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Abstract: Kagome graphene is a carbon allotrope similar to graphene, with a single-atom thickness
and a co-planar atomic structure. Despite interesting electronic properties, its mechanical behavior
is still elusive. We have investigated the tensile properties of Kagome graphene under various strain
rates and finite temperatures using molecular dynamics simulations. The Young’s modulus, ulti-
mate tensile strength, fracture strain, and fracture toughness of the unsupported bulk material were
measured as 96 GPa, 43 GPa, 0.05, and 1.9 ] m3, respectively, at room temperature and a strain rate
of 10°s™. Two deformation-stages were observed under tensile loading: normal and wrinkled. Ini-
tially, the Kagome graphene system stays in a co-planar structure without wrinkling until the tensile
strain reaches 0.04, where it starts to wrinkle, unlike graphene. The wrinkle wavelength and mag-
nitude suggest a very low bending rigidity, and wrinkle formation does not follow a rate predicted
by continuum mechanics. Furthermore, the fracture mechanism of wrinkled Kagome graphene is
briefly discussed.

Keywords: molecular dynamics simulation; Kagome graphene; wrinkling; Griffith brittle fracture;
mechanical properties

1. Introduction

Since its isolation and characterization in 2004 by Novosleov et al., graphene [1] has
become the preeminent two-dimensional material in materials study; inspiring thousands
of publications each year. Graphene is made of a single-layer honeycomb lattice of carbon
atoms and has been acclaimed for its impressively large surface area (2630 m?/g) [2], high
room temperature carrier mobility (200,000 cm?/Vs) [3], high elastic modulus (1.0 TPa) [4],
high thermal conductivity (5 x 103 W/mK) [5] and optical transmittance (~97.7%) [2], mak-
ing it amongst the most desirable materials for numerous applications.

The exemplary performance of graphene has inspired investigation into other mate-
rials in search of novel properties resulting from two-dimensional effects. Since the syn-
thesis of unique two-dimensional materials is often non-trivial, advancements in compu-
tational chemistry and computational materials science have been instrumental in navi-
gating the structure-properties-performance relationship for similar structures. These
computational methods allow for the prediction of chemical, mechanical, and electrical
properties of materials that are difficult or even impossible to synthesize.

One of the two-dimensional materials that has garnered recent interest, and inspired
our work, is Kagome graphene (KG). KG is a two-dimensional graphene allotrope of sp2
hybridized carbon arranged in a structure of trihexagonal tiling. The structure is shown
in Figure 1a and can be visualized as a series of equilateral triangles conjoined at each
vertex. Kagome graphene has not yet been synthesized, but computational methods have
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predicted some of its interesting properties and its molecular-scale geometry. According
to Sarikavak-Lisesivdin et al.’s ground state calculations [6], illustrated in Figure 1 and
Table 1, KG is likely to have double bonds connecting the triangular cyclopropane rings,
although bond order within the rings is uncertain. The bond angles are also predicted to
be exactly 60° for acute bonds and 150° for obtuse bond angles. Despite the extreme bond
angles, Chen. et al. predicted a cohesive energy of 8.26 eV/atom and found no soft phonon
modes in the Brillouin zone [7], indicating a stable structure.
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Figure 1. Kagome graphene (KG) (a) normal to two-dimensional sheet and (b) from the side. (c)
Kagome graphene supercell with a crack used for tensile testing. Tensile forces were applied in the
x (zigzag) direction.

Table 1. Bond and unit cell geometries of KG as referenced in Figure 1.

Symbol Calculated Value (This Study) Calculated Value [8]

