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The role of topological defects on the mechanical
properties of single-walled carbon nanotubes
Daniela A. Damasceno and Caetano R. Miranda

Departamento de Física dos Materiais e Mecânica, Instituto de Física, Universidade de São Paulo
(USP), São Paulo, Brasil

ABSTRACT
Carbon nanotubes (CNTs) are among the most employed
nanomaterials in developing new technologies. Their
applicability requires a fundamental understanding of the
chirality and defect effects on the mechanical properties. In
this study, molecular dynamics (MD) simulations were
performed to investigate the mechanical response of
defective single-walled carbon nanotubes (SWCNTs) under
tension loading. The Stones-Wales, monovacancy, and the
divacancy reconstructions (585, 555777, and 555567777)
defects were considered. In addition, we investigated the
influence of the adaptive intermolecular reactive bond
order (AIREBO) potential cut-off radii on the defect
formation energy of SWCNTs. Our results reveal that the
tensile strength properties are notably dependent on the
chirality and defect configurations at strains over 8%.
Energetically favourable defects have a high impact on
the mechanical response of SWCNTs. A combination of
certain defects may lead the control on the fracture
pattern of the SWCNTs, which can significantly contribute
to the designing of innovative nanostructures with
tailored properties.
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Introduction

Carbon nanotubes (CNTs) [1] with a controllable diameter size [2] combined
with their fast mass transport [3] and outstanding mechanical and physical
properties [4,5] emerges as a great promise for filtering devices [6], interconnect
systems [7], among others. Several experimental measurements [5,8–10] have
confirmed the CNTs’ remarkable mechanical properties. Despite this, various
mechanical experiments do not agree with each other, and a wide range of
Young’s modulus [5,11], tensile strength [5,11], and strain [5,9] values can be
found in the literature. The source of the differences in the reported values
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for mechanical properties may be related to the nanotube chirality and the pres-
ence of defects [12].

Chirality has a strong effect on the mechanical response of single-walled
carbon nanotubes (SWCNTs). Experimental [8] and computational modelling
[13] approaches have confirmed this effect. However, it is still not clear the chir-
ality effects on the tensile strength properties of defective SWCNTs under
different loading conditions. Defects are another factor that has a significant
impact on the mechanical properties of CNTs [14,15]. They are naturally
formed during the CNTs synthesis, or they are introduced in a controlled
manner using novel routes for the synthesis.

The introduction of defects is often desirable to enhance some physical prop-
erties of CNTs [16–18]. Although many groups have recently succeeded in per-
forming experiments with carbon nanotubes, performing these experiments in
a controlled manner is still challenging. For this reason, computational model-
ling are an essential tool for calculating the CNTs properties considering
different chirality and defects, which are usually intricate features to be attained
and controlled by experimental measurements.

The formation energies, electronic and thermal properties of defective CNTs
have been extensively studied [19–22]. Other studies employed the tight-
binding calculations [23], molecular dynamics (MD) simulations [13,24–29],
molecular mechanics calculations [15,30–34], and the atomic-scale finite
element method [35] to investigate the buckling behaviour and Young’s
modulus of pristine CNTs. However, less attention has been paid to the
effects of single and multiple topological defects on the mechanical response
of SWCNTs [14,26,33], especially those with low formation energies.

This study presents a comprehensive fully atomistic modelling to investigate
the effects of chirality and single and multiple defects on SWCNTs’mechanical
response. MD calculations were carried out based on the adaptive intermolecu-
lar reactive bond order (AIREBO) potential [36]. We considered five types of
defects, where their shape and orientation are based on experimental obser-
vations and ab-initio studies. In addition, it was discussed the influence of
the AIREBO cut-off radii on the defect formation energy of SWCNTs. This
contribution is timely as the effects of different radii on the formation energies
have not been addressed in the literature.

