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Abstract

Our work consists in modeling the effective properties of a piezoelectric-based
nanocomposite that will be used for aeronautical applications. For this purpose,
the polyvinylidene fluoride (PVDF) is considered as a polymer piezoelectric
matrix in which graphene nanoribbons (GnR) are spatially oriented as inclu-
sions. Two different methods were used to estimate the effective properties: the
Mori-Tanaka (MT) micromechanics scheme and the finite element (FE) ana-
lysis. In the MT homogenization scheme, the electro-elastic Eshelby tensor was
first computed for an anisotropic matrix. The entire MT scheme was implemen-
ted in the MATLAB environment. Afterwards a FE model of a nanocomposite
unit cell was developed with ABAQUS in order to estimate the effective prop-
erties. The effective properties computed with the MT scheme showed good
agreement with the predictions of the FE model. The orientation and volume
fraction of GnR inclusions in the PVDF matrix were found to play a signific-
ant role in enhancing the mechanical properties of the nanocomposite, with
a moderate effect on its piezoelectric response. In addition, several physical
mechanisms such as stacking-up and alignment defects of GnR were analyzed
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for their negative influence on the reinforcement effect of GnR. Our theoretical
study will help in understanding the favorable effects of nano-inclusions over
piezoelectric nanocomposites.

Keywords: piezoelectricity, homogenization, FE analysis,
Mori-Tanaka method, PVDF, GnR

1. Introduction

For the last decades interest in smart materials is on the increase. Among them, piezoelectric
materials are becoming sought after because they are used for producing various devices such
as sensors or actuators in applications such as medical imaging scanners, electronic devices
and wearable technology, their scope of application has recently expanded significantly. For
instance, piezoelectric materials have attracted increasing interest in recent years in aeronaut-
ical and space applications [1]. In works by Li et al [2] it was theoretically demonstrated that
piezoelectric actuators could reduce the aircraft’s roll motion while saving structure weight.
Furthermore, piezoelectric materials are essential in the development of the morphing wing
concept [3, 4]. More recently, numerical works by Abou-Khalil et al [5] have demonstrated
that the aerodynamic performance of an aircraft could be improved by a moving interface
between the aircraft wing profile and the surrounding turbulence. The moving or vibrating
interface would consist in a large number of electro-active tiles made of a new piezoelectric
material with high sensing and actuation capacities. To limit the weight of the interface, it
should be as thin as possible and made of a piezoelectric nanocomposite with a polymer mat-
rix reinforced by nanoinclusions (in order to improve the piezoelectric properties).

In this context, polyvinylidene fluoride (PVDF) emerges as a notable alternative to piezo-
ceramic material (e.g. PZT family), mainly because the latter is lead-based material [6].
Beyond its good piezoelectric properties [7, 8], PVDF is thermally stable and has favor-
able mechanical characteristics [8]. In its natural state, PVDF exists in an amorphous phase
(denoted «v phase) [9], requiring a process to transform it into an electro-active state (crystal-
line phase such as 8 phase)—the phase of particular interest for piezoelectricity [10]. Various
methods, such as mechanical stretching, high voltage polarization or thermochemical treat-
ments can be used to activate the transformation phase process [9-11]. However, PVDF can
also be obtained by electrospinning to enhance g phase formation [8].

The mechanical and piezoelectric properties of PVDF can be significantly improved by
adding nanoinclusions such as carbon nanotubes (CNT) or graphene nanoplatelets (GnP).
Several experimental or numerical studies have highlighted the effects of nanoinclusions on
the behaviour of PVDF [7, 12—-14]. Besides the significant and obvious mechanical improve-
ment, the piezoelectric coefficient ds3 could be increased from 27.4 pC N~! to 31.3 pC N~!
by just adding 0.01 Wt% of CNT [15]. Nevertheless, nanoinclusions have high electrical
conductivity [16] and therefore must be added in very small amounts due to the percolation
obstacle [17, 18], which could transform the piezoelectric polymer matrix into a conduct-
ive material. More recently, researchers have attempted to overcome the problem by creating
defects in the nanoinclusions in order to transform them into dielectric or even piezoelectric
materials [19-21]. For example, graphene nanoribbons (GnR), obtained by unzipping CNT,
have high dielectric properties [21, 22] and thus could be used as nanoinclusions for our inten-
ded application: a vibrating interface made of a piezoelectric nanocomposite.

In order to design a new piezoelectric nanocomposite, it is necessary to establish accur-
ate structure-property expressions. Extensive efforts have been made to estimate the effect-
ive properties of piezoelectric composites. The first approaches use homogenization methods
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based on classical Eshelby’s inclusion solution and numerical schemes to compute the effect-
ive properties [23, 24]. Analytical relationships have also been developed such as those by
Kuo and Huang [25]; they show a strong coupling between the orientation and the volume
fraction of inclusions with the effective piezoelectric properties. Expressions for Eshelby’s
electro-elastic tensor are proposed in [26, 27] and used to derive the self-consistent model, the
Mori-Tanaka (MT) scheme and the dilute approach.

