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Abstract 
Modeling and simulation allow methodical variation of material properties beyond the capacity of 
experimental methods. Due to the hexagonal structure of graphene, it is considered as frame-like 
structure. In the frame, covalent C-C bonds are taken as beams joined together with carbon atoms 
placed at the joints. Uniaxial beam elements, defined by their cross-sectional area, material prop-
erties, and moment of inertia represent the covalent bonds. The parameters of the beam elements 
are determined by establishing equivalence between structural and computational mechanics. 
However, the bonds connecting the carbon atoms do not have physical existence as they are a 
compromise between attractive and repulsive forces. Also, defects at nanoscale make graphene 
different from frame-like structure. In addition, the topography of graphene makes it non-linear 
structure and even the axial loading changes to eccentric loading. Here we show that, by using ba-
sic statics principles, disparities between graphene and frame-likes structures can be highlighted. 
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1. Introduction 
The numbers of publications of Carbon Nanotubes (CNTs) and graphene in the last decade are shown in Figure 
1(a) and Figure 1(b). The trends indicate that the number of publications of state-of-the-art CNTs in 2014 is 
lower than that in 2013. On the contrary, there is an exponential rise in the use of graphene in the last decade. 
Novoselov et al. [1] experimentally produced Single Layer Graphene (SLG) using scotch-tape method and a low 
cost method to synthesize graphene on large scale was presented by Stankovich et al. [2] allowing the extension 
of the applications of graphene to industrial scale. In 2014, 2009 research papers were published on graphene.  
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(a)                                                       (b) 

Figure 1. Number of yearly publications of (a) CNTs and (b) graphene during 2005-2014 (Thomson Reuters).             
 

However, to the best of our knowledge, no article is yet published in which SLG was used. One of the reasons 
could be that the SLG is not yet at everyone’s disposal. Nevertheless, the trends indicate that the graphene 
would surpass other carbonaceous materials no sooner it becomes easily and economically available. Therefore, 
extensive theoretical research has been carried out in the last decade to justify the use of graphene in eclectic 
applications.  

As graphene is a two-dimensional structure, each carbon atom can undergo chemical reaction from the sides. 
It is one of the reasons for high chemical reactivity of graphene. The carbon atoms on the edge of SLG have 
three incomplete bonds that impart especially high chemical reactivity to edge carbon atoms. In addition, defects 
within graphene sheet are high energy sites and preferable localities for chemical reactants to attack. All these 
factors make graphene a very highly chemically reactive entity. The carbon atoms are connected through strong 
covalent bonds. There is sp2 orbital hybridization between Px and Py that forms σ-bond [3]. The orbital Pz forms 
π-bond with half-filled band that allows free motion of electrons. These interatomic forces play a crucial part in 
defining the proficiency of graphene as reinforcement in polymers.  

As atoms keep oscillating with characteristic oscillating frequencies, the oscillatory period of carbon atoms 
for some bounded trajectories reaches terahertz frequencies [4]. To define the trajectory of atoms, Newton’s eq-
uation of motion in MD can be used as given in Equation (1) and the relation between force f1 and potential 
energy E is given in Equation (2), where mI, rI, and fI are mass of, position of, and force on Ith atom, respectively,  
and ( )1 2 3, , , , NE r r r r  is potential energy of the N-atom system. The potential energy arises from the bonded  
and non-bonded interactions among atoms and molecules. Polymer Consistent Force Field (PCFF) can be used 
to specify such interactions [5]. The PCFF defines the potential energy components as given in Equation (3) [6]. 
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The first four terms of Equation (3) represent bond, angle, torsion, and dihedral energy, respectively. The oth-
er six terms represent cross-terms among various valance energy components, mainly bond and angle. The last 
two terms define energy arising from Columbic and Van der Walls interactions, respectively. The influence of 
thermal vibrations on potential energy is addressed by the cross-terms. The total energy of N atoms is 
represented by Hamiltonian function (H) which can be defined in terms of potential energy (Equation (3)) and is 
given in Equation (4) while the kinetic energy component is given in Equation (5), where PI and MI are momen-
tum and mass of Ith atom, respectively [6]. 

