Mechanics of Advanced Composite Structures Vol (Year) First page —Last page

=Y

Advanced
Composite Structures,

Mechanics of Advanced Composite Structures

journal homepage: http://MACS.journals.semnan.ac.ir
Semnan University

]

Numerical Investigation On Thermal Post-buckling Of Annular
Sector Plates Made Of FGMVia 3D Finite Element Method

Milad Shahsavari 1, Kamran Asemi 1*, Masoud Babaei?, Faraz Kiarasi?Z,
IMechanical Engineering Department, Islamic Azad University, Tehran North Branch, Tehran, Iran
2Mechanical Engineering Department, University EyvanakeySemnan, Iran

ABSTRACT
KEYWORD

This paper presents the thermal posbuckling analysis-of functionally graded annular sector
plates subjected to uniform temperature rise for the first time The plate is consisting of a
composed ceramie metal material which _the volume fraction of the component materials is
assumed to change continuously through the thickness via a simple power law distributi@D
elasticity theory and nortlinear ‘Greenstrain tensor are used to derivethe governing equations
which are exended based on the principle of virtual work and solve via the graded finite
element method The nortlinear equilibrium equations are solved by applying the Newtonz
Raphson procedure. The influences of material gradient exponent, various sector angles,
thickness ratio, aspect raticon the thermal postbuckling response of FGM annular sector plates
subjected to uniform temperature rise are presented. Results indicate that the thermal post

Thermal post-buckling analayss
3D elasticity
FGM annular sector plate

Finite element method

buckling response of FGM annular sector plates can be considered asbifurcation point
following a stable postbuckling path.

1. INTRODUCTION

In recent years, functionally graded materials
(FGMs) as a kind of thermal barrier materials have
used for structural components subjected to
exceedingly  high-temperature environments
including nuclear reactors and highspeed spacecraft
industries. In such conditions, hightemperature
which is induced compressive stresses will -be
developed in the constrained plates; therefore, it will
lead to buckling. Anndar sector plates are often used
as structural components in  many engineering
applications and are subjected to different thermal
loading conditions. Hence, the thermal buckling and
post-buckling response of FGM annular sector plates
are of incited intereg for engineering design.Gas
turbine rotating blades made of FGMs can be
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considered as one ofapplications of FGM annular
sector plates subjected to high thermal loadings.
Although many researches have been conducted
on the thermal buckling[1-6] and postbuckling [7-
17] analysis of rectangular FG plates and beams,
among the platetype structures, there have been
less research attention on thermal buckling18-25]
and postbuckling analysis[26-32] of FGM circular
and annular plate. There are a few studies related to
buckling and postbuckling of FGM annular sector
plates under mechanical load. For instance, based on
classical plate theory, HosseinHashemi et al.[33]
performed DQ analysis for buckling behavior of
radially FG circular and annular sector plates witch
located on the Pasternak elastic foundation. Bad
on FSDT theory, Naderi and SaidB4-36] employed
an andytical solution to investigate the buckling
behavior of relatively thick FG annular and sector
plates witch located on Wikler elastic foundation.
Asemi et al. applied 3D elasticity and finite element
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method to study biaxial[37] and shear[38] buckling
analysis of FGM annular sector plates réag on
Winkler elastic foundation with fully or partially
supported boundary conditions. Alsg limited
investigation focused on the thermal buckling of
FGM annular sector plate, for example, Saidi and
Baferani [39] investigated thermal buckling analysis
of relatively thick FG annular sector plates. The
equilibrium and stability equations are obtained
based onFSDT Finally, an analytical methodwas
applied to solve it. In another study, Jabbarrzadeh et
al [40] utilized FSDTAT A 61 1
to study the thermal buckling of FG annular sector
plate. Differential quadrature method was applied to
solve the equilibrium and stability equations.Based
on FSDT Shaterzadeh and his cathours
investigated thermal buckling analysis of symmetric
and anti-symmetric laminated composite plates with
a cutout [41], and thermo-mechanical buckling
analysis of FGMplates with an elliptic cutout [42]. In
addition, Shaterzadeh et al [43] applied FSDTand
finite element method to study the themal buckling
analysis of perforated FGM pates. 3D
thermomechanical buckling analysis of perforated
annular sector plates with multiaxial material
heterogeneities based on curved Bpline elements
was presented by Shariyat et al [44]Basedon 3D
Al AGOEAEOU AT A
Behzad et al[45] carried out the investigation about
the thermal buckling analysis of FG perforated
annular sector plates. Shaterzadeh et §6] studied
the stability analysis of FG annular sector plate
under thermomechanical loading via 3D elasticity
theory and using finite element method.

