Aligned Carbon Nanotube Arrays Formed by
Cutting a Polymer Resin—Nanotube Composite

P. M. Ajayan,” O. Stephan, C. Colliex, D. Trauth

A simple technigue is described here that produces aligned arrays of carbon nanotubes.
The alignment method is based on cutting thin slices (50 to 200 nanometers) of a
nanotube-polymer composite. With this parallel and well-separated configuration of
nanotubes it should be possible to measure individual tube properties and to demaonstrate
applications. The results demonstrate the nature of rheology, on nanometer scales, in
composite media and flow-induced anisotropy produced by the cutting process. The fact
that nanctubes do not break and are straightened after the cutting process also suggests
that they have excellent mechanical properties.

Cmnpmilc materials with aligned phases,
which exist in a range of sizes, find many
applications: for example, carbon fiber re-
inforced polymer composites (1), aligned
Liquid crystals {2), and biocomposites (3).
The aligned structures usually have high
length to diameter ratios and aliening tech-
niques range from simple manual 1o electri-
cal-magnetic orientation to sclf-organiza-
tion. As the sizes of these phases shrink to
molecular dimensions (4), new propertics
hecome apparent, but control and manipu-
lation become difficult with existing tech-
nology. Carbuon nanotubes (5-8) have ar-
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rracted much artention hecause of their size
and their predicted structure-sensitive prop-
ertics (9-12). Although large numbers of
unsorred nanotubes are available, experi
ments that test properties or demonstrare
applications are lacking hecause of the
problems of handling individual nemotobes
and ol effectively mcorporating individual
nanotubes into devices. Tere, we demon-
strate how to organize nanotubes into well-
?'i]|§-_’:|-“.\.(.'| ATTAYS OVET '[n'i('.'l_l)nﬂ.f'(.']' ."J("r‘l]i.‘."\. T]]'i.\
could ke u step toward clucidating single
nunotube properties and using this marerial
as an exploratory ool

The theology of fluids and viscous media
hias been studicd v great detail inan effort o
understand marerial tlow (13). The effece of
dispersion in such media and their deforma-
tion behavior allow investigation of the stress-
es involved Juring the different mechanical
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processes that induce flow. Here, we demon-
strate (qualitatively) the nature of the defor-
mation process and the strength and tlexibil-
ity of nanomerer-sized tubes embedded in a
solid, thin-filim matrix during mechanical de-
formation of the matrix induced by cutting,

Multishell carbon  nanotubes-nanopar-
ticles prepared by the arc-discharge merhod
(6) amd purii'it‘:i nanotube samples (14)
were dispersed randomly in o liguid ep-
oxide-hase resin by the mechanical mixing
of samples (pristine samples and samples
sonicated in ethanol) in the resin with a
glass rod. The resin s prepared by mixing
the epoxy resin (Epon-812 supplicd by
Shell Chemical Company; 18.2 ml), cur-
e asents  dodecenylsuccinic  anhydride
(DDSA; 124 ml) and methyl nadic anhy-
dride (MNA; 9.4 ml), und an accelerating
agent  [2,4,0-tris(dimethylaminomethyl)-
phenol (DMD 30); Q.7 ml] hy magnctic
slitring for about 2 hours. The nanotube-
resin mixture, after evacuation to remove
any trapped air bubbles, is poured into
I\Il"l("(.\' al L'LI]‘H'H'}]T’ ‘ill'r]]'?[‘ 'ri'l'l[l hl]rlh']\l'(l l\\
keeping it over 24 hours at above 60°C
Thin slices, ranging in thickness from 50
nm (o L pwm with lareral dimensions of a few
millimeters, were cut from the composite
block with o diamond knite and o Reichert -
Jung Ultracur microtome {at room temper-
ature). The thicknesses of the shices were
determined by color under optical interfer-
ence. The cutring speed was abour 1 mm
s ' The slices were supported on grids and
observed in a0 Topeon 002B 1ransmission
cctron microscope (TEM).

