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(57) ABSTRACT 

A system for synthesizing carbon nanotubes (CNT) on a ?ber 
material includes a surface treatment system adapted to 
modify the surface of the ?ber material to receive a barrier 
coating upon Which carbon nanotubes are to be grown, a 
barrier coating application system downstream of the surface 
treatment system adapted to apply the barrier coating to the 
treated ?ber material surface, and a barrier coating curing 
system doWnstream of the barrier coating application system 
for partially curing the applied barrier coating to enhance 
reception of CNT groWth catalyst nanoparticles. 
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SYSTEM AND METHOD FOR SURFACE 
TREATMENT AND BARRIER COATING OF 

FIBERS FOR IN SITU CNT GROWTH 

STATEMENT OF RELATED APPLICATIONS 

[0001] The present invention claims priority under 35 US. 
C. §119(e) to provisional applications 61/157,096 ?led Mar. 
3, 2009, and 61/182,153 ?led May 29, 2009, each ofWhich is 
incorporated by reference herein in their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not applicable. 

FIELD OF THE INVENTION 

[0003] The present invention relates to carbon nanotube 
(CNT) growth, more speci?cally to CNT growth on ?ber 
substrates. 

BACKGROUND OF THE INVENTION 

[0004] In a ?ber-based composite, ?bers act as a reinforc 
ing agent, While a matrix material localiZes the ?bers and, in 
some cases, controls their orientation. The matrix material 
also serves as a load-transfer medium betWeen ?bers Within 
the composite. Due to their exceptional mechanical proper 
ties, carbon nanotubes (CNTs) have been used to further 
reinforce ?ber composite materials. HoWever, incorporation 
and alignment of CNTs on ?bers and/or in composites has 
been problematic. Current methods of groWing carbon nano 
tubes on ?bers result in entangled and non-aligned carbon 
nanotubes With loW Weight percentage/ concentration of car 
bon nanotubes. Moreover, some ?ber-based substrates are 
sensitive to the temperatures at Which CNTs are groWn. This 
temperature sensitivity can manifest as an inherent instability 
of the ?ber material at CNT groWth temperatures. Tempera 
ture sensitivity in the CNT groWth process can also be the 
result of CNT nanoparticle catalyst sintering due to nanopar 
ticle mobility on the ?ber surface. Improved methods for in 
situ groWth of carbon nanotubes on different ?ber-based sub 
strates Would be useful in producing greater strength com 
posite materials as Well as in other mechanical, thermal, and 
electrical applications. The present invention satis?es this 
need and provides related advantages as Well. 

SUMMARY OF THE INVENTION 

[0005] In some aspects, embodiments disclosed herein 
relate to a system for synthesiZing carbon nanotubes (CNT) 
on a ?ber material that includes a surface treatment system 
adapted to modify the surface of the ?ber material to receive 
a barrier coating upon Which carbon nanotubes are to be 
groWn, a barrier coating application system doWnstream of 
the surface treatment system adapted to apply the barrier 
coating to the treated ?ber material surface, and a barrier 
coating curing system doWnstream of the barrier coating 
application system for partially curing the applied barrier 
coating to enhance reception of CNT groWth catalyst nano 
particles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1 shoWs a schematic diagram of a system for 
preparing a substrate for in situ groWth of carbon nanotubes, 
according to an embodiment of the invention. 
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[0007] FIG. 2 shoWs a schematic diagram of a system for 
preparing a ?ber toW for in situ groWth of carbon nanotubes, 
according to an embodiment of the invention. 
[0008] FIG. 3 shoWs a process How for treating a ?ber 
surface to promote adhesion With a barrier coating and for 
applying a barrier coating and catalyst particles, according to 
an aspect of the invention. 
[0009] FIG. 4 shoWs a schematic diagram of an embodi 
ment of a cold plasma treatment system. 
[0010] FIG. 5 shoWs a schematic diagram of an embodi 
ment of a Wet surface treatment system. 
[0011] FIG. 6 shoWs a schematic diagram of an embodi 
ment of a spray barrier coating application system. 
[0012] FIG. 7 shoWs a schematic diagram of a system for 
preparing a ?ber toW for in situ groWth of carbon nanotubes, 
according to another embodiment of the invention. 
[0013] FIG. 8 shoWs a process How for treating a ?ber 
surface to promote adhesion With a barrier coating and for 
applying catalyst particles and a barrier coating, according to 
another aspect of the invention. 
[0014] FIG. 9 shoWs a cross-sectional vieW of a substrate 
treated by the system of FIG. 7, according to an embodiment 
of the invention. 
[0015] FIG. 10 shoWs a cross-sectional vieW of a substrate 
treated by the system of FIG. 2, according to another embodi 
ment of the invention. 
[0016] FIG. 11 shoWs nanoparticles embedded in a barrier 
coating disposed conformally over a substrate. 
[0017] FIG. 12 shoWs nanoparticles embedded in a barrier 
coating and in surface contact With a substrate. 
[0018] FIG. 13 shoWs exemplary groWth of carbon nano 
tubes on the embedded nanoparticles shoWn in FIG. 11. 
[0019] FIG. 14 shoWs a system for producing a high tem 
perature ceramic ?ber composite With enhanced signature 
control characteristics. 
[0020] FIG. 15 shoWs a system for producing CNTs on 
carbon ?ber. 