0 30.0° 30.0°

L 5.45 A -

I 5.45 A -

ho 3.35 A 3.47 A

c 132 A 1.30 A

o 1.62 A 1.59 A

L 15.6-46.8 nm 13 nm

L2 13.5-40.5 nm 13 nm

ao 1.0-6.0 nm --

KG has attracted particular interest within the materials science community because
of its predicted spin frustration and has been recognized as a system with strong correla-
tion which is expected to exhibit a ferromagnetic flat band near the Fermi level [7]. DFT
simulations of KG predict a high number of electrons within a small energy range and
large “density of states”. These factors might cause Wigner-crystallization, fractional
quantum Hall states, or even high-temperature superconductivity [6]. Kagome lattices, in
general, have been shown to exhibit exotic electronic properties due to their high frustra-
tion. This has inspired numerous studies on their superconductivity [9] and antiferromag-
netism [10] as a result of their tendency to have a flat band.
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Although Kagome graphene has not been successfully synthesized yet, Chen et al.
suggested a self-assembly process (from cyclopropane) on single-layer boron nitride, as
the lattice mismatch is only about 2% [7]. Additionally, Pawlak et al. [11] recently pub-
lished a successful synthesis process of nitrogen-doped graphene on an Ag (111) substrate,
a 2D material that also has a Kagome pattern [11]. With growing interest in the synthesis
of these types of material, it is evident that the actualization of materials with KG-like
properties has merit, and understanding the mechanical properties of Kagome lattice
structures may prove valuable.

While the electronic structure properties of KG are researched, there is scant litera-
ture on its mechanical properties and failure behavior. Molecular dynamics (MD) simula-
tions are an attractive method to studying these properties due to their lower computa-
tional cost compared to density functional theory (DFT) methods. Because of their lower
cost, simulations can be performed using a larger number of atoms, greater range of test
parameters, and the implementation of lattice defects to determine the failure and fracture
mechanism [12]. These features have made MD a widely used method for modeling the
mechanical properties of graphene [13,14]. In KG, using a larger simulation size can begin
to illustrate otherwise unobserved behavior under loading, such as wrinkling, which
would not be observed on sub-nanometer length scales. There has been limited work on
KG’s mechanical properties using small (less than 1000 atom) DFT simulations [15,16].
Similarly, Zhao et al. [8] reported use of a molecular static study to test the material prop-
erties of three graphene allotropes, including “cyclicgraphene” as named, which has a
similar atomic structure of KG of this study. In their study, a defect-free 13 x 13 nm sheet
was examined at 0 K with quasi-static mechanical loading. The finite temperature effect
and the strain rate effect are still elusive.

In this study, we have examined the mechanical properties of Kagome graphene
monolayers under finite temperatures via tensile test in molecular dynamics simulation,
described in Section 2. Multiple independent variables were examined to elucidate the
effects of simulation size, strain rate, and temperature. Furthermore, the simulation was
utilized to illustrate wrinkling and fracture in the material, which are discussed in Section
3. The discussion and conclusions regarding the mechanical properties and fracture me-
chanics are finally described in Section 4.

2. Materials and Methods

The molecular dynamics simulations in this study are performed using the large-
scale atomic/molecular massively parallel simulator (LAMMPS) [17]. Atomistic simula-
tion results and figures were rendered using OVITO [18] and VMD [19]. The atom position
and simulation cell input file, as optimized by Morresi et al. [15] through DFT calculations,
was used with modifications to prevent interactions between periodic z-axis layers. The
primitive unit cell input file is included in Supplementary Materials. The inter atomic in-
teraction is described by the AIREBO-Morse pair potential with a 3.0 A cutoff parameter
as recommended by [20] for the simulation of bond breaking and formation in graphene.
Non-bonding interactions like van der Waals are also described in this potential, which
have been known to affect the mechanical properties of two-dimensional systems [21,22].
Besides the AIREBO-morse potential, we have examined Tersoff [23], BOP [24], REBO2
[25], and AIREBO [26] potentials. Minimization and equilibration using these potentials
produced a similar atomic structure that agree well with a previous molecular dynamics
study by Zhao et al. [8]. It should be considered that MD minimization results do deviate
from DFT minimization as a result of high bond angle strain, which may cause variation
in the calculated properties. Tensile test simulation was carried out using an isothermal-
isobaric (NPT) ensemble. Tensile load was applied in the “zigzag” direction, or horizontal
axis of Figure 1 [27]. A 25 x 22.5 x 10 nm parallelepiped simulation box with 15,000 carbon
atoms was used as a control for simulation size, and the system was initially equilibrated
at 300 K and 1 atm. For tensile tests, a strain rate of 10° s! is used when not otherwise
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noted. Periodic boundary conditions were chosen for in-plane two dimensions (x and y
directions), while the out-of-plane dimension was fixed at 5 nm.

