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Abstract: The present work aims at investigating the hygrothermal effect on the natural frequencies of
functionally graded (FG) annular plates integrated with piezo-magneto-electro-elastic layers resting
on a Pasternak elastic foundation. The formulation is based on a layer-wise (LW) theory, where the
Hamiltonian principle is used to obtain the governing equation of the problem involving temperature-
and moisture-dependent material properties. The differential quadrature method (DQM) is applied
here as a numerical strategy to solve the governing equations for different boundary conditions. The
material properties of FG annular plates are varied along the thickness based on a power law function.
The accuracy of the proposed method is, first, validated for a limit-case example. A sensitivity
study of the free vibration response is, thus, performed for different input parameters, such as
temperature and moisture variations, elastic foundation, boundary conditions, electric and magnetic
potential of piezo-magneto-electro-elastic layers and geometrical ratios, with useful insights from a
design standpoint.

Keywords: annular sandwich plate; DQM; FGM; free vibration; hygrothermal environment;
piezo-magneto-electro-elastic

1. Introduction

Functionally graded materials (FGMs) are well-known to be designed and produced
for thermal protection of high-speed spacecrafts, ships and underwater vessels due to
their outstanding mechanical properties. Nowadays, FGMs have been adopted in modern
applications such as aircraft, civil engineering and other structures in thermal conditions
with high temperatures. Hence, the investigation of their mechanical behavior, such as
the vibration of FGM structures, is of great interest for structural designers even in a
nonlocal sense. Reddy et al. [1] presented a nonlinear finite element approach to FG
circular plates with a modified couple stress theory (MCST) and the first-order shear
deformation theory (FSDT) to study their deflection response. Sofiyev et al. [2] analyzed the
stability and vibration of three-layered conical shells with a FGM layer subjected to an axial
compressive load. A novel sinusoidal shear deformation theory for bending, buckling and
vibration of FG plates was developed by Thai and Vo [3], involving a sinusoidal distribution
of transverse shear stresses, with only four unknowns, differently from conventional
sinusoidal shear deformation theories. At the same time, Jooybar et al. [4] studied the
thermal effect on the free vibration response of FG truncated conical shell panels while
applying the Hamiltonian principle and FSDT to determine the governing equations
of motion. Shaban and Alipour [5] proposed a semianalytical solution for the natural
frequencies of thick FG plates resting on an elastic foundation. Jodaei et al. [6] studied the
free vibration response of functionally graded piezoelectric (FGP) annular plates based on
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a 3D elasticity, where a reduced sensitivity of thinner plates to the FGM volume fraction
index and boundary conditions was found. In another paper, Nateghi et al. [7] carried
out a size-dependent buckling analysis of FG microbeams by means of a modified couple
stress theory.

Sandwich constructions with thin facesheets and lightweight cores are largely applied
in aircraft, aviation, satellites and naval applications because of their specific lightweight,
stiffness and fatigue resistance. Recently, annular sandwich plates were used as struc-
tural elements in primary structures of an aircraft/helicopter, such as floor panels, wings,
ailerons and rotor blades. To use them, a good knowledge of their constructional properties
and dynamic behavior is crucial. Kheirkhah et al. [8] developed a biaxial buckling analysis
of soft-core composite sandwich plates using an improved higher-order theory. In this
work, a third-order plate theory was applied to model facesheets, whereas quadratic and
cubic functions were considered for an accurate description of the transverse and in-plane
displacements of the core. The governing equations and boundary conditions were derived
by applying the principle of minimum potential energy. A refined zigzag theory was em-
ployed by Ghorbanpour Arani et al. [9] for the study of the vibration response of viscoelastic
functionally graded carbon nanotube-reinforced composite (FG-CNTRC) microplates with
piezoelectric layers. The Kelvin—Voigt model was used to present a realistic sandwich
microplate immersed within a magnetic and electric field together with an orthotropic
visco-Pasternak foundation. The governing equations of the problem were developed using
the Hamiltonian principle, and they were solved using a Navier-type solution. The results
showed a meaningful effect of the volume fraction on the natural frequency response of the
structure, controlled by the electric and magnetic parameters. Allahverdizadeh et al. [10]
discussed the structural modeling, vibration study and optimal viscoelastic layer character-
ization of adaptive sandwich beams with an electrorheological fluid (ERF) core, based on
Timoshenko beam theory. Wang et al. [11] analyzed the aeroelastic dynamic stability of ro-
tating annular sandwich plates with a viscoelastic core layer. The aerodynamic force acting
on the plate was described by a rotating damping model, and the governing equations were
solved based on the Galerkin method. Pandit et al. [12] applied an improved higher-order
zigzag theory to investigate the buckling response of laminated sandwich plates with a soft
core. The accuracy and range of applicability of the formulation proposed by the authors
were established by comparing their results with 3D elasticity solutions. Romanoff and
Reddy [13] presented an experimental validation of the modified couple stress Timoshenko
beam theory for web-core sandwich panels. Among different refined theories for plate
and shell structures, the layer-wise (LW) theory represents a valid strategy to account for
the thickness effects with a minimum computational cost. Differently from the equivalent
single layer formulations, the LW theory supposes a separate displacement field expansion
within each subdivision and provides a kinematically correct representation of the strain
field in discrete layers. In literature, Ranjbaran et al. [14] studied the buckling response of a
sandwich plate using the LW theory, whose equations of motion were solved by means
of the Rayleigh-Ritz approach. Malekzadeh et al. [15] developed a three-dimensional
LW finite element for the free vibration analysis of thick laminated annular plates on an
elastic foundation. In this work, the governing equations were obtained using the Hamil-
tonian principle. A zigzag-elasticity plate theory was applied, instead, by Alipour and
Shariyat [16] to study the stress state of annular FGM sandwich plates with non-uniform
normal and shear tractions, whose responses showed that the use of FGM facesheets or
FGM cores could prevent failure. Ferreira et al. [17] presented a static and vibration analysis
of composite sandwich plates by means of the LW theory and a novel numerical scheme,
where a collocation by radial basis functions was capable of producing highly accurate
results. Alipour and Shariyat [18] investigated an analytical LW free vibration response of
circular annular composite sandwich plates with an auxetic core. In another work [19], the
same authors applied the LW formulation to study the effect of elastic boundary constraints
on the stress state of annular FG sandwich plates under a distributed loading condition.
As stated before, FGMs were basically designed for thermal protection issues such that
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a large variety of works in literature has shown the effect of thermal environments on
the mechanical behavior of FGM systems [20-24]. Akbarzadeh and Chen [25] analyzed
the hygrothermal stresses in one-dimensional FG piezoelectric media under a constant
magnetic field. In that paper, the moisture concentration and temperature distributions
across the thickness of one-dimensional media were achieved by solving analytically the
steady-state Fickian moisture diffusion and Fourier heat conduction equations. Lee and
Kim [26] applied the FSDT to study the hygrothermal postbuckling behavior of FGM plates,
as provided by classical finite elements and the Newton—-Raphson iterative scheme. Based
on the results, it was found that the frequency of the system decreases with an increasing
moisture. Sobhy [27] developed an accurate shear deformation theory for the vibration
and buckling of FGM sandwich plates in a hygrothermal environment. Mansouri and
Shariyat [28] discussed the biaxial thermo-mechanical buckling of orthotropic auxetic FGM
plates with moisture- and temperature-dependent material properties on an elastic foun-
dation. The higher-order shear deformation governing differential equations were solved
numerically accounting for the influence of moisture and temperature.

