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The radiation damage and microstructure evolution of different zigzag single-walled carbon nanotubes
(SWCNTs) were investigated under incident carbon ion by molecular dynamics (MD) simulations. The
radiation damage of SWCNTs under incident carbon ion with energy ranging from 25 eV to 1 keV at
300 K showed many differences at different incident sites, and the defect production increased to the
maximum value with the increase in incident ion energy, and slightly decreased but stayed fairly stable
within the majority of the energy range. The maximum damage of SWCNTs appeared when the incident
ion energy reached 200 eV and the level of damage was directly proportional to incident ion fluence. The
radiation damage was also studied at 100 K and 700 K and the defect production decreased distinctly
with rising temperature because radiation-induced defects would anneal and recombine by saturating
dangling bonds and reconstructing carbon network at the higher temperature. Furthermore, the stability
of a large-diameter tube surpassed that of a thin one under the same radiation environments.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Single-walled carbon nanotubes (SWCNTs), as an emerging
quasi-one-dimensional material with extraordinary mechanical
and electrical properties, have extensive applications such as sen-
sors, thin-film transistors [1,2], and high-performance composites
[3]. Carbon nanotube-based tape offered an excellent synthetic
option as a dry conductive reversible adhesive in microelectronics,
robotics and aerospace application [4], and carbon nanotubematri-
ces combined with quantum dot might be used in space photo-
voltaic devices [5]. These CNTs-based aerospace devices may be
exposed to harsh radiation environments, and they are continu-
ously bombarded by energetic particles under these severe condi-
tions. Unfortunately, the radiation-induced structural changes in
CNTs significantly affect their physical, electrical and morphologi-
cal properties [6–10]. Furthermore, the structure and properties of
CNTs can be tailored and modified with various forms of ionizing
radiation, including high-energy gamma rays, electrons and ions
[11]. Vacancies and interstitials created by displacement cascades
under abundant high-energy charged particles in SWCNTs would
eventually form defect clusters (voids, interstitial clusters and
non-hexagonal rings) due to the accumulation effects.

Previous works on the ion beam interacting with CNTs focused
on cutting and doping CNTs. For example, energetic focused Ga+

ions beam was applied to thin, slice, wield and change the struc-
ture and composition of CNTs at precise positions along the nan-
otube axis [12]. However, the microstructure evolution of defects
generated in carbon nanotubes under focused ion irradiation was
difficult to obtain from experiments. In the meantime, the predic-
tion of structural configuration was allowed through computa-
tional and theoretical simulations after exposure to an energetic
particle beam. M. Khazaei et al. adopted ab initiomolecular dynam-
ics simulations to clarify Cs+ insertion and adsorption processes
which is shot toward the cap and stem of two kinds of armchair
nanotubes by considering the impact angle, impact position and
the kinetic energy of dopant [13]. T. Kato et al. illustrated the
damage-free and position-selective encapsulation of Cs into
SWCNTs, and the minimum energy threshold of Cs-ion doping
matched well with the value obtained by ab initio simulation
[14]. Molecular dynamics (MD) simulation was employed to study
the improved inter-tube coupling [15], and the structural and for-
mation yields of atomic-scale defects [16] in SWCNTs bundles
through C and Ar ion irradiation by O’Brien and E. Salonen, respec-
tively. S. K. Pregler et al. also used MD simulation to investigate the
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Fig. 1. Side view of the simulation setup used. The incident ion was initially above
the surface of SWCNTs. In this model, the yellow atoms close to both ends acted as a
thermostat region to maintain a constant temperature; the red atoms were kept
fixed during the simulation; and the central region of the thermostat was used to
simulate the collision cascades process. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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surface structure and mechanical properties of polystyrene-carbon
nanotube composites under Ar ion irradiation [17]. Furthermore,
the stability of armchair SWCNTs with a small tube diameter under
ion irradiation with the energy range of 25 eV–1 keV was investi-
gated by Z. Xu in detail [18]. E.C. Neyts et al. indicated that ion
bombardment in the lower energy window of 10–25 eV actually
allowed radiation-induced defects to be healed resulting in an
enhanced nucleation of the carbon nanotube cap through combin-
ing experiment and MD simulation [19,20].

