Description COMPOSITE FIBER INCLUDING WHOLLY AROMATIC
POLYAMIDE AND CARBON NANOTUBES Technical Field The present
invention relates to a composite fiber including a wholly aromatic
polyamide and carbon nanotubes, a composite fiber excellent in
mechanical characteristics, characterized in that the carbon nanotubes
are oriented in the fiber axis direction. Background Art The wholly
aromatic polyamide assumes a structure in which rigid aromatic rings are
linked, and finds a wide rangBQSFﬁgé%t%{r}glectricalIy insulating materials,
various reinforcing agents, bulletproof fibers, and the like, as materials
excellent in heat resistance, mechanical characteristics, chemical
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characteristics of the rggin haveseame i beggmanded according to the

intended purpose. As one of the technologies satisfying such required
characteristics, a composition obtained by dispersing carbon 1 nanotubes
in a thermoplastic resin on a nanoscale, a so-called nanocomposite has
TedgREved atteatign in recent years. For example, in JP-B-8-26164, there is
a description that carbon ' ‘
The present invention relates to a composite fiber

including a wholly aromatic polyamide and carbon nanotubes,
a composite fiber excellent in mechanical characteristics,
characterized in that the carbon nanotubes are oriented in the

fiber axis direction.

Background Art

The wholly aromatic polyamide assumes a structure in
which rigid aromatic rings are linked, and-finds a wide range
of uses for electrically insulating materials, various
reinforcing agents, bulletproof fibers, and the like, as
materials excellent in heat resistance, mechanical
characteristics, chemical resistance, and;the like in the form
of a fiber or a £ilm. It is one of the materials with a very
high industrial value. However, high level characteristics
of the resin have come to be demanded according to the intended
purpose.

As one of the technologies satisfying such reguired

characteristics, a composition obtained by dispersing carbon



nanotubes are oriented in a matrix by electrolysis, an appropriate
shearing action, or combing. Whereas, in WO 03/085049, a production
method of a composition including single-wall carbon nanotubes and an
aromatic polyamide, and a fiber thereof are described. A method for
adding carbon nanotubes in a sulfuric anhydride solution of an aromatic
polyamide is preferably mentioned. However, there is no description of
the dispersion or orientation state of the carbon nanotubes in the
namgotmposielifiber: hadnee bifestton Gfelphysical progeties shuihd -fed Led
improvement effects on the mechanical characteristics of the fiber are
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group havin natoms; an parts by weight of

coﬁ%gg{@Egyugﬁgwﬂwlﬂg single-wall carbon nanotubes and an

aromatic polyamide, and a fiber thereof are described. A
method for adding carbon nanotubes in a sulfuric anhydride
solution of an aromatic pelyamide is preferably mentioned.
However, there i1s no description of the dispersion or
orientation state of the carbon nanotubes in the composite
fiber, and the effects on the physical properties. Further,
the improvement effects on the mechanical characteristics of

the fiber are also unknown.

Disclosure of the Invention

It is an object of the present invention to provide a
composite fiber including a wholly aromatic polyamide and
carbon nanctubes improved in mechanical characteristics, and
particularly, in elastic modulus and strength.

Namely, it is a composite fiber which inciudes 100 parts
by weight of a wholly aromatic polyamide mainly including
structural units of the following formulae (A} and (B):

-NH~-Ar'-NH- (A)



average diameter of 300 nm or less, and an average aspect ratio of 5.0 or
more, characterized in that the carbon nanotubes are oriented in the fiber
axis direction. Especially when the carbon nanotubes are multiwall

carbon nanotubes, it is preferable that the orientation factor F of the
carbon nanotubes which can be determined with the following formula
(2): /2 1(0) cost sin dO <oo0s2q,>= /2 1(0) sin q F=3<cos2g5>-1 (1) 2
where h represents the azimuth in an X-ray diffraction measurement, and
| represents fh%cd'lﬁ‘r%c'tﬁ)%'strength of the 002 Iér)ystal face of the multiwall

carbon nanogubes, js 0.1 or more, Further, it is preferable that, in th
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-band strength when the faser polarization plane has been arranged In
avé%?é%lgalﬂ'élﬁleter of 300 nm or less, and an average aspect ratio
of 5.0 or more, characterized in that the carbon nanctubes are
oriented in the fiber axis direction.
Especially when the carbon nanotubes are multiwall
carbon nanotubes, it is preferable that the orientation factor

F of the carbon nanotubes which can be determined with the

following formula (1):

{  I(¢) cos® ¢ sin gdg
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where ¢ represents the azimuth in an X-ray diffraction
measurement, and I represents the diffraction strength of the
002 crystal face of the multiwall carbon nanotubes, is 0.1 or
more.

Further, it is preferable that, in the Raman spectrum
derived from the carbon nanotubes when an incoming laser has
been applied from the direction orthogonal to the fiber axis
to the side of the fiber, the orientation degree P xepresenﬁed

by the following formula (2):



the fiber axis, and lyy represents the G-band strength when the laser
polarization plane has been arranged vertically to the fiber axis, satisfies
the range of 0 or more and 0.7 or less. Still further, the invention relates to
a method for manufacturing the composite fiber. Brief Description of the
Drawings FIG. 1 is a photograph observed by an electron microscope
(TEM) from the fiber cross section cut roughly in parallel with the fiber
axis of a composite fiber manufactured in Example 2, wherein an arrow in
the diagram Fdiatdsthéfiber axis direction{&nd white lines are the
marks made by dragging of a carbon nanotube by a cutter. FIG. 2 is a
hegotoBraRT GBSEREHy A eRERTTRRICSCIDE FrERD T iihs bk “her
cross section cyt roughly in parallel with the fiber axis of a comp '_sLit%.fibe{:h
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direction, and white lines are the marks made by dragging of a carbon

satinefube by @ GUlehe of 0 or more and 0.7 or less.
Still further, the invention relates to a method for

manufacturing the composite fiber.

Brief Description of the Drawings

FIG. 1 is a photograph observed by an electron microscope
(TEM) from the fiber cross section cut roughly in parallel with
the fiber axis of a composite fiber manufactured in Example
2, wherein an arrow in the diagram indicates the fiber axis
direction, and white lines are the marks made by dragging of
a carbon nanotube by a cutter.

FIG. 2 is a photograph observed by an electron microscope
(TEM) from the fiber cross section cut roughly in parallel with
the fiber axis of a composite fiber manufactured in Example
3, wherein an arrow in the diagram indicates the fiber axis
direction, and white lines are the marks made by dragging of
a carbon nanotube by a cutter.

FIG. 3 is a photograph obsexrved by an electron microscope

(TEM) from the fiber cross section cut roughly in parallel with



Preferred Embodiments of the Invention Below, the present invention will
be described in details. (Regarding carbon nanotube) For the carbon
nanotube in a composite fiber of the invention, the average diameter is
300 nm or less, preferably 0.3 to 250 nm, more preferably 0.3 to 200 nm,
and further preferably 0.4 to 100 nm. The one with a diameter of 0.3 nm
or less is substantially difficult to manufacture. The one of 300 nm or

tne E%ie%ﬁi E‘EEE,‘%@%P%%&#&Q%Q?EE@@P Reneeit s potpreferablesmp1 e
Although t i

ere is no upper limit restriction on the preferred value of the

5, FYRIAGS ASReCH Ao hedowes limit hesgofia 2:¢armorenprefarsbly axis
10.0 or more, and further preferably 20.0 or more. when the average

airaspecbratinigdess than B dbedmproyempnteffess @8 the meshanied of
characteristics of the fiber unfavorably become insufficient. The average

a cliameterrangdtheraspeet @tiowafdbe carbon nanotube can be determined
from the observation by an electron microscope. For example, it is
possible that, TEM 5 (transmission electron microscope) measurement is
carried out, and the diameter and the longitudinal length of the carbon
Prefanateie Embmeameretsdirettiyfoni thesindalgen Further, it is possible to
know the form of the carbon nanotube in the composite fiber by, for
exanfgléowie TEME(trABSASEloninvention will be described in

details.

(Regarding carbon nanotube)

For the carbon nanotube in a composite fiber of the
invention, the average diameter is 300 nm or less, preferably
0.3 to 250 nm, more preferably 0.3 to 200 nm, and further
preferably 0.4 to 100 nm. The one with a diameter of 0.3 nm
or less is substantially difficult to manufacture. The one
of 300 nm or more is difficult to disperse in a solvent, and
hence it is not preferable.

Although there is no upper limit restriction oﬁ the
preferred value of the average aspect ratio, the lower limit
thereof is 5.0 or more, preferably 10.0 or more, and further
preferablyZ0.0ornmre; When the average aspect ratio is less
than 5.0, the improvement effects on the mechanical
characteristics of the fiber unfavorably become insufficient.
The average diameter and the aspect ratio of the carbon nanotube
can be determined from the observation by an electron

micrcscope. For example, it is possible that, TEM



electron microscope) measurement of the fiber cross section cutin
parallel with the fiber axis. The carbon nanotube is in the form of a
cylindrically coiled graphene sheet. It does not matter whether the
cylinder is made of a monolayer or a plurality of layers. Alternatively, it
may be made of graphene sheets stacked in the form of a cup. Namely,
as the carbon nanotube in the invention, mention may be preferably
made of a single-wall carbon nanotube, a_multiwall carbon nanotube,
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onoxide method, an‘arc arge (Regarding
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composit er of the invention is a wholly aromatic polyamide

co %@%%@”Yﬁ%@é&e of,a struciyre inwhich dwo stpuctuglhpnits fdheniss ion
following formulae (A) and (B) 6 -NH-Arl-NH- (A)- -OC-Ar2-CO- (B) where

e1i8dhe darmulae ) IPKB) riiand-AReaeh drdependenty Hepresantfect ion
bivalent aromatic group having 6 to 20 carbon atoms; are alternately
cufepeatethraliel with the fiber axis.

The carbon nanotube is in the form of a cylindrically
coiled graphene sheet. It does not matter whether the cylinder
is made of a monolayer or a plurality of layers. Alternatively,
it may be made of graphene sheets stacked in the form of a cup.
Namely, as the carbon nanotube in the invention, mention may
be preferably made of a single-wall carbon nanotube, a
multiwall carbon nanotube, or a cup-stacked type carbon
nanotube.

The carbon nanotubes are manufactured Dby a
conventionally known method, non-limiting examples of which
may include a. gas phase flow method, a catalyst carrying type
gas phase flow method, a laser ablation method, a high pressure
carbon monoxide method, an arc discharge method, and the like.

