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Abstract. A multiscale strategy is proposed to study the role of interfacial
decohesion on the piezoresistive properties of graphene/polymer nanocomposite. A
cohesive zone model is identified by atomistic simulations. This cohesive zone model
enriches imperfect interfaces, which model graphene sheets, at mesoscale in our
continuum mechanical model. This nonlinear mechanical model is used to generate
deformed representative volume element to study influence of strain and interfacial
decohesion on the conductivity of graphene/polymer nanocomposites. The effective
conductivity is studied with an electric continuum model at mesoscale that incorporates
the tunneling effect. A conductor-insulator transition is observed for elongations above
2% for graphene volume fraction just above the percolation threshold. The transition
appears for an elongation of 8% instead of 2%, when the interfacial decohesion is
removed.
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1. Introduction

Graphene/polymer nanocomposites have recently attracted a growing attention due to
their high electric conductivity for very low volume fraction [1-7] and their interesting
mechanical performances [4-12]. A wide range of smart materials have been developed
for practical applications with the introduction of graphene or other carbon allotropes
[13-15]. In particular, the research on strain sensing behavior of graphene/polymer
nanocomposites has been carried out based on monitoring the strain-induced resistivity
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change, i.e. piezoresistive effect [16-24], showing potential in the area of structural
health monitoring.

Although many experiments have been conducted to study these new materials,
the mechanisms underlying the piezoresistive effect are still not well understood. Their
influences on effective properties remain an open domain. This paper proposes a
multiscale and mutli-physical strategy, in order to understand the role of interfacial
decohesion on the piezoresistive properties of graphene/polymer nanocomposite. The
main issues of this aim are:

e the identification of the mechanical behavior laws associated with the nanometric
decohesion mechanism between graphene and the polymer;

e the numerical simulation of Representative Volume Element (RVE) containing very
thin objects such as graphene sheets;

e the modeling of quantum effects, such as the tunneling effect, at the continuum
mesoscale.

In that context, a multiscale and multiphysics simulation framework, from nanoscale
up to the macroscale, can help us to tackle these issues. The contribution and the
originality of this work is to combine and to transpose three modeling framework :

e the identification by Molecular Dynamics (MD) of a Cohesice Zone (CZ) model
between graphene and polymer [25];

e the imperfect interfaces to model the graphene sheets like a 2D object to avoid to
finer mesh for the resolution of the mesoscopic problem by Finite Element Method

(FEM) [26,27];
e the introduction, at the continuum mesoscoale, of the tunneling effect to model of
electrical conductivity through a distance function, d(x) [26, 27].

Cohesive zone Mechanical Electrical
identification properties properties

F 1R
I"’ N
P .' \
/ b % Tunneling

effect

Atomistic scale Mesoscale

Figure 1. Strategy of the multiscale modeling for study the electromechanical coupling
of graphene/polymer nanocomposites.
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Figure 1 presents a scheme of our bottom-up approach, which is able to predicts the
variation of electrical conductivity and percolation threshold of the polymer/graphene
nanocomposites under applied strain. The effective electrical conductivity is computed
by nonlinear FEM framework, which takes into account the tunneling effect [26, 27], at
mesoscale on the deformed RVEs. The tunneling effect, which is quantum phenomena,
is created through very thin isolating barriers like polymer layers when the distance
between the two conducting phases lower than several nanometers [28-30]. It leads to
unexpected values of electrical conductivity for very small volume fractions of graphene
[1-7]. The electrical percolation induced by tunneling effects have been also studied
by discrete models of resistance networks [31-33] and by mean field theory [34-38].
However, the breaking of the percolating path induced by interfacial decohesion is a
local phenomenon. Moreover, the desire to couple conductivity with mechanics has led
us to take a full field continuum model [26, 27, 39].

