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Abstract

In this study, the free vibration of a functionally graded carbon nanotube-reinforced composite (FG-
CNTRC) sandwich nanoplate with an electrorheological fluid (ERF) layer as its core under a
longitudinal magnetic field is examined using the nonlocal elasticity theory, Hamilton's principle, the
third-order shear deformation theory (TSDT), and for various boundary conditions. While the continuity
of physical quantities is required between all layers, the rule of mixing allows us to analyze the
distribution of characteristics in this system's thickness direction. Changing the electric field also alters
the ERF parameters in the pre-yield region. The generated equations are then solved using the Galerkin
technique. A comparison with some other item of existing literature is used to evaluate the established
solution's accuracy and correctness. The dependency of vibration behavior on certain factors: electric
field strength, boundary conditions, magnetic field intensity, volume fraction of the carbon nanotubes
(CNTSs), CNTs distribution and nonlocal parameter are analyzed in a comprehensive parametric study.

Keywords: Electrorheological fluid; FG-CNTRC nanoplate; Free vibration; Nonlocal elasticity theory;
Third-order shear deformation theory.
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1. Introduction

Designing lightweight structures has been a critical area of concern for engineers for a long
time. For example, reducing the weights of an airplane and a submarine directly supports the
decrease in their fuel consumption. However, as these structures are generally built for a few
load cases, they are prone to all kinds of vibrations. Apart from the passive control, which relies
on altering material characteristics, especially damping and stiffness, active control has become
an increasingly interesting topic ever since smart materials were introduced [1-3]. The former
type of control is usually unable to tackle severe changes in loads, whereas the latter allows the
implementation of different smart materials, such as electrorheological fluids (ERFs) or
piezoelectric materials in most existing systems in order to adapt to any significant change in
their surroundings. ERFs are smart materials of immense potential, especially in engineering
fields. ERFs are made up of particles that may be electrically polarized and that are suspended
in an insulating liquid. Atomic processes and ionic or electronic conduction are the sources of
particle polarization in ERFs. In the absence of an electric field, they show low viscosity, while
a specific electric field increases their viscosity by changing the state of particles [4-6]. Most
ERFs used presently are made up of solids suspended in a liquid, so they need to be stabilized
to keep them from settling. When an electric field of certain magnitude influences these two
phases, it is expected to observe a material resembling a gel [7-9]. Yeh and Chen [10] examined
how the electric field affected the natural frequency of a sandwich ERF plate and found that
the natural frequency rises by increasing the electric field. The nonlinear dynamic response of
a rotating sandwich beam with an ERF core was demonstrated by Wei et al. [11] using the
finite element method (FEM). To study the damping and dynamic characteristics of the
orthotropic cylindrical sandwich shells with an ERF core layer, Yeh [12] employed the
classical thin shell theory. To analyze the fundamental frequencies of an ERF plate integrated
with CNT-reinforced nanocomposite layers, Arani et al. [13] presented a numerical model
using Eshelby-Mori-Tanaka technique and classical plate model. Forced and free vibration
issues of a ERF plate with functionally graded (FG) face layers under a simply supported
boundary condition were investigated by Babaki and Shakouri [14]. Based on the first-order
shear deformation theory (FSDT), Shahali et al. [15] proposed a semi-analytical approach for
analyzing the influences of the gradient factor and applied electric field on the variations of the
modal loss factors and natural frequencies of a ERF cylinder with FG face layers. Khorshidi et
al. [16] investigated the nonlinear vibration analysis of a sandwich ERF plate in contact
with quiescent fluid using nonlinear Von-Karman strains and higher-order shear deformable
theory. Ghavidel et al. [17] applied FSDT to study free vibration and damping behavior of
cylindrical sandwich panel with ERF core and graphene platelets reinforced composite facing
sheets.
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Carbon nanotubes (CNTSs) are small cylinder-shaped structures made up of rolled-up sheets
of single-layer carbon atoms. Their notable properties are strong durability and aspect ratio,
stiffness, and minimal density [18-21]. Chang et al. [22] provided closed-form formulas for
the elastic characteristics of chiral SNTs. The aforementioned expressions exhibit concision
while effectively establishing a direct correlation between material properties across varying
length scales. Ghavanloo and Fazelzadeh [23] proposed an anisotropic elastic shell model
utilizing the Flugge shell concept and complex method to investigate the vibration
characteristics of chiral Single-wall carbon nanotubes (SWCNTS). In the study conducted by
Strozzi et al. [24], a novel nonlocal anisotropic elastic shell model was formulated to analyze
the nonlinear vibrations of double-walled carbon nanotubes (DWCNTS) using the Sanders-
Koiter shell theory framework. Within the past few decades, analysts have paid much
consideration to the advancement of fiber-reinforced composites. Standard filaments are
normally made from glass, alumina, boron and silicon carbide, among others, as fillers in such
composites. These common place filaments are in mesoscale with different diameters and
lengths [25-27]. At the visible level, because reinforcements are distributed uniformly or
randomly throughout the system, traditional composites' mechanical, physical, and thermal
characteristics do not vary considerably. In order to ameliorate this characteristic, functionally
graded materials (FGMs) have been developed [28-32]. They are made of two or more
constituents with properties that can change spatially, which can be a non-uniform distribution
of reinforcements. This technique allows engineers to obtain materials that act better than their
homogenous counterparts. FG-carbon nanotube reinforced composite (FG-CNTRC) is a new
class of high-stiffness materials that was created as a result of the combination of FGMs with
carbon nanotubes [33-35]. The incorporation of CNTs in the composite material provides
several advantages, such as enhanced mechanical properties, electrical conductivity, and
thermal conductivity. Shen [33] presented the first study on FG-CNTRC and suggested a
certain pattern of carbon nanotubes in an isotropic matrix based on equations that were already
known to go in any direction. Mehar et al. [36] computed the fundamental frequencies of FG-
CNTRC plate under thermal environment. Fu et al. [37] used FSDT and the generalized
differential quadrature (GDQ) scheme for examining how FG-CNTRC annular sector plates
buckle and vibrate. Based on the FSDT and irregular rational B-Spline foundational operations,
Nguyen et al. [38] analyzed the natural frequencies and static performance of FG-CNTRC
doubly-curved shell. The influences of the temperature, gradation function and inhomogeneity
constraints on the static deflection and elastic instability of FG-CNTRC plates have been
reported by Daikh et al. [39] utilizing Galerkin method. Huan et al. [40] used four-variable
shear deformation refined model to solve the problem of FG-CNTRC plates vibrating in a fluid
medium.