(Regarding wholly aromatic polyamide)

The wholly aromatic polyamide in the composite fiber of
the invention is a wholly aromatic pelyamide substantially

made of a structure in which two structural units of the

following formulae (A) and (B)



Arland Are described above each independently represent a bivalent
aromatic group having 6 to 20 carbon atoms. Specific examples thereof
may include a metaphenylene group, a paraphenylene group, an
orthophenylene group, a 2,6-naphthylene group, a 2,7-naphthylene
group, a 4,4'-isopropylidene diphenylene group, a 4,4'-biphenylene
group, a 4,4'-diphenylene sulfide group, a 4,41-diphenylene sulfone
group, a 4,4-diphepylgpe ketone group, a 4(};)-diphenylene ether group,
a 3, 4' -diphenylene ether group, a metaxylylene group, a paraxylylene

group, and ap,oritexyhdene group. one or ajgurality of the hydrogen
atoms of the respective aromatic groups may be each independently

wheSUbstituted witha; halogen greapsuchas Hueline,?chioring raldysemite;t 1y
an alkyl group having 1 to 6 carbon atoms such as a methyl group, an

rep@HYLEONh RRIDPMYE I OT Bhexyhgrdupy arsyddatkgl graupdrawingrs ;
to 10 carbon atoms such as a cyclopentyl group or a cyclohexyl group; or

areafBreraic gigupeddnag 640 10 carbon atoms such as a phenyl group.
Incidentally, the structural unit of the formulae (A) and/or (B) may be a
copalymenthade desfowo bednakeapmad giodiek odest thess ereegent
preferably a metaphenylene group, a paraphenylene group, or a

a IBiradiphénytererathdicgralin hd %Hﬁ@ﬂpréfer*éﬁly?g pafapinetylefEOmS -
group, or a combination of a paraphenylene group and a

Spegﬁﬁhﬁpﬁ%ﬁ?@ﬁ@%ﬁﬁ&%ﬁ%ﬂﬁ.may in¢lude a metaphenylene group,

a paraphenylene group, an orthophenylene  group, a
2,6-naphthflene group, a 2,7-naphthylene group, - a
4,4'—isopropylia@ne diphenylene group, a 4,4'-biphenylene
group, a 4,4'-diphenylene sulfide group, a 4,4'-diphenylene
sulfone group, a 4,4'-diphenylene ketone group, a
4,4'-diphenylene ether group, a 3,4'~diphenylene ether group,
a metaxylylene group, a ?araxylylene group, and an
orthoxylylene group.

One or a plurality of the hydrogen atoms of the respective
aromatic groups may be each independently substituted with a
halogen group such as f£luorine, chlorine, or bromine; an alkyl
group having 1 to 6 carbon atoms such as a methyl group, an
ethyl group, a propyl group, or a hexyl group; a cycloalilkyl
group having 5 to 10 carbon atoms such as a cyclopentyl group
or a cyclohexyl group; or an aromatic group having 6 to 10 carbon
atoms such as a phenyl group. Incidentally, the structural

unit of the formulae (A) and/or (B) may be a copolymer made



When a paraphenylene group and a 3,4 ' -diphenylene ether group are
used in combination, the molar ratio is further preferably in the range of 1
e 0.8to1s 1.2. Ar 2 is preferably a metaphenylene group, or a
paraphenylene group, and further preferably a paraphenylene group.
Namely, as the ones preferably used in the invention, mention may be
specifically made of a wholly aromatic polyamide which is a copolymer in

which Arl is a paraphen Iege roup %nd a 3,4'-diphenylene ether group,
of AtPaP2 i&3 %re?p%%rrl}?/ ehe group? and the copolymerization ratio (the

mo'%@“fg%f gﬁee é’éfam&“wsgg%%o%gﬂﬂha 3k-diphenylens ethetuy,

group 0 s thé'range to 1 1. 2, and a wholly aromatic

a p%%X%@édn ifevﬁréicgf%rr;u’?nddof 2 are both paraplenylene-gioupsy Fhese and
whofly ar I

atic pdlyamides can bé manufactured by a conventionally
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polymerization method, or a melt polymerization method. The degree of
of ROMELZaURR, Lande; sentrollaciby the faticiearatarealic dieldregroup.
component and an aromatic dicarboxylic acid component. As the
Whehole@Has Snreightefdhgresyltingdpalyimar; theiipherent eiseosity 7 duioup
of the solution of the polymer dissolved in a concentration of 0.5 g/ 100
ardnbdea 98 withichneeriteatedididfuriclacidnaeasuied fat3thenisypreferaisly Ly
0.05 to 20 dL/g, and more preferably between 1.0 and 10 dL/g.
in the range of 1 : 0.8 to 1 : 1.2,

ar? is preferably a metaphenylene group, or a
paraphenylene group, and further preferably a paraphenylene
group-

Namely, as the ones preferably used in the invention,
mention may be specifically made of a wholly aromatic polyamide
which is a copolymer in which Ar' is a paraphenylene group and
a 3,4‘~diphenyleﬁe ether group, and Ar? is a paraphenylene
group, and the copolymerization ratio (the molar ratio of the
paraphenylene group and the 3,4‘'-diphenylene ether group of
ar') falls intherangeofl:0.8to1:1.2, and awholly aromatic
polyamide in which Ar® and Ar? are both paraphenylene groups.

These wholly aromatic polyamides can be manufactured by
a conventionally known method such as a solution
polymerization method, an interfacial polymerization method,
or a melt polymerization method. The degree of polymerization

can be controlled by the ratio of an aromatic diamine component

and an aromatic dicarboxylic acid component. As the molecular



(Composition) As the composition of the composite fiber of the invention,
the amount of the carbon nanotubes is 0.01 to 100 parts by weight,
preferably 0.1 to 60 parts by weight, and further preferably 1 to 10 parts
by weight per 100 parts by weight of the wholly aromatic polyamide.
When the amount of the carbon nanotubes is less than 0.01 part by
weight, the effect of the improvement of the mechanical characteristics is

difficult t d. Whereas, it than, 100_parts by weight,
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in the composite tiber are oriented’in the fiber axis direction. The
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the difect observation of the fiber cross section cut in parallel with the
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X-ray diffraction measurement or a polarized Raman spectroscopic

befRRasyrementhen each garbon nanotube is a multiwall carbon
nanotube, it is possible to use the orientation factor F 9 represented by

the foflowrg foraida: (1): .21(0)cos2 Y sin Odo < CO52 (~ >_ 12 I(0)sin
9dg5(1) O
As the composition of the composite fiber of the
invention, the amount of the carbon nanotubes is 0.01 to 100
parts by weight, preferably 0.1 to 60 parts by weight, and
further preferably 1 to 10 parts by weight per 100 éarts by
weight of the wholly aromatic pol'yamide. When the amount of
the carbon nanotubes is less than 0.01 part by weight, the
effect of the improvement of the mechanical characteristics
is difficult to observed. Whereas, when it is more than 100
parts by weight, spinning becomes difficult.
(Regarding the orientation and the orientation method)
A feature of the invention resi&es in that the carbon
nanotubes in the composite fiber are oriented in the fiber axis
direction. The orientation property of such carbon nanotubes
is evaluated by, other than the direct observation of the fiber
cross section cut in parallel with the fiber axis with an
electron microscope such as a TEM, in the invention, an X-ray
diffraction measurement or a polarized Raman spectroscopic

measurement. When each carbon nanctube is a multiwall carbon

nanotube, it is possible to use the orientation factor F



F 3<cos2>-1 =2 (Masao Kakumoto, etal, KOUBUNNSHI X-SENN
KAISETSU (Polymer X-ray Diffraction) 1968, MARUZEN). In the formula,
4 represents the azimuth in the X-ray diffraction measurement, and |
represents the diffraction strength of the 002 crystal face of the multiwall
carbon nanotube. The orientation factor F of the multiwall carbon
nanotube in the invention is preferably 0.1 or more. It is further preferably
0.2 or more, and more preferably 0.3 or more, The  higher the value of F

r e%,‘f’rcr‘eeﬁﬁ?é itig p?é’f%rrgae.la%wéegr, ﬁﬂlé“t‘ﬁe&eﬁg& upper limit value
when the multiwall carbon nanotubes have been fully oriented is 1.0. The
polarized Ra éﬁ[@@p@dg@g@pwweasurement is accomplished in the
followdsigima _ pectrum derived from the carbon
nanotube when }Zﬁ iRGbisingddser has been(applied from the direction
orthogonal to, the fiber axis to the side of the fiber, the orientation property
is eval 5 1 orientation degree P represented by the following
formula (2):20 P = IYY/IXX (2) where in the formula, IXX represents the
G-band strength when the laser polarization plane has been arranged in
parallel with

(Masao Kakumoto, etal, KOUBUNNSHI X-SENN KATISETSU {(Polymer

X-ray Diffraction) 1968, MARUZEN}).

In the formula, ¢ represents the azimuth in the X-ray

diffraction measurement, and I represents the diffraction
strength of the 002 crystal face of the multiwall carbon
nanotube.

The orientation factor Fof themultiwall carbon nanotube
in the invention is preferably 0.1 or more. It is further
preferably 0.2 or more, and more preferably 0.3 or more. The
higher the value of F is, the more it is preferred. However,
+he theoretical upper limit value when the multiwall carbon
nanotubes have been fully oriented is 1.0.

The polarized Raman spectroscopic measurement is
accomplished in the following manner. In the Raman spectrum
derived from the carbon nanotube when an incoming laser has
been applied from the direction orthogonal to the‘fiber'axis
to the side of the fiber, the orientation property is evaluated
at an orientation deg::.ee P represented by the following formula

(2):
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the fiber axis, and 1YY represents the G-band strength when the laser
polarization plane has been arranged vertically to the fiber axis. In the
invention, the orientation degree P preferably satisfies the range of 0 or
more and 0.7 or less. Such polarized Raman spectroscopic measurement
is particularly effective for the single-wall carbon nanotube. However, it is
also applicable even for the multiwall carbon nanotube. Especially when
the content O{Dthem mLthivy | carbon nanotubes is smag, d the X-ray
diffraction peak of the"¢arBén nanotubes hides behin fﬁ; diffraction

wh&Altern af the polymer, the Of%%ggg@geq{a@gemp@i%@%v measkieed, byhen

X A
the polarized Raman specfrosc Ic measurement. For the single-wall

th%%fggaf‘g%%?az@@ﬂg'&%tfyaa fegree Prasyrpinlically.pparoaches B n

when the nanotubes have been oriented in parallel with the fiber axis

thdlirection, grd the ndom orietationthereaf weswtsya =4« FhedfIpaihen

limit of the value of P is more preferably 0.5, and further preferably 0.3 .
+hd heselesepit ist9iQ a theonope dris preferiegde rOa the pthed hanek ferdhey to
multiwall carbon nanotube, the value of P tends to appear to be rather
thdighiaseas coniparediwith tee ioasernf fhesingleewalt carbommianotdsg ree P
Also in the document (A. M. Rao etal., Phys. Rev. 84 (8), 1820 (200)), a
prefesB ]l sa0.36 fsimtrodueedasthedlieraticainealaeamder? the or less.
measurement is carried out with the fully oriented multiwall carbon
nanofubds albnéamithednv&aio foFthehtlifafPic measurement is

particularly effective for the single-wall carbon nanotube.
However, it is also applicable even for the multiwall carbon
nanotube. Especially when the content of themultiwall carbon
nanotubes is small, and the X-ray diffraction peak of the carbon
nanotubes hides behind the diffraction pattern of the polymer,
the orientation degree is preferably measured by the polarized
Raman spectroscopic measurement.

