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Ever since single-walled carbon nanotubes were
discovered a decade ago1,2, they have been touted
as the strongest structures known.The Young’s

modulus of a single-walled nanotube is nearly a
terapascal3 (1012 N m–2),unsurpassed by any other
material synthesized to date.But no one has yet been
able to make use of this impressive credential to build a
super-strong nanotube-based fibre or rope.
The best macroscopic fibres made up of aligned single-
walled nanotubes fall far short of the expected values
— a Young’s modulus of a mere 80 Gpa for the best
fibres produced so far4,5.Similarly,contrary to
expectations,poor mechanical response is seen in
polymer composites reinforced by single-walled
nanotubes6.Andras Kis and colleagues have now
shown that a huge increase of the bending modulus —
which is equivalent to the Young’s modulus for a
homogeneous rope — can be achieved by irradiation
of nanotube bundles with high-energy electrons7.
The researchers observe a 30-fold increase in the
bending modulus,which is almost 70% of the value
observed for isolated single-walled nanotubes.

One fundamental problem in translating the
wonderful mechanical properties of individual
nanotubes into larger bundles comes from the nature of
inter-tube bonding.The high axial strength and
modulus of the nanotubes are severely compromised
when they are packed into bundles,because the weak
forces between the nanotubes allow them to slide easily
past each other when loaded mechanically.The bending
modulus of a carbon nanotube bundle (Fig. 1) strongly
decreases with diameter.This is because the nanotubes
in a large bundle act as a loose collection of perfect wires
with atomically smooth surfaces,offering no resistance
to slippage.Kis and colleagues offer a unique solution to
this problem.The idea is to prevent the slippage of
nanotubes by creating inter-tube links established
through strong covalent bonds.The researchers exploit

the sensitivity of carbon nanotubes to irradiation by
using a high-energy electron beam to irradiate
individual nanotube bundles in a transmission electron
microscope.They then use an atomic force microscope
to measure the bending modulus of the irradiated
nanotube bundles.

In the nanotube lattice,each carbon atom forms
bonds with three nearest neighbours.As the atoms are
sp2-hybridized, the fourth electron of every atom is
transferred into the π-electron system and is therefore
not available for the formation of a covalent bond
normal to the plane.However, if one or more carbon
atoms are removed from the lattice, the situation
changes.Let’s consider two adjacent single-walled
carbon nanotubes within a bundle, interacting by a
weak van der Waals attraction.What happens if we start
removing atoms from their lattices and place them in
the interstitial space between the tubes? Contrary to
naive expectation, the vacancies in the tubes do not just
recombine with the mobile interstitial atoms.Instead,as
Kis and colleagues show,two vacancies on adjacent
tubes become linked by one or two interstitial atoms,
generating a covalent bridge between the tubes.Due to
the change in bonding angles close to the bridge,
diamond-like sp3 bonds form locally.Experimental and
theoretical work presented in this study shows that these
bridges are strong and stable and prevent the sliding of
nanotubes against each other.The authors suggest that
crosslinking could also result from irradiation-induced
bonding between chemical moieties present on the
nanotube surfaces (for example,carboxyl groups).
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Figure 1 Large (ten micrometre
diameter) bundle consisting of
hundreds of aligned single-
walled carbon nanotubes,
synthesized by chemical vapour
deposition12.The mechanical
properties of these large bundles
are far inferior to what is
experimentally observed for
individual nanotubes.

Reprinted with permission from 
Wei, B. Q. et al. Nanoletters 2, 1105–1107
(2002). Copyright (2002) American
Chemical Society.

NANOTUBES

Strong bundles
The mechanical properties of nanotube bundles are limited by
the sliding of individual nanotubes across each other.
Introducing crosslinks between the nanotubes by electron
irradiation prevents sliding, and leads to dramatic
improvements in strength.
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Kis and colleagues achieved the removal of carbon
atoms by irradiation with high-energy electrons,which
is the ‘cleanest’way of generating defects.The physics of
electron–solid interactions is complex,but two basic
mechanisms are important8.At electron energies below
a threshold of around 85 keV (ref.9), the energy is
transferred to the electron system of the nanotube,and
local excitation or bond breaking occurs.Above this
threshold,atoms are displaced by knock-on collisions
with the electrons,creating persistent interstitial-vacancy
pairs and resultant structural damage.Kis et al. show that
both processes contribute to the formation of crosslinks:
the bending modulus of the bundle is increased by
irradiation below as well as above the threshold electron
energy.Surprisingly, the increase is substantially higher
below the threshold,at 80 keV,where normally no
irradiation-induced structural modification occurs.

This study should have significant impact on the
processing of ultra-strong nanotube-based structures.
Single-walled nanotubes synthesized in the laboratory
are always in the form of bundles10, and exfoliation of
these bundles to obtain individual nanotubes is
difficult. Manipulation of individual tubes extracted
from a bundle is also very challenging. The best
strategy for producing nanotubes suitable for
mechanical applications is by growing large aligned
nanotube ropes (Fig. 1), crosslinked to extract the level
of strength and stiffness available to individual
nanotubes. This possibility is well demonstrated in the
present study. Of course, large-scale processing of
nanotube bundles by dedicated high-energy electron-
beam sources could be tedious and expensive, and
achieving precise control of the crosslink densities
could be difficult.Alternatively, ions could be used as
projectiles, as ion-beam sources are readily available.
Simulations have already suggested that crosslinking
of nanotubes within a bundle will occur under ion
irradiation11 (Fig. 2). The work by Kis and colleagues
marks an important new step in resolving the inherent
structural issue in nanotube assemblies, and paves 
the way towards realizing stronger nanotube fibres 
in the future.
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Figure 2 Simulation of ion-
irradiated single-walled carbon
nanotubes with bridges of carbon
atoms (highlighted in green)
between the tubes11.

(Image courtesy of A.Krasheninnikov).
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