According to previous works [23, 26, 28], the MT averaging micromechanics scheme,
which was initially developed to deal with the mechanical behavior of composites and was
later extended to include electro-mechanical coupling, shows good agreement with experi-
mental data. Odegard et al [29] employed the MT method to predict the mechanical behavior
of effective CNT fibers, which were first characterized using molecular dynamics simulations
for both aligned and randomly distributed inclusions. Their predictions showed good agree-
ment with experimental data, particularly at low volume fractions of randomly distributed
CNTs. Ji et al [30] applied the MT scheme to predict the effective properties of GnP-based
composites with randomly distributed inclusions. Similarly, Azrar et al [31] and Li and Dunn
[32]. utilized the MT method to model the viscoelectroelastic behavior of two-phase compos-
ites. Furthermore, Li et al [33] employed the MT approach to predict the viscoelastic behavior
of CNT-reinforced polymer composites in the frequency domain (Carson domain).

By employing the approach of representative volume element (RVE), numerical methods
such as finite element (FE) or boundary element methods have been used to estimate the effect-
ive properties of nano composites and piezoelectric composites [28, 34-37]. According to
the literature, the FE method is also found to be accurate because it takes into account the
stress distribution within the inclusion, unlike Eshelby-based schemes which assume stress
uniformity in the inclusion. Chwat and Muc [35, 38] applied FE micromechanical model-
ing to characterize the elastic behavior of CNT polymer nanocomposites, emphasizing the
impact of nanotube arrangement. Kumar and Srivastava [39] used a 3D nanoscale RVE with
FE approach to evaluate elastic properties of CNT- and GnR-reinforced composites, analyzing
effects of volume fraction and reinforcement length and compared them with continuum mech-
anics models (i.e. Halpin—Tsai and the rule of mixtures models). Guo et al [36] carried out a
multiscale FE model combining atomistic and macroscopic scales, and effectively predicted
that increasing graphene volume fraction and size significantly enhance the Young’s modulus
and stress transfer in graphene-reinforced composites. El Bahi et al [40] introduced a multi-
stage homogenization strategy to assess how CNT/GnP agglomeration and geometry influence
the elastic properties of polymer composites reinforced with both nano- and micro-scale fillers.
Shingar and Naskar [41] investigated the FE approach and various micromechanical modeling
techniques (i.e. Rule of mixtures, modified rule of mixtures and Halpin—Tsai approaches) to
predict the enhanced elastic and piezoelectric properties of graphene-reinforced epoxy com-
posites and PZT-based composites, demonstrating that graphene nanofillers—through their
shape, orientation, and strong interfacial bonding—significantly improve composite perform-
ance, with results closely matching experimental data. Most recently, FE approach has gained
increased attention as a reliable reference method for generating training data in machine learn-
ing models designed to predict the mechanical and piezoelectric behavior of composites [42—
46]. Together, these studies validate the Finite Element method as a powerful and accurate tool
to assess nanocomposite properties.

Piezoelectric GnR/PVDF nanocomposite materials are studied in our work. First, a brief
introduction on the constitutive law of linear piezoelectricity is developed. Then, a homogen-
ization modeling based on the MT micromechanics scheme is presented in order to predict the
effective properties of piezoelectric nanocomposites. For comparison purposes, 3D FE models
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are also developed using the commercial FE code ABAQUS/CAE 2020. The effects of orienta-
tion and volume fraction of GnR inclusions are studied as well as GnR stacking and alignment
defects in terms of change in the effective piezoelectric properties. The present study is limited
to nanocomposites without defects and with perfectly straight GnR inclusions. Moreover, all
GnR inclusions are assumed to be perfectly embedded into the PVDF matrix.

2. Materials

The studied piezoelectric nanocomposites consist of a PVDF matrix reinforced by nano-
inclusions of graphene. Graphene inclusions can have different geometries such as nanoplate-
lets (2D geometry and called GnP) or nanoribbons (quasi-1D geometry called GnR). In the
case of nanoribbons, graphene appears in the form of narrow and very long strips. The mech-
anical properties of GnR are generally evaluated from numerical simulations (using molecu-
lar dynamics or finite element analysis). GnR behave as an anisotropic elastic material with
elastic properties that depend on its geometry (Iength and atomic structure) [47]. However, the
Young’s modulus and Poisson ratio seem to converge as the length of GnR increases [47]. For
simplicity, GnR are assumed to have an isotropic linear elastic behavior with constant proper-
ties. PVDF is a piezoelectric polymer with a semi-crystalline structure and is assumed to have
a large fraction of electro-active 3-phase. Moreover, PVDF shows a nonlinear behavior that
is time and temperature dependent [48-50]. However, at small deformations, its mechanical
behavior can be considered linear elastic.

In the work, PVDF is considered as a continuous matrix in which GnR inclusions are
embedded with a small volume fraction. The latter assumption is justified because the GnR
volume fraction must not reach the agglomeration and percolation threshold constraint [51].
It is also assumed that the addition of GnR inclusions does not change the fraction of electro-
active S-phase of PVDF. Therefore, the matrix material properties are kept constant. The prop-
erties of both PVDF and GnR are taken from the literature [28, 40, 52], and are listed in table 1.

