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Abstract

γ-Graphyne is a carbon allotrope with two-dimensional geometry, whose molecular structure is
composed of sp and sp2 hybridized carbon atoms, comprising aromatic hexagonal rings and acetylenic
groups. Based on its structure and excellent mechanical, electronic and optical properties, this nano-
material shows several promising applications. The main objective of this thesis is the development
of a consistent finite element model for the simulation of the nonlinear mechanical behaviour of both
perfect and imperfect γ-graphyne. The linear and non linear elastic mechanical properties of the perfect
γ-graphyne were evaluated for tensile and compressive directions, using three interatomic potentials to
describe the present interactions in the structure. The computational analysis of the defective sheets
intended to evaluate the influence of vacancy defects on the linear and nonlinear mechanical properties
of γ-graphyne. The results obtained were then compared with results reported in the literature from
previous investigations using molecular dynamics and other atomistic methods. This validation shows
that the developed finite element model is able to predict correctly the linear and nonlinear mechanical
properties of γ-graphyne with and without defects.
Keywords: γ-Graphyne, Nanomaterials, Vacancy Defects, Mechanical Properties, Nonlinear Behaviour

1. Introduction

Carbon has various hybridized states (sp, sp2 and
sp3), which enable it to bind to itself and with
other elements. Diamond and graphite are the most
known crystalline forms of this element, but it also
has numerous allotropes, like graphene, carbon nan-
otubes (CNTs) or the different forms of graphyne
[14]. Carbon-based nanomaterials have attracted
the interest of researchers in the last few years due
to their unique mechanical, electrical, thermal and
optical properties [7], allowing the application of
these properties in various engineering fields. For
example, graphene and CNTs can be used to in-
crease the stiffness and strength of structural com-
posites and decreasing their weight [4] and ther-
mal expansion coefficient [22] in the aerospace sec-
tor. In electronics, CNTs could replace copper on
an airplane’s wires, turning them lighter and more
efficient [15], while graphene and graphyne show
promising applications in high-ratio transistors, en-
ergy storage and sensors, which could be used to
improve electronic systems [20].

γ-Graphyne is a two-dimensional carbon al-
lotrope whose molecular structure is composed of sp
and sp2 hybridized carbon atoms, comprising aro-
matic hexagonal rings and acetylenic groups as can

be seen in figure 1. The first molecular segments
of this nanomaterial were first synthesized by Ha-
ley [13] in 2008, but since then there have been no
reports of large sheets synthesis [9]. Multiple efforts
have been made to develop computational models
capable of predicting the mechanical behaviour of
γ-graphyne. Cranford and Buehler [9] used Molec-
ular Dynamics (MD) in order to simulate this be-
haviour, predicting the Young modulus (533 and
700 [GPa]) and the ultimate stresses (48 and 108
[GPa]) for both tested directions. Using Density
Functional Theory (DFT) calculations, Peng et al.
[21] predicted the in-plane Young modulus to be 162
[N/m] and the ultimate stresses (56 and 59 [GPa])
for both tested directions.

Figure 1: Scheme of the structure of γ-graphyne
[13]
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The mentioned methods, MD and DFT, require
a great amount of computational effort and time in-
vestment. This work proposes a model based on the
Finite Element Method (FEM) to study the non-
linear mechanical behaviour of γ-graphyne, based
on the atomistic equivalent-continuum method first
provided by Odegard et al. [18]. Although this ap-
proach has been used to simulate the mechanical
behaviour of graphene and CNTs, there is only a
single article about γ-graphyne’s mechanical elastic
properties using FEM, written by Couto [8].

