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Abstract

The work contributes to the study of equivalent continuum model that is able to describe
the elastic moduli of graphene — monolayer of carbon atoms. The moment interaction be-
tween the particles that form the lattice is described by four force constants and depends on
the position of particles and their orientation in space. An approach is applied to link the
macroscopic moduli and the parameters of interaction at microlevel based on the compari-
son of the energy of the microstructure and the energy of the equivalent continuous plate.
The comparison with structural mechanics approach is carried out and the elastic moduli are
derived for the parameters of interaction taken from AMBER force field.

1 Introduction

Graphene is the mother structure of most carbon based materials. A single 2-D sheet of graphene
is a hexagonal structure with each carbon atom forming three bonds with its nearest neighbours.
In the last decade the enhanced attention has been paid to the study of this material due to its
unique properties found (e.g. high conductivity, extremely high strength) and the recent possibility
to extract a layer of graphene one atom thick. This has induced the development of theoretical
models for graphene as well as the experimental study. The combination of atomistic simulations
and continuum elasticity focuses on graphene mechanical properties, especially as for the elastic
moduli. The experimental studies of graphene membranes suspended on a silicon substrate with
holes has been carried out using atomic force microscope [1]-[3]. The Young Modulus of graphene
sheet has been found to be around 350 N/m. As for other elastic moduli, there is still a lack of
experimental data.

Different approaches are applied to build analytical models for analysis of carbon structures.
The empirical force field models are widely used to describe the mechanical behaviour of the
systems containing significant number of atoms [4]. In [5]-[6] such models are proposed based
on the parametric many-body potentials for carbon structures [7]-[8] and the elastic moduli are
evaluated for the equivalent continuum. The mechanical properties of graphene have been derived
from the first principles in [9] — [11]. An equivalent continuum model was proposed in [12]-[14].
In [15]-[16] the molecular model based on AMBER force field constants of interaction for covalent
bonds has been linked with the space-frame structural mechanics model and FEM simulations
have been carried out. However, there is a huge scattering of the results of theoretical studies.
The number of parameters of interatomic potentials used in the studies is relatively large and the
meaning of these parameters often remains obscure. Such potentials are usually unable to satisfy
all elastic constants of the described material. Three-particle interaction, special case of many-
body potential, has been considered in [17]. The effective force constants of interaction have been
evaluated from the experimental data to provide exact matching in case of in-plane deformation
of graphene.

Covalent bond is a directional bond. This can be allowed for by taking into account a so
called moment contribution to the interatomic interaction as an alternative to many-body potential
models where the potential energy is a function of the positions of N particles regarded as material
points. This contribution is usually implicitly considered when torsional and bending properties
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of a bond are taken into account (for example, when a bond is modelled as a beam). In [18] it
was proposed to represent a particle in the lattice as a set of material points rigidly connected to
each other. The interaction between material points from different sets is described by pairwise
potential. As the result the moment component of interaction between the particles is present
introducing additional transversal stiffness. Another way to account for the moment interaction
at microlevel in an explicit form is to consider rotational degrees of freedom of particles forming
the lattice. This approach is described in [19] where the relation between constants of interaction
and the elastic moduli of in-plane deformation of graphene lattice are obtained. In this paper the
latter approach is applied to derive the equivalent continuum able to describe also out-of-plane
deformations of graphene. The material is represented as a set of particles (solids) which interact
in terms of forces and torques. A method based on the energies equivalence is applied to obtain
the relations between the constants of interaction at microlevel and elastic moduli of continuum
corresponding to the discrete structure of graphene.

2 Interatomic potential

The discrete structure of a material is presented as a set of particles with three translational and
three rotational degrees of freedom. The interaction between nearest neighbours is taken into
account. The bonds between the particles are assumed to be transversely-isotropic for the sake
of simplicity. Four force constants are proposed to describe the deformation of a bond: A; is the
bond stretching resistance force constant, Ay describes the resistance to shear deformations, Cy
— to torsion, Cs — to bending of the bond. Potential energy of elastic deformation of a crystal
structure per unit cell can be presented as a sum of potential energies of deformation of the bonds
between some reference particle in the cell and its nearest neighbours:

1
W*m;:ﬂa; (1)

where I, is a potential of interaction between the particle in the cell and its neighbour with index
«, Vp is a volume per particle in the unit cell of the lattice. In general, there can be more than
one particle in the unit cell, lattice with one particle in the unit cell is called simple and otherwise
complex. The lattice of graphene contains two particles per unit cell and thus is complex. It
consists of two triangular sublattices. The potential II, can be presented as a quadratic form of
strain vectors and stiffness tensors of the bond
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Here éa, ga, g’a are stiffness tensors of the bond « and they contain information about the
deformation of the bond in different directions:

A=A, + A (E —n4n,)
(3)
C =Cingn, +Co (E—-n,n,), an,=a,,
tensor B is equal to zero if a lattice has two normal to each other planes of symmetry [20]. It holds
true in case of graphene lattice. Vector a, connects two neighbour particles, a is a length of a
bond in equilibrium configuration, F is a unit tensor; ¢, &, are strain vectors and are expressed
as follows [20]: B

a’

Eq =Uq — U+ =0y X (@ +¢), Ko =@ — . (4)

N =

Here u,,, u, ¢ , ¢ are translations and rotations of the particle with index v and some reference
particle relative to their equilibrium position.

Equations (2) — (4) are substitutted into (1) and thus the potential energy of the system of
particles is obtained depending on position of particles u, u,,, orientation , ¢ geometry of initial
configuration @, and constants of interaction A;, Aa, C1, Cs.
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3 Towards the macroscale

Let us confront the displacements and rotations of the particles with the displacements and ro-
tations of continuum u = u(r), ¢ = ¢(r), where r is radius-vector in initial configuration. Then
displacements and rotations of neighbour particles are u, = u(r — a,,), ¢, = p(r —a,). Under
long-wave approximation? these displacement and rotations can be expressed as follows:

Uy =u+a, Vut+nG, ¢ =¢+a, Vo+ny, (5)

where V is the nabla operator. Parameter 7 is equal to 1 for lattices that contain two atoms in the
unit cell (complex lattice) and to 0 if there is only one atom in the unit cell of the lattice (simple
lattice). Vectors ¢, ¥ denote relative displacements and rotations of the particles from different
sublattices constitutting complex lattice.

Equations (5) can be substitutted in the energy W derived in the previous section. Vectors
¢, ¥ correspond to the minimum of potential energy of the lattice and thus can be found from the
system of equations

ow oW
R T (6)

Finally, the energy of the corresponding continuum W can be obtained:
W = W(VQH vfasf7A17A2;Cl7C2)- (7)
It can be also presented as a quadratic form of stiffness tensors of fourth rank and strain tensors:

1 4

1
Strain tensors are
e=Vu+Exog, E= V. 9)

In order to obtain the relations between coefficients of stiffness tensors at macrolevel and force
constants of interaction at microlevel the representations (7) and (8) should be compared.

4 The lattice of graphene
The lattice of graphene is 2D lattice where carbon atoms are located in the nodes of hexagons.
Let us introduce orthonormal basis {e;, €5, €35}, where ¢; and e, lie in the plane, e5 is normal to

the plane containing the lattice. Let us name the axes with the unit vectors e;, ey, €5 as z, y and
z, respectively. The vectors u, ¢, g, can be expressed then

u = U’x(xa y)@l + Uy(.f,y)@Q + U’Z(x7y)@37

(10)
@ =¢"(z,y)er + ¢¥ (@, y)ex + 0 (2, y)es,
and vectors g, are
ay =€y, y=—te;+Ley a3 =—Le, — Lo, (11)

Derivation of the relations between the coefficients of the stiffness tensors of corresponding con-
tinuum and parameters of interactions at microlevel is carried out by comparing the multipliers of

3 3 x x z z wi X z z M
similar terms of u?, uly, uy, uY, uly, ui, 0%, 0, 0% Y Pl s Pas Py P2 1D (7) and (8).