From the above literature review, it can be seen
OEAO OEA T1T1T1ETAAO 611
plate theories have been mostly applied to
investigate postbuckling analysis of functionally
graded material plates. In this paper, 3D elasticity
OEAT OU AT A
elasticity leads to more realistic and accurate results
than the other plate theories Furthermore, the
complete Green strain tensor is more acceptable for
analyzing the geometrically nonlinear behavior of
the plates.

In this work, a numericalmethod is carried out by
using the nonlinear Green strain tensor and, R&
based on 3Delasticity theory to study the thermal
post-buckling of FGM annular sector plates subjected
to uniform temperature rise. The plate is consisting
of a composed ceramic metal material which the
volume fraction of the component materials is
assumed to change continuously through the
thickness via a simple power law distribution. Three
various boundary conditions have been considered

+AOI AT8O

" OAAT 8O, 11

such as: 1 Immovable simply supported edgs. 2
Immovable simply supported radial edges and free
circumferential edges. 3 Immovable simply
supported circumferential edges and free radial
edges. The principle of virtual work is utilized to
derive the governing equations and the iterative
NewtonzRaphson procedure is applied to solve the
non-linear equilibrium equations. The impact of
material gradient index, sector angle, aspect ratio
and thickness ratio on the thermal postbuckling
behavior of FGM annular sector plates have been
examined. The novd point of this paper is the
investigation of thermal postbuckling behaviour of
FGM annular sector plate with considering various
boundary conditions for the first time.

2. MATERIALS PROPERTIES AND GEOMETRY

A cermet FGMannular sector plate is considered.
h,a, b and| are thickness, inner and outer radius of
sector, respectively. The geometry of problem

w1 B— — -8m a “Q are shown in
Fig 1.

The material properties of FGM annular sector
plate across he thickness are defined as following:

QF@@&%O%%%bAET AGOOT HDET

In which Q indicates material property including
modulus of elasticity and coefficient of thermal
expansion| , and subscripts m and c related to the
metal and ceramic component , respectively.
0T EOCOT 180 OAOQEIT
thickness.

+AOI AT6O AOOOI POETT O AT A

3. 3D ELASTICITY THEORY

HookASlaw for this structure is considered as

' OA faie @raployed> D01 D OE

SEb'(e my @
where;

e T
S=[s.. §4 & § 5elS
e=[e. £ .2 . 2 .26] 3)

e"=[a DﬂaD,aﬂmﬁﬂr

where - is the thermal strain components
and, and- "@Q i8-8 are the stress and strain
tensor components in cylindrical coordinates,

respectively, and the elasticity matrix D is as:

(4)

EO AT 1T OEAAOA;
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Fig 1. Geometry of annular sector plate

The Green strain displacement relations
cylindrical coordinates are assumed as following.

(5)
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The cylindrical and natural coordinates are
defined by
_(2r-a® b9 2(q- g) 2(z -z,)
(b(e) _ a(e)) ! b(e) Y h(e (7)
Where p ', 8-8 p arethroughr,[ andz

coordinate axes, respectivelyldy & 8 @& 0
are the inner radius, outer radius, sector angle and
thickness of each annular sector element.

