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Abstract

:

In this paper, an investigation of linear eigenvalue buckling of functionally graded material (FGM) plates under uniaxial loading is carried out. The computer model is analyzed using the finite element (FE) package ABAQUS. An analysis is carried out to study the effect of the size and geometry of openings in the FGM plate on the critical buckling load. The circular, square, and diamond openings vary in size based on the ratio of the opening diameter to the width of the FGM plate. Moreover, the effect of the aspect ratio (width to thickness) of the FGM plate on the critical buckling load is examined. Further, the effect of the power law index on buckling behavior is investigated. The results show that the increase in the size of the opening and the aspect ratio reduces the critical buckling load of the FGM plate. Moreover, the lower the power law index, the higher the critical buckling load. The diamond shape opening shows the best performance in terms of the critical buckling load, and the effect of the plate thickness has a more significant influence on the critical buckling load of the FGM plate compared to the size of the opening.
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1. Introduction


With the increasing development in technology, manufacturing, and construction processes, the materials science community’s most significant challenge nowadays is selecting appropriate materials and studying their responses under different loading environments. Therefore many research studies are interested in developing new materials that have superior characteristics [1,2,3,4]. Recently, numerous materials were examined in terms of their performance and composition [5,6,7,8]. While composite materials are the leading technology studied in this field of research, a new class of composite materials was recently developed and studied extensively. Functionally graded materials (FGMs) are materials whose properties change gradually with respect to their dimensions [9]. FGM can be characterized by a non-homogenous material system with a gradual gradation of material properties within a given dimension, which results in distinct material properties at different layers of the material. Moreover, FGMs are mixed with a graded interference to avoid distinct boundary conditions between the bulk materials. Usually, FGMs consist of a metal material mixed with a ceramic material or a mixture of metal materials. FGMs were first used in Japan in 1984 during a spaceplane project [9]. After their first use, FGMs were studied comprehensively due to their wide applications and the unlimited combination of materials. Recent research highlighted the use of sandwich FGM structures as structural elements. Garg et al. [10] provided an extensive review on the application of various methods and theories utilized for the analysis of sandwich FGM structures subjected to various loadings.



Buckling analyses of FGM structures were researched extensively due to the importance of buckling failure in structural members. For instance, the utilization of FGMs significantly improved the properties of beam structures [11,12,13,14,15,16], as well as the mechanical and thermal properties of shell structures [17,18,19,20]. In particular, research focused on the buckling behavior of plate structures [21,22,23,24,25,26]. Karamanli et al. [27] investigated the bifurcation buckling of square FGM plates under various boundary conditions by subjecting the FGM plates to in-plane loads. It was seen that the bifurcation buckling occurs only in SSSS, CCCS, CSCF, SCSF, SSSF, and SFSF boundary conditions. Interestingly, the results for AL/Al2O3 and Al/SiC FGM plates were identical. Swaminathan et al. [28] studied the vibration and buckling characteristics of FGM panels subjected to uniaxial and biaxial conditions using the finite element method (FEM). It was observed that the plate is less vulnerable to buckling when the load is applied at the edge of the plates. In addition, the buckling load factor decreases with an increase in the volume fraction of the added material. Singh et al. [29] investigated the buckling responses of FGM plates subjected to uniform, linear, and nonlinear in-plane loads, where new nonlinear in-plane load models are proposed based on trigonometric and exponential functions. It was determined that the critical buckling load decreases with the increase in inequality of loading in the orthogonal direction. Moreover, it was observed that the critical buckling load for a uniformly varying load doubles as loading changes from a uniform load to triangular, as well as for an exponential varying load. Further, it was found that with the help of a displacement-buckling load curve, the critical buckling load can be derived and maximum displacement due to the instability of the in-plane load can be obtained. Ali et al. [30] carried an analytical and numerical buckling analysis of FGM plates under uniaxial compression. It was observed that the power law function (P-FGM) with index n = 5.0 resulted in the highest critical buckling load for all plate aspect ratios and both plate boundary conditions. The critical buckling load for CCCC boundary conditions was observed to be higher than SSSS plates for all material functions, plate thicknesses, and plate aspect ratios. Njim et al. [31] presented a mathematical model to evaluate the buckling stress of FGM rectangular sandwich plates with porosities. The results show that the buckling load decreases with the increase of the power law index and porosity percentage. Jankowski et al. [32] presented the piezoelectric effect on bifurcation buckling of symmetric FGM porous nanobeams. The influence of the length scale parameters, the power law index, various porosity distributions, distance between porosity and FGM surfaces as well as the volume of voids, aspect ratios, elastic foundation, and external electric voltage on the stability of the nanobeam is discussed. The study may be employed in the optimization of composite nanostructures with piezoelectric layers subjected to external forces. Hong et al. [33] developed a new functionally graded non-classical microbeam model with the help of variational formulation. The new model incorporates strain gradient, couple stress (rotation gradient), and velocity gradient effects to be able to solve static bending, buckling, and free vibration problems of FGM beams. The results show that the differences between the prediction results of the current model and the classic model are significant when FGM beam thickness is very small, but they diminish as the thickness increases. In recent decades, the development in finite element software played a significant role in increasing the research in different fields. ABAQUS [34], for example, was used in most recent research studies to save experimental effort and time. Linear and nonlinear analysis can be conducted through this software [35,36,37,38,39].