Besides, the manipulation of matter on small scales, also known as nanotechnology, has
allowed to produce an extensive array of engineered materials, structures, devices and
complicated systems that were otherwise impossible to realize [41,42]. On this small scale,
experimental studies require a considerable amount of time, effort and money, especially when
dealing with a large-scale molecular simulation. Furthermore, it has been shown that if the
theories of classical continuum mechanics are employed, accurate prediction of material
behavior on such scales is impossible. Therefore, researchers have considered non-classical
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continuum theories that can effectively incorporate the interaction between atoms and
molecules. Some of these non-classical continuum models are strain gradient theory (SGT)
[43,44], Eringen's nonlocal elasticity model [45-47], modified strain gradient theory (MSGT)
[48-52], modified couple stress theory (MCST) [53,54] and nonlocal strain gradient theory
(NSGT) [55-58]. In accordance with Eringen's nonlocal theorem, a nonlocal parameter
associated with the stiffness-softening effects is required to account for small-scale effects. The
stress at one place in the continuum is a result of the strain at all other sites due to atomic forces
and other small-scale variables, as the theory's fundamental notion makes clear. In line with
third-order shear deformation theory (TSDT) and nonlocal elasticity theory, Aghababaei and
Reddy [59] calculated the natural frequencies of a plate. FG-CNTRC nanoplates can be used
in the construction of lightweight, high-strength materials for aerospace and defense
applications. Phung-Van et al. [60] carried out the influence of the nonlocal term on the natural
frequencies of an FG-CNTRC nanoplate applying nonlocal elasticity theory. Phung-Van et al.
[61] investigated the dynamic behavior of an FG-CNTRC nanoplate under a homogeneous
transverse force, considering temperature environment, nonlocal model of Eringen. Thai et al.
[62] suggested meshfree approach with size dependence to investigate the bending behavior
and natural frequencies of FG-CNTRC nanoplates.

The aforementioned literature established that although there exists an extensive body of
researches on free vibration of sandwich ERF plates, but the free vibration of a FG-CNTRC
sandwich nanoplate with an ERF core layer based on the TSDT and nonlocal elasticity model
and undergoing a longitudinal magnetic field has not been investigated, using theoretical or
numerical methods. To fill this knowledge gap, the current work proposes a unique
combination of existing methods. The ERF properties in the pre-yield region change by varying
the electric field and four different kinds of CNTSs distributions are applied. A set of systematic
analyses of the impacts of the boundary conditions, magnetic field intensity, CNTs distribution,
electric field strength and nonlocal term on the natural frequency are also investigated.

The paper is structured as follows: In section 2, the methodology and main formulations of
a FG-CNTRC sandwich nanoplate with an ERF core layer are presented. Then, the solution of
the free vibration problem for different boundary conditions is provided in section 3. Section 4
presents a thorough comparative analysis and related parametric findings. Finally, conclusions
are expressed in section 5.

2. Problem description and modeling

Fig. 1 depicts the dimensions and geometry of a sandwich rectangular nanoplate (L, X L,)
made up of three layers: a base FG-CNTRC layer (h;), an ERF core layer (h,), and a
constraining FG-CNTRC layer (h;). UD-CNTRC, as shown in Fig. 1, refers to a distribution
scheme in which CNTSs are uniformly distributed across the composite layer, whereas FG-V-
CNTRC, FGX-CNTRC, and FG-O-CNTRC all include distributions of CNTs. No sliding is
assumed to occur between the FG-CNTRC and ERF layers. As a result, all points on the cross
section of all layers have the same transverse displacement.
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Fig. 1. Configuration of an FG-CNTRC sandwich nanoplate with ERF core layer.
2.1. Structural model

The rotating inertia and transverse shear deformation are both considered by TSDT. However,
based on TSDT, the total displacement components (U, V, W) in Cartesian coordinates can be
expressed as [63]

Ui(x,y,z, t) = uOi(x'yr t) + Zexi(xiy' t) - C123 <9xi(xﬂy' t) + dx

aVl/Oi(-x' Y, t))
v ol

aVl/Oi(-x' Y, t))

Vilx,y,2,t) = vi(x,y,t) + 20, (x,y,t) — C,2° <9yl-(x, y,t) +
W;(x,y,z,t) = Wy(x,y,t), i=Db,c,t.
where u, and v, are, respectively, the membrane deflections around the x-axis and y-axis.
Furthermore, C; = 3;:7, (j = 1,2,3) and b, c and t denote, respectively, the bottom, core and
top layers. The transverse displacement factor is denoted by W,, whereas rotations of the
central plane about the y- and x-axes are denoted by 6, and 6,. As previously stated, it is
supposed that there is no slipping between the FG-CNTRC and ERF layers, consequently,

through the thickness, the deformation distribution is continuous. Accordingly, displacement
continuity condition in the FG- CNTRC/ERF interfaces can be resulted as

h oW, oW,
Uge — fexc - (ch + 0) = Upp + be +—= (exb + _0)

