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Invariant-based hyperelastic constitutive model for hexagonal two-dimensional materials
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A general hyperelastic constitutive model for hexagonal two-dimensional (2D) materials is presented, wherein
the strain energy density is expressed in terms of the invariants of the Green—St. Venant strain tensor. The
functional dependence of the strain energy density on the strain tensor is elucidated through the introduction of
new invariants that capture the contributions of dilatational, deviatoric, and strain-induced anisotropy effects. The
strain energy density is formulated in terms of these new invariants and the corresponding second Piola-Kirchhoff
stress tensor is obtained. A specific form of the constitutive model, characterized by seven elastic constants, is
presented and a methodology for systematically evaluating the elastic constants is provided. A general expression
for the tangent stiffness tensor is provided based on the new invariants. Additionally, the constitutive model
is linearized for infinitesimal deformations and expressions for the Young’s modulus, Poisson’s ratio, and
shear modulus are derived. Expressions for the layer modulus and speed of sound of hexagonal 2D materials
are presented in terms of the linearized elastic properties. The nonlinear elastic behavior of graphene and
molybdenum disulfide is investigated using the proposed approach. The constitutive model is validated using
density functional theory data and the linearized elastic properties of graphene and molybdenum disulfide
are compared with values reported in the literature. The proposed constitutive model accurately captures the
nonlinear elastic response of graphene and molybdenum disulfide and can be adapted to study other 2D materials

of hexagonal symmetry.

DOI: 10.1103/35fw-813c

I. INTRODUCTION

Two-dimensional (2D) materials are materials consisting
of a single layer of atoms or a few tightly bonded layers
of atoms [1-3]. Examples of 2D materials include graphene
[4], black phosphorus [5], and molybdenum disulfide [4].
The salient physical properties of 2D materials, such as high
stiffnesses and strengths [6,7] and high conductivity [2], have
made them an important topic of investigation. The nonlinear
elastic behavior of 2D materials is particularly of interest due
to applications in fields such as flexible electronics [8] and
strain sensing [9,10], where 2D materials may be subjected to
large deformations. Furthermore, the electrical properties and
band gap of 2D materials can be tuned by applying strains,
including large deformations, which is referred to as strain-
tronics or strain engineering (e.g., see [11,12]).

The elastic properties of 2D materials subjected to in-
finitesimal deformations have been evaluated in the literature
through computational methods [6,13,14] and experimental
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studies [15-17]. Furthermore, the nonlinear elastic behavior
of 2D materials such as graphene [18], molybdenum disulfide
[19], silicon carbide [20], and black phosphorus [21] has been
studied in the literature. In particular, constitutive models that
relate the strain energy density, or the stress, to a strain or de-
formation tensor have been developed for the nonlinear elastic
behavior of 2D materials. Cadelano et al. [22] expanded the
strain energy density as a cubic function in terms of the strains
and used tight-binding atomistic simulations to retrieve the
elastic constants of graphene. Wei et al. [23] noted that the
third-order expansion is insufficient to capture the nonlinear
elastic behavior of graphene and presented a fifth-order Mur-
naghan constitutive model to study graphene. Murnaghan’s
constitutive model [24-27] is a thermodynamically consistent
series expansion of the strain energy density in terms of the
components of the Green—St. Venant strain tensor E (e.g.,
see [28,29]) that has been successfully applied to 2D mate-
rials of various symmetries such as black phosphorus [30,31],
graphene [23], silicon carbide [32], germanium carbide [33],
hexagonal boron nitride [34], molybdenum disulfide [17],
borophene [35], graphyne [36], and antiferromagnetic MnPS3
[37]. The effect of the polynomial order of the constitutive
model on the accuracy of the strain energy density has been
systematically investigated in [30].

A widely used approach for deriving nonlinear consti-
tutive models for elastic materials involves expressing the
strain energy density as a function of the invariants of strain
tensors or other deformation tensors, as commonly done in
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rubber elasticity (e.g., see [38—40]). Xu et al. [41] proposed
a phenomenological constitutive model wherein the strain
energy density is a function of the invariants of the right
Cauchy-Green deformation tensor C (e.g., see [29]). In order
to account for the deformation-induced anisotropy at large
strains, they assumed that the strain energy density also de-
pends on the components of the Green—St. Venant strain
tensor through Heaviside step functions. Subsequently, they
derived an expression for the Cauchy stress based on the pro-
posed form of the strain energy density, and presented results
for graphene. Kumar and Parks [42] proposed a constitutive
model for graphene based on the invariants of the logarithmic
strain [43-46]. The approach presented by Kumar and Parks
[42] is rigorously based on the theory of representation of
scalar functions of a tensor in terms of isotropic invariants and
a structure tensor (e.g., see [47]) that takes into account mate-
rial symmetry and deformation-induced anisotropy. Ghaffari
et al. [48] presented a constitutive model for hexagonal blue
phosphorus using the approach of Kumar and Parks. Holler
et al. [49] derived a constitutive model for graphene using the
approach proposed by Kumar and Parks [42], but employed
the invariants of the Green—St. Venant strain tensor rather
than those of the logarithmic strain. In their formulation, they
[49] introduce 11 new invariants and express the strain energy
density in terms of the new invariants and the three invariants
of the Green—St. Venant strain tensor.

When developing constitutive models, the objective is to
accurately represent the elastic response of the material for
arbitrary deformations with the fewest number of elastic con-
stants. As the number of elastic constants increases, so does
the computational effort required to determine the constants.
Although Murnaghan’s constitutive model has been success-
fully applied to hexagonal 2D materials, it involves a large
number of elastic constants (e.g., see [30]) along with addi-
tional linear relations between them, which complicates the
formulation and increases the computational effort required
to determine the constants. Furthermore, Murnaghan’s model
is based on a series expansion in terms of the components
of the Green—St. Venant strain tensor which obscures the
mechanics of the material and does not include a priori the
symmetry information in the constitutive model. As a result,
the linear dependence between the elastic constants needs to
be separately derived (e.g., see [42]). The constitutive model
proposed by Xu et al. [41] uses Heaviside step functions,
which increases the complexity of the constitutive model and
introduces 10 elastic constants that need to be determined.
In contrast, the constitutive model proposed by Kumar and
Parks [42] includes only seven elastic constants and accurately
predicts the stress-strain behavior of graphene up to large
strains. However, it requires the evaluation of the eigenval-
ues and eigenvectors of the deformation gradient to evaluate
the strain energy density. Furthermore, the calculation of the
Cauchy or the second Piola-Kirchhoff stress tensor in their
constitutive model requires the evaluation of fourth-order
tensor derivatives, which increases the complexity of the for-
mulation. The constitutive model proposed by Holler et al.
[49] includes 14 elastic constants. We note that hexagonal
2D materials exhibit isotropic behavior in the linear elastic
regime [22]. However, isotropic elasticity does not accu-
rately describe the elastic response of hexagonal 2D materials

under large strains due to the deformation-induced and inher-
ent anisotropy.

In this paper, we propose a constitutive model for free-
standing hexagonal 2D materials wherein the strain energy
density is expressed as a function of the invariants of the
Green—St. Venant strain tensor E, which include the con-
tribution of a structure tensor that captures the effects of
material symmetry and deformation-induced anisotropy. The
constitutive model in the current work is derived employing
a similar approach to that used by Kumar and Parks for
graphene [42,47] albeit using a different deformation mea-
sure. To distinguish the contributions of different deformation
modes, new invariants are introduced to discern the contri-
butions of dilatational deformations, deviatoric deformations,
and deformation-induced anisotropy effects. The strain energy
density is expressed as a general function of these invariants,
and the second Piola-Kirchhoff stress tensor and tangent stift-
ness tensor are derived in terms of the Green—St. Venant strain
tensor and those invariants. A specific form for the strain
energy density that involves seven elastic constants is pro-
posed. Relations between the elastic constants of the proposed
model and the second- and third-order elastic constants of
Murnaghan’s model [24-27] are presented. When expanded
as a power series in terms of the Green—St. Venant strain
components, the proposed form of the strain energy density is
shown to exhibit the correct distribution of linearly indepen-
dent elastic constants for hexagonal 2D materials. The elastic
constants are evaluated using an extension of the ray-based
methodology [30,31], which consists of evaluating the strain
energy density of 2D materials along rays in deformation
space using density functional theory. The constitutive model
is then fitted to the density functional theory data to evaluate
the elastic constants. The proposed model is linearized for
infinitesimal deformations and the linearized elastic properties
are obtained. Expressions for the layer modulus [50] and
longitudinal and transverse speed of sound (e.g., see [51])
in the material are presented based on the elastic constants.
The proposed formulation is used to investigate the nonlinear
elastic behavior of graphene and molybdenum disulfide, and
their elastic constants are presented. The constitutive model
is validated by comparing its predictions for the strain en-
ergies, stresses, and Poisson’s effects with results obtained
from density functional theory and with those from a fifth-
order Murnaghan model. Additionally, the variation of the
tangent elastic properties of both materials is compared with
those obtained using a fifth-order Murnaghan model. While
the predictions of Murnaghan’s model for the strain energies,
stresses, Poisson’s effects, and tangent moduli are accurate,
the proposed model is simpler to implement and includes a
smaller number of elastic constants without significant loss
of accuracy. Finally, the linearized elastic properties, layer
modulus, and speed of sound are evaluated for both materials
and compared to values reported in the literature.

This paper is organized as follows. In Sec. II, we formu-
late the invariant-based constitutive model. The dilatational,
deviatoric, and anisotropic invariants are defined based on
the symmetry invariants of the Green—St. Venant strain ten-
sor. Subsequently, expressions for the strain energy density
as a function of the newly defined invariants are presented.
Furthermore, an expression for the second Piola-Kirchhoff
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FIG. 1. Schematic of a 2D material with its equivalent continuum. The coordinate basis vectors ey, €, and e3 are shown.

stress tensor as a function of the Green—St. Venant strain
tensor is presented. The constitutive model is linearized and
expressions for the linearized elastic properties are presented
in Sec. III. Furthermore, a general expression of the tan-
gent moduli in terms of the newly defined invariants and the
Green—St. Venant strain tensor is presented. The correspon-
dence of the proposed constitutive model with Murnaghan’s
model is discussed in Sec. IV. A methodology for the eval-
uation of the elastic constants is proposed in Sec. V. The
constitutive model is used to study the nonlinear elastic be-
havior of graphene and molybdenum disulfide in Sec. VI. The
summary and conclusions are presented in Sec. VIL.

II. HYPERELASTIC CONSTITUTIVE MODEL
FOR HEXAGONAL 2D MATERIALS

Figure 1 shows a schematic of a 2D material represented
by A along with its equivalent continuum represented by
the domain %, which is assumed to have the same in-plane
dimensions and physical response as the 2D material [30].
Since the physical response of the equivalent continuum is
assumed to be identical to that of the 2D material, the strain
energy density W stored in the equivalent continuum equals
that stored in the 2D material for the same deformation, i.e.,
Wa = We (cf. Fig. 1). The general coordinate basis vectors
ey, 3, and e3 are shown in Fig. 1. The strain energy density of
the 2D material is calculated through density functional theory
and used to evaluate the elastic constants of the hyperelastic
constitutive model proposed for the equivalent continuum. It
is noted that the materials are assumed to be in a state of plane
stress since the atoms in 2D materials are generally free to
move in the out-of-plane direction (e.g., see [30]).

We adopt a hyperelastic formulation wherein the constitu-
tive model is defined using a strain energy density function
(e.g., see [28,40,52]) and a stress tensor is obtained through
differentiation of the strain energy density with respect to a
strain measure. The strain energy density W is defined as the
elastic energy stored in the material per unit undeformed area
due to deformation (e.g., see [30,40]) and is expressed as a
function of a suitable deformation measure.

