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A non-linear finite element model for the simulation of the mechanical in-plane behaviour of y-graphyne
is presented in this paper. Different types of bonds (Single C—C, Aromatic C=C, Triple C=C) are simulated
by means of non-linear springs, which accurately take into account the different behaviour of interatomic
forces in tension and compression at 0 K temperature. Then, the finite element model is used to conduct
six tests (two uniaxial tension-compression tests, one biaxial tension-compression test, two uniaxial
shear tests, one biaxial shear test) to evaluate the non-linear mechanical behaviour of y-graphyne.
After that, a set of linear elastic properties (Young’s modulus, Poisson’s ratio, shear modulus, bulk mod-
ulus) and non-linear elastic properties (limit of proportionality stress and strain, ultimate stress and
strain) is reported and compared with values reported in the literature (mostly linear elastic properties).
This validation shows that the developed finite element model is able to predict accurately the linear and
non-linear mechanical properties of y-graphyne (i.e. stiffness and strength). Additionally, some remarks
are drawn regarding the anisotropy of y-graphyne and its distinct behaviour under tension and
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1. Introduction

Carbon has various hybridized states (sp, sp®> and sp>), 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 other allotropes, like graphene, carbon nanotubes
(CNTs) or the different forms of graphyne [1]. Carbon-based nano-
materials have attracted the interest of researchers in the last few
years due to their unique mechanical, electrical, thermal and opti-
cal properties [2], allowing the application of these properties in
various engineering fields. For example, graphene and CNTs can
be used to increase the stiffness and strength of structural compos-
ites while decreasing their weight [3]| and thermal expansion coef-
ficient [4]. In electronics, CNTs could replace copper on an
airplane’s wires, turning them lighter and more efficient [5], while
graphene and graphyne show promising applications in high-ratio
transistors, energy storage and sensors, which could be used to
improve electronic systems [6].

v-Graphyne is a two-dimensional carbon allotrope whose
molecular structure is composed of sp and sp? hybridized carbon
atoms, comprising aromatic hexagonal rings and acetylenic groups
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as can be seen in Fig. 1. In 2008, Haley [7] presented the synthetic
strategies toward, as well as optoelectronic properties of, substruc-
tures of the non-natural, graphyne, which is based on the dehy-
brobenzo 12 annulene framework, but since then there have
been no reports of large sheets synthesis [8]. Multiple efforts have
been made to develop computational models capable of predicting
the mechanical behaviour of y-graphyne. Cranford and Buehler
used Molecular Dynamics (MD) in order to simulate this behaviour,
predicting the Young’s modulus (533 and 700 [GPa]) and the ulti-
mate stress (48 and 108 [GPa]) for both tested directions [8]. Using
Density Functional Theory (DFT) calculations, Peng et al. predicted
the in-plane Young’s modulus to be 162 [N/m] and the ultimate
stress (56 and 59 [GPa]) for both tested directions [9]. Recently,
Wang et al. [10] investigated the mechanical properties and frac-
ture behaviours of §-graphyne and y-graphyne using MD simula-
tions. They concluded that both graphynes show brittle fracture
in uniaxial tension testing at temperatures from 1 to 1200 K
Concerning the out-of-plane behaviour, Becton et al. [11]
employed MD simulations to analyze graphynes under geometric
confinement across various temperatures, sizes, and crumpling
rates and compared them to graphene under the same conditions.
They focused on the mechanical stabilizing mechanisms and prop-
erties of the crumpled structures. More recently, Lenear et al. [12]
also performed MD simulations to examine the folding angle of
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— Aromatic bonds
— Triple bonds
— Single bonds

Fig. 1. (a) Scheme of the structure of y-graphyne [7], (b) detail of the covalent bonds present in y-graphyne [17].

Table 1
Values of ry, D, and p for different bonds.

Bond type ro [nm] D [N'm| B [m1]

Single (C—C) 0.1407 6.03-107"° 2.63-10'°
Aromatic (C=C) 0.1426 1.03.10°18 4.49.10"
Triple (C=C) 0.1223 1.39.10°'8 6.05 - 101°

graphyne with respect to the linkage number. Also using MD sim-
ulations, Wang et al. [13] investigated the out-of-plane behaviour
of graphene sheets, namely the evolution of deformation of a
monolayer graphene sheet under a central transverse loading.
Yang et al. [14] also examined the mechanical properties and fail-
ure mechanisms of a graphene sheet containing bi-grain-
boundaries. Their results revealed that both temperature and den-
sity of defects play key roles in the mechanical behaviour of gra-
phene containing bi-grain-boundaries. Using MD simulations, Yi
et al. [15] investigated the mechanical properties of several types
of graphynes under pure shearing deformation and bending. They
concluded that shear mechanical properties in the zigzag direction
are higher than those in the armchair direction and the bending
rigidities of graphynes in different directions are almost the same.

