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Abstract: With an ultralarge surface-to-volume ratio, a recently synthesized three-dimensional
graphene structure, namely, carbon honeycomb, promises important engineering applications.
Herein, we have investigated, via molecular dynamics simulations, its mechanical properties,
which are inevitable for its integrity and desirable for any feasible implementations. The uniaxial
tension and nanoindentation behaviors are numerically examined. Stress–strain curves manifest a
transformation of covalent bonds of hinge atoms when they are stretched in the channel direction.
The load–displacement curve in nanoindentation simulation implies the hardness and Young’s
modulus to be 50.9 GPa and 461±9 GPa, respectively. Our results might be useful for material and
device design for carbon honeycomb-based systems.
Keywords: carbon honeycomb; molecular dynamics; LAMMPS; uniaxial tension; nanoindentation

1. Introduction
Graphene is known widely, due to its excellent mechanical nature, as a so-called “miracle
material”, with many of its characteristics measured experimentally or theoretically exceeding those
obtained in other materials: A Young’s modulus of 1 TPa and intrinsic strength of 130 GPa [1,2],
high stiffness [3] and fracture strain [4,5], a normal-auxeticity mechanical phase transition [5],
etc. Due to these predominant properties, graphene has promising potential to be employed
in various applications: Paints and coatings of nanocomposites [4,6], flexible electronics [7], and
bioapplications [8–10]. Nevertheless, considering the difficulty in engineering synthesis of large-area
and high-quality graphene, so far, there is little practical application of industrially produced graphene.
Consequently, it is worth focusing on allotropes of graphene [11–13], which are more stable and feasible
to produce. Recently, a stable carbon allotrope, namely, carbon honeycomb (CHC), a three-dimensional
graphene, was synthesized. There are a few reports on of its physical absorption [14,15], electronic
band structure [16], thermoelectric performance [17], thermal transport properties [18,19], and phonon
properties [15].
According to the cell patterns in the plane perpendicular to the cell axis, carbon honeycombs can
be categorized into two sets: Armchair CHC (acn CHC) and zigzag CHC (zzm CHC) [20]. When the
number of armchair or zigzag lines (n in acn or m in zzm ) varies, the cell sizes of CHCs and, thus,
their mechanical properties change correspondently. Krainyukova et al. [14] synthesized this carbon
allotrope by deposition of vacuum-sublimated graphite and proposed periodic and random structures
of CHCs. Regarding the mechanical properties of CHC, some analytical studies have been carried
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out [16,19–24]. Karfunkel et al. first proposed a family of hypothetical zzm –sp2 –sp3 CHC structures
and revealed that the carbon modifications are as stable as diamond by solid-state semi-empirical SCF
methods using the modified neglect of diatomic overlap (MNDO) Hamiltonian [23]. Park et al. studied
the mechanical properties of zzm –sp2 –sp3 CHCs with different m (where m can be an integer or a half
integer) using ab initio pseudopotential as well as the environment-dependent tight-binding method,
making clear that the carbon allotrope is elastically stable and has a fairly high shear modulus [24].
Pang et al. made a systematical analysis of failure strength and strong anisotropic Poisson’s effect
of acn –sp2 –sp3 CHCs with different cell sizes via molecular dynamics simulation using optimized
reactive empirical bond-order potential [19]. Gu et al. used molecular dynamics (MD) simulation with
modified reactive empirical bond-order potential to give the stress–strain curves of symmetrical and
asymmetrical ac2 –sp2 –sp3 CHCs, ac3 –sp2 –sp3 CHCs, and zz2 –sp2 –sp3 and zz2.5 –sp2 –sp3 CHCs [21].
Zhang et al. [16] built the in-plane compression and out-of-plane nanoindentation tests of acn –sp2 and
zzm –sp2 –sp3 CHCs via MD analysis with the Adaptive Intermolecular Reactive Empirical Bond Order
potential (AIREBO) [25] potential. Meng et al. investigated the out-of-plane compression behaviors of
both acn –sp2 –sp3 and zzm –sp2 –sp3 CHCs using MD simulation with AIREBO potential [20]. Despite
these studies, a full and clear understanding of the inner mechanism of the deformation of CHCs
is still lacking but desirable due to its various promising applications as an engineering material.
In this study, we used MD simulation with AIREBO potential to investigate the transformation from
an ac2 –sp2 –sp3 CHC to an ac2 –sp2 CHC, which causes the change of tensile deformation behavior
of ac2 CHCs. In the meanwhile, we gave the stress–strain curves, Young’s modulus, and Poisson’s
ratio of ac2 CHCs, which show a great agreement with previous studies. We also built an out-of-plane
nanoindentation test to investigate the plastic deformation behaviors of ac2 –sp2 –sp3 CHCs, giving the
hardness and Young’s modulus.
2. Crystal Structure of Carbon Honeycomb
Carbon honeycomb, just as its name implies, is a kind of tubular structure with a honeycomb-like
pattern through a top–down perspective. The tube wall can be regarded as a graphene-like monolayer,
thereby deemed to be a 3D version of graphene. One thing about its structure that remains to be