In the current work, the strain energy density W of 2D
materials is expressed as a function of the Green—St. Venant
strain tensor (e.g., see [29]),

W =W(E), ey

where E is the Green—St. Venant strain tensor, defined as (e.g.,
see [28,29])

E=3(F"F -, )

in which F is the deformation gradient tensor (e.g., see
[28,29,52]) and I represents the identity tensor. It is noted
that the tensor E is an objective measure of deformation since
it satisfies material-frame indifference (e.g., see [28,53]). In
the case of 2D materials, tensors, e.g., E, are expressed in
a Cartesian coordinate system as 2 x 2 matrices. We use the
ground state of the 2D materials as the undeformed reference
configuration for the elastic analysis.

Since the strain energy density is a scalar function of the
symmetric tensor E [cf. Eq. (1)], we use the theory of scalar
functions of a tensor (e.g., see [47]) to develop a constitutive
model. We represent the symmetry group of hexagonal 2D
materials by G. The strain energy function needs to be G
invariant (e.g., see [42]), i.e.,

W(E)=WITET), VI e€G CSOQ), ?3)

where SO(2) represents the rotation group of 2 x 2 orthogonal
matrices with determinant equal to one (e.g., see [54]). By the
isotropicization theorem (e.g., see [47]), a G-invariant scalar
function of a symmetric tensor agency can be written in terms
of isotropic invariants and a structure tensor that represents
the symmetry of the material (e.g., see [42]). In the case
of a hexagonal 2D material, the in-plane, two-dimensional,
symmetry group is Cg, (€.g., graphene; see [42]) or C3, (e.g.,
transition-metal dichalcogenides such as molybdenum disul-
fide; see [55]) and the associated sixth-order structure tensor
has the form [42,47]

H=MIMIM-MINQIN+NOMQRN
+NQONQ®M), “

where M and N are symmetric traceless 2 x 2 tensors defined
in the global basis {e;} as

1 0 0 1

Mz[o _1], N=|:1 O] )

The symmetry invariants of the strain tensor E with re-

spect to the Cg, and the Cs;, symmetry groups are identical

[47]. Therefore, the structure tensor H is the same for both

symmetry groups. The strain energy density function can be

expressed in terms of the invariants of the strain tensor E as
follows [47]:

W =W, 1, I3), (6)

where 7, is the first invariant and Z, is the second invariant,
which are, respectively, defined as follows:

Il = tI'E,
7T, = detE. 7
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The third invariant Z3 is defined using the structure tensor
H [42,47,49] and is evaluated as follows [42,48,49]:

I;=[(H:E):E]:E=M:E)—3WM :E)N : E)?,

)]
where the double-dot product of two tensors is defined as
A : B =tr(ATB) (e.g., see [28,29]). Accordingly, the third in-
variant of the Green—St. Venant strain tensor can be expressed
as I3 = (El] — E22)3 — 3(E11 — Ezz)(ZElz)z. The invariants
T\, I, and 75 are termed the symmetry invariants (e.g., see
[42]) of the Green—St. Venant strain tensor.

It is noted that the second invariant Z, has been modified
from that presented in [47], where it is defined as tr(E?).
In the case of matrices E of size 2 x 2, detE and tr(E?)
are related through det E = (1/2)[(trE)?> — tr(E 2)]. Since any
combination of the invariants is also an invariant, we define
the second invariant 7, as det E for the sake of convenience.

A. Dilatational, deviatoric, and anisotropic invariants

While the strain energy can be expressed in terms of the
three symmetry invariants of the Green—St. Venant strain
tensor E, the functional dependence on these invariants is
unclear. Therefore, we define new invariants that are based on
the three symmetry invariants and have physical significance
for common deformations such as equibiaxial stretching and
pure shear. The invariants, termed the dilatational, deviatoric,

J

)

The dilatational, deviatoric, and anisotropic invariants for
this general deformation, obtained using Eqgs. (7)-(10), are

Lgii = Aarp — 1,
2
Toew = +(A2 — 23)",
3
Taniso = 3(A2 —217)" cos 6. (11)

Consider the deformation corresponding to equibiaxial
stretching, wherein A, = A, = A. In this case, the dilatational
invariant Zg; = A2 — 1, which correctly captures the change
in area per unit reference area of the material. As expected,
the deviatoric invariant Zg., = 0 since equibiaxial stretch does
not change the overall shape of the material. Furthermore,
Taniso = 0 since equibiaxial stretch does not induce any
anisotropy because the atoms continue to remain in a regular
hexagonal arrangement after deformation.

When the material is subjected to pure shear, the prin-
cipal stretch ratios are given by A, = A and A, = 1/A. The
dilatational invariant Zg; = 0, as expected, since the deforma-
tion does not induce any change in area. The corresponding
deviatoric invariant Zgey, = (1/ 4H(? -1 / 22)? is nonzero and
increases with increasing deformation. Furthermore, the
anisotropic invariant Zyniso = (1/8)(A* — 1/A%)% cos 6 de-
pends on both A and ® and captures the anisotropy induced by
pure shear. It is noted that the cos 6@ term in Z,;5, captures
the inherent sixfold rotational symmetry of the hexagonal

1| A2cos® ® + A7 sin” @ — 1
(A2 — A7) cos ® sin

and anisotropic invariants, are defined as follows:

Tan=v1+271+41, -1,
Toey = 1-12 — 41,
Ianiso = I3~ (9)

The dilatational invariant Zg; quantifies the change in area per
unit undeformed area of the material. The deviatoric invariant
Z4ev quantifies shape-changing deformations. Hexagonal 2D
materials behave isotropically for infinitesimal deformations
and they exhibit progressively increasing anisotropy as the
deformation increases [22]. The anisotropic invariant Zypiso
quantifies the deformation-induced anisotropy by virtue of its
dependence on the structure tensor. The anisotropic invariant
Taniso has a cubic dependence on the components of E and has
a more pronounced effect on the strain energy and stresses as
the deformations become larger. The newly defined invariants
can be used to model arbitrary 2D materials of hexagonal
symmetry.

To illustrate the significance of the new invariants, we
consider a general deformation that is characterized by the
principal stretches A, and A, oriented at angle @, as depicted
in Fig. 2. The principal stretches are the eigenvalues of the
right Cauchy stretch tensor (e.g., see [28]). A tensor trans-
formation from the principal coordinate system yields the
following Green—St. Venant strain tensor in the ej-e, basis:

(A2 — A3) cos ®sin :| a0

A2sin* @ + A2 cos*  — 1

(

material. Similarly, it can be shown that when the material is
subjected to simple shear, the dilatational invariant Zg; = 0,
as expected, and the deviatoric invariant Zg., increases with
increasing shear strain.

In the present formulation, the strain energy density is ex-
pressed in terms of the dilatational, deviatoric, and anisotropic

FIG. 2. Schematic of the principal stretches A, and A, along
principal directions oriented at an angle & with respect to the e; axis.
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invariants as

W = W(Idila Ider Ianiso)- (12)

While the dependence of the strain energy density on the
invariants may, in principle, be arbitrary, we express it as a
power series in terms of Zg;, Zgey, and Zypiso- For a polynomial
of order N, the strain energy density can be written as

W= > CupZTiyTs Ih

dev “aniso*
m—+n+p<N

13)

It is noted that the three invariants Zg;, Zgey, and Z,,iso Vanish
in the absence of deformation, i.e., when E = (0. Conse-
quently, the strain energy density W = 0 in the undeformed
configuration, i.e., the ground state. The strain energy density
form presented in Eq. (13) is expected to be valid, in principle,
for arbitrary 2D materials of hexagonal symmetry. A specific
form for the strain energy density used in this paper is given
in Sec. IIC.

B. Second Piola-Kirchhoff and Cauchy stress tensors

The second Piola-Kirchhoff stress tensor S (e.g., see
[28,29]) is obtained through the differentiation of the strain
energy density with respect to the Green—St. Venant strain
tensor (e.g., see [28,52,56]),

5=

oE

In this work, the strain energy density is expressed in terms
of the dilatational, deviatoric, and anisotropic invariants, as
shown in Eq. (12). The corresponding second Piola-Kirchhoff
stress tensor, obtained by differentiating the strain energy
density with respect to the Green—St. Venant strain using the
invariants, is

_OW 0Ty | OW 0Ty W 0Zumiso
" 3Ty OE  0T4e, OE Tuiso OE

The partial derivatives of the invariants, defined in Eq. (9),
with respect to the Green—St. Venant strain tensor, are

(14)

5)

0Zgy  1+2u(E)
E ~ Ta+1  Ig+1
Loy _yp 2@,
JE
8Ianiso
oE

=3{[((M:E)>— (N :E)* IM—2(M : E)N : E)N}.

’

(16)

It is noted that the Cayley-Hamilton theorem (e.g., see [57,58]),i.e., E 2 tr(E)E + det(E)I = 0, has been used to obtain the

derivative of Zg; and Z4.y With respect to E.

Substitution of Eq. (16) into Eq. (15) yields the second Piola-Kirchhoff stress tensor,

— —21tr(E
0Zgi rE)

S_[1+2tr(E) ow ow

Zan + 1

+3

8Ianiso

where the tensors M and N have been defined in Eq. (5),
and the double-dot products M : E = E|; — Ey,andN : E =
2 Ey,. The Cauchy stress tensor o is obtained from the second
Piola-Kirchhoff stress tensor as follows (e.g., see [28,29]):

1 T
o=-FSF", (18)

J
where J = detF. It is noted that a deformation gradient F
corresponding to a prescribed Green—St. Venant strain tensor
E can be evaluated using the Cholesky decomposition of
the right Cauchy-Green deformation tensor C = 2E + 1, as
shown in [13].

Since the ground state of 2D materials is stress free, the
stress tensor S must vanish in the absence of deformation.
This restriction imposes a consistency condition that the con-
stitutive model must satisfy. When E = 0, we have Zg; = 0,
Zgev =0 and M : E)= (N :E) =0, and it follows from
Eq. (17) that

ow

IV . (19)
0Z4il |g—o

d dev

({M:EY = (N:E*IM —2M : E)(N : E)N},

ow 1 ow
}1 + z[z - ]E
0Zgey  Tau + 101y

a7

The functional form of the strain energy density in terms
of the invariants in Eq. (12) may, in general, be arbitrary
provided the consistency condition in Eq. (19) is satisfied.

C. Proposed form for the strain energy density

We examined the effectiveness of the power series repre-
sentation of the strain energy density, given in Eq. (13), in
capturing the elastic response of representative 2D materials,
such as graphene and molybdenum disulfide. The order of the
series was increased and the accuracy of the strain energy
was systematically evaluated. The only terms retained were
those that exhibited a significant influence on the strain energy
density. To further reduce the number of elastic constants, the
polynomial terms involving only the dilatational invariant Zg;
were replaced by a two-parameter function inspired by the
Varshni potential [59,60]. The resulting strain energy density
has the following functional form:

W =D(1 — e PTa? 4 (Co + C) Zaa + Co T2) Laen

+ (Ao + A1 Zain)Zanisos (20)
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where D, B, C;, and A; are elastic constants. The proposed
constitutive model includes a total of seven elastic constants
and satisfies the consistency condition shown in Eq. (19). The
first term in Eq. (20), namely, D(1 — e~#Za)2 captures the
contribution of area-changing deformations to the strain en-
ergy density and is based on the functional form of the Varshni
potential [59,60]. For example, under equibiaxial stretch, both
Tiev = 0 and Zyni50 = 0, so this term captures the strain en-
ergy response due to the change in area when the material
is subjected to dilatational deformations. It is noted that it
is possible to use a polynomial function in terms of Zy; to
capture the effect of the dilatational deformations on the strain
energy density. However, a quadratic function in terms of Zg;,
which includes three elastic constants, is generally insufficient
to accurately capture the dilatational strain energy curve of
arbitrary hexagonal 2D materials. While higher-order polyno-
mials can be used, they require additional elastic constants, as
opposed to the chosen exponential form which includes only
two elastic constants.

