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ABSTRACT

Due to its periodic porous structure and high mechanical strength, carbon honeycomb (CHC), a new car-
bon allotrope, possesses a high energy absorption capability and thus great potential for the design and
fabrication of advanced impact-resistant materials. In this work, the propagation and attenuation of shock
waves in CHC are investigated for the first time via molecular dynamics simulation. The simulation re-
sults indicate that the propagation speed of shock waves in CHC is highly anisotropic and the shock
wave energy decays with the propagation distance exponentially regardless of the direction. In addition,
the energy decay is accelerated at elevated temperatures. When vacancies are introduced into CHC, the
shock wave propagation in it is significantly impeded due to the large deformations of the vacancies in
the form of shrinkage and expansion caused by the shock wave. The calculation of the critical shock wave
intensity at which structure failure of CHC initiates shows that the cell axis direction of CHC can sustain
a high shock wave intensity which is over two times higher than those for the other two directions.
The simulation results obtained in this work are helpful for the design, fabrication, and application of
CHC-based and other porous impact-resistant materials.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Tough and impact-resistant materials are highly demanded in
situations wherein high-speed collisions must be shielded, and
these materials are widely adopted in various engineering ap-
plications, such as aircrafts, automobiles, electromechanical de-
vices, and personal protective equipment. When subjected to shock
waves, these materials can absorb their kinetic energy and retard
their propagation via severe plastic deformation, vibration mitiga-
tion, and stress redistribution. Common impact-resistant materials
that have been developed so far mainly include fiber composites,
cellular and porous materials, magnetorheological fluids, metallic
tubes, sandwich structures, lattice and truss structures, and func-
tionally graded structures [1-3]. Among them, cellular materials
have attracted intensive research interest due to their high en-
ergy absorption capability (EAC) and unique plateau stress-strain
responses [4-9].
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Recently, carbon honeycomb (CHC), a new carbon allotrope
with a stable 3D hexagonal porous structure, was synthesized
experimentally by Krainyukova et al. [10] via the deposition of
vacuum-sublimated graphite. CHC was theoretically proposed by
Karfunkel et al. [11] early in 1992 and can be regarded as a peri-
odic cellular network consisting of graphene (GE) nanoribbons that
are connected at their edges by a line of sp3 hybridized carbon
atoms to form an array of hexagonal pillars. Theoretical investiga-
tions have demonstrated that CHC possesses excellent mechanical
and physical properties [12-18], and thus holds great promise in
various practical applications like liquid/gas storage and transport
[19-21], electrodes in ion batteries and supercapacitors [22,23].

Based on density function theory calculations, Pang et al.
[12] and Gu et al. [16] reported that the tensile strength of CHC
along its cell axis direction can be as high as ~70 GPa and that in
the honeycomb armchair or zigzag direction can also reach a high
value of ~40 GPa. In addition, a superior ductility with a fracture
strain of over 30% has been observed in the armchair direction.
Due to the porous structure of CHC, it has a low mass density and
its specific strength is superior to those of most engineering ma-
terials including metals, lightweight carbon nanotube arrays, and
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Fig. 1. Atomic structures of (a) a CHC supercell and (b) a triple junction at the vertex of a honeycomb cell in CHC. The carbon atoms at the junctions (colored blue) are
sp? hybridized, while the other carbon atoms (colored red) are sp? hybridized. The MD simulation models of CHC under shock loading in the armchair, zigzag, and axial
direction are shown in parts (c-e), respectively. The atoms colored in purple at the left end are set to possess an artificially large initial velocity in the x-direction to generate
the shock wave, and the atoms colored in black at the right end are fixed in place. The black solid square represents the boundary of the simulation box.

GE-based nanocomposites [12]. By conducting molecular dynamics
(MD) simulation, Yi et al. [7] studied the EAC of CHC under com-
pressive loading and reported that the EAC of CHC prior to fail-
ure initiation can reach 1310 and 1570 J/g in the armchair and
zigzag directions, respectively. The EAC further increases to 2180
J/g when the compressive loading is applied in the cell axis direc-
tion. The remarkably high EAC observed in CHC is orders of magni-
tude higher than those of conventional cellular energy absorption
materials, such as steel foams and aluminum foams (with EAC in
the range of 1-100 ]/g). These previous studies demonstrate that
CHC is a promising impact-resistant material and possesses great
potential in high-speed collision shielding.