These RVEs are obtained by a nonlinear FEM mechanical framework, which
deforms a random microstructure with imperfect interfaces [40-51]. The imperfect
interfaces can be seen like a surface elasticity membrane [52-62] combine with CZ
model [63-65]. The theory with elastic interface, called Gurtin-Murdoch theory, has
been amply studied to model the size effects that are inherent to the nano scale [66—
69, 7-72, 7-77]. The CZ model has been amply studied in the past to model fracture in
materials [78-93] or damage nucleation and decohesion in heterogenous materials [94—
100]. Note that the decohesion mechanism observed in this study is very similar to the
polymer crazing, which are been also studied by CZ model [101-104].

At the atomistic level, the crazing [105-108] and the decohesion between carbon
filler and polymer matrix [109-113] have been investigated without using the CZ model.
First of all, the atomistic simulations have been performed to evaluate the CZ model
parameters in crystalline solids [114-120]. Then these methods have been transposed
to the study of the decohesion between filler and matrix in polymer nanocompoistes
[25,121-126]. On another side, the identification of elastic parameter associated to
surface elasticity can be conducted by atomistic simulations [120, 127-133].

The paper is organized as following: in section 2, we provide the details on the
identification of CZ model by MD simulations, for the graphene/polymer interface.
In section 3, the mechanical model with imperfect interfaces are described with the
formalism of the finite elasticity, and the effective stiffness moduli of the nanocomposites
are estimated. Finally, the electrical modeling incorporating the tunneling effect is

presented, and the numerical examples of the piezoresistive effect are presented in section
4.



2. Identification of a nonlinear cohesive model by molecular dynamics

2.1. Graphene/polymer atomistic model

In the present section, a nonlinear CZ model for the interface between graphene and
polymer is identified by MD simulations. For this purpose, we study a sample where a
graphene sheet is placed on the top of PE slab (see Fig. 2 (a)). A coarse-grained model
is used for PE macromolecules, which are represented by 500 beads of —CHy— atom
units. The system contains 80 PE chains and 4860 carbon atoms in the graphene sheet.
The system is periodical on X-Y plane and non-periodical on Z direction. Dreiding
potential [134] is employed in the simulation. For simplicity, we assume that the system
is nonpolar, i.e. the electrostatic term in the nonbonded part of potential energy are
neglected.

2.2. Preparation of amorphous polymer

The initial system is prepared from the self-avoiding random walk (see, e.g., [135] for
RVEiew) combining the molecular dynamics relaxation steps as introduced by [136] and
used by [137] to generate homopolymers and copolymers. The different steps of this
algorithm are :

(i) Initialization : the atoms inside the graphene sheet are arranged on the top of the
simulation box.

(ii) Chain nucleation : the first atom of each chain is randomly placed with a uniform
probability density inside the box deprived of a layer of thickness of 24 from the
graphene sheet.

(iii) Chain growth : all chains grow at each step of the random walk with the random
order. The degrees of freedom associated with the hardest term of the valence or
bond part of potential energy are maintained at their equilibrium position, i.e.
the distance between two atom units and the bending angle between two bonds
are fixed. The possible position of the next atom unit during the random walk
is on a circle under these geometric constraints. The set of N; trial positions

{ros1} = {rgll, . ,rgfl)} is chosen with uniform distribution on this circle.
The potential energy, U (rl,...,ra,rgll), for each trial position is computed.

The position is randomly chosen with a probability distribution according to the
Boltzmann weight

Uu (rl, R rgrl)
kyT

P <rgil) oxexp [ — (1)

where k;, is the Boltzmann constant and the temperature 7' = 300 K. It interesting
to note that the chains can grow from both extremities.

(iv) Chain relaxation : an annealing is performed by a molecular dynamics
simulation with Berendsen thermostat [138] at the temperature of 700 K during
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20 ps. The position of atoms in graphene sheet are frozen at the same position.
This relaxation step is performed when the chains are 50, 100, 150, 200, 250, 300,
350, 400, 450, 500 monomers. The algorithm come back to step (iii) at the end of
relaxation until there are 500 atom units per chain.