The main advantage of DQM-based numerical solutions over analytical predictions
lies in the large flexibility of the selection of different boundary conditions. In this context,
Ghorbanpour Arani et al. [29] analyzed the dynamic instability of visco-double-walled
carbon nanotubes according to a sinusoidal strain gradient theory using the DOM and
Bolotin method. Gurtin—-Murdoch elasticity theory was also adopted in their research
to include the surface stress effects while modeling the visco-Pasternak foundation as
an elastic medium. Ke et al. [30] investigated the free vibration of nonlocal piezoelectric
nanoplates, whose balance equations were solved numerically based on the DQM for differ-
ent boundary conditions, temperatures, electric fields and mechanical loads. Accordingly,
Eshraghi et al. [31] discussed the bending and free vibration response of FG annular and
circular microplates under thermal loading. In another paper, Li et al. [32] analyzed the free
vibration and buckling response of magneto-electro-elastic nanoplates with nonlocal mod-
els, accounting for the variation in both electric and magnetic potentials along the thickness
direction of nanoplates while solving the equations of motion in an analytical sense. In
Ref. [33], Akbarzadeh and Chen assessed the magneto-electro-elastic response of rotating
cylinders resting on an elastic foundation under a hygrothermal loading. In their analyses,
the authors considered the moisture and temperature dependence of the elastic coefficients
for a uniform rise in moisture and temperature concentration. Wang and Zhang [34] also
studied the postbuckling and thermal buckling response of temperature-dependent porous
nanocomposite beams reinforced by graphene platelets as provided by a high-order shear
deformation theory.

Based on the above-mentioned literature overview, however, it seems that the natural
frequencies of thick annular FGM plate integrated with magneto-electro-elastic layers in
a hygro-thermal environment have not been investigated to date. Thus, starting with
limited information from the available literature, in the present work we focus on the free
vibration of FG annular plates integrated with piezo-magneto-electro-elastic external skins.
Meanwhile, the material properties of FG annular plates are supposed to vary in thickness
according to the power law function. The selected sandwich structures are supposed to
be immersed within an electric field and an elastic Pasternak foundation. The problem
is studied according to the LW theory, whereby the equilibrium equations are obtained
by means of the Hamiltonian principle. A numerical differential quadrature strategy is
used, herein, to compute the frequency response according to different boundary condi-
tions, along with different temperatures and moisture, foundation coefficients, external
electric and magnetic potentials, as well as outer-inner radius ratios, power indexes and
thickness ratios.

2. Theoretical Basics

In this section, we determine the equilibrium equations of the problem, including the
constitutive equations and a potential field for FG annular plates integrated with piezo-
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magneto-electric layers. The geometry of a FG annular sandwich plate polarized in the
thickness direction in cylindrical (7, 6, z) coordinates is depicted in Figure 1. The selected
structure has inner and outer radii, r;, ,, respectively; an internal core of thickness, /.; and
external sheets with thicknesses, Ii; and hy, at the top and bottom sides, respectively. This
sandwich structure is subjected to both moisture and thermal variation, AC, and AT, together
with an electric potential. It is worth mentioning that AT = T — Tpand AC = C — Cp, in
which T and C describe the absolute temperature and moisture concentration, respectively,
and Cy, Tj refer to the reference moisture concentration and temperature, respectively. The core
layer of the sandwich plate is made of a FGM with material properties graded in the thickness
direction, following the power law for the ceramic volume fraction V; of the following type [3]:

z  1\¢
Vo=(—+=],¢>0 1
‘ (hc * 2) 8= (1)
Magnetic Layer <+« h2 ‘El
L he : :. ..... [R—
Piezoelectric / 1 1 tgz
layers h, : FGM :- .........
\ A . ‘¥n_
N hy, 1 [ ===
Shear layer
«—
Winkler spring
—

Figure 1. Configuration and coordinate system of an annular sandwich plate.

