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DESCRIPTION

Fine Carbon Fiber with Linearity and Resin Composite

Material Using the Same

CROSS REFERENCE TO THE RELATED APPLICATIONS

This 1is an application filed pursuant to 35 U.S.C.
Section 111 (a) with claiming the benefit of U.S.
Provisional application Serial No. 60/470,896 filed May 16,
2003 under the provision of 35 U.S.C. Section 111(b),
pursuant to 35 U.S.C. Section 119(e) (1).

TECHNICAL FIELD

The present invention relates to fine carbon fiber
exhibiting a straightness that ensures excellent
orientation of the filaments (hereinafter the carbon fiber
may be referred to simply as “linear fine carbon fiber”).
More particularly, the present invention relates to linear
fine carbon fiber which is obtained by thermally treating
vapor grown fine carbon fiber in an inert atmosphere at a
high temperature of 2,000°C or higher, and subsequently
pulverizing the thus-treated carbon fiber, thereby
disintegrating entangled aggregates of fiber filaments or
debranching branched £fiber filaments; and to a composite
material containing the linear fine carbon fiber and a
matrix resin, wherein merely the fine carbon fiber is
oriented or both the fine carbon fiber and the matrix resin
are oriented.

The linear fine carbon fiber of the present invention
exhibits excellent dispersibility in a matrix such as a
resin. During the course of preparation of a resin
composite material from the carbon fiber and a matrix resin,

when an external force such as a magnetic field is applied
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to the composite material, the carbon fiber can be oriented
in a specific direction. In addition, the matrix resin is
oriented in a specific direction by the function of the
carbon fiber. The resin composite material is suitable as a
filler material employed for improving electrical
conductivity, thermal conductivity, or tribological
characteristics, etc.; as an electron emission material for
producing a field emission display (FED); and as a material
for forming a transparent electrode, an electromagnetic

wave shielding material, an orientation film, etc.

BACKGROUND ART

Fine carbon fiber is used in a wvariety of composite
materials, by virtue of its excellent properties such as
high strength, high elastic modulus and high electrical
conductivity. In recent vyears, in conjunction with
developments in electronic techniques, fine carbon fiber
has been considered a promising candidate for electrically
conductive filler for producing an electromagnetic wave
shielding material or an antistatic material, and has been
envisaged as a filler for electrostatic coating " to be
applied to resin or a filler for a  transparent,
electrically conductive resin. Also, by virtue of its
excellent tribological characteristics and wear resistance,
fine carbon fiber has been envisaged to be applied in, for
example, electric brushes and variable resistors. In
addition, since fine carbon fiber exhibits high electrical
conductivity, high thermal conductivity resistance and
electromigration resistance, it has also become of interest
as a wiring material for forming devices such as a large-
scale integration (LSI).

Conventional carbon fiber (e.g., polyacrylonitrile

(PAN) -based carbon fiber, pitch-based carbon fiber or
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cellulose~based carbon fiber), which is produced through
carbonization of organic fiber through thermal treatment in
an inert atmosphere, has a relatively large diameter of 5
to 10 pm and exhibits low electrical conductivity.
Therefore, such carbon fiber 1is generally employed as a
material for reinforcing resin, ceramic material, etc.

In the 1980’s, studies were conducted on vapor grown
carbon fiber produced through thermal decomposition of a
gas such as hydrocarbon in the presence of a transition
metal catalyst. Such a process has Dbeen successfully
employed in production of carbon fiber having a diameter of
about 0.1 to about 0.2 um (about 100 to about 200 nm) and
an aspect ratio of about 10 to about 500.

There has been disclosed fine carbon fiber produced
through, for example, the following processes: a process in
Which an organic compound such as benzene, serving as a raw
material, and an organo-transition metallic compound such
as ferrocene, serving as a catalyst, are brought into a
high-temperature reaction furnace together with a carrier
gas, to thereby produce carbon fiber on a substrate
(Japanese Laid-Open Patent Publication (kokai) No. 60—
27700); a process in which carbon fiber is produced in a
dispersed state (Japanese Laid-Open Patent Publication
(kokai) No. 60-54998 (U.S. Patent No. 4,572,813); or a
process 1in which carbon fiber 1is grown on a reaction
furnace wall serving as a base (Japanese Laid-Open Patent
Publication (kokai) No. 7-150419).

When such fine carbon fiber is thermally treated at
2,000°C or higher, crystallinity of the carbon fiber is
considerably enhanced (i.e., the carbon fiber is readily
graphitized), and the carbon fiber exhibits improved
electrical conductivity. Therefore, the thus-treated carbon

fiber is employed as an electrically conductive filler
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material; for example, as a filler for resin or as an
additive in secondary batteries.

A characteristic feature of a fiber filament of such
fine carbon fiber resides in its shape and crystal
structure. The fiber filament has a cylindrical structure
including a very thin hollow space in its center portion,
and a plurality of graphene sheets (hexagonal carbon
layers) grown around the hollow space so as to form
concentric cylinders in the form of growth rings. Meanwhile,
in the case of carbon fiber which has been thermally
treated at 2,000°C or higher, the cross section of a fiber
filament of the carbon fiber assumes a polygonal shape, and
in some cases, the distance among the graphene sheets
enlarge to form void spaces.

Fiber filaments of such fine carbon fiber have a small
diameter, and thus have a large aspect ratio. In general,
the fiber filaments are entangled with one another, forming
fluffy aggregates.

For example, when fine carbon fiber is grown by means
of CVD (chemical vapor.deposition) on a reaction furnace
wall serving as a base, since a raw material containing a
metallic catalyst is continuously supplied onto fine carbon
fiber grown on the reaction furnace wall, fine carbon fiber
is further grown on the previously grown carbon fiber,
which serves as a base, to thereby yield a product in a
shape like a tree covered with ice.

In the case of the aforementioned fine carbon fiber
having a large aspect ratio or branched fine carbon fiber
like an ice-covered tree, fiber filaments of the carbon
fiber strongly interact with one another, and thus the
fiber filaments are entangled or engaged with one another,
forming fluffy or blocky aggregates. Therefore, when such

fine carbon fiber is mixed with a matrix such as a resin or
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a ceramic material to thereby prepare a composite material,
the fine carbon fiber fails to be uniformly dispersed in
the matrix, and the resultant composite material fails to
achieve intended electrical, thermal and mechanical
characteristics.

When fine carbon fiber of low bulk density containing
such fluffy or blocky aggregates is kneaded with a resin to
thereby prepare a composite material, and a thin piece of
the composite material is observed under an optical
microscope or a transmission electron microscope, the thin
piece is found to have numerous black dots attributed to
the aggregates contained in the fine carbon fiber. The
aggregates which are not dispersed in the resin
substantially serve as neither an electrically conductive
path nor a thermally conductive path in the composite.
Therefore, in order to form an electrically conductive path
or a thermally conductive path in the composite material,
the amount of the fine carbon fiber to be added to the
resin must be increased to a level higher than that
calculated by means of, for example, simulation. However,
when the amount of the fine carbon fiber added to the resin
is increased as described above, other problems arise,
including reduction of elasticity of the resin, and
reduction of adhesion between the resin and a substrate.