In current study, various factors of graphene structure are discussed such as atomic bonds, atomic structure, 
topographical features, type of loading, torque transmission, and stress concentration effect. To corroborate the 
influence of specimen geometry on the mechanical properties, epoxy samples were produced of different curva-
tures and subjected to compression loading. The following study differentiates between the hexagonal structure 
of graphene and frame-like structure. 

2. Experimental Section 
2.1. Materials 
Bisphenol A-epichlorohydrin based epoxy having density of ~1.3 g/cm3 and dimethylbenzylamine isophorone-
diamine based low viscosity fast curing hardener with ~1.1 g/cm3 density were used in current study. The epoxy 
matrix used consisted of EPOPHENTM EL5 bisphenol A based liquid epoxy and EPOPHENTM EHA57 di-
amine hardener, purchased from Polyfibre, UK. This epoxy system is a multi-purpose resin offering good 
all-round properties with the epoxy group content of 4.76 - 5.25 mol/kg. The viscosity of liquid epoxy and har-
dener are 12,000 - 15,000 cps and 45 cps at room temperature, respectively. To prepare epoxy material, the mix 
proportions are 50 parts by weight of hardener to 100 parts by weight of liquid epoxy. The gelation time of the 
resin was 43 min at room temperature.  

2.2. Samples Production 
The epoxy and hardener were initially degassed separately for 1 h each. The epoxy and hardener were mixed 
using sonication that was carried out using tip sonicator of power 750 W and frequency 250 kHz (Vibra-cell 
model VC 750, USA). The operation mode was 70% power with 10 s vibration and 5 s break. Although the so-
nication was carried out at room temperature, however, temperature of the system rose due to high energy vibra-
tion produced by tip sonicator. Vacuum degassing was carried out for 15 min. The resin was poured into silicone 
molds (without any release agent) and cured at room temperature for 6 h followed by post-curing at 80˚C for 6 
h.   

2.3. Characterization 
The epoxy samples were subjected to compression loading using Instron universal testing machining (Model 
3382). The displacement rate was kept 1 mm/min. Five specimens were tested for each composition. The test 
results were used to corroborate the theoretical explanations. The atomic bonds, graphene structure, and topo-
graphical features of graphene are discussed in detail. The influence of topography on centric and eccentric 
loading is discussed. In addition, the torque transmission in the graphene structure is correlated with the gra-
phene structure. As covalent bonds do not show plastic character, therefore, the stress concentration effect in the 
presence of notches will be pertinent and significantly influence the mechanical properties of graphene.  

3. Results and Discussion 
Various theoretical and computational approaches have been employed to explore graphene including but not 
limited to, quantum mechanical-based methods [7], Continuum Mechanics (CM) [8], Molecular Mechanics 
(MM) [9], Molecular Dynamics (MD) [10], atomistic modelling [11], Density Functional Theory (DFT) [12], 



R. Atif, F. Inam 
 

 
58 

and multiscale modelling [13]. Due to the hexagonal structure of graphene, it is considered as frame-like struc-
ture. In the frame, covalent C-C bonds are taken as beams joined together with carbon atoms placed at the joints. 
Uniaxial beam elements, defined by their cross-sectional area, material properties, and moment of inertia 
represent the covalent bonds. The parameters of the beam elements are determined by establishing equivalence 
between structural and computational mechanics. However, the bonds connecting the carbon atoms do not have 
physical existence as they are a compromise between attractive and repulsive forces. Also, defects at nanoscale 
make graphene different from frame-like structure. In addition, the topography of graphene makes it non-linear 
structure and even the axial loading changes to eccentric loading.  

