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Abstract 
The goal of this work is to perform the characterization of the mechanical properties of graphene 

and assess its cyclic behaviour. With this purpose, a finite element model of the graphene structure is 
developed. The elastic and strength properties are computed, using elements with elastic and 
elastoplastic behaviour, respectively. These results are discussed and validated with the ones available 
in the literature, calculated not only with finite element models but also with the density functional theory 
and molecular dynamic simulations. Besides that, a convergence study of the graphene structure size 
was performed for elastic properties. After that, cyclic tests are performed to the graphene structure, 
and the plastic dissipated energy density of the structure is calculated during each test. The results are 
discussed and it is possible to conclude that the built model simulates correctly the graphene mechanical 
behaviour. 
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1. Introduction 

 
The material selection is extremely 

important in aerospace industry. Materials 
affect every aspect of the aircraft: cost, design, 
fuel consumption, power efficiency and life 
cycle (Mouritz, 2012). The main materials used 
in aerospace structures are aluminium alloys, 
titanium alloys, steel and composites. The 
percentage of composite materials in aircrafts is 
increasing along the last decades (Mouritz, 
2012). Due to its unique properties, carbon 
nanomaterials are candidates to incorporate 
these composite materials. One of these 
nanomaterials that has been a subject of great 
interest, due to its extraordinary mechanical and 
electrical properties, is graphene (Min e Aluru, 
2011). Synthetized in 2004 (Novoselov et al., 
2004), graphene is a single 2D layer of carbon 
atoms. It is sp2 hybridized, forming a hexagonal 
lattice structure, where each carbon atom is 
covalently bonded to three other carbon atoms 
(Geim, 2009).  

Several methods have been used to 
perform the mechanical properties of graphene, 
namely, experimental methods and 
computational methods (Density Functional 
Theory (DFT), Molecular Dynamics (MD) and 
Molecular Mechanics (MM)).  

Using an experimental method, Lee et al. 
(2008) reported a graphene Young modulus of 
981 GPa and a tensile strength of 128 GPa.  

In general, the computational methods 
reported a Young modulus of ~1000 GPa and 
tensile strength above 100 GPa (Milowska et 
al., 2013; Liu et al., 2007; Cadelano et al., 
2009). The DFT and MD studies indicate that 

graphene shows an isotropic behaviour, at 
small deformations. However, MM studies point 
out an orthotropic behaviour: graphene is stiffer 
in zigzag direction (Meo and Rossi, 2006; 
Reddy et al., 2006; Scarpa et al., 2009). 

However, at large deformation, some DFT 
and MD studies (Liu et al., 2007; Zhao et al., 
2009) consider graphene as orthotropic (higher 
tensile strength in zigzag direction). The MD 
and MM studies reported a Poisson ratio higher 
than DFT (Milowska et al., 2013; Cadelano et 
al., 2009, Georgantzinos et al., 2011).  

Several studies have been done to evaluate 
the inclusion of graphene in composite material 
with different matrixes (polymeric and metallic). 
In general, the presence of graphene increases 
the Young modulus and the tensile strength of 
the materials (Rafiee et al., 2009; Spanos et al., 
2015). However, in some cases, the percentage 
of graphene in the material shouldn’t be too 
high, to avoid its agglomeration, that decrease 
the tensile strength (Ashori et al., 2016). 

In the present work, a finite element model 
of a graphene structure, based on MM theory 
(Morse potential), is developed. A beam 
element is chosen to simulate the carbon bond. 
The elastic and elastoplastic (monotonic and 
cyclic) behaviour of graphene will be studied. 
 

2. Methodology 
 
2.1 Geometry  

 
A representative graphene structure is 

illustrated in figure 1. Its dimensions are the 
length in x direction (zigzag), Li, and the length 
in y direction (armchair), Hi.  
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Figure 1 – Representative graphene structure. 

