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In this study, the mechanical behavior of BNTs with distinct morphologies subjected to tensile loading is
investigated through reactive molecular dynamics simulations. For this purpose, atomistic models of eight
different BNT morphologies with zigzag and armchair configurations are generated to be utilized in tensile
testing. Furthermore, a reactive force field, namely ReaxFF, allowing continuous bond formation/breaking, is
employed in MD simulations to conduct more realistic tensile simulations. Simulation results indicate that
ReaxFF potential can represent key structural properties of BNTs, such as surface buckling and elliptic cross-
section. Furthermore, it is demonstrated that Young’s modulus and tensile strength of BNT structures highly
depend on the vacancy ratio. In this regard, empirical formulae for Young’s moduli and tensile strength of BNTs
with non-zero vacancy ratios are proposed based on the BNT structure with zero vacancies (i.e., 2-pmmn).
According to the overall results, it can be underlined that BNTs, which have comparable mechanical proper-
ties with carbon nanotubes, can be considered as an ideal analog of carbon nanotubes in diverse applications,
including nanocomposites and nanoelectromechanical systems.

1. Introduction

The discovery of CNTs [1] and subsequently the synthesis of gra-
phene [2] sparked a great doping effect for the subsequent research
studies on low-dimensional materials. In addition to experimental
studies trying to synthesize new low-dimensional nanomaterials, many
researchers also presented theoretical studies with the aim of exploiting
alternative materials [3]. In recent years, new two-dimensional nano-
materials, including silicene [4,5], germanene [6,7], and borophene
[8,9], can be considered as the counterparts of graphene with the base
elements of silicon, germanium, and boron, respectively, have been
successfully synthesized. Owing to their extraordinary mechanical,
electrical, and chemical properties, these low-dimensional materials
attract significant attention from the scientific community.

Among these recently developed mono-layered nanomaterials, bor-
ophene presents remarkable properties due to the chemical and struc-
tural complexity of the fascinating element boron. Boron, the fifth
element in the periodic table, is the lightest elemental substance that can
form interatomic covalent bonds possessing multiple bonding states,
which in turn provides formations of a variety of allotropes with diverse

physical and chemical properties [10-12]. In low dimensional materials
science, the synthesis of two-dimensional boron films, namely bor-
ophene, can be considered as crucial progress [3,8,9]. Similar to the
carbon allotropes such as graphene, CNTs, and fullerenes, boron allo-
tropes, including borophene and boron nanotubes (BNTs), gather sig-
nificant attention in the scientific community due to their notable
properties such as low density, high mechanical strength, and high
melting point [13]. Among different allotropic forms of boron, BNTs
with structural stability are firstly proposed by Boustani and A. Quandt
in 1997 [14]. In their computational study, they predicted structural and
electronic properties of BNTs and boron sheets using ab initio methods
and concluded that the boron atoms could form several types of allo-
tropic structures as well as boron nanotubes. Following the computa-
tional study presenting the existence of thermodynamically feasible BNT
structures in 1997, Ciuparu et al. [15] successfully synthesized pure BNT
structure on Mg-MCM-41 catalyst for the first time in 2004. Since then,
there have been several other studies concerning the synthesis of BNTs.
For instance, Liu et al. [16] accomplished to fabricate single-walled
BNTs with diameters between around 10 to 40 nm using a thermal
evaporation method and studied their electric transport and field
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Fig. 1. BNTs that has been studied in this work. Structures with vacancies are in zigzag direction.

emission properties, showing that individual BNTs can sustain high
current densities. Furthermore, Liu and Igbal [17] managed to synthe-
size single-walled BNTs with a diameter of around 20 nm and double-
walled BNTs with a diameter of around 10 nm.