However, the current studies on the mechanical properties of
CHC mainly rely on its tensile or compressive response, and the
impact resistance of CHC is only estimated by calculating its EAC
based on the compressive stress-strain curve. To fully characterize
the impact resistance of a material, the propagation and attenua-
tion of shock waves in it should also be investigated. Hence, this
work is devoted to investigating the shock wave propagation and
attenuation in CHC via MD simulation. The effects of cell vacancy
defects and temperature on the impact resistance of CHC are also
studied.

2. Simulation method

The atomic structure of CHC is shown in Fig. 1(a), which can be
considered as a periodic array of honeycomb cells each of which
consists of six identical GE nanoribbons with their longer sides
aligned in the cell axis direction. The triple junction at a ver-
tex of a honeycomb cell in CHC can be formed either by con-
necting three armchair-edged GE nanoribbons or three zigzag-
edged nanoribbons, with the zigzag-edged nanoribbons leading to
a slightly higher mechanical strength of CHC [16]. Hence, in this
study, the zigzag-edged nanoribbons are adopted to construct the
CHC structure. For each two GE nanoribbons that are in connec-
tion, the atomic structure at their junction region can be viewed as
an array of periodic units each of which consists of two pentagonal
carbon rings and one octagonal carbon ring, as shown in Fig.1(b).
Upon the formation of the triple junctions, the carbon atoms at the
edges of the nanoribbons (colored blue) are sp3 hybridized, while
the other carbon atoms (colored red) remain sp? hybridized.

In practical applications, an impact-resistant material may get
shocked in any direction. Hence, it is necessary to investigate the
orientation dependence of the shock response of CHC. In this study,
MD simulations are conducted to investigate the shock wave at-



J. Li, L. Bai, W. He et al.

tenuation and propagation in CHC in the armchair, zigzag, and
cell axis directions, and the corresponding simulation models are
shown in Fig. 1(c-e), respectively, with their dimensions of the
simulation box set at 374.88x14.76x49.19 A3, 334.49x14.76x51.12
A3, and 487.08x9.84x51.12 A3. The MD simulations are conducted
with the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) package [24] and the simulation results are visualized
using the OVITO package [25]. The adaptive intermolecular reac-
tive empirical bond order (AIREBO) potential with a set of modi-
fied cutoff parameters [26] is adopted to describe the atomic inter-
actions.

The CHC structure is first energy-minimized by using the con-
jugate gradient method with periodic boundary conditions applied
in all the three directions. The system is then thermally equili-
brated at a preset temperature and the atmospheric pressure in the
isothermal-isobaric (NPT) ensemble for 300 ps with a time step of
1 fs using the Nosé-Hoover thermostat and barostat [27,28]. Four
temperature values (1, 100, 300, and 500 K) are considered to in-
vestigate the effect of temperature on the shock wave attenuation.

Upon reaching the equilibrium state, the system is switched to
the microcanonical (NVE) ensemble. The periodic boundary con-
dition that applied in the x-direction is removed, whereas those
applied in the other two directions are retained. A vacuum layer
with a thickness of 20 A is placed at both the left and right ends of
the simulation model to provide space for the structure deforma-
tion induced by the shock wave. Meanwshile, a thin layer of carbon
atoms at the right end (colored black in Fig. 1(c-e)) is freezed to
mimic a reflective boundary. To generate the shock wave, an artifi-
cially high velocity in the shock direction is assigned to the carbon
atoms in a thin layer at the left end of the CHC structure which
is denoted as the shock wave activation region (colored purple in
Fig. 1(c-e)). Afterward, the simulation system is allowed to evolve
with time freely during which the dynamic behaviors of represen-
tative carbon atoms and the kinetic energy of the system are in-
vestigated to detect the shock wave propagation and attenuation
in CHC.

The carbon atoms at the triple junctions are selected as the rep-
resentative atoms for the simulation models shown in Fig. 1(c) and
(d) where the shock wave is generated to propagate in the arm-
chair and zigzag directions, respectively. In the simulation model
shown in Fig. 1(e) where the shock wave propagates in the cell
axis direction, the carbon atoms on a set of y-z planes that are
equally separated by a distance of 14.76 A (corresponding to the
width of six zigzag dimer lines in GE) from the left end of the
simulation box are adopted as the representative atoms. For all
the three simulation models, the representative carbon atoms that
have the same initial x-coordinate are distributed to the same
group for the averaging purpose. All the groups are numbered in
sequence based on the ascending order of the x-coordinate of their
constitutive carbon atoms.