To study the fracture toughness of KG, a nano “crack” was generated by removing
atoms near the center of the simulation area, as shown in Figure 1c. When failure occurs
under a tensile load, simulation of the crack propagation in the lattice can be used to de-
termine if a material undergoes Griffith’s brittle fracture. As calculated in Zhang et al. [27],
Griffith's fracture criteria are satisfied in a 2D material with a crack of length 2a, when
the decrease in strain energy exceeds the increase in edge energy vy of the crack. This can
be written as a function of critical stress o, as shown in Equation (1). Since the terms a,
and o, are experimentally measurable in LAMMPS, and the right-hand side of the equa-
tion is constant for a given material, the Griffith’s brittle fracture criteria can be verified
for KG by measuring o, for multiple a, and observing whether the critical stress inten-
sity factor of fracture, K, = O'C\/Tl'—ao is constant.
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3. Results and Discussion
3.1. Simulation Size Effect

Simulation size is known to affect the output of a MD simulation. Therefore, multiple
simulation box sizes were first examined to determine the necessary number of atoms to
emulate a bulk material. Defect-free KG sheets of size ranging from 15.6 by 13.5 nm to 46.8
by 40.5 nm (aspect ratio of 1.15:1) were observed under tensile load until fracture, as
shown in Figure 2. Although the stress-strain curves of the samples did not converge, the
27 by 23.5 nm (15,000 atoms) was the smallest simulation size to experience wrinkling at
the same strain as the largest simulation size under longitudinal buckling (indicated by a
dramatic decrease and subsequent increase in slope). The 25 by 22.5 nm simulation box
started to buckle at a similar time and exhibited similar behavior until failure as the largest
simulation box at a lower computation cost. A similar simulation was conducted on de-
fect-free graphene for comparison purposes, also shown in Figure 2.

Stress-strain results show that the number of simulated atoms had a significant effect
on the measured material properties of bulk KG, possibly because of wrinkling, and even-
tually buckling of the sheet. Table 2 lists the calculated properties 40,000 atoms of gra-
phene (Aspect ratio of 1.73:1), and 48,600 atoms of KG. These results were taken as the
average from seven MD simulations using different initialization seeds. Uncertainty cal-
culations denoting one standard deviation were included with each result. Of particular
note is the large uncertainty associated with Young’s modulus. This is expected, since
pressure fluctuates appreciably in MD simulation, and the associated strain value is small
[28]. Literature values for Zhao et al.’s calculations were also included for comparison,
using the point of buckling as a failure condition for planar KG. The calculated mechanical
properties show notable discrepancies for fracture stress and fracture strain. This study’s
calculations predict a stronger, more brittle material than Zhao et al., which is likely due
to non-bonding interactions caused by the wrinkling behavior and differences in bending
rigidity, which is discussed in detail in Section 3.4. Figure 3 illustrates these results and
demonstrates that the 15,000 atoms simulation does not yet converge with a bulk-equiva-
lent simulation, but it is a more appropriate approximation than the smaller simulation,
especially at low strains. However, it is clear that calculated values of fracture stress and
strain are most valuable to determine trends in properties under varied simulation condi-
tions.
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Table 2. Mechanical properties of planar Kagome graphene and graphene.

Property Graphene KG (This Study) KG [13] 1
Simulated atoms 40,000 48,600 4050
Young’s Modulus (GPa) 937 +4 96 + 23 121.5+1.6

Ultimate Strength (GPa) 952+0.1 431+1.6 8.8
. . ~0.047 £ 0.0043 2
Strain at Failure 0.186 +0.003 3 0124 + 0.0014 3 0.2343
Toughness (] m=) 12.2+0.3 1.92+0.13 NA

! Calculated using MD (AIREBO, 0 K, 2.0 A cutoff). 2Failure strain taken at approximate point of
buckling. 3Failure strain taken at point of fracture.
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Figure 2. Stress strain relationship under tensile load of 2D single-layer Kagome graphene (KG) and
traditional graphene (Graph.) sheets.
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Figure 3. Mechanical properties of KG simulations with increasing number of atoms. (a) Ultimate
tensile strength, (b) Young’s modulus, (c) fracture strain, (d) fracture toughness, (e) strain at onset
of wrinkling, and (f) stress at onset of wrinkling.
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Stress (GPa)