Methods to efficiently achieve electrical, thermal and
mechanical characteristics of a resin composite material
without deteriorating the mechanical characteristics
include a method for making fine carbon fiber oriented in a
resin. According to this method, even when a small amount
of fine carbon fiber is added to a resin, an electrically
conductive path or a thermally conductive path can be
formed in the resultant resin composite material.

A method for making fine carbon fiber oriented in a
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resin is molding the carbon fiber and the resin into a
product under unidirectional application of pressure. For
example, when a mixture of the aforementioned fine carbon
fiber and resin is subjected to molding under pressure by
use of an extruder, the fine carbon fiber can be oriented
in the resin in the extrusion direction (Japanese Laid-Open
Patent Publication (kokai) No. 2001-250894). In this method,
since shear stress arises during the course of kneading,
aggregates of carbon fiber filaments can be disintegrated
to a certain extent. However, in this method, the
aggregates are not positively disintegrated, and therefore,
some aggregates still remain in the molded product. When
fiber filaments of the carbon fiber oriented in the molded
product are observed in detail under a microscope, the
fiber filaments in the resin are found to be oriented in a
direction parallel to the extrusion direction as a whole,
but most of the thus-oriented fiber filaments are found to
be inclined within an angle of * 30° with respect to the
extrusion direction. Therefore, in order to improve
characteristics of the resin composite material, the
orientation degree of the carbon fiber must be enhanced.
Another method for making fine carbon fiber oriented
in a resin is adding fine carbon fiber to a resin such as a
thermosetting resin, and applying a magnetic field to the
resultant mixture (Japanese Laid-Open Patent Publication
(kokai) No. 2002-~-88257, Japanese Laid-Open Patent
Publication (kokai) No. 2001-322139, and Japanese Laid-Open
Patent Publication {(kokai) No. 2002-273741). This method
utilizes a characteristic feature of fine carbon fiber;
i.e., magnetism in the axial direction of the carbon fiber
differs from that in the radial direction thereof. The
diamagnetic susceptibility in a direction parallel to the

axial direction of the carbon fiber is lower than that in
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the radial direction thereof, and in general, a diamagnetic
substance repels a magnetic field, to thereby stabilize
energy in the system. Therefore, the carbon fiber axis is
oriented in a direction of a magnetic field; i.e., a
direction in which diamagnetic magnetization is reduced to
a minimum level.

Conventional fine carbon £fiber such as carbon nano-
tube has a very high aspect ratio and a curved structure.
Therefore, when such conventional fine carbon fiber 1is
mixed with a resin, even if a magnetic field is applied to
the resultant mixture, the carbon fiber fails to achieve
sufficient orientation. In the case of fine carbon fiber
containing aggregates of fiber filaments, fiber filaments
which adhere to one another by van der Waals force can be
oriented by means of a magnetic field, but fiber filaments
which are entangled with one another fail to be oriented.
Meanwhile, in the case of branched fine carbon fiber,
branched fiber filaments interfere with one another,
thereby inhibiting rearrangement of the filaments in the
direction of a magnetic field. Therefore, when a molded
product is formed from such fine carbon fiber, anisotropy
of physical properties of the molded product; i.e., the
ratio of properties in the direction of a magnetic field to
those in a direction perpendicular to the magnetic field,

becomes small.

DISCLOSURE OF THE INVENTION

Objects of the present invention are to provide linear
fine carbon fiber which can be readily oriented by means of
an external force, and to provide a resin composite
material containing the carbon fiber. In order to make the
linear fine carbon fiber exhibit excellent dispersibility,

adhesion, electrical conductivity, thermal conductivity and
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tribological characteristics when mixed with a matrix such
as a resin, the linear fine carbon fiber is produced by
thermally treating wvapor grown fine carbon fiber at a
temperature of 2,000°C or higher for development of a
graphite structure, and subsequently slightly pulverizing
the thus~treated carbon fiber, thereby disintegrating
entangled aggregates of fiber filaments or debranching
branched fiber filaments.

In order to enhance orientation degree of fine carbon
fiber in a matrix through application of an external force
such as a magnetic field, firstly, the anisotropic magnetic
susceptibility in the axial direction (longitudinal
direction) and in the radial direction of the carbon fiber
(difference of the magnetic susceptibility in the axial
direction and in the radial direction) must be increased,
and secondly, interference/interaction between fiber
filaments of the carbon fiber must be reduced such that the
fiber filaments can freely rotate or migrate in the matrix.

In order to solve the aforementioned problems, the
present inventors have found that when fine carbon fiber
obtained through thermal decomposition of hydrocarbon and
the 1like is thermally treated at a high temperature of
2,000°C or higher for development of crystallinity, and
subsequently the thus-treated carbon fiber is pulverized,
linear fine carbon fiber can ©be produced in which
interaction between fiber filaments of the carbon fiber is
small. The present inventors have also found that by adding
the linear fine carbon fiber to a resin and applying an
external force such as a magnetic field to the resultant
mixture, a resin composite material can be prepared,
wherein the carbon fiber and the resin serving as a matrix.
are highly oriented, and that the composite material

exhibits excellent electrical conductivity and thermal
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conductivity.

Accordingly, the present invention provides a linear
fine carbon fiber which can be highly oriented in a matrix,
and a resin composite material comprising the carbon fiber,
as described below.

1. A fine carbon fiber having linearity, each fiber
filament of the carbon fiber having a bending angle of 30°
or less with respect to the longitudinal direction of the
fiber filament.

2. The fine carbon fiber according to 1 above, each fiber
filament of the carbon fiber including a hollow space
extending along its axis, and having an outer diameter of 1
to 1,000 nm, an aspect ratio of 5 to 1,000, and a BET
specific surface area of 2 to 2,000 m?’/g, wherein the
average interlayer distance (dy,) of the carbon fiber at a
(002) plane is 0.345 nm or less as measured by means of X-
ray diffractometry, and the ratio of the peak height (Id)
of the band at 1,341 to 1,349 cm™? in a Raman scattering
spectrum of the carbon fiber to that of the peak height
(Ig) of the band at 1,570 to 1,578 cm™ in the spectrum;
i.e., Id/Ig, is 0.1 to 2.

3. The fine carbon fiber according to 1 or 2 above, which
has a broken surface at a portion thereof.

4. The fine carbon fiber according to any one of 1 through
3 above, wherein boron i1s contained in an amount of 0.001
to 5 mass% in the interior of or on the surface of crystals
constituting the carbon fiber.

5. The fine carbon fiber according to any one of 1 through
4 above, which has, on at least a portion of a surface
thereof, an electrically conductive material layer and/or a
metallic or magnetic material layer which responds to a
weak magnetic field.

6. The fine carbon fiber according to any one of 1
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through 5 above, which has, on a surface thereof, an
oxygen-containing functional group.

7. The fine carbon fiber according to any one of 1
through 6 above, wherein the anisotropic magnetic
susceptibility is 1 x 10™ or more.

8. A fine carbon fiber comprising, in an amount of 10
vol.% to 90 vol.% on the basis of the entirety thereof, the
fine carbon fiber having linearity as recited in any one of
1 through 7 above, each fiber filament of the carbon fiber
having a bending angle of 30° or less.

9. A composite material formed of fine carbon fiber and
resin, comprising the fine carbon fiber having linearity as
recited in any one of 1 through 8 above, each fiber
filament of the carbon fiber having a bending angle of 30°
or less, and a resin serving as a matrix, wherein merely
the fine carbon fiber is oriented in one direction through
application of an external force to the composite material.