 
To implement the graphene structure in a 

finite element program it is necessary to obtain 
the coordinates (in plane) of each atom and its 
bonds. With this purpose, the Graphene Lattice 
Generator (Li, 2013) was used. This program 
creates the typical hexagonal structure of 
graphene, in terms of rows and columns of 
hexagons, with a bond length of 1,39 Å (1 Å = 
10-10 m). The built structure has 4350 atoms and 
6432 bonds. The length Li is equal to 103,52 Å 
and the length Hi is equal to 102,86 Å. 
 

2.2 Atomic interaction 
 

To simulate the interaction between carbon 
atoms, the MM is used. In this theory, the total 
potential energy is given by the sum of several 
interactions: 

 
𝑈 =  𝑈𝑟 + 𝑈𝜃 + 𝑈𝜔 + 𝑈𝜏 + 𝑈𝑣𝑑𝑤 + 𝑈𝑒𝑙 (1) 

 
where Ur, Uθ, Uω, Uτ, Uvdw, Uel are, respectively, 
the bond stretching, bond angle bending, bond 
torsion, bond inversion or out-of-plane torsion, 
Van der Waals interactions and electrostatic 
interactions. 

In the Morse potential, the total potential 
energy is given only by the sum of the first two 
terms of the equation 1. However, once that the 
bond stretching dominates the tensile behaviour 
and the effect of the bond angle bending is 
much lower than the bond stretching (Tserpes 
and Papanikos, 2014), only Ur will be 
considered, being neglected Uθ. The equation 2 
gives the expression of the modified Morse 
potential used in this work: 

 
where Δr is the bond stretching, given by the 
difference between the bond length, r, and the 
initial bond length, r0. De, β and r0 are potential 

constants given by Belytschko et al. (2002) (De 

= 6,03105*10-19 N.m, β = 2,625*1010 m-1 e r0 = 
1,39*10-10 m). 

Making the derivative of the equation 2 in 
order to Δr, it is obtained the force, F, in function 
of the bond stretching, Δr:  

 

𝐹 = 2𝛽𝐷𝑒 (1 − 𝑒−𝛽 ∆𝑟)𝑒−𝛽 ∆𝑟 (3) 
 

 
The figure 2 shows the evolution of the 

force, F, in function of the bond strain, εb (εb = 
Δr/r0). Its behaviour is clearly nonlinear. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2 – Force vs. Bond Strain curve, calculated 
using the modified Morse potential. 

 

2.3 Finite Element Modelling 
 

Having determined the coordinates of 
carbon atoms and their bonds, and having 
characterized the carbon bond behaviour, it’s 
possible to model the graphene structure in a 
finite element program. The software chosen 
was Abaqus (DS Simulia, 2013). 

The sketch of the graphene structure in 
Abaqus (DS Simulia, 2013) was done with a 
Python program, that reads the atom 
coordinates and the respective bonds, from the 
two .txt files, created by the Graphene Lattice 
Generator (Li, 2013).  

A circular cross-section element with an 
area, Ac, of 1 Å2 (Couto, 2016) was created to 
simulate each carbon bond. Once that the mesh 
has a discretization of one element per carbon 
bond, it was selected the element B21 
(Timoshenko element with 2 nodes per element 
that have 2 degrees of freedom per node). This 
element type was chosen because the element 
is non-slender (the length of each element is 
1,39 Å and the radius of the circular cross-
section is ~0,564 Å).  

The final structure has 4350 nodes, equal 
to the number of carbon atoms, and 6342 
elements, equal to the number of C-C bonds. 

The material characteristics, that will be 
attributed to the elements, and the boundary 
conditions will be discussed in the next topics. 
 

𝑈 = 𝑈𝑟 = 𝑈(∆𝑟) = 𝐷𝑒 {[1 − 𝑒−𝛽 ∆𝑟]
2

− 1} (2) 
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3. Elastic Behaviour of Graphene 
 

The elastic properties of graphene are 
determined to characterize its elastic behaviour. 
 