3.1. Atomic Bonds 
No two atoms, to the best known knowledge, can touch each other and whenever they are juxtaposed, they show 
ambivalence between attraction and repulsion as shown in Figure 2. It is because there are attractive forces be-
tween nucleus of an atom and electrons of the other atom because of the opposite charges, and vice-versa. 
However, because of the similar charges, there are repulsive forces between nucleus of an atom and nucleus of 
the other atom and electrons of one atom and electrons of the other atom. The energetics of inter-atomic interac-
tions can be defined using Lennard-Jones potential as given in Equation (6) [14] [15], 

( ) 12 6

0

4

ij cut

ij ijij
ij ij cut

ij ij

r r

U r
r r

r r
σ σ

ε

≥
     =   − <             

                        (6) 

where rij is the separation distance between atoms i and j, and rcut is the cut-off distance. These forces change 
with varying distance between the atoms as shown in Figure 3. A compromise between attractive and repulsive 
forces is established and atoms settle down at a certain gap known as equilibrium bond length. A similar struc-
ture is observed in graphene as shown in Figure 4. 

 

 
Figure 2. Attractive and repulsive forces between atoms.                                

 

 
Figure 3. Variation in attractive and repulsive forces between atoms with distance [16].       
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Figure 4. Carbon atoms joined together by strong covalent bonds [16].         

3.2. Atomic Structure 
The schematic diagram of hexagonal unit cell of the atomic structure of graphene is shown in Figure 5. When 
carbon atoms form a hexagonal network in two dimensions, a graphene sheet is obtained as shown in Figure 6. 
This graphene structure is considered as frame-like structure for simulation purposes as shown in Figure 7. The 
bonds between graphene are considered as beams and carbon atoms are considered as joints. However, the 
structural variations and defects make it different from ideal frame-like structure. For example, in the graphene 
structure, the hexagonal network is not always repeated. 

The graphene has many other stable configurations apart from honeycomb hexagonal lattice structure. For 
example, different chemisorbed configurations of epitaxial graphene coexist on single crystal Ni(111) such as 
top-FCC, top-HCP, and top-bridge [17]. In addition, there are structural defects [18] in graphene that signifi-
cantly influence physical and chemical properties of graphene [19]. Some of the atomic scale defects are sche-
matically shown in Figures 8(a)-(d), which include atomic vacancies, heptagon-pentagon topological defects, 
adatoms, and dopants. These defects can be inherited by graphene during growth [20] and can be introduced 
advertently by resonance plasma [21], chemical treatment [22], and irradiation [23]. 

Surface defects are also introduced during functionalization, oxidation, and reduction [24]. For example, in 
reduced graphene oxide, the graphene layers are found to comprise of a few nanometers interspersed defect 
areas dominated by clustered heptagons and pentagons [24]. The first-principles calculations show that atom-
ic-scale defects result in both intravelley and intervalley scattering of graphene and Fermi velocity is decreased 
in the vicinity of the defects due to enhanced scattering [25]. The electronic properties of graphene are strongly 
varied by structural defects that deform the original honeycomb lattice [26]. 

3.3. Topographical Features 
The exploitation of topographically modified geometries in synthetic and bioinspired materials is a novel area of 
research [27] [28]. The topographically modified carbonaceous materials are produced by various methods and 
have found numerous applications [29] [30]. It was shown that the superior electronic properties of graphene are 
sensitive to topography [31]. The graphene sheets have coiled structure that helps them to store sufficient 
amount of energy [32]. The individual sheet and chunk of sheets together are subjected to plastic deformation at 
the application of external load. The applied energy is utilized in undertaking plastic work that enhances the 
ability of graphene to absorb more energy [33]. Graphene has shown inclination for stable folding and bending 
energy at folds is compensated by intersheet adhesion (Van der Waals interactions) [34]. The individual layers 
of graphene, under external loadings and thermal stresses, undergo out-of-plane wrapping [35], rippling [36], 
folding [37], scrolling [38], and crumpling [39], making graphene a tough material. Wang et al. showed that 
wrinkle’s wavelength and amplitude are directly proportional to volumetric dimensions of graphene as clear 
from Equation (7) and Equation (8), where λ is wrinkle wavelength, ν is Poisson’s ratio, L is length of graphene 
sheet, t is thickness of graphene sheet, ε is edge contraction on a suspended graphene sheet, and A is wrinkle 
amplitude [40]. 

