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Free vibration of size-dependent functionally graded Mindlin

microplates in viscous fluid

Abstract

This paper studies the free vibration of size-dependent functionally graded material (FGM)
microplates in contact with viscous fluid. The Mori-Tanaka model is applied to formulate the
continuous gradual variation of material properties of FGM microplates along thickness
direction. A non-classical microplate model is established based on the modified couple stress
theory, which considers the size effect by introducing the material length scale parameter. A
physical neutral plane is introduced to eliminate the stretching-bending coupling effect. The
motion of viscous fluid is defined by Navier-Stokes equations, with which the hydrodynamic
loading on microplates is determined with consideration of inertial effect and viscous damping
effect. The governing equations for FGM microplates in contact with viscous fluid are derived
using the Hamilton’s principle and solved by differential quadrature method. Numerical results
are obtained to discuss the influences of the aspect ratio, fluid depth, slenderness ratio, fluid
viscosity, gradient index, fluid density, and size parameter on the vibration behaviours of

microplates in contact with viscous fluid.
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1. Introduction

Functionally graded materials (FGMs) are inhomogeneous composites that possess gradual
variation of material properties by the mixture of two or more materials. The metal and
ceramics are the common materials in construction of FGMs, in which their components
continuously vary in thickness direction [1]. The performance of FGM structures, especially in
extreme environments, can be improved by adjusting the strength and weight distribution. The
material property distribution of FGM structures can be described by the power law function [2],
linear function [3], exponential function [4], etc. The Voigt model and Mori-Tanaka model are
often applied to estimate the effective material properties of FGMs, while Mori-Tanaka model
has been widely applicable to a discontinuous particulate phase, especially in microstructures.
Kiani and Eslami [5] analyzed the thermal postbuckling behaviour of FGM circular plates and
compared the difference of Voigt model, Mori-Tanaka model, and the self-consistent estimate
method [6] for the prediction of effective material properties of FGM structures. Shen and
Wang [7] studied the difference between the Voigt and Mori-Tanaka models in the application
for the nonlinear vibration of FGM plates.

With the rapid progress of fabrication technologies, many microdevices and nanodevices,
such as MEMS, NEMS, and biosensors, have been developed and received broad applications
in many engineering fields [8, 9]. The investigation on the microscale FGM structures in
previous works have observed the size-dependent behaviors from experiments. From the micro-
torsion and micro-bending experiments, it was found that the material length scale parameter
played a key role on the mechanical behaviors of microscale structures when it was close to the
thickness of microscale structures [10]. Therefore, several non-classical continuum theories
considering the size effect have been developed, such as the nonlocal theory [11, 12], couple
stress theory (CST) [13, 14], strain gradient theory (SGT) [15, 16], and modified couple stress
theory (MCST) [17-19]. The modified couple stress theory (MCST) was firstly proposed by
Yang et al. [20], which provided an easier way to consider the size effect in the model than the
CST, because the MCST included the symmetric tensor and only required one additional scale
parameter. Yin et al. [21] presented a vibration study of Kirchhoff microplates based on the
MCST, and obtained the natural frequencies of microbeams and microplates.

These non-classical continuum theories in mechanical analysis of FGM microscale
structures have been widely employed to analyze the corresponding size effect [22-25]. Based
on the MCST, Akbag [26] contributed the analysis on the vibration of FGM cantilever beams
with edge cracks. The bending and vibration behaviors of FGM piezoelectric microplates based
on the MCST were studied by Li and Pan [27]. Ke and his collaborators [28, 29]
comprehensively discussed the vibration of FGM rectangular and annular microplates with the
MCST. By applying the MCST and finite element method, Ma et al. [30] analyzed the vibration

of composite Reddy-microplates.



Nowadays, many researchers have increasing research interests to study the vibration of
structures in fluid environments because of their potential applications in micro-biosensors,
bioprobe, shipbuilding, micro flowmeter, etc [31]. As for homogeneous structures, extensive
research efforts have been put forwarded to consider various fluid conditions. When the
vibration of structures was coupled with ideal fluid, the hydrodynamic loading was calculated
through the potential flow theory [32-34]. In these studies, the inertial effect of the
hydrodynamic loading was regarded as the added mass [35] or added virtual mass incremental
factors [36]. When the vibration of structures was coupled with compressible fluid, the
hydrodynamic loading was calculated through the method of separation of variables [37],
Rayleigh’s formular [38], contour integration method [39], and finite element method [40].

