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Abstract: This paper studied influences of vacancy defects on tensile failure of open-tip carbon
nanocones (CNCs) by molecular dynamics simulations. Carbon nanocones, perfect and containing
mono-vacancy defects (including CNCs with the upper-vacancy, the middle-vacancy, and the
lower-vacancy), were simulated in order to understand the influence of the presence and location of
the vacancy defects on the CNCs tensile behavior. Some findings were obtained. It was found that
the upper-vacancy CNC has the greatest degradation in the failure strain and the failure load among
the three vacancy-defect CNCs, and the lower-vacancy CNC has the smallest degradation in the
failure strain and the failure load. Degradation in the failure load is larger than degradation in the
failure strain. Moreover, no apparent yielding (large elongation) was observed before failure of the
studied CNCs. All the vacancy-defect CNCs were broken near the top end rather than near the
vacancy location of the CNCs. The behaviors of the vacancy-location-dependent degradation and the
vacancy-location-independent failure (namely, the near top-end failure) of the vacancy-defect CNCs
are quite different from those of vacancy-defect CNTs (carbon nanotubes). These particular
behaviors are ascribed to non-uniform diameters along the cone axes of the CNCs.
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1. Introduction

Similar to carbon nanotubes (CNTs), carbon nanocones (CNCs) also have many extraordinary
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and distinguished properties. As a result, in recent years, researchers have taken great interests in
discovering the properties and potential applications of CNCs as well as the related carbon
nanomaterilas [1]. Regarding the initial research on CNCs, Ge and Sattler [2] found that there are
five types of CNCs each having a particular apex angle. Later, Krishnan et al. [3] confirmed the
existence of the five types of CNCs and demonstrated that they have apex angles of 19.2°, 38.9°, 60°,
84.6°, and 112.9°, respectively. lijima et al. [4] proposed a production technique for carbon
nanohorns (CNHs), which are sometimes also known as CNCs. Structures, production, properties,
and applications of CNHs and CNCs were reviewed by Yudasaka et al. [5]. Naess et al. [6] observed
wall structures and morphologies of the five types of CNCs by transmission electron microscopy,
synchrotron X-ray, and electron diffraction. Like CNTs, CNCs can also be categorized as
single-walled and multi-walled CNCs (SWCNCs and MWCNCs) according to the number of layers
in the CNCs [7,8]. Mass growth of CNC arrays can be obtained by plasma-assisted approaches [9,10].
Besides, open-tip CNCs (with their tips truncated) could be produced [11,12] under appropriate
control of synthetic conditions. The open-tip CNCs were proved having the same apex angles and
structures to their closed-tip counterparts [13]. Recently, Karousis et al. [14] also made a review on
structure, properties, functionalization, and applications of CNHs.

In recent years, researchers have utilized the special cone-shape structure of CNCs to discover
practical applications of CNCs. For example, CNCs are very suitable for scanning probe tips [15,16],
electron field emitters [17], and nanoindentation [18], since their tips can provide high resolution and
large intensity. Moreover, because of their favorable feature for hydrogen adsorption [19,20], CNCs
could also be used to develop hydrogen-storage materials. Owing to these encouraging applications,
researchers have taken considerable interests in studying mechanical behaviors of CNCs. For
example, Jordan and Crespi [21] investigated mechanical chiral inversion of CNCs compressed by a
spherical indenter on their tips with the aid of molecular dynamics (MD) simulations. Tsai and
Fang [22] studied the nucleation, thermal stability, and nanomechanics of CNCs. Liew et al. [23]
examined buckling and post-buckling behaviors of open-tip CNCs having an apex angle of 19.2°.
They also inspected mechanical properties of the CNCs under tensile loads [24]. In recent years,
Liao et al. [25] investigated tensile and compressive behaviors of open-tip CNCs under axial strains.
Fakhrabadi et al. studied elastic as well as buckling properties [26] and mechanical
characterization [27] of CNCs by the methods of molecular mechanics and molecular dynamics,
respectively. Yan et al. [28] examined buckling behaviors of CNCs having different apex angles by
means of a mesh-free computational framework. They also studied bending buckling behaviors of
CNCs having an apex angle of 19.2° by a quasi-continuum approach [29]. Besides, Liao [30]
explored buckling behaviors of open-tip CNCs under elevated temperature conditions. Recently,
Gandomani et al. [31] examined dynamic stability, including natural frequencies and natural modes,
of SWCNCs conveying fluid. Wang et al. [32] used a temperature-related multiscale
quasi-continuum model to investigate finite deformation of SWCNCs under axial compression.