DETAILED DESCRIPTION 

[0021] The present invention is directed, in part, to methods 
for the groWth of carbon nanotubes on ?ber materials, includ 
ing ?ber materials that might otherWise be incompatible With 
the harsh conditions associated With CNT groWth, such as 
elevated temperatures. The methods of the invention utiliZe a 
barrier coating to reduce or prevent nanoparticle sintering 
and/or to protect temperature sensitive ?ber materials from 
the elevated temperatures associated With CNT groWth. The 
methods of the present invention produce a CNT-infused ?ber 
material that can be incorporated in composite manufacturing 
to provide composite products With carbon nanotubes at 
Weight percentages exceeding those achieved using loose 
CNTs, CNTs on scaffolds, including other CNT-infused 
?bers Which exhibit loWer CNT densities and/or lack control 
over CNT orientation. Thus, methods of the present invention 
provide conditions for groWth of carbon nanotubes aligned 
substantially perpendicularly to the axis of the ?ber. 
[0022] The methods of the present invention also prevent 
poisoning of the CNT nanoparticle catalysts. At high groWth 
temperatures catalyst nanoparticles can react With surfaces of 
certain ?ber material compositions. For example, a ?ber 
material made from carbon or an organic composition can 
poison catalyst nanoparticles reducing CNT groWth. Without 
being bound by theory, it has been indicated that such sub 
strate-nanoparticle interaction results in overfeeding of the 
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catalyst nanoparticle With carbon radicals. Morover, diffu 
sion of the surface carbon from a carbon or an organic ?ber 
into the catalyst nanoparticles prior to carbon nanotube nucle 
ation can inhibit CNT groWth. In some embodiments, meth 
ods employed herein prevent or reduce the interaction of the 
catalyst nanoparticles With the surface of the ?ber material, 
thereby allowing carbon nanotube growth on the ?ber mate 
rial With increased yield, as Well as enhanced alignment of 
carbon nanotubes on the ?ber. 

