On vibration analysis of MRE based sandwich plates using finite element method
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Magnetorheological elastomers (MREs) are smart elastomeric materials, with magnetic field-dependent stiffness and damping properties. In this study, the vibration characteristics of sandwich plates with integrated MREs as the core layer are investigated. MRE based sandwich plates can be effectively used in development of novel adaptive structures for real-time vibration control applications. In this study, the free-vibration governing equations of the MRE sandwich plate in finite element form have been derived using Hamilton’s principle. The effect of the applied magnetic field on the first three natural frequencies of the MRE plate is investigated.  Results show a noticeable increase of 13.3%, 11.9%, and 10% in the first, second, and third natural frequencies of a clamped MRE plate, respectively under the application of 600 mT magnetic flux density.  
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INTRODUCTION
Magnetorheological elastomers (MREs) are a class of smart elastomeric materials which are made of the polymeric matrix and embedded micro-ferromagnetic particles, such as carbonyl iron particles due to their high saturation limit. MREs can be in the form of isotropic (cured in the absence of an external magnetic field) in which iron particles are randomly dispersed or the inform of anisotropic (cured in the presence of an external magnetic field) in which iron particles are structured in the direction of the field. Due to their unique field-dependent variable stiffness and damping properties, MREs have been effectively utilized in many adaptive devices to semi-actively isolate or absorb vibration. MREs have also been used as core layers in sandwich plates to develope adaptive continuous structures whose vibration modes can be tuned using applied magnetic field.  A number of studies have investigated the behavior of sandwich structures with MRE core layers. Nayak et.al [1], studied the behavior of a magnetorheological MRE cored sandwich beam subjected to time-varying axial load. In their study, the finite element method and the Guyana reduction method were applied to derive and solve the governing equations. 
Eshaghi et.al [2] studied the vibration characteristics of a partially treated MR fluid sandwich plate by developing a finite element method, as well as, laboratory experiments. In their study, slippage between the constraining top and bottom layers is considered.
The finite element dynamic analysis of an orthotropic rectangular sandwich plate with an electrorheological (ER) fluid core layer was studied by Jia-Yi et.al [3]. In their study, the effect of the layers’ geometrical properties on the natural frequencies and modal loss factors is discussed.
In this study, the variation of natural frequencies of MRE sandwich plates under varying applied magnetic fields is investigated using the finite element method. A 4-node quadrilateral element having 28 DOFs together with Hamilton’s principle has been used to formulate the free-vibration governing equations in finite element format.   
finite ELEMENT modeling of the MRE SANDWICH plate
Figure 1 shows the schematic view of the multilayer plate considered in this study. The sandwich structure consists of bottom and top elastic Aluminum layers and the MRE  as the core layer.  Kirchoff’s plate theory is used for modeling the top and bottom layers.  Also, the core layer is assumed to be isotropic MRE operating in linear viscoelasticity region. It is noted that the layers are considered completely bonded to each other without any Slippage.
	


	Figure 1: Schematic view of the MRE core sandwich plate




The sandwich plate is discretized using 4-noded rectangular elements as shown in Figure.2. 
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	Figure 2: Four-node rectangular element [4]



Each node has seven degrees of freedom as:
	
	
	(1)


where,  are the longitudinal displacements of the top and bottom layers and  is the transverse deflection of the layers. Also, the slopes of the deflection line about  and axes are described by  and . 
The displacement of any point through the thickness of the structure can be expressed as:
	
	
	(2)


The potential and kinetic energy of the sandwich plate element can be then expressed as:

	
	
	                                         (3)


where , an are the total strain energies of the top and bottom layers, respectively, while represents the shear strain energy of the core layer.   and  are also the kinetic energy associated with the transverse and axial deformations in the top and bottom layers, respectively, and   denotes the kinetic energy due to rotational deformation of the core layer.

Considering Eq.s (1-3) and applying Hamilton’s principle, one can obtain the following eigenvalue equations describing the free-vibration of the MRE sandwich plate in the finite element form.  In this equation,  and  are the complex stiffness and mass matrixes of the sandwich plate and  is the natural frequency of the plate. 