discussed is whether three adjacent tube walls are bound up with each other via sp3 or sp2 bonding
(Figure 1b,c). Undoubtedly, atoms that build up the tube shells are combined with neighboring carbon
atoms by an sp2 bond, as is the case in graphene, whereas those who pull contiguous graphene-like
walls together, which are called hinge atoms, give rise to more options, one kind of typical sp3 bonds
with non-hinge atoms (tube atoms) or one variant of diamond-like sp3 bonds with both adjacent hinge
and non-hinge atoms. In the case of sp2 bonds, hinge atoms do not interact with each other, allowing
for electron exchange with only adjacent tube atoms. In the case of sp3 bonds, it is not only nearby tube
atoms but also nearest-neighbor hinge atoms that get bonded with the center hinge atom, resulting
in a diamond-like atom-hinge that ties up three around the atomic walls. According to the carbon
patterns in the plane perpendicular to the axis of cell channel, carbon honeycombs can be categorized
into two sets: Armchair CHC (acn CHC) and zigzag CHC (zzm CHC) [20], as shown in Figure 1.
Furthermore, carbon honeycombs can be subdivided into sp2 and sp2 –sp3 CHCs. In zzm CHCs, carbon
atoms of graphene-like walls are bonded by sp2 bonds, while hinge atoms can be bonded with adjacent
atoms only by sp3 bonds. Therefore, zzm CHCs always refer to zzm –sp2 –sp3 CHCs. However, the
other case is different. In acn CHCs, hinge atoms can be bonded with atoms around them by sp2
or sp3 bonds. Therefore, acn CHCs can be subdivided into acn –sp2 CHCs and acn –sp2 –sp3 CHCs.
In the case of acn –sp2 –sp3 CHCs, hinge atoms can be distributed symmetrically or asymmetrically in a
crystal cell, according to which acn –sp2 –sp3 CHCs can also be subdivided into a symmetrical one and
asymmetrical one, as shown as Figure 1b,c,e,f.
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of sym-ac3–sp2 and sym-ac
3–sp2–sp3 CHCs, as shown in Figure 2b,c, using PWmat [26,27], to examine
their stabilities. For both types, cell relaxation and atom relaxation were exerted in subsequence to
their stabilities. For both types, cell relaxation and atom relaxation were exerted in subsequence to
determine their respective energy-minimized configurations. Subsequently, self-consistent calculation
determine their respective energy-minimized configurations. Subsequently, self-consistent
was carried out to optimize the electron interaction in both primitive cells, as visualized in Figure 1d,e.
calculation was carried out to optimize the electron interaction in both primitive cells, as visualized
As for the sym-ac3 –sp2 –sp3 CHC, stronger
sp3 bonds between the hinge atom and nearest-neighbor
in Figure 1d,e. As for the sym-ac3–sp2–sp3 CHC, stronger sp3 bonds between the hinge atom and
tube atoms can be observed than those between two adjacent hinge atoms, the bond angle of which
nearest-neighbor tube atoms can be observed than those between two adjacent hinge atoms, the bond
is measured as 103.35◦ . Meanwhile, exactly strong sp2 bonds among2 graphene-like atoms can be
angle of which is measured as 103.35°. Meanwhile, exactly strong sp bonds among graphene-like
distinguished from sp3 bonds, with 3denser electron density around tube atoms observed (red-yellow
atoms can be distinguished from sp bonds, with denser electron density around tube atoms observed
hexagons in Figure 1d). As for the sym-ac3 –sp2 CHC, hinge atoms
are not attached to each other, with
(red-yellow hexagons in Figure 1d). As for the sym-ac3–sp2 CHC, hinge atoms are not attached to
weaker sp2 bonds between hinge and non-hinge atoms observed than those between only tube atoms.
each other, with weaker sp2 bonds between hinge and non-hinge atoms observed than those between
The DFT calculation results, i.e., that the cohesive energy is –154.19 eV/atom of the sym-ac3 –sp2 CHC,
only tube atoms. The DFT calculation
results, i.e., that the cohesive energy is –154.19 eV/atom of the
–154.84 eV/atom
of sym-ac3 –sp2 –sp3 CHC, respectively,
indicate that two types of configurations
sym-ac3–sp2 CHC, –154.84 eV/atom
of sym-ac3–sp2–sp3 CHC, respectively, indicate that two types of
are both likely to exist stably. Additionally, the slightly stronger cohesive interaction implies the
configurations are both likely to exist stably. Additionally, the slightly stronger cohesive interaction
sym-ac3 –sp2 –sp3 CHC structure
is relatively more stable.
implies the sym-ac3–sp2–sp3 CHC structure is relatively more stable.
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Figure 4. Stress–strain curves of the sym-ac3 –sp2 –sp3 CHC and sym-ac3 –sp2 CHC. There are three
characteristic points representing three different stress states, and corresponding snapshots display the
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Figure 4. Stress–strain curves of the sym-ac3–sp2–sp3 CHC and sym-ac3–sp2 CHC. There are three
characteristic points representing three different stress states, and corresponding snapshots display
the transformation of hinge atoms from sp3 to sp2, (a) for minuscular strain state, (b) for the start point
of
yield terrace,
for the
termination
of sp
the2 ,yield
transformation
of(c)
hinge
atoms
from sp3 to
(a) forterrace.
minuscular strain state, (b) for the start point of
yield terrace, (c) for the termination of the yield terrace.