[0023] Methods of the present invention also reduce the 
sintering of nanoparticles on the surface of the ?ber material. 
When heating a CNT nanoparticle catalyst-laden ?ber mate 
rial the catalyst nanopar‘ticles can diffuse on the ?ber material 
surface. Depending on the exact ?ber composition, nanopar 
ticle surface mobility can lead to undesirable amounts of 
nanoparticle sintering leading to reduced CNT groWth. This 
nanoparticle to nanoparticle interaction is reduced by 
employing the barrier coatings of the present invention. 
[0024] In some embodiments, the barrier coating employed 
in methods of the present invention is applied to the ?bers in 
a liquid form and is subsequently cured. The CNT nanopar 
ticle catalysts can be disposed on the ?ber substantially 
simultaneously With the barrier coating, including having the 
catalyst mixed in With the barrier coating liquid form. In some 
embodiments, the catalyst can be applied to the ?ber after the 
barrier coating is applied. In such embodiments, the barrier 
coating can be optionally partially cured prior to CNT nano 
particle catalyst deposition. 
[0025] By applying the barrier coating in liquid form, the 
coating thickness can be readily controlled and the nanopar 
ticles can pack densely Without any templating effect, as 
explained further beloW. Once the barrier coating and nano 
particles catalysts have been applied to the ?ber material, the 
barrier coating can be fully cured “locking” the nanoparticles 
in place. The catalyst-laden ?ber material is ready for carbon 
nanotube synthesis at this point. This con?guration of ?ber 
material, barrier coating, and CNT nanoparticle catalyst pro 
vides one or more of the folloWing features: 1) reduction or 
prevention of nanoparticle sintering; 2) protection of the ?ber 
material by the thermally insulating barrier coating; 3) reduc 
tion or prevention of nanoparticle-substrate interaction. 
[0026] As used herein, the term “conformally depositing,” 
When used in reference to the application of a barrier coating 
to a substrate, refers to a process in Which the barrier coating 
is deposited on, and in surface contact With a substrate, 
regardless of substrate geometry. Conformal deposition of a 
barrier coating on a substrate to Which nanoparticles have 
already been deposited does not interfere With the exposure of 
at least a portion of the nanoparticle surface When desired. In 
such embodiments, the barrier coating can be formulated to 
?ll the voids betWeen nanoparticles Without completely 
encapsulating the nanoparticles. This can be achieved by 
altering the concentration and/or viscosity of the liquid form 
of the barrier coating. 
[0027] As used herein, the term “barrier coating” refers to 
any coating used to reduce or prevent undesirable nanopar 
ticle-to-nanopar‘ticle interactions such as sintering and 
agglomeration on a substrate surface. The term also includes 
coatings used to reduce or prevent undesirable nanoparticle 
to-substrate interactions. “Barrier coatings” can be further 
selected for adherence to particular substrates and/or to pro 
tect a substrate from a reactive environment that is used in a 
reaction in Which a nanoparticle is used as a catalyst, seed 
material, or reactant. Barrier coatings of the invention are 
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thermal insulators that can be applied to a substrate in liquid 
form, such as gels, suspensions, dispersions, and the like. By 
providing the barrier coating in a liquid form, it can be sub 
sequently partially or fully cured. The curing process gener 
ally involves the application of heat. Exemplary barrier coat 
ings include, for example, spin-on glass or alumina. 
[0028] As used herein, the term “agglomeration” refers to 
any process in Which nanoparticles disposed on a substrate 
are fused together. Conditions for agglomeration can include 
heating to a melting point of the entire nanoparticle or a 
portion of the nanoparticle, such as its surface. In addition, 
agglomeration refers to conditions that accelerate surface 
diffusion of the nanoparticles on the substrate, Which includes 
heating. With respect to the latter conditions, the term 
“agglomeration” can be used interchangeably With the term 
“sintering.” 
[0029] As used herein, the term “nanoparticle” or NP (plu 
ral NPs), or grammatical equivalents thereof refers to par 
ticles siZed betWeen about 0.1 to about 100 nanometers in 
equivalent spherical diameter, although the NPs need not be 
spherical in shape. Such nano structured materials encompass 
any geometry lacking a large aspect ratio With respect to all 
dimensions. 
[0030] As used herein, the term “effective diameter” refers 
to the average nanoparticle diameter of approximately spheri 
cal nanoparticles. 
[0031] As used herein, the term “embedding,” Whenused in 
reference to nanoparticles in barrier coatings, refers to the 
process of surrounding the nanoparticles With the liquid form 
of the barrier coating to any depth, including in surface con 
tact With a substrate, and/or encapsulating the nanoparticle 
completely. “Embedding” the nanoparticles of the invention 
in the barrier coating and curing the barrier coating can 
mechanically lock the particles in place preventing their 
migration and subsequent agglomeration. “Embedding” the 
nanoparticles in the barrier coating can include placing the 
particles in the barrier coating to a depth that the nanoparticles 
are also in surface contact With the substrate on Which the 
barrier coating is deposited, While still maintaining an 
exposed surface of the nanoparticle. Nanoparticles can also 
be “embedded” in the barrier coating by applying the barrier 
coating after placing nanoparticles on a substrate. Nanopar 
ticles can also be embedded in the barrier coating by simul 
taneous application of the barrier coating and the nanopar 
ticles. 
[0032] As used herein, the term “carbon nanotube” or 
“CNT” refers to any of a number of cylindrically-shaped 
allotropes of carbon of the fullerene family including single 
Walled carbon nanotubes (SWNTs), double-Walled carbon 
nanotubes (DWNTS), multi-Walled carbon nanotubes 
(MWNTs). CNTs can be capped by a fullerene-like structure 
or open-ended. CNTs include those that encapsulate other 
materials. 
[0033] As used herein, the term “transition metal” refers to 
any element or alloy of elements in the d-block of the periodic 
table. The term “transition metal” also includes salt forms of 
the base transition metal element such as oxides, carbides, 
nitrides, acetates, and the like. 
[0034] As used herein, the term “substrate” refers to any 
material, the surface of Which can be modi?ed by groWth of 
carbon nanotubes employing the methods disclosed herein. 
Exemplary substrates include ?ber materials, such as tapes, 
yarns, toWs, rovings, ribbons, and higher ordered structures 
such as plies, fabrics, 3D Woven and non-Woven structures, 
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mats, and the like. Substrates also include ?at sheet surfaces 
such as silicon Wafers, graphite sheets, high temperature plas 
tic sheets, and the like. 
[0035] In some embodiments, the present invention pro 
vides a system for synthesizing carbon nanotubes (CNT) on a 
?ber material that includes 1) a surface treatment system 
adapted to modify the surface of the ?ber material to receive 
a barrier coating upon Which carbon nanotubes are to be 
groWn; 2) a barrier coating application system doWnstream of 
the surface treatment system adapted to apply the barrier 
coating to the treated ?ber material surface; and 3) a barrier 
coating curing system doWnstream of the barrier coating 
application system for partially curing the applied barrier 
coating to enhance reception of a CNT groWth catalyst nano 
particles. 
[0036] The system for CNT synthesis of ?ber materials also 
includes a catalyst application system for depositing CNT 
groWth catalyst nanoparticles. The catalyst nanoparticles can 
be any d-block transition metal in some embodiments. In 
some embodiments, the CNT groWth catalyst nanoparticles 
includes iron, iron oxides, and mixtures thereof. 
[0037] The catalyst application system and barrier coating 
application system canbe con?gured in several Ways. In some 
embodiments, the tWo systems are con?gured for simulta 
neous deposition of catalyst nanoparticles and barrier coat 
ing. In such embodiments, the barrier coating, supplied as a 
liquid for dip or spray application, can be mixed With catalyst 
nanoparticles. In other embodiments, the tWo can be substan 
tially simultaneously supplied by tWo different spray appli 
cators. 

