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ABSTRACT: In the present paper, exact solution of the axial buckling analysis
to the functionally graded materials plates (Al/Al;Os3) is studied. Using a four
variable refined plate theory, both a quadratic variation of the transverse shear
strains across the thickness and the zero traction boundary conditions on the
top and bottom surfaces of the plate is satisfied without using shear correction
factors, from the principle of minimum total potential energy, we obtain the
governing equations. The number of independent unknowns of present theory
is four, as against five in other shear deformation theories. Numerical examples
on the buckling analysis of functionally graded plate demonstrate the accuracy
of the present approach.
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INTRODUCTION

Composite structures have long been of vivid interest to researchers because it is an
undesired phenomenon and some cases of it cannot be avoided under special condi-
tions. Recently, advanced composite materials known as functionally graded material
have attracted much attention in many engineering applications due to their advan-
tages of being able to resist high temperature gradient while maintaining structural
integrity [1]. The functionally graded materials (FGMs) are microscopically inhomo-
geneous, in which the mechanical properties vary smoothly and continuously from
one surface to the other. The classical Kirchhoff plate theory neglects transverse
shear deformation and gives acceptable results for relatively thin plates. In order to
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circumvent this problem earlier attempts were made by Reissner [2] and Mindlin [3].
However, a shear correction factor must be incorporated to overcome the problem of
a constant transverse shear stress distribution and its value depends on various pa-
rameters, such as applied loads, boundary conditions and geometric parameters, etc.
The inaccuracy occurs due to neglecting the effects of transverse shear and normal
strains in the plate [4]. Due to continuous variation in material properties, the first-
order shear deformation theory and higher order shear deformation theory may be
conveniently used in the analysis. It is noted that the first-order shear deformation
theory proposed by Mindlin [3] does not satisfy the parabolic variation of transverse
shear strain in the thickness direction. Subsequently, many higher order theories
were proposed, notable among them are [5—8]. The higher order theories assume the
in-plane displacements as a cubic expression of the thickness coordinate and the out-
of-plane displacement to be constant. Thus, the development of higher order shear
deformation theory to assimilate the behaviour of FGM structures has been of high
importance to the researchers. In the literature, studies of the buckling of FGM struc-
tures are as follows, several researchers have studied different phenomena such as
buckling analysis of FGM plates under uniform, linear and non-linear in-plane load-
ing is studied by [9]. In this paper, an efficient and simple refined theory is presented
for buckling analysis of functionally graded thick plates. Numerical examples cover
the effects of the gradient index, plate aspect ratio, side-to-thickness ratio on the crit-
ical buckling load of functionally graded plates are investigated and discussed. The
buckling response of plates with functional gradation is presented in this article using
Navier’s method with plate theory with four variables. The properties of the materials
of the plate are supposed to vary according to a form of power law in the direction of
thickness. Equilibrium equations are calculated analytically.

2 FORMULATION

Consider a functionally graded plate of thicknessh, side length a in z-direction, and
b in y-direction as shown in Fig. 1.
The assumptions of the present theory are as follows (see Shimpi [10]):

— the transverse displacements are partitioned into bending and shear compo-
nents;

— the in-plane displacement is partitioned into extension, bending, and shears
components;

— the bending parts of the in-plane displacements are similar to those given by
classical plate theory (CPT);
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Fig. 1: Geometry for rectangular FG plate subjected to compressive in-plane forces
and distributed shear forces.

— the shear parts of the in-plane displacements give rise to the nonlinear varia-
tions of shear strains and hence to shear stresses through the thickness of the
plate in such a way that the shear stresses vanish on the top and bottom surfaces
of the plate.

Based on these assumptions, the following displacement field relations can be
obtained:

B Oowy, Ows
U(‘T,y,Z)—U(.I,y)—ZE— (Z) Bx )

(1) _ _ Owy o Ows
V(z,y,2) =v(x,y) — 2 dy (2) 9

W(‘/E7y’ Z) = wb(l‘)y) + ws(%?/) )

where U, V, W are displacements in the z, y, z directions, u, v and wy, ws are mid-
plane displacements and £(z) is a shape function that represents the distribution of
the transverse shear strain and stress through the thickness, as presented in Table 1.