Voc ?eyc ?(eyc + E) Vop + Byb + —= (Gyb + E)'

hy hy aWp\ _ hy hy W, (@)
o+ 0e + 2 (Bre +52) = ttor =50+ (6 + 52),

2o 4l WY _ oy Mg M aw,
v0c+79yc+?(9yc+g)_v0t > Hyt+ P (Qyt+ ay)

which results in

1 h 1 oW,

Upe = Z(uOt + 3ugp) — = 9xt +5 exb - Ea_o(hq — h3),
h 1 oW,

Voc = _(UOt + 3v0b) - Byt + 9 12 3y — (h1 h3),
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Oxc = E(UOt — Uop) — (hlgxt +h3bp) — xO (1 * ons 2h, .t th) <

Oy = %(Uw — Vop) — (h19yt + h3 yb) - aWO (1 + 2h, ~ + th)
The following is a deflnltlon of the strain elements in FG-CNTRC layers:
Exxi = % +z 69’” - C,z8 (% + %),
Eyyi = a;;i + z% —C,z8 (% + aaz—;;"),
oy = 20 200 (2 D0y (0 0ty 5 2 “

oW,
Vxzi = (1 - 36122) (HXL + 0)

Vysi = (1= 3€12%) (B, + awO)_ -
As well, for the ERF layer, the transverse shear strain elements may be written as

oW,
Free = (1 3612%) (Bxe + 52) = (1 = 3€,7%) | (uor = uop) -

7 (B + hsbip) =12 ( 345452
i)
Vyze = (1-3Cz%) (ch + WO) = (1 —3C,2%) [4372 (Vor — Vop) — (5)
18w,
E(hleyt + h39yb - ZE(_S + E + E)]

The nonclassical basic stress-strain relationships containing normal (o, 0gg) and shear
(Txz Toz Txp) Stress components for each FG-CNTRC layer in accordance with the nonlocal
elasticity model of Eringen, are given as [64]

[Oxxi] (@11 Qiz 0 0 0y ey

Oyyi | Q21 Q22 O 0 0 Eyyi
[1— (ega)?V?]|Tayi|=< 0 0 Q¢ O 0 }Vxyil, i=b,t.

Tyui 0 0 0 Qu O [sziJ

Txzi 0 0 0 0  Qss/ YWxzi (6)
Qi1 = ﬁ’ Q22 = 1_512221921» Q2 = 1?:92539221» Qo6 = G12, Q44 = G23,055 =

Gi3
Here, eya and e, are, respectively, the nonlocal parameter and the calibration constant. These

parameters can be changed to verify other reported models in the literature. For instance,
Eringen [45,46] has mentioned a value of 0.39 for e,. Moreover, a is the internal effective
length. If a is much smaller than its external counterpart, the traditional elasticity and nonlocal
models become identical. If the external and internal effective lengths are relatively close, the
nonlocal elasticity theory matches the theory of lattice dynamics [65,66]. The inclusion of
Lamé parameters and one or more length scale parameters allow us to study the nano scale
effects in a nonlocal elasticity theory. At this point, the effective Young's modulus of the FG-
CNTRC layer is denoted by E;; and E,,; Poisson's ratio is indicated by 9;, and 9,; and the
shear modulus is shown by G,,, G,3, and G;5. Applying the rule of mixture, such material
characteristics of FG-CNTRC layer are defined as [67]
Ey = €1VCNTE1NT + VnEm,
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where the material properties of CNTs are denoted with (EENT, ESNT, GENT), and the isotropic
matrix moduli are expressed by (E,,, G,,). Furthermore, the parameters for CNT efficiency are
{1, ¢{,,and {5, and

Vn +Venr =1, (8)

V12 = Vinr 952" + VipOm,

where Viyr and Vqoyr represent the volume fractions of the FG-O, FG-X, UD, and FG-V

patterns of the FG-CNTRC [67]

( Venr (UD)
(1+2)Venr,  FG-V)

Venr =5 (1-2veyr, (FG-0)

_h_c

9)

||

(42 Vur, (FG —X)

Comparatively, in the ERF layer, the nonclassical transverse shear stresses are given as
[10,68]

[1 - (eoa)zvz]szc = G(C)szc: [1 - (eoa)zvz]'[yzc = G(C)Vyzc (10)

in which G (© refers to the complex shear modulus of the electric field-dependent ERF. Using
Maxwell's equations, we can calculate the Lorentz force that is generated when a longitudinal
magnetic field with intensity of (H,, 0,0) is applied to the sandwich plate [69]. Additionally, it
is supposed that the Lorentz force only acts in the z direction on the structure as

atw;

— 2 o’w; ani) _ 2(62”’0 99yi _ 2%) | = (11)
fz—on(axZ t5 +azay = nHj %z T 3y 2C,z 3y )’ i=b,c,t.

where the magnetic field permeability is expressed by n. The final form of the equilibrium
equations for the studied structure is obtained in this section by using the Hamilton's principle
[70,71].

ft’;(snT — 81, + 8I1)dt = 0. (12)
where I1, signifies the virtual strain energy, Il1; expresses the virtual kinetic energy; Ir

displays the virtual work applied by mechanical loads. The kinetic energy for ERF sandwich
nanoplate can be presented as

1 hs/2 . 2 . 2 .2 1 hy /2 .2
HT = EfAb f_;s/zp (Ub + Vb + Wb )dZdAb + EfAc f_;lz/z prVC dZdAC +
1 hy/2 . 2 . 2 . 2
EfAt f_;l/zp(Ut + Ve + W, )dZdAt, (13)

However, the variation of kinetic energy for ERF sandwich nanoplate is expressed as



8Ty = [, "%, p 08U, + Vy8Vy + W, W, ] dzdA, +

hy/2 . . hqy/2 . . . . . .