2. Background
2.1. Molecular mechanics (MM)
In MM, the atomic structure is treated as a system
of multiple particles interacting with neighbouring
particles. The total interatomic potential energy
Utotal of a nano-structured system is then given by
the sum of different energy contributions, as sug-
gested by the following equation:

Utotal =
∑

(Ur + Uθ + Uφ + Uω) +
∑

Uvdw , (1)

where the first four terms represent the potential
energy of the interactions between bonded atoms,
more precisely the stretching Ur and the angle
bending Uθ bonds, and the in-plane Uφ and out-
plane Uω torsion terms. The last term Uvdw corre-
sponds to the potential energy of the van der Waals
(vdW) interactions between non-bonded atoms.

All the mentioned potentials can be described by
interatomic potentials. The Morse potential [17]
has been widely used to describe the Ur and Uθ
potentials for C−C bonds, while the 6-12 Lennard-
Jones (L-J) potential [16] is commonly used for the
Uvdw. The next three equations present Ur, Uθ and
UvdW mentioned potentials, respectively.

Ur = De([1 − e−β(r−r0)]2 − 1). (2)

Uθ =
1

2
kθ(θ − θ0)2[1 + k6(θ − θ0)4]. (3)

Uvdw(r) = 4D

(
d12

r12
− d6

r6

)
. (4)

The present terms in these equations will be dis-
cussed in section 3.

3. Implementation
This thesis intends to simulate the nonlinear me-
chanical behaviour of a γ-graphyne sheet. Using
the finite element software ANSYS R©16, the various
interactions present on the structure of the mate-
rial were modelled using nonlinear (COMBIN39 )
and linear (COMBIN14 ) spring elements. In order
to apply the potentials mentioned in section 2, the
corresponding force per displacement curves has to
be obtained. In the next three subsections, this pro-
cess will be described regarding all the bonds that
were taken into account in the developed model.

3.1. Stretching forces
The structure of γ-graphyne is composed by three
types of covalent bonds: single (C − C), aromatic
(C = C) and triple (C ≡ C), as illustrated on figure
2.

Figure 2: Covalent bonds of γ-graphyne [8]

To simulate the mechanical behaviour of each
bond type, the corresponding F vs. ∆r curves
must be determined. The following expression is
obtained by deriving the Morse potential equation
2:

F (∆r) =
∂(Ur)

∂(∆r)
= 2Deβ(1−e−β(∆r))e−β(∆r), (5)

where ∆r = r− r0 represents the axial deformation
of the covalent bond length, De corresponds to the
dissociation energy and β is a parameter to control
the potential. The values from Peng et al. [21] ar-
ticle for the three covalent bonds were used for the
initial bond lengths r0. For the single bond, the β
and De values could be found in an article by Be-
lytschko et al. [5]. For the aromatic and the triple
bonds, the De values were found in a paper writ-
ten by Blanksby [6]. The β parameter for these two
bond types were not available in the literature, so
the values were linearly extrapolated from the ones
corresponding to the single bonds. All the reported
data are presented in table 3.1.

Table 1: Values for r0, De and β
Bond Type r0 [nm] De [N.m] β [m−1]
C − C 0, 1407 6, 03·10−19 2, 63·1010

C = C 0, 1426 1, 03·10−18 4, 49·1010

C ≡ C 0, 1223 1, 39·10−18 6, 05·1010

Using the data present in table 3.1, it was then
possible to determine the F vs. ∆r curves corre-
sponding to the three covalent bond types. The
acetylenic linkage consists in a series of single-triple-
single (S-T-S) bonds. To obtain the behaviour of
the three bonds simultaneously with the objective
of replacing the three individual springs by just one
in the model, this linkage was simulated with FEM
and the respective F vs. ∆r curve of the series
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was calculated. The four obtained curves are rep-
resented in the graphic of figure 3.