However, it should be noted that the tube diameter, chirality,
temperature and incident ion fluences are the critical influencing
factors of the radiation damage and microstructure evolution of
carbon nanotubes, and that detailed local damage information at
different sites of SWCNTs could not be determined explicitly
because the impact positions are randomly selected within the
minimum irreducible area in the primitive cell of carbon nan-
otubes. Therefore, it is necessary to explore more details of the
above critical factors.

In the present work, molecular dynamics simulations were used
to explore the radiation damage and microstructure evolution of
SWCNTs under various irradiation conditions. Incident carbon ion
was chosen since it introduced no impurity into the system and
enabled efficient momentum transfer due to the match between
the mass of the impinging ion and target atoms. We classified
the incident sites of SWCNTs into three types to investigate the
defect production mechanism and evolution of zigzag carbon nan-
otubes under ion irradiation. We studied the influence of ion irra-
diation on different sites of SWCNTs under the incident ion
fluences ranging from 2 � 1013 ions/cm2 to 2 � 1014 ions/cm2.
The incident ion fluence range was comparable to that in the aero-
space environment [21]. As a critical factor that affected the evolu-
tion of radiation-induced defects, the influence of temperature on
SWCNTs was investigated as well. Moreover, the role of the tube
diameter was also discussed in the stability of SWCNTs under
irradiation.
2. Simulation methods

The public-domain parallelized program LAMMPS code [22]
distributed by Sandia National Laboratories was used to perform
all simulations in the study. The interactions between carbon
atoms in SWCNTs were described by the adaptive intermolecular
reactive empirical bond order (AIREBO) potential [23], which was
appropriate to study the reactivity in molecular condensed-phase
hydrocarbon systems. Tersoff-like [24] potential, which was
smoothly connected with the Ziegler–Biersack–Littmark (ZBL) uni-
versal repulsive potential [25] at short interatomic distances using
a Fermi function, was employed to simulate realistically close col-
lisions between incident and target atoms. This type of potential
has been successfully applied to simulate the irradiation and
implantation of carbon nanomaterials [26,27]. The high-end cutoff
radius was optimized to the value 2.46 Å and the Tersoff potential
parameter k3 was set equal to k2 as in Ref. [27]. As the incident ion
energies were low and the nuclear stopping governed the colli-
sional phase, electronic stopping was not taken into consideration.

The chiral (n, 0) zigzag SWCNTs was considered in our simula-
tions. We selected (7, 0), (13, 0), (19, 0) and (25, 0) zigzag SWCNTs
composed of 560, 1040, 1520 and 2000 atoms for the model calcu-
lations. The lengths for these tubes were all about 85.20 Å and the
diameter ranged from 0.4 nm to 2.0 nm. The simulated diameter
corresponded to the actual diameter of nanotubes synthesized in
the experiment [28]. As shown in Fig. 1, the selected incident ion
was firstly placed 3 nm above the nanotube surface and had negli-
gible interactions with the target atoms. For each tube, a periodic
boundary condition along the tube axis was used and non-
periodic conditions were adopted in the other two dimensions.
An initial relaxation phase of 10 ps with a fixed time step of
0.1 fs was applied to equilibrate the system at the NVT ensemble
(300 K). A time step of 0.05 fs was used to simulate the ion-
SWCNTs interaction during the collision cascades phase. The sim-
ulations were carried out for 25 ps. Atoms in the thermostat region
were kept at a constant temperature of 300 K through the Nosé-
Hoover heat bath, using a coupling constant of 1 ps, so that the
excess kinetic energy introduced by the incident ion would be dis-
sipated as that in the experimental situations, and the atoms at
both ends of SWCNTs were kept fixed in order to prevent CNTs
from being displaced by the transfer of momentum.