3.1 Element Material 
 
In this section, it’s assumed that carbon 

bonds show a linear elastic behaviour. An 
isotropic elastic material with a null Poisson 
ration was created. The Young modulus of the 
element is the Young modulus of the carbon 
bond, Eb. To calculate it, it’s necessary to do the 
derivative of the equation 3 in Δr=0 and to 
multiply this by the initial bond length, r0, and 
divide by the cross-section area of the bond, Ac 
(equation 4). 

 
 

𝐸𝑏 =  
𝑑 

𝑑(𝛥𝑟)
𝐹|

𝛥𝑟=0

∗
𝑟0

𝐴𝑐

=  2𝛽2𝐷𝑒 ∗
𝑟0

𝐴𝑐

 
(4) 

 
 

Since all the parameters of equation 4 are 
defined, the value of the Young modulus can be 
performed: Eb = 115,53 nN/Å2. The material with 
these characteristics is attributed to each 
element of the graphene structure. 

 
3.2 Boundary Conditions 
 
To calculate the elastic properties of 

graphene, four tests were performed: 
 

• Uniaxial tensile test in x direction (zigzag) to 
calculate the Young modulus, Ex, and the 
Poisson ratio, νyx, of the graphene structure; 

• Uniaxial tensile test in y direction (armchair) 
to calculate the Young modulus, Ey, and the 
Poisson ratio, νxy, of the graphene structure; 

• Biaxial tensile test in xy plane to calculate 
the Bulk modulus, K, of the graphene 
structure; 

• Shear test in xy plane to calculate the shear 
modulus, G, of the graphene structure. 
 
Displacements of 1 Å will be imposed at the 

lateral nodes of the structure, according to each 
test. In fact, these displacements are much 
smaller than the dimensions of the graphene 
structure. 

 
3.3 Results and Discussion 

 
Firstly, the effect of the graphene structure 

dimensions in the elastic properties is 
investigated. Figure 3 shows the evolution of 
the elastic properties for different dimensions of   
graphene structure. The red points correspond 
to the dimensions mentioned in subsection 2.1. 

It is evident that these dimensions are in the 
convergence zone, in which these don’t affect 
the elastic properties. 

In table 1 are present the elastic properties 
calculated in the present work and by other 
authors, using different methods.  

The values of dimensional properties are in 
[N/m] and [GPa]. To make a coherent analysis 
using [GPa], the values present in each study in 
[N/m] are divided by the graphene thickness 
assumed in this work (3,4 Å). 

The elastic properties obtained in this work 
are now analysed. The values of the elastic 
moduli Ex and Ey obtained are slightly different. 
Therefore, the graphene shows an orthotropic 
behaviour. Also, graphene is more stiff in x 
(zigzag) direction than in y (armchair) direction: 
Ex > Ey.  

The values of the Poisson ratio calculated 
are relatively high (≈ 0,39), which means that 
graphene presents a high transversal 
contraction. These values are slightly different 
(νyx > νxy), showing again the orthotropic 
behaviour of graphene.  

The elastic properties obtained are now 
compared with the ones calculated by others 
studies, in order to validate them. Concerning 
Young moduli, the studies using DFT, MD and 
experimental methods present graphene as an 
isotropic material. The mean Young modulus 

obtained in this work, Ē = (Ex + Ey)/2 ≈ 912 GPa, 
is close to the value obtained by Lee et al. 
(2008), Milowska et al. (2013) and Cadelano et 
al. (2009), there being a difference of 7,6%, 
15,1% and 0,7%, respectively. The studies in 
MM indicate that graphene has an orthotropic 
behaviour, according to the results here 
obtained. These MM studies point out that 
graphene is more stiff in zigzag direction and 
more flexible in armchair direction, as 
calculated in this work.  

Concerning the Poisson ratio, there is a 
large dispersion of these values in the literature. 
Regarding table 1, the value obtained by the 
present work is higher than the values 
performed by the other studies. In 
Georgantzinos et al. (2011) study νyx is also 
greater than νxy, as here reported. 

There are few studies that calculate the 
Bulk modulus, K. The value calculated by 
Milowska et al. (2013) is lower than the one 
performed in this work, but has the same order 
of magnitude. 

