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ABSTRACT

Molecular dynamics simulations are used to understand the torsional buckling of pristine and irradiated carbon nanotube (CNT) bundles.
Irradiation-induced inter-tube defects are shown to significantly increase the critical buckling torque and critical buckling angle, while
slightly increasing the torsional stiffness. In contrast, intra-tube defects are found to degrade the torsional properties. Such competing
interactions cause irradiation enhancement to occur in large bundles where significant inter-tube bonding can occur. However, the
irradiation enhancement effect becomes weak for very large bundles in which enhanced inter-tube interactions already exist in unirradiated
bundles. In pristine CNT bundles of all sizes under torsional loading, CNTs can slip via the weakly interacting van der Waals force, whereas
in the irradiated bundles, the inter-tube defects prevent slipping. The study further shows that the formation of one-dimensional carbon
chain defects contributes to enhanced friction under slipping.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0013229

I. INTRODUCTION

Electron and ion irradiation of carbon nanotubes (CNTs) is
a well-known method for tailoring the mechanical properties of
CNTs.1–5 Irradiation of CNT bundles often produces inter-tube
defects (cross-links) and intra-tube defects.1–5 Although such
defects can lead to degradation, in some cases, such defects can be
used to enhance the mechanical properties of CNTs.1–5 For
example, Kis et al. irradiated CNT bundles with an electron beam
leading to a 30-fold increase in bending modulus due to the forma-
tion of stable inter-tube cross-links.2 In contrast, the formation of
intra-tube defects led to a decrease in strength.

Although many of the proposed novel nanomechanical
systems6–9 and nanocomposites10,11 depend on the torsional proper-
ties of CNT bundles, the irradiation response of such properties has
received considerably less attention. Yakobson et al. were the first to
investigate the response of pristine CNTs to torsional loading using
molecular dynamics (MD) simulation.12 Their study revealed several
ways in which CNTs could “buckle” under stress. This buckling phe-
nomenon occurs when the CNT is pushed beyond a critical strain
resulting in a release of energy and a switch to a different morpholog-
ical pattern. In torsional buckling, CNTs are rotated axially until a
critical condition is reached at which the walls of CNTs collapse

inward, resulting in a flattened CNT morphology. When defects are
introduced into the CNT, the torsional response further complicates.
Zhang et al. studied the effect of various vacancy defect structures on
the buckling properties of isolated CNTs.13 Results revealed that
unreconstructed monovacancies, bivacancies, and line defects signifi-
cantly lowered the critical buckling torque, whereas Stone–Thrower–
Wales (STW) defects had only a weak effect.13 Effects of other imper-
fection, including bents,14 impurity capping,15 and C60 filling,16 have
been investigated. CNT’s mechanical property was also found to be
sensitive to the surrounding environments, such as water molecules,
if CNTs are submerged in water.17 All these studies show the com-
plexity of buckling phenomena and the rich science behind them.

Mechanical properties of multi-walled CNTs (MWCNTs) are
different from single-walled CNTs (SWCNTs) due to inter-wall
interactions. Adding interstitials between walls of MWCNTs can
increase loading transfer, stiffness, shear resistance, and critical
bucking strains.18–21 The effects of inter-wall bond formation make
buckling behaviors of MWCNTs deviated from the classical shell
theory.20 By judiciously introducing defects into MWCNTs, prop-
erty tuning becomes possible and controllable. Inter-wall defects
can be easily introduced through ion and electron irradiation. With
electron irradiation, the force loading capacity of MWCNTs was
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increased by a factor of >10 due to irradiation-induced cross-
linking defects.22

The present study aims to gain an understanding of ion irradi-
ation effects on CNT bundles of different sizes. Different from
SWCNTs and MWCNTs, the torsional response of defective CNT
bundles is likely very different from that of isolated CNTs for two
reasons: (1) CNT bundles can form cross-linking defects and (2)
CNTs in the periphery of a bundle experience a combination of
torsional, shear, and tensile deformation. The problem is compli-
cated due to the combined effects from inter-defects, intra-defects,
and tube–tube interactions.

II. METHODOLOGY

We investigated the torsional properties of irradiated single-
walled carbon nanotube (SWCNTs) bundles of various sizes using
MD simulations. The critical buckling torque, critical buckling
angle, and torsional stiffness were analyzed as a function of irradia-
tion dose for bundles of different sizes. A torsional strengthening
with irradiation was observed for large bundles (strongly in 12
CNTs and slightly in 19 CNTs), whereas a slight torsional weaken-
ing was observed in smaller CNT bundles (3 CNTs and 7 CNTs).
The atomistic details describing the strengthening mechanism were
shown and provided an explanation of why the strengthening
would occur in large bundles but not in smaller bundles.