In construction, adding an opening in a plate or a beam is necessary to accommodate essential services such as mechanical, air conditioning, water supply, electricity, telephone lines, and computer networks. Erdem et al. [40], numerically and experimentally, investigated the pre-buckling and post-buckling behaviors of layered composite plates, which were made of woven carbon fiber fabric with a circular hole in the middle. The results obtained show that the increase in hole diameter decreased the critical buckling load. Stresses around the hole are maximal for pre-buckling and post-buckling. Stresses decrease as you move to the free edge of the plate. Moreover, increasing the hole diameter and decreasing the thickness of the composite decreases the buckling loads. Vivek et al. [41] studied the buckling behavior of simply supported FGM square plates with triangular cutouts. The results show that the buckling load capacity decreases with the increase of the volume fraction and exponent and the cutout size.



Based on the previous literature, it is seen that there is limited research focusing on the buckling analysis of FGM plates with openings and the effect of their geometry on the buckling load. Hence, this research focuses on the variation of the elastic buckling load of an FGM plate for different opening shapes. In particular, an investigation of the elastic eigenvalue buckling of FGM plates with square, circle, and diamond cutouts is carried out.



Research Significance


In recent decades, the technology used for creating composite materials was improved in order to enhance the material properties, and now it can serve several applications in various fields. FGM is a promising composite material that combines numerous superior characteristics by using the ceramic–metal combination. The ceramic is used to greatly enhance the thermal and corrosion resistance, while the metal is responsible for improving the mechanical properties such as fracture toughness, load carrying capacity, and modulus of elasticity. Although some previous research focused on the buckling analysis of FGM plates [27,28,29,30,31], only a few studied the effect of openings in the geometry on the buckling of the plates [40,41]. Generally, the need for openings in plates is vital in order to facilitate the passage of some service pipes. Therefore, this work provides a comprehensive analysis on the impact of various opening geometries and dimensions on the buckling behaviour of FGM plates. Unlike the numerous studies previously conducted to study the buckling of FGMs, this work presents a direct study comparing different shapes and sizes of openings simultaneously.





2. Materials and Methods


2.1. Theory and Model


FMGs are a mixture of two materials made by gradually varying the volume fraction of the constituent material. Therefore, the constitutive material property, which varies with a given direction, can be expressed in terms of the volume fraction. Figure 1 shows the schematic of an FGM plate with the material property variation.



The volume fraction of the FGM can be obtained from the following equation:


  f  z  =       z +  h 2   h     n   



(1)




where, z is the position of material with respect to the thickness of the plate, and n is the power.



The Young’s modulus of the FGM can be expressed by:


  E  z  = f  z   E c  +   1 − f  z     E m   



(2)




where, Ec and Em are the Young’s moduli of the two materials. Figure 2 shows the variation of the Young’s modules with the plate thickness for different power indices.



