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WE DERIVE FIELD EQUATIONS for a functionally graded plate whose deformations are
governed by either the first-order shear deformation theory or the third-order shear-
deformation theory. These equations are further simplified for a simply supported
polygonal plate. An exact relationship is established between the deflection of the
functionally graded plate and that of an equivalent homogeneous Kirchhoff plate.
This relationship is used to explicitly express the displacements of a plate particle
according to the first-order shear deformation theory in terms of the deflection of
a homogeneous Kirchhoft plate. These relationships can readily be used to obtain
similar correspondences between the deflections of a transversely 1sotropic laminated
plate and a homogeneous Kirchhoff plate.
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1. Introduction

LAMINATED COMPOSITE MATERIALS are commonly used in engineering structures.
A sudden change in material properties at the interfaces can result in locally large
deformations which may trigger the initiation and propagation of a microcrack
in a lamina. One way to overcome this is to use functionally graded materials
in which material properties vary continuously. This is achieved by gradually
changing the volume fraction of the constituent materials usually only in one
(the thickness) direction to obtain a smooth variation of material properties and
an optimum response to external thermomechanical loads (REDDY and CHIN [12],
PRAVEEN and REDDY [9]).
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An intercsting issue for plates made of functionally gradient materials 1s
the determination of relationships between their deflections predicted by vari-
ous shear deformation plate theories and that given by the classical Kirchhoft
plate theory. Such relationships have been found for sandwich plates (HU 2],
Liu and CHENG [7], WANG [13]), single-layer homogeneous plates (WANG and
ALwis [15], REDDY and WANG [13] and laminated plates materially and geo-
metrically symmetric about the midplane (CHENG and KITIPORNCHALI |1]). For
plates symmetric about the midsurface, the stretching and bending detormation
modes are uncoupled and hence can be separately analyzed. This, however, 1s
not the case for functionally graded plates whose material properties are gener-
ally not symmetric about the midsurface. Here we study detormations of a thin
plate made of a functionally graded material and seek relationships between 1ts
deflections predicted by two shear deformation theories and that given by the
classical Kirchhoft plate theory.

2. Field equations

Consider an undeformed plate of uniform thickness h. We use a rectangular
Cartesian coordinate system {z;}(: = 1,2,3), with the plane z3 = 0 coincident
with the mid-surface of the plate. Hereafter, a comma followed by a subscript
i denotes the partial derivative with respect to z;, and a repeated index implies
summation over the range of the index with Latin indices ranging from 1 to 3
and Greek indices from 1 to 2.

The displacement field in the third-order plate theory (HSDT) proposed by
REDDY [10], the first-order shear deformation plate theory (FSDT) and the clas-
sical laminated plate theory (CLT) can be written as

(2.1) Va(Ti) = Uq — T3U3,0 + §Pas v3(Ti) = U3,

where u,, uz and @, are independent of x3 and

43:%
2.2 g(o0) =2 (1= 322 )

Note that the hypothesis (2.1) is a special case of that proposed by KACZKOWSKI
[4]; the reader is also referred to the survey article by JEMIELITA [3]. Substitution
from (2.2) into (2.1) gives the displacement field for the HSD'T and the choices
g(z3) = z3 and g(z3) = 0 give, respectively, the displacement fields for the FSDT
and the CLT.

For the linear bending problem of a functionally graded plate subjected to
an arbitrary distributed normal load g(z,) on its surface, the field equations are

(23) Naﬁ,ﬁ — 0: Maﬁ,aﬁ + g = 0, Paﬁ,ﬁ — Rc.: — U,

alin 'I.-.-.-.h..-i-n- - —

_ 4 A uhh-ﬁr—r.__—-‘&?w
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where
h/2 h/2
(24) [Naﬁa Mg, P&ﬁ] — / U&B[la L3, g]d$3: Ry = / 039,303,
—;L/Q ~h/2
(2'5) OaB = Haﬁwpewp: a3 = 2H43u3€03,
1
(2.6) eij = (v +vj).

Here o33 1s assumed to be negligible. For an isotropic material (LIBRESCU [5])

vE E _
(2'7) Haﬁwp — 1 _ 2 5@65wp I 2(1 4 L/) (‘5aw56p -+ 5&p56w)a Ea3w3 — Nfgawa |

where 0;; 1s the Kronecker delta, E, v and i denote respectively, Young’s mod-
ulus, Poisson’s ratio, and the shear modulus. Here we have purposely not set
i = E/2(1 + v) so that the results may be applicable to a transversely isotropic
plate. For the functionally graded plate, the material properties are assumed to
vary 1n the thickness direction only,

(2.8) E = E(z3), v=v(zs), i=p(zs).