( )
2 2 2

4
2

4π
3 1

L tνλ
ν ε

≈
−

                                    (7) 

( )
2 2

4
2 2

16
3π 1

L tA ν ε
ν

≈
−

                                   (8) 

As defects significantly influence graphene properties and are produced during synthesis process, therefore 
the properties of graphene are sensitive to synthesis method. In addition, as the defects have a non-uniform dis-
tribution, therefore the properties of graphene also become dependent on the sheet size. Similarly, out-of-plane  
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Figure 5. Schematic diagram of hexagonal unit cell of graphene structure.          

 

 
Figure 6. Graphene sheet comprising of 2D hexagonal network of carbon 
atoms combined by strong covalent bonding.                             

 

 
Figure 7. Graphene being perceived as frame-like structure with bonds as 
beams and carbon atoms as joints.                                      
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Figure 8. Structural defects in graphene: (a) vacancy; (b) pentagon-heptagon; (c) 
adatom; and (d) dopant.                                                  

 
wrapping, rippling, folding, scrolling, and crumpling can significantly influence the properties of graphene. As 
the variation in topographical features is unpredictable and defects may appear randomly, therefore the proper-
ties of graphene become significantly dependent on the location of graphene sample under consideration. On the 
contrary, the ideal frame-like structure repeats itself exactly in all directions. The graphene size, shape, and to-
pography can be controlled simultaneously [41]. Chen et al. synthesized well-aligned millimeter-sized tetra-
gon-shaped and hexagon-shaped graphene on a polycrystalline copper substrate using low pressure CVD [41]. 
CVD is an efficient approach to produce high quality and large surface area graphene on metallic substrates [42]. 
Graphene can be grown epitaxially on single crystal copper substrate [43]. Graphene shape and orientation 
strongly depend on crystallographic orientation of copper substrate [44]. The dendritic graphene with multiple 
branches can be obtained by diffusion-limited growth dynamics [45]. The graphene shape can also be controlled 
using surface condition of substrate. For example, wet-loaded samples produce tetragonal shaped and dry-loaded 
samples produce hexagonal shaped graphene [41]. The graphene shape can also be controlled by processing 
temperature [46]. 

3.4. Stress and Strain Distribution under Axial Loading 
The distribution of stresses and strains in structural element depends on the way of load application. The distri-
bution of stresses and strains in structural elements can be measured using tensile tests, strain gage tests, pho-
toelastic methods, and dynamic mechanical analyzer, and modeling approaches [47]. When uniform load is ap-
plied or concentrated load applied through rigid plates, the load is distributed uniformly in the structural member 
and uniform deformation is observed as shown in Figure 9(a) and Figure 9(b). However, when concentrated 
load is applied directly to structural member, the distribution of stresses and strain will not be uniform in the 
structural member and load will be concentrated at the point of loading as shown in Figure 10(a) and Figure 
10(b). Except in the immediate vicinity of the points of application of the loads, the stress distribution may be 
assumed independent of the actual mode of the application of the loads as shown in Figure 11 and Figure 12. 
The stress distribution in concentrated loading is quite different at the ends compared with uniform loading 
where stress distribution is the same at the ends in transverse direction. However, in both the cases, the stress 
distribution at the middle of the member is the same irrespective of the type of loading. This principle is known 
as Saint-Venant’s principle after the French mathematician and engineer Adhemar Barre de Saint-Venant (1797- 
1886) [48]. Although Saint-Venant’s principle makes it possible to replace a given loading by a simpler one for 
the purpose of computing the stresses in a structural member, it however may not be applied to graphene. For 
long, slender members, such as graphene, another configuration is possible and indeed will prevail, if the load 
is sufficiently large; the member buckles and assumes a curved shape. When member buckles, the loading  
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Figure 9. (a) Concentrated loading applied through rigid plates; (b) The stress distribution remains 
the same throughout the specimen.                                                       

 

 
Figure 10. (a) Concentrated loading applied without rigid plates; (b) The stress is concentrated at 
the point of loading.                                                                     

 

 
Figure 11. Stress distribution under point loading.                                          
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Figure 12. Stress distribution under uniform loading.                                          

 
conditions and stress and strain distribution significantly vary and affect the overall properties of the structural 
member.  