3. Constitutive equations for piezoelectric materials

The constitutive equations of piezoelectric materials have a coupled interaction between the
electrical and mechanical behaviors. For a linear piezoelectric material, the local constitutive
behavior is given in the tensorial form by [26, 28]:

Ojj = Cijmngmn + enijEn
D; = ejpnEmn — Kinkn

ey

where o, €y, E,, and D; are the 2nd order stress tensor, the 2nd order strain tensor, the 1st
order electric tensor and 1st order electric displacement tensor respectively. Whereas Cjjp,, €
and k;, are 4th order elastic tensor, the 3rd order piezoelectric tensor and 2nd order dielectric
tensor, respectively.

In the absence of other external forces, the divergence of local constitutive behavior leads
to the equilibrium equations:

0 =0
D;; =0. )
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Table 1. Elastic, piezoelectric, and dielectric properties of the PVDF and GnR (ko =
8.85Fm™!, electric permittivity of free space).

Properties PVDF [28] GnR [40, 53]
Ci1 (GPa) 3.8 1600.0
C1» (GPa) 1.9 864.2
Ci3 (GPa) 1.0 864.2
C» (GPa) 3.2 1600.0
Cy3 (GPa) 0.9 864.2
C33 (GPa) 1.2 1600.0
Cy4 (GPa) 0.7 370.0
Css (GPa) 0.9 370.0
Ces (GPa) 0.9 370.0
ki /ko 7.4 6.9
ka/ko 9.3 6.9

k3 /ko 7.6 6.9

e31 (Cm™2) 0.024 0.0

e (Cm™2) 0.001 0.0

e (Cm™2) —0.027 0.0

The equations for the elastic strain and the electric field are given, respectively, as follows:

1
Eij = 5 (uiJ + Mj,i) (3)

Ei=—;

where u; and v are the mechanical displacement and the electric potential. Following con-
ventional subscript notation, lower-case subscripts are considered from 1-3, while upper-case
subscripts take range from 14, and repeated lower-case (or upper-case) subscripts sum over
1-3 (or 1-4). Under this convention, the electric and elastic variables are combined to form a
compact linear equation such as:

iy = EipnZn )
where Z,, states for the elastic-strain and electric fields

{ emn M=1,23

Zn=1 T 5)

while 3J;; represents the elastic stress and electric displacement such as:

o O','j J:1,273
Z]l.]_{ Di J:4 . (6)

The electro-elastic moduli Ejjyy, are given by:

Cijmn J=1,2,3; M=1,2,3
€nij J=1,2,3; M=4

€imn J:4, M:1,2,3
—kin J=4 M=4

(N

Eipmn =

The equation (4) can be reduced to a matrix form using the Voigt notation which gives:

Y =EZ 8)
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The bold character indicates a matrix form and consequently, E stands for a (9 x 9) matrix
while 32 and Z are (9 x 1) vectors. The final matrix system for a linear orthotropic piezoelectric
material can be written as:

o1 Ch Cp Csz 0 0 O 0 0 e e
022 Co Cpn C3 0 0 O 0 0  en €2
033 Csz C3 G 0 0 0 O 0 e €33
023 0 0 0 C44 0 0 0 €15 0 Y23
J13 = 0 0 0 0 C55 0 €15 0 0 Y13 (9)
g12 0 0 0 0 0 C(,6 0 0 0 Y12
D] 0 0 0 0 €15 0 —K1 0 0 E]
D2 0 0 0 €15 0 0 0 —KR2 0 E2
L D3 ] L €31 €32 €33 0 0 0 0 0 —R3 1L E3 ]

where 2¢;; = vy, | #J,

4. Effective electro-elastic properties

4.1. MT micromechanics scheme

The effective properties are derived from the local constitutive equations along with a strain
localization step through the strain concentration tensor. Using an average technique over the
local equations within a RVE, the effective properties based on the MT scheme are obtained
explicitly using the equivalent inclusion of Eshelby [54]. For electro-elastic composites, details
about the development of the MT scheme by volume averaging can be found in the literature
[23, 26]. In our study, the effective properties using the MT scheme for a two-phase composite
are given as:

EM' = Epypr + cgnr (Egnr — Epvor) AM" (10)

with
. 0 - 1
AMT _ A dil {CPVDFI T Conr Adil (an

where cpypr, Cgnr are the matrix and inclusion volume fractions respectively. The matrices
Epvpr and Egpr are respectively the electro-elastic matrices of the PVDF and the GnR. EMT
is the effective electromechanical matrix predicted by the MT method. In equation (10), AMT
is the strain concentration matrix. The matrix A% is the strain concentration matrix when the
inclusions are diluted in the matrix without interaction towards each other [55] and it is given
by:

. —1
Al [I +SEpvpr (Egar — Epvor) (12)

where I is the (9 x 9) identity matrix while S is the matrix form of the 4th-order piezoelectric
Eshelby tensor. Its tensorial expression Sys,4p is given by the equation (13). It depends on the
matrix electro-elastic properties and on the geometry of the inclusion. The Sys,,4, components
for an ellipsoidal inclusion are given in [23, 24] such as:

a18a72|—a3 EiJAb f é [Gmlin (Z) + GnJim (Z)] ds (Z) 5 M= 17273

z|=1
S . ayaza 13
MiAb Y awa g, f éGuin (2)dS(z), M=4 (13)
=1

4

|z|=

6
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Figure 1. Typical scheme for an ellipsoidal inclusion embedded in an infinite matrix.

where a;, a; and a3 are the half axes of the ellipsoidal inclusion and Izl = 1 is the surface of
the unit sphere.