For the shear modulus, G, the value here   
calculated is between the values indicated by 
the other two studies, present in table 1.  

After this analysis, the model built can be 
consider validated for the elastic properties. 
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Figure 3 – Evolution of (a) the Young, Bulk and Shear moduli and (b) the Poisson ratio in function of the diagonal 
of the graphene structure. 

 
Table 1 – Elastic properties of graphene.

 
 

4. Monotonic Behaviour of Graphene 

 
To analyse the monotonic behaviour of 

graphene, the strength properties are 
assessed. 

 
4.1 Element Material 

 
In this section, to perform the monotonic 

tests it’s necessary to consider the nonlinear 
behaviour of the carbon bond. This covalent 
bond can be simulated with an elastoplastic law 
(Daniels et al., 2015).  Therefore, the element 
material in Abaqus (DS Simulia, 2013) will have  
two components: one elastic, equal to the one 
defined on subsection 3.1, and other plastic. To 
define the plastic component, it’s necessary to 
obtain some points of the true stress, σtrue, and 
true strain, εtrue,  evolution that  will characterize  
 

 
 
the   plastic behaviour in Abaqus (DS Simulia, 
2013). With this purpose, the graphic of figure 2 
is discretized in several points (F, εb). The force, 
F, corresponds to the stress because the bond 
cross-section area is unitary (Ac = 1Å2). The 
points obtained correspond to the nominal 
stress and strain (σnom, εnom). Finally, the 
equations 5 and 6 were used to perform the 
points (σtrue, εtrue): 

 
𝜎𝑡𝑟𝑢𝑒 =  𝜎𝑛𝑜𝑚(1 + 𝜀𝑛𝑜𝑚) (5) 

𝜀𝑡𝑟𝑢𝑒 = ln(1 + 𝜀𝑛𝑜𝑚) −
𝜎𝑡𝑟𝑢𝑒

𝐸𝑏

 
 

(6) 

 
The points obtained are considered as 

Abaqus inputs. There are two restrictions: the 
first point can’t be (0,0) and the strain of the first 
point must be 0.  Due to Abaqus limitations, the 
plastic behaviour is only defined at tension. At 

Study Method 

Ex [GPa] 

([N/m]) 

Ey [GPa] 

([N/m]) 

νyx νxy 
K [GPa] 

([N/m]) 

G [GPa] 

([N/m]) 

Present Model 
MM/EF 

Beam 

920,2 

(312,9) 

903,3 

(307,1) 
0,387 0,384 

712,0 

(242,1) 

325,7 

(110,7) 

Lee et al. 

(2008) 
Experimental 

981  

(333,5) 
- - - - 

Milowska et al. 

(2013) 
DFT 

1050 

(357) 
0,169 

528 

(180) 

449 

(153) 

Cadelano et 

al. (2009) 

MD 

TB 

918 

(312) 
0,31 - - 

Meo e Rossi 

(2006) 

MM/EF (Springs) 

Morse potencial 

947 

(322) 

932 

(317) 
- - - - 

Georgantzinos 

et al. (2011) 

MM/EF (Springs) 

Morse potencial 

737 

(251) 

710 

(241) 
0,219 0,208 - 

298,84 

(101,61) 
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compression, it is assumed that the material 
behaviour is linear, as it will be seen in section 5. 

 
4.2 Boundary Conditions 

 
To calculate the strength properties of 

graphene, four tests were performed: 
 

• Monotonic uniaxial tensile test in x direction 
(zigzag) to obtain the stress vs. strain curve 
of graphene; 

• Monotonic uniaxial tensile test in y direction 
(armchair) to obtain the stress vs. strain 
curve of graphene; 

• Monotonic biaxial tensile test in xy plane to 
obtain the average stress vs. superficial 
strain curve of graphene; 

• Monotonic shear test in xy plane to obtain 
the average shear stress vs. shear strain 
curve of graphene. 
 
Displacements, that allow the rupture of the 

material, will be imposed at the lateral nodes of 
the structure, according to each test.  
 