3.2. Strain Rate Effect

Strain rate has a considerable influence on the mechanical response of a material to
loading conditions. Decreasing the strain rate is expected to decrease fracture strength and
strain, and such effects are observed in graphene [29]. Strain rates between 0.0125% ps™!
and 0.20% ps were tested on KG sheets, as shown in Figures 4 and 5. From visual obser-
vations in OVITO, slower strain rates allow the KG sheet more time to buckle, and at suf-
ficiently slow strain rates it begins to converge to an ultimate strength of approximately
600 GPa and a failure strain of 0.107. The strain rate of 010% ps™ provided the maximum
calculated ultimate strength and maximum toughness, which are shown in Table 2.

As shown in Figure 5¢ e, fracture and buckling strains of KG are positively correlated
with the strain rate, indicating that planar KG becomes increasingly ductile under high
strain rates, opposite to what would be expected for a tensile test. Likewise, the material
experienced a small decrease in toughness and a negligible change in strength, which are
also counter to our expectations. The unlikely outcomes of KG behavior can be explained
by the onset of wrinkling in the KG sheets under high strain rates. Figure 4 shows a sig-
nificant increase in stresses for the same change in strains (0.05-0.1) when measured at
different strain rates (low-high).

When observed through OVITO, qualitative observations show a change in wrinkle
growth rate at different strains. Buckling from tensile load is a sign of elasticity, and the
sheet’s high flexibility in the lateral direction seems to aid in improving buckled KG's
response to high strain rates. At lower strain rates, buckling occurs at the same speed as
higher strain rates, but it starts and ends at lower strains. Observing the stress—strain be-
havior, shown in Figure 4, under different strain rate conditions, it is evident that the
buckled KG is stronger than its planar shape.

N
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0.25-10%s71!
0.50-10%s71
1.0-10°s7t
1.5-10°s7!

0.05 0.10 0.15
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Figure 4. Strain rate effect on the stress-strain relation for KG. At low stresses, the curves begin to
converge prior to fracture, suggesting an influence of buckling rate on the material properties.
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Figure 5. Mechanical properties of KG simulations with increasing strain rate. (a) Ultimate tensile
strength, (b) Young’s modulus, (c) fracture strain, (d) fracture toughness, (e) strain at onset of wrin-
kling, and (f) stress at onset of wrinkling.
3.3. Temperature Effect
It is generally expected for materials to exhibit different mechanical behavior when
subjected to loading conditions under higher or lower temperatures. In order to develop
a more precise understanding of KG’s behavior at various temperatures, the tensile test
simulation was repeated at seven temperatures ranging between 100 K and 500 K. As
shown in Figure 6, when increasing KG’s temperature, all mechanical properties de-
creased, indicating a more elastic, but weaker, behavior.
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Figure 6. Mechanical properties of KG simulations with increasing temperature. (a) Ultimate tensile
strength, (b) Young’s modulus, (c) fracture strain, (d) fracture toughness, (e) strain at onset of wrin-
kling, and (f) stress at onset of wrinkling.

3.4. Fracture Mechanism

One of the strengths of MD is its ability to observe the failure of a material with
femtosecond resolution. Since graphene is expected to undergo Griffith's fracture [20], KG
was examined for this property as well. From Equation (1), KG can be said to experience
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Griffith’s brittle fracture if its fracture toughness, Kc, given by O'C\/T[_ao, is constant. The
term a, refers to half of the crack length, as shown in Figure 1, and the critical stress (o,)
is measured at the initial propagation of the crack. As shown in Table 3, the fracture tough-
ness (Kc) changes with the initial crack length, indicating that KG does not meet the Grif-
fith’s fracture criteria [20], and instead experiences ductile failure.

Table 3. Fracture toughness of KG for an increasing crack length.

Crack Half-Length, a, 1.0 nm 2.0 nm 4.0 nm 6.0 nm
K, = o.\/ma, (MPavm) 1.69 0.952 0.541 0.373

3.5. Wrinkling

Material wrinkling is not unique to KG and has been observed in many 2D materials,
including graphene [30-37]. In practice, 2D materials often wrinkle during synthesis or
handling, and investigation into the alternate properties of wrinkled materials is not
novel. Wrinkling can be beneficial, as it is anticipated to improve a material’s stability [38]
and can change the band structure and electrical properties of some materials to be more
desirable for applications in sensors and surface modification [39,40]. Although the im-
portant properties of KG rely on its two-dimensional band structure, electronic properties
of wrinkled KG remain unexplored.

