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Abstract - This study investigates the effect of vacancy defects on the
tensile properties of monolayer h-BN under uniaxial loading
conditions, using molecular dynamics simulations. The analysis
focuses on two key defect parameters: the length of the vacancy and
the rotation angle of the defect with respect to the loading direction.
The findings indicate that the frequency and extent of phase transition
are influenced by the defect length and the direction of applied
tension. Vacancy defects reduce rupture strain by causing stress
concentrations that cause crack initiation at the defect region. As
defect length increases in a direction perpendicular to the applied
load, there is a noticeable reduction in Elastic modulus, maximum
strength, and rupture strain, although no consistent trend is observed.
Additionally, maintaining a constant defect size while changing the
rotation angle (0) reveals a similar pattern: increasing 0 tends to
reduce the Elastic modulus, maximum strength, and rupture strain.
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strain; and molecular dynamics simulation

1. Introduction

Following the revolutionary breakthrough of graphene
in 2004 [1], a significant amount of research has been
carried out on various two-dimensional (2D) materials for
numerous applications. Because of its adaptability in areas
including biomaterials, electrocatalysis, photocatalysis,
energy generation, and energy storage, 2D materials with
adjustable nanopore sizes and shapes have attracted a lot of
interest [2-4]. These porous materials possess the unique
ability to interact with various active species, both within
their internal frameworks and on their external surfaces.
However, this interaction is highly dependent on the
compatibility between the pore size and the size of the
interacting species-an essential factor in applications such
as adsorption, separation, gas storage, and heterogeneous
catalysis [5-6]. Consequently, numerous fabrication
techniques have been developed to create porous
nanostructures that incorporate functional building blocks
tailored to specific applications [7].

Hexagonal boron nitride (h-BN) is recognized as a highly
promising two-dimensional (2D) material, owing to its
outstanding mechanical strength, chemical, and thermal
stability [8]. Structurally, single-layer h-BN resembles
graphene, with a hexagonal lattice composed of alternating
nitrogen and boron atoms rather than carbon. Due to this
similarity, both materials have been considered ideal
candidates for constructing heterostructures with tunable
physical properties [9]. Although h-BN shares many desirable
features with graphene, such as durability, chemical resistance,
high thermal conductivity [10], it also exhibits unique traits.

Notably, h-BN possesses intrinsic half-metallicity without
requiring external electronic field modulation [11]. In previous
research, Falin et al. [12] examined the indentation behavior of
h-BN nanosheets and found that, unlike graphene, the
mechanical strength of h-BN remains consistent even as the
number of layer increases. This differs from graphene, where
strength ~ significantly —decreases with added layers.
Additionally, h-BN displays excellent ultraviolet optical
properties [13] and offers advantages in various applications,
including as a lubricant [14], a dielectric material for
microwave absorption [15], a thermal conductor [16], and so
on. These qualities have made h-BN an increasingly popular
focus of nanomaterials research. Recent studies have further
explored its mechanical and thermal performance. For
example, Yang et al. [17] demonstrated stable crack
propagation in monolayer h-BN, suggesting its potential as a
protective material in 2D electronic devices. Other researchers
have analyzed the mechanical properties of graphene and
h—BN heterostructures [18], revealing new insights through
combined molecular dynamics and theoretical models. These
findings highlight the remarkable versatility of h-BN and its
growing importance in nanoscience and technology.

As mentioned earlier, gaining a more comprehensive
understanding of the relationship between structure and
properties is essential for the design and optimization of
materials in various engineering applications. Despite the
promising potential of hexagonal boron nitride (h-BN),
limited research has been conducted on the mechanical
behavior of single-layer h-BN containing uniformly
distributed vacancy defects. In particular, the effects of
defect length and the rotation angle of these vacancies
under uniaxial tensile loading have not been thoroughly
explored. Therefore, further investigation is necessary to
assess how these factors influence the mechanical
performance of nanoporous 2D h-BN thin film.

2. Model and Method

The current investigation utilizes molecular dynamics
simulations to determine how vacancy defects alter the
mechanical characteristics of 2D h-BN membranes. A
monolayer h-BN model was developed to investigate its
behavior under uniaxial tensile loading, providing valuable
insights into the material’s load-bearing capacity. The
simulations were conducted on h-BN structures with
varying defect lengths and rotation angles, as illustrated in
Figure 1. In order to remove interlayer interactions, a 5 nm
vacuum space was added between the top and bottom of
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the nanosheet along the Z-axis. The model's dimensions
were fixed at 10.5 x 10.5 nm. Periodic boundary conditions
were applied in all three spatial directions. Prior to tensile
testing, the system was relaxed using the conjugate
gradient (CG) minimization method to reach equilibrium.
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Figure 1. Schematic illustration of h-BN nanosheet with
variation in length and the rotation angle of defects at
the nanosheet's center set up for the uniaxial tensions
Two scenarios were identified from the vacancy defects
at the central point of model: changes in the defect angle
(0) and variation of the defect lengths (1).

The interior stress was computed while applying tensile
loading to assess h-BN membrane's mechanical properties.
The virial theorem [19] can be utilized to define the stress
component.

g = % Yaev [_mavag v, + %Zaib(r“b ® Fab)] M

these settings in this equation, v, and m, represent the
velocity vector and mass of atom a, respectively, whereas
the spacing vector between particles a and b is denoted by
rap. The volume of the simulation domain is indicated by
the symbol V. The tensor product of two vectors is
represented by the symbol . The force which particle b
applies to particle a is denoted by Fp.

The given equation provides the von Mises stress ,,,,,
[20]:
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Every stress value is expressed in N/m. The strain is
defined by the below equation:
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Assuming that L is the strained size of the structure, and
Ly is the initial size of the structure.

All molecular dynamics (MD) simulations in this study
were carried out using the LAMMPS [21]. The Tersoff
potential created by Kinaci et al. [22] was used to describe
the atomic bonds within the single-layer h-BN membrane.
This potential has been widely used in earlier research to
simulate h-BN’s behavior at the atomic scale. Visualization
and post-processing of the simulation data were performed
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using OVITO software [23], which enabled detailed analysis
of the structural and mechanical responses.

3. Results and discussion
3.1. Influence of vacancy defect length

This study starts by examining the fracture
development of the monolayer h-BN nanosheet with
varying vacancy defect lengths under axial tensile test
along the x-direction at 300 K, as shown in Figure 2. The
presence of vacancy defects significantly decreases the
fracture strain of the nanosheets, as illustrated in Figure 2.
However, there is no discernible or steady pattern in the
associated rupture strain values as the length of the defect
rises along the tension direction (x-direction). With defect
lengths of 0 nm (perfect model), 1.1 nm, 2.1 nm, 3.2 nm,
4.2 nm, and 5.3 nm, cracks initiate at strain values of
32.50%, 19.49%, 26.60%, 28.07%, 29.06%, and 27.71%,
respectively, as depicted in Figures 2(a2-f2). The results
indicate that, in pristine membranes, stress is uniformly
distributed across the material. In contrast, the presence of
defects results in localized stress concentrations, leading to
crack initiation, which then propagates rapidly in a
direction perpendicular to the applied tensile load,
specifically along the zigzag orientation, as illustrated in
Figures 2(a3-f3). As the strain further increases, the cracks
grow quickly until final rupture occurs at strain values of
32.65%, 21.01%, 26.73%, 28.18%, 29.16%, and 27.82%,
respectively, as shown in Figures 2(a4-e4). This suggests
that variations in vacancy defect lengths along the tensile
path did not substantially alter the fracture strain when the
defect width remained constant, and the results are also
consistent with those reported in the earlier article [24].
The rupture spreads perpendicular to the strain orientation
in every case with different vacancy defect lengths.
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Figure 2. The stress distribution and deformation evolution under
uniaxial tension along the x (armchair) direction of h-BN membrane
at 300K with various lengths of vacancy defects: (a) perfect model,
() 1,1 nm, (c) 2,1 nm, (d) 3,2 nm, (e) 4,2 nm, (f) 5,3 nm
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Figure 3 illustrates single-layer h-BN nanosheet’s
fracture processes under axial tensile test along the
y-direction at 300 K with various defect lengths. Tension
in the y-orientation shows a significantly lower strain value
than tension in the x-direction. The fracture strain does not
exhibit a consistent pattern as the length of the vacancy
defect, oriented perpendicular to the tension direction,
rises. According to Figure 3(b-f), stress concentration on
either sides of the flaw becomes apparent in all five
scenarios as the defect starts to spread along the zigzag
path. Stress distribution becomes more noticeable around
the greater defect when the strain reaches values of
14.52%, 14.25%, 14.66%, 15.06%, and 14.55%, which
starts the fracture process. At strain levels of 14.88%,
14.85%, 16.57%, 15.31%, and 16.32%, respectively, these
faults subsequently spread quickly in a direction
perpendicular to the tension until the nanosheet is
completely broken. Under y (zigzag) tensile test, cracks
with different defect lengths in h-BN sheets propagate
perpendicular to the direction of strain, just like in the x
(armchair) tension scenario.
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Figure 3. The stress distribution and deformation evolution under
uniaxial tension along the y (zigzag) direction of h-BN membrane
at 300K with various lengths of vacancy defects: (a) perfect
model, (b) 1,1 nm, (c) 2,1 nm, (d) 3,2 nm, (e) 4,2 nm, (f) 5,3 nm

Figures 4a and 4b illustrate the tensile stress-strain
relationships of a single-layer h-BN sheet, subjected to
uniaxial tensile tests along both the X (armchair) and Y
(zigzag) orientations at 300 K. These plots demonstrate
how varying defect lengths (while maintaining a consistent
width of 0.4 nm) influence the material's mechanical
response. Initially, the stress-strain curve shows a linear

correlation at low strain levels. This is followed by a non-
linear phase, which culminates in the ultimate stress before
the membrane ruptures, indicated by a sudden drop in
stress. Within this non-linear region, a phase transition may
occur, with its extent and appearance being dependent on
both the vacancy defect length and the direction of tensile
loading. For example, Figure 4a reveals that for a
membrane with a 1.1 nm defect length under uniaxial
tension along the X (armchair) direction, the phase
transition takes place between strain values of 11.49% and
19.49%. More comprehensive details concerning this
membrane's phase transition are presented in Figure 6. For
a membrane containing a vacancy defect of 5.3 nm, a
noticeable phase transition is observed when the material
is subjected to uniaxial tension in the armchair direction.
Specifically, the transition occurs within a narrow strain
range, between 27.71% and 27.73%, as illustrated in Figure
2f. Further insights into this phase change are provided in
Figure 4a. Conversely, when the same membrane is
stretched along the zigzag direction, phase transitions are

found to be infrequent. This behavior is clearly
demonstrated in Figure 3(a2-f2) and 4b.
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Figure 4. Tensile stress-strain curves of the h-BN thin film at
300 K, 0 =0° with various in length while keep the same 0.4 nm
in width of vacancy defects under uniaxial tensile along
(a) the armchair direction and (b) the zigzag direction

The defect length dependence of maximum strength is
is derived from the stress—strain curves and is presented in
Figure 5a. It shows that the pristine h-BN monolayer
possesses the highest strength. However, once vacancy
defects begin to appear in the membranes, their strength
declines. Despite this reduction, there is no clear trend in
strength as the defect length increases under uniaxial
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tension. Additionally, considering the length of vacancy
defects, the strength of h-BN sheets is greater when they
are stretched in the X (armchair) orientation compared to
when they are stretched in the Y (zigzag) orientation. The
variation of Young’s modulus with defect length is
determined based on the stress—strain curves and illustrated
in Figure 5b. Unlike the trend observed in strength, as the
length of the flaw rises, Young's modulus consistently
decreases. Additionally, elastic modulus under armchair
tensile is found to be higher than that under zigzag tension.
Based on the relationship between defect length and
Young’s modulus values of the h-BN membranes, this
research derives a linear equation for Young’s modulus E
in relation to the defect length L as follows:

X-path: E = —2.10457L + 227.40 (N/m) (4)
Y-path: E = —16.8718T + 242.91 (N/m) (5)
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Figure 5. (a) The ultimate stress as a function of vacancy defect
length. (b) The Young's modulus of monolayer h-BN membrane
at 300, 8 = 0° for different lengths of vacancy defect compared
to the perfect model under uniaxial tensile along the armchair
and zigzag direction
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Figure 6 illustrates the phase transition of the h-BN
membrane with a vacancy defect length of 1.1 nm under
uniaxial tension in the X (armchair) orientation. According
to the chart shown in the Figure 4a, the stress increases
steadily with strain until it reaches 11.49%, at which point
the membrane enters the inelastic deformation stage. At
this strain level, the bond between atoms A and B reaches
its critical threshold and begins to break, initiating a phase
transition from a six-membered ring structure to a ten-

membered ring, as shown in Figure 6(a-b). When the strain
increases to 11.55%, the bond between atoms C and D also
breaks, as illustrated in Figure 6¢c. As the strain continues
to rise, the transformation from six-membered to ten-
membered rings progresses further. Notably, this phase
transition propagates along the zigzag edge, as depicted in
Figure 6d. Eventually, this process leads the membrane to
its critical limit, resulting in structural failure, as
demonstrated in Figure 2b.
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Figure 6. Representative MD snapshots of hexagonal boron
nitride (h-BN) with a length of 1.1 nm under varying strain
percentages. (a) 11.49%, (b) 11.50%, (c) 11.55%, and (d) 12.92%
(scale bar illustrates the magnitude of the normal stress, oxx)

3.2. Influence of vacancy defect rotation angle

The impact of the flaw angles of rotation on the h-BN
membrane's mechanical performance is investigated in
this section. The flaw angles of rotation (abbreviated as
0) is the angle between the path of applied tension and
the flaw edge when the membrane is under axial tensile
test in both the armchair and zigzag orientations. The
membrane's deformation behavior under axial tensile
loading in the armchair configuration at 300 K is depicted
in Figure 7, taking into account different defect rotation
angles. The angle 6 fluctuates from 0° to 90° while
maintaining a consistent defect size of 3.2 nm for the
defect length and 0.4 nm for the defect breadth.
The membrane begins to crack at different strain levels
depending on the angle: 28.07% (0 = 0°), 13.79% (15°),
14.65% (30°), 19.12% (45°), 11.65% (60°), 14.35%
(75°), and 14.45% (90°). Complete failure occurs at
corresponding strain values of 28.18%, 19.01%, 16.46%,
19.72%, 16.17%, 14.96%, and 19.44%, respectively.
The path of crack propagation significantly varies as the
flaw angles of rotation rises. At lower angles, the cracks
appear rougher, whereas at higher angles, particularly at
75° and 90°, rifts propagate perpendicular to the loading
orientation and tend to be sharper. However, despite
these variations in crack behavior, the failure strain does
not exhibit a clear or consistent trend with increasing
rotation angle.
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Figure 7. The deformation behavior of an h-BN membrane
subjected to uniaxial tension along the armchair orientation,
with various defect rotation angles. These angles include
(a) 0=0° (b) 0 =15° (c) =30° (d) 0=45° (e) 6 =60°,
0 0=75 (g) 0 =90°

The deformation and fracture behavior of a single-layer
h-BN nanosheet, subjected to uniaxial tension along the
zigzag (y-axis) at 300 K, is visually represented in Figure
8. The thin film contains vacancy defects that are fixed in
size, measuring 3.2 nm in long and 0.4 nm in breadth. The
defect angle 0, which is the angle between the loading
direction and the defect edge, fluctuates from 0° to 90°.
Similar to x-orientation case, particles under lofty stress
tend to accumulate near the flaw region during tensile test,
leading to early rupture of bonds in these regions. For
rotation angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90°,
cracks begin to form when strain value obtains 28.07%,
17.17%, 16.32%, 13.88%, 12.56%, 17.56%, and 12.27%,
respectively. In all defective membranes, the fracture
propagates perpendicularly to the direction of the applied
tension, following a pattern consistent with previous
observations.

These results highlight a clear correlation between
defect orientation and crack propagation, as well as
noticeable variations in fracture strain depending on the
rotation angle. Thus, the angle 6 plays a significant role in
influencing the mechanical response of the monolayer h-
BN sheet under uniaxial loading.

Figure 9(a-b) present the stress—strain behavior of a

monolayer h-BN membrane at 300 K under uniaxial
tension along the armchair and zigzag directions,

considering different rotation angles (0) while keeping the
defect size constant at 3.2 nm in length and 0.4 nm in
breadth. The results show that changes in the rotation angle
have a considerable impact on the membrane's mechanical
performance. The mechanical qualities gradually
deteriorate as flaw angle rises, with the peak strength being
recorded at & = 0°. This reduction in strength can be
attributed to the geometric projection of the defect: as 6
rises, the component of the flaw length perpendicular to the
loading path becomes larger. As a result, the effective load-
bearing region decreases, leading to greater stress
concentration near the defect edge. Once the stress exceeds
the bond strength at these critical points, crack initiation
and propagation are facilitated, accelerating the failure
process of the nanosheet. Despite this general trend of
decreasing strength, the variation in fracture strain and
ultimate stress with increasing 6 does not follow a clearly
consistent pattern.
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Figure 8. The deformation behavior of an h-BN membrane
under uniaxial tension along the zigzag orientation is presented
for various defect rotation angles: (a) 0 = 0°, (b) 0 = 15°,
(©) 6 =30°(d) 6 =45° (e) 0=60° (f) 6 =75° (g) 6 =90°
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Figure 9. The tensile stress-strain curves for the h-BN membrane
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angle (6) while maintaining a constant defect size (3.2 nm length,
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applied along both (a) the armchair and (b) the zigzag directions
45

—=— Armchair direction
—e— Zigzag direction

[ B
o o
T T

Ultimate stress (N/m)
w
o

20 1 1 1 1 1 1 1
(a) 0° 15° 30° 45° 60° 75° 90°
Rotation angle 6

220

—=— Armchair direction
—e— Zigzag direction

=y
(4]
T

N ONNN
o =
o o
T T

o
o
T

-

©o

o
T

190

Young's modulus (N/m)

185

180 |

(b) 0° 15° 30° ) 45° 60° 75° 90°
Rotation angle 0
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The effect of the flaw angles of rotation on the Young's
modulus and ultimate stress of monolayer h-BN membrane
under uniaxial tension at 300 K is shown in Figure 10. The
results clearly indicate that the rotation angle (0) has a
significant impact on the mechanical properties of the
material. As 0 increases, Young’s modulus shows a
decreasing trend under uniaxial loading. However, the
ultimate stress does not exhibit a consistent pattern with the
change in rotation angle. This behavior can be attributed to
the increasing projection of the flaw edge in the orientation
perpendicular to the applied tension. As a result, the
effective load-bearing cross-sectional area is reduced,
leading to higher stress concentration in localized regions.
When this localized stress exceeds the critical bond
strength, premature failure of the nanosheet occurs.

4. Conclusion

This study explores the impact of vacancy defects on
the mechanical properties, distortion, and rupture behavior
of two-dimensional hexagonal boron nitride (h-BN)
membranes using molecular dynamics simulations under
uniaxial tensile loading. By varying defect lengths and
rotation angles in both x- and y-orientations, the analysis
reveals that such defects significantly degrade the
mechanical performance of h-BN. For example, the
Young’s modulus of a pristine membrane at 300 K is
225.88 N/m in the armchair and 220.07 N/m in the zigzag
direction, while the introduction of defects leads to a
marked reduction in stiffness, strength, and durability. As
defect length increases perpendicular to the loading
direction, Young’s modulus, ultimate strength, and fracture
strain consistently decrease, whereas changes in defect
length along the loading direction show no clear trend.
Similarly, increasing the defect rotation angle 6 while
keeping defect size constant results in reduced mechanical
performance; however, variations along the tensile
direction do not follow a clear pattern, and the highest
strength is always observed at 6 = 0°.

Additionally, at critical strain levels, atomic bonds-
particularly between atoms A and B-begin to break,
triggering a structural transformation from six-membered
to ten-membered rings, with the occurrence and severity of
this phase transition depending on both defect size and the
direction of applied stress.
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