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Abstract
Strain rate effects on the mechanical properties of graphene sheets (GSs) contain randomly distributed defects investigated 
by molecular dynamics simulations, and the results have been discussed. The strain rate has a significant effect on the tensile 
strength, while fracture strain and failure mechanism of GSs and elastic modulus are insensitive to the strain rate. At room 
temperature of 300 K, GSs without defects show that brittle failure is at a low strain rate and linear hardening is at a high strain 
rate. The strain rate is higher, the GSs are harder. However, GSs with a large number of randomly distributed defects only 
show brittle failure under high temperature. The tensile strength and fracture strain increase with the strain rate increasing. 
The tensile strength of GSs without defects has a linear relation to the logarithm of the strain rate, but the GSs with defects 
do not exhibit this phenomenon because the defects are sensitive to the strain rate. The present study provides a theoretical 
optimization method for the preparation and performance of GSs.
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1 Introduction

Graphene sheet (GS) is the representative material of carbon 
nanomaterial, which has attracted wide attention (Novoselov 
et al. 2004). Due to its superior mechanical, electrical, and 
thermal properties, GSs have spurred many new applica-
tions in materials enhancement, sensors, drug transportation, 
nanoelectronics, and nanodevices (Miao et al. 2014; Heer-
sche et al. 2007; Zhou et al. 2014; Zhu and Ertekin 2014; 
Schmiedova et al. 2017; Levin et al. 2016; Jung et al. 2017; 
Singh et al. 2017). These applications are closely related to 
the mechanical properties of GSs. It has been illustrated that 
perfect GSs exhibit excellent mechanical properties. How-
ever, defects, such as atomic vacancy defects (Wang et al. 
2012a), inevitably emerge in the preparation and synthesis 
of GS, which will greatly reduce the mechanical property 
(Zandiatashbar et al. 2014). Graphene sheets have physical 
properties such as impact resistance and high mechanical 

strength. Graphene sheet products have been widely used in 
the field of mechanical performance enhancement. There-
fore, the study of the defective GS properties is important, 
and it is the basis for the application of a nanocomposite and 
nanometer device.

The numerical simulation method such as molecular 
dynamics (MD) is widely used in the mechanical proper-
ties investigation because of the conduction difficulty in 
nano-level and the discrete experimental data. Banhart et al. 
(2010) reviewed the possible structural defects on GSs and 
their potential applications. Another review on the fracture 
characteristics of GS was presented by Wang et al. (2012b). 
Song and Medhekar (2013) studied the tensile properties 
of GS with Stone–Wales effects by atomic simulation, the 
Stone–Wales effect on elastic modulus was not significant, 
and the defects only made GS anisotropy. Neek-Amal and 
Peeters (2010) used atomistic simulations to investigate the 
buckling of GS with randomly distributed vacancies; when 
subjected to axial stress, the buckling strain and mechani-
cal stiffness decreased with the percentage of the defects. 
Zhao and Aluru (2010) used MD simulations to study the 
temperature effect and strain rate effect on the elastic mod-
ulus and strength of defective GS. They revealed that GS 
is a strong material even when subjected to variations in 
temperature, strain rate, and cracks. Mortazavi and Ahzi 
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(2013) investigated the effects of different types of defects 
such as single-atom vacancy. Dewapriya et al. (2014) used 
MD simulations to study the effect of temperature on the 
crack propagation of GSs. Zhang and Zhang (2015) studied 
the effects of strain rate and temperature on the mechanical 
properties of the GSs with initial cracks by MD simulation.

On the other hand, many researchers (Kuang et al. 2015; 
Tserpes 2012) used the finite element method to investi-
gate the elastic properties of the defective GSs. Although 
the finite element method can overcome the scale and time 
limit, as for the strain rate and temperature effects on the 
mechanical properties, MD simulation is still an effective 
and feasible method.

Throughout the current study on the mechanical prop-
erties of the defective GSs, only certain defects have been 
focused on. However, different percentages of randomly dis-
tributed defects may appear in the actual industrial manu-
facturing process. In this study, the effect of strain rate has 
been investigated on the mechanical properties of GSs, 
which contain different percentages of random defects by 
MD simulation, which include the effect of strain rate, differ-
ent percentage defects on elastic modulus, tensile strength, 
ultimate strain, and so on.