Hence, the linear part of strainrdisplacement
relations (6) can be consideredin matrix form in
terms of cylindrical coordinate system as:
oL Qu 8)
AAOG 01 EOOI] 1
dere 4theg I@% vEpa gof  straikdisplagegment

relatlons based on natural coordinates can be

expressed as:

- 3u 9)
8 w2
; i3 0 0
g w(bts) _ge
é 2 4 H 0
g (b(e)_ a‘e’)+a‘e’ £ {b‘e’ _ée) POy
é
é 0 0 f}“
o8 e
o 4 u w2 2 0
&(bte a%)+a® £ b%h wb® 4 fo® %) &t
e
é 0 2 4
é h® pz X(b(e)- a(e))+a‘e’ o Bt
e
é 2u uoo2
g he iz 0 ;bw) a4
(10)
Consider the threedimensional 8node linear

brick element (Fig 2-b). In comparison to the
conventional brick elements, material properties are
among the nodal degrees of freedom. He
displacement field vectory of an optional point of
the element ‘may be related to the nodal

displacement vectors of the elemenD® through the
shape function matrix N , as:

v ds (11)

where:

o _ T

D ={u, v, W, CUp Ve W (12)
(13)

80 OAOEI



M. Shahsavari et dlMechanics of Advanced Composite Structures

matrix N based on the natural coordinates can be
expressed ag47]:

N s Mot ) )

(b)

Fig 2. Schematic of an annular sector
element.

Replacing (11) into (8), the linear part of strain
displacement can be expressed as:

® =d, ND® =B, D® (15)..
where: | "

4N, N, N, 0
0 0 — 0 0 . — 0 0 B
o B ru 5
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& rug r rug reorog g
20 0 % 0 0 %ﬂ- 0 0 % g
B = 2 B | - A
TN M N M NN W BN
aug por y ol TP rogur g0
@ : E )
-7 T R I
3 Pes W 1y Tt ZH T qHo
g = )
e T A
¢ pooozu ru iz |
(16)

Moreover, by substituting (11) into (9), the linear
part of strain-displacement relations in terms of
natural coordinate system can be expressed as:

g = . D=8 B o
whered 8Q pg&8 & are: \

= et 2 (18)
B, =(BL(1) BL(Z) ‘BLLB) ‘BL‘(4) BL(5) BL(B) BL(7) BL(S))

S 8
ﬁﬁ(ﬂﬁ)ﬁw)z Og
% b4 ;
¢ * )
e 0
Bi(gv;):z(w‘ ))(1+I Wty z |(1|h+(1)(-;j zzog
L %(bn )‘314932&9 FERIT
L -
=% hi(+ )1+ g )z ) i (e )@/r) (i) ixie i A
25 S E R @W)m
S
i) AlEEH o (1/;*)(1)(,1()
562 5 . 2
g a0 sz(e)%{b(e),?(e)) oy
4 . 6
| gyl it ')” i(Lr )win) 0
'B'IL(G') :_I‘ P;(‘ﬁ | I4(13(6‘).51(9;) gz ’
i +

(19)

The nonlinear part of strain-displacement
relations in terms of cylindrical coordinate system
can be considered as:

e, =B, D® (20)

where:
(21)

=
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Also, the nonlinear part of strain-displacement
relations in terms of natural coordinates isas:
e =B, D (23)
where:
(24)

- 1) (2) (3) (4) (5) (6) (7 (8)
B, =(8." 8,2 8,2 B, B, B B, By

whered 8Q p& 8 @is given in Ref48].

The displacement field as ‘well as the non
homogeneity- of the mechanical properties of the
FGM plate can be determined based on their nodal
values. Therefore, the graded finite element method
can be applied to achieve to effectively trace smooth
variations of the material properties at the element

level. Thus, the shape functions analogous to those of
the displacement field can be expressed:

E:aEiNi’ N :ENl >Ns]"l> [:EI g]T (29)

In which ‘O is the modulus of elasticity for node i=

and ? are vectors of shape functions and modulus of
elasticity of each element, respectively.
Hencae, Equation (4) can be rewritten as:

r Bsh (26)

The principle of virtual work could be used to
achieve governing equations, which is defined as:

dP =0 -W ¢ (27)
where:
=R g av (28)

To extend the variation of strain energy, the
definition of Green strain tensor and its variation are
experssed as:

