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V]IK 539.4

Binsinue ABOMHBIX AaTOMAPHBIX BAKAHCHOHHBIX Ae¢QeKTOB KPHCTALINMYECKOM
pelieTKU Ha yIpyrue CBOMCTBA OJHOCJONHBIX JUCTOB rpadena

3. K. Banur, 3. B. 10, K. 5. Cyn, X. JIu, U. K. Baur

Kommemk aspOKOCMHYECKOTO U TPAKIAHCKOTO CTPOUTENBCTBA, XAPOMHCKUN HHIKEHEPHBIH YHUBEP-
cutet, Xapoun, Kurait

B pamxax nooxooa monexkynsapHoi cmpyKmypHol MeXaHuKu ucciedyemcs enusanue 080UHbIX amomap-
HbIX 6AKAHCUOHHBIX 0eeKmos KpUCMAIIUIecKoll peuwlemky Ha ynpyeue ce0Ucmed OOHOCIOUHbIX
JUCMO8 2pagena ¢ 3u23a2000pa3Hol U niemeHol cmpykmypou. [lis MoOenuposans MelcamomHbixX
Cun ceszell muna yenepoo—yenepoo UCHOAb3Yemcs NPOCMPAHCMEEHHAS CMPYKMYPHAs cemkd. Pesyib-
Manmsl YUCIEHHO20 MOOIUPOBANUSL, NOJYYEHHbBIE MEMOOOM KOHEUHbIX IJIeMEHIMO08, NOOMBEPHCOAION,
4Umo Haauuue YKA3aHHbIX 8AKAHCUOHHBIX 0e(eKmos CHudcaem MoOyib Ynpyeocmu epagena, 4mo
npuBOOUM K yMeHbUeHUIO e20 Hecyueti CHOCOOHOCMU. YCmanoseneno, 4mo yseaudenue Koauiecmea
BAKAHCUOHHBIX 0eqheKkmog 00ycl06ausaem CHudceHue Mooyis ynpyeocmu u kodgpguyuenma Ilyac-
COHA OOHOCTOUHBIX TUCMO8 2pageHd.

Knroueswie cnoea: rpadeH, nBoifHbIC aTOMapHBIC BAKAHCHOHHBIC IE(PEKTHI, YIPYTHE CBOM-
CTBa, XUPAIbHOCTb, MOJIEKYJISIpHAsl CTPYKTypHasi MeXaHHKa.

Introduction. Graphene is a new type of low-dimensional carbon material, which
emerged after the discovery of fullerenes and carbon nanotubes. Due to its single atomic
layer thickness, graphene is considered to be a two-dimensional material, which consists of
carbon atoms in a honeycomb lattice structure. Since its news-breaking appearance in 2004
[1], graphene has received significant attention due to its outstanding physical properties
such as high thermal conductivity [2], stiffness, and strength [3]. However, the issue of
mechanical properties of single-layered graphene sheets (SLGS) being impaired by atom
vacancy defects has received scarce attention yet. However, due to limitations in the
graphene production, imperfections, such as adatoms, Stone-Wales defects, line defects,
and vacancies of atoms cannot be avoided in graphene nanostructures [4]. Of these, the
vacancy defects are the most typical for graphene and strongly affect the mechanical
properties of SLGS. Therefore, it is of high theoretical significance and practical importance
to study the influence of double-atom vacancy defects (DAVD) on the mechanical
properties of SLGS.

Numerous researchers have investigated the elastic properties of graphene using
various theoretical methods. Thus, Pei et al. applied the molecular dynamics approach to
estimate the elastic modulus values for different chirality graphenes, including the so-called
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armchair and zigzag graphenes, for which the respective values of 0.89 and 0.83 TPa were
reported in [5]. The application of another molecular dynamics method (namely, the
empirical Tersoff potential) by Bu et al. [6] yielded the graphene elastic modulus of up to
1.24 TPa. Within framework of the ab initio density functional theory (via DFT method)
Liu et al. [7] estimated the elastic modulus and Poisson’s ratio of graphene as 1.05 TPa and
0.86, respectively. Also, Reddy adopted a continuum mechanics approach to determine the
elastic modulus of non-equilibrium and equilibrium graphene, obtaining values of 1.0 and
0.7 TPa, respectively [8]. Li applied the structural mechanics approach to monolayer
graphene, with the simulation of graphene sheets by space frame structures, and predicted
that SLGS elastic modulus reaches 1.02 TPa [9]. However, there are scarce research reports
on the effect of DAVDs on the elastic properties of SLGS.