3. Results and discussion
3.1. Propagation and attenuation of shock waves in perfect CHC

When subjected to impact loadings with high intensities, solids
could undergo severe plastic deformation and present liquid-like
deformation behaviors, which can lead to a large number of de-
fects and material failure. Hence, to investigate the shock wave
propagation and attenuation in perfect CHC, the mechanical re-
sponse of CHC under the effect of the shock wave is limited to
the elastic range by setting the initial velocity of the atoms in the
shock wave activation region at 2.6 km/s, a value at which the
structural transformation or failure of CHC is prevented. This ini-
tial velocity corresponds to an initial shock wave energy of 126.11,
151.345, and 176.58 eV for the three simulation models shown in
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Fig. 1(c-e), respectively. Here, the shock wave energy is calculated
as the total kinetic energy of excited atoms in the activation region
after subtracting their kinetic energy at thermal equilibrium.

Fig. 2(a-c) show the time-dependent displacements in the first
few picoseconds of the representative carbon atoms in the x-
direction at 1 K for the shock waves propagating in the armchair,
zigzag, and cell axis directions, respectively. The displacements of
the representative atoms at 1 K are analyzed because their random
thermal vibrations are significantly suppressed at this temperature
and their displacements are mainly activated by the shock wave.
Their displacements at higher temperatures (i.e., 100, 300, and 500
K) can be found in Supplementary Fig. S1 of the supplementary
material.

After the shock wave reaches the right fixed end, it is reflected
and the initially displaced atoms first move back to their origi-
nal positions and then displace in the reflecting direction of the
shock wave, as indicated by the group-averaged displacements in
a longer period of 50 ps of the representative carbon atoms for the
shock wave propagating in the armchair direction (Supplementary
Fig. S2). This propagation -reflection process repeats cyclically until
the shock wave energy is completely dissipated in the CHC struc-
ture. Due to the dissipation of the shock wave energy, the maxi-
mum displacements of the atoms induced by the shock wave re-
duce gradually as the shock wave propagates in the CHC structure.

Each curve in the figures corresponds to the averaged displace-
ment of a group of representative atoms with the same initial
x-coordinate. It can be observed that the carbon atoms are ac-
tivated by the shock wave to displace in a sequence of their x-
coordinates. Once the atoms in each group reach their maximum
displacements, they do not return to their original equilibrium po-
sitions but vibrate around their maximum displacement positions.
In addition, both the displacements and the vibration amplitudes
of the carbon atoms are much larger for the shock waves propa-
gate in the armchair and zigzag directions than those for the cell
axis direction. Furthermore, when the shock wave propagates in
the armchair or zigzag direction, the maximum displacements of
the carbon atoms decrease as their x-coordinates increase, indicat-
ing that the CHC structure is compressed by the shock wave. Par-
ticularly, the decrease of the displacement is more prominent for
the zigzag direction, which is a sign of the more efficient damping
of the shock wave energy in this direction.

A unique feature of the shock wave that propagates in the arm-
chair direction is that its propagation speed is not constant. As ex-
emplified by the time-dependent displacement curves of the atoms
in the 1st, 2nd, and 3rd groups (Fig. 2(a)), the time of the shock
wave propagation from the 15t group to the 2" group is much
longer than the propagation time from the 2nd group to the 3rd
group, although the projection distance in the shock wave propa-
gation direction (i.e., x-direction) between the 1st and 2nd groups
is shorter than that between the for the 2™ and 3" groups. This
observation demonstrates that shock wave propagation is much
faster in the GE nanoribbons that are in parallel to the wave prop-
agation direction.