The second term of the strain energy function in Eq. (20)
captures the contribution of shape-changing deformations,
such as pure shear and simple shear. The coefficient of the
deviatoric invariant Z4., in Eq. (20), namely, Cy 4+ C; Zgi; +
G Igﬂ, reflects the observed dependence of the shear response
on the underlying dilatational deformation. Similarly, the
term (Ag + A Zgi1 ) Zaniso accounts for the anisotropic material
response due to deformation. In the absence of this term,
the strain energy density function would describe a purely
isotropic response.

The strain energy form proposed in Eq. (20) is expected to
be applicable to arbitrary 2D materials of hexagonal symme-
try. However, additional terms may be necessary for increased
accuracy. The second Piola-Kirchhoff stress tensor S and the
Cauchy stress tensor ¢ corresponding to the proposed strain
energy function in Eq. (20) are obtained using Eq. (17) and
Eq. (18), respectively.

III. TANGENT AND LINEARIZED ELASTIC PROPERTIES

A. Linearized constitutive equation
for infinitesimal deformations

In the case of infinitesimal deformations, the Green—St.
Venant strain tensor E reduces to the infinitesimal strain ten-
sor € (e.g., see [52]) and the second Piola-Kirchhoff stress
tensor reduces to the Cauchy stress o (e.g., see [28]). Fur-
thermore, Zg; reduces to tr & and the invariants Zgey and Z,niso
reduce to zero. Using Eq. (17) and the form of the strain
energy presented in Eq. (20), we systematically eliminate
higher-order terms of & to obtain the following linearized
constitutive equation:

o= tr(e) 4 2pue, (21)
where the Lamé constants { and u are given by
¢ =2DB* - Co), p=2C. (22)

J

*w

a (oW _ 2t1’(E)—|—11 2 g
oE \ 0Zx - Tan+ 1 Tan+ 1 0Z4i10Lx

Equation (21) implies that hexagonal 2D materials behave
as isotropic materials under infinitesimal in-plane deforma-
tions. In the case of 2D materials, the inverse relations which
follow from Eq. (21) are

1 ¢

—0— ———tr(o)l.
2u 4 + )

e = (23)

The linearized elastic moduli, which follow from Eq. (23),
are

_ . DBG
o Dﬂ2+C0’

2
v:u, G=p=2Cy, (24)
DB? + Cy
where Y is the Young’s modulus, v is the Poisson’s ratio, and
G is the in-plane shear modulus for infinitesimal deforma-
tions. These elastic moduli are related by the isotropic relation
G =Y/[2(1 +v)] (e.g., see [28,61]).
It is possible to compute the longitudinal sound velocity
(v;) and transverse sound velocity (v,) in the 2D materials us-
ing the linearized elastic properties, as follows [42,51,62,63]:

Y G
= |———, v, = _[—,
TV A= T T o

respectively, where p represents the mass per unit area of the
2D material.

The 2D bulk modulus B, which is known as the layer
modulus, represents the 2D material’s resistance to stretch-
ing [50] when subjected to equibiaxial compressive stress of
magnitude p, i.e., ¢ = —pl. The layer modulus is given by
[50,51,62,63]

(25)

9 Y
B=-0-f| -—_~
2(1—v)

=2DpA?,
IQ p
Q

(26)

— Qp

where 2 is the ground-state area of the material and 2 is the
deformed area of the material. It is noted that the expression
shown in Eq. (26) can be derived using (2 — )/2¢ = tr (&)
(e.g., see [28]).

B. Tangent stiffness tensor

Using the relation between the second Piola-Kirchhoff
stress tensor S and the Green—St. Venant strain tensor E
presented in Eq. (17), it is possible to evaluate the tangent
stiffness tensor T as (e.g., see [64])

1/0S aS
T=-(—+—).
( +8ET>

2\ J0E
It is noted that T respects the major and minor symmetries,
ie., T,’jk] = Tk[[j = Tj[k[ = Tijlk» by virtue of the definition
in Eq. (27). In order to evaluate dS/0E, we first determine

27)

*W
8Iuniso 8:Z.X '

*w
AE — 2 tr(E)I
+[ 1(E) ]8Idev81x +

aIaniso
oE

(28)
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where Zx represents either Zgi, Zgev, O Zaniso- The second derivative of Z,ni5o With respect to the strain tensor E is given as

follows:

d aIzmiso

ﬁ<—aE ) =6[(M:EYM®M -N@N)— (N:E)XM®N +N @ M), (29)
where ® represents the tensor outer product, i.e., (A ® B);j;; = A;jBy (e.g., see [28]). Finally, the following differential,
given by

i(%) g +ztr(E))i( 1 ) 2 o)

0E\ Zg+1 OE \Zgy + 1 Zai + 1 0E

:w{ZE—[I—i—Ztr(E)]I}—i— 2 I, (30)
(Zgn + 1) Ta +1

is also helpful for the evaluation of d5/0E. The derivative of the second Piola-Kirchhoff stress tensor S with respect to the

Green—St. Venant strain tensor E is given by

1

OE ~ |0E\ Zg+1 )oZy

S 8<1+2tr(E) oW
()

2tr(E) o (2 QI+ (2
f— I' —
oE aIdeV

1+2tr(E) 0 aw ) aw
Zan+1 OE

0Zgi 0T gey

W 1 ow )
0Zgey  Zgn + 1 0Zg

9 (W W 9
+l2— -
IE\ T4y )]  9Zan OE

d Ianiso

1 1 d W
- = ®F
Zagin +1 Zan + 1 0E \ 0Zy;

n a ow ®
0E \ 0Zuniso oE

where I is a fourth-order identity tensor defined in index
notation as I;;x; = §;x6;; and §;; is the Kronecker delta (e.g.,
see [28]). The fourth-order tangent stiffness tensor T can be
written in Voigt notation [65,66] as a second-order tensor as
(e.g., see [28])

Tt Thnze Toie
0" = | Ty Tan Tonl. (32)
T Tie T

The tensor Q) is symmetric due to the major symmetry of T.
The study of the tangent elastic properties involves superim-
posing infinitesimal deformations to a predeformed material;
therefore, the tangent elastic moduli can be obtained using the
inverse of the tangent stiffness tensor Q(” (e.g., see [13]) as
follows:

U 1]

Y 7] G

Vi 1 e | _ )y—1
v w o=@, (33)
Y61 Nea 1

Ylt 1 G[

where Y/ represents the tangent Young’s modulus in the e;
direction, G' represents the in-plane tangent shear modulus,
vj; are the tangent Poisson’s ratios, and n;; are the tangent
coefficients of mutual influence (e.g., see [13]). It is noted
that in the linear elastic regime, i.e., for infinitesimal defor-
mations where || € ||<< 1, the tangent elastic moduli reduce
to the linearized elastic properties whereinase — 0,Y/ — Y,
G — G, vfj — v, and nfj — 0.

ow ol ( 8Ianiso ) (3 1)
BIaniso oE '

oE

(

IV. CORRESPONDENCE OF THE PROPOSED
CONSTITUTIVE MODEL WITH MURNAGHAN’S MODEL

In this section, the constitutive model presented in Eq. (20)
is related to the classical Murnaghan constitutive model
[24-27,30] by expanding the strain energy density as a
Maclaurin series in terms of the components of the Green—St.
Venant strain tensor. Murnaghan’s model has been previ-
ously used in the literature to study 2D materials [17,23,30—
36,67], most commonly using a fifth-order expansion. In
Murnaghan’s polynomial-based constitutive model, the strain
energy density is typically expressed in Voigt notation [65,66]
as (e.g., see [30])

N
1

W =W, + E l_‘Qiliz...i,EilEiz .. K
=1

1 1
=Wo + QiE; + S Qi EiE; + gQijkEiEjEk +--, (34

where N is the order of the constitutive polynomial, E; = E|j,
E, = Ey, E¢ = 2E|,, and summation over repeated dummy
indices is implied hereinafter (e.g., see [61]) unless otherwise
specified, and the indices vary in {1, 2, 6}. The constant term
Wy of the series expansion vanishes since W = 0 when E =
0 [cf. Eq. (20)]. The remaining constants can be determined
using (e.g., see [30])

o — (35)

N T QK OE;, .. OE;, |y

where n is the order of the elastic constant Q;;, ;. After
differentiation of the strain energy density shown in Eq. (20),
using Eq. (35) for n = 1, the constants Q; vanish, which
conforms to the Murnaghan model for 2D materials in their
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ground state (e.g., see [30]). By symbolically differentiating
Eq. (20) with respect to the strain components, we determine
the second-order elastic constants as follows:

Q11 = 0n =2Cy + 2DB?,

Qi = —2Co + 2D,

Q16 = 02 =0,

Qe = 3(Q11 — Q). (36)

The expressions presented in Eq. (36) satisfy the hexagonal
symmetry conditions (e.g., see [17,23]) where there are only
two linearly independent second-order elastic constants. The
third-order elastic constants of Murnaghan’s model are deter-
mined similarly as

Qi1 = 649 +6Cy — 6DB*(1 + B),

QO = —6A¢ + 6C) — 6D (1 + B),

Q112 = —6A¢ — 2Cy + 2DB*(1 — 3p),

Q116 = Q126 = Q226 = Qoo = 0,

Q122 = Qi — Oz + Qin2,

Qie6 = 130222 — 20111 — Qi12),

Q266 = 120111 — Q222 — Q112). (37)

The expressions presented in Eq. (37) satisfy the hexago-
nal symmetry conditions (e.g., see [17,23]) where there are
only three linearly independent third-order elastic constants.
Similarly, the same process can be repeated to verify that
higher-order elastic constants satisfy the hexagonal symme-
try conditions, e.g., an additional four linearly independent
fourth-order elastic constants.

It is noted that Eq. (14) can be used to obtain expressions
for the second Piola-Kirchhoff stress tensor in Voigt notation
[65,66] as follows:

aw 1
Si = 3E = O,E; + ZQijkEjEk +-
AN
- Z l_'Ql'lq...k]Ekl ... Ek[' (38)
=1 "

Similarly, the tangent stiffness tensor in Voigt notation [65,66]
can be obtained using Eq. (27) for Murnaghan’s model as
follows:

Q(’)—%—Q”-i-Q“E _|_lQ.. E.E +---
ij — BE] — Yij ijkEk oY ijkl Bk
A
= Qij+Zinjkl...k,Ekl By (39
=1 ’

V. EVALUATION OF THE ELASTIC CONSTANTS

We adapt the ray-based methodology [30,31] to evaluate
the elastic constants associated with constitutive models of
the form given in Eq. (12). In this approach, the strain en-
ergy density is evaluated using density functional theory for
deformation states sampled along rays in deformation space.
Each ray is defined as a line segment that extends from the

In-plane
shear Fystrain

Stretch in the
e direction

Al
Stretch in the
e direction

FIG. 3. Deformation space, spanned by the stretch ratios A; and
Xy, and the shear strain y, used to sample for the strain energy
densities. An example of a ray is shown in blue along with a point on
the ray represented by its spherical coordinates r, 6, and ¢.

origin (i.e., the undeformed state) to a specified deformation
norm. To ensure consistency of the deformation magnitudes,
the deformation states are restricted to a spherically bounded
region of deformation space, denoted by X. The elastic con-
stants are determined by fitting the constitutive model to the
density functional theory data.

