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SYSTEMAND METHOD FOR SURFACE 
TREATMENT AND BARRIER COATING OF 

FIBERS FOR IN STU CNT GROWTH 

STATEMENT OF RELATED APPLICATIONS 

0001. The present invention claims priority under 35 U.S. 
C. S119(e) to provisional applications 61/157,096 filed Mar. 
3, 2009, and 61/182,153 filed May 29, 2009, each of which is 
incorporated by reference herein in their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

0002. Not applicable. 

FIELD OF THE INVENTION 

0003. The present invention relates to carbon nanotube 
(CNT) growth, more specifically to CNT growth on fiber 
Substrates. 

BACKGROUND OF THE INVENTION 

0004. In a fiber-based composite, fibers act as a reinforc 
ing agent, while a matrix material localizes the fibers and, in 
Some cases, controls their orientation. The matrix material 
also serves as a load-transfer medium between fibers within 
the composite. Due to their exceptional mechanical proper 
ties, carbon nanotubes (CNTs) have been used to further 
reinforce fiber composite materials. However, incorporation 
and alignment of CNTs on fibers and/or in composites has 
been problematic. Current methods of growing carbon nano 
tubes on fibers result in entangled and non-aligned carbon 
nanotubes with low weight percentage/concentration of car 
bon nanotubes. Moreover, some fiber-based substrates are 
sensitive to the temperatures at which CNTs are grown. This 
temperature sensitivity can manifest as an inherent instability 
of the fiber 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 fiber surface. Improved methods for in 
situ growth of carbon nanotubes on different fiber-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 satisfies 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 fiber material that includes a Surface treatment system 
adapted to modify the surface of the fiber 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 fiber 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 fibertow for in situ growth of carbon nanotubes, 
according to an embodiment of the invention. 
0008 FIG. 3 shows a process flow for treating a fiber 
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 fibertow for in situ growth of carbon nanotubes, 
according to another embodiment of the invention. 
0013 FIG. 8 shows a process flow for treating a fiber 
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 fiber composite with enhanced signature 
control characteristics. 
0020 FIG. 15 shows a system for producing CNTs on 
carbon fiber. 

DETAILED DESCRIPTION 

0021. The present invention is directed, in part, to methods 
for the growth of carbon nanotubes on fiber materials, includ 
ing fiber 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 fiber materials from 
the elevated temperatures associated with CNT growth. The 
methods of the present invention produce a CNT-infused fiber 
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 
fibers 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 fiber. 
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 fiber material compositions. For example, a fiber 
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 fiber 
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 fiber material, 
thereby allowing carbon nanotube growth on the fiber mate 
rial with increased yield, as well as enhanced alignment of 
carbon nanotubes on the fiber. 

0023 Methods of the present invention also reduce the 
sintering of nanoparticles on the Surface of the fiber material. 
When heating a CNT nanoparticle catalyst-laden fiber mate 
rial the catalyst nanoparticles can diffuse on the fiber material 
Surface. Depending on the exact fiber 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 fibers in 
a liquid form and is subsequently cured. The CNT nanopar 
ticle catalysts can be disposed on the fiber 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 fiber 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 fiber material, the 
barrier coating can be fully cured "locking the nanoparticles 
in place. The catalyst-laden fiber material is ready for carbon 
nanotube synthesis at this point. This configuration of fiber 
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 fiber 
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 
fill 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-nanoparticle 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 nanostructured 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, when used 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 modified by growth of 
carbon nanotubes employing the methods disclosed herein. 
Exemplary Substrates include fiber 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 flat 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 
fiber material that includes 1) a surface treatment system 
adapted to modify the surface of the fiber 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 fiber 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 offiber 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 can be configured in several ways. In some 
embodiments, the two systems are configured 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 fiber 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 configuration, the 
barrier coating is applied to the catalyst-laden fiber material 
and then the barrier coated fiber 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 configuration 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 efficient 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 configured 
for the continuous synthesis of carbon nanotubes on the fiber 
material. Thus, a fiber material provided in spoolable lengths 
on a spool or mandrel can be meted out with a payout system 

Sep. 9, 2010 

upstream of the surface treatment system and, after CNT 
synthesis, the fiber material can be re-wound downstream of 
the CNT growth system. In some embodiments, the fiber 
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 
fiber material, according to an exemplary embodiment of the 
invention. In the illustrated embodiment, system 100 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 fiber material for carbon nanotube 
growth on its Surface. 
0043. Surface treatment system 110 receives a fiber mate 
rial from an upstream Substrate source (not shown). In one 
configuration, Surface treatment system 110 receives a carbon 
fiber, for example, although any fibertype can be used such as 
metal fiber, organic fiber, Such as anaramid, ceramic fiber, or 
glass fiber. In this exemplary embodiment, the feed rate of the 
carbon fiber from the source is controlled by controller 190. 
Surface treatment system 110 is adapted to alter the surface 
chemistry of the fiber to improve at least one of the wetting 
and adhesion properties of the fiber material surface. The 
improvement in the wetting and adhesion properties of the 
fiber material surface renders the fiber surface more receptive 
and retentive of a barrier coating. 
0044. In an exemplary embodiment, surface treatment of 
the fiber surface in surface treatment system 110 includes 
cold plasma treatment of the fiber. Referring now to FIG.4, in 
one configuration, Surface treatment system 110 takes the 
form of a corona discharge based plasma treatment system 
400. By way of example only, fiber 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 fluid Surrounding a conductor, through which 
an electric current flows, creating a potential gradient exceed 
ing a certain threshold value. The primary gas is ionized to 
create a plasma when an electric current flows through a 
conductor immersed in the gas mixture. The function of the 
secondary gas is to react with the fiber Surface to enhance at 
least one of the wetting and the adhesion properties of the 
fiber surface. Without being bound by theory, the plasma 
treatment provides a “roughened surface creating nano 
scale features such as valley in the fiber material surface. The 
plasma can also create functional group handles that can 
enhance bonding between the fiber 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 fiber material being treated. 
For example, oxygen is a useful secondary gas for treatment 
of a carbon fiber. 
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 fiber is subjected to the gas mixture at a 
flow rate of about 30.3 liters of the aforementioned gas mix 
ture per minute in the presence of an electric field. Oxygen in 
the gas mixture can react with carbon bonds on the fiber 
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 carbonatoms 
in the network of a carbon fiber material surface. The car 
boxyl and carbonyl compounds thus formed on the fiber 
Surface have a higher tendency to accept a barrier coating as 
compared to an untreated carbon fiber 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 fiber 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 fiber in system 110 
includes a wet coating treatment system 500. System 500 
receives fiber 430 from an upstream fiber source. Fiber 430 is 
immersed in a chemical solution 520 in a container in a bath 
510 to treat the surface of fiber 430. Fiber 430 is guided by 
two guide rollers 540, 550. A bath roller 530 immerses fiber 
430 into solution 520. In one configuration 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 fiber 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 first set of functional groups bonds well with the fiber 
whereas the second set of function group bonds well with the 
barrier coating. These compounds collectively tend to adhere 
to the fiber Surface and to a barrier coating, thereby enhancing 
the adhesion between the fiber surface and the barrier coating. 
After the surface treatment, fiber 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 fiber 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 fibers and the 
catalyst chemistries. A barrier coating material is selected so 
as to protect the fiber from interaction with the catalyst par 
ticles. In an exemplary embodiment, a coating for a carbon 
fiber includes an alumina coating Such as alumoxane, alumina 
nanoparticles, or other alumina coating solutions. In another 
embodiment, a coating for a carbon fiber 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 fibers, KEVLAR(R) (a 
type of aramid fiber), as well as other organic fibers. For 
example, alumoxane may be used on KEVLAR(R) 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 fiber 
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 fiber Surface. 
0047. In an exemplary embodiment of the invention, bar 
rier coating system 120 includes a dip coating system. The dip 
coating system can be similar to the system 500 shown in FIG. 
5. System 500 receives a surface treated fiber 430 from 
upstream surface treatment system 110. In one configuration, 
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 
fiber, is fed at the given rate (for example, about 4 feet/minute) 
into the solution for a given duration t of about 15 seconds. 
The barrier coating thus applied on the surface of fiber 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 fiber material in the solution can be 
adjusted to obtain a uniform barrier coating on the fiber Sur 
face. The residence time can also be varied to account for 
different types of fibers 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 fiber 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 fiber 430 from treatment system 110. The methyl 
siloxane-isopropyl alcohol-solution, from fluid reservoir 610, 
described herein above may be used to apply, via one or more 
spray nozzles 630, the barrier coating onto the surface offiber 
430. Solution 650 is sprayed uniformly onto fiber 430. The 
fiber feed rate, nozzle orientation and spray rate and pressure 
can be controlled via controller 190. Once a barrier coating of 
sufficient thickness is sprayed onto the surface of fiber 430, 
fiber 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 
fiber that has passed through the barrier coating application 
station 120. At this time, the newly applied barrier coating can 
lack Sufficient structural rigidity to remain, permanently 
adhered to the fiber 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 fiber 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 fiber 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 configuration, system 130 includes a heat 
chamber that subjects the fiberto a temperature of about 250° 
C. in a locally purged atmosphere. In an exemplary embodi 
ment, nitrogen (N) gas may be used to create the locally 
purged atmosphere which mitigates any atmospheric con 



