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STRUCTURAL STABILITY OF CARBON NANOTUBES

A. ZETTL , NASREEN G. CHOPRA
Department of EN&.«P University of California at Berkeley,
and Materials Sciences Division, Lawrence Berkeley National Laboratory,
Berkeley, California 94720 U.S.A.

We examine mechanical deformations of carbon nanotubes. Tubes within
certain geometrical parameter ranges (# of walls and tube diameter) are
shown to be mcmnm%:c_m to compiete collapse. Tubes subjected to sharp
bending show both periodic and aperiodic deformations. By selectively
weakening carbon bonds in the fabric of a tube with a high energy electron
beam, a cylindrical tube can be induced to collapse along its length.

1 Introduction

Graphite in the in-plane direction has the highest elastic modulus of any
known material. This suggests that defect-free carbon nanotubes constitute
the most structurally ideal lightweight fibers possible, with outstanding
tensile strength in the axial direction. It has been estimated! that the
axial Young's modulus of nanotubes is of order 7000 GPa, in contrast to 200
GPa for steel and 520 GPa for iridium. On the other hand, nanotubes are
less robust in the radial direction, and substantial mechanical
deformations are expected if non-symmetric radial forces are applied.

2 Nanotube Deformations
2.1 Cylinders versus Flat Ribbons

Nanotubes are generally thought of as high aspect ratio cylindrical
structures. However, a tube with a circular cross-section is not the only
stable (or metastable) configuration. Imagine pressing a nanotube between
two parallel plates, with the tube axis parallel to the plate surfaces. As
the plate separation decreases and the tube is deformed, its cross-section
assumes a stadium-like shape. The elastic energy of the "stadium" tube is
higher than that of the "circular” tube (the increase in curvature energy at
the stadium ends is not sufficiently offset by the lowering of curvature
energy at the straight stadium walls). The deformed tube is not stable.
However, if the plates compress the tube to such an extent that the flat
sections of the tube walls become very close and are van der waals
attracted, the total tube energy, elastic + van der waals, may actually be
as low as or lower than the corresponding energy for the circular tube. In
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such a case the plates can be removed and the deformed tube configuratior
will be stable—- resulting in a fully collapsed nanotube.

Fig. 1 shows a computer graphic view down the center of a ?:.w
collapsed nanotube. The cross-section seen at the far end of the tube i
"dog-bone™ like; this predicted cross-section reflects a trade-off betweer
minimizing curvature energy and maximizing van der waals attraction.

Figure 1: Computer-generated central-axis view of collapsed nanotube.
Image courtesy of V. H. Crespi.

Clearly tubes with large diameters and few walls are more m:mnoﬁzg
to collapse (a large diameter increases the area of the "flat" sections an
enhances the van der waals force; adding additional walls to a tube c&
increases the elastic energy with no additional van der waals benefi
Benedict and coworkers2> have investigated the energetics om. nog._mvmm
nanotubes using continuum elasticity theory. The stability nzﬁ_wzoz {
the collapsed tube is that it has the same total energy as the Emmﬁm,
tube with circular cross-section. For a single-wall tube, the _u_,mn:.n.z
critical tube radius is Rerit (1) = 8d, while for an 8-wall tube, the m::n
tube radius is Rerit(8) = 19d. d is the interplanar spacing in graphite ar
R is the radius of the outermost shell. Of course, tubes with srnaller rac
may still exist in the collapsed state; the activation barrier between tl
collapsed and inflated configurations can lead to metastable collaps:
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