0= 8% 4 & 4D (29)

where B and || in-term of cylindrical and natural
coordinates are as follow, respectively:

B=B, By
(30)
B =B, -BM
B =58 By (31)
B =5, +gNL
where:
(32)

T U EOEOFgOEOgO 0O REO
BNL _(BNL BNL BNL BNL BNL BNL BNL BNL )

whered 8Q p&8 & andd based on natural
coordinates are noted in referenc§48]. Therefore,
Equation (27) can be written in.a compact formas:

K ©pD® = ™9 (33)

Where
(34)

KO=g, (8, 4BNL) W8, B,) dV =i BF B

3 _ ~s T
f N BT W5, dv ﬁNBh?L B 4 VN{B, B
T

FTe) = B 4B,) " d

el ( L NL) (35)
And

[OINCFNCEEP ]

av =20 o g0y g b@yaxdnd -

(36)
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The first term of expanded form of stiffness matrix is
linear and is related to0 , the second and third ones
are nonlinear which are linearly dependent to the
unknown variables and their summation is defines
by L . The fourth one is nonlinear whichis the
guadratic function of the unknown variables and is
defines byl
By assembling the element matrices, the governing
finite element equations of the FGM annular sector
plate are:
KD=F,
K :(KL -‘KNLl I‘QNLZ)
The postbuckling behavior-could be obtained
with the gradually rising in used thermal load. There
are the nonlinear terms in stiffness matrix, so an
iterative technique must be applied. Newtog
Raphson 'iterative procedure is employed to solve
non-linear equilibrium equations [47]. The process
at the n+1th iteration as follows:

37)

Dn+1 = D d- n (38)
where
dD=(Ks K )'(F-K X (39)
where 0 can be computed as:
To o
L .
. Ty Yy (40)

The sum of stiffness and geometric stiffness
matrix (0 0 is tangent stiffness'matrix and can
be expressed as follows:

K = K L -QK NL1 3‘( NL2 (41)

Stages of the numerical solution of the problem
may be summarized as follows;
1- The nonlinear stiffness matrices (Eq. (34)) of the
elements are determined based on the nodal
displacements achieved at the previous loading
increment. At the beginning of the solution
procedure, these components are zero.
2- The overall stiffnessand force matrices of the
plate are constructed through assemblage of the
stiffnress and force matrices of the individual
elements.
3- The boundary conditions are imposed.
4- The tangential stiffness matrix is established
using Eq (41).
5- Eqg. (39) 5 solved for determination of the
required increments in the nodal displacements to
reach the solution.
6- If the following convergence criterion is not met,
the iterative solution has to be continued from step
1,

D. -
2. - & . e @

n+l

where / is a sufficiently small number, e.g., 0.0001.
7- In case of convergence occurrence, the results
have to be saved '(e.g., the load values and the
resulting lateral deflections), the load is incremented
and the solution process is continued from step 1.

8- Steps 1 to 7are repeated till the assigned final
values of the loads are reached.

In present investigation, three various types of
displacement boundary conditions are assumed as
follow:

a) For annular sector plateswith immovable simply
supported edges:

r=ab: uv,w %,

g= -482 IB:uvw &
b) For annular sector plates with immovable simply
supported radial edges and free circumferential
edges:

= -482,

(43)

2 u,v, w6 (44)

c¢) For annular sector plates with immovablesimply
supported circumferential edges and free radial
edges:

r=ab: uvw b, (45)

For simply supported edges condition, only the
value of displacements at the miesurface of the
plate are equal to zero.