Model and method

SWCNTs and topological defects

Figure 1 presents a schematic model of SWCNTs. The bond length of two
carbon atoms is 1.42 Å [37]. The parameters n and m determine the chirality
and diameter (f) of the nanotubes. The directions zigzag (zz) with n = 0 and
m = 17, chiral (ch) with n = 9 and m = 11, and armchair (ar) with n =m = 10
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were considered. The diameters and initial lengths (L0x, see Figure 1) of each
nanotube are ∼ 13.31 and 134.71 Å (zz), 13.58 and 147.8 Å (ch), and 13.56
and 136.31 Å (ar), respectively. Note that the length of the (9,11) nanotube is
based on the translational vector’s length to respect the chiral nanotube’s
periodicity. These geometric parameters provide an aspect ratio of ∼ 10 for
all directions, which was considered as a criterion for studying the chirality
effects according to previous studies [38]. Other geometric parameters can be
found elsewhere [39].

Figure 2 presents all the topological defect configurations. These defects were
observed experimentally [40], and most of them represent a reconstruction of
mono and divacancies. Figure 2a shows the nomenclature adopted for each
defect: Stones-Wales (SW), being SW1 for the zz direction and SW2 for the
ar and ch directions; the divacancy reconstructions 585, 555777, and
555567777; and the monovacancy reconstruction SV. The SW configuration
is obtained by the rotation of a carbon–carbon bond at 90°. The divacancy
reconstructions are formed when two atoms are removed from the perfect
nanotube lattice followed by a rotation of one and two carbon–carbon bonds
at 90°depending on the configuration.

According to ab-initio studies [21,22], the most stable and favourable defect
configurations present a tilt concerning the nanotube axis in the ar direction, as
shown in Figure 2b, while for the zz, they are parallel to the nanotube axis, as
shown in Figure 2c. For completeness, as the ar and ch nanotubes present
similar chiral angles, the same defect configurations used for the ar were

Figure 1. Schematic sample of SWCNT.
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considered for ch nanotubes, as shown in Figure 2d. Note that these represen-
tations correspond to a just small region of the nanotube where the defects were
introduced.

Methodology

MD calculations were performed to investigate the mechanical response of
defective SWCNTs under uniaxial tension loading, using the LAMMPS
package [41]. The simulations were carried out based on the AIREBO poten-
tial, which has been widely employed to model carbon-based structures
[42,43]. This potential consists of the sum of the second-generation reactive
empirical bond order (REBO) potential, Lennard-Jones potential, and tor-
sional interactions. We fully considered the second-generation reactive
empirical bond order (REBO) potential and the Lennard-Jones potential
contributions.

Figure 2. Topological defects embedded into the ar, zz, and ch SWCNTs.
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The AIREBO cut-off radii’s role was discussed in the defect formation energy
section, and the values were set as R1 = 1.97 Å and R2 = 2 Å, following the
values employed in other studies [42]. It is worth mentioning that there are
limitations in the description of the fracture mechanisms using empirical
potentials as the AIREBO [44]. For a deep understanding of the electronic
structure basis on the fracture mechanisms, it is important to perform
density functional theory calculations. However, as discussed by previous
studies, modifying the cut-off function of the second-generation reactive
empirical bond order (REBO) potential, AIREBO provides reasonable results
for the fracture of SWCNTs [15,44]. This procedure makes possible analyses
of a large number of atoms, which can still be prohibitively for a fully ab
initio calculation.

Initially, for the tensile strain simulations, a conjugate gradient algorithm
was employed to minimise the forces and energy. Then, we performed a
pressure equilibration in NPT ensemble at 10 K and zero pressure. The temp-
erature of 10 K and a time step of 0.5 fs were used in all MD simulations. The
production runs were performed in the NVT ensemble, using the Nosé-Hoover
thermostat. Uniaxial tensile tests were simulated by applying strain at a rate of
0.001 ps-1 with imposing periodic boundary in the x-direction. Results for
300 K are presented in the Supplementary Information.