N f_;j *, Py WeOW,dzdA, + f, f_;l/ *,p (080 + V8V, + W, 5W;|dzdA, (14)
where p signifies the mass density of ERF layer, cross-sectional area is represented by A, and
p indicates the FG-CNTRC layer's mass density, which is presented as

p= VCNTPCNT + VinPom- (15)

The strain energy can be calculated by integrating the stress-strain curve of the material over
the region of elastic deformation as follows

hs/2
Iy, = fAb f_;s/z(axxngxb + OyybEyyp + TyzbYyzb T TxzbVxzb +
hy /2 hy/2
Txybyxyb)dZdAb + fAc f_ZZ/Z(TyZC)/yZC + szc)/xzc)dZdAc + fAt f_;l/z(o—xxtgxxt + (16)
Uyyt55yyt t TyztVyzt T TuztVazt t Txythyt)dZdAh
The entire strain energy's variation is written as

hsz/2
6“V = fAb f_ZB/Z(Gxxb6€xxb + nyb6€yyb + Tyzb6yyzb + szb6)/xzb +
hy/2
Txybfsyxyb)dZdAb + fAc f_Zz/z(Tyzcayyzc + szcayxzc)dZdAc + a7

hi/2
fAt f_;l/z(axxt(sgxxt + O'yytagyyt + Tyztayyzt + TaztOVxzt + TxytSnyt)dZdAt’
Lastly, the variation of virtual work, due to mechanical loads, is stated as

8Ty = [, qéW,dA, (18)

where g = f_hitifzfzdz. However, substituting Eqgs (14), (17) and (18) into Eq. (12), performing

some  manipulations, and by taking into  account the  coefficients
SuUgp, SUgt, SVop, 6V, SWy, 86, 60,4, 66, and 56,, equal to zero, the governing equations
are ultimately obtained and provided in Appendix A. Lastly, replacing Eqg. (A10) into Egs. (Al-
A9), and considering Eqgs (1-6), assuming h; = hy, the size-dependent equations for sandwich
nanoplate are attained and expressed in Appendix B.

3. Solution method

The process of solving the derived equations requires proper definitions of boundary
conditions. Therefore:

Clamped (C) edge boundary conditions
Uge = Ugp = Vor = Vop = Wo = Oyt =0y =0, =0,, =0, atx= (19)
0,Ly; y=0,L,.

Simply supported (S) edge boundary conditions

Vot = Vop = Wy = eyt = eyb = Nyxt = Nyxp = Myxt = Myxp = Pyxt = Pyxp =
0, atx=0,L,,
(20)

N

Uge = Ugp = Wy = Oyt = Oy = N. yyb = Myyt = Myyb = Pyyt =

yyt =
Pyyp =0, aty=0,L,.



For the relevant boundary conditions, the following suitable formulations are used [72,73]

aXm(x)

~ 0Xm ~

o, = X 5 U 229y, (e, ugy = B 2w U, 220y, (p)eiet,
ayn( ) aYn( )

Vot = ZmZn Vt m( ) Y Lwt' Vop = ZmZn Vb m( ) Y lwt

00 00 A7 i " 0 gaAm\X)
Wy = Zm Zn WYn(y)Xm(x)elwt' Oyt = Zm Zn xt 2 (x) Y, ( )elwt
(21)

o yo g 9Xm oo \'oo J Yy ;
s = T 55 By 2207, ()", 0y, = N5 X eytxmm%ewt,

Oyp = T 2 By X (x) oL el
where the angular frequency is represented by w. Correspondingly, the half wave numbers of
x and y direction are, respectively, expressed by m and n. The set of variables
(0., Uy, V, ,Vy, W, 85, 0,5, 0, and 8,,;,) are unknown modal coefficients for the considered

sandwich nanoplate. X,,, and Y,, are expressed as functions to satisfy the boundary conditions
[72]

SSSS:
Xm(x) = Sm( ) Ya(y) = sm( y) (22)
Ly
SSCS:
Xm(x) = sin (?)I Y,(y) = [ (("*'OLﬂ) sinh ((n+oL.25)ny)] B
y y
[sin((n+0.25)1r)+sinh((n+0.25)11')] [ ((n+0 25)1ry) ((n+0.25)ny)] 23)
cosh|—————=||,
cos((n+0.25)m)+cosh((n+0.25)m) L
SSCC:
Xn(x) = Sln( ) Y,(y) = [ (M) sinh <(n+0-5)ny)] _ (24)
L Ly

[ sin((n+0.5)m)- smh((n+0 5)m) ] [ ((n+0 5)7ry> cosh ((n+0.5)n’y)]

cos((n+025)m)—cosh((n+0.5)x) Ly

CSCC:
m(x) _ [ . ((n+0il25)nx) — sinh ((n+0 25)1rx)] _ (25)

Lx
sm((n+0 25)n)+smh((n+0 25)11') (n+0 25)mx _ (n+0.25)mx
[cos((n+0 25)m)+cosh((n+0. 25)7'[)] [ ) cosh ( )] !

Y,(y) = [Sin (—(Mi S)Hy) sinh (—(n+0 S)Hy)]
[ sin((n+0.5)r)-sinh((n+0.5)m) ] [ ((n+0 5)7Ty> cosh ((n+0.5)ny)] ’

cos((n+025)m)—cosh((n+0.5)m)

X

Ly

CCCC:



X, (x) = [ ((n+0 5)7tx) — sinh ((n+0.5)nx)] _
Ly Ly
[sm((n+0.5)7t)—smh((n+0.5)n’) [COS ((n+2-x5)7fx) — cosh (@)] , (26)

cos((n+0.5)m)—cosh((n+0.5)m)

Y (y) _ [ ((n+(L) 5)ny) sinh ((n+0 S)Hy)]
[ sin((n+0.5)r)-sinh((n+0.5)m) ] [ ((n+0 5)7ry> cosh ((n+0.5)rty)] ’

cos((n+025)m)—cosh((n+0.5)m) y
The matrix representation of the equilibrium equations is found by substituting Eq. (21) in
Eqgs. (B1-B9). The final results are written as

([M]oxow?* — [K]oxe)q = 0 (27)

where the matrices [K]qgx9 and [M]qq indicates, respectively, stiffness and mass and matrices.