The mentioned methods, MD and DFT, require a great amount
of computational effort and time investment. In order to overcome
this difficulty and based on a molecular mechanics approach, Hou
et al. [16] developed an analytical model to obtain closed-form
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Fig. 2. Force-displacement curves for the simple, aromatic and triple covalent
bonds.

expressions for mechanical properties of graphynes. Also recently,
Couto and Silvestre [17] simulated the mechanical behaviour of
graphyne using an atomistic finite element method (FEM). The ato-
mistic FEM was used several years ago to assess the mechanical
behaviour of carbon nanotubes [18,19], but now it has been
extended to other carbon structures. However, to the authors’
knowledge, the studies by Hou et al. [16] and Couto and Silvestre
[17] were only focused on the graphyne’s linear elastic properties.
Thus, this work proposes a model based on the atomistic FEM to
study the nonlinear mechanical behaviour of y-graphyne, based
on the atomistic equivalent-continuum method first provided by
Odegard et al. [20].

2. Non-Linear finite element model

In molecular mechanics, the atomic structure is treated as a sys-
tem of multiple particles interacting with neighbouring particles.
The total interatomic potential energy Uq, Of a nano-structured
system is then given by the sum of different energy contributions,
as suggested by the following equation:

Utat = »_(Ur + Uy + Uy + Us) + > Upaw (1)

where the first four terms represent the potential energy of the
interactions between bonded atoms, more precisely the stretching
U, and the angle bending U, bonds, and the in-plane U, and out-
plane U, torsion terms. The last term U,4, corresponds to the
potential energy of the van der Waals (vdW) interactions between
non-bonded atoms.

All the mentioned interactions can be described by interatomic
potentials. The Morse potential [21] has been widely used to
describe the U, and U, potentials for single carbon-carbon (C—C)
bonds, while the 6-12 Lennard-Jones (L-J) potential [22] is com-
monly used for the U,q4, potential. The next three equations pre-
sent U,, Uy and U,q, above mentioned potentials, respectively.

Ur(r) = De([1 —e )" 1) @)

Uy (0) = %ko(e — 00)*[1 + ks (0 — 00)*] (3)
12 6

Uvi(r) = 4D (f——f—) @

The present terms in these equations will be discussed in the
next subsections. Using the finite element software ANSYS v.16,
the various atomic interactions were modelled using nonlinear
(COMBIN39) and linear (COMBIN14) spring elements. In order to
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Fig. 3. Stiffness of acetylenic linkage (S-T-S bonds): (a) scheme of the equivalent spring and (b) exact and approximated solutions of F (Ar) curves.
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Fig. 4. Variation of force with Ar for spring simulating the angle bending forces.

apply these potentials, the corresponding force-displacement
curves have to be obtained. In the next three subsections, this pro-
cess will be described.

2.1. Bond axial forces

The structure of y-graphyne is composed of three types of cova-
lent bonds: single (C—C), aromatic (C=C) and triple (C=C), as illus-
trated in Fig. 1(b). To simulate the mechanical behaviour of each
bond type, the corresponding force vs. relative displacement F
(Ar) curves must be determined. The following expression is
obtained from the Morse potential (Eq. (2)):

F(AF) = 2D (1 — e~F(4r)e=(an) (5)

where Ar = r — 1y represents the axial deformation of the covalent
bond length (relative displacement), D, corresponds to the dissoci-
ation energy (usually denoted as the well depth, defined relatively
to the dissociated atoms) and $ is a parameter to control the width
of the potential well depth. The values from Peng et al. article [9]for
the three covalent bonds were used for the initial bond lengths ro.
For the single bond, the values of g and D, may be found in

<=}

(b)

VAV

Fig. 5. y-Graphyne molecule and the aromatic bonds (in blue), S-T-S bonds (in
black), springs simulating the vdW forces (in yellow) and springs simulating the
angle bending forces (in red). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Belytschko et al. [23]. For the aromatic and the triple bonds, the
D, values were taken from Blanksby and Ellison [24]. These data,
valid for temperature of 0 K, is presented in Table 1. Note that the
effect of temperature on the mechanical behaviour is relevant, as
shown by Wang et al. [10] and Yi et al. [15], but falls outside the
scope of this paper. This influence could be achieved by adopting
the values of rq, D, and p for different temperatures.

Using such data, it was then possible to determine the F(Ar)
curves corresponding to the three covalent bond types. These
curves are represented in Fig. 2.

