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Summary: A thermal buckling analysis of functionally graded thick square plate is presented. Mechanical and thermal properties of the functionally graded material, except Poisson’s ratio, are assumed to vary continuously through the thickness of the plate according to a power-law distribution of the metal and ceramic volume fractions. Formulations of stability equations are based on high order shear deformation theory including shape function as well as von Karman type of nonlinearity. An analytical method for determination of critical buckling temperature of plate is developed. Comparative results of critical buckling temperature for different type of shape functions are presented. The accuracy of the presented formulation and obtained numerical results is verified by comparing the results available in the literature. The effects of power-law index and temperature gradient on mechanical responses of the plates are discussed and appropriate conclusions are given.
Key words: functionally graded plate; thermal buckling; von Karman nonlinear theory; power-law distribution; high order shear deformation theory
1. INTRODUCTION 
The use of available materials in different organic and inorganic compounds opened up the path towards the development of modern materials, advanced polymers, engineering alloys, structural ceramics etc. [1]. The development of new materials occurred due to the need for materials which are able, in terms of properties, to meet ever growing needs and requests of new technologies. New technologies often require materials which can perform multiple functions, or materials possessing the qualities which none of already available materials possess. In those cases, different materials often have to be combined, provided all the materials keep their own advantages. Functionally graded material (FGM) are modern materials in the family of engineering composite materials, in which there is a continuous and discontinuous variation of chemical composition through a defined geometric distance. The main aim of FGM is to use the properties of available materials in the best possible way by combining their potentials. That includes reduction of plane stresses, transverse stresses through plate thickness, improving of thermal properties, toughness, preventing delamination between two layers, which is the biggest and the most frequently studied problem concerning conventional composite laminate. Most frequently used FGM is metal/ceramics, where ceramics have a good temperature resistance, fine antioxidant properties, low thermal conductivity, while metal is superior in terms of mechanical strength, toughness and high thermal conductivity. 
2. DESCRIPTION OF THE PROBLEM 

FGM rectangular plate of 
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 dimensions where the x-y plane coincides with the midsurface of the plate while z-axis has a direction of thickness h were studied in this paper (Fig. 1).
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Fig. 1 Geometry of a functionally graded plate
Young’s modulus of elasticity, thermal expansion coefficient and changes in temperature are defined according to the power law distribution [2]:
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where indexes “c” and”m” refer to ceramics and metal, respectively.

3. STABILITY EQUATIONS
Disadvantages of the classical lamination theory, and first order shear deformation theory which require correctional factors, are eliminated by introducing high order shear deformation theory based on shape functions. 
Here assumed form of the displacement field [3] is:
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where 
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 is shape function (Table 1).
Table 1  Shear deformation shape functions
	Number of shape function (SF) 
	Name of authors
	Shape function f(z) 


	SF 1
	Stein [4]
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	SF 2
	Soldatos [5]
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In order to define components of unit loads, it is necessary to apply the relations between displacements and strains in accordance with von Karman’s non-linear theory of elasticity [6]. Using a generalized Hooke’s law as well as stiffnes matrix and taking into consideration the effect of the change in temperature (eq. 1) and thermal expansion which cause a strain 
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, the components of unit loads are obtained.
In order to get an stability equation, it is necessary to define the strain energy in the following form [2]:
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Using the principles of minimum potential energy equilibrium equation is derived. Based on equilibrium equation, stability equation to the next stable configuration are the following:
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In order to obtain analytical solutions of eq.(6), assumed solution forms and boundary conditions are adopted in accordance to Navier’s methods applied in [7].
4. NUMERICAL RESULTS
The aim of this section is to check the accuracy and the effectiveness of the given theory in determining critical buckling temperature of FG plates for linear (s=1) change temperature across thickness. In order to do that, MATLAB code is developed and different numerical examples were done. Obtained results were compared with the results available in the literature. Material properties that are used for numerical examples:
· Metal (Al, Aluminum):         
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· Ceramic (Al2O3, Alumina):   
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As can be seen it Table 2 there was a good match of results for given shape functions with the results from the papers [8]. Analyzing results, we can conclude that critical buckling temperatures decrease with increase ratio a/h and power law index p. Changing the power law index from 1 to 5 (increase of metal volume fraction) leads to decrease of critical buckling temperatures approximately 20%.
Table 2  Comparison of critical buckling temperatures (
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) of square FGM plates under a linear increase of temperature across their thickness (a/b = 1 и 
[image: image20.wmf]m

5C

T

=°

)
	p
	Source
	
[image: image21.wmf]cr

T

D



	
	
	a/h = 10
	a/h = 20
	a/h = 40
	a/h = 60

	1
	[8]

SF 1

SF 2
	1412.022
1413.071
1412.968
	358.695
358.717
358.711
	83.459
83.461
83.461
	31.952
31.952
31.952

	 5
	[8]

SF 1

SF 2
	1160.024

1160.063

1160.754
	298.693

298.661

298.709
	69.219

69.217

69.220
	26.066

26.066

26.066


5. CONCLUSION 

Based on the given results, it can be concluded that the shape functions given in the Table 1 are acceptable for thermomechanical analysis of the functionally graded plates. The accuracy of the presented formulation and obtained numerical results is verified by comparing the results available in the literature. Analyzing results, it is concluded that critical buckling temperatures decrease with increase ratio a/h and power law index p.
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