A comprehensive understanding of wrinkling may become valuable for KG applica-
tions. Therefore, the wrinkling-wavelength and amplitude of KG were investigated. Wrin-
kling in a sheet can be described in a number of ways, and is often examined first using
Cerda, Ravi-Chandar, and Mahadevan’s general theory of wrinkling for thin elastic ma-
terials [41,42]. This continuum mechanics-based model is the most straightforward, and
has been shown to successfully predict the wrinkling behavior of multilayer graphene
[31,43]. The theoretical model was developed to account for the energetic cost to create
wrinkles while adhering to geometrical constraints. The derived equations for wrinkling-
wavelength and -amplitude of a stretched, unsupported sheet are given by Equations (2)
and (3), respectively. L denotes the original sheet length, ¢ is the thickness of the sheet, vy
is the longitudinal strain, and v is the Poisson’s ratio of the material.

2nLt

S Ba - ?
16 1/4
A=V || ®

The resulting wavelength, A, and amplitude, A, were calculated for the 15,000-atom
simulation at control conditions as shown in Figure 7 and the changes in geometry of the
simulation box was used as a foundation to calculate L (26.4 nm) and strain, y. The Pois-
son’s ratio of KG was not constant thorough the test due to buckling, and the lateral to
longitudinal strain ratio increased to 10.5 when the sheet buckled. Therefore, the Poisson’s
ratio of the planar sheet (v = 0.440) as calculated by Zhao et al.’s analysis [8] was utilized.
Tapaszto et al. [35] highlights the difficulty of defining ¢ for the calculation of a monolayer
sheet thorough their analysis of nanoscale wrinkles in graphene. Thickness could be taken
as the expected KG sheet separation thickness (1o = 3.35 A), or as a plate with effective
thickness of 0.8 A [35]. Wrinkles do not begin to form until after 4% longitudinal strain,
and although the continuum model accurately predicts the initial amplitude, it does not
accurately predict the amplitude nor wavelength once the wrinkles increase in scale. It is
important to point out that the wrinkling could be suppressed by the small size and free-
boundary conditions as implied in reference [8].

It is worth noting that Equations (2) and (3) were derived using the boundary condi-
tions of a macroscale, finite-width plate with fixed ends along the tensile axis and unsup-
ported boundaries in the transverse direction [41]. Although these equations were
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designed to function away from the edges and boundaries, the periodic boundary condi-
tions along the transverse and longitudinal directions in the simulated KG should not be
ignored. The results in Figure 7 provide a similar result to [35] with graphene. KG appears
to have a low bending rigidity, which significantly reduces its resistance to out-of-plane
deformation. This violates the inextensible deformation assumption of [41], and may be a
cause behind the unexpected behavior. Thus, Tapaszto et al.’s [35] conclusion that na-
noscale wrinkling is better described via a quantum mechanical mechanism for sheets one
atom in thickness instead of a continuum mechanical method is likely to apply to KG as
well. When this wrinkling phenomenon occurs in unsupported KG, the material is no
longer stabilized along the plane of applied force, and buckling occurs readily along the
plane as a result of increased longitudinal stress.

j+5)

[y
v

Amplitude (4)
=

——- Continuum Model (t=3.35 A)

—=- Continuum Model (t=0.8 A) == Continuum Model (t=0.84)
—— Simulated KG

{ —— Simulated KG

-
-

-

o
N
o
o

== Continuum Model (t=3.354)

=
v
o

Wavelength (4)
o
o

8]
(=)

0.02 0.04 0.06 0.04 0.05 0.06 0.07
Longitudinal Strain Longitudinal Strain

Figure 7. Predicted and observed (a) wavelength and (b) amplitude of wrinkled developed during
tensile test. Corrected theoretical values were made by taking the magnitude of an imaginary out-
put. Predicted behavior calculated from simulation box size strain and sheet thickness of 3.35 A.