4.RESULTS AND DISCUSSIONS

4. 1. Validation

In this part, a comparison study is carried out to
show the effectiveness and accuracy ‘of the present
method. Thermal postbuckling of annular sector
plates is not studied so-far. Hence, po$iuckling of
an FGM square plate subjectedto uniform
temperature rise is' reconsidered [12] for
verification purposes. Na and Kim[12] studied
thermal post-buckling of all edges immovable simply
supported FG plates subjected to uniform
temperature rise using the three dimensional 18
node element. To convert annular sector plate of
present study to square plate, the sector angle is
assumed as a small value 13t 11 pad and inner
and outer radiuses of plate are chosen as large
values: a=200 m, b=200.2 m and h=0.02.These
geometric dimensions lead to nearly a square plates
with  length-to-thickness rato of a/h=100.
Furethermore, the material properties are assumed
as’ 0 0wl @zpmpfz, 0 pwd
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L"00 @ p@zpm pfs and ¥=0.3[12]. The
post-buckling path of center point of plate for n=1 is
achieved and compared with Ref[12]. Fig 3.
indicates the variations of tenperature versus non
dimensional central displacement w/h. It can be
seen that the present results are in an acceptable
agreement with those reported in the literature

4. 2. Thermal Post-buckling Of FGM Annular
Sector Plate

In this section, the postbuckling' analysis of all
edges immovable simply supported FGM annular
sector plates for different values of volume fraction
index, sector-angles, aspect ratio and thickness ratio
is presented. For this purpose, an FGM annular
sector plate made of AI203Ni with the following
geometric and material properties characteristics is
assumed:

a= 0.25, 0.5m, b=1m, h=0.025, 0.0125 m,
b =60,120°, 240° .
E,. =393GPa, a,=8.8*10°1/ E, =199.5GPa

u=13 .3+ 1803
Postbuckling paths are presented according to the
non-dimensional transverse displacement —. . It

should be noted that all the fgures and contours are
plotted by Matlab software. First, ‘an immovable
simply supported FGM annular sector plate is
considered (a=0.5m, 'b=1lm,  h=0.025 m). Th
influence .of power law exponents on the post
buckling 'paths of plate subjected to uniform
temperature rise is shown in Fig 4 This result
corresponds to annular sector plate witf ~ @0Jand

transverse displacement of center point of the plate.
Fig 4. indicates that there is a suddenly change in the
load-deflection curve and the response of the plate
can be introduced as a primaryzsecondary
equilibrium path. Fig 4. shows that for the

homogeneous plate, the response of the plate is th
bifurcation-type buckling, and plate remains flat in
the pre-buckling regions. Although a nonlinear

stable equilibrium path is in postbuckling area.FGM
plates start to deflect immaliately after the thermal

load is applied. Howeverthere'is asudden change in
load-deflection curve. The asymmetric distribution of
the material properties, in the thickness direction
causes this behavior. The coupling between therat

forces and bending noments is created due to the

asymmetric distribution of the material properties. In

this case, the remained force passes through the mic
plane, not neutral surface of the plate. Hence, an exti
bending moment influences on the plate, and the

simply supported edges can not tolerate the
additional moments, and plate start to transverse
displacement by initiation of applying the thermal
load. For the cases that the movable simpl
supported FGM plates were subjected to iplane
normal loads[48] , there-is not any sudden change ir
the load-deflection curve. Also, the response of the
plate could not be considered as a primay
secandary equilibrium path, and FGM plates show
non-linear bending behavior with unique and stable
equilibrium paths.

A comparison between[48] and present results
denotes that in the present study when all edges @
plate are immovable (u=v=w=0), the behavior of FGN
plate subjected to thermal loads considered as
primary zsecondary equilibrium path. Also, results
show that by increasing the power law exponent, the
volume fraction of ceramic constituent causes
decreases, and hence, the plate becomes softer a
experiences more  transverse _displacement
Moreover, by increasing the power law exponent, the
strength of plate decreases at the posbuckling
region. Figs 5 ac show the deflection of plate for
different temperatures and for n=1, z=h/2.