The deformation space is defined as the space spanned by
A1, A2, and y, as shown in Fig. 3, where A; and A, are the
stretch ratios (e.g., see [29,52]) in the e; and e, directions,
respectively, and y is the in-plane shear strain (angle of shear)
in the ej-e; plane (e.g., see [52]). The stretch ratio is defined
as the ratio of the deformed length to the undeformed length
of a material line element (e.g., see [29,52]). When the stretch
ratios A; or A, equal 1.0, the material is unstretched in the
corresponding direction. A deformation state for a point on
a ray is given by its spherical coordinates r, 8, and ¢ (cf.
Fig. 3) as

A =1+ rcosfsing,
Ay =1+ rsinf sin ¢,
y = rcos¢. (40)

The deformation gradient corresponding to a deformation
state characterized by the stretch ratios A; and X,, and the
shear strain y, is composed of a biaxial stretch followed by
a simple shear deformation (e.g., see [52]), i.e.,

_|A1 Atany
F_|:0 " ] 41

For any deformation represented by Aj, A, and y, the
Green—St. Venant strain tensor is evaluated using Eq. (2) and
the deformation gradient given in Eq. (41). The ground-state
lattice parameters of the unit cell are represented by the matrix
L° and the deformed lattice parameters by £, wherein £; j
represents the ith component of the jth lattice vector and
i, j € {1,2}. The deformation gradient F is applied to the
periodic unit cell by updating the lattice vectors according to
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TABLE 1. Converged density functional theory parameters used in the QUANTUM ESPRESSO simulations of graphene and molybdenum

disulfide. ry represents the Bohr radius (e.g., see [56]).

Parameter Graphene Molybdenum disulfide
K., K, 20 12

K. 2 2

Total energy convergence threshold 10~% Ry 107'° Ry
Electron energy convergence threshold 10~% Ry 107!° Ry

Force convergence threshold 1078 Ry/ry 108 Ry/ry
Kinetic-energy cutoff © 150 Ry 125 Ry

z lattice vector dimension 10 A 30 A

the relation (e.g., see [30])

L=FC" 42)

The elastic constants are obtained using the ray-based
methodology through the following sequence of steps. First,
the ground state of the material is determined by relaxing both
the atomic coordinates and lattice parameters to obtain the
ground-state energy & and the ground-state lattice parameters
L°. Next, a set of rays is defined in deformation space where
the ith ray is represented by its directions 6; and ¢; and the
number of points along aray, e.g., \V, is chosen. Subsequently,
for each ray and each point on the ray, the unit cell is deformed
according to Eqgs. (40)—(42) and the atomic coordinates are
relaxed while holding the lattice parameters fixed to obtain the
energy £ of the deformed unit cell using density functional
theory. The corresponding strain energy density W per unit
undeformed area is computed as

1
W= Q—O(f — &), (43)

where €2 is the ground-state area of the unit cell obtained
using £°. For each deformation state, the corresponding di-
latational, deviatoric, and anisotropic invariants are computed
and the constitutive model is curve fitted to the strain energy
densities obtained from density functional theory to determine
the elastic constants.

VI. RESULTS AND DISCUSSIONS

In this section, the constitutive model proposed in Sec. II C
is used to investigate the nonlinear elastic behavior of repre-
sentative hexagonal 2D materials. This section is organized
as follows. We begin by presenting the computational details
of the simulations. We then examine the nonlinear elastic
behavior of graphene and molybdenum disulfide.

A. Computational details

In the present study, density functional theory [68,69] is
used to compute the strain energy densities and stresses (e.g.,
see [70]) of deformed 2D materials. A plane-wave basis (e.g.,
see [56]) is used through the open-source software package
QUANTUM ESPRESSO [71,72]. Projector augmented wave pseu-
dopotentials [73] are used in this work to obtain accuracies
comparable to using full electron potentials. In addition, the
Perdew-Burke-Ernzerhof generalized gradient approximation
[74] is used for the exchange and correlation functional. The
pseudopotentials used for graphene and molybdenum disul-
fide originated from PSLIBRARY 1.0.0 [75]. The accuracy and
precision of the pseudopotentials in PSLIBRARY 1.0.0 have
been assessed in [76,77]. The QUANTUM ESPRESSO parame-
ters used in our simulations, which are chosen based on a
convergence study, are presented in Table I. It is noted that the
kinetic-energy cutoff shown in Table I is related to the number
of plane waves used, i.e., the number of terms in the Fourier
expansion of the electronic wave function, through (e.g.,
see [56])

2
= p (44)
2mel
where 7 is the kinetic-energy cutoff, m® is the electron mass,
hi is the reduced Planck constant, and A represents the cutoff
wavelength which controls the number of plane waves (e.g.,
see [56]).

The parameters K, K, and K, shown in Table I repre-
sent the number of points in the Monkhorst-Pack K-space
sampling mesh [78] in each reciprocal space direction. The
z lattice vector dimension represents the length of the out-of-
plane lattice vector used to create a vacuum between the 2D
material layers to avoid interactions between the layers due to
the periodic boundary conditions. It is noted that the study is
performed at 0 K.

TABLE II. The rays used to sample for the strain energy densities in deformation space and subsequently evaluate the elastic constants in

the current work.

No. rays Azimuthal angles 0 (deg) Polar angles ¢ (deg) Physical significance

8 {0, 180, £90, £45, £135} 90 Uniaxial and equibiaxial stretches

2 0 {0, 180} Simple shear

8 {0, 180, 90} {45, 135} Uniaxial stretch and superimposed shear
8 {£45, £135} {45, 135} Equibiaxial stretch and superimposed shear
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TABLE III. The elastic constants of Murnaghan’s constitutive
model for graphene and molybdenum disulfide.

Constant (N/m) Graphene Molybdenum disulfide
Ou 349.71 131.47
On 61.25 32.33
O —3055.06 —1273.88
Om —2894.04 —1487.83
Oz —417.49 —141.42
O 25431.24 12048.57
O 21756.14 18403.89
Oz 3523.58 2909.37
Oun 4099.90 —1619.52
Onin —199013.39 —79264.50
O —201006.86 —156830.23
O —30366.28 —36685.22
O —32530.57 —6838.10
Oz —24001.63 10072.32
Root-mean-square

error (J/m?) 0.0056 0.0046

To analyze a 2D material using density functional theory,
we first determine the ground-state configuration of its unit
cell. This involves minimizing the energy of the unit cell by
varying the lattice parameters and atomic coordinates. As the
energy is minimized, the atomic forces [79] are also mini-
mized in addition to the stresses in the unit cell [70]. The
minimization procedure used for the ground-state determina-
tion and subsequent optimizations is the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm [80-83] (e.g., see [84]).

The elastic constants of the materials are evaluated using
the rays listed in Table II with a radius R = 0.2 for the
spherical domain in deformation space and N = 10 points
per ray. A nonlinear least-squares algorithm (e.g., see [85]) is
used to curve fit the constitutive model to the computed strain
energy data by minimizing the root-mean-square (RMS) error.
Multiple sets of rays are used for each material to assess the
convergence of the elastic constants.

B. Murnaghan’s constitutive model

The results obtained using the proposed constitutive model
are compared with those from Murnaghan’s model [24-27],
which is based on a polynomial expansion of the strain energy
density in terms of the components of the Green—St. Venant

FIG. 4. Ground-state geometry of graphene along with the unit
cell used for the analysis shown in green.

strain tensor E (cf. Sec. IV). The strain energy density is
expressed as a fifth-order polynomial in Voigt notation [65,66]
as [cf. Eq. (34)]

1 1 1
W= 5QijEiEj + §QijkEiEjEk + EQijklEiEjEkEl

1
+ ;QijklmEiEjEkElEm» (45)

where Q;;. are the elastic constants of Murnaghan’s model,
E; are the components of the Green—St. Venant strain tensor
in Voigt notation, and the subscript indices take values in
{1, 2, 6}. The components of the second Piola-Kirchhoff stress
tensor (e.g., see [28,53]) in Voigt notation are obtained using
Eq. (38) as follows:

aw 1 1
Si= 9E OiE; + 5QijkEjEk + ﬁQijklEjEkEl
1
+ EQi kimE JERELE,y,. (46)

For a hexagonal 2D material, the total number of linearly
independent elastic constants is 14 for a fifth-order polyno-
mial expansion for the strain energy density [23,30] based on
material symmetry. The relations for the linearly dependent
elastic constants are given in [23]. We use the ray-based
methodology (cf. Sec. V) along with the rays shown in Table II
to evaluate the elastic constants of Murnaghan’s model for
graphene and molybdenum disulfide. The elastic constants,
which are extracted by curve fitting Murnaghan’s model to

TABLE IV. Elastic constants of hexagonal graphene for the proposed constitutive model. The elastic constants corresponding to 26 rays
are used to evaluate the strain energy density and stresses in the current work.

Elastic constant Value (8 rays) Value (10 rays) Value (18 rays) Value (26 rays)
D (N/m) 32.32 32.29 32.34 32.26

B 1.82 1.82 1.82 1.82

Co (N/m) 69.71 69.97 70.07 70.22

C; (N/m) —200.24 —199.88 —200.20 —199.86
C, (N/m) 114.98 106.72 107.00 101.86

Ao (N/m) —11.41 —11.27 —11.66 —11.82

A (N/m) 76.84 76.71 76.19 76.96
Root-mean-square error (J/m?) 0.0201 0.0186 0.0182 0.0179
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oDensity functional theory
—Proposed model

W (J/m?

oDensity functional theory
—Proposed model

FIG. 5. Strain energy density plots of graphene under different loading conditions, as obtained from density functional theory computations
and compared to the predictions of the constitutive model. (a) Strain energy density landscape as a function of the stretches A; and X, for biaxial
stretch. (b) Strain energy density landscape as a function of the stretch ratio A and the shear strain y .

the strain energy densities obtained from density functional
theory, are listed in Table III.

The lower-order, e.g., second-order, elastic constants of
Murnaghan’s model presented in Table III show good agree-
ment with those presented in [23,30] for graphene. In addition,
the elastic constants obtained for molybdenum disulfide com-
pare well with those presented in [17]. There are some
numerical differences in the higher-order elastic constants
since they are highly dependent on the curve fitting approach
and curve fitting range. In the current work, a different curve
fitting range and different rays are used compared to [30].
Furthermore, the curve fitting in [17,23] is performed using
the stress-strain relations, but in [30] it is done using the strain
energy densities. Despite these differences, the resulting strain
energy densities are numerically comparable. We note that the
configuration of molybdenum disulfide used in [17] is a 90
degree rotation of the configuration in the current paper.

C. Graphene

The ground-state geometry of graphene is shown in Fig. 4,
where the unit cell used in the analysis, consisting of four
carbon atoms, is highlighted in green. Energy minimization
yields the lattice parameters £0, = 2.47 A and £3, = 4.27 A.
The geometry of graphene in its ground state consists of
regular hexagons with internal angles of 120° and bond length
between adjacent carbon atoms of 1.42 A, which is consistent
with the values reported in [31]. It is noted that the ey direction
shown in Fig. 4 corresponds to graphene’s zigzag direction
and the e, direction corresponds to the armchair direction.
The mass density per unit area of graphene, which is used to
compute the sound velocity in graphene, is given by

4mc

= ——— =7.56 x 1077 kg/m?, 47)
L£3,L5,

0

where mc = 1.994 x 1072 kg represents the atomic mass of
carbon, the factor 4 represents the number of atoms in the unit
cell, and the product £9,£9, is the ground-state area of the
periodic unit cell.