The displacement at any point in the x, y, and z directions can be obtained from the assumption that the transverse strains are negligibly small using the following equations:


  u   x , y , z   =      u   0    x , y   + z   ∂ w   ∂ x    



(3)






  v   x , y , z   =      v   0    x , y   + z   ∂ w   ∂ y    



(4)






  w   x , y , z   =      w   0    x , y    



(5)






         ε  xx          ε  yy          γ  zz         =        ε  xx  0         ε  yy  0         γ  zz  0        + z        ε  xx  1         ε  yy  1         γ  zz  1         



(6)






         ε  xx  0         ε  yy  0         γ  xy  0        =         ∂  u 0    dx             dv  0    dy           ∂  u 0    dx   +     dv  0    dy          



(7)






         ε  xx  1         ε  yy  1         γ  xy  1        =         ∂  ∅ x    dx           ∂  ∅ y    dy           ∂  ∅ x    dx   +   ∂  ∅ y    dy          



(8)







Based on the previous assumptions, the stress–strain relation for the FGM plate can be expressed as follows:


   σ  xx   =   E  z    1 −  v 2       ε  xx  0  +    v ε    yy  0  + z     ∂  ∅ x    dx   + v   ∂  ∅ y    dy        



(9)






   σ  yy   =   E  z    1 −  v 2       ε  yy  0  +    v ε    xx  0  + z     ∂  ∅ y    dx   + v   ∂  ∅ x    dy        



(10)






   τ  xy   =   E  z    1 −  v 2        1 − v  2       γ  xy  0  + 2     ∂  ∅ x    dx   +   ∂  ∅ y    dy        



(11)







The FGM plate critical uniaxial buckling load in the x-direction can be obtained using the Galerkin method and expressed as follows:


   P  cr   =   −  π 2   D ~   b               λ x  b  a     2  +  λ y 2     2           λ x  b  a     2     



(12)




where, a and b are the plate length and width, respectively. λx and λy are the number of half waves in the x and y-direction, respectively. D~ is the flexural rigidity of the FGM plate expressed as:


   D ~  =    I 1   I 3  −  I 2 2     I 1    1 −  v 2       



(13)




where,


   I 1  =      E   m  h +    E c  −  E m     h  n + 1    



(14)






   I 2  =    E c  −  E m     h 2     1  n + 2     −  1  2 n + 2      



(15)






   I 3  =      E   m     h 3    12   +    E c  −  E m     h 3     1  n + 3   −  1  n + 2   −  1  4 n + 4      



(16)







For a uniformly graded (Isotropic and homogenous) plate, Em  −  Ec = 0. Then, Equation (13) is reduced to the well-known flexural rigidity of a plate:


   D    =     Eh  3    12   1 −  v 2       



(17)








2.2. Numerical Model


In this study, the numerical simulation of the buckling of FGM plates is conducted using the FE package ABAQUS. First, the proposed model is verified by comparing it to the model published by Ali et al. [30]. The verification is carried out based on the simply supported FGM plate under the boundary conditions and input parameters listed in Table 1 and shown in Figure 3. For the model verification, the thickness of the plate was set to 4 inches.



Further to the model verification, a parametric investigation is carried out to study the effect of adding an opening to the buckling load of FGM plates. The opening shapes selected for the study are circle, square, and diamond. Figure 4 shows the schematic diagrams of the FGM plates studied for the parametric investigation. To study the effect of the opening on the critical buckling load of the plate, the aspect ratio of the opening to the width of the plate is varied as such: d/b = 0.25, 0.5, and 0.75. In addition, the aspect ratio of the plate b/h is varied, such as b/h = 10, 20, and 40. For all plates, the plate width (b) and plate thickness (a) were fixed at 40 in. and 120 in., respectively. The investigation was also carried out for several power law indices (n) such as n = 0.2, 1, and 5, resulting in 81 cases that are utilized for comparison.





3. Results and Discussion


In order to perform the parametric investigation using ABAQUS and study the effect of the opening shapes on the buckling load, the proposed model is first verified. Furthermore, the necessary simulations are carried out to thoroughly investigate the variations of the opening shape and size on the critical buckling load of the FGM plate.



3.1. Model Verification


The proposed model is verified by comparing the critical buckling load obtained from the ABAQUS simulation to the buckling load of the FGM plate shown in Figure 3. The proposed model of the FGM plate constructed using ABAQUS under simply supported boundary conditions is shown in Figure 5.



Figure 6 shows the variation of the aspect ratio of the plate on the critical buckling load for the proposed model and published results. It is seen that as the aspect ratio increases, the critical buckling load decreases and in turn the percentage error decreases. Since the proposed model is validated with the literature, a parametric study is carried out to study the effect of the geometry on the critical buckling load.




3.2. Parametric Investigation


The parametric investigation is carried out to study the effect of adding an opening to the FGM plate and varying its size based on the ratio of the diameter to the width of the plate. In addition, the aspect ratio of the plate is varied to study its effect on the critical buckling load of the FGM plate. Further, the variation is conducted under different power indices. Hence, the study is established through four groups. Figure 7 shows the boundary conditions applied to all specimens. The two loaded edges have a simply supported boundary condition, while the other sides are free. All specimens are loaded uniaxially from both sides with a uniform compression loading. In addition, the investigation is carried out for a volume fraction f(z) of 0.5. The critical buckling load is calculated by multiplying the applied load by the extracted eigenvalues for the first mode shape from ABAQUS. Figure 8 shows the meshing of the FGM plate, where the mesh size of one inch by one inch is used to ensure enough accuracy of results.



The study is carried out by introducing square, diamond, and circle-shaped openings to the plate, and then varying the aspect ratio of the plate while controlling the opening size. Further, the opening size is then varied while keeping the aspect ratio constant. The analysis is repeated for different power law indices in an attempt to study the effect of the size and geometry of the opening on the buckling performance of the FGM plate. The effect of the plate thickness on the critical buckling load of the FGM plate is studied thoroughly. Figure 9 shows the variation of the aspect ratio of the plate (b/h) on the critical buckling load for different openings and for d/b = 0.25. It is seen that as the aspect ratio increases, the critical buckling load decreases. Therefore, the critical buckling load is in positive correlation with the thickness of the FGM plate. Further, higher law power indices correspond to a lower critical buckling load, which is in agreement with the simulation results obtained in [31].



As a comparison between different opening shapes, the critical buckling load is highest in the presence of the diamond, followed by the circle and then the square. For instance, for an aspect ratio b/h = 10, n = 1, and opening size ratio d/b = 0.25, the critical buckling load is 145   (   10  4    Ib )  , 142   (   10  4    Ib )  , and 138   (   10  4    Ib )   for diamond, circle, and square openings, respectively. Figure 10 shows the variation of the aspect ratio of the plate on the critical buckling load for different opening shapes with an aspect ratio of d/b = 0.5. Additionally, Figure 11 shows the variation of the aspect ratio of the plate on the critical buckling load for different openings at an opening aspect ratio of d/b = 0.75. It is seen that the increase in the opening size of the hole will decrease the critical buckling load of the FGM plate. Moreover, since a higher power law index results in a smaller critical buckling load, the design ought to be calculated based on the higher power law index to ensure the safety and stability of the FGM plates.



The effect of the opening’s aspect ratio on the critical buckling load is also investigated. Figure 12 shows the variation of the aspect ratio of the opening on the critical buckling load for different openings and an aspect ratio b/h = 10. It is seen that the critical buckling load decreases with the increase in the opening size. The experimental results acquired from [40] also show an inversely proportional relationship between the hole size and the critical buckling load of FGM plates. The relation between the opening size and the critical buckling load is independent of the geometry, where the critical buckling load decreases with the increase of the opening size for the circle, square, and diamond shapes.



Figure 13 shows the variation of the aspect ratio of the opening on the critical buckling load for different openings and an aspect ratio b/h = 20. In addition, Figure 14 shows the variation of the aspect ratio of the opening on the critical buckling load for different openings and an aspect ratio b/h = 40. It is observed that the plate thickness highly influences the critical buckling load compared to the opening’s geometry and size. For instance, varying the aspect ratio b/h from 10 to 20 for the circular opening with d/b = 0.25 and n = 0.25 reduced the critical buckling load from 142   (   10  4    Ib )   to 18   (   10  4    Ib )  . On the other hand, varying the d/b ratio from 0.25 to 0.5 for the circular opening with b/h = 10 and n = 0.2 only reduced the critical buckling load from 142   (   10  4    Ib )   to 114   (   10  4    Ib )  .



Figure 15 shows the aspect ratio variation on the normalized stress ratio of the FGM plate. The normalized stress ratio is obtained by converting the buckling load to stress and dividing it by the material’s yield stress. The yield stress of the FGM is acquired using the 0.2% offset method. The results show that the power coefficient (n) has no effect on the normalized stress for various aspect ratios, opening shapes, and dimensions. For instance, the normalized stress ratio of an FGM plate with a circle opening, a d/b = 0.2, and a b/h = 10 is 0.858 for n = 0.2, n = 1, and n = 5. Figure 16 shows the variation of the opening aspect ratio on the normalized stress ratio of the FGM plate. It is seen that as the aspect ratios increase, the normalized stress ratio decreases, indicating that the buckling stress becomes significantly smaller than the yield stress of the FGM plate. Moreover, the variation aspect ratio of the plate greatly affects the normalized stress ratio as compared to the variation of the opening aspect ratio.




3.3. Buckling Mode Analysis


The ABAQUS buckling analysis provides the buckling modes (eigenvectors) of the FGM plate in addition to the eigenvalues for the critical buckling load. The buckling mode shape represents the shape of deformation (normalized in which the maximum displacement has a unit magnitude) at the critical buckling load without giving an actual magnitude. These modes are useful as they can predict the most likely element failure modes. Additionally, they represent the distribution of the buckling stress in the FGM plate. Hence, the maximum stress should be revealed in the regions close to the opening, where stress concentrations likely occur. This can be attributed to the abrupt change in the plate’s geometry, which interrupts the stress flow. It is expected that such openings lead to a significant drop in critical buckling load values. This can be seen clearly from the following figures. Table 2 shows the variation of the critical buckling load with respect to the buckling mode of the FGM plate under different opening shapes. The analysis presented is for n = 0.2, d/b = 0.5, and b/h = 10.



The buckling mode analysis shows that generally, the critical buckling load increases with the increase of the buckling mode. Specifically, the FGM plate with a circular cutout exhibits an increase in the critical buckling load for every buckling mode. However, the FGM plates with a square cutout and a diamond cutout display a decrease in the critical buckling load for the sixth and fifth buckling modes. When comparing different opening shapes, it is realized that the FGM plate with a diamond opening shows the highest critical buckling load, followed by the circle and square opening FGM plates, respectively. For example, the diamond cutout has a critical buckling load (for the first mode) that is approximately 9% and 22% higher than that of the circular and square cutouts, respectively. The same relation was also presented in the parametric study when the aspect ratio of the plate and the opening were varied to study their effects on the critical buckling load.



Figure 17a shows the first three buckling modes of the FGM plate with a circular opening, while the first three buckling modes of the FGM plate with a square and a diamond opening are shown in Figure 17b,c. The distribution of the buckling stress in the FGM plate can be clearly seen from the figures. It is observed that the maximum stress is around the boundaries of the openings for the first buckling mode. However, the maximum stress shifts to the edges of the plate as the buckling mode increases. Moreover, it is seen that the first buckling mode shows large regions with the maximum buckling stress as compared to the higher buckling modes, where the region of maximum buckling stress is reduced. Generally, the buckling modes provide an idea of the behavior of the FGM plate under buckling loads for different opening shapes.





4. Conclusions


In this paper, computational modeling was employed to study the geometric configuration influence on the FGM plate’s buckling behavior. Elastic buckling was numerically simulated, and a parametric study was performed to study the effect of different openings in an FGM plate on the buckling behavior. Circular, square, and diamond openings were proposed, and their sizes varied by the ratio of the diameter to the plate’s width (d/b). The following conclusions can be made:




	
The increase of the d/b ratio is responsible for the linear decrease of the critical buckling loads.



	
The effect of the aspect ratio of the plate on the buckling load showed that the increase in the aspect ratio decreases the critical buckling load.



	
Another analysis focused on studying the effect of the power law index on the buckling behavior of the FGM plate demonstrated that the increase in the power law index decreases the critical buckling load.



