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Abstract: This study investigates the elastic buckling behaviour of skew Functionally Graded Material (FGM)
thin plates featuring a circular opening. FGM materials, known for their unique property gradients, have
gained prominence in structural engineering due to their mechanical performance and durability. Including a
circular opening introduces a critical geometric consideration, influencing the structural stability and load-
carrying capacity of FGM plates. The study examines the effects of the skew angle, plate’s aspect ratio, opening
position, and size on the critical buckling load, normalized buckling load, and various buckling failure modes
through computer modelling and finite element analysis. The results offer valuable insights into the interplay
between material heterogeneity, geometric configuration, and structural stability. For instance, the critical
buckling load increases by 29%, 82%, and 194% with the increment of skew angle from 0° to 30°, 45°, and 60°,
respectively. Moreover, as the opening shifts from the plate’s edge closer to the center, the critical buckling
load decreases by 26%. This research contributes to the advancement of understanding FGM thin plates’
behaviour under skew loading conditions, with implications for the design and optimization of innovative
structures. The findings presented provide a foundation for further exploration of advanced composite
materials and their applications in structural engineering.

Keywords: functionally graded material; elastic buckling; finite element analysis; skew plates; thin plates

1. Introduction

Steel, ceramic, and composite thin plates are the basic components in most building structures,
and their elastic behaviour has been heavily studied. Nevertheless, advancements in technology and
manufacturing raise the need for a new set of materials with high tensile strength and lightweight.
Functionally Graded Materials (FGM) are novel materials characterized by gradually varying
properties with respect to their dimensions. Plates manufactured with FGM are microscopically
heterogeneous and made from two isotropic materials: a metal and a ceramic. The utilization of FGM
can be seen in several applications, such as construction, energy, and aerospace [1]. Elastic buckling
indicates the sudden deformation of structures; hence, investigating buckling performance is of much
interest in structural engineering [2]. Numerous research has been conducted on optimizing and
enhancing the buckling behaviour of various structures [3—6]. The utilization of FGMs yields an
increase in the modules of elasticity of the pristine material and an improvement in the thermal and
mechanical properties [7], [8]. Hence, employing FGMs is one method to improve the buckling
strength of structures under compression [9]. Kumar et al. [10] explored the behaviour of a porous
tapered FGM plate subjected to both uniaxial and biaxial buckling loads. The simulation results
showed that the buckling loads of the FGM plates can be efficiently and simply calculated through
simple power and sigmoidal gradation laws. Moreover, the buckling load increases with the increase
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of the boundary constrains and the taper ratio. Recent research initiatives have increasingly utilized
finite element analysis software as a strategic tool to mitigate experimental challenges, reduce time,
and lower costs [11-13]. Sitli et al. [14] proposed a finite element model to investigate the buckling
and post-buckling analysis of a FGM plate. The method showed good accuracy when validated with
model from ABAQUS software. Dhuria et al. [15] studied the impact of porosity on the static buckling
response of a functionally graded plate. The results show that the buckling loads of plates subjected
to uniaxial buckling loading is higher compared to biaxial loading. Moreover, the buckling loads
increase with the increase of the span-thickness ratio.