Consider a FG plate made of ceramic and metal, the material properties of FGM
such as Young’s modulus E' are assumed to vary through the plate thickness with a
power law distribution of the volume fraction of the two materials

(2) E(Z) = (Ecm)VC(Z) + Em ; Ecm = Ec - Em 5

where E. and E,, are the corresponding properties of the ceramic and metal, respec-
tively, and p is the volume fraction exponent which takes values greater than or equal
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Table 1: Different shear stress function

Model &(z) function
Ambartsumian [11] £(z) = (2/2)(h?/4 — 22/3)
Karama et al. [12] and Aydogdu [13] &(z) = ze—2(z/h)?
Kaczkowski [14], Panc [15], Reissner [6] £(z) = (52/4)(1 — 422 /(3h?))
Tounsi et al. [16], Bouderba et al. [17] &(z) =z — (h/m)sin(nz/h)
Levinson [18], Murthy [19] and Reddy [20] £(2) = 2(1 — 422 /(3h?))
Sobhy [21] &(z) = z/(1 +422/h?)
Touratier [22] &(z) = (h/m)sin(wz/h)
Soldatos [23] &(z) = hsinh(z/h) — z cosh(1/2)
Present £(z) =z —z/(1 +42%/h?)

to zero. The volume fraction V¢ (z) follows a simple power law as [24]:
1. Linear: Vi (2) = (2/h + 0.5)P;
2. Quadratic: Vo (2) = ((2/h + 0.5)%)P;
3. Cubic: Ve (2) = (3(2/h + 0.5)2 — 2(2/h + 0.5)3)P;
4. Inverse quadratic: Vo (z) = (1 — (0.5 — z/h)?)P.

The kinematic relations can be obtained as follows:

Ex 9 kY k3 s
?3) Ey = 58 + z kz + 5(2’) k’; , {;}:yz} = g(z) {zzz} )
’Yﬂcy 723/ ks:y k;y -
where
o ou/0x kb —0?wy/0x?
ey o= v /0y , ky o =14 —0%wp/0y* 3,
72, ou/dy + Ov/0x kgy —20%wy /020y
ks —0%wg/0x? s
kS b =< —0%ws/0y? Yoz | _ ) Ows/Oy
y S ’ vs, Ows/Ox
k3, —20%ws/0xdy
and £(z) given by:
B z . d¢(2)
(4) 5(2)—2 <1+422/h2)7 g(Z)—]. dZ
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The linear constitutive relations are

Oz Qu Q2 0 Ex
5) oy ¢ = [Qi2 Q22 0 &y and {:yz} _ [Q(;M QO ] {’sz}7
Try 0 0 Qes Yay T 55 Vzz

where (04, Oy, Tuys Tyz» Tyz) and (€z, €y, Vay> Vyz> Vyo) are the stress and strain
components, respectively. Stiffness coefficients, Q;;, can be expressed as

(6) Q112Q22:1E(Z)2, Q12=§E(jg7 Q44=Q55:Q66=2£(j)y).

The strain energy of the plate can be written

1
(7) U= 5 /[0'1635 + oyEy + TayVay + TyzVYyz + TeaeVea)dV .

\%

Substituting Egs. (3) and (5) into Eq. (7) and integrating through the thickness of
the plate, the strain energy of the plate can be rewritten as

1 0 0 0 byb bp.b b b
®) U= 3 / [Nagh + Nyey + Nyyey, + Mok, + Mok, + M k.,
A

+ Mk, + MJks + M3 kS, + Sy vy, + 5575 dady

where the resultants forces, moments and shear forces, which are all defined by
h/2

(Nvayany): /(O'mvo'vaa:y)dZ7
“h/2
h/2
(M;’,Mé’,MfC’y): /(Jz,ay,sz)zdz,
—h/2
h/2
(M;,M;,M;;y) = / (UmaayaTxy)de,
—h/2
h/2
(82530 = [ (02,0,
—h/2

©)
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Substituting Eq. (5) into Eq. (9) and integrating through the thickness of the plate,
the stress resultants are given as
N A B B° €
ay durb—| b pr| el LA 0 el
0 AES ’Y;z
(1) N:{Nw7 Nya wa}ta M= {Malcjv ng)? Mi’)y}ta M? :{M;, M;7 Miy}t7

M B* Ds H*| (k* Sz

where

(12) e= {5275237231}7 K = {k;,kz, k?zy}a
Ain Az 0 Bi1 B2 0 D11 Dip O
(13) A=|Ai2 A2 0 |, B=|Bi2Bx» 0|, D=|Di2Dyp 0 |,
0 0 Agg 0 O Bsgs 0 0 Degs
Bf, By, 0 D, Di, 0O HY, Hiy, 0
00 0 B 0 0 D 0 0 H

where A;;, B;j, etc., are the plate stiffness defined by

th/2
(15) {Aij, Bij, Dij, Eij, Fij, Hij} = /{172722723724726}Qijd2 (1,7=1,2,6),
—h/2
.1 5 .
Bjj =3B+ g55E;  (,5=1,26),
1 ) .
Djj=—3Dij+5.3F; (1,7 =1,2,6),
1 ) 25 ..
Hy = 16Di = b+ gy (5 =1,2,6)
+h)2
(16)  {Ay, Dy, Fyj} = / {1,22,21YQudz (i,j = 4,5)
—h)2
25 25 25 .
Ay = 15— gl +afs (L7 =4.5).