2  Models and Simulation Methods

According to the size effects on the mechanical properties 
of GSs (Zhao et al. 2009), the size effect can be neglected 
when the diagonal of the square GS is larger than 5 nm; a 
16 nm × 16 nm square GS with 9960 atoms is chosen as 
the initial perfect model which does not contain defects as 
shown in Fig. 1. In order to investigate the effects of the 
defects, randomly distributed vacancies in GS structure are 
created by a random numbers algorithm. One, 10, 50, 100, 
200, and 500 atoms are randomly removed from the perfect 
GS, which is also called 0.01%, 0.1%, 0.5%, 1%, 2%, and 5% 
of the total atoms defects, respectively.

The simulation is conducted in a classical molecular 
dynamics code with the Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS). A velocity Ver-
let (Chen et al. 2015) algorithm is used to integrate the 
equations of motion. The adaptive intermolecular reactive 
empirical bond-order potential (AIREBO), which had been 
proved reliable in the description of the GS, is adopted to 
describe the short-range covalent carbon bond interactions, 
the long-range van der Waals interaction (LJ terms), and 
torsion interactions (Stuart et al. 2000). In order to avoid 
abnormality at large deformation, the cutoff parameter for 
the short-range carbon bond interactions is chosen to be 2.0 
(Liang et al. 2015).

Before dynamics simulation, a relaxation process has 
been implemented to minimize the total potential energy 

of the entire GS, which enables the systems to be equili-
brated at a certain temperature. In the process, the atoms 
around the vacancies will rearrange their local positions 
to balance the local stresses, and then, the system energy 
can achieve a stable initial state. After relaxing the initial 
configuration to obtain the minimum energy configuration, 
the GSs are stretched by applying external displacement on 
the atoms, while the other end is kept fixed. The displace-
ment is applied systematically, the system is relaxed for a 
certain period to reach a new equilibrium state, and a new 
configuration can be obtained. The tension is carried out in 
a canonical ensemble, the so-called NVT. In order to clarify 
the strain rate effect on the mechanical properties, the simu-
lation in the present study is carried out at different strain 
rates such as 0.5 × 108 s−1, 0.667 × 108 s−1, 1 × 108 s−1, 
and 2 × 108 s−1, which are applied by displacement of the 
atoms at the top end of the GSs. During the simulation, the 
Nose–Hoover thermostat is implemented to the equilibrium 
thermodynamic state at a certain constant temperature, such 
as 0.01 K, 300 K, 600 K, and 900 K, respectively.

3  Results and Discussion

The GSs with the width and the length of 16 nm were 
analyzed, which contain different distributed vacancies. 
Displacement in the y-direction is applied with four dif-
ferent strain rates. During each step of the simulation and 
stress–strain curves of the defected GSs, the position coor-
dinates and stress of the atoms recorded can be obtained.

Fig. 1  Model of graphene sheet (perfect graphene sheet without 
defect)
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Figures 2, 3, 4, and 5 show the stress–strain curves of 
GSs at different temperatures, different strain rates, and 
different percentages of defects. It can be seen that the 
stress–strain curves of GS with large number of defects 
(Fig. 3) are similar to Fig. 5, which are at high temperature. 
Figure 4 shows the stress–strain curves of perfect graphene 
sheets at 300 K. At first, the stress increases linearly with 

the strain increasing due to the elastic deformation of car-
bon–carbon bonds. With the continuation of the stretching, 
the deformation is aggravated. Then, the stress quickens 
with the strain increasing with a nonlinear relation due to 
the nonlinear deformation of the carbon–carbon bond and 
the change in the bond angle. Finally, material is damaged 
when the ultimate stress is achieved. However, at tempera-
ture of 0.01 K, the stress–strain curve of GS without defects 
exhibits another property (see Fig. 2). The first two stages 
are the same as those of Figs. 3 and 5, and after the nonlinear 
stage, the GSs experience a linear strengthening process, in 
which the stress increases linearly with the strain increasing 
with a higher slope than that of the original linear stage, and 
then, fracture happens because of bond rupture. The tensile 
strength and the ultimate strain increase with the increase 
in the strain rate. The linear strengthening process greatly 
improves the strength of GSs.