Based on Voigt’s rule, an arbitrary property, P, of a FG annular plate can be defined as
a function of the constituent properties and volume fractions as follows:

8
P(Z) :Pm+Pcm<Z+1> , Peyy = Pe— Py (2)
he " 2

in which P, and Py, refer to the properties of the ceramic and metal phase, respectively,
and g is a non-negative constant, such as a power law index. In this paper, the mod-
ulus of elasticity (E), density, moisture and thermal expansion coefficient, f and «, are
graded according to Equation (2), while Poisson’s ratio, v, is assumed constant in the
thickness direction.

In line with the zigzag-sandwich plate theory, the radial displacement component can
be considered as result of a superposition of global and local effects. Thus, by using linear
global and local displacement fields and by enforcing the kinematic continuity conditions
at the interfaces among layers, the LW displacement fields of the sandwich plate can be
described as follows [16]:

hy h hy

U' = ug+0'0,+ 56+ 56, — <<= ®)
U= e < @

hy o h hy h,
ul = uy+gbel ?95 6~ <P < > ()
W = wy (6)

where 1y and w stand for the radial and transverse displacement of the mid-plane per
each layer, respectively. Three transverse local coordinates are defined for the core ({¢), top
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facesheet (') and bottom facesheet (¢?), whereas 6. (superscript i = t,b and c) represents
the local rotation for the ith layer. Therefore, the strain components are defined as follows:
, ou' u out  ow
1 1 1

= — = — f _ 7
Er or <o o b 0z * or @)

In a piezoelectric/piezomagnetic material, the application of an electric and magnetic
field causes a strain field proportional to the mechanical strength, and vice versa. The con-
stitutive equations for stresses (), electric displacements (D) and magnetic displacement
(B) for the piezoelectric facesheets obtain the following form:

0, = Qui&r + Qpoeg — ez E; —dy Hy — A1AT — 611AC, (8)
g = Quer + Qg — e31E; —dz  Hy — App AT — g AC, 9)
T, = Qss5€rz +e5E +disHy, (10)

D, = e1serz+ €11 Er + guHy + 11AT + x1AC, (11)

D; = es1(erz +e0)+ €33 Ez + g33Hz + 13AT + x3AC, (12)
By = diser, + g11Er + p11Hy + AT +11AC, (13)

B, = dis(erz +€g) + g33Ez + pssHz + BAT + 13AC, (14)

where Q,; and Q;, describe the elastic stiffness; Qs is the shear moduli of the piezoelectric
layers; €11 and €33 are the dielectric constants; e;; and ey, are the piezoelectric coefficient;
d,5 and d5; describe the piezomagnetic coefficients; ¢;; and ¢35 are the electromagnetic
coefficients; yi;; and p5; are the magnetic permeability coefficients; 71 and 73 are the pyro-
magnetic coefficients; 11 and v3 are the hygromagnetic coefficients; ¢1; and Aqq represent
the hygroscopic stress and thermal stress coefficients; and p; and x,; (7 = 1,2) are the
pyroelectric and hygroelectric coefficients, respectively. It should be noted that the ther-
mal stress and hygroscopic stress coefficients are related to the elastic coefficient, thermal
expansion coefficient « and moisture expansion coefficient § as follows:

)\qp = leﬂéqp, (p = 1/2)/ (k/l = 1/ 2/5) (15)
Sap = QuiPap (16)
Meanwhile, the electric and magnetic fields Ej, Hj(j = r,z) in terms of electric

potential (®) and magnetic potential (‘¥) can be written as follows [6]:

E = -V (17)
Hj = -VY; (18)

The electric and magnetic potential distributions ®(r, 6, t), ¥(r,6,t) in the thickness
direction of the piezoelectric layer, at time, ¢, are defined as a combination of a half-cosine
and linear variation, which satisfies the Maxwell equation [31]:

t t
&' (r,0,z,t) = —cos s (pt(r,f),t)—i—zg VO, (19)
ht ht

b WA
®’(r,0,z,t) = —cos 5 )¢ (r,0,t), (20)
b

Yi(r,0,z,t) = —cos(h>1pt(r,9,t)+ T (21)
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‘I’h(r, 0,z,t) = —cos(f) lph(r, 0,1), (22)

where ®' and @’ represent the electric potential at the top and bottom layers of the
sandwich structure, respectively, whereas ¥! and ¥’ refer to the magnetic potential at
the top and bottom layers, respectively. The same considerations can be repeated for the
magnetic potential. Additionally, Vj and Ay represent the external electric and magnetic
potentials, respectively. The stress components in the core layer are assumed to be graded
as follows:

E(z

U'rc = 1_(732(87 + U€9) - ‘BllAT —¢11AC, (23)
E(z

(75 = 1 _( 32 (89 + USr) — ﬁzzAT — gzzAc, (24)

E(z)
c
= 2 2
T}’Z 2(1+U) sVZ/ ( 5)