Using the procedure outlined in Sec. V and the com-
putational details presented in Sec. VIA, we evaluate the
elastic constants D, 8, Cy, C;, C>, Ap, and A; of the proposed

constitutive model [cf. Eq. (20)] for graphene. The resulting
elastic constants are summarized in Table IV. The elastic
constants are evaluated for increasing number of rays by con-
sidering successive rows of ray directions in Table II. The
root-mean-square error in the curve fit using the strain energy
density is calculated as

M 2
i Wmo el — W
RMS — \/Zz:l (Whnodel DFT) ’ 8)

M

where the total number of samples is M = 286 (26 rays x 11
points per ray including the origin), Wyoqel is the strain energy
density obtained using the constitutive model with the elastic
constants listed in the corresponding column of Table 1V,
and Wpgr are the strain energy densities obtained directly
from density functional theory. As can be seen in Table 1V,
the root-mean-square error does not significantly improve be-
tween 8 and 26 rays. The values of the elastic constants exhibit
little variation with increasing number of rays. While 8§ rays
would have been sufficient, we utilize the elastic constants
corresponding to 26 rays for the subsequent analyses since
they yielded the lowest root-mean-square error.

@ T T T

oDensity functional theory
—Proposed model

--Murnaghan’s model _

N
Ul
L

N
o
T

—_
o
T

Strain energy W (J/m?)
o x

0.8 0.9 1 1.1 1.2
Stretch ratio A

FIG. 6. Variation of the strain energy density of graphene as a
function of the stretch ratio A for equibiaxial stretching conditions.
The energies obtained from density functional theory are compared
to that predicted by the constitutive model that uses the Varshni
potential, and a fifth-order Murnaghan model.
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FIG. 7. Plots of the normal stress vs stretch ratio and shear stress vs shear strain of graphene. (a) Normal stress oy, as a function of the
stretch ratio A;. (b) Normal stress 0,, as a function of the stretch ratio A,. (¢) Shear stress o, as a function of the shear strain y. Stretch ratios

Aq or A, of 1.0 correspond to the undeformed state.

Figure 5(a) shows the strain energy density landscape of
graphene for biaxial stretching, obtained using density func-
tional theory and the proposed constitutive model. The strain
energy density of graphene for simultaneous stretch A; and
shear strain y is shown in Fig. 5(b). As can be seen, the
predictions of the constitutive model for the strain energy
density closely match the density functional theory data used
for the curve fit.

Figure 6 shows the strain energy density of graphene for
equibiaxial stretch deformations (A; = A, = 1) as predicted
by the constitutive model, density functional theory, and
Murnaghan’s model. It is noted that equibiaxial stretch cor-
responds to equibiaxial contraction when A < 1. Equibiaxial

1.06 T T .
Q oDensity functional theory
1.04} —Proposed model J
< --Murnaghan’s model
°
£ 1.02f
-
<
£ 1f
I
A
0.98r X
0.96 L : L
0.8 0.9 1 1.1 1.2

Stretch ratio A\;
(@

stretch has been considered since Zgey = 0 and Z,p;o = O for
this deformation mode. As such, the strain energy density
depends only on Zg; and Eq. (20) reduces to W = D(1 —
e PTa)2 which is the form of the Varshni potential [59,60].
As can be seen in Fig. 6, the proposed constitutive model
replicates the density functional theory data very well for
equibiaxial stretch with only two elastic constants D and S,
almost as accurately as Murnaghan’s model with 14 linearly
independent elastic constants.

The elastic constants presented in Table IV are validated by
considering the nonlinear response of graphene for uniaxial
stress conditions. It is noted that the uniaxial stress data were
not included in the curve fitting process to obtain the elastic

1.08 T .
oDensity functional theory
@
_1.061N —Proposed model ]
= --Murnaghan’s model
o
45 1.04r
=
£21.02¢
)
2
2]
’I L
0.98 t . .
0.8 0.9 1 1.1 1.2
Stretch ratio Ay
(b)

FIG. 8. Stretching of graphene due to Poisson’s effect, as predicted by the proposed constitutive model and Murnaghan’s model in
comparison with the density functional theory data. (a) Stretch A, caused by an applied A; when o2, = 0. (b) Stretch A, caused by an applied

}\2 when o1 = 0.
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FIG. 9. Comparison of the nonlinear normal Cauchy stress vs
stretch curves of graphene in the e; and e, directions. The predictions
of the proposed constitutive model (Model) are presented alongside
the density functional theory data (DFT).

constants. In order to simulate the uniaxial stress response in
the ey direction, a stretch A is applied and the stretch A, and
shear strain y are evaluated from the stress-free boundary con-
ditions 07 = 0 and o, = 0. In the density functional theory
simulations, this corresponds to prescribing the unit cell lat-
tice parameter £;; while allowing the atomic coordinates and
the lattice parameters £, and Ly, to relax when minimizing
the energy. The resulting plots of o}, versus A; from density
functional theory and from the constitutive model are shown
in Fig. 7(a) along with the plot obtained using Murnaghan’s
model. In Fig. 7(b), we plot the stress component oy, as a
function of the stretch A, using the stress-free boundary con-
ditions o1 = o1, = 0. Next, we investigate the shear response
of graphene wherein the material is subjected to a shear strain
y, while it is free to expand or contract in the longitudinal
and lateral directions. In the density functional theory sim-
ulations, the lattice parameters £, and L, are allowed to
relax. In the case of the constitutive models, the shear strain
y is prescribed and the strain energy density W is minimized
to obtain A; and A,. Figure 7(c) shows the variation of the
shear stress o, as a function of the shear strain y. As can
be seen, the proposed constitutive model matches well with

Shear strain ~

FIG. 10. Curves showing the stretches A; and A, induced from
an applied shear strain for uniaxial shear stress states of graphene.
The predictions of the constitutive model (Model) are compared
with the density functional theory (DFT) data and the predictions
of Murnaghan’s constitutive model (Murnaghan).

the density functional theory data, demonstrating its predictive
capability. Furthermore, the proposed constitutive model with
seven elastic constants compares equally well with the density
functional theory data as the fifth-order Murnaghan model that
involves 14 linearly independent elastic constants.

The Poisson contractions/elongations for uniaxial stress
states are presented in Fig. 8. Figure 8(a) shows the stretch
ratio A, obtained for an applied A; using density functional
theory along with the predictions of the proposed constitutive
model and Murnaghan’s model. Similarly, Fig. 8(b) shows
the stretch ratio A; obtained for an applied A,. It is observed
that the constitutive model accurately captures the Poisson’s
effects, even for large deformations.

To illustrate the significance of the anisotropic invari-
ant Zyniso, We plot oy versus Aj, and oy versus A,, for
uniaxial stress states in Fig. 9. It can be seen that the
stress-stretch curves overlap for stretches in the range 0.95 <
X; < 1.15, indicating that the effect of Z,u5, is not signif-
icant in this regime and that graphene acts almost as an
isotropic material for moderate in-plane deformations. For
larger stretches outside this range, the deformation-induced

TABLE V. Linearized elastic properties (Y, v, and G), layer modulus (B), and longitudinal and transverse speed of sound (v; and v,) in
graphene evaluated based on the proposed constitutive model and compared to values presented in the literature. The presented results are
based on first-principles calculations, except those marked with a star x which are experimentally obtained. The symbol T is used to denote a
shear modulus obtained from that of a carbon nanotube.

Source Y (N/m) v G (N/m) B (N/m) v; (km/s) v, (km/s)
Current work 338.99 0.207 140.44 213.72 21.57 13.58
Reference [30] 342.30 0.178 145.30

Reference [23] 348.00 0.169

Reference [18] 350.70 0.186

Reference [86] 347.1 0.18

Reference [15]* 340 £ 50

Reference [16]* 95.2+12.24

Reference [87]* 7 1394 £ 1224

Reference [50] 342.20 0.173 145.90 206.60

Reference [88]* 19.90 12.90
Reference [89] 21.40 13.60
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FIG. 11. The variation of the tangent elastic properties of graphene for uniaxial stress states as obtained using the proposed constitutive
model (Model) and using Murnaghan’s model (Murnaghan). (a) Young’s moduli and shear modulus under uniaxial stress in the 1-direction.
(b) Poisson’s ratio v, and the coefficients of mutual influence under uniaxial stress in the 1-direction. (c) Young’s moduli and shear modulus
under uniaxial stress in the 2-direction. (d) Poisson’s ratio v, and the coefficients of mutual influence under uniaxial stress in the 2-direction.
(e) Young’s moduli and shear modulus under shear stress. (f) Poisson’s ratio v, and the coefficients of mutual influence under shear stress.

anisotropy becomes more significant and the curves begin to
deviate.

We investigate the effects of the shear strain on the elon-
gation or contraction in longitudinal and lateral directions
when the material is free to expand in both directions. We
minimize the strain energy density W for a prescribed shear
strain y in order to evaluate the corresponding stretches A;
and A,. Figure 10 shows the stretches A; and A, induced in
graphene from shear strains y . It is found that a shear strain in
graphene induces elongation in the longitudinal and lateral di-
rections. The predictions of the constitutive model match well
with Murnaghan’s constitutive model and density functional
theory. Therefore, the proposed constitutive model is able to

accurately capture the stretches induced by the shearing of a
graphene sheet.

The tangent stiffness tensor of graphene is determined us-
ing the invariant-based constitutive model and Murnaghan’s
model employing Eq. (27) [cf. Eq. (31)] and Eq. (39), re-
spectively. Subsequently, the tangent stiffness tensors, in Voigt
notation, are inverted and the tangent elastic properties of
graphene are evaluated using Eq. (33) and are presented in
Fig. 11 for both the proposed constitutive model and Mur-
naghan’s model. Figures 11(a) and 11(b) show the tangent
elastic properties of graphene under uniaxial stress in the e;
direction. Figures 11(c) and 11(d) show the tangent elastic
properties of graphene under uniaxial stress in the e, direction.
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FIG. 12. Geometry of molybdenum disulfide. (a) Three-dimensional perspective view of the ground-state geometry of molybdenum
disulfide along with the coordinate axes. (b) Projection views of the ground-state geometry of molybdenum disulfide on the coordinate planes.

Rendering of the crystal done using XCRYSDEN [90].

Figures 11(e) and 11(f) show the tangent elastic properties of
graphene under uniaxial in-plane shear stress conditions. It
can be seen that the predictions of the constitutive model for
the tangent moduli generally compare well with those of the
Murnaghan model.

Graphene exhibits anisotropic elastic behavior when sub-
jected to shear strains. This is observed by the coefficients of
mutual influence being nonzero, as can be seen in Fig. 11(f).
Therefore, a sheared graphene sheet exhibits extension-shear
coupling (e.g., see [13]). Under uniaxial stress conditions in
the e; direction, we notice that ¥; decreases monotonically
in tension. This shows that the material exhibits a softening
behavior and could become unstable if Y; reaches zero at
larger stretches. Further stability studies can be carried out
using the tangent stiffness tensor through the Born-Huang
stability criterion [91] (e.g., see [51]) or using the acoustic
tensor of the material (e.g., see [42]). The softening behavior
is also observed when graphene is sheared [cf. Fig. 11(e)].
We note that the remaining tangent elastic properties which
are not shown in the plots, namely, v}, n%,, and nf,, can be
obtained using the symmetry of the tangent stiffness tensor
[cf. Eq. (33)].

oDensity functional theory
—Proposed model

The Lamé constants of graphene obtained from the elas-
tic constants in Table IV and Eq. (22) are ¢ = 73.28 N/m
and p = 140.44 N/m. The linearized elastic properties of
graphene are presented in Table V. As can be seen, the lin-
earized elastic properties obtained in this work are in good
agreement with those reported in the literature. The layer
modulus B and longitudinal v; and transverse v, sound ve-
locities in graphene, obtained using the elastic constants in
the current work, are also presented in Table V and compared
with values presented in the literature.