In y-graphyne’s structure, the acetylenic linkage consists of a
series of single-triple-single (S-T-S) bonds. With the objective of
replacing the three individual springs by a single spring in the final
model, as illustrated in Fig. 3(a), the equivalent mechanical beha-
viour of the three bonds was determined. Knowing that the equiv-
alent stiffness of a series of three springs is given by:

1 — l + l + l (6)

k—Eq kg kT ks
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Fig. 6. FE model of y-graphyne sheet.

The following analytical formula is obtained,

2 1

keg = |— -
|58 @Dl — e T Tw),  Z D, (T — e Fenje ey,
(7)

After the introduction of Eq. (7) into the general formula,
dF = kggd(Ar) (8)

it would then be possible to determine the corresponding F(Ar)
curve for the series of S-T-S bonds. However, the integration of
Eq. (8) is not straightforward. Instead of using a cumbersome ana-
lytical solution, this linkage of three springs was numerically simu-
lated with FEM using nonlinear spring elements. Thus, the force
field of this series was calculated and the numerical solution is
shown in Fig. 3(b) (solid line). As it turns out, the curve derived
from the Morse potential is qualitatively similar to the numerically
found curve, so the Morse expression (see Eq. (2) may be adapted to
obtain a good fit to the numerical (exact) curve. In this case, the pro-

posed parameter values S-T-S bonds are D, = 9.0-10'® Nm, and

B =1.6-10""m1) and the following formula may be used to model
acetylenic linkage,

F(Ar) = 28.8(1 — e~168r)g-164r 9)

with F and Ar given in nN and nm, respectively. The exact (solid
line) and approximated (dashed line) F(Ar) curves for the series
S-T-S bonds are represented in Fig. 3(b). The maximum tensile force
is F(Ar = 0.043 nm) = 7.2 nN.

2.2. Bond bending forces

The angle bending forces were also taken into account on the
aromatic benzenic rings. To obtain the respective force field, the
derivative form of the corresponding Morse potential for the angle
bending bonds (see Eq. (3)) must be determined [25], assuming
small angular bond changes A0 = (2AR)/ro [20]:

4 48
F(AR) = &m*&)ﬁﬁj%m*&f (10
0

2
o

where Ry = 0.247[nm] is the initial angle bending element length
and ry is the initial aromatic covalent bond length. The values used

for the parameters k, and kg are 0.9[%] and 0.754[rad’4] [23],

respectively. The F(AR) curve obtained from the Eq. (9) is presented
in Fig. 4. Moreover, the angle bending springs on benzenic aromatic
rings are presented in red colour in Fig. 5.

2.3. Non-bonded forces

The interactions of non-bonded carbon atoms can be described
by the vdW forces. The derivative form of the 6-12 Lennard-Jones
potential, Eq. (4), gives the vdW force field, as shown in the next
expression:

240, {2 (%)"- (dm (1)

where r is the actual distance between the two non-bonded atoms,
Dy corresponds to the bond energy and dj; is a constant that corre-
sponds to the equilibrium atomic distance. For two carbon atoms i
and j, D;j and dj take the values of 4.862-107*[nNnm] and
0.355 [nm] [26], respectively.

Due to the fact that these interactions are significantly weaker
[27] than the stretching or the angle bending ones, it was decided
to simplify the model and use them as linear springs. From Eq. (11),
it was possible to calculate the vdW spring constant k,4,, as shown
below.

Fz/dw(r) =

OF vdw
or

Unlike in MD simulations, no cutoff radius was adopted for vdW
forces in FE simulations. As shown in Fig. 5, each atom of an aro-
matic hexagonal ring is connected by linear springs to the seven
nearest non-bonded atoms of the closest hexagons and also to
the opposed atom in the same aromatic hexagon. These springs
provide additional (artificial) stiffness if the atoms are too much
apart but there are also other weak interactions that are not
accounted through linear springs. Thus, these effects cancel and
there is no need to consider the influence of cutoff radius. The
schematic present in Fig. 5 shows a detailed molecular segment
of y-graphyne with the respective vdW spring elements repre-
sented: the aromatic bonds (in blue), the S-T-S bonds (in black),
the springs simulating the vdW forces (in yellow) and the springs
simulating the angle bending forces (in red).

Koaw = ~1.76 [nNnm"] (12)

2.4. Finite element model and simulations

In order to use the force fields described in the last subsections,
the y-graphyne sheet model was then built. Using the finite ele-
ment (FE) software ANSYS v.16, a simple y-graphyne molecule
was first modelled using lines. After that, using mirroring com-
mands, it was possible to obtain a complete sheet with the dimen-
sions 10.9 [nm] (L;) and 9.8 [nm] (H;) 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 vy-
graphyne sheet nonlinear spring model is presented in Fig. 6.

