslinking station 502, which consisted of a dip bath containing KENTERA (Zyvex

Performance Materials, Columbus, OH) diluted in water by a dilution rate of 100 parts

water to 1 to part KENTERA by volume. Crosslinked carbon nanotubes infused to the

carbon fibers were obtained.

[0157] The crosslinked carbon nanotube-infused carbon fiber tow was then

passed through realignment station 503, where a parallel alignment of the carbon

nanotubes in the direction of the fiber axis was introduced via mechanical realignment

instituted from by tapered die. Ultimately, the realignment mechanism also involved

both a chemical and mechanical process, since excess solution from the crosslinking

station was also forced out of the fiber material upon passing through the die. The

shearing force of this action also contributed to the realignment.

[0158] Since only one layer of carbon nanotubes was grown in the present

Example, deposition of additional catalytic nanoparticles and growth of additional carbon

nanotubes was omitted. Thus, in this Example the aligned, crosslinked carbon nanotube-

infused carbon fiber tow was then passed through fiber bundler 508 to recombine the

individual filaments into a tow of smaller size, which was subsequently wound on a spool

using fiber uptake bobbin 510.

[0159] FIGURES 6A - 6D show a series of representative SEM images

illustrating substantially perpendicular-aligned carbon nanotubes, as grown, on the

surface of a carbon fiber material (FIGURE 6A) and substantially parallel-aligned carbon

nanotubes on the surface of the carbon fiber material following realignment of the

substantially perpendicular-aligned carbon nanotubes (FIGURES 6B - 6D). FIGURES

6C and 6D show high resolution images of the substantially parallel-aligned, infused

carbon nanotubes. The carbon nanotube-infused carbon fibers prepared in the accordance

with this Example demonstrated a tensile strength improvement of ~45% relative to the

untreated fiber material.

[0160] Although the invention has been described with reference to the disclosed

embodiments, those of ordinary skill in the art will readily appreciate that these are only



illustrative of the invention. It should be understood that various modifications can be

made without departing from the spirit of the invention.



CLAIMS

What is claimed is:

1. A carbon nanotube-infused fiber material comprising:

a fiber material; and

a layer of carbon nanotubes infused to the fiber material;

wherein the infused carbon nanotubes are aligned substantially

parallel to the longitudinal axis of the fiber material; and

wherein at least a portion of the substantially parallel-aligned,

infused carbon nanotubes are crosslinked to each other, to the fiber material, or to

both.

2. The carbon nanotube-infused fiber material of claim 1, wherein crosslinking

comprises covalent bonding.

3. The carbon nanotube-infused fiber material of claim 1, wherein crosslinking

comprises pi-stacking interactions.

4. The carbon nanotube-infused fiber material of claim 3, wherein a crosslinking

polymer forms the pi-stacking interactions with the substantially parallel-aligned,

infused carbon nanotubes.

5. The carbon nanotube-infused fiber material of claim 1, wherein the fiber material

is selected from the group consisting of carbon fibers, glass fibers, metal fibers,

ceramic fibers, and organic fibers.

6. The carbon nanotube-infused fiber material of claim 1, further comprising:

additional carbon nanotubes grown on the layer of substantially parallel-

aligned, infused carbon nanotubes;

wherein the additional carbon nanotubes are aligned substantially

parallel to the longitudinal axis of the fiber material.



7. The carbon nanotube-infused fiber material of claim 6, wherein at least a portion

of the additional carbon nanotubes are crosslinked to at least a portion of the

substantially parallel-aligned, infused carbon nanotubes, to each other, or to both.

8. The carbon nanotube-infused fiber material of claim 1, wherein the fiber material

is of a continuous length.

9. A composite material comprising:

a matrix material; and

a carbon nanotube-infused fiber material comprising a fiber material and a

layer of carbon nanotubes infused to the fiber material;

wherein the infused carbon nanotubes are aligned substantially

parallel to the longitudinal axis of the fiber material; and

wherein at least a portion of the substantially parallel-aligned,

infused carbon nanotubes are crosslinked to each other, to the fiber material, or to

both.