Because most embedded tubes were longer
than the thickness of the films cut, one would
expect that cutting would make transverse
sections of tubes unless the tulbes remain par-
allel to the curring plane. However, the tubes
could also be pulled our of the resin or de-
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formed within a softer matrix during coting.,
In facr, the ahove method (and resind 15 rou-
tinely used to make sections of clay tibers such
as crysotiles (13), quarrz-hased minerals, and
kerogen mimerals. Indeed, we see in Figs. |
through 4 that no cross sections of nanotubes
are produced.

Images of slices (<2200 nm chick) show
that the tibes were preferentially orented
during the cutting process. The direction of
knife movement wis judg(‘.d from the [‘.l‘.ri(u{ia
and faint oscillations in contrast scen on the
matrix film, and the tubes were almost always
aligned along this directiom. The oticnting
effect was seen over the entire slice, although
arrays of tubes with reasonible density existed
over ateds of a few square micrometers. Figure
I shows an arca with nanotubes and nanopar-
ticles seattered ina thin section (30 i) of
the resine All the longer and thinner tubes
have been orlenred, whereas the thicker and
.‘th]'l_“."l' Hil"L‘\G f_l'l'lll ["Il‘ 'ﬂil'lh)}_‘}i-lr! i(']L'.‘\ |1i-|\,'(‘ il
vrientation.  In cases, the
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aligned tubes were straightened along their
entire lengrth. Holes in the film are a resule of
the small film thickness and the clustering of
nanoparticles.

Ficurc 2A shows the deeree ot alignment
achieved for a pure nunotube sample (no
nanoparticles) in a shghily rhicker slice
(-~80 nm). There are very few defects
(holes) in the film, and most of the longer
and thinner tubes are aligned, Once again,
the shorrer and rhicker rubes (residues of
oxidation} were nol ariented, We gencerally
observed thar the tubes =210 nm i diam-

Fig. 1. | ow-magnificalion TEM image from a slice
{50 nm thick) with a distribution of nanctubes and
nanoparticles closed graphite polhedral. Most of
the long tubes have been oriented by cutting: holes
ity the film are due to the clustering of nanoparticles.
Pwo parallel arrows in 2l figuras ndicate the cutting
dlirection.

Fig. 2. {A] | ow-magnification TEM image from a pure nanotube sample in
a 80-nm-thick film. The alignment of the long, thin lubes is clear, but the
- tubes remain randomly ariented. (B anc G) Images
cal areas of films with perfectly parallel ar

thickor, shor
Figher

magnification showing lo

cter amd longer than few hundred nanom-
cters are ahigncd. Figure 2, B and C, shows
Tocal areas with arrays of well-oriented and
separated tubes that have relatively uniform
spacing between them. Such regions occur
commonly in the slices. Comparing the
lengrhs of nanotubes in the images from the
sections and from the pristine powder sam-
ples, we find that no noriceable changes
have occurred in the fiber length distribu-
tion upon cutting. When the thickness of
the slices increases hevond 0.3 to 0.5 pm,
the aligning  effect becomes  less  pro-
nounced, disappearing above 1 pm.

It is difficult to unambicuously deter-
mine if the aligned rubes are present on the
surface or embedded inside the films. Some
tubes present on the surface came off easily,
crearing one-dimensional cavities that gave
strong reverse contrast during observation
with electron microscopy. Most tubes re-
mained well atached o the films (even

during film expansion under clectron irra-
diation), suggesting thar they adhered to
the matrix phase. The difference in focus
conditions for individual tubes (Fig. ZA)
also sugeests the difference in relative posi-
tions (normal o the film) of the rubes
within cach slice. The sections here are
extremely thin and should be supporred on
substrares {glass slides, for example) for ex-
periments. If the martrix resin is removed by
selective ctching, arrays of parallel nano-
tubes could be exposed, which would be
ideal substrare parrerns for the fabrication
of one-dimensional nanostructures.