Despite the variable local propagation speed of the shock wave
in the armchair direction, the global propagation speed across the
whole CHC structure in this direction is almost identical to that
in the zigzag direction. Specifically, the global wave propagation
speed is calculated by v=L/t in this work, where L and t denote the
length of the CHC structure and the time required for the shock
wave to reach its right end, respectively. The simulation results in-
dicate that the average propagation speed in the armchair, zigzag,
and cell axis directions are 11.46 km/s, 11.47 km/s, and 25.91 km/s,
respectively. This result is in good consistency with the simulation
results reported by Zhang et al. [15] and Gu et al. [16] that the stiff-
nesses (Youg's moduli) in the armchair and zigzag directions are
identical but much lower than that in the cell axis direction since
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Fig. 2. The group-averaged displacements of the representative carbon atoms in the
x-direction at 1 K for the shock waves propagating in the (a) armchair, (b) zigzag,
and (c) cell axis direction. The inset on the top left of each part shows the first
three groups of the representative carbon atoms (labeled by 1, 2, and 3 and colored
in black, red, and blue, respectively) with the shock wave propagation pathway be-
ing highlighted by the arrows. The inset on the top right of each part shows the av-
eraged displacements of a subset of the groups of the representative carbon atoms
to provide a clearer view of their displacements.
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it is generally known that the transmission speed of a mechanical
wave in a solid material is positively proportional to its stiffness. It
is worth mentioning that the propagation speed of the shock wave
changes slightly with the increase of temperature because of the
low sensitivity of the stiffness of CHC towards temperature (see
Supplementary Fig. S3).

To quantitatively characterize the capability of CHC in damping
the shock wave propagation in different directions, the evolution of
residual energy E(x) of the shock wave as it propagates in the CHC
structure is investigated and plotted in Fig. 3(a-c). Here, the resid-
ual energy E(x) at the propagation distance x is estimated by the
increase of the total energy of all the atoms that stay in front of
the shock wave (i.e., all the atoms with coordinates larger than x)
after the shock wave passes through the position x. It is observed
that for all the three propagation directions, the residual energy
E(x) of the shock wave decays with the propagation distance x in
an exponential pattern which can be fitted to the functional form
of E(x)=aexp(-bx), as shown by the fitting curves delineated by the
solid lines.

In addition, the residual energy of the shock wave that propa-
gates in the zigzag direction decays the most rapidly, regardless of
the temperature. For instance, at 300 K, the power exponent pa-
rameter b for the zigzag direction is ~0.0095, which is significantly
higher than those of ~ 0.008 and ~ 0.002 for the armchair and
cell axis directions, respectively. The more rapid decay of the shock
wave energy in the zigzag direction than the armchair direction is
in good agreement with the results reported by Li et al. [29] who
studied the vibration and damping characteristics in a CHC-based
resonator subjected to periodic harmonic excitation. Their simu-
lation results also indicate that the damping factor in the zigzag
direction is higher than that in the armchair direction. The more
rapid decay of the shock wave energy in the zigzag direction can
be attributed to the fact that one-fifth of the GE nanoribbons are
perpendicular to the shock wave propagation direction and sepa-
rated by the pores of CHC. Hence, these perpendicular nanoribbons
impose a higher impedance on the shock wave transmission and
result in a higher decaying rate of the shock wave energy in the
zigzag direction.

With the increase of temperature, the decay of the residual
energy of the shock wave becomes increasingly rapid, as demon-
strated by the monotonic increase of the power exponent param-
eter b with temperature (Fig. 3(d)). In addition, the temperature
dependences of the parameter b for the armchair and zigzag di-
rections are much more prominent than that for the cell axis di-
rection. As the temperature increases from 1 K to 300 K, the pa-
rameter b increases by ~3 times from 0.00303 to 0.0114 for the
armchair direction and from 0.00469 to 0.01202 for the zigzag di-
rection, whereas it only increases by ~2 times from 0.00101 to
0.00235 for the cell axis direction. This result indicates that in-
creasing temperature is more efficient in enhancing the impact re-
sistance of CHC in the armchair and zigzag directions than in the
cell axis direction.

A possible reason for the prominent temperature dependence
of the shock wave attenuation in the armchair and zigzag direc-
tions can be ascribed to the enhanced thermal vibration of the
carbon atoms at high temperatures because of the low stiffness in
these two directions. With the increase of temperature, the car-
bon atoms displace more and more out of step from each other
when the shock wave propagates in the armchair or zigzag di-
rection, and the corresponding displacement curves also become
more disordered and present enhanced fluctuations, particularly
after the atoms reach their maximum displacements (see Supple-
mentary Fig. S1). As the vibrations of the atoms turn to be increas-
ingly random, the directional transport of the shock wave is largely
disturbed. Consequently, a higher decaying rate of the shock wave
energy is observed.
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Fig. 3. Residual energy E(x) of the shock wave as a function of its propagation distance x for the (a) armchair, (b) zigzag, and (c) cell axial directions. The symbols represent
the residual energy obtained from the MD simulation, while the solid lines represent the exponential fitting curves. (d) Dependence of the power exponent parameter b of

the exponential fitting on temperature.

