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ABSTRACT ARTICLE HISTORY
The electromechanical responses of single and multi-layered piezoelectric Received 1 June 2023
functionally graded graphene-reinforced composite (FG-GRC) plates are Accepted 30 August 2023
studied based on an accurate higher-order shear deformation theory (HSDT)
involving quasi-3D sinusoidal plate theory and linear piezoelectricity. These
FG-GRC plates are composed of randomly oriented graphene nanoplatelets : )

- . . - - s graphene-reinforced piezo-
(GPLs) reinforcing fillers and the piezoelectric PVDF matrix considering two electric laminates;
different distribution patterns such as linear- and uniform- distribution (LD functionally graded
and UD) of GPLs across the thickness. The modified Halpin-Tsai (HT) and Rule materials; piezoelectric
of mixture (ROM) models are utilized to determine the effective material effect; viscoelastic
properties of FG-GRCs. The analytical model of FG-GRCs is extended further electromechanical responses
to analyze the time-dependent linear viscoelastic electromechanical behavior
of the system based on Biot model of viscoelasticity in the framework of
inverse Fourier algorithm. The viscoelastic electromechanical responses
include the static deformation and electric responses of simply supported FG-
GRC plates which are investigated by considering transverse mechanical and
external electrical loading, as well as other critical parameters like aspect ratio
and weight fraction of GPLs. The numerical results reveal that the electro-
mechanical response of FG-GRC plates can be enriched due to the addition
of a small weight fraction of GPLs. The coupled multiphysics-based computa-
tional framework proposed here for predicting the viscoelastic electromech-
anical behavior of laminated composites can be exploited for stimulating and
developing a wide range of micro-electro-mechanical systems (MEMS) and
devices incorporating time-dependent programming features.

KEYWORDS
Active composite laminates;

1. Introduction

Owing to stimulating multi-functional properties, two-dimensional (2D) materials and their
derivatives have emerged to be significantly vital nanomaterials (Saumya, Naskar, and
Mukhopadhyay 2023). The quest for exploiting extraordinary mechanical properties of 2D gra-
phene (modulus of elasticity, ~1 TPa and strength, 130 GPa) and high specific surface area
(2630 m?*/g) led to the opening of an evolving area of research for developing graphene-based
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nanocomposites. It can be utilized as an ideal reinforcement candidate for tailoring multifunc-
tional hybrid composites, leading to multifarious applications. The mechanical and interfacial
properties of graphene-based composites are significantly enhanced due to the addition of con-
trolled loading contents of graphene. Extensive research is carried out for the prediction of elec-
tromechanical behavior including static and dynamic analysis of graphene-reinforced composite
(GRCs) structures such as beam, plate, rod and shell by introducing piezoelectric nanoscale gra-
phene fiber in a non-piezoelectric polyimide matrix (Mukhopadhyay et al. 2021; Naskar et al.
2022; Shingare and Naskar 2023). Graphene is considered as a nanoscale fiber, wherein the effect
of size-dependent properties is investigated such as strain and electric field gradient as well as
piezoelectric, flexoelectric and surface effects on these GRC structures. The effective piezo elastic
and relative permittivity properties of GRC are also probed by using analytical and finite element
(FE) micromechanical models. They show a significant enhancement in mechanical and electrical
behavior of GRC structures as it incorporates flexoelectric and surface effects in comparison to
the piezoelectric effect. Despite its importance in material design and engineering, research on
the behaviors of graphene-reinforced composite is still inadequate.

In the last few years, a new class of materials has emerged as an excellent choice of researchers
due to its unique tailorable variation in material properties mainly across the thickness, known as
functionally graded materials (FGMs) (Singh, Shingare, et al. 2023). FGMs show great potential
to be used in several areas like automotive, aerospace, aviation and many other engineering
domains as shown in Fig. 1. The quest for high performance and exceptional properties including
high stiffness, light in weight, durability, and high load-bearing/resistance capacity are the main
causes for adopting FGMs (Karsh et al. 2019, Karsh, Mukhopadhyay, and Dey 2018; Trinh,
Mukhopadhyay, and Kim 2020). The influences of the graded components on the deformation
and strength of thick-walled FGM tubes when subjected to internal pressure were examined by
Fukui and Yamanaka (1992). Further, Fukui, Yamanaka, and Wakashima (1993) extended their
earlier research by considering these FGM tubes when subjected to uniform thermal loading and
examined the effects of gradation of components on residual stresses. By curtailing the circumfer-
ential compressive stress at the inner surface of FGM tube, they also proposed an optimal com-
position. To examine stress intensity factors and transient thermal stresses of FGMs considering
cracks, Fuchiyama (1993) utilized an eight-noded quad-axisymmetric element. In order to get
more accurate results, they emphasized that the temperature-dependent properties must be
accounted for in the investigation. Utilizing optimization and sensitivity techniques, Tanaka et al.
(1993) considered FGM property profiles based on the lessening of thermal stresses. Mondal,
Agnihotri, and Faye (2022) formulated the closed-form solutions of three-dimensional crack-tip
stress fields for a FGM medium under thermo-mechanical loading and investigated the scope of
delaying its failure mechanisms. Lu, Lee, and Lu (2006) used stroh-like formalism to analyze a
simply supported laminate of functionally graded piezoelectric material (FGPM). Behjat et al.
(2011) carried out FE formulation in their paper to investigate static bending, free vibration and
dynamic behavior of FGPM plates where material properties are graded along thickness direction
based on power law. Das and Sarangi (2016) modeled and performed the analysis of an FG beam
within ANSYS environment using Solid 186 element. Based on the Navier solution and first-order
shear deformation theory (FSDT), Song, Kitipornchai, and Yang (2017a) reported the free and
forced vibration analyses of FG graphene platelet-reinforced composite (FG GPLRC) laminates.
Afterward, by utilizing the same theories, Song et al. (2017b) investigated the buckling and post-
buckling behavior of bi-axially compressed FG GPLRC plates. Shen et al. (2017) derived an ana-
Iytical solution for buckling and post-buckling analyses of FG GPLRC plates rested on elastic
foundation. In addition to this, the results of thermal buckling and the post-buckling of GPLRC
plates were analyzed by Wu, Kitipornchai, and Yang (2017) using the differential quadrature-
based iteration method. They showed the increment and decrement of thermal buckling and
post-buckling resistance considering different parameters such as weight fraction of GPLs along
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Figure 1. A Bird’s eye view concerning detailed flowchart of viscoelastic electromechanical analysis of piezoelectric FG-GRC
plates for application in various technologically demanding industries.

with their distribution, width-to-thickness, and aspect ratios. Gholami and Ansari (2017) investi-
gated the large deflection and geometrically nonlinear analysis of FG GPLRC plates using analyt-
ical solutions. Based on the Navier solution and FSDT, Song, Yang, and Kitipornchai (2018)
introduced the static and compressive buckling analyses of the FG GPLRC plate. They also
reported that the shear correction factor is essential to confirm the accuracy of the mathematical
framework that they presented. Using the element-free IMLS-Ritz method and FSDT, Guo et al.
(2018) studied the vibration of GPLs reinforced layered composite quadrilateral plates. Gholami
and Ansari (2018) used higher-order SDT to find out nonlinear harmonically excited vibration of
rectangular FG GPLRC plates based on the variational differential quadrature (DQ). Using the
transformed DQ method, Malekzadeh, Setoodeh, and Shojaee (2018) investigated the vibration of
FG GPLRC eccentric annular plates integrated with layers of piezoelectric material. Some of the
research investigations in this field combine FGMs and composite structures for achieving a wide
range of performances (Barati and Zenkour 2019; Natarajan et al. 2014; Assadi and Farshi 2011).
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A major interest of current research activities involves the presence of homogeneous strain and
electric field in FGM plates concerning the piezoelectric effect, which we discuss in the following
paragraph.

In the search for emerging lightweight multi-functional structures, it was revealed that if piezo-
electric materials are utilized as distributed sensors/actuators which can be attached to or incor-
porated into the structure then it accomplishes self-monitoring and self-controlling competencies
(Smith and Auld 1991). These structures are usually named as “smart structures”. Piezoelectric
materials generate the electric response to an applied mechanical load by virtue of the direct
piezoelectric effect while it deforms due to the electric load by virtue of the inverse effect (Kuai
et al. 2013; Maranganti, Sharma, and Sharma 2006; Tita et al. 2015). For developing high-per-
forming structures, the use of piezoelectric materials as distributed actuators and sensors is
related to these direct and inverse effects, respectively. In recent advances, the FG structures inte-
grated with piezoelectric actuators and sensors have received much interest from the application
as well as the fundamental research point of view to develop MEMS and technology-based energy
harvesters (Beeby, Tudor, and White 2006; Yan and Jiang 2017, 2011). For a better understanding
of piezoelectricity phenomena, the concept of piezoelectric effect is described using mathematical
relation: D; ~ ejkéjk. In this, Dy, gk and e represent the electric displacement vector, the strain
tensor and the piezoelectric tensor, respectively. Such piezoelectricity phenomena are found to be
present in materials where the inversion symmetry plays a vital role, meaning the material should
be non-centrosymmetric.