3. Governing Equations of the Problem

The governing equations of the problem are determined by applying the Hamiltonian
principle within the time interval [to, f1] as follows:

| /: [6U — 6K — 6W] = 0, (26)

where 6U, W and K are the variations in the strain energy, external work and kinetic
energy, respectively. More specifically, the strain energy of the piezoelectric plate is defined
as follows:

;(f f f i (olel+olel + 21t el — DLEL — DEE! — BIH! — BLH!)rd6drd(!

he
th oyes+ogeq + 215,¢5, ) rdfdrdC (27)

2

o zhl (cbel+obeh +27el, — DYEL — DYEL — BYHY - BgHg)rdedrdgb)

The total kinetic energy of the annular sandwich plate is expressed as follows:

- ;(/r /02” /_i pi{ <<Ui>2+ (Wi>2> }rdn:zedgi (28)

where 1 is the total thickness of structure. Moreover, the work conducted by the external
forces is defined as follows:

1 fro p2m Pw 1w Pw 10w
E/r /0 <(Nf+N6+Nm)<az +ra>+kww k (al’z +1’a?’>> rdrd0, (29)

where k;, and kg define the Winkler and Pasternak stiffnesses, respectively; N;, N;, N. and
Ny, refer to the normal forces induced by the temperature variation, AT, moisture change,
AC, and external electric and magnetic potentials, which are, in turn, defined as follows:

N, = 25 Vo, Ny = AlAT, N, = ¢chyAC Ny, = 243 Ap. (30)

By substituting Equations (27)—(29) into Equation (26), we obtain the following gov-
erning equations of motion:

b
NP - + aNb N,f—Ng I aN,c Nf—Né

t -
+ 88 = (I + 15+ 15 )iio

+(I””+1f)9 +1b9 +<Ib— %)95 (1)
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NI-N} | oN! ME-M,
’3( )+ 4 ol = (1% + 1)
(415 + )8+ [+ (5) 1],
Ni-Nf | oNt he [ NP-N§ aNb ME—M5 | aMe
< +Br>_2( B T I i e Tl &

oo Yo+ (1 + ’glg)ér+{(’3)2(15“3)“5]9;

00 | Q90 Q00 O — (Ne+ No+ Ne + No) (3% + 152)
+hww — kg<aar§“+rar)) = (15+Ig+15>w0,

) gl -
/_%; [Cos(f> aal? B Zsm(ﬂft Dz} dgt = 0,
[ oo o () o
Folee(E)% - on(E)w] e -

The stress resultants M, N and Q can be described as follows:

hy t t
N E AT ST A
/_hzt {cos( )ar htsn(h )BZ] agt =

and N
io= [0 kg, £ =012
-7

More details about these terms can be found in Appendix A.

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

Various boundary conditions at both edges of the sandwich plate are, thus, assumed

as follows [18]:
e Clamped edge:

u0:O
6l =0
6 =0 ,
b =0
w0:0

e  Simply supported edge:

(43)
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Uy = 0
BN+ M =0
BNE+Me—%NP =0, (44)
—BNE+ME =0
w =20

e  Free edge:

N+ N+ N =0

BN+ M =0

PNt +Me-TeND =0, (45)

~BNb L ME = 0

QG+Q+Q =0

The DQM is now adopted to solve the equilibrium equations. In this numerical

method, the partial derivative of a function with respect to the spatial variables at a given
discrete point is approximated as a weighted linear sum of the function values at all
discrete points chosen in the solution domain. According to the DQM, the nth order partial
derivative of a function F(r) can be approximated as follow [31]:

8”F(r])
arn

N
=) A§;>F(rk), n=1,.,N-1 (46)
k=1

(n)

in which N is the total number of grid points and A jk represents the weighting coefficients.

The Chebyshev—-Gauss-Lobatto polynomials are here adopted to determine the spaced
position of the grid points [31], namely:

_ To — T 2j—1
rpo=ri+ 5 (1—cos(N_1>n>. (47)

where r; and 7, are the inner and external radii, respectively. At the end, based on Equation
(46), the motion equations can be written in matrix form as:

kol + 2| P 1 = {01, )

in which [Kp] is the stiffness matrix, [M] is the mass matrix and w refers to the circular
natural frequencies of the system. The dynamic displacement vector [Y] for both boundary
and domain points is expressed as follows:

) = ()™ 83 100y {8} gt o) {0} gy ()] )

4. Numerical Results

A large parametric investigation was performed to check for the sensitivity of the
vibration response for the FG annular plates covered by magneto-electro-elastic layers,
and surrounded by a Pasternak foundation, for different input parameters, primarily,
temperature, moisture, external voltage, different boundary conditions, elastic foundations,
thickness ratio, power index and number of grid points. The properties of BaTiO3/CoFeOy,
ceramic (alumina) and metal (aluminum) are presented in Tables 1 and 2, in line with
Refs. [33] and [27], respectively.
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Table 1. Material properties of BaTiO3/CoFeOy [33].