A molecular structural mechanics approach was adopted in this paper to study the
effect of DAVDs on the elastic properties of the zigzag and armchair SLGS with account of
their sizes and the number of DAVDs.

1. Theoretical Details. In terms of the molecular mechanics, graphene as a large
molecule contains many regularly arranged carbon atoms with each atom in a force field [9]
that is generated by interactions between electron-nucleus and nucleus-nucleus and controls
the atom movements. The steric potential energy corresponds to the force field, which
controls only the relative location of the nuclei. In Fig. 1, different kinds of potential energy
terms of carbon—carbon (C—C) bonds are illustrated.
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Fig. 1. Potential energy of C—C bonds.

For the system, the total potential energy functions are given by

Uspat = 2U, +2Ug +2Uy +2U, +2U, 4, , 1)
where U,, Uy, Uy, U,, and U,,, are energies, related to the bond stretching, angle
variation, inversion, angle variation, and van der Waals nonbonding interaction, respectively.
The last term is negligible, in comparison with the other four terms that make the dominant
contributions to the total steric energy. Furthermore, as compared to the other terms, the
torsion and inversion energies are the most critical for the graphene subjected to in-plane
tension loading. Consequently, the sum of angle variation and bond stretching terms,
represented by harmonic functions under the assumption of small linearly elastic
deformations, can be used to calculate the total energy of monolayer graphene with a fairly

high accuracy [10-12]. The bond stretching and angle variation harmonic functions are
derived via the following equations:
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1 1
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Here k, and k, represent the force constant for the angle variation and bond stretching,
respectively, @ and 0, are the bond angles after and before deformation, respectively,
while 7 and 7, are the interatomic distances after and before the deformation, respectively.
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Fig. 2. Stretching and bending of a uniform beam.

Within framework of the structural mechanics, the beam potential energy can be
expressed via twisting and stretching terms, which correspond to bending and tensile axial
load schemes depicted in Fig. 2. Under the axial load N, a uniform beam’s strain energy
can be derived as

lfLdel_ IN’L_1E4

2
> (AL), “

A 0EA 2EA 2L
where U 4 is tensile load energy, E is the elastic modulus of the uniform beam, A is the
beam cross-sectional area, AL is the elongation, and L is the length of beam. In the beam.
In case of application of a pure bending moment M (Fig. 2), the beam bending potential
energy, U,,, is derived as follows:

—dl="""a%= 200)?, 5
0 EJ L “ T @ )

1fLM2 2EI , 1EI
where « is the rotation angle of the beam edges and 7 is the moment of inertia for this
rotational motion.

That is to say, the equivalence of the relevant terms of molecular and structural
mechanics systems is assumed due to the independence of their potential energy terms. This
implies the equivalence of the molecular system and the structural beam, which is used to
simulate the interatomic forces acting on the covalently bonded carbon atoms. The beam
stiffness values correspond to the constants of covalent force field terms, which are derived
as follows:

=k =k, (©)
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where k, and k, are the bending and stretching/tensile constants of the equivalent beams,
respectively. These can be assessed by the stiffness matrix method. Alternatively, the
structural beam simulation by atomistic finite elements was proposed [13].

It is noteworthy that specifying the diameter and elastic modulus of the beam allows

one to compare the atomistic limited approach results with those of the stiffness matrix
2 4

d
method. By substituting parameters A = ﬂT and = ﬂ64

characteristics can be derived via the force field constants as

into Eq. (6), the beam

2
g=yte g KL (7
kr ’ 4.7'[k9 ’

where E is the elastic modulus, d is the cross-sectional diameter, and L is the length of
beam, which is assumed to be equal to the carbon covalent bond interatomic distance.
Application of the AMBER force field of molecular dynamics simulation [12] yields
kg = 878-107"° N-nm/rad? and k, = 6521077 N/nm. The distance between two
contiguous carbon atoms is estimated as 0.1412 nm [14]. Solving Eq. (7) yields
E=5488-10"° N/nm? and d = 0.146618 nm. Additionally, according to [15], Poisson’s
ratio v = 0.3 is assumed.