The geometry of thin plates plays a vital role in their buckling behaviour, where the presence of
a cutout and its position might adversely affect the buckling load. Moreover, the variation of the
aspect ratio and skew angle of skewed plates significantly alters the elastic buckling behaviour. The
presence of cutouts is essential as numerous applications require their presence. Van et al. [16]
investigated the static bending and buckling characteristics of bi-directional functionally graded
plates incorporating cutouts. The computational findings indicated that augmenting the plate
thickness leads to a reduction in the buckling capacity. Additionally, the deflection of the plates rises
in tandem with an increase in thickness. Jamali et al. [17] studied the post-buckling analysis of
functionally graded carbon nanotube plates with square cutouts. The results reported that post-
buckling load decreases with the increase in the plate’s dimensions. Furthermore, increasing the
cutout length reduces the stiffness and, in turn, the buckling load. Thanh et al. [18] examined the
static bending behaviour of micro-plates made of porous FGM employing geometrically nonlinear
analysis. The findings indicate that including porosity leads to a reduction in the elasticity modulus.
Consequently, FGM plates with greater porosity exhibit increased deflection. Prabowo et al. [19]
investigated the effect of the plate’s thickness on the buckling of the plate. It was reported that the
buckling load and the plate’s thickness are directly proportional, where an increase in the thickness
reflects an increase in the buckling load. Alashkar et al. [20] investigated the effect of the arrangement
of several openings on the buckling load of an FGM plate. The results showed that vertically arranged
openings exhibited the lowest buckling load, while horizontally arranged ones showed the highest.
Furthermore, the effect of the plate’s dimension on the buckling load was studied. The buckling load
increased with the increase in the thickness of the plate and decreased with the increase of the plate’s
opening. Elkafrawy et al. [21] studied the effect of the opening shape on the buckling load of FGM
thin plates. The results showed that opening with a diamond shape exhibited the best buckling
performance compared to circular and square-shaped openings, respectively.

Skew thin plates are interesting since they are heavily employed in skewed bridges and airplane
fuselage panels. For instance, Civalek and Jalaei et al. [22] applied a discrete singular convolution
method to study the buckling behaviour of FGM skew plates. The numerical results reported that the
buckling load decreases with the plate’s skew angle and aspect ratio increase. Moreover, increasing
the thickness of the plate adversely affected the buckling load. Duan et al. [23] investigated the elastic
buckling of skew thick microplates subjected to compressive loading and in-plane shear. The study
concluded that the critical buckling load increases monotonically with the increase in skew angle for
both uniaxial and biaxial loadings. Singh and Prasad et al. [24] studied the buckling response of skew
sandwich plates. The simulation results concluded that increasing the skew angle improved the
buckling performance. Although extensive research has been conducted on buckling structures with
openings, only a few considered skew plates with openings. Nejad et al. [25] examined the carried
buckling performance of skew thin plates with cutouts. The numerical results demonstrated that
increasing the opening size negatively affects the plate’s buckling load. Yuan et al. [26] investigated
the shear buckling behaviour of FGM skew nanoplates. The numerical results displayed that an
increase in the skew angle increases the shear buckling of the plates. Shahrestani et al. [27] evaluated
the buckling behaviour of skew FGM plates with circular openings. The numerical results illustrated
a directly proportional relationship between the plate’s thickness and the elastic and inelastic
buckling loads. The same relation was presented between the skew angle and the buckling loads.

The preceding literature highlights the significance of examining the performance of skew thin
plates under different buckling conditions, particularly concerning their dependence on geometrical
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parameters. However, a limited number of studies address the buckling behaviour of FGM skew thin
plates containing openings. Consequently, this study delves into the elastic buckling performance of
FGM skew plates featuring a circular cutout. Variations in the skew angle are explored to elucidate
the effect of skew plates. Additionally, altering both the size and position of the circular cutout
relative to the plate’s edge, as well as the aspect ratio of the plate, is carried out herein to assess their
influence on the plate’s buckling characteristics. This research comprehensively evaluates the
buckling behaviour exhibited by thin skew FGM plates with a circular cutout. FGM materials are of
paramount importance for investigation, as they demonstrate significant potential as composite
materials, combining the exceptional properties of ceramics and metals. The ceramic component
notably enhances resistance to thermal and corrosive factors, while the metal component bolsters
mechanical features like fracture toughness, load-bearing capacity, and elasticity modulus.

2. Materials and Methods

The computational Finite Element Analysis (FEA) of the skew FGM thin plate is carried through
the ABAQUS software package [28]. The proposed model is verified through a comparison with the
buckling loads reported by Ali et al. [29]. A simply supported FGM plate with a thickness of 4 inches
is utilized for verification. Figure 1 shows the schematic diagram of the studied skew FGM thin plate
with the applied loads and boundary conditions. For the FEA, the ABAQUS selected element type,
3D 54R, is well-suited for addressing such geometries. S4R is characterized by four sides and doubly
curved 3D shell properties with reduced integration. This reduction aids in achieving a solution
without encountering convergence challenges, as it employs the minimal set of Gaussian coordinates
for integration. Moreover, the mesh size is restricted to 10 X 10 mm?, with each node freely moving
in six degrees of freedom, encompassing translations and rotations along the x, y, and z axes.
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Figure 1. Schematic of the skew FGM thin plate with applied loads and boundary conditions.