3.2. Propagation and attenuation of shock waves in CHC containing
vacancies

The CHC structure investigated so far is considered to be ide-
ally perfect. However, various types of defects are usually in-
evitable during the fabrication of nanomaterials. Previous studies
have demonstrated that cell vacancies can lead to significant ef-
fects on the thermal and mechanical properties of CHC [30]. Hence,
in this section, the effect of cell vacancies on the propagation and
attenuation of the shock waves in CHC is studied.

Since the focus of this section is the effect of cell vacancies,
only the shock wave propagates in the armchair direction is mod-
eled. Three defective CHC models are constructed to contain 1,
2, and 3 cell vacancies, respectively. The vacancy is created by
deleting a triple junction of the CHC and its associated three GE
nanoribbons. For each model, the vacancies are evenly distributed
along the shock wave propagation direction in the left half of the
CHC structure while the right half is kept intact. With this defect
distribution, the distance of two adjacent vacancies is small and
the attenuation of the shock wave traveling between them can be
limited to a low level. As a result, a high residual energy of the
shock wave can be retained each time it passes through a vacancy
and the effect of vacancies on shock wave propagation can be ef-
fectively studied. Fig. 4(a) shows the MD simulation model con-
taining three cell vacancies.

When the shock wave passes through the cell vacancies, they
undergo severe shrinkage and expansion deformation, as indicated
by the evolutions of the local atomic structures in their vicini-
ties (Fig. 4(b)). The deformations of the vacancies occur through
the significant bending of the GE nanoribbons at the edges of the
cell vacancies. Since their bending deformation consumes energy,
the shock wave propagation is impeded, which can be further il-

lustrated by the displacement curves of the representative carbon
atoms for the defective CHC structure containing three vacancies,
as shown in Fig. 5.

It is observed that the carbon atoms on the right of each va-
cancy take a longer time to reach their maximum displacements
than the atoms on the left of the vacancy, and the correspond-
ing magnitudes of the maximum displacements are also lower for
atoms on the right. Hence, apparent downward and leftward shifts
of the displacement curves occur at the locations of the vacan-
cies, resulting in large “voids” among the displacement curves.
In addition, as the shock wave propagates through the vacancies,
their shrinkage and subsequent expansion deformation drags and
pushes the atoms around them, leading to intensive vibrations of
these atoms. This phenomenon is most prominent for the car-
bon atoms on the left of the first cell vacancy which presents the
largest deformation because the shock wave possesses the high-
est kinetic energy at the beginning of its propagation in the CHC
structure.

The effect of the vacancies on the shock wave propagation can
further be characterized by the evolutions of the residual energy
E(x) of the shock wave as it propagates across the CHC structures
containing various numbers of cell vacancies at different tempera-
tures, as shown in Fig. 6(a-c). The evolution of E(x) in the perfect
CHC structure is replotted for comparison purposes.

At all the temperatures considered, the decay of E(x) keeps the
exponential manner that is observed for the perfect CHC struc-
ture. In addition, the decaying rate of E(x) is enhanced with the in-
crease of cell vacancies and such enhancement is the most promi-
nent when the defect number increases from 0 to 1. At 1 K, the
fitted power exponent parameter b increases by ~3 times from
0.003 to 0.009 when one vacancy is created in CHC. As the va-
cancy number increases from 1 to 3, the parameter b increases by
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atomic structures in the vicinity of a vacancy defect as the shock wave passes through it. The atoms colored in black denote the sp> hybridized carbon atoms located at the
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Fig. 5. Evolution of the group-averaged displacements in the x-direction of the rep-
resentative carbon atoms at 1 K for the shock wave propagating in the armchair
direction of CHC structure containing three cell vacancies. The arrows indicate the
displacements of the groups of carbon atoms of which the initial x-coordinates align
with the centers of the vacancies.

only 50% (Fig. 6(d)). Furthermore, at elevated temperatures, the ef-
fect of cell vacancies on the shock wave propagation is weakened.
For instance, at 500 K, the parameter b increases by only 60% when
three cell vacancies are created in the CHC structure. These results
indicate that increasing the porosity of CHC is beneficial in enhanc-
ing its impact-resistance, buth the enhancement is most promiant
when the porosity is low and is also limited by the temperature.