¢ = [aiz} + @355 + a323] 1/2 (14)
where G stands for the Green tensor, which is given by:
Gusin (2) = 212.Kyy) (2) (15)
with:
Ky (2) = EiymnZizn- (16)
The unit sphere is parameterized by &3 and 6 as follows:
- &1 _ (1 —f%)l/ZCOSQ’Z2 _ & (1 —ég)l/zsined3 _ & a7

ai ai a £%) as

In our work the components of S tensors are computed numerically since the PVDF is an
orthotropic material. It should be noted that an explicit analytical solution exists only in the
case of a transversely isotropic matrix [5]. In general, the tensor S is not symmetric and care
must be taken when it comes to the shear part [23].

In our study, the GnR are considered as nanoribbons with a, > a; and a3 = co. GnR are
spatially oriented within the PVDF Matrix. Two coordinate systems are considered. The first
one is associated to the inclusion and is noted (x|, x’, x’3). The second one is the global
coordinate system. The latter is related to the whole composite and is called (xj,x;,x3) as
shown in figure 1. The non zero-elements of the Eshelby matrix of GnR reinforced PVDF
composite can be found in appendix A.
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The two coordinate systems are connected by the Euler angles ¢, ¢ and w with a 323-
transformation type such as:

x'y xi
x| =lagl | % (18)
x'3 x3

where [oy] is the cosine direction matrix of type 323 and is given by:

COS (Y COS ¢ COSw — Sin sin Siny cos¢ cosw + cosyp siny  —sin¢ cosw
[agi] = | —cospcosgsing —singp cosw  cosp cosw —sing cosg sing  sing sing . (19)
cos  sin ¢ sin sin ¢ cos ¢

It is worth noting that the transformation described above should not be applied directly on
E;jymn nor Syap, because none of them is a tensor in the true sense. In the case of Ejjy,, the
transformation is applied directly on each tensor of the set defined by equation (20) (because
of the lack of the major symmetry). Subsequently, the Voigt notation is used to convert each
tensor into the matrix form. The transformation is applied on the elastic, piezoelectric, and
dielectric parts of the electro-elastic (given an inclusion orientation) as follows:

/
ijkl = Cmnpqaimajnakpalq (20)
!

Cijk = CmnpCimOjnOkp

I
K’ij = BmnQimQjpn -

Finally, all the calculations discussed in section 4 were processed with MATLAB using the
algorithm given by figure 2

4.2. FE modeling

In FE simulations, the strain and stress fields are computed in the inclusion and also in the mat-
rix, which leads to more accurate predictions of the effective properties [28]. Therefore, FE
predictions are used to validate the results of the micro-mechanical modeling method presen-
ted in the previous section. The 3D FE model is established using the commercial FE code
ABAQUS/CAE 2020.

The RVE of the nanocomposite is built in accordance with [39] considering a perfectly
straight GnR. Its 3D geometric configuration is illustrated in figure 3. In the RVE, the GnR is
perfectly embedded into the PVDF matrix (perfect interface between them) and arranged along
its poling direction (3-direction). The interphase zone between the inclusion and the matrix is
neglected in FE modeling. The change in volume fraction is made by modifying the size of
the surrounding matrix and keeping the size of the GnR constant. The RVE is meshed with
8-node linear piezoelectric brick elements (called C3D8E in ABAQUS/CAE element library).
An example of the RVE mesh is presented in figure 4. The RVE mesh corresponds to a GNR
volume fraction equal to 2.45% which is discretized into 612 200 elements. The materials
properties inputs used in the FE analysis are listed in table 1.

Various loading conditions have to be considered to estimate the effective properties of
the nanocomposite. The boundary conditions corresponding to the loading conditions must be
carefully defined and are derived from [28]. Two types of boundary conditions are imposed
on the symmetric faces of the FE model: mechanical displacement ; and electric potential .
They are respectively defined by:

u; (F) = edx; (21)

y

¢ (F) = —E}x
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Volume fraction Material prop erties Inclusion geometries
€15 €2 Ci1; Ciz; Ci3; Cag; Cag; C3; Cass Cssi Cog a;; a,; as

k k k
Yiot "y kg

€315 €32; €33

Y

Inclusion Matrix

EGnR EPVDF

JP

Kyj = EijinZizn

GM]iu(z) = Zianﬂ}(z)

v

1
EUAD'I; | Z_3[Gm]l'n(z) + Gn]l'm(z)]ds(z) for M =123
z|=1

a,apas
8
SMm“’.b

a,a,a 1
2 By [ 5Gyn@dS@, for M =4
4m |z|=1€

:

Strain concentration matrix

A% = I + SEpipr(Egng — Epypr)] ™

AMT = gdil[c | 4 czA"’"]_l

JV

Effective Mori-Tanaka properties

EMT = Epypp + €2(Egnr — Epypr)AMT

Figure 2. Algorithm for computing the MT effective electro-elastic properties.

where corresponds to the face of the FE mesh on which the boundary conditions are imposed,
53 the constant applied strain, E;) the constant applied electric field and x; the coordinates of
the nodes belonging to the RVE’s face F.
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A

z X

Figure 3. Geometric configuration of the RVE showing an inclusion of GnR embedded
in the PVDF matrix.

Figure 4. FE mesh of the RVE in the case of a GnR/PVDF nanocomposite with a GnR
volume fraction equal to 2.45%.

The effective properties of the nanocomposite are calculated by equating the numerical
predictions of total energies with their analytical expressions. In the case of effective elastic
properties, the elastic energy is first determined for each element of the FE mesh of the RVE.
Then, by summing over all the RVE elements, the total elastic energy stored in the RVE U, is
deduced as shown in equation (22). Finally, the equivalent elastic properties are obtained by
solving the equality with the analytical expression, equation (22). The effective piezoelectric

10
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properties are similarly derived from the total electro-mechanical energy stored in the RVE
U.nm, equation (23). The total elastic and electro-mechanical energies are defined by:

U, = ZU’"— (V/2) Cjuelely (22)

Uem Z = (V/2) e E} (23)
m=1

where the index m corresponds to the finite element considered in the FE mesh, the total num-
ber of finite elements and V the total volume of the RVE. In ABAQUS/CAE 2020, U7, is the
sum of the elastic strain energy and the dielectric energy stored in the element m of the RVE.
In ABAQUS/CAE documentation, they are referred to as ELSE and EENER respectively. A
typical Python code used for postprocessing in order to obtain the effective electro-elastic
constants is given in the appendix B. Tables 2 and 3 summarize the boundary conditions and
associated formulas used to estimate the effective elastic and piezoelectric constants by FE
analysis.

5. Results and discussion

5.1. Comparison between MT and FE methods

There is a lack of experimental results regarding the effective properties of GnR/PVDF nano-
composites in the literature. In order to check the validity of the developed micromechanical
approach, the electro-elastic properties of the nanocomposite GnR/PVDF evaluated by the
MT method are compared with those evaluated by the FE method. Consequently, the effective
elastic moduli Yy, Y2, Y33, G12, G13 and G»3, as well as the effective piezoelectric constants
es1, ez and es3, are presented as a function of the volume fraction of GnR in figures 5 and 6.
The configuration in figures 5 and 6 corresponds to all GnR inclusions perfectly aligned with
the third material direction of the PVDF matrix (i.e. the poling direction of PVDF), a configur-
ation was chosen in order to enhance the piezoelectric effect in lateral direction (the direction
of interest for actuation mode). In the MT method, the alignment of GnR inclusions implies
that the Euler angles (p, ¢ and w) are set to 0 and therefore that the matrix [a;] is reduced to
the identity matrix in equation (21).

In figures 5 and 6, the predictions of all electro-elastic properties computed by the
MT method show good agreement with those evaluated by FE simulations. The proposed
micromechanical modeling based on the MT scheme predicts an almost constant trend of the
piezoelectric constants e;; as the volume fraction of GnR increases, figure 6, whereas it predicts
a strong sensitivity of Young’s and shear moduli. As expected, the effective values of Young’s
moduli linearly increase when the volume fraction of GnR inclusions increases, figure 5(a).
The effective values of shear moduli also linearly increase with increasing GnR volume frac-
tion, figure 5(b). The linear increase of the effective elastic properties due to the increase in the
graphene volume fraction is in agreement with some numerical works in the literature, such
as in [7]. The strong improvement of Young’s and shear moduli is due to the high mechanical
properties contrast of PVDF and GnR. From figures 5(a) and (b), it can also be concluded that
the elastic properties of the nanocomposite become highly anisotropic. The effective piezo-
electric constants e;; predicted by both methods have fairly constant values, figure 6. They are
therefore not altered by the addition of GnR. These numerical predictions can be explained: in
the proposed modeling it was assumed that the (3-phase fraction of the PVDF matrix was not
modified by the GnR volume fraction.

1
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Table 2. Boundary conditions for elastic constants [28]. The +and—respectively refer
to the front face and back face of the RVE for a given specific direction. The electric
fields are taken equal to zero.