[0038] In some embodiments, the catalyst application sys 
tem is upstream of the barrier coating system. In such 
embodiments, the catalyst can be applied to the ?ber material 
after plasma treatment or the like. Without being bound by 
theory, the catalyst nanoparticles can be deposited in the 
nanoscale pits or Wells created by the “roughening” process, 
as explained herein further beloW. In this con?guration, the 
barrier coating is applied to the catalyst-laden ?ber material 
and then the barrier coated ?ber material is partially cured. It 
has been indicated that upon partially curing, the nanopar 
ticles are capable of redistribution and can emerge at least 
some portion of its surface area to make it available for 
doWnstream CNT synthesis. 
[0039] In yet another con?guration the catalyst application 
system is doWnstream of the barrier coating system. In such 
embodiments, the catalyst can be applied after partially cur 
ing the barrier coating. The partially cured barrier coating 
provides a “sticky” surface as a conformal coating to capture 
the deposited nanoparticles and can alloW the particle to be 
embedded to any desirable extent. 

[0040] The system for CNT synthesis of the invention fur 
ther includes a CNT groWth system that includes a CNT 
groWth chamber equipped With a carbon feedstock supply for 
chemical vapor deposition (CVD)- or plasma-enhanced 
CVD-groWth of carbon nanotubes. The CNT groWth chamber 
can be a small cavity chamber for ef?cient utiliZation of 
reactive carbon species used in CNT groWth. The carbon 
feedstock can be any type employed in the art, including for 
example, hydrocarbons, CO, syngas, methanol, acetylene, 
ethylene, and the like. 
[0041] Systems of the present invention can be con?gured 
for the continuous synthesis of carbon nanotubes on the ?ber 
material. Thus, a ?ber material provided in spoolable lengths 
on a spool or mandrel can be meted out With a payout system 
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upstream of the surface treatment system and, after CNT 
synthesis, the ?ber material can be re-Wound doWnstream of 
the CNT groWth system. In some embodiments, the ?ber 
material coming out of the CNT groWth system can be treated 
in resin bath prior to re-Winding. 
[0042] Referring noW to FIG. 1, there is illustrated a sche 
matic diagram of a system 100 for treating the surface of a 
?ber material, according to an exemplary embodiment of the 
invention. In the illustrated embodiment, system 1 00 includes 
a surface treatment system 110, a barrier coating system 120, 
and a barrier coating curing system 130. A controller 190 in 
communication With systems 110, 120 and 130 operates to 
monitor and/or control various system parameters and pro 
cesses for preparing the ?ber material for carbon nanotube 
groWth on its surface. 