Except ideal fluid and compressible fluid, the vibration of structures coupled with viscous
fluid was also concerned [41-45]. Tuck [46] studied the steady normal oscillation of cylinders in
viscous fluid using the Laplace transforms and Green’s theorem, and the hydrodynamic loading
was approximately computed by removing the singularity with unequal interval quadrature
formula. Tuck’s method can accurately calculate the hydrodynamic loading for cantilever
beams, but it is hard to determine the expression of the hydrodynamic loading for other
boundary conditions. Based on the Tuck’s method, a detailed theoretical analysis was presented
by Sader and his collaborators for the frequency response and hydrodynamic loading of a
cantilever beam in viscous fluid [47-49]. Therefore, some approximate methods have been
developed to estimate the hydrodynamic loading of other boundary conditions. Golzar et al. [50]
analytically investigated the dynamic instability of fluid-loaded microbeams in the cavity of
viscous fluid. They used the equivalent squeeze film damping to predict the dynamic response
of microbeams with the viscous damping effect. The theory of squeeze film was often used to
evaluate the viscosity effect [S1]. Wu and Ma [52] applied the double Fourier transform method
and Galerkin method to analyze the dynamic characteristics of microplates in contact with
compressible viscous fluid. They evaluated the singular integration of the fluid impedance using
a quasi-Monte Carlo method. Hosseini-Hashemi et al. [53] focused on the vibration of
Kirchhoff nano-plates in contact with viscous fluid based on the nonlocal elastic theory. They
derived a simplified expression for the hydrodynamic loading of viscous fluid on nanoplates.

Furthermore, several studies were carried out to analyze the vibration of FGM structures in
contact with ideal fluids. Khorshidi et al. [54] conducted the vibration of FGM sandwich
microplates in sloshing fluids using the MCST. In bounded ideal fluids, the vibration of FGM
microplates considering the effect of surface waves were studied by Bakhsheshy and Mahbadi
based on the MCST [55]. Karimi et al. [56] reported the vibration behaviour of FGM
microplates in ideal fluids based on the SGT. However, no work had been reported to address

the viscosity effect of fluids on the vibration of FGM microbeams and microplates.



In this paper, the size-dependent free vibration of FGM Mindlin microplates in viscous fluid
is studied based on the MCST. The Mori-Tanaka method is applied to obtain the local
properties of FGM microplates. The in-plane displacements in the Mindlin plate theory are
neglected by introducing a physical neutral plane in the model. Both the added mass effect and
the viscous damping effect of the hydrodynamic loading on the microplate are considered in the
analysis. Hamilton’s principle is applied to establish the fluid-microplate coupled equations,
which are solved using the differential quadrature (DQ) method. Finally, the influences of the
aspect ratio, fluid depth, slenderness ratio, fluid viscosity, gradient index, fluid density, and size

parameter on the vibration characteristics of microplates are discussed.

2. Formulation

The schematic of an FGM microplate in contact with viscous fluid is depicted in Figure 1.
There is a rectangular tube filled with viscous fluid of height 4. In this rectangular tube, its
bottom part is made of an elastic FGM microplate. As shown in Figure 1(a), only the
hydrodynamic loading on its upper surface of the elastic bottom microplate is considered.
Figure 1(b) illustrates the spatial geometry of the FGM elastic microplate with thickness #o,
length L, and width L,. As shown in Figure 1(b), the coordinate system Oxyz is established for
the FGM microplate, in which the microplate is symmetric about the geometric middle plane z =
0. For FGM microplates, its components and mechanical properties are normally asymmetric
about the geometric middle plane. The physical neutral plane where there are no nonzero
components of stresses and strains is introduced to model the FGM microplate, and its location

7 = zo varies with respect to the change of the gradient index of FGM microplates.

2.1. Homogenization of material properties
The FGM microplate with components that gradually vary in thickness direction is
considered, and its top and bottom surfaces are made of ceramic and metal, respectively. The

volume fractions are defined by V_ for ceramic and V, for metal, and related by V +V_=1.

The distribution of ceramic follows a power law function

1 z !
= —4= 1
V.(2) (2+h] ; (1

0
where subscripts ¢ and m represent the ceramic and metal phases, respectively; » is the gradient
index. To capture the local properties of FGM microplates, the Mori-Tanaka method [7]
provides an effective way to predict the material properties. The effective Poisson’s ratio v(z),

elastic modulus E(z), and mass density p(z) are predicted by the Mori-Tanaka method

9K, (2)u,(z)

E(z)= ,
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K.(z) represents the effective value of the bulk modulus and u.(z) denotes the effective value of

the shear modulus.

2.2. Hydrodynamic pressure loading

The incompressible viscous fluid is assumed in this fluid-microplate coupling system, and
its density and viscosity are py and uy, respectively. The motion of viscous fluid is excited by the
vibration of FGM microplates, and the resultant motion of the fluid reacts to the microplates, i.e.,
this is a fluid-microplate interaction problem. The following Navier-Stokes equation and
continuity condition are applied to describe this interaction problem,

Dv__

=—Vp+u, Vv, 7
Py = VP 0

V-v=0, ®)
where p represents the fluid pressure; v = (v, vy, v.) is the velocity of viscous fluid. To simplify
the problem and derive the analytical solution of the hydrodynamic pressure, the following
hypotheses [53] are applied:

(i) The components of velocity and pressure gradient in fluid domain in x- and y- directions are
negligible, i.e., v, = 0, op/ox = 0, v, = 0, and Ip/dy = 0.
(ii) The strain component of the microplate in z-direction is zero, i.e., OW/0z = 0.