(v) Final relaxations and quenching : after the chain growth, the system is then
first relaxed at NpT ensemble via Nosé-Hoover [139,140] at T=700 K and p=0
atm for 10000 fs and followed by a cooling from 700 K to 200 K during 40000
fs. Note that for all the pRVEious steps, the system is periodic, i.e. there are
two graphene polymer interfaces. We increase the distance of 10 nm between the
upper side of graphene and the polymer to keep only one interface. Then, a second
NpT relaxation at T=200 K and p=0 atm for 20000 fs. Another relaxation during
20000 fs is performed at NVE ensemble. The last step is the quenching at 0 K
by a minimization of the system potential energy. During these last three steps,
we ensure that the distance between the upper side of graphene and the polymer
always remains greater than 2 times the global cutoff of interatomic potentials.

2.3. Identification of cohesive zone model

To study the separation in opening mode, graphene was moved in successive steps of
0.5A along the Z direction following by a minimization procedure. The graphene atoms
and bottom layer of the polymer were kept fixed (see Fig. 2(a)). The separation process
is depicted in Figs. 2. The polymer chains undergo stretch at the beginning along
the 7 direction, then form highly oriented structures, called fibrils or nano-fibrils. Voids
appear between the fibrils during the decohesion. This deformation mechanism observed
during the simulation is similar to the nano-crazes of some semi-crystalline polymers,
such as polybutene [141,142]. The size of the void grows along the separation direction;
and the extended chains slide along the graphene sheet to increase the fibrils as described
in the reference RVEiew paper of Kramer and Berger [143]. It should be noted that
the separation is controlled by the chain desorption at the graphene surface by sliding,
which is dominated by van der Walls interaction.

The average force of polymer on graphene was monitored, as from which we can
get the normal traction force, t,, of cohesive zone as a function of the displacement of
graphene layer, [u,], as shown in Fig. 3. The force varies linearly with the displacement
of graphene sheet at the which corresponds to the domain where the behavior of the
interface is RVEersible. Then the curve bends to reach a maximum at 0.7nm, called the
yield threshold. This phase corresponds to the nano-fribils creation and to the cavity
initiation. Once the yield threshold crosses, the force decreases with the displacement
of graphene sheet. During this phase, the chains slip on the graphene sheet to feed
the fibrils. It is likely that the observed softening is related to the reduction of the
contact area between polymer chains and graphene. The MD results are fitted with the
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within this region fixed

Figure 2. Evolution of the atomistic model during the normal separation. The model
contains 44860 atoms, and the graphene is moved with a step of 0.5 A. The graphene
atoms and the bottom layer of the polymer are fixed during the relaxation.

following empirical model:

—1529[u,,]? + 2150(u,] if 0 < [u,] <0.7
tn = geo ([un]) = § s — g +263.74 if 0.7 < [u,] <1.15 (2)

360 exp(—0.16[u,]) — 15.12 if Ju,] > 1.15

3. Mechanical modeling

In this section, we use the theory of nonlinear continuum mechanics which details can
be found in [144-147] among others. Consider a continuum body € in the reference
configuration €y € R?, and the spatial configuration Q, € R3. The boundary of
Qp are denoted by 0€) in reference configurance and 0f); in actual configuration.
In the reference configuration, the graphene sheets are distributed randomly in the
domain as the internal discontinuity F((]") (n =1,2,...,N), as shown in Fig. 4. The
graphene surfaces and their boundary are collectively denoted by I'y = UnF(()") and
ory = unarg"”) U arff"“ where 81“((;") = 00y N Aly. The two sides of the interface are
denoted by 'y and I'y;. And the unit vector normal to the interface in the reference
configuration is n(X). The displacement of the bulk, and the two sides of the interface
are u, u~ and u' respectively. The current positions, x of the material particles at the
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Figure 3. Traction force, ¢, vs displacement of graphen layer [u,]. The points denote
the MD results and the line is the fitting curve. There is a correspondence between
the bold points with the letters (a-d) on the curve and the Figs. 2(a-d).

Figure 4. RVE model of the graphene-reinforced nanocomposite.

inital position, X, are defined by x = X + u for the bulk. x~ and x* are the current
position for the two sides of interface. The graphene sheets are modeled as the general
imperfect interface [49,50], satisfying [u] = u™ — u™ # 0 and [x] # 0, the traction
through the graphene surfaces is also discontinous, [t] = t* —t~ # 0 where t* and t~
are respectively the traction on I'j and 'y associated to the normal n(X).