[0043] Surface treatment system 110 receives a ?ber mate 
rial from an upstream substrate source (not shoWn). In one 
con?guration, surface treatment system 110 receives a carbon 
?ber, for example, although any ?ber type can be used such as 
metal ?ber, organic ?ber, such as an aramid, ceramic ?ber, or 
glass ?ber. In this exemplary embodiment, the feed rate of the 
carbon ?ber from the source is controlled by controller 190. 
Surface treatment system 110 is adapted to alter the surface 
chemistry of the ?ber to improve at least one of the Wetting 
and adhesion properties of the ?ber material surface. The 
improvement in the Wetting and adhesion properties of the 
?ber material surface renders the ?ber surface more receptive 
and retentive of a barrier coating. 

[0044] In an exemplary embodiment, surface treatment of 
the ?ber surface in surface treatment system 110 includes 
cold plasma treatment of the ?ber. Referring noW to FIG. 4, in 
one con?guration, surface treatment system 110 takes the 
form of a corona discharge based plasma treatment system 
400. By Way of example only, ?ber 430 passes at a given rate 
through system 400 plasma treatment enclosure (for example, 
about four (4) feet/min). Fiber 430 passing through system 
400 enclosure is exposed to a mixture of a primary gas and a 
secondary gas. The feed rate of the gas mixture to the system 
and other variables may be controlled by controller 190. The 
function of the primary gas is to ignite or create a plasma 
When subjected to corona discharge. As is knoWn in the art, a 
corona discharge is an electric discharge resulting from an 
ioniZation of a ?uid surrounding a conductor, through Which 
an electric current ?oWs, creating a potential gradient exceed 
ing a certain threshold value. The primary gas is ioniZed to 
create a plasma When an electric current ?oWs through a 
conductor immersed in the gas mixture. The function of the 
secondary gas is to react With the ?ber surface to enhance at 
least one of the Wetting and the adhesion properties of the 
?ber surface. Without being bound by theory, the plasma 
treatment provides a “roughened” surface creating nano 
scale features such as valley in the ?ber material surface. The 
plasma can also create functional group handles that can 
enhance bonding betWeen the ?ber material and the barrier 
coating. Fiber 430 is subjected to the “exhaust” stream of the 
plasma 420 from plasma heads 410. Controller 190 controls 
the rate of plasma discharge from plasma heads 410. 
Examples of primary gases include helium and argon. An 
example of a secondary gas is oxygen. The choice of second 
ary gas can depend on the type of ?ber material being treated. 
For example, oxygen is a useful secondary gas for treatment 
of a carbon ?ber. 

[0045] By Way of example only, a gas mixture can include 
about thirty (30) liters of primary gas and about 0.3 liter of 
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secondary gas. The ?ber is subjected to the gas mixture at a 
How rate of about 30.3 liters of the aforementioned gas mix 
ture per minute in the presence of an electric ?eld. Oxygen in 
the gas mixture can react With carbon bonds on the ?ber 
surface to form various organic functional groups such as 
carboxyl groups and carbonyl compounds, the latter includ 
ing organic functional groups such as ketones and aldehydes, 
for example. Without being bound by theory, it has been 
indicated that oxygen also tends to remove some carbon 
atoms from the surface to create further reactive carbon atoms 
in the netWork of a carbon ?ber material surface. The car 
boxyl and carbonyl compounds thus formed on the ?ber 
surface have a higher tendency to accept a barrier coating as 
compared to an untreated carbon ?ber surface. This improved 
adhesion of the barrier coating be the result of non-bonding 
interactions such as hydrogen bond acceptors and donors 
associated With the surface functional groups formed by the 
plasma. In this manner the ?ber surface is prepared for the 
application of a barrier coating thereon. 