For a plate made of different isotropic laminae, the material moduli are piece-
wise constant functions of z3. Using Egs. (2.1), (2.5) and (2.6), Eq. (2.4) may
alternatively be written as

Naﬁ -| i Uw,w | |_ 'gl"(ua,ﬁ + uﬁ,&)
(2.9) Maﬁ = (a — b) —U3, ww 5055 + b —U3,08 ;
Pﬂfﬁ 4 |. Puw,w _l L %‘(@cx,,@ + QOB,CE)
Ra: = CPq s
where
h/2 h/2 h/2
E b
— F T3, b = F — °fid
a / 1_y2d$3? / 1+yd$3: C / (913) HGZT 3,
~h/2 —h/2 ~h /2
adg a4 a5-' bo b4 b5 1 L3 g
(2.10) a= |as a1 a9, b = b4 bl bg . F = I3 :I?% L3g

as Qo G3_| bs by b3 g z39 ¢°
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Note that a4, a5, bs and bs vanish for a plate materially and geometrically sym-
metric about its midsurface. Substitution from (2.9) into (2.3) results in the fol-
lowing field equations in terms of the five displacement tunctions u,, u3 and @4:

(2.11) %bgumgﬁ + (ap — %bo)uﬁ,ﬁa — Q4Uu3 88 + %bwa,ﬁﬁ
+ (&5 — %bs) ©vs,8a = 0,
(2.12) a4Uqepp — 21U3 0088 + A20aaps +q = 0,
(2.13) %b5um55 + (a5 — %55)’&5,[3& — QU3 .apf T %b%@a,ﬁﬁ’
+(as — %b3)‘ﬁﬁ,ﬁa — Cpa = 0.

Furthermore, substitution for u, gg from (2.11) into (2.12) and (2.13) yields

(2.14) (ai — 0Q1)U3 aaps + (@002 — 64a5) 00 088 + apq = 0,

1
(2.15) (a5bg — agb5)uﬁ35a + (a4b5 - GQbO)US,aﬁﬁ T '2'(6’063 — bg)ﬁoa,ﬁﬁ
1

1
ng — —bObS)SO,B,ﬁa — bpcpa = 0.

+(a350 — asbs + 5

To simplify the field equations, two new potential functions, w and f, are

introduced such that
(2.16) o = (U3 + W) o + €awfws

where €4, is the two-dimensional permutation tensor. Even though Eq. (2.16)
uniquely defines ¢, however, w and f are not uniquely determined from it. This
1s because the Cauchy-Riemann equation

(217) (U; + 'w*)ja + anf;} = ()

always has a solution [f*+i(uj+w*)] which is an analytic function of the complex

variable (z1+1z2). The expression (2.16) for ¢, remains unchanged when (uz+w)

and f are simultaneously incremented by (u3 + w*) and f* respectively.
Substituting for ¢, from Eq. (2.16) into Egs. (2.11), (2.14) and (2.15) we

obtain

1

(218) >

1
bota gg + (ao — Ebﬂ)uﬁ,ﬁa — aqu3 o088 + as(us + W) o8

1

+ "2‘655awf,w66 = {,
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(2.19) [(a?l — aga; + apag — agas)uz + (agaz — aqas)w| qaps + aog = 0,

(2.20) [(asbo — aobs)ug,pg + (asbs — azbo)usz gs + (asbo — asbs)(us + w),gp

1
—boc(us + w)]a + €au[; (bobs = b5) f,p8 — bocflw = 0.

Equation (2.20) is the Cauchy-Riemann equation, which can equivalently be writ-
ten as |

(2.21) §(bgb3 — bg)fﬁg — bng +- i[(ag,bo - a0b5)u[3jg
+(a4b5 — azbo ~+ agbg — a5b5)U3’55 — bocug
+(agby — a5b5)w,55 — bgcw] = H(x1 + 1T2),

where H(z; + iz9) is an analytic function. Furthermore, viewing Eq. (2.21) as a
nonhomogeneous partial differential equation for unknowns (uo, us3, w, f), its
solution is the sum of a homogeneous general solution and a particular solution.
Since both the real and imaginary parts of H(x; + ixz2) are harmonic functions,
the particular solution (u}, u3, w*, f*) can be taken as