Elastic Constants Applied deformation Applied displacement Elastic energies

Cn e =€ ur (+) =", ur (=) =0 Ue = ¥Ci1 (%)
u (+)=0,u2(—) =0
uz(+)=0,u3 (=) =0

Cxn e, =¢° u () =0,u1(=)=0 U, = %/sz(go)z
wy (+) =%, up (=) =0
us (+) =0, u3 (7) =0

Cs3 5(3)3 = 50 uj (+) =0, u; (_) =0 U, = ¥C33(EO)2
w(+)=0,ux(—)=0
uz (+) =%z, u3 (=) =0

Ci2 ) =¢° w () =%, ui () =0  Ue=YCp(e"?
uy (+) =€"x,u2 (=) =0
u3 (+) =0, u3 (—) =0

Ci3 ey =¢" uy(+)=¢e"x,u1 (=) =0 U. = ¥ Ci3(°)’
) (+)=0,ur (=) =0
u3 (+) = 60)63, u3 (—) =0

Ca €9 =¢° ur (4) =0, us (=) =0 U = YCn (%)
ur (+) =%, u (=) =0
us (+) =%z, u3 (=) =0

Cas e =3 w (+)=0,u1(-)=0 U, = Yoy ()
U (+) = %)@, 1723 (—) =0
uz (+) = Pz, uz (=) =0

Css eh=2 uy (+) = Lx3,u1 (=) =0 Ue = 5Ci3(2)’
u () =0,ux(=)=0
us (+) = Lx,u3 (=) =0

Cos eh=7% w (+) = Lxo,u (=) =0 Ue=¥Cia(2)?
uy (+) = Lxi,ua (=) =0
us (+) =0, us3 (—) =0

5.2. Stacking effect of GnR

The effective properties of the PVDF/GnR nanocomposites presented above were predicted
under ideal conditions, in other words when all nano-shaped inclusions are well dispersed
and aligned. However, the synthesis of nanocomposites is a challenging task and the ideal
conditions studied above may be difficult to achieve. For example, graphene inclusions tend
to stack up and to form graphite layers, leading to deterioration of the effective properties
of the nanocomposites. The theoretical framework proposed in [30] was used to examine the
effect of stacked GnR inclusions on the effective electro-elastic properties of nanocomposites.
In the configuration presented in figure 7, all GnR inclusions are perfectly aligned with the
third material direction of the PVDF matrix (i.e. the poling direction of PVDF). According to
the literature, GnR inclusions can be considered as a quasi-1D nanomaterial. It was therefore
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Table 3. Boundary conditions for piezoelectric constants [28]. The +and—respectively refer to the front
face and back face of the RVE for a given specific direction.

Piezoelectric Deformation and applied Displacement and applied Electro-mechanical
constants electrical field electrical potentials energy
ez 5(3)1 =¢ ; Eg:EO u (+):50x1,u1(7):0 U = %/eysoEO
u(+)=0,u2(—)=0
u3 (+) =0,u3 (=) =0
0
¢3(+): ) 1/]3(_ =-E
e3 6(3)2 =g ; E{’;) = u(+)=0,u; (=) =0 Uen = %632€0E0
1753 (+) = €0x2, 1753 (—) =0
u3 (+) =0, u3(—) =0
0
Y3(+)=0,95(—)=-E
e3s eh=c" ; EB§=E ur(+)=0,u (=) =0 Uen = Jesse E°
w(+)=0,u(-)=0
us (-I—) = €OX3 , U3 (—) =0
3 (+) = 0,45 (—) = —E
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Figure 5. Effective elastic properties predicted with MT and FE methods: Young’s mod-

uli (a) and shear moduli (b).

assumed that the semi-major axis of the ellipsoids a; must tend towards infinity. The stacking
direction is defined along the first direction of GnR inclusions and thus the aspect ratio az/a; of
the ellipsoids is taken constant and equal to 10 000.0 (infinity). The second aspect ratio denoted
by AR and defined by the semi-major axis ratio a/a; is used to depict the shape of the stacked
GnR inclusions inside the nanocomposite. The AR values are ranged from 0.01 to 1.0; with
a value of 0.01 theoretically corresponding to a single graphene layer for GnR inclusions.
The numerical predictions presented in the section were obtained with MT micromechanics
scheme.

As expected the inclusion shape has an effect on the Eshelby tensor, and hence the predicted
values of effective elastic properties. In figure 7, the effective Young’s modulus Y values are
slightly affected and a sharp decrease in the effective Young’s modulus Y5, values is predicted

13
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Figure 6. Effective piezoelectric properties predicted with MT and FE methods.

when the aspect ratio of GnR inclusions AR decreases to 0.1. For higher values of AR, the
effective Young’s moduli Y| and Y5, are not sensitive to the values of the aspect ratio AR and
to the GnR volume fraction, which is in agreement with the numerical study of Ji et al [30].
However, the effective Young’s modulus Y33 is not sensitive to the aspect ratio AR = ay/a;
and the so-called ‘nano effect’ seems to be preserved, figure 7(c). The predictions presented
in figure 7 can be attributed to the particular shape of GnR inclusions (quasi 1D-geometry
along the third direction). The values of the effective shear moduli G5 and G, are not presen-
ted because they are nearly equal and are not altered by the stacking of GnR inclusions. In
figure 8, the effective shear modulus G,3 strongly depends on the volume fraction of GnR and
the stacking effect, i.e. the aspect ratio AR. However, when the aspect ratio of GnR becomes
greater than 0.1, the effective shear modulus G»,3 tends to a constant value independently of the
GnR volume fraction values. In conclusion, the effective elastic constants are not altered by
the addition of GnR for AR values greater than 0.1, with the exception of the effective Young’s
modulus Y33.