From these observations, we can present a
model to explain the effeer, which resembles
the: pullour of fikers from a rigid matrix when

icl he axis.
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a fiber composite is mechanically labeled. The
stress distribution in the films during cutring
depends on such parameters as curting speed,
ducriliry, hardness of the matrix, and the me-
chanical properties of the dispersed tubes. The
dircetional cutiing process creates shear that
induces tlow of material. The aligning here is
similar 1o the alipning of rodlike dispersions in
tluids during shear tlow (13). The tubes that
come in contact with the knife during cutting
are pulled out or are deformed from the ma-
trix and are oriented nnidirectionally on the
newly formed surface. The tubes confined
hetween the cutting plane and the air-film
intertace will he moved within the marrix,
stretched, or deformed by shear. In the rigid
resin matrix, because the lengths aligned (or
pulled out) during cuning are nor different
from the lengths of the original fibers, one can
suggest that the fibers are mechanically very
strong or thar the interfacial bond between
tubes and the marrix is weak, In addition, the
facts that hreaking is not ohserved for the
tubes and that the tubes are well straightencd
by the cutting process suggest excellent me-
chanical properties for the 1ubes. The separa-
tion berween individual tihes observed in the
sections alter cutting is due to the deforma-
tiom of the matrix resin thar separates individ-
ual tubes. As the thickness of the section
increases, the cross section over which forces
are distributed also increases, decreasing the
stresses and the ability to deform and align
tuhes.

When tubes are entangled and crowded,
proper distribution is not achieved and tear-
ing of the filn was observed. A dilute dis-
triburion serves best as these tubes are not
locked on each other during aligning. In

separatec nanotube arrays. Thoe hollow interiors of the Tubes are seen
clearly in {C). Arrowheads show dark lincs across Wbe dameters, which
Al could correspend to sharpry bent basal planes (during cutting! normal to
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thicker films (2100 nm), holes were rarely
observed and edges showed rubes thar were
pulled our, with fairly good alignment in
the film. Smaller tubes are extremely flexi-
ble and are casily bent and aligned segmen-
tally (Fig. 3), as seen in dispersions of flex-
ible chains during fluid flow (13). Our re-
sults sugeest that carbon nunotubes may be
used as extremely strong (along the axis),
tlexible (bending) nanofibers.

The deformarion of nanorubes observed in
the solid resin also provides information on ath-
er mechimical behaviors, such as detect forma-

Fig. 3. Images showing the effect of the clustering
of tubes on alignment. No holes are formed on g
thick film (200 nmy), but thinning ocours al the siles
of tube clusters (lighter contrast), Fnd segments of
the tubes are aligned in the cutting direction. Ar-
rows indicate the nature of bending: the larger
tube has heen twisted but the smaller one shows
no such defect. The larger twisted tube has been
flattened on the upper segment, as indicated by
the apparent increase in the diameler or the sep
aration between the twbe walls that produce the
line contrasl in the images of nanotubeas (5).

Fig. 4. Image from an area of
the film where defects on
nanctubes are concantrated.
Defects marked by letters {a,
b, and €] are dascribed in the
text, and similar arrows de-
note similar defectz. Tha tube
an which defect ¢ is marked
seems 1o have been flattened
[compare its morphalogy with
that of the flattened ube n
Fig. 3) by cutting, but flatten-
ing of tubes is observed only
in rare cases. The lubos are
oriented along the cutling di-
reclion and remain straight
and parallel for many mi-
crometers.

1214

SCIENCE = VO 263 @

tion and the tribolosical character of nanotubes.
Figure 4 shows typical defects ereated on the
tubes by deformuation. These defects are usually
concentrated in certain local regions (perhaps o
result of uneven contact between the knife and
the marrix).
kinks (mnarked a) of different aneles thart arise
trom bending or huckling thar results from com-
pressive stresses parallel 1o the basal plines.
Breaking of tubes (marked b) was seen very
rarely. Twisting (marked ¢ in Fig. 4 and indicat-
ed in Fig. 3) from shear along the axis was
observed in larger tubes (especially with small
numbers af layers and karge hollow interiors; the
size of tubes that show this defect in Fig, 4 is
=15 nm). Twisting deforms the cross sections
into polyhedral shapes (Fig. 4). The aligning
process should work very well for single-lyer
nanotubes (7, 8) if these tubes with their small
diameters and large lengths can be isolated,

[t 15 remarkuable that few of the tubes
were flattened during the curting process
(sce Figs. 3 und 4). Tubular shapes seem to
have a stahle peometry. This ohservation is
contrary o recent reports stating that small
nanotubes could be easily flattened even by
weak van der Waals forces between individ-
ual tubes (16) or by the interaction of tuhes
wirh the tip of an atomic force microscope
(17). The central hollows in the tubes can
be scen in the images along their entire
lengths (Figs, 2C, 3, and 4); some open
tubes were partially filled with the resin,
which could have an eftect on individual
tuhe properties,

