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The curling of a graphitic sheet to form carbon nanotubes'
produces a class of materials that seem to have extraordinary
electrical and mechanical properties’. In particular, the high
elastic modulus of the graphite sheets means that the nanotubes
might be stiffer and stronger than any other known material*~,
with beneficial consequences for their application in composite
bulk materials and as individual elements of nanometre-scale
devices and sensors®. The mechanical properties are predicted to
be sensitive to details of their structure and to the presence of
defects’, which means that measurements on individual nano-
tubes are essential to establish these properties. Here we show that
multiwalled carbon nanotubes can be bent repeatedly through
large angles using the tip of an atomic force microscope, without
undergoing catastrophic failure. We observe a range of responses
to this high-strain deformation, which together suggest that
nanotubes are remarkably flexible and resilient.

Two mechanical properties of a material are of principal interest
here: the small-strain elastic modulus and the material strength. The
basal-plane elastic modulus of graphite, the largest of any known
material, confers on the nanotube its predicted extraordinary
stiffness®**. These expectations are consistent with reports of
transmission electron microscope (TEM) measurements taken in
the small-strain limit’, and atomic force microscope (AFM) mea-
surements which were extended beyond the linear elastic regime®.
Although the high stiffness is predicted to provide an improvement
over existing materials, it is the nanotube’s unusual strength which
is its most distinguishing property. The unusual strength arises from
the high stiffness, expected to be consistent with the modulus of
graphite, combined with extraordinary flexibility and resistance to
fracture. It is this latter feature which will distinguish nanotubes
from graphitic fibres as an engineering material. Two theoretical
approaches to understanding and predicting the large-strain
behaviour of carbon nanotubes are atomistic molecular-dynamics
simulations and continuum mechanics. The remarkable correspon-
dence between the two approaches and TEM observations has been
appreciated recently in the case of the smallest single- and double-
wall tubes under flexural strains which produce buckling
deformations’. Large multiwalled nanotubes (MWNTSs) present
challenges to both theoretical approaches in that molecular-
dynamics simulations are limited in the size of the system that
can be modelled, and continuum mechanics has been most success-
ful in the thin-shell limit.
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Knowledge of the large-strain behaviour of carbon nanotubes
relies largely on the TEM observations of as-deposited, small-
diameter tubes. Typically, many small kinks are seen on the
compressed side of an otherwise smooth bend in a MWNT'!;
molecular-dynamics simulations predict this kinking to be rever-
sible even under very severe bending'>. This is consistent with
indirect evidence of reversible buckling of a carbon nanotube
while attached to an AFM probe®. This indicates a fibre of unusual
strength. Until now, experimental evidence of the structure of bent
nanotubes has relied largely on finding nanotubes which have been
bent either during the deposition procedure or through the distor-
tion of the substrate''. Ideally, experiments should be performed
where the full history of the strain, including the initial condition of
the tube and the reversibility of the structure, is known. Using a
unique interface for atomic force microscopes, we have performed
intricate bending of MWNTs to large strains.

Samples were prepared by solvent evaporation on mica substrates
of an ethanol solution of raw carbon soot (produced from the
carbon-arc technique'®). The carbon nanotubes were imaged and
manipulated under ambient conditions. The ‘Nanomanipulator’
AFM system, designed for manipulation, comprises an advanced
visual interface, teleoperation capabilities for manual control of the
AFM tip and tactile presentation of the AFM data (Discoverer,
Topometrix Inc., Santa Clara, CA)'®". Initially, the tubes are
straight with no apparent structural defects. The AFM tip is used
to apply lateral stresses at locations along the tube to produce
translations and bends. The friction between the tube and the
substrate pins the tube in its strained configuration for imaging.
On some samples, however, the tube/substrate friction is too low to
maintain the highly strained nanotube, and relaxation of the tube is
observed during AFM imaging.