The work done by applied forces can be written as
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1 v =g (R g ()
A

a(wb + ws) 8(wb + ws)
2NY dzd
where N, N, N are in-plane pre-buckling forces.
The governing equations of equilibrium can be obtained as follows:
ONg | ONg ONgy, 0N,
ou : Y=0, 6v: Y4 =Y —o,
Y o + Oy Y Tag + oy
82 Mb 82 Mb 82 Mb
18 dwy : & Y Y+pP =0
(18) Wb + Oxdy * Oy? + Pw) ’
o2Ms  9PME,  O°MS 9SS,  0SE
§ . T 2) ry Yy €Tz Yz P =0
Ws o2 * Oxdy + Oy + Ox + oy + Pw) ’
where
0? 0 0?
(19) P('LU) — NO (wb + ws) + NO (wb —+ wS) + 2N0 (U)b + ’U}S)

v Ox? v Oy? o 9xdy
Substituting from Eq. (6) into Eq. (13), we obtain the following equation:

Arrdiiu + Agedoou + (Ar2 + Ags)d12v — Bridiniws
— (B12 + 2Bgg)d122wp — (Bis + 2Bgg)d122ws — Bidiniws =0,
Agadoav + Aged11v + (A12 + Age)d12u — Boadazowy
— (B12 + 2Bgg)d112wp — (Bis + 2Bgg)d112ws — Bigdazows =0,
(20) Bridiniu + (B2 + 2Bgg)d122u + (B12 + 2Bgg)d112v
+ Baadaoav — Diidirniwy — 2(D12 + 2Dge ) d1122wp — Daadazaawy,
— Didiiniws — 2(D1y + 2Dgg)d1122ws — D3gdazows + P(w) = 0,
Biidi11u + (Bjy + 2Bgg)di22u + (Biy + 2Bgg)d112v + Bigdasov
— Dijdiinwy — 2(D7y + 2Dgg)d1122ws — D3gdazoswy — Hiydi111ws
— 2(H{y + 2Hgg)d1122ws — Hiadozows + Agsdiiws
+ Ajydoows + P(w) =0,
where d;;, d;;; and d; i, are the following differential operators:
52 s
ij = D0, diji = m’
4
ot = G 5 = G
2;02;0210Tm, Ly

21

(i7j7lam = 172)
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Consider a simply supported rectangular plate with length a and width b which
is subjected to in-pline loading in two directions (NQE) = 71 Nep, NS = v N,
Ngy = 0). Based on the Navier method, the following expansions of displacements
(u, v, wy, ws):

w Umn cos(Ax) sin(uy)
Vinn sin(Az) cos(py)
(22) Z Z Whimn sin(Az) s1n(uy) ’
m=1n=1
ws Wsmn sin(Az) sin(py)

where A = mn/a, p = nn /b, and (Upn, Vinns Wemns Wsmn ) are unknown functions
to be determined. Substituting Eq. (16) into Eq. (15), the closed-form solution of
buckling load N, can be obtained from

O11 O12 O13 O14 Unmn 0
23) O12 O2 O23 O24 Vion | _ )0

©13 O23 O33+K O3+ K| | Wiy 0’

O14 Oy Oyu+ K O+ K|  Wenn 0
where

O11 = A A* + Agsp®
O12 = Au(Ar2 + Ags),
O13 = —A[B11A? + (Bi2 + 2Bgs) 17,
O14 = —A[B}1 A + (Bi + 2Bge) 1],
B2z = Age\? + Agapi?,
(24)  ©93 = —u[(Bi2 + 2Bes)\* + Bogp?],
O21 = —p[(Bis + 2Bs)\* + B’
033 = D11 A* + 2(D12 + 2Dgg) N2 u? + Dagpi?,
O34 = D} X' + 2(D3y + 2Dge) N1 + Diypt’,
Ou = Hiy N + 2(HYy + 2He) N i® + Hipu' + AN + Ajyi®
K = Ner(mA? + 724%).
The nondimensional critical buckling load is defined as
(25) N = N,.a?/E,,h3.