The natural frequencies, w* = \/Re(w?) and the modal loss factors, n,, = IRmE 23 are obtained

from the non-trivial solution of Eq. (27). To achieve this aim, in the last equation, the left-side
matrix's determinant should be set to zero, yielding the eigenfrequencies and eigenvectors.

4. Findings and discussion

This section is followed by a series of numerical investigations, according to the properties
shown in Table 1 [74]. Furthermore, Table 2 denotes the characteristics of CNT efficiency for
various volume fractions [67]. Moreover, Poly {(m-phenylenevinylene) -co- [(2.5-dioctoxy-p-
phenylene) vinylene]} is considered as polymeric matrix [67].

Table 1: Material characteristics of an FG-CNTRC nanoplate with ERF core layer.
Properties (ERF core Layer)

G© =G'(B) +iG"(5),

Shear modulus G'(E) = 50000E2
G"(E) = 2600E + 1700

Mass density (kg m™3) pr = 1700

Properties (FG-CNTRC) CNT Poly Matrix
EFNT = 5.6466TPa,

Elastic ECNT = 7.08TPa, E,, = 2.1GPa,
GCNT = 1.944TPa

Poisson’s Ratio 19CNT = 0.175 9, = 0.34

Mass density (Kg m~3) pCNT = 1400 pm = 1160

Table 2: Efficiency coefficients for different CNTs volume fractions.

Venr Efficiency parameters

G ¢ €1
0.11 0.149 0.934 0.934
0.14 0.15 0.941 0.941
0.17 0.14 1.381 1.381

4.1 Validation of the model



The formulation validation is provided via the means of a few examples. As the first
comparison study, by eliminating ERF and FG-CNTRC properties, the first three non-

dimensional frequencies, @ = w*h, /p/Glz of an elastic nanoplate (Z—x =1,L, = 10h) for
y

various boundary conditions and nonlocal parameters are computed after which they were
compared to those found in Ref. [72] as provided in Table 3. By comparing the current findings
to the analytic predictions of Ref. [72], as shown in Table 3, we find that the current findings
are quite close to those expected.

Table 3: Comparison of dimensionless natural frequency of an elastic nanoplate for different boundary
conditions and nonlocal parameters.

B.C (epa)?*(nm? Study o @, W3

0 present 0.092 0.221 0.338

Ref. [72] 0.093 0.222 0.341

present 0.078 0.157 0.210

SSSS 2 Ref. [72] 0.079 0.157 0.212
4 present 0.069 0.128 0.166

Ref. [72] 0.070 0.129 0.167

0 present 0.125 0.267 0.389

Ref. [72] 0.126 0.268 0.392

present 0.104 0.184 0.235

CSCS 2 Ref. [72] 0.104 0.185 0.237
4 present 0.903 0.149 0.184

Ref. [72] 0.908 0.150 0.186

0 present 0.161 0.313 0.442

Ref. [72] 0.162 0.315 0.445

present 0.132 0.212 0.261

ceee 2 Ref. [72] 0.132 0.213 0.263
4 present 0.114 0.171 0.203

Ref. [72] 0.115 0.171 0.204

Considering another comparison investigation, by ignoring FG-CNTRC layers and nonlocal
parameter, the natural frequencies (Hz) and the corresponding modal loss factor of a simply
supported ERF sandwich plate for different aspect ratios and ERF core thickness terms are
evaluated. Results from the present system are shown in Table 4 and evaluated with those from
Ref. [74] that employ classical plate theory. It is significantly evident from this table that the
proposed model in the present work has high accuracy in calculating the frequencies of the
ERF plate. Another point of interest is that as the electric field intensifies, the natural frequency

rises. This is because there has been a rise in the ERF's electric modulus.
Table 4: Comparison of natural frequencies (Hz) and the corresponding modal loss factor of the simply
supported ERF sandwich plate versus the electric field.

Z = 0kV/mm Z = 2kV/mm
Mode h, Ly w”, (Hz) Ny w”, (Hz) Ny
/hy /Ly Ref. Ref. Ref. Ref.
[74] present [74] present [74] present [74] present
1 1 13.1925 13.1926 0.0172 0.0172 21.8035 21.8041 0.0187 0.0187
(L.1) 2 32.9809 32.9812 0.0069 0.0069 43.7317 43.7322 0.0139 0.0139
! 4 1 10.0639 10.0646 0.0269 0.0269 20.2119 20.2140 0.0249 0.0249
2 25.159 25.1604 0.0107 0.0107 37.6844 37.6867 0.0188 0.0188
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1 1 32,9809 329806 0.0069 0.0069 43.7317 43.7323 0.0139 0.0139

(1.2) 2 52,7693 52.7683 0.0043 0.0043 64.3128 64.3128 0.0108 0.0108
' 4 1 25159  25.1600 0.0107 0.0107 37.6844 37.6875 0.0188 0.0188
2 40.2533 40.2554 0.0067 0.0067 53.736  53.7402 0.015 0.015

1 1 52,7693 52.7694 0.0043 0.0043 64.3128 64.3133 0.0108 0.0108

59 2 131.922 131918 0.0017 0.0017 144.452 144.446 0.0056 0.0056
(22) 4 1 40.2533 40.2563 0.0067 0.0067 53.736  53.7412 0.015 0.015
2 100.623 100.636 0.0027 0.0027 115.379 115.396 0.0082 0.0082

2
Also, Table 5 presents the dimensionless frequencies, w = w*LhL /Pm/E of an FG-
1 m

CNTRC square plate at various boundary conditions for four categories of CNTRC when the
properties of ERF core layer and nonlocal parameter are neglected. Comparison of the
outcomes of the current formulation and those presented by Ref. [67] clearly support the
acceptable performance of the developed formulation.