The collision process between an energetic ion and SWCNTs
was investigated by assigning the energy of incident carbon ion
ranging from 25 eV to 1 keV. For each type of SWCNTs, each inci-
dent ion energy, each temperature (100 K, 300 K and 700 K) and
each ion fluence (2 � 1013, 6 � 1013, 1 � 1014 and 2 � 1014/cm2),
five independent runs were carried out at different sites of SWCNTs
and the final results were averaged. The evolution of the system
was monitored and then the structural configuration and stability
of SWCNTs were analyzed.
3. Results and discussion

In our simulation, we identified the types and abundance of
defects which appeared in SWCNTs surface under ion radiation
with energies ranging from 25 eV to 1 keV in different models,
including a single vacancy, divacancy, adatom, and non-
hexagonal rings. To describe the irradiation effects of an incident
ion to SWCNTs, we calculated two kinds of defect production quan-
titatively: the coordination defect number (CDN) and sputtering
yield (Y). The CDN is defined as the number of target atoms that
have other than three nearest neighbors or bonds, and the Y is
defined as the number of target atoms that are sputtered from
the SWCNTs surface per incident ion. These two kinds of defect
production, to some extent, could reflect the structural configura-
tion and stability of SWCNTs.
3.1. Influence of different incident sites on SWCNTs

The initial positions of an incident ions are randomly dis-
tributed on the wall of SWCNTs in actual experiment. However,
in our simulation we discover that the defect production of differ-
ent impinging positions has remarkable differences, therefore it
may introduce significant statistical errors. In order to clarify the
radiation damage mechanism of SWCNTs at different ion incident
sites, we classify the impinging sites of SWCNTs into three specific
types in our study, as shown in Fig. 2. The first type is the C atom
(Site 1), where an incident ion vertically impacts the carbon atom



Fig. 2. The sites of SWCNTs are categorized into three types: C atom (Site 1), C–C
bond (Site 2), and C-hexagon center (Site 3). Yellow arrows in the magnified image
denote the positions of an incident ion. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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of SWCNTs. The second type is the C–C bond center (Site 2), where
an incident ion vertically impacts the C–C bond center of SWCNTs.
The third type is the C-hexagon center (Site 3), where an incident
ion vertically impacts on the open structure center of carbon
network.

The dependences of CDN and Y of three different sites on inci-
dent ion energy were calculated under a single carbon ion irradia-
tion. As shown in Figs. 3 and 4, the CDN and Y reach the maximum
values at Site 1, and the CDN and Y of Site 2 and Site 3 are lower
Fig. 3. The coordination defect number (CDN) of Site 1, Site 2, and Site 3 of (a) (7, 0), (b) (1
energy ranging from 25 eV to 1 keV at room temperature. (Note that the error bars are
than those at Site 1. It should be noted that the error bars of all fig-
ures are plotted by using standard deviation. The influence of Site 3
may be ignored as the diameter of SWCNTs increases. To kick out
an atom from the lattice, a displacement threshold energy (Td)
must be transferred to the atom. For most types of incident ions,
the minimum kinetic energy (Emin) of the ion to displace a carbon
atom should be substantially larger than Td required according to
classical binary collision theory [7]:

Emin ¼ Tdðmc þMÞ2=ð4mcMÞ ð1Þ

where mc and M are the mass of the carbon atom and the ion
respectively. This would be a lower bound on the energy, as a part
of the energy is always transferred to the atoms neighboring the
recoil atom. The energy transferred to the target atom reaches the
maximum value for the direct impact at Site 1. Therefore, the max-
imal damage of SWCNTs occurs at Site 1. Furthermore, an incident
ion may enter the lattice at Site 3 and leave from the open structure
of SWCNTs on the other side because of the perfect symmetrical
structure of carbon nanotubes, and another situation was that some
secondary knock-on atoms became adatoms on the inner and outer
wall of SWCNTs, thus partly decreasing the CDN and Y at Site 3.

For each model, the CDN and Y of three different sites increase
to the maximum value with the increase in incident ion energy,
and slightly decrease but keep stable within the majority of the
energy range. The initial increases of the CDN and Y with ion
energy can be easily interpreted as follows: the low-energy ion
simply cannot displace target atoms and the decrease in defect
production at the high energies is related to the decrease in the col-
lision cross section for defect production [29]. Moreover, the
3, 0), (c) (19, 0), and (d) (25, 0) zigzag SWCNTs under C ion irradiation with incident
plotted by using standard deviation, similarly hereinafter.)