Figure 2. illustrates the procedural flow of the conducted analysis, encompassing parametric
investigations. Following model verification, explorations into key aspects such as skew angle, aspect
ratio, and cutout position are pursued to inspect the thin plate’s critical buckling load and buckling
characteristics. In the initial investigation, the skew angle is adjusted within a range of 0°, 30°, 45°,
and 60° while maintaining constant values for the plate’s thickness, width, height, and opening
diameter. In the subsequent investigation, the plate's aspect ratio (a/b) is modified to assess its
influence on the critical and normalized buckling loads. The aspect ratio is shifted from 1
(representing a square plate) to 2, 3, and 4, with the plate’s thickness, height, and skew angle
remaining unchanged throughout this study. In the third investigation, the positioning of the opening
relative to the plate’s edge is altered based on the x/a ratio, aiming to discern its impact on the plate’s
critical buckling load. The x/a ratio varies from 0 to 0.125, 0.25, 0.375, and 0.5. The plate’s dimensions
and skew angle are held constant throughout these analyses. Examining the relationship between the
cutout size and buckling behaviour is also undertaken. This involves modifying the diameter-to-
plate-height ratio (d/b) from 0 to 0.2, 0.4, and 0.6, respectively.
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Figure 2. Flowchart of the methodology.

Functionally Graded Materials have a gradient in composition, structure, and properties within
a single material. This means the material’s properties vary smoothly from one end to the other,
allowing it to possess tailored characteristics for specific applications. For example, the ceramic end
might have high hardness and wear resistance in a ceramic-metal FGM, while the metal end could
have high toughness and ductility. This gradient in properties can be finely controlled. The modulus
of elasticity of the FGM material can be calculated from the following equation:

E=E,+f(Ec—En) (1)

where E, E., and E;, are the moduli of elasticity of the FGM, ceramic, and metal, respectively. The
modulus of elasticity of the ceramic and metal are 380 GPa and 208 GPa, respectively. The volume
fraction (f) is calculated from the following equation:

LA
-

where h is the plate’s thickness, z is the position of the material with respect to the thickness of the
plate, and p is the power index, which is set at 1. The volume fraction is also set to 0.5 in this study.

The critical buckling load of the skew FGM thin plates under uniaxial loading can be calculated
through the Galerkin equation as follows [30]:

Axb\2 .2 2
—1'[2D~ [(T) +)\y:|

a

P, = 3)

where A, and A, are the number of half waves in the x and y directions, respectively, while a and b
are the plate’s length and width, respectively.

The position vector of any random point is obtained under the assumption that the transverse
strains are negligible. The position vector is as follows:

d
UGy, 2) = up(ey) + 25 @)
d
v(x,y,7) = vo(xy) + z% 5)
w(x,y,2) = Wo(%, ) (6)

The strain is obtained as follows:

€ =gy + 28 (7)
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The stress for the FGM plate can be calculated from the following relations:

o = _E
XX T qy2
I
Oyy =12
. = _E
Xy 1-v2
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{yy+vsxx+z[

() bt 22

where v is the Poisson’s ratio assumed to be 0.3.