The evolution of wrinkles by tensile strain in similarly sized KG and graphene sheets
is shown in four snapshots in Figure 8a. Graphene behaved as expected: nanoscale wrin-
kling as described by [35] is present, as are larger wrinkles as expected by continuum
mechanics theories [34,36,39]. KG does not experience wrinkles on multiple-length scales,
however, and instead spontaneously develops wrinkles much smaller than predicted by
continuum theories. These qualitative results suggest an extremely low bending rigidity
that allows the nanoscale wrinkles to grow in sufficient size to cause instability in the
sheet, resulting in buckling, then failure.

e=0.0 T e=0.040% T e=0.160*

Figure 8. Evolution of wrinkles in Kagome graphene (a) compared to that of (b) graphene, with
strain noted for each snapshot and cross section. A * denotes a 10x scaling of the height axis to
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illustrate the nanoscale wrinkles present in graphene. Initial sheet widths are 23.6 nm and 24.2 nm
for KG and graphene respectively.

Since there are well established data for graphene’s mechanical properties, we ap-
plied our simulation to graphene to validate its accuracy. Comparing the present study’s
calculation of mechanical properties to those of other published works showed that our
simulation can accurately predict graphene’s mechanical properties. For example, MD
simulations of defect-free graphene at 300 K and 0.001 ps-1 calculated a Young’s modulus
of approximately 0.9 TPa and ultimate tensile strength near 90 GPa [29]. The present study
simulated graphene with a modulus of 0.94 TPa and strength of 95.2 GPa.

While this study predicted properties within acceptable levels of error for graphene,
KG behaved fundamentally differently than when observed in smaller simulations. Alt-
hough Young’s modulus values calculated in this study are corroborated by Zhao et al.’s
simulation, the extreme and spontaneous wrinkling observed in this unsupported system
caused significantly different results. Similar experiments have been conducted on folded
graphene, or “grafolds” [44]. In this alternative structure, graphene was observed to be
more rigid, which is in part corroborated by studies showing that bilayer graphene is less
elastic than monolayer graphene [27]. However, grafold structures were not observed to
possess the greater tensile strength seen in wrinkled KG. Graphene’s lower bending rigid-
ity causes grafold structures to fracture at the junction between curved and planar sections
of the sheet, while KG instead fractures at the center of the sheet. This distinction may
contribute to the unexpected increase in fracture strength observed in KG.

It should be noted that in comparison to graphene, which has numerous routes to
synthesis, KG, has not been synthesized yet and cannot be tested experimentally. To the
best of the authors” knowledge, no previous study has examined KG at energies above its
ground state configuration, and a further understanding of this material at finite temper-
atures would be valuable. Considering the results of this study, the development of a pair
potential in DFT specifically for KG would be necessary to verify these results.

4. Conclusions

We have investigated the mechanical properties of KG at finite temperatures and
various strain rates using molecular dynamics simulation. With an applied periodic
boundary condition, we have observed that KG begins to wrinkle, and eventually buckle,
under tensile stresses before exhibiting ductile failure. The bucking improves the fracture
toughness and strength. The fracture strain and fracture toughness are especially sensitive
to the strain rates, and material properties react linearly to changes in temperature be-
tween 100 K and 500 K by becoming weaker and more ductile. KG behaved unexpectedly
in response to a tensile load, and did not follow the behavior predicted by a continuum
mechanics-based wrinkling model. Furthermore, KG did not experience the same type of
stable nanoscale wrinkles as seen in graphene, and instead became unstable once wrin-
kling was onset. Additionally, by testing the material for Griffith’s brittle fracture, KG was
compared to graphene beyond mechanical properties. Although it shares a similar struc-
ture with graphene, KG appears to experience ductile failure instead of brittle fracture.

Although MD methods were unable to emulate ab initio DFT methods, conclusions
can still be drawn within the trends observed. This work demonstrates that bulk KG can
be simulated at finite temperatures using MD with a reasonable degree of accuracy, which
may be useful in future examinations of large-scale defects or in applications of the mate-
rial. The impressive properties predicted for buck KG and observed deviations from ab
initio predictions warrant further MD simulations to investigate its properties after devel-
opment of a dedicated pair potential. The results of these experiments should inform in-
terest in further research of this potentially valuable two-dimensional material.
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Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/cryst12020292/s1, LAMMPS input file of KG unit cell, Video S1: Render of buckling in
KG during tensile test
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