Based on the first hypotheses, Equation (8) is reduced to dv./0z = 0, and Equation (7) is re-

written as
D o%v, o
ELBR SN facad) ©)
Dt 0z ox oy
The interfacial conditions between the viscous fluid and microplate are
DW oW ow ow ow ow
V=——=—4V, —+V —+V, —=—,
° Dt ot ox oy “o0z ot
(10)

. Dv. oy, ov, ov, ov. o'W
V,=——F=—4y 4y —S 4y, =—,
° Dt ot ox oy oz ot

where v, and W are the z-axial fluid velocity and microplate displacement, respectively; the

operator D/Dt refers to the material derivative about time ¢. Substituting Equation (10) into



Equation (9), the pressure gradient at the interface between the fluid and microplate is

o
0z

n

oW ow oW
" A P rar~r
Regardless of the gravity effect of fluid, the hydrodynamic loading on the fluid-microplate

interface is given by

F

op o'W oW oW
ia =Ny P ~h:p +hypy ( : 12)

MRS ox*or - oy*or
where the first and second terms on the right-hand side of Equation (12) correspond to the

added mass effect and viscosity damping effect, respectively.

2.3. The modified couple stress theory
In the analysis of microplates, the size dependent effect can be predicted by using the
modified couple stress theory (MCST). Based on MCST described by Yang et al. [20], the

strain energy Ils of microplates is given by
II, = 1 _[ re+m:y)d (13)
=3 A(c re+m:y)dA,

where A4 denotes the domain occupied by FGM microplates; tensor 6 and m denote the Cauchy
stress and deviatoric part of the couple stress, respectively; tensor € and y denote the Cauchy

strain and symmetric curvature, respectively. They are formulated as

o = Atr(g)[+2ue, (14)
£= %[Vu+(Vu)T], (15)
m=2/"uy, (16)

1 T
X:E[vm(ve) ] (17)

where [ represents the scale parameter; the displacement vector u = (U ,V,W) is expressed in

Equation (19); x and 4 denote Lame’s constants; the rotation vector 0 is

0= lcurl u.
2

2.4. Vibration of FGM microplates

The components and physical properties of the FGM microplate are often asymmetric about
the geometric mid-plane. By introducing the physical neutral plane in the model of FGM
microplates, it results in no stretching-bending coupling effect in the vibration analysis of FGM
microplates. The location of the neutral plane z = zo is determined by the following expression

[57]:



Z - Jho/z E(2)z /IW E@ . (18)

W21 —v?(2) /2] —y (z)
Specifically, the neutral plane is coincided with the geometric mid-plane for homogeneous
plates. The effect of in-plane displacements can be neglected through the introduction of the
neutral plane due to their independence of the out-of-plane deflection. Based on the Mindlin
plate theory, the displacements u of FGM microplates are given by [29,58]
Ux,y,z.0) | ((2—=2) ¥, (x.y.0)
u=|V(xy,z0) |=|(z-2)¥,xn0) |, (19)
W(x,y,2.) W(x,y,t)

where W represents the out-of-plane deflection of the physical neutral plane; U , V , and

W denote the x-, y-, and z-axial displacement components, respectively; ¥, and ‘P, refer to the
rotations of the physical neutral plane about y- and x-axes, respectively. Note that the Kirchhoff
plate theory can be obtained by setting ¥ = —dW/dx and ¥, = —dW/dy. The stress tensor ¢ in
Equation (14) are

0,206, +0né, . 0,206, +0ne,. 0, =0y, 0, =0t 0. =0, (20)

where g is strain tensor, its nonzero components are expressed as

oY oY oY, oY
£o=(2-2)—=>8, =(Z‘Zo)( X j £, =(2-2)—
ox Oy ox Oy 21
e, =Y, +6—W =Y, +8—W
ox Oy
and stiffness components are
E(z) E(2) v(2)E(z)
- , = _ Q,=——% 22
Qll I—VZ(Z) Q66 2[1+V(Z)] Q12 l—Vz(Z) ( )
According to Equation (17), curvature tensor Y is
1w oY, _1foy, o'W
& 20axey  ox ) & 2 oy  oxoy )
(oY, o¥, a W o'W 6‘1’ oY,
=% ' xy 2 A2 mE (23)
ox Oy oy ox 8x Oy
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Lm0 o ey T 4 ey o [
and the rotation vector 0 is
- oY
-ty W e,=1(‘Px—a_W), o, ZZR)( 0¥, oY) (24)
: 207 oy ) ox 2 ox Oy