Using the sheet model presented previously, several analyses
can be done to characterize the mechanical behaviour of y-
graphyne. The mechanical properties are calculated using standard
elasticity equations [28]. The adopted simulations are:

e Uniaxial tension and compression tests in the armchair (x)
direction, with the purpose of acquiring the linear elastic prop-
erties (Young’s modulus E, and Poisson’s ratio v,,) given by
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Fig. 7. Boundary and loading conditions of several tests: (a) uniaxial test in (x) direction, (b) uniaxial test in (y) direction, (c) biaxial tension/compression test and (d) biaxial
shear test, (e) uniaxial shear test in (x) direction and (f) uniaxial shear test in (y) direction.

E = Ox V= — &y (13) in x-axis) and the non-linear elastic properties, such as the ultimate

Ex Ex stress g,y and strain &y, are also calculated.

« Uniaxial tension and compression tests in the zig-zag (y) direc-
tion, with the purpose of acquiring the linear elastic properties
(Young's modulus E, and Poisson’s ratio vy,) given by

where o, and ¢, are stress and strain (extension) in the x-axis and ¢,
is the strain in y-axis due to Poisson’s effect (negative extension).
Additionally, the limit of linear elasticity (stress oy, and strain &
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(14)

where 0, and ¢, are stress and strain (extension) in the y-axis and &
is the strain in x-axis due to Poisson’s effect (negative extension).
The limit of linear elasticity (stress g,; and strain &,; in y-axis)
and the non-linear elastic properties, such as the ultimate stress
o,y and strain g,y are also calculated.
e Biaxial tension and compression tests (xy plane), in order to
acquire the linear elastic bulk modulus K, given by

Table 2
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where G is the average normal stress, &, is the surface strain, Ay is
the (initial) area of the undeformed sheet and A is the area of the
deformed sheet. Furthermore, the limit of elasticity (average stress
o1 and surface strain ¢,; in y-axis) non-linear elastic properties
(ultimate average stress gy and corresponding surface strain €, y)
are also calculated.
e Biaxial shear tests, with the purpose of obtaining the linear elas-
tic shear modulus G,,) given by,
Txy
bs
where T,, and y are shear stress and shear strain. The calculation of
non-linear elastic properties (ultimate shear stress 7,,y and shear
strain y,,) is also intended.
e Uniaxial shear tests in both armchair (x) and zig-zag (y), with
the purpose of obtaining the linear elastic shear modulus G,

Gy (16)

given by
Gx+G T T
Gy=21" G =2 G =2 17
y 2 yx y ')}y ( )

where G, and G, are the shear moduli obtained from uniaxial shear
tests in x- and y-axis, respectively, T, and 7y, are the shear stress and
strain obtained in the test for x-axis and 7, and y, are the shear
stress and strain obtained in the test for y-axis. The corresponding
limit of elasticity and non-linear elastic properties are also
calculated.

The imposed boundary and loading conditions for each type of
test are depicted in Fig. 7. For all the mentioned analyses, the out-
of-plane displacements were fixed (the scope of the paper is the in-
plane behaviour of graphyne) and the in-plane displacements were
applied in the desired nodes. For each type of analysis, some nodes

v-Graphyne’s mechanical properties obtained from the uniaxial tension and compression tests in armchair (x) direction.

Material behaviour Mechanical property Tension Compression
[N/m] [GPa] [N/m] [GPa]

Linear elastic E 164.0 512.6 140.8 440.1
Vyx 0.43 0.42

Limit of proportionality OxL 4.9 15.3 3.4 10.6
el 0.029 0.024

Non-linear elastic Oxu 15.6 48.6 4.1 12.7
exu 0.130 0.083
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Fig. 11. Sheet deformed shapes in uniaxial test in (y) direction: (a) compression and (b) tension.

were also constrained in order to prevent the rigid body motion
and to get the corresponding reaction forces of the nodes. These
data are necessary in order to obtain the mechanical properties
of y-graphyne.

3. Results

For the evaluation of the y-graphyne’s mechanical properties,
simulations were made using the FE software ANSYS v.16, which
uses the Newton-Raphson iterative method to get the converged
solutions. The stress-strain curves obtained from incremental-
iterative analyses and shown in the next figures correspond to a
set of nearly 50-70 equilibrium configurations per test (the num-
ber depends on the test). In the next subsections the results
obtained will be presented and discussed. In order to give a clearer
perception to the reader, the springs that simulate the angle bend-
ing and vdW forces are from now on visually omitted. The value of

0.32 nm [8] was adopted as the thickness of the sheet for the
obtained results in GPa units.