For the single-wall carbon nanotube, the orientation
degree P asymptotically approaches P = 0 when the nanotubes
have been oriented in parallel with the fiber axis direction,
and the random orientation thereof results in P =1. The upper
limit of the valge of P is more preferably 0.5, and further
preferably 0.3. Thecloser it is to 0, themore it is preferred.
On the other hand, for themultiwall carbon nanotube, the value
of P tends to appear to be rather higher as compared with the
caéecaf'the single-wall carbon nanotube. Also in the document

(A. M. Rao etal., Phys. Rev. 84 (8), 1820 (200))}, a value P
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carbon nanotube, even when the value of P is 0.5 to 0.6, it can be said
that sufficient orientation has been achieved. Whereas, in the invention,
the wholly aromatic polyamide in the composite fiber is also preferably
oriented in the fiber axis direction, and the orientation factor F is
preferably 0.5 or more. It is more preferably 0.6 or more, and further
preferably 0.7 or more. Herein, the orientation factor F is determined by
focusing attention on the diffraction stre

th_1 of.the 002 | f
= %hé%hbﬁyhdr%H’raQiélb%%m?&e e fomOEe(L A thd Red R ene
orienting the, carbo tub nd the, wh ' | ide in:
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car% a&%%%g%%a o i)a(t%% Solution of g whollyaromajic palyamide and tiwail

nanotubes, flow orientation, liquid crystal orientation, shear

carBHgN} ‘ggt%sétet‘é@&ﬂe{}_ﬁ?é@nﬂﬁéd{}isy% otBer; pracesscIhe. 6, it

resulting fiber composition is further stretch oriented, thereby to increase

can thesorientation, factar.of fhe scarhon paeettbes okhis issalse duth@hieved.
preferable for obtaining the composite fiber of the invention. The degree

of ingreaseQf thenorigatatinnefaetas F, is AH W0 Mores rpefarably 00k de
and further preferably 0.1 or more. Whereas, 12 the degree of decrease
in ofdhesrieptation degree P64 pr afereapiefecably0t0s] dndtfbrhiber
preferably 0.1 or more. (Method for manufacturing a composite fiber)
axis direction, and the orientation factor F is preferably 0.5
or more. It is more preferably 0.6 or more, and further
‘preferably 0.7 or more. Herein, the orientation factor F is
determined by focusing attention on the diffraction strength
I of the 002 crystal face of the wholly aromatic polyamide in
the formula (1).

As the method for orienting the carbon nanotubes and the
wholly aromatic polyamide in the fiber axis direction, mention
may be made of a process in which in spinning from a mixed
solution of a wholly aromatic polyamide and carbon nanotubes,
flow orientation, 1liguid crystal orientation, shear
orientation, or stretch orientation is achieved, or other
process. The resulting fiber compositicn is further stretch
oriented, thereby to increase the orientation factor of the
carbon nanotubes. This is alsc further preferable for
obtaining the composite fiber of the invention. The degree

of increase of the orientation factor F is 0.0l or more,

preferably 0.05, and further preferably 0.1 or more. Whereas,
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As the method for manufacturing the composite fiber of the invention, a
method in which a mixed solution of a wholly aromatic polyamide and
carbon nanotubes is prepared, and spinning is carried out from the mixed
solution is preferred. As the solvent for use in such a step, mention may
be made of an amide type solvent such as dimethylacetamide or
N-methyl-2-pyrrolidone, or an acid solvent such as 100 % sulfuric acid,

thé’hcﬂ%%?oricc?fi%&c%@ spheric,acid, or methanesulfonic.acid. As theg 1 or

method for preparing the mixed solution, any known meéthod is applicable.

mo oW gfé_ff&%ﬁ@ ple, mentionmay, beymads ©of the-following, prasesacbe .

to a solution of a wholly aromatic polyamide, solid carbon nanotubes are

added;2) 8 Jwhally.argiatieRolyamidg splutionnslia solvepkdispersion

of carbon nanotubes are mixed; 3) to a solvent dispersion of carbon

nanojhes, & selidnvaoihsaroratic pelyamidegswaddesingiod)ing salvent of
dispersion of carbon nanotubes, in-situ polymerization of a wholly

+ h ArOMAEe PoB@Migeds casied ULh cany case stlisimiportan fofthe wholly
orientation of the carbon nanotubes, i.e., for the improvement of the

arorechanicab physicaleprepettiesaofitbe compositesfitser it theeparbed, and
nanotubes are uniformly dispersed in the mixed solution. From 13 this

sp pomt of viewewithr Heel athofrbnintilsion Bxeatben idhbdibé sppwaéeired -
added to a high viscosity polyamide solution, there remains a concern

As gbost Hed usifdinf gispessioAn ThBRfofke, Step, mention may be made of

an amide type solvent such as dimethylacetamide or
N-methyl-2~pyrrolidone, or an acid solvent such as 100 %
sulfuric acid, phosphoric acid, polyphosphoric acid, or
methanesulfonic acid.

As the method for preparing the mixed solution, any known
method is applicable. However, for example, mention may be
made of the following process: l)lto a solution of a wholly
aromatic polyamide, solid carbon nanotubes are added; 2) a
wholly aromatic pelyamide solution and a solvent dispersion
of carbon nanotubes are mixed; 3) to a solvent dispersion of
carbon nanotubes, a solid wholly aromatic polyamide is added;
or 4) in a solvent dispersion of carbon nanotubes, in-situ
polymerization of a wholly aromatic polyamide is carried out.
In any case, it is important for the orientation of the carbon
nanotubes, i.e., for the improvement of the mechanical
physical properties of the composite fiber that the carbon

nanotubes are uniformly dispersed in the mixed solution. From

13



as the method for preparing the mixed solution, preferably, first, a solvent

dispersion of carbon nanotubes is formed. However, the carbon

nanotubes themselves are low in solubility, and mutually entangled

remarkably. For this reason, in general, they are often poor in

dispersibility in the solvent. Therefore, in the invention, it is desirable to

obtain a carbon nanotube dispersion in a favorable dispersion state. For

evaluating the dispersibility of the carbon_ nanotubes in a solvent, mention
th iR P ade O mathbd foh STHEIdRR g the Paridie sz & AtmBURGR iU Pe

the solvent, other than the %irect observation I%{the outwar agpearar]ccrelzére

POWGRT nhiRRs bstAbleSH of1RE 28rboh RS % Thedsurabie by'a
dynamic light scattering m thgg, a laser. diffraction method, or%}? Iikefln

o eﬁ&ﬂﬁ/eﬁti%ﬁ,n iR order ?())Oé%nanc% {he tispersibiitt of the carbon ELELOre,

as a&%e)tlf'nbe Sl'llcralciﬁjl %%l\fentr%ndatlh djs ré”%'!E eia as@%?gi%q{ve trg'ferabl
carbon nanotubes ar pré%era%flfrJ Slj?f)]ecte fo some treatment in Y

£ 1 Advance. The freatment methqd, has o-panjgylan ESHCHONS NG rmed

as'thg_tube structu_re of each carbon nanotube is held. However,
nowpeeficallye mentiomnnay:be Made of aRddtTasonis Heatment aphvsisality,

size reduction treatment, a strong acid treatment, a chemical 14 surface
andreatmantiantheslikes Agithe physisalisizs reduction treatment, raention, in

may be made of a dry mill treatment using a ball mill, a wet mill
general, they are often poor in dispersibility in the solvent.
Therefore, in the invention, it is desirable to obtain a carbon
nanotube dispersion in a favorable dispersion state.

For evaluating the dispersibility of the carbon
nanotubes in a solvent, mention may be made of a method for
measuring the particle size distribution in the solvent, other
than the direct observation of the outward appearance. The
particle size distriﬁution of +the carbon nanotubes is
m@asﬁrable by a dynamic light scattering method, a laser
diffraction method, or the like.

In the invention, in order to enhance the dispersibility
of the carbon nanotubes in a solvent and the dispersibility
in a mixed solvent, the carbon nanoctubes are preferably
subjected to some‘treatment in advance. The treatment method
has no particular restriction so long as the tube structure
of each carbon nanotube is held. However, specifically,

mention may be made of an ultrasonic treatment, a physical size

reduction treatment, a strong acid treatment, a chemical

14



treatment using a bead mill, a shear treatment by a homogenizer or the
like, or other treatment. By these treatments, it is possible to reduce the
size of the carbon nanotubes, and to enhance the dispersibility. Whereas,
an excessive treatment may cause a large reduction in the aspect ratio,
and a damage of the nanotube structure itself. Thus, the treatment is
required to be performed with attention paid thereto. As the strong acid
treatment on the carbon nan%tub S,, specifically, mention may be made of

Sug f@%ﬁn@ﬁteﬁsqﬁlﬁﬁ%‘tro%ﬁ 5818 Wit pH of 0.01 to 2. The strong acid
freatment,can pgag,vs'd%e%%faféu%%n N20018e NAYN0 A GARAIVIC AR h nay

hydroxyl grou a stituent. This can enhance the affinity for a

arox ” | camyiona
be QY B%agvg%?gsﬁ%@&g%lgg%f%@%ge{oefsmemﬁlfﬁ?r% iy Asi1

e strong ac example, mention may be

¢ 0208 8l nifriciacid, SWiNFG, a¢id, hydiochlpricacidrphaspRorcReidgenizer

dichromic acid, and a mixed acid thereof. Out of these, nitric acid, a

orMixed acideof sufuyigacid andanitiisracid, ena Alixed acicdafidiehomic it is
acid and sulfuric acid is preferably used. The one with a high
pos¥OsNHatien ieinpaticular preferably used An-aahydrats tagidsyicaed to

sulfuric anhydride is not preferred for the purpose of introducing a
en¢athexylithacidiaspa sehstituenty Furthiee r &5 ¢he stromgeacd freatmeatisment

preferably carried out in the presence of an ultrasonic wave. After the
mastraag aeich tieatment gliedreatmenh sbhutionsip elisperséd in waiter,a damage
of the nanotube structure itself. Thus, the treatment is
regquired to be performed with attention paid theretc.