Figure 3: F vs. ∆r curves for the stretching bonds

3.2. Angle bending forces
The angle bending forces were also taken into ac-
count on the aromatic benzenic rings. To ob-
tain the respective force field, the derivative form
of the corresponding Morse potential for the an-
gle bending bonds (see equation 3) must be deter-
mined [23], assuming small angular bond changes
∆θ = (2∆R)/r0 [18]:

F (∆R) =
4

r2
0

kθ(R−R0)

[
1 +

48

r2
0

k6(R−R0)4

]
, (6)

where R0 = 0, 247[nm] is the initial angle bending
element length and r0 is the initial aromatic cova-
lent bond length. The values used for the parame-
ters kθ and k6 are 0, 9 [nNnmrad2 ] and 0, 754 [rad−4] [5],
respectively. In figures 4 a) and b), the F vs. ∆R
curve obtained from the equation 6 and a scheme
with the angle bending bonds application on a ben-
zenic aromatic ring are presented.

Figure 4: a) F vs. ∆r curves for the angle bending
bonds; b) Aromatic ring scheme with the stretching
and angle bending bonds represented

3.3. van der Waals forces
The interactions of non-bonded carbon atoms can
be described by the vdW forces. The derivative
form of the 6-12 L-J potential, equation 4, gives
the vdW force field, as demonstrated in the next
expression:

Fvdw(r) =
24D

d

(
2

(
d

r

)13

−
(
d

r

)7)
, (7)

where r is the actual distance between the two non-
bonded atoms, D corresponds to the bond energy
and d is a constant that corresponds to the equilib-
rium atomic distance. For two carbon atoms, Dij

and dij take the values of 4, 862·10−4 [nN.nm] and
0, 355[nm] [19], respectively.

Due to the fact that these interactions are signif-
icantly weaker [11] than the stretching or the angle
bending ones, it was decided to simplify the model
and use them as linear springs. From the equation
7, it was possible to calculate the vdW spring con-
stant kvdw, as shown bellow.

kvdw =
∂(Fvdw(r))

∂(r)

∣∣∣∣
r=d

= 1, 76

[
nN

nm

]
. (8)

The scheme present in figure 5 shows a detailed
molecular segment of γ-graphyne with the respec-
tive vdW spring elements represented, as well as the
stretching ones.

Figure 5: Aromatic ring scheme with the stretching
bonds and vdW forces represented

3.4. Geometric modelling of the finite element mesh

In order to use the force fields described in the
last subsections, the γ-graphyne sheet model was
then built. Using the finite element (FE) soft-
ware ANSYS R©16, a simple γ-graphyne molecule
was first modelled using lines. After that, using
mirroring commands, it was possible to obtain a
complete sheet with the dimensions 10, 9[nm] (Li)
and 9, 8[nm] (Hi) in the armchair (x) and zig-zag
(y) directions, respectively. To finish the model the
mesh was then made, associating the multiple lines
to the respective spring type by applying the force
fields described before. The final γ-graphyne sheet
nonlinear spring model is presented in figure 6.
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Figure 6: γ-Graphyne sheet final FE model

3.5. Analysis and boundary conditions
Using the sheet model presented in subsection 3.4,
several analyses can be done to characterize the
mechanical behaviour of γ-graphyne. The adopted
simulations are:

• Uniaxial tension and compression tests in the
armchair (x) direction, with the purpose of ac-
quiring the linear elastic (Young modulus Ex
and Poisson coefficient νyx) and non linear elas-
tic (ultimate stress σu,x and strain εu,x) prop-
erties.

• Uniaxial tension and compression tests in the
zig-zag (y) direction, with the purpose of ac-
quiring the linear elastic (Young modulus Ey
and Poisson coefficient νxy) and non linear elas-
tic (ultimate stress σu,y and strain εu,y) prop-
erties.

• Biaxial tension and compression tests (xy
plane), in order to acquire the linear elastic
(bulk modulus Kxy) and non linear elastic (ul-
timate average stress σu and respective varia-
tion on the sheet’s section area ∆Au) proper-
ties.

• Shear test (xy plane), with the purpose of ob-
taining the shear modulus (Gxy), and the ulti-
mate shear stress τxy and angle γ.