	

	(4)


RESULTS AND DISCUSSIONS
For the purpose of investigating the accuracy of the developed finite element model, a viscoelastic sandwich plate with the following properties is considered. Note that the plate is considered clamped at four sides. 

Table 1: Mechanical properties of the clamped sandwich plate 
	Top and bottom layers


	Young’s modulus
	71 Gpa

	
	Poison’s ratio
	0.3

	
	Mass density
	2700 kg/m3

	
	Top layer thickness
	0.001 m

	
	Bottom layer thickness
	0.003 m

	Core layer


	Shear modulus
	0.896 Mpa

	
	Poison’s ratio
	0.498

	
	Mass density
	999 kg/m3

	
	Loss factor
	0.9683

	
	Thickness
	0.001 m

	Structure size
	Length
	0.4 m

	
	Width
	0.4 m



The comparison between the obtained natural frequencies and those by Huang et al. [4] is provided in Table 2 which shows an error of less than 1% for the first three modes. 

Table 2: Comparison of present natural frequencies with available literature 
	Natural frequencies
	[bookmark: _GoBack]Present method
	Huang et.al [4]
	Error (%)

	First
	94.18
	95.09
	0.95

	Second
	113.29
	112.70
	0.52

	Third
	186.04
	187.25
	0.65



The validated finite element model is then effectively used to investigate the effect of the applied magnetic field on the natural frequencies of the MRE sandwich plate. Results are provided in Table 3. (Note that the shear modulus of the MRE layer is a function of the applied magnetic field given in Ref. [1]).

Table 3: Effect of magnetic field on the natural frequencies 
	Magnetic field (T)
	Natural Frequency (HZ)


	
	First
	Second
	Third

	B=0
	104.52
	124.34
	205.59

	B=0.2
	110.94
	131.17
	216.87

	B=0.4
	116.52
	137.11
	226.25

	B=0.6
	118.37
	139.09
	229.30


   
Results clearly show the adaptability of the MRE sandwich plate whose natural frequencies increase by increasing the applied field. This is mainly due to the stiffening effect of MREs under the applied magnetic field. 
cONCLUSION
In this study, a finite element method is developed to investigate the vibration characteristics of MRE sandwich plates. 4 node rectangular elements with 28 DOFs are used to discretize the continuous MRE sandwich plate. The validated finite element model was then used to investigate the effect of the magnetic field on the vibration characteristics of the MRE sandwich plate. Results show that increasing the magnetic field leads to an increase in natural frequencies mainly due to the magnetic field stiffening of MREs. 
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Figure 3. The schemaic dagram of the PCLD pisce lement
of p. the following relation can be obtained as where the shape functions of the viscoclastic layer can
N (14 be determined from
where C is a 28 x 28 matrix dependent on the node [( Ni+ N+ (" ”") v,;] o)
coordinate. Thercfore the coeficent matrix a can be 2
expressed as 1 b
” ;[l\':+ \'.|+('—’ (.m] an
as) 2 2
Substituting cquation (15) into cquation (12), the ety .
St i (9 o st : (et n)on]

A=[u v w oy w 6 8] =PCIAT=NA"

a6)

where N'= PC~" is the shape function matrix (interpo-
lating vector) corresponding to the seven displacement
components of i, v,y . ¥, w, 6, and 6, of the plate
element, respectively. Itis a 7 x 28 matrix which can be
expressed as

Substituting equation (17) into (16). the seven dis-
placement components of the plate clement can be
expressed with the shape function as

= Ny N
w= NsA%, 6, = NoA*. 6, = N7A°

A,

N+ ( thy n,)( \',l]

2.4, Strain and stress
According to the thin plate bending theory, the strain
of the ith layer caused by the tensile can be expressed as

oy |y
B

@

where the subscript i =c. v. p respectively represents
that the parameters belong to the constraining layer,
the viscoelastic layer and the basic plate, 5. £ and
Ypay are the x-direction strain, the y-direction strain
and the shear strain in the x-y plane of the ith layer.
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