3.1. Uniaxial tension and compression tests in armchair (x) direction

The applied displacements for these analysis were 1.49 and
—0.9 [nm] for the tension and the compression cases, respectively.
In Fig. 8, two undeformed and deformed y-graphyne sheet config-
urations are presented, corresponding to the last increments of the
obtained nonlinear solutions for both tension and compression
cases of this analysis. The stress-strain curve, for the uniaxial (x)
direction analysis, is presented in Fig. 9. From the curve presented
in this plot, for both tension and compression, four points are stud-
ied carefully. The limit of linear elasticity points (oy; &) represent
the end of proportionality between stresses and strains, while the
ultimate strength points (oxy;éxy) correspond to the maximum
strength of the sheet in non-linear elastic regime. The limit of elas-
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ticity corresponds to the equilibrium configuration at which the
tangent modulus (i) ceases its tendency to either remain constant
or vary slightly for small strains and (ii) starts to decrease deeply
with increasing strains (either tensile or compressive). For the ten-
sile behaviour, this means that the limit of elasticity is achieved
whenever the tangent modulus gets negative (9E/d¢ < 0). For the
compressive behaviour, the limit of elasticity is achieved whenever
the tangent modulus displays a sudden drop for increasing com-
pressive strains (in absolute value). The limit of strength corre-
sponds to the equilibrium configuration at which the tangent
modulus changes sign, i.e. turns negative. Despite the stress-
strain curve exhibits a very limited descending branch beyond
the peak, this is not shown in the following figures. These post-
peak paths are very short (meaningless) because the number of
iterations to achieve equilibrium is very high and the FE analyses
are stopped due to numerical instability (divergence).

Using the data provided by the stress-strain curve, it’s possible
to calculate the desired mechanical properties of the sheets. The
elastic properties, such as the Young’s modulus E, and Poisson’s
ratio vy, were evaluated and are shown in Table 2. The variations
of these properties with the applied strain ¢, are presented in
Fig. 10(a) and (b). Usually, these properties are designated as tan-
gent elastic modulus and tangent Poisson’s ratio, and are obtained
from the local derivative with respect to &,. The values of limit of
proportionality stress and strain (g, and &) as well as the ulti-
mate strength values (o, y and &,y), depicted in Fig. 9, are also pre-
sented in Table 2. These results will be discussed later.

3.2. Uniaxial tension and compression tests in zig-zag (y) direction

The applied displacements for these analyses were 1.65 and
—0.8 [nm)] for the tension and the compression cases, respectively.

Table 3

Two undeformed and deformed y-graphyne sheet configurations
are illustrated in Fig. 11, corresponding to the last steps of the
obtained nonlinear solutions for both the tension and compression
cases of these analyses. The stress-strain curve, for the uniaxial (y)
direction analysis, is presented in Fig. 12 and, like for the armchair
(x) direction analysis, the limit of elasticity and ultimate points are
featured.

From the data provided by the stress-strain curve, it is possible
to calculate the desired mechanical properties of the sheets. The
Young’s modulus E, and the Poisson ratio vy, were evaluated and
are presented in Table 3. The variations of these two properties
with the applied strain (tangent elastic modulus and tangent Pois-
son’s ratio) are presented in Fig. 13(a) and (b), respectively. The
values of limit of proportionality, stress and strain (g,, and &),
as well as the ultimate strength values (o, and ¢, y), represented
in Fig. 12, are also shown in Table 3. These results will be com-
mented later.

3.3. Biaxial tension and compression tests

For the biaxial tests, the applied displacements for these analy-
ses were 0.4 and —0.3 [nm] for the tension and the compression
cases, respectively. In Fig. 14, two undeformed and deformed v-
graphyne sheet configurations corresponding to the last step of
each case are represented. The variation of average stress ¢ with
the surface strain &4 of the sheet is presented in Fig. 15. Using
the data provided by the curve ¢ (¢4) of Fig. 15, it is possible to cal-
culate the tangent bulk modulus (obtained from the local deriva-
tive of & with respect to ¢&,). The value of K, is shown in Table 4
while the variation of tangent bulk modulus with the sheet surface
strain ¢, is represented in Fig. 16. The values of limit of elasticity
stress and strain (6, and €, ) as well as the corresponding ultimate
values (6y and &ay), represented in Fig. 14, are also shown in
Table 4.

