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The purpose of this work is to carry out a thorough analysis of fine structural parameters and energy scattering channels in
a hexagonal boron nitride lattice subjected to shock loading. This external influence leads to the formation of a shock wave
in the material. It has been shown that shock waves can be initiated by giving an initial pulse to a single atomic row in the
direction normal to that row. At the same time, such initial conditions do not correspond to the stable shock wave profile, but
it is formed after a sufficiently short transition period of about 0.1 ps. It has been shown that shock waves in the material under
study can propagate only in the two crystallographic directions, namely zigzag and armchair directions. In all the cases, the
shock waves travel faster than the speed of sound in the studied material. Mechanisms of shock wave propagation have been
investigated. We have revealed that propagation of the shock wave in the zigzag direction is associated with smallest energy
losses. We discover that the major mechanisms of energy dissipation in the material during shock wave propagation are the
bond length and the bond angle oscillations.
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MornekyIapHO-FMHAMUYECKOe MOJIeTNPOBaHNe
BBICOKOCKOPOCTHOTO Harpy>keH!s JBYMepHOTO HUTpuaa 6opa

[lenenes V. A.™!, [Imutpues C. B.2, Kopsaukosa E. A.**

'CapaToBCKUIL TOCYJapCTBEeHHbIN YHUBepcuTeT, Caparos, 410012, Poccus
MuctutyT HpobieM cBepxitactuaHocTy MetaioB PAH, Ya, 450001, Poccust
’Y¢umckmit rocyapCcTBEHHDIIT aBUAL[IOHHBIN TEXHUYECKIIT yHUBepCuUTeT, Yda, 450008, Poccus

Llenpio faHHOM PAaOOTHI ABJAETCSA IMPOBeJEHNe [eTaJbHOIO aHaaM3a TOHKUX CTPYKTYPHBIX IIapaMeTpOB U KaHAJIOB
paccesHNA HEPIUU B TeKCAaTOHAIBHON pelleTKe HUTpuja 6opa, IONBEprHYTO yIApHOMY Harpy>keHmio. JTO BHEIIHee
BO3JIelICTBYE NIPUBOANUT K 00pa3oBaHMIO B MaTepuajie YAapHO BOMHBL. DbIIO ITOKa3aHo, 4YTO yapHble BOTHBI MOTYT OBITD
VMHUIVVPOBAHBI IyTeM IIPVJIOKEH I Ha4a/IbHOTO MMITY/IbCa B OAVH aTOMHBII PsAJ B HAIIPaB/I€HNY, HOPMa/TbHOM K 3TOMY
pany. B To e BpeMsd Takie HadasbHbIE YCIOBMS HE COOTBETCTBYIOT CTaOMIBHOMY HpPOGIII0 yHapHOU BOMHBL OpHAaKO
oHa (opMupyeTcsa HOCIe JOCTATOYHO KOPOTKOTO IepeXofHoro nepuopa okono 0.1 mc. ITokasaHo, 4TO yHapHble BOJTHBI
B JUCCIIeLyeMOM Marepuajie MOIYT pacIpOCTPaHATBCA TOABKO B [ABYX KpUCTa/IOrpaduyeckyux HallpaBlIeHUAX-3Ur3are
u Kpecie. Bo Bcex clyyasx ymapHble BOJHBI ABJDKYTCS ObICTpee CKOPOCTM 3ByKa B MCCIefyeMOM Marepuaie. Taxoke
MICCTIEMIOBAHbl MEXaHM3MBbl PACHPOCTPAHEHNA yAapHOil BOnmHBL. IlokasaHO, YTO [BV)KEHME yHAPHON BONHBI B 3UTI3aro-
00pasHOM HaIlpaB/IeHUM CBSI3aHO C HAMMEHBIIMMU MOTEPSIMM SHEPIMU. YCTAHOBJIEHO, YTO OCHOBHBIMM MeXaHM3MaMU
OVMCCUIIALIAY SHEPIMM B MaTepuaje IIpY PaclIpOCTPAHEHMM YHAPHOV BOJNHBI ABJIAIOTCA KOMeOAHVA IJIMHBI CBA3U U
yI/Ia CBA3ML.

KnroueBblie C1OBa: aTOMUCTUYECKOE MoaennpoBaHNe, IByMEpHbIE MaT€pMaJIbl, YIapHbI€ BOTHDI, IIEPEHOC SHEPIUM.
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1. Introduction

Boron nitride (BN), a widely known material for its
excellent thermal and chemical stability has recently
been rediscovered in 2D form [1] following the recent
tendency of design of various new materials with reduced
dimension where crystals of one-atom-thickness comprise
a large set of materials, covering a broad range of properties
[2,3]. Among them one can recall several large groups,
namely X-enes [4-7], MX-enes [8] and transition metal
dichalcogenides [9]. BN is related to the first group, being a
chemical composite consisting of equal numbers of nitrogen
and boron atoms [10]. Several crystallographic variations of
BN are known up to date [11,12]. Hexagonal boron nitride
is the one similar to graphite [13]. Its layer type structure
allows to perform the split of layers and thus to obtain a new
2D material known as 2D hexagonal boron nitride (hBN)
with the structure type quite similar to graphene. Due to
this similarity heterostructures of graphene and hBN are
studied extensively by both experimental methods [14]
and computer simulations [7,15]. Mechanical properties of
boron nitride have been studied extensively [10,16 -19] still
being much less discovered than those of graphene [20-28].