Properties
Q1 (Pa) 2.86 x 101
Q1o (Pa) 1.73 x 101
Qs5 (Pa) 0.453 x 1011
€31 (C/mz) —4.4
e33 (C/ m?) 18.6
d31 (N/ Am) 580.3
d33 (N/ Am) 699.7
€11 (C2/Nm?) 8.0 x 1011
€33 (C2/Nm?) 93 x 101
811 = 8§33 3.0 x 10712
p11 (Ns?/C? —590 x 10~°
p33 (Ns?/C? 157 x 10~°
a1 = ap (/K) 1x107¢
Bu1 (m°/kg) 0
B33 (m3/kg) 11x107*
x1 = x3 (Cm/Kg) 0
71 = 13(N/AmK) 6.0 x 1073
11 = 73 (C/m?K) —13.0x 1075
v = 1 (N/Amng> 0
Table 2. Material properties of ceramic and metal [27].
Properties
E. (Pa) 380 x 10°
pc (kg/m3) 3800
ac (/K) 7 x107°
Be (Wt%H,0) ! 0.001
Ve = Uy 0.3
E. (Pa) 70
pm (kg/m?) 2707
an (/K) 23 x 107
B (Wt%H,0) ! 0.44

At the same time, in the attempt to validate the proposed formulation, a simplified
analysis was carried out, first, without considering the external facesheets, the hygrothermal
environment and the LW theory, in line with Refs. [6,35]. The dimensionless frequency
w* = why/p/Cq1 was, thus, determined, for different grid point discretization, as reported
in Table 3, being C17 = E(1—v)/(1+v)(1—2v).

Table 3. Validation of present work with respect to Refs. [6,35].

Frequencies Reference N
5 7 8 9 10

wj Jodaei et al. [6] 0.081 0.08 0.0798 0.0797 0.0796
Nie and Zhang [35] 0.0798 0.0812 0.0814 0.0802 0.0807

Present 0.0805 0.0797 0.0795 0.0795 0.0795

w3 Jodaei et al. [6] 0.0834 0.083 0.0827 0.0827 0.0826
Nie and Zhang [35] 0.0829 0.0843 0.0843 0.0832 0.0837

Present 0.0828 0.0827 0.0822 0.0822 0.0822

w3 Jodaei et al. [6] 0.0954 0.0957 0.0953 0.0953 0.0952

Nie and Zhang [35] 0.0956 0.0969 0.0968 0.0958 0.0961
Present 0.0948 0.0952 0.095 0.095 0.095
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The accuracy and convergence of the DQM-based results are summarized in Table 4
in terms of dimensionless frequency for the selected sandwich annular plate, with clamped
supports at both edges under different variations in temperature. More specifically, the
dimensionless frequency is computed as

w* = wr?\/pihi/D (50)

in which
D = Euh}/12(1 —v2) (51)

Table 4. Convergence behavior and accuracy of the DQM.

g Grid Points (N) w* w* w*
AT =0[°C] AT =100[°C] AT =200[°C]
1 5 12.4713 12.3882 12.3046
7 13.3089 13.2251 13.1407
8 13.3076 13.2238 13.1394
10 13.3076 13.2238 13.1394
2 5 12.0093 11.9403 11.8710
7 12.7439 12.6747 12.6051
8 12.7437 12.6745 12.6049
10 12.7437 12.6745 12.6049
3 5 11.7305 11.6691 11.6074
7 12.4071 12.3456 12.2838
8 12.4070 12.3455 12.2837
10 12.4070 12.3455 12.2837

Moreover, in order to verify the free vibration of the annular plate by considering the
electromagnetic layer, it is sufficient to consider the material property and geometry used
in Ref. [36]. A comparison between the present results and Ref. [36] is shown in Table 5. As
can be seen from this table, there is excellent agreement between them.

Table 5. Validation of present work with respect to Ref. [36].

w* v Dimensionless
! E Frequency (w)
Q, = —10° Q=0 Q, =10°
Reference —108 2.88 3.08 3.25
0 2.85 3.06 3.23
108 2.83 3.02 3.21
Present —108 2.91 3.16 3.33
0 2.94 3.16 3.31
108 2.87 3.10 3.30

The results are derived for different values of DQM grid points, with a fast rate
of convergence, even with a reduced number of grid points equal to eight. Thus, the
systematic investigation accounts for the effects of the Winkler and Pasternak coefficients
on the dimensionless frequency, as plotted in Figures 2 and 3 vs. the radial ratio of the
annular sandwich plates. The thickness and radial ratios are set here as I;/h. = 0.5 and
ri/ro = 0.2, whereas temperature and moisture variations are assumed to be null, i.e.,
AT = 0and AC = 0, respectively. As visible in Figures 2 and 3, an increasing radial ratio
gradually reduces the value of the frequency. As the Winkler and Pasternak coefficients
increase, the dimensionless frequency also increases due to an increased stiffness and
stability in the structure for the same radial ratio r; /7,. At the same time, the effect of the
Pasternak coefficient is more effective than the Winkler one. This is due to the presence
of both normal and transverse shear loads, as considered in the Pasternak foundation but
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not in the Winkler one, which is described in the normal direction. Figure 4 shows the
variation in the dimensionless frequency with the thickness ratio under different external
electric potentials while assuming k,, = 0,k = 0, AT = 0and AC = 0. Note that
the application of an electric potential can vary the frequency response of the sandwich
structure, whereby a negative electric potential decreases the dimensionless frequency,
and a positive voltage can yield the opposite effect. The enforcement of negative/positive
voltages, indeed, seems to generate an axial compressive/tensile force in the top layer, with
a consecutive variation in the overall structural stiffness. This means that the application of
an external electric potential is an effective controlling parameter for the behavior of the
structure. Figure 5 describes the variation in the dimensionless frequency with the thickness
ratios under different external magnetic potentials, A. Based on the plots in this figure, it
is clear that a negative magnetic potential decreases the dimensionless frequency under
the same thickness ratio assumption, where the contrary occurs under the application of a
positive voltage. The influence of a power law index, g, on the dimensionless frequency
is illustrated in Figure 6 for different r;/r, ratios while keeping a null value for ky, kg in
the clamped structure. As visible from the plots in the figures below, the dimensionless
frequency decreases monotonically for an increased power index under a fixed r; /7, ratio,
with a clear upward shift of curves, for an increased rational value of r; /7.
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Figure 2. Dimensionless frequency versus radial ratio for different Winkler coefficients.
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Figure 3. Dimensionless frequency versus radial ratio for different Pasternak coefficients.
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Figure 6. Dimensionless frequency versus power law index for different variations in radial ratio.