10. A composite material formed of fine carbon fiber and
resin, comprising the fine carbon fiber having linearity as
recited in any one of 1 through 8, each fiber filament of
the carbon fiber having a bending angle of 30° or less, and
a resin serving as a matrix, wherein both the fine carbon
fiber and the matrix resin are oriented in one direction
through application of an external force to the composite
material.

11. A composite material formed of fine carbon fiber and
resin, comprising the fine carbon fiber having linearity as
recited in any one of 1 through 8 above, each fiber
filament of the carbon fiber having a bending angle of 30°
or less, and a resin serving as a matrix, wherein the fine
carbon fiber is aligned in one direction through
application of an external force to the composite material,

and the matrix resin is oriented in the same direction as

10
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the carbon fiber, the orientation being induced by
alignment of the carbon fiber.

12. A composite material formed of fine carbon fiber and
resin, comprising the fine carbon fiber having linearity as
recited in any one of 1 through 8 above, each fiber
filament of the carbon fiber having a bending angle of 30°
or less, and a resin serving as a matrix, wherein the fine
carbon fiber is aligned in one direction through
application of a magnetic field to the composite material,
and the matrix resin is oriented in the same direction as
the carbon fiber, the orientation Dbeing induced by
alignment of the carbon fiber.

13. The composite material formed of fine carbon fiber and
resin according to 9 or 10 above, wherein the amount of the
fine carbon fiber having linearity is 1 to 30 masss.

14. The composite material formed of fine carbon fiber and
resin according to any one of 9 through 11 above, which
comprises carbon fiber, each fiber filament thereof having
an outer diameter of 5 to 50 um, in an amount of 5 to 80
mass% in addition to the fine carbon fiber.

15. The composite material formed of fine carbon fiber and
resin according to any one of 9 through 11 above, wherein
the resin is a thermosetting resin, a photo-curing resin or
a thermoplastic resin.

16. A method for producing a composite material formed of
fine carbon fiber and resin, wherein the fine carbon fiber
is oriented in one direction, which method is characterized
by comprising applying an external force to a resin
composition containing a fine carbon fiber having linearity.
17. A method for producing the composite material formed of
fine carbon fiber and resin according to 16 above, wherein
the external force is a magnetic field.

18. An electrically conductive material comprising the

11
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composite material formed of fine carbon fiber and resin as
recited in any one of 9 through 15 above.

19. A  thermally conductive material comprising the
composite material formed of fine carbon fiber and resin as
recited in any one of 2 through 15 above.

20. A material exhibiting tribological characteristics
comprising the composite material formed of fine carbon
fiber and resin as recited in any one of 9 through 15 above.
21. A fiber-reinforced structural material comprising the
composite material formed of fine carbon fiber and resin as

recited in any one of 9 through 15 above.

The present invention will next be described in detail.

The linear fine carbon fiber of the present invention
was discovered in the course of studies on conditions for
thermal treatment and pulverization of vapor grown fine
carbon fiber in order to make the carbon fiber exhibit
excellent dispersibility, orientation, electrical
conductivity, thermal conductivity and tribological
characteristics when mixed with a matrix such as a resin.
In the linear fine carbon fiber of the present invention,
interaction between fiber filaments of the carbon fiber is
small. Therefore, the linear fine carbon fiber is readily
oriented through application of an external force such as a
magnetic field, and exhibits the effect of enhancing
orientation of a matrix resin.

The composite material formed of fine carbon fiber and
resin (hereinafter may be referred to simply as "the resin
composite material") of the present invention exhibits
excellent electrical conductivity, thermal conductivity and
tribological characteristics, and therefore, the composite
material can be employed in electrically conductive

materials, thermally conductive materials, materials

12
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exhibiting tribological characteristics, fiber-reinforced
structural materials, etc.

The linear fine carbon fiber of the present invention
can be employed as a filler for forming transparent
electrodes, or employed in heat radiation components of
electronic devices, heat transmission components, and
components exhibiting tribological characteristics of
precision instruments such as a microgear. In addition, the
linear fine carbon fiber can be employed as an
electromagnetic wave shielding material, or an electrical-
conductivity-imparting material in, for example, secondary
batteries; or employed in emitters for FEDs. Furthermore,
the linear fine carbon fiber can be employed as a material
for imparting electrical conductivity to the surface of an
OPC drum, a printed-circuit board, etc.

The linear fine carbon fiber of the present invention
will now be described with reference to accompanying
drawings (Figs. 1 through 3). 1In Fig. 1, a fiber filament
of the fine carbon fiber is schematically shown by a solid
line. Fig. 1 is a schematic view showing a fiber filament
of the linear fine carbon fiber. The angle of deviation
from a line (reference numeral 1 in Fig. 1) extending in
the longitudinal direction of the filament is defined as
“bending angle” (reference numeral 2 in Fig. 1), and fine
carbon fiber constituted by fiber filaments having a
bending angle of 30° or 1less 1is defined as linear fine

carbon fiber. The bending angle is preferably 1 to 30°,

more preferably 2 to 25°. Fiber filaments having different
bending angles exist in carbon fiber as a collective entity,

but preferably the carbon fiber contains substantially no
fiber filaments having a bending angle of 50° or more. In
the case where fine carbon fiber constituted by fiber
filaments having a bending angle of 30° or more is mixed

13
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with a resin, when an external force such as a magnetic
field is applied to the resultant mixture, the fiber
filaments come into contact with one another, making it
difficult to orient the fine carbon fiber in the resin.

In the case of fine carbon fiber obtained by thermally
treating vapor grown fine carbon fiber in an argon

atmosphere at 2,800°C, as shown in a scanning electron

micrograph (x 15,000) of Fig. 2, a plurality of fine carbon
fiber filaments extend from one fine carbon fiber filament
in all directions. Furthermore, as shown in the micrograph,
some adjacent fine carbon fiber filaments are bonded
together. In such branched fine carbon fiber, fiber
filaments of the carbon fiber fail to be separated from one
another. Therefore, the branched fine carbon fiber cannot
be uniformly dispersed in a matrix such as a resin, nor
oriented by means of an external force.

Fig. 3 shows a scanning electron micrograph (x 15,000)

of fine carbon fiber obtained by thermally treating vapor

grown fine carbon fiber in an argon atmosphere at 2,800°C,
and subsequently pulverizing the thus-treated carbon fiber
by use of a high-speed rotary mill, thereby debranching
branched fiber filaments and disintegrating bonded or
aggregated fiber filaments. This linear fine carbon fiber
can be uniformly dispersed in a resin, since interaction
between fiber filaments of the carbon fiber is small. 1In
addition, the 1linear fine carbon fiber can be highly
oriented through application of a magnetic field.

As described above, the linear fine carbon fiber of
the present invention can be obtained by thermally treating
vapor grown fine carbon fiber in an inert atmosphere at
2,800°C, and subsequently by pulverizing the thus-treated
carbon fiber. For example, when the thermally-treated fine

carbon fiber is pulverized by means of impact force within
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a short period of time, aggregates of fiber filaments of
the carbon fiber and branched fiber <filaments are
disintegrated and debranched, and the resultant carbon
fiber exhibits high dispersibility in a resin. Furthermore,
when impact force, compression force, shear force, and
friction force are applied to the fine carbon fiber over a
long period of time, the resultant carbon fiber exhibits a
small aspect ratio. When the fine carbon fiber having a
small aspect ratio is employed, the time required for
orienting the carbon fiber in a resin can be shortened.