Although there are substantial accomplishments in investigating mechanical behaviors of CNCs,
studies on mechanical behaviors of CNCs containing defects (such as vacancy defects) are rare. With
increasing practical applications of CNCs, this issue becomes significant in recent years. Similar to
CNTs, defects can appear in CNCs at the stage of their growth or purification process [33] as well as
during their device production. Defects can also be created deliberately to achieve desired

AIMS Materials Science Volume 4, Issue 1, 178-193.



180

functionalities by chemical treatments or irradiation [34]. As a result, it is worthy of examining
influences of defects on mechanical behaviors of CNCs.

For completeness, research works on mechanical behaviors of CNTs containing defects are
surveyed briefly. For example, Sammalkorpi et al. [35] investigated mechanical properties of CNTs
with vacancies and related defects. Haskins et al. [36] inspected the role of mono-vacancy defects on
elastic moduli and tensile failure of SWCNTs. Sun and Liew [37] investigated fracture evolution of
SWCNTs containing a vacancy defect. Hao et al. [38] employed molecular dynamics simulations to
study axial compressive buckling of defective SWCNTs and MWCNTs. Poelma et al. [39] explored
influences of the position of single vacancy defect on compressive stability of CNTs.
Eftekhair et al. [40] examined effects of defects on the local shell buckling and post-buckling
behaviors of SWCNTs and MWCNTs. Sharma et al. [41] inspected effects of Stone-Wales and
vacancy defects on elastic moduli of CNTs and their composites. Recently, Sakharova et al. [42] have
studied elastic properties of SWCNTs containing vacancy defects.

Contrary to the significant achievements in investigating mechanical behaviors of CNTs
containing defects, studies on this topic for CNCs are not many in available literature. Regarding this
topic, Liao [43] investigated influences of vacancy defects on buckling behaviors of open-tip CNCs.
To give more information on this topic for the practical applications of CNCs, this paper expanded
the author’s previous study [43] to explore influences of vacancy defects on tensile failure of
open-tip CNCs. Effects of temperature and vacancy location on the tensile failure were investigated
in this paper. Modelling and numerical simulation of this study are described in the following
section.

2. Modelling and Numerical Simulation of SWCNC’s Tensile Behavior

Molecular dynamics (MD) simulations were used in this study to investigate influences of
vacancy defects on tensile failure of open-tip CNCs. The Tersoff bond-order potential [44,45], which
was successfully used for modeling of the mechanical behavior of CNC structures [18,22,25,30,43],
was also employed in the current study. The Tersoff bond-order potential can be written as [44,45]

Uu=>>U,. (D

i j>i

in which U is the potential energy of the CNC system; Uj; is the bond energy between atoms i and j,
which can be expressed as

U, = £.(r)WU() + B,U, ()], @)

where Ug(r;) and Uy(r;) are, respectively, the repulsive energy and the attractive energy between
atoms 7 and j, f.(r;) represents a smooth cutoff function, and r; is the distance between atoms i and ;.
The function b; stands for the bond order for atoms 7 and j. Expressions for the above functions and
the corresponding parameters can be obtained from the reference [45].

The reason for choosing the Tersoff bond-order potential in this study is its computational
efficiency for investigating tensile behaviors of carbon nanomaterials. It is noteworthy that, in recent
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years, the second-generation reactive bond order (REBO) potential [46] or the adaptive
intermolecular reactive bond order (AIREBO) potential [47] has been widely used in studies for
mechanical behaviors of carbon nanomaterials. The second-generation REBO potential was proposed
based on the Tersoff bond-order potential with special corrections to the bond order term for
remedying the overbinding between atoms and for considering the dihedral angle for double bonds.
The AIREBO potential is also based on the Tersoff bond-order potential with adaptive treatments of
the dispersion, intermolecular repulsion, and torsional interactions. The long-range atomic
interactions are also included in the AIREBO potential. Because of the modifications in the
second-generation REBO potential and the AIREBO potential, both potentials could provide more
accurate results than the Tersoff bond-order potential does, and are widely used in the studies for
mechanical behaviors of CNTs and CNCs. Just owing to the modifications, both potentials are less
computationally efficient than the Tersoff bond-order potential. Since tensile failure behaviors of
open-tip CNCs were investigated in this study, it requires very large computation time for MD
simulations of the study. Computation efficiency is also a significant concerned factor of this study.
Considering computation efficiency of the simulations, the Tersoff bond-order potential, which was
successfully employed in investigations into tensile behaviors of graphene [48], CNTs [49], and
CNCs [25], was also selected for this study, though it offers less accurate results than the REBO
potential or the AIREBO potential does.