250 : : -
—— Present s
----- Ref[12] (v
200¢
g 150}
I
@
£
2 100+

501

0

0 05 1 15 2 25 3 35

w/h
Fig 3. A comparison between post buckling
equilibrium curves obtained by present 3D elasticit
procedure jand Ref [12] for immovable simply
supported FGM square plate subjected to unifor

temperature rise ( —8— Tm&=h/2).
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Fig 4. Influence of diférent power law exponent on
post-buckling curves of annular sector plate made o
FGM with immovable simply supported edges
(h=0.025 mand  @0J)
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Fig 5. The post buckling deformation type of
annular sector plate mae of FGM with immovable
simply supported edges for (n=1, z=h/2), (h=0.025
mandf  @0J) a) T=520 , b)T=6003 , c)T=1000

The influence of thickness ratio on postbuckling
paths of alledgeimmovable simply supported FGM
annular sector plate subjected to' ‘uniform
temperature rise is also studied . Therefore , the
thickness of plate is consigred to be h=0.0125 m.
Fig 6indicates postbuckling paths of center point of
plate withf - @0J for various power law exponent.
A comparison between Fig 4. and 6. demonstrates
that by decreasing the thickness of plate, the
strength of plate at buckling and postuckling
region is decreased and the pte experiences more

lateral deflection. Fig 7 a-c shows the deflection of
plate for different temperatures and for n=1, z=h/2.
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Fig 6. Influence of dferent power law exponent on
post-buckling curves of annular sector plate made of

FGM with immovable simply supported edges
(h=0.0125 mand  @0J)
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Fig 7. The postbuckling deformation type of annular
sector plate made of FGM with immovable simply
supported edges for (n=1, z=h/2), (h=0.0125 m
andf ' @0J), a) T=12G& , b)T=1803 ,c)T=10003

In order to study the influence of sector angle on
thermal post-buckling behavior of plate, an
immovable simply supported FGM annular sector
plate witht  p ¢ TJT TsJonsidered. Influence of
power law exponents on center point defledon of
plate with 1 p ¢ TrJt mis)shown in Figs 8. and 9
respectively. A comparison between results of
p¢Tnigdt miad!  @Odindicate that by increasing
the sector angle, the strength of plate at buckling and
post-buckling areas is decreased and theplate
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experiences mae lateral deflection. Figsl0 ac and
Figs 11a-c show the deflection of platefor different
temperatures with f{ p ¢ I T T J respectively
(n=1, z=h/2). These results indicate that by
increasing the temperature in the deep posbuckling
regime, higher mode shapes are appeared. Also,
theseFigs denote that, by increasing the sector angle,
number of buckling waves is increased.
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Fig 8. Influence of dferent power law exponent on
post-buckling curves of annular sector plate made of
FGMwith immovable simply supported edges (h=0.025
m andf pcitd
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Fig 9. Influence of different power law exponent or
Postbuckling curves of / anmilar sector plate made of
FGMwith immovable simply supported edges (h=0.025
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Fig 10.The post buckling deformation type. of annular
sector plate made of FGM with -immovable simply
supported edgesfor (h=1, z=h/2), (h=0.025 m and

p ¢ J),J) T=48% , b)T=5803 , c)T=1000C3
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Fig 11.The post buckling deformation type of annular
sector plate made of FGM with immovable simply
supported edgesfor (n=1, z=h/2), (h=0.025 m and

¢ T J),J0)T=5103 , b)T=6103 , c)T=100%

The influence of aspect ratio on postbuckling
paths of alledgeimmovable simply supported FGM
annular sector plate subjected to uniform
temperature rise is also studied .Therefore , the
inner radius of plate is supposed to be a=0.25 m
(b=1m, h=0.025mf ¢ ™M) Fig 12. indicates post
buckling paths of center point of plate with different
power law exponent. A comparison between Figd
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and 12 demonstrates that by decreasing the inner
radius of plate, the strength of plate at buckling and
post-buckling areas is dereased. Figsl3. ac shows
the deflection of plate for different temperatures
through the post-buckling path and for n=1, z=h/2.

Now, the influences of various boundary
conditions on thermal postbuckling of FGM annular
sector plate subjected to unibrm temperature rise
have been investigated (a=0.5 m, b=1 m, h=0.025
m,; @ m.Jhe influence of power law exponents
on the center point deflection of FG annular_sector
plate with immovable simply supported radial edges
and free circumfrential edgesis shown in Fig 14. It
can be seen that the posbuckling response of FGM
plate can be considered as' primary secondary
equilibrium path with a-stable post-buckling regime.
By applying free edges condition, the strength of
plate at postbuckling is noticeably decreased. Fig
15. a-c shows deflection of plate for different
temperatures through the equilibrium path for n=1,
z=h/2.