Consideration of viscoelasticity in smart piezoelectric composite materials makes it more real-
istic in terms of accurate electromechanical response prediction due to the fact that many of the
polymers used in composite structures are inherently viscoelastic in nature. Time and frequency
domain analyses of the viscoelastic effect have been reported in composite structures. Aboudi and
Cederbaum (1989) presented a micromechanical analysis of unidirectional fiber composites con-
sidering the phases to be viscoelastic in nature. Salehi and Aghaei (2005) analyzed axisymmetric
viscoelastic circular plates using a non-linear and non-axisymmetric formulation. Wenzel, Josse,
and Heinrich (2009) developed a model to analyze the deflection of viscoelastic (polymeric) canti-
levered beams under uniform (adsorption-induced) surface stress. Garcia-Barruetabena et al.
(2013) discussed the interconversion scheme of viscoelastic relaxation modulus from the time-
domain and frequency domain and vice-versa. Amoushahi and Azhari (2014) studied a moder-
ately thick viscoelastic plate using linear finite strip formulations. Mukhopadhyay, Adhikari, and
Batou (2019) incorporated the effect of viscoelasticity into an irregular hexagonal honeycomb lat-
tice following a bottom-up analytical framework in the frequency domain. Jafari and Azhari
(2021) discussed the bending of thick viscoelastic Mindlin plates with different geometries in the
time-domain. Singh, Naskar, et al. (2023) showed the usage of extended Kantorovich method
(EKM) to analyze IPFG viscoelastic plates embedded with piezo sensory layer.)

The review of literature presented on composite/FGM with consideration of graphene platelets
clearly specifies that graphene/its derivatives are one of the most promising nanofiller for multi-
physical applications. However, until now, to the best knowledge of the authors, there are no
(or very few) studies investigating the electric and mechanical response of functionally graded
graphene-reinforced piezoelectric composite (FG-GRC) plates with and without consideration of
the viscoelastic effect. Such an investigation could offer many exploitable prospects for developing
next-generation MEMS and smart structures (note: hereinafter the “FGM” is used for functionally
graded material without piezoelectric effect, while “FGPM” is used for functionally graded piezo-
electric material). In this article, the electromechanical responses of single and multi-layered
piezoelectric functionally graded graphene-reinforced composite (FG-GRC) plates would be
studied based on an accurate higher-order shear deformation theory (HSDT) involving quasi-3D
sinusoidal plate theory, linear piezoelectricity and the effect of viscoelasticity. The results would
be further validated with separate finite element (FE) modeling extensively. The reason for taking
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HSDT as a benchmark over classical plate theories (CPT) is due to its ability to incorporate thick-
ness deformation (e, # 0) and transverse shear deformation.

The contribution of this work is aimed at predicting the viscoelastic electromechanical performance
of simply supported FG-GRC plates with and without consideration of piezoelectric effect using analyt-
ical and FE approach under generic loading conditions (quasi 3D sinusoidal distributed load). In the
process, we would investigate different critical parameters such as weight fraction of GPLs and aspect
ratios concerning direct and inverse piezoelectric effects. An overview of the comprehensive analysis
concerning the current research work is systematically presented in Fig. 1. This article is structured as:
Section 2: the basic mathematical formulations based on quasi-3D sinusoidal plate theory and linear
viscoelasticity are introduced; Section 3: the details of FE models are presented; Section 4: the numer-
ical results are discussed for single and multilayer FG-GRC plates to investigate their electromechanical
responses, including the effect of viscoelasticity; Finally, the article is summarized with concluding
remarks and critical perspectives in Section 5.

2. Theoretical formulation
2.1. Geometric consideration

Figure 2 shows a schematic of single-layered rectangular plates made of functionally graded
piezoelectric material (FGPM) with width a, length b and height /4 and it is associated with
Cartesian coordinate system (0 <x <b,0 <y <a, f% <z< % . The FGPM plate is assumed to
consist of polyvinylidene fluoride (PVDF) matrix and graphene platelets (GPLs) reinforcement.
The top surface of FGPM plate is subjected to a transversely distributed load p,. This mechanical
load is dependent on only two in-plane spatial coordinates x and y while an external electric volt-
age V is applied in between its top and bottom plate surface. Variation of material properties is
considered to be continuous in nature (Nomura and Sheahen 1997) and it is varied only along its
thickness direction i.e., z-axis. The present formulation can also be applicable to multilayer lami-
nates (with number of layers N1 ) which is explained later in Section 4.2.

2.2. Kinematic relations

Considering the quasi-3D sinusoidal plate theory (Zenkour 2007) and the shape function pro-
posed by Levy (1877), Stein (1986) and Touratier (1991), the displacement field (u,v,w) of any
point within the volume of interest along three orthonormal directions can be expressed in the
following form (Zenkour and Hafed 2020):

Owy (X, h
u(x,y,z) = u“x,y)—z% + ESin (E z) Yy (% Y) (1a)

>
-
[—
=
—
—

Figure 2. Schematic of FGPM plate subjected to electromechanical loadings and associated Cross-sections.
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OWy (X, h

V(x)y’ Z) = VO(X) y)z¥+gsln (gl) lpy<X, y) (1b)
T

W(X,y,Z) = Wo(X,y) + cos <H z) ?,(%Y) (o)

where (ug,vo) and wy indicate the in-plane and out-of-plane displacements of any point
respectively on the mid-plane (z = 0) and (/,, ) indicate the respective rotations of the trans-
verse normal about y and x-axis. ¢,(x,y) is for accounting the stretching effect of the plate.
Contrary to typical first-order shear deformation theory, the present trigonometric plate theory
does not require any shear correction coefficient.

e Assumptions:
1. Any straight lines perpendicular to mid-surface before deformation stay straight after its

deformation.
2. There will be the contribution of bending and shear both in total transverse displacement.

Wo(X,Y) = Wob(X,Y) + Wos(%Y) (2)
3. Rotation function (¥, lﬁy) are approximated as respective slopes of shear transverse
deflection:
OWos 0w
(oY) = Z5 and Uy(xy) = E. 3)
Considering these assumptions in Eq. (1), we get the following simpler forms:
OwWob (X, Y OWos (X, y
U(X,y,2) = Up(X, y)—z% —f1(z) % (4a)
6w0b X,y 8w05 XYy
V(% Y, Z) = Vo(X, Y)—Z$ —fi(z) % (4b)
W(X,Y,2) = Wob(X,Y) + Wos(X,Y) + fz(z)(pz(x, Y) (4¢)

where f;(z) =z —Bsin (fz) and fy(z) = cos (fz) are derived from the assumed shape function.
Neglecting Von-Karmen non-linear terms in strain formulae, we can derive the following linear
strain-displacement relations from Eq. (4):

B == g —f1(z) o =&, + zix + 1 (2)n (52)
ov aVO 82W0b 0 Wos
Yy "oy Payp @G T h(n (50)
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ow
=5, = f,(2)p, (5¢)
du v duy v Pwop Pwos
Ty =2 = e T ok T oy T ox awoy oy v T He Ny 6D
ov  ow Owes 0,

M:ﬂﬁza+$:ﬁ@<&?*£>:b@& o

Oou Ow Owos 8%) 0

= 2 Xz — T _— f - f b 5

Vxz & 9z + % Z(Z)< % + Ix 2(2))))(2 ( ﬂ
where & = % 88:%’> VQY:%Jr%Vﬁ’, Kx:*0;¥§b> Ky:*aza‘;’gb’ "XY:*Z%Z):&E”

2 2 2
D*wos _ DPwys O*Wos OWos

Ny = — ox? rIY = 5_)’2’ nXY = _zﬂxay’ yg)’z = (8)’ +%> and V?{z = (%—i_aaixz) We can
observe here the existence of non-zero transverse strains (¢, # 0) which is also a characteristic of
any typical shear deformation plate theories.

Accounting Maxwell’s equation, the variation of electric potential (¢ ) through thickness can
be approximated by the following equation proposed by Quek and Wang (2000):

¢ = — cos (Ez)d)(x,y) +%z = —H(z)P(x%y) +¥z (6)

where ¢ denotes the distribution of electric potential induced in mid-plane. The electric field
components E can be given by:

op By
E = Ey = _— fz (Z) - (7)
E, i ayzv
_ 99 209 -+
0z

2.3. Constitutive equations and function resultants

General constitutive relations for any piezoelectric material can be given by following two equa-
tions of actuation- and sensing- law (Li et al. 2020):

Oy c11(z) ci2(z) ci3(z) 0 0 0 & 0 0 en(z)

oy c12(z) c2(z) c23(z) 0 0 0 &y 0 0 ex(2) E
o, | | c3(z) ca3(z) cs3(z) O 0 0 & | 0 0 es(z) Ex
Ty | 0 0 0 cu(z) O 0 Vyz 0 eu(z) 0 EY
Ty 0 0 0 0 css(z) O xz e;s(z) 0 0 “
Tay 0 0 0 0 0 ce(z)) \y 0 0 0

(8a)
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Ex
&
D, 0 0 0 0 es(2)0 gy ty(z) 0 0 Ex
D, | = 0 0 0 eu(z) 0 0 yz + 0 iy(z) O E,
D, e3(z) exs(z) ess(z) 0 0 0 yYZ 0 0 pas(z) E,
Xz
VXY

(8b)

where {D} is electric displacement field and ¢ (i,j=1, 2, 3, 4, 5, 6) are the elastic
constants under constant electric field (Zenkour and Alghanmi 2018) which can be given as
follows:

_ _ _ E(»(-v2)’)
c11(z) = c22(z) = c33(z) = - 3V(Z)2 — 21/(2)2 (9a)

E(z)v(2)(1 +v(2))

Clz(Z) = C13(Z) = C23(Z) = 1— 31/(2)2 _ 2y(z)2 (9b)
cua(z) = cs5(2) = cos(2z) = % (9¢)

As this is an FGM system, all elastic and piezo coefficients such as elastic modulus (E), Poisson
ratio (v), piezoelectric (ejj) and dielectric (1) coefficients are varying along the direction of the
plate thickness (z).