In general, the vapor grown fine carbon fiber employed
in the present invention can be produced by thermally
decomposing an organic compound by use of an organo-
transition metallic compound.

Examples of the organic compound which may serve as a
raw material of the fine carbon fiber include toluene,
benzene, naphthalene, ethylene, acetylene, ethane, gasses
such as mnatural gas and carbon monoxide, and mixtures
thereof. Of these, aromatic hydrocarbons such as toluene
and benzene are preferred.

An organo-transition metallic compound contains a
transition metal serving as a catalyst, and is an organic
compound containing, as a transition metal, a metal
belonging to Group IVa, Va, VIa, VIIa or VIII of the
periodic table. An organo-transition metallic compound such
as ferrocene or nickelocene is preferred.

In the present invention, a sulfur compound may be
employed as a promoter. Examples of the sulfur compound
which may be employed include sulfur (elementary substance),
thiophene and various thiols.

The fine <carbon fiber 1is produced through the
following procedure: the aforementioned organic compound

and organo-transition metallic compound, and 1if desired, a
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promoter are mixed with a reducing gas such as hydrogen,
and the resultant mixture is fed into a reaction furnace
heated to 800 to 1,300°C, to thereby allow reaction to
proceed.

By regulating the ratio between the organic compound
and the reducing gas, the diameter of the resultant carbon
fiber can be controlled.

The raw material can be fed into a reaction furnace by
means of, for example, the following method: a method in
which the raw material is gasified and then fed into a
reaction furnace; a method in which the raw material is
sprayed in the form of liquid into a reaction furnace by
use of a carrier gas (reducing gas); or a method in which
the raw material is gasified by use of a purge gas (i.e., a
portion of a carrier gas), and then fed into a reaction
furnace. Preferably, there is employed the method in which
the raw material is sprayed in the form of liquid into a
reaction furnace by use of a carrier gas.

In order to enhance adhesion of the fine carbon fiber
to a matrix such as a resin, the carbon fiber may be
subjected to thermal treatment (f£iring) in an inert
atmosphere at 900 to 1,300°C, to thereby remove organic
substances such as tar deposited on the surface of the fine
carbon fiber.

Furthermore, in order to improve the anisotropic
magnetic susceptibility of the fine carbon fiber, the
carbon fiber may be thermally treated in an inert
atmosphere at 2,000 to 3,500°C, to thereby enhance
crystallinity thereof.

The fine carbon fiber may be thermally treated by use

of any furnace, so long as the furnace can maintain a
target temperature of 2,000°C or higher, preferably 2,300°C

or higher. The furnace may be a generally employed furnace,
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such as an Acheson furnace, a resistance furnace and a
high-frequency furnace. If desired, a method for heating
powder or a molded material through direct application of
electricity may be employed.

Thermal treatment is carried out in a non-oxidative
atmosphere, preferably in an atmosphere of one or more of
rare gasses such as argon, helium and neon. From the
viewpoint of productivity, thermal treatment is preferably
carried out within as brief a period as possible. When fine
carbon fiber is heated over a long period of time, the
carbon fiber is sintered to form aggregate, resulting in
low production yield. Therefore, after the center of fine
carbon fiber is heated to a target temperature, the carbon
fiber does not need to be maintained at the temperature for
more than one hour.

Each fiber filament of the linear fine carbon fiber of
the present invention includes a hollow space extending
along its axis, and has an outer diameter of 1 to 1,000 nm
(preferably 10 to 200 nm), an aspect ratio of 5 to 1,000
(preferably 5 to 500, more preferably 10 to 200), and a BET
specific surface area of 2 to 2,000 m®’/g (preferably 10 to
200 m’/g). The average interlayer distance (dy,) of the
carbon fiber at a (002) plane is 0.345 nm or Iless,
preferably 0.336 to 0.340 nm, as measured by means of X-ray
diffractometry. The ratio of the peak height (Id) of the
band, for example, from 1,341 to 1,349 cm™ or in the
vicinity thereof in a Raman scattering spectrum of the
carbon fiber to that of the peak height (Ig) of the band,
for example, from 1,570 to 1,578 cm™ or in the vicinity
thereof in the spectrum; i.e., Id/Ig, is 0.1 to 2. When the
carbon fiber is not doped with, for example, boron
(described below), the ratio Id/Ig is preferably 0.1 to 0.5,

whereas when the carbon fiber is doped with, for example,
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boron, the ratio Id/Ig is preferably 0.6 to 1.5. The
anisotropic magnetic susceptibility of the linear fine
carbon fiber of the present invention is preferably 1 x 107*
or more, more preferably 2 x 107 or more.

When the BET specific surface area is more than 2,000
m’/g, the carbon fiber fails to be sufficiently coated with
a matrix. Therefore, when a resin composite material is
prepared from such carbon fiber, the composite material
exhibits lowered electrical conductivity, thermal
conductivity and mechanical strength.

When long carbon fiber having an aspect ratio (i.e.,
the ratio of the length to the outer diameter of the carbon
fiber) of more than 1,000 is dispersed in a resin and
oriented through application of an external force, fiber
filaments of the carbon fiber come into contact with one
another, and thus the carbon fiber fails to exhibit
sufficient orientation.

When the dy, as measured by means of X-ray
diffractometry 1s more than 0.345 nm; i.e., graphite
crystals are incompletely formed, and therefore sufficient
anisotropic magnetic susceptibility (for example, 1 x 107*
or more) fails to be obtained, and the fine carbon fiber
tends not to be oriented by a magnetic field.

In order to enhance dispersibility in a matrix such as
a resin, the thus-graphitized fine carbon fiber, which
contains aggregates of fiber filaments and branched fiber
filaments, 1s subjected to pulverization treatment. In
order to disintegrate aggregates of fiber filaments and
debranch branched fiber filaments of the fine carbon fiber,
thereby enhancing dispersibility of the carbon fiber in a
resin, a pulverization apparatus such as a pulverizer, a
novorotor, a pin mill, a turbo mill, a centrifugal

classification mill or an annular mill can be employed. In
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order to further obtain fine carbon fiber having a low
aspect ratio and exhibiting high orientation, a
pulverization apparatus such as a vibration mill, a ball
mill, a planetary mill, a jet mill or a colloid mill can be
employed. The linear fine carbon fiber of the present
invention, which is obtained through pulverization
treatment, contains a fiber filament having a portion
formed through cutting off a branch on its surface, or a
fiber filament having a broken surface at its end.

In order to further develop crystallinity and improve
electrical conductivity of the fine carbon fiber, during
the course of thermal treatment in an inert atmosphere at
2,000 to 3,500°C, the carbon fiber may be mixed with a boron
compound such as boron carbide (B,C), boron oxide (B,0,),
elemental boron, boric acid (H;BO,) and a borate.