D. Molybdenum disulfide

Molybdenum disulfide is a hexagonal 2D material with
three tightly bonded layers of atoms consisting of a layer of
molybdenum atoms in-between two layers of sulfur atoms.
The ground-state geometry of molybdenum disulfide, ob-
tained using density functional theory, is shown in Fig. 12.
The bond length between a sulfur atom and a molybdenum
atom of 2.41 A and the vertical distance between the sulfur
layers of 3.12 A are in good agreement with the values re-
ported using density functional theory in [92]. The projected
view of molybdenum disulfide in the ej-e; plane consists

oDensity functional theory
—Proposed model

(b)

FIG. 13. Strain energy density landscapes of molybdenum disulfide as a function of the stretches and shear strain; the strain energy data
obtained from density functional theory is compared to the predictions of the proposed constitutive model. (a) Strain energy density landscape
as a function of the stretches X, and X,. (b) Strain energy density landscape as a function of the stretch A, and the shear strain y.
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TABLE VI. Elastic constants of hexagonal molybdenum disul-
fide for the proposed constitutive model.

Elastic constant Value

D (N/m) 18.02
B 1.54
Co (N/m) 22.56
C; (N/m) —125.47
C, (N/m) 331.62
Ay (N/m) 20.48
A (N/m) —107.18

of regular hexagons of alternating molybdenum and sulfur
atoms. We use the unit cell shown in green in Fig. 12(b) for the
analysis of molybdenum disulfide. The unit cell is orthogonal
with lattice parameters £, = 5.52 A and £y, =3.18 A and
consists of two molybdenum atoms and four sulfur atoms. It
is noted that the e; direction shown in Fig. 12 corresponds
to molybdenum disulfide’s armchair direction and the e, di-
rection corresponds to the zigzag direction. We note that the
symmetry group of monolayer molybdenum disulfide is D3,
(e.g., see [93]) since the plane parallel to the eq-e; plane
passing through the layer of molybdenum atoms is a plane
of symmetry. However, since we are considering exclusively
the in-plane elastic response of molybdenum disulfide, its
two-dimensional symmetry class is Cs, (e.g., see [55]). The
mass density per unit area of molybdenum disulfide, which is
used to compute the sound velocity in molybdenum disulfide,

N
o

—_
o
T

oDensity functional theory

Cauchy stress 017 (N/m)
o

10} —Proposed model
q --Murnaghan’s model
20 : : : : :
0.9 0.95 1 1.05 1.1 1.15 1.2

Stretch ratio Ay
(a)

is given by

_ dmg + 2mypo

=3.03 x 107° kg/m?,
L£9,L5,

(49)

where mg = 5.325 x 10726 kg is the atomic mass of sulfur,
myo = 1.593 x 1072 kg is the atomic mass of molybdenum,
the factors 4 and 2 represent the number of sulfur and molyb-
denum atoms in the unit cell, respectively, and the product
L9, L9, is the ground-state area of the unit cell.

The elastic constants of molybdenum disulfide are evalu-
ated using the procedure outlined in Sec. V and are listed
in Table VI. Although not reported, the convergence of the
elastic constants of molybdenum disulfide is assessed as in
the case of graphene. The root-mean-square error in the curve
fit to obtain the elastic constants presented in Table VI is
0.0230 J/m*.

Figure 13 shows the strain energy landscapes for biaxial
stretch, and simultaneous stretch A; and shear strain y. As
can be seen, the predictions of the constitutive model compare
well with the density functional theory data used for curve
fitting.

The variation of the Cauchy stress of molybdenum disul-
fide as a function of the stretches A; and the shear strain y is
shown in Fig. 14 for uniaxial stress states. As can be seen,
the proposed model accurately predicts the density functional
theory data with minor discrepancies for large deformations.
The predictions of the proposed model also compare generally
well with the predictions of the Murnaghan model.

__10f P
E i . ~
=
3
s 01 1
2
(5]
5
= -10f oDensity functional theory 1
g —Proposed model
3 --Murnaghan’s model

20 : : : : :

0.9 0.95 1 1.05 1.1 1.15 1.2
Stretch ratio Ay
(b)

—_
o

ul

Cauchy stress oj5 (N/m)
o =)

oDensity functional theory
—Proposed model
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FIG. 14. Plots of the Cauchy stress vs stretch and shear strain. (a) Normal stress o7, as a function of the stretch A,. (b) Normal stress o2, as
a function of the stretch X,. (c) Shear stress o, as a function of the shear strain y. Stretch ratios A; or A, of 1.0 correspond to the undeformed

state.
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FIG. 15. Variation of the stretches induced by the Poisson’s effect in molybdenum disulfide as a function of the applied stretches, as
obtained by the proposed constitutive model and Murnaghan’s model, in comparison with the density functional theory data. (a) Stretch A,
caused by an applied A; when o3, = 0. (b) Stretch A, caused by an applied A, when o}, = 0.

The contraction/elongation curves due to the Poisson’s
effect in molybdenum disulfide are shown in Fig. 15. Some
minor discrepancies exist between the predictions of the con-
stitutive model and the density functional theory data. These
discrepancies can be remedied by using a higher-order con-
stitutive model that includes additional elastic constants. The
Murnaghan model with its 14 elastic constants compares bet-
ter with the density functional theory data, although it also
exhibits some minor discrepancies for large stretches.

The stress versus stretch curves, o;; vs Ay and o7, Vs
Xy, for uniaxial stress states are plotted in Fig. 16. The
curves overlap only in a narrow range of 0.97 < A < 1.02,
where molybdenum disulfide acts almost as an isotropic ma-
terial. The curves do not overlap outside this range since the
deformation-induced anisotropy is more pronounced than in
the case of graphene. The anisotropic effects in molybdenum
disulfide become apparent even at relatively small stretches,
beginning at A = 1.02.

Figure 17 shows the stretches A and A, induced in molyb-
denum disulfide due to shear strains y when the material is
free to expand in the longitudinal and lateral directions. As can
be seen in the figure, the predictions of the constitutive model
capture the density functional theory behavior with minor

20 T T T T .
g b
~
z 10} 3
©
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FIG. 16. Comparison of the nonlinear normal Cauchy stress vs
stretch curves of molybdenum disulfide in the e; and e, directions.
The predictions of the proposed constitutive model (Model) are pre-
sented alongside the density functional theory data (DFT).

differences. Murnaghan’s model with its 14 elastic constants
more accurately captures the stretches induced by the shear
deformations.

The tangent elastic properties of molybdenum disulfide for
uniaxial stress boundary conditions are presented in Fig. 18.
It can be seen in the figure that the predictions of the pro-
posed model compare well with those of Murnaghan’s model.
Similar softening behavior can be observed as in the case
of graphene. Furthermore, molybdenum disulfide exhibits an
anisotropic elastic behavior when subjected to shear strains,
as in the case of graphene.

The Lamé constants of molybdenum disulfide obtained
from the elastic constants in Table VI and Eq. (22) are ¢ =
40.35 N/m and p = 45.12 N/m. The linearized elastic prop-
erties of molybdenum disulfide, presented in Table VII, are in
good agreement with values published in the literature. The
layer modulus B and longitudinal v; and transverse v, sound
velocities in molybdenum disulfide, obtained using the elastic
constants in the current work, are also presented in Table VII
and compared with values presented in the literature.

1.06 T
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0.1 0.2

FIG. 17. Curves showing the stretches A; and A, induced from
an applied shear strain when molybdenum disulfide is free to expand
in the longitudinal and lateral directions. The predictions of the
constitutive model (Model) are compared with the density functional
theory (DFT) data and the predictions of Murnaghan’s constitutive
model (Murnaghan).
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FIG. 18. The variation of the tangent elastic properties of molybdenum disulfide for uniaxial stress states as obtained using the proposed
constitutive model (Model) and using Murnaghan’s model (Murnaghan). (a) Young’s moduli and shear modulus under uniaxial stress in the
1-direction. (b) Poisson’s ratio vy, and the coefficients of mutual influence under uniaxial stress in the 1-direction. (¢) Young’s moduli and
shear modulus under uniaxial stress in the 2-direction. (d) Poisson’s ratio v;, and the coefficients of mutual influence under uniaxial stress in
the 2-direction. (e) Young’s moduli and shear modulus under shear stress. (f) Poisson’s ratio v, and the coefficients of mutual influence under

shear stress.

VII. SUMMARY AND CONCLUSIONS

A hyperelastic constitutive model is proposed for hexago-
nal 2D materials. New dilatational, deviatoric, and anisotropic
invariants are introduced to separate the effects of area-
changing deformations, shape-changing deformations, and
deformation-induced anisotropy for large deformations, re-
spectively. The strain energy density of 2D materials is
expressed in terms of the newly proposed invariants, and
expressions for the second Piola-Kirchhoff stress tensor are
derived. The newly defined invariants and general expressions
for the strain energy density and stress tensors are expected to
be applicable to arbitrary 2D materials of hexagonal symme-
try. A specific form of the strain energy function is proposed

for hexagonal 2D materials wherein the dependence of the
strain energy on dilatation is captured by the Varshni potential.
There are a total of seven elastic constants in the final form of
the proposed constitutive model. General expressions for the
tangent stiffness tensor are presented in terms of the new in-
variants and the Green—St. Venant strain tensor. Furthermore,
expressions for the linearized elastic properties are obtained
in terms of the elastic constants of the constitutive model.

A methodology is presented for the systematic evaluation
of the elastic constants for hexagonal 2D materials. It is based
on evaluating the strain energy densities using density func-
tional theory along rays in deformation space and then curve
fitting the constitutive model to obtain the elastic constants.
Using the methodology, the elastic constants of graphene and
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TABLE VII. Linearized elastic properties (Y, v and G), layer modulus (B), and longitudinal and transverse speed of sound (v; and v,)
in molybdenum disulfide evaluated based on the proposed constitutive model and compared to values presented in the literature. The results
presented are based on first-principles calculations, except those marked with a star % which are experimentally obtained.

Source Y (N/m) v G (N/m) B (N/m) v; (km/s) v, (km/s)
Current work 118.12 0.309 45.12 85.47 6.56 3.86
Reference [17] 129 0.29

Reference [14] 123.07 0.28 48.6

Reference [86] 124.1 0.25

Reference [94] 124.5 0.25

Reference [95] 120.1 0.254

Reference [96]* 180 £ 60

Reference [17]* 120 £+ 30

Reference [51] 126.5 0.216 52.05 80.65 6.61 4.14
Reference [97] 6.60 4.30
molybdenum disulfide are evaluated over the spherical region ACKNOWLEDGMENTS
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terms of the Green—St. Venant strain tensor and its associ-
ated invariants. The formulation, including the methodology
for determining the elastic constants, is applicable to large
deformations. Due to its generality, the proposed constitutive
model can be readily applied to a broad class of hexagonal 2D
materials.

This work was supported by the University of Maine Janet
Waldron Doctoral Research Fellowship in addition to the Uni-
versity of Maine College of Engineering’s Arthur O. Willey
Professorship. The computational work required for the cur-
rent work was performed on the clusters of the Advanced
Research Computing, Security, and Information Management
(ARCSIM) at the University of Maine at Orono. The authors
declare that they have no known competing financial interests
or personal relationships that could have appeared to influence
the work reported in this paper.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] C. Tan, X. Cao, X.-J. Wu, Q. He, J. Yang, X. Zhang, J. Chen, W.
Zhao, S. Han, G.-H. Nam, M. Sindoro, and H. Zhang, Recent
advances in ultrathin two-dimensional nanomaterials, Chem.
Rev. 117, 6225 (2017).