As the strong acid treatment on the carbon nanotubes,
specifically, mention may be made of a treatment using a strong
acid with a pHE of 0.01 to 2. The strong acid treatment can
provide a carbon nanctube having a carboxylic acid or a hydroxyl
gréup as a substituent. This can enhance the affinity for a
solvent or a wholly aromatic polyamide, and improve the
dispersibility. As usable strong acids with a pH of 0.01 to
2, for example, mention may be made of nitric acid, sulfuric
acid, hydrochloric acid, phosphoric acid, dichromic acid, and
a mixed acid thereof. Out of these, nitric acid, a mixed acid
of sulfuric acid and nitric acid, or a mixed acid of dichromic
acid and sulfuric acid is preferably used. The one with a high
concentration is in particular preferably used. An anhydrous

acid such as sulfuric anhydride is not preferred for the purpose

of introducing a carboxylic acid as a substituent. Further,
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followed by filtration and washing. As a result, it is possible to isolate the
carbon nanotubes. Also in the case of the strong acid treatment, as with
the case of the physical size reduction treatment, an excessive treatment
may cause a damage of the nanotube structure. Therefore, the treatment
is preferably carried out with attention paid thereto. Particularly in the
case of the single-wall carbon nanotube, a strong acid treatment is

desirably carried out by using the one with a minimym_damag th
thes;ﬁf%fc%?%y?bb@iﬁ& 6§§3ﬁ‘3’%’roﬁa aeid” tgggft?ne!}x there ol,%gls %ﬁ%gssrgbﬁ\e e

obtain a carbon nangtube having oxygen atoms in. an ropti :
pr e&%ﬁSﬁioﬁﬁﬁo%v@r?%reagfyréﬁﬁ a%gr%s? on thrg%s{{l}}gcf grge perrg?gnz%?n ar He

tza%ﬁ?ﬂ%%%’“ of preferably,in the range. of;2 1o 25 pes 100.fcasbon-atqas.er,

€ presénce of thé oxygen atoms on the carbon nanotube surface can

£0108[85997 edfk%i@rﬁ%q%% apalysisdeshnigue such ag ES&HA Futher ag s

€ chemical surtface treatment of the carbon nanotube, it is also

poégggﬂgb@&hﬁgéggwgnﬂﬁﬁﬁé@@@%ﬁcﬁaﬁgﬁﬁwﬁﬂueSEEEEaEQnﬁhe case
amidation is carried out. The introduction of these functional groups can

of ReEecegRAedY: e tRmeasuremest ihe changeciaseddce Biemeyts ical
ratio by ESCA, or the like. 16 Herein, as the esterification method, for

s i AXareplgc feniat Meynmmadernfex omsisdd i whichthetarbeylicavie 2
in the carbon nanotube after the strong acid treatment and

damage of the nanotube structure. Therefore, the treatment

is preferably carried out with attention paid thereto.

pParticularly in the case of the single-wall carbon nanotube,

a strong acid treatment is desirably carried out by using the

one with a minimum damage on the sgurface.

By applying such a strong acid treatment thereto, it is
possible to obtain a carbon nanotube having oxygen atoms in
an appropriate proportion. However,'the oxygen atoms on the
surface are present in.é proportion of preferably in the range
of 2 to 25 per 100 of carbon atoms. The presence of the oxygen
atoms on the carbon nanotube surface can be recognized by a
surface analysis techniqgue such as ESCA.

Further, as the chemical surface treatment of the carbon
nanotube,ji:isalsopreferablethat,followingthestrongacid
rreatment, esterification or amidation is carried out. The
introduction of these functional groups can be recognized by

the TRmeasurement, the change in surface element ratio by ESCA,

or the like.
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diaryl carbonate are allowed to react, thereby to obtain an aryl ester form.
The reaction is preferably effected in the presence of a catalyst.
Examples of the catalyst may include pyridine type compounds such as
4-aminopyridine, 4-dimethyl aminopyridine, 4-diethyl aminopyridine,
4-pyrolidinopyridine, 4-piperidinopyridine, 4-pyrrolinopyridine, and
2-methyl-4-dimethyl aminopyridine. Out of these, 4-dimethyl

aminopyridine and 4-pyrolidinopyridine are particularl f d.
Whete gla{%’th@%mfc?g|or1eﬁ?%§%l§3fcaatlgn me@ﬁXdereggf example,

, for example, mention may be made

f, thod.in which th [ farm of the ' .
mgngﬂ%gegﬁgrné%ﬁ%{%agﬁﬁgg’ﬁegﬁ ogm?bﬁ) &%&ﬁ‘@%”é&%@ﬁ%ﬁém&@m

owed by esterification as descri

in Fhovels gllowed 10 ﬁﬁ&wg%e&a@ﬂs compoypd sUER agailient and
Naphths]

amine, paraphenylene diamine, and metaphenylene diamine.

diaﬁff%ﬁ%%%“&é“%@@dém%% cayiacQutalons, Ordpay e eatigdn an

in combination. In the invention, the physical size reduction treatment

ary‘i?%?%é‘ﬁe@@ﬁ@@ﬂ aéﬁeo%chQH'@ﬂM rpreferied reatment. Afhixedsdlutiorthe
with a wholly aromatic polyamide can be obtained from a solvent

prc3ispRISIgF of Gasken panqtubesag, descolfed abovet 2he stispergibility bhde

carbon nanotubes in 17 such a mixed solution is also important. The
pyrGaIbeRr nepptibesnpoe desirably Hisperdechas nniformiy aspossipféneishy 1

possible to determine the dispersibility at this time point
aminopyridine,éudiethylaminopyridine,4—pyrolidinopyridine,
4-piperidinopyridine, 4-pyrrolinopyridine, and
2-methyl-4-dimethyl aminopyridine. Out of these, 4-dimethyl
aminopyridine and 4-pyrolidinopyridine are particularly
preferred.

Whereas, as the amidation method, for example, mention
may be made of a method in which the aryl ester form of the
carbon nanotube obtained by the strong acid treatment,
followed by esterification as described above is allowed to
react with an amine compound such as aniline, naphthylamine,
paraphenylene diamine, and metaphenylene diamine.

These treatment methods may be carried out aione, or may
be carried out in coﬁbination. In the invention, the physical
size reduction treatment can bé mentioned as a particularly
preferred treatment.

2 mixed solution with a wholly aromatic polyamide can

be obtained from a solvent dispersion of carbon nanotubes as

described above. The dispersibility of carbon nanotubes in
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to a certain degree by directly observing the mixed solution with an

optical microscope. As the method of spinning from the mixed solution,

any of a wet method, a dry method, and a combination of a wet method
and a dry method may be used. As described above, by achieving flow
orientation, liquid crystal orientation, shear orientation, or stretch

orientation in the spinning step, it is possible to enhance the orientation of
the wholly aromatic polyamide and the carbon nanotubes, and to img{;% € o

suchedcramical cHaladcksiicss WASR HERRGIY arBmarpsIVahfds i

for example, a copolymerized wholly aromatic polyamide_in.which Ar'
arefefBesd BarapResHERS Grod® aﬁ@&%%%#ﬁﬁeﬁ%leﬁg cé‘tc'fflévr\)rl%{?o'up, Shd

Ar 2 denotes a paraphenylene group, and the copolymerization tati :
posRikebt (e ARIBLIB OIS pArAREnyERS blodn SR iy e point
3,4'-diphenylene ether group of Ar') falls withi f Q840 L
to lﬁ’y%ﬁffﬁﬁﬂj}gﬁ%‘ﬁﬁv@eﬁ |l#r)%“|ﬁgcf}_§)llrr% §rk13 éa%n%é%gqéglvngﬁt Suchas 0
wigimethyl a%el%‘glrid% Oérgg'BS?é(': 2-pyaralidang asimixed sqlventiand from
en, causing stretch orientation under high temperatures in a high ratio,

It js;R0ss in agampasite fikar. Fhemseferedpunsatiom, sueli a
thea Icr:té“sxegi% gg%oi%g %Er%llgs, %?r?%nmore preferably 5 to 30 timeg. Stretching with
corfbBiQ285108¢ as prssiklednoi8dhe nadrpmdtaw datia (MR hised . As

desirable from the viewpoint of the mechanical physical properties. The

dedePparaiue fe thepieteharientatianis preferabit 106:C 1d 00 Lcapdtal

is

orientation, shear orientation, or stretch orientation in the
spinning step, it is possible to enhance the orientation of
the wholly aromatic polyamide and the carbon nanotubes, and
to improve the mechanical characteristics. When the wholly
aromatic polyamide is, for example, a copolymerized wholly
aromatic polyamide in which Ar! denotes a paraphenylene group
and a 3,4'-diphenylene ether group, and Ar* denotes' a
paraphenylene group, and the copolymerization ratio thereof
(the molar ratio of the paraphenylene group and the
3,4'-diphenylene ether group of arty falls within a range of
1:0.8 to 1:1.2, by carrying out dry-wet spinning using an
amide type solvent such as dimethyl acetamide oOr
N-methyl-2-pyrrolidone as a mixed solvent, and then, causing
stretch orientation under high temperatures in a high ratio,
it is possible to obtain a composite fiber. The preferred draw
ratio in such a case is 2 to 40 times, and more preferably 5

+o 30 times. Stretching with a ratioc as close as possible to
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more preferably 200 C to 600 C. Whereas, when the wholly aromatic
polyamide is, for example, poly(paraphenylene terephthalamide) in which
Ar' and Ar 2 are both paraphenylene groups, it is possible to obtain a
composite fiber by liquid crystal spinning using an acid solvent such as
100 % sulfuric acid, phosphoric acid, polyphosphoric acid, or
methanesulfonic acid as a mixed solvent. With liquid crystal spinning,

generally, orientation can be achieyed by spinni solution from a ca
Chei RahIGH I dIF BHiE Tho Lo HBosle oG RAGE BF § AT &b vEe 1nt
olyamide and carbon napotupes obtainable in the invention is I
of BREMRE a&%}(igﬁgsa,“l{ba?tﬁ%?’aer@%ﬁ é%fa’sticg‘nrlneo UTie an %glr?s?elg% oF

strength due to the orientation of the carban nanotubes, in the o
thecGhpsSition fF i 150 dieBlch BxGhiples @elo?v,nfhoe By3nioA vt

norfs SReTea Il Pt vey ehbampes oL, hediaiion a1y

ese examples. e average diameter and the

aroo;seéﬁge aSPECLIRIREOf the carbgn napghes avere 0§§%¥§9Wﬁ9m%ne

a TEM ™19 (transmission electron microscope, H-800 model)

terDaAviaciuRd ghy Hitachhlich The'carhanenclubes vigke gispessemifl ene

N-methyl-2-pyrrolidone (which is hereinafter abbreviated as NMP.) with a
groeieentration ¢fdkd Mg/elsonderan tliteasepiposite fiber by liquid
crystal spinning using an acid solvent such as 100 % sulfuric
acid, phosphoric acid, polyphosphoric acid, or
methanesulfonic acid as a mixed solvent. With liguidcrystal
spinning, generally, orientation can be achieved by spinning
a solution from a cap in a high draft ratio.

The composite fiber made of a wholly aromatic polyamide
and carbon nanotubes obtainable in the invention is excellent
in mechanical characteristics, particularly in elastic
modulus and tensile strength due to the orientation of the

carbon nanotubes in the composition in the fiber axis

direction.

Examples

Below, the invention will be described in details by way
of Examples. However, the invention is by no way limited to
these examples.