Molecular dynamics simulations were performed using the large-
scale atomic/molecular massively parallel simulator (LAMMPS) to
integrate Newton’s equations of motion via a Verlet integration
scheme.23 All CNTs used in this study were 14 × 14 chirality with a
length of 27.5 nm. The inter-tube spacing was 3.4 Å in accordance
with experimentally determined values.24 A Tersoff potential was used
to describe carbon interactions,25 and the potential was smoothly
changed to Zeigler–Biersack–Littmark potential at short ranges.26 Such
a hybrid potential is widely used for modeling irradiation damage in
materials due to its ability to accurately describe ballistic collisions.

Irradiations were simulated by introducing 350 eV C atoms
from a ring concentric with the bundle axis. During irradiations, the
system was under a microcanonical (NVE) ensemble. Between each
irradiation, the system was brought back to equilibrium at 300 K
using a Langevin thermostat.27 The ion irradiation was repeated
every 2.7 ps, until the desired irradiation level was obtained. The
desired levels were the total number of C atoms bombarded, which
are 100, 200, 300, and 600, respectively. After irradiation, the poten-
tial was switched to the Adaptive Intermolecular Reactive Empirical
Bond Order (AIREBO) Potential, which is capable of describing the
inter-tube Van der Waals force.28 The system was then brought to
0.1 K and relaxed for 4 ps. Next, the torsion was applied by a
two-step process in which the top and bottom 5 Å were first rotated
in opposite directions and then allowed to relax in the vertical direc-
tion. The relative rotational speed was 0.017 rad/ps. Between every
0.2°, the top and bottom atoms were also allowed to relax along the
bundle axis direction for 0.1 ps. The torque was calculated at each
step.

III. RESULTS AND DISCUSSION

Figures 1(a)–1(d) compares the torque vs torsional angle for
the 3, 7, 12, and 19 CNT bundles, respectively, at radiation damage

levels ranging from 0 to 600° ion bombardments. Each of the pris-
tine bundle curves differs from that of the isolated CNTs studied
by Zhang et al. in several ways.13 First, the torque in isolated CNTs
increases linearly until the CNT buckles, after which no additional
force is required to continue rotating. The pristine CNT bundles
demonstrate a similar linear behavior at low torque; however, upon
reaching the critical buckling angle, they experience a two-step
buckling. As shown in Fig. 1(a), the pristine 3 CNT bundle shows
two drops. The first drop occurs at about 38°, and the second drop
occurs at about 70°. The pristine 7 CNT bundle [Fig. 1(b)] also
shows a similar two-step buckling behavior. The second drop is
very weak for the 12 CNT bundle [Fig. 1(c)] and disappears for the
19 CNT bundle [Fig. 1(d)].

FIG. 1. Torque as a function of torsional angle for (a) 3 CNT, (b) 7 CNT, (c) 12
CNT, and (d) 19 CNT bundles irradiated by 350 eV C atoms to different bom-
bardment numbers.
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Figures 2(a) and 2(b) show the side view and cross-sectional
view of 3 CNT bundles at different torsional angles. The color rep-
resents potential energy. Note the angles of 36° and 42° are inten-
tionally selected to be before and after the first torque drop,
respectively. The angles of 66° and 80° are before and after the
second torque drop. Both energy and morphology changes suggest
that the first step corresponds to the onset of buckling of individual
tubes, which is featured by inward deformation and flattening of
tubes. After this step, a steady-state period begins in which the par-
tially buckled CNTs require no additional force to buckle further.
The second torque drop is caused by the partial detachments of
neighboring tubes, under severe buckling and deformation. The
arrow in Fig. 2(b), at 66°, points to a position where a large separa-
tion between two CNTs occurs at larger torsional angles. The sepa-
ration is visible in Fig. 2(a), with empty space appearing in the
middle of the bundle at 66°. For much larger bundles, the separa-
tion is difficult due to the confinements from other tubes.

This explains why there are no second torque drops in large
bundles (19 CNT).