It is noted that the vacancies in the simulation models are per-
fectly aligned in the shock wave propagation direction. To shed
light on the effect of the arrangement of vacancies on the shock
wave attenuation, two additional defective CHC models each con-
taining two vacancies in the left half are constructed (Supplemen-
tary Fig. S4). The two vacancies are shifted with respect to each
other in a direction normal to that of the shock wave propagation
with certain offset distances. The simulation results show that the
offset distance does not significantly affect the shock wave attenu-
ation (Supplementary Fig. S5).

However, in the present simulation model, the periodic bound-
ary conditions are applied in the directions perpendicular to that
of the shock wave propagation and the separation distances among
vacancies are set at the same constant. As a result, the vacan-

cies can be considered to be uniformly distributed without local
concentrations. When the vacancies are arranged randomly, there
might be local areas with high vacancy concentrations which could
have a significant effect on the shock wave attenuation and de-
serve a further study.

3.3. Critical shock wave intensity for CHC structure collapse

In the previous discussion, the shock wave intensity (defined as
the shock wave energy per unit area in this study) is limited to a
low value of 0.176 eV/A2 by setting the initial velocity of the atoms
in the shock wave activation region at 2.6 km/s. The CHC structure
responds elastically to the shock wave and there is no any local
structure collapse or fracture induced by the shock wave. Limiting
the response of CHC structure to shock waves in the elastic range
is beneficial to keep the integrality of the structure such that it can
retain its attenuation toward sustained or periodic shocks. How-
ever, severe structure collapse is required to achieve the high EAC
of CHC as revealed by the study of its mechanical response under
compressive loading [7]. Hence, it is of great importance to study
the critical shock wave intensity at which structure collapse is ini-
tiated in CHC.

To achieve this goal, the shock wave intensity applied in the
MD simulation model is increased gradually by increasing the ini-
tial velocity of the atoms in the activation region from 2.6 km/s
with an increment of 0.1 km/s. The critical shock wave intensity
is obtained when local structure collapse is initiated in the CHC
structure. Fig. 7 shows the local atomic structure of CHC with local
structural failure and its atomic stress distribution after the shock
wave with an intensity of 0.51 eV/A2 (corresponding to an initial
velocity of 4.4 km/s for the atoms in the activation region) prop-
agates in the armchair direction for 1.3 ps. Because of the high
shock wave attenuation in the armchair direction, a large portion
of the initial shock wave energy is retained in the activation region,
leading to severe local atomic structure distortion and high atomic
stresses in this region. Analysis of the local atomic structure distor-
tion shows that the structure collapse of CHC occurs through both
bond breaking and forming.

The critical shock wave intensities for the armchair, zigzag, and
cell axis directions at different temperatures are plotted in Fig. 8.
With the increase of temperature, the critical shock wave inten-
sity decreases monotonically. This phenomenon can be attributed
to the reduced mechanical strength of CHC [13] and the enhanced
random thermal vibrations of the carbon atoms at elevated tem-
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shock wave with an intensity of 0.51 eV/A2 (4.4km/s) propagates in the armchair
direction for 1.3 ps. The local area enclosed with the dashed rectangle denotes the
region where severe atomic structure distortion occurs.

peratures, both of which facilitate the breaking and formation of
C-C bonds under the effect of the shock wave.

The critical shock wave intensity in the cell axis direction is
over two times higher than those in the armchair and zigzag
directions. In addition, the critical intensity in the armchair di-
rection is lower than that in the zigzag direction, although the
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Fig. 8. Temperature dependence of the critical shock wave intensity at which struc-
ture collapse of CHC occurs.