The governing equations for the present static FGPM system are achieved from the principle
of virtual displacements that can be given as follows:

Jf [—(0U) 4 6Weq dt =0 (10a)

The virtual strain energy (0U) is expressed as follows:

a b 3
ou = J J J (0xx08xx + OyyOtyy + 04,08, + Oxy07yy + 0307y, + 0x,07y, ) dxdydz (10b)

h
0J0J—3

The virtual work done by the externally applied uniform transverse load py and externally applied
Electric potential, V can be written as follows:

a b a (b %
OWext = J J [ Po(% y)éwo] dxdy + J J J [ Dy JE, + DydE, + D25Ez]dxdydz (10¢)
0J0 0JoJ-14

After substituting the strain-displacement relations and rearranging Eq. (10a), the following six
governing equations of motion can be obtained:

ON,  ONy

o + by (11a)
Ny, ON

0 Y+&:o (11b)

o0x oy
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82 M xy 0? M,
8x8y By A Po(%Y) =0 (11¢)
0%Py 82PXY 82Py 0Qy _
0Q, | 9Qy B
Bx +W—Q270 (11e)
3 rk [f (z) an+f (z) Dy f'( z)D ]dz 0 (11f)
202) 75—+ 12(2) 57— — =
k=1"2%k-1 Ox (‘?y

Here Ny, My, Pj; are the function (stress and moment) resultants whose definitions are given as
follows:

b NL 2z
{NxanyaNy} - fh{ax» Txy) O_y}dZ = ZJ {O'k Tiy’ O'I;}dZ (123.)
2 k=1"+%-1
Nz
{Mx, Myy, My} = J {0x Txy> Oy} 2dz = ZJ {al;, r)ljy, aly‘}zdz (12b)
k=1"Y%k-1
f _ s [ k _k k f
{Px> ny) y} - {Gx> 'Exy) O_y} 1( )dZ = Z (7 'ny, y 1(Z)dZ (12C)
k=1"%k-1

{QX,QY,QZ}—J%h{fz( 2t £ (2)25, £ (7)o fdz = Zj {60)8, B@), )k b (12

k=1"YZk-1

Now if we substitute Eq. (8) in the aforementioned resultants and perform tabulation in the terms
of (&%, 88 ygy, Ko Ky Kays T Ny Ny, y(;z,ygz, ®,), we get the following matrix.

0
Ny Ay Ap 0 By B, 0 Bj Bi, 0 Ej; 83 eisE,
Ny A Ay 0 By, By 0 B, BY, 0 Ep &y exE,
ny 0 0 A66 0 0 B66 0 0 Bgé 0 ’ygy 0
M Byy B, 0 Dy D 0 D, Dj, 0 His Kx e13zE,
My Bi; B, 0 D Dy 0 Df, D3, 0 Hy Ky . €232E,
Mxy 0 0 Bg O 0 Dg O 0 Dgé 0 Kxy JE 0 J
= - VA
Px Bélll B?Z 0 D?l D?Z 0 FH F12 0 Hell3 l’lx 71% e13f1(Z)EZ
Py Bj, B, 0 Dj, D5 0 Fi Fp 0 Hj My exsf1(z)E,
Py 0 0 B, 0 0 D% 0 0 Fe 0 Iy 0
Q, Ei3 Ep3 0 Hy3 Hyz 0 Hj; Hj); 0 Gsz 0, f)(z)essE,
Q 0 0 0 0 0 0 0 0 A}, O Voe exfs(z)Ey
Q, 00 0 0 0 0 0 0 0 A% " e15f2(2)Ey

(13)
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In Eq. (13), the stiffness coefficients can be defined by

Ay Gij ch
Bj; ZZCU' zzcg
Dij Z"Cj ,
Ej £3(z)c; & (Z)Cij

2/ Kk
Fij % f? (Z) Cij N fl (Z)Cij
Hj | = J i f/z(z)zcij dz = ZJ f'z(z)zc; dz, (i=1,2,...,6)

.. -3 12 .. =1Y2Zk-1
Gla] f2 (z)cjj k=14 f'zz(z)cﬁ
Aj f2(2)c £2(2)ck
Bz- fl (Z)Cij £ (Z)Cli
Dij f1 (Z)ZCij ! ijk
Hj £y (2)f1(2)c fi(z)zg
fz(z)fl( ) ij

2.4. Governing equations

(14)

Putting Eq. (13) in the governing Eq. (11), we get the following six partial differential equations.

0%, 0%y 0*vy Pwop Pwop . OPwo
An o 20 + A6 55 oy + (A2 + Acs) 7 Dxdy —Bn ox 30 (B12 + 2Bgs) 8x8;)72 By, 8x30
a Pwos 6@2 0¢
~ (B}, + 2BY) o a;iz + B3 £+ Ay 5= 0
O *vo ", Pw Pw . Pwos
AssaTzo + Azzw (A12 + Ass) o 8(; Bzzwgb — (B2 + 2Bes) BXZ(;; B% 8}/30
a P wos do, o
(1312+21366)a 28ij1323 Dy +A23a =0
8ug 8ug vy vy *waop *wop
Bii—= 5 (B2 + 2Bss) <8x—8yz+ 0 ay + B2, oy Dn i Dy, Dyt
O *wop . 0w . 0w . . 84w05 o,
— (2D12 + 4D66)8X278yz - 11 8 4 D22 8y4 (2D12 + 4D6 ) 28}72 13 a )
g, w0’ PO
+H23W+p(x,y) +A1§W+A2§ o7 =0

(15a)

(15b)

(15¢)



MECHANICS BASED DESIGN OF STRUCTURES AND MACHINES . 1
83110 63110 83V0 83V0 84W()b 84W()b
B}, — e (B, +2BY) + + B3

8X8y2 8X2(9Y 22 ay_’, D?l 8X4 Dgz ay4
a 8 Wob 84W05 84W 64w05
— (2D}, + 4Dj) x0y? —Fp el Fx, oy’ — (2F1; + 4F¢) 920y 5 a2
8 WOS a 2‘92 a a ?, a ¢ i azd)
+AL S y? (H13+A )8)(2 +(H23+A )82+P( Y)+A1332 Z%a—yz

P g0 P

N 0y S5 0

(15d)
O, Ovo Pwop *wop O*Wos O*Wos
El3a E238Y+H13 82()+H23 ay —|—(Ha3+A ) %2 —|—(H33+A ) ayz0
. o, o, - 82¢ ) 2V,
+ Ass I + Al 8)72 - Gsp, — A Dy ,15 e + ¢EE;; +—— o AL =0 (15e)
_ Pwys 0% _0%¢ - Pwys 0% ¢ Ougy v
p s z p ¢ p s 2 p
\éﬂs((’kz i ox? +D116X2+$24 Oy? * oy? +Dzzf?yz+A135) AL 3oy
X Z 82W z a Wob fi 82W05 fi 82W05 o
- Alg ox2 22 ayz - Al% ox2 - AZ% 8}72 H§3¢ - Hggv_EE%Q’z: 0
(159)
In Eq. (15), EEs3, A%, A%, AL AL, A, A

p A P Al Afl
3 A o A o Ad, A
g ~~15

PORP AP PP whi
3> Dips D3y, Hiz, His which
corroborate the piezoelectric coupling coefficients are defined by

h NL

EEy, = J( d= Y[ e

(16a)
k=1"%-1

{Alljs’AzyApa} J —{ew ,€23(2), e33(z }f

= ij {2080 st (16b)

NL

ZJZk - {611(3(2) e23( )}Zf/( z)dz (16¢)
k=1"%k-1

AZP AZP
{A13>A23

h
= J T {613(2),623 }zf )dz =

{¢§4 \/15} :J {ewu(z),e15(z) }5(z)dz = irk { K

i(2)els(n) [B)d  (16d)
k=1

Zk—1
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{ah, AL} = r—fl ) e1s(2), ex3(2) Vi (2 dz—irk ~fi2){ (), (0} (2)dz (160)

k=1"%k-1

Ni

{D},, D5, } = J {111(2)s s (2 }f dZ_ZJZk {#11(1(2)’H12(2(Z)}f§(2)d2 (161)

=1 z-1

h

() = [ Lo 2t e =3[ {ione, Lo o

-2 k=1"%-1
(16g)

Here, Navier’s method is implemented to get the analytical results, wherein the following bound-
ary constraints of the four ends simply supported (SSSS) plate are assigned.