3.5. Centric vs. Eccentric Loading 
When structural member buckles, the applied axial loading varies from centric to eccentric loading. Consider a 
structural member with cross-sectional area A and subjected to loading P and P' as shown in Figure 13(a). As 
there are two forces involved, it is called as two force member. As both the forces are acting along the axis of 
the member, this type of loading is called as axial loading. As the cross-sectional area is exactly perpendicular to 
axis of loading, the stress (P/A) is called as normal stress and is taken as average value of stress over the cross- 
section rather than the stress at a specific point of the cross-section. However, it should be noted that when uni-
form distribution of stress is assumed, then it follows from elementary statics that the resultant P of the internal 
forces passes through the centroid C of the section. This means that a uniform distribution of stress is possible 
only if the line of action of the concentrated loads P and P' passes through the centroid of the section considered. 
This type of loading is called centric loading and is assumed to take place in all straight two-force members 
found in beams, trusses, and frame-like structures.  

When the structure buckles, the loading condition varies. Consider a two-force member loaded axially as 
shown in Figure 13(b). From the conditions of equilibrium, the internal forces in a given section must be equiv-
alent to a force P applied at the centroid of the section and a moment M = Pd as shown in Figure 13(c). This 
axial loading is called as eccentric loading in which the distribution of forces and corresponding stresses can 
neither be uniform nor symmetric. The graphene being a slender specimen will undergo buckling and topo-
graphical features will further complicate the stress distribution. Montazeri and Rafii-Tabar observed an expo-
nential drop in bending rigidity and lower axial Young’s modulus with increasing temperature in gra-
phene-PMMA nanocomposites [49]. It can be attributed to eccentric loading and bond breakage. Graphene has 
sp2 hybridization which is stronger than sp3 hybridization found in diamond [50]. Therefore, graphene shows 
superior mechanical properties. However, at the application of elevated temperatures, C-C bonds deteriorate and 
protrude out of the graphene plane. These misaligned bonds do not offer their intrinsic mechanical strength in 
the axial direction. 

To experiment the influence of curved specimens on the strength of material, monolithic epoxy samples were 
produced by casting in silicone molds. The samples were cured at room temperature for 6 h followed by post- 
curing at 80˚C for 6 h. Samples of two different geometries were produced: straight samples as shown in Figure 
14(a), and curved specimen as shown in Figure 14(b). The specimens were ground on grinding papers to make 
the ends perpendicular to the axis of load application. The specimens were subjected to compression axial load-
ing with displacement rate of 1 mm/min. The stress-strain trends achieved are shown in Figure 14(c). The sam-
ples showed brittle fracture between strains of 0.05 - 0.06 that may be attributed to the brittleness of thermoset- 
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Figure 13. Two-force member under axial centric loading and axial eccentric loading.          

 

 
Figure 14. Epoxy samples: (a) straight sample; and (b) curved sample; (c) stress- 
strain trends of epoxy samples.                                                 
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ting monolithic epoxy. The curved specimen showed a significant lower value of strength and stiffness than 
straight specimen. In addition, the curved specimen got fractured earlier than the straight specimen. It may be 
attributed to the geometry of the sample as compositions and testing conditions were the same. In curved speci-
men, not only axial loading is acting, but also moment is produced due to eccentric loading which caused the 
drop in strength and stiffness of the curved specimen. 

It has been shown that graphene does not show smooth and flat surface. The graphene structure contains rip-
ples and wrinkles. Abedpour et al. used both analytical and MD-based numerical simulations and correlated the 
surface topography of graphene with thermal fluctuations [51]. The Monte Carlo-based simulations predicted 
the formation of spontaneous ripples on graphene surface at finite temperatures. The ripple amplitude is compa-
rable with the interatomic distance of graphene C-C covalent bonds (~0.142 nm) and was found independent of 
the total length of graphene sheet. It was also observed that the spontaneous ripples had a characteristic wave-
length of about 8 nm [52]. Therefore, rippling being the intrinsic feature of graphene sheet is expected to 
strongly influence the mechanical properties of graphene. Therefore, if graphene is subjected to axial loading, it 
will not be centric loading as shown in Figure 15(a). Instead, the graphene will undergo eccentric loading 
(Figure 15(b) and Figure 15(c)). During this eccentric loading, the carbon bonds undergo moment along with 
axial loading. This moment can significantly alter the behavior of graphene. 