Having the potential functions described above, interaction forces among carbon atoms in the
CNC system can be determined from the gradient of the potential functions. Equations of motion for
the CNC system can then be obtained. Evolution of each carbon atom could be attained by
integrating the equations of motion. Behaviors of the CNC system subjected to tension can be
examined accordingly. In this study, Gear’s fifth predictor-corrector algorithm [50] with a time step
of 1 fs (107" s) was employed for integrating the equations of motion. Besides, NVT (canonical)
ensembles were employed during the simulations, and the velocity rescaling method [51] was
utilized as a thermostat to keep the system at a specified temperature.

Before performing the MD simulations, a SWCNC model was constructed. In this study, the
software Nanotube Modeler [52] was used for building of the SWCNC model. Figure 1 plots the
SWCNC model of this study, where a SWCNC model for an open-tip SWCNC with an apex angle of
19.2°, a cone height of 40 A, a top diameter of 8 A, and a bottom diameter of 22 A was built. In the
model, the CNC was separated into three regions including moving, thermal, and fixed regions. Both
the fixed (the bottom) and the moving (the top) regions have a height of a tenth (1/10) of the total
height of the CNC. The fixed region was devised to model the fixture imposed on the CNC during
applying axial tension. Atoms in the fixed region were completely restrained during the simulations.
The moving region was designed to apply the axial tension on the CNC. In this paper, the axial
tension was applied and controlled by an upward axial displacement of the moving region, which
was set to move gradually at a very small and constant speed of 10 m/s. The thermal (the middle)
region of the SWCNC model was used as a thermostat. Velocities of atoms in this region were
adjusted via the velocity rescaling method to control the system temperature keeping at a specified
temperature.
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Figure 1. SWCNC model of the study.

For examining influences of vacancy location on tensile failure of the CNC, the middle region
(namely, the strained region) was further divided into the upper, middle, and lower zones. Each zone
has the same height. Moreover, a vacancy defect was arranged in the middle of the half front wall of
each zone in order to discuss the influences of vacancy location. With this arrangement, an
upper-vacancy CNC, a middle-vacancy CNC, and a lower-vacancy CNC were generated, as shown
in Figure 2. It is noteworthy that each vacancy defect was created by removing an atom near the
midway point rather than the centroid of the half front wall of each zone (as displayed in Figure 2) in
order to examine influences of the height of the vacancy location. Beside, to discuss influences of
vacancy defects on tensile failure of the CNC, a perfect model (without any vacancy defect)
consisting of 770 carbon atoms and the three vacancy-defect models were analyzed. Since one atom

was removed from the perfect CNC, the percentage of the removed atoms in each vacancy-defect
CNC is 0.13%.

lower vacancy

Figure 2. Locations of the vacancies in the investigated CNCs: (a) upper vacancy, (b)
middle vacancy, and (c) lower vacancy. Only half of the atoms are plotted in order to
show the vacancy location.

After constructing the three models for the vacancy-defect CNCs, the MD simulations were
performed on the three models and also on the perfect model. Results of these models were
compared to evaluate influences of vacancy defects on tensile failure of the CNCs. It should be noted
that, to focus on influences of vacancy defects on tensile failure behaviors of the CNCs and to
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simplify the problem, effects of posterior bond reconstruction were not examined in this study. It
requires more detailed examination to discuss this issue. Nevertheless, the SWCNC models were
subjected to structure relaxation before the MD simulations in order to eliminate artificial constraints
established during construction of the SWCNC models and to obtain an initial structure with
minimum potential energy. After the structure relaxation, constraints were imposed on the moving
and the fixed regions. Then, axial tension was applied, and the MD simulations were carried out.

Data during the simulations were analyzed to examine influences of vacancy defects on tensile
failure of the CNCs.