[2] V. Shanmugam, R. A. Mensah, K. Babu, S. Gawusu, A. Chanda,
Y. Tu, R. E. Neisiany, M. Forsth, G. Sas, and O. Das, A review
of the synthesis, properties, and applications of 2D materials,
Part. Part. Syst. Charact. 39, 2200031 (2022).

[3] S. Das, M. Kim, J. won Lee, and W. Choi, Synthesis, properties,
and applications of 2-D materials: A comprehensive review,
Crit. Rev. Solid State Mater. Sci. 39, 231 (2014).

[4] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V.
Khotkevich, S. V. Morozov, and A. K. Geim, Two-dimensional
atomic crystals, Proc. Natl. Acad. Sci. USA 102, 10451
(2005).

[5] H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Tomanek, and
P. D. Ye, Phosphorene: An unexplored 2D semiconductor with
a high hole mobility, ACS Nano 8, 4033 (2014).

[6] D. Akinwande, C. J. Brennan, J. S. Bunch, P. Egberts, J. R.
Felts, H. Gao, R. Huang, J.-S. Kim, T. Li, Y. Li, K. M. Liechti,
N. Lu, H. S. Park, E. J. Reed, P. Wang, B. I. Yakobson, T. Zhang,

Y.-W. Zhang, Y. Zhou, and Y. Zhu, A review on mechanics and
mechanical properties of 2D materials—Graphene and beyond,
Extreme Mech. Lett. 13, 42 (2017).

[7] Q. Cao, X. Geng, H. Wang, P. Wang, A. Liu, Y. Lan, and Q.
Peng, A review of current development of graphene mechanics,
Crystals 8, 357 (2018).

[8] S. J. Kim, K. Choi, B. Lee, Y. Kim, and B. H. Hong, Materials
for flexible, stretchable electronics: Graphene and 2D materials,
Annu. Rev. Mater. Res. 45, 63 (2015).

[9] A. Chhetry, M. Sharifuzzaman, H. Yoon, S. Sharma, X.
Xuan, and J. Y. Park, MoS;-decorated laser-induced graphene
for a highly sensitive, hysteresis-free, and reliable piezore-
sistive strain sensor, ACS Appl. Mater. Interfaces 11, 22531
(2019).

[10] S. Weng, T. Peng, K. Gao, H. Zhu, Y. Yan, H. Yu, and
D. He, Bidirectional large strain monitoring using a novel
graphene film-based patch antenna sensor, Smart Mater. Struct.
33, 075015 (2024).

[11] N. Tang, C. Du, Q. Wang, and H. Xu, Strain engineering in
bilayer WSe, over a large strain range, Microelectron. Eng. 223,
111202 (2020).

174120-19


https://doi.org/10.1021/acs.chemrev.6b00558
https://doi.org/10.1002/ppsc.202200031
https://doi.org/10.1080/10408436.2013.836075
https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1021/nn501226z
https://doi.org/10.1016/j.eml.2017.01.008
https://doi.org/10.3390/cryst8090357
https://doi.org/10.1146/annurev-matsci-070214-020901
https://doi.org/10.1021/acsami.9b04915
https://doi.org/10.1088/1361-665X/ad4e7c
https://doi.org/10.1016/j.mee.2019.111202

SERGE R. MAALOUF AND SENTHIL S. VEL

PHYSICAL REVIEW B 112, 174120 (2025)

[12] M. Pandey, C. Pandey, R. Ahuja, and R. Kumar, Straining tech-
niques for strain engineering of 2D materials towards flexible
straintronic applications, Nano Energy 109, 108278 (2023).

[13] S. R. Maalouf and S. S. Vel, Anisotropic elastic properties
of triclinic 2D materials using density functional theory with
application to rhenium disulfide, Comput. Condens. Matter 34,
e00790 (2023).

[14] H. Sun, P. Agrawal, and C. V. Singh, A first-principles study of
the relationship between modulus and ideal strength of single-
layer, transition metal dichalcogenides, Mater. Adv. 2, 6631
(2021).

[15] C. Lee, X. Wei, J. W. Kysar, and J. Hone, Measurement of the
elastic properties and intrinsic strength of monolayer graphene,
Science 321, 385 (2008).

[16] X. Liu, T. H. Metcalf, J. T. Robinson, B. H. Houston, and
F. Scarpa, Shear modulus of monolayer graphene prepared by
chemical vapor deposition, Nano Lett. 12, 1013 (2012).

[17] R. C. Cooper, C. Lee, C. A. Marianetti, X. Wei, J. Hone, and
J. W. Kysar, Nonlinear elastic behavior of two-dimensional
molybdenum disulfide, Phys. Rev. B 87, 035423 (2013).

[18] F. Liu, P. Ming, and J. Li, Ab initio calculation of ideal strength
and phonon instability of graphene under tension, Phys. Rev. B
76, 064120 (2007).

[19] T. Li, Ideal strength and phonon instability in single-layer
MoS,, Phys. Rev. B 85, 235407 (2012).

[20] L. B. Drissi, K. Sadki, and M.-H. Kourra, Mechanical re-
sponse of SiC sheet under strain, Mater. Chem. Phys. 201, 199
(2017).

[21] J.-W. Jiang and H. S. Park, Mechanical properties of single-
layer black phosphorus, J. Phys. D: Appl. 47, 385304 (2014).

[22] E. Cadelano, P. L. Palla, S. Giordano, and L. Colombo, Non-
linear elasticity of monolayer graphene, Phys. Rev. Lett. 102,
235502 (2009).

[23] X. Wei, B. Fragneaud, C. A. Marianetti, and J. W. Kysar,
Nonlinear elastic behavior of graphene: Ab initio calculations
to continuum description, Phys. Rev. B 80, 250407 (2009).

[24] F. D. Murnaghan, Finite deformations of an elastic solid, Am.
J. Math. 59, 235 (1937).

[25] Y. Hiki, Higher order elastic constants of solids, Annu. Rev.
Mater. Sci. 11, 51 (1981).

[26] F. Birch, Finite elastic strain of cubic crystals, Phys. Rev. 71,
809 (1947).

[27] R. Thurston, in Physical Acoustics: Principles and Methods,
Part A, edited by W. P. Mason (Academic Press, New York,
1964), Chap. 1, Vol. 1, pp. 36.

[28] W. S. Slaughter, The Linearized Theory of Elasticity, 1st ed.
(Birkhéuser, Boston, 2002).

[29] E. B. Tadmor, R. E. Miller, and R. S. Elliott, Continuum Me-
chanics and Thermodynamics: From Fundamental Principles to
Governing Equations (Cambridge University Press, Cambridge,
2012).

[30] S. R. Maalouf and S. S. Vel, Nonlinear elastic analysis of
2D materials of arbitrary symmetries with application to black
phosphorus, Mech. Mater. 165, 104159 (2022).

[31] S. R. Maalouf and S. S. Vel, Nonlinear elastic behavior of 2D
materials using molecular statics and comparisons with first
principles calculations, Phys. E: Low Dimens. Syst. Nanostruct.
148, 115633 (2023).

[32] Q. Peng, High-order nonlinear mechanical properties of g-SiC,
Mech. Mater. 148, 103473 (2020).

[33] Q. Peng, C. Liang, W. Ji, and S. De, A first-principles study
of the mechanical properties of g-GeC, Mech. Mater. 64, 135
(2013).

[34] Q. Peng, W. Ji, and S. De, Mechanical properties of the hexag-
onal boron nitride monolayer: Ab initio study, Comput. Mater.
Sci. 56, 11 (2012).

[35] M. Faghihnasiri, H. Jafari, A. Ramazani, M. Shabani,
S. M. Estalaki, and R. G. Larson, Nonlinear -elastic
behavior and anisotropic  electronic  properties  of
two-dimensional borophene, J. Appl. Phys. 125, 145107
(2019).

[36] Q. Peng, W. Ji, and S. De, Mechanical properties of graphyne
monolayers: A first-principles study, Phys. Chem. Chem. Phys.
14, 13385 (2012).

[37] M. Xue, W. He, Q. Gong, M. Yi, and W. Guo, Nonlinear elas-
ticity and strain-tunable magnetocalorics of antiferromagnetic
monolayer MnPS;, Extreme Mech. Lett. 57, 101900 (2022).

[38] L. R. G. Treloar, The elasticity of a network of long-chain
molecules—II, Trans. Faraday Soc. 39, 241 (1943).

[39] M. Mooney, A theory of large elastic deformation, J. Appl.
Phys. 11, 582 (1940).

[40] R. Ogden, Non-linear Elastic Deformations, 1st ed. (Ellis
Horwood Limited, Toronto, 1984).

[41] M. Xu, J. T. Paci, J. Oswald, and T. Belytschko, A constitutive
equation for graphene based on density functional theory, Intl.
J. Solids Struct. 49, 2582 (2012).

[42] S. Kumar and D. M. Parks, On the hyperelastic softening and
elastic instabilities in graphene, Proc. R. Soc. A: Math. Phys.
Eng. Sci. 471, 20140567 (2015).

[43] H. Hencky, Uber die Form des Elastizittsgesetzes bei ideal
elastischen Stoffen, Z. Techn. Phys. 9, 215 (1928).

[44] H. Hencky, The law of elasticity for isotropic and quasi-
isotropic substances by finite deformations, J. Rheology 2, 169
(1931).

[45] H. Hencky, The elastic behavior of vulcanized rubber, Rubber
Chem. Technol. 6, 217 (1933).

[46] K. Heiduschke, The logarithmic strain space description, Intl. J.
Solids Struct. 32, 1047 (1995).

[47] Q.-S. Zheng, Theory of representations for tensor functions—
A unified invariant approach to constitutive equations, Appl.
Mech. Rev. 47, 545 (1994).

[48] R. Ghaffari, F. Shirazian, M. Hu, and R. A. Sauer, A nonlinear
hyperelasticity model for single layer blue phosphorus based
on ab initio calculations, Proc. R. Soc. A: Math. Phys. Eng. Sci.
475, 20190149 (2019).

[49] R. Holler, V. Smejkal, F. Libisch, and C. Hellmich, Energy
landscapes of graphene under general deformations: DFT-to-
hyperelasticity upscaling, Intl. J. Eng. Sci. 154, 103342 (2020).

[50] R. C. Andrew, R. E. Mapasha, A. M. Ukpong, and N. Chetty,
Mechanical properties of graphene and boronitrene, Phys. Rev.
B 85, 125428 (2012).

[511 L. Xue, Y. Ren, J.-R. He, Y. Zhao, S.-L. Xu, Y. Hu,
and C.-B. Hua, The mechanical and thermal parameters of
two-dimensional hexagonal materials evaluated using elastic
properties: Monolayer MoS, as an example, Results Phys. 57,
107418 (2024).

[52] R. Atkin and N. Fox, An Introduction to the Theory of Elasticity,
1st ed. (Dover, Mineola, 1980).

[53] G. A. Holzapfel, Nonlinear Solid Mechanics: A Continuum
Approach for Engineering (Wiley, Chichester, 2000).

