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Abstract: This study explores the buckling behavior of
single-layer armature-type graphene nanoplates of
differing sizes, focusing on the influence of atomic
vacancy defects with varying distributions. This study
presents a unique perspective by comprehensively
exploring the impact of various factors that have not
been extensively addressed in earlier research. These
factors include aspect ratio, defect concentration, and
different boundary conditions such as clamped-free
(CF), clamped-clamped (CC), and simply-supported
(SS), all of which play a significant role in the buckling
behavior of graphene nanoplates. In order to preserve
the unique attributes of the nanoplates, an innovative
approach was employed to characterize them through
the use of space frame structures. The buckling
behavior was anticipated through the application of
the finite element method (FEM). The simulation
findings for the critical buckling load (Pcr) were
validated through a careful comparison with relevant
data available in the open literature. The results
indicate that Pcr experiences a significant decrease at
lower aspect ratios when this factor is diminished,
though this reduction appears to become more gradual
as the aspect ratios increase. Moreover, it has been
demonstrated that atomic-scale imperfections notably
reduced Pcr; for instance, a 10% concentration of
defects led to an approximate 40% reduction in the
critical buckling load, highlighting the significant
influence that defects exert on the stability of
nanostructures.
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1. INTRODUCTION AND LITERATURE
ASSESSMENT

Recent developments in the research of nanoplates,
characterized by their two-dimensional nanoscale
structures, have generated a notable interest. Due to

their remarkable characteristics and extensive range
of potential applications, both single-layer and
multilayer graphene sheets have garnered significant
attention in research endeavors [1,2].

Due to its remarkable mechanical, electrical, and
thermal characteristics, graphene—the strongest and
thinnest material known—has garnered significant
interest. The unique properties of graphene
nanoplates render them appealing choices for
various applications across multiple sectors, such as
biomedical technologies, solar energy systems,
transistors, electromechanical devices, nanosensors,
and nanoactuators. The potential of these materials
to transform the electronics, energy storage, and
healthcare sectors is significant. Consequently,
extensive theoretical and experimental research is
being conducted to explore their behavior under
various operating conditions. The initial series of
theoretical investigations employs the finite element
method (FEM) alongside computational techniques,
drawing from the perspectives of atomic,
continuum, and molecular mechanics. While each of
these approaches presents its own advantages and
disadvantages, numerous researchers have employed
them to explore different aspects of nanostructures,
particularly graphene. The mechanical behavior of
single-layer graphene sheets has been thoroughly
examined through atomic-based techniques such as
density functional theory, tight-binding, and
molecular dynamics (MD) [9]. Numerous
researchers have conducted examinations of the
mechanical behavior of graphene sheets, focusing
on aspects such as ultimate strength, Young's
modulus, and the variations in Young's modulus and
shear modulus across different temperatures,
employing molecular dynamics simulations as their
primary method. Wang and Zhang have recently
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conducted a study on the Young's modulus and
fracture toughness of bilayer graphene through
molecular dynamics simulations. Their findings
indicate that while temperature exerts minimal
influence on the elastic modulus, it plays a
significant role in determining fracture toughness
[10]. In another study, Wang et al. examined the
shortcomings of imperfect graphene characterized
by vacancies and Stone-Wales (S-W) defects. [11].
Through MD simulations, Fadaei Heydari et al. [12]
explored the influence of graphene oxide
nanoparticles (GO-NP) on the mechanical and
thermal properties of PU/PCL nanocomposites. The
findings indicated that an ideal equilibrium was
attained at a 2% GO-NP concentration, enhancing
mechanical strength, heat flux, and thermal
conductivity while preserving the material's inherent
qualities.

The continuum-based technique, which adeptly
captures the distinctive features of small-scale
structures, serves as the cornerstone of the second
theoretical approach. The approach employed by
Behfar and Naghdabadi was aimed at exploring the
vibration characteristics of multilayer graphene
sheets situated within an elastic medium [13].
Another paper also presented an analytical method
for predicting the flexural modulus of multilayer
graphene sheets [14]. A continuum-plate model was
developed by Kitipornchai et al. [15] to examine the
vibrations of multilayer graphene sheets.