Edge 1: y = 0 ug(x,0) = Wop(x,0) = wos(x,0) = ¢,(x,0) =0
Edge 2: y = a up(x,2) = wep(x,2) = wos(x,2) = ¢,(x,2) =0
Edge 3: x =0 vo(0,y) = Wab(0,y) = wos(0,y) = ,(0,y) =0
Edge 4:x = b vo(b,y) = wob (b, y) = wos(b,y) = ¢, (b,y) =0

To satisfy the aforementioned boundary conditions, (ug, Vo, Wob, Wos, ¢,) are expressed using an
infinite series which are given by:

ZZUmncos< ) sin (?) (17a)

m=1n

ZZan sm( > cos <?) (17b)

m=Iln=

Wob(X,Y) = ZZWbmn sin ( ) sin (;?) (17¢)

m=1n=

Wos (X, Y ZZwsmn sin ( ) sin (n:y) (17d)

m=1n=

S () ()

m=Iln=

As Eq. (15) contains total six primary unknown variables, the mechanical (p,) and electrical load
(¢) are also expressed based on double sine series as follows:

S () ()

m=Iln=
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mnx\ . (nny
Zmen sin ( > sin <T) (17g)

m=In=

We consider that a uniform transverse load, p, is acting throughout the top surface of the
plate. Thus we have p,(x,y) =p, and value of p,, can be determined from Fourier series
expansion.

4 (> . /mnx 4p,
Pon = EJOJOPO sin <T)s n< - >d xdy = mmOTz (1 — cos mn)(1 — cos nn) (18)

Now, we have to assume a function Vj(x,y) (potential per unit surface) to tackle the external
applied electric voltage V in the Eqs. (15¢) and (15f). Similar to p,(x,y), this Vs(x,y) can also be
expressed as double sine series as follows.

1L (E)(

m=1n
Similarly, considering Vi (x,y) =  i.., independent of x and y, Epy can be determined similar to
pmn'
4V
mn = ——— (1 — cos mn)(1 — cos nm) (20)
mnabn?

Note here that while we have considered uniformly distributed mechanical load and
electrical voltage, other loading conditions can also be analyzed based on the analytical
framework presented here. Substituting Eqs. (17) (18)(19) and (20) in the partial differential
Eq. (15), we get the following six linear simultaneous equations of Umn, Vians Womns Wsmn»
q)mnaYmn~

—Ap Upnm? — AggUpnl> — (A + Ags) Vinnmii + By Wppmam?® + (Biz + 2Bgs) Whmnfi“m
+ B} Womnm® + (B, + 2B% ) Wmn*m + Eg3@pyum + AL, Yipm= 0 (21a)

—Ag6Vinnm’ — Az Vinnt® — (A1 + Ags) Unmil + By Wimnfi® + (Bia + 2Bgs) Wpmam’il
+ B3, Wmnt® 4 (B, + 2B%) Womnm*il + Eg3 @l + AD; Yl = 0 (21b)

Bllljmnﬁl3 + (B12 + 2B66) (I-Imnﬁzﬁl + anﬁlzﬁ> + BZZ\v]mnf13 - I)ll\/vbmnﬁ'14 - DZZV\,bmnf14
— (2D1; + 4Dg6)Womnm’ > — D}, Wum* — D3, Wepn* — (2D], + 4D} ) Wmam®n’?
— Hyj3@ppm? — Hys @ + p,, — AR Yipam? — ALY pai> = 0 (21¢)

B2 Uit + (B, + 2B%) (Upn?m + Vipa?) + B3, Vyyafi® — DY Wipum* — D3, Wit
— (2D}, 4 4D} ) Womnm’0® — F1y Womnm* — FyoWamni* — (2F1; + 4Fg6) Womnm’n®
— AL Wpnii? — A Wpnnfi2 — (HY; + AL) O — (H3, + AL) Opuali® + pyyy — AR Y,
e _ ) _ B
— AXY > + _A 24Ymnn + A 15Ymnm =0
(21d)
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E13Umnm + E23ann - H13Wbmnm - H23\/\’bmnn (H?g + Ass)vvsmnﬁ12 - (H% + AZ4)\/Vsmn1712

mn

— AL Dpym® — Al Dppit® — G33 Dy + A Ymnn + A Ymnm +EE33Ymn+ o

AL=0
(21e)

A 11’5(—\/\75,,mrﬁ2 — Oppm?) — DP, Ypum? — A ;(—Wmnflz — @) — DB, Ypndi2 — AP, Upyum

— AL Vil + A Wrnam? + A Winai? + AR Wina? + AR Wonii2 — H3 Yong
— HY Epn—EE33®pn= 0
(21f)
mr nm

Here (m,n) = (b ) Solving six simultaneous Eq. (21), we can determine Wymn, Wsmn> @Pmn
and accordingly, the “{otal transverse deflection w(x,Y,z) of the plate can be calculated by adding
these three effects of bending, shear and stretching. By solving for Y,,,, we can calculate the volt-
age component corresponding to the applied load. It can be noted in this context that the above
formulation is valid for single and multi-layer (with the number of layers N} ) functionally graded
plates. Equivalent material properties are adopted for utilizing the analytical framework presented
here as described below.

2.5. Equivalent material properties

The PVDF has isotropic and piezoelectric properties, and it is presumed that GPLs are uniformly
and linearly distributed with a randomly distributed placement within the PVDF matrix. Such
randomly oriented fiber composite can be approximated to a quasi-isotropic laminate (Halpin
and Karoos 1978). Here the GPLs are assumed as rectangular-shaped solid reinforcement of aver-
age width wgpr, length Igp, and thickness fgp;. The electromechanical behavior of the FGPM
plate is discussed by considering two distributions of weight fraction of GPLs along the thickness
direction (z) which are as follows (Zhao et al. 2020):

1 z
Linear distribution: Wgpr(z) = 200W¢,p, (2 + h) W (22a)

Uniform distribution: Wgpy(z) = 100Wgp Woo, (22b)

where W, and W2, are the total weight fraction and characteristic value of GPLs weight
fraction, respectively (refer to Fig. 3). The total volume fraction of GPLs is calculated using the
following relation:

Woepr(2)
W (2) + (ﬂ—) (1— Wepr(2)

PPVDF

VerL(z) = (23)

where pgpr and ppypp denote the respective mass densities of GPLs and PVDF matrix. The modi-
fied Halpin-Tsai model is utilized to estimate the effective material constants (properties). The
Young modulus of a nearly isotropic laminate system is as follows (Wang, Xie, and Fu 2020):

3 5
E(z) =-E —E 24
(Z) 3 L+8 T (24)
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where E; and Er indicate the longitudinal and transverse moduli and their values can be esti-
mated from the Eq. (25). Here 2 and 2 are the reinforcing efficiency of GPLs considered in longi-
tudinal and transverse directions, respectively.

1+ & Vapn(z) 14 &0 1% Ve (2)
{EL(Z)’ ET (Z)} = GPL > GPL EPVDF (25)
1 — " Vere(2) 1 —nyw Ver(z)
where the parameters 75" and n3F" can be expressed by
EgpL | _ Egpr | _
(P, S} = (EPVDF> ! (EPVDF> ! (26)
L iw b= E GPL’ [ Eg GPL
(EP?/};:F) + L (EPL:/I;’JLF) + w

Here Egpr, and Epypr indicate the respective Young moduli of GPLs and PVDF matrix, and filler
geometric factors ¢FP" and EGf of GPLs are given by the following equations:

21 2
{ SPL’ §VGVPL }:{ GPL WGPL} 27)

tepL  tgpL

where tgpr, lgpr, and wgpr, are the respective thickness, length, and width of GPLs fillers. Other
material properties are calculated by the rule of mixture which is as follows:

p(z) = perVerL(z) + pevor(l — Ver(z)) (28a)
v(z) = vepLVarL(z) + vevpr(l — Vepr(z)) (28b)
[ei(2)] = ofesi]™ " Vare(2) + [es] (1 — Vri(2)) (28¢)
lki(2)] = alki]”" Ve (z) + kil (1 = Vo (2) (28d)

where v, e; (i,j=1, 2, 3, 4, 5), kjj(i = 1,2,3) and « are the Poison ratio, coupling coefficient,
electric permittivity and piezoelectric multiple, respectively. Table 1 summarizes the values of all
these coefficients.

2.6 Time-dependent viscoelastic analysis

Here the analytical model presented in the preceding sections has been extended for analyzing
the functionally graded piezoelectric plates with time-dependent viscoelastic properties. For the

h
? (b)

Figure 3. Distribution of Wgp across the thickness of single-layered FGPM (x-z plane) (a) linear and (b) uniform distribution.
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Table 1. Geometric and Material properties of constituents of FGPM (Li et al. 2020).

Elastic and geometrical properties Piezoelectric constants (C/m?)