Another parameter that can be changed to control the stability of a system, however,
is represented by moisture. As plotted in Figure 7, the frequency features a monotone
decrease for an increasing r;/7, ratio under the same assumption for AC, whereas an
increase in moisture can provide a slight reduction in the frequency response under the
same assumption for r;/7,. A more pronounced sensitivity of the frequency response
is noticed in temperature. As plotted in Figure 8, an increased temperature variation
seems to reduce the frequency response of the structure with a fixed geometry due to
an overall reduction in its stiffness. The highest sensitivity, in any case, is observed for
different structural constraints, as depicted comparatively in Figure 9 for clamped-clamped,
clamped-simply and simply-simply supports, as well as different radial ratios, while
keeping ¢ = Oand (h./h;) = 2.5 fixed. Note that the use of clamped supports makes
the structure stiffer and more stable such that it could support higher loads than simply
supported structures.
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Figure 7. Dimensionless frequency versus radial ratio for different variations in moisture.
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This paper investigated the vibration of FG annular plates integrated with magneto-
electro-elastic layers subjected to a hygrothermal environment and resting on an elastic
foundation. The LW theory is proposed to define the problem, whose governing equations
are derived from the Hamiltonian principle. Thus, the DQM is successfully applied as an
efficient numerical tool to solve the problem for the different enforcements of boundary
conditions. A large numerical campaign investigated the effect of varying Pasternak and
Winkler coefficients, external voltage, temperature and moisture, thickness ratio, radial
ratio and boundary conditions. Based on a comparative evaluation of results, it seems that
an increased temperature or moisture yields a decrease in frequency and stability of the
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annular structure. At the same time, increased external electric and magnetic potentials,
enable an overall increase in the natural frequency of the annular sandwich plate. In any
case, we noticed that there exists an inverse relationship between radial ratio and frequency
response of the annular sandwich plates, such that higher radial ratios can significantly
reduce the structural stiffness and dimensionless frequency. Finally, it was found that
increased values of the Pasternak and Winkler coefficients can enable an overall increase in
the structural stiffness, with a consequent increase in natural frequencies.

Author Contributions: Conceptualization, FK., M.B., K.A., R.D. and ET.; Formal analysis, EK., M.B.,
K.A, R.D. and ET,; Investigation, FX., M.B. and K.A.; Methodology, R.D. and E.T.; Supervision, R.D.
and ET.; Validation, R.D. and F.T.; Writing—original draft, EK., M.B. and K. A.; Writing—review &
editing, R.D. and ET. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

v e (= (200)riQiyhe — (508)riQiyhe +2(2u)riQly — (Quiak)0f — (Qihe) 5 + (2Q1,)u)
r 7
T

c.h
NS¢ = 2Q§1(;ru>hc+2w,

T

v o ((202)riQby iy + (305 riQlyhe + (Qlaho )02 +2(2u) QY + (Q5he) 05 + (204, )u)
ro 7; 4

e 2le((58)rQh + 61 (Qioh?) + (ea'r)h)
r o g r; ’

2 9 Q!
M = 3<Qhar9§+< 22)95)1%3,

g%((%grb)rinﬁhbz + (Q?zhaz)f)f + (3631“71‘)@)

Mﬁ; - 3 7
N ht(_ (%Gﬁ)nQﬁzhz - (%ei)riQﬁzhl + 2(%”)’1'(252 — (Qhe) 67 — (Qhoht)6; + (ZQéz)”)
6 = v ’
Ng = 205 (g e +2( 22 ),
v o ((205)riQUoha + (26 riQUohy +2(2u)riQl + (Qbyha )65 + (Qbohs )62 + (205, )u)
o = Tz' ’

2h 0
My = 3rlt<<ar6£> riQioht® + (nghtz) 0 + (3632”71')@)/

2 0 Q5
i = 3 (0n(5e) + (52

) hc((%erh)riQ%%z + (Q32h32)9rh + (3632671‘)4’5)
My = 3 7 !




Appl. Sci. 2022, 12, 10682 16 of 17

d
Q= 2(8rw> Qiahs + (2Q4ah) 6},

QU

Q=2 <8rw> Qisha + (2Qi4hc )0y,

Q=2 (aarw) Qluhs + (2Q84m )07,

References

1. Reddy, ].N.; Romanoff, ].; Antonio Loya, J. nonlinear finite element analysis of functionally graded circular plates with modified
couple stress theory. Eur. J. Mech. A Solid 2016, 56, 92-104. [CrossRef]

2. Sofiyev, A.H.; Deniz, A.; Akcay, L.H.; Yusufoglu, E.L.C.IN. The vibration and stability of a three-layered conical shell containing
an FGM layer subjected to axial compressive load. Acta Mech. 2006, 183, 129-144. [CrossRef]