CNTs, which have been successfully synthesized approximately one
decade before graphene and regarded as a substantial driver for the
scientific research on the nanomaterials, can be either metallic, semi-
conductor, or insulator depending on their radii and chirality [18,19].
This generally suggests a weak control over the electronic properties of
CNTs in specific applications [20]. Even though some reports claiming
«o-boron nanotubes (a-BNTs) with diameters less than 1.7 nm [21,22] or
2 nm [23] might show semiconducting behavior due to the band
opening in Fermi level through curvature-induced out-of-plane buckling
of certain atoms; subsequent calculations based on second-order
Mgller-Plesset perturbation theory [24] and dispersion-corrected den-
sity-functional calculations [25] and experimental studies [16] showed
that the surface buckling might be an artifact of standard DFT. Thus,
researchers concluded that, without surface buckling, all a-BNTs are
indeed metallic [26]. In the same study, Bezugly et al. [27] conducted
density functional studies on BNTs rolled from o-, 2-pmmn (buckled
triangular), and distorted hexagonal sheet, and reported that these BNTs
are metallic, irrespective of their lattice types, radii, and chirality, and,
highly conductive. In a recent study, Wu et al. [28] have studied electron
transport through BNTs rolled from f;,-borophene conducting DFT
calculations, and showed that the BNTs exhibit metallic behavior
regardless of chirality and tube diameters even though the atoms in the
hexagonal centers are buckled. The fully metallic behavior of BNTs
renders them extremely attractive in the design of novel electronic
nanodevices, such as field-effect transistors, light-emitting diodes, field
emission displays [13]. In these applications, mechanical properties
have a significant role since the mechanical strain (tension or

compression) is usually employed to modify the electronic properties of
the BNTs [29]. Therefore, mechanical properties of the BNTs with
different lattice structures such as tensile strength and elastic Young’s
modulus hold prominent importance.

It is well known that in addition to their inherent uncertainties,
experimental methods are extremely complex and expensive to inves-
tigate the properties of nanostructured materials, which promotes nu-
merical simulation techniques as promising alternatives [30]. In this
regard, for the purpose of examining the mechanical, electrical, and
chemical properties of BNTs, there exist several numerical studies
employing density functional theory (DFT) and molecular structural
mechanics (MSM) techniques. For example, by performing DFT calcu-
lations, Tang and Ismail-Beigi [31] demonstrated that new boron sheets
with mixed triangular and hexagonal lattices might exist. They also
revealed that those boron sheets with non-zero hexagonal hole densities,
i.e., 5 (ratio of the number of hexagon holes to the number of atoms in
the original triangular sheet), are stable and can be the precursors of
BNTs. Moreover, in a later work [23], they studied structural, energetic,
and electronic properties of single- and double-layered boron sheets as
well as single- and double-walled boron nanotubes by using the same
method. Along the same line, Sebetci et al. [20] studied the structural,
energetic, and electronic properties of the double-walled 2-pmmn BNTs
(n = 0) by using DFT calculations and proved that the structures have
metallic behavior. In a different study, Kunstmann and Quandt [32,33]
explored the geometry, energetics, and basic chemical properties of 2-
pmmn BNTs (74 = 0) by conducting ab initio calculations and
confirmed that zigzag BNTs with small diameters tend to have puckered
surfaces. In another work, Kunstmann et al. [33] showed that the single-
walled o-, 2-pmmn (buckled triangular), and distorted hexagonal BNTs
were thermally stable at synthesis temperature using DFT-based mo-
lecular dynamics. Regarding mechanical behavior, Evans et al. [34]
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studied mechanical properties of 2-pmmn BNTs using local density
approximation (LDA) to density functional theory and calculated
Young’s moduli as 490 and 290 N/m in zigzag and armchair directions,
respectively. In a later work, Kochaev [35] investigated the elastic
properties of BNTs with diameters between around 0.2 to 2 nm rolled
from 2-pmmn boron sheet (5 = 0) by DFT calculations by presenting
that Young’s moduli of BNTs are around 1680 and 825 N/m for zigzag
and armchair directions respectively. Researchers didn’t comment on
the difference of the values with the previous work. Besides that, not
very long ago, Zhang and Zhou [36] studied the buckling characteristics
of a-BNTs and y-BNTs under axial compression using DFT-based MSM
simulations and elastic continuum shell models. They noted that buck-
ling mode transitions from shell buckling into column buckling could be
observed with the increase in the aspect ratio. Recently, Aziz et al.[37]
studied mechanical properties of 2-pmmn boron nanotubes using non-
reactive molecular dynamics. They have used Stillinger-Weber (SW)
potential field [38] to model the interactions between atoms, yet SW and
some other potential fields are incapable of modeling BNTs for several
reasons. The first one is that, even though it can successfully model the
non-linear components, it is only applicable to the triangular phase of
the borophene. Secondly, this three-body potential does not work for
BNTs at room temperature, based on our preliminary simulations. Thus,
they only simulated BNTs up to 100 K temperature.

Considering the studies in literature examining the physical behavior
of BNTs, most of the theoretical studies regarding the boron nanotubes
are based on the first-principles density functional theory (DFT) calcu-
lations. Although quantum mechanics-based DFT calculations provide
fairly more accurate results compared to higher-level techniques such as
classical molecular dynamics (MD), it is practically limited to the
structures consisting of up to approximately 1000 atoms due to huge
computational expense [38]. For this reason, classical MD simulations,
which are widely utilized to explore the physical and chemical proper-
ties of nanostructured materials, can be used to investigate much larger
systems as an alternative approach. In the present study, boron nano-
tubes are investigated using reactive molecular dynamics simulations.
Although reactive molecular dynamics has been extensively practiced
for some borophene monolayers [30,39-43], to the best of our knowl-
edge, it has not been used to simulate BNTs yet. With this motivation, in
this study, the mechanical characteristics of BNTs constructed from 10
different borophene allotropes are investigated by employing reactive
interatomic potential. Each BNT sample with different hexagonal hole
densities is subjected to tensile loading at different temperatures. Me-
chanical characteristics, including Young’s modulus and ultimate
strengths, are evaluated and employed to make comparisons between
different BNT types. Some empirical formulae which are parametrized
with vacancy ratio are developed to predict the tensile characteristics of
BNTs. Furthermore, effects of morphological variations such as stable
bond formation and cross-sectional alterations during tensile straining
on the mechanical response are evaluated to explain the distinctive
observations on the stress-strain curves.

2. Methodology

In the present study, classical MD simulations are performed to
investigate the mechanical properties of BNTs composed of different
borophene allotropes shown in Fig. 1. Figs. in this article are illustrated
using the OVITO tool [44]. The interactions between the boron atoms
are modeled using a reactive force field known as ReaxFF permitting
continuous bond formation/breaking and developed by Adri van Duin
et al. [45]. ReaxFFcpy parameterization has been developed by Pai et al.
[46] for the simulation of liquid carbon-boron-nitrogen materials pro-
vides remarkably accurate results with respect to the first principles
predictions available in the literature [30,41]. In literature, there are
some other potentials that are used to examine boron-based nano-
structures. For instance, Zhou et al. has developed a non-reactive force
field (Stillinger-Weber potential) [38] which is only capable of
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representing force field in 2-pmmn (n = 0) quasi-planar structure. In this
regard, there are no force fields to represent all of the allotropes of
borophene sheets other than ReaxFF within the knowledge of the
authors.

The most important terms of the total energy of an atomic system
close to equilibrium can be given as follows [47]:

Egs = Epona + Eangie + Eorsion + Eva waais + Ecoutomp 1)
Evona = ky(r — 19)° (2)
Eangie = k(@ = 90’ ®)
Eiosion = V2(1 —cos(2m) ) + V5(1 — cos(3w) ) (@)

% (17'\/2/w) 2 (]7'\2{“')
Evawaus = Dij{e —2e (5)

Ecouomy = C 141 6)

Tij

where Esys: Ebond, Eangle; Etorsions Evawaalss and Ecoulomb are the energy of the
system, bond, angle, torsion, and non-bonded van der Walls and
Coulombic energies, respectively. ReaxFF potential includes additional
energy types such as double-bond valence angle penalty, valence angle
conjugation energy, hydrogen bond energy, etc. Some of these terms can
be neglected based on the dynamics of the system [48].

In this study, some computer codes are developed to generate the
initial configuration of the borophene structures and then to transform
them into BNTs. BNT allotropes with different numbers of missing atoms
or vacancies from the original triangular sheet (1) studied in this work
are given in Fig. 1. Lattice parameters are taken as 1.614, 2.866, and
0.911 A in a, b, and h directions for quasi-planar structures [49] and
2.926 and 5.608 A for planar structures [50], respectively. The di-
ameters and lengths of the structures are given in Table S1. MD simu-
lations are conducted using the Large-scale Atomic/Molecular massively
Parallel Simulator (LAMMPS), which is an open-source code [51], with
velocity Verlet time-integration algorithm. We used ReaxFF and ReaxC-
OMP packages, implemented by Aktulga et al. [52,53]. The periodic
boundary condition is applied in the longitudinal direction for the
avoidance of the boundary effects. For boron nanotubes, 50 A vacuum is
defined for the lateral (i.e., radial) direction. The specimens are relaxed
to zero stress state with NPT ensemble using the Nosé-Hoover barostat
and thermostat method for 1 ps. Uniaxial tensile tests are carried out by
applying a constant engineering strain rate which is selected as 1 x 10°
(1/5). The size of the simulation box along the direction perpendicular to
the loading (i.e., longitudinal) direction is controlled with the assump-
tion of NPT ensemble to achieve zero stress condition along the edge
lateral to the loading direction in order to guarantee uniaxial stress
conditions.

Stress tensor is calculated by using the virial stress theorem as given
in Eq. (7) [30]

1 oo o1 . B
o= VZ — m@ &y +§Zr(u) ®f(t./) @

iev i

where m(i), v(i), r(i), r(ij), f(ij), and V are the mass and velocity vector of the
atom, the position of the atom i, the distance vector between the atoms i
and j, the interatomic force applied on atom a by atom b, and the volume
of the structure, respectively. In recent experimental studies, inconsis-
tent numerical values, including 2.9, 3, 4.2, and 5 1°\, are reported for the
thickness of the boron films [8,54-56]. Due to this ambiguity, we submit
Young’s modulus and stress values in the form of Et and o t, respec-
tively, where t is the thickness.
The engineering strain is calculated as:
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Fig. 2. Initial (gray) and final (red) structures of BNTs during energy minimi-
zation. a-BNT is given as an example. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

L-L
e = 1o ®

where ¢' and L,' is the engineering strain and length along longitudinal
(i.e. x) direction at the instant respectively and L, is the initial length
along x direction.

3. Results and discussion

Each BNT configuration minimized through conjugate gradient
method with the utilization of ReaxFF potential field is shown to be
thermally stable under an isothermal-isobaric ensemble. Simulation
results indicate that the lattice parameters change, which has been re-
ported previously for the borophene structure by Mortazavi et al. [40].
They noted that the results are not affected by this inaccuracy of the
potential field. We observed a similar situation regarding BNTs. The
simulation box increases in size by 10% and 20% in axial and preferred
radial directions, respectively. The elliptic cross-section is a structural
property of BNTs due to the bands in the Fermi level. The details of this
property are explained by Kunstmann et al. [26]. In their article, using
DFT simulations, it is demonstrated that energetically most favorable
BNT structures have elliptical cross-sections. Our results agree with DFT
simulations, which is an indicator of the capability of ReaxFF for the
mechanical simulation of BNTs. The shape change of the cross-section is
given as an example for a-BNT structure in Fig. 2.

According to the simulation results, another common structural
property of BNTs originated from planar borophenes is the surface
buckling of atoms located at the hexagonal center, which is also reported
by Tang and Ismail-Beigi [23] in their first-principles study. As a result
of surface buckling, the radial locations of the atoms are altered even at
1 K temperature, as depicted in Fig. 3. Therefore, it is noteworthy that
the ReaxFF force field can also represent the surface buckling property of
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BNTs. These aforementioned structural similarities with DFT calcula-
tions imply that the ReaxFF force field is capable of representing key
structural features of BNTs.

Stress-strain curves of twenty different BNT configurations at room
temperature are given in Fig. 4. In order to provide a quantitative ex-
amination, numerical values for several mechanical characteristics of all
configurations, including ultimate tensile stress, strain, and Young’s
moduli calculated at three different temperatures (i.e., 1 K, 300 K, and
600 K) are also given in Table S2. Moreover, in order to make com-
parisons easy, stress-strain curves of all specimens with zigzag and
armchair configurations at room temperature (i.e., 300 K) are provided
as a supplementary document in Figs. S2 and S3, respectively. Amongst
all BNT structures, it is seen that the zigzag configuration of the 2-pmmn
structure has much higher stiffness and ultimate tensile strength
compared to the other BNTs, while its ultimate strain is much less than
most of the other structures due to high brittleness. Furthermore, it can
also be noted that depending on the configuration, significant distinc-
tions between the armchair and zigzag directions are observed for some
BNTs, including 2-pmmn, &3, and y3. The main reason for this distinction
is the configurational dissimilarities of bond and/or hole arrangements
along with different directions. Considering the stress-strain curves of
zigzag and armchair directions for each BNT type, the f;3 structure has
the highest isotropy for the armchair and zigzag directions.

The potential energy distribution is the main driving force for these
differences. If the potential energy is evenly distributed, the structure
can preserve the homogeneous shape, which results in more brittle
behavior during the tensile. For example, the 2-pmmn zigzag cross-
section, given in Fig. 5a, represents the most homogeneous potential
energy distribution. This structure is highly brittle and has the highest
Young’s moduli, thus the stiffest structure. Another example is the f12
zigzag structure, given in Fig. 5b. In this one, the potential energy is not
homogeneous as the 2-pmmn, yet the distribution is small enough that it
can form a semi-circular shape. However, some structures, such as f;3,
given in Fig. 5c, have a high potential energy gradient; thus, the cross-
section has a hollow shape. This type of cross-section results in a more
ductile tensile behavior. Finally, the last type is the rectangle-like cross-
section like Bs, given in Fig. 5d. These structures tend to behave in be-
tween brittle and ductile fractures. They can still carry some load after
ultimate tensile stress, but not as much as the ductile behaving struc-
tures like B3.

The cross-section evolves to different kinds of shapes due to the
Poisson effect, which is later explored in detail in the following sections.
The main impact of this effect is the bond formation due to contraction.
The direction and the stability and/or instability of these forming/
deforming bonds determine the mechanical response of the material.

The 2-pmmn zigzag configuration has the highest tensile strength
compared to all other structures examined in this study (Fig. 4). The
major factor yielding the highest strength is originated from the bonding
arrangement of the 2-pmmn zigzag structure. According to that, the
bonds oriented along the direction of loading constitute continuous
beam-like support throughout the nanotube, which increases both the
stiffness and the strength of the 2-pmmn zigzag structure.

Fig. 6 illustrates the tensile stress-strain curves of zigzag and

Radius (A)

lll

Fig. 3. Radius distribution through BNT structure after thermalization for 0.1 ps at 1 K. x3-BNT zigzag is given as an example.
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armchair type 2-pmmn structure at different temperatures. According to
that, tensile strengths and bond-breaking strains of both zigzag and
armchair 2-pmmn nanotubes tend to decrease as the temperature in-
creases, while no significant change in Young’s modulus is observed.
The decrease in the strength and ultimate strain values with increasing
temperature can be attributed to the increased thermal energy stimu-
lating the disintegration of atoms.

The stress-strain curve of the 2-pmmn armchair structure (see
Fig. 6b) has two different linear regimes, which is similar to the planar

PE/atom

-85'
-l65|

(d)

Fig. 5. Cross-section of the structures after thermalisation at 300 K. (a) 2-pmmn, (b) B12, (c) P13, (d) Ps zigzag configurations.

borophene structure [40]. These two distinct regimes separated with an
intermediate softening regime are due to the process of aligning out-of-
plane atoms with the in-plane atoms as a result of tensile straining. The
non-homogeneous cross-section of the structure turns into a homoge-
neous cross-section with a complex wavelike circle with all atoms in the
tensile direction, as depicted in Fig. 7b.

The cross-section of the structure is not uniform after the thermali-
zation. Potential energy per atom is also not homogeneous due to the
shape of the cross-section. This rectangle-like shape has different bond
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Fig. 6. Stress-strain curves of 2-pmmn-BNT for (a) zigzag and (b) armchair configurations.

(b)

Fig. 7. Cross-section of 2-pmmn armchair configuration at 1 K.

energies across the cross-section owing to their distinct curvatures.
Thus, high local potential energy gradients reduce the stability of the 2-
pmmn armchair BNT structure and create a non-linear stress-strain
curve. High potential energy gradient causes defect formation, which in
turn propagates to failure. In addition, the potential energy gradient
increases with the temperature, which consequently increases the strain
gradient.

In contrast to armchair structure, a single regime up to the rupture
point is observed for the zigzag configuration of the 2-pmmn structure.
Further elaboration of the failure mechanism indicates that the tensile
load is primarily supported by the bonds parallel to the loading direc-
tion. The linear regime up to the ultimate strain state primarily corre-
sponds to the elongation of these axial bonds. For all temperature values,

the axial bonds inherently along the loading direction elongate uni-
formly without any local bond breakages. For the specimen tested at 1 K,
axial bond elongations do not cease up to the strain state of 11.47%, at
which all the axial bonds that sustain the tensile load break suddenly, as
depicted in Fig. 8. Following the breakage of the axial bonds, the rupture
of the nanotube is observed through a shear band (see Fig. 9) inclined to
the tensile direction. Owing to the thermal energy of the atoms, the
failure of the nanotubes at room temperature (i.e., 300 K) or at higher
temperature (i.e., 600 K) occurs before the breakage of the axial bonds,
as the shear band formation is induced by thermal vibrations.

Excluding the out-of-plane structure (i.e., 2-pmmn), all the other
planar BNT structures can be considered as nanoporous structures due to
having a non-zero vacancy ratio. It is very well known that the effective
mechanical properties of the cellular solids highly depend on the relative
density, which is defined as the ratio of the densities of the cellular solid
and bulk solid. Considering the analogy between the relative density and
the vacancy ratio, it can be noted that Young’s moduli and the ultimate
tensile strength of porous BNT structures tend to decrease with
increasing vacancy ratio (see Fig. 10). Moreover, it is also noticed that
vacancy ratio is not the only parameter affecting the mechanical
behavior of BNTs.

Considering the vacancy-dependent behavior similar to the nano-
porous materials, the following power law between the vacancy ratio
and ultimate tensile strengths of the structures can be derived based on
the numerical results:
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Fig. 8. Bond breakage for 2-pmmn zigzag structure. Bonding scheme at (a) 11.12% and (b) 11.47% strain states. Yellow dashed lines depict the axial bonds. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Crack growth for 2-pmmn zigzag structure. Defect forms at 12.03% elongation (a) and rapidly grows at a 45-degree angle. Snapshots are at (b) 12.04%, (c)
12.05%, and (d) 12.15% elongations, respectively. Atoms and bonds are colored according to their respective strain level.
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where ¢ and 6" are the ultimate tensile strengths of the porous and
non-porous BNT (i.e., 2-pmmn), respectively. C and m are the empirical
constants of the power function, and n is the vacancy ratio. Using the
results given in Fig. 10, C and m are found as 0.1748 and —0.2541,
respectively. A similar relationship is developed for Young’s modulus
variation by Eq. (10):

E n

where E and E, are Young’s moduli of the porous and non-porous BNT (i.
e., 2-pmmn), respectively. D and n are the empirical constants of the
power function. Using the results given in Fig. 10, D and n are found as
0.1056 and —0.3262, respectively. These power-law relationships for
the ultimate tensile strength and Young’s moduli can be updated by
using the results from a wider range of vacancy ratios.

In order to examine the interesting mechanical characteristics of p
group BNT configurations (i.e., f12 and p13), tensile stress-strain curves
at different temperatures are provided in Fig. 11. Stress-strain curves for
B4-zigzag and Ps-armchair structures are given in the supplementary

mechanical responses of the p type BNTs are significantly different,
which clearly indicates the importance of the spatial arrangement of the
atoms. Despite the equivalency of the vacancy ratios, f13 type BNT has
much higher ductility compared to B2 structure. Simulation results also
demonstrate that the p4-BNT zigzag has the highest tensile strength and
Young’s modulus among the p structures. As another observation, it can
be noted that armchair configurations generally have higher fracture
strain compared to zigzag configurations owing to their bond angles.
Unlike the bonds in the zigzag structure, the bonds in armchair struc-
tures are not oriented along the loading direction. Therefore, tensile
deformation proceeds with the inclination of the bonds instead of
elongation. As a result, they have higher ductility, which is in accor-
dance with the DFT results reported by Kochaev [35].

In B structures, the spatial distribution of atomic potential energies is
highly inhomogeneous at the unit cell level due to the diversity of the
bond orders of the atoms. Yet, as depicted in Fig. 12, the potential en-
ergies of the atoms across the longitudinal axis of the nanotube repeat
the same pattern within the unit cells. Thus, some  (e.g., f4 and ps) and
other BNTs having similar PE distributions that are y3 and @, are more
robust to preserve their circular cross-sections.

At 1 K temperature, the stress-strain curve of the f12-BNT armchair
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Fig. 14. Cross-section of zigzag P13-BNT during tensile at 300 K. (a) at 12%
elongation and (b) at 14% elongation.

structure possesses high instabilities around approximately 12% strain
state owing to instantaneous formation and breakage of the bonds. On
the other hand, at the same temperature, the zigzag configuration does
not have any steep fluctuations due to bond breakage and formations.
Furthermore, at 300 K, approximately 100 bonds (i.e., 4% of the bonds)
break in the zigzag structure at around 6-8% strain state, generating a
plateau regime that is followed by a stiffer response after the breakage
process ends. The bond breakage and contraction for the B2 zigzag BNT
are given in Fig. 13. The circled areas in Fig. 13a and b show the
breaking bonds.

However, a similar stable and uniform bond formation process
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assisted by lateral contraction is not detected at 600 K due to high
thermal energy, which in turn yields a lower strength. The bond for-
mation at 300 K creates a unique situation for the zigzag p15-BNT
structures, making them the only structure with an increased strength
compared to 1 K temperature.

Similarly, we also observe stable bond formation in zigzag f813-BNT at
300 K. However, in zigzag f13-BNT, bond formations start around 12%
strain state and continue until fracture. Thus, stress levels do not in-
crease while the straining proceeds. Since the bonds are in the radial
direction, they don’t harden the material, yet they cause the nanotube to
collapse, as shown in Fig. 14.

On the other hand, as inferred from the stress-strain curves having no
hardening regimes (see Fig. 15), nearly no bond formations are observed
during the tensile straining of some BNT structures such as a-BNTs
which are regarded as the most stable BNT structure by previous a study
[27]. For instance, the increase in the bond numbers in tensile straining
is approximately 1% and 2% for zigzag and armchair configurations of
a-BNTs. Owing to their significant structural stability, a-BNTs, which are
one of the BNTs with the highest tensile strength in the zigzag direction,
are very ductile along the armchair direction. It should also be noted
here that the ductility of the a-BNT increases with the temperature while
their ultimate tensile strength decreases.

¥-BNT (Fig. 16) has the highest ductility among other BNTs in the
zigzag direction. Interestingly, ductility is lower along the armchair
direction, unlike other BNTs. This observation can be attributed to the
different arrangements of the hexagonal holes along with the zigzag and
armchair directions. According to that, as the holes in the armchair di-
rection align with the longitudinal axis of the nanotube in the armchair
direction, the response of the BNT is much stiffer owing to the fact that
the thin ribbons between the longitudinal rows of the holes act as rod-
like structural units. Increased stiffness results in earlier fracture,
causing lower ductility for armchair direction.

83-BNT, structured with a graphene-like hexagonal lattice, is shown
to have the highest thermal stability. The structure has almost no ther-
mal noise in the stress-strain, as can be seen in Fig. 17. However, the
structure is found to be unstable in the armchair configuration for the
preferred diameter used in tensile simulations. Structural instability is
also observed by Kunstmann et al. [26] in their DFT study for the dis-
torted hexagonal BNT with approximately the same diameter. They also
report that the 2-pmmn structure is unstable while we observe the
opposite case for the BNT with a larger diameter. Therefore, it can be
inferred that the hexagonal structure might possess thermal stability
with a larger diameter, in which case the potential energy gradient de-
creases with a decrease in curvature.

Tensile characteristics of the BNT specimens (i.e., 2-pmmn, B4, P12,
and y3) are also examined for different strain rate values, which are 108,
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10%°, and 10*! 1/s. The stress-strain curves for those tensile loadings at
varied rates are shown in Fig. S4. It can be observed that the loading rate
effect on Young’s moduli is much less significant compared to the effect
on the ultimate tensile strength for all structures. In this regard, a
distinguishable increase, especially for f4 and p;3, in the tensile
strengths are noticed as the loading rates increase. On the other hand,
Young moduli of the structures 2-pmmn and y3 seem to be almost un-
affected, while a slight increase is observed for 4 and 2.

4. Conclusion

This study demonstrates that reactive molecular dynamics can suc-
cessfully represent unique aspects of the BNTs, including surface buck-
ling and non-circular cross-section formations. Therefore, it can be
concluded that ReaxFF potential can be safely utilized to investigate the
mechanical properties. The tensile simulation results depict that the 2-
pmmn zigzag BNT has the highest ultimate tensile strength and
Young’s modulus. In addition, y3 armchair, a armchair, and a zigzag
structures have the highest ultimate tensile strength, strain, and Young’s
modulus, respectively, among the planar structures. Cross-sectional
variations of the BNTs are noticed to be effective on the mechanical
response of the BNTs. For instance, the p13-BNT specimen is shown to
degenerate to film-like planar structure within the deformation process
due to bond formation between reciprocal atoms, which in turn results
in hardening of the specimen. It is also observed that the ultimate tensile
strength and stiffness of the structures generally decrease as the vacancy

ratio or porosity and temperature increase. Furthermore, empirical
formulae based on the vacancy ratio are developed to predict Young’s
moduli and ultimate tensile strength of BNTs with non-zero vacancy
ratios. In conclusion, the results developed within this study indicate
that thermally stable BNTs can be great analogs for other nanotubes such
as CNTs and BNNTs with the advantage of their porous structure that
can be exploited for several applications such as hydrogen storage.
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