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1- Introduction

Two-dimensional (2D) materials have been extensively
developed and used in the last two decades. The 2D
graphene single layers isolated from graphite by Geim and
Novoselov in the mid-2000s onwards have later
progressed to hexagonal boron nitride for graphene
electronics. The introduction of these materials in various

industries, such as electronics, optoelectronics, aerospace,
drug delivery, and sensors, has been expanding at an
increasing speed. Zero band-gap of graphene in some cases
is considered a drawback in some industries. Therefore,
graphene modification by substituting the atoms of
nitrogen and boron is considered a suitable approach for
making 2D heterogeneous graphite materials. CsN is a

graphene-like 2D material with a honeycomb atomic
structure consisting of carbon and nitrogen atoms
covalently bonded to each other (Fig. 1). In this structure,

each nitrogen atom is surrounded by three carbon atoms.
The uniform distribution of nitrogen atoms in this structure
and the similar atomic radius of carbon and nitrogen have
made the structure of carbon nitride unique among other
2D materials. Although the structural shape of CsN is

hexagonal and honeycomb and can be placed without
obstacles, in the real world, the presence of holes and
defects in these materials causes them to impact distinct
properties. Cracks and grain boundaries have been
introduced as one of the most important defects in these
structures, which are inevitable. These geometrical defects
created under external loading cause in-plane and out-of-
plane geometric deformation and affect the various
properties of these structures.

In this article, C3N monocrystalline and polycrystalline
were studied using the molecular dynamics simulation
method. First, we investigated CsN monocrystalline at
different temperatures and in two directions armchair and
zigzag loading. In the next step, considering five types of

CsN polycrystalline at diverse temperatures, the
mechanical properties of Young's modulus, failure stress,
and strain were examined. For each type of these areas,
four different modes were considered. Next, the effect of
crack length was analyzed. Finally, the optimal values of
Young's modulus are reported using the genetic algorithm
method.
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Fig. 1. Basic model of C3sN honeycomb structure

2- Computational Method

In this study, molecular dynamics simulation was used to
model and analyze the mechanical properties of Young's
modulus, fracture stress, and strain of CsN nanosheets. The
results obtained from molecular dynamics are affected by
the accuracy of the functions used to implement atomic
interactions and loading conditions. Consequently, Tersoff
potential was used to express and describe C-C and C-N
interatomic interactions. Moreover, OVITO software was
utilized to visualize and monitor the examined outputs and
positioning of atoms. The two loading directions of the
zigzag and armchair represent the X and Y directions,
respectively. The mechanical properties of Young's
modulus, fracture stress, and strain of two-dimensional
CsN structures with the length and width of 10x10 nm? in
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both armchair and zigzag directions were investigated in
the temperature range of 100-900 K. The slope of the linear
part of each graph is used to calculate Young's modulus.
The mechanical properties of the polycrystalline structures
with the region numbers 5, 16, 24, 32, and 53 were studied.
These models were examined by randomly distributing
areas with four different modes in the simulation box. The
regions are connected by grain boundaries in different
states (Fig. 2). In addition, three crack lengths of 5, 12, and
25 A were studied as edge cracks.
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Figure 2. Structure of C3N polycrystalline with five regions

3- Results and Discussion

Mechanical properties of CsN monocrystalline

The results show that the mechanical properties in the
zigzag direction are higher than in the armchair direction.
In addition, the mechanical properties in both directions
decrease significantly with increasing temperature. The
highest values of the Young's modulus, failure stress, and
strain for CsN monocrystalline were obtained at the lowest
temperature and in the zigzag direction, which were equal
to 908.67 GPa, 306.11 GPa, and 0.432%, respectively.