	
It can be concluded that diamond-shaped openings provide the highest critical buckling load for all eight buckling modes of the FGM plate, with an average increase of 4% and 10% compared to the circular and square cutouts, respectively, and that the buckling load depends heavily on the plate thickness and in lower terms on the size of the opening.
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Figure 1. Material properties of FGM across the plate thickness. 
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Figure 2. Variation of the Young’s moduli with the FGM plate thickness. 
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Figure 3. Boundary conditions of the FGM plate represented in [30]. 
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Figure 4. Schematic of the FGM plates with (a) circle opening, (b) square opening, and (c) diamond opening. 
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Figure 5. Proposed model for verification study using ABAQUS. 
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Figure 6. Percentage difference between the proposed model and [30] for different aspect ratios. 
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Figure 7. The model and boundary conditions of the FGM plate with (a) circle, (b) diamond, and (c) square opening. 
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Figure 8. An example of the FGM plate meshing in ABAQUS. 
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Figure 9. The variation of the aspect ratio on the critical buckling load for (a) circle, (b) square, and (c) diamond openings for an aspect ratio d/b = 0.25. 
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Figure 10. The variation of the aspect ratio on the critical buckling load for (a) circle, (b) square, and (c) diamond opening for an aspect ratio d/b = 0.5. 
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Figure 11. The variation of the aspect ratio on the critical buckling load for (a) circle, (b) square, and (c) diamond opening for an aspect ratio d/b = 0.75. 
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Figure 12. The variation of the opening aspect ratio on the critical buckling load for (a) circle, (b) square, and (c) diamond openings for an aspect ratio b/h = 10. 
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Figure 13. The variation of the opening aspect ratio on the critical buckling load for (a) circle, (b) square, and (c) diamond openings for an aspect ratio b/h = 20. 
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Figure 14. The variation of the opening aspect ratio on the critical buckling load for (a) circle, (b) square, and (c) diamond openings for an aspect ratio b/h = 40. 
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Figure 15. The variation of the aspect ratio on the normalized stress ratio for (a) circle, (b) square, and (c) diamond openings. 
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Figure 16. The variation of the opening’s aspect ratio on the normalized stress ratio for (a) circle, (b) square, and (c) diamond openings. 






Figure 16. The variation of the opening’s aspect ratio on the normalized stress ratio for (a) circle, (b) square, and (c) diamond openings.



[image: Buildings 12 00802 g016]







[image: Buildings 12 00802 g017 550] 





Figure 17. The first three buckling modes of the FGM plate for (a) circle, (b) square, and (c) diamond openings. 






Figure 17. The first three buckling modes of the FGM plate for (a) circle, (b) square, and (c) diamond openings.



[image: Buildings 12 00802 g017]







[image: Table] 





Table 1. Input Parameters for the model verification.
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	Parameter
	Symbol
	Value
	Unit





	Plate width
	  b  
	40
	Inch



	Plate height
	  h  
	120
	Inch



	Plate thickness
	  a  
	4
	Inch



	Position of material
	  z  
	0
	-



	Volume fraction
	   f  z    
	0.5
	-



	Young modulus of ceramic
	    E c    
	55,114
	   ksi   



	Young modulus of metal
	    E m    
	29,500
	   ksi   



	Young modulus of FGM
	   E  z    
	42,307
	   ksi   



	Poison’s ratio
	  v  
	0.3
	-
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Table 2. The critical buckling load for different buckling modes of the FGM plate.
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Buckling Mode

	
Buckling Load (104 Ib)




	
Circle

	
Square

	
Diamond






	
Mode 1

	
181.63

	
162.11

	
198.50




	
Mode 2

	
930.32

	
881.12

	
952.48




	
Mode 3

	
1837.04

	
1782.16

	
1914.00




	
Mode 4

	
3285.12

	
2812.64

	
3637.12




	
Mode 5

	
3484.56

	
3715.04

	
3120.48




	
Mode 6

	
3554.08

	
3287.20

	
3766.48




	
Mode 7

	
4865.04

	
4684.96

	
5066.48




	
Mode 8

	
5392.64

	
5201.84

	
5542.32
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