3. Results and Discussion

Influences of vacancy defects on tensile failure of open-tip CNCs were investigated in this study.
Moreover, to understand influences of temperature on tensile failure of the vacancy-defect CNCs,
three temperature conditions of 100, 300, and 500 K were considered in the study. Figure 3 plots the
axial tensile force versus the axial tensile strain for the perfect and the vacancy-defect CNCs at
300 K. For each CNC, the tensile force was found growing with the tensile strain up to a specific
strain (namely, the failure strain) after which the tensile force had a sudden drop, and tensile failure
of the CNC occurred. The failure strains of the perfect, upper-vacancy, middle-vacancy, and
lower-vacancy CNCs are 24.2, 23.6, 23.9, and 24.0%, respectively. The corresponding failure loads
are 245, 234, 243, and 244 nN, respectively.
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Figure 3. Axial force versus axial strain for the perfect and the vacancy-defect CNCs at 300 K.

To discuss temperature effects on tensile failure of the vacancy-defect CNCs, Figure 4 displays
the axial tensile force versus the axial tensile strain for the middle-vacancy CNC at the three
temperatures. The failure strain and the failure load were found to decrease with growing
temperature. The decrease is ascribed to larger kinetic energy of the CNC at a higher temperature.
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The larger kinetic energy caused the CNC easily to be broken at the higher temperature. As the
temperature grew, apparent oscillation was also observed in the curves for the tensile force. The
apparent oscillation in these curves results from the larger kinetic energy and the greater oscillating
motion of the CNC at a higher temperature. Similar behaviors were also found in this study for the
perfect and the other two vacancy-defect CNCs. These behaviors could also be observed in the
studies for compressive buckling of open-tip CNCs [30,43].
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Figure 4. Axial force versus axial strain for the middle-vacancy CNC at the three temperatures.
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Figure 5. Failure strain of the perfect and the vacancy-defect CNCs at the three temperatures.

Figures 5 and 6 plot the failure strain and the failure load, respectively, of the perfect and the
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vacancy-defect CNCs at the three temperatures. The temperature effects discussed above could also
be observed from the figures. It was also found that the upper-vacancy CNC has the smallest failure
strain and the smallest failure load, and the lower-vacancy CNC has a larger failure strain and a
larger failure load than the middle-vacancy CNC does. The decrease in the failure strain and the
failure load of the vacancy-defect CNCs with respect to those of the perfect CNC is more evident for
the upper-vacancy CNC. Namely, the upper-vacancy CNC has the greatest degradation (with respect
to the perfect CNC) in the failure strain and the failure load, and the lower-vacancy CNC has the
lowest degradation in the failure strain and the failure load. The vacancy-defect CNCs have
vacancy-location-dependent degradation in the failure properties (the failure strain and the failure
load). That is, the degree of degradation (decrease) in the failure properties of vacancy-defect CNCs
is dependent on the location of the vacancy defect rather than independent of the vacancy location.
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Figure 6. Failure load of the perfect and the vacancy-defect CNCs at the three temperatures.

The vacancy-location-dependent degradation behavior of the vacancy-defect CNCs results from
non-uniform diameters along the cone axes of the CNCs. Since the upper zone has smaller
cross-section areas because it has smaller diameters, the CNC with a vacancy in the upper zone (i.e.,
the upper-vacancy CNC) has a larger fraction of vacancies of 0.65% (the ratio of the number of
vacancies to the number of atoms in the zone) as compared with 0.40% for the CNC with a vacancy
in the lower zone (i.e., the lower-vacancy CNC), when just considering the specific zone in which the
vacancy exists. The upper-vacancy CNC thus is much easily to be broken when subjected to axial
tension, as compared with the other two vacancy-defect CNC. The upper-vacancy CNC hence has
the greatest degradation in the failure strain and the failure load among the three vacancy-defect
CNCs. Under the same reasoning, the lower-vacancy CNC has the smallest degradation in the failure
strain and the failure load. Similar behaviors could also be observed for the studied cases at
temperatures of 100 and 500 K.

The above observations show that the vacancy-defect CNCs have vacancy-location-dependent
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degradation in tensile failure properties. This vacancy-location-dependent degradation behavior is
quite different from the vacancy-location-independent degradation behavior of vacancy-defect CNTs.
Their elastic properties and tensile failure properties are independent of the location of the vacancy
defect [35,41,42]. Nevertheless, it should be noted that the critical buckling strain and the critical
buckling load of CNTs were found to be significantly influenced by the vacancy location at very low
temperature. However, the influences are small at room temperature [39].

It is worthy to note that, from Figures 5 and 6, degradation in the failure load of the
vacancy-defect CNCs is larger than degradation in the failure strain. This feature could also be
observed in compressive buckling of open-tip CNCs with vacancy defects [43], where degradation in
the critical load of the vacancy-defect CNCs was found to be greater than degradation in the critical
strain. For ease of comparison between influences of vacancy defects on tensile failure and on
compressive buckling of open-tip CNCs, several typical results from a previous study of the author
are also shown in this paper. In the study [43], influences of mono-vacancy defects on compressive
buckling behaviors of open-tip CNCs were investigated. The CNCs considered in the study are the
same as those analyzed in this paper. Figure 7 displays the critical strain and the critical load of the
perfect and the middle-vacancy CNCs at the three studied temperatures. From the figure, the critical
load/critical strain degradation feature discussed above could be observed. Buckling mode
morphologies for the perfect and the vacancy-defect CNCs could be found in the study [43].
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Figure 7. Critical strain and critical load of the perfect and the middle-vacancy CNCs at
the three temperatures [43].

Comparing results of the current study (Figures 5 and 6) with those of the compressive buckling
study (Figure 7), different degradation behaviors with respect to temperature growth could be found.
As opposed to compressive buckling behaviors of the vacancy-defect CNCs, the tendency that the
degree of degradation in antibuckling ability of the CNCs decreases with growing temperature
(referring to Figure 7) was not observed in the current tensile loading cases (referring to Figures 5
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and 6). The degree of degradation in the failure strain and the failure load did not decrease as the
temperature grew.

Figure 8 displays morphologies near failure of the middle-vacancy CNC at 300 K. The
corresponding tensile strains at which the morphologies were taken are shown in the caption of the
figure. No obvious yielding (large elongation) was observed before failure of the CNC. The CNC
was broken near the top end rather than near the vacancy location (the middle) of the CNC. The near
top-end failure behavior is also owing to the non-uniform diameters along the cone axis of the CNC.
With this geometry, the region near the top end has smaller cross-section area and thus has a higher
stress than the other regions. The CNC therefore was broken near the top (the narrowest) end, though
there has a vacancy in the middle zone of the CNC. The break occurring near the top end rather than
just at the top end is due to thermal oscillation of the cone body caused by the system temperature.
The near top-end failure was also found in the other cases of this study, including the perfect, the
upper-vacancy, and the lower-vacancy CNCs. It was also found at the other two temperatures (100
and 500 K). This vacancy-location-independent failure behavior (namely, the near top-end failure) is
different from the tensile failure behaviors of CNTs containing a vacancy [36,37]. Bond failure was
found to spread from the vacancy defect of the CNTs, and then the bonds around the vacancy failed.
Consequently, it caused entire failure of the CNTs.
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Figure 8. Morphologies near failure of the middle-vacancy CNC at 300 K: (a) before the
failure strain (at 23.8%), (b) at the failure strain (at 23.9%), and (c) after the failure strain
(at 24.2%). The atom at the vacancy location is the atom in the back wall of the CNC.

From the above observation, one can see that all the studied CNCs display a brittle failure mode.
There was no apparent yielding (large elongation) before failure of the CNCs. The brittle failure
mode could also be found in the open-tip CNCs investigated by Wei et al. [24]. It also occurred in
CNCs pulled under the conditions of a much slower pulling rate and a higher temperature. This can
be seen from a previous study of the author [25]. In the study, several CNCs having an apex angle of
19.2° and various cone heights were pulled at a much slower pulling rate of 0.1 m/s (as compared
with 10 m/s of the current study) and at various temperatures. Results of the study show that all the
examined CNCs exhibit a brittle failure mode, even for the highest CNC (with cone height of 60 A)
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at the higher temperature of 500 K. The cone height, temperature, and a much slower pulling rate
seem to have no evident influences on the brittle failure mode of the CNCs.

As opposed to the brittle failure mode of the studied CNCs, CNTs could exhibit a brittle failure
mode or a ductile failure mode depending on their external conditions and their tube symmetry. All
CNTs are brittle at high strain and low temperature conditions, while armchair CNTs can be
completely or partially ductile at low strain and high temperature conditions [53].