(1) The average diameter and the average aspect ratio

of the carbon nanotubes were measured by means of a TEM
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treatment. Then, the dispersion was added dropwise to a grid for TEM
measurement, and the sample obtained by drying under reduced
pressure was observed. The diameters and the lengths were directly
measured from the image, and the average values thereof were
determined. (2) Dynamic light scattering measurement of the carbon
nanotubes: a dynamic light scattering photometer DLS-7000
manufactured by Otsuka Electronics Co., Ltd., was used. An NMP

( t rdispeision oh callErtranotubes i ErP ConBeMPAiSIP 6£. DI FRGHACRAs ed
prepared, and it was subjected to an ultrasonic treatment for 1 hour.

by Thdraalyharhiedight SBagterfiRf PRdasHRRais fRre"SifieF o o5E in

with an Ar laser, and the particle size distribution and the average particle
N-neipByiere BAIEHTRISER)E hisibyfi HeMOHGHAR SR Ta7 KAy Wi aEthR
measurement: measurements were carried out_.under the condi‘tLi%ns sgnic

NMP ok gWE Bl aGaPVIHEHB T HBK\P: fanodéuﬁkgr{t% WA For &P Xy~ 2 :
ErepiEiitg X. Ry Ras: 5nBeS B e MR ey B g, &

ade monochromic’by a multilayér

sort ROl anyacuied by ORDIG 6y 0 WL G195 5elpnal adher

sure a vertical transmission method. For 20the

red§REG 10D OLUNG ATiaClBn XiRy. Measkiemenis wers aigk ol ueg s

an_!ma%lng plate with dimensions of 200 mm x 250 mm (manufactured by
werr%uanmé%fy%ggs&f%& yndgl the copditien ofaicameradergibof2Blies
thereof were determined.

(2) Dynamic light scattering measurement of the carbon
nanotubes: a dynamic light scattering photometer DLS-7000
ménufactured by Otsuka Electronics Co., Ltd., was used. An
NMP dispersion of carbon nanctubes with a concentrationof 0.01
mg/ml. was prepared, and it was subjected to an ultrasonic
treatment for 1 hour. Then, dynamic 1light scattering
measurements were carried out at 25 °C with an Ar laser, and
the particie size distribution and the average particle size
were calculated by a histogram method analysis.

(3) X-ray diffraction measurement: measurements were
carried out under the conditions of: target, CuKaray; voltage,
45 kV: and current, 70 mA for an X-ray generator (RU-B model
manufactured by Rigaku Corporation). The incoming X-ray was
condensed and made monochromic by a multilayer film mirror

manufactured by Osmic Inc., so that the cross section of each

sample was measured with a vertical transmission method. For
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(4) Polarized Raman spectroscopic measurement: for the Raman

spectroscopic device, a microscopic laser Raman spectroscopic

measurement device (LabRamHR manufactured by HORIBA JOBIN

YVON) was used. A semiconductor laser with a wavelength of 785 nm

was used as an excitation layer light source, and the laser beam diameter

was condensed to about 1 m. By the use of such devices, polarized

Raman spectroscopic measurements were carried out in the following
thenatmeedn iapplydg ahencdidifg dader fromitheatirecied srhsgendlso were

the fiber axis to the side of the fiber composition, and measuring the
CaRaktah QpECHErhST the cHGH REnBtubEete Sl ahdedehghs (1xk) 200 mm

derived from the graphite structure at a Raman shift wave number of :
x ZbGumn15Be ehfafien-ere hsef polarZatss phindth&Sbeeh bfrahgedsier

parallel with the fiber axis, and the G-band strength (ly) when the laser

R oRPRAGGH Plaid has BREA BRrahgRE VRrfhily 28 ti¥ber axis were

d. (5) Mechanical characteristics of the fiber: by th f
TenSlon (RVEF A S A3 HaR TACHr ol by ORERBERTCRE LA Tk

Ra&e%ultir%gb%rrvg%%sulijgcteget‘g %tensileatest . igraoss;iggle. arnl ggék}}at tEg an
efastic Thodulls and the strengtlh 21 were determined % Observation 0

e e R
HOﬁ?@IebWﬂ!ﬂﬁh%%}a%s used. A semiconductor laser with a
wavelength of 785 nm was used as an excitation layer light
source, and the laser beam diameter was condensed to about 1
um. By the use of such devices, polarized Raman spectroscopic
measurements were carried out in the following manner. In
applying an incoming laser from the direction orthogonal to
the fiber axis to the side of the fiber composition, and
measuring the Raman spectrum of the carbon nanotube, the G-band
strength (Igx) derived from the graphite structure at a Raman
shift wave number of around 1580 cm™ when the laser
polarization plane has been arranged in parallel with the fiber
axis, and the G~band strength (Iyy) when the laser polarization
plane has been arranged vertically toc the fiber axis were
measured.

(5) Mechanical characteristics of the fiber: by the use
of a Tensilon universal tester 12252 manufactured by Orientech

Co., Ltd., the resulting fiber was subjected to a tensile test

in a single yvarn, so that the elastic modulus and the strength
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was carried out, and the orientation property of the carbon nanotubes
was evaluated from the image. (7) Elementary analysis of the carbon
nanotube surface: an evaluation was carried out with ESCA (X-ray
photoelectron spectroscopic measurement). By the use of ESCALAB-200
manufactured by VG Co., measurements were carried out with a MgK a
ray (300 w) and at a photoelectron taking angle = 45 degrees. Reference
Example 1: Formation of aramid resin solution To a well dried
wenfredefeckedtRak equipped with a stirrer, 2152 g of dehydrated and
purified NMP, 27.04 g of p-phenylenediamine, and 50.06 g of 3,41 .
aninacRRERTEE i SRERU T BT RS tehtber Birss P L £
iIssolved under nitrogen, Then, 101.51 g of dichlgride terephthalate
a HedtthBRIB Wil coofitd and ity TheRsatter the e%ngen?ftatl?\p]ééasthe

£SO oD EALGH A oA AL SR SHEL A noraATan . E1e

roxi as a o0 eifect a neutralization

wasr(_e%%:[;:oﬁn ):}.ere uItirJCg ina?’gtl %ﬁgg%fﬁ%ﬂégwycgﬂ OEE 'é)_r-{ge Seeeifie carbon

[e}4 ™ . ! ;
ViSCOS etermihe a concentrated sulfuric acid solution with

nafciRliceatratian af,9.p.0/10q mi-ghiheramd rsin 22 obtained by

reprecipitating the rgsultlng dope with water was 3.5 dL/g. Reference
Example 2 sypthesisgf singleywal carbendianotube Bywshgo¥ typeface:

zeolite powder (manufactured by Tosoh

an evaluation was carried out with ESCA (X-ray photoelectron
spectroscopic measurement). By the use of ESCALAB-200
manufactured by VG Co., measurements were carried out with a
MgK o ray (300 w) and at a photoelectron taking angle = 45
degrees.
Reference Example 1: Formation of aramid resin solution

To a well dried three-necked flask eguipped with a
stirrer, 2152 g of dehydrated and purified NMP, 27.04 g of
p-phenylenediamine, and 50.06 g of 3,4'-diaminodiphenyl ether
were added under ordinary temperatures, and dissolved under
nitrogen. Then, 101.51 g of dichloride terephthalate was
added thereto with ice cooling and stirring. Thereafter, the
temperatumawasgraduallyincreased,andfinallyuponreaction
at 80 °C for 60 minutes, 37.04 g of potassium hydroxide was
added to effect a neutralization reaction, resulting in an
aramid resin solution of NMP. The s¢pecific viscosity
determined at 30 °C of a concentrated sulfuric acid solution

with a concentratien of 0.5 g/100 mL of the aramid resin
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Corporation; HSZ-320NAA) for a porous carrier, and using ferric acetate
and cobalt acetate for a catalyst metal compound, a Fe/Co catalyst was
carried on zeolite. Preparation was achieved so that each amount of the
catalyst to be carried was 2.5 wt%. Thereafter, the catalyst powder was
placed in a quartz boat, which was mounted in a quartz tube of a CVD
device. Evacuation was carried out, and while introducing an Ar gas at a

flow rate of 10 mL/mjn,.tge temperature was,ipcreas quéom{ o

Obtt% %rgfmer%pg(ﬁf CPA grt %gztrﬁgef:a Sr%slrg{igﬁeae ap preécn;ﬁ)g(]ii 886 Cvga ®

3 5arg%ft anol vapor was introduced at a flow rate of 3000 mL/min, and the
"“ca

alygt'was held under an Ar/ethanol atmosphere for 30 minutes. The

Refgsnﬁd%ieg hlack nroduct wasanalyzed with: 4 laser Raman spesHossaR - ube

a transmission electron microscope. As a result, it was observed that

singlggwalk ¢atbop RapRiubeswere fyrmede Fhena ther ersuitingiprofuebson

(singlé-wall carbon nanotube / zeolite / metal catalyst) was dipped in 10
corpdpsratispricasid fop Suhayrs rand thepwashed wily anden exchange ing
water until it became neutral. As a result, zeolite and the metal catalyst
ferWeale sempoyed torRuUblyihe carben nandivkes. ddwearegniting: ‘catboompound
nanotubes were observed by a TEM. As a result, the 23 average
a FKhatnetertherdgbwastosindde biekl 2am, zlltheaverdyeepspettiratio was
thereof was found to be 100 or more. However, most of them assumed a
acHiumdiel strictivetwith ehwidth of Blsolitt 1@ ratalyst to be carried was

2.5 wt%. Thereafter, the catalyst powder was placed in a
quartz boat, which was mounted in a guartz tube of a CVD device.
Evacuation was carried out, and while introducing an Ar gas
at a flow rate of 10 mL/min, the temperature was increased from
room temperature to 800 °C. After the temperature reached a
prescribed 800 ."’C, an ethanol vapor was introduced at a flow
rate of 3000 mL/min, and the catalyst was held under an
Ar/ethanol atmosphere for 30 minutes. The resulting black
product was analyzed with a laser Raman spectroscopy and a
transmission electron microscope. As a vresult, it was
observed that single-~wall carbon nanotubes were formed. Then,
the resulting product (single-wall carbon nanotube / zeolite
/ metal catalyst) was dipped in 10 % hydrofluoric acid for 3
hours, and then washed with an ion exchange water until it
hecame neutral. As a result, zeolite and the metal catalyst
were removed to purify the carbon nanotubes. The resulting

carbon nanotubes were observed by a TEM. As a result, the
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Reference Example 3: Synthesis of multiwall carbon nanotubes A
reaction was effected in the same manner as with Reference Example 2,
except that the reaction temperature in the CVD device was set at 600 C.
As a result, it was observed that multiwall carbon nanotubes were
formed. In the same manner as with Reference Example 2, purification
was carried out to remove zeolite and a metal catalyst. Then, by the use
of an electric baking furnace (manufactured bg Kurata Giken Co.