W, 1% efVoF 32,075 x 1073
lepL 2.5um ebVoF —4.07 x1073
WepL 1.5um eFVoF —21.19 %1073
tpL 1.5nm ebVoF —12.65% 107
o 100 x 1000 efVoF —15.93 x 1073
PepL 1920kg/m? Dielectric constants (F/m)

Povor 800kg,/m?> ra 53.985 x 102
EepL 1010GPa e 66.375 x 1072
Epvor 1.44GPa ety 59.295 x 102
VGpL 0.186

VpyDF 0.29

sake of simplicity, the complex elastic modulus of the plate in the frequency domain (@) is
expressed as the Biot’s viscoelactic model with only one term (Mukhopadhyay, Adhikari, and
Batou 2019).

* / -/ 10
E;(w) = E(w) +iE"(w) = E(2) (1 + eﬂ n iw> (29)
where E(z) is the effective young modulus in the absence of viscoelasticity, given in Eq. (24) and
i=+/—1. € and p are the constants indicating “the strength” of viscosity and relaxation param-
eter respectively. E' (real part) and E” (imaginary part) can be regarded as storage and loss modu-
lus respectively. The amplitude (dynamic modulus) and phase of the complex modulus can be
derived as follows:

w2+ 0?1+ e)

|E;(0)] = E(2) P (30a)
¢(E: (CU)> =tan! <#2 + Z{Zw—l— ea)2> (30b)

As the phase increases, the contribution of loss modulus will increase which in turn makes the
material more viscous (Mun, Chehab, and Kim 2007). Considering all the limiting properties of
E;(w), present in the existing literature, it can be deduced that for all positive » and ¢, |E}(w)|
achieves minimum amplitude (E(z)) when w — 0 and u — oo whereas the same will achieve
maximum amplitude (E(z)(1 + €)) when @ — oo and u — 0. However, for all limiting cases, the
viscoelastic material properties tend to be pure elastic as the phase ¢ (E}(w)) becomes zero.

To employ this complex modulus in the present analytic model and for capturing the realistic
time-dependent viscoelastic behavior of the plate, it is necessary to invert back the frequency
domain representation discussed above into the time-domain (#). This inversion of young modu-
lus from its frequency domain (refer Eq. 29) to the time domain is carried out by the efficient
inverse Fourier algorithm written in MATLAB symbolic environment. All values of w, from high-
est to lowest, are taken into account when inverting frequency domain data into the time domain
(t > 0). This inversion can be expressed as follows:

E.(t) = ziJ El(m)e™dw = J E:(2nf)e¥™ " dw (31)
Y

—00 —00

Here the function E,(t) (also called relaxation modulus) encompasses the thickness direction (z)

along with the time parameter (t). Handling these two parameters at the same time in the present
analytical model can be cumbersome. To mitigate this issue, we have performed the temporal
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analysis throughout the plate thickness at each time step separately. The evolution of material
properties at each time step is determined by a suitable viscoelasticity model. Note that the FE
validations (comparative results obtained from the analytical approach and FEM) presented in
this paper can be regarded as the validation for a particular time step and the corresponding
material properties in the context of time-dependent viscoelastic analysis. By ensuring the accur-
acy of results at each time step corresponding to time-dependent material properties obtained
based on suitable viscoelastic models, the correctness of the overall temporal analysis is ascer-
tained. In this context, it can be noted that two viscoelastic parameters (x4 and €) need to be eval-
uated specific to the material under consideration. The time-dependent variation of material
properties depends on these parameters.

We approximate the integral in Eq. (14) by taking a summation through the plate’s thickness
for each time instant. As here some approximations are involved, the accuracy of the result is
ensured by comparing the value of each constant in Eq. (14) obtained from the present summa-
tion method and the normal integral method at a particular time instant. Considering time-
domain, Eq. (17a-f) can be rewritten as follows:

0(% Y1) ZZUmn cos( 5 )s' (n:y) (32a)

m=In=

Vo(x,y,t) = iivmn(t) sin (?) cos (;’?) (32b)

m=1n=1

Wob (X, Y, t) = ZZWbmn sm( I;I )s' (?) (32¢)

m=I1n=

Wos (X, Y5 t) = iiwsmn(t) sin (%) sin (?) (32d)
P,(%y,t) = ii@mn(t) sin (mbnx) sin <HZY> (32e)

= - /mnx\ . nny)
XV, t) = Yon(t)sin (| —— | sin | —— 32
3063, = 3 Yan(0sin (T s (*F (320
Afterwards, solving Eq. (21) in conjunction with Eq. (32), the time-dependent parameters
Womn (), Wemn (2), @mn(¢) can be calculated for each time instant. Thus, in the proposed frame-
work of viscoelastic analysis, we first characterize the frequency-domain depth-wise material
properties, which are then inverted to time-domain variation of the depth-wise varying material
properties and subsequently used to analyze the electromechanical response of the plates at each
time-step.

3. Finite element (FE) analysis

We have carried out a separate finite element analysis to validate the analytical framework as
described in the preceding section. The primary objective of including the finite element model
in present paper is to give an initial validation to our parent general analytic model (which is
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equally applicable for both viscoelastic and non-viscoelastic structures). The elastic model, for
which we have presented finite element validations, is further extended to analyze the viscoelastic
behavior where only the elastic modulus terms in the analytical expressions are replaced by the
viscoelastic parameters based on the correspondence principle. The essence of this principle is
that the analytical expressions of the structure in the elastic regime can be readily extended to the
viscoelastic regime without any further change in the parent elastic framework. It is well-
established in the literature that a correct elastic framework for analyzing structural behavior can
be converted to time-dependent viscoelastic analysis through this principle. The FEM analysis
presented in the current paper is intended to establish the accuracy of the elastic analysis, which
in turn assures the correctness of the viscoelastic analysis. That is why no additional FE calcula-
tions are added for viscoelastic structures separately. In this context, it can be noted that the FE
validations presented here can be regarded as the validation for a particular time step and the
corresponding material properties in the context of time-dependent viscoelastic analysis. Once the
electromechanical analysis is validated for a particular set of material properties, it can be
extended to the other time steps readily by considering the appropriate time-dependent material
properties at different other time steps. Thus finite element validation of the electromechanical
analysis for a particular set of material properties, as presented here, is sufficient for the time-
dependent viscoelastic analysis performed afterwards in this study.

The finite element analysis is carried out here considering single and multi-layered systems,
wherein the equivalent material properties are evaluated based on the approach presented in the
preceding section. The same geometry and the coordinate system are adopted in FE analysis as
shown in Fig. 2 (refer to Table 2). The CAD model is prepared in the COMSOL multi-physics
version 5.5 software package and FEM simulation has been performed in COMSOL’s 3D
“piezoelectricity multiphysics interface” which combines Solid Mechanics and Electrostatics
together with the constitutive relationships required to model piezoelectrics. In the geometry,
thickness direction is taken along the z-axis and material coordinate system are same as the spa-
tial coordinate system in COMSOL. For simulating FGPM (functionally graded piezoelectric
material) in the present structure, we have created a “blank material” within COMSOL material
library whose elastic and piezoelectric properties are given in accordance with Eqgs. (24) and (28).
As all the properties vary along the thickness direction, we have adopted the COMSOL’s global
coordinate variable z with lower limit of — /h/2 and upper limit of h/2 to build the analytic
functions for its material properties (density, elasticity matrix, coupling matrix and relative per-
mittivity matrix). The discretization of the rectangular plate is carried out using free tetrahedral
(tet) mesh (fine) elements where the maximum element size varies between 0.24m to 0.03 m.

As the analysis is performed on an electromechanical structure, we have to incorporate elec-
trical boundary conditions in addition to mechanical loadings. Present FGPM rectangular plate is
under the closed-circuit condition where initially, the electric potential V applied on the upper
and lower surfaces are expected to be zero (grounded) throughout the analysis (as demonstrated
in Fig. 4). In COMSOL, the piezoelectric polarization axis is not changed as its default direction
is always along its spatial z coordinate axis. In case of mechanical loading, a uniformly distributed
(UDL) unit force is applied throughout the top surface and the bottom surface is kept free. The
plate is modeled as simply supported along four edges (SSSS). The overall FE modeling is demon-
strated using a flow diagram in Fig. 5. In this context, it can be noted that the finite element vali-
dations presented here can be regarded as the validation for a typical time step considering the
corresponding material properties. In time-dependent viscoelastic analysis, the material properties
vary at different time steps that can be ascertained by the adopted viscoelastic model. Once the
electromechanical analysis is validated for a particular set of material properties, it can be
extended to the other time steps readily by considering the appropriate time-dependent material
properties at different other time steps. The time-dependent evolution of material properties in a
viscoelastic analysis is discussed in the preceding section.
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po(x,y) {N/m?}

(b)

Figure 4. Schematic representation of FGPM plate subjected to: (a) electrical (b) mechanical loads.

Table 2. Initial dimensions of the plate.