[0046] Referring noW to FIG. 5, in another exemplary 
embodiment, surface treatment of the ?ber in system 110 
includes a Wet coating treatment system 500. System 500 
receives ?ber 430 from an upstream ?ber source. Fiber 430 is 
immersed in a chemical solution 520 in a container in a bath 
510 to treat the surface of ?ber 430. Fiber 430 is guided by 
tWo guide rollers 540, 550. A bath roller 530 immerses ?ber 
430 into solution 520. In one con?guration the chemical 
solution includes about 1% (by volume) solute such as dim 
ethylisopropylsilane, methylcylcosiloxane, polysiloxanes, 
polydimethylsiloxane, polydiphenylsiloxane, polycarbosi 
lanes, alumoxane, methylsiloxane, silane, and/or alkoxysi 
lanes in a solvent such as Water. Oxysilanes reacts With the 
surface of ?ber 430 thereby forming compounds thereon 
Which are more receptive of a barrier coating. At least tWo 
different sets of functional groups are formed on the surface. 
The ?rst set of functional groups bonds Well With the ?ber 
Whereas the second set of function group bonds Well With the 
barrier coating. These compounds collectively tend to adhere 
to the ?ber surface and to a barrier coating, thereby enhancing 
the adhesion betWeen the ?ber surface and the barrier coating. 
After the surface treatment, ?ber 430 exits the treatment 
system 500 and enters the doWnstream barrier coating system 
120. Barrier coating system 120 operates to apply a barrier 
coating on the treated ?ber material surface. In an exemplary 
embodiment, a barrier coating is applied in thicknesses rang 
ing from about 10 nanometers (nm) to about 100 nanometers 
(nm). The type of barrier coating depends on the ?bers and the 
catalyst chemistries. A barrier coating material is selected so 
as to protect the ?ber from interaction With the catalyst par 
ticles. In an exemplary embodiment, a coating for a carbon 
?ber includes an alumina coating such as alumoxane, alumina 
nanoparticles, or other alumina coating solutions. In another 
embodiment, a coating for a carbon ?ber includes a glass 
coating, such as spin on glass, glass nanoparticles or other 
glass coating solutions such as methyl siloxane based solu 
tions. Such boundary coatings or barrier coatings can also be 
used on other substrates such as glass ?bers, KEVLAR® (a 
type of aramid ?ber), as Well as other organic ?bers. For 
example, alumoxane may be used on KEVLAR® to protect it 
from high temperatures encountered in the carbon nanotubes 
groWth processes. One of the criteria for the selection of the 
barrier coating material is hoW Well it adheres to a given ?ber 
material surface. Another of the criteria is the degree to Which 
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the coating mitigates the interaction of carbon nanotube 
groWth catalyst nanoparticles With the ?ber surface. 
[0047] In an exemplary embodiment of the invention, bar 
rier coating system 120 includes a dip coating system. The dip 
coating system canbe similar to the system 500 shoWn in FIG. 
5. System 500 receives a surface treated ?ber 430 from 
upstream surface treatment system 110. In one con?guration, 
a solution containing about 1 part (by volume) methyl-silox 
ane based solution in about 120 parts solvent such as isopro 
pyl alcohol is used. Fiber material 430, for example, a carbon 
?ber, is fed at the given rate (for example, about 4 feet/ minute) 
into the solution for a given duration t d of about 15 seconds. 
The barrier coating thus applied on the surface of ?ber mate 
rial 430 has a thickness in the range of about 10 nm to about 
100 nm, in some embodiments, and in the range of about 10 
nm to about 20 nm, in other embodiments. The dipping time 
or residence time of the ?ber material in the solution can be 
adjusted to obtain a uniform barrier coating on the ?ber sur 
face. The residence time can also be varied to account for 
different types of ?bers and their corresponding barrier coat 
ing materials. The thickness of the resulting barrier coating is 
a function of the concentration of the coating solution and 
thus can be varied by adjusting the concentration of coating 
solution 520. Other coating materials include alumina-based 
coatings such as alumoxane, alumina nanoparticles, and 
glass-based coatings such as spin on glass and glass nanopar 
ticles. After the application of the barrier coating, the ?ber is 
then supplied to doWnstream barrier coating curing system 
130. 