Functionally graded rectangular plate which its mechanical properties vary smoothly
and continuously along the thickness direction from one surface to the other. The
variation of Poisson’s ratio is generally small and it is assumed to be a constant for
convenience, see: [21,24,25].
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3 NUMERICAL RESULTS AND DISCUSSIONS

For having a numerical study and investigation, it is assumed that FGM plate is made
of Alumina (Al2O3) as the ceramic part (£, = 380 GPa) and aluminum (Al) as metal
part (E,, = 70 GPa). Also, the Poisson ratio is constant and equal to v = 0.3.

Table 2 shows the comparisons of the critical buckling loads obtained by the
present theory with those given by [25] based on CPT, Shariat and Eslami [26] based
on FSDT, and Bodaghi and Saidi [27] based on HSDT, Thai and Choi [28] based on
RPSDT. It can be seen that the results of present theory are in excellent agreement
with those obtained by HSDT [27] for all values of thickness ratio a/h. It should be
noted that the present theory involves only four independent variables as against five
in the case of HSDT [27] and FSDT [26]. Also, the present theory does not require
shear correction factors as in the case of FSDT. It can be concluded that the present
theory is not only accurate but also efficient in predicting critical buckling load of FG
plates.

Table 2: Critical buckling load of simply supported FGM (Al/Al203) plate (a/b =
0.5, p=1)

(71,72)  Theory a/h
5 10 20 30 40 50
(-1,0)  CPT[25] 267.4800 33.4350 4.1794 12383  0.5224  0.2675

FSDT [26] 243.4100  32.6280 4.1537 1.2349 05216 0.2672
HSDT [27] 239.1500 324720 4.1486 1.2343  0.5215 0.2672
RPSDT [28]  239.1450 32.4721 4.1486  1.2343  0.5215 0.2672
Present 239.1450 324721 4.1486 1.2343  0.5215 0.2672

(-1,-1)  CPT [25] 213.9900 26.7480 3.4353 0.9907 0.4179 0.2140
FSDT [26] 1947300  26.1030  3.3230 0.9880 0.4173 0.2137
HSDT [27] 191.3200 259780 3.3189 09879 04172 0.2137
RPSDT [28] 191.3160 259777 33189 09874 04172 0.2137
Present 191.3160 259777 3.3189 09874 04172  0.2137

(-1,1) CPT [25] 356.6400 44.5800  5.5725 1.6511 0.6966  0.3566
FSDT [26] 324.5400  43.5050 5.5383  1.6466  0.6955  0.3563
HSDT [27] 318.8600  43.2960 5.5315  1.6457 0.6953  0.3562
RPSDT [28]  318.8600 43.2961 5.5315 1.6457 0.6953  0.3562
Present 318.8601  43.2961  5.5315 1.6457 0.6953  0.3562

The variation of nondimensional critical buckling load of plate versus thickness
ratio a/h is demonstrated in Fig. 2 and Fig. 3 using present theory and CPT. Since the
transverse shear deformation effects of plate are not considered in the CPT, the values
of nondimensional critical buckling load predicted by CPT are independent of thick-
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Fig. 2: The effect of thickness ratio on nondimensional critical buckling load N of

simply supported square FGM plate under uniaxial compression along the x-axis
(different volume fraction, p = 2, v; = —1, v2 = 0).

20 _ 20
p=v pP=0
7 —a— Present ] b —a— Present ]
16 4 CPT i 16 - CPT p=0.54
14 ] p=0.5 14 4 -
— D =3
12 ~ 12 4 .
] ]
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N LY o ) ; [ ! . =
N 6] etetesmin et 6] P
p=10
4 i 4 i
2] i 21 E
0 T T T T 0 T T T T
0 10 20 30 40 50 0 10 20 30 40 50
a/h a/h
(a) (b)

Fig. 3: The effect of thickness ratio on nondimensional critical buckling load N of
simply supported square FGM plate under uniaxial compression along the z-axis: (a)
linear volume fraction; (b) inverse quadratic volume fraction, y; = —1, y2 = 0.

ness ratio. Whereas, the values of nondimensional critical buckling load predicted by
the present theory, which accounts for the transverse shear deformation effects, are
dependent of thickness ratio. It is observed that the nondimensional critical buckling
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Fig. 4: The effect of aspect ratio on nondimensional critical buckling load N of
simply supported rectangular FGM plate (¢ = 10h) under biaxial compression: (a)
linear volume fraction; (b) inverse quadratic volume fraction, v, = —1, 72 = —1).