Thin sections of resing supporting oriented
nanotubes may be compared to some liquid
crystal (nematic) phases. In liquid crystals,
molecular alignment is often achieved hy
confining the crystals between mechanically
rubbed surfuces (18, 19), which scems to re-
semble the cutting process we have described
here. The aligning method we report here
relies on the basic principle of mechanical
deformarion and should work for fibers of any
size that are mechanically strong. We are not
aware of any other techniques (20) rhar may
he used 1o align carbon whes of such small

A commonly observed defect s
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dimensions. One  could  immagine  methods
hased on mechanical working [for example,
extrusion and cold drawing that are used to
alien Targer carhon and textile fibers (20)], bur
the amounts of pure samples usually available
are very simall (less than gram quantitics for
purified nanotubes).

The availability of aligned nanorube ar-
rays over large arcas will make it possible 10
measure transport properties [the average
properties of nanotuhe bundles have heen
measured (21), but these
have failed 1o test the theoretical predic-
tioms on single tubes]. Measurements on
single tubes, for example, using the scan-
ning tunneling microscope, have been ac-
complished with some difficulty (22) {rhe
experiments are complicated by the prob-
lem of tube orientation and dispersion).
With a well-separated parallel array of cx-
posed nanotubes (those present on the sur-
face or after ctehing away the matrix resin
locally), such tests can be carried our with
ease by scanning from one rube ro the other
to compare properties that have been the-
oretically predicted to depend on tube size
and the helicity in the hexagonal carbon
network (which will vary from twbe 1o
tube ), Future work should be direcred to-

measure ments

ward increasing areas with aliened rubes by
oprimizing the srarring distribution and the
density of tubes in the composite mixture.

REFERENCES AND NOTES

\in Graphite Fibers

: Sprirger. Berin, iR

. O _,"ar]d P. A, Winsor, Eds., Liguid Crystals

‘H‘dﬁ!.fu Cryslals [Lhis Honwood, Loncon, 1974},
wal 2.

3.0 A E‘IJﬁk,k,F"

Lo M S 3 e&Hehaus etz and i ila-

h

JoLing AR Strzeleck, Mature 349,

I rber_f 357, 20519921

5. 3. lijima, i, 354, 56 [1891).

. T. W. Ebbesen ana P M. Ajayan, /bid. 358, 220
11882).

7. 5. lijirma and T. leaihashi, g 363, 803 [1923).

8. 0. 5. Bathune et al., iid., p. 605,

9. J.W. Mintmire, B, | Dunlap, C. T. White, Phys. Rey,

Lalt. 68, 631 [1992).

N Ha

10, nacla, 5. Sawada, A Oshivama, &id, p. 1hig.
11 Ihaus, Mature 358, 192 (1992,

12, P. M. Ajayan and 5. lijima, ihid. 361, 333 (10931
130 1. Lo Geldsmith and 5. G. Mason, in Bheoluiy, The-

o o Apphcations, B3 Erich, Bd. (Academic
Press, Naw York, 1967), wol. 4, pp. 86-246.
lid V..‘ Eh U‘—‘ eﬁ P. M. Ajayan. I\ Hiura, K

lanigak

, crographs of Clay
of  Sedimentology  Series 231,
Elscwvicr A*ns*?f:r”'n 1581

Nature 364, 514 [1993).

bicl. 367, 148 {1094).

L FPhys Letl B4, 1103 | 144)
‘-ﬂ“mnon ..'\. M. Gibbons, 5. T. Sun, Nakire

17, H. Hiurg et &
16. H. Hatohatal,

14, .

Ld Witwgker fechinology (Wiley-Inler-

\m-"c‘r‘ 1970).

ng. X. K Wang, R. P Chang, J. B

hye. Rev, Letf, 72, BS7 (1994).

22, H Ol and J. P, Heremans, JJ. -"/m.fe.-'_ Has. 9, 2RO
;15-3%;

23, PMA. acknowledges fund
['rerch Ministere des Affarres

from the Grant of
Angeras,

49 May 1992 accopted 5 dlly 18334