For the irradiated bundles, Figs. 1(a)–1(d) show that radiation
damage can significantly change CNT buckling behaviors for
3 CNT, 7 CNT, and 12 CNT bundles. The effects are noticeable
even for the lowest damage level (100 ion bombardments): with
increasing damage levels, the amplitudes of the first torque drops
(in the two-step buckling) become less, in comparison with the
pristine CNTs. Furthermore, the torsional angles corresponding to
the secondary torque drops become larger. The secondary torque
drop is barely observable for large bundles (12 CNT and 19 CNT
bundles), regardless of whether the bundles are irradiated or not.
For the 7 CNT bundle, the secondary drops disappear for ion bom-
bardment >200 particles. Figure 1(d) shows that the overall irradia-
tion effects of the largest bundle are weaker in comparison with
smaller CNT bundles. As to be discussed, this is due to the size
effect such that buckling resistance is increased in a very large
bundle due to enhanced tube–tube interactions under loading, even
without ion irradiation.

Figures 3(a)–3(c) quantitatively compare the buckling behav-
iors of bundles with or without irradiation damage. For both
3 CNT and 7 CNT bundles, the critical buckling torque and tor-
sional stiffness decrease, whereas the critical buckling angle is
increasing with increasing irradiation damage. However, the weak-
ening effects in 7 CNT bundles are not as prominent as they are in
the 3 CNT bundle. In contrast to the 3 and 7 CNT bundles, the
12 CNT bundle shows an increase in all three properties. The criti-
cal buckling torque is seen to increase by ∼50% at the highest irra-
diation dose. Likewise, the critical buckling angle is seen to increase
from 43° to 77° and the stiffness increases by ∼7%. At 600 ion
bombardment, the irradiation enhancement has still not saturated,
which indicates the CNT bundle’s ability to retain its torsional
strength at high concentrations of intra-tube defects. Thus, the crit-
ical buckling torque and critical buckling angle can be substantially
altered by irradiation of CNT bundles, decreasing for bundles
smaller than 7 CNTs and increasing for larger bundles.

To understand the torsional response of irradiated CNT
bundles, we compared the atomic scale details of the torsional
process in different bundle sizes. Figures 4(a) and 4(b) show cross-
sectional views of the 3 CNT bundle and 12 CNT bundle (pristine
vs 600-ion-irradiated) at torsional angles of 0°, 54°, and 74°. For
both bundles, the irradiation leads to visible inter- and intra-tube
defects. Both bundles show strong inter-tube cross-linking occur-
ring. As torque is applied to the system, the CNTs in the pristine
CNT bundle are seen to easily rearrange, whereas the irradiated
bundle sees little rearrangement. This deformation resistance
observed in the irradiated bundle is due to the presence of inter-
tube cross-linking defects. By 74°, all the CNTs in the pristine
bundle have buckled. In contrast, only a couple of the outer CNTs
in the irradiated bundle have buckled. In irradiated bundles, inter-
tube defects act as anchoring points which fix the walls of neigh-
boring CNTs together. Thus, the inter-tube defects prevent the
CNT walls from buckling inward ultimately leading to an increase
in critical buckling strength and critical buckling angle. Figure 4
also explains why the irradiation effects are most prominent in
large bundles. For 3 CNT bundles, the amount of “touching” is less
than 12 CNT bundles due to its large surface to volume ratios.

FIG. 2. (a) The side views and (b) the cross-sectional views of the pristine 3
CNT bundle at different torsional angles.
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The drop in critical buckling torque for smaller bundles can
be understood from Fig. 4 as well. The buckling resistance of indi-
vidual CNTs in a bundle is largely influence by the number of
nearest neighboring CNTs or equivalently the coordination

number of the CNT. Highly coordinated CNTs will tend to form
inter-tube bonds in multiple directions. For the 3 CNT bundle,
each CNT is surrounded by two other CNTs, leaving the majority
of sides open to buckling. In the 7 CNT bundle, the central CNT is
surrounded by six CNTs and the others are surrounded by three
each. This means the central CNT is likely to experience an
increased buckling resistance. However, the outer CNTs are able to
buckle, since they are only anchored in three of the six possible
directions. In the 12 CNT bundle, 3 CNTs are sixfold coordinated
3 are fourfold coordinated and the remaining 6 are threefold coor-
dinated. The lack of sufficient multidirectional anchoring in the 3
and 7 CNT bundles leads to a decrease in critical buckling load for
these systems.