It is worthy to investigate the influences of removing an atom from the rear rather than from the
front wall of the studied CNCs. The influences of a double vacancy defect (for example, by
removing two atoms from the front wall) on tensile failure behaviors of the open-tip CNC are also a
worthy research issue. To investigate the above issues, another middle-vacancy CNC (named the
rear-wall middle-vacancy CNC for ease of discussion) and a double-vacancy CNC were also
examined in this study. The rear-wall middle-vacancy was designed by removing an atom from the
rear wall of the CNC. The removed atom has nearly the same relative position as that of the
previously studied middle-vacancy CNC (named the front-wall middle-vacancy CNC), which
contains middle-vacancy defect in the front wall of the CNC. The double-vacancy CNC was formed
by removing two atoms from the front wall of the CNC. The two removed atoms are just selected as
the atoms locating, respectively, at the upper vacancy and at the middle vacancy of this study (as
shown in Figure 2).
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Figure 9. Comparisons of the failure strain for the middle-vacancy and the
double-vacancy CNCs at the three temperatures.

Figures 9 and 10 show the failure strain and the failure load, respectively, of the rear-wall
middle-vacancy CNC and the double-vacancy CNC. Results of the front-wall middle-vacancy CNC
and the upper-vacancy CNC are also appended in both figures for comparison purposes. From the
figures, it was found that the difference between results of removing an atom from the rear middle
zone and those from the front middle zone is not evident. The failure strain and the failure load of the
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rear-wall middle-vacancy CNC are near those of the front-wall middle-vacancy CNC. Removing an
atom from the rear middle zone has nearly the same influences as removing an atom from the front

middle zone.
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Figure 10. Comparisons of the failure load for the middle-vacancy and the
double-vacancy CNCs at the three temperatures.

Comparing results of the double-vacancy CNC with those of the upper-vacancy CNC, it was
found that the double-vacancy CNC has less failure strain and failure load than the upper-vacancy
CNC does. However, the decrease in both failure properties is not large. From morphologies near
failure of the double-vacancy CNC, the near top-end failure discussed above was also observed in
the double-vacancy CNC. Owing to the near top-end failure, slight decrease in the failure properties
was found in the double-vacancy CNC. Further investigations are required to understand influences
of multiple-vacancy defects on tensile failure behaviors of the open-tip CNC.

4. Conclusion

In this study, influences of vacancy defects on tensile failure of open-tip CNCs have been
examined by the molecular dynamics simulations. Effects of vacancy location and temperature were
inspected in the study. For ease of discussion, a perfect and three vacancy-defect CNCs (including
the upper-vacancy, the middle-vacancy, and the lower-vacancy CNCs) were examined, and their
results were compared to attain influences of vacancy defects on tensile failure of the CNCs.

From results of the study, it was found that the upper-vacancy CNC has the largest degradation
in the failure strain and the failure load among the three vacancy-defect CNCs, and the
lower-vacancy CNC has the smallest degradation in the failure strain and the failure load. Namely,
the vacancy-defect CNCs have vacancy-location-dependent degradation in the failure properties. It
was also observed that degradation in the failure load of the vacancy-defect CNCs is greater than
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degradation in the failure strain. In addition, the failure strain and the failure load of the studied
CNCs were found to decrease with growing temperature. Regarding the failure morphologies of the
vacancy-defect CNCs, no apparent yielding (large elongation) was observed before failure of the
CNCs. The CNCs were broken near the top end rather than near the vacancy location of the CNCs.
Non-uniform diameters along the cone axes of the CNCs are responsible for the
vacancy-location-dependent degradation and the vacancy-location-independent failure (namely, the
near top-end failure) of the vacancy-defect CNCs. These particular behaviors are quite different from
those of vacancy-defect CNTs.

Although the CNCs with mono-vacancy defects and, for comparison purposes, an open-tip CNC
with a double vacancy were considered in this study, influences of multiple-vacancy defects (more
than double vacancy) on tensile failure of open-tip CNCs might be deduced qualitatively from the
results of the double-vacancy CNC. Quantitative investigations into the influences need more
detailed studies. This issue and influences of the corresponding removed-atom fraction on tensile
failure of the vacancy-defect CNCs are valuable works for the future study of the author.

Since investigations into the topic of the present study are rare in available literature, the present
research might provide some information about influences of vacancy defects on tensile failure of
open-tip CNCs. This information is helpful for practical applications of the CNCs, such as designs of
nanodevices using the CNCs.
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