3.1. Internal virtual work

In this section we follow the theory of imperfect interface at finite strains developed by
Javili et al [50]. The internal virtual work, §W;,, is given in reference configuration by
the contributions of polymer bulk and graphene sheets, which are modeled by imperfect



interfaces:

SWine(u, 6u) = oW (u, 6u) + W) (u, 6u) (3)

wnt wnt

The polymer bulk contribution is

wnt

SW(u, su) = / P:SFdV (4)
Qo

where P is the first Piola-Kirchoff stress and 0F = V ydu is the gradient of the virtual
displacement du with respect to the Lagrangian coordinate, X.
The contribution of imperfect interfaces is given by

int

S (u, u) = / PO . 5FC) 1 {{t}}. [u] dS (5)

where P®) is surface first Piola-Kirchof stress and 6F®) = §F.I§, denotes the surface
gradient of the virtual displacement, where I = I — n(X) ® n(X) is the projector into
the tangente plan of interface in the reference configuration. {{t}} = 1/2(t* +t7) is
the average of traction. Note that the expression of internal virtual work with imperfect
interfaces is true assuming that the interface motion to the midplane [50].

Using the second Piola-Kirchhoff stress tensor S = F~'P (resp. the surface
second Piola-Kirchhoff stress tensor, 8* = (F*)~' P* ), we achieve finally the following
expression of internal virtual work (for a configuration in static equilibrium) in the form

wnt

sW (u, 6u) = / S:dedV (6)
Qo

SW (u, 6u) = /F S®: 6e® + {{t}}. [6u] dS (7)

where de (resp. 0e®) is the variation of the symmetric Green-Lagrange strain tensor,
e = 3(FTF —I) (resp. the variation of the surface Green-Lagrande strain tensor,
e* = I3el3).

3.2. Constitutive laws

We choose the Saint Venant-Kirchhoff model for bulk part, which is an extension of the
linear elastic material model, the second Piola-Kirchoff stress is given by :

S=C":e (8)

where C®) is the forth order tensor of stiffness. It is assume to be isotropic and defined by
Lame’s coefficient A = 6890 MPa and u(*) = 680 MPa [26]. These elastic parameters
are identified by deformation of MD simulation box of pur PE following the classical
procedure [148].

Like for the bulk, we assume for sake of simplicity that the behavior of imperfect
interface is RVEersible. The surface elastic behavior of graphene is assumed to isotropic
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inside its plane, so the surface second Piola-Kirchoff stress is given also by Saint Venant-
Kirchhoff model :

S* = 24 + A (5 I3) I3 9)

where the surface Lame’s coefficient A(*) = 19.0 N.m™' and p®) = 18.7 N.m™! are
identified by MD simulation [149].
The expression of traction {{t}} is assume to be aligned with the displacement jump

[u]] and given by :
e Tl

where g, ([u])) is the function identified by MD simulations in Eq. 2.

(10)

3.83. Weak form of mechanical problem

In order to relate the micro stress and strain feilds to the imposed macroscopic strain,
the effective quantities are defined as [50],

1

F= FdV + [u] ® n(X)dS (11)
1201 Ja, 12l Jr,
and
— 1
P= PdV + P*dsS (12)
1201 Ja, 120l Jr,

where F and P are the effective deformation gradient and effective first Piola-Kirchoff
stress respectively. The effective Green-Lagrange strain tensor € and the effective second
Piola-Kirchoff stress S, are defined by :
1 /17— 1
E:§<FTF—I> and S=F 'P (13)
To impose that the incremental internal virtual work at micro scale, 6W;,, is egal
to the macroscopic internal virtual work, 6W;,, = PJF, we chose periodic boundary
conditions to statisfy the extended Hill-Mandel condition [50]. The weak form associated
to mechanical problem at micro scale is :
Find u € H'(€y), satisfying the boundary conditions u = F.x + @ over 9, with @
periodic, such as
/ S(u) : de (u,du) dV+/ S*(u) : 9e° (u, ou)+{{t([u])}}.[ou] dS = 0(14)
Qo 1)
forall du € H} ().
We use FEM to discretize the solution space, linear tetrahedrons for bulk part
and linear triangles for interfaces. A Newton-Raphson procedure is used to solve this
non-linear problem step by step for small increment, AF, of effective strain gradient.
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Figure 5. RVE for the graphene/polymer nanocomposites involving 15 graphene
square sheets in a cube of 70x70x70 nm?.