10. The composite material of claim 9, wherein crosslinking comprises covalent

bonding.

11. The composite material of claim 9, wherein crosslinking comprises pi-stacking

interactions.

12. The composite material of claim 11, wherein a crosslinking polymer forms the pi-

stacking interactions with the substantially parallel-aligned, infused carbon

nanotubes.

13. The composite material of claim 12, wherein the crosslinking polymer is also

crosslinked to the matrix material.

14. The composite material of claim 9, wherein the fiber material is selected from the

group consisting of carbon fibers, glass fibers, metal fibers, ceramic fibers, and

organic fibers.



15. The composite material of claim 9, wherein the matrix material is selected from

the group consisting of a polymer matrix, a ceramic matrix, and a metal matrix.

16. The composite material of claim 9, further comprising:

additional carbon nanotubes grown on the layer of substantially parallel-

aligned, infused carbon nanotubes;

wherein the additional carbon nanotubes are aligned substantially

parallel to the longitudinal axis of the fiber material.

17. The composite material of claim 16, wherein at least a portion of the additional

carbon nanotubes are crosslinked to at least a portion of the substantially parallel-

aligned, infused carbon nanotubes, to each other, or to both.

18. The composite material of claim 9, wherein the carbon nanotube-infused fiber

material is aligned in a substantially parallel manner in the composite material.

19. The composite material of claim 9, wherein the carbon nanotube-infused fiber

material comprises chopped fibers.

20. The composite material of claim 9, wherein the carbon nanotube-infused fiber

material comprises continuous fibers.

21. A method comprising :

providing a carbon nanotube-infused fiber material comprising a fiber

material and carbon nanotubes infused to the fiber material that are aligned

substantially perpendicular to the surface of the fiber material; and

reorienting the substantially perpendicular-aligned, infused carbon

nanotubes so as to form a layer of infused carbon nanotubes that are aligned

substantially parallel to the longitudinal axis of the fiber material.

22. The method of claim 21, further comprising:

crosslinking at least a portion of the substantially perpendicular-aligned,

infused carbon nanotubes to each other, to the fiber material, or to both.

23. The method of claim 22, wherein crosslinking comprises covalent bonding.



24. The method of claim 22, wherein crosslinking comprises pi-stacking interactions.

25. The method of claim 24, wherein a crosslinking polymer forms the pi-stacking

interactions with the substantially perpendicular-aligned, infused carbon

nanotubes.

26. The method of claim 25, further comprising:

placing the carbon nanotube-infused fiber material in a matrix material.

27. The method of claim 21, wherein reorienting comprises a mechanical process.

28. The method of claim 2 1, wherein reorienting comprises a chemical process.

29. The method of claim 2 1, further comprising:

depositing catalytic nanoparticles on the layer of substantially parallel-

aligned, infused carbon nanotubes;

growing additional carbon nanotubes on the layer of substantially parallel-

aligned, infused carbon nanotubes; and

orienting the additional carbon nanotubes such that they are aligned

substantially parallel to the longitudinal axis of the fiber material.

30. The method of claim 29, further comprising:

crosslinking at least a portion of the additional carbon nanotubes to at least

a portion of the substantially parallel-aligned, infused carbon nanotubes, to each

other, or to both.

31. The method of claim 30, further comprising:

placing the carbon nanotube-infused fiber material in a matrix material.

32. The method of claim 21, wherein the fiber material is of a continuous length.



33. A method comprising:

providing a continuous fiber material; and

growing a layer of carbon nanotubes on the continuous fiber material in

the presence of an electric field or a magnetic field;

wherein the carbon nanotubes are infused to the continuous fiber

material so as to form a carbon nanotube-infused fiber material; and

wherein the electric field or the magnetic field is oriented such that

the infused carbon nanotubes are aligned substantially parallel to the longitudinal

axis of the fiber material.

34. The method of claim 33, further comprising:

crosshnking at least a portion of the substantially parallel-aligned, infused

carbon nanotubes to each other, to the fiber material or both.