4.3 Results and Discussion 
 

Beginning with the monotonic uniaxial test 
in x direction, the stress vs. strain curve is 

presented in figure 4. It is also represented the 
line (in black) with slope equal to Ex. The stress 
increases with the strain. Initially, this increase 
is coincident with the black line. This means that 
the deformation of the curve is initially linear 
elastic. When the strain is ~0,03 the 
deformation becomes elastoplastic. The 
maximum stress (142 GPa) corresponds to a 
strain of 0,211 (point 2). From that point, the 
rupture begins (points 3 and 4) and the fracture 
is “brittle”. At the end, the stress is almost zero 
(point 5). In the figure 8, the deformed structure 
in terms of stress in the elements, along the test, 
can be observed. The number of each figure 
corresponds to the points of figure 4. From the 
image 0 to 1 and 1 to 2 there are an increase of 
the elements stress. The stress distribution is 
almost uniform. In the images 3 and 4 the 
rupture can be observed. This one develops 
through two diagonals at 30º with the vertical 
direction. In the image 5, the rupture is complete 
and the stresses in the elements are almost null.   

Concerning the monotonic uniaxial test in y 
direction, the stress vs. strain curve is 
represented in figure 5. It is also represented 
the line (in black) with slope equal to Ey. 
Qualitatively, the analyse of this curve is similar 
to the one performed to the monotonic uniaxial 
test in x direction. Quantitatively, the 
deformation begins  to  be  elastoplastic with  a 
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Figure 4 – Stress vs. Strain curve of the 

monotonic uniaxial test in x direction. 
Figure 5 – Stress vs. Strain curve of the 

monotonic uniaxial test in y direction. 

Figure 6 – Mean Stress vs. Superficial Strain 

curve of the monotonic biaxial test in xy plane. 
Figure 7 – Mean Shear Stress vs. Shear Strain 

curve of the monotonic shear test in xy plane. 

Linear 

Nonlinear 
Linear 

Nonlinear 
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Figure 8 – Stresses in the elements of the graphene structure, during the monotonic uniaxial test in x direction.  

 
Table 2 – Strength properties of graphene. 

 

strain of ~0,025 and the maximum stress 
achieved is 113,3 GPa, with a strain of 0,187. 
Thus, graphene is less resistant in armchair 
direction than in zigzag direction. 

The average stress vs. superficial strain 
curve of the monotonic biaxial tensile test in xy 
plane can be observed in figure 6. In the same 
graphic is represented the line (in black) with 
slope equal to K. The stress increase is firstly 
linear elastic, as proven by the coincidence 
between the blue curve and the black line. 
When the superficial strain is ~0,025, the 
deformation becomes elastoplastic. The 
maximum stress (116 GPa) is verified when the 

superficial strain is 0,401. This maximum stress 
value is very close to the one obtained in the 
monotonic uniaxial test in y direction. Actually, 
because the graphene is less resistant in 
armchair direction, the rupture begins in this 
direction, propagating after to the zigzag 
direction. After that, there is an abrupt decrease 
of average stress. At the end of the test, the 
average stress is almost null. Finally, the 
average shear stress vs. shear strain curve of 
the monotonic shear test in xy plane can be 
observed in figure 7. In the same graphic is 
represented the line (in black) with slope equal 
to G. The initial increase of the average shear 

Study Method 

Uniaxial Biaxial Shear 

σmax, x 

[GPa] 

([N/m]) 

σmax, y 

[GPa] 

([N/m]) 

ε x 

[-] 

ε y 

[-] 

𝝈ഥmax 

[GPa] 

([N/m]) 

εA 

[-] 

𝝉തmax 

[GPa] 

([N/m]) 

γ 

[rad] 

Present Model 
MM/EF 

Morse 

142,0 

(48,3) 

113,3 

(34,5) 
0,211 0,187 

116,0 

(39,4) 
0,401 

104,6 

(35,6) 
0,366 

Lee et al.  

(2008) 
Exper. 

