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Superplastic carbon nanotubes

Conditions have been discovered that allow extensive deformation of rigid single-walled nanotubes,

The theoretical maximmim tensile strain —
that is, elongation — of a single-walled car-
bon manotube is almost 209, but in practice
only 6% is achieved. Here we show that, at
hig]; temperatures, individual single-walled
carhon nanotubes can undergn superplastic
deformation, becoming neary 280% longer
and 15 times narrower before breaking, This
superplastic deformation is the result of the
nucleation and motion of kinks in the stroc-
ture, and could prove wseful in helping to
strengthen and toughen ceramics and ather
nanseompnsites at high temperatures.

A single-walled carbon ranofube [SWCNT)
with ai initial length of 24 nim (Fig. 1a) was

formed i sifu by the electrical breakdown.of

a prltiwalled carbon nanotube lnside a high-
resolution transmission electron microscope
equipped with a piezo manipulator™. The piceo
manipulator was wsed to pull the SWENT to
increase the strain (Fig. 1b—d), at a constant
hias of 2.3 valts. At tensile faihare, the SWONT

waz 91 nim long, showing a tensile elongation of

J80%; its diameter was reduced 15-fold, from
12 10 0.8 nm. As the SWONT segment was
clamped between the layers af the madtivalled
carhon ranstube, the possbility of wall -sliding

duning elongation is ruled it The diameter of

the elongated nanotubes did sot change signif-
leathy whers wall-diding ocouered.

A TR0 terssile strain ard 15-fold reduction
in dizaimeter are unprecedented ina SWONT.

Ropes of single-walled™ and multiwalled” car-
b manotubes break at strains of Jess than
ahwat 6% and 12%, respectively, which is sig-
nificanithy less than that seen here. We propose
that the super-elongation we ohserve is due to
a fully plastic deformation mechanism that
acours at high temperatres.

During deformation ar a bias of 2.5 ¥, the
temperature in the middle of the SWONT is
estimated 1o be more than 2,000 %0 {see
supplementary information ). At such high
temperatures, the nanotube seems o be come-
pletely ductile. Kinks and point defects are
fullyactivated, resulting in superplastic defor-
mation inpaossible at low temperatures. Kinks
form frequently during tensile straining
(Fig. tb—d}, propagate along the tbe and then
plqg-up{ﬁg. 1d) mdisapp?nr‘atﬂm ends (for
maowvie, see supplernentary information ).

The kink motion is evidence of kink-medi-
ated plasticity at high temperatures. The nano-
mhe 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 113 114 type.

Such large plastic strains in nanatubes
demanstrate their ductile nature at high tem-
peratures” . Tn contrast, tensike-pulling exper-
irenits at room temperature witheut any bias
showed that alimost all nasotubes failed ata
tensile strain of Less than 15% (Fig. le-g). Cur
experimental evidence (not shown) shows

Figura 1| Imsitir tensile af
electron

carbod wiewed in & high-

i
d=d, Tensile elamgation of a simple-walled carhom

amstighe (SWCRT) sndera constant hiss of 2.3V (images sreall sealed 10 the same nagnification ).
Avveachiesds mark kinbs; arvaws inslicate featares at te ouls af thi ranatabe thatare almost wnel |
Aduring ongaton. e-g, Tensile slongation of a SWUNT at rosm temperature without s (images e amd
fare scaled to the sanze magnification ). Initial lesgth is 75 nm e} length aftes elongation (f) and at the
hreaking paint (g) is B4 nm; g bow -magnification insage of the SWCNT hreaking in the middle.

that, as well as kink nucleation and motion,
atonn diffusion is important during superplas-
tic deformation, helping to heal defects sach
as vacancies and to prevent the formation of
large rings that might initiate cracks and lead
to failure of the strained nanatube,

When the diameter and length of a SWCNT
change in this dramatic way, the current flow.
ing in the nanotube drops sharply from &1 A
o almast rern, causing the current density
ter drog From 107 1o 10° A cm and then w0
almost zero (for details, see supplementary
information . An increase in defect density
canses this rapid fall in current density as the
sanotube diameter decreases.

Our surprising discovery of superplasticity
in nanotubes should encourage the investi-
m their mechanical and electronic

rat high temperatures. They may he
useful as reinforcement agents in ceramics
and nth:r|1ann:nm|l.lnﬁ|m for high-temper-
ature applications”
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