3.4. Effectives mechanical properties

We use this FEM framework to investigate the effective mechanical properties of
graphene reinforced nanocomposites with various graphene volume fraction in linear
regime. The volume fraction is controled by increasing the number of graphene sheets
in the domain. The generation of the random RVEs is provided in appendix Appendix
A. The in-plane dimensions of graphene sheets are 15 x 15 nm? and the RVE side length
of the cubic domain is 70 nm. We consider multi-layer graphene platelets, also called
here sheets, which have a finite thickness, h = 0.2 nm. In this study, the graphene sheet
are modeled by square plane with the side length L = 15 nm. This assumption is due
to extremely thin thickness of graphene and relies on the imperfect surface model. One
example of isotropic graphene nanocomposite RVE is illustrated in Fig. 5.

The numerical results are provided in Fig. 6 for graphene/PE nanocomposite
with varying graphene volume fractions. With randomly distributed graphene, the
samples present isotropic properties. The effective Young’s modulus E and effective
shear modulus G are plotted for each volume fraction as shown in Fig.6, where
the average values are obtained for 10 realizations. It indicates that the elastic
moduli of the graphene-reinforced nanocomposites increases with the graphene volume
fraction. As expected, as compared with the computational results without the CZ
model, the introduction of interface decreases the stiffness of the composites, and
playes an important role especially at large graphene volume fraction. An increase
of around 30% of the moduli is exhibited when the graphene volume fraction reaches
1.5 vol%. The experimental results in some literatures [8,29] show 50% and 62%
improvement of Young’s modulus by the addition of 1.5 wt% functionalized graphene
sheets and 0.7 wt% graphene oxide respectively. There are several possible reasons
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Figure 6. Effective Young’s moduli and shear moduli along with the increase of
graphene volume fraction. Graphene sheets are randomly distributed in the RVE,

which has the side length of 70 nm. The dimensions of graphene sheets are 15 x 15 x 0.2

nm3 .

for the higher experimental results compared to our numerical results: firtly, the
aspect ratio of graphene in the experiments can be larger than our assumption in the
numerical example; secondly, the functionalized graphene sheets and graphene oxide
show enhancemenent of the interfacial interaction with the polymer matrix.

4. Electro-mechanical coupling examples

4.1. Electrical model of graphene-reinforced composites

A numerical model for electric properties of graphene/polymer nanocomposites has been
proposed in [26]. In this section, we use the deformed RVE in actual conficuration €
providing from mechanical simulations. The graphene sheets are assumed to be in
the middle of imperfect interface I';. According to the extremely thin thickness, the
graphene sheets are modeled by highly conducting imperfect surfaces [150]. Electric
tunneling effect between graphene sheets originating from the nanoscale is taken into
account.
The electric power, P, of the system in actual configuration is defined by

P [ Py [ wgas e
Qt Ft

where the density functions w® and w® are the bulk and surface density functions
expressed by

w®(x) = %j(x).E(x), and w¥(x) = %js(x).Es(x). (16)

In these equations above, E(x) and j(x) denote to the electric field and current density
respectively, and E(x) is related to the electric potential ¢ by E(x) = —V,¢(x) where
V. is the gradient with respect to the Eulerian coordinate, x. Besides, E*(x) and j®(x)
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are the surface electric field and surface current density with respect to the graphene
sheets, where E® = I{ . E with I{ = I — n(x) ® n(x) the projector operator characterizing
the projection of a vector along the tangent plane to I'; at a point x € I'; and n(x) is
the unit normal vector to I'; in actual configuration.