A carbon nanotube, pinned at one end by carbon debris, was bent
into many configurations. The inset of Fig. 1a shows the tube in its
original adsorbed position and orientation. The abrupt vertical step
on the left side of the tube was used as a reference mark (s = 0,
where s is the measured distance along the tube centre line) for
feature locations. The nanotube was taken through a series of 20
distinct manipulations, alternately bending and straightening the
tube at various points. We present images from this sequence to
highlight specific features (Fig. la—d). Along with AFM topo-
graphic data, we also show the tube height along the tube’s centre
as determined by the cores method'®'’, along with the calculated
curvature (Fig. 1le—h). We will refer to raised points on the tube as
‘buckles’, consistent with the increase in height expected from the
collapse of a shell in response to bending. We observe two beha-
viours in this sequence: small, regularly distributed buckles at
regions of small curvature and large deformation at high curvatures.

We focus first on the regularly spaced buckles occurring in the
more gradually bent region (Fig. 1a, lower right). Figure 1b and ¢
shows the tube as it is bent in opposite directions. The location of
the buckles has shifted dramatically, with the buckles of Fig. 1c
appearing in regions which had been featureless, and the buckles of
Fig. 1b largely disappearing. The buckles appear with a character-
istic interval independent of their absolute position along the tube.
This suggests the buckling is reversible, intrinsic to the nanotube
and not mediated by defects. The strong correlation between tube
curvature and the location of buckles confirms their role in reducing
curvature-induced strain. Buckling in bent shells are well known in
continuum mechanics® where two modes of deformation result
from pure bending stresses. The Brazier effect causes the circular
cross-section of the tube to become more ‘ovalized’ uniformly over
the whole tube length®' as the bending curvature increases. Bifurca-
tion, on the other hand, leads to a periodic, low-amplitude rippling
of the tube wall on the inside of the bend (the portion under
compression). Experiment and theory show*' that both modes often
occur simultaneously, and lead to single-kink collapse as the
bending moment reaches its maximum critical value. The axial
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bifurcation (rippling) wavelength is given by*:
2

)\ =

(12(1 — )™

where 1, is the tube radius and t is the thickness of the tube wall; we
have set the Poisson ratio » = 0.3 as expected for carbon nanotubes.
The tube shown in Fig. 1 has a radius of 10.5 nm. If we assume that
the buckles are collapsed regions with the height determined by the
complete flattening® of the tube as constrained by the inner radius,
we obtain t = 2.6 nm and A = 18.3nm. We have plotted a histo-
gram of buckle intervals (Fig. 1d inset) and the average of the Fourier
transforms (Fig. 1c, inset) for the various bent configurations. The
mean value of the interval distribution (68 nm) coincides with the

()" = 3.5(r,t)"
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peak in the Fourier transform at 0.015nm™". These values are

roughly 4 times the predicted value of \. We note two points. First,
M is for a fundamental buckling mode and modes of higher order are
predicted®. Second, the buckling models have been developed for
thin wall sections, r,/t > 10, but in our sample r,/t = 4.0.