[0048] Referring noW to FIG. 6, in another exemplary 
embodiment, barrier coating system 120 includes a spray 
coating system 600. Coating system 600 receives surface 
treated ?ber 430 from treatment system 110. The methyl 
siloxane-isopropyl alcohol-solution, from ?uid reservoir 61 0, 
described herein above may be used to apply, via one or more 
spray noZZles 630, the barrier coating onto the surface of ?ber 
430. Solution 650 is sprayed uniformly onto ?ber 430. The 
?ber feed rate, noZZle orientation and spray rate and pressure 
can be controlled via controller 190. Once a barrier coating of 
suf?cient thickness is sprayed onto the surface of ?ber 430, 
?ber 430 is supplied to doWnstream barrier coating curing 
system 130. Barrier coating curing system 130 is operative to 
partially cure the barrier coating to create a pseudo-cured 
state of the barrier coating. System 130 receives the treated 
?ber that has passed through the barrier coating application 
station 120.At this time, the neWly appliedbarrier coating can 
lack su?icient structural rigidity to remain, permanently 
adhered to the ?ber surface because the transformation of the 
barrier coating to a monolithic solid coating is not yet com 
plete. System 130 operates to partially cure the ?ber barrier 
coating to increase its structural rigidity to accept and retain 
the CNT catalyst nanoparticles and ensure that the barrier 
coating remains adhered to the ?ber surface. In some embodi 
ments, the CNT catalyst nanoparticles can be applied prior to 
partially curing and in some such embodiments, the CNT 
catalyst nanoparticles can be applied substantially simulta 
neously With application of the barrier coating, including 
mixing the catalyst nanoparticles in the barrier coating solu 
tion. 