Mechanical properties of C3sN polycrystalline with
different number of regions. The average values of
Young's modulus of CsN polycrystalline as a function of
the number of regions and at a temperature of 300 K are
shown in Fig. 3. According to this figure, as the number of
regions increases, the value of Young's modulus decreases.
The comparison of the results obtained from the
monocrystalline and polycrystalline shows that the
reported values of the monocrystalline type in both
armchair and zigzag directions are higher than the
polycrystalline structures.
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Fig. 3. Young’s modulus of C3N polycrystalline as a function
of the region’s number

The effect of crack length and temperature. The fracture
stress for the structure without cracks and at a temperature
of 900 K is almost one-third of the stress at a temperature
of 100 K (38.76 GPa compared to 106.82 GPa). In
addition, the fracture stress for the structure with a crack
length of 25 A was found to be nearly 24% and 25% lower
than the structure without cracks at temperatures of 100
and 900 K, respectively.

Optimization. In this section, the genetic algorithm
method is used to achieve the optimal value of Young's
modulus. According to the results obtained in the previous
sections, the optimal value of Young's modulus for the
CsN polycrystalline structure with 53 regions and random
arrangement number 3 was studied. Fig. 4 shows the 3D
diagram of changes in Young's modulus according to two
variables: temperature and crack length. The optimal value
of Young's modulus was obtained at a temperature of
586.95 K and a crack length of 6.52 A, and its value was
equal to 338.18 GPa.
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Fig. 4. 3D diagram of Young's modulus in terms of
temperature and crack length

4- Conclusion

In this article, the fracture behavior of CsN nanoplates in
both monocrystalline and polycrystalline states was
investigated. For this purpose, molecular dynamics
simulation was utilized applying appropriate potential
function and proper boundary conditions. The results
showed that the mechanical properties of CsN
monocrystalline decreased with increasing temperature
from 100 K to 900 K regardless of the loading direction. It
is worth mentioning that the mechanical properties of CsN
nanosheets in the zigzag direction were reported to be
higher than in the armchair direction. The maximum value
of Young's modulus was obtained at the temperature of
100 K, which was equal to 908.67 GPa and in the zigzag
direction. On the other hand, the results showed that
increasing the number of regions in polycrystalline
structures caused a decrease in the mechanical properties.
The Young's modulus for a crack length of 25 A declined
from 331.97 GPa at 100 K to 219.48 GPa at 900 K. Finally,
the optimization of the Young's modulus of CsN
polycrystalline with 53 regions and random arrangement
number 3 was reported 338.18 GPa at a temperature of
586.95 K and crack length of 52.6 A.
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Analysis of the Fracture Behavior of Polycrystalline Carbon Nitride by Genetic
Algorithm and Molecular Dynamics Methods

Mehdi Beynaghi Saeed Rahnama Ali Dadrasi

Abstract Stress concentration and nonlinear buckling caused by grain boundaries in two-dimensional structures and
geometric defects are introduced as factors affecting the fracture behavior of two-dimensional materials. Since the
mechanical behavior of polycrystalline nanostructures is not well known, in this article, the mechanical behavior of
carbon nitride nanosheets was studied as a function of temperature and grain boundaries. The mechanical performance
of polycrystalline carbon nitride was tested in the presence and absence of edge cracks and at temperatures from 100 K
to 900 K. Molecular dynamics simulation was used as a cost-effective method for modeling and testing two-dimensional
nanosheets by choosing the appropriate potential function and boundary conditions. The results showed that the
mechanical properties of carbon nitride monocrystalline decrease with increasing temperature and the results were
reported in zigzag direction higher than armchair. The same trend was observed for the polycrystalline structures. The
increase in temperature caused the Young's modulus, failure stress and strain to decrease. Also, increasing the crack
length from 5 to 25 angstroms caused a decrease in mechanical properties. On the other hand, increasing the number of
regions for carbon nitride polycrystalline decreased the failure stress. In addition, the optimization was carried out by
genetic algorithm and the results showed that the optimal value of Young's modulus for carbon nitride polycrystalline
with 53 regions at a temperature of 586.95 K and a crack length of 6.52 angstroms is equivalent to 338.18 GPa. The
results obtained from this study can be generalized to more complex cases to predict a deeper understanding of the next
generations of two-dimensional structures.

Key Words: Simulation, Genetic algorithm, Molecular dynamics, Polycrystalline, Carbon nitride.
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