2The expansion is valid for the waves with lengthes far larger than interatomic distance a, in initial configuration
which is assumed to be a small parameter.
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A comma stands for the first derivative with respect to the coordinate that follows. Finally, the
coefficients of the stiffness tensors 4é1, 4g are expressed as:

A1111 = A2222 = ?%, CV1111 = 02222 = %%7
Aq190 = Aoy = %%; Cri122 = Ca211 = %%,
Ag212 = Ag121 = ?%, Ci212 = C2121 = %%7 (12)
Aqoo1 = As110 = %%; C1201 = Co112 = %%,

Aszi31 = Aszeza = 57 Cs131 = C3232 = 5°

The left column shows nonzero components of tensor A and the right one — of tensor *C. The
obtained equivalent plate is invariant to the rotation around its normal e5 and reflection from itself
and from two mutually orthogonal planes. This leads to the same symmetry of stiffness tensors due
to Curie’s Principle and this symmetry is reflected in the results (12) [21]. The relation between
some of the components takes place due to the mentioned isotropy:

A1212 + A1221 = Allll - A1122; C'1212 + C'1221 = Cllll - C'1122- (13)

Another relation can be derived from the system of equations (12):

2 2
A1111 B A1122 01221 _ C’1122(6’1111 - C41122)

, 14
3A1122 + A1 3C1122 + Cii11 (14)

Asi31 =

All the components of tensor 4§ turned out to be zero — this can also be predicted by applying
the theory of symmetry [21]. Tensor 4é provides a relation between stress tensor T' and strain
tensor ¢ and tensor 4g’ — between couple stress tensor M and strains s:

Ti1 = Aqiii€11 + Ari22€22,  Tho = Asori€11 + Aooooean, T = Araoi€12 + A1212€21

T = Aoio1€12 + Aoi12€21, Tz = Asizi€is, To3 = Asza32€23
(15)
M1 = Crinikin + Crioakaz, Moz = Cooriki1 + Cagaokion, Mo = Ciaoiki2 + Ciai2ko1
Mis = Cor21k12 + Cori2k21, Mig = Cs131K13, M3y = Csa32k03.
The components of strain tensors e, x are:
e =ul, fi2=uf -7, ez =uL Y, o =ul 4+ ¢F,
€22 = uY, €23 =u —¢%, K1 = @7, K21 = @7, (16)
K12 = @Y%, Koz = @Y, K13 = 07, K23 = 7y

The components of the stiffness tensors have the following physical meaning: Aj11; describes the

stretching properties of the material, A1120 — the Poisson effect, A1210 and Aj991 relate shear
strains and stresses in the plane determined by vectors ¢;, e, and As131 — in orthogonal plane.
C1111 describes torsion properties of the material, Cj207 — analogue of Poisson effect in case of

torsions. Let us define bending stiffness of the material D as a coefficient between couple stress
in a section orthogonal to e; and strain k12 (or e; and ko1). This coefficient is equal to Cia12 (or
Ca121):

_ V3 Cy(Ca +3C))

D
6 Ch+Cy

(17)
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There is a lack of experiments to determine all of the macroscopic moduli. In order to reduce
the number of independent macroscopic moduli a simpler theory can be taken into consideration.
Due to the momentless (symmetric) theory the in-plane moduli of tensor A should be invariant
to transposition of the pairs of indices 12 and 21. For this purpose a new component Alo1s
corresponding to the simpler theory should be taken as (Aj212 + A1201)/2:

Ao = Alooy = A%y = Ady1p = \/Tgﬁ~ (18)
The results for coefifcients A1111 and Aj122 that describe in-plane deformation correspond with
the results obtained in [19] where experimental data for bulk graphite was applied to find the
values of force constants A; and As. It turned out that As/A; = 0.55: transversal stiffness of
covalent bond is the same order as longitudinal one and thus needs to be taken into account. The
analysis of relations (18) shows that the Poisson effect is eliminated when A; = Aj. The same
phenomenon takes place in case of equality of torsion and bending stiffnesses C'y and Cs: there is
no twisting in the direction orthogonal to the direction where twisting moment is applied.