3. Thai, H.T.; Vo, T. A new sinusoidal shear deformation theory for bending, buckling and vibration of functionally graded plates.
Appl. Math. Model. 2013, 37, 3269-3281. [CrossRef]

4. Jooybar, N.; Malekzadeh, P; Fiouz, A.; Vaghefi, M. thermal effect on free vibration of functionally graded truncated conical shell
panels. Thin Wall Struct. 2016, 103, 45-61. [CrossRef]

5. Shaban, M.; Alipour, M.M. Semi analytical solution for free vibration of thick FG plates rested on elastic foundation with elastically
restrained edge. Acta Mech. Solida. Sin. 2011, 24, 340-354. [CrossRef]

6. Jodaei, A.;Jalal, M.; Yas, M.H. Three-dimensional free vibration analysis of functionally graded piezoelectric annular plates via
SSDQM and comparative modeling by ANN. Math. Comp. Model. 2012, 57, 1408-1425. [CrossRef]

7. Nateghi, A.; Salamat-talab, M.; Rezapour, J.; Daneshian, B. Size dependent buckling analysis of FG micro beams based on
modified couple stress theory. Appl. Math. Model. 2012, 36, 4971-4987. [CrossRef]

8.  Kheirkhah, M.M.; Khalili, S.M.R.; Malekzadeh Fard, K. biaxial buckling analysis of soft-core composite sandwich plates using
improved high-order theory. Eur. J. Mech. A Solid 2012, 31, 54-66. [CrossRef]

9.  Ghorbanpour Arani, A.; Mosayyebi, M.; Kolahdouzan, F.; Kolahchi, R.; Jamali, M. Refined Zigzag theory for vibration analysis of
viscoelasic functionally graded carbon nanotube reinforced composite microplates integrated with piezoelectric layers. P I Mech.
Eng. G ]. Aer. 2017, 231, 2464-2478. [CrossRef]

10. Allahverdizadeh, A.; Mahjoob, M.].; Maleki, M.; Nasrollahzadeh, N.; Naei, M.H. Structural modeling, vibration analysis and
optimal viscoelastic layer characterization of adaptive sandwich beams with electrorheological fluid core. Mech. Res. Commun.
2013, 51, 15-22. [CrossRef]

11. Wang, X.; Longfei, L.; Zhou, Y. Aeroelastic dynamics stability of rotating sandwich annular plate with viscoelastic core layer.
Appl. Math. Mech. 2016, 37, 107-120. [CrossRef]

12.  Pandit, M.K;; Singh, B.N.; Sheikh, A .H. Buckling of laminated sandwich plates with soft core based on an improved higher oreder
zigzag theory. Thin Wall Struct. 2008, 46, 1183-1191. [CrossRef]

13.  Romanoff, J.; Reddy, J.N. Experimental validation of the modified couple stress Timoshenko beam theory for web-core sandwich
panels. Compos. Struct. 2014, 111, 130-137. [CrossRef]

14. Ranjbaran, A.; Khoshravan, M.R.; Kharazi, M. Buckling analysis of sandwich plate using layerwise theory. J. Mech. Sci. Technol.
2014, 25, 2769-2777. [CrossRef]

15. Malekzadeh, P.; Afsari, A.; Zahedinejad, P.; Bahadori, R. Three dimensional layerwise finite element free vibration analysis of
thick laminated annular plates on elastic foundation. Appl. Math. Model. 2010, 34, 776-790. [CrossRef]

16. Alipour, M.M.; Shariyat, M. Analytical stress analysis of annular FGM sandwich plates with non-uniform shear and normal
tractions, employing a zigzag-elasticity plate theory. Aerosp. Sci. Technol. 2014, 32, 235-259. [CrossRef]

17.  Ferreira, A.J.M.; Fasshauer, G.E.; Batra, R.C.; Rodrigues, ].D. Static deformations and vibration analysis of composite and
sandwich plates using a layerwise theory and RBF-PS discretizations with optimal shape parameter. Compos. Struct. 2008, 86,
328-343. [CrossRef]

18.  Alipour, M.M.; Shariyat, M. Analytical layerwise free vibration analysis of circular/annular composite sandwich plates with
auxetic cores. Int. . Mech. Mater. Des. 2017, 13, 125-157. [CrossRef]

19.  Alipour, M.M. Effects of elastically restrained edges on FG sandwich annular plates by using a novel solution procedure based on
layerwise formulation. Arch. Civ. Mech. Eng. 2016, 16, 678-694. [CrossRef]

20. Ansari, R.; Torabi, J.; Faghih Shojaei, M. Buckling and vibration analysis of embedded functionally graded carbon nanotuberein-
forced composite annular sector plates under thermal loading. Compos. Part B Eng. 2017, 109, 197-213. [CrossRef]

21. Shi, P; Dong, C.Y. Vibration analysis of functionally graded annular plates with mixed boundary conditions in thermal environ-
ment. J. Sound Vib. 2012, 331, 3649-3662. [CrossRef]