US 2010/0224129 A1 

tamination of the freshly applied barrier coating on the fiber 
material Surface. The fiber material passes through system 
130 at a given rate (for example, about four (4) feet/sec). The 
partial curing of fiber with the barrier coating creates a 
pseudo-cured State, or a gel-like state, of the barrier coating, 
which becomes sufficiently rigid to remain adhered to the 
fiber 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 fiber 

is then Supplied to a catalyst coating system for the applica 
tion of the catalyst nanoparticles on the fiber material. The 
catalyst particles can be applied on the treated fiber 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 fibers are 
passed through a growth chamber for the synthesis of carbon 
nanotubes and the relatively high temperature completely 
cures the barrier coating on the fiber 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 fiber surface by mitigat 
ing detrimental fiber Surface to catalyst nanoparticle interac 
tion which can result in catalyst poisoning while facilitating 
in situ growth of carbon nanotubes on the carbon fibers. The 
barrier coating can also prevent migration and sintering of the 
nanoparticles on the fiber 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 fiber 
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 fibers, such 
as a tow (or roving or yarn), is to be treated, fiber separation 
system 240 is used to spread the fibers. Exemplary tows can 
include between about 1000 to about 12000 fibers. 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, 
fiber 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 flow pattern. In other embodiments, other 
known techniques and devices may be used to spread or 
separate the fibers of the fibertow. 
0054. Once the fibers 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 fiber with barrier coating is then 
Supplied to downstream catalyst coating system 250. In one 
configuration, catalyst coating system 250 is a colloidal nano 
particle solution of the catalyst particles Such as iron oxide or 
nickel oxide. The fiber with barrier coating is immersed in the 
solution where the catalyst particles embed in the pseudo 
cured barrier coating. The catalyst coated fiber 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 fiber material Surface. 
0055 Referring now to FIG. 3, there is illustrated a pro 
cess flow for preparing abundle of fibers, such as a fibertow, 
for the growth of carbon nanotubes, according to some 
embodiments of the invention. At block 310, a fiberbundle, or 
a tow, is spread to facilitate surface treatment of the fibers by 
exposing the fiber surface area. At block 320, the fibers are 
Subjected to a surface treatment process to prepare the Sur 
faces of the fibers for application of the barrier coating. The 
Surface treatment process alters the Surface chemistry of the 
fibers 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 fibers. The barrier coating protects 
the fibers and mitigates the interaction between the catalyst 
particles and the fiber surfaces, which interaction is detrimen 
tal to the growth of carbon nanotubes. The barrier coating 
protects the fibers 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 fiber 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 fibers after a barrier 
coating has been applied to the fibers and has been partially 
cured. In contrast, in system 700, the catalyst particles are 
applied to surface treated fibers arriving from surface treat 
ment system 110. After the catalyst particles are applied to the 
fiber surface, the fibers 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. 
0.058 Fibers are surface treated in surface treatment sys 
tem 110 using techniques such as plasma treatment and wet 
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chemical etching. The surface treated fibers are thus rendered 
receptive to and retentive of the catalyst nanoparticles. The 
Surface treated fibers are then Supplied to catalyst application 
system 250 wherein the catalyst particles are applied to fiber 
Surfaces. The catalyst particles are chemically and/or 
mechanically bonded to the fiber surface. It has been indi 
cated that the surface treatment of the fibers creates a favor 
able morphology including nanoscale features such as pits 
and grooves that allows for mechanical interlocking of the 
catalyst particles with the fiber surface as well as for adhesion 
of the barrier coating to the fiber surface. It has further been 
indicated that chemical bonding between the catalyst par 
ticles and the curing barrier coating occurs as a result of 
covalent and/or pi-pi interactions formed therebetween. 
0059 Now referring to FIG.8, there is illustrated a process 
flow for preparing a bundle of fibers (i.e. a fiber tow) for 
growth of carbon nanotubes, according to another aspect of 
the invention. At block 810, a fiberbundle, or a tow, is spread 
to facilitate the surface treatment of the fibers by exposing the 
fiber surface area. At block 820, the fibers are subjected to a 
surface treatment process to prepare the surfaces of the fibers 
for application of the barrier coating. The Surface treatment 
process alters the surface chemistry of the fibers to improve at 
least one of the wetting and adhesion properties to the barrier 
coating. At block 830, the catalyst particles are applied to the 
surface treated fibers. The catalyst particles are mechanically 
and/or chemically bonded to the fiber surface. 
0060. At block 840, the barrier coating is applied to the 