124 

(42) 
0,25 - - - - 

Liu et al. 

(2007) 
DFT 

118,9 

(40,4) 

108,1 

(36,74) 
0,266 0,194 - - - - 

Zhao et al. 

(2009) 

MD 

AIREBO 

105,4 

(35,8) 

88,7 

(30,2) 
0,2 0,13 - - - - 

Georgantzinos 

et al. (2011) 

MM/EF 

Morse 

120,3 

(40,9) 

93,9 

(31,9) 
0,269 0,198 - - 

114,4 

(38,9) 
0,335 

1 0 2 

3 4 5 

 [102 GPa] 
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stress is linear elastic. When the shear strain is 
~0,1 rad, the deformation becomes 
elastoplastic. The maximum stress, 104,6 GPa, 
is achieved when the shear strain is ~0,366 rad. 
After this, there is a decrease of the average 
shear stress. The total rupture wasn’t 
accomplished.  

In order to validate the strength properties 
obtained, these are compared with the ones 
obtained by other authors, using several 
methods (table 2). 

Beginning by the uniaxial tests, Lee et al. 
(2008) indicate that graphene shows an 
isotropic behaviour, even in large deformation. 
The mean maximum stress obtained with the 
present model (128 GPa) is very close, having 
a difference ~3%. The corresponding mean 
strain obtained ~0,2 is 20% lower than the 
obtained by Lee et al. (2008). While the DFT 
and MD studies consider, in general, graphene 
as an isotropic material at small deformations, 
at large deformation some of these studies 
indicate that graphene has an orthotropic 
behaviour (Liu et al., 2008, Zhao et al., 2009). 
The DFT, MD and MM studies present in table 
2 indicate that graphene is more resistant in 
zigzag direction (σmax,x > σmax,y), which agrees 
with the results obtained. In terms of value, the 
maximum stress obtained is slightly higher than 
the ones calculated by the last three studies.  

Concerning the maximum average stress 
obtained by the monotonic biaxial test in xy 
plane, there aren’t in the literature studies that 
report this value. However, like it was explained 
before, this value is close to the one obtained in 
the monotonic uniaxial tensile test in y direction, 
which agrees with the values present in the 
literature. 

The values of the average shear stress and 
the corresponding shear strain, obtained by the 
monotonic shear test in xy plane, are close to 
the ones obtained by Georgantzinos et al. 
(2011), having differences of ~9% in both 
cases.   

After this analysis, the built model can be 
considered also valid for the strength 
properties. 
 

5. Cyclic Behaviour of Graphene 

 
To analyse the cyclic behaviour of 

graphene, four cyclic tests were performed. The 
plastic dissipated energy density (PDED) is also 
calculated in each test. 

 
5.1 Element Material 

 
The properties of the finite elements are 

equals to the ones defined in subsection 4.1, 
(elastoplastic material). 

5.2 Boundary Conditions 
 

To evaluate the cyclic behaviour of 
graphene, four tests were performed: 

 

• Cyclic uniaxial tensile test in x direction 
(zigzag) to obtain the evolutions of stress 
vs. strain and PDED vs. strain of graphene; 

• Cyclic uniaxial tensile test in y direction 
(armchair) to obtain the evolutions of stress 
vs. strain and PDED vs. strain of graphene; 

• Cyclic biaxial tensile test in xy plane to 
obtain the evolutions of average stress vs. 
superficial strain and PDED vs. superficial 
strain of graphene; 

• Cyclic shear test in xy plane to obtain the 
evolutions of average shear stress vs. 
shear strain and PDED vs. shear strain of 
graphene. 
 
Displacements will be imposed in the lateral 

nodes of the structure. These ones are equal to 
the rupture displacement for each test, obtained 
in the previous chapter, and will vary along each 
test. The displacement amplitude in each cycle, 
for each test, can be observed in the figure 9.  

 
 
 
 
 
 
 
 
 
 
 

Figure 9 – Cycles imposed to graphene structure. 
 