For all the mentioned analyses, displacements
were applied in the desired nodes. For each type
of analysis, some nodes were also constrained in or-
der to prevent the rigid body move and to get the
corresponding reaction forces of the nodes. These
data are necessary to obtain the mechanical prop-
erties of γ-graphyne.

4. Results
4.1. Results presentation
For the evaluation of the γ-graphyne’s mechani-
cal properties, nonlinear simulations were made us-
ing the FE software ANSYS R©16, which uses the
Newton-Raphson iterative method to get the con-
verged solutions. In the next figure, four unde-
formed and deformed γ-graphyne sheet configura-
tions are presented, corresponding to the last steps

of the obtained nonlinear solutions for the tension
cases of the analysis described in subsection 3.5.
Figures 8 a) and b) correspond to the uniaxial anal-
yses in x and y direction, respectively, while figures
8 c) and d) correspond, respectively, to the biaxial
and shear analysis. In order to give a clearer per-
ception to the reader, the springs that simulate the
angle bending and vdW forces were visually omit-
ted.

Figure 7: a-d) Deformed and undeformed sheet’s
configurations for the considered analysis

From the mentioned analysis, it was possible to
obtain the σ vs. ε curves for the uniaxial tests, the
σu vs. ∆Au curve for the biaxial cases, and the
τxy vs. γ for the shear test. All these curves are
presented in the original thesis document. The σ
vs. ε curve, for the uniaxial x direction analysis, is
presented in figure 8. Taking this graphic as an ex-
ample for both tension and compression, four points
are studied carefully. The yield points (σY ;εY ) rep-
resent the end of linear elastic regime, while the ul-
timate points (σu;εu) correspond to the maximum
values supported by the sheet in non linear elastic
regime.

Figure 8: σ vs. ε curve for the uniaxial analysis in
x direction
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From the obtained curves for all the mentioned
analyses, the mechanical properties were then cal-
culated, assuming that the thickness of the sheet is

3, 20 [
◦
A] [9]. Using the elasticity equations provided

by Beer et al. [3], the linear elastic properties were
obtained for the yield points. For the non linear
elastic regime, the ultimate values were identified
using the obtained curves. The calculated results
for both regimes are presented in table 2, as well
as some results from the literature. Different tech-
niques were used in the literature results, such as
MD [1, 9, 24, 25, 26], DFT [2, 21] and FEM [8].

4.2. Discussion of results
In this subsection, the results for the linear and non
linear elastic properties presented in table 2 will be
discussed and compared with greater focus on the
tension cases.

For the linear elastic properties, from the uniaxial
tests it is predicted that γ-graphyne exhibits an or-
thotropic behaviour for both tension and compres-
sion cases. The calculated Young modulus for the
tension tests were 512, 6 and 507, 8 [GPa] for x and
y directions (1% difference), respectively. Most of
these results are in good agreement with those pre-
sented in literature, especially with the ones that
were obtained with MD techniques. For the Ex,
the lowest differences between the calculated results
and the literature results were 2, 4% with Zhao et
al.[26], 3, 9% with Cranford and Buehler [9] and
5, 5% with Yang et al. [25], while the major ver-
ified difference was 14% with Ajori et al. [1]. For
the Ey, the lowest differences were 0, 4% [1] and
0, 9% [26], while the biggest difference was 37% [9]
(this reported result also shows a significant differ-
ence regarding the other shown results). For these
two properties, the differences were bigger in the
reported beam FE model [8] results. This approach
is less accurate than the one presented in this work
due to the fact that a value for the cross-sectional
diameters of the beams has to be assumed or be-
cause of the assumption that the bond angle resis-
tance force constant is approximately equal to the
bending stiffness of a single beam [12]. For both
tested directions, the calculated Poisson coefficients
were > 0, 5, demonstrating huge differences when
compared to the literature results. For plane-strain
elasticity, the relation between 2D and 3D Poisson
coefficient is given by the following equation pro-
posed by Eischen and Torquato [10]:

ν(3D) =
ν(2D)