The SWCNTs’ mechanical responses were presented in stress–strain curves
and fracture strength and failure strain diagrams. The displacement obtains the
strain, DLx, divided by the original nanotube length L0x (see Figure 1). The stress
values were calculated by averaging the virial stress of each carbon atom. The
thickness (t) is set as 3.4 Å. We properly calculated the stresses on the CNTs
neglecting the simulation box as shown in Equation 1 [45],

sSWCNT = ssim boxLyLz
pft

(1)

where the ssim box is the averaging virial stress obtained from the MD simu-
lations, t is the thickness of 3.4 Å, f is the diameters of the nanotubes, Ly
and Lz are the lengths in y and z directions, respectively.

The formation energy was calculated in reference to the pristine
SWCNT’s enthalpy (PE) using the minimise command in LAMMPS. Then,
the PE was used to obtain the defect formation energy (Edef form) based on
the expression [22]:

Edef form(Def ) = Epot(Def )− Epot(Prist)+ NmC (2)

where Epot(Def ) and Epot(Prist) are the potential energy of the defective and
pristine CNTs, respectively. The term N is the number of removed atoms,
and mC is the carbon chemical potential.
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Results and discussion

Defect formation energies

As mentioned, it is still a challenge to synthesise CNTs without defect formation,
and some defects are more energetically favourable than others, according to ab-
initio studies. Thereby, the following results present the defect formation energy
of SWCNTs obtained from MD simulations using the AIREBO potential.

Firstly, we investigated the influence of the AIREBO cut-off radii on the for-
mation energies. Several studies [33,46–48] reported that the standard AIREBO
potential with cut-off radii of R1 = 1.7 Å and R2 = 2 Å overestimates the forces
calculations, leading to a non-physical failure mechanism. To avoid this
problem, many authors have proposed to use cut-off radii R1 and R2 as 2 Å.
However, based on our study, the cut-off radii R1 = R2 = 2 Å still provides inac-
curate values for certain formation energies compared to ab-initio calculation. For
instance, it was found formation energy of 30 eV for the ar SW2, using R1 = R2 =
2 Å. Therefore, we concluded that the maximum value for R1 must be 1.97 Å.

Figure 3 presents the ar, ch, and zz SWCNTs’ defect formation energy, con-
sidering all the configurations depicted in Figure 2. The defect formation

Figure 3. The defect formation energy of the ar (black curve), ch (blue curve), and zz.
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energy curves are similar in the ar and ch directions. For both, the SW is the
most stable configuration compared to the other defects, followed by the 585,
SV, 555567777, and 555777. For the zz, 585 is the most stable configuration, fol-
lowed by the SW, SV, 555777, and 555567777.

Our results agree qualitatively with the ones presented by the ab-initio
studies. According to Amorim et al. [21], along the ar direction, the most
stable and favourable defect is the SW followed by the 585, 555777, and SV,
the same is for the zz direction, the most favourable is the SW followed by
the 585, 555777, and SV. Based on the Padilha et al. [22] study, along the ar
direction, the 585 defect is the most favourable compared to the 555567777
and 555777, and the 555567777 is the most favourable than the 555777. The
trend of the curves shown in Figure 3 along the ar and zz directions agree
with the sequence described by Amorim et al. [21], except for the ar SV and
the zz 585, while in the ar, the curve agrees well with the sequence described
by Padilha et al. [22]. Despite this quantitative discrepancy reported here, simu-
lations based on empirical potentials qualitatively follow ab-initio calculations
on the prediction of the defect formation energies.

Mechanical response of defective SWCNTs

The following results show the defect effects on SWCNTs’mechanical response
in the zz, ch, and ar directions. Each nanotube has a single defect embedded
into its wall.