The purpose of the cyclic test is to increase 

the maximum displacement amplitude along 
each cycle. In the fourth cycle, the amplitude of 
the displacement is 0,99 of the rupture 
displacement. In the biaxial test, the maximum 
amplitude displacement of cycle 4 is 0,90. If the 
amplitude was 0,99, the recovery would achieve 
compressive tensions that exceed the 
maximum tension, in modulus, defined by the 
elastoplastic component, which isn´t allowed by 
the program. In the last cycle, the amplitude 
displacement is the double of the rupture 
displacement.  
 

5.3 Results and Discussion 
 
The results, in terms of stress evolution, 

during the cyclic tests, are presented in figures 

10, 12, 14 and 16. The PDED evolution of each 

test are presented in figures 11, 13, 15 and 17. 
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Table 3 – PDED value before graphene rupture, in each test.  

Cyclic Test 
Uniaxial in x 

direction 
Uniaxial in y 

direction 
Biaxial in xy plane Shear in xy plane 

PDED [nN/Å2] 1614 1296 4290 810,7 
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Figure 10 – Stress vs. Strain curve of the cyclic 

uniaxial test in x direction. 
Figure 11 – PDED vs. Strain curve of the cyclic 

uniaxial test in x direction. 

Figure 14 – Average Stress vs. Superficial Strain 

curve of the cyclic biaxial test in xy plane. 
Figure 15 – PDED vs. Superficial Strain curve of 

the cyclic biaxial test in xy plane. 
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Figure 16 – Average Shear Stress vs. Shear 

Strain curve of the cyclic shear test in xy plane. 
Figure 17 – PDED vs. Shear Strain curve of the 

cyclic shear test in xy plane. 

Figure 12 – Stress vs. Strain curve of the cyclic 

uniaxial test in y direction. 
Figure 13 – PDED vs. Strain curve of the cyclic 

uniaxial test in y direction. 
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Table 4 – Percentage of PDED during each cycle, with respect to the PDED value before graphene rupture. 
 

 

5.3.1 Stress evolution 
 

The stress vs. strain evolution of the cyclic 
uniaxial test in x direction is shown in figure 10 
(blue). Besides, the curve obtained in the 
monotonic test in the same direction (black) is 
represented. Firstly, both curves coincide, until 
the maximum strain of the first cycle is 
achieved. After that, there is the recovery of 
strain to zero. This recovery is linear elastic, as 
expected due to the material definition (in 
compression the material behaviour is elastic). 
Moreover, this recover follows a line with slope 
approximately equal to Ex. At the end of cycle 1, 
the stress isn’t null, because it occurred plastic 
deformation. At the beginning of the second 
cycle, the stress follows the recovery line, until 
the maximum strain amplitude of the first cycle 
is achieved. Then, the stress curve follows the 
monotonic curve. The recovery is again linear 
elastic, and at the end of this cycle the stress is 
even more negative, once that the plastic 
deformation is greater. The analysis to the 
cycles 3 and 4 are similar to the one performed 
for  cycle 2. In the last cycle, the rupture occurs. 
The stress and strain values in which it occurs 
(141,16 GPa and 0,210) are almost identical to 
the ones in monotonic test (142 GPa and 
0,211). It can be concluded that there isn’t 
significant degradation of the mechanical 
resistance of graphene, during the cyclic test in 
x direction. 

A qualitatively similar analysis can be 
performed to the cyclic uniaxial test in y 
direction (figure 12). Again, it can be concluded 
that there isn’t significantly degradation of the 
mechanical resistance of graphene, when it is 
subject to the cyclic test in y direction. 

In the cyclic biaxial test in xy plane (figure 
14), it’s noted that the recovery, in each cycle, 
is elastic but isn´t exactly linear. This can be 
justified by the fact that the graphene structure 
isn´t exactly symmetric. In fact, the length in 
zigzag direction is slightly higher than in 
armchair direction. Once that the displacements 
imposed in lateral nodes (x and y directions), 
have the same values, the strains are different. 
Again, the mechanical degradation in cyclic 
biaxial test is insignificant.  

