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Nanotube composite carbon fibers
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Single walled carbon nanotubes~SWNTs! were dispersed in isotropic petroleum pitch matrices to
form nanotube composite carbon fibers with enhanced mechanical and electrical properties. We find
that the tensile strength, modulus, and electrical conductivity of a pitch composite fiber with 5 wt %
loading of purified SWNTs are enhanced by;90%, ;150%, and 340% respectively, as compared
to the corresponding values in unmodified isotropic pitch fibers. These results serve to highlight the
potential that exits for developing a spectrum of material properties through the selection of the
matrix, nanotube dispersion, alignment, and interfacial bonding. ©1999 American Institute of
Physics.@S0003-6951~99!04635-5#
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The discovery of carbon nanotubes has spawned a
mendous level of activity in carbon research, since the p
tical realization of their extraordinary properties would op
endless possibilities for new materials that include su
strong nanowires,1,2 nanosized electronic devices,3 charge
storage devices in batteries,4 tiny electron guns for flat scree
displays,5 and broadband optical limiters.6 Initially, most re-
search efforts focused on understanding the fundame
properties of this quasi one-dimensional form of carbon.
the same time, there was always the appreciation that ca
nanotubes could form a foundation from which to develo
new generation of advanced materials with unique electri
thermal, mechanical, and other properties. In this letter,
demonstrate the potential use of carbon nanotubes as a
forcing filler in composite materials with enhanced mecha
cal and electrical properties.

The realization of the unique properties of nanotub
into engineering materials will in all probability require the
incorporation into a suitable matrix. The aromatic charac
of commercial pitches derived from coal or petroleum su
gests that there should be good compatibility with carb
nanotubes, and may even offer prospects for the utiliza
of unpurified or raw nanotubes. Moreover, pitches can
generated with a range of composition and properties, all
ing latitude to match the matrix characteristics with that
the dispersed phase. In this regard, we have made a stu
examine the synthesis and properties of composite ca
fibers produced via the addition and dispersion of purifi
single walled carbon nanotubes~SWNTs! in an isotropic
pitch precursor. Other investigators have reported the dis
sion of multiwalled carbon nanotubes in epoxide-based re
systems,7,8 poly~m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene! ~PmPV!,9 and a urethane/diacrylat
oligomer.10

Composite fibers are produced by extrusion in which
is possible that mechanical shear can be used to orien
nanotube bundles, much as a structure is developed by
shear-induced orientation of the liquid crystal phase dur
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the formation of fibers from mesophase pitch. The fiber fo
is particularly appealing as the steps to the commercial
velopment of fibers for matrix reinforcement, in which th
fibers themselves consist of a matrix-nanofiber compos
can be readily envisaged. In this preliminary study, we u
Ashland A500 petroleum pitch as the matrix. This is an is
tropic pitch that may be further treated to produce a m
sophase pitch. While it is obviously of interest to see how
properties of high performance mesophase pitch fibers co
be modified by nanotube addition, we have limited t
present research to investigating the properties of the r
tively much weaker carbon fibers that are obtained by sp
ning isotropic pitch. Due to the lack of molecular orientatio
in the isotropic pitch fibers, their tensile modulus is abo
10–20 times less than the maximum attainable for m
sophase pitch fibers, and their tensile strength is about
times less.11