22. Malekzadeh, P; Shahpari, S.A.; Ziaee, H.R. Three-dimensional free vibration of thick functionally graded annular plates in

thermal environment. J. Sound Vib. 2010, 329, 425-442. [CrossRef]


http://doi.org/10.1016/j.euromechsol.2015.11.001
http://doi.org/10.1007/s00707-006-0328-5
http://doi.org/10.1016/j.apm.2012.08.008
http://doi.org/10.1016/j.tws.2016.01.032
http://doi.org/10.1016/S0894-9166(11)60035-9
http://doi.org/10.1016/j.mcm.2012.12.002
http://doi.org/10.1016/j.apm.2011.12.035
http://doi.org/10.1016/j.euromechsol.2011.07.003
http://doi.org/10.1177/0954410016667150
http://doi.org/10.1016/j.mechrescom.2013.04.009
http://doi.org/10.1007/s10483-016-2012-9
http://doi.org/10.1016/j.tws.2008.03.002
http://doi.org/10.1016/j.compstruct.2013.11.029
http://doi.org/10.1007/s12206-014-0512-9
http://doi.org/10.1016/j.apm.2009.06.015
http://doi.org/10.1016/j.ast.2013.10.007
http://doi.org/10.1016/j.compstruct.2008.07.025
http://doi.org/10.1007/s10999-015-9321-2
http://doi.org/10.1016/j.acme.2016.04.015
http://doi.org/10.1016/j.compositesb.2016.10.050
http://doi.org/10.1016/j.jsv.2012.03.027
http://doi.org/10.1016/j.jsv.2009.09.025

Appl. Sci. 2022, 12, 10682 17 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Dai, T.; Dai, H.-L. Analysis of a rotating FGMEE circular disk with variable thickness under thermal environment. Appl. Math.
Model. 2017, 45,900-924. [CrossRef]

Jeyaraman, P.; Mahesh, S.; Selvamani, R.; Dimitri, R.; Tornabene, F. Multi thermal waves in a thermo diffusive piezo electric
functionally graded rod via refined multi-dual phase-lag model. Curv. Layer. Struct. 2022, 9, 105-115. [CrossRef]

Akbarzadeh, A.H.; Chen, Z.T. Hygrothermal stresses in one-dimensional functionally graded piezoelectric media in constant
magnetic field. Compos. Struct. 2013, 97, 317-331. [CrossRef]

Lee, C.Y.; Kim, J.H. Hygrothermal postbuckling behavior of functionally graded plates. Compos. Struct. 2013, 95, 278-282.
[CrossRef]

Sobhy, M. An accurate shear deformation theory for vibration and buckling of FGM sandwich plates in hygrothermal environment.
Int. ]. Mech. Sci. 2016, 110, 62-77. [CrossRef]

Mansouri, M.H.; Shariyat, M. Biaxial thermo-mechani.ical buckling of orthotropic auxetic FGM plates with temperature and
moisture dependent material properties on elastic foundations. Compos. Part B Eng. 2015, 83, 88-104. [CrossRef]

Ghorbanpour Arani, A.; Kolahchi, R.; Mosayyebi, M.; Jamali, M. Pulsating fluid induced dynamic instability of visco-double-
walled carbon nano-tubes based on sinusoidal strain gradient theory using DOM and Bolotin method. Int. . Mech. Mater. Des.
2016, 12, 17-38. [CrossRef]

Ke, L.L.; Liu, C.; Wang, Y.S. Free vibration of nonlocal piezoelectric nanoplates under various boundary conditions. Physical E
2015, 66, 93-106. [CrossRef]

Eshraghi, I; Dag, S.; Soltani, N. Bending and free vibration of FG annular and circular microplates under thermal loading. Compos.
Struct. 2016, 137, 196-207. [CrossRef]

Li, Y.S.; Cai, Z.Y,; Shi, S.Y. Buckling and free vibration of magnetoelectroelastic nanoplate based on nonlocal theory. Compos.
Struct. 2014, 111, 522-529. [CrossRef]

Akbarzadeh, A.H.; Chen, Z.T. Magnetoelectroelastic behavior of rotating cylinders resting on an elastic foundation under
hygrothermal loading. Smart Mater. Struct. 2012, 21, 125013. [CrossRef]

Wang, Y.; Zhang, W. On the thermal buckling and postbuckling responses of temperature-dependent graphene platelets reinforced
porous nanocomposite beams. Compos. Struct. 2022, 296, 115880. [CrossRef]

Nie, G,j.; Zhang, Z. Dynamic analysis of multi-directional functionally graded annular plates. Appl. Math Model. 2010, 34, 608-616.
[CrossRef]

Arshid, E.; Kiani, A.; Amir, S. Magneto-electro-elastic vibration of moderately thick FG annular plates subjected to multi physical
loads in thermal environment using GDQ method by considering neutral surface. Proc. Inst. Mech. Eng. Part L ]. Mater. Des. Appl.
2019, 223, 2140-2159. [CrossRef]


http://doi.org/10.1016/j.apm.2017.01.007
http://doi.org/10.1515/cls-2022-0010
http://doi.org/10.1016/j.compstruct.2012.09.058
http://doi.org/10.1016/j.compstruct.2012.07.010
http://doi.org/10.1016/j.ijmecsci.2016.03.003
http://doi.org/10.1016/j.compositesb.2015.08.030
http://doi.org/10.1007/s10999-014-9291-9
http://doi.org/10.1016/j.physe.2014.10.002
http://doi.org/10.1016/j.compstruct.2015.11.024
http://doi.org/10.1016/j.compstruct.2014.01.033
http://doi.org/10.1088/0964-1726/21/12/125013
http://doi.org/10.1016/j.compstruct.2022.115880
http://doi.org/10.1016/j.apm.2009.06.009
http://doi.org/10.1177/1464420719832626

	Introduction 
	Theoretical Basics 
	Governing Equations of the Problem 
	Numerical Results 
	Conclusions 
	Appendix A
	References