The stress components per unit length at the midpoint of the surface are determined through
the integration of stresses across the thickness of the plate. By incorporating the stress-strain
relationship into these stress components, the axial and bending moments can be represented in

matrix form as outlined below:
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The flexural rigidity of the FGM plate, which represents the resistance of the plate while
undergoing bending, with a constant Poisson's ratio and a varying modulus of elasticity, can be
calculated through the following equation [31]:

B =By (-

Aqq

(11)

Given the structure, FGM material applied loads, and boundary conditions investigated in this
study, the coefficients Ajj, By, and Cyj are obtained as shown below:

h nEyn+E
Agy = Ay = oy (MEmtEe)
_ _ nh Ec—Em
Biy =By = 2(1—v?) ((n+1)(n+2))
h3 n2+n+2
Cit = G2 = 5505 | B~ En) sty

(12a)

(12b)

(12¢)

The flexural rigidity of FGM plates with a metal/ceramic material is evaluated through the

following equation:

Where

D=

I,15-13

I3(1-v2)

(13)
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Nevertheless, the term E. —E;,, = 0 for a uniformly graded isotropic and homogenous plate,
thus Eq. (13) is reduced to the well-known formula for the flexural rigidity of a plate:

3
D=—2_ (15)

T 12(1-v2)

3. Results and Discussion

3.1. Model Verification

Figure 3 compares the buckling load between the proposed model and the data obtained from
[29]. It is seen that the model accurately describes the relationship between the aspect ratio and the
buckling load. Moreover, the accuracy of the model increases as the aspect ratio increases. For
instance, the percentage error decreases from 9.6% for an aspect ratio of 10 to a percentage error of
0.5% for an aspect ratio of 80. Thus, the proposed model displays close proximity to the published

results.
250 " 1 " 1 " 1 L 1 1 1 L 1 L 1 1 1
u m  Proposed Model
200 4 o ® Published Data [20]] |
=)
< 150 4 .
=}
©
9
o 100 + -
=
x
s
a 50 -
9
04 @l " -

0 10 20 30 40 50 60 70 80 90
Aspect Ratio

Figure 3. Comparison between the buckling load of the proposed model and data published in [29].

3.2. Parametric Investigation

A parametric investigation is carried out to study the effect of varying skew angle, cutout size
and position, and aspect ratio of the plate on the buckling performance. Figure 4 shows an example
of the mesh detail for the skew FGM thin plate. The finely tuned mesh allows for precise geometry
representation, ensuring that localized phenomena, such as stress concentrations and deformation
patterns, are accurately captured. Moreover, it strikes a crucial balance between computational
resources and accuracy, optimizing the trade-off between refinement and simulation speed.
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Figure 4. Mesh details for skew FGM thin plates with cutout.

Figure 5 shows the variation of the skew angle, the plate’s aspect ratio, and the cutout size and
position on the critical buckling load of the FGM thin plate. A quick inspection of Figure 5 (a) reveals
that the skew angle and critical buckling load are directly proportional. For instance, varying the
skew angle from 0° to 30°, 45°, and 60° increases the critical buckling load from 1,552 kN to 2,308 kN,
4,021 kN, and 8,450 kN, respectively. Table 1 shows the critical buckling load values for various skew
angles and opening sizes. The enhancement of the buckling load with the skew angle can be
attributed to the improved and more efficient distribution of the applied load. Moreover, the presence
of the cutout and its interaction with the skew angle may result in stabilizing the plate and increasing
the critical buckling load.

Figure (b) demonstrates that the critical buckling load decreases as the aspect ratio increases.
This change is evident as the plate transitions from square (a/b = 1) to rectangular geometry (a/b =2).
For instance, the critical buckling load decreases from 9,922 kN to 2,469 kN, 1,128 kN, and 657 kN as
the aspect ratio increases from 1 to 4, respectively.

Table 1. Critical Buckling Load for various skew angles and opening sizes.

