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It is also assumed that the magneto-electro-elastic body is poled along the z direction and subjected
to electric and magnetic potentials between the upper and lower surfaces. To model the motion of the
plate, the first order shear deformation theory along with the Gauss’s equations for electrostatics and
magnetostatics are used. Then equations of motion are reduced to a single nonlinear ordinary differential
; —— equation which is solved analytically by multiple scales method. The results are compared with the
Nonlinear free vibration R . . . .
Magneto-electro-elastic plate published results and good agreement is found. Some numerical examples are presented to investigate
Pasternak foundation the effects of several parameters on the linear and nonlinear behavior of these plates.
Analytical solution © 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

In magneto-electro-elastic (MEE) composite materials a coupling between mechanical, electric and magnetic fields results in the ability
to convert energy among these three energy forms. These materials have direct application in sensors and actuators, damping and control
of vibrations in structures.

Pan [13] studied multilayered MEE plates analytically for the first time. Heyliger [14] derived analytical solutions for free vibrations
of these smart plates. Ramirez et al. [15] presented an approximate solution for the free vibration problem of MEE plates. Milazzo [8,9]
presented single-layer approaches to static and free vibration analysis of MEE laminated plates. Recently, Chen et al. [3] studied the free
vibration of multilayered MEE plates under combined clamped/free boundary conditions. Li and Zhang [6] studied the free vibration of a
MEE plate resting on a Pasternak foundation by using the Mindlin theory.

In the nonlinear field, few studies on the nonlinear behavior of MEE plates are available. Xue et al. [19] studied the large deflection of
arectangular MEE thin plate for the first time based on the classical plate theory. Sladek et al. [17] used a meshless local Petrov-Galerkin
(MLPG) method to study the large deflection of MEE thick plates. Milazzo [10] and Alaimo et al. [1] presented a shear deformable model
and an original finite element formulation, respectively, for the large deflection analysis of magneto-electro-elastic laminated plates.

To the best of the authors’ knowledge, the effects of electric and magnetic potentials on the nonlinear vibration of MEE plates have
not been investigated. So, this study is done to fill the gap in this area. The purpose of this paper is to study the linear and nonlinear free
vibration of multilayered MEE plates with simply supported boundary conditions. To this end, the first order shear deformation theory
(FSDT) along with Gauss’s equations for electrostatics and magnetostatics and Galerkin method are used to obtain the governing equations
of these plates. The obtained equation is solved analytically and some numerical examples are given to investigate the effects of several
parameters on the nonlinear behavior of these smart plates.
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2. Governing equations
The strain-displacement relations based on the FSDT are [16]:
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where 1y, vg, and wy are the displacements of the mid-surface along x, y, and z directions, respectively, and 6y and 6y are the rotations of a
transverse normal about the y and x directions, respectively.
For the kth layer of a MEE material, the constitutive relations can be written as [6]:
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where {0x0y0x0y:0xy} T and {ex&yVyzVxVxy} | are stress and strain vectors, respectively; {DxDyD;} T and {BxByB,} T are the electric dis-
placement and magnetic flux density vectors, respectively; {ExEyE;} T and {HxHyH,} T are electric field and magnetic field intensity vectors,
respectively; [G;], [7;;] and [u;;] are the elastic, dielectric and magnetic permeability coefficient matrices, respectively; and [e;], [q;] and
[dj;] are the piezoelectric, piezomagnetic and magnetoelectric coefficient matrices, respectively.

The governing equations of motion of a MEE plate are [16,5,10]:
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where Egs. (5)-(9) are equations of motion of a plate based on the FSDT, and Eqs. (10) and (11) are Gauss’s equations in electrostatics and
magnetostatics. ky and ks are spring and shear coefficients of the Pasternak foundation, respectively. Ny, Ny, and Ny, are the in-plane force
resultants, Qx and Qy are the transverse force resultants, My, My, and Myy are the moments resultants and Iy is the mass moments of inertia
and are obtained by:
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where K is shear correction factor and pg is the density of the material of plate.The components of the electric and magnetic fields are
assumed to be [1]:
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