Table 5: Comparison of dimensionless natural frequency of an FG-CNTRC plate for four types of CNTRC.

. h, ubD FG-V FG-O FG-X
BC Venr /Ly l[:ée;‘]. present I[:ée;‘] present Ee;] present Ee;] present
011 0.1 14.024 13.882 12,755 12.793 11.773 11.701 15254  15.213
' 0.05 17503 17.711 15127 15291 13,500 13.625 20.241 20.342
SSSS 014 0.1 14925 14770 13.653 13.607 12.662 12501 16.104 16.008
' 0.05 19.196 19.248 16.606 16.724 14.838 14933 22.084 22.192
017 0.1 17409 17.301 15.788 15616 14563 14432 18969 18.851
' 0.05 21624 21738 18.632 18.675 16.625 16.705 25.049 24.966
011 0.1 19473 19515 18.811 18976 18.198 18.056 20.195  20.308
' 0.05 30.391 30405 27.709 27.816 25592 25634 32901 33.005
ccce 044 0.1 20.112 20.194 19,516 19.588 18.962 19.071 20.566 20.611
' 0.05 32268 32.299 29.627 29.722 27.517 27.546 34.639 34.702
017 0.1 24299 24364 23437 23509 22.655 22.697 24970 25.007

0.05 37.741 37.831 34300 34.386 31.644 31.681 40.936 41.064

4.2. Parametric study

To describe the structure's free vibration behavior in response to various factors, parametric
analyses are carried out. Tables 6 and 7 present the corresponding modal loss factor and natural
frequency of the system under different boundary conditions, thickness ratios, electric field
strengths (£ = 0,1.5,3,4.5) and the CNTs distributions, when h; = h; = 1nm,L, = L, =
10 nm, H, = 0,eya = 0,V/y; = 0.11. Both geometric aspect ratio and electric field intensity
are directly proportional to the natural frequency. By decreasing mode number, the effect of
the electric field on the natural frequency becomes more pronounced. More also, the value of
the geometric thickness ratio determines the impact of the electric field on the modal loss factor.
It appears that the loss factor grows at small electric fields, then it peaks at a medium electric
field, and finally decreases with at higher values of electric field intensity. The structural
stiffness is strongly dependent upon the CNTs distribution. Natural frequencies' smallest and
greatest ranges belong to FG-O and FG-X distributions, respectively. Actually, in FG-X case,
each FG-CNTRC layer's top and bottom surfaces have the highest volume fractions, bringing
about a larger structural stiffness and system strength. However, it can be observed that the



boundary conditions have important effects on the variations of the natural frequencies. It also
seems that the loss factor behavior is opposite to the natural frequency under different boundary
conditions and the CNTs distributions. The described concepts of this analytical study can also

be used to better understand the vibration behavior. The thickness ratio (%) strongly affects the
1

natural frequency. This article also provides valuable insight into the potential applications of
CNTs, including the structural parts of different sensors and nanodevices.

Table 6: The effects of the electric field, thickness ratio, mode number, and CNTSs distributions on the natural
frequency and modal loss factor (SSSS).

Type  Mode h,/ =E=0 E=15 E=3 5E=45
h; " (GHz) n, w", (GHz) 1, ", (GHz) 1, ", (GHz) 1,
uop (11 1 23.747 0.011 24.563 0.023 26.503 0.029 28.794 0.031
4 15.848 0.020 16.880 0.042 19.545 0.058 23.046 0.059
12 1 30.878  0.0017  32.607 0.0036  36.913  0.0048  42.187 0.005
4 20.668  0.0031  22.689  0.0061  27.777  0.0077  34.353 0.008
22 1 61.346  0.0014 62416  0.0024 65308  0.0033 69.314  0.0038
4 41.053  0.0021 42552  0.0032  46.703  0.0040  52.738  0.0045
FG-v (11 1 21746  0.0138  22.677  0.0277  24.880  0.0357  27.471  0.0372
4 14516  0.0242 15657 0.0456  18.549  0.0595  22.278  0.0611
12 1 29.620  0.0020  31.443  0.0041 35953  0.0052  41.442  0.0055
4 19.831  0.0034  21.940 0.0065  27.198  0.0079  33.924  0.0081
22 1 59.535  0.0018  60.665  0.0027  63.723  0.0043  67.958  0.0047
4 39.848  0.0026  41.408  0.0037 45710  0.0046  51.929  0.0049
FG-O (11) 1 20.160 0.017 21.194 0.0329 23629 0.0413  26.471  0.0435
4 13.457 0.029 14.695 0.057 17.784  0.061 21.697  0.0635
12 1 28.274  0.0022  30.206  0.0043 34947  0.0054  40.666  0.0056
4 18.928  0.0038  21.142  0.0067  26.589  0.0082  33.477  0.0083
22 1 57596  0.0021  58.798  0.0029  62.044  0.0044  66.527  0.0048
4 38.552  0.0031  40.180  0.0042 44650  0.0049 51.068  0.0051
FG-X (11 1 25674  0.0091  26.396  0.0185  28.117 0.024  30.152 0.025
4 17.132 0.017 18.074 0.036 20.541 0.052 23.837 0.056
12 1 32512 0.0015 34131 0.0033  38.196  0.0045  43.220  0.0048
4 21.761  0.0028  23.675 0.0056 28555  0.0071  34.494  0.0077
22 1 63.157  0.0011  64.171  0.0021  66.918  0.0030  70.725  0.0035
4 42263  0.0017  43.705 0.0029 47.716  0.0037  53.581  0.0043

Table 7: The effects of the electric field, thickness ratio, mode number and CNTs distributions on the natural
frequency and modal loss factor (CCCC).