The couple moments { Yy, Yy, Y,y, Y.}, bending moments { M., My, M,,}, transverse shear

forces {Qx, Q,}, and high-order couple moments {7%, T;.} are [29]
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where k = 5/6 is taken to approximate the shear correction factor. The terms of stiffness and
inertia are defined as

Ty l2 /2
Iho/zQ66dZ’ R jfz/z{Q”’le’Q%}(Z_Zo)zdZ’

(L= p@fu(z-z)

According to the Hamilton principle

[ @omg o1, + 611, )ds = (26)

where the strain energy Ils includes two parts, i.e., IIs =IIsc +IIsnc. Ilsc is the strain energy

derived from the classical thin plate theory, and Ilsnc denotes the strain energy contributed by
introducing the MCST. They are formulated as

L 1enpn| 0¥, v,
EJ.()L .[oL Gijgijdxdy :5.“: .[OL {M”‘ axv M, ‘

(27)
ow oY, 8‘1’ ow
+Q (l}] +EJ+M [ ay o ]‘"Q (IP +E]:|dXdy’
ow oY,
Hgye = _[ I My X dy__-[ '[ { (5)66)7 Ox ]

+_ v, ow +Y o'W 8W+8‘P ov,
2\ oy 8x8y oy>  ox’ ox Oy

oY Y, o T (°Y, @&°
+£ y _ alPx 4 T)»z > a \Px _}_i Y a \Px dXdy
2 ax oy 20 ax*  owdy | 2

(28)

Ox0y e
The kinetic energy Ilris:
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The external work of microplates IIr due to the hydrodynamic loading of viscous fluid at the

fluid-microplate interface is:
Lope dxd 30
HF _EJ‘O J.O Fﬂuid(-x9y’t)W Y, ( )

where the hydrodynamic loading is expressed by Equation (12).
Using the integration by parts, the governing equations of the microplate-fluid system are

obtained

00, _l(azym oy, o, o, ] L,

ox 2\ axdy awdy @' o ) oy 31
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and the relevant boundary conditions require
oY oY, oYy oY,
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where n, and n, are the direction cosines of unit normal vectors normal to the physical neutral

plane. Several parameters are normalized as

W X y (LX,L),) I
w=—-:, =, =, 5 = 9l =
I ¢ L ¢ L (11>11,) I 0 Iy

,(l//x’l//}v)z(l}]ﬂl{jy)7 (353)
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where [y is the non-dimensional size parameter; 1 and #; are the length-thickness ratio and

width-thickness ratio of microplates, respectively; /1o and Ao are equal to /1 and A1 of

homogeneous plates, respectively; A defines the aspect ratio; ,L_tf represents the fluid viscosity

and Ef is the dimensionless fluid depth; Q is the complex parameter and  is its normalized

form.
The dimensionless forms of Equations (31)-(33) are
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The non-dimensional boundary conditions are:
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W=—= = =
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for all edges clamped (CCCC) microplates. The non-dimensional forms of boundary conditions

are
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for all edges simply supported (SSSS) microplates.
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2.5. Solution method
In this work, the DQ method is a numerical technique to solve Equations (36)-(40) through
the discretization of unknown variables w, ., i, and their pith, p-th partial derivatives as,

{(wy v} = ﬁfl,,@)lm(§>{w,,m,wm,wym,,} : (41)

n=1 m=1

apl al’z N
a P P> {W’ Wx’l//y'} §=C46=& = chkilm(é:)clfi (é/){ mn’l//xmn’lr//ymn} ’ (42)
" og S

where NxM are the total number of sampling points. The selection of sampling points obeys the

Chebyshev-Gauss-Lobatto collocation method [59] as

¢ :%{l—cos[”g\lj_ll)}, ki=1,2,..N, 43)
§k2=%{1—cos{ﬂ$_l)}},kz=l,2,...M, (44)

where £, and &, are the values of kith and k»th sampling points along the ¢- and ¢- directions,
respectively; the subscripts n and m correspond to the values at ¢, and &, , respectively;
Lagrange interpolation polynomials (&), [.({), and weighted coefficients C,f; 1 (&), C,gfl (&) are
given in Shu [59].