In other words, the stress–strain curves exhibit two linear 
stages in the case of temperature 0.01 K. This result is simi-
lar to that obtained in the study (Sun et al. 2014). The first 
linear phase occurs in the elastic deformation of the carbon 
bond. The linear strengthening phase happens only in a few 
sets of acoustic modes, which are excited at very low tem-
peratures, and most of the lattice vibrations are not excited. 
The heat exchanges less among the atoms, so it prolongs 
the lifetime of the carbon bond with the performance of a 
sharp rise. Higher strain rate means faster loading rate and 
less time for the atoms to exchange the heat and momentum. 
In that stage, the length of carbon bonds stretches at a high 
speed with less constraint and the carbon bonds are more 
difficult to destroy. So the higher the strain rate, the more 
the strength of the GS performance.

However, for the GSs with more defects, the tempera-
ture is very low, such as 0.01 K (Fig. 3), and there is no 
obvious linear strengthening process, which breaks the 
carbon bond by a large number of defects at an early stage. 
Accumulation of the broken bond would quickly lead to 
the rupture of the GSs. At the temperature of 300 K, the 

Fig. 2  Stress–strain curves of perfect graphene sheets at 0.01 K

Fig. 3  Stress–strain curves of graphene sheets with 5% defect at 
0.01 K

Fig. 4  Stress–strain curves of perfect graphene sheets at 300 K

Fig. 5  Stress–strain curves of perfect graphene sheets at 900 K
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GSs without defects rupture suddenly at low strain rate, 
which is the so-called brittle fracture. GSs show the linear 
strengthening process in the stress–strain relation when the 
strain rate is high enough. It can be seen from Fig. 4 that 
the brittle fracture occurs at the strain rate 0.5 × 108 s−1. 
However, the stress–strain curve has a slight linear 
strengthening process when the strain rate is higher than 
0.667 × 108 s−1, which is a little bit like the GSs without 
defects at 0.01 K. The strength also increases with the 
increasing strain rate. The slight linear strengthening pro-
cess replaces the obviously linear strengthening process by 
the effect of temperature. There are more lattice vibrations 
excited at the temperature of 300 K than 0.01 K, and the 
constraints for the changes in the carbon bond increased. 
Rather than extremely high temperature, the excited state 
is not so much, so the slightly strengthening process can be 
obtained. In addition, similar to that of 0.01 K, when the 
strain rate increased, the atoms cannot exchange the heat 
and momentum with each other on time, so the lifetime 
of the carbon bond can be prolonged. Hence, the higher 
strength with higher strain rate can be observed. It can be 
seen that when the strain rate is high enough, the failure 
mechanism of the GS will change.

When the strain rate is low, the atoms can exchange 
energy with each other fully, so only the GSs perform “brit-
tle fracture.” As temperature increases to 900 K, which is 
shown in Fig. 5, the GSs without defects do not appear at the 
linear strengthening stage at the high strain rate. As for the 
GSs with large percentage of defects, the defects are sensi-
tive to the strain rates. As shown in Fig. 6, both the tensile 
strength and the ultimate strain increase with the increase 
in strain rate when the strain rate is less than 1 × 108 s−1 at 
0.01 K. However, when the strain rate reaches 1 × 108 s−1, 
the tensile strength and ultimate strain decrease with increas-
ing strain rate, the defects will break their nearby atoms b 
to form small cracks sooner with larger strain rate, and then 
these cracks will develop quickly with the strain rate increas-
ing. So the tensile strength and ultimate strain decreasing 
with the strain rate increasing can be observed.

Figures  6, 7, 8, and 9 show the variation of tensile 
strength with the strain rate at different temperatures. As 
shown in Fig. 7, the tensile strength of GSs varies from 114 
to 148 GPa at temperature of 300 K, which coincides with 
the result of tensile strength at 130 ± 10 GPa measured (Lee 
et al. 2008). It can be seen from Figs. 6 and 9 that the tensile 
strength of the GS without defects has linear relation to the 
logarithm of the strain rate even at different temperatures, 
in which the tensile strength increases with the increasing 
strain rate. This result is similar to that reported in the litera-
ture (Wang et al. 2013), in which the tensile strength of car-
bon nanotubes has a logarithmically linear relationship with 

Fig. 6  The variation of tensile strength with strain rate at 0.01 K
Fig. 7  The variation of tensile strength with strain rate at 300 K

Fig. 8  The variation of tensile strength with strain rate at 600 K

Fig. 9  The variation of tensile strength with strain rate at 900 K
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strain rate, and is also consistent with results of phase theory 
(Wang et al. 2013). The tensile strength decreases with the 
increasing percentage of the defects, and the tensile strength 
is no longer logarithmically linear with the strain rate. The 
tensile strength decreases with the increasing temperature.