4.2. Nanoindentation
4.2. Nanoindentation
At present, nanoindentation is commonly used for the research of mechanical properties of
At present, nanoindentation is commonly used for the research of mechanical properties of
materials on the nanoscale [30–32]. There are two main reasons this methodology has been put into
materials on the nanoscale [30–32]. There are two main reasons this methodology has been put into
widespread usage [33]. As for nanoindentation, the stress applied by indenter is nonhomogeneous
widespread usage [33]. As for nanoindentation, the stress applied by indenter is nonhomogeneous
and can thus create an elastically physically isolated volume. Secondly, not only the location of elastic
and can thus create an elastically physically isolated volume. Secondly, not only the location of elastic
instability, but also the slip behaviors can be predicted via nanoindentation.
instability, but also the slip behaviors can be predicted via nanoindentation.
In a previous study [16], nanoindentation behaviors of different sizes of acn–sp2 and zzm–sp2–sp3
In a previous study [16], nanoindentation behaviors of different sizes of acn –sp2 and zzm –sp2 –sp3
CHCs were reported. However, the indent depth was small (4 Å) and the unloading process was not
CHCs were reported. However, the indent depth was small (4 Å) and the unloading process was
displayed. Herein, we simulated the process of nanoindentation in the channel direction of the symnot displayed.
Herein, we simulated the process of nanoindentation in the channel direction of the
ac3–sp2–sp3 CHC, an indentation depth of about 40 Å, containing two steps, acting load and
sym-ac3 –sp2 –sp3 CHC, an indentation depth of about 40 Å, containing two steps, acting load and
unloading, via LAMMPS [28], under the confinement mentioned in the section “Molecular Dynamics
unloading, via LAMMPS [28], under the confinement mentioned in the section “Molecular Dynamics
Simulations”. The result is displayed in Figure 5, which we used to determine the hardness and
Simulations”. The result is displayed in Figure 5, which we used to determine the hardness and
Young’s modulus of the CHC in the channel direction.
Young’s modulus of the CHC in the channel direction.

Figure
acting–load curve
curveand
andunloading
unloadingcurve.
curve.
The
slope
of tangent
at initial
the initial
Figure5.5. (a)
(a) The
The acting–load
The
slope
of tangent
lineline
at the
stage
stage of unloading refers to the contact stiffness S = dP
.
In
addition,
several
snapshots
of the
dh
of unloading refers to the contact stiffness S = . In addition, several snapshots of the morphology
morphology of in situ indentation are exhibited here, in which the color of atoms distinguishes different
of in situ indentation are exhibited here, in which the color of atoms distinguishes different crystal
crystal lattices, with grey referring to normal CHC lattice, while purple refers to simple cube lattice,
lattices, with grey referring to normal CHC lattice, while purple refers to simple cube lattice, which is
which is a more compact type than the normal one. For comparison between 2D and 3D graphene,
a more compact type than the normal one. For comparison between 2D and 3D graphene, the
the displacement–load curve of graphene under the same simulation condition is displayed in (b).
displacement–load curve of graphene under the same simulation condition is displayed in (b).