Then, Equations (36)-(40) are discretized as
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The discrete boundary conditions are given by
N N
= Z CIE]l)Z nk, lr//xk]kz :Z Clillrzl//xnkz l//yklkz :Z Clillr)ll//ynk _O’ at kl = 1’ N 2 (483)
n= n=1 n=1
1 < 1 S 1
= ZCIE Zn mk l//xklkz :Z lﬁ,znl//xmk] Wyklkz :Zlezt)n,//vmk _O’ at k2 = l’M ? (48b)
m=1 m=l1 m=l1
for CCCC microplates, the discrete boundary conditions are
Wik, =¥ sk, =0, d,, ZC/EI,:‘//)me + ﬂ'dlzz C/flm‘//ynk =0, atk, =L N, (49a)
N
Wik, =V ok, =0, d, 112 Clilml//ymk + dlzz lellzl//xnkz =0, atk, =1LM , (49b)
n=l1
N
/12 Z Clizzrzl mk, Z Clilzn) M}nk2 + m Z Clilnt//xnk - 1’77] Z lelml//)mk] - 0’
m=1 n=l1 n=l1 m=l1
N
z Cl£]2n)v/)nk2 - }“Z Z Clgr)n lEllril//,\nm - 0’ (49C)
n=1 n=1 m=1
Sha 1 1 1)
ZZ /izzn lilrzl//ynm A’ZCIE ml//xmk = 0’ at k] = I’N’ k2 = I’M’
n=1 m=1
for SSSS microplates. The matrix form of Equations (45)-(49) are expressed as
Gb+,C b+(M+M,)b=0, (50)

where G, C,i;, M, and Muu are 3NM x 3NM matrixes, which represent the stiffness, damping,
mass, and added mass, respectively.

The unknown vector b is assumed as



T

b= (o) ) )] s

where k,, =M x(k,— 1)+k,, k,, = 1, 2, ...,NxM . The mode shape of vibration is assumed in

the form of the decaying exponential function b=b"e ™, where Q = Q, + i€; is the complex
parameter. Q, = Re(Q2), namely the damping characteristic coefficient, is the exponentially
decaying rate of the unknown vector function b; Q; = |Im(Q)| gives the natural angular
frequency of the microplate. The symbols Re and Im denote the real and imaginary parts,
respectively.

Then, Equation (50) can be rewritten as
(G-’ (M+M,,-7,C,, ) |b =0, (52)
where the parameter 1, is defined in terms of the non-dimensional complex parameter w,

which is similar with the definition of Reynold number in Sader [48]. Equation (52) is solved
using an iterative procedure as follows. The iterative steps are:

(1) With the assumption of z, =0 , the complex parameter « is calculated from
G-0’[M+M,,]=0;
(i) Using w obtained in step (i), x, is determined by Equation (35c), and w is updated by

Equation (52);

(ii1) Repeat step (ii) if the relative error is more than 0.1% between two consecutive iterations.

3. Numerical results

Several numerical examples are performed to study the free vibration of FGM microplates
in contact with viscous fluid. The influences of related parameters, such as the aspect ratio,
gradient index, fluid height, size parameter, fluid density, fluid viscosity, and slenderness ratio
are investigated in detail. The material constants of the bottom surface made from SUS304 are
elastic modulus E,, = 207.78 GPa, Poisson’s ratio v,, = 0.3177, mass density p,, = 8166 kg/m’,
while the material constants of the top surface made from Si3Njy are elastic modulus E. = 322.27
GPa, Poisson’s ratio v. = 0.24, mass density p. = 2370 kg/m’. Unless otherwise stated, physical
parameters are taken as: the length L., width L, and thickness /o of microplates as 10x10x1 pm,
gradient index n = 1, size parameter / = 1 pm, fluid depth 4= 10 um and fluid density py= 1000
kg/m’. The fundamental frequency f = Q/2z and the damping characteristic coefficient Q, for
the free vibration of CCCC and SSSS FGM microplates are discussed in following numerical

examples.

3.1. Model validation



Table 1 demonstrates the convergence of the complex parameter Q2 for the FGM microplates
in viscous fluid with the viscosity gy =1 Pa-s. The values of complex parameter Q = Q. + i€; are
listed with different discrete points N and M. Clearly, the complex parameter €2 is convergent
with the increasing N and M for both CCCC and SSSS microplates. To achieve the accuracy, N
=M =24 and 10 are adopted for CCCC and SSSS microplates, respectively.

Table 2 presents the fundamental frequency Im(Q(Li )\ p!lE ) of size-dependent SizN4

microplates without the fluid. Yin et al. [21] obtained the analytical results for the Kirchhoff

microplate based on the MCST. The comparison between two results shows a good consistence.

Table 3 provides the normalized fundamental frequency Im[QhOJ p/(E/2(1+v))] of

SSSS nanoplates in different fluid environments when L,= L, = iy=10nm,n=0,[=0, v =0.3.
Four common fluid media are considered: air (p; = 1.2 kg/m’, gy =16.5x10°® Pa-s), vacuum
(without fluid effect), water (p; = 1000 kg/m?, yr =8.9x10™* Pa-s) and honey (p; = 1420 kg/m’,
=10 Pa-s). Hosseini-Hashemi et al. [53] calculated the frequency of Kirchhoff nano-plates in
different fluid environments. Again, the present results are verified by the Hosseini-Hashemi et

al.’s results.