The effective piezoelectric constants e3; and e33 predicted by the MT micromechanics
method have fairly constant values regardless of the aspect ratio AR (i.e. the staking effect)
and GnR volume fraction. The predicted values of the effective piezoelectric constant ez, are
presented in figure 9. The effective piezoelectric constant ez, decreases as the aspect ratio AR
of GnR inclusions tends to 0.1. Nevertheless, the stacking effect on the effective piezoelec-
tric constants remains weak, which corroborates our assumption that GnR inclusions do not
modify the -phase fraction of PVDF matrix.

From the numerical results presented above, it can be concluded that GnR inclusions with
an aspect ratio AR greater than 0.1 embedded in the PVDF matrix lead to a nanocomposite
with the weakest mechanical behaviour. We have considered that a certain amount of GnR
inclusions are stacked but have kept their initial orientation inside the PVDF matrix. The con-
figuration is presented in figure 10 and the corresponding problem can be treated as a two-phase
inclusion problem. The volume fraction of stacked GnR inclusions is denoted by cg and the
total volume fraction of GnR inclusions by cgr. Following the method proposed in [30], the
effective Young’s moduli and piezoelectric constants of the nanocomposites with restacked
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Figure 7. Stacking effect of GnR inclusions on the normalized effective elastic prop-
erties: Young’s modulus Y1; (a), Young’s modulus Y, (b) and Young’s modulus Y33

(c).

GnR inclusions has then been computed with the micromechanics MT scheme. The predic-
tions of the effective Young’s modulus Y;; and piezoelectric constant e3; of the nanocompos-
ites with restacked GnR inclusions are presented in figures 11 and 12 respectively.

In figure 11, the normalized values of the effective Young’s modulus Y;, decrease linearly
as the volume fraction of stacked GnR inclusions (denoted c;) increases. They also decrease
as the GnR volume fraction decreases. The numerical predictions presented in figure 12 are
in agreement with the predictions presented in [30]. However, no effect of stacked GnR is
obtained for the two other effective Young’s moduli, Y, and Y33. As for the effective Young’s
modulus, the effects of stacked GnR inclusions are similar on the effective piezoelectric con-
stants. In figure 12, the normalized values of the effective piezoelectric constant e3, decrease
linearly as the volume fraction of stacked GnR inclusions (denoted cs) increases. The two other
effective piezoelectric constants, e3; and es3, are almost independent of the volume fraction
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of stacked GnR inclusions and are not presented here. With the proposed micromechanical
modeling, GnR stacking slightly causes to deteriorate the electro-mechanical behavior of the

PVDF/GnR nanocomposite.

5.3. Alignment effect of GnR

The effects of piezoelectric inclusion orientation in infinite matrix have been well studied in
previous numerical works on piezoelectric composites [25, 26]. For the different inclusions
shapes studied in [26], the inclusions orientation has a significant effect on the effective electro-
elastic behavior of the composites. In addition, the alignment effect of nano-inclusions on the
electro-mechanical behavior of polymer nanocomposites was studied in [56] with a 2D-model
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Figure 11. Normalized effective Young’s modulus Y, of GnR/PVDF nanocomposites
where part of GNR inclusions are stacked.

for the case of CNT nanocomposites. In the numerical predictions of [56], the electro-elastic
behavior of the nanocomposite is improved when the CNT are all aligned along the strain
loading direction. Since GnR can be considered as quasi 1D-geometry inclusions, it is expected
that the electro-elastic behavior of GnR/PVDF nanocomposites is improved when all GnR are
well aligned along the poling direction. Due to the anisotropy of the PVDF matrix and for sake
of simplicity, only three geometric configurations were studied considering small rotations
along the three material directions of the PVDF matrix. The various studied configurations are
presented in figure 13. With the MT modeling previously presented, the alignment effect on
the effective properties is only obtained in the configuration presented in figure 13(c).

The GnR alignment degree was expressed by the angle between the poling direction of the
PVDF matrix (3-direction or third material direction) and the longitudinal axis of the GnR.
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Figure 13. The different configurations studied: initial configuration of GnR within
PVDF matrix (a), small rotation along x;-direction (b), small rotation along x,-direction
(c) and small rotation along x3-direction (d).

The effective Young’s moduli Y|; and Y5, are not influenced by small variations in the GnR
alignment with respect to the three material directions of PVDF. This is the reason why numer-
ical predictions for both effective Young’s moduli are not presented. Because of the specific

18
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geometry of GnR (quasi-1D inclusion geometry), the effective Young’s modulus Y33 strongly
depends on alignment variations by rotation along the 2-direction of PVDF matrix. The effect-
ive values of Young’s modulus Y33 are shown in figure 14. The effective Young’s modulus Y33
predicted for an alignment variation beyond 15° weakly depends on the value of the volume
fraction of GnR in the PVDF matrix, figure 14. However, from the numerical predictions
presented in figure 14, it can be concluded that the Young’s modulus Y33 can be improved
significantly if the GnR inclusions length is aligned with an admissible variation of 5° along
the material 3-direction of PVDF matrix (i.e. the poling direction of PVDF).