, Ltd.,
aveRaa) BTSH)CR GRpRRRAIOHIrEIRENt R&S carfiddiout Hir tk}?lr_]t%verage

temperature was increased from room temper to 1000 C over. 30
S RGeS mtfRr VA& %STW&?, %Oeufé%p%?a u?ea\i/vl{ﬁ increased frorr{wml‘f)%

Cto %g)gI%thorSO minutes under an argon atmosphere . S

O i U, 198 BB it i Hereaan hont 2600 & e TR0 e
1 hoyr. Thus, baking was carried out, thereby to obtain multiwall carbon
nanotubes subjected to a graphitization treatment. The resulting carbon
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was found to be 58 nm, and the average aspect ratio was found to be 36.
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synthesized in Reference Example 3 were added. An ultrasonic treatment

ReWas &aried Qukior 4 6hoersdapan vleasofiewase ot anteseiilationure in
frequency of 38 kHz. To the NMP dispersion, 237.5 g of the aramid resin

+ hSOHOIHIBNME {rmedin Refernce . As a result, it was observed

er,

that multiwall carbon nanotubes were formed. In the same
manner as with Reference Example 2, purification was carried
out to remove zeolite and a metal catalyst. Then, by the use
of an electric baking furnace (manufactured by RKurata Giken
Co., Ltd., SCC-U-90/150), a graphitization treatment was
carried out. First, the temperature was increased from room
temperature to 1000 °C over 30 minutes under vacuum. Thén,
the temperature was increased from 1000 °C to 2000 °C for 30
minutes under an argon atmosphere at a pressure of 5 atm.
Further, the temperature was increased from 2000 .°C to 2800 °C
over 1 hour. Thus, baking was carried out, thereby to obtain
multiwall carbon nanotubes subjected to a graphitization
treatment. The resulting carbon nanotubes were observed by
a TEM. As a result, the average diameter was found to be 58
am, and the average aspect ratio was found to be 36.
Example 1

To 74.3 g of NMP, 0.75 g of themultiwall carbon nanotubes

24



Example 1 was added, and the mixture was stirred at 80 C for 4 hours.
As a result, a mixed dope of aramid resin / carbon nanotubes = 95/5
(weight ratio) was obtained. The polymer dope thus obtained was
extruded into a coagulation bath at a temperature of 50 C which is an
agueous solution of 30 wt% of NMP by the use of a cap with a hole
diameter of 0.3 mm, L/D =1, and 5 holes at a cylinder temperature of 50

C at te of 3 . The di b h
oY Ch G AT A G HES S AT 0 T A S ken S0k ok fognic
trecga%lfjllz%lon bath was wa ecd %Ilth V\_/Laéehln a gob vgagtg l%qélas%dlgn%qv e

& grylng fotier ‘Phen itwas ‘stretched 0 ot plate
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etermln n actu g was carried out in a 0.9-fold rati
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single fiber diameter of the fiber was 1.58 dtex. By the X-ray diffraction

Exalqgnotu% ment of thesstretehedifibey,; ihe,Quentationfactprf ofthgramon,

es was determined to be 0.25; and the orientation factor F of the
4 nefamid resin; 0:250; Furthermakadeadpef ihe tepsiel staberlastitarbon

modulus was 75.4 GPa, and the strength was 26.2 cN/dtex. 25 Example 2
nand01804=0-0b NP ( hegiahthe multtwall aarbbr aanetibesrisyntlodsized-idope

Reference Example 3 were added. The NMP dispersion was circulated at
thua petipfaeiabspeedof 2@m/sdyd into a coagulation bath at a
temperature of 50 °C which is an agueous solution of 30 wt%
of NMP by the use of a cap with a hole diameter of 0.3 mm, L/D
= 1, and 5 holes at a cylinder temperature of 50 °C at a rate
of 3 m/min. The distance between the cap plane and the
coagulation bath plane was set at 10 mm. The fiber taken out
from the coagulation bath was washed with water in a 50 °C water
bath, and dried by a 120 °C drying réller. Then, it was
stretched on a 500 °C hot plate. Previously, the maximum draw
ratic (MDR) in the stretching step was determined. In
actuality, stretching was carried out in a 0.9-fold ratio
thereof (20.3 times, rate 60.9 m/min), resulting in a composite
fiber. The single fiber diameter of the fiber was 1.58 dtex.
By the X-ray diffraction measurement of the stretched fiber,
the orientation factor F of the carbon nanotubes was determined
to be 0.25; and the orientation factor F of the aramid resin,

0.750. Further, as a result of the tensile test, the elastic

modulus was 75.4 GPa, and the strength was 26.2 cN/dtex.
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means of a wet dispersing machine DYNO-MILL (TYPE KDL) using
0.3-mm diameter beads made of zirconia, so that a bead mill treatment
was carried out for 30 minutes. From the TEM measurements, the
average diameter and the average aspect ratio of the carbon nanotubes
after the treatment were determined to be 29 nm, and 58, respectively.
whereas, by the dynamic light scattering measurement, the average
particle size in NMP was determined, and found to be 835 nm, which was
Exapialler than 1147 nm at prior to the treatment. 55 g of the NMP

dispersion thus obtained was subjected to an_ultrasqnic treatment for 16
hoursTTh&h4 2459 o iR raranfid Fesin® Soflitidm ?‘Bf’f‘grgd ﬁiaﬁ%f)er?eﬁl@él btabes

Example 1 was added thereto, and the mixture was stirred.at.80 C for 4
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was carried out in the same manner as with Example 1, resulting in a

o.% ogite, fiher. Vagious physigal properties,afithe finerang shawpdad mill

e 1. Whereas, a TEM (transmission electron microscope)

r reaswement of the fiber 26 Srass setioncutrONghlysin paratiehwiththe TEM
fiber axis of the composite fiber was carried out. The photograph is

meShowre G, 1.dhis showrdhat the gadionnaneiubascashdnr agblagkpect
rod shape are oriented along the fiber axis direction.
ratio of +the carbon nanotubes after the treatment were
determined to be 29 nm, and 58, respectively. Whereas, by the
dynamic light scattering measurement, the average particle
size in NMP was determined, and found to be 835 nm, which was
smaller than 1147 nm at prior to the treatment. 55 g of the
NMP dispersion thus obtained was subjected to an ultrasonic
treatment for 16 hours. -Then, 245 g of the aramid resin
solution formed in Reference Example 1 was added thereto, and
the mixture was stirred at 80 °C for 4 hours. As a result,
a mixed dope of aramid resin / carbon nanotubes = 98/2 (weight
ratio) was obtained. The mixed dope was placedona slide glass,
and observed by an optical microscope. As a xesuit, it was
shown that the dispersibility of the carbon nanotubes was
improved. Spinning was caﬁried out in the same manner as with
Example 1, resulting in a composite fiber. Various physical

properties of the fiber are shown in Table 1. Whereas, a TEM

(transmission electron microscope) measurement of the fiber
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Whereas, the width and the length thereof are roughly the same as the
average diameter and the longitudinal length of the carbon nanotubes
added. Example 3 To 990 g of NMP, 10 g of the multiwall carbon
nanotubes synthesized in Reference Example 3 were added. The
dispersion was circulated at a peripheral speed of 10 m/s by means of a
wet dispersing machine DYNO-MILL (TYPE KDL) using 0.3-mm diameter

oS3 e ol Aleond, g 10! p.bead ML opnenh WS CRIRA.OULIL o

our. From menis, average diameter and the
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defer to be 32 nm, and 53, respectively. Whereas, the average

s nP@Hicle size determingg framithe dypamiclight seattering MSAsULRENt n

was found to be 886 nm. 75 g of the NMP dispersion was subjected to

»1ae pltrasonie fsatment for 16hus: Thery 23/=> figfdhes aramidikesét ion.

solution of Reference Example 1was added thereto, and the mixture was

whelireed: at 89064 QLS. Asa Tesidt 1A Phixed dape:ef avayd 1¢sithe same
carbon nanotubes = 95/5 (weight ratio) was obtained. Spinning was

ascamied Hubirnihe shmenanannemas witke Examplechidesalingémath of the
composite fiber. 27 Various physical properties of the fiber are shown in
catable haVhendsss aafdkdtransmission electron microscope)
measurement of the fiber cross section cut roughly in parallel with the
E xfilygrisxisi of the composite fiber was carried out.

To 990 g of NMP, 10 g of the multiwall carbon nanotubes
synthesized in Reference Example 3 were added. The dispersion
was circulated at a peripheral speed of 10 m/s by means of a
wet dispersing machine DYNO-MILL (TYPE KDL) using 0.3-mm
diameter beads made of zirconia, so that a bead mill treatment
was carried out for 1 hour. From the TEM measurements, the
averager diameter and the average aspect ratic of the carbon
nanotubes after the treatment were determined to be 32 nm, and
53, respectively. Whereas, the average particle size
determined from the dynamic light scattering measurement was
found to be 886 nm. 75 g of the NMP dispersion was subjected
to an ultrasonic treatment for 16 hours. Then, 237.5 g of the
aramid resin solution of Reference Example 1 was added thereto,
and the mixture was stirred at 80 °C for 4 hours. As a result,
a mixed dope of aramid resin / carbon nanotubes = 95/5 (weight
ratio) was obtained. Spinning was carried out in the same

manner as with Example 1, resulting in a composite fiber.
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The photograph is shown in FIG. 2. It is shown that the carbon nanotubes
each in a black rod shape are oriented along the fiber axis direction.
Example 4 To 2 g of the multiwall carbon nanotube synthesized in
Reference Example 3, 150 mL of concentrated sulfuric acid with a
concentration of about 98 % was added and stirred. Then, the mixture
was cooled to 0 C, and then, 50 mL of concentrated nitric acid with a

concentration,of about 61 % was slowly added .dropwise thereta. . ,
ValgpEqaENE L At ﬁﬁ%%%v%lse(?arﬁe%ld %% i(r-:% C%o%vvsa%ce)lw atqhnby;'t arte
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cool ngeto room témpera e strong acid solution was dispersed in
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manufactured by Millipore), filtration and washing were we

wi PErformed tg recayet the carbon nanpldhes. Frompthe TEM carried out.

measurements, the average diameter and the average aspect ratio of the

Th&?%%%@&% Resaliere sonrgacid . ireatment wiese dejaaminatie bebon
26 nm, and 56, respectively. Whereas, the average particle size

nafetarmined from thesdynasicrlight Reaitedng: roedsinrementiwas; fotrdftdber
be 552 nm. Further, 28 the elemental analysis of the surface was carried

ax 0ut By ESEA, oand it was found as follows: carbon 92.6 % and oxygen 7.4
%. 0.3 g of the carbon nanotubes were dispersed in 55 g of NMP, and

Exthepdispdrsion was subjected to an ultrasonic treatment

To 2 g of the multiwall carbon nanotube synthesized in
Reference Example 3, 150 mL of concentrated sulfuric acid with
a concentration of about 98 % was added and stirred. Then,
+he mixture was cooled to 0 °C, and then, 50 mL of concentrated
nitric acid with a concentration of about 61 % was slowly added
dropwise thereto. Subsequently, a treatment was carried out
in a 70 °C hot water bath by an ultrasonic wave with an
oscillation frequency of 38 kHz for 1 hour. After cooling to
room temperature, the strong acid solution was dispersed in
water. By the use of a membrane filter made of Teflon with
a pore size of 0.2 pm (manufactured by Millipore), filtration
and washing were well performed to recover the carbon nanotubes.
From the TEM measurements, the average diameter and the average
aspect ratio of the carbon nanotubes after the strong acid
treatment were determined to be 26 nm, and 56, respectively.
Whereas, the average particle size determined from the dynamic

light scattering measurement was found to be 552 nm. Further,
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for 16 hours. Then, 245 g of an aramid resin solution was added thereto,
and the mixture was stirred at 80 C for 4 hours. As a result, a mixed dope
of aramid resin / carbon nanotubes = 98/2 (weight ratio) was obtained.
The optical microscope observation of the mixed dope indicated that the
dispersibility of the carbon nanotubes was high. Spinning was carried out
in the same manner as with Example 1, resulting in a composite fiber.
Various physical properties of the fiber are shown in Tab_leg Exam§le 2

the 95¢P6Mha LabBh AantIes RHofeticd BRR SubRG TAGd (Pekmient- - C2

obtained in Example 4, dispersed jn 74. f NMP, and th o
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0. 2350 gfan aramid resin, Solylion was added erelo.ang s Xy,