Under the largest bending strains this tube buckles more severely.
This is seen in the large height anomalies observed at the top right of
Fig. 1a and b. The height of the nanotube to the right of the step is
~21nm. As shown in Fig. 1f, the height of the highest buckle is
almost twice the diameter of the tube. In the simplest model of a
thin-walled tube collapsed into a ribbon, the width of the ribbon is
w1o. In the absence of elastic stretching of the tube wall transverse to
the tube axis, this is the widest a collapsed tube can be. We have
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Figure 1 Curvature and heightof buckles alonga bentcarbon nanotube. The white
scale bar (in a) represents 300 nm and all figures are to the same scale. A 20-nm-
diameter tube was manipulated (with an AFM) from its straight shape (ainset) into
several bent configurations (a-d). The height and curvature of the bent tubes
along its centreline (indicated by the arrow in a) is shown in e-h. The upper trace
in each graph depicts the height relative to the substrate; the lower trace depicts
the curvature data. Height values are relative to substrate height. The ‘ripple’-like
buckles occur between s = 600 and 1,200 nm and correspond to the tube in the
lower right portion of the images in each case. \We note that these buckles migrate
as the tube is manipulated into different configurations. Twice during the manipu-
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lation sequence the tube is bent to ~180° (b inset). The appearance and
disappearance of the ripple buckles, as well as the severe buckle ats = 500 nm
(e-f), suggest elastic reversibility. The large buckle ats = 325nm (e, f) retains its
raised topographical features even after straightening (g, h), suggesting that
damage has occurred at this point; but the tube does not fracture. The distance
between ‘ripple’ buckles was determined for the various bent configurations (a-
d). The average of the buckle interval histogram (d, inset) and the average of the
Fourier transforms (¢ inset) for a wide range of bent configurations establish the
dominant interval as 68nm. The low-frequency peak in the Fourier transform
correspond to the long-wavelength tube distortion over the entire bend region.
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observed buckle heights of up to 4r,. This suggests that either the
tube is rising up off the sample surface at these buckling points, or
that the tube is rupturing and we are imaging torn sections
projecting upwards. As the tube is straightened, these sections do
not return to their initial height, and the unusual projections return
on rebending. The radii of curvature obtained in these bends,
~20nm (Fig. 1b inset), is the same as the diameter of the tube. It
is remarkable that even though the tube sustains damage after twice
bending and straightening the section, it does not separate.
Although the nanotube shown in Fig. 1 appeared to suffer
permanent distortion, we have observed other cases where the
nanotube survives large strains without gross damage. In Fig. 2a,
a ~800-nm-long tube with r, = 6.8 nm was bent repeatedly to large
strain with no permanent distortion of the tube topography. The left
side of the tube was translated towards the top of the figure, bending
the tube back on itself (Fig. 2b). The analysis of the ridge and the
curvature (Fig. 2e—g) reveals behaviour distinct from the previous
case. Figure 2b shows a bend with a radius of curvature (Fig. 2e)
comparable to that of the large bend in Fig. 1c, but with a change in
height of <3 nm. Figure 2c shows the tube with . = 20 nm = 3r,,
with a change in height of 4 nm (Fig. 2f). In Fig. 2d, the tube is bent
back onto itself in the other direction. This nanotube behaves very
differently from the nanotube of Fig. 1 because it bends with only a
single broad flattening, with no indication of periodic buckling at
any curvature. The difference between the two tubes may lie in the
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Figure 2 Carbon nanotube in highly strained configuration. The white scale bars
atthe bottom of each panela-drepresent500 nm. a, The original adsorbed shape
of the tube, 10.5nm in diameter and 850 nm long. The tube is bent in steps, first
upwards (b), untilitbends allthe way back ontoitself(c). The curvatureis 0.045 nm™
(radius of curvature ~20nm) which indicates the strain along the inside and
outside of the tube bend is ~16%. d, The tube is then bent all the way back the
otherway onto itself, to afinal curvature similarto thatin ¢. Panels e-g correspond
toa-crespectively,and showthe heightand curvature along the tube inits different
configurations. Thistube did showsignsofirreversibledamage when straightened
between bends, but never ‘kinked’ or fractured under bending stress.
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1o/t ratio. If we estimate the wall thickness from the tube flattening,
we obtain ¢ = 3.25nm and r,/t = 2.1 instead of ry/t = 4.0 for the
tube of Fig. 1. The height of the tube of Fig. 2 always remains within
the bounds of a flattened tube, even after being bent through the
sequence of curvature radii: +20nm, +40nm, where positive
curvature has been assigned to Fig. 2b. The maximal local strain
in this tube can be estimated from € = r,/r. = 16% on the outside
tube surface, (r. = radius of curvature of bend), with a correspond-
ing compressive strain on the inner surface. The apparent lack of
catastrophic damage of the tube under such large strains is remark-
able. We can speculate on two ways in which the strain has been
accommodated. First, it has been proposed’” that MWNTs contain
significant concentrations of defects. It might be that defects in this
tube are arranged in an incoherent fashion such that they separate
under tensile stress, and slide over each other reversibly under
compressive stress. Second, strain might be accommodated
within a severely distorted, but otherwise connected, graphene
sheet. Molecular-dynamics simulations of single-walled tubes
under tensile strain have shown, under certain conditions, breaking
strains as large as 30% (ref. 24).

Thus carbon nanotubes are extraordinarily flexible under large
strains, and resist failure under repeated bending. We have observed
reversible, periodic buckling of nanotubes consistent with calcula-
tions extrapolated from continuum mechanics. Local strains as
large as 16% can be sustained without separating a nanotube. In
fact, we have never observed the separation of a tube by the repeated
application of bending stresses. The amount of strain that we have
been able to apply to a carbon nanotube has been limited by the
surface forces which hold the tube in place. These results show that
the carbon nanotube is a material with extraordinary strength. []
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