The effects of GnR alignment variations on piezoelectric constants e3; and e33 are quite neg-
ligible and are therefore not presented here. In figure 15, the normalized values of the effective
piezoelectric constant es; decrease non-linearly as the alignment defect of GnR inclusions
increases. However, the effective values of the piezoelectric constant e3, remain close to zero.
Therefore, it is not possible to conclude on the effects of the GnR alignment variations on
the piezoelectric properties. This could be due to the absence of a model that describes the
percolation behavior of GnR in the micromechanical modeling.

6. Conclusion

The effective elastic and piezoelectric properties of GnR/PVDF nanocomposites were studied
using a micro-mechanics approach and taking into account the anisotropy of the PVDF mat-
rix. The effective properties estimated with a micro-mechanics approach (MT scheme) were
compared with the predictions provided by Finite Element simulations. For ideally aligned
inclusions, a good agreement between the MT predictions and Finite Element predictions was
obtained. From this preliminary study with perfectly aligned GnR inclusions, it was decided
to study the effects of stacking and alignment of GnR inclusions on the effective properties of
the nanocomposites. The stacking effect of GnR was modeled via the aspect ratio variations
of the ellipsoidal inclusion in the MT micro-mechanics approach. In agreement with the liter-
ature, the stacking effect of GnR was found to have a great influence on the effective elastic
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Figure 15. Alignment variations effect of GnR inclusions on the normalized effective
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properties of the nanocomposite as it significantly improves the Young’s moduli. However, the
piezoelectric properties seem to be weakly impacted. The effects of varying GnR alignment
were also studied using the MT approach. The improvement of elastic properties is strongly
affected but the piezoelectric properties are not very dependent on GnR alignment variations.
Our study leads to considering GnR as inclusions for designing PVDF nanocomposites with
improved mechanical properties and uncompromised piezoelectric behavior.
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Appendix A

Non-zero components of the Eshelby tensor S for the GnR-reinforced PVDF composite (a; =
1;a; = 100;a3 = 10000) presented in the full 9 x 9 matrix form:

1.00126  0.739918  0.829358 0 0 0 0 0 0]
—0.00226  0.006681 0.001934 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0.001174 0 0 0 0 0
S= 0 0 0 0 0.49866 0 0 0 0
0 0 0 0 0 0.496495 0 0 0
0 0 0 0 0 0 0.99681 0 0
0 0 0 0 0 0 0 0.002861 0
Lo 0 0 0 0 0 0 0 0 |
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Appendix B
1 from odbAccess import *
2
3 # Open the ODB file
4 f = openOdb('C11_e31.0db")
5
6 # --- Downloading quantities needed for post-treatment ---
7/
8 # Volume is the volume of each integration element of the RVE
9 Volume = f.steps['Step-1'].frames[-1].fieldOutputs[ IVOL"].values

10

11 # Epot is potential of each node of the RVE

12 EPot = f.steps['Step-1'].frames[-1].fieldOutputs[ 'EPOT"].values
13

14 # ELSE is the elastic energy stored in each element of the RVE

15 ELSE = f.steps['Step-1'].frames[-1].fieldOutputs[ ELSE"].values

16

17 # EENER is the dielectric energy stored in each element of the RVE
18 EENER = f.steps[’'Step-1'].frames[-1].fieldOutputs[ EENER"].values

19

20 # --- Computing the total volume of the RVE ---

21 V=290.0

22~ for i in range(len(Volume)):

23 V += Volume[i].data

24

25 # --- Computing the sum of the Elastic and Dielectric energies ---

26 EE = 0.0 # Total elastic energy
27 EV = 0.0 i# Total dielectric energy
28~ for i in range(len(Volume)):

29 EE += ELSE[i].data
30 EV += EENER[i].data
31

32 # Em: total elastic energy stored in RVE

33 Em = EE * V

34

35 # Ed: total dielectric energy stored in RVE

36 Ed = EV * V

37

38 # Eem: total electroelastic energy stored in RVE
39 Eem = Em + Ed

40

41 # --- Parameters ---

42 eps_© = le-01 # Strain used to create elastic energy

43 Voltage = 1e@5 # Electric field between two opposed surfaces [V/m]
44

45 # --- Equations from Eq. (22),(23) ---

46 e31 = (2 * Eem) / (V * eps_@ * Voltage)
47 C11 = (2 * Em) / (V * (eps_@ ** 2))

48

49 # --- Display results ---

5@ print('e31 =", e31)

51 print(‘C11 =', C11)

Figure B1. A typical python code to compute the elastic and piezoelectric coefficients
C11 and e3; respectively on ABAQUS.
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