3.6. Torque Transmission 
When graphene is subjected to eccentric axial loading, the axial load will be accompanied by a moment as 
shown in Figure 16. The influence of moment on the properties of graphene will be defined by the way it is 
transferred into the graphene structure. If we consider a frame-like structure, the moment transmission depends 
on the shaft. For example, the shear stress distribution and torque transmission of solid and hollow shafts are 
different because of the polar moment of inertia as shown in Figure 17 and Figure 18, respectively. The polar  
moment of inertia of solid shaft is 0.5πc4 and that of hollow shaft is ( )4 4

2 10.5π c c− . Therefore, if we consider a  

solid and a hollow shaft of the same cross-section, the efficiency of moment transmission in hollow shaft is 
greater than that in solid shaft. This is the reason that the drive shafts of vehicles are made hollow. Considering 
the carbon bonds as forces and not consisting of material, what would be the values of moment on atoms 2 and 3 
in Figure 19? It may be highly unlikely that x = y = 1. 

 

 
Figure 15. Graphene structures under axial loading. There is high probability that graphene 
will undergo eccentric loading due to topographical features.                              
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Figure 16. Carbon atoms in graphene subjected to eccentric axial loading undergoes torque.              

 

 
Figure 17. (a) Solid shaft subjected to moment; (b) Shear stress distribution in solid shaft.             

 

 
Figure 18. (a) Hollow shaft subjected to moment; (b) Shear stress distribution in hollow shaft.        
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Figure 19. Carbon atom 1 in graphene structure subjected to moment M. 
What would be the values of moment on locations 2 and 3? Would it be the 
case that x = y = 1?                                                 

3.7. Stress-Strain Calculations 
To calculate stress, applied load is divided by area. However, area calculation in graphene sheet would not be 
easy as shown in Figures 20(a)-(d). If we consider graphene as flat sheet as shown in Figure 20(a), the surfa-
cearea becomes 50 nm2. However, the graphene undergoes wrinkling, rippling, folding, scrolling, and crumpling. 
In simple words, the graphene sheet cannot be considered as flat structure and surface area significantly alters in 
non-flat sheet. If we consider semicircles in graphene sheet as shown in Figures 20(b)-(d), the surface area in-
creases up to 23.6%. Accordingly, the stress calculation will be significantly affected by the input area. There-
fore, the stress calculation in graphene sheet considering a flat frame-like structure may yield erroneous stress 
values. Similarly, the strain calculations would also be affected by the original length. If we consider flat sheet,  
its length is 0L′  as shown in Figure 21. However, as graphene sheet is non-flat, we can consider that the same 
sheet of length 0L′  becomes as L0 as shown in Figure 21 (dotted line). At the application of axial loading, the 
length changes to L (solid line). Now to calculate strain, change in length ΔL will be divided by L0 or 0L′ ? Al- 
though stress-strain calculations look quite simple, however, they will find worth when graphene will be used in 
the production of nano-sensors that would be sensitive to any variation in stress and/or strain. As the topograph-
ical features of graphene are a function of number of factors, such as synthesis method and temperature, there-
fore the precise calculations of stress and strain would not be as easy as in the case of simple frame-like struc-
ture. 

