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Plastic bending of 共5,5兲@共10,10兲 double-wall carbon nanotube is analyzed using nudged elastic band minimum energy path calculations. At lower applied bending curvature, only the outer tube deforms plastically.
However, at higher bending curvature, both the inner and outer tubes deform plastically. We find that the plastic
deformation of the outer tube is more difficult than that of isolated single-wall carbon nanotube of the same
diameter due to tube-tube interactions. In contrast, the plastic deformation of the inner tube is not strongly
affected by the presence of the outer tube. We also analyze the shape-memory effect 共SME兲 discovered
experimentally, which is a thermal recovery process from the plastically bent state to the straight defect-free
state, which can be repeated multiple times. We analyze the physics behind SME of carbon nanotubes, which
is quite different from that of traditional shape-memory alloys.
DOI: 10.1103/PhysRevB.76.165405
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I. INTRODUCTION

Processing and manipulation of carbon nanotubes 共CNTs兲
such as handling,1–3 welding,4,5 machining,6,7 and
deformation8 are vital for their adoption in nanoscale devices. Recently, Nakayama et al. succeeded in in situ observation of the plastic bending of double-wall carbon nanotubes 共DWNTs兲 in transmission electron microscope.9 They
used Pt-coated scanning probe microscope tip to induce
bending and simultaneously passed electrical current through
the CNT. The DWNT is resistively heated to a temperature
exceeding 1000 K, and upon withdrawal of both the current
and the bending force, the tube is found to be plastically
bent. This does not occur if there is no current. Furthermore,
they observed the curing or thermal recovery phenomenon of
the plastically bent carbon nanotube.10 For additional current
induced, the plastically bent DWNT returns to the original
straight form. The DWNT can repeatedly cycle between the
plastically bent and elastic straight states.
The above phenomenon qualifies as one-way shapememory effect 共SME兲,11,12 which has been observed in macroscopic crystalline materials13,14 and polymers.15 Shapememory effect has found application in a variety of devices
such as sensors and actuators,12 stents,16 and artificial
tissues.17 With SME discovered in carbon nanotubes,10 it is
conceivable that one could build nanoscaffolds using straight
or elastically bent CNTs and plastically bend the scaffold
arbitrarily at certain temperature T1, which upon heating to
another temperature T2 recovers the original scaffold shape
composed of straight or elastically bent CNTs.
The plastic deformation of carbon nanotubes is accomplished by the nucleation and motion of dislocations, same as
three-dimensional 共3D兲 bulk crystals.18–20 However, there are
some important differences in the dislocation dynamics of
quasi-one-dimensional nanotubes compared to 3D crystals.
One is the lack of the Frank-Read source.21 Since dislocations in nanotubes are not line defects, the usual ways of
dislocation multiplication by double cross slip and other
1098-0121/2007/76共16兲/165405共7兲

Frank-Read-type processes are denied to the nanotubes.
Therefore, nucleation of dislocations tends to be an important issue in the plastic deformation of CNT.18–20 The other is
the lack of dislocation sinks such as free surfaces or grain
boundaries 共except at the nanotube terminations兲, as well as
dislocation entangling mechanisms. Because of this, perhaps
most dislocations in nanotubes are geometrically necessary
dislocations 共GNDs兲,22 since it appears difficult to stabilize
statistically stored dislocations without extensive entangling.
The number of variety of dislocations in nanotubes is much
smaller than in 3D crystals. The lack of dislocation reaction,
entangling, and sink mechanisms means that irreversibility
of the plastic deformation is not enforced as in bulk crystals,
which we believe is the main reason behind the experimentally observed shape-memory effect of CNTs.
On a perfect nanotube, the dislocations must be nucleated
in pairs, the smallest embryo which is the so-called 5-7-7-5
共Stone-Wales兲 defect.23 It can be formed by 90° rotation of a
single bond in the graphene plane, which transforms four
adjacent hexagons into two pentagons and two heptagons.
This 5-7-7-5 defect can then dissociate into a 5-7 defect
共⫹ dislocation兲 and a 7-5 defect 共⫺ dislocation兲 by successive 90° rotation of neighboring C-C bonds.18 Successive
reverse rotations of the C-C bonds in a plastically bent CNT
cause the CNT to become perfect again. In a previous
report,24 we have investigated the energetics of plastic bending of single-wall carbon nanotubes 共SWNTs兲 using minimum energy path atomistic calculation25,26 with a bond-order
potential.27 We have determined the temperature and mechanical conditions to accomplish plastic bending of SWNTs
and have found that, for instance, the SWNT must sustain
significant elastic bending before it becomes thermodynamically favorable to bend plastically.24
Because our experimental systems are double-wall carbon
nanotubes,10 layer interactions must be taken into account.
This paper investigates defect nucleation and migration pathways in the plastic bending 共at finite external stress兲 and
thermal recovery 共at zero stress兲 of a DWNT, building upon
previous theoretical work.18–20,24,28–38
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FIG. 1. 共Color online兲 共a兲 The back and belly positions of a bent
CNT, 共b兲 plastic deformation accomplished by bond rotation
共adapted from Ref. 18兲, and 共c兲 plastic deformation accomplished
by bond rotation, first nucleation event in 共5,5兲 armchair SWNT.
Labels “ND” and “SW” mean the defect-free state and the state
with the 5-7-7-5 defect, respectively; the numeral labels are the split
step of the 5-7 共⫹ dislocation兲 and 7-5 共⫺ dislocation兲 defect pairs.
II. PLASTIC BENDING MODEL AND NUMERICAL
METHOD

To investigate the effect of layer interactions, we focus on
one DWNT whose inner tube is 共5,5兲 armchair and outer
tube is 共10,10兲 armchair type. We call this 共5,5兲@共10,10兲
DWNT. The diameter of the inner tube is Dinner = 0.68 nm
and that of the outer tube is Douter = 1.37 nm. Therefore, the
interlayer spacing is about 0.34 nm, which is nearly equal to
the interlayer spacing of graphite. The tube length in the
calculation is 7.4 nm, containing 1800 atoms 共600 in inner
tube and 1200 in outer tube兲. We focus only on plastic deformation at the elastically bent state.
To limit our search of the potential energy landscape, we
make the following assumptions about the plastic deformation. First, plastic bending is driven mainly by the in-plane
bond rotations. Second, processes generating a square or an
octagon are not allowed. Third, atoms are not inserted or
removed. For DWNT, we make the additional assumption
that the layer interactions are nonbonding, weak van der
Waals type.8 Even though out-of-plane displacements are allowed during the bond rotations, they are generally quite
small34 that fusion between the inner tube and outer tube will
not happen, as two atoms need to get closer than a cutoff
distance of 2.6 Å to form a covalent bond, whereas the equilibrium tube-tube distance is 3.4 Å.
In the initial elastically bent state, we refer to the position
of the maximum tensile stress as the “back position,” and the
position of the maximum compressive stress as the “belly
position” 关see Fig. 1共a兲兴. Generally speaking, 5-7-7-5 defect
nucleation and the migration of split 5-7 pairs will produce
local strain fields on top of the imposed strain and will also
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FIG. 2. The effect of boundary condition on the energetics of
5-7-7-5 defect nucleation and 5-7 defect migration in 共a兲 outer tube
and 共b兲 inner tube. Filled circle means that all ends are fixed. Open
circle means that both ends of the outer tube are fixed; one end of
the inner tube is fixed and the other end is free.