3.4. Uniaxial and biaxial shear tests

The applied displacements for the uniaxial and biaxial shear
tests were 1.87 and 0.55 [nm], respectively. In Fig. 17, three unde-
formed and deformed y-graphyne sheet configurations are pre-
sented, corresponding to the last increments of the non-linear
solutions for both uniaxial and biaxial shear tests. From the men-
tioned analyses one can calculate the shear stresses, 7, and 7, for
the uniaxial tests and t,, for the biaxial test, and evaluate the cor-
responding shear strains (y,, 7, and 7y,,). The variation of shear
stresses with the strains is presented in Fig. 18. From these curves
it is possible to calculate the shear modulus G,,. The variation of
the tangent shear modulus with the shear strain is also shown in
Fig. 19. Additionally, the ultimate stresses and strain for the uniax-
ial test are shown in Table 5. In case of the biaxial shear test, it was
not possible to obtain the ultimate properties due to lack of numer-
ical convergence of the FE-model.

v-Graphyne’s mechanical properties obtained from the uniaxial tension and compression tests in armchair (y) direction.

Material behaviour Mechanical property Tension Compression
[N/m] [GPa] [N/m] [GPa]

Linear elastic E, 162.5 507.8 143.5 451.4
Vxy 0.42 0.40

Limit of proportionality OyL 6.3 19.6 29 9.0
&yl 0.039 0.019

Non-linear elastic Oyu 23.0 72.0 3.6 11.2
&u 0.169 0.082




F.C. Rodrigues et al. / Computational Materials Science 134 (2017) 171-183 179

o=
un

E, [GPa]

e, [%]

Xy

0,2

0,1 A

e, [%]

O
\v

-5 0 5 10 15 20

-5 0 5 10 15 20

Fig. 13. (a) Variation of tangent elastic modulus with the applied strain for (y) direction; (b) Variation of the tangent Poisson’s ratio with the applied strain for (y) direction.

fes)
P

o [GPa]

40

20 A LT

T T

0,05 0,1 0,15 0{2

UC

Fig. 15. Stress-strain ¢ (e4) curve for the biaxial analysis and identification of points
associated with limit of proportionality (;; €4, ) and ultimate strength (Gy; €4y ) for
both tensile and compressive behaviours.

A

ah.4h

X

Dediihedliine @iy . d

&

A adlihed

(b)

Fig. 14. Sheet deformed shapes in biaxial test: (a) compression and (b) tension.

3.5. Discussion

In this subsection, the results obtained for the linear elastic,
limit of linear elasticity and non-linear elastic properties (pre-
sented in previous section) will be discussed next. For comparison
purpose, some results reported in the literature and obtained from
different techniques, such as MD, DFT and FEM, are shown in
Tables 6 (linear elastic properties) and Table 7 (limit of elasticity
and non-linear elastic properties). In order to distinguish between
tensile and compressive properties, the subscripts T and C will be
used for tension and compression, respectively.

First, the linear elastic properties will be discussed. From the
uniaxial tests, it was predicted that y-graphyne exhibits a slightly
orthotropic behaviour for both tension and compression cases.
Moreover, y-graphyne also shows a clear distinct behaviour under
tensile and compressive loadings. The Young’s moduli for the ten-
sion tests were E,r = 512.6 GPa (x-axis) and E,r = 507.8 GPa (y-
axis), with 1% difference. These results are in good agreement with
those presented in literature, especially with the ones that were
obtained with MD. In case of the x-direction, the differences
between the calculated E, r values and those found in the literature
were: 2.4% [32], 3.9% [8], 5.5% [29] and 14.0% [30]. In case of the



180 F.C. Rodrigues et al. / Computational Materials Science 134 (2017) 171-183

€

Al
U

T

-0,1

T T

-0,15 -0,05 0 0,05 0,1 0,15 0,2

Fig. 16. Variation of tangent bulk modulus with the surface strain for the biaxial
analysis.

y-direction, the differences between the calculated E, values and
those found in the literature were: 0.4% [30] 0.9% [32] and 37.0%
[8]. For E,r and E,r, the differences found between the results of
the FE model proposed by Couto and Silvestre [17] and the litera-
ture values were higher than in the present study. This is because
the model proposed by Couto and Silvestre [17] is based on beam
elements, which depend on the cross-sectional parameters (geom-
etry and dimensions), rather than on the bond stiffness itself (like
the spring model proposed herein).

Regarding the Poisson’s ratio, the values agree with those found
in the literature. However it should be mentioned that these are
transformed values. The values of Poisson’s ratio calculated
directly from the FE model (between 0.66 and 0.73) were always
higher than the maximum allowable value of 0.5 for three-
dimensional stress states. However, in these models, (i) the sheets
are purely two-dimensional (there is no thickness dimension) and
(ii) uniform displacements were imposed to the y-graphyne sheets,
leading to plane-strain state rather than plane-stress (this would
be the case if uniform forces were applied at the edges of vy-
graphyne sheets). In case of plane-strain elasticity, the relation
between two-dimensional (2D) and three-dimensional (3D) Pois-
son’s ratios was derived by Eischen and Torquato [34] and reads

2D
T 149D

v3D

(18)
where v?P and v3P are the 2D and 3D Poisson’s ratios, respectively.
Using this relation, the calculated Poisson’s ratios (higher than 0.5)
were converted from 2D to 3D. The values of 3D Poisson’s ratios,
shown in tables 2 and 3 (below 0.5), are in good agreement with
the majority of results reported in literature.