Parameters Values Unit
Length, b 3 m
Width, a 1 m
Thickness to span ratio (h/a) 0.01 -
Total No. of layer, N, e Single (=1) -

e multilayer (> 1)

4. Results and discussions

This section presents numerical results concerning the electromechanical behavior of FGPM
plates based on the proposed analytical approach and comparative validation results using finite
element simulations. We would investigate three different configurations with single and multiple
layers (UD, LD and UD/LD). Subsequently, we present time-dependent viscoelastic results for the
deformation and electric potential of FGPM plates.

4.1. Electromechanical analysis of single FGPM plate (N, = 1)

A thin FGM plate (a/h = 100) is subjected to uniformly distributed load (p, =1 N/m?) while
it’s all four edges are kept simply supported. We first concentrate on validating the analytical
model using separate FE analysis, wherein a convergence study is important to obtain credible
results before proceeding further. Therefore, the convergence study concerning FE analysis is car-
ried out to investigate the influence of mesh size or the number of elements on the transverse
deflection of the plate. Different types of meshing such as: extreme coarse, coarse, normal, fine
and extreme fine are considered with the overall range of average element size between 0.855m
to 0.0303 m. In Table 3, the results of convergence study with respect to maximum center deflec-
tion of the plate and its mesh statistics used in FE analysis have been presented. Figure 6 illus-
trates the variation of transverse deflection of the plate over its length. It can be observed that the
results for transverse deformations are converged for fine and extreme fine elements. Therefore,
we followed the ‘fine’ type of element for further analysis in FE modeling.

We further validate the FE model with literature to ensure its prediction accuracy. Figure 7
demonstrates the variation of transverse deflection of SSSS FGPM and FGM plates (i.e., with and
without accounting for the piezoelectric effect) over their lengths and a comparison of the avail-
able results based on classical plate theory (CPT) (Reddy 2006). For this purpose, we have consid-
ered a thin FGM plate with uniform distribution (UD) of W, and carried out a deflection
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Figure 5. Flowchart describing the detailed FE analysis.

analysis of UD FGM (refer to Fig. 7). The earlier existing analytical result for center deflection of
the plate calculated from CPT is 2.8524 x 10> m (Reddy 2006) which shows a very close agree-
ment with the current FE results. Due to consideration of the piezoelectric effect, there is a decre-
ment in maximum transverse deflection of the plate compared with non-piezoelectric FGM plate.
Having adequate confidence in the finite element model, we present further numerical results
based on analytical predictions and finite element analyses.

To check the accuracy of the current quasi-3D sinusoidal shear deformation plate theory with
respect to the FE model in case of FGPM LD plates subjected to uniform loading (p,), the com-
parative results are plotted in Fig. 8(a). The results are observed to be in excellent agreement, cor-
roborating the validity of the proposed analytical framework further. In the following numerical
results, we investigate different critical effects on the electromechanical behavior of FGPM plates,
primarily based on the analytical approach. Figure 8(b) shows the variation of transverse deflec-
tion of SSSS FGM and FGPM plates over their lengths considering linear distribution (LD) of
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Table 3. Convergence study of FEM for center deflection of plate.

Number of domain Number of boundary Number of edge Plate center
Mesh type element element element deflection (um)
Extreme coarse 597 476 92 —21.966
Coarse 3196 2268 212 —32.929
Normal 7486 5252 312 —33.123
Fine 24560 16340 548 —33.199
Extreme Fine 301244 142524 1604 —33.200
5 . .
—Extreme Coarse
Coarse
0 ——Normal
—Fine

Extreme Fine

Transverse Deflection (pzm)
0

0 0.5 1 1.5 2 2.5 3
Length (m)

Figure 6. Mesh convergence analysis.

GPLs weight fraction (Wgp,). A similar trend is observed in UD cases (refer to Fig. 7) for trans-
verse deflection, while the LD case shows higher deflection of the plate. A detailed comparison of
the results considering LD and UD cases is presented in Fig. 9 based on analytical and FE
approaches. The results show that the incorporation of piezoelectricity stiffens the FGM plates for
both distributions.

Figure 10(a) shows the variation of transverse deflection of the SSSS plate over its length by
considering different aspect ratios (a/h). For this, we considered W¢,p, = 1% with LD case while
the different aspect ratios are considered as 10, 20, 50 and 100. It is noticed that the transverse
deflection increases with increasing aspect ratio. Figure 10(b) shows the variation of transverse
deflection of SSSS FGPM plates along their length by considering different Wg,,; with the LD
case. From this, it is noticed that the deflection of SSSS plate is significantly influenced due to the
incorporation of nanoparticles such as graphene. The transverse deflection of the plate is reduced
due to the addition of a large value of W¢,,;. This effect of different W, on deflection is also
intuitively true as the overall elastic modulus of the model increases if the percentage of GPLs
increases and consequently, it gets stiffer. Further, from Figs. 10(a) and 10(b), it is clear that the
results obtained from both analytical and FE modeling are observed in excellent agreement.

Figure 11 shows the variation of electric potential generated due to piezoelectricity at the cen-
ter of SSSS FGPM plate with respect to its thickness by considering different W . From this, it
can be noted that the electric potential shows the maximum value at the middle of the plate
thickness. Similar to transverse deflection, the electric potential decreases due to the addition of
different Wgp. For Wip = 1%, the electric potential shows larger values compared to the
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Figure 8. (a) Variation of transverse deflection of SSSS FGPM plate along its length (LD case;a/h = 100, W¢p = 1%, V =
0,py = 1). (b) Variation of transverse deflection of LD plates along its length.

remaining three values of W¢,,. The electric potential generated in SSSS FGPM plates also
depends on the aspect ratios of the plate which are investigated in Fig. 12 for aspect ratios of 10,
20, 50 and 100 (considering W¢,p, = 1%). It can be noted that the electric potential increases
with respect to the aspect ratio, while the peak voltage appears in the middle layer of the FGPM
plate with LD distribution (W§,, = 1% and a/h = 100).

The numerical results are presented here (unless otherwise mentioned) considering unit load
and zero voltage, which lead to deflections in the micrometer range. The accuracy of the results
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Figure 10. Variation of transverse deflection of SSSS FGPM plate along its length (LD case;V = 0,p, = 1). (a) for different
aspect ratio (W¢p = 1%) (b) for different GPL volume fractions (a/h = 100).

is ensured through separate finite element simulations. It can be noted that the developed semi-
analytical framework is generic enough to analyze larger values of load which would lead to
higher deformations. However, to establish the generic nature of the proposed computational
framework, we have added two separate studies for single and multi-layered FGPM structures
(refer to Figs. 13 and 18) where we vary the mechanical load and applied voltage in a reasonable
range (complying the small linear strain-displacement assumption). It is observed that the deflec-
tions increase significantly with external loads up to the millimeter range. The impact of mechan-
ical load and non-zero voltages on the overall deflection of the plate for both LD and UD FG
distributions is shown in Fig. 13. Both distributions in Figs. 13(a) and (b) show a direct
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Figure 12. Variation of electric potential across the thickness of an SSSS FGPM plate at its center (x, y) =
(g,gB (LD case, Wi, = 1%, V =0).

relationship between transverse deflection (w) and external load (py). For instance, in FGPM
structure with LD distribution, a maximum deflection of 3.313 mm is observed along the centroi-
dal axis of the plate when a 100 Pa load is applied. In Figs.13(c) and (d), the piezoelectric voltages
are varied for both distributions while maintaining a constant external mechanical stress of
100 Pa. Although the effect of voltage is minimal in UD distribution, the transverse deflection is
directly correlated with applied voltages in LD distribution. Overall, the UD distribution in
FGPM structures exhibits stiffer behavior than the LD distribution.
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4.2. Electromechanical analysis of multilayer FGPM plate

In this Section, we extend the same theoretical approach discussed in Section 2 for presenting
numerical results concerning layered composite structures. We have considered a perfectly
bonded double-layered FGPM plate (N = 2) in which GPLs nanofibers are assumed to be ran-
domly oriented in respective matrixes in both the layers with UD/LD configuration. The total
thickness is taken as h and it is equally divided in both layers. Distribution of GPLs weight frac-
tion is taken differently in two layers i.e., a top layer having UD distribution and a bottom layer
having LD distribution of GPLs. This layer-wise variation of the FGPM plate is depicted in
Fig. 14. Other boundary conditions remain the same as considered in the single-layer plate. Unit
mechanical load and zero external voltage are applied on the outer surface of the plate as before.
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Figure 13. Variation of transverse deflection of SSSS FGPM plate along the length direction of the plate. (a) LD distribution with
a constant voltage of zero throughout the upper surface (along with different values of loads) (b) UD distribution with a constant
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Both the analytical and FE analyses are performed to check the accuracy of the present theory in
predicting the behavior of the layered structure.

Figure 15 shows the variation of transverse deflection of layered FGPM plate along its length.
The analytical and FE results for total transverse deflection (w) of the plate under mechanical
load p, =1 N/m? and electric potential V =0 are compared. From this figure, it is observed
that theoretical and FE results are in very good agreement for the multi-layered structures. The
maximum deflection is found at the half-length (i.e., 1.5m) of the plate which is the same in the
case of a single-layered plate. From this, we can conclude that number of layers has negligible
effects on the overall deflection pattern of the plate if other parameters are kept the same. In
Fig. 15, it is also observed that in the case of multi-layered plates, there is an increment in the
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magnitude of maximum deflection by 7.94 um compared to the single-layered plate. A similar
trend of the result is observed in existing literature (Lu, Lee, and Lu 2006), which validates our
present formulation further.