fibers. The barrier coating protects the fibers and mitigates the 
interaction between the catalyst particles and the fiber sur 
faces, which interaction is detrimental to the growth of carbon 
nanotubes. The barrier coating protects the fibers from high 
temperature oxidation and degradation as well. At block 840, 
the barrier coating is at least partially cured to create a 
pseudo-cured state of the barrier coating. While the barrier 
coating is being at least partially cured, the catalyst nanopar 
ticles applied to the fiber Surface can, in Some embodiments, 
emerge through the barrier coating. The catalyst nanopar 
ticles so emerged from the barrier coating provide nucleation 
sites for the carbon nanotubes synthesis, when the fiber mate 
rial is introduced in a CNT growth chamber. The barrier 
coating also acts to anchor the catalyst nanoparticles to the 
fiber Surface while mitigating chemical interaction of the 
fiber surface with the catalyst particles. 
0061 Referring now to FIG. 9, there is illustrated sche 
matically a cross-sectional view of an exemplary Substrate 
910 resulting from the process of FIG. 8. Catalyst particles 
930 are applied to substrate 910. Subsequently, a barrier 
coating 920 is applied to substrate 1010. As barrier coating 
920 is at least partially cured, catalyst particles 930 emerge 
through barrier coating 920 to provide nucleation sites of 
carbon nanotubes. Barrier coating 1020 serves to minimize 
interactions between catalyst particles 1030 and substrate 
1010, thereby mitigating poisoning of catalyst particles 930. 
Barrier coating 1020 also serves to minimize interactions 
between catalyst particles 1030 with themselves. 
0062) Regardless of the sequence of the catalyst applica 
tion and the barrier coating application steps, the fiber mate 
rial is coated with a barrier coating interspersed with catalyst 
nanoparticles. The catalyst nanoparticles can protrude from 
the barrier coating and provide nucleation sites for carbon 
nanotube synthesis. When such a substrate is introduced into 
a growth chamber and Subjected to high temperatures 
employed in carbon nanotube synthesis, the barrier coating 
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effectively reduces the exposure of the substrate surface to 
high temperatures. This reduced exposure, in turn, mitigates 
undesired chemical reactions of the substrate surface with the 
catalyst particles, thereby reducing poisoning of the catalyst 
particles. The reduction in the catalyst poisoning enhances 
the CNT yields during the CNT synthesis in the growth cham 
ber. 

0063. The methods and systems of the present invention 
can produce carbon nanotubes in a greater weight percentage 
on the fibers than conventional methods for CNT growth on 
fibers. For example, current methods which alter the catalyst 
chemistry achieve a very low yield of fiber on the surface, for 
example, no more than about 0.5% to about 1.0% of the 
composite mass. The methods described herein achieve a 
typical yield of greater than about 3% to about 5% and in 
certain cases up to about 20% of the composite mass, in a 
resin matrix. However, the methods of the invention can also 
be purposefully employed for lower loadings. Thus, for 
example, a loading as low as about 0.1% can be achieved. In 
Some embodiments, the weight percent range of infused 
CNTs on a fiber can be between about 0.1 to about 20%, 
including 1%, 2%,3%, 4%, 5%, 6%, 7%, 8%.9%, 10%, 11%, 
12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, and 20%, and 
any fraction in between. 
0064 Methods of the present invention provide carbon 
nanotubes on Substrates that are well-aligned and are perpen 
dicular to the substrate. The CNTs grown on the nanotubes 
can be of Sufficient density and/or length that they entangle 
and/or such that they may share a common CNT wall. In other 
embodiments, the CNTs can be grown perpendicular to the 
substrate and parallel, but do not share any CNT walls. 
Increased carbon nanotube to fiber adhesion in CNT infused 
products translates to improved transfer load through the 
interface of the carbon nanotubes and the substrate surface. 

0065. The present disclosure is also directed, in part, to 
methods that employ barrier coatings on any Substrate, 
including fiber-based substrates, to “lock” nanoparticles dis 
tributed on a substrate or fiber surface in place to substantially 
reduce nanoparticle sintering and agglomeration at high tem 
peratures. The barrier coatings employed in the methods dis 
closed herein are in contact with the nanoparticles. In some 
embodiments, the barrier coating does not fully encapsulate 
the nanoparticles, allowing the nanoparticles to be exposed to 
desired reaction environments while preventing nanoparticle 
sintering and agglomeration. In some embodiments, the bar 
rier coating does fully encapsulate the nanoparticles. In Such 
applications, the function of the nanoparticle can be, for 
example, as a means of absorbing high energy radiation. The 
heat associated with Such absorption can be sufficient to cause 
nanoparticle sintering in the absence of the barrier coating. 
The barrier coating and nanoparticles can be disposed on the 
Substrate Surface sequentially in any order or they can be 
applied to the Substrate simultaneously. 
0066. The barrier coatings employed in methods disclosed 
herein can be provided as a Sufficiently thin layer (equal to or 
less than the effective nanoparticle diameter) that the barrier 
coating itself does not influence the reactivity profile and/or 
course of the reactions catalyzed or seeded by the nanopar 
ticles. For example, when using CNT growth catalysts 
embedded in nanochanneled template materials for aligned 
CNT growth, the template dictates the CNT dimensions, 
including width, and direction of CNT growth (Liet al. App. 
Phys. Lett. 75(3):367-369 (1999)). 
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0067. In some embodiments, the barrier coating can com 
pletely embed the nanoparticles. In some embodiments, a 
barrier coating can embed the nanoparticles while also allow 
ing a degree of diffusion through the barrier coating to allow 
access to the embedded nanoparticles. Methods of the inven 
tion embed nanoparticles in the barrier coating in a dense 
array without the restrictions of any kind of pre-formed tem 
plate. This can provide a greater nanoparticle density, as well 
as a more uniform density of nanoparticles. These benefits are 
realized by providing the barrier coating in a liquid form 
which allows the barrier coating to conform to the nanopar 
ticle dimensions. This is particularly beneficial in CNT syn 
thesis applications because sintering is prevented and CNT 
morphology is controlled by the nanoparticle itself, rather 
than a pre-determined channel in which the CNT resides. 
0068. The barrier coatings employed in methods disclosed 
herein provide a means to prevent sintering and agglomera 
tion of nanoparticles under high mobility conditions by pre 
venting nanoparticle-to-nanoparticle interactions. The bar 
rier coatings can also prevent nanoparticle-to-substrate 
interactions by means of physical separation and mechanical 
interlocking of the nanoparticles in the barrier coating, as 
exemplified in FIG. 11. For example, a metallic nanoparticle 
can form an alloy with a metal Substrate. The barrier coating 
can prevent Such alloy formation. Similarly, in the area of 
CNT growth, the barrier coating can prevent nanoparticle-to 
Substrate interactions between a transition metal catalyst and 
a carbon rich Substrate. Such nanoparticle-to-substrate inter 
action can poison the transition metal nanoparticle catalyst by 
providing an excessive amount of carbon as feedstock under 
CNT growth conditions. More generally, the barrier coatings 
employed in methods disclosed herein facilitate the use of 
nanoparticles with substrates that would otherwise be incom 
patible in the absence of the barrier coating. 
0069. In some embodiments, the embedded nanoparticles 
can be in surface contact with the substrate as shown in FIG. 
12 while still avoiding or reducing nanoparticle-to-substrate 
interactions. For example, the barrier coating can be used to 
minimize the contact area between the Substrate and the nano 
particles. In some embodiments, even where there is still 
appreciable contact area between the nanoparticles and the 
Substrate, a sufficiently thick barrier coating can provide a 
thermal barrier so that the nanoparticle-substrate contact 
interface is at a Sufficiently low temperature to avoid any 
deleterious interactions. In some embodiments, when the 
nanoparticle is in contact with a substrate surface, a barrier 
coating thickness can be used that encapsulates the nanopar 
ticle while still allowing diffusion of reactive materials 
through the barrier coating to allow nanoparticle catalyzed 
reactions to take place. For example, in the case of CVD CNT 
growth, carbon atoms from a CVD carbon feedstock can 
diffuse through an appropriate barrier coating material. In 
such embodiments, it can be desirable to have a barrier coat 
ing thickness that is approximately the same or just slightly 
more than the effective diameter of the nanoparticle catalysts. 
0070 An additional use of the barrier coating can be to 
protect sensitive substrates from high temperature and/or 
reactive environments used in connection with reactions of 
the embedded nanoparticles. For example, Some carbon 
based substrates may not be stable under high reaction tem 
peratures or when exposed to a variety of reaction conditions, 
Such as a strongly oxidative environment. 
0071. The present invention is also directed, in part, to 
articles that include a Substrate having a barrier coating con 
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formally disposed on at least one surface of the substrate with 
a plurality of nanoparticles embedded in the barrier coating. 
Such articles can be used in further reactions to modify the 
substrate and hence properties of the article. For example, 
CNTs can be grown on the surface of the substrate, as exem 
plified in FIG. 13, when employing transition metal nanopar 
ticles. Such CNTs can be useful in the manufacture of orga 
nized CNT arrays for use in surface enhanced Raman 
applications and microelectronic structures, in the prepara 
tion of reinforcing materials in composites and other com 
posite applications such as EMI shielding, signature control, 
and lightning strike protection. Articles of the invention can 
also include barrier coated substrates with embedded nano 
particles in which the nanoparticles serve as catalysts for 
other reactions where high temperatures are employed, but in 
which the article remains unchanged. For example, articles 
can include immobilized catalyst nanoparticles for combus 
tion reactions, as might be employed in a catalytic converter. 
0072. In some embodiments, the present invention pro 
vides a method that includes (a) conformally depositing a 
barrier coating on at least one Surface of a Substrate; the 
barrier coating is provided in liquid form; (b) embedding a 
plurality of nanoparticles in the barrier coating to a selected 
depth creating an embedded portion of each of the plurality of 
nanoparticles; and (c) fully curing the barrier coating after 
embedding the plurality of nanoparticles. The embedded por 
tions of each of the plurality of nanoparticles are in continu 
ous contact with the cured barrier coating. The barrier coating 
does not affect the arrangement of the plurality of nanopar 
ticles embedded therein. Thus, the barrier coating does not 
behave as a template dictating the relative placement of the 
nanoparticles. The result of this process is a barrier-coated 
Substrate with locked nanoparticles that can be used in a 
variety of contexts depending on the exact choice of nanopar 
ticle and substrate employed, as further described below. In 
Some embodiments, the step of conformally depositing the 
barrier coating and embedding the plurality of nanoparticles 
is simultaneous. Thus, the barrier coating material can also be 
applied to the substrate in situ with the nanoparticles via 
Solutions that contain both the barrier coating and nanopar 
ticle material (hybrid solutions). 
0073. In some embodiments, the methods described 
herein control particle dispersion on a variety of shaped 
objects. This includes an efficient means of coating compos 
ite materials like fibers or fabrics and irregular shaped mate 
rials. Moreover, methods of the invention control and main 
tain a nanoparticle density on Substrate Surfaces, even when 
exposed to conditions that might cause NP diffusion and/or 
sintering. 
0074. In some embodiments, the present invention pro 
vides a method that includes (a) conformally depositing a 
barrier coating on at least one Surface of a Substrate and (b) 
embedding a plurality of nanoparticles in the barrier coating, 
wherein the thickness of the barrier coating is about the same 
or greater than the effective diameter of the plurality of nano 
particles. In such embodiments, the thickness of the barrier 
coating can be between about equal to the effective diameter 
of the plurality of nanoparticles up to about 5,000% greater 
than this effective diameter. Thus, the thickness of the barrier 
coating can be 0.01% greater than this diameter or 0.1%, or 
0.5%, 1%. 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 
90%, 100%, 150%, 200%, 250%, 300%,350%, 400%, 500%, 
1,000%, 1,500%. 2,000%, and so on up to about 5,000% 
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greater than the effective diameter of the plurality of nano 
particles, including an value in between and fractions thereof. 
0075. In some embodiments, the nanoparticles are pre 
vented from agglomerating when Subjected to heating, for 
example. In some embodiments, a barrier coating that encap 
Sulates the plurality of nanoparticles can be useful in appli 
cations where reactant access to the NPs is not employed. For 
example, in electromagnetic interference (EMI) shielding 
applications, the barrier coatings can be transparent to elec 
tromagnetic radiation, but the NPs can effectively absorb the 
EM radiation. This absorption can cause the NPs to heat; thus, 
the barrier coating can prevent sintering in Such instances. In 
Some embodiments, the barrier coating can encapsulate the 
plurality of NPs without denying access to the particle when, 
for example, a porous barrier coating is employed. In Such 
embodiments, although the particle is technically encapsu 
lated, the porous nature of the barrier coating allows access to 
reactive surfaces of the NP. 
0076. In some embodiments, the plurality of nanoparticles 
can be embedded partially in the barrier coating providing a 
physical boundary between the nanoparticle and the sub 
strate, as shown in FIG.1. In other embodiments, the embed 
ded nanoparticles can be in Surface contact with Substrate, as 
shown in FIG.12. In still further embodiments, the embedded 
nanoparticles can be a mixture of a first portion separated 
from the Substrate and a second portion and in Surface contact 
with the substrate. In some applications it can be beneficial to 
avoid direct surface contact between the substrate and the 
nanoparticles. For example, with a metal Substrate and a 
metal nanoparticle, partial embedding of the nanoparticle can 
help avoid formation of alloys when the nanoparticle is 
exposed to high temperatures. Similarly, in the case of CNT 
growth with transition metal nanoparticle catalysts, it can be 
useful to separate the catalyst from a carbon rich substrate that 
might react with the nanoparticle. 
0077. In some embodiments, the nanoparticles are com 
pletely encapsulated in the barrier coating, but an exposed 
Surface is created through a number of Subsequent processes. 
For example, when fully curing the barrier coating some 
materials can form fissures in the coating in the vicinity of 
nanoparticles which can provide an interface between the 
nanoparticles and a reactive environment. Other barrier coat 
ing materials can create the necessary access to the nanopar 
ticles through the formation of a porous cured structure. 
0078. In some embodiments, fully encapsulated nanopar 

ticles can be treated with a plasma to roughen the Surface of 
the barrier coating and create exposed nanoparticle Surfaces. 
Similarly, the barrier coating with encapsulated nanoparticles 
can be treated with a wet chemical etching agent for a period 
Sufficient to expose a portion of the Surface of the nanopar 
ticles. 
0079. In still further embodiments, fully encapsulated 
nanoparticles can be treated under mechanical roughening 
conditions to expose a portion of the Surface of the nanopar 
ticles. This can be done through any physical abrasive method 
Such as sand blasting, laser ablation, ball milling, plasma 
etching, and the like. 
0080 Regardless of the degree with which the nanopar 

ticles are embedded in the barrier coating, the barrier coating 
can serve to mechanically lock the nanoparticles in place to 
prevent their agglomeration or sintering when subjected to 
heat. Without being bound by theory, this is accomplished by 
restricting the movement of the nanoparticles on the Substrate 
surface reducing NP diffusion. Thus, the nanoparticle-to 
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nanoparticle interaction is Substantially reduced or elimi 
nated by the presence of the barrier coating. 
I0081. The barrier coating can also provide a thermal bar 
rier for use with low melting substrates. In this regard, the 
barrier coating can minimize or reduce to Zero the Surface 
area contact between the plurality of nanoparticles and the 
substrate to mitigate the effects of the exposure of the sub 
strate to temperatures which the nanoparticles might be 
heated or, more generally, to avoid exposure of the Substrate 
to the reaction environment to which the plurality of nano 
particles can be at least partially exposed. 
0082 In some embodiments the thickness of the barrier 
coating is generally chosen to be about equal to, less than, or 
slightly less than the effective diameter of the plurality of 
nanoparticles so that there remains an exposed nanoparticle 
Surface for Subsequent exposure to a reaction environment. In 
other embodiments, the thickness can also be more than the 
effective diameter of the nanoparticles by employing any 
number of techniques described above to create an exposed 
Surface of the nanoparticles. In some embodiments, the thick 
ness of the barrier coating is between about 0.1 nm and about 
100 nm. In some embodiments, the thickness can be less than 
10 nm, including 1 nm, 2 nm, 3 nm, 4 nm, 5 nm, 6 nm, 7 nm, 
8 nm, 9 nm, and any value in between. The exact choice of 
barrier coating thickness can be chosen to approximately 
match or be less than the effective diameter of the plurality of 
nanoparticles. In some embodiments, the embedded plurality 
of nanoparticles maintains an exposed Surface even when the 
nanoparticles are in surface contact with the substrate. In 
Some embodiments, the thickness of the barrier coating coats 
is such that it covers about half the nanoparticle Surface area. 
In some embodiments, the thickness of the barrier coating 
covers about 10% of the nanoparticle surface area, while in 
other embodiments, the thickness of the barrier coating cov 
ers about 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 
98%, and 100% of the surface area of the nanoparticles, 
including all values in between. In still other embodiments, 
the barrier coating covers the nanoparticle when applied but a 
portion of the nanoparticle is exposed upon further treatments 
or choice of porous barrier coating. 
0083. In some embodiments, the methods of the invention 
can include treating the Substrate with a plasma prior to con 
formally depositing the barrier coating. Treating the Substrate 
in a plasma process can serve a dual role of creating func 
tional groups and roughening the Substrate Surface, thereby 
increasing its effective Surface area, to improve the wetting 
properties of the substrate and thus improve the conformal 
deposition of the barrier coating. Substrate surface modifica 
tion 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. 
I0084. In some embodiments, the step of depositing the 
barrier coating is accomplished by a technique selected from 
dip coating and spraying. Thus, the barrier coating can be 
Solution based and applied via dip bath configuration, spray 
methods, or the like in some embodiments. The exact choice 
of method can be dictated by a number of factors, including, 
for example, the Substrate geometry. For irregular shaped 
substrates, it can be useful to employ dip methods that avoid 
the use of directionally applied barrier coatings, such as in 
spray applications. For Substrates in which a single side 
should be coated, such as a wafer substrate, it can be useful to 
apply the barrier coating with spray or related techniques 
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(nebulizers, for example) to assure coating on only one side. 
Other factors to consider in applying the barrier coating can 
depend on the barrier coating material itself including, for 
example, the ability to form solutions or homogenous Sus 
pensions for dip or spray coating. 
0085. When applying the barrier coating via dip or spray 
methods, for example, the thickness of the barrier coating can 
be controlled by use of diluents. Diluents can include any 
solvent compatible with both the substrate and nanoparticle 
materials. For dip coating, in particular, the thickness of the 
barrier coating can be a function of concentration of the 
barrier coating material and the residence time in the dip bath. 
The residence time can also aid in providing uniformity of the 
coating. Uniformity can also be insured by employing mul 
tiple dip baths. 
I0086. The barrier coating includes a material selected 
from a siloxane, a silane, an alumina, a silicon carbide 
ceramic, a metal, and mixtures thereof. In some embodi 
ments, the choice of barrier coating can be chosen for its 
ability to adhere to the substrate. There are many types of 
barrier coating materials including, for example, those that 
are siloxane-based, silane-based, alumina-based, silicon car 
bide-based ceramics, and metallic based. Alumina based 
materials include, for example, alumoxane, alumina nanopar 
ticles, and alumina coating solutions, including, for example, 
alumina-based coatings available from Zircar Ceramics, such 
as Alumina Rigidizer/Hardener Type AL-R/H. In some 
embodiments, glass coatings such as spin on glass, glass 
nanoparticles, or siloxane-based solutions, such as methyl 
siloxane in isopropyl alcohol, can be used as barrier coating 
materials. Metallic based barrier coatings useful in the inven 
tion include, for example, molybdenum, aluminum, silver, 
gold, and platinum. Silicon carbide based ceramics include, 
for example, SMP-10, RD-212a, Polyaramic RD-684a and 
Polyaramic RD-688a available from Starfire. 
0087 Barrier coatings can also act as multifunctional 
coatings tailored to specific applications. A specific type of 
barrier coating can be selected to both prevent sintering as 
well as promote adhesion to the substrate. For composite 
applications, a barrier coating can selected to prevent sinter 
ing as well as bond well to the composite matrix material. In 
still further embodiments, the barrier coating material can be 
selected for adhesion both to the substrate as well a composite 
matrix material. In yet further embodiments, more than one 
barrier coating can be employed. A first barrier coating can be 
selected for its ability to adhere to the substrate surface. A 
second barrier coating can be selected for its ability to adhere, 
for example, to a composite matrix material Such as a resin, 
ceramic, metal, or the like. 
0088. In some embodiments, methods of the invention 
include partially curing the barrier coating prior to embed 
ding said plurality of nanoparticles. Partial curing of the bar 
rier coating can provide a “sticky' surface to embed the 
nanoparticles while preventing movement of the applied 
nanoparticles to minimize particle-to-particle interaction. 
Partial curing can also be caused by the method used to apply 
the nanoparticles to the barrier coating. In Such a case, the 
partial curing step and embedding step are performed simul 
taneously. Partial curing temperatures are generally below the 
normal cure temperature, and can include temperature that 
are between about 50 to about 75% of the normal cure tem 
perature and for residence times on the order of seconds. 
0089. In some embodiments, methods of the present 
invention further include heating the environment about the 
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embedded plurality of nanoparticles, in the presence of a 
feedstock material, to a temperature promoting growth of a 
plurality of nanostructures from the feedstock material. In 
Some embodiments, the embedded plurality of nanoparticles 
can catalyze the growth of the nanostructures. In some 
embodiments, the nanoparticles act as a seed for growth of the 
nanostructure, without behaving as a true catalyst. In still 
further embodiments, the nanoparticles catalyze a reaction 
which does not alter the substrate, barrier coating, or the 
nanoparticles. Thus, the nanoparticle can catalyze a gas phase 
reaction in which the products remain in the gas phase, for 
example. In some embodiments, the temperature of a given 
reaction is sufficient to cause agglomeration of the plurality of 
nanoparticles in the absence of the barrier coating. Thus, the 
barrier coating provides an effective means for preventing 
sintering. 
0090. In some embodiments, the nanoparticles include a 
transition metal. The catalyst transition metal nanoparticle 
can be any d-block transition metal as described above. In 
addition, the nanoparticles can include alloys and non-alloy 
mixtures of d-block metals in elemental form or in salt form, 
and mixtures thereof. Such salt forms include, without limi 
tation, oxides, carbides, and nitrides. Non-limiting exemplary 
transition metal NPs include Ni, Fe, Co, Mo, Cu, Pt, Au, and 
Ag and salts thereof. Such as acetates and chlorides, and 
mixtures thereof. In some embodiments, the transition metal 
is used as a CNT forming catalyst. Many of these transition 
metal catalysts are readily commercially available from a 
variety of suppliers, including, for example, Ferrotec Corpo 
ration (Bedford, N.H.). 
0091. In some embodiments, the feedstock material is a 
carbon Source, which when used in conjunction with the 
aforementioned transition metals, allows for the synthesis of 
nanostructures such as carbon nanotubes (CNTs). These 
CNTs can be single-walled, double-walled, or other multi 
walled CNTs. One skilled in the art will recognize the rela 
tionship between nanoparticle size and the type of CNTs that 
can be grown. For example, single-walled CNTs are normally 
accessible with nanoparticle catalysts less than about 1 nm. 
CNT growth conditions are typically between about 500 to 
about 1,000°C., a temperature at which sintering is observ 
able and can impact successful CNT growth. 
0092. Many substrate types, such as carbon and stainless 
steel, are not normally ammenable to CNT growth of high 
yields when only a catalyst nanoparticle is applied to the 
Surface due to high levels of sintering. Barrier coatings are 
useful, however, for high-yield CNT growth, even on these 
challenging Substrates. 
0093. On the surface of a substrate, a catalyst nanoparti 
cle's ability to nucleate CNT growth can depend on the pres 
ence of Sufficient barrier coating material at that location of 
the substrate surface to substantially reduce or prevent sinter 
ing. CNT growth can be performed when the catalyst nano 
particles are applied to the substrate prior to the barrier coat 
ing (reverse order). The benefit of a reverse order process 
is that the barrier coating keeps the catalyst locked onto the 
substrate, and therefore allows for anchoring of the CNTs to 
the substrate surface. Without being bound by theory, when 
barrier coating is applied prior to catalyst coating the CNT 
nanoparticle catalyst tends to follow the leading edge of CNT 
synthesis, that is, tip-growth results. The reverse order coat 
ings can promote base-growth. 
0094. In some embodiments, the feedstock can be a carbon 
Source mixed with other gases as might be found, for 
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example, in a combustion process. In Such embodiments, 
embedded transition metal nanoparticles, such as platinum, 
palladium, rhodium, cerium, manganese, iron, nickel, or cop 
per can be used to modulate the oxidation of the carbon 
source. The favorable surface area to volume of a nanoparticle 
can improve the catalytic performance in Such combustion 
processes. This type of reaction can find application, for 
example, in catalytic converters. It can also be useful in vari 
ous industrial petroleum processes such as in refining and in 
downhole operations to catalyze the cracking of heavy hydro 
carbons for enhanced oil recovery, thus maximizing forma 
tion productivity. 
0.095. In some embodiments, other uses of transition metal 
nanoparticles include the manufacture of high density mag 
netic recording media that employ FePt nanoparticles. One 
skilled in the art will recognize that sintering of FePt nano 
particles is problematic when attempting to induce phase the 
change to obtain the useful face-centered tetragonal FePt 
structure. This phase change is generally conducted by heat 
ing at about 550° C. and is accompanied by sintering. The 
barrier coatings disclosed herein are useful in preventing this 
sintering. 
0096. In some embodiments, a transition metal nanopar 

ticle can be used in desulfurization processes. For example, 
nickel and molybdenum catalysts have been used in the des 
ulfurization of bitumen. In Such processes, expensive Sup 
ports Such as uranium oxide have been employed to prevent 
sintering during recycle of the catalyst. Methods of the 
present invention employing a barrier coating can be 
employed to prevent such sintering, while avoiding the use of 
expensive Support materials. 
0097. In some embodiments, a transition metal nanopar 

ticle can be used in Syngas production processes. It has been 
determined that sintering of CeO2 in Rh. CeO catalysts 
limits the use of this catalyst system. The barrier coating 
employed in methods disclosed herein can be used to prevent 
this sintering and enhance the biomass to syngas transforma 
tion, for example. 
0098. In some embodiments, the nanoparticles can 
include other metal containing materials such as ceramics, for 
example, oxides, carbides, borides, of Zinc, titanium, alumi 
num, and the like. Other materials that do not contain transi 
tion metals such as clays, silica, silicates, aluminosilicates 
and the like can also be used. 
0099. Any of the aforementioned nanoparticles can range 
in size from between about 0.1 nm to about 100 nm. In some 
embodiments, the size of the nanoparticles can be in a range 
from between about 1 to about 75 nm, and between about 10 
to 50 nm in other embodiments. In some embodiments, the 
size of the nanoparticles is in a range from between about 0.1 
to about 1 nm. In other embodiments, the size of the nano 
particles is in a range from between about 2 to about 10 nm. 
In still further embodiments, the size of the nanoparticles is in 
a range from between about 10 to about 20 nm, from between 
about 20 to about 30 nm, from between about 30 to about 40 
nm, from between about 40 to about 50 nm, from between 
about 50 to about 60 nm, from between about 60 to about 70 
nm, from between about 70 to about 80 nm, from between 
about 80 to about 90 nm, and from between about 90 to about 
100 nm, including all values in between. The choice of size 
can depend on the application. In catalytic processes, as 
described above, it can be desirable to utilize smaller particles 
to benefit from the larger surface area to volume. More gen 
erally, at the nanoparticle scale, one skilled in the art will 
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recognize the quantized nature of the properties of the nano 
particles and that an appropriate size can be determined 
through theoretical considerations and calculations. For 
example, a particular particle size can be designed to absorb 
specific wavelengths of radiation. 
0100. The rate of sintering of a metallic nanoparticles can 
vary depending on the Substrate on which it is disposed. 
However, by employing the barrier coatings in methods of the 
present invention, any Substrate type can be used. For 
example, the Substrate can include a metal, a ceramic, a silica 
wafer, a fiber, agraphite sheet, high temperature plastics, such 
as polyimides, PEEK, PEI and the like. 
0101. In some embodiments, the present invention pro 
vides a method that includes: (a) depositing a plurality of 
nanoparticles on at least one Surface of a Substrate; (b) con 
formally depositing a barrier coating over the Substrate and at 
least a portion of each of the plurality of nanoparticles, cre 
ating an embedded portion of each of the plurality of nano 
particles; the barrier coating is provided in liquid form; and 
(c) fully curing the barrier coating. The plurality of nanopar 
ticles are in surface contact with the substrate in such embodi 
ments, and the embedded portion of each of the plurality of 
nanoparticles is in continuous contact with the cured barrier 
coating. This is described above as “reverse order” process 
and is shown graphically in FIG. 2. In this configuration, the 
barrier coating can also prevent the agglomeration of the 
plurality of nanoparticles when exposed to heat, or other 
processes that might cause sintering. As described above, the 
thickness of the barrier coating can be about the same or 
slightly less than the effective diameter of the plurality of 
nanoparticles allowing the plurality of nanoparticles to main 
tain an exposed portion of their surface. Alternatively the 
thickness of the barrier coating can be greater than effective 
diameter of the plurality of nanoparticles. In some embodi 
ments, the methods described above for post barrier coating 
handling can be used when the barrier coating encapsulates 
the nanoparticles completely. 
0102. When employing the “reverse order process, the 
Substrate can be treated with a plasma prior to depositing the 
plurality of nanoparticles. This can provide the exposed Sub 
strate Surface with good wetting characteristics as described 
above. Similarly, the step of depositing the barrier coating can 
be accomplished by a technique selected from dip coating and 
spraying as described above. Moreover, any of the above 
applications, conditions and general considerations apply 
equally to the “reverse order methods of the invention. 
0103) The methods of the invention can be used to produce 
an article that includes a Substrate having a barrier coating 
conformally disposed on at least one surface of the Substrate 
and a plurality of nanoparticles embedded in the barrier coat 
ing. The barrier coating function can be to prevent the 
agglomeration of the plurality of nanoparticles when Sub 
jected to heat or other chemical and/or physical processes. 
0104. The thickness of the barrier coating in articles of the 
invention can be about the same or slightly less than the 
effective diameter of said plurality of nanoparticles allowing 
said plurality of nanoparticles to maintain an exposed portion 
of their surface when said nanoparticles are, optionally, in 
Surface contact with the Substrate. In particular embodiments, 
the embedded plurality of nanoparticles are in Surface contact 
with the substrate. Articles of the invention can include a 
Substrate that is a metal, ceramic, silica wafer, fiber, graphite 
sheet, and high temperature plastic, as describe above. 
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0105. Any of the nanoparticle types and sizes described 
above can be used in connection with the articles of the 
invention. In some embodiments, articles of the invention 
include, composite materials having a matrix material and 
carbon nanotubes infused to a fiber. In combustion and related 
catalyst applications articles of the invention include a) cata 
lytic converters, b) catalyst reaction beds used in refining, 
syngas production, desulfurization and the like, c) downhole 
tools used in oil recovery, and d) high density storage media. 
0106. 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. 

Example I 

0107 This example shows how a barrier layer can be used 
in a ceramic fiber composite structure to prevent sintering of 
iron nanoparticles applied to the ceramic fiber Surface for 
enhanced signature control characteristics. 
0108 FIG. 14 depicts system 400 for producing a high 
temperature ceramic fiber composite with enhanced signature 
control characteristics in accordance with the illustrative 
embodiment of the present invention. System 400 includes a 
ceramic fiber 402, barrier coating solution bath 404, nanopar 
ticle solution bath 406, coating curing system 408, filament 
winding system 410, and a resin infusion system 412, inter 
related as shown. 

0109. The ceramic fiber 402 used is a Silicon Carbide 
SylramicTM fiber tow (1600 denier 10 micron diameter) 
(COI Ceramics, Inc). 
0110. A barrier coating 404, consisting of the Starfire 
SMP-10, RD-212a solution is applied to the ceramic fiber 402 
via a dip process. A diluted solution of 1 part SMP-10 and 10 
parts isopropyl alcohol is used in the dip process to apply a 
2-4 nm thick coating. 
0111. The nanoparticle solution 406 used is GTP 9700 
(NanoChemonics), an iron oxide nanoparticle mixed in a 
toluene solution. The nanoparticle Solution is used to apply a 
uniform distribution of iron oxide nanoparticles on the sur 
face of the barrier coating 404. Solutions containing less than 
10% iron oxide by weight is used to create nanoparticle 
coatings with 20-40 nm spaced nanoparticles. 
0112 The coating curing system 408 consists of a set of 
heaters used to cure the combine barrier and nanoparticle 
coating 409. The coated fiber is exposed to a temperature of 
200 C for 2 hours along with a platinum-based catalyst to aid 
in the curing process. 
0113. The cured coating locks the nanoparticles into posi 

tion, and the coated fiberis wound into a component using the 
filament winding system 410. 
0114. The filament wound component 411 is then infused 
with a bismaleimide matrix using the resin infusion system 
412. 

0115 The final cured high temperature ceramic fiber com 
posite structure 413 is able to withstand brief high tempera 
ture exposure as high as 600 C while maintaining signature 
control characteristics which are imparted due to the dis 
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persed iron oxide nanoparticle coating. This nanoparticle 
coating will not sinter as a result of its interaction with the 
cured barrier coating. 