(2.22) ur =0, uz =0, =boe(f* +iw*) = H(z1 + i32),

which satisfies the Cauchy-Riemann condition (2.17). We note that the particular
solution makes trivial contributions to u,, u3 and ¢,, and hence to displacements
and stresses of the functionally graded plate. Consequently, it is discarded. The
homogeneous part of Eq. (2.21) gives

(2.23) (a5bg — agbg,)u[g,ﬁ + (a,4b5 — agbo —+ agbo — a5b5)u3,35

—bgcug + (a3bo — a5b5)w,53 — boC'w = 0,

1
(2.24) 5 (bobs - b) f 35 — bocf = 0.
Let | :
(2.25) Uy = Uy + a0 (a5 — aq)us + ag,w],a + B*Z'E‘Wfﬁw’

and using it to eliminate u, from Eqs. (2.18) and (2.23), we rewrite Eqgs. (2.18),
(2.19), (2.23) and (2.24) as

1

(2.26) .

) | S
botia. g8 + (ap — §bo)u5,ga = (),
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(2.27) [(5&2 — al)ug +- &Qw]}aaﬁg + g = U,
apbs . . L .
(2.28) (as » )iig g + (a3 — Go)us gg — cuz + agw gg — cw = 0,
1_
(2.29) 553.)”,[35 —cf =0,
where
2 2 ~ b2

(2.30) a1 =G1*—%, Qo = a9 64%1 533:@3“%", b3 = b3 — —2.

ag ag ag bo

1
It follows from Egs. (2.10) and the usual assumptions, £ > 0, -1 <v < 5 that

aop > 0, by > 0. This form of field equations is convenient for seeking fundamental
solutions. Note that the unknown function f has been uncoupled from the other
four unknowns ., u3 and w in the field Egs. (2.26) — (2.29), but is still coupled
with them in Eq. (2.25) and hence in most of boundary conditions. However,
as shown below, for simply supported functionally graded polygonal plates, the
unknown f can be totally decoupled and hence separately determined.

3. Simply supported rectilinear edges

We now consider a simply supported polygonal plate, and express boundary
conditions as

(3.1) Nyny =0, Myny =0, Pyny =0,
(3.2) Uz = 0,, UT = 0,, LT = 0}

where the upper case subscripts N and T denote, respectively, the normal and
tangential directions on the boundary. No implicit summation applies to the
repeated upper case subscripts. Also, note that ug = 0 implies uzr = 0, and

| NNN O_I UN N I_O
(3.3) Myny | = 0] = a —U3 NN | = 0
| Py 0_| ©N,N | O
We recall Gram’s inequality (MITRINOVIC and VASIC [8])
(3.4) det(G) > 0,

where G = (Gj;) is a n x n matrix with elements defined by

b
(3.5) Gij = /fz‘fjd-??a,
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and the equality in (3.4) holds if and only if the real and integrable functions
filz3) (z3 € [a,b]; 7 = 1,...,n) are linearly dependent. The Gram theorem

implies that
(3.6) det(a) > 0,

for the HSDT. Therefore, Eq. (3.3) gives
(3.7) uny =0, uzynv =0, oy n =0.
Using Egs. (2.16) and (2.23), Egs. (3.1) and (3.7) can be written as
(3.8) ug =0, usyy =0, w=0, wyy=0, fny=0, ur=0,
un.ny =0,

where only three of the first four and the last three of Egs. (3.8) are necessary
for inding a solution of the bending problem. Note that the unknowns u,, usg, w
and f are uncoupled in the boundary condition for a simply supported polygonal
plate.

4. Deflection relations between different theories

The solution of Eq. (2.29) under the boundary condition (3.8)5 is
(4.1) f=0.

Note that Eq. (2.29) has the null solution (3.9) only when the polygonal plate
is simply supported. Thus for the bending problem of a simply supported func-
tionally graded polygonal plate, only four functions u,, uz3 and w need to be

determined.
Recalling Eqs. (2.5) and (3.8), the boundary conditions associated with the
field Eq. (2.6) for a simply supported polygonal plate are

(4.2) ur =0, unyy =0,
and the solution of this boundary value problem is @, = 0, i.e.,
(4.3) uq = —|(as — ag)us + asw] o/ayp.