The analysis of works devoted to the study of the
influence of high strain rates on the structure and properties
of 2D materials revealed a significant difference from those
at conventional strain rates. For example, in an experimental
study [29], it was shown that carbon nanotubes are damaged
much more when compressed by a shock wave than when
static compression occurs at the same pressure level.
Graphene has the potential to absorb shock waves without
destruction [30] or as an intermediate layer for reflection and
attenuation of the shock wave [31]. Potential applications of
several 2D materials (including graphene and boron nitride)
in ballistic applications are discussed [32,33]. Studies of
the structure evolution of various bulk conformations
(nanoscrolls, fullerenes, nanotubes) of graphene and boron
nitride in collision with an obstacle were conducted in [34],
where it was shown that the scenario of structure evolution
in a collision strongly depends on the initial velocity and
orientation. Amorphization of boron nitride structures begins
earlier than carbon structures due to the lower strength of the
former [32]. The evolution of a defective graphene structure
induced by high-speed loading was studied in [35,36]. It is
shown that in contrast to normal deformation rates, where
the strain energy is primarily dissipated by the deformation
of covalent bonds and the occurrence of bending stresses, the
use of high-speed loading can lead to healing of defects and
the appearance of shear bands.

Due to the fact that 2D hBN is a material with a wide range
of potential applications where a considerable probability
of high-speed loading exists, investigation of its mechanical
behavior and strain accommodation mechanisms under high
rate loadings is an important task addressed in this research.

2. Material and methods of investigation
The simulations are carried out by the method of molecular

dynamics using LAMMPS package [37]. This method has
earlier been shown to be an effective tool for investigation of
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various effect in crystals, for instance nonlinear dynamics of
lattices [25,38-41], evolution of structure and mechanical
properties upon loading [42-44], phase transformations
[45] and many other applications. The interaction of
nitrogen and boron atoms in the boron nitride lattice is
described using a refined Tersoff potential (BN. extep)
addressed circumstantially in [46]. The integration step
in our calculations is 1 fs. Periodic boundary conditions
are applied in both directions. Fig. 1 shows the initial
structure and the scheme of the shock wave emergence.
The x axis corresponds to the zigzag direction and the
y axis — to the armchair direction. In the study of the waves
propagating along the armchair direction, boron nitride
lattices consisting of 2400x 50 atoms with dimensions of
6.13x520.33 nm, are considered. In the case of propagation
along the zigzag direction, the size of the computational cell
was 50 x1200 atoms that corresponds to 150.12x10.7 nm.

Launching of the shock wave in the zigzag direction was
performed by applying the initial velocities v, to one row of
atoms (n=1,2) of the armchair profile along the x axis while all
other atoms had zero velocities and zero initial displacements.
Initiation of a single zigzag atomic row (m=1,2) with initial
velocity of v, along the y axis resulted in the formation of the
shock wave propagating along the armchair. The described
above initial conditions do not correspond to the shock
wave profile that was formed after a transition time period of
about 0.1 ps.

Fig. 1. (Color online) Schematic representation of boron nitride
composed of nitrogen (red) and boron (blue) atoms. Cartesian axes
x and y are oriented along the zigzag and armchair crystallographic
directions, respectively. Numbering of atoms is shown: index
m varies along the armchair direction and n along the zigzag
direction. The inset represents the elementary cell of BN with the
valence angles being equal to ¢ =¢,=120° and interatomic distances
p,=p,=1.4457 A in the equilibrium state.

3. Results and discussion

Emergence of the shock wave is the result of the application
of an impulse to one row of atoms in the direction of the
planned propagation. Since the energy of the valence bond
is quite high and its braking is associated with an extreme
impact not being the case of this study, the accommodation
of shock energy is primarily realized via compression of
the bond. This moving compression region forms a soliton
propagating in the direction of the initial impact. Aim
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of our study was to analyze properties of this shock wave,
its stability in time and mechanisms of its propagation.
The propagation velocity and energy of the shock wave, as
well as the level of compression change upon varying the
energy of the excitation initiating a shock wave. In the cases
under consideration, the shock wave velocity was always
higher than the speed of sound (v =18.6 km/s for boron
nitride [47]). To determine the quantitative characteristics
of the shock wave, the dependences of the shock wave energy
and its radiation on the shock wave propagation velocity
were plotted in Fig. 2a. It can be noted that for the motion
of the compression wave in the direction of the armchair,
all other parameters being equal, was associated with higher
values of energy than in the direction of the zigzag. In all
considered cases, the radiation decreased with decreasing
the soliton velocity.