cause chirality changes.18,28,29,31 In armchair-type SWNT, the
5-7-7-5 defect is nucleated at the back position and splits
into two 5-7 pairs, which attract each other if without the
imposed strain. With the imposed bending strain, the pairs
glide away toward the belly position, changing the chirality
from 共n , n兲 to 共n , n − 1兲 in the domain between the two defects. For example, the 共5,5兲 armchair type changes its chirality from 共5,5兲 to 共5,4兲 at the back position. This relaxes the
local tensile and compressive strain, respectively 关see Fig.
1共b兲兴.
The energetics of 5-7-7-5 defect nucleation, dissociation,
and 5-7 defect migration are studied using the nudged elastic
band 共NEB兲 method,25 an efficient technique for finding the
minimum energy path 共MEP兲 between specified initial state
and final state in hyperspace. We use an analytic bond-order
potential for carbon-carbon covalent interactions, which produces accurate binding energies for graphite and
diamond.27,39,40 We use the Lennard-Jones potential for interlayer van der Waals interactions in DWNT, with the parameter set proposed in Ref. 41.
In our NEB calculations, force acting on each atom is
relaxed to less than 0.05 eV/ Å using simulated annealing
relaxation. Activation and formation energies of 5-7-7-5 defect in the 共5,5兲 straight SWNT 共stress-free, with a length of
7.4 nm兲 are estimated to be 7.3 and 3.1 eV, respectively.
They fit within the range of recent theoretical studies based
on density functional theory: 8.6– 9.1 eV for the activation
energy30,34,35 and 2.0– 4.0 eV for the formation
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FIG. 3. 共Color online兲 共a兲 Atomic configuration of an elastically bent 共5,5兲@共10,10兲 DWNT at a bending curvature  = 0.16 nm−1. The
energetics map of DWNT for 5-7-7-5 defect nucleation and 5-7 pairs migration on 共5,5兲@共10,10兲 DWNT at bending curvature 共b兲 
= 0 nm−1, 共c兲  = 0.08 nm−1, and 共d兲  = 0.16 nm−1. Labels ND and SW mean the defect-free state and the state with the 5-7-7-5 defect,
respectively. x axis and y axis are the split steps of the two pairs of dislocations on the inner and outer tubes, respectively. Arrow shows
minimum energy path.

energy.19,20,30,32–34 The activation and formation energies of
5-7-7-5 defect and the migration path of 5-7 pairs at finite
bending curvature  are then calculated under fixeddisplacement boundary condition at both ends of the outer
and inner tubes. One may also fix the outer tube ends while
letting one inner tube end free, but the effect of this boundary
condition change is less than 1 eV from Figs. 2共a兲 and 2共b兲
and does not change the qualitative features of our results.
III. RESULTS

The 共5,5兲@共10,10兲 DWNT is shown in Fig. 3共a兲. We plot
the NEB optimized energetics of DWNT at zero and two
other bending curvatures in Figs. 3共b兲–3共d兲 as a function of
plasticity order parameters—the split step between 5-7
共⫹ dislocation兲 and 7-5 共⫺ dislocation兲 defects on the inner
and outer tubes, respectively. For straight and stress-free tube
关Fig. 3共b兲兴, the formation energy increases with increasing
split steps. Obviously, 5-7-7-5 defect nucleation and pair migrations are thermodynamically unfavorable when there is no
external stress. However, Figs. 3共c兲 and 3共d兲 show that the
DWNT prefers defective condition under large bending. At
lower bending curvature  = 0.08 nm−1, the energy increases
monotonically with increasing split step on the inner tube.

Therefore, the plastic deformation occurs only on the outer
tube. At this bending curvature, when the 5-7 pair of outer
tube glides eight times, the configuration becomes energetically the most stable. In contrast, at higher bending curvature
 = 0.16 nm−1, the formation energy of the 5-7 pair on the
inner tube starts to decrease with increasing split step after
three split steps have been completed on the outer tube.
Therefore, the plastic deformation occurs at both outer and
inner tubes. At  = 0.16 nm−1, when the 5-7 pair on the outer
tube glides eight times and the 5-7 pair on the inner tube
glides four times, the configuration becomes energetically
the most stable. The globally optimal 5-7 pair configuration
is close to the neutral planes of the bent tubes.
Based on the energetics map above, plastic deformation of
DWNT always starts at the outer tube. This is because the
back
⬃ Douter / 2 at
outer tube sustains higher tensile strain ⑀outer
the back position than the inner tube at the same elastic
bending curvature. With increasing bending curvature , the
activation energy for 5-7-7-5 defect nucleation on the outer
tube decreases from 8.7 to 6.6 eV. The activation energies
for the 5-7 pair migration are not strongly dependent on the
bending curvature . They are 5.0– 3.0 eV; the average is
4 eV.
We observe buckling instability of the outer tube at bending curvature buckling = 0.17 nm−1 for the 共5,5兲@共10,10兲
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FIG. 4. Formation energies of the defective configuration as a
function of the bending curvature  in 共a兲 outer tube, 共b兲 共10,10兲
SWNT, 共c兲 inner tube, and 共d兲 共5,5兲 SWNT. For the formation energy of the inner tube, we chose the value where the plastic deformation of the outer tube has been completed 共after gliding eight
times兲. Solid lines are the linear interpolations. Dashed lines mean
the buckling regime.