1.8
ours.”As a result, a mmxed dope of aramid resin

and %%{Qoafﬁag%%&féf 23 tgge%%@c@g@ was gbtajped. The, optical. 2+ ment

microscope-observation o xed dope indicated that the dispersibility
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carried out in the same manner as with Example 1, resulting in a

cnSempgsite fiber, Yarioys 29 physical propegties of thedibes are showwsin  as

Table 1. Whereas, a TEM (transmission electron microscope)
a measuremenyokthe fberCcross seatoricutaoughly inperallel nathdbebes =

fiber axis of the composite fiber was carried out (FIG. 3) as with Example

98/2 (weight ratio) was obtained. The optical microscope
cbservation of the mixed dope indicated that the
dispers ibility of the carbon nanotubes was high. Spinning was
carried out in the same manner as with Example 1, resulting
in a composite fiber. Various physical properties of the fiber
are shown in Table 1.
Example 5

0.75 g of the carbon nanotubes subjected to the strong
acid treatment, obtained in Exampié 4, were dispersed in 74.3
g of NMP, and the dispersion waé subjected to an ultrasonic
treatment for 16 hours. Then, 237..5 g of an aramid resin
solution was added thereto, and the mixture was stirred at 80
°c for 4 hours. As a result, a mixed dope of aramid resin /
carbon nanotubes = 95/5 (weight ratio) was obtained. The
optical microscope observation of the mixed dope indicated
that the dispersibility of the carbon nanotubes was also high

even in this case. Spinning was carried out in the same manner

as with Example 1, resulting in a composite fiber. Various
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3. This indicates that the carbon nanotubes are oriented along the fiber
axis direction. Example 6 To 1 g of the carbon nanotubes subjected to the
strong acid treatment, obtained in Example 4, 10 g of phenol was added.
The mixture was treated in a mortar for 10 minutes at about 70 C, and
then, was subjected to an ultrasonic treatment in a 70 C hot water bath by
an ultrasonic wave with an oscillation frequency of 28 kHz for 10 minutes.
100g of diphenyl carbonate and 0.061 g of dimethyl aminopyridine were
phyaded IeraBess iRat te to4chion fad SRAGPHI26D Eafderordild§T &S /
ressure. After 30 minutes, the temperature was increased to 220 C s%'ll .
a ‘Bitief bFARSA TR LSS 4 e st GrtRE JpSienTwas "giaitaty °F ¢
.reduced in pressure. After 3 hours from the start. of the. reaction, fusther, _ .
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essured was reduced
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the degre vacuum in the system were set at 320 C and about 0.5

3. mﬂ?ﬁ% @@,m respestively. The-phengland dipheny cabeaaleed along
forme

by the reaction were slowly removed outside the system. After the

+nEoppiation.of {he keactiop; dighloromethane was 30 added to the residue.
Suction filtration was carried out by a membrane filter made of Teflon with

Exameie diameter of 0.2 m (manufactured by Millipore Co.), thereby to
remove residual phenol and diphenyl carbonate. As a result, 0.8 g of
carbofio 1 g of the carbon nanotubes subjected to the strong

acid treatment, obtained in Example 4, 10 g of phenol was added.
The mixture was treated in a mortar for 10 minutes at about
70 °C, and then, was subjected to an ultrasonic treatment in

a 70 °C hot water bath by an ultrasonic wave with an oscillation

frequency of 28 kHz for 10 minutes. 100g of diphenyl carbonate
and 0.061 g of dimethyl aminopyridine were added thereto, so
that the reaction was started at 200 °C under ordinary pressure.
After 30 minutes, the temperature was increased to 220 °C still
under ordinary pressure, and the inside of the system was
gradually reduced in pressure. After 3 hours from the start
of the reaction, further, the temperature was increased and
the pressured was reduced. After 5 hours from the start of
the reaction, the finally attained temperature and the degree
of vacuum in the system were set at 320 °C and about 0.5 mmig
(66.7 Pa), respectively. The phenol and diphenyl carbonate
formed by the reaction were slowly removed outside the system.

After the completion of the reaction, dichloromethane was
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nanotubes were separated and purified. From the TEM measurements,
the average diameter and the average aspect ratio of the carbon
nanotubes after the reaction were determined to be 28 nm, and 50,
respectively. Whereas, the average patrticle size determined from the
dynamic light scattering measurement was found to be 582 nm. Further,
the elemental analysis of the surface was carried out by ESCA, and it

was found as follows: carbo 3 % and.oxygen 5.7 %. Thus the
ad%?‘ﬁ%m Sftarb&Rs-RES bee%qulﬁ%rease?ajs%%%%ared With %Eéfg rong aC|d

tre%ed rod%l -le_aq:lsnll%%’r gate E; Si%e B‘g{'ﬂcﬁt' 3, [ea %zgh!éacger of 0.2

procee ed thé'use o e carbon na otub enyl ester
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are shown in able . Example 7 To 1 g of the carbon nanotube phenyl

naeStefieun optaiged s@@tat@atggamqagcpf Example 6350 g phesgl wake TEM

added. The mixture was treated in a mortar for 10 minutes at about 70 C,
me 28dtbersubjectatktoangirasonid kratraent ima 7012 hatv8tanvatenbatbct

by an ultrasonic wave with an oscillation frequency of 28 kHz for 10
ratiisutest 100geof anitihe wasadded:itheseton Soethat the reaetiontwas  were

started at 200 C under ordinary pressure. After 30 minutes, the
detempérataietwadmci@aseu,toand 50, respectively. Whereas, the
average particle size determined from the dynamic light
scattering measurement was found to be 582 nm. Further, the
elemental analysis of the surface was carried out by ESCA, and
it was found as follows: carbon 94.3 % and oxygen 5.7 %. Thus,
the amount of carbons has been increased as compared with the
strong acid treated product. This indicates that the
esterification reaction has proceeded. By ‘the use of 0.75 g
of the carbon nanotube phenyl ester form thus obtained, a mixed
dope of aramid resin / carbon nanotubes = 95/5 (weight ratio)
was formed as with Example 5. Spinning was carried out,
resulting in a composite fiber. Various physical properties
of the fiber are shown in Table 1.
ﬁ:xample 7

To 1 g of the carbon nanotube phenyl ester form obtained

by the technique of Example 6, 50 g phenol was added. The
mixture was treated in a mortar for 10 minutes at about 70 °C,

and then, subjected to an ultrasonic treatment in a 70 °C hot
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220 C still under ordinary pressure. After 1 hour from the start of the
reaction, further, the temperature was increased. After 3 hours from the
start of the reaction, the finally attained temperature and the degree of
vacuum in the system were set at 280 C and about 0.5 mmHg (66.7 Pa) ,
respectively. The phenol and aniline formed by the reaction were slowly
removed outside the system. After the completion of the reaction,
dichloromethane was added to the residue, Suction fi rfgign wa%dgarried

wat@n Bak BB fitd $hEdE SFFERACH WhITE ($OT8 hametet of 0.2 m oY
manufactured_by Millipore Co.)., .therehy to r. jdual
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particle size determined from the dynamic light scattering measurement

5o ¢33 foynd to be 239 nm. Fyrther, the, lemental apalysisoifhe SUHBSR the
outnby SCA, an

was carrie as found as follows: carbon 94.1 %,

o+ Jutrogench5 %. 204 @xygen Avh¥: This Ritpgen wasrdetested nandtheed .
amount of oxygen has been decreased as compared with the phenyl

a fester 33%,forms Thisdadieates shatithe amideformémsthienn, fothed. Hypally
the use of 0.75 g of the carbon nanotube phenyl amide form thus

at eftaieed remixackdopeobaranid ¢esing caeharf naacubss inggig: systenm
(weight ratio) was formed as with Example 5. Spinning
were set at 280 °C and about 0.5 mmHg (66.7 Pa), respectively.

The phenol and aniline formed by the reaction were slowly
removed outside the system. After the completion of the
reaction, dichloromethane was added to the residue. Suction

filtration was carried out by a membrane filter made of Teflon

with a pore diameter of 0.2 pm (manufactured by Millipore Co.},

thereby to remove residual phenol and aniline. As a result,
0.9 g of carbon nanctubes were separated and purified. From
the TEM measurements, the average diameter and the average
aspect ratio of the carbon nanotubes after the reaction were
determined to be 2% nm, and 48, respectively. Whereas, the
average particle size determined from the dynamic light
scattering measurement was found to be 539 nm. Further, the
elemental analysis of the sm;face was carried out by ESCA, and
it was found as follows: carbon 94.1 %, nitrcgen 1.5 %, and
oxygen 4.4 %. Thus, nitrogen was detected, and the amount of

oxygen has been decreased as compared with the phenyl ester
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was carried out, resulting in a composite fiber. Various physical properties
of the fiber are shown in Table 1. Example 8 A composite fiber was
obtained according to Example 2, except that the multiwall carbon
nanotube (trade name VGCF) manufactured by Showa Denko K. K., were
used. Incidentally, the average diameter and the average aspect ratio of
the carbon nanotubes after the bead mill treatment were 107 nm and 31,
respectively. Whereas, the average particle size determined from the
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ound to be 682 nm. Various physical properties of the fiber are shown

ph98 ikdable b Example 13 ToR0 ¢ oH MR, Q.15 gerhiihe singdeswally |
carbon nanotubes synthesized in Reference Example 2 was added. An

ExHiffgsanig

A composite fiber was obtained according to Example 2,
except that the multiwall carbon nanoctube (trade name VGCF)
manufactured by Showa Denko K. K., were used. Incidentally,
the average diameter and the average aspect ratio of the carbon
nanotubes after the bead mill treatment were 107 nm and 31,
respectively. Whereas, the average particle size determined
from the dynamic light scattering measurement was found to be
1010 nm. -Various physical properties of the fiber are shown
in Tabkle 1.
Example 9

A composite fiber was obtained according to Exampie 2,
except that the multiwall carbon nanotubes (trade name VGCF)
manufactﬁred by Showa Denko K. K., were used. Incidentally,
the average diameter and the average aspect ratio of the carbon
nanotubes after the strong acid treatment were 94 nm and 28,
respectively. Whereas, the average particle size determined

from the dynamic light scattering measurement was found to be

682 nm. Various physical properties of the fiber are shown

33



treatment was carried out for 16 hours by an ultrasonic wave with an
oscillation frequency of 38 kHz. To the NMP dispersion, 247.5 g of the
aramid resin solution of Reference Example 1 was added, and the
mixture was stirred at 80 C for 4 hours. As a result, a mixed dope of
aramid resin / carbon nanotubes = 99/1 (weight ratio) was obtained.
Spinning was carried out in the same manner as in Example 1, resulting
in.a composite fiber. Various physical properties of the fiber are shown in
in Talléqa. Example 11 To 0.5 g of the single-wall carbon nanotubes
obtained in Reference Example 2, 150 mL of concentrated sulfuric acid
Exafipd @ cbhcentration of about 98 % was added and stirred. Then, the
mixture was cooled to 0 C gndt en, 50 mL aof conc ritrateqjonitric

with BESAcEatBF of 4bdoit S D HemSs STy Halde drdpwise {hae%%'%gbes
Sub tly, t t ied oyt i 70 t .
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water. By the use of a membrane filter made of Téeflon with a pore size of
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performed to recover the carbon hanotubes. Incidentally, the average
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strong acid treatment were 1.1 nm and 100 or more, respectively.

wad 1QWEYY, 38 WMth he mixture was stirred at 80 °C for 4 hours.