Postbuckling paths of FGM plate with immovable
circumferential edges and free radial edgeswith
various power law exponent are shown in Fig 16.
The influence of power law exponent on post
buckling paths is similar to the other boundary
conditions. But by comparing the results of various
boundary conditions, it is shown that in this case, the
buckling and postbuckling of plate is.increased. Fig
17. ac shows deflection of plate for different
temperatures through the equilibrium path for n=1,
z=h/2. Finally For giving a clear sense of the
benchmark results, the critical temperatire values of
the presented curves extracted from postbuckling
paths are reported in Table 1.
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Fig 12. Influence of different power law exponent

on Postbuckling curves of anmlar sector plate
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Fig 13. : The post buckling deformation type of
annular sector plate mae of FGM with immovable
simply supported edgesfor (n=1, z=h/2), (a=0.25,
h=0.025 m and @ mJa) T=36(® , b)T=410 3,
¢)T=10003
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Fig 15. The post buckling deformation type of
annular sector plate mae of FGM with immovable

simply supported edges at — -8 for (n=1,

z=h/2), ( h=0.025 m and @ mJa) T=31G,
b)T=4103 , ¢)T=10003
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Fig 16. Influence of dferent power law exponent on
post-buckling curves of anular sector plate made
of FGMwith immovable circumferential edges and

free radial edgega=0.5 m, h=0.025mand ¢ ™MJ
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Fig 17. The post buckling deformation type of
annular 'sector plate maeé of FGM with immovable
simply supported edgesat r=a, b for (n=1, z=h/2), (
h=0.025 m and ¢ mMJa) T=56% , b)T=700 3 ,
c)T=10003
Table 1: The Influence of different power law
exponent on critical temperature ofimmovable
simply supported FGMannular sector plates

a=0.5m, a=0.5m, a=0.5m, a=0.25,
b=1m b=1m b=1m b=1m
N h=0.025 m h=0.0125 m h=0.025 m h=0.025 m
b=60" b=60" b=120 b=60"
n=0 714.54 186.703 689.923 503.226
n=1 538.412 136.084 507.203 369.194
n=3 535.814 133.0929 505.518 366.82
n=10 533.221 130.0932 501.139 362.977

5. CONCLUSIONS

In this study, 3D elasticity approach is used to
investigate the thermal postbuckling analysis of
functionally graded annular sector plates. The Green
Lagrange nonlinear strairdisplacement relation is
assumed for large deflections. The governing
equations are extended via the principle of virtual
work and solved based on a GFEM. Finally, Newipn
Raphson procedure is applied to solve the nalinear
equilibrium equations. The influences of material
gradient exponent, various sector-angles, thickness
ratio, aspect ratio and three 'various boundary
conditions on the thermal postbuckling response of
FGM annular sector plates have been carried out.

Some of the innovationsn the present study are:

- Analyzing post-buckling of FGM annular
sector plates subjected to uniform
temperature rise for the first time.

- Using 3D elasticity theory instead of the
approximate plate theories that shows the
behavior ofthe plate more real.

- The GreenLagrange nonlinear strain
displacement relation is taken into account
for large deflections.

- The coupling between thermal load and
bending moments of FGM is studied.
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- The influences of three various boundary
conditions on postbucking response of
plate have been presented.

Furthermore, the following conclusions are obtained
from results:

- The postbuckling behavior of FGM annular
sector plate for different boundary condition
can be noticed as primary secondary
equilibrium path.

- While the power law exponent increases,
the post-buckling resistance of the plate is
decreased.

- By increasng the sector angle, posbuckling
strength of the plate decreases and higher
mode shapes appears in the deep post
buckling regime.

- While the thickness of plate decreases, post
buckling strength of the plate is noticeably
decreased.

- Postbuckling strength of plate with
immovable circumferential edges is much
more than the other boundary conditions
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