3.8. Stiffness Comparison 
The stiffness comparison of ferrous, non-ferrous, and graphene is shown in Figure 22. The steels show a specif-
ic upper and lower yield points which is not prominent in non-ferrous metals and alloys such as aluminum. The 
profile of graphene is considered based on the energy profile as shown in Figure 3. The energy profile is flipped 
vertically to compare it with stress-strain curves of steel and aluminum. The tensile testing machines are usually 
strain (or displacement) controlled and not stress (or load) controlled. It means that machine displaces the sam-
ple at a constant speed and force changes accordingly to sustain that speed. As material flows, the load is varied 
based on internal mechanisms in the material. For example, dislocations in metals are initially pinned and force 
is increased to unpin the dislocations. Just before the inception of the unpinning of the dislocations, upper yield 
point is observed. Once the dislocations are free to move, the load drops and lower yield point is reached after 
which the material flows spontaneously at the same loading until single slip system remains active. With the 
passage of time, multiple slip systems become active and strain-hardening takes place by Lomer-Cottrell dislo-
cations and jogs on screw dislocations which impede the dislocation glide. The load is further increased till Ul-
timate Tensile Strength (UTS) is reached. After UTS, the cross-slip and climb become mobile and load drops till 
fracture takes place. However, it should be noted that all these mechanisms are not available in graphene being 
single layer and non-metallic. Therefore, the load-displacement trend will be defined by the interplay between 
attractive and repulsive forces between the atoms. When the graphene is subjected to tensile loading, the dis-
tance between the atoms will change at a constant rate. As there are no inherent mechanisms available in gra-
phene to resist deformation except the attractive forces between atoms, therefore the load will follow the energy 
profile as shown in Figure 3 which is flipped vertically in Figure 22 for comparison with steel and aluminum 
curves. It should be noted that in both ferrous and non-ferrous metals, there are elastic and plastic regions. 

However, in graphene, bonds do not deform plastically. They are either there or not. Therefore, graphene be-
haves as elastic material from origin A till end point B. Accordingly, the stiffness becomes a function of the lo-
cation of the curve where the slope is calculated from. In addition, the slope will become a function of defects, 
topographical features, and stress concentration. Therefore, measuring elastic constants in graphene is not as 
straightforward as in simple frame-like structure. 
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Figure 20. Difference in surface areas of flat and topographically modified surfaces. Surface area 
significantly increases with textured topography.                                        

 

 
Figure 21. Strain calculations: change in length should be divided by 0L  or 0L′ ?                        

 

 
Figure 22. Comparison of stress-strain curves of ferrous, non-ferrous, and graphene.            
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3.9. Stress Concentration 
When a structural member contains a discontinuity, such as a hole, high localized stresses occur near the discon-
tinuity as shown in Figure 23. The maximum stress ( maxσ ) at the ends of the hole is given by Equation (9) [53]. 

max 1 2 a
b

σ σ  = + 
 

 

For a circular hole (a = b), maxσ  becomes three times of applied stress. The maxσ  further increases as the  
notch becomes elliptical and pointed. Therefore, a very narrow crack oriented normal to the tensile axis will re-
sult in a very high stress concentration. The effect of stress raiser is much more pronounced in a brittle material 
than in a ductile material. In a ductile material, plastic deformation occurs when the yield stress is exceeded at 
the point of maximum stress. Further increase in load produces a local increase in strain at the critically stressed 
region with little increase in stress. Because of strain hardening, the stress increases in regions adjacent to the 
stress raiser, until if the material is sufficiently ductile, the stress distribution becomes essentially uniform. 

Thus, a ductile material loaded statically will not develop the full theoretical stress-concentration factor. 
However, redistribution of stress will not occur to any extent in a brittle material. Therefore, a stress concentra-
tion of close to theoretical value will result in a brittle material. According to Griffith crack theory, discontinui-
ties in brittle materials will significantly lower the mechanical properties [54]. Therefore, when graphene sheet 
contains a notch as shown in Figure 24, it will behave as ideally brittle material since bonds do not undergo 
plastic deformation. Therefore, under the influence of applied loading and in the presence of notch, the mechan-
ical properties of graphene will suffer severe degradation. This degradation will be more severe than in 
frame-like structure as latter exhibits plastic character which is absent in the graphene structure. 

 

 
Figure 23. Variation in stress as moving away from crack tip.                                 

 

 
Figure 24. Notched-graphene sheet.                                                      
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4. Conclusion 
In conclusion, the topographical features, atomic defects, torque transmission, totally elastic behavior, and stress 
concentration are the important factors which make graphene and frame-like structures disparate. Therefore, if 
the objective is to model graphene to simulate its properties or in graphene based materials, aforementioned 
factors should be taken into account. If graphene is to be considered as frame-like structure, it should be treated 
either as crystalline hexagonal structure with localized glassy regions, or as glassy phase with localized ordered 
structure. The extent of either region should be a function of synthesis method of graphene, thermal fluctuations, 
and other service conditions. 
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