
Vol 439|19 January 2006

281

Superplastic carbon nanotubes
Conditions have been discovered that allow extensive deformation of rigid single-walled nanotubes.

The theoretical maximum tensile strain —
that is, elongation — of a single-walled car-
bon nanotube is almost 20%1,2, but in practice
only 6%3,4is achieved. Here we show that, at
high temperatures, individual single-walled
carbon nanotubes can undergo superplastic
deformation, becoming nearly 280% longer
and 15 times narrower before breaking. This
superplastic deformation is the result of the
nucleation and motion of kinks in the struc-
ture, and could prove useful in helping to
strengthen and toughen ceramics and other
nanocomposites at high temperatures. 
A single-walled carbon nanotube (SWCNT)
with an initial length of 24 nm (Fig. 1a) was
formed in situby the electrical breakdown of 
a multiwalled carbon nanotube inside a high-
resolution transmission electron microscope
equipped with a piezo manipulator5. The piezo
manipulator was used to pull the SWCNT to
increase the strain (Fig. 1b–d), at a constant
bias of 2.3 volts. At tensile failure, the SWCNT
was 91 nm long, showing a tensile elongation of
280%; its diameter was reduced 15-fold, from
12 to 0.8 nm. As the SWCNT segment was
clamped between the layers of the multiwalled
carbon nanotube, the possibility of wall-sliding
during elongation is ruled out. The diameter of
the elongated nanotubes did not change signif-
icantly when wall-sliding occurred.
A 280% tensile strain and 15-fold reduction
in diameter are unprecedented in a SWCNT.

Ropes of single-walled3,4and multiwalled6car-
bon nanotubes break at strains of less than
about 6% and 12%, respectively, which is sig-
nificantly less than that seen here. We propose
that the super-elongation we observe is due to
a fully plastic deformation mechanism that
occurs at high temperatures. 
During deformation at a bias of 2.3 V, the
temperature in the middle of the SWCNT is
estimated to be more than 2,000 °C (see 
supplementary information). At such high
temperatures, the nanotube seems to be com-
pletely ductile. Kinks and point defects are
fully activated, resulting in superplastic defor-
mation impossible at low temperatures. Kinks
form frequently during tensile straining
(Fig. 1b–d), propagate along the tube and then
pile up (Fig. 1d) or disappear at the ends (for
movie, see supplementary information). 
The kink motion is evidence of kink-medi-
ated plasticity at high temperatures. The nano-
tube narrows immediately after the kink
passes. We suggest that these kinks are associ-
ated with one or several unit dislocations that
have a Burgers vector of 1/3<1120> type. 
Such large plastic strains in nanotubes
demonstrate their ductile nature at high tem-
peratures7–9. In contrast, tensile-pulling exper-
iments at room temperature without any bias
showed that almost all nanotubes failed at a
tensile strain of less than 15% (Fig. 1e–g). Our
experimental evidence (not shown) shows

that, as well as kink nucleation and motion,
atom diffusion is important during superplas-
tic deformation, helping to heal defects such 
as vacancies and to prevent the formation of
large rings that might initiate cracks and lead
to failure of the strained nanotube.  
When the diameter and length of a SWCNT
change in this dramatic way, the current flow-
ing in the nanotube drops sharply from 80A
to almost zero, causing the current density 
to drop from 109to 108A cm 2and then to
almost zero (for details, see supplementary
information). An increase in defect density
causes this rapid fall in current density as the
nanotube diameter decreases. 
Our surprising discovery of superplasticity
in nanotubes should encourage the investi-
gation of their mechanical and electronic
behaviour at high temperatures. They may be
useful as reinforcement agents in ceramics
and other nanocomposites for high-temper-
ature applications9−11.
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Figure 1 |In situtensile elongation of individual single-walled carbon nanotubes viewed in a high-
resolution transmission electron microscope. a–d, Tensile elongation of a single-walled carbon
nanotube (SWCNT) under a constant bias of 2.3 V (images are all scaled to the same magnification).
Arrowheads mark kinks; arrows indicate features at the ends of the nanotube that are almost unchanged
during elongation. e–g,Tensile elongation of a SWCNT at room temperature without bias (images eand
fare scaled to the same magnification). Initial length is 75 nm (e); length after elongation (f) and at the
breaking point (g) is 84 nm; g,low-magnification image of the SWCNT breaking in the middle. 
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