To simulate the monolayer graphene nanofilms, the space frame structures, consisting
of beam clements, are used in the theoretical analysis, which predicts that the mechanical
characteristics of SLGS are size-dependent and exhibit a chirality. The latter refers to a
property of asymmetry, due to which chiral objects are distinguishable from their mirror
images. Figure 3 shows the chiral SLGS studied in this work, namely, zigzag and armchair
sheets of different side width and length values, which are designated as b and a,
respectively.

Fig. 3. Zigzag (a) and armchair (b) graphene with DAVDs.

To examine the elastic properties of the SLGS under study, a space frame structure
model is used. The normal stress o acting at the atomistic model’s free edge is used for the
exploration of the SLGS elastic properties under tension. As a result, the continuum sheet’s
normal stress is calculated as

nf
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where n is the number of nodes exposed to the external forces, f is the magnitude of the
tensile forces, ¢ and b are thickness and width of the SLGS, respectively. According to
strain and tensile stress, the elastic modulus and Poisson’s ratio are calculated as

o b
o bt €p b
E: =, Vzizi’
e, Aa Y )
a a

where £, and ¢, are tensile strains of SLGS, equal to the elongation ratios, while Aa
and Ab are increments of the initial SLGS side length ¢ and width b, respectively.

2. Results and Discussion. According to the theoretical analysis presented in the
above section, the space frame structures consisting of beam elements are used to simulate
the monolayer graphene nanofilms. To consider the influence of DAVDs on the elastic
properties of SLGS with various sizes, the original model with seven sets of dimensions
(aX b)was constructed: (a) 0.985 % 1.137 nm, (b) 1.969 X 1.990 nm, (c) 2.953 X 2.842 nm,
(d) 3.938 X3.695 nm, (e) 4.430 X 4.547 nm, (f) 5.415 % 5.400 nm, and (g) 6.399 X 6.252 nm.
The evolution of the elastic modulus and Poisson’s ratios of zigzag and armchair SLGS
with the increase in the number of DAVDs was also investigated in this study. It is
considered that DAVDs located at the central line can eliminate the boundary effect of
SLGS. The elastic moduli and Poisson’s ratio of the zigzag and armchair SLGS were
calculated for the above graphene sizes. These results are depicted in Figs. 4 and 5,
respectively.
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Fig. 4. The elastic modulus vs. size of zigzag (a) and armchair (b) SLGS.

2.1. The Influence of DAV Ds on the Elastic Properties of SLGS. According to Figs. 4
and 5, the elastic moduli and Poisson’s ratios of SLGS with DAVDs are lower than those of
perfect SLGS, but with an increase in the SLGS size, this deterioration effect on the elastic
properties is weakened, which finding proves that the elastic properties of SLGS are
size-dependent. For the same size of graphene, the elastic modulus of zigzag SLGS is lower
than that of armchair SLGS, which implies that the elastic properties of SLGS are also
dependent on the chirality pattern.

For the dimensions of zigzag graphene with DAVDs, which correspond to the above
cases (a)—(g) for, the respective reductions of Poisson’s ratio and the elastic modulus
corresponded to: (a) 9.96 and 8.38%, (b) 2.70 and 5.23%, (¢) 1.02 and 2.42%, (d) 0.51 and
1.41%, (e) 0.50 and 0.96%, (f) 0.25 and 0.64%, and (g) 0.13 and 0.32%, respectively. For
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Fig. 5. Poisson’s ratio vs. size of zigzag (a) and armchair (b) SLGS.

the armchair graphene, the respective reduction values were as follows: (a) 32.84 and
9.07%, (b) 11.34 and 2.80%, (c) 5.61 and 1.43%, (d) 3.22 and 0.72%, (e) 2.31 and 0.74%,
(f) 1.71 and 0.49%, and (g) 1.05 and 0.24%. The above patterns depicted in Figs. 4 and 5
confirm that the effect DAVDs on the elastic properties of SLGS of two types of chirality
weakens with their size. Moreover, the effect of DAVDs on the elastic properties of
armchair SLGS is stronger than that on the zigzag one.