The local constitutive equations relating j and E are nonlinear as:

. | KPE if d(x) > dot,
TT GEAx)E i d(x) < do

where d.,; is a cut-off distance above which the tunneling effect can be neglected, and
Kép) is the second-order tensor of electric conductivity of the polymer when neglecting

(17)

tunneling effect. The polymer matrix is assumed to have an isotropic conductivity, i.e.
KP = k(()p '1. Note that the relatively high value of k(()p ) = 1071 S.m! for polymer is
choosen to assure the convergence of FEM framework to due the very high contrast
between the conductivity of graphene and polymer matrix. The field, d(x), called
the distance function, is defined as the sum of the two smallest distances between the
position x and the two neighbouring graphene sheets (see Fig. 7),

x—x'|[+ min |x-x"[. (18)

d(x) = min |
xPely, j£i

xI' el

This function is updated for all deformed configurations of RVE.

1—13

Figure 7. Distances of a point x from surrounding graphene sheets to compute the
distance function, d(x). Here, d(x) = dj + da.

An explicit formula for the electric tunneling effect through a potential square
barrier was first derived by Simmons [151] as:

2.263 2 |: 871'(1)0 vV 2m<I>0 1 :|

G((E,d(x)) = E|“exp |— 19
3e2/2md, 41/ 2mPy 1

——||E — 20

# S B exp |- TR (20)

where @ is the energy barrier height that the electrons cross and h,, e and m denote
Plank’s constant, the charge of an electron and a material parameter.
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The surface current density j° of the graphene sheet I'; is related to the surface
electric field, ES through (see e.g., [47,150]):
P(x) = KOES (21)
where
K® : (n(x) ® n(x))

Here, h is the thickness of graphene sheets and K(® denotes the second-order electric

K® = hK*, K*=K® — (22)

conductivity tensor of the bulk graphite, which is given by
K® — kﬁg)lis) + k(f)n(x) ® n(x) (23)

where kﬁg) = 83200 S.m~! and k;(f) = 83.2 S.am~! are the conductivity parameter of
graphen multi-layer from [1].

Considering the constitutive equations above, and minimizing the dissipated power
with respect to the electric potential field, the weak form for electrical problem is :
Find ¢ € H'(€,), satisfying the boundary conditions ¢(x) = —E.x+ @(x) over 9, with
¢(x) periodic, such as

/Q 5(6).Vx(66) AV — [ §9(6) IOV, (66)dS =0, (24)

It
forall 6¢) € H} (). Here E is the effective electric field of the RVE.

We use a FEM to discretize the solution space, linear tetrahedrons for bulk part
and linear triangles for graphene sheets. A Newton-Raphson procedure is used to solve
this non-linear problem step by step at small increment, AE, of effective electric field
[26].

The problem being nonlinear, the effective conductivity is the incremental one
dependent on the intensity and history of the applied electric field, which is defined
as

(KT)ij (E) = agé?) (25)

where j and E denote the effective current density and effective electric field of the RVE
respectively defined by :

j= jdv + j®ds, E= EdV. (26)

1
1921 Jo, 1921 Jr, 1921 Jo,

4.2. Electrical percolation threshold

First, we investigate the influence of graphene volume fraction on the effective electric
conductivity of graphene/polymer nanocomposites in the initial configuration €y. The
barrier height between graphene and polymer matrix is taken as &, = 0.17 eV. The
examples are given for a fixed value of effective electric field norm, HEH =25 V.um™!,

The numerical results are provided in Fig. 8 for graphene reinforced nanocomposite
with varying graphene volume fraction. Taking into account the tunnel effect, the
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Figure 8. Effective electrical conductivity of graphene reinforced nanocomposites as
a function of graphene volume fraction. Barrier height between graphene and polymer
matrix is set to be 0.17 eV. The applied electric field is 0.0025V/nm. (a) (K7)11; (b)
(K7)22; (c) (K7)33; (d) Comparison.