5 Comparison with the structural mechanics approach

The method of the linkage of molecular mechanics and structural mechanics was proposed in [16]—
[15] to use the AMBER force field [22] for the simulation of covalent bonds. From the viewpoint
of molecular mechanics carbon structure can be regarded as a large molecule consisting of carbon
atoms. The interactions between the atoms can be described by some force field. The representa-
tion of this field as a sum of potential energies that correspond to different interactions is widely
used in literature:

U=S"U+Y Up+ > Up+ > U+ U (19)

Here U, corresponds to a bond stretching, Up is for bond angle bending, U, — dihedral angle
torsion, U,, — out-of-plane torsion, U,q,, — nonbonded van der Waals interaction. For covalent
systems the main contribution comes from the first four terms which include four-body potentials.
Under assumption of small deformations the simplest harmonic forms of the energies can be con-
sidered. The third and the fourth terms are usually merged to a single equivalent term U,. After
that three harmonic forms are left:

1 1 1
Ur = Ske(&r)’, Uy = Sko(A0)?,  Us = Ske(A), (20)

where k., kg, k. are force constants and Ar, Af, Ap are corresponding strains.

In [15] it is assumed that carbon-carbon bond can be simulated by uniform round beam-like
element with parameters FI, EA and GJ, where E is the Young modulus of a beam, [ is the
moment of inertia J is the polar moment of inertia, G is the shear modulus, A is the cross-section
area. This parameters are determined by comparing the energies of the deformation of a bond
subjected to pure axial force, to pure bending moment and pure torsion:

1EA
Ua= iT(AL)Q, Um

_1EI
2L

o, Ur=1% gy (21)
2 L

It is taken into account that each energy term in (20) represents individual interaction without

cross-interactions and that’s why strain energies of structural element under individual forces are

considered. L is the length of a beam and is assumed to be equal to 0.142 nm — the length of a

covalent bond in graphene. By assuming the equivalences

AL < Ar, 20 <— A¥, AB — Ay (22)

and comparing (20) to (21) the following relations are obtained:

ETA:]CM E_I:kea g:

7 =k (23)
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The values for k., kg, k, taken from the AMBER force field [22] are:

kr =6.52-10""N nm ™!, ko = 8.76 - 101N nm rad 2,
(24)
k, =2.78 - 107N nm rad 2.

The stiffnesses Ay, Ay, C1, Co can be linked with parameters of the beams and thus with force field
constants. For Bernoully-Euler beam the relations between the stiffness constants and parameters
of a beam are:

EA EI GJ _ 12E1

1= 7 2 2 e (25)
Comparing (23) and (25) and taking into account (24) the following values for the stiffness coeffi-
cients are obtained:

Ap = 652N/m, Ay =52IN/m, C; =27-10""Nnm, C,=8.7-10"""N nm. (26)
Then the following values for stiffness coefficients of macroscopic material can be obtained:
A1 =355 N/m, Cii11=2-107Y Nm;
Aj12 =21 N/m, Ciio2=-04-10"1 Nm;
A%y =167 N/m, Cia12 =3.7-1071° N m;
Az131 =301 N/m, Cjao1 =—-13-1071 Nm.

The results for in-plane moduli Aj111, A1122 give a good correspondence with the results derived
from experimental data for bulk graphite [17]. The negative values of C{i5, and Cjy,; do not
disrupt the positiveness of the potential energy quadratic form that requires the positiveness of
the matrixes of the stiffness tensors.

6 Conclusions

The model of the discrete structure of graphene lattice is considered. Four parameters are in-
troduced to model the linear deformation of the covalent bond. Under assumption of long-wave
approximation the equivalent continuum is derived. The relations between the elastic moduli of the
continuum and the parameters at microlevel are obtained. Thus, if the experiments allow to calcu-
late the macroscopic parameters of interatomic interactions, the elastic moduli can be determined,
and vice versa. The available experimental data allow to determine the in-plane components of
tensor *A. Component As3; can be determined then for the present model when parameter A,
is evaluated using the relations with known macroscopic moduli. There is a need to carry out ex-
periments that are able to estimate the moduli of tensor *C. These moduli can be also estimated
if parameters of interaction at microlevel are known, for example, from some new experiments
or force fields that are already in use. Additional verification is desirable for the results for the
components of tensor 4g derived from the parameters of AMBER force field.