As shown in Fig. 1(d), the irradiation enhancement effects are
less obvious for the 19 CNT bundle. It is due to the reason that the
unirradiated large bundle has a higher buckling resistance than
smaller bundles. Note that when two CNT bundles deform and
touch each other, the interactions help increase the buckling resist-
ance. Such effects are dominant in large bundles, due to the high
coordination number of inside bundles and increased numbers of
inside bundles. Furthermore, due to longer moving lengths
required for the outside CNTs under torsional loading, these
outside CNTs apply higher stress on inside CNTs (in an amplitude
more than the outside CNTs of smaller bundles), confine inside
ones, and increase the interactions of insider tubes.

In addition to providing multidirectional anchoring, the
highly coordinated CNTs have a greater number of possible sites to
create inter-tube bonds. Inter-tube defects refer to interstitial
atoms, which have interactions between two tubes. As the first step,
C displacements stop on the outside surface of a CNT as intersti-
tials. Then they become inter-tube defects when two CNTs are
close enough to allow defects to induce interactions with atoms on
both tube surfaces through sp, sp2, or sp3 bond formation. If such
interactions cannot be established, they become intra-tube defects.
Therefore, intra-defects include vacancies on the tube, interstitials
on the inner surface of a tube, and interstitials on the outside
surface without interactions with other tubes. The formation of
intra-tube defects is determined by ion–solid interactions, including
bombarding species, bombardment energy, and bundle configura-
tions. In the present study, radiation damage creation is random
but homogenous since the projected range of carbon atoms is
larger than the bundle radius. The formation of inter-tube defects,
however, is sensitive to bundle configurations, requiring close
touching of neighboring CNTs. For inter-tube defects, forming
linkages across larger distances requires multiple atoms in a chain
which is less likely to occur. Thus, the number of inter-tube bonds
is related to the coordination number of a CNT. The dependence
of buckling resistance on CNT coordination number can be seen in
the irradiated case of Fig. 4, in which the lower coordinated CNTs
start buckling while the inner CNTs deform to pull against the
inter-tube bonds but have not started to buckle yet. As the simula-
tion continues, CNTs are seen to buckle starting at lower coordi-
nated CNTs and eventually moving to the highly coordinated
CNTs. Thus, the increase in critical buckling torque and critical
buckling angle is due to inter-tube bonds anchoring the CNT walls
together and thus preventing the inward buckling, which tends to
create large separations between neighboring CNTs.

FIG. 3. (a) Critical buckling angle, (b) critical buckling torque, and (c) torsional
stiffness for bundles of 3, 7, and 12 CNTs, as a function of the number of bom-
barding C atoms.
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The stiffness increase in larger CNT bundles is also due to the
creation of inter-tube bonds. However, the mechanism by which
the inter-tube bonding increases the stiffness is different. Zhang
et al. showed using molecular dynamics that the torsional stiffness

decreased upon introducing vacancies into the system due to weak-
ening of the CNT wall.13 This can explain the drop in stiffness
observed for the 3 and 7 CNT bundles but does not explain why
the stiffness should increase in the 12 CNT bundle. To understand

FIG. 4. Cross-sectional views of (a) 3 CNT bundle (left:
pristine; right: irradiated by 600 C ions) and (b) 12 CNT
bundle (left: pristine; right: irradiated by 600 ions) at
torsional angles of 0°, 54°, and 74°. The color refers
to potential energy.

FIG. 5. Pristine and 600 ion-irradiated 12 CNT bundle at
given torsional angles with atoms color coded according
to potential energy. The pristine bundle shows slip
between inner and outer CNTs while the irradiated bundle
shows very little slip due to sliding resistance from inter-
tube defects.
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this phenomenon, we look at the pristine 12 CNT bundle at
various torsional angles (Fig. 5). As the torsional angle is increased,
the CNTs in the outer layers begin to slip relative to the inner
CNTs as shown in the inset in Fig. 5. This slip is due to the fact
that the outer CNTs must follow a longer path around than the
inner CNTs. The distance that a CNT must follow is given to a
rough approximation by arc length of a helix,

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rθð Þ2 þ L2

q
: (1)