Now let us consider how the velocity and energy of a
shock wave change over time for all the cases considered
above. The graphs in Fig. 2a show the evolution (for the first

row of atoms along the propagation of the soliton) of the
shock wave energy in time, and Fig. 2b shows the evolution
of the shock wave velocity in time. Dependence of the soliton
energy as a function of its velocity is presented in Fig. 2 c.

The most interesting feature is the propagation of a shock
wave in the zigzag direction. If we consider both plots in
Fig. 2, we can see that the energy of the shock wave dissipates
slower than in the case of the armchair direction. Thus, it
is confirmed that the zigzag direction in a hexagonal lattice
is the most favorable for the propagation of a shock wave,
which can travel long distances with a small change in its
characteristics. The question arises, what is the reason for
this behavior. To answer this question, we have considered
the dynamics of the angles ¢ and the bond lengths p of atoms
(shown in the inset of Fig. 1) in time when a shock wave
passes through them.

The graphs in Fig. 3 show the dependences of the angles
¢ and the lengths p of the bonds of atoms when being passed
through by the shock wave. When the shock wave passes
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Fig. 2. Evolution of the energy of the shock wave per unit length (a) and its derivative dE/dt as the function of the wave velocity (b),
dependence of the wave energy on the velocity of the wave in the steady state (c). The solid and dashed lines show the results for the waves
moving along the armchair and zigzag direction respectively. Vertical lines indicate the speed of longitudinal sound for hBN.
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Fig. 3. (Color online) Shock wave induced oscillations of the valence angles (a, ¢) and valence bond lengths (b, d). The black (red) color
corresponds to the valence bond angle and length ¢, and p, (¢, and p,). (a,b) corresponds to the case of the shock wave propagation in the
armchair direction, (¢, d) - in the zigzag direction. The insets in the panel in (a) and (c) show the power spectrum of shock wave induced
oscillations in the armchair and zigzag direction, respectevely, details of the spectrum calculations are given in [6].
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through the lattice, one can see that one of the coupling angles
@, is stretched, and the other angle ¢, is compressed. This is
clearly seen in the graphs in Fig. 3a,c. In this case, all bond
lengths, both p, and p,, are compressed. At the initial stage,
immediately after passing through the shock wave atoms,
a vibrational mode with a high degree of regularity arises.
If we consider the intensity of these vibrations, we can see that
the vibrations in the zigzag direction are higher in frequency
than for the armchair direction. After the 15-20 periods
of oscillations, the regular mode is destroyed and chaotic
phonon oscillations are established, the intensity of which
for the chair direction is much higher than for the zigzag
direction, while it can be noted that chaotic oscillations in
the zigzag direction have lower frequency.

In this case, the energy dissipated by atoms after passing
through the soliton is proportional to the square of the
vibration frequency of the bond length (angle). This is
probably the reason why, during the propagation of a shock
wave in a hexagonal lattice in the zigzag direction, lower
energy losses are observed and a less intense deceleration of
the shock wave propagation occurs (see Fig. 3).

4. Conclusion

Molecular dynamics analysis of plane compressive shock
waves in boron nitride propagating along the armchair and
zigzag directions is carried out. It was shown that shock
waves can be initiated by imparting an initial impulse to one
atomic row in the direction normal to this row. These initial
conditions do not correspond to the shock wave profile that
forms after a transition period of about 0.1 ps. Shock waves
travel at speeds exceeding the speed of sound. To reveal the
mechanism of energy dissipation, we analyzed the vibrations
of bond angles and bond lengths caused by a shock wave.
It is found that the shock wave excites a highly symmetric
vibrational mode with a frequency close to the upper edge
of the spectrum of small amplitude vibrations. The mode is
unstable and after 5 to 20 periods of oscillations, depending
on the direction of propagation, it breaks down and turns
into irregular oscillations. The largest vibration amplitudes
were initiated by a shock wave moving in the boron nitride
in the direction of the armchair, which corresponds to
the maximum energy emission intensity. In this case, the
triggering of a compression soliton in the zigzag direction is
associated with lower amplitudes and frequencies of atomic
vibrations, which, in turn, leads to less intense scattering
and the retention of stable parameters of the shock wave
motion. It should be nothed that the shock waves induced
in graphene are characterized by a larger degree of energy
dissipation than in the boron nitride. For this reason, their
lifetime is noticeably shorter. Besides, the anisotropy, which
is observed in the boron nitride, is almost absent in the
graphene, namely the shock wave features are very similar in
the both crystallographic directions.

The next step in research in this direction can be the
analysis of shock waves in other 2D materials with different
types of lattices (multilayer or corrugated, such as, for
example, in phosphorene, bismuthene and other variations
of elements of the V subgroup), to determine the role of the
geometry of the lattice in the dynamics of shock waves.
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