The stress–strain curves in the three directions show a significant reduction
in the fracture stress and failure strain than the pristine SWCNTs, as depicted in
Figure 4. The defective ch and ar SWCNTs present fracture stress and strain in a
range of 80–98 GPa and 12%–17% (Pristine: 109.7–111.9 GPa and 24%–26%),
respectively, while for the defective zz SWCNT, the fracture stress is in a range
of 70–91 GPa and the failure strain of 8%–14% (Pristine: 95.4 GPa and 17%). In
general, the defective zz SWCNTs are weak and less ductile compared to the
defective ar and ch SWCNTs.

The stress–strain curves remain similar in the ar and ch directions until
strains of ∼11%, showing a minor effect of the defects’ configurations,
whereas, in the zz direction, the effect appears at strains of ∼ 8% (See Figure
4). Comparing the curves in the three directions, they do not follow the same
trend, even for the ar and ch directions that have a similar chiral angle. This
behaviour confirms the chirality and the defect’ configuration effects on the
mechanical response of defective SWCNTs, which became more significant
at strains >8%.

The SW defect is one of the most common configurations formed during the
synthesis of carbon structures. According to ab-initio studies and our results
(for the ar and ch), this defect is the most favourable to form in the CNT struc-
ture than other defects. Such defect reduces the strength by 13.5% in the ar
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direction, while in the ch and zz directions, the strength is reduced by 26.5% and
27.4%, respectively. The fracture stress and strain of the ar, ch, and zz SWCNTs
are 96.8, 80.6, 69.3 GPa, and 0.17, 0.12, and 0.08, respectively. Using molecular
dynamics, Belytschko et al. [33] simulated a (12,12) SWCNT with the SW
defect. They obtained fracture stress and strain of 97.5 GPa and 14.3%, respect-
ively. Our results along the ar direction are in good agreement with these values.
Tserpes et al. [49], using the finite element method and modified Morse intera-
tomic potential, calculated the fracture stress and strain of the (12,12), (16,8), and
(20,0) SWCNTs with the SW defect. They found that the failure stress and strain
are 100, 96.85, and 97.68 GPa and 11.96%, 12.1%, and 15.75%, respectively. These
values present a reasonable agreement with current values for the ar and ch defec-
tive nanotubes, except for the defective zz SWCNTs. The discrepancy observed
here could be assigned to the different methodologies and potential energy con-
sidered at each study.

Figure 4. Stress-strain curves of defective SWCNTs in the (a) ar, (b) ch, (c) zz directions.
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The stress–strain curves of the SV defect showed that the monovacancy is
stronger and more ductile compared to the other defects in the ar and ch direc-
tions, while along the zz direction, SV is weaker compared to the 555777 and
555567777 defects. The ar SWCNTs with the SV and SW2 defects showed a
similar reduction in strength, while the strength is less affected by SV’s presence
than the SW in the ch and zz directions. The SV reduces the strength by 12.5%,
13.4%, and 20.49% in the ar, ch, and zz directions. Sammalkorpi et al. [26],
using MD simulations and continuum theory, found that the reconstructed
defects, such as single, double, and triple vacancies, can decrease the tensile
strength by 10–15% for the ar nanotubes and 5–10% for the zz nanotubes.
Zhang et al. [15] reported a reduction in nanotubes’ fracture strength with
monovacancy and divacancy by 20%–33%. For the zz nanotubes with SV
defect, they found a fracture strength reduction of ∼26%. These results are in
concordance with the reductions reported in this study, except for the zz nano-
tube. It is worth mentioning that, contrary to damage that the SV defects can
cause to SWCNT’s mechanical response, they have been used to increasing
the friction and shear strength between CNT walls [48,50].

Another common defect formed during the synthesis of carbon structures is
the reconstructions of the divacancy commonly known as 585, 555777, and
555567777. Several studies have considered these configurations to investigate
their effects on carbon structures’ electronic properties [51–55]. However, no
previous study has investigated their impact on SWCNTs’mechanical response
under tension in the three directions, as well as and their effects compared to
the SV and SW defects to the best of our knowledge.