3.2. Fundamental frequency

Figure 2 displays the effect of the size parameters Ao / [ on the frequency (f) ~ viscosity (i)
curves of CCCC and SSSS FGM microplates. The fundamental frequencies of CCCC and SSSS
microplates decrease as the size parameter enlarges at a given fluid viscosity. As the fluid
viscosity increases, the fundamental frequencies first decrease slightly, next decrease rapidly at
a small interval, and then reduce to zero slowly. The small interval is regarded as the sensitive
viscosity interval where the frequency decays sharply. In the sensitive viscosity interval, the
frequency of CCCC microplates decays more sharply than that of SSSS microplates.
Corresponding to ho / [=1, 2, 5, and 10, the sensitive viscosity intervals are about [7.5, 8.7] Pa:s,
[5, 6] Pa:s, [3.6, 4.5] Pa-s, and [3.4, 4.2] Pa-s for CCCC microplates, and about [7, 9] Pa-s, [4.3,
6] Pa-s, [3.2, 4.5] Pa-s, and [3, 4] Pa-s for SSSS microplates. Clearly, the sensitive viscosity
interval is shifted to the left with the increase of the size parameter. The results indicate that the
viscous damping effect of fluids can reduce the fundamental frequency, and a large enough fluid
viscosity can suppress the vibration of the structure.

Figure 3 discusses the effect of the gradient index n on the frequency ~ viscosity curves of
CCCC and SSSS FGM microplates. The fundamental frequencies decrease as the gradient index
enlarges at a given fluid viscosity for CCCC and SSSS FGM microplates. The gradient index
has a minor effect on the sensitivity viscosity interval. It can be seen that all sensitivity viscosity

intervals are kept at the range of [7, 9] Pa-s for CCCC and SSSS microplates approximately.



Figure 4 examines the influence of the fluid height /s / ho on the frequency ~ viscosity
curves of CCCC and SSSS FGM microplates. Notice that A/ ho = 0 implies no fluid effect. At
this case, the frequency is a constant with the change of the viscosity. The fundamental
frequencies of CCCC and SSSS microplates decrease as the fluid height enlarges at a given
fluid viscosity. The sensitive viscosity interval is shifted to left with the increase of the fluid
height.

Figure 5 examines the effect of the fluid density p; on the frequency ~ viscosity curves of
CCCC and SSSS FGM microplates. Four different fluid media are selected as: bromoform,
honey, water and acetone with densities of 2820 kg/m®, 1420 kg/m®, 1000 kg/m® and 788 kg/m’,
respectively. The fundamental frequency of CCCC and SSSS microplates decrease as the fluid
density enlarges when y € [0, 6] Pa-s, while the influence of the fluid density is unobvious
when g >13 Pa-s. Clearly, the sensitive viscosity interval is shifted to the right with the increase
of the fluid density. As for the CCCC microplate, the sensitive viscosity interval is about [7, 8]
Pa-s when p; = 788 kg/m’, while it increases to [11.5, 13] Pa-s when p; = 2820 kg/m’. The
sensitive viscosity interval of the SSSS microplate is about [6.5, 8.5] Pa-s when p; = 788 kg/m’,
and [10.5, 13] Pa-s when p; = 2820 kg/m’.

Figure 6 shows the effect of the aspect ratio L. / L, on the frequency ~ viscosity curves of
CCCC and SSSS FGM microplates. The frequencies of CCCC and SSSS microplates decrease
as the aspect ratio reduces at a given fluid viscosity when g € [0, 6] Pa-s. With the increase of
aspect ratio, the sensitive viscosity interval is shifted to the left for the CCCC FGM microplate,
whereas it is slightly affected for the SSSS FGM microplate.

Figure 7 plots the effect of the slenderness ratio L. / ho on the frequency ~ viscosity curves
of CCCC and SSSS FGM microplates. The frequencies of CCCC and SSSS microplates
decrease as the slenderness ratio enlarges at a given fluid viscosity. In particular, the sensitive
viscosity interval is sensitive to the slenderness ratio, and it is shifted to the left as the

slenderness ratio increases.

3.3. Damping characteristic coefficient

Figure 8 gives the effect of the size parameter Ao / [ on the damping characteristic
coefficient (Q) ~ viscosity () curves of CCCC and SSSS FGM microplates. Interestingly, there
is a critical viscosity o corresponding to the peak of Q. As the fluid viscosity increases, the
damping characteristic coefficient enlarges when xr < up, but it decreases when gy > pp. The
effect of the size parameter on Q; is significant when gy > 3. As the size parameter enlarges, the
peak of Q, and the critical viscosity decrease rapidly. However, when uy > 8, the damping
characteristic coefficient increases with the decrease of size parameter.