As-prepared SWNT~Carbolex, Inc.! were purified using
the hydrothermal method which briefly, involves a refluxin
of as-prepared nanotube material in distilled water at 373
for 12 h, followed by drying in air at 333 K for 12 h and
final wash in 6 M hydrochloric acid to remove the cataly
particles.12 The purified SWNTs were then dispersed in t
pitch, which is solid at room temperature, as follows: t
pitch was first dissolved in quinoline~Aldrich Chemicals! by
stirring the mixture for;2 h at 60 °C. The SWNTs were
then added to the low viscosity hot solution, and a hi
power ultrasonic wand~Fischer Scientific! was used to dis-
perse the nanotubes~500 W for 2 min!. Afterwards, the mix-
ture was transferred to a vacuum distillation apparat
where the quinoline was completely removed. By this pro
dure, nanotube-pitch mixtures were prepared with nomi
nanotube loadings of 1, 5, 8, and 10 wt %. The coo
nanotube-pitch mixtures, now solid were ground and eac
turn was transferred to a single hole fiber spinning appara
~Fig. 1!. This consists of a heated reservoir that is pressuri
with nitrogen ~80 psi!, a single hole die~300 mm in diam-
eter! and a speed controlled wind-up drum onto which t
fiber is pulled. With the reservoir heated to;310 °C and the
wind-up drum speed of 400 rpm, composite fibers with
9 © 1999 American Institute of Physics
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average diameter of;18mm were produced.13 Pitch is gen-
erally spun at;50 °C above its softening point to ensu
low pitch viscosity for fiber drawing. At the same time, it
necessary to keep viscosity sufficiently high to allow t
drawn fibers to retain their continuity and shape prior
solidification in air. We found in our study that the temper
ture at which the nanotube-pitch mixture could be spun
creased with the addition of nanotubes by;10 °C per 2
wt % increase in nanotube loading. This behavior, appear
be due to an increase in the viscosity of the molten pitch,
possibly a change in the viscosity-temperature relations

FIG. 2. Typical stress-strain plots for composite carbon fibers with 1 an
wt % nanotube loadings.

FIG. 1. Schematic of a single-hole spinnerette for composite carbon
production.
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due to the presence of the nanotubes. At loadings of 8%
10%, while the melt temperature could be used to lower
pitch viscosity to the point where it could be extruded, t
melt was then too weak to maintain its shape and form
fiber. The raw fibers that were produced at lower loadin

5

FIG. 3. A comparison of the tensile strength~a!, modulus~b!, and electrical
resistivity ~c! of composite carbon fibers with 1 and 5 wt % nanotube loa
ings to the corresponding values in unmodified isotropic pitch fibers. E
data point in this figure represents an average value for strength, modul
resistivity obtained from 12 composite fibers. Standard deviations of exp
mental values are: strength,15%, modulus,15%, and resistivity,20%.
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were oxidatively stabilized by heating at 1 °C/min to 310 °
under 1 L/min air flow. The stabilized fibers were then c
bonized under 2 L/min nitrogen flow in a tubular reactor
20 °C/min to 1100 °C.

Individual carbonized composite fibers were mounted
to fiberboard testing plaques using colloidal graphite~Ted
Pella, Inc.! as the adhesive, and tensile strength and mod
of elasticity were measured on a materials testing sys
following an American Society for Testing and Materia
method ~D638M modified for fiber geometry!. Typical
stress-strain curves are shown in Fig. 2. They exhibit a lin
relation between stress and strain until the fiber breaks
critical stress value. The maximum stress at the break is
tensile strength~s! and the slope of the stress-strain curve
the modulus of elasticity~E!. Since the nanotube loading
much less compared to anisotropic pitch in the compo
carbon fibers used in the experiment, it is not surprising t
similar strain to failure values were obtained from Fig.
The electrical resistivity~r! was measured using the standa
four probe technique by passing a known current~1 mA!
through the composite carbon fiber and measuring the v
age drop. Figure 3 summarizes the results obtained fors, E,
andr as a function of the nanotube addition. As noted e
lier, uniform fibers could not be spun from the nanotub
pitch composites prepared at 8 and 10 wt % nanotube a
tions. We find that the tensile strength, modulus a
electrical conductivity of a pitch composite fiber with 5 wt
loading of purified nanotubes are enhanced by;90%,
;150%, and;340% respectively, as compared to the c
responding values for unmodified isotropic pitch.11 These re-
sults serve to highlight the potential that exists for devel
ing a spectrum of material properties through the selectio
the matrix, nanotube dispersion, alignment, and interfa
bonding. Wagneret al.10 obtained the Young’s modulus, ten
sile strength, and failure strength of multiwalled carb
nanotubes~MWNTs!-containing thin polymer films as 2
GPa, 60 MPa, and 0.075. It should be noted that the we
percent loading of the MWNTs in the composite film w
not reported.10 Furthermore, from their recent experimen
they estimated;150 GPa for the compressive strength
MWNTs. In an analogous molecular reinforced matrix,
improvement in compressive strength~20%–30%! has been
reported for a molecular composite fiber consisting of a
wt % of a rigid rod polymer, ~poly$~benzo-@1,2-d:5,4-
d# bisoxazole-2,6-diyl!-1,4-phenylene%! in a thermoset resin
matrix.14 A 5 wt % loading of MWNTs in a PmPV polyme
composite exhibited;90% increase in the electrical condu
tivity compared to the value in pristine PmPV.9