Critical
Aspect Ratio  Opening Opening Size Skew Angle Bu?klliig
P oge eO
(a/b) osition (x/a) (d/b) (6°) Load (kN)

0 1652

30 2461

Control 2 0 0 45 4311
60 8683

0 1552

Small 30 2308
Opening 2 05 02 45 4021
60 8450

0 1294

Medium 30 1926

2 0.5 0.4

Opening 45 3335
60 7613

0 944

Large 30 1426
Opening 2 05 06 45 2469
60 5772

Table 2 compares the critical buckling loads for varying opening sizes and aspect ratios. As the
aspect ratio increases, the plate becomes relatively slimmer making it more prone to buckling because
it is less capable of resisting lateral deflection under an axial load. Moreover, higher aspect ratios
typically result in greater flexibility in the direction perpendicular to the longer dimension. This
increased flexibility makes the plate more susceptible to buckling. A higher aspect ratio introduces
significant bending effects in addition to the axial load. This means the plate experiences axial
compression and bending moments, which can lead to buckling at a lower overall load. The increased
length of the plate compared to its width can result in a reduction in effective stiffness, making it
easier for the plate to deflect laterally under load, thus increasing its susceptibility to buckling.
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Table 2. Critical Buckling Load for various aspect ratios and opening sizes.

i itical
Skew Angle  Opening O[)Seilzllng Aspect Ratio Bir:klliig

(8°) Position (x/a) (d/b) (a/b) Load (kN)

19392
4311
1728
915
17482
4021
1650
885
13758
3335
1438
799
9922
2469
1128
657

Control 45 0 0

Small

Opening 45 0.5 0.2

Medium

Opening 45 0.5 0.4

Large

4 . .
Opening > 05 06

B WO DN R ODNDRIRODNRRIRRODND -

Figure 5 (c) shows that the position of the cutout relative to the plate edge plays a vital role in
the buckling performance of the plate. The critical buckling load decreases as the cutout moves away
from the edge and closer to the center. For example, the critical buckling load of the plate decreased
from 915 kN to 913 kN, 905 kN, 892 kN, and 885 kN as opening position ratio x/a increased from 0
to 0.125, 0.25, 0.375, and 0.5, respectively. Table 3 displays the values of the critical buckling load as
the opening position and size varied.

Table 3. Critical Buckling Load for various opening positions and sizes.

i itical
Skew Angle Aspect Ratio Op Efnlng Opening Cri 1c.a
(6%) (a/b) Size Position (x/a) Buckling
(d/b) Load (kN)
Control 45 4 0 0 15
0.125 913
Small 0.250 905
Opening 45 4 0.2 0375 200
0.500 885
0.125 905
Medium 0.250 872
Opening 45 4 0.4 0375 000
0.500 799
0.125 893
Large 0.250 790
Opening 45 4 0.6 0375 50
0.500 657

As can be noticed from all the parametric investigations, the critical buckling load decreases with
the presence of a cutout and the increase in size. This relation is demonstrated in Figure 5. The
presence of an opening reduces the effective cross-sectional area of the plate. With less available
material to resist the compressive load, the plate cannot support high loads before buckling occurs.
Moreover, openings create stress concentrations around their edges. This localized increase in stress
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makes the area surrounding the opening more susceptible to failure, which can lead to an earlier
onset of buckling. An opening can alter the load path within the plate, weaken specific sections, and
reduce the stiffness of the plate. These changes in load distribution can lead to a more complex stress
state, potentially resulting in a lower critical buckling load and making the plate more susceptible to
buckling.

The normalized buckling load is crucial to investigate for its role in facilitating meaningful
comparisons between different structural elements or configurations. In this case, the normalized
load is obtained by expressing the critical buckling load relative to a control or reference value, a
plate with no opening. It is utilized to assess the relative stability and performance of various cases,
irrespective of their specific dimensions or units of measurement. This comparative analysis is
instrumental in optimizing material usage and minimizing costs, especially when selecting the most
efficient designs or materials. Normalized values also contribute to developing standardized design
guidelines, simplifying the engineering process, and ensuring consistent practices. Furthermore, it
aids in accurately predicting the behaviour of full-scale structures based on scaled-down model
testing, a vital consideration in experimental studies.

8000 200007 I d/b =0
= 18000 Eldab=02 |
= Z 16000 - [ | g;'; = g"' L
] 6000 - ] . b = 0.
S § 14000 xa=05 |
2 212000 o a5 |
£ £
' 4000 - = 10000 - L
@ @ 8000 -
5 5
S 8 6000 L
£ 2000- 2
S 5 4000 L

0 -

8=0° 6=230° 0 =45° 6=60° alb=1 alb=2 alb=3 ab=4
Skew Angle Aspect Ratio
(a) (b)
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1000 - [ d/b = 0.6 -

Critical Buckling Load (kN)
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Cutout Position

(©

Figure 5. The variation of the critical buckling load with (a) skew angle, (b) aspect ratio, and (c) cutout
position.

Figure 6 shows the effect of varying the opening size on the normalized buckling load of the
plate for various skew angles, aspect ratio, and opening position. Inspection of Figure 6 (a) shows an
inverse relation between the opening aspect ratio and the normalized buckling load. For example,
the normalized critical buckling load reduced from 1 to 0.93 to 0.78 to 0.58 when the aspect ratio
varied from 0 to 0.2 to 0.4 and 0.6, respectively, for a 30° skew angle. On the other hand, the relation
concerning the variation of the skew angle and normalized critical buckling load is not as monotonic.
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The introduction of a skew angle reduces the critical buckling load, and that reduction grows until a
skew angle of 60°, where a rise in the normalized buckling load is reported. For instance, for a plate
with an opening aspect ratio of 0.2, the normalized buckling load decreases from 0.937 to 0.932 as the
skew angle increases from 30° to 45°. However, as the skew angle increased to 60°, the normalized
buckling load increased to 0.973. This relation was reported for all opening sizes and aspect ratios.
Figure 6 (b) displays the variation of the normalized critical buckling with the aspect ratios of
the FGM skew thin plates. Inspection of the graph shows that the normalized critical buckling load
is inversely proportional to the opening aspect ratio of the FGM thin plate. For instance, the
normalized critical buckling load reduced from 1 to 0.90, 0.71, and 0.51 when the opening aspect ratio
increased from 0 to 0.2 to 0.4 to 0.6, respectively. On the other hand, the thin plates' normalized critical
buckling load increases with the aspect ratio increase. For example, for a thin plate with d/b ratio of
0.2, the normalized buckling load increased from 0.90 to 0.93 to 0.95 to 0.96 as the aspect ratio
increased from 1 to 4, respectively. Figure 6 (c) represents the effect of the opening size and position
on the normalized critical buckling of the FGM skew thin plates. The graph shows that the
normalized critical buckling load is inversely proportional to the opening size. For instance, for an
x/a ratio of 0.5, the normalized critical buckling decreased from 0.96 to 0.72 as the opening ratio
increased from 0.2 to 0.6. Moreover, the position of the opening influences the critical buckling load.
This effect can be seen clearly for openings near the plate's center, as the critical buckling load
decreases as the opening shifts from the plate’s edge to the center. For example, for a position ratio
x/a =0.5, the increase of the d/b ratio from 0.2 to 0.6 decreased the normalized critical buckling load
by 0.25. On the other hand, for x/a = 0.125, the same increase in the opening size only resulted in a
decrease of 0.02 in the normalized critical buckling load.
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Figure 6. The variation of the normalized critical buckling load with the cutout aspect ratio and (a)
skew angle, (b) plate’s aspect ratio, and (c) cutout position.

The ABAQUS software package lists mode shapes and their corresponding eigenvalues in a
typical buckling analysis. Each mode shape corresponds to a specific deformation pattern or mode
the structure can undergo during buckling. For instance, the first buckling mode represents the most
critical deformation pattern associated with the lowest eigenvalue. This mode typically involves the
primary or global deformation of the structure. The second buckling mode represents the next most
critical deformation pattern. It is orthogonal to the first mode, i.e., independent of and distinct from
the first mode. The third buckling mode represents the third most critical deformation pattern,
orthogonal to all other modes. Similar to modes 1 through 3, this fourth buckling mode represents
another distinct deformation pattern. The number indicates its rank in terms of criticality. Figure 7
shows the first four buckling modes of FGM thin plates with various skew angles and opening aspect
ratios. The figure shows a snippet of various opening aspect ratios and skew angles; nevertheless, the
distribution of the buckling stress is the same across different skew angles with a specific opening
aspect ratio and vice versa. In the first buckling mode, it is seen that the maximum buckling stress is
situated in the middle of the FGM plate. However, as the opening diameter and skew angle increase,
the maximum stress shifts to the sides of the FGM plate. The second buckling mode displays two
patches of maximum stress at the plate’s sides. The third buckling mode shows that the maximum
stress is limited to the top and bottom regions of the plate. As the opening size increases, a maximum
stress region is developed around the opening. For the fourth buckling mode, three regions of
maximum stress are present.
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Figure 7. The first four buckling modes of FGM plates with (a) no opening and 0° skew angle, (b) d/b
=0.2 and 30° skew angle, (c) d/b =0.4 and 45° skew angle, (d) d/b =0.6 and 60° skew angle.

Figure 8 portrays FGM skew thin plates’ first four buckling modes with various aspect ratios.
The figure only reveals a fragment of various openings and plate aspect ratios; nonetheless, the
buckling stress is distributed in the same manner across various aspect ratios for the same opening
aspect ratio. Examination of the figure reveals that the maximum stress is concentrated in the
middle of the FGM thin plate for the first buckling mode. As the opening size increases, the maximum
stress shifts to the boundary of the plate. In the second buckling mode, the maximum stress shifts to
a limited region at the top and bottom of the plate. The same distribution is noticed for the third
buckling mode as well. The fourth buckling mode shows two regions of maximum stress located at
the sides of the plate. As the opening size increases, maximum stress patches develop at the region
surrounding the opening.
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Figure 8. The first four buckling modes of FGM plates with (a) no opening and an aspect ratio of 1(b)
d/b = 0.2 and an aspect ratio of 2 (c) d/b = 0.4 and an aspect ratio of 3 (d) d/b = 0.6 and an aspect
ratio of 4.

Figure 9 shows the variation of size and position of the circular opening on the first four buckling
modes of the FGM skew thin plates. Inspecting the figure reveals that the presence of an opening and
varying its size and position does not affect the buckling stress arrangement in the thin plates.
Moreover, the stress distribution remains constant regardless of the opening’s position and size. In
the first buckling mode, the maximum stress is seen in the mid-region of the plate, with the stress
decreasing closer to the edges. As for the later buckling modes, it is shown that the maximum stress
region decreases in size and shifts to the top and bottom edges of the plate. For the second and third
modes, one region of maximum stress is displayed at the top left of the plate, while another can be
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seen on the opposite side (bottom right). Nevertheless, two regions of maximum stress can be seen at
the top and bottom of the FGM thin plates for the fourth buckling mode.
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Figure 9. The first four buckling modes of FGM plates with (a) no opening (b) d/b =0.2 and x/a =
0.125(c) d/b =0.4and x/a =0.25(d) d/b =0.6 and x/a =0.375 (e) d/b =0.4and x/a =05.

4. Conclusions

This paper computationally modelled the buckling performance of skew thin FGM plates with
a cutout using the ABAQUS finite element analysis software. Subsequent to the model verification,
parametric studies were carried out to investigate the effect of the skew angle, aspect ratio, and cutout
size and position on the critical buckling load of the plate. The normalized buckling load was also
calculated and compared as it provides a standardized framework for comparative analysis, allowing
for the focus on fundamental structural behaviour without constraints of specific dimensional
considerations. To better understand the structural buckling behaviour of the skew FGM thin plate,
the buckling modes are investigated as they identify the critical failure mechanisms and design
structures to withstand potential buckling. The results can be summarized as follows:
e The presence of a cutout and the increase in its size decreases the critical buckling load of the
late.
. ghin plates with skew angle of 60° obtained higher critical buckling loads by 206%, 134%, and
65%, compared to plates with skew angles of 0°, 30°, and 45°, respectively.
¢ Aninversely proportional relationship between the critical buckling load and the aspect ratios of
the plate is present.
e The position of the opening also affects the buckling load, as an opening closer to the plate’s edge
showed a higher buckling load than that close to the center of the plate.
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