As a result, a mixed dope of aramid resin / carbon nanotubes
= 99/1 (weight ratio) was obtained. Spinning was carried out
in the same manner as in Example 1, resulting in a composite
fiber. Various physical properties of the fiber are shown in
Table 1.
Example 11

To 0.5 g of the single-wall carbon nanotubes obtained
in Reference Example 2, 150 mL of concentrated sulfuric acid
with a concentration of about 98 $ was added and stirred. Then,
the mixture was cooled to 0 °C, and then, 50 mL of concentrated
nitric acid with a concentration of about 61 % was slowly added
dropwise thereto. Subsequently, a treatment was carried out
in a 70 °C hot water bath by an ultrasonic wave with an
oscillation frequency of 38 kHz for 1 hour. After cooling to
room temperature, the strong acid solution was dispersed in

water. By the use of a membrane filter made of Teflon with

a pore size of 0.2 pm (manufactured by Millipore}, filtration
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prior to the treatment, most of them assumed a bundle structure with a
width of about 10 nm. Whereas, the average particle size determined
from the dynamic light scattering measurement was found to be 189 nm,
which was smaller than 250 nm at prior to the treatment. Further, the
elemental analysis of the surface was carried out by ESCA, and it was
found as follows: carbon 93.4 %, and oxygen 6.6 %. By the use of 0.15 g
of the _carbon nanotubes, a mixed dope of aramid resin / carbon
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was found to be 189 nm, which was smaller than 250 nm at prior
to the treatment. Further, the elemental analysis of the
surface was carried out by ESCA, and it was found as follows:
carbon 93.4 %, and oxygen 6.6 %. By the use of 0.15 g of the
carbon nanotubes, a mixed dope of aramid resin / carbon
nanotubes = 99/1 (weig'ht ratio) was obtained in the same manner
as with Example 10. The optical microscope cbservation of the
mixed dope indicated that the dispersibility of the carbon
nanotubes was high. Spinning was carried out in the same
manner as with Example 1, resulting in a composite fiber.
Various physical properties of the fiber are shown in Table
1.
Comparative Example 1

To 245 g of the aramid resin solution of NMP formed in
Reference Example 1, 55 g of NMP was further added. Themixture
was stirred at a temperature of 80 °C for 4 hours, thereby to

obtain an aramid resin solution not containing carbon

nanotubes with roughly the same polymer concentration with
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In the spinning step in Example 1, the composite fiber before stretching
and after drying by a 120 C drying roller was taken out. It was evaluated
for the various physical properties. The results are shown in Table 1. 36
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physical properties of the fiber are shown in Table 1.
Comparative Example 2

In the spinning step in Example 1, the composite fiber

before stretching and after drying by a 120 °C drying roller

was taken out. It was evaluated for the various physical

properties. The results are shown in Table 1.
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composite fiber, comprising: a composition comprising 100 parts by
weight of a wholly aromatic polyamide mainly Comprising structural units
of the following general formulae (A) and (B): -NH-Art-NE- (A)
OC-ADZ-CO- (B) where in the general formulae (A) and (3), Ar' and Lr2
each independently representGihiyaignt aromatic group having 6 to 20
carbon atoms; and 0.01 to 100 parts by weight of carbon nanotubes with
an average diampetet oE30E himeor less;amg abs averagesaspentratiq efian
0 or more, characterized in that the carbon nanotubes are oriented in the
comgfiberiaxis Oiectionturthervetiayatterized mithatl(A)orcB) €Ak thelcarhdnis
nanotubes are multiwall carbon nanotubes, and the orientation factor F of
mairthe carbpn anotubesdetarmined with tise fofloWisg ﬁa‘rﬁmﬂar_(ﬂq Y&)eostL

sin gd4 0 1(0) sin
formulae (&) and (B):

~NE-Arl-NE- | (3

~0C=A1r%=C0O~ (B)
where in the génaral formulas (A) and (B), ar'and 2r? each
independently represent a bivalent aromatic group having 6 to
20 carbon atoms; and 0.01 to 100 part.s by weight of carbon
nanotubes with an average diameter of 300 nm or less, and an

average aspact ratio of 5.0 or more, characterized in that the
carbon nanotubes ars oriented in the fiber axis direction,
further, cheracterized in that {(A) or (B

(R). +the carbon nanctubes are multiwall carbon nanotubes, and
the orientation fastor F . -

©f the carbon nanoctubes determined with the following formula

(1)
. fuf(g}) cos” ¢ sin gdo
< 005" ¢ =it 3

[ I(g)sin gdg

3<cos’ g~

2

where ¢ represents the azimuth in an X-ray diffraction
measurement, and I represents the diffraction strength of The

002 crystal face, iz 0.1 or more,

(B} in that in the Raman spectrum derived from “hs carbon
nanotubes when an incoming )
laser nas been applied from the diresction crthogonal tTo the fiber

axls to the side of the
Liber, the orientation degree P reprasented bv the

formula (2): following

P=zyy/1};x i2)



aii where q represents the azimuth in an X-ray diffraction measurement,
and = represents the diffraction strength of the 002 crystal face, is 0.1 or
more, (B) in that in the Raman spectrum derived from the carbon
nanotubes when an incoming laser has been applied from the direction
orthogonal to the fiber axis to the side of the fiber, the orientation degree
P represented by the following formula (2) : P=1yl,/'xx (2) 37 where in the

wheﬁgrml@fohﬁ@areswgs&h@ %@Bﬁn@ﬂi@ﬁ@h wmr@hmslsa@eraﬁ@a&z ation

has been rran %raygl with the iber axis regresents
piarﬁ;] =4 ange 1n T] ﬁ er ax e reseﬂ
aé”ban reng faser po rlza ion plane een arranged

streygttichttytho irerflokriaxien féatslﬂw@hé a@ﬁ@eddﬁmeallm@r@faﬁeﬁmmfer less.

sati 2 B HRSCRMBAsiL fikes aseauding to claim 1, wherein the wholly
aromatic polyamide is such that Ar' is: and/or and such that Ar2 is: 3. The
composite fiber according to claim 2, wherein the 38 wholly aromatic
polyamide is a copolymer in which At'is: _ O _and
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\/o0\/ and, Ar is and the copolymerization ratiois 1: 0.8to 1 1.2. 4. The
composite fiber according to claim 1 , wherein the orientation factor F of
the wholly aromatic polyamide which can be determined by the formula
(1) is 0.5 or more. 5. The composite fiber according to claim 1, wherein
the proportion of the oxygen atoms present on the surface of the carbon
nanotube to be used is in the range of 2 to 25 per 100 of carbon atoms. 6.
2. THhecarpedite fitesracgasdiagnto, olaimid hwheksin sthaLamonRaReiUbes
wdoghe Used are the ones subjected to a physical size reduction treatment.
7. The composite fiber according to claim 1, wherein the carbon
------ hes to be used are the ones subjected to a treatment with a strong
pH-of 0.01 to 2. 8. The composite fiber according to claim 1,
carbon nanotubes which have been esterified, following a
treatment with a strong acid having a pH of 0.01 to 2. 9. The composite
anfiderraccording to claim 1, using carbon nanotubes which have been
amidated, following a treatment with a strong acid having a pH of 0.01 to
2 and esterification. lo. & method for manufacturing the composite fiber
accarding to claim aracterized by preparing a mixed

and such that ar? is:

\ /

3. The composite fiber according to claim 2, wherein the -



solution of a wholly aromatic polyamide and carbon nanotubes, and
performing spinning from the solution to orient the carbon nanotubes. 11.
The method for manufacturing the composite fiber according to claim 10,
using carbon nanotubes subjected to a physical size reduction treatment.
12. The method for manufacturing the composite fiber according to claim
0, using carbon nanotubes subjected to a treatment with a strong acid
having a pH of 0.01 to 2. 13. The method for manufacturing the composite
fiber according to claim 10, using carbon nanotubes which have been
wholly g&gBitie 80 IGIRAAATE S PRETRSEIR Witth d:rStfong acid having a pH of 0.01 to
2. 14. The method for manufacturing the composite fiber according to
claim10, using carbon nanotubes which have been amidated, following a
with a strong acid having a pH of 0.01 to 2, and esterification.

and the copolymerization ratio is 1 : 0.8 to I : 1.2.
4. The composite fiber accerding to claim 1 » wherein

the orientation factor F of the wholly aromatic polyamide which
can be determined by the formula (1) is 0.5 or more.

5. The cémposite fiber according to claim 1, wherein
the proportion of the cxygen atoms present on the surface of
the carbon nanotube to be used is in the range of 2 To 25 per

A
100 of carbon atoms.

6. The composite fiber according to claim 1, wherein
the carbon nanotubes to be used are the ones subijected to a
physical size reduction treatment.

7..Thé composite fiber according te claim 1, wherein
the carbon nanotubes to be used are the ones subjected to a
treatment with a strong aclid having a pH of 0.01 te 2.

o

8. The compeosite Ziber according to claim 1, using



carbon nanctubes which have been esterified, folleowing a
treatment with a strong acid having a pH of 0.01 to 2.

9., The composite fiber acéording to claim 1, using
carbon nanotubes which have been amidated, following a
treatment with a strong acid having a pHE of 0.01 to 2 and
esterification.

10. 2 method for manufacturing the composite fiber
according to claim 1, characterized by preparing a mixed
solution of a wholly arcmatic polyamide and carbon nanotubes,
and performing spinning from the solution to orient the carbon
nanotubes.

11. The method for manufacturing the composite fiber
according to claim 10, using carbon nanotubes subjected to a
physical size raduction trsatment.

12. The method for manufacturing the composite fiber
according to claim 1p , using carbon nanotubes subjected to a
treatment with a strong acid having a pH of 0.01 to 2.

3. The method for manufacturing the composite fLiber

ot

according to claiﬂilO, using carbon nanotubes which have been
esterified, following a treatment with a strong acid having
a pi of 0,01 to 2.

14. The method for manufacturing the composite fiber
according to ¢laim 10, using carbon nanotubes which have bsen
amidated, following a treatment with a strong acid having a

pH of 0.01 to 2, and esterification.
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