References

[1] LW. Frank, D.M. Tanenbaum, A.M. Van der Zande, P.L. McEuen Mechanical properties of
suspended graphene sheets J. Vac. Sci. Technol. B 25 2558-61 (2007)

[2] Changgu Lee et al. Measurement of the Elastic Properties and Intrinsic Strength of Monolayer
Graphene Science 321 385-388 (2008)

[3] M. Poot, H.S.J. van der Zant Nanomechanical properties of few-layer graphene membranes
Applied Physics Letters 92(6) (2008)

388



Description of equivalent elastic continuum for graphene lattice

[4]

18]

[19]

A R. Leach, Molecular modelling principles and applications, second edition, Pearson Educa-
tion Limited 2001

M. Arroyo, T. Belytschko Finite crystal elasticity of carbon nanotubes based on the exponen-
tial Cauchy-Born rule Physical Review B 69 (11) (2004)

Y. Huang, J. Wu, K.C. Hwang Thickness of graphene and single-wall carbon nanotubes Phys-
ical Review B 74 (24) (2006)

J. Tersoff Empirical interatomic potential for carbon, with application to amorphous carbon
Phys. Rev. Lett. 61 2879 (1988)

D.W. Brenner Empirical potential for hydrocarbons for use in simulating the chemical vapor
deposition of diamond films Phys. Rev. B 42 9458 (1990)

K.N. Kudin, G.E. Scuseria, B.I. Yakobson C2F, BN, and C nanoshell elasticity from ab initio
computations Physical Review B 64 (23) (2001)

G. Van Lier, C.V. Alsenoy, V.V. Doren, P. Geerlings Ab initio study of the elastic properties of
single-walled carbon nanotubes and graphene Chemical Physics Letters 326(1-2): p. 181-185
(2000)

F. Liu, P.M. Ming, J. Li Ab initio calculation of ideal strength and phonon instability of
graphene under tension Physical Review B 76(6) (2007)

C.D. Reddy, S. Rajendran, K.M. Liew Equilibrium configuration and continuum elastic prop-
erties of finite sized graphene Nanotechnology 17(3): p. 864-870(2006)

G.M. Odegard , T.S. Gates, L.M. Nicholson, K.E. Wise Equivalent-nontinuum modeling of
nano-structured materials Comp. Sci. and Tech. 62 1869-1880(2002)

R.V. Goldstein, A.V. Chentsov, Discrete-continual model of nanotube, Izv. RAS, MTT 2005,
No. 4, p. 57-74.(in Russian)

K.I. Tserpes, P. Papanikos, Finite element modeling of single-walled carbon nanotubes, Com-
posites: Part B 36 (2005) 468-477

Chunyu Li, Tsu-Wei Chou, A structural mechanics approach for the analysis of carbon nan-
otubes, Int. J. of Solids and Structures 40 (2003) 24872499

LE. Berinskiy, A.M. Krivtsov, A.M. Kudarova, Determination of macroscopic characteristics
for graphene layer using angle-depending atomic interactions. Proceedings of XXXVI Inter-
national summer school-conference APM’2008. p. 122-132

L.E. Berinskiy, E.A. Ivanova, A.M. Krivtsov, N.F. Morozov, Application of moment interaction
to the construction of a stable model of graphite crystal lattice, Mechanics of Solids, 2007,
Vol. 42, No. 5, pp. 663-671

E.A. Ivanova, A.M. Krivtsov, N.F. Morozov, Derivation of macroscopic relations of the elastic-
ity of complex crystal lattices taking into account the moment interactions at the microlevel.
J. of App. Math. and Mech., 2007; 71 (4). pp. 543-561

E.A. Ivanova, A.M. Krivtsov, N.F. Morozov, A.D. Firsova, Description of crystal packing of
particles takin into account moment interactions, Mechanics of solids, 4, 2003

P.A. Zhilin, The foundations of the theory of shells, St. Petersburg, 2006 (in Russian)

Cornell WD, Cieplak P, Bayly CI, Gould IR, Merz KM, Ferguson DM, et al. A second gen-
eration force-field for the simulation of proteins, nucleic acids and organic molecules. J Am
Chem Soc 1995;117:5179-97

389



Proceedings of XXXVIII International Summer School-Conference APM 2010

Asiya M. Kudarova, Institute for Problems in Mechanical Engineering RAS, Bolshoy pr. V.O. 61, 199178,
Saint Petersburg, Russia

Anton M. Krivtsov, Institute for Problems in Mechanical Engineering RAS, Bolshoy pr. V.O. 61, 199178,
Saint Petersburg, Russia

390