It can be seen from Fig.  6 that there are the tensile 
strengths of GSs without defects or less, while the strain 
rate is increasing around 0.01 K, because the thermal effect 
can be ignored at the very low temperature. However, when 
the GSs contain more than 1% defects, the tensile strength 
first increases with the increase in strain rate, reaches its 
peak when strain rate logarithm is eight, and then decreases 
with the increase in strain rate. It is a fact that the defects 
are sensitive to the strain rate. The GSs containing more 
defects perform more sensitively. When the strain rate is 
high enough, more carbon–carbon bonds will be broken by 
the development of the defects, and the broken bond will 
accumulate quickly; then, the GS will soon reach its ulti-
mate tensile strength. The tensile strength decreases with 
the increasing strain rate when GSs contain large percentage 
of defects.

When the temperature is higher than 0.01 K, the ther-
mal motion becomes one main factor that affects the tensile 
strengths, and the effects of both strain rate and temperature 
will make the variation of the tensile strength by the different 
strain rates. In some conditions, tensile strength increases 
with the increasing strain rate, and some increase first and 
then decrease; the extreme position depends on the tempera-
ture and the percentage of the defects.

Figures 10, 11, 12, and 13 show the variation of the elas-
tic modulus with strain rate at different temperatures. In 
Fig. 11, the elastic modulus of GS without defects at room 
temperature (300 K) is about 760 GPa, which coincides with 
that of the literature (Ansari et al. 2012; Sadeghi Nik et al. 
2010) from 600 to 1200 GPa.

It can be observed from Figs. 10, 11, 12, and 13 that 
the variations of elastic modulus with the strain rate are 
almost a straight line irrespective of different temperatures, 
in other words, elastic modulus is independent of the strain 

rate, and the effect of the strain rate on the elastic modulus 
is small. Figure 12 shows the variation of elastic modulus 
with strain rate at 600 K. The elastic modulus decreases with 
the increase in the defects. The elastic modulus of the GSs 
without defects is the largest. In addition, the GSs contain 
more defects and the elastic modulus is smaller. The degree 
of decreasing is related to the temperature. For example, 
the elastic modulus of 5% defective GS is lower than that 
of the 28% GS without defects when the temperature is 
around 0.01 K. Moreover, the amount of reduction is about 
25% when the temperatures are 300 K, 600 K, and 900 K. It 
can be seen that the percentage of the reduction is the most 

Fig. 10  The variation of elastic modulus with strain rate at 0.01 K Fig. 11  The variation of elastic modulus with strain rate at 300 K
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Fig. 12  The variation of elastic modulus with strain rate at 600 K

Fig. 13  The variation of elastic modulus with strain rate at 900 K
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except the lower temperature. However, if the temperature is 
above room temperature, the reduction in the elastic modu-
lus by the defects is almost the same according to different 
temperatures. It can also be observed that the elastic modu-
lus decreases with the increasing temperature.

4  Conclusion

In this study, using molecular dynamics simulations, the 
mechanical properties of GSs were investigated by a dif-
ferent percentage of random defects. The interaction of 
carbon and carbon bonds has been described by AIREBO 
potential. The strain rate effects are analyzed on tensile 
strength, ultimate strain, and elastic modulus. The results 
show that the strain rate has a significant effect on the defor-
mation characteristics, tensile strength, and ultimate strain 
of GSs, which has little effect on the elastic modulus. The 
stress–strain curves of the GSs without defects exhibit two 
linear stages, which are the elastic deformation stage and the 
linear strengthening stage in the case of temperature 0.01 K. 
The first linear stage happens at the elastic deformation of 
the carbon bond. The linear strengthening stage is compat-
ible with the fact that most of the lattice vibrations are not 
excited at very low temperature. The strain rate is higher; the 
linear strengthening stage is more obvious. As for room tem-
perature of 300 K, the GSs without defects rupture suddenly 
at low strain rate and have the linear strengthening process in 
the stress–strain relation when the strain rate is high enough. 
When the strain rate is high enough, the failure mechanism 
of the GSs will change. The process of strengthening linear 
does not appear; when the percentage of the random defects 
is large or the temperature is high enough, the GSs only 
show brittle damage. The tensile strength and ultimate strain 
increase with the increasing strain rate. The tensile strengths 
of the GSs without defects are approximately linear with 
the logarithm of the strain rate, but those of the defective 
GSs do not exhibit this relation by the defect sensitivity to 
strain rate.
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