Jafari et al. [16] conducted an investigation into the
free vibration behavior of nanoplates by employing
a combination of classical and non-classical
theories, including the implicit gradient, non-local
differential form, first-order strain gradient, and
second-order strain gradient. The study involved a
thorough evaluation of various characteristics, such
as classical and nonlocal properties, boundary
conditions, and plate dimensions. This was achieved
through a numerical solution of partial differential
equations, leading to the determination of
parametric  responses for natural frequencies
utilizing the Navier and Galerkin methods.
Additionally, Namin and Pilafkan [17] explored the
vibrational characteristics of defective graphene
sheets through the lens of nonlocal elasticity theory,
revealing that atomic structural defects contribute to
a decrease in the natural frequencies of these sheets.
The limitations associated with atomic and
continuum-based simulations have led to the
emergence of a third theoretical perspective, as well
as the development of multiscale computing

methodologies. Through the integration of
molecular mechanics and finite element methods
(FEM), these approaches yield atomic-scale FEM
models that effectively capture force fields, atomic
interactions, and nanoscale phenomena, all while
circumventing the necessity for conventional FEM
approximations. This approach offers a more cost-
effective alternative to molecular dynamics
simulations, facilitating the assessment of the
buckling force, natural frequencies, and vibration
modes of carbon nanostructures [18, 19].

The atomic finite element technique (AFEM) was
initially introduced by Liu et al. [20], and its
application was later broadened to investigate the
mechanical properties of single-walled carbon
nanotubes [21]. Gu et al. presented their strain
energy curves through the application of AFEM to
investigate local buckling in bent single-walled
carbon nanotube models [22]. In a similar vein,
Pradhan [23] explored the influence of nanoscale
factors on the critical buckling stress of single-layer
graphene. The findings indicated that buckling ratios
increased with higher nonlocal parameter values,
while a decrease was observed with longer graphene
sheet lengths. To elucidate the characteristics of
single-layer graphene sheets and assess their
buckling behavior within an elastic medium, Samaei
et al. [24] employed nonlocal Mindlin plate theory.
Zhang et al. [25] conducted an investigation into the
buckling behavior of single-layer graphene sheets
within elastic environments, employing the element-
free Kp-Ritz technique alongside non-local elasticity
theory. Their study emphasizes the significance of
surrounding elastic support and nonlocal factors in
influencing critical buckling patterns. In the interim,
Sakhaee-Pour [26] employed molecular structural
mechanics to investigate elastic buckling and
identified a nonlinear relationship between buckling
force and sheet width, noting that aspect ratio
appeared to have no significant effect.

2. FEM SIMULATIONS

The numerical simulations are conducted utilizing a
combination of ANSYS and MATLAB. In order to
achieve this, the appropriate MATLAB algorithms
were developed to construct the model geometry,
followed by the importation of data into ANSYS for
the execution of the solution and the application of
boundary conditions. Furthermore, a MATLAB
script was developed to generate a command code
that is subsequently executed in ANSYS. As
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illustrated in Fig. 1, the model presents a two-
dimensional structure characterized by its length a
and breadth b, alongside the coordinate system

lines that signify covalent bonds. A singular unit cell
is established and replicated along the x — and y
—axes, resulting in the formation of a planar

currently in use. The initial phase of the modeling structure that constitutes a complete two-
technique involves identifying points that symbolize dimensional lattice.
carbon atoms. The points are subsequently linked by
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Fig. 1. Interlayer distance in double-layer graphene nanoplates under compression load causing buckling.

The three-dimensional BEAM4 elastic element was
employed to articulate the covalent bonds present
within  the graphene structure. This model
incorporates three translational degrees of freedom
along the x, y, and z axes, as well as three rotational
degrees of freedom around these axes for each node.
To effectively illustrate the van der Waals
interactions occurring between adjacent layers,
interlayer springs were incorporated as well.
Interactions were considered solely when the
interatomic distance was at or below the cutoff
radius, denoted by o, which is the Lennard-Jones
parameter. Atoms were regarded as lacking any
interaction beyond this level. The stiffness values of
the springs were ascertained through an equivalency
method that linked the elastic energy of the springs
to the chemical bond energy, following their
specification between atomic sites.

A variety of nanoplates, characterized by two

distinct width measurements of 30 A and 70 A,
along with varying lengths, were analyzed to
investigate their buckling behavior. In order to
facilitate the exploration of the influence of the
aspect ratio, a/b, nanoplates of differing lengths
were developed corresponding to each width.
Additionally, various vacancy concentrations were
incorporated into the nanoplate's structure to
illustrate the influence of atomic defects on its
buckling capacity. Given that boundary conditions
play a crucial role in influencing buckling behavior,
the diverse types outlined in Table 1 were
incorporated into the simulations. The abbreviations
CF, CC, and SS represent clamped-free, clamped-
clamped, and simply supported boundary
conditions, respectively, for the purpose of brevity.