DWNT, while buckling = 0.09 nm−1 for 共10,10兲 SWNT. The
DWNT is thus more robust against buckling in bending than
the SWNT, due to the deformation constraints posed by the
existence of the inner tube.
To investigate the thermodynamic 共not kinetic兲
threshold42 for plastic deformation of the inner and outer
tubes, we plot the formation energies of the optimally defective configurations 共in reference to the elastically bent state兲
as a function of bending curvature in Figs. 4共a兲 and 4共c兲. The
eight 共outer兲 and four 共inner兲 split-step configurations have
the minimum potential energy over a wide range of . Therefore, the formation energies of those defects are plotted. For
the formation energy of the inner tube, we chose the value
where the plastic deformation of the outer tube has been
completed 共gliding eight times兲. The formation energy becomes negative at yield = 0.06 and 0.11 nm−1 for outer tube
and inner tubes of DWNT, respectively. These results indicate that the plastically bent state becomes energetically
more favorable than the elastically bent state above a “yield
curvature” yield. In reference, we also plot the formation
energies of the optimally defective 共5,5兲 and 共10,10兲 SWNTs
as a function of bending curvature in Figs. 4共b兲 and 4共d兲,
respectively. The yield curvature of the outer tube is higher
than that of 共10,10兲 SWNT 共yield = 0.04 nm−1兲, whereas the
yield curvature of the inner tube is not greatly different.
The above difference comes from the layer interactions
and deformation constraints. During the plastic deformation
of the outer tube, the van der Waals potential increases with
increasing split step of the outer tube because the interlayer
distance becomes shorter as the diameter of the outer tube
shrinks. Hence, the plastic deformation of the DWNT outer
tube is more difficult than that of SWNT. In contrast, the
optimal 5-7 pair formation energy on the inner tube is always
almost the same as that of 共5,5兲 SWNT.
Since the highest barrier to plastic deformation in the
experimental9 range of  is the activation barrier for 5-7-7-5
defect nucleation, as shown in Fig. 3, we plot the activation
barrier for 5-7-7-5 defect nucleation on the outer and inner
tubes as a function of bending curvature in Figs. 5共a兲 and
5共c兲, respectively. As a reference, we also plot the activation
barrier for 5-7-7-5 defect nucleation on 共5,5兲 and 共10,10兲
SWNTs in Figs. 5共b兲 and 5共d兲, respectively. Even at
 ⬎ 0.09 nm−1 which is the buckling curvature of 共10,10兲
SWNT, the DWNT does not buckle, while the activation
barrier of plastic deformation continues to decrease with increasing , until eventually the activation barrier reaches
6.6 eV at the DWNT buckling curvature of  = 0.17 nm−1.
Therefore, athermal nucleation, i.e., zero activation energy
condition43 for the 5-7-7-5 defect nucleation, does not occur
in DWNT before buckling. The plastic deformation of unbuckled DWNT therefore cannot occur without thermal activation.
Next, we investigate the thermal recovery kinetics from
plastically bent tube to nondefective tube at zero stress. We
show the energetics map of DWNT and the MEP of SWNT
in recovery in Figs. 6共a兲 and 6共b兲, respectively. During the
calculations, one end of the nanotube is fixed, while the other
end is free to move. The defect annihilation energy is negative 共in reference to the plastically bent tube兲 in both SWNT
and DWNT. The recovery of SWNT, however, seems to be
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more difficult because the 5-7 pair energy increases with
decreasing split step during the first several steps 关Fig. 6共b兲兴.
In contrast, in DWNT, the 5-7 pair energy decreases monotonically with decreasing split step if the inner tube recovers
first, followed by the recovery of the outer tube. Therefore,
the thermal recovery of DWNT seems to be kinetically easier
than that of SWNT. Quantitatively, the frequency of successful bond rotation depends on the temperature as
 exp共−Eact / kBT兲, where Eact is the activation barrier for 5-7
pair migration and  is the attempt frequency. Take
T = 2000 K,  = 1013 s−1, and Eact = 5 eV,24,34,35 the frequency
can be estimated to be 2.5 s−1, and thus the thermal recovery
共bond rotations兲 will occur within a few seconds at
T = 2000 K.
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x = 8 and y = 4. Arrow shows minimum energy path.
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FIG. 5. Activation energies of 5-7-7-5 defect nucleation as a
function of the bending curvature  in 共a兲 outer tube, 共b兲 共10,10兲
SWNT, 共c兲 inner tube, and 共d兲 共5,5兲 SWNT. For the activation energy of the inner tube, we chose the value where the plastic deformation of the outer tube has been completed. Solid line and dashed
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The plastic bending and shape-memory effect of carbon
nanotubes are modeled here by the creation, migration, and
annihilation of GNDs.22 These GNDs are envisioned to be
nucleated near the back position of the nanotube, then migrate to optimal “pools” on two sides of the nanotube near
the neutral plane of bending.24 Unlike bending bulk crystals,
nanotubes have nanoscale confined geometries; thus, the
plastic work done would not compensate for the energy cost
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of creating the GNDs if the bending curvature is below certain yield, similar as in the Griffith criterion.26,42 Motion of
the GNDs 共90° rotation of C-C bond兲 incurs large activation
barriers, so that the GNDs can be “frozen in” at room temperature, and the nanotube appears plastically bent. However, upon reheating, the GNDs can move back and annihilate, causing the nanotube to recover its straight form. SME
happens quite naturally in carbon nanotube because of its
unique geometry. The nanoscale confinement means that the
GNDs do not travel very far to accomplish the bending,
which facilitates the recovery. The lack of dislocation entangling mechanisms means that irreversibility of the plastic
deformation is not enforced as in 3D bulk crystals. Similar
effect has been observed in nanocrystalline thin films.44
We have investigated the role of interlayer interactions
共nonbonding兲 in the plastic bending and thermal recovery of
DWNT. At lower bending curvature, only the outer tube prefers defective condition. Then, at higher bending curvature,
both the outer and inner tubes prefer defective condition. The
plastic deformation as well as buckling of the outer tube are
more difficult than that of the same-diameter SWNT due to

deformation constraints posed by the inner tube. In this
study, we ignored the exchange of atoms between the layers.
However, under large elastic deformation and high temperature, this may play an important role in the plastic
deformation.9 Lastly, we note that heating CNTs by electrical
current may introduce nonequilibrium physics,45 which
could invalidate the use of simple transition state theory.
However the gross features shown in Figs. 3 and 6共a兲, energy
landscapes, reflecting GND core energies, elastic interactions, and plastic work, as well as interlayer interactions, are
expected to be robust.
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