[0049] In one con?guration, system 130 includes a heat 
chamber that subjects the ?ber to a temperature of about 250° 
C. in a locally purged atmosphere. In an exemplary embodi 
ment, nitrogen (N2) gas may be used to create the locally 
purged atmosphere Which mitigates any atmospheric con 
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tamination of the freshly applied barrier coating on the ?ber 
material surface. The ?ber material passes through system 
130 at a given rate (for example, about four (4) feet/ sec). The 
partial curing of ?ber With the barrier coating creates a 
pseudo-cured state, or a gel-like state, of the barrier coating, 
Which becomes suf?ciently rigid to remain adhered to the 
?ber surface While remaining receptive to catalyst nanopar 
ticles Which can be applied thereafter, although as explained 
above, the catalyst can be applied substantially simulta 
neously With the barrier coating. 
[0050] After the application of the barrier coating, the ?ber 
is then supplied to a catalyst coating system for the applica 
tion of the catalyst nanoparticles on the ?ber material. The 
catalyst particles can be applied on the treated ?ber using Wet 
dipping or chemical bath methods. The applied catalyst nano 
particles adhere to the pseudo-cured barrier coating. In the 
case of simultaneous deposition With the barrier coating, the 
catalyst nanoparticles are disposed throughout the barrier 
coating layer. 
[0051] In some embodiments, the barrier coated ?bers are 
passed through a groWth chamber for the synthesis of carbon 
nanotubes and the relatively high temperature completely 
cures the barrier coating on the ?ber surface. In some embodi 
ments, fully curing the barrier coating can be performed 
separately from the CNT groWth chamber. During CNT 
groWth, the catalyst nanoparticles become more reactive at 
the relatively high temperatures and embed themselves in the 
barrier coating Which is simultaneously cured completely. At 
the same time, CNT formation can occur as the catalyst 
nanoparticles embedded in the barrier coating initiate the 
nucleation of CNTs When subjected to a cracked carbon feed 
gas under appropriate conditions. For example, the tempera 
tures in the groWth chamber may be about 500° C. or higher. 
The barrier coating thus protects the ?ber surface by mitigat 
ing detrimental ?ber surface to catalyst nanoparticle interac 
tion Which can result in catalyst poisoning While facilitating 
in situ groWth of carbon nanotubes on the carbon ?bers. The 
barrier coating can also prevent migration and sintering of the 
nanoparticles on the ?ber material surface. 
[0052] It is understood that controller 190 can be adapted to 
independently sense, monitor and control system parameters 
including one or more of substrate feed rate, plasma gas 
mixture feed rate, and curing temperature. Controller 190 can 
be an integrated, automated computeriZed system controller 
that receives parameter data and performs various automated 
adjustments of control parameters or a manual control 
arrangement. 
[0053] Referring noW to FIG. 2, a schematic diagram of a 
system 200 for treating the surface of a substrate, according to 
another exemplary embodiment of the invention is illustrated. 
In the illustrated embodiment, system 200 includes a ?ber 
separation system 240, surface treatment system 110, barrier 
coating system 120, a barrier coating curing system 130, and 
a catalyst coating system 250. When a bundle of ?bers, such 
as a toW (or roving or yarn), is to be treated, ?ber separation 
system 240 is used to spread the ?bers. Exemplary toWs can 
include betWeen about 1000 to about 12000 ?bers. In an 
exemplary embodiment, a toW is spread and planariZed using 
a positive air pressure. In another embodiment, the toW is 
spread and planariZed using a negative air pressure, such as a 
vacuum or partial vacuum. In an exemplary embodiment, 
?ber separation system 240 is an air knife. As is knoWn in the 
art, an air knife is a pressuriZed air plenum containing a series 
of holes or continuous slots through Which pressurized air 
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exits in a laminar ?oW pattern. In other embodiments, other 
knoWn techniques and devices may be used to spread or 
separate the ?bers of the ?ber toW. 
[0054] Once the ?bers are spread or separated, they are fed 
doWnstream to the surface treatment system 110, barrier coat 
ing system 120, and barrier coating curing system 130 as 
described herein above. The ?ber With barrier coating is then 
supplied to doWnstream catalyst coating system 250. In one 
con?guration, catalyst coating system 250 is a colloidal nano 
particle solution of the catalyst particles such as iron oxide or 
nickel oxide. The ?ber With barrier coating is immersed in the 
solution Where the catalyst particles embed in the pseudo 
cured barrier coating. The catalyst coated ?ber is then intro 
duced into a groWth chamber at an appropriate temperature 
along With appropriate carbon feed gas. Free carbon radicals 
resulting from the dissociation of the carbon feed gas initiate 
the groWth of carbon nanotubes in the presence of the catalyst 
nanoparticles on the ?ber material surface. 
[0055] Referring noW to FIG. 3, there is illustrated a pro 
cess ?oW for preparing a bundle of ?bers, such as a ?ber toW, 
for the groWth of carbon nanotubes, according to some 
embodiments of the invention. At block 310, a ?ber bundle, or 
a toW, is spread to facilitate surface treatment of the ?bers by 
exposing the ?ber surface area. At block 320, the ?bers are 
subjected to a surface treatment process to prepare the sur 
faces of the ?bers for application of the barrier coating. The 
surface treatment process alters the surface chemistry of the 
?bers to improve at least one of the Wetting and adhesion 
properties to the barrier coating. At block 330, the barrier 
coating is applied to the ?bers. The barrier coating protects 
the ?bers and mitigates the interaction betWeen the catalyst 
particles and the ?ber surfaces, Which interaction is detrimen 
tal to the groWth of carbon nanotubes. The barrier coating 
protects the ?bers from high temperature oxidation and deg 
radation as Well. At block 340, the barrier coating is partially 
cured to create a pseudo-cured state of the barrier coating. In 
the pseudo-cured state of the barrier coating, the catalyst 
particles are embedded in the barrier coating. 
[0056] Referring noW to FIG. 10, there is illustrated sche 
matically a cross-sectional vieW of an exemplary substrate 
1010 resulting from the process of FIG. 3. A barrier coating 
1020 is applied to a ?ber material substrate 1010. Subsequent 
application of catalyst nanoparticles to the barrier coating 
coated substrate 1010 results in catalyst nanoparticles embed 
ded in barrier coating 1020. Barrier coating 1020 serves to 
minimiZe interaction betWeen catalyst nanoparticles 1030 
and substrate 1010 and betWeen catalyst nanoparticles With 
each other. 

[0057] Referring noW to FIG. 7, there is shoWn a schematic 
diagram of a system 700 for treating the surface of a substrate, 
according to yet another exemplary embodiment of the inven 
tion. Components of system 700 are similar to the compo 
nents of system 200 as shoWn in FIG. 2. In system 200, the 
catalyst nanoparticles are applied to the ?bers after a barrier 
coating has been applied to the ?bers and has been partially 
cured. In contrast, in system 700, the catalyst particles are 
applied to surface treated ?bers arriving from surface treat 
ment system 110.After the catalyst particles are applied to the 
?ber surface, the ?bers are supplied to the barrier coating 
system 120 for an application of a barrier coating and subse 
quently to barrier coating curing system 130 for curing the 
barrier coating. 
[0058] Fibers are surface treated in surface treatment sys 
tem 110 using techniques such as plasma treatment and Wet 
