Type  Mode h,/ =E=0 ==15 =E=3 Z=45
h; ' (GHz) m, w’, (GHz) m, o', (GHz) m, o', (GHz) mn,
ubD (1,2) 1 33.787 0.0006  34.440 0.0125 36.052 0.0199 38322 0.0224
4 22545  0.0012 23397  0.0257  25.747  0.0407 29.146  0.0454
(1,2) 1 43.036  0.0004 44360 0.0105 47911  0.0142 52.767  0.0198
4 28.798  0.0008  30.464  0.0163  34.932  0.0257 41.162  0.0306
(2,2 1 71679  0.0003 72.656  0.0088  75.387  0.0111  79.387  0.0163
4 47958  0.0004 49.410 0.0124 53.495  0.0187 59.584  0.0225
FG-V (1,1) 1 32.670 0.0009 33323 0.0156  35.080 0.0226  37.491  0.0249
4 21.803  0.0015 22,692  0.0279  25.138 0.0420 28.652  0.0463
1,2 1 42319 0.0005 43.676  0.0121  47.313  0.0159  52.277  0.0215
4 28.319 0.0009 30.019 0.0175 34563  0.0268  40.876  0.0310
(2,2 1 70.675 0.0004 71681  0.0101 7449  0.0136 78.616  0.0179
4 47289  0.0005 48771  0.0132 52934  0.0197 59.123  0.0240
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FG-O (1,1) 1 31.511 0.0012  32.208 0.0173 34.078 0.0241  36.640 0.0258
4 21.028 0.0016  21.961 0.0296 24510  0.0450 28.143 0.0487

(1,2 1 41.164  0.0006  42.580 0.0145  46.359 0.0174  51.495 0.0229

4 27.547 0.0012  29.303 0.0199 33.971 0.0295 40414 0.0331

(2,2 1 69.272 0.0005 70.322 0.0251 73.256 0.0172 77.538 0.0196

4 46.352 0.0006  47.877 0.0158 52.147 0.0213  58.470 0.0264

FG-X (1,1) 1 34.853 0.0004  35.432 0.0108 36.994  0.0174  39.148 0.0209
4 23.255 0.0010  24.073 0.0223 26.340  0.0387 29.638 0.0439

(1,2 1 44.167 0.0003  45.442 0.0088  48.868 0.0122  53.576 0.0180

4 29.555 0.0007  31.171 0.0139 35.527 0.0238  41.636 0.0287

(2,2) 1 72.972 0.0002 73.914 0.0065 76.553 0.0087  80.424 0.0143

4 48.821 0.0003  50.238 0.0106 54.234  0.0163 60.209 0.0204

Figs 2-6 depict the variations of the first natural frequency (m = n = 1) versus the nonlocal

factor for different boundary conditions (SSSS, SSCS, CSCS, CCCS and CCCC), electric field

strengths, the CNTs distributions and CNT volume fractions, when h; = h; = 1 nm, Z—z =
1

1,H,=0,L, =L, =10nm. It is obvious that the natural frequency for CCCC boundary
conditions is generally higher than SSSS boundary conditions because clamped edges are
stiffer than simply supported edges. When a sandwich nanoplate is clamped on all four sides,
the edges cannot move, and this results in higher stiffness compared to the simply supported
edges. As a result, the natural frequency of vibration of the sandwich nanoplate with CCCC
boundary conditions is higher than the natural frequency of vibration of the sandwich nanoplate
with SSSS boundary conditions. The natural frequency is seen to decrease as the nonlocal
parameter increases, which is mostly attributed to the softening effect on this parameter in such
small-scale structures. The nonlocal parameter in this context refers to the length scale
parameter that accounts for the effects of small-scale phenomena on the behavior of the
sandwich nanoplate. As the nonlocal parameter increases, the effects of small-scale phenomena
become more pronounced, and the behavior of the nanoplate deviates from classical mechanics.
Specifically, the higher-order terms in the governing equations become more significant, which
affects the natural frequency of the nanoplate. This means that as the nonlocal parameter
increases, the natural frequency decreases. This is because the higher-order terms in the
governing equations that become more significant with increasing nonlocality introduce
additional stiffness and mass to the nanoplate, which lowers its natural frequency. Moreover,
via raising the nonlocal term, the effects of the boundary conditions on the natural frequency
decrease. Furthermore, as shown in Figs. 2-6, for the boundary conditions of CCCC, the
influences of the electric field on the frequency variations are greater than the SSSS case. As
well, it should be stated that the reason behind the higher natural frequency via raising volume
fraction is the larger resulting CNTRC stiffness.
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Fig. 2. The effects of the nonlocal parameter, electric field strengths, the CNTs distributions and CNT volume
fractions on the variations of the first natural frequency (SSSS).
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Fig. 4. The effects of the nonlocal parameter, electric field strengths, the CNTs distributions and CNT volume
fractions on the variations of the first natural frequency (CSCS).
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Fig. 7 illustrates how the thickness ratio, the CNTSs' distribution, and the electric field affect
variations in the natural frequency for the case of SSSS, when hy = h; = 1nm,L, = L, =
10 nm,H, = 0,epa = 0,V yy = 0.11,m = n = 1. As seen in Fig. 7, by raising the thickness
ratio value (Z—i), the system's natural frequency is greatly reduced. This behavior is due to the

fact that % has a softening influence on the structure's stiffness, because of the reduction of the
1

total elasticity modulus. The ERF layer and FG-CNTRC layer are two key components that
affect the natural frequency of a sandwich plate. The ERF layer is a special fluid that changes
its rheological properties (viscosity, stiffness) when an electric field is applied, while the elastic
layer is a solid material that provides the sandwich plate's stiffness. Furthermore, the ERF layer
also affects the damping of the sandwich plate. Damping is a measure of the ability of the
sandwich nanoplate to dissipate energy in response to mechanical loads. As the ERF thickness
is increased, the damping of the sandwich nanoplate also increases. This increase in damping
leads to a further decrease in the natural frequency of the sandwich plate. When an electric
field is applied to an ERF sandwich nanoplate, the fluid undergoes a change in its
nanostructure, which results in an increase in its stiffness and natural frequency. The
nanostructure of an ERF consists of dispersed particles that are suspended in a carrier fluid.
When an electric field is applied, the particles align themselves in the direction of the field,
creating chain-like structures called "electrorheological chains." These chains increase the
stiffness of the fluid, which in turn increases the natural frequency of the sandwich plate.
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Furthermore, it is evident that for a constant value of the ERF electric field, the impact of the
various kinds of the CNTSs distribution on the natural frequency decreases by increasing %