No particular limitations are imposed on the amount of
a boron compound added to the fine carbon fiber, since the
amount wvaries in accordance with chemical properties and
physical properties of the boron compound. For example,
when boron carbide (B,C) 1is employed, the amount of boron
carbide is 0.05 to 10 mass%, preferably 0.1 to 5 mass%, on
the basis of the entirety of the fine carbon fiber which
has undergone pulverization. When the fine carbon fiber is
thermally treated in the presence of a boron compound,
crystallinity (interlayer distance doo2) of carbon
constituting the thus-graphitized fine carbon fiber 1is
enhanced, and the carbon fiber exhibits enhanced electrical
conductivity.

The amount of boron contained in the interior of or on
the surface of crystals constituting the fine carbon fiber
is 0.001 to 5 mass%, preferably 0.0l to 5 mass$%, more
preferably 0.1 to 3 mass%. In order to improve electrical

conductivity of the fine carbon fiber or affinity of the
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carbon fiber to a resin, preferably, boron in an amount of
0.1 mass?% or more 1is added to the carbon fiber. However,
since the amount of boron which can be substituted for
carbon in graphene sheets is about 3 mass%, when boron in
an amount of 3 mass% or more (particularly 5 mass% or more)
is added to the fine carbon fiber, boron is present in the
carbon fiber in the form of boron carbide or boron oxide,
which may cause lowering of electrical conductivity.

In order to improve electrical conductivity and/or
anisotropic magnetic susceptibility of the fine carbon
fiber, an electrically conductive material 1layer and/or a
metallic or magnetic material layer which responds to a
weak magnetic field may be provided on at least a portion
of the surface of the carbon fiber. For example, during the
course of pulverization of the fine carbon fiber, the
carbon fiber may be mixed with particles of a metal such as
iron, cobalt and nickel, particles of an intermetallic
compound containing such a metal, or particles of an oxide
of such a metal, to thereby mechanochemically deposit the
particles on the surface of the carbon fiber.

Alternatively, a metal such as iron, cobalt and nickel,
an intermetallic compound containing such a metal, or an
oxide of such a metal may be deposited on the surface of
the fine carbon fiber by means such as CVD, PVD (physical
vapor deposition), electroplating, chemical plating, molten
metal injection and the sol-gel method.

In order to improve hydrophilicity of the fine carbon
fiber, and enhance affinity of the carbon fiber to a matrix,
the carbon fiber may be subjected to oxidation treatment,
to thereby introduce, onto the carbon fiber surface, an
oxygen—-containing functional group; for example, a phenolic
hydroxyl group, a carboxyl group, a dquinone group or a

lactone group. The oxidation treatment methods include air

20



10

15

20

25

30

WO 2004/099477 PCT/JP2004/006502

oxidation; i.e., thermal treatment in air at 500°C to 700°C;
and a method employing an oxidizing agent; for example,
ozone, an oxo acid, a peroxide such as hydrogen peroxide,
or a halogen such as bromine or chlorine.

The fine carbon fiber of the present invention
encompasses fine carbon fiber containing the aforementioned
fine carbon fiber having linearity, each fiber filament of
the carbon fiber having a bending angle of 30° or less in an
amount of 10 to 90 vol.%.

The amount of the linear fine carbon fiber contained
in the resin composite material of the present invention is
preferably 1 to 30 mass%. When the amount is less than 1
mass%, sufficient electrically conductive and thermally
conductive paths fail to be formed in the resin composite
material, whereas when the amount is more than 30 mass$,
fiber filaments of the carbon fiber come into contact with
one another in the matrix, whereby the carbon fiber
encounters difficulty in migrating or rotating in the
matrix, and the carbon fiber fails to exhibit sufficient
orientation.

No particular limitations are imposed on the resin to
be employed in the resin composite material of the present
invention, but preferably, a thermosetting resin, a photo-
curing resin or a thermoplastic resin is employed.

Examples of the thermosetting resin which may be
employed include polyamide, polyether, polyester, polyimide,
polysulfone, epoxy resin, unsaturated polyester resin and
phenolic resin. Examples of the thermoplastic resin which
may be employed include nylon resin, polyethylene resin,
polyamide resin, polyester resin, polycarbonate resin and
polyarylate resin.

The time required for orienting the fine carbon fiber

varies 1in accordance with the viscosity of the resin. The
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higher the viscosity of the matrix resin, the longer the
time required for orienting the fine carbon in a direction
of a magnetic field. The viscosity of the resin employed in
the resin composite material of the present invention is
preferably 1 to 1,000 Pa‘*s, more preferably 5 to 100 Pa-s.

The methods to orient the fine carbon fiber in the
resin composite material of the present invention include a
flow- or shear-based method such as extrusion molding; or a
method employing a magnetic field or an electric field. Of
these, a magnetic field orientation method using
anisotropic magnetic susceptibility of the fine carbon
fiber, which has linearity and a developed graphite crystal
structure, is preferred, since the method can efficiently
and highly orient the carbon fiber. Means to generate a
magnetic field include a permanent magnet and an
electromagnet. The magnetic flux density of the magnetic
field is preferably 0.1 to 50 tesla, more preferably 0.5 to
30 tesla, much more preferably 1 to 20 tesla.

The matrix resin can be oriented in the resin
composite material of the present invention by curing a
thermosetting resin or by annealing (thermally treating) a
thermoplastic resin at a temperature in the vicinity of the
melting temperature (Tm) of the resin, while the linear
fine carbon fiber is oriented by means of, for example, a
magnetic field. Through such a process, the matrix resin is
oriented in the longitudinal direction of the linear fine
carbon fiber, which serves as a nucleus for orientation of
the matrix resin.

The resin composite material of the present invention
may contain, in addition to the aforementioned fine carbon

fiber, carbon fiber (each fiber filament of the carbon

fiber having an outer diameter of 5 to 50 um) in an amount

of 5 to 80 mass%.
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic cross-sectional view showing the
structure of a fiber filament of the linear fine carbon
fiber of the present invention.

Fig. 2 shows a scanning electron micrograph (x 15,000)
of the branched fine carbon fiber prepared in Example 1,
the carbon fiber having not undergone pulverization.

Fig. 3 shows a scanning electron micrograph (x 15,000)
of the linear fine carbon fiber produced in Example 1, the
carbon fiber having undergone pulverization.

Fig. 4 1is an explanatory view showing a resistance
measurement process by means of the four-terminal method.

Fig. 5 shows an optical micrograph (x 400) of the
resin composite material produced in Example 4, in which
the linear fine carbon fiber and the resin are oriented in
the direction of the magnetic field.

The present invention will next be described in more
detail with reference to representative examples, which
should not be construed as limiting the invention thereto.

The linearity of linear fine carbon fiber (bending
angle with respect to the longitudinal direction of the
carbon fiber) was calculated through analysis of a bright
field image of the carbon fiber obtained by observation
under a scanning microscope.

The measurement method of the anisotropic magnetic
susceptibility includes the three typical methods as
follows:

(1) SQUID method (superconducting quantum interference
device measurement, for example, accurate magnetic
measuring device MPMS-XLNS7min (product of Quantum
Design Japan),

(2) magnetic rotation torque meter method, and
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(3) suspension method.

It 1s experimentally confirmed that the values
measured by each method are wvirtually the same (Jpn. J.
Appl. Phys. Vol 40, 2237 (2001)).