In summary, we have shown that isotropic pitch co
posite fibers prepared with a few weight percent loading
purified SWNTs yield composite materials with enhanc
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tensile strength, modulus, and electrical conductivity co
pared to the original pitch fibers. We believe that these
hanced properties result from the dispersion and incorp
tion of SWNT bundles in the petroleum-derived pitch mat
and that the SWNT bundles behave as unidirectional re
forcing nanofibers within the composite fiber. Direct obs
vation of the dispersion and alignment of the carbon na
tube bundles in the petroleum pitch matrix was difficult
detect using electron microscopy. We also believe that m
careful control and quantification of nanotube dispersion a
alignment combined with appropriate matrix characterist
can lead to nanotube composites with more extraordin
physical and electrical properties. The recent finding
Chenet al.15 that SWNT bundles can be dissolved in organ
solvents to obtain soluble nanotubes offers opportunities
enhancing nanotube dispersion. We are presently invest
ing the synthesis of composite carbon fibers derived fr
different precursors and soluble nanotubes.

The authors wish to acknowledge financial support fro
the MRSEC NSF Grant No. DMR 9809686.

1B. I. Yakobsen and R. E. Smalley, Am. Sci.85, 324 ~1997!.
2E. W. Wong, P. E. Sheehan, and C. M. Lieber, Science277, 1971~1997!;
M. M. J. Treacy, T. W. Ebbesen, and J. M. Gibson, Nature~London! 381,
678 ~1996!.

3S. J. Tans, A. R. M. Vershueren, and C. Dekker, Nature~London! 393, 49
~1998!; P. G. Collins, A. Zettl, H. Bando, A. Thess, and R. E. Smalle
Science278, 100 ~1997!.

4G. Che, B. B. Lakshmi, E. R. Fischer, and C. R. Martin, Nature~London!
393, 346 ~1998!.

5A. G. Rinzler, J. H. Hafner, P. Nikolaev, L. Lou, S. G. Kim, D. Tomane
P. Nordlander, D. T. Colbert, and R. E. Smalley, Science269, 1550
~1995!; Y. Saito, S. Uemura, and K. Hamaguchi, Jpn. J. Appl. Phys., P
2 37, L346 ~1998!.

6X. Sun, R. Q. Yu, G. Q. Xu, T. S. A. Hor, and W. Ji, Appl. Phys. Lett.73,
3632 ~1998!.

7P. M Ajayan, O. Stephan, C. Colliex, and D. Trauth, Science265, 1212
~1994!.

8L. S. Schadler, S. C. Giannaris, and P. M. Ajayan, Appl. Phys. Lett.73,
3842 ~1998!.

9S. A. Curran, P. M. Ajayan, W. J. Blau, D. L. Carroll, J. N. Coleman,
B. Dalton, A. P. Davey, A. Drury, B. McCarthy, S. Maier, and A
Strevens, Adv. Mater.10, 1091~1998!.

10H. D. Wagner, O. Lourie, Y. Feldman, and R. Tenne, Appl. Phys. Lett.72,
188 ~1998!.

11D. D. L. Chung,Carbon Fiber Composites~Butterworth-Heinemann, Bos-
ton, 1994!.

12K. Tohji, T. Goto, H. Takahashi, Y. Shinoda, N. Shimizu, B. Jeyadevan
Matsuoka, Y. Saito, A. Kasuya, T. Ohsuna, K. Hiraga, and Y. Nishi
Nature~London! 383, 679 ~1996!.

13The diameter of the drawn fiber also depends on the speed of the tak
drum. By controlling the speed of the take-up drum, fibers with diame
;2mm can be produced.

14Y. H. So, A. Sen, P. Kim, and V. Jeor, J. Polym. Sci., Part A: Poly
Chem.33, 2893~1995!.

15J. Chen, M. A. Hamon, H. Hu, Y. Chen, A. M. Rao, P. C. Eklund, and
C. Haddon, Science282, 95 ~1998!.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp


