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Abstract

First molecular dynamics (MD) study was conducted to explore mechanical-failure response
of ultra-fine grained single-layer boron-nitride films. We used MD simulations to construct
relatively large molecular models of polycrystalline structures with random grain
configurations. By applying uniaxial tensile loading, we then studied the grain size effect on
the mechanical response of polycrystalline boron-nitride nanosheets. Our results reveal that
by decreasing the grain size, the elastic modulus of polycrystalline films decrease gradually.
Interestingly, our MD results reveal that ultra-fine grained samples could present a tensile
strength of around half of the pristine films. Our investigation suggests that experimentally
fabricated polycrystalline boron nitride nanosheets can exhibit remarkably high mechanical

properties.
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1. Introduction

Recent advances in the fabrication of two-dimensional materials with exceptional properties
such as graphene [1, 2] and hexagonal boron-nitride (h-BN) [3, 4] sheets have attracted
remarkable attention. Graphene and h-BN both have honeycomb atomic lattice which
propose them as the best candidates to be heterogeneously integrated for electronics
applications. Graphene presents exceptionally high thermal conductivity [5] and mechanical
[6] properties that outperforms all other known materials. The attractive point of h-BN in
comparison with graphene for electronic applications is due to its electrically insulating
properties with a wide band gap of ~5.5 eV [7], whereas the graphene does no present a band
gap and is categorized as a semi-metal material. Boron-nitride nanostructures also present
high thermal conductivity [8], deep ultraviolet photon emission [9], considerable mechanical
properties [10] and piezoelectricity [11]. Accordingly, the fabrication of heterogeneous
structures on the basis of electrically insulating h-BN and semi-metal graphene is currently
considered as a promising approach to reach to a semiconducting material [12] with high
mechanical and thermal properties. On the other side, combination of high thermal and
mechanical properties along with planar geometry also proposes the h-BN as a promising
candidate for the reinforcement of polymeric materials [13, 14]. Since the h-BN is insulator,
reinforcement of electrically non-conductive polymers with h-BN could be considered as an
effective way to fabricate an electrically insulating and a highly thermal conductive polymer
nanocomposite material, best suited as a building block in nanoelectronics in response to heat
dissipation concerns.

Like all other known materials, properties of boron-nitride nanosheets could be also affected
by existence of defects. It is worth mentioning that the defects in materials are principally
formed during the fabrication process. Currently, the chemical vapor deposition (CVD)

technique is the only way for producing large-scale boron-nitride nanosheets [15-18]. Crystal
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growth during the CVD method leads to the formation of grain boundaries where two grains
meet each other, resulting in polycrystalline structures. Grain boundaries consist of different
types of topological defects. These defects along the grain boundaries act as dislocation cores
that raise the stress concentration, which consequently affect the mechanical response.
Moreover, these defects also cause the phonon scattering along the grain boundaries resulting
in lower thermal conductivity of the polycrystalline structures in comparison with single-
crystalline samples [19]. Accordingly, comprehensive understanding of grain boundary
effects on the boron-nitride nanosheets mechanical and thermal properties is of a crucial
importance.

Because of exceptional properties of graphene, the majority of the theoretical and
experimental studies have been focused on the polycrystalline graphene structures [20-23]
and there exist only few studies concerning the polycrystalline h-BN structures. Recent first
principles calculations by Liu et al. [24] indicate several possible structures for h-BN grain
boundaries, and electronic structure calculations predict a change in band gap by 38% due to
additional states along the grain boundaries. The theoretical calculations [24] suggest that the
grain boundaries in polycrystalline h-BN not only comprise the well known pentagon-
heptagon pairs (5/7) but they also include square-octagon pairs (4/8). However, most recent
transmission electron microscope study of CVD grown h-BN films reveals that the grain
boundaries in h-BN are mainly consisting of pentagon-heptagon pairs [25]. It was observed
that these pentagon-heptagon pairs include homonuclear boron—boron or nitrogen—nitrogen
bonds, which are higher in energy than the heteronuclear boron—nitrogen bonds in the
surrounding lattice [25]. To the best of our knowledge, mechanical properties of
polycrystalline h-BN films have been studied neither theoretically nor experimentally.
Accordingly, the objective of this study is to perform molecular dynamics (MD) simulations

to provide detailed information concerning the mechanical response of polycrystalline single-



RSC Advances

layer boron-nitride sheets. To this aim, we developed a methodology for the construction of
relatively large polycrystalline h-BN structures with random grain configurations. Then, the
constructed models were subjected to uniaxial tensile loading condition to acquire the stress-
strain response. Our molecular modeling reveals that CVD grown h-BN films can exhibit

noticeably high mechanical properties.

2. Molecular dynamics modeling

All molecular dynamics simulations in this study were performed using LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulator) [26] package. For the modeling of
interactions between boron—boron and nitrogen—nitrogen atoms, we used Tersoff potential
[27] parameters proposed by Matsunaga et al. [28]. Accordingly, the Tersoff potential
parameters for boron—nitrogen interactions were calculated using Eq. (1e) in Ref. [27].
During the fabrication of h-BN films using the CVD method, the growth along arbitrary
crystal orientations is initiated at several nucleation sites simultaneously. These nucleation
sites could be considered as initial grains that their growths result in the construction of a
polycrystalline structure. In order to simulate such a growth mechanism, we developed a
program that creates a preselected number of randomly and uniformly distributed nucleation
sites on a plane with predefined dimensions. By assuming a square geometry for an

equivalent average grain in a polycrystalline sheet, the grain size in this study is defined by

2
the,/% , where L is the plane length and N is the number of grains in the plane. Therefore,

for a plane with 50 nm length and 25 grains, the equivalent grain size would be 10 nm. Then,
for each nucleation site a random angle between -60° to 60° was assigned which defines the
crystal growth orientation with respect to the armchair direction. In the next step, the growth

of nucleation sites were performed using an iterative process in which any of the missing
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neighbors of a boundary atom can appear with the same probability. The further growth of a
grain from a boundary atom is terminated when it meets with another atom from the
neighboring grain with distance below 0.1 nm or if it was already bonded with three atoms.
The growth of polycrystalline structure is finished when all grains meet with their neighbors
and there is no possibility for any additional atom to be included in a lattice. The constructed
models in this study are periodic which means that if one puts these samples side by side
together no mismatch would be observed. It is worth mentioning that in order to have perfect
uniaxial loading condition, the structures must be periodic to accurately apply the periodic
boundary conditions. This is due to the fact that in the evaluation of mechanical properties,
any kind of fixing of atomic positions as boundary conditions could result in local stress
concentration which would consequently affect the accuracy of simulation results.

After creating initial positions for boron and nitrogen atoms, MD simulations were used to
form the grain boundaries. We note that limited reactivity of Tersoff potentials does not allow
the formation of complex grain boundaries. Therefore, in this study we used a similar
methodology as that explained in the work by Kotakoski and Meyer [29] for the construction
of polycrystalline graphene structures. To this aim, we replaced boron and nitrogen atoms
with carbon atoms and then we used the second-generation reactive empirical bond order
(REBO) potential [30] for the modeling of inter-atomic interactions. The initial structure was
first equilibrated at 300 K for 10 ps using Nosé-Hoover thermostat method (NVT). Then, the
structure was uniformly heated to 3000 K using the NVT method for 40 ps. In the next step,
the temperature of the system was kept at 3000 K using the NVT method for another 40 ps.
The high mobility of atoms at 3000 K let them to rearrange their position to form the grain
boundaries and grain boundary junctions. At this stage, the grain boundaries are formed and

by cooling the system to room temperature the desired structure is prepared. After creation of
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polycrystalline structures, we replaced the carbon atoms with native boron and nitrogen
atoms to obtain polycrystalline h-BN.

In the molecular dynamics modeling of uniaxial tensile of polycrystalline h-BN films at room
temperature, periodic boundary conditions were applied in planar directions to remove finite
length effect. For the loading conditions, the periodic simulation box size along the loading
direction was increased by a constant engineering strain rate at every simulation time step. In
this study, the time increment of the simulations was set at 0.2 fs and the engineering strain
rate of 10° s was applied for the modeling of deformation process. Engineering strain at each
time step was calculated by multiplying the total time of loading step by the applied
engineering strain rate. Since we deal with single-layer films, the stress in the sheet thickness
is zero. Therefore, the periodic simulation box along the sample width was altered during the
loading step using the Nosé-Hoover barostat and thermostat method (NPT) in order to
guarantee the uniaxial stress condition. Virial stresses at each strain level were calculated to
obtain engineering stress-strain response. In the calculation of stress, we assumed the
thickness of 0.33 nm which is on the basis of multi-layer hexagonal boron-nitride thickness

[31].

3. Results and discussions

In Fig. 1, three samples of constructed polycrystalline h-BN films with equivalent average
grain sizes of (a) 10 nm with 25 grains, (b) 5 nm with 25 grains and (c) 2 nm with 144 grains
are illustrated. In this study, we developed relatively large polycrystalline films with 24000 to
around 100000 atoms consisting of 25 up to 144 grains. As it could be observed, the grain
boundaries and grain boundary junctions are accurately formed. For the large grain size of 10
nm and 5 nm, the formed grain boundaries are mainly consisting of pentagon-heptagon and

pentagon-octagon pairs and point vacancies. In these cases, the formation of square-octagon
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pairs is strictly limited. However, for the polycrystalline sample with average grain size of 2
nm, we could observe all combinations of square, pentagon, heptagon and octagon rings
along the formed grain boundaries.

Since our aim is to study the mechanical response of polycrystalline h-BN films in which the
grains are randomly oriented, we first investigate the mechanical properties of defect-free h-
BN films along different loading directions. We note that a honeycomb structure has a
symmetry angle of 30° and the chirality angles of 0° and 30° are commonly called as armchair
and zigzag directions, respectively. In our modeling, we also study the tensile response of h-
BN films along two different chirality angles of 10° and 20° with respect to the armchair
direction. The obtained stress-strain curves of defect-free h-BN films subjected to uniaxial
loading conditions along four different loading chirality directions from 0° to 30° are
illustrated in Fig. 2. The acquired results show that the defect-free h-BN presents higher
elastic modulus along the armchair directions than zigzag directions which is in agreement
with recent density functional theory (DFT) calculations [33]. Our MD results suggest that
the pristine h-BN films present elastic modulus of 800-850 GPa and tensile strength of
150+15 GPa at corresponding failure strain of 0.3£0.03, all depending on the loading
direction. The calculated elastic modulus is close to the first principles predictions of 845
GPa [33] and 770-780 GPa [34] for pristine h-BN. It is worth mentioning that the theoretical
elastic modulus of armchair boron-nitride nanotubes were reported to be 810 GPa by Kudin
et al. [35] and 840-880 GPa by Hernandez et al. [36]. Our MD results for failure strain is also
in agreement with the quantum calculation results of 0.3 [33] and 0.18-0.29 [34] for defect-
free h-BN films. However, the calculated tensile strength by the MD method is higher than
first principles estimation of 88-102 GPa [33].

The MD results for stress-strain responses of polycrystalline h-BN films with equivalent

average grain sizes of 2 nm and 10 nm are illustrated in Fig. 3. In this study, the calculations
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for a particular grain size were performed for 4 different samples with different initial grain
configurations in order to have better understanding with respect to the statistical variation of
our MD results. The results depicted in Fig. 3 show distinct differences for the stress-strain
responses of two studied grain sizes. Interestingly, the obtained results for the large grain size
of 10 nm are coinciding and only limited variations for the tensile strength and the
corresponding failure strain could be observed for different grain configurations. On the other
side, for the small grain size of 2 nm we could observe considerably more variations in the
predicted tensile strength and failure strain for different grain distributions.

In Fig. 4, MD predictions for elastic modulus, tensile strength and ultimate strain of
polycrystalline h-BN films as a function of grain size are illustrated. As an overall trend, we
found that by decreasing the grain size in polycrystalline structures, the elastic modulus and
tensile strength decrease while the strain at failure increases. The calculated elastic modulus
of polycrystalline sample with the average grain size of 10 nm is lower than that of the
defect-free h-BN sheet by around 10%. This observation reveals insignificant effect of grain
size on the elastic modulus of polycrystalline h-BN films when the grain size is higher than
10 nm. We note that the experimental results show that the mean elastic modulus of
polycrystalline graphene sheets decreases only slightly by around 3% in comparison with
defect-free graphene [22]. The MD results suggest that the decreasing trend in elastic
modulus of polycrystalline h-BN sheets becomes more considerable for the grain sizes
smaller than 5 nm. Amazingly, the elastic modulus of the polycrystalline sample with grain
size of 2 nm is found to be only by 40% difference with that of the pristine h-BN.

In contrast with the obtained results for elastic modulus, considerable variations in the MD
results for tensile strength and corresponding failure strain could be observed. These
variations in the tensile strength and the corresponding ultimate strain could be explained by

the stochastic nature of failure occurrence in the polycrystalline and defective structures. We
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note that the grain boundaries in polycrystalline h-BN films act as sources for stress
concentrations and cracks nucleation as well, resulting in reduction of tensile strength in
comparison with single-crystalline structures. In the case of tensile strength, we found an
overall decreasing trend as the grain size decreases. However, the MD results reveal that the
ultimate strength of polycrystalline samples with grain size of 5 nm to 10 nm are almost
constant and varies around 80 GPa. Interestingly, the MD results for the tensile strength of
polycrystalline h-BN films with grain size of 10 nm and 2 nm are respectively, around 55%
and 45% of our prediction for pristine structure.

On the other hand, our results depicted in Fig. 4 suggest that the failure strain of
polycrystalline h-BN films increases gradually by decreasing the grain size. In this case, we
found that the mean ultimate strain of samples with average grain size of 2 nm is around 35%
higher than that for the samples with average grain size of 10 nm. This increasing trend in the
ultimate strain for smaller grain sizes is in agreement with the MD results for polycrystalline
graphene [26]. This finding is interesting since one could expect a decreasing trend for
ultimate strain due to the fact that the results for ultimate strain of largest studied grain size in
our work is lower than that of the single-crystalline h-BN sheet. We remind that the grain
boundaries present weakened mechanical properties in comparison with atoms inside the
grains. Therefore, in a polycrystalline h-BN sample, the material response is not uniform and
gradients in materials response exist depending on the distance from grain boundaries.
However, as the grain size decreases, the ratio of atoms along the grain boundaries to the total
numbers of atoms increases. This way, by decreasing the grain size (Fig. 1), defective zones
more uniformly extend throughout the sample making the materials response more
homogeneous. In this case, the material is softened and because of its homogenous structure

it could flow more uniformly during the loading condition resulting in a higher ultimate
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strain. It is worth mentioning that the ideal homogeneous structure for h-BN belongs to
defect-free sample which consequently presents the maximum ultimate strain.

Our MD modeling of uniaxial tension of defect-free h-BN films reveals that the specimen
extends uniformly and remains undamaged up to the ultimate strength point. In this case, the
tensile strength is a point in which the first debonding occurs between two adjacent boron and
nitrogen atoms. This initial debonding forms a crack which rapidly propagates and leads to
the sample rupture. In Fig. 5, we plot the deformation process of a polycrystalline h-BN film
with an equivalent average grain size of 10 nm at various stages of loading. As it is shown in
Fig. 5a, at strain levels relatively far from the failure strain, several voids form along the
grain boundaries throughout the sample. These voids are initially formed by debonding of
homonuclear boron—boron or nitrogen—nitrogen bonds. However, the growths of these voids
along the crack tips are prohibited as they meet with heteronuclear boron—nitrogen bonds. In
this case, by rearrangement of atomic positions, the crack tips become more smooth which
consequently reduce the stress concentration and help the specimen to endure for longer
strain levels. Our MD results for ruptured samples reveal that these initial voids are stabilized
in the structure (Fig. 5f). By increasing the strain levels, more voids form along the specimen.
The tensile strength is typically a point that a previously formed crack along a grain boundary
(Fig. 5b) propagates rapidly by breaking the boron-nitrogen bonds resulting in a characteristic
sharp decrease in the stress-strain response. This crack initially propagates only along a grain
boundary (Fig. 5c and Fig. 5d) and as it meets with a grain boundary junction it also
propagates into the bulk grains (Fig. 5e). This observation clearly suggests the comparable
strength of grain boundaries in comparison with defect-free bulk material, otherwise the
crack growth would only occur along grain boundaries. Such a failure mechanism is similar

to recent experimental observation regarding the polycrystalline graphene films [22]. As

10
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shown in Fig. 5f, our MD results show that in the ruptured sample the crack edges present

irregular shapes.

4. Conclusion

We performed first molecular dynamics modeling of mechanical response of ultra-fine
grained polycrystalline hexagonal boron-nitride (h-BN) films. To this aim, we constructed
relatively large models of polycrystalline h-BN samples with equivalent grain sizes ranging
from 2 nm to 10 nm. The constructed polycrystalline molecular models were then subjected
to uniaxial tensile loading to provide detailed information concerning the grain size effect on
the mechanical properties of single-layer boron-nitride sheets. As an overall trend, we found
that by decreasing the grain size, the elastic modulus and tensile strength decrease and on the
other side the strain at failure increases. Our results for ultra-fine grained h-BN films with an
average grain size of 10 nm show around 10% and 45% reduction in the elastic modulus and
tensile strength, respectively, in comparison with those of defect-free h-BN sheets. Our
results suggest that polycrystalline h-BN films with grain sizes of 5 nm to 10 nm could yield
extremely high tensile strengths of around 80 GPa which are by two orders of magnitude
higher than that of the high strength steels and titanium alloys. The atomistic modeling results
for ultra-fine grained samples suggest that the experimentally fabricated polycrystalline h-BN
films can present ultra-high elastic modulus and tensile strength. By plotting the deformation
process, we elaborately discuss the failure of mechanism of polycrystalline h-BN films. The
MD results suggest that at strain levels relatively far from the failure strain, several voids
form along the sample by debonding of boron—boron or nitrogen—nitrogen bonds. However,
the tensile strength is found to occur in a point in which a previously formed crack along a
grain boundary propagates rapidly by breaking the boron-nitrogen bonds resulting in a

characteristic sharp decrease in the stress-strain response. This crack initially propagates only

11
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along a grain boundary and as it meets with a grain boundary junction it also propagates into
the bulk grains. The MD results also show that in the ruptured sample the crack edges present

irregular shapes.
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Fig. 1- Molecular models of periodic polycrystalline h-BN films with average grain size of
(a) 10 nm (50 nm x 50 nm), (b) 5 nm (25 nm % 25 nm) and (c) 2nm (24 nm % 24 nm). VMD
software [32] is used for graphical presentation of polycrystalline structures.
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and 10 nm for four different samples (S) with different grain configurations.
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Fig. 4- Elastic modulus, tensile strength and failure strain of ultra-fine grained single-layer h-
BN sheets as a function of grain size.
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Fig 5- Failure process of a polycrystalline h-BN sheet with an average grain size of 10 nm at
different strain levels. Engineering strain value (¢) for each image is depicted by its relative
engineering strain difference with respect to the sample’s strain at ultimate strength (g).
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