The effect of the gradient index n on the damping characteristic coefficient ~ viscosity



curves of CCCC and SSSS FGM microplates is plotted in Figure 9. A large gradient index leads
to a reduction of Q, and its peak for a given fluid viscosity. The variation of the critical viscosity
on the gradient index is unobvious.

Figure 10 analyzes the effect of the fluid height Ay / ho on the damping characteristic
coefficient ~ viscosity curves of CCCC and SSSS FGM microplates. As the fluid height
increases, the peak of Q, and critical viscosity increase markedly. For both CCCC and SSSS
FGM microplates, the damping characteristic coefficient increases with the larger fluid height
when yy < 5, but it has a decrease trend when g > 12.

The effect of the fluid density pr on the damping characteristic coefficient ~ viscosity curves
of CCCC and SSSS FGM microplates is shown in Figure 11. For a smaller fluid density, the
peak of Q, has a larger value and the critical viscosity has a smaller value. The damping
characteristic coefficient reduces as the fluid density increases when yr < 7, but it has an
opposite trend when g > 13.

Figure 12 gives the effect of the aspect ratio L. / L, on the damping characteristic
coefficient ~ viscosity curves of CCCC and SSSS FGM microplates. As the aspect ratio
enlarges, the peak of Q. increases, while the critical viscosity up reduces. The damping
characteristic coefficient of CCCC and SSSS FGM microplates increases as the aspect ratio is
enlarged at a given fluid viscosity.

Figure 13 shows the effect of the slenderness ratio L. / hy on the damping characteristic
coefficient ~ viscosity curves of CCCC and SSSS FGM microplates. The damping characteristic
coefficient enlarges slightly as the fluid viscosity increases when g <3, but it has an opposite
trend when g >8. For a smaller slenderness ratio, the peak of Q reaches a larger value at the

higher critical viscosity.

4. Conclusions

In this work, the free vibration for size-dependent FGM Mindlin microplates in contact
with viscous fluid is conducted based on the MCST. The Mori-Tanaka method is applied for
predicting the gradient variation of FGM microplates. The introduction of a physical neutral
plane simplifies the microplate model because it can exclude the stretching-bending coupling
effect. The hydrodynamic loading on the FGM microplate including both the inertial effect and
viscous damping effect is taken into account based on the Navier-Stokes equation. The
microplate-fluid coupling equations are established based on the Hamilton’s principle, and
numerically solved using the DQ method. The influences of the gradient index, aspect ratio,
fluid depth, slenderness ratio, fluid viscosity, fluid density, size parameter, and boundary
condition on vibration characteristics are considered. It is concluded that:

(1) There is a sensitive viscosity interval where the frequency decays sharply.



(2) The viscous damping effect can reduce the fundamental frequency, and a large enough fluid
viscosity can suppress the vibration of the structure.

(3) The frequencies of CCCC and SSSS microplates decrease markedly as the slenderness ratio,
fluid height, size parameter, and gradient index increase.

(4) There is a critical viscosity up corresponding to the peak of the damping characteristic
coefficient. As the fluid viscosity increases, the damping characteristic coefficient enlarges
when iy < up, but it decreases when uy > .

(5) The critical viscosity up reduces as the slenderness ratio, aspect ratio, and size parameters

enlarge.
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Table 1. The complex parameter Q (x10®*) for CCCC and SSSS FGM microplates in contact

with viscous fluid on one side (Ly = Ly = hy=10 pm, ho =1 ym, yy=1Pa-s,n =1,/ =1 pm, py=

1000 kg/m?).

N,M CCCC SSSS

N=M=28 12.362 + 1.07111 0.54119 + 0.0643751
N=M=10 10.715 + 0.896571 0.54159 + 0.0643801
N=M=12 10.043 + 0.832421 0.54159 + 0.0643801
N=M=18 9.4138 + 0.775301 0.54159+ 0.0643801
N=M=22 9.2872 + 0.764801 0.54159+ 0.0643801
N=M=24 9.2497 + 0.761831 0.54159+ 0.0643801

N=M =25

9.2351 + 0.760551




Table 2. The fundamental frequency Im(Q(Li Ih)p/ E) for size-dependent SizNs SSSS

microplates with L,/ ho=10.

[ (m)
0 0.0005 0.001  0.003
present 3.6317 3.6325 3.6342 3.6614
L:=0.5,Ly=1m
Yinetal [21] 3.710 3.711 3.713  3.939
present 5.737  5.7373 5.7383 5.7482
Li=L,=1m

Yinetal [21] 5.9356 5.9360 5.9369 5.9472




Table 3. The fundamental frequency Im(QhJ p/ (E/ 2(1+V)))0f SSSS nanoplate in different

fluid environments (Ly= L, = hy=10m,n=0,/=0, v =0.3).