1 + ν(2D)
, (9)

where ν(2D) and ν(3D) are the 2D and 3D Pois-
son coefficients, respectively. By using this relation
to convert the calculated Poisson coefficients from
2D to 3D, the obtained values for this property are

about 0, 4, which is in good agreement with the ma-
jority of reported results. For the biaxial tension
case, Kxy = 295, 1 [N/m] was obtained. This result
shows a small difference (5, 1%) regarding the one
obtained by Rouhi et al. [24] using MD techniques,
while when compared to the DFT reported results
by Asadpour et al. [2] and Peng et al. [21] the dif-
ferences are approximately 50%. For the shear test,
Gxy = 127, 1 [GPa] was calculated, and this result
is in good agreement with Zhao et al. [26] results,
with a 1, 2% difference, while for the DFT [2, 21]
reported results, a difference of 80% between shear
modulus values is verified.

For the non linear elastic properties, from the uni-
axial tests the ultimate stress and extension values
(σu;εu) were determined using the σ vs. ε curves.
By the analysis of these curves, one can conclude
that the stiffness of the sheet starts decreasing after
the yielding point, for both tension and compression
cases. The obtained results for the tension tests
were σu,x = 48, 6 [GPa] and εu,x = 13, 0 [%], and
σu,y = 72 [GPa] and εu,x = 16, 9 [%], for the x and y
directions, respectively. The bigger values verified
for the y direction may be explained considering
that there is a greater number of acetylenic groups
aligned with the direction of the imposed displace-
ments [9]. These results are in good agreement with
the majority of those found in literature. For direc-
tion x, the lowest verified differences between the
calculated and reported values for the σu,x were
0, 8% [25] and 7, 7% [9], while for direction y the
lowest differences were 11% [25] and 18, 3% [21].
For both directions, the differences for the ultimate
extension values varied between 10−18%, while the
highest differences for ultimate stress and extension
values were approximately 40% [26]. In the non lin-
ear elastic regime, the Poisson coefficient decreased
with the increase on applied strain. For the biax-
ial tension test, σu = 6, 6 [N/m] and ∆Au = 2, 4
[%] were obtained. It was noted that Kxy decreases
as well in non linear elastic regime. For the shear
test, the obtained results demonstrated a linear re-
lationship between the shear stress and angle, so
one can conclude that for this test the sheet was
not strained enough to reach the non linear elastic
regime.

It is noted that for all the uniaxial and biaxial
analysis the yielding and ultimate stresses are lower
on compression cases, and also occur for lower ex-
tension values when compared to the tension ones.
From this one can conclude that the Young modu-
lus, Poisson coefficients and bulk moduli calculated
for compression cases will be lower than the ob-
tained for tension tests. By comparing them with
literature results, one can validate the obtained re-
sults and conclude that they are in good agreement
with the majority of the literature results. It is
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Table 2: Comparison of the present work results and the literature ones
Method FEM MD MD FEM DFT DFT MD MD MD
Property Present [9] [24] [8] [21] [2] [25] [1] [26] Units

Ex 164 170, 4 140 229, 9 - - 155 - - N/m
(512, 6) (532, 5) - (718, 5) - - - (586) (525) (GPa)

νyx 0, 75 - - 0, 42 - - - 0, 48 0, 17
σu,x 15, 6 - - - 17, 8 - 14, 4 - 23, 8 N/m

(48, 6) (48, 2) - - - - - (55, 6) - (GPa)
εu,x 13 8, 2 - - 20 - 11, 2 11, 7 18 %

Ey 162, 5 224 130 209, 8 - - 150 - - N/m
(507, 8) (700) - (655, 7) - - - (510) (503, 1) (GPa)

νxy 0, 73 - - 0, 4 - - - 0, 64 0, 19
σu,y 23 - - - 18, 8 - 20, 47 - 30, 8 N/m

(72) (107, 5) - - - - - (53, 7) - (GPa)
εu,y 16, 9 13, 2 - - 20 - 11, 7 13, 8 24, 7 %

Kxy 295, 1 - 280 166 - 122, 7 - - - N/m
σu 6, 6 - - - 20, 6 - - - - N/m

Gxy 40, 68 - - 71 - 77, 04 - - - N/m
(127, 1) - - - - - - - (128, 6) (GPa)

expectable that some differences may occur when
comparing them with the literature results, because
the MD and DFT based methods are more efficient
and realistic for atomistic simulations (predicting
the fracture initiation and propagation). Even so,
the presented model shows better agreement with
the MD and DFT based studies results when com-
pared to the other reported FE model.

5. Influence of vacancy defects
Different types of defects can occur on the crys-
talline structure of a nanomaterial and influence its
properties. A vacancy defect is known as a defect
in which an atom is missing from one of the lattice
sites. This section proposes to evaluate the influ-
ence of vacancy defects in mechanical properties of
γ-graphyne. Ajori et al. [1] has already studied the
influence of this kind of defects in the mechanical
behaviour of γ-graphyne, using an MD simulation
on the basis of Tersoff-Brenner potential function.
These authors modelled two sheets with 1% of the
atoms missing for both mapped and random shapes.
They concluded that the vacancy defects reduce
Youngs modulus, ultimate stress and strain, and
increase Poissons ratio. Moreover it was reported
that the vacancy defects in random shapes have a
higher effect on these properties than mapped ones.

5.1. Geometric modelling defects
In order to study the influence of vacancy defects
in γ-graphyne’s structure, three different method-
ologies were defined to model the defects. For each
one, seven different sheets were modelled by increas-
ing the (%) of removed atoms between each one. All
three will be described below.

• Vacancy defects in central aromatic rings (a)

Using the perfect γ-graphyne sheet, an aromatic
benzenic ring from the central location of a sheet
was first removed. The other six sheets were ob-
tained by successively removing one more neigh-
bouring aromatic ring for each one. The (%) of
removed atoms varied from 0, 57% to 3, 28% in the
first and seventh sheets modelled with type (a) de-
fects. These two sheets are shown in figures 9 a) and
b). Note that the angle bending and vdW springs
were visually omitted.

Figure 9: a-b) First and seventh sheets modelled
with vacancy defects (a)

• Vacancy defects in dispersed aromatic rings (b)

For the second defined methodology, the purpose
was to remove aromatic rings from dispersed loca-
tions. The first sheet modelled was the same pre-
sented for the type (a) defects. From that one, six
more sheets were modelled removing one more dis-
persed aromatic ring in each one. The (%) of re-
moved atoms varied from 0, 57% to 3, 98% in the
first and seventh sheets modelled with type (b) de-
fects. The second and seventh modelled sheets are
presented in figures 10 a) and b), respectively.
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Figure 10: a-b) Second and seventh sheets modelled
with vacancy defects (b)

• Vacancy defects in random acetylenic groups
(c)

The third methodology consisted in randomly
removing acetylenic groups from the perfect γ-
graphyne sheet. These defects in similar locations
used for the type (b) defects were tried to be ap-
plied, removing six more acetylenic groups per each
modelled sheet. The (%) of removed atoms varied
from 0, 38% to 2, 34% in the first and seventh sheets
modelled with type (c) defects. The mentioned two
sheets are illustrated in figures 10 a) and b), respec-
tively.

Figure 11: a-b) First and seventh sheets modelled
with vacancy defects (c)

5.2. Results presentation

For all the twenty one defective sheets, uniaxial ten-
sion and compression analyses were carried out for
both x and y directions. From these tests, it was
possible to study the influence of these defects on
several mechanical properties, by comparing the ob-
tained results with the ones for the perfect sheet.
For the linear elastic properties, the Young modulus
and the Poisson coefficient were evaluated, while for
the non linear elastic ones the ultimate stress and
extension values were obtained. All these properties
were calculated from the obtained σ vs. ε curves, as
it was done for the perfect sheet. In figure 12 the x
direction corresponding curves for the perfect and
type (a) defective sheets is shown.

Figure 12: σ vs. ε curves for the perfect and type
(a) defective sheets

As mentioned before, from all the σ vs. ε curves
it was possible to calculate the linear and non lin-
ear elastic properties for all the defective modelled
sheets. All the obtained data are reported in the
original thesis document. In order to better under-
stand the influence of simulated defects in E and σu
values, some graphics were obtained for the varia-
tion of Edef./Eper. and σdef./σper. ratios per the
(%) of removed atoms. The graphics obtained for
the direction x tension cases are presented in figures
13 and 14, for the E and σu ratios, respectively.

Figure 13: Edef./Eper. variation with (%)r.a. for
uniaxial tension test in x direction

Figure 14: σdef./σper. variation with (%)r.a. for uni-
axial tension test in x direction
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5.3. Discussion of results
In this subsection, the obtained results for the de-
fective sheets will be discussed and compared with
the ones reported by Ajori et al. [1]. For direct ten-
sion results comparison, the first sheet with type (a)
and (b) defect are compared with the mapped shape
sheet presented by Ajori et al., while the fifth sheet
with type (c) defect is compared with the random
shapes sheet, as illustrated in figures 15 a-d).

Figure 15: a-b) Ajori et al. [1] mapped and random
shaped defective sheets; c-d) First and fifth defec-
tive modelled sheets for type (a) and (c) defect

For the linear elastic properties, in most cases a
decrease in the stiffness of the sheet with the in-
crease of (%)r.a. was verified, as can been seen in
the graphic of figure 13. The comparison between
the Young modulus results of the seventh modelled
sheet for each type of defects and the perfect one
showed that the type (b) defect sheet was the one
that exhibits bigger differences in tension and com-
pression tests, decreasing respectively, 10, 2% and
19, 5% in x direction, and 9, 1% and 22, 7% in y
direction. This may be due to the fact that this
sheet has a bigger (%)r.a. than the other two from
type (a) and (c). In the two sheets illustrated in
figures 15 a) and b), Ajori et al. reported that the
Young modulus decreased, in the first one, 7, 4%
and 5, 5% in both x and y directions, respectively,
and in the second one, 10, 3% and 11, 6% for the
same directions, respectively. These results suggest
that the random effects have bigger impact on the
verified loss of the stiffness of the sheet. These re-
sults are in good agreement with those obtained for
the sheets shown in 15 c) and d). The fifth type (c)
defect sheet exhibits a larger decrease in its stiffness,
5, 4% and 8, 1% for x and y directions, respectively.
In the last modelled sheets, the Poisson coefficient
decreased between 0, 01-0, 03 for tension analysis,
and 0, 05-0, 12 for compression tests. Ajori et al. re-
ported an increase in the Poisson coefficient, while
for the sheets used for comparison, a small decrease

was verified as it was reported for all the seventh
sheets.

For the non linear elastic regime, the stiffness of
the deffective sheets will continue decreasing until
the last step of the analysis. Also, the ultimate
stresses and strains decreased in the majority of
tested cases, with the increase of (%)r.a., as can
be seen in figure 14 for the tension test in x direc-
tion. By comparing the difference of results between
the last modelled sheets and the perfect sheet, it is
noted that the type (a) defect was the one that ex-
hibits bigger differences in the obtained ultimate
properties for tension and compression, for both
tested directions. From tension tests in x direction,
a decreasing of 29, 8% and 32, 8% for σu and εu was
verified respectively, while for the y direction, the
differences obtained for these two properties were
50% and 52, 7%. The results proposed by Ajori et
al. suggest that the vacancy defects cause a de-
crease on the ultimate mechanical properties. In
the mapped defective sheet, figure 15 a), the au-
thors reported a decreasing in σu values of 5% and
23% in the x and y directions, respectively, while
in the random defective sheet, figure 15 b), the dif-
ferences were 21% and 25% for the same directions.
By comparing the results calculated for the perfect
modelled sheet tension analysis with the ones ob-
tained for the presented sheets in figures 15 c) and
d), the σu values decreased 13, 9% and 29, 8% in the
type (a) defective sheet in x and y directions, and
in the type (c) sheet the values lowered 10, 7% and
27, 6% for both tested directions, respectively. The
εu calculated values exhibit the same decreasing be-
haviour verified for σu, reported as well by Ajori
et al.. The obtained results for these two proper-
ties were in good agreement with the ones reported
by Ajori et al., showing that the random vacancy
defects induced a bigger decrease on the ultimate
stresses and strains of the sheets.