Subsequently, insightful parametric analysis is performed by varying weight fraction of GPLs
(W¢pp) and plate aspect ratio (a/h), as shown in Figs. 16(a) and 16(b). The deflection of layered
plate decreases as the value of (W¢p;) and (a/h) increases. It is due to increased stiffness which
is discussed in the earlier section. In Fig. 17, the variation of electric potential along the thickness
direction is generated due to the direct piezoelectric effect. It can be observed that the variation is
continuous, there is no discontinuity at the interface of the two layers.
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Figure 16. (a) Effect of weight fraction of GPLs (W*GPL) on the transverse deflection of SSSS layered plate (a/h = 100,
1, V =0). (b) Effect of aspect ratio (a/h) on the transverse deflection of SSSS layered plate (Wgp = 1%,py =1, V =0).
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across the thickness of layered FGPM plate at the Center (x, y) =
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Figure 18. Effect of external mechanical load and electrocortical loading on the overall deformation of layered FGPM structures.
(a) Variation of the plate’s deflection along length direction under a constant voltage of zero and different values of mechanical
load (b) variation of plate’s deflection along length direction under a constant mechanical load of 100 Pa and different values of
voltage.

Similar to single-layered FGPM distributions (refer to Fig. 13), a parametric analysis has been
conducted here to check the dependency of external loading parameters on the structure’s overall
deformation in a multi-layered FGPM system. A significant increase in the maximum transverse
deflection in comparison to its unit-loading state is observed in Fig. 18(a) where the deformation
increases to the millimeter range with the increase of mechanical loading. Figure 18(b) shows the
length-wise change in the plate’s deflection with applied voltage. A non-uniform symmetric
deformation pattern with respect to plate’s centroidal axis can be observed where an increasing
trend of deflection with voltage is noticed near the central zone and a reverse decreasing trend of
deflection with voltage is obtained near the supporting edge of the plate. Contrary to the uniform
trend seen in single layered plates (Fig. 13), the double layered (UD/LD) plate here exhibits such
non-uniform deformation trend with voltages along its length.

4.3. Time-dependent electromechanical analysis of single and multi-layer viscoelastic
FGPM plates

In this section, the time-dependent dynamic behavior of the structure’s responses has been investi-
gated by the incorporation of viscoelastic effect. Before obtaining the final results, the effect of
viscoelasticity on the effective elastic modulus, E(z) along the thickness has been checked by plot-
ting it in the time domain. As mentioned earlier, this modulus not only depends on time (f) but
also the thickness direction (z) since the present structure is depth-wise functionally graded. For
each vertical point at a particular section of the plate, we obtain a time-variation curve for the
effective elastic modulus. For the sake of brevity, in Table 4, the effect of viscoelasticity on Young’s
modulus at three locations of the thickness (at z = —%, z=0 and z = %) in LD distribution is
shown in both the frequency domain and the corresponding transformed time domain. Note that
the parameters u and € in Eq. (29) are crucial for conceptualizing viscoelasticity of the present
structure. It is important to keep in mind that the exact values of both parameters (1 and ¢) in
general, depend on different physical experimental outcomes of the relevant viscoelastic system. In
particular, they can be obtained from the curve fitting of experimental data concerning creep test
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Table 4. Variation of the effective Young modulus in frequency and corresponding time domain at three locations of the
thickness (LD distribution).
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of the material. Such experimental implementations were performed in the existing literature (Endo
and de Carvalho Pereira 2017; Rouleau et al. 2013; Enelund and Olsson 1999). As the present study
doesn’t include any experimental work, we have adopted reasonable parametric values for obtaining
the numerical results. Analytically these two parameters, present in complex elasticity modulus
(E;(w)) in the frequency domain, come from the viscoelastic kernel function in the time-domain.
This function can be obtained by constructing various equivalent lumped spring-dashpot damping
models for viscoelastic material such as Maxwell model, Voigt model, Standard linear model,
Generalized Maxwell model and Prony series model. Whereas, in the frequency or Laplace domain,
various existing viscoelastic models complying Kramers-Kronig relations can be used to derive
E;(w) such as Biot model, Gaussian model, Fractional derivative, Half cosine model etc. Among
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them, the Biot’s standard classical model of viscoelasticity (Biot 1955, 1954) has been chosen here
by which complex elasticity modulus (E}(w)) can be obtained without any significant accuracy loss.
To examine the effect of the two parameters on overall strength of viscoelastic model, a parametric
study (refer to Figs. 19(a) and 19(d)) is presented. First, we have investigated the influence of these
two parameters on the present viscoelastic system and afterwards, a suitable combination of their
values are chosen to produce numerical results in succeeding sections. It can be noted that the tem-
poral framework presented here is generic and any suitable value of u and ¢, obtained based on
experimental investigations, can be used for exploration of the viscoelastic behavior. In Figs.19(a)
and 19(d), the amplitude of Young modulus at mid-plane and its associated phase angle are varied
in a reasonable frequency range for different values of u and e. It can be seen in Figs. 19(a) and
19(b) that the amplitude increases as the values of u and e reduce and increase respectively. They
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all show converging patterns in the values after certain frequencies. This can be explained with the
help of Figs. 19(c) and 19(d). Figure 19(c) depicts the variation of phase angle in frequency domain
for different p at a constant € = 0.01, whereas the same is plotted in Fig. 19(d) for different e tak-
ing u as constant ie., u = @ (where @p,x is the maximum magnitude of considered frequency
spectrum). Existence of critical frequencies can be observed, wherein the physical significance of
such critical frequency can be explained in the light of spring-dashpot lumped model of viscoelasti-
city. At very low and high frequencies, the model behaves as pure elastic, whilst in the vicinity of
the critical frequency, the viscous effects become maximum. That is why in Figs. 19(a) and 19(b),
at very low frequency, amplitude of Young modulus takes a constant non-zero value and after a
certain frequency, it again converges to a constant non-zero value. From Figs. 19(c) and 19(d), it
can be concluded that the parameter u controls the critical frequency whereas the parameter e
shows its influence on magnitude of phase angle of the present viscoelastic model.

After the afore-explained parametric study investigating the influence of viscoelastic parame-
ters, we can now proceed for obtaining numerical results in the current context by taking a com-
bination of these two parameters u and €. In the frequency domain, the variation of the dynamic
modulus and its phase is obtained by taking the parameters as p = % and € = 0.01 for the
present paper. Except for Young’s moduli, Poisson’s ratio and other piezoelectric properties are
considered to have a negligible effect of viscoelasticity based on published literature (Salehi and
Aghaei 2005, Salehi and Safi-Djahanshahi 2010, Barrett and Gotts 2004). It has also been verified
in MATLAB that the values of elastic modulus in all three cases (refer to Table 4) at low fre-
quency (w ~ 0) are the same as the non-viscous elastic modulus mentioned in the prior sections.
Such observations are in coherence with the existing literature (Mukhopadhyay, Adhikari, and
Batou 2019, Malekmohammadi et al. 2014). In Table 4, the variation of phase angle in all three
locations has also been plotted and it is observed that all are the same and achieve their peak
value at a certain critical frequency. So, the phase angle variation is independent of thickness dir-
ection, though the amplitude of elastic moduli keeps changing with the thickness direction. The
phase angle decreases on both sides of the frequency spectrum i.e., at the lowest and highest fre-
quency of the plot. At low frequencies, the present viscoelastic plate will behave more like a nor-
mal elastic plate. After applying the inverse Fourier algorithm, the time domain plots are
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Figure 20. Time-dependent variation of plate’s deflection (a) in UD, LD and LD/UD cases in terms of normalized form (b) in LD
case in terms of absolute form. The normalization is carried out here with respect to the deflection value at initial time step
(t=0), as shown in the inset. In the axis titles of the inset figures, nor. representes normalized.
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obtained along the thickness. As time increases, elastic moduli keep decreasing and after a certain
time, it gets converged at their non-viscous elastic moduli value (lim,_E,(t,29) = E(2)). Such a
trend has also been observed in the existing literature (Garcia-Barruetabena et al. 2013).