numerical values of (K7)11, (K1) and (K7)s3 are plotted for each volume fraction
as shown in Fig. 8 (a-c), where the average values are obtained for 30 realizations.
An additional comparison among the electrical conductivities in the three directions is
shown in Fig. 8 (d). A sharp rise of conductivity of several orders of magnitude can
be noticed at about 0.52 vol% where the mean value exceeds 107% S/m. Generally, the
percolation threshold is the minimum filler content in the matrix which is characterized
by a sharp rise of several magnitude in conductivity due to the formation of conductive
network, and realizes a transition from insulator to conductor. Therefore, we estimate
that the percolation threshold is about f, = 0.52 vol% in this example. The influence
of barrier height, thickness of graphene multi-layer and their alignment have been
investigated in [27].
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4.3. Evolution of electrical properties under stretching of the composite

In this section, we study the impact of both streching and decohesion at the graphene
polymer interface on the electric conductivity. Indeed, the conductivity is controled
by tunneling effect, that depends strongly of ditance between graphene. Thefore, we
impose an macroscopic elongation, € = 11e; ® ey, on the RVEs, from g;; = 0% to 10%.
Due to the long comptutational time, only one RVE microstructure is randomly studied
for each graphene volume fraction.

The deformed microstructures are stored for each 1% increment of deformation
and the distance function, d(x), is updated. Introducing the new distance function,
the electrical conductivities at different effective strain £;; are shown in Fig. 9. The
boundary between insulator and condutor is defined to be 107® S/m, below which the
material is supposed to be insulator. On the contrary, it is conductor. Focusing on the
electrical conductivity along the direction of deformation (K 7)1, we can observe in Fig.
9 (a) that the mechanical deformation has little effect on the electrical conductivity
of the nanocomposites when the graphene volume fraction is below the percolation
threshold, f < f. = 0.52 vol%. When the graphene volume fraction is above the
percolation threshold (f > f. = 0.52 vol%), the electrical conductivity (K7);; decreases
with the applied elongation, but it should be noted that the nanocomposites remains
conductor. However, if the graphene volume fraction is around the percolation threshold
(f = f. = 0.52 vol%), a sharp decrease of the electrical conductivity can be seen when
the nanocomposites is subjected to strain, which is regarded as a transition point from
conductor to insulator. For instance, with 0.66 vol% graphene the transition point of the
sample is £1; ~ 3%, and with f = f. = 0.52 vol% graphene it is £, ~ 10%. However,
the elongation would not affect the electrical conductivities of the nanocomposites in the
transverse directions (Kr)ss and (K7)s3, which can be seen from Fig. 9 (b-c). We note
that this drop in conductivity does not occur for each curve above a volume fraction f >
0.79 vol%. This is probaly a consequence that the simulations for each volume fraction
have been performed on only one realization, and that some configurations might be
more favorable to this effect.

Observed this typical conductor-to-insulator transition for the composite with
f = 0.66 vol% graphene by the proposed model, we compare the effective conductivity
with the results which are estimated without considering the the decohesion between
graphene and polymer matrix (i.e. we impose [u] = 0). It can be seen on Fig. 10
that neglecting the cohesive interface, the transition point increases from z;; =~ 3% to
8%, which shows the important role of decohesion at the interface in predicting the
piezoresisitivity properties of polymer graphene nanocomposite. It is interesting to note
that it is theoretically possible to design a composite which can go from conductor to
insulator by varying the applied strain on the system. This transition can be induced
mainly by the decohesion for weak interfaces, or only by strain for a stronger interface
but for a more important applied elongation.

Moreover, the influence of barrier height, ®y, between graphene and polymer is
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Figure 9. Effective electrical conductivity of graphene reinforced nanocomposites as
a function of the deformation for various graphene volume fraction. Barrier height
between graphene and polymer matrix is set to be 0.17 eV, and graphene aspect ratio
is 75. The applied electric field is 0.0025V/nm. (a) (Kr1)11; (b) (K71)22; (¢) (K1)33.

presented in Fig. 11 for the configuration with 0.66 vol% graphene sheets, which
is just above the percolation threshold, f., and exhibits the conductor-to-insulator
transition. It can be noted that effective conductivity of the composites decreases with
the increasing barrier height, because the tunneling current goes down along the growing
barrier height according to Eq. 20 and results in [27]. For the elongation £;; = 3%,
the sharp decrease of the electric conductivity can be observed at both &y = 0.17 eV
and &g = 0.3 eV. However, when the barrier height increases to 0.5 eV, the electric
conductivity of the insulating composite doesn’t vary a lot with the increasing effective
strain. This phenomenon gives a view that the polymer matrix would also be taken into
account for the material design to obtain the special electro-mehanical function.