2.2. Number of DAV Ds vs. Elastic Properties. The evolution of the elastic modulus
and Poisson’s ratios of zigzag and armchair SLGS with the increase in the number of
DAVDs was also investigated in this study. For this purpose, the model of type (a X b) with
the size of 6.399X6.252 nm was constructed. DAVDs located at the central line are
assumed to eliminate the boundary effect of SLGS. The elastic properties of zigzag and
armchair SLGS with the number of DAVDs varying from zero to seven are depicted in
Fig. 6, which demonstrates that the elastic modulus and Poisson’s ratio of the armchair
SLGS exceed those of the respective zigzag SLGS. In addition, an increase in the number
of DAVDs leads to a continuous deterioration of the elastic properties of both types of
SLGS. The deterioration of elastic properties of zigzag and armchair SLGS due to the
availability of numerous DADS can be reduced to the elastic modulus decrease by 0.5 and
0.1% per defect, and that of Poisson’s ratio by about 0.5 and 0.25% per defect, respectively.
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Fig. 6. Evolution of the elastic modulus (a) and Poisson’s ratio (b) of SLGS for the number of
DAVDs varying from zero to seven.
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Conclusions. In this work, the molecular structural mechanics method was adopted to
simulate the elastic properties of SLGS with DAVDs. The sizes of graphene sheets and the
numbers of DAVDs were taken into account in the evaluation of the elastic moduli and
Poisson’s ratios of SLGS with two kinds of chiralities: zigzag and armchair ones. The
results obtained show that the above parameters of the SLGS with DAVDs are lower than
those of perfect SLGS. However, with increasing graphene size, the influence of DAVDs
on the elastic properties of SLGS becomes weaker. DAVDs with the increasing graphene
nanofilm size exert a stronger effect on the elastic properties of armchair SLGS, as
compared to zigzag ones. For the constant graphene nanofilms’ sizes, the increased amount
of DAVDs leads to a continuous decline in the elastic moduli and Poisson’s ratios of zigzag
and armchair chirality SLGS.
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Pe3wome

VY pamMkax mixoay MOJEKYJSPHOI CTPYKTYPHOI MEXaHIKM JOCITIJDKY€EThCS BIUIMB IOJBIH-
HUX aTOMapHHUX BaKaHCIHHMX Ae(eKTiB KPHUCTATiYHOI TPaTKM Ha TPY>KHI BIACTHBOCTI
OJTHOILIAPOBHUX JIMCTIB TpadeHa i3 3ur3arornoiOHOI0 Ta INIETEHOI CTpyKTypoto. [lns mozne-
JIFOBAHHS MDKATOMHUX CHJI 3B’SI3KiB THITy BYIJICIb—BYIJIClb BUKOPUCTOBYETHCS MPOCTO-
poBa CTPYKTypHA CiTKa. Pe3ynbTaTu 4rceIbHOTO MOICTIOBAHHS, OTPUMAaHI METOJOM CKiH-
YCHHUX CJICMCHTIB, MiATBEPUKYIOTh, 1[0 HASBHICTh YKAa3aHWX BaKaHCIHHUX NE(PCKTIB 3HU-
JKye MOJIyJb TPYKHOCTI TpadeHa, 1Mo MPU3BOAUTH JO 3MEHIICHHS HOro HeciBHOI 31aT-
HOCTI. YCTaHOBIICHO, IO 30UTBIICHHS KITBKOCTI BaKaHCIHHHUX Ae(EKTiB MPU3BOIUTH JIO
3HIKCHHS MOJYJISl MPY’KHOCTI Ta KoedinieHta [lyaccoHa omHOMApOBHUX JHCTIB TpadeHa.
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