1
This point is also true for the ERF electric field. Thus, the influence of the various kinds of the

CNTs distribution on the variation of the natural frequency decreases when the electric field
becomes stronger.
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Fig. 7. The effects of the thickness ratio, electric field strengths and CNTSs distributions on the variations of the
first natural frequency.

Finally, Fig. 8 depicts the influences of magnetic field strength and the CNTSs distributions
on the change in natural frequency of the sandwich nanoplate for the case of SSSS when h; =

h; = 1nm, % =1,E=0,L, =L, =10nm,Veyr =011l m=n=1. Longitudinal

1

magnetic fields have a stiffening effect on a structure, as seen in the figure, which causes the
fundamental frequency to rise. When a sandwich nanoplate is placed in a longitudinal magnetic
field, it experiences a Lorentz force that is proportional to the strength of the magnetic field
and the current flowing through the sandwich nanoplate. This Lorentz force causes the
sandwich nanoplate to vibrate in a particular mode, and the natural frequency of this vibration
mode is proportional to the Lorentz force. Therefore, as the longitudinal magnetic field is
increased, the Lorentz force on the nanoplate increases, which causes the natural frequency of
its vibration mode to increase. This effect can be useful in applications where precise control
of the natural frequency of a sandwich nanoplate is required, such as in nanomechanical
resonators used for sensing and measurement.



s A |

40

|
i
<
\
IlI“&JIl

[ T 7 & & [ & & & o
\

35

|

30 i

Natural Frequency (GHz)

25

T v &1

R A Il O A T il )

W0 1 . . 1 v v 1 o] v
0 0.05 0.1 0.15 0.2 0.25

Magnetic Intensity (A/nm)

Fig. 8. The effects of the longitudinal magnetic field strength and the CNTSs distributions on the change in the
first natural frequency.

5. Conclusions

In this study, the free vibration problem of an FG-CNTRC sandwich nanoplate with ERF core
layer under longitudinal magnetic field has been analytically examined using TSDT and
nonlocal elasticity theory. In TSDT, the plate is assumed to deform in three directions: two in-
plane translations and one out-of-plane rotation. This allows for the consideration of transverse
shear deformations that are not accounted for in lower-order theories, such as the classical plate
theory and the FSDT. All layers of the sandwich plate must maintain physical continuity, and
the rule of mixing allows us to examine how mechanical characteristics are distributed in the
thickness direction of this system. In order to solve the resulting equations, the Galerkin method
is employed. Parameter investigations demonstrate the influences of the ERF electric field,
boundary conditions, CNTs distributions, CNT volume fraction, and nonlocal parameter on the
free vibration. Following are some noteworthy conclusions that may be derived from the
results:

= The geometric thickness ratio value controls how much the electric field affects the modal
loss factor. It appears that the loss factor grows at small electric fields, then it peaks at a
medium electric field, and finally decreases at higher values of electric field intensity.

» The structural stiffness is strongly dependent upon the CNTs distribution. Natural
frequencies' smallest and greatest ranges are exhibited by FG-O and FG-X distributions,
respectively.

= The thickness ratio (%) strongly affects the natural frequency of an FG-CNTRC sandwich
1

nanoplate with ERF core layer. This study also provides valuable insight into the potential
applications of CNTSs, including the structural parts of different sensors and nanodevices.
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= Longitudinal magnetic fields have a stiffening effect on a structure, which causes the
natural frequency to rise.

= The natural frequency is seen to decrease as the nonlocal parameter increases, which is
mostly attributed to the softening effect on this parameter in such small-scale structures.

* Viaraising % and ERF electric field, the influence of the various categories of the CNTs
1

distribution on the natural frequency decreases.
= The natural frequency for CCCC boundary conditions is generally higher than SSSS
boundary conditions because clamped edges are stiffer than simply supported edges.

APPENDIX A

The governing equations of the sandwich nanoplate are provided as

aNLy = ONLy, 3Q%, | 9CiRS ton = o W, (Al)
6u0t i a;x + a;y - 4hxzz + 41h2xz = IOuOt + Ilext I3C1 0
Nk,  ONE, 30¢, 9ciRS b b 5 oW, A2
Bugy — ot + 2+ = T = [Py, + [, — 1G5 Y (A2)
ONLy,  ONE,  3Q%; | 9CiR§, 4. = o £~ Wy
51701: i + 9x - 4h, + 4h, = IOvOt + Ilgyt - 1361E , (A3)
Svgy — Dy 4 My | 305 SRS _ ppyy g b aW° (A4)
W, — 2%z 4 90k | 9%s | 00z _ 4. aR"Z 4R\ _ 3 (e 4 ORya) |
0 ox dx ady ay 1 ay 1\ ox ay
02PLy 9%Pgy | %Py 02 Pxx aszy a*Pyy (E_ﬁ_ A5
Cl( +25 )G +25 0+ 2 )+ (o (AS)
005, aQyZ> _ (2 _3h1 %) (asz aRyZ) _ t c b\,
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F=1f—-1c, It =1 —2C 1L+ CEIE, 1L =1L — CyI¢,
P=1-12c, It =12 -2c12 +c21g, it =12 - 12,
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APPENDIX B
The size-dependent governing partial differential equations are provided as
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