load increases by the increase of thickness ratio a/h, while the CPT overestimates
the nondimensional critical buckling load of FG plate. The difference between two
theories is considerable for thick plates (a/h < 10), and negligible for thin plates.
The effects of aspect ratio b/a on nondimensional critical buckling load of simple
supported plate under biaxial compression are shown in Fig. 4. The thickness ratio
a/h is assumed to be 10. It is shown that the nondimensional critical buckling load

o] ; ; ; ; ]
400 E
0 p 0 - E
-200 4 -200 p
= 200 —8— a/b=2
N —s— a/b= o 4001 /b=1/2 b
N 400 - —e—a/b=1/2 1 N —_:::/b=3/2
—a— a/b=3/2 -600 1 —v— a/b=2/3 ]
-600 1 —v—a/b=2/3 1
-800 E
-800
-1000 p
-1000 T T T T T -1200
0 10 20 30 40 50 0 10 20 30 % 50
a/h ah
(@) (b)
Fig. 5: Critical buckling load of simply supported Al/Al,O3 plate (p = 2: (a) linear
volume fraction; (b) inverse quadratic volume fraction, v; = —1, 72 = 1) with

variation of thickness ratio (a/h) and the aspect ratio b/a.
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Fig. 6: The effect of modulus ratio on nondimensional critical buckling load N of
simply supported square (Al/Al,O3) plate (a = b = 10h, 1 = —1, 2 = 0).

generally decreases by the increase of the aspect ratio b/a. The variation of nondi-
mensional critical buckling load of plate versus thickness ratio a/h and the aspect
ratio b/a is demonstrated in Fig. 5 using the present theory.

The variation of nondimensional critical buckling load of square plate versus the
modulus ratio E./E,, of FGM for different values of power law index is demon-

Table 3: Nondimensional critical buckling load N of simply supported square FGM
(Al/Al503) plate subjected to biaxial compression

a/h  Theory volume fraction indexes (p)
0 0.5 1 2 10 20 100

10 Thai & Choi [29] 9.280 6.061 4.669 3.631 2726 2417 1.909
Hao Zuoetal. [30] 9.153 5988 4.640 3.638 2.736 2405 1.883
Present 9.2890 6.061 4.669 3.631 2726 2417 1.909

20  Thai & Choi [29] 9.676 6.283 4.833 3.768 2.883 2.549 1.996
Hao Zuo et al. [30] 9.638 6.255 4.811 3.752 2.879 2543 1.988
Present 9.676 6.283 4.833 3.768 2.883 2.549 1.996

100 Thai & Choi [29] 9.807 6.357 4.888 3.814 2937 2594 2.025
Hao Zuoetal. [30] 9.806 6.358 4.889 3.815 2938 2.594 2.025
Present 9.807 6.357 4.888 3.814 2937 2594 2.025
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strated in Fig. 6. It can be seen that the nondimensional critical buckling load in-
creases as the ceramic -to- metal modulus ratio increases and decreases as the power
law index increases.

Table 3 shows the comparisons of the nondimensional critical buckling loads N
of simply supported square FGM (Al/AlzO3) plate subjected to biaxial compression
obtained by the present theory with those given by Thai and Choi [29] and Hao Zuo
et al. [30]. It can be seen that the results of present theory are in excellent agreement
with those obtained by [29] for all values of thickness ratio a/h.

4 CONCLUSIONS

A new refined shear deformation theory (RTSDT) is developed for the buckling anal-
ysis of functionally graded plates (Al/Al;O3).

The mixture of the metal and ceramic with continuously varying volume fraction
can eliminate interface problems of sandwich structures.

The volume fraction plays important roles in predicting critical buckling load of
FG plates.

The values of nondimensional critical buckling load predicted by the present the-
ory, which accounts for the transverse shear deformation effects, are dependent of
thickness ratio.

The nondimensional critical buckling load increases by the increase of thickness
ratio, while the CPT overestimates the nondimensional critical buckling load of FG
plate. The difference between two theories is negligible for thin plates, and consider-
able for thick plates.

The number of primary variables in this theory is even less than that of first- and
higher-order shear deformation plate theories, and moreover, it obviates the need for
a shear correction factor.

All comparison studies demonstrated that the critical buckling loads obtained us-
ing the present refined theory (with four unknowns) and other higher-order shear
deformation theories (with five unknowns) are almost identical.

Hence, it can be said that the proposed refined plate theory is accurate and simple
in solving the buckling behaviour of FG plates.
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