From the obtained results for both linear and
non linear elastic properties, one can conclude that
the vacancy defects in the majority of tested cases
lead to a decrease on mechanical properties of γ-
graphyne. In general, the defects located in the
centre of the sheets showed smaller differences when
compared to the perfect ones. This may be due
to the fact that the defects of these sheets are not
located next to the zones influenced by boundary
conditions, as verified for the type (b) and (c) defec-
tive ones. Also, the presence of defects in multiple
locations of the sheet makes it weaker in different
regions, so these sheets are more likely to have a
major influence on its properties caused by the va-
cancy defects. Specifically speaking about the com-
pression cases, the obtained results exhibit bigger
differences when compared to the calculated results
for tension tests. It was noted that there is an in-
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crease in the values of the linear and non linear
elastic properties when the (%)r.a. increases, as can
be seen in the graphics of figures 13 and 14. These
exceptions were verified for both tension and com-
pression tests. This may be due to the fact that
some of the defective modelled sheets exhibit an
axisymmetric structure, which has a direct influ-
ence under the mechanical properties of the sheets.
These increased values occurred more significantly
in the compression tests, due to the fact that the
sheets exhibit less stiffness in these cases and there
are highly deformed zones on locations near the ap-
plied boundary conditions. Also the potentials used
in the presented model cannot predict the electronic
repulsive forces that are present on a molecular
structure when the atoms get closer. The differ-
ences reported between the presented and the Ajori
et al. [1] results are expectable because different ap-
proaches were used. Even so, the overall obtained
results exhibit good agreement with the literature
ones.

6. Conclusions
This article was an extended summary of the the-
sis that was set out to characterize the nonlinear
mechanical properties of perfect and imperfect γ-
graphyne sheets. The presented model agrees with
the literature results, proving that it can be used to
estimate good approximations of these properties
in a faster way when compared to MD and DFT
techniques.

The main conclusions of this thesis are summa-
rized in this paragraph. The developed model for
the perfect γ-graphyne sheet demonstrates good
precision in determining the linear and non lin-
ear elastic properties. The obtained results exhibit
agreement with the literature reported ones, pro-
vided by more complex techniques. The choice of
spring FEs instead of beam FEs had a direct im-
pact on the proximity between the presented model
and the MD and DFT based ones. Also, the pro-
posed model demonstrated to be a good approach
to study the influence of vacancy defects in mechan-
ical properties of γ-graphyne. It was concluded that
an increase on the percentage of removed atoms
causes, in the majority of tested cases, a decrease
on these properties. Also, the distribution of defects
(mapped or random) showed different decreasing re-
sults for the evaluated properties. The defects lo-
cated near the applied boundary conditions induce
a greater decrease on the mechanical properties of
γ-graphyne.

From the work presented in this thesis, it is be-
lieved that there are some developments that can
be made. Some examples are:

• Parametrize the dimensions of the γ-graphyne
sheets and evaluate the dependence of the me-

chanical properties on the sheet dimension.

• Study the influence of vacancy defects in the
bulk modulus and the shear modulus.

• Include fracture prediction models in order to
study the initiation and propagation of frac-
tures in the structure of γ-graphyne.
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