For the biaxial tension case, the value of surface bulk modulus
Kyy = 295.1 N/m was obtained. This result shows a small differ-

Table 4

ence (5.1%) with respect to the one obtained by Rouhi et al. [31]
using MD. However, it also shows differences of 50% when com-
pared to the DFT results of Asadpour et al. [33] and Peng et al.
[9]. For the biaxial shear test, the shear modulus
Gy = 127.11 [GPa] was calculated, which is in good agreement
with the result obtained by Zhao et al. [32], with a 1.2% difference.
However, the results obtained by Asadpour et al. [33] and Peng
et al. [9] display a difference of 80%. In the case of uniaxial shear
tests, the value of G, was found 24% lower than that of biaxial test.
This evidence shows that the uniaxial shear tests cannot be used to
evaluate the value of G,,. The reason for this underestimation is
that the sheet in uniaxial shear test is not under pure shear but a
combination of shear and in-plane bending. For instance, in the
uniaxial shear test in x-axis (see Figs. 7(e) and 17(a)), the horizon-
tal shear forces applied at the top edge of sheet and the reaction
forces at the bottom edge are in equilibrium of horizontal forces
but not in equilibrium of moments. These unbalanced forces and
reactions generate not only shear strains but also bending strains
that lower unreasonably the value of G,,.

Regarding the limit of proportionality and non-linear elastic
properties, some remarks may also be drawn. First, the stress o
and strain ¢ were attributed to the limit of proportionality of
stress-strain curves (end of proportionality) while the stress oy
and strain &y were also identified, corresponding to the local max-
ima of the stress-strain curves. By observing Figs. 10(a) and 13(a),
it should be noted a slight variation of the tangent elastic moduli in
the range between the compressive and tensile strains associated
to the limit of proportionality. This is due to the existence of a mar-
ginal softening in compression and hardening in tension that influ-
ences the stiffness of the sheet and implies slightly non-uniform
tangent elastic moduli in linear elastic regime. Note also that this
effect vanishes in the biaxial tension and compression tests as
the tangential bulk modulus remains uniform (~ 922 GPa) in the
linear elastic range (—0.006 < &, < 0.022), as depicted in Fig. 19.
Additionally, by looking at the stress-strain curves shown in previ-
ous section, it can be concluded that the stiffness (tangent elastic
modulus) of the sheet starts decreasing after the limit of propor-
tionality point, for both tension and compression cases (see
Figs. 10(a) and 13(a)), as well as the Poisson’s ratio (see Figs. 10
(b) and 13(b)). Like in the linear elastic regime, it is noted a differ-
ent behaviour between the tension and compression cases for non-
linear regime. For all the analyses, regardless of being uniaxial or
biaxial, the stresses corresponding to the limit of proportionality
and ultimate strength are always lower in compression than in
tension. The same occurs for the strains.

The ultimate values for the tension tests were o,y = 48.6 [GPa]
and &,y = 13.0%, and gy 1y = 72.0 [GPa] and &, 1y = 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 displacements [8]. These results, showing an ortho-
tropic behaviour for the sheets’ strength properties, are in good
agreement with the majority of those found in the literature. For
direction (x), the lowest verified differences between the calculated

v-Graphyne’s mechanical properties obtained from the biaxial tension and compression tests.