L/ hy=10 L./ hy=20

Air

Vacuum

Water

Honey

Inviscid Honey

present

Malekzadeh and Shojaee [11]
Hosseini-Hashemi et al. [53]
present

Hosseini-Hashemi et al. [53]
present

Hosseini-Hashemi et al. [53]
Present

Hosseini-Hashemi et al. [53]

Present

Hosseini-Hashemi et al. [53]

0.09279 0.02374
0.0930 0.0239
0.0960 0.02396
0.0930 0.02386
0.0963 0.02409
0.04068 0.007722
0.0429 0.007838
0.035146  0.006583
0.03690 0.006289
0.03515 0.006583
0.037153  0.006683
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Figure 1. An FGM microplate in viscous fluid: (a) Fluid-plate system and (b) Spatial geometry

of microplates.
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Figure 2. The effect of the size parameters ho / [ on the frequency ~ viscosity curves of CCCC
and SSSS FGM microplates (L. / Ly = 1, L,/ ho = 10, n = 1, hy/ ho= 10, py = 1000 kg/m?): (a)
CCCC and (b) SSSS.



Figure 3. The effect of the gradient index n on the frequency ~ viscosity curves of CCCC and
SSSS FGM microplates (L / Ly = 1, L. / ho = 10, ho / I = 1, hy/ ho= 10, p; = 1000 kg/m®): (a)
CCCC and (b) SSSS.
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Figure 4. The influence of the fluid height %,/ hy on the frequency ~ viscosity curves of CCCC
and SSSS FGM microplates (L. / Ly =1, L,/ ho =10, n =1, ho / [ = 1, ps = 1000 kg/m®): (a)
CCCC and (b) SSSS.
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Figure 5. The effect of the fluid density ps on the frequency ~ viscosity curves of CCCC and
SSSS FGM microplates (Ly/ Ly =1, Lc/ ho =10, n =1, ho / I = 1, hy/ ho=10): (a) CCCC and (b)
SSSS.
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Figure 6. The effect of the aspect ratio L, / L, on the frequency ~ viscosity curves of CCCC and
SSSS FGM microplates (L. / ho = 10, n =1, ho / 1 = 1, hy / ho= 10, p; = 1000 kg/m*): (a) CCCC
and (b) SSSS.
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Figure 7. The effect of the slenderness ratio L. / hoon the frequency ~ viscosity curves of CCCC
and SSSS FGM microplates (L. / Ly = 1, n =1, ho / 1 = 1, hy / ho= 10, p; = 1000 kg/m®): (a)
CCCC and (b) SSSS.



18
a
@ cccc
— 12 - - == Z{l iz
=) N /=
X R B N hyl=10
G* 6 i '\\ ; \\
Lt S
L2 < \\\
T B TR
lLf(.
6
(b) SSSS:
- h(/l= 1
°°O /\ """ Jl_
z ) \\ _____ h(ﬂ= 10
G 2 | 1, \ . \\\\\
0 1 1 ,—-—-:—-:T:-—."_"""“"'—'-'—-I---.~...__..___‘:__‘__
0 4 8 12 16 0
#

Figure 8. The effect of the size parameters /o / [ on the damping characteristic coefficient ~
viscosity curves of CCCC and SSSS FGM microplates (L. / Ly =10, L./ ho =10, n =1, hy/ ho=
10, ps= 1000 kg/m®): (a) CCCC and (b) SSSS.
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Figure 9. The effect of the gradient index n on the damping characteristic coefficient ~ viscosity
curves of CCCC and SSSS FGM microplates (L, / Ly =10, L./ ho =10, ho/ [ = 1, hy/ ho= 10, ps=
1000 kg/m?): (a) CCCC and (b) SSSS.
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Figure 10. The effect of the fluid height %, / ho on the damping characteristic coefficient ~
viscosity curves of CCCC and SSSS FGM microplates (Ly/ Ly, =10, L./ ho=10,n=1, ho/ [ =1,
pr= 1000 kg/m?): (a) CCCC and (b) SSSS.
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Figure 11. The effect of the fluid density py on the damping characteristic coefficient ~ viscosity
curves of CCCC and SSSS FGM microplates (L, / Ly =10, L/ ho=10,n=1, ho/ L = 1, hy/ ho=
10): (a) CCCC and (b) SSSS.
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Figure 12. The effect of the aspect ratio L, / L, on the damping characteristic coefficient (Q,) ~
viscosity () curves of CCCC and SSSS FGM microplates (L. / ho=10,n =1, ho/ [ =1, hy/ ho=
10, ps= 1000 kg/m®): (a) CCCC and (b) SSSS.
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Figure 13. The effect of the slenderness ratio L. / ho on the damping characteristic coefficient ~
viscosity curves of CCCC and SSSS FGM microplates (L. / L, =10, n=1, ho/ I = 1, hy/ ho= 10,
pr= 1000 kg/m?): (a) CCCC and (b) SSSS.