In the suspension method, for example, carbon fibers
are dispersed in a solvent (the density of the solvent is
adjusted to the same as that of the carbon fiber, generally
by dissolving calcium bromide in water), and the mixture is
spin-oriented within a magnetic field using the
electromagnet TM-WV8615MRC-156 (product of Tamagawa Co.,
Ltd.). The anisotropic magnetic susceptibility can be
calculated from the rotation rate, aspect ratio and the
viscosity of the solvent.

Specifically, the anisotropic magnetic susceptibility
Xa. can be determined by the following formula:

Xa = 6N,/ {1F (D) B%}

nn : viscosity of the solvent

F(D): form factor calculated from aspect ratio and the like
1, : magnetic permeability in wvacuo

B : magnetic flux density

T : rotation time

Example 1: Production of linear fine carbon fiber

Benzene, ferrocene and sulfur (proportion by mass:
92 : 7 : 1) were mixed together, to thereby prepare a
liquid raw material. The liquid raw material was sprayed,
by use of hydrogen serving as a carrier gas, into a
reaction furnace (inner diameter: 100 mm, height: 2,500 mm)
which had been heated to 1,200°C. The feed amount of the
raw material and the flow rate of the hydrogen were
regulated to 10 g/min and 60 L/min, respectively.

The product obtained through the above process (150 g)

was charged into a graphite-made crucible (inner diameter:
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100 mm, height: 150 mm), and fired in an argon atmosphere
at 1,000°C for one hour. Thereafter, the resultant product

was graphitized in an argon atmosphere at 2,800°C for one
hour, to thereby yield a reaction product (graphitized
carbon fiber). The carbon fiber was found to have an
average diameter of 200 nm, an aspect ratio of 150, and a
BET specific surface area of 10 m’/g; the dy, as measured by
means of X-ray diffractometry was found to be 0.339 nm; and
the ratio of the peak height (Id) of the band at 1,341 to
1,349 cm™ in a Raman scattering spectrum of the carbon
fiber to that of the peak height (Ig) of the band at 1,570
to 1,578 cm™ in the spectrum; i.e., Id/Ig, was found to be
0.15. Fig. 2 shows a scanning electron micrograph (X
15,000) of the reaction product.

The reaction product (60 g) and stainless steel balls
(diameter: 10 mm) were placed 1in a stainless steel
container (inner volume: 2,000 cm®), and the product was
pulverized by use of a vibration mill (MBl-type vibration
mill, product of Chuo Kakohki Co., Ltd.) for 10 minutes, to
thereby produce graphitized fine carbon fiber having an
average diameter of 200 nm and an aspect ratio of 50, each
fiber filament of the carbon fiber having a bending angle

of 20° or less with respect to the main axis of the filament.

Fig. 3 shows a scanning electron micrograph (x 15,000) of
the graphitized fine carbon fiber.

The anisotropic magnetic  susceptibility of the
graphitized fine carbon fiber measured by the suspension

method was 3.11 x 107

Example 2: Production of linear fine carbon fiber
Benzene, ferrocene and sulfur (proportion by mass:
92 : 7 : 1) were mixed together, to thereby prepare a

liquid raw material. The liquid raw material was sprayed,
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by use of hydrogen serving as a carrier gas, into a
reaction furnace (inner diameter: 100 mm, height: 2,500 mm)
which had been heated to 1,200°C. The feed amount of the
raw material and the flow rate of the hydrogen were
regulated to 10 g/min and 200 L/min, respectively.

The product obtained through the above process (150 g)
was charged into a graphite-made crucible (inner diameter:
100 mm, height: 150 mm), and fired in an argon atmosphere

at 1,000°C for one hour. Thereafter, the resultant product

was graphitized in an argon atmosphere at 2,800°C for 30
minutes, to thereby yield graphitized carbon fiber having
an averadge diameter of 20 nm and an aspect ratio of 150.

The carbon fiber (60 g¢g) and stainless steel balls
(diameter: 10 mm) were placed in a stainless steel
container (inner volume: 2,000 cm’), and the carbon fiber
was pulverized by use of a vibration mill (MBl-type
vibration mill, product of Chuo Kakohki Co., Ltd.) for 10
minutes, to thereby produce graphitized fine carbon fiber
having an average diameter of 20 nm and an aspect ratio of
50, each fiber filament of the carbon fiber having a
bending angle of 20° or less with respect to the main axis

of the filament.

Example 3: Production of linear fine carbon fiber

Benzene, ferrocene and thiophene (proportion by mass:
91 : 7 : 2) were mixed together, to thereby prepare a
liquid raw material. The liquid raw material was sprayed,
by use of hydrogen serving as a carrier gas, into a
reaction furnace (inner diameter: 100 mm, height: 2,500 mm)
which had been heated to 1,200°C. The feed amount of the
raw material and the flow rate of the hydrogen were
regulated to 5 g/min and 60 L/min, respectively.

The product obtained through the above process (150 g)
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was charged into a graphite-made crucible (inner diameter:

100 mm, height: 150 mm), and fired in an argon atmosphere
at 1,000°C for one hour. Thereafter, the resultant product

was dgraphitized in an argon atmosphere at 2,800°C for 30
minutes, to thereby yield graphitized carbon fiber having
an averade diameter of 200 nm and an aspect ratio of 1,200.
By use of Microjet (product of Yakushin Kikai
Seisakusho), the above-obtained carbon fiber (100 g/min)
was made pass through a rotary mill whose pulverization
wings were rotated at 10,000 rpm, and the carbon fiber was
pulverized, to thereby produce graphitized fine carbon
fiber having an average diameter of 200 nm and an aspect
ratio of 900, each fiber filament of the carbon fiber
having a bending angle of 20° or less with respect to the

main axis of the filament.

Comparative Example 1: Production of fine carbon fiber for
comparison

Benzene, ferrocene and sulfur (proportion by mass:
92 : 7 : 1) were mixed together, to thereby prepare a
liquid raw material. The liquid raw material was gaéified
at 180°C, and the gasified raw material was fed, by use of
hydrogen serving as a carrier gas, into a reaction furnace
(inner diameter: 100 mm, height: 2,500 mm) which had been
heated to 1,200°C. The feed amount of the raw material and
the flow rate of the hydrogen were regulated to 10 g/min
and 60 L/min, respectively.

The product obtained through the above process (150 g)
was charged into a graphite-made crucible (inner diameter:
100 mm, height: 150 mm), and fired in an argon atmosphere

at 1,000°C for one hour. Thereafter, the resultant product

was graphitized in an argon atmosphere at 2,800°C for one

hour, to thereby yield curved, graphitized carbon fiber
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having an average diameter of 200 nm and an aspect ratio of
150,

The carbon fiber (60 ¢g) and stainless steel balls
(diameter: 10 mm) were placed 1in a stainless steel
container (inner volume: 2,000 cm’), and the carbon fiber
was pulverized by use of a vibration mill (MBl-type
vibration mill, product of Chuo Kakohki Co., Ltd.) for 10
minutes, to thereby produce graphitized fine carbon fiber
having an average diameter of 200 nm and an aspect ratio of
50, each fiber filament of the carbon fiber having a
bending angle of 40° or more with respect to the main axis
of the filament.

Table 1 shows the diameter, aspect ratio and bending
angle of each of the graphitized fine carbon fibers of

Examples 1 through 3 and Comparative Example 1.