Material behaviour Mechanical property Tension Compression
[N/m] [GPa] [N/m] [GPa]
Linear elastic Ky 295.1 922.2 303.8 949.3
Limit of proportionality oL 6.6 20.7 1.6 5.1
eAL 0.022 0.006
Non-linear elastic oy 21.2 66.2 24 7.6
ealL 0.16 0.11
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Table 5
y-Graphyne’s mechanical properties obtained from the uniaxial and biaxial shear tests.
Behaviour Mechanical property Uniaxial Biaxial
[N/m] [GPa] [N/m] [N/m]
Linear elastic Gy 30.9 96.6 40.7 127.1
Limit of proportionality Txl 1.5 4.6 n.a.
VxL 0.051
Tyr 1.8 55
PyL 0.055
Non-linear elastic Tyu 4.6 144
VxU 0.18
Tyu 5.5 17.1
VU 0.19
Table 6
Comparison of y-Graphyne’s linear elastic mechanical properties obtained from the present work and others available in literature.
Method (authors) Ex Vyx E, Vxy Ky Gy
N/m N/m N/m N/m
(GPa) (GPa) (GPa) (GPa)
FEM (present work) 164.0 (512.6) 0.43 162.5 (507.8) 0.42 295.1 (922.2) 40.7 (127.1)
MD [8] 170.4 (532.5) - 224.0 (700.0) - -
MD [29] 155.0 - 150.0 - -
MD [30] (586.0) 0.48 (510.0) 0.64 -
MD [31] 140.0 - 130.0 - 280.0
MD [32] (525.0) 0.17 (503.1) 0.19 - (128.6)
DFT [33] - - - - 122.7 77.0
FEM [17] 229.9 (718.5) 0.42 209.8 (655.7) 0.40 166.0 71.0
Table 7
Comparison of y-Graphyne’s non-linear elastic mechanical properties obtained from the present work and others available in literature.
Method (authors) Oxu exU Tyu éyu oy
N/m N/m N/m
(GPa) (GPa) (GPa)
FEM (present work) 15.6 (48.6) 0.13 23.0 (72.0) 0.17 6.6 (20.7)
MD [8] (48.2) 0.08 (107.5) 0.13 -
MD [29] 144 0.11 2047 0.12 -
MD [30] (55.6) 0.12 (53.7) 0.14 -
MD [32] 23.8 0.18 30.8 0.25 -
DFT [9] - - - - 20.6

and reported values for the o,y were 0.8% [29] and 7.7% |[8],
while for direction (y) the lowest differences were 11% [29] and
18.3% [9]. For both directions, the differences for the ultimate
strain values varied between 10% and 18%, while the highest dif-
ferences for ultimate stress and strain values were roughly 40% [8].
In the non-linear elastic regime, the Poisson’s ratio decreased with
the increase of imposed strain. For the biaxial tension test, the ulti-
mate mean stress was 6y = 6.6 [N/m] and the ultimate surface
strain was &xy = 2.24%. It was noted that K,, decreases as well
in non-linear elastic regime (see Fig. 19). For the biaxial shear test,
the obtained results demonstrated a linear relationship between
the shear stress and shear strain up to the maximum stress, so it
can be concluded that the sheet didn’t reach the non-linear regime.
A qualitatively different result was found for the uniaxial shear
tests, in which the shear stress varied non-linearly with the shear
strain (see Fig. 18). For increasing values of shear strain, it was
noted a small (marginal) increase of the tangent shear modulus
obtained from the biaxial shear test while a small decrease was
observed for the uniaxial shear tests (see Fig. 19).

4. Conclusion

The non-linear mechanical in-plane behaviour of perfect y-
graphyne was simulated and characterized by means of an atomis-

tic finite element model. To the authors’ knowledge, this is the first
time such a non-linear finite element model is proposed to study
v-graphyne. The model was explained and the different types of
bonds (Single C—C, Aromatic C=C, Triple C==C) were simulated
by means of non-linear springs, which accurately take into account
the different behaviour of interatomic forces in tension and com-
pression. Then, the finite element model is used to conduct six
tests (two uniaxial tension-compression tests, one biaxial
tension-compression test, two uniaxial shear tests, one biaxial
shear test) to evaluate the non-linear mechanical behaviour of y-
graphyne. After that, a set of linear elastic properties (Young's
modulus, Poisson’s ratio, shear modulus, bulk modulus) and non-
linear elastic properties (yield stress and strain, ultimate stress
and strain) is reported and compared with values reported in the
literature (mostly linear elastic properties). The following conclu-
sions may be drawn from the present study:

o The non-linear force-displacement curve for the acetylenic link-
age was fairly well approximated by a series of single-triple-
single (S-T-S) bonds. To the authors’ knowledge, original param-
eter values (D, =9.0-10""Nm and g=1.6-10"m!) were
originally proposed herein to simulate acetylenic links through
Eq. (9).
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o The finite element model developed for the perfect y-graphyne
sheet provided good predictions of both linear and non-linear
elastic properties of y-graphyne, compared to MD and DFT
results.

e The y-graphyne exhibited orthotropic behaviour regarding both
stiffness (linear elastic properties) and strength (non-linear
elastic properties). This orthotropy has also been reported by
other researchers.

e The y-graphyne exhibited a markedly distinct behaviour under
tension and under compression. Despite the fact that out-of-
plane displacements are omitted, y-graphyne is still much stif-
fer and stronger under tension than under compression, as
expected.

e The proposed finite element model may be easily extended for
other types of graphynes, such as o-graphyne, p-graphyne, §-
graphyne and 6,6,12-graphyne.
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