5. Conclusion

In this paper, we identified a CZ model using MD simulations. The CZ model has
enriched a nonlinear mechanical model where graphene sheets are modeled by imperfect
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Figure 10. Effective electric conductivity (E)H as a function of effective strain €11
for the composite with 0.66 vol% graphene both with and without considering the
cohesive interface. &y = 0.17.
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Figure 11. Effective electric conductivity (E)n as a function of effective strain €11
for the composite with 0.66 vol% graphene at barrier height ®; = 0.17, 0.3 and 0.5 eV
respectively.

interfaces, i.e. a combination of an elastic membrane and a CZ model. Finally, the
mechanical model allowed us to generate deformed RVEs to study influence of strain
and interfacial decohesion on the conductivity of graphene/polymer nanocomposites.
An electric continuum model, that incorporates the tunneling effect, have been used to
study the effective conductivity and the influence of the macroscopic elongation, the
interfacial decohesion and the potential barrier height.
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This multiscale and multiphysics approach has shown the existence of a
piezoresistive effect for graphene/polymer nanocomposites. This effect is very significant
for graphene volume fraction just above the percolation threshold because a conductor-
insulator transition is observed for elongations above 2%. In addition, the model
has demonstrated the importance of decohesion on the conductor-insulator transition.
Indeed, the transition appears for an elongation of 8% instead of 2%, when the interfacial
decohesion is removed in the mechanical model. It is interesting to note that this
strategy could be used to model and design damage detection sensors [152, 153].
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Appendix A. RVE generation for graphene/polymer nanocomposite

Figure Al. Scheme of the position and oriention of graphene platelets in the 3D
space.

The position and orientation of ith graphene sheet in RVE are defined by 6 degrees

of freedom {r;i),rg(f),rgi),a(i),ﬂ(i),fy(i)} where r;(f),rz(f),rg) are the coordinates of the

center of graphene sheet, and a®, 3, () are the Euler angles. Note that a®, 3 give
the orientation of the unit normal of graphene sheet, n(, and v gives the orientation
of graphene sheet around the unit normal n® (see Figure Al).

The different microstructures are generated by a Markov-chain with hard-inclusion
Metropolis algorithm (see [156,157] for review in the case hard-spheres). First, an
initial configuration of the system is chosen such the graphene sheet centers are on
cubic lattice with random orientation and without overlapping. Then, one randomly
chosen graphene sheet is attempted to move for each step of Metropolis algorithm. A new
position for the graphene sheet under consideration is chosen by six random parameters:
(Az, Ay, Az) € [=6,,0,)°, Aa € [—m, 7|, AB € [—d5,05) and Ay € [-6,,0,]. The
parameter (Ax, Ay, Az, Avy) are generated with an uniform distribution over their
definition domains and the couple of increment angles (Aa, AJ) are generate with an
uniform distrution on the part of the unit sphere defined by dg. The new position of
graphene sheet is then (z® + Az, y@ + Ay, 2 + Az, oD 4+ Aa, BO + AB, 4D + Ay).
The parameters d,, dg and J, are adjusted to give about 50% acceptance of the new
position. Periodic boundary conditions are employed throughout the simulation.
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Therefore, the acceptance step of this Metropolis algorithm reduces to checking
that this displacement does not cause overlap between graphene sheets. To control the
overlapping, the graphene sheets are discretized by a compact centered square lattice of
small fictitious spherical particles with radius 0. The non-overlapping condition is

v >80 Vi (A1)

where r;; is a distance between the fictitious spherical particles 7 and j.

To generate a series of independent isotropic RVE samples as random maps, the
position and orientation are saved during a Markov-chain sampling with regular interval
to ensure the statistic independence of two RVEs. Note that the first RVE is saved when
the orientation of the unit normal of graphene sheets is isotropic in an average sense.