The stress–strain curves shown in Figure 4 confirm that the 555567777 is the
most strong and ductile compared to the 585 and 555777 in the three directions
and compared to all defects in the ar direction. The same behaviour has been
reported [56] for the zz graphene, which corresponds to the ar 555567777
SWCNT in this study. The fracture stress and strain of the 555567777
SWCNT are around 89.94 GPa and 0.15 (ar), 89.61 GPa and 0.15 (ch), and
91.32 GPa and 0.14 (zz), respectively.

According to ab-initio studies and our results, the 585 configuration presents
low defect formation energy. Its presence on the nanotube shows a substantial
reduction in the fracture stress of 21.5%, 24.6%, and 23.4% in the ar, ch, and zz
directions, respectively. Zhang et al. [15] found a larger reduction of the frac-
ture stress compared with our results, with values of ∼30% and 26% for the
(5,5) and (10,0) SWCNTs, respectively. Comparing the divacancy reconstruc-
tions with the other defects, the configuration 555567777 has less significant
effect on the tensile strength properties of SWCNTs in all directions.

Therefore, we conclude that the defective zz SWCNTs are weak and less
ductile than the defective ar and ch SWCNTs, like in the pristine cases. Compar-
ing the stress–strain curves, they do not follow the same trend, even for ar and ch
directions with a similar chiral angle. The stress–strain curves are notably
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dependent on the chirality, where the effect of the defect’s configuration becomes
more significant at strains over 8%. The 555567777 is the strongest configuration
compared to the other defects in the zz direction. The two most favourable and
stable configurations, SW and 585, have a high impact on the mechanical
response of SWCNTs, with strength reduction over 14%, 21%, and 23% in the
ar, ch, and zz directions, respectively. Note that the described mechanical behav-
iour is for 10 K, and at higher temperatures, this behaviour can change and have a
higher impact on the mechanical response of the SWCNTs. The stress–strain
curves for 300 K are presented in the Supplementary Information.

Mechanical response of SWCNTs with multiple topological defects

In this section, the effect of multiple topological defects on the ar and zz
SWCNTs’ mechanical response was investigated. The SW and 585 defects
were chosen due to present the lowest formation energies. Figure 5 shows an
illustration (side view) of the SWCNTs with the combination of these defects
in three different configurations called CNT_1, CNT_2, and CNT_3. In the
configuration CNT_1, there are five 585 defects spaced by a similar distance
along the nanotube length. Note that as it was imposed periodic boundary con-
dition in the x-direction, the last defects in the extremities have a larger distance
between them than the ones in the nanotubes’ core. In the CNT_2 and CNT_3
configurations, there are five 585 defects spaced by a similar distance, and one
SW2 (See Figure 5). The same arrangements are considered in the zz direction,
but with the defects’ orientations presented in Figure 2c.

Figure 6 shows the fracture strength and failure strain curves of the three
proposed configurations in the ar and zz directions. For both directions,
there is no significant reduction or enhancement of strength and strain by com-
bining the 585 and SW defects. On the other hand, the configurations’ fracture
patterns showed an interesting behaviour when the SW was placed at different

Figure 5. Side view of schematic samples of ar SWCNTs with the combination of the 585 and
SW2 defects.
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positions. To illustrate this behaviour, Figure 7 shows the potential energy (PE)
and the strain energy (SE) distributions of the ar CNT_1 during the stretching
process.

Figure 7a shows the PE distribution for strain equal to zero. As expected,
higher values were found around the defects. The SE distributions at strains
of 0.1, 0.1075, and 0.117 were presented in Figure 7b–d. The SE at ε = 0.1075
is almost twice the SE at ε = 0.1 with a value of ∼1.2 eV. The system started
to fail at ε = 0.117 with a SE level >2.5 eV (See Figure 7d). To illustrate the frac-
ture pattern, Figure 7e shows a zoom-in picture of the defect where the failure
happened. For ε = 0.1, two carbon–carbon atoms at each side of the defect
present higher SE values (>0.6 eV). The same bonds remained with higher
SE values until ε = 0.1075, with the bond on the top side exhibiting higher
strain energies. Consequently, the fracture happened firstly on this bond,
which was shared by a hexagon-octagon (See Figure 7e). After this point, the
failure propagated through the nanotube’s diameter.