The field equations for uz and w are the biharmonic Eq. (2.27) and the second-
order Eq. (2.28). Equation (2.28) upon using ¢, = 0 yields

(4.4) (a3 — ao)us g — cus + agw gg — cw = 0;

and the associated boundary conditions are three of the Eqgs. (3.8)1_4.
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Note that the field Egs. (2.27) and (4.4) have the same forms as those for a
plate (CHENG and KITIPORNCHAI [1]) symmetric about its mid-plane and thus
can be regarded as equations for such an equivalent plate with parameters given
by Eq. (2.30). The over-barred quantities a@;, a2 and a3 defined by (2.30) are
the constants of a functionally graded plate equivalent to those of a plate sym-
metric about the midsurface because a4 = as = 0 for such a plate. This implies
that a solution of the bending problem for a simply supported and polygonal
functionally graded plate can be equivalently obtained from the solution of the
corresponding problem for an identical plate symmetric about the midsurface.
The in-plane displacements are then obtained from Eq. (4.3).

We now consider the classical Kirchhoff theory for functionally graded plates.

Setting g(z3) = 0 in Eq. (2.10) yields
(4.5) (12:(13:(15:(3:0,

or
(46) a2 = 43 = C = 0,

and Eq. (4.4) is trivially satisfied. We conclude from Eq. (4.3) that the in-plane
displacements are given by

(4.7 uff = ufly
and Eq. (2.27) reduces to
(48) —-aluéfmﬁﬁ + q = 0.

This is the Kirchhoff field equation for the bending deformation of the functionally
graded plate with simply supported rectilinear edges. The superscript K on a
variable signifies its value for the Kirchhoff plate theory. The boundary conditions
on simply supported rectilinear edges are

(4.9) up =0, upyy =0,

Based on the uniqueness of the solution of the boundary-value problem de-

fined by Egs. (4.8) and (4.9), and the analogy between the field Eqgs. (2.27) and
(4.8) and between the boundary conditions (3.8)1-4 and (4.9), it can be concluded
that

(410) ((_1,2 — i_ll)U;g + QoW = _alug{.

Eliminating the function w from Eqs. (4.4) and (4.10), we obtain

(4.11) ((_11&3 — &2)‘11.31.&& - CELﬂLg = 51(_1.31155&& — c&lué(.

This is an exact relationship between the deflections of the HSDT and the Kirch-
hoff theories for simply supported polygonal plates made of functionally graded
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materials. If the deflection u3* for the Kirchhoff theory is known, the deflec-
tion ug of the HSDT can be computed from the second-order Eq. (4.11) and the
boundary condition (3.8);. Other unknown functions w and u, are then simply
obtained from Eqgs. (4.10) and (4.3).

Furthermore, it is seen that the form of Eq. (4.8) is precisely the same as that
of the equation governing the bending deformations of a homogeneous Kirchhoft
thin plate with bending rigidity @, and subjected to the normal pressure g. Thus
the deflection of the functionally graded plate using the HSDT has been connected
with the deflection of a homogeneous Kirchhoff thin plate. As there are solutions
available for a classical homogeneous thin plate, the calculation of the deflection
of the functionally graded plate using the relatively more sophisticated HSDT
reduces to solving the second-order differential Eq. (4.11), which is a much easier
task than solving the original problem.

The aforestated calculation is even further simplified if one uses the FSDT
for the functionally graded plate. In this case, taking g(z3) = z3 in Eq. (2.10)
we get

(4.12) a; = ap = az, Qa4 = as,
or
(4.13) a] = a9 = Q3.

Explicit expressions for u{ ~w' and u! in terms of the Kirchhoff deflection uf

obtained from Eqs. (4.11), (4.10) and (4.3) are

F K K F K F__ 04 gk
(414) US = 'U-3 - —'LLS o (1}, paums —'U,S : 'U.-a = #’U’?).Cﬂ
C agp '
where
h/2
F . _
(4.15) c’ =K / ndxs,
—h/?2

and k is the shear correction factor. Therefore, once the deflection of the ho-
mogeneous Kirchhoff plate of rigidity a; is known, the solution of the FSD'T 1s
readily obtained through simple algebraic and differential manipulations of the
deflection of the Kirchhoff plate. It should be noted that unless ¢ = 0, Eq. (3.8)2
is not an essential boundary condition for simply supported edges in the FSDT
for which det(a) = 0. The proof of this statement is omitted.

Our results also apply to a plate made of a transversely isotropic material
because we have not required that i = E/2(1 + v). For a transversely 1sotropic
plate with its plane of isotropy parallel to the mid-plane, EF and v are designated,
respectively, as Young’s modulus and Poisson’s ratio in the plane of isotropy and
ii as the transverse shear modulus. A typical example is a laminated composite
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plate with transversely isotropic laminae. Such composite laminates are widely
used in missiles and re-entry vehicles because their special thermomechanical

properties provide thermal protection and high flexibility in transverse shear

(LiBRESCU and STