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METHOD OF FORMING CONDUCTIVE POLYMERIC NANOCOMPOSITE
MATERIALS AND MATERIALS PRODUCED THEREBY

The present invention is directed to a conductive polymeric nanocomposite
material incorporating uniformly dispersed vapor-grown carbon nanofibers, and to a
method of forming such a nanocomposite material.

Vapor-grown carbon nanofibers are a unique form of carbon produced by a
variation of a vapor-phase catalytic method in which a carbon-containing feedstock is
pyrolyzed in the presence of small metal catalyst particles. The resulting nanofibers
typically have an outer diameter of 60 to 200 nm, a hollow core of 30-90 nm, and a length
on the order of 50 to 100 microns.

The use of vapor-grown carbon nanofibers has been proposed for providing
improved mechanical, electronic and thermal transport properties to polymers. For
example, vapor-grown carbon nanofibers have been dispersed in polymer matrices by a
polymer melt blending method in which the dispersants in the polymer matrix are
mechanically sheared apart. See, for example, U.S. Patent No. 5,643,502. However, as
most polymers are incompatible with carbon nanofibers, it 1s difficult to achieve uniform
dispersion of the carbon nanofibers in the polymer matrix. In addition, the high shear
mechanical blending can result in the breakage of the carbon nanofibers.

Accordingly, there is still a need in the art for an improved method of reinforcing a
polymeric material with carbon nanofibers to produce a composite which has maximum
attainable improvement in various mechanical, electrical, and thermal properties.

The present invention meets that need by providing a method for unitormly
dispersing vapor-grown carbon nanofibers into polymer matrices which enhances their
mechanical strength, dimensional stability, abrasion resistance, and electrical and thermal
conductivity. The uniform dispersion of carbon nanofibers in a polymer matrix 1s
achieved by dissolving the polymer in a solvent with the nanofibers, followed by

evaporation or coagulation of the solvent.
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According to one aspect of the present invention, a method of forming a
conductive polymeric nanocomposite material incorporating carbon nanofibers 1s provided
comprising providing vapor grown nanofibers, combining the nanofibers with a solvent to
form a solution mixture, and adding a polymer to the solution mixture to form a
substantially homogeneous mixture. The solvent 1s then removed trom the mixture,
preferably by evaporation or coagulation.

In an alternative embodiment of the invention, the method may comprise
combining the carbon nanofibers, polymer, and solvent to form a substantially
homogeneous mixture, followed by removal of the solvent.

The polymer used in the present invention is preferably selected from the group
consisting of polyurethanes, polyimides, epoxy resins, silicone polymers, and aromatic-
heterocyclic rgid-rod and ladder polymers. The solvent is preferably selected from the
group consisting of dimethyl sulfoxide, tetrahydrofuran, acetone, methanesulfonic acid,
polyphosphoric acid and N,N-dimethyl acetamide. Preferably, both the polymer and the
solvent for the polymer are polar.

The carbon nanofibers used in the present invention may comprise as-grown fibers,
pyrolytically stripped fibers, or heat treated fibers.

The method of the present invention results in a conductive polymeric
nanocomposite material having a conductivity which may be tailored, depending on the
desired application, from less than 0.001 S/cm to greater than 20 S/cm. Where the
conductive polymeric nanocomposite material 1s incorporated with heat-treated carbon
nanofibers, the nanocomposite material may have an electrical conductivity greater than
20 S/cm, while materials incorporated with low concentrations of as-grown or
pyrolytically stripped carbon nanofibers may be tailored to have an electrical conductivity
smaller than about 10 S/cm.

The conductive polymeric nanocomposite material formed by the present invention
preferably has an electronic conducting percolation threshold of less than 1% by volume

of the carbon nanofibers.
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The polymeric nanocomposite materials formed by the method of the present
invention may be used to form conductive paints, coatings, caulks, sealants, adhesives,
fibers, thin films, thick sheets, tubes, and large structural components. The carbon
nanofibers in the resulting nanocomposite materials may be used to confer the desired
mechanical strength, stiffness, dimensional stability, thermal conductivity, and tribological
properties (i.e., reduced surface friction) 1n such products.

The nanocomposite materials may be used in a wide variety of commercial
applications including space, aerospace, electronic, automotive, and chemical industnes.
The nanocomposite materials may also be used in electromagnetic interterence shielding,
electromagnetic pulse applications, electrical signal transter, electrostatic painting of
panels, electrostatic discharge and electro-optical devices such as photovoltaic cells.

Accordingly, 1t is a feature of the present invention to provide a method of forming
a conductive polymeric nanocomposite material which results in uniform dispersion of
carbon nanofibers in a polymeric matrix. Other features and advantages of the invention
will be apparent from the following description and the appended claims.

We have found that the polymer nanocomposite material produced by the method
of the present invention i1s two to three orders of magnitude more conductive than that
produced by a polymer melt blending method when the same amount of carbon nanofibers
is used. We have also found that the resulting polymer nanocomposite material has a very
low electronic conducting percolation threshold of less than 1% by volume of the carbon
nanofibers, which is indicative of an extremely large aspect ratio of the carbon nanofibers.
This also indicates that the method of the present invention is more effective in uniformly
dispersing the carbon nanofibers in the polymer matrices and preserving a large aspect
ratio of length to diameter ot the nanofibers than prior polymer melt blending methods. It
1s important to maintain the large aspect ratio of the carbon nanofibers to conter maximum
attainable reinforcement, especially for applications such as the use of elastomeric

polymers for forming gaskets or seal structures.
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The method of the present invention achieves uniform dispersion of vapor-grown
carbon nanofibers in polymer matrices by dissolving the polymer in a solvent with the
carbon nanofibers. While carbon nanofibers alone do not disperse well in organic
solvents, we have found that they disperse very well in the presence of a polymer.
Accordingly, the carbon nanofibers are combined with the polymer and solvent, followed
by evaporation or coagulation of the solvent to form the conductive polymeric
nanocomposite material. After the solvent 1s removed, the polymer nanocomposite
material can be further processed into various shapes by conventional extrusion and
molding techniques without losing its conductivity.

The method of the present invention provides an advantage over prior melt-
blending processes in that a low-temperature solution process 1s used to disperse the
carbon nanofibers. The method does not require high shear mixing of the polymer melt at
elevated temperatures, which typically degrades the aspect ratio of the carbon nanofibers
and leads to inferior reinforcement.

In addition, the mechanical and thermal transport properties of the resulting
polymer nanocomposite material may be tailored by using different types and amounts of
the carbon nanofibers. For example, in EMI shielding applications, the resulting
conductivity should be greater than 1 S/cm. For electrostatic painting of panels, the
desired conductivity is about 107 to 10 S/cm, and for electrostatic discharge applications,
about 10® to 107" S/cm.

Preferred polymers for use in the present invention include polar polymers;
however, it should be appreciated that any polymer may be used in the present invention
as long as 1t is soluble in a solvent. Preferred polymers include polyurethanes, polyimides,
epoxy resins, silicone polymers, and aromatic-heterocyclic rigid-rod and ladder polymers.
Preferred polyurethanes include thermoplastic polyurethanes. A preferred ladder polymer
for use in the present invention 1s poly(benzimidazobenzophenanthroline) (BBL). The

polymer is preferably present in a concentration of at least 10 wt%; however, 1t should be
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appreciated that the concentration of the polymer may vary depending on the desired
properties and applications, such as coatings, of the resulting composite material.

Preterred solvents for use in the present invention are polar solvents and include
dimethyl sulfoxide, acetone, tetrahydrofuran, N,N-dimethyl acetamide, methanesulfonic
acid, and polyphosphonic acid.

The carbon nanotibers used in the present invention are preferably prepared in
accordance with U.S. Patent No. 6,156,256. Several
types of carbon nanofibers may be used in the present invention including as-grown fibers,
pyrolytically stripped fibers, and heat treated fibers. By heat treated fibers, it is meant that
the nanofibers are fully graphitized by slowly heating the fibers to 3,000°C and then
slowly cooling the fibers. It has been found that when carbon nanofibers are heat treated,
the order of the surface chemical-vapor-deposited carbon is highly increased, resuiting in
substantially improved mechanical, electronic, and thermal transport properties. Heat-
treated carbon nanofibers have an electrical conductivity close to that of highly ordered
pyrolytic graphite and a thermal conductivity which is five times as high as that of copper.
Heat treated fibers are preferred in applications where high conductivity and low carbon
nanofiber loading are desired.

The method of the present invention is preferably carried out by mixing the carbon
nanofibers and the desired polymer in a solvent, preferably in a closed container. While
the carbon nanofibers are preferably dispersed in the solvent prior to addition of the
polymer, the nanofibers, polymer and solvent may also be combined at the same time.
The resulting nanocomposite material may be further processed according to the desired
application. For example, the material may be formed into a thin film which is cast from
the solution mixture by evaporating the solvent at a temperature which is below the
boiling point of the solvent. Alternatively, the solvent may be removed by coagulation in
which the solution mixture is formed into a film or fiber and then immersed in a

nonsolvent, such as water, to coagulate the film. The solution mixture may also be formed

into thin films by spin coating and dip coating methods. The solution mixture may also be
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formed into large components such as thick sheets or panels by spraying or deposition, or
by extruding or molding the dried composite material.
In order that the invention may be more readily understood, reference is made to

the following examples which are intended to illustrate the invention, but not limit the

scope thereof.

Example 1

A solution mixture was prepared by mixing 0.2 grams of an as-grown carbon
nanofiber and 1 gram of a thermoplastic polyurethane in 10 grams of dimethyl sulfoxide in
a closed glass container. The mixture was agitated with a magnetic stir bar. A thin film
was cast from the solution mixture by evaporating the solvent at a temperature ot about
80°C on a hot plate. The resulting polymer nanocomposite film was further dried in a
vacuum oven at 80°C under reduced pressure. The film had a concentration ot 16.7% by
weight and 11.7% by volume of the carbon nanofibers and exhibited an electrical

conductivity of 0.25 S/cm.

Example 2

A solution mixture was prepared by mixing 0.2 grams of a heat-treated carbon
nanofiber and 1 gram of a thermoplastic polyurethane in 10 grams of dimethyl sulfoxide in
a closed glass container. The mixture was then agitated with a magnetic stir bar. A thin
film was cast from the solution mixture by evaporating the solvent at a temperature of
about 80°C on a hot plate. The polymer nanocomposite film was further dried in a
vacuum oven at 80°C under reduced pressure. The film had a concentration of 16.7% by
weight and 10.2% by volume of the carbon nanofibers and exhibited an electrical
conductivity of 5.5 S/cm. The film retained a conductivity of 1.3 S/cm at 100%

elongation (stretched to twice its original length).
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Example 3

A series of solution mixtures of a thermoplastic polyurethane and a heat-treated
carbon nanofiber were prepared in tetrahydrofuran (THF) using the method described 1n
Examples 1 and 2. Thin films were cast from the solution mixtures by evaporating the

solvent at room temperature. The conductivity values of the resulting films are shown in

Table 1 below.
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Table 1 — Conductivity of polyurethane nanocomposite films in relation to the
concentration of heat-treated carbon nanofibers.

Nanofiber(g) | Polyurethane THF-(‘g) Wt%
(8) L _

0.020 1.00 | 10.0 1.96%

0.040 100  [100

0.080 1.00 1100

10.7%
13.8% 3.93
0.200 16.7% 4.69
0.240 1.00 19.4% 8.70
0.320 1.00 10.0 24.2% 20.8

0.120
1 0.160

Comparative Example 4

A nanocomposite material was prepared by a melt blending method in which 20
grams of heat-treated carbon nanofibers and 100 grams of a thermoplastic polyurethane
were mixed 1n a Haake™ Rheomixer at 150°C for 2 hours. The resulting composite material

10 was pressed into a thin film with heat. The film had a concentration of 16.7% by weight
and 10.2% by volume of the carbon nanofibers and exhibited an electrical conductivity
from 0.0052 to 0.0098 S/cm. As can be seen, these conductivity values are two to three
orders of magnitude lower than that of the nanocomposite film containing the same

concentration of the carbon nanofibers prepared by Examples 1-3.

15
Example 5

A nanocomposite matenal of polyimide/amic acid and heat-treated carbon

nanofibers was prepared from a solution mixture in N,N-dimethyl acetamide (DMAC).
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The solution mixture was prepared by mixing 0.202 g of heat-treated carbon nanofibers
and 1 g of polyimide/amic acid in 10.0 g of DMAC i1n a closed glass container. The
mixture was then agitated with a magnetic stir bar. A thin film was prepared from the
solution mixture by evaporating the solvent at 60°C. The tilm was further dried in a
vacuum oven at 200°C for 2 hours. The film had a concentration of 16.8% by weight of

the carbon nanofibers and exhibited an electrical conductivity from 1.7 to 2.8 S/cm.

Example 6

A solution mixture of 0.302 g of heat-treated carbon nanofibers and 1.0 g of
polyimide/amic acid was prepared in 10 g of DMAC using the method descnbed 1n
Example 5. The solution mixture was cast into a film by evaporating the solvent at 60°C.
The film was further dried in a vacuum oven at 200°C for 2 hours. The film had a
concentration of 23.2% by weight of the carbon nanofibers and exhibited an electrical

conductivity from 5.1 to 7.7 S/cm.

Example 7

A solution mixture was prepared by mixing 0.02 g of heat-treated carbon
nanofibers and 0.1 g poly(benzimidazobenzophenanthroline) (BBL) in 20 g of
methanesulfonic acid in a closed glass container. The solution mixture was agitated with a
magnetic stir bar and then doctor-bladed into a film on a glass slide and immersed in water
to coagulate the nanocomposite film. The film was then air-dried at room temperature.
The film had a concentration of 16.7% by weight of the carbon nanofiber and an electrical

conductivity of 1.0 S/cm.

Example 8

11 g of an epoxy resin was mixed with 1 g of heat-treated carbon nanofibers which

had been presoaked in 46 g of tetrahydrofuran (THF) to form a uniform mixture by
mechanical agitation. 2.86 g of a curing agent was then added to the mixture. The THF
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was removed by evaporation and the composite material was cured at 150°F for one hour
and at 250°F for another hour. The resulting thermosetting composite matenal contained
6.77% by weight of the carbon nanofibers and exhibited an electrical conductivity of 0.5
S/cm.

Having described the invention in detail and by reference to preferred
embodiments thereof, it will be apparent that modifications and variations are possible

without departing from the scope of the invention which is defined in the appended claims.
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CLAIMS:

1. A method of forming a conductive polymeric nanocomposite material incorporating
carbon nanofibers comprising:

providing vapor grown nanofibers;

combining said nanofibers with a solvent to form a solution mixture;

adding a polymer to said solution mixture to form a substantially homogeneous
mixture; said polymer selected from the group consisting of polyurethanes, polyimides,

epoxy resins, silicone polymers, and aromatic-heterocyclic rigid-rod and ladder polymers;

and

removing said solvent from said mixture.
2. The method of claim 1 in which said solvent is removed by evaporation.
3. The method of claim 1 in which said solvent is removed by coagulation.

4. The method of claim 1 in which said polymer 1s polar.
5. The method of claim 1 in which said solvent is selected from the group consisting of

dimethyl sulfoxide, tetrahydrofuran, acetone, methanesulfonic acid, polyphosphoric acid, and

N,N-dimethyl acetamide.

6. The method of claim 1 in which said solvent is polar.

7. The method of claim 1 in which said carbon nanofibers are selected from the group

consisting of as-grown fibers, pyrolytically stripped fibers, and heat treated fibers.

8. The method of claim 1 including casting said mixture into a film.

9. A conductive polymeric nanocomposite material having carbon nanofibers

incorporated therein formed by the method of claim 1.
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10. A method of forming a conductive polymeric nanocomposite material incorporating
carbon nanofibers comprising:

providing vapor grown nanofibers;

providing a polymer selected from the group consisting of polyurethanes, polyimides,
epoxy resins, silicone polymers, and aromatic-heterocyclic rigid-rod and ladder polymers;

combining said nanofibers and said polymer with a solvent to form a substantially
homogeneous mixture; and

removing said solvent from said mixture.

11. A method of forming a conductive polymeric nanocomposite material incorporating
carbon nanofibers comprising:

providing vapor grown nanofibers;

combining said nanofibers with a solvent to form a solution mixture;

adding a polymer to said solution mixture to form a substantially homogeneous
mixture; said polymer selected from the group consisting of polyurethanes, polyimides,
epoxy resins, silicone polymers, and aromatic-heterocyclic rigid-rod and ladder polymers;
and

removing said solvent from said mixture; wherein said nanocomposite material has an

electronic conductive percolation threshold of less than 1% by volume of said nanofibers.

12. A method of forming a conductive polymeric nanocomposite material incorporating

carbon nanofibers comprising:

providing vapor grown nanofibers;

combining said nanofibers with a solvent to form a solution mixture;

adding a polymer to said solution mixture to form a substantially homogeneous
mixture; said polymer selected from the group consisting of polyurethanes, polyimides,
€poXy resins, silicone polymers, and aromatic-heterocyclic rigid-rod and ladder polymers;
and

removing said solvent from said mixture; wherein said nanocomposite material has a
conductivity of from about 0.0038 S/cm at about 1.96% by weight of the carbon nanofibers to
greater than 20 S/cm at about 24.2% by weight of the carbon nanofibers.
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