3. APPLIED BOUNDARY CONDITIONS

Table 1 Different applied boundary conditions in buckling analysis

Nanoplate face Clamped-Free

Clamped-Clamped Simply-Simply

y=0 AllDOF =0 AllDOF =0 Uy =0, uy, =0; u, =0
u,=0u,=0FE=>~,
y=a F,=P " ‘ d u, =0;u,=0; f, =P
All rotation =0
4. VALIDATION analysis of graphene nanoplates and the results from

A comparison has been conducted between the
findings of the proposed model for the buckling

IJIRT 174287

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY

the reference study. This action was undertaken to
ensure the accuracy of the system. In the context of
this validation, a single-layer nanoplate with a
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precise measurement of 201.68 A in length
(illustrated in Figure 2) was carefully analyzed
across various aspect ratios. The comparison
illustrated in Figure 2 reveals a significant alignment
with the reference data, thereby affirming the
accuracy and reliability of the developed model.

24

- CF
4 @ CF,Ref
2 + @--- CC
@
; ~--k---- CC,Rel
16 i - --=- 8§
z i --—---- S5, Ref
£ 4, I“
4
<
0.8 :
Y - L =
| L I
L S
I —
0 1 2 3 4 5 6 7 9 10 11 12
Aspect ratio [a/b]
0.07 [|)
a/b=1 ¢--- CF
0.06 o o Cc
- l--- 55§
(6]
0.05
o
.’;& (o]
E. 0.04 C
=)
” 0.03
0.02
[ SET—,
B ——
0.01 ~Weszaas A=
L3 & & Py ° I
0 T T 1
0 2 4 6 8 10
Defect concentration (%)
0.0014
(l’ a/b=7 ad CF
0.0012 i o CC
o ---M--- 55
0.001 2
o
3D.0008 e
S
=
9.0006
oF
0.0004
L B I
0.0002 sl I
< 2+ @
0 7 2 i
0 2 8 10

4
Defect concentration (%)

Fig. 2. Comparison and validation of the critical
buckling load of a single-layer nanoplate with a
length of 201.68 A

5. RESULTS AND DISCUSSION

This section presents the findings of the buckling
analysis conducted on both single-layer and double-
layer graphene nanoplates. The study thoughtfully
considers whether defects are present or absent. The
nanoplates, characterized by widths of 30 A and 70
A, along with varying aspect ratios, are examined
under three specific boundary conditions: CF, CC,
and SS. A uniform compressive force (P) is applied
at one end of the plates.
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Fig. 3. Effect of defects on Pcr of a single-layer nanoplate with the width of 30 A and aspect ratios

alb=1,4,7,10.

In order to explore the influence of defects on the
buckling behavior of the nanoplate, the vacancies
were strategically distributed throughout the
graphene geometry in a random manner. In the
analysis of each nanoplate subjected to various
boundary conditions, three distinct cases of vacancy
distribution were carefully evaluated, and the
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corresponding average values were duly reported.
Figure 3 present the effects of atomic vacancy on
the buckling capacity for one specific widths of
single layer graphene, namely 30 A, across various
aspect ratios and under the three boundary
conditions that have been introduced. It has been
noted that the existence of defects tends to result in

809



© February 2023 | BIRT | Volume 9 Issue 9 | ISSN: 2349-6002

a decrease in the critical buckling load across all
scenarios. It is observed that in all graphs, the
buckling capacity tends to decrease with the
increase in defects, following an almost linear trend.
An analysis of the graphs presented in Figs. 3
reveals that the buckling capacity per unit area of
the wider structure, measuring 70 A, is lower than
that of the narrower structure, which measures 30 A.
This observation aligns with what has been noted
for defect-free graphene, and a similar rationale can
be applied to explain this behavior.

6. CONCLUSION

An investigation into the buckling behavior of
single- layer rectangular nanoplates was conducted
using three distinct boundary conditions: clamped-
free (CF), clamped-clamped (CC), and simply-
simple (SS). Furthermore, another study examined
the impact of vacancy flaws. The observations and
results presented here have been carefully derived
from this investigation:

The findings indicate that both the width and length
of the nanoplate influence the buckling capacity per
unit cross-sectional area. This indicates that the
buckling load is reduced for a width of 70 A
compared to that of 30 A. It is conceivable that this
may be associated with the observation that the
likelihood of local buckling increases with the
expansion of the sheet width, consequently leading
to a reduction in the buckling load capacity of the
graphene. At lower values of the aspect ratio, it is
observed that the buckling load exhibits a
considerable reliance on the aspect ratio.
Nonetheless, as the aspect ratio increases, the
dependence diminishes in importance. This is
applicable to all three boundary conditions. The
analysis of boundary conditions reveals that the
buckling load generated by CC is the most
significant, with SS and CF following in succession.
It has come to our attention that the influence of the
boundary conditions tends to diminish with an
increase in the size and aspect ratio of the object. As
the domain expands, the proportion of boundary
edges relative to the entire domain diminishes,
leading to a reduced influence of boundary
conditions. This is a crucial aspect to emphasize
from a physical perspective.
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