In the cyclic shear test in xy plane (figure 
16) the degradation of the mechanical 
resistance of graphene is also insignificant. 
 

5.3.2 PDED evolution  
 
Regarding the PDED vs. strain curve of the 

cyclic uniaxial test in x direction (figure 11), 
initially, there isn´t variation of PDED, because 
the material is in elastic domain. When the 
strain is ~0,03, the material deformation 
becomes elastoplastic, and the PDED increase. 
After, the maximum strain is achieved in cycle 
1, the PDED evolution becomes constant, 
because the recovery is elastic.  In the second 
cycle, the PDED remains constant, until the 
maximum strain of the previous cycle is 
achieved, increasing next. In the last cycle, 
when the rupture begins, the PDED increases 
abruptly. After the rupture totally occurs, the 
PDED remains unchanged. 

The PDED analysis of the cyclic test in y 
direction (figure 13), biaxial test (figure 15) and 
shear test (figure 17) are very similar to the one 
performed to the cyclic test in x direction. 
Because the total rupture isn’t achieved in these 
last two tests, the PDED isn’t constant at the 
end. 

Table 3 presents the PDED values, before 
graphene rupture, for each test. The cyclic 
biaxial test has the greater PDED, and the cyclic 
shear test has the lower one. Besides, in the 
cyclic uniaxial tests, there are more PDED in x 
direction than in y direction.  

The percentage of the PDED during each 
cycle, with respect to the PDED value before 
graphene rupture, was calculated (table 4) for 
each cyclic test. It was verified that in the first 
three cycles, the percentages of the PDED are 
similar between the four cyclic tests. In cyclic 
uniaxial and shear tests, the maximum 
percentage of the PDED is verified in cycle 4. In 
the cyclic biaxial test, the PDED in cycle 4 is 
lower than the one in cycle 3 and cycle 5. This 
was expected: the amplitude displacement in 
cycle 4 is 0,9 and not 0,99. However, if the 
percentages of the PDED in cycle 4 and 5 for 
each test were added, the values would be very 
similar between them. 

Cyclic Test 
% PDED 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

Uniaxial in x direction 3% 21% 29% 44% 3% 

Uniaxial in y direction 3% 20% 29% 45% 3% 

Biaxial in xy plane 6% 27% 29% 17% 21% 

Shear in xy plane 2% 16% 30% 51% 1% 
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5. Conclusion and Future 
Developments 

 
This work investigated the elastic and 

elastoplastic (monotonic and cyclic) behaviour 
of graphene structure, using a finite element 
model. The main conclusions are briefly 
mentioned in the next points:  

• The elastic properties obtained are in line 
with the results presented in the literature 
by different authors, using several methods; 

• Graphene shows an orthotropic elastic 
behaviour, being more rigid in zigzag 
direction than in armchair direction; 

• In terms of dimensions, a graphene 
structure with quadrangular shape with 
length of ~10 nm is in the convergence 
region of the elastic properties; 

• The strength properties obtained agree with 
the results presented in the literature by 
different author, using several methods.  

• In the four monotonic tests performed, 
although the behaviour pre-rupture is 
elastoplastic, the rupture is “brittle” 
(localized rupture that propagates through 
to the structure). 

• The graphene is more resistant in zigzag 
direction than in armchair direction; 

• The mechanical resistance of graphene 
isn’t significantly affected during the cyclic 
tests; 

• Graphene shows an orthotropic cyclic 
behaviour, there being more PDED in 
zigzag direction; 

• The graphene presents the greater PDED 
during the cyclic biaxial test, and the lower 
one during the cyclic shear test.  
 
After this work, there are subjects that may 

be considered in following studies, namely: 

• To implement defects in graphene structure 
and to calculate the effect of its presence in 
the elastic, monotonic and cyclic behaviour; 

• To analyse the monotonic and cyclic 
behaviour of graphene without 2D 
restriction.  

• To analyse the monotonic and cyclic 
behaviour of other carbon nanomaterials 
like graphyne.  
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