Table 1
Comparative
Example 1 Example 2 Example 3
Example 1
Fiber
200 20 200 200
diameter (nm)
Aspect ratio 50 50 900 50
Bending angle | 20° or less |20° or less | 20° or less|40° or more

Example 4:

The linear, graphitized fine carbon fiber prepared in
Example 1 (10 mass%) was mixed with an unsaturated
polyester resin (90 mass%), and the resultant mixture was
degassed under vacuum, to thereby prepare a resin
composition. The resin composition was placed 1in a
predetermined die, and a magnetic field (magnetic flux
density: 10 tesla) was applied such that the direction of
lines of magnetic force coincides with the thickness

direction of a molded product, to thereby make the
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graphitized fine carbon fiber sufficiently oriented in the
molded product. Thereafter, the molded product was cured
under heating, to thereby produce a plate-like resin
composite material (2.0 mm in thickness X 20 mm in length x
20 mm in width). The orientation of the fine carbon fiber
after application of the magnetic field, and the electrical
conductivity and thermal conductivity of the resin
composite material were evaluated by means of the below-
described methods. The results are shown in Table 2. Fig.
5 shows an optical micrograph (x 400) of the resin
composite material containing the fine <carbon fiber
oriented in the direction of the magnetic field.
(1) Orientation of fine carbon fiber after application of
magnetic field

A sample obtained by slicing the resin composite
material was observed under an optical microscope or a
fransmission electron microscope. Orientation of the fine
carbon fiber was evaluated by the following criteria
depending on the amount of fiber filaments of the carbon
fiber which have an orientation angle of # 10° with respect
to a direction parallel to the magnetic field direction:

0: 80% or more;

A: 60% or more; and

X: less than 50%.

(2) Electrical conductivity

The electrical conductivity of the resin composite
material was determined by means of the four-terminal
method. Fig. 4 shows a process for measuring the electrical
conductivity by means of the four-terminal method. As shown
in Fig. 4, a constant current (I) from a constant-current
source (reference numeral 7) flows via two outer terminals

(reference numerals 3 and 6) through the sample, and a
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voltage (V) between the two inner terminals (reference
numerals 4 and 5) which are provided at even intervals (w)
is measured by use of a voltmeter (reference numeral 8)
having high input impedance. The electrical conductivity
(6) was calculated from these wvalues Dby use of the
following equation (1).

c = I/(2n X w X V) (1)

(3) Thermal conductivity

The thermal conductivity of the resin composite
material was determined by means of the thermal-AC method.
A sample is sandwiched between electrodes, and AC voltage
is applied to one of the electrodes, to thereby heat one
surface of the sample. Change in the sample temperature is

detected by means of change in the resistance of the other
electrode. The phase difference (A8) of the temperature
change (AT) was determined by response delay. The thermal
diffusion coefficient (a) was calculated by use of the
following equation (2), and the thermal conductivity (A)

was calculated by use of the following equation (3).
AB = rf/o x d + w/4 (2)
AD: phase difference of temperature change

f: heating frequency

d: sample thickness

o: thermal diffusion coefficient

A=oaox Cpo xp (3)
A: thermal conductivity

o: thermal diffusion coefficient
Cp: heat capacity
p: density
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Example 5:

In a manner similar to that of Example 4, a plate-like
resin composite material was produced from the graphitized
fine carbon fiber prepared in Example 2 (10 mass$%) and an
unsaturated polyester resin (20 mass%). In a manner similar
to that of Example 4, the thus-produced sample was
evaluated in terms of (1) orientation of the fine carbon
fiber after application of a magnetic field, (2) electrical
conductivity, and (3) thermal conductivity. The results are

shown in Table 2.

Example 6:

In a manner similar to that of Example 4, a plate-like
resin composite material was produced from the graphitized
fine carbon fiber prepared in Example 3 (10 mass$%) and an
unsaturated polyester resin (90 mass$%). In a manner similar
to that of Example 4, the thus-produced sample was
evaluated in terms of (1) orientation of the fine carbon
fiber after application of a magnetic field, (2) electrical
conductivity, and (3) thermal conductivity. The results are

shown in Table 2.

Comparative Example 2:

In a manner similar to that of Example 4, a plate-like
resin composite material was produced from the graphitized
fine carbon fiber prepared in Comparative Example 1 (10
mass%) and an unsaturated polyester resin (90 mass%). In a
manner similar to that of Example 4, the thus-produced
sample was evaluated in terms of (1) orientation of the
fine carbon fiber after application of a magnetic field,
(2) electrical conductivity, and (3) thermal conductivity.

The results are shown in Table 2.

31



10

15

20

WO 2004/099477 PCT/JP2004/006502

Comparative Example 3:
The graphitized fine carbon fiber prepared in Example

1 (10 mass%) was mixed with an unsaturated polyester resin

(90 mass%), and the resultant mixture was degassed under
vacuum, to thereby prepare a resin composition. The resin
composition was placed in a predetermined die, and cured

under heating without application of a magnetic field, to

thereby produce a plate-like resin composite material (2.0

mm in thickness x 20 mm in length x 20 mm in width). In a

manner similar to that of Example 4, the

(1)

fine carbon fiber after application of a magnetic field,

thus-produced

sample was evaluated in terms of orientation of the

(2) electrical conductivity, and (3) thermal conductivity.
The results are shown in Table 2.
Table 2
Example | Example | Example | Comparative | Comparative
4 5 6 Example 2 Example 3
Magnetic field
10 10 10 10 None
(T)
Orientation of
carbon fiber ° © A * X
Electrical
conductivity 5 x 10° |3 x 1071{6 x 10° |1 x 10% 6 x 10t
(Q+ cm)
Thermal
conductivity 2.0 2.5 2.2 1.5 1.0
(W/m-+K)
Example 7:

The linear,

graphitized fine carbon fiber prepared in

Example 1 (5 mass®) was mixed with polycarbonate (95 mass$)
to thereby prepare a resin composition, and the resin

composition was placed in a predetermined die.

The resin

composition was heated to 300°C at a rate of 10 °C/min and
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maintained at 300°C for 60 minutes, and a magnetic field
(magnetic flux density: 3 tesla) was applied such that the
direction of 1lines of magnetic force "coincides with the
thickness direction of a molded product. Thereafter, the
molded product was cooled to room temperature at a rate of

10°C/min, to thereby produce a plate-like resin composite

material (2.0 mm in thickness x 20 mm in length x 20 mm in
width) . The orientations of the fine carbon fiber and the
resin after application of the magnetic field were
evaluated by means of X-ray diffractometry. The results are
shown in Table 3.

The orientations of the fine carbon fiber and the
resin were evaluated by use of orientation order parameter
(S) obtained through X-~ray diffractometry.

S =1/2 x (3<cos?®> - 1)

0: angle of deviation from the orientation axis

When the carbon fiber or the polymer 1s completely
randomly arranged, S becomes zero. As the carbon fiber or
the polymer is oriented, S approaches 1, and when the
carbon fiber or the polymer is completely oriented (6 = 0),
S becomes 1 (see ™“Liquid Crystal Polymer” authored by
Naoyuki Koide and Kunisuke Sakamoto, Kyoritsu Shuppan Co.,

Ltd., 1988, pp. 15 and 16).