The obtained depth-wise varying elastic moduli in the time domain are now embedded within the
analytic model to obtain the time-dependent responses of the viscoelastic FGPM plate, subjected to the
aforementioned boundary conditions (V = 0, p, = 1, SSSS). Figure 20(a) depicts the effect of viscoelas-
ticity on the plate’s deflection under the unit uniform static transverse load. Here the normalized max-
imum deflections (W) along the centroidal axis of the plate are plotted for the single-layered (LD
and UD distribution) and multi-layered (LD/UD) FGPM plate. In terms of final (saturated) normalized
deflection, it is observed that the multi-layered (LD/UD) plate is between the rest two distributions
where LD is having the highest value of the same. It indicates the fact that the increment of the plate’s
deflection with time is highest in LD distribution, while LD/UD plate is in between the two. Although,
in terms of absolute deflection, the deflection in LD/UD plate at its saturation stage is higher than the
rest two. In each case, this maximum deflection converges at a certain deflection which is almost the
same as that of pure elastic case. For instance, in LD distribution, the FGPM plate starts bending with a
maximum deflection of 30.51 um under the constant load of 1 N/m? and after 0.01sec, its deflection
increases to a deflection of around 30.8 pm. The bar charts in Figs. 20-22 are showing the initial deflec-
tions (f = 0) in um. Due to the incorporation of viscoelasticity, we can see a time lag in achieving its
prior elastic deflection. A similar trend is observed in other distributions as well. But the rate of change
in the deflection in three distributions is found to be different depending on the distribution (Multi-lay-
ered FGPM > Single-layered LD FGPM > Single-layered UD FGPM). For the sake of clarity, the time
variation (discussed in Fig. 20(a)) in terms of absolute deflection for only LD distribution is shown in
Fig. 20(b) (similar plots can be readily obtained for the other distributions). The trends are in good
coherence with the existing literature on non-FGPM viscoelastic plate structures (Jafari and Azhari
2021, Salehi and Aghaei 2005, Wenzel, Josse, and Heinrich 2009).

Figure 21 shows the viscoelastic effect on the plate’s central deflection at four different volume
fractions i.e., W&y = 1%, 2%, 3%,4% of GPLs in the PVDF matrix. With the increase of vol-
ume fraction, the plate’s elastic deflection at + = 0 and the steady state (+ = co) both decrease.
Moreover, the rates of deformation are found to be decreased with the increase of GPL’s volume
fraction. For the increment of deflection in each FGM distribution, all three show different trends
with respect to volume fractions. For instance, in LD plate, the increment goes up as the volume
fraction increases, whereas in UD case, the opposite trend is observed. A little exception is identi-
fied in LD/UD plate as here the normalized deflection rises with volume fractions except the one
with 1% volume fraction whose increment is higher than rest three in Fig. 21(c).

In Fig. 22, the aspect ratio of FGPM plates is varied over a reasonable range to observe the
effect of viscoelasticity on the plate’s deformation. Contrary to the trend observed in the afore-
mentioned volume fractions’ cases, both the deflections (at t = 0 and t = 00) are in direct rela-
tion with the plate’s aspect ratio. The rate of deformation here is found to have a rapid
increment with the increase of aspect ratio. Furthermore, the increment in deflection with respect
to its initial value (f = 0) is observed to have a direct relation with plate’s aspect ratio in all three
distributions. In general, the numerical study considering viscoelastic behavior, besides giving a
more realistic analysis, demonstrates a potential programmable time-dependent structural behav-
ior (including temporal programming in smart stuctures and metamaterials (Sinha and
Mukhopadhyay 2023)), which could be crucial for analyzing and designing the mechanical behav-
ior of a wide range of polymer composites accurately.

The time-dependent generation of electric potential in the present FGPM viscoelastic system is
shown in Fig. 23(a) where all three FGM distributions show rapid growth in their values with time.
These depicted potentials are extracted along the centroidal axis of the plate and with the consideration
of GPL percentage of 1% and plate’s length-to-thickness ratio of 100. Though the double-layered plate
gives a relatively higher voltage (~70% higher) than the rest of the distributions after getting saturated,
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the increment of it with respect to initial electric potential over time is in between the other two distri-
butions where the uniformly distributed (UD) FGPM plate shows the highest increment. Figure 23(b)
shows the same time-variation of electric potential in LD distribution but in its absolute form, leading
to the same conclusion (similar plots can be readily obtained for the other distributions). Essentially, the
numerical results concerning electric potential for time-dependent viscoelastic analysis shows that it is
possible to harness more accumulated power with increasing time.

5. Prospective engineering applications

Functionally graded piezoelectric material (FGPM) viscoelastic composite structures combine the
properties of piezoelectric materials and viscoelastic composites to create a class of materials with
unique prospective engineering applications. Such an analysis following efficient semi-analytical
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Figure 22. Effect of viscoelasticity on the maximum transverse deflection of the FGPM plate with four different plate aspect
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at initial time step (t =0), as shown in the inset. In the axis titles of the inset figures, Nor. representes Normalized.

framework is presented for the first time in this manuscript. We have discussed here a few critical

real-life engineering applications associated with FGPM viscoelastic composite structures.

o Shape Morphing Structures: FGPM viscoelastic composite materials can be engineered to
change their shape in response to electrical stimuli. These materials are used to create adaptive
structures and morphing surfaces in aerospace applications, where shape changes can improve
aerodynamic performance. Similar applications can be found in various other mechanical sys-
tems. The interesting notion here is the capability of temporal programming as discussed in

the manuscript.

o Energy Absorption: FGPM viscoelastic composites can be employed in impact-absorbing struc-
tures, such as helmet liners and automotive crash pads. The combination of viscoelastic damp-
ing and piezoelectric energy conversion helps dissipate energy during impact events, reducing

the risk of injury and damage.
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respect to the potential value at initial time step (t =0), as shown in the inset.

e Smart Materials and Structures: FGPM viscoelastic composites can be utilized in the develop-
ment of smart materials and structures. By exploiting their piezoelectric properties, these
materials can sense changes in the operating environment and respond accordingly, enabling
applications like active vibration control, actuators, shape adaptation, programmable mechan-
ical properties etc. In microelectromechanical systems (MEMS), FGPM viscoelastic composites
can be utilized in the fabrication of tiny sensors, actuators, and resonators for applications in
various mechanical, aerospace, consumer electronics, and medical sectors.

o Structural Health Monitoring: FGPM viscoelastic composite structures can be used for struc-
tural health monitoring (SHM) purposes. They can be embedded with sensors that utilize the
piezoelectric effect to detect changes in the systems’s properties and identify structural damage
or defects in real time.

e Soft Robotics: FGPM viscoelastic composites can be integrated into soft robotic systems to cre-
ate deformable structures with piezoelectric functionality. These materials would enable more
flexible and adaptable robots for delicate tasks and human-robot interaction.

o Vibration Damping and Control: FGPM viscoelastic composite structures can be employed in
the aerospace, automotive, and civil engineering industries for vibration damping and control.
These materials can be designed to have specific damping properties, reducing vibrations and
minimizing resonance effects in structures like aircraft wings, car panels, and buildings.

6. Concluding remarks

In this article, we have investigated the time-dependent viscoelastic electromechanical behavior of
single and multi-layered piezoelectric functionally graded graphene-reinforced composite (FG-
GRC) plates (called FGM and FGPM plates). Higher-order shear deformation theory (HSDT)
with quasi-3D plate formulation that incorporates sinusoidal shape function and linear piezoelec-
tricity are implemented along with the Biot model of viscoelasticity in the framework of the
inverse Fourier algorithm. The principle of virtual work is adopted to derive the governing equa-
tions and boundary constraints for analytical solutions based on Navier’s method. Further, finite
element models are developed to confirm the accuracy and validity of the analytical results. The
electromechanical behavior includes the static and electric response of FG-GRC viscoelastic plates
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which are predicted considering transverse mechanical and external electrical loading under sim-
ply supported (SSSS) conditions. Following major inferences are drawn from the numerical
results:

e The transverse deflection of FGM and FGPM plates are significantly affected due to consider-
ation of piezoelectricity, weight fraction of GPLs (W¢, ) and different distribution patterns
(such as linear and uniform distribution) of GPLs along the thickness. It increases with respect
to aspect ratio (a/h) while reduces for a larger value of W§,, .

e The electric potential shows significant enrichment with higher values of a/h ratio, while it
shows a decrement with respect to the addition of W¢; .

e A rapid decrement in the elastic properties of FG-GRC plates can be observed with time due
to the consideration of the viscoelastic effect.

e The numerical results concerning electric potential for time-dependent viscoelastic analysis
establishes that it is possible to harness more accumulated power with increasing time before
eventually reaching the steady state condition. With regard to the aspect ratio of the plate,
weight fractions of the GPL and the distribution patterns, the steady-state values follow a simi-
lar general trend as the non-viscoelastic scenario.

o All three distributions exhibit a rapid increment in transverse deformation and electric
potential with time, although the rates at which this increment occurs vary depending on
the distribution of the material properties (Multi-layered FGPM > Single-layered LD
FGPM > Single-layered UD FGPM).

In summary, the current semi-analytical study demonstrates a potential time-dependent elec-
tromechanical behavior based on practically relevant viscoelastic modeling coupled with through-
thickness gradation, which could be crucial for analyzing the structural behavior of a wide range
of ‘smart’ plate-like structures accurately and prospective temporal programming for a range of
engineering applications across the length scales. The present analytical solution approach can
also be extended to obtain the viscoelastic electromechanical responses of functionally graded
smart shells and other complicated structural assemblies. The combination of piezoelectricity and
viscoelasticity in FGPM viscoelastic composite structures opens up a wide range of engineering
possibilities, from energy harvesting, vibration control, shape-morphing to advanced robotics and
smart structures. Ongoing research in this field continues to explore new applications and opti-
mize the performance of these materials for real-world scenarios.
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