Using Eq. (1), we find that the difference in arc length
between the innermost and outermost CNTs in the 3, 7, and 12
CNT bundle is 0 Å, 2.5 Å, and 5.2 Å respectively. In the pristine
bundle, the tubes can easily slip relative to one another. In contrast,
the irradiated bundle has multiple inter-tube bonds that prevent
the CNTs from slipping and by consequence introduces a tensile
strain into the system. This effect can most easily be seen at the
ends of the bundle where the slip is greatest. Figure 5 shows the
time evolution of an inter-tube bond between an inner and outer
CNT as torsion is applied to the system. As the slip increases, the
inter-tube bond begins to pull out a chain of atoms and the angle
between the CNTs and bond decreases. Until the angle between the
bond and the CNTs decreases appreciably, the inter-tube bond will
not be able to provide much resistance to slip. In the 3 CNT
bundle, all tubes are at the same relative distance from the torsional
axis and as a result will not experience slip. Thus, the irradiated 3
CNT bundle sees a decrease in stiffness due to CNT wall weakening
from intra-tube defects. The 7 CNT shows a slightly smaller
decrease in torsional stiffness. Very little slip is observed in either
the pristine 3 or 7 CNT bundles leading to the conclusion that the
difference in path length between the tubes is too small to reorient
the inter-tube bonds and have an effect on the stiffness. Equation
(1) also implies that the stiffness will depend on the length of the
bundle. This formula can be rewritten to keep a constant torsional
angle per unit length by defining θ*¼θ/L. Using this θ*, Eq. (1) can
be rewritten as

s ¼ L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(rθ*)

2 þ 1
q

: (2)

Thus, the difference in path length between inner and outer
CNTs will increase linearly with increasing length of the bundle
given a constant torsional angle per unit length θ*. For larger slip
between CNTs, more inter-tube bonds will be reoriented to resist
the sliding motion and thus the stiffness will increase. From Fig. 5
and the above discussion, we arrive at the conclusion that the
increase in stiffness is due to the resistance to CNT slip provided
by the inter-tube bonding. In addition, the stiffness will be greater
for longer bundles given the same irradiation density due to the
increased path length difference between outer and inner CNTs.

Figure 5 clearly shows that upon slipping, inter-tube defects act
as seeds to induce the formation of short single carbon atomic chains
(SCACs). Such SCAC formation has been suggested previously from
both experimental and modeling studies on other low dimensional
carbon systems.29–37 Individual SCACs have been observed before in
gas-phase deposition, epitaxial growth, electrochemical synthesis, and

thinning of carbon nanoribbons.30–37 Various modeling studies sug-
gested that SCAC is a metastable configuration.38–40 In one of our
recent study, it was observed that inter-plane interstitials trapping
between graphene planes can induce SCACs upon graphene sliding.
The seed atoms pull carbon atoms one by one from the graphene
and can form a long SCAC to affect the frictional resistance.41

The present study shows the feasibility of using ion irradiation
to improve buckling resistance of CNT bundles. As shown by
many previous studies on a wide range of materials not limited to
CNTs, localized structural modification, or precisely engineered
imperfections, can significantly improve bucking resistance of
metamaterials and structural components.42–44 By introducing
“imperfection by design,” many studies have demonstrated deter-
ministic and programmable material behaviors.42–51 It is feasible to
trigger a controllable and predictable buckling, leading to unique
“energy trapping” and enhanced loading capability.50 Controllable
bucking can also be used as building blocks to obtain unique bulk
mechanical properties.51

IV. CONCLUSION

In this study, we have shown that irradiation damage can have
a profound effect on the torsional properties of CNT bundles. The
effect, however, is size dependent. Bundles smaller than the 12
CNT bundle show a slight decrease in torsional stiffness and an
increase in the critical buckling angle. In contrast, 12 CNT bundles
show an increase in the critical buckling torque and critical buck-
ling angle and a slight increase in torsional stiffness. All changes
can be linked to the creation of intra-tube and inter-tube defects.
The intra-tube defects tend to lower the critical buckling torque
and torsional stiffness while the inter-tube defects are seen to
increase the critical buckling torque, critical buckling angle, and
torsional stiffness for the larger CNT bundles. The increase in criti-
cal buckling load observed in the large bundles is due to inter-tube
bonds keeping the walls of CNTs anchored together and thus pre-
venting buckling. The increase in stiffness is also due to the inter-
tube bonding increasing the sheer modulus for slip between neigh-
boring CNTs. As the CNT bundle is torqued, the inter-tube bonds
at the bundle ends begin to stretch and pull out a chain of atoms.
The irradiation-induced stiffening is predicted to have a more pro-
found effect in longer bundles. This effect is the result of the differ-
ence in path lengths between the innermost and outermost CNTs
when under a torsional load. The above size effects become weak
for the largest 19 CNT bundle due to the fact the inter-tube inter-
actions are already promoted in a very large bundle even without
ion irradiation. The studies will impact the technological develop-
ment of using ion beam modification to induce cross-linking in
CNT bundles to improve overall strength. The findings will benefit
the design of future nanoelectromechanical systems, nanoactuators,
and nanocomposites.
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