Example II 
0116. This example shows how carbon nanotubes (CNTs) 
can be grown on the Surface of a carbon fiber using a barrier 
coating to prevent sintering of the iron nanoparticle catalyst. 
0117 FIG. 15 depicts system 500 for producing CNTs on 
carbon fiber (34-700 12 kunsized carbon fibertow with a tex 
value of 800 Grafil Inc., Sacramento, Calif.) in accordance 
with the illustrative embodiment of the present invention. 
System 500 includes a carbon fiber material payout and ten 
sioner station 505, plasma treatment station 515, barrier coat 
ing application station 520, air dry station 525, catalyst appli 
cation station 530, solvent flash-off station 535, CNT-growth 
station 540, and carbon fiber material uptake bobbin 550, 
interrelated as shown. 
0118 Payout and tension station 505 includes payout bob 
bin 506 and tensioner 507. The payout bobbin delivers an 
unsized carbon fiber material 560 to the process; the fiber is 
tensioned via tensioner 507. For this example, the carbon 
fiber is processed at a linespeed of 2 ft/min. 
0119). Unsized fiber 560 is delivered to plasma treatment 
station 515. For this example, atmospheric plasma treatment 
is utilized in a downstream manner from a distance of 1 mm 
from the spread carbon fiber material. The gaseous feedstock 
is comprised of 100% helium. 
0120 Plasma enhanced fiber 565 is delivered to barrier 
coating station 520. In this illustrative example, a siloxane 
based barrier coating Solution is employed in a dip coating 
configuration. The Solution is Accuglass T-11 Spin-On 
Glass (Honeywell International Inc., Morristown, N.J.) 
diluted in isopropyl alcohol by a dilution rate of 40 to 1 by 
Volume. The resulting barrier coating thickness on the carbon 
fiber material is approximately 40 nm. The barrier coating can 
be applied at room temperature in the ambient environment. 
0121 Barrier coated carbon fiber 590 is delivered to air 
dry station 525 for partial curing of the nanoscale barrier 
coating. The air dry station sends a stream of heated air across 
the entire carbon fiber spread. Temperatures employed can be 
in the range of 100° C. to about 500° C. 
I0122. After air drying, barrier coated carbon fiber 590 is 
delivered to catalyst application station 530. In this example, 
an iron oxide-based CNT forming catalyst solution is 
employed in a dip coating configuration. The Solution is 
EFH-1 (Ferrotec Corporation, Bedford, N.H.) diluted in 
hexane by a dilution rate of 200 to 1 by volume. A monolayer 
of catalyst coating is achieved on the carbon fiber material. 
EFH-1 prior to dilution has a nanoparticle concentration 
ranging from 3-15% by volume. The iron oxide nanoparticles 
are of composition FeO and FeO and are approximately 8 
nm in diameter. 
(0123 Catalyst-laden carbon fiber material 595 is deliv 
ered to solvent flash-off station 535. The solvent flash-off 
station sends a stream of air across the entire carbon fiber 
spread. In this example, room temperature air can be 
employed in order to flash-off all hexane left on the catalyst 
laden carbon fiber material. 
(0.124. After solvent flash-off, catalyst-laden fiber 595 is 
finally advanced to CNT-growth station 540. In this example, 
a rectangular reactor with a 12 inch growth Zone is used to 
employ CVD growth at atmospheric pressure. 98.0% of the 
total gas flow is inert gas (Nitrogen) and the other 2.0% is the 
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carbon feedstock (acetylene). The growth Zone is held at 750 
C. For the rectangular reactor mentioned above, 750° C. is a 
relatively high growth temperature. The addition of the bar 
rier coating prevents sintering of the catalyst nanoparticle at 
CNT growth temperatures, allowing for effective high den 
sity CNT growth on the surface of the carbon fiber. 
0125 CNT coated fiber 597 is wound about uptake fiber 
bobbin 550 for storage. CNT coated fiber 597 is loaded with 
CNTs approximately 50 um in length and is then ready for use 
in composite materials. 
0126. It is to be understood that the above-described 
embodiments are merely illustrative of the present invention 
and that many variations of the above-described embodi 
ments can be devised by those skilled in the art without 
departing from the scope of the invention. For example, in this 
Specification, numerous specific details are provided in order 
to provide a thorough description and understanding of the 
illustrative embodiments of the present invention. Those 
skilled in the art will recognize, however, that the invention 
can be practiced without one or more of those details, or with 
other processes, materials, components, etc. 
0127. Furthermore, in some instances, well-known struc 
tures, materials, or operations are not shown or described in 
detail to avoid obscuring aspects of the illustrative embodi 
ments. It is understood that the various embodiments shown 
in the Figures are illustrative, and are not necessarily drawn to 
scale. Reference throughout the specification to “one 
embodiment' or “an embodiment' or “some embodiments’ 
means that a particular feature, structure, material, or charac 
teristic described in connection with the embodiment(s) is 
included in at least one embodiment of the present invention, 
but not necessarily all embodiments. Consequently, the 
appearances of the phrase “in one embodiment,” “in an 
embodiment,” or “in some embodiments’ in various places 
throughout the Specification are not necessarily all referring 
to the same embodiment. Furthermore, the particular fea 
tures, structures, materials, or characteristics can be com 
bined in any suitable manner in one or more embodiments. It 
is therefore intended that such variations be included within 
the scope of the following claims and their equivalents. 

12 
Sep. 9, 2010 

What is claimed is: 
1. A system for synthesizing carbon nanotubes (CNT) on a 

fiber material comprising: 
a Surface treatment system adapted to modify the Surface of 

the fiber 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 fiber 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. 

2. The system of claim 1, further comprising a catalyst 
application system for depositing CNT growth catalyst nano 
particles. 

3. The system of claim 2, wherein said CNT growth cata 
lyst nanoparticles comprises iron. 

4. The system of claim 2, wherein the catalyst application 
system and barrier coating application system are configured 
for simultaneous deposition of catalyst nanoparticles and bar 
rier coating. 

5. The system of claim 2, wherein the catalyst application 
system is upstream of the barrier coating system. 

6. The system of claim 2, wherein the catalyst application 
system is downstream of the barrier coating system. 

7. The system of claim 2, further comprising a CNT growth 
system comprising a CNT growth chamber equipped with a 
carbon feedstock Supply for chemical vapor deposition 
(CVD)- or plasma-enhanced CVD-growth of carbon nano 
tubes. 

8. The system of claim 7 configured for the continuous 
synthesis of carbon nanotubes on the fiber material, wherein 
the fiber material is provided in spoolable lengths on a spool 
or mandrel from a payout system upstream of the Surface 
treatment system and wherein the fiber material is re-wound 
downstream of the CNT growth system. 
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