35. The method of claim 34, wherein crosshnking comprises covalent bonding.

36. The method of claim 34, wherein crosshnking comprises pi-stacking interactions.

37. The method of claim 36, wherein a crosshnking polymer forms the pi-stacking

interactions with the substantially parallel-aligned, infused carbon nanotubes.

38. The method of claim 37, further comprising:

placing the carbon nanotube-infused fiber material in a matrix material.

39. The method of claim 33, further comprising:

depositing catalytic nanoparticles on the layer of substantially parallel-

aligned, infused carbon nanotubes;

growing additional carbon nanotubes on the layer of substantially parallel-

aligned, infused carbon nanotubes; and

orienting the additional carbon nanotubes such that they are aligned

substantially parallel to the longitudinal axis of the continuous fiber material.



40. The method of claim 39, further comprising:

crosslinking at least a portion of the additional carbon nanotubes to at least

a portion of the substantially parallel-aligned, infused carbon nanotubes, to each

other, or to both.

4 1. The method of claim 40, further comprising:

placing the carbon nanotube-infused fiber material in a matrix material.

42. A method comprising:

providing a carbon nanotube-infused fiber material comprising a fiber

material and carbon nanotubes infused to the fiber material that are aligned

substantially perpendicular to the surface of the fiber material;

adding a crosslinking polymer to the carbon nanotube-infused fiber

material to form crosslinked, substantially perpendicular-aligned, infused carbon

nanotubes;

wherein the crosslinking polymer forms pi-stacking interactions

with the crosslinked, substantially perpendicular-aligned, infused carbon

nanotubes; and

reorienting the crosslinked, substantially perpendicular-aligned, infused

carbon nanotubes so as to form a layer of crosslinked, infused carbon nanotubes

that are aligned substantially parallel to the longitudinal axis of the fiber material.

43. The method of claim 42, wherein reorienting comprises a mechanical process.

44. The method of claim 42, wherein reorienting comprises a chemical process.

45. The method of claim 42, further comprising:

depositing catalytic nanoparticles on the layer of crosslinked, substantially

parallel-aligned, infused carbon nanotubes;

growing additional carbon nanotubes on the layer of crosslinked,

substantially parallel-aligned, infused carbon nanotubes; and

orienting the additional carbon nanotubes such that they are aligned

substantially parallel to the longitudinal axis of the fiber material.



The method of claim 45, further comprising:

crosslinking at least a portion of the additional carbon nanotubes to at least

a portion of the crosslinked, substantially parallel-aligned, infused carbon

nanotubes, to each other, or to both.

A continuous carbon nanotube growth process, the process comprising:

providing a continuous fiber material;

growing carbon nanotubes on the continuous fiber material in a continuous

carbon nanotube growth process;

wherein the carbon nanotubes are infused to the fiber material so

as to form a carbon nanotube-infused fiber material;

crosslinking at least a portion of the infused carbon nanotubes to each

other, to the fiber material, or both;

wherein crosslinking comprises treating the infused carbon

nanotubes with a crosslinking polymer that forms pi-stacking interactions with

the infused carbon nanotubes so as to form crosslinked, infused carbon

nanotubes; and

orienting the crosslinked, infused carbon nanotubes by a mechanical

process or a chemical process so as to form a layer of crosslinked, infused carbon

nanotubes that are aligned substantially parallel to the longitudinal axis of the

continuous fiber material.

The continuous carbon nanotube growth process of claim 47, further comprising:

depositing catalytic nanoparticles on the layer of crosslinked, substantially

parallel-aligned, infused carbon nanotubes;

growing additional carbon nanotubes on the layer of crosslinked,

substantially parallel-aligned, infused carbon nanotubes; and

orienting the additional carbon nanotubes such that they are aligned

substantially parallel to the longitudinal axis of the fiber material.



The continuous carbon nanotube growth process of claim 48, further comprising:

crosslinking at least a portion of the additional carbon nanotubes to at least

a portion of the crosslinked, substantially parallel-aligned, infused carbon

nanotubes, to each other, or to both.
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