shock wave can propagate more easily in the armchair direc-
tion as indicated by its smaller power exponent parameter b
(Fig. 3). The previous MD simulation [13] shows that the mechani-
cal strength of CHC in different directions also follows the order of
cell axis>zigzag>armchair. Hence, it can be inferred that the crit-
ical shock wave intensity is positively related to the mechanical
strength of CHC.
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The high critical shock wave intensity in the cell axis direction
is beneficial for achieving a high EAC and limiting the penetration
of the shock wave into the CHC structure to a small depth when
the structure is used to shield shock waves with intensities higher
than the critical value. However, when shock waves with intensi-
ties lower than the critical value are required to be shielded by
the CHC structure, local structure collapse is not induced in it and
the shock wave retains a high energy level as it propagates and
can penetrate the CHC structure with a large depth. In this cir-
cumstance, a low wave propagation speed and a high attenuation
rate are more desirable for shock wave shielding. Hence, it is ad-
vantageous to align the armchair and zigzag directions of the CHC
structures with the propagation direction of the shock wave when
it possesses a relatively low intensity.

It is worth noting that in the simulation model, only the atoms
in the ultra-left zigzag (or armchair) line are selected to activate
the shock wave in the armchair (or zigzag) direction. To investigate
the effect of the size of the shock wave activation region on the
shock wave attenuation in CHC, two additional simulation mod-
els are constructed in which the hexagonal rings on the ultra-left
are selected as the shock wave activation region for both the shock
waves propagate in the armchair and the zigzag direction (see Sup-
plementary Fig. S6). When a larger activation region is selected,
the critical shock wave intensity increases (Supplementary Fig. S7).
This is because for a given intensity of the shock wave, its energy
retained in the activation region after its propagation is shared by
more atoms when the size of the activation region increases. The
compressive deformation near the activation region reduces and
the atomic stress also decreases, as shown in Supplementary Fig.
S8. Consequently, the damage caused by the shock wave is miti-
gated when the shock wave activation region is larger. Considering
the fact that the activation region selected in the present simu-
lation is the smallest, the critical shock wave intensity shown in
Fig. 8 can be considered as the lowest bound of the critical shock
wave intensity of the CHC structure.

4. Conclusions

MD simulation is conducted to investigate the propagation and
attenuation of shock waves in CHC. When the shock wave intensity
is low, the dynamic response of the CHC structure to the shock
wave is elastic and highly anisotropic. The propagation speed of
shock waves in the cell axis direction of CHC is much higher than
that in its armchair or zigzag direction. Under the effect of the
shock wave, the atoms are first activated to displace to new po-
sitions and then vibrate there. Such vibration leads to significant
interruptions of the directional propagation of the shock wave and
impedes its energy transmission. In addition, the displacement and
vibration amplitude are the largest when the shock wave propa-
gates in the zigzag direction, whereas they are the smallest when
the shock wave propagates in the cell axis direction, indicating that
shock wave propagation in the zigzag direction is most impeded.

The characterization of the residual energy E(x) of the shock
wave shows that it decays with the propagation distance x in an
exponential manner which can be fitted to the functional form of
E(x)=aexp(-bx). The power exponent parameter b is the largest for
the zigzag direction, which further proves the most rapid decay
of the shock wave energy in this direction. At elevated tempera-
tures, the residual energy decay is accelerated due to the enhanced
random thermal vibration of the atoms. When cell vacancies are
present in the CHC structure, its impedance to the shock wave
propagation is enhanced, which is attributed to the severe defor-
mation of the vacancies in the form of shrinkage and expansion
caused by the shock wave.

The critical shock wave intensity that leads to the failure initi-
ation of CHC is also investigated. The result indicates that the CHC
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structure can sustain the highest shock wave intensity in the cell
axis direction, which is two times higher than those in the zigzag
and the armchair directions. Considering the higher impedance of
the shock wave propagation in the armchair and zigzag directions,
it is beneficial to align these two directions with the propagation
direction of the shock wave when its intensity is low such that its
propagation in the CHC structure is slowed down. When the inten-
sity of the shock wave is high, it is profitable to arrange the cell
axis direction to the shock wave direction to fully take advantage
of the high EAC of the CHC structure to prevent the penetration of
the shock wave into the CHC structure.

The previous research works on the impact-resistance of ad-
vanced nanoporous structures mainly focus on their EAC, and their
dynamic responses under shock loadings have seldom been re-
ported. The results obtained in this work not only provide a deep
understanding of the shock wave propagation and attenuation in
CHC but are also helpful for the studies of the dynamic response
of other similar impact-resistant nanoporous materials under im-
pact loadings.
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