174120-20


https://doi.org/10.1016/j.nanoen.2023.108278
https://doi.org/10.1016/j.cocom.2023.e00790
https://doi.org/10.1039/D1MA00239B
https://doi.org/10.1126/science.1157996
https://doi.org/10.1021/nl204196v
https://doi.org/10.1103/PhysRevB.87.035423
https://doi.org/10.1103/PhysRevB.76.064120
https://doi.org/10.1103/PhysRevB.85.235407
https://doi.org/10.1016/j.matchemphys.2017.08.016
https://doi.org/10.1088/0022-3727/47/38/385304
https://doi.org/10.1103/PhysRevLett.102.235502
https://doi.org/10.1103/PhysRevB.80.205407
https://doi.org/10.2307/2371405
https://doi.org/10.1146/annurev.ms.11.080181.000411
https://doi.org/10.1103/PhysRev.71.809
https://doi.org/10.1016/j.mechmat.2021.104159
https://doi.org/10.1016/j.physe.2022.115633
https://doi.org/10.1016/j.mechmat.2020.103473
https://doi.org/10.1016/j.mechmat.2013.05.009
https://doi.org/10.1016/j.commatsci.2011.12.029
https://doi.org/10.1063/1.5079932
https://doi.org/10.1039/c2cp42387a
https://doi.org/10.1016/j.eml.2022.101900
https://doi.org/10.1039/TF9433900241
https://doi.org/10.1063/1.1712836
https://doi.org/10.1016/j.ijsolstr.2012.05.019
https://doi.org/10.1098/rspa.2014.0567
https://doi.org/10.1122/1.2116361
https://doi.org/10.5254/1.3547545
https://doi.org/10.1016/0020-7683(94)00186-Z
https://doi.org/10.1115/1.3111066
https://doi.org/10.1098/rspa.2019.0149
https://doi.org/10.1016/j.ijengsci.2020.103342
https://doi.org/10.1103/PhysRevB.85.125428
https://doi.org/10.1016/j.rinp.2024.107418

INVARIANT-BASED HYPERELASTIC CONSTITUTIVE ...

PHYSICAL REVIEW B 112, 174120 (2025)

[54] A. W. Knapp, Basic Algebra, 1st ed. (Birkhduser, Boston,
20006).

[55] Y. Xiong, Z. Gong, and H. Jin, Strain tuning of the nonlinear
anomalous Hall effect in MoS, monolayer, J. Phys.: Condens.
Matter 37, 195301 (2025).

[56] E. B. Tadmor and R. E. Miller, Modelling Materials: Contin-
uum, Atomistic and Multiscale Techniques, 1st ed. (Cambridge
University Press, Cambridge, UK, 2016).

[57] F. Gantmacher, The Theory of Matrices, 1st ed., Vol. 1 (AMS
Chelsea Publishing, New York, 1959).

[58] N.J. Higham, Functions of Matrices: Theory and Computation,
Ist ed. (SIAM, Philadelphia, 2008).

[59] Y. P. Varshni, Comparative study of potential energy functions
for diatomic molecules, Rev. Mod. Phys. 29, 664 (1957).

[60] T.-C. Lim and R. Udyavara, Relations between Varshni and
Morse potential energy parameters, Centr. Eur. J. Phys. 7, 193
(2009).

[61] R. C. Batra, Elements of Continuum Mechanics (American In-
stitute of Aeronautics and Astronautics, Reston, VA, 2006).

[62] A.Politano, A. R. Marino, D. Campi, D. Farias, R. Miranda, and
G. Chiarello, Elastic properties of a macroscopic graphene sam-
ple from phonon dispersion measurements, Carbon 50, 4903
(2012).

[63] E. Bolen, E. Deligoz, and H. Ozisik, Origin of low thermal con-
ductivity in monolayer Pbl, Solid State Commun. 327, 114223
(2021).

[64] R. M. Hackett, Hyperelasticity Primer, 2nd ed. (Springer Cham,
Cham, Switzerland, 2018).

[65] P. Helnwein, Some remarks on the compressed matrix repre-
sentation of symmetric second-order and fourth-order tensors,
Comput. Methods Appl. Mech. Eng. 190, 2753 (2001).

[66] W. Voigt, Lehrbuch Der Kristallphysik: Mit Ausschluss Der
Kristalloptik (B.G. Teubner, Berlin, 1910).

[67] B. Mousavi, A. Sadeghirad, and V. Lotfi, A computational in-
vestigation of applicability of nonlinear fracture mechanics in
nano-scale fracture of graphene, Mater. Today Commun. 31,
103687 (2022).

[68] P. Hohenberg and W. Kohn, Inhomogeneous electron gas, Phy.
Rev. B 136, B864 (1964).

[69] W. Kohn and L. J. Sham, Self-consistent equations includ-
ing exchange and correlation effects, Phys. Rev. 140, A1133
(1965).

[70] O. H. Nielsen and R. M. Martin, Quantum-mechanical theory
of stress and force, Phys. Rev. B 32, 3780 (1985).

[71] P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. B.
Nardelli, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, M.
Cococcioni, N. Colonna, I. Carnimeo, A. D. Corso, S. de
Gironcoli, P. Delugas, R. A. D. Jr., A. Ferretti, A. Floris, G.
Fratesi, G. Fugallo et al., Advanced capabilities for materials
modelling with QUANTUM ESPRESSO, J. Phys.: Condens.
Matter 29, 465901 (2017).

[72] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C.
Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I.
Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R.
Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri,
L. Martin-Samos et al., QUANTUM ESPRESSO: a modular
and open-source software project for quantum simulations of
materials, J. Phys.: Condens. Matter 21, 395502 (2009).

[73] P. E. Blochl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[74] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gra-
dient approximation made simple, Phys. Rev. Lett. 77, 3865
(1996).

[75] A. Dal Corso, Pseudopotentials periodic table: From H to Pu,
Comput. Mater. Sci. 95, 337 (2014).

[76] K. Lejaeghere, G. Bihlmayer, T. Bjorkman, P. Blaha, S. Bliigel,
V. Blum, D. Caliste, I. E. Castelli, S. J. Clark, A. Dal Corso,
S. de Gironcoli, T. Deutsch, J. K. Dewhurst, I. Di Marco,
C. Draxl, M. Dutak, O. Eriksson, J. A. Flores-Livas, K. F.
Garrity, L. Genovese et al., Reproducibility in density func-
tional theory calculations of solids, Science 351, aad3000
(2016).

[77] G. Prandini, A. Marrazzo, 1. E. Castelli, N. Mounet, and N.
Marzari, Precision and efficiency in solid-state pseudopotential
calculations, Npj Comput. Mater 4, 72 (2018).

[78] H. J. Monkhorst and J. D. Pack, Special points for Brillouin-
zone integrations, Phys. Rev. B 13, 5188 (1976).

[79] R. P. Feynman, Forces in molecules, Phys. Rev. 56, 340
(1939).

[80] D. E. Shanno, Conditioning of quasi-Newton methods for func-
tion minimization, Math. Comp. 24, 647 (1970).

[81] D. Goldfarb, A family of variable-metric methods derived by
variational means, Math. Comp. 24, 23 (1970).

[82] R. Fletcher, A new approach to variable metric algorithms,
Comput. J. 13, 317 (1970).

[83] C. G. Broyden, The convergence of a class of double-rank min-
imization algorithms 1. General considerations, IMA J. Appl.
Math. 6, 76 (1970).

[84] J. Nocedal and S. J. Wright, Numerical Optimization, 2nd ed.
(Springer, New York, 2006).

[85] C. T. Kelley, Iterative Methods for Optimization (Society for
Industrial and Applied Mathematics, Philadelphia, 1999).

[86] S. Singh, C. Espejo, and A. H. Romero, Structural, electronic,
vibrational, and elastic properties of graphene/MoS, bilayer
heterostructures, Phys. Rev. B 98, 155309 (2018).

[87] A. R. Hall, L. An, J. Liu, L. Vicci, M. R. Falvo, R. Superfine,
and S. Washburn, Experimental measurement of single-wall
carbon nanotube torsional properties, Phys. Rev. Lett. 96,
256102 (2006).

[88] X. Cong, Q.-Q. Li, X. Zhang, M.-L. Lin, J.-B. Wu, X.-L. Liu, P.
Venezuela, and P.-H. Tan, Probing the acoustic phonon disper-
sion and sound velocity of graphene by Raman spectroscopy,
Carbon 149, 19 (2019).

[89] T. Sohier, M. Calandra, C.-H. Park, N. Bonini, N. Marzari,
and F. Mauri, Phonon-limited resistivity of graphene by first-
principles calculations: Electron-phonon interactions, strain-
induced gauge field, and Boltzmann equation, Phys. Rev. B 90,
125414 (2014).

[90] A. Kokalj, XCrySDen—a new program for displaying crystalline
structures and electron densities, J. Mol. Graph. Model. 17, 176
(1999).

[91] M. Born, On the stability of crystal lattices. I, Math. Proc.
Cambridge Philos. Soc. 36, 160 (1940).

[92] O. K. Le, V. Chihaia, M.-P. Pham-Ho, and D. N. Son, Electronic
and optical properties of monolayer MoS, under the influence
of polyethyleneimine adsorption and pressure RSC Adv. 10,
4201 (2020).

[93] J. van Baren, G. Ye, J.-A. Yan, Z. Ye, P. Rezaie, P. Yu, Z. Liu,
R. He, and C. H. Lui, Stacking-dependent interlayer phonons in
3R and 2H MoS,, 2D Mater. 6, 025022 (2019).

174120-21


https://doi.org/10.1088/1361-648X/adc64a
https://doi.org/10.1103/RevModPhys.29.664
https://doi.org/10.2478/s11534-008-0122-1
https://doi.org/10.1016/j.carbon.2012.06.019
https://doi.org/10.1016/j.ssc.2021.114223
https://doi.org/10.1016/S0045-7825(00)00263-2
https://doi.org/10.1016/j.mtcomm.2022.103687
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevB.32.3780
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1016/j.commatsci.2014.07.043
https://doi.org/10.1126/science.aad3000
https://doi.org/10.1038/s41524-018-0127-2
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRev.56.340
https://doi.org/10.1090/S0025-5718-1970-0274029-X
https://doi.org/10.1090/S0025-5718-1970-0258249-6
https://doi.org/10.1093/comjnl/13.3.317
https://doi.org/10.1093/imamat/6.1.76
https://doi.org/10.1103/PhysRevB.98.155309
https://doi.org/10.1103/PhysRevLett.96.256102
https://doi.org/10.1016/j.carbon.2019.04.006
https://doi.org/10.1103/PhysRevB.90.125414
https://doi.org/10.1016/S1093-3263(99)00028-5
https://doi.org/10.1017/S0305004100017138
https://doi.org/10.1039/C9RA09042H
https://doi.org/10.1088/2053-1583/ab0196

SERGE R. MAALOUF AND SENTHIL S. VEL

PHYSICAL REVIEW B 112, 174120 (2025)

[94] D. Cakir, F. M. Peeters, and C. Sevik, Mechanical and ther-
mal properties of h-MX, (M = Cr, Mo, W; X = O, S, Se,
Te) monolayers: A comparative study, Appl. Phys. Lett. 104,
203110 (2014).

[95] Q. Peng and S. De, Outstanding mechanical properties of mono-
layer MoS, and its application in elastic energy storage, Phys.
Chem. Chem. Phys. 15, 19427 (2013).

[96] S. Bertolazzi, J. Brivio, and A. Kis, Stretching and
breaking MoS,, ACS Nano 5, 9703
(2011).

[97] X. Li, J. T. Mullen, Z. Jin, K. M. Borysenko, M. Buongiorno
Nardelli, and K. W. Kim, Intrinsic electrical transport properties
of monolayer silicene and MoS, from first principles, Phys.
Rev. B 87, 115418 (2013).

of ultrathin

174120-22


https://doi.org/10.1063/1.4879543
https://doi.org/10.1039/c3cp52879k
https://doi.org/10.1021/nn203879f
https://doi.org/10.1103/PhysRevB.87.115418