Example 8:

The linear, graphitized fine carbon fiber prepared in
Example 1 (5 mass%) was mixed with polycarbonate (95 mass$)
to thereby prepare a resin composition, and the resin

composition was placed in a predetermined die. The resin
composition was heated to 300°C at a rate of 10 °C/min and
maintained at 300°C for 60 minutes. Thereafter, the resin

composition was cooled to 220°C at a rate of 10 °C/min and
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maintained at 220°C for 120 minutes, and a magnetic field
(magnetic flux density: 3 tesla) was applied such that the
direction of 1lines of magnetic force coincides with the
thickness direction of a molded product. Thereafter, the
molded product was cooled to room temperature at a rate of
10 °C/min to thereby produce a plate-like resin composite
material (2.0 mm in thickness x 20 mm in length x 20 mm in
width). The orientations of the fine carbon fiber and the
resin after application of the magnetic field were
evaluated by means of X-ray diffractometry. The results are

shown in Table 3.

Comparative Example 4:

Polycarbonate was placed in a predetermined die, and
heated to 300°C at a rate of 10 °C/min and maintained at
300°C for 60 minutes. Thereafter, the polycarbonate was
cooled to 220°C at a rate of 10 °C/min and maintained at
220°C for 120 minutes, and a magnetic field (magnetic flux
density: 3 tesla) was applied such that the direction of

lines of magnetic force coincides with the thickness

direction of a molded product, followed by cooling to room
temperature at a rate of 10 °C/min, to thereby produce a
plate~like resin molded product (2.0 mm in thickness x 20
mm in length x 20 mm in width). The orientation of the
resin after application of the magnetic field was evaluated
by means of X-ray diffractometry. The results are shown in

Table 3.
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Table 3
Comparative
Example 7 |Example 8
Example 4
Magnetic field (T) 3 3 3
Orientation of carbon
0.64 0.64 -
fiber
Orientation of resin 0.02 0.65 0.01

INDUSTRIAL APPLICABILITY

The linear fine carbon fiber of the present invention
exhibits excellent dispersibility in a matrix such as a
resin and is readily oriented by application of an external,
and therefore, enables to produce a composite material
using the carbon fiber, wherein merely the carbon fiber is
or both the fine carbon fiber and the matrix resin are

oriented in one direction.
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CLAIMS

1. A fine carbon fiber having linearity, each fiber
filament of the carbon fiber having a bending angle of 30°
or less with respect to the longitudinal direction of the

fiber filament.

2. The fine carbon fiber according to claim 1, each fiber
filament of the carbon fiber including a hollow space
extending along its axis, and having an outer diameter of 1
to 1,000 nm, an aspect ratio of 5 to 1,000, and a BET
specific surface area of 2 to 2,000 mn’/g, wherein the
average interlayer distance (d,,) of the carbon fiber at a
(002) plane is 0.345 nm or less as measured by means of X-
ray diffractometry, and the ratio of the peak height (Id)
of the band at 1,341 to 1,349 cm™ in a Raman scattering
spectrum of the carbon fiber to that of the peak height
(Ig) of the band at 1,570 to 1,578 cm® in the spectrum;
i.e., Id/Ig, is 0.1 to 2.

3. The fine carbon fiber according to claim 1, which has a

broken surface at a portion thereof.

4. The fine carbon fiber according to claim 1, wherein
boron is contained in an amount of 0.001 to 5 mass% in the
interior of or on the surface of crystals constituting the

carbon fiber.

5. The fine carbon fiber according to claim 1, which has,
on at least a portion of a surface thereof, an electrically
conductive material layer and/or a metallic or magnetic

material layer which responds to a weak magnetic field.
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0. The fine carbon fiber according to claim 1, which has,

on a surface thereof, an oxygen-containing functional group.

7. The fine carbon fiber according to claim 1, wherein

the anisotropic magnetic susceptibility is 1 x 10™ or more.

8. A fine carbon fiber comprising, in an amount of 10
vol.% to 90 vol.% on the basis of the entirety thereof, the
fine carbon fiber having linearity as claimed in any of

claims 1 to 7, each fiber filament of the carbon fiber

having a bending angle of 30° or less.

9. A composite material formed of fine carbon fiber and
resin, comprising the fine carbon fiber having linearity as
claimed in any of claims 1 to 8, each fiber filament of the
carbon fiber having a bending angle of 30° or less, and a
resin serving as a matrix, wherein merely the fine carbon
fiber is oriented in one direction through application of

an external force to the composite material.

10. A composite material formed of fine carbon fiber and
resin, comprising the fine carbon fiber having linearity as
claimed in any of claims 1 to 8, each fiber filament of the
carbon fiber having a bending angle of 30° or less, and a
resin serving as a matrix, wherein both the fine carbon
fiber and the matrix resin are oriented in one direction
through application of an external force to the composite

material.

11. A composite material formed of fine carbon fiber and
resin, comprising the fine carbon fiber having linearity as

claimed in any of claims 1 to 8, each fiber filament of the

carbon fiber having a bending angle of 30° or less, and a
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resin serving as a matrix, wherein the fine carbon Ffiber is
aligned in one direction through application of an external
force to the composite material, and the matrix resin is
oriented in the same direction as the carbon fiber, the

orientation being induced by alignment of the carbon fiber.

12. A composite material formed of fine carbon fiber and
resin, comprising the fine carbon fiber having linearity as
claimed in any of claims 1 to 8, each fiber filament of the
carbon fiber having a bending angle of 30° or less, and a
resin serving as a matrix, wherein the fine carbon fiber is
aligned in one direction through application of a magnetic
field to the composite material, and the matrix resin is
oriented in the same direction as the carbon fiber, the

orientation being induced by alignment of the carbon Ffiber.

13. The composite material formed of fine carbon fiber and
resin according to claim 9 or 10, wherein the amount of the

fine carbon fiber having linearity is 1 to 30 massg.

14. The composite material formed of fine carbon fiber and
resin according to any one of claims 9 through 11, which
comprises carbon ﬁiber, each fiber filament thereof having
an outer diameter of 5 to 50 pum, in an amount of 5 to 80

mass% in addition to the fine carbon fiber.

15. The composite material formed of fine carbon fiber and
resin according to any one of claims 9 through 11, wherein
the resin is a thermosetting resin, a photo-curing resin or

a thermoplastic resin.

16. A method for producing a composite material formed of

fine carbon fiber and resin, wherein the fine carbon fiber
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is oriented in one direction, which method is characterized
by comprising applying an external force to a resin

composition containing a fine carbon fiber having linearity.

17. A method for producing the composite material formed of
fine carbon fiber and resin according to claim 16, wherein

the external force is a magnetic field.

18. An electrically conductive material comprising the
composite material formed of fine carbon fiber and resin as

claimed in any one of claims 9 through 15.

19. A thermally conductive material comprising the
composite material formed of fine carbon fiber and resin as

claimed in any one of claims 9 through 15.

20. A material exhibiting tribological characteristics
comprising the composite material formed of fine carbon
fiber and resin as claimed in any one of claims 9 through

15.

.21, A fiber-reinforced structural material comprising the

composite material formed of fine carbon fiber and resin as

claimed in any one of claims 9 through 15.
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Fig. 1

Branched fine carbon fiber
(before pulverization)
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Linear fine carbon fiber
(after pulverization)
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Fig. 5
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