The same analyses were performed for the CNT_2. Interestingly, introducing
the SW2 close to the first 585 on the left side, the fracture moved closer to the
SW2 and started on the first 585, as shown in Figure 8b and c. Contrary to the
previous case, this configuration failed at ε = 0.1125 with a higher SE level over
3.0 eV. To illustrate the fracture pattern, Figure 8c-d show a zoom-in picture of
the defects numbered as 1 and 2. Like in the previous case, the fracture hap-
pened on the hexagon-octagon bond (See Figure 8c), showing that the presence
of the SW had no significant influence on the SE level but a significant influence
on the fracture position. The SW2 SE level remained practically the same for all
strain levels, as shown in Figure 8d.

Performing the same analyses for the CNT_3 (see Figure 5), we observed that
the fracture moved closer to the SW2 and started on the fourth 585 (right side).

Figure 6. Fracture strength and failure strain of the CNT_1, CNT_2, and CNT_3 configurations in
the ar and zz directions.
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This behaviour is similar to the CNT_2, and the only difference is the fracture
location. From the combination of the 585 and SW defects, the 585 showed
more prone to concentrate higher strain energy values compared to the SW,
which remained unchanged during the stretching process. In both CNT_2
and CNT_3, the fracture happened in the region close to the SW defect, indi-
cating a possibility of manipulating the fracture patterns using defects.

Figure 7. Side view of the ar CNT_1: (a) potential energy (PE), (b)-(d) strain energy (SE) for
different strain levels (ε), and (e) zoom-in picture of the defect where the fracture happened.

Figure 8. Side view of the ar CNT_2: (a) potential energy (PE), (b) strain energy (SE), and (c)-(d)
zoom-in picture of the 585 and SW2 defects.
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For completeness, the same analyses were carried out considering the
configurations under compression loading (See supplementary information).
The results reveal that the buckling happened in the same region where the
nanotubes failed when they were under tension loading, indicating that the
fracture area is more affected by the defect configurations and concentration
than the loading condition. Furthermore, we repeated the same procedure,
but instead of adding the SW defect, another 585 was added to the system.
Under tension loading, the fracture pattern showed do not follow the same
rule as in the previous cases, exhibiting a complex dependence on the defect
shape and orientation.

Conclusions

We investigated the effects of chirality and single and multiple defects on the
mechanical response of SWCNTs using MD simulations. Discussion related
to the defect formation energy using the AIREBO potential was also
addressed.

The results reveal that the AIREBO potential with modified cut-off radii can
qualitatively predict the more stable defects. The defective zz SWCNTs are weak
and less ductile than the defective ar and ch SWCNTs. Comparing the stress–
strain curves of defective SWCNTs in the three directions, they do not follow
the same trend, even for ar and ch directions with a similar chiral angle.

The stress–strain curves behaviour of defective SWCNTs is notably depen-
dent on the chirality, which becomes more significant at strains over 8%. The
555567777 configuration is the most strong and ductile compared to the
other reconstructed divacancies in the three directions. The two most favour-
able and stable configurations, SW and 585, have a high impact on the mech-
anical response of SWCNTs, with strength reduction over 14%, 21%, and 23%
in the ar, ch, and zz directions, respectively.

No significant reduction or enhancement of strength and strain was
observed from the combination of the SW and 585 defects. The 585 defects
showed more prone to concentrate high values of strain energy compared to
the SW. The simulations also reveal that the fracture area is more affected by
the defect configuration and concentration than the loading mode. We hope
the findings of this study help to open a new perspective on how to control
the fracture pattern using defects, which could significantly contribute to the
designing of innovative nanostructures with tailored properties.
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