Nanoindentation hardness is the average pressure the material can support under an external
hardness
is the average
the material
can support
external
load, Nanoindentation
defined as the ratio
of indentation
loadpressure
P and projected
contact
area Ap under
[30]. an
From
the
load,
defined
as
the
ratio
of
indentation
load
P
and
projected
contact
area
A
p [30]. From the load–
load–displacement curve, the hardness H can be attained using the maximum load as:
displacement curve, the hardness H can be attained using the maximum load as:
Pmax
H= 𝑃 .
(1)
H = Ap .
(1)
𝐴
InInaddition,
r ,r,which
addition,Young’s
Young’smodulus
moduluscan
canalso
alsobebecalculated
calculatedindirectly
indirectlyvia
viareduced
reducedmodulus
modulusEE
which
can
canbe
beexpressed
expressedas:
as:
√
π S
Er = √𝜋p 𝑆 ,
(2)
2β
Ap ,
𝐸 =
(2)
2𝛽 𝐴
where S is termed as contact stiffness, which can be obtained as the slope at the tip of unloading curve,
S is termed
contacton
stiffness,
which can
be obtained
the slopeindenter,
at the tipβof=unloading
curve,
βwhere
is a constant
that as
depends
the geometry
of indenter,
for aasspherical
1. Furthermore,
β is a constant that depends on the geometry of indenter, for a spherical indenter, β=1. Furthermore,
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we can determine the substrate’s modulus using following relationship that reflects impacts of both
indenter’s and substrate’s moduli:
1 − νi2
1
1 − νs2
=
+
,
(3)
Er
Ei
Es
where the subscript i refers to indenter, while s refers to substrate.
The nanoindentation hardness is determined as 50.9 GPa in Tables 1 and 2, which is higher than
quartz (9.25 GPa) and even some ion-beam-irradiation hardened metal (over 20 GPa) [34]. In order to
analyze the plastic behavior of the ac3 –sp2 –sp3 CHC in the process of nanoindentation, five snapshots
are displayed in Figure 5. In the case of loading, the amounts of atoms which are identified as
simple cube lattice are increasing with the dent produced by spherical diamond indenter deepening.
This phenomenon indicates a transformation of covalent bonds from a previous normal type to a more
compact one. Subsequently, although the indenter retreated and the dent recovering partially in an
elastic way, the number of simple cubic atoms is maintained almost the same number as there is when
the indenter penetrates the deepest part, which illustrates that a plastic deformation has occurred and
cannot rebound.
Table 1. Hardness and Young’s modulus calculated from nanoindentation. Calculated hardness on
the nanoscale.
Projected Contact Area (Å2 )

Maximum Load (nN/ Å)

Hardness (GPa)

3689

1878.1

50.9

Table 2. Hardness and Young’s modulus calculated from nanoindentation. Comparison between
Young’s moduli from tension test and nanoindentation.
Contact Stiffness
(nN/Å)

Reduced Modulus
(GPa)

Young’s Moudulus
(From Tension
Simulation) (GPa)

Young’s Modulus
(From Nanoindentation)
(GPa)

228 ± 3

285 ± 4

551 ± 4

461 ± 9

5. Conclusions
We discussed the elastic and plastic behaviors of sym-ac3 –sp2 CHCs and especially the
sym-ac3 –sp2 –sp3 CHC which is slightly more stable according to our DFT calculation and previous
experimental study, using LAMMPS to carry out a typical uniaxial tension and nanoindentation
simulation. In the case of uniaxial tension, we discussed the yield stage in the stress–strain curve of
the sym-ac3 –sp2 –sp3 CHC caused by a intriguing transformation of covalent bonds of hinge atoms
from strong sp3 to comparatively weak sp2 , and we also determined the Young’s moduli at room
temperature, 542 ± 4 GPa for the sym-ac3 –sp2 CHC and 551 ± 4 GPa for the sym-ac3 –sp2 –sp3
CHC, which are in great agreement with a previous analytical study. Then, in the discussion of
nanoindentation, we determined the hardness (50.9 GPa) and Young’s modulus (461 ± 9 GPa) via the
load–displacement curve and gave an insight into the plastic deformation caused by the indenter on
the nanoscale, which can be explained by the permanent conversion of covalent bonds from sp3 type
to sp2 type. These findings provide an insight into the relationship between the covalent bond type of
hinge atoms in carbon honeycomb and the plastic behavior of carbon honeycomb.
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