Fig. 4. The sputtering yield (Y) of Site 1, Site 2, and Site 3 of (a) (7, 0), (b) (13, 0), (c) (19, 0), and (d) (25, 0) zigzag SWCNTs under C ion irradiation with incident energy ranging
from 25 eV to 1 keV at room temperature.

34 H. Li et al. / Nuclear Instruments and Methods in Physics Research B 378 (2016) 31–37
impacts give rise to morphological changes on the surface of
SWCNTs at high energies, including the formation of non-
hexagonal ring defects through removing one or two atoms from
the target. The obtained structures remain sp2 hybridized and
make the dangling bond of carbon atoms saturated, thus reducing
the defect production to some degree.

As illustrated in Figs. 3 and 4, the CDN and Y decrease with the
increase in the tube diameter for four tubes. It is well known that
the carbon atom of a smaller SWCNTs is easily kicked out because
the strain of carbon network is higher and the cohesive energy is
smaller, and thus the Td of carbon atoms in a thinner SWCNT will
be smaller correspondingly [30]. Therefore, compared with (13,
0), (19, 0) and (25, 0) CNTs, the damage to thinner (7, 0) CNTs show
the extremely severe damage. Moreover, as shown in Fig. 5, the
structure of (7, 0) CNTs is largely amorphous within 2 ps under a
Fig. 5. The structures of four SWCNTs under C incidenc
200 eV carbon ion bombardment, such as radial shrinkage and
bending, whereas (19, 0) and (25, 0) CNTs can maintain its struc-
ture stability better. According to the discussion above, the stabil-
ity of the thicker SWCNTs would be better than the thinner
SWCNTs under ion irradiation.
3.2. Influence of temperature on SWCNTs

Temperature affects the evolution of irradiation-induced
defects in materials as well as the radiation damage of SWCNTs.
Previous experiments on ion irradiation of SWCNTs and its bundles
indicated that radiation-induced damage in nanotubes could be
readily annealed at the temperature above 300 �C [31].

According to the discussion in Subsection 3.1, the defect pro-
duction induced by irradiation reaches the maximum value when
e within 2 ps at room temperature for 200 eV case.



Fig. 7. The same position of (13, 0) SWCNTs transforms the divacancy in the carbon
network to non-hexagonal rings (i.e. 5-8-5 defect) under a 800-eV carbon ion
bombardment over 2 ps at 300 K and 700 K.

H. Li et al. / Nuclear Instruments and Methods in Physics Research B 378 (2016) 31–37 35
an incident ion vertically impacts on C atom (Site 1) of SWCNTs.
Therefore, the influence of temperature (100 K and 700 K) on
SWCNTs is studied under carbon ion incidence at Site 1. As illus-
trated in Fig. 6, the coordination defect number of the four tubes
decrease with temperature rise, and it is clear that the larger the
diameter of SWCNTs is, the smaller the coordination defect num-
ber is. The same situation occurs at the sputtering yield as well.
Furthermore, the result is still consistent with the above conclu-
sion in Subsection 3.1.

The mechanisms of defect annealing at the higher temperature
could be explained as follows: one mechanism is vacancy healing
through dangling bond saturation and by forming non-hexagonal
rings or SW defect [7]. As shown in Fig. 7, the same position of
(13, 0) CNTs transforms the divacancy in the carbon network to
non-hexagonal rings under a 800 eV carbon ion bombardment over
2 ps at 300 K and 700 K. Furthermore, the local diameter reduction
will be caused by this structure transformation. The other mecha-
nism is that the migration rate of carbon interstitials increases at
the higher temperature and then interstitials may combine with
certain vacancies, which reduces the coordination defect number
significantly. In addition, it should be noted that irradiation-
induced defects may also heal at lower temperature because of a
non-thermal graphene network restructuring mechanism [19],
but this process is simply not observed in our study due to the
short simulation time scale. Therefore, SWCNTs have the unique
ability to heal the radiation-induced damage at the higher temper-
ature, which is beneficial to the development of SWCNTs-based
materials.
Fig. 6. The coordination defect number of (a) (7, 0), (b) (13, 0), (c) (19, 0), and (d) (25, 0)
1 keV at 100 K, 300 K, and 700 K at Site 1.
3.3. Influence of irradiation fluence on SWCNTs

Multiple defects generated by ion irradiation showed an impor-
tant influence on the material performance. In Subsection 3.1, we
mainly studied single impinging ion, which actually corresponded
to the case of the low ion fluence. The structural response of
SWCNTs to ion irradiation had been systematically studied with
the increasing irradiation fluence as a function of SWCNTs-
diameter distribution [32].
zigzag SWCNTs under C ion irradiation with incident energy ranging from 25 eV to



Fig. 8. The (a) coordination defect concentration and (b) sputtering yield of four zigzag SWCNTs under different incident ion fluences at 300 K.
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As shown in Figs. 3 and 4, the CDN and Y reach the maximum
values under the 200-eV carbon ion bombardment. We investi-
gated the influence of four SWCNTs exposed to different ion flu-
ences (2 � 1013, 6 � 1013, 1 � 1014, and 2 � 1014/cm2) under
200 eV, which corresponded to the results by N.P. O’Brien [15].
Importantly, we should guarantee the identical ion fluence of four
SWCNTs per unit area because of their different diameters. For the
four carbon nanotubes, the same bombardment area
(5.79 Å � 83.86 Å) was chosen to simulate each radiation event
under different ion fluences. We defined the coordination defect
concentration as the coordination defect number divided by the
total atoms number of SWCNTs to describe the defect production
mechanism in the high-fluence circumstance. As illustrated in
Fig. 8, the coordination defect concentration and sputtering yield
of four SWCNTs uniformly increase with the carbon ion fluence
rise, and the variation of the thinner tube has a sharp rise com-
pared with a large diameter tube. The damage of SWCNTs under
the high ion fluence would be serious. The results were consistent
with previous results reported by Saraiva [33].
4. Conclusions

In order to better understand the radiation damage and
microstructure evolution at a nanoscale time, we investigated car-
bon ion irradiation of single-walled carbon nanotubes (SWCNTs) in
detail with state-of-the-art reactive molecular dynamics simula-
tions. We classified the different sites of SWCNTs into three cate-
gories for the first time. The radiation damage of SWCNTs under
incident carbon ion with energy ranging from 25 eV to 1 keV at
room temperature shows significant differences at different sites
and the difference in the damage level reaches several orders in
our simulations (Site 1 > Site 2 > Site 3). That is to say, the damage
level to SWCNTs will be the worst when the incident ion directly
impacts on the carbon atom. Both the coordination defect number
and sputtering yield increase to the maximum value with the
increase in incident ion energy, and slightly reduce but keep stable
within the majority of the energy range. It should be pointed out
that the defect level becomes excessive if the incident ion fluence
is set too high and amorphization occurs at the highest level of flu-
ence. The above phenomena are also studied at 100 K and 700 K
and the defect production decreases distinctly with the tempera-
ture rise because irradiation-induced defects would anneal and
recombine through making the dangling bond saturated and car-
bon network reconstructed at the higher temperature. SWCNTs
have the surprisingly high ability to heal the irradiation-induced
damage, which should facilitate the nanotechnology of CNTs-
based composites. Generally speaking, we find that the stability
of SWCNTs with a large-diameter would be better than a slim
one under the same irradiation conditions. The fundamental infor-
mation of ion-irradiation-induced phenomena in SWCNTs could
provide essential guidelines for developing the CNTs-based devices
in extreme radiation environments.

These results may be conductive to understand the defect pro-
duction mechanism and defect microstructure evolution of zigzag
carbon nanotubes under ion irradiation. However, other factors
such as chirality parameters of SWCNTs, different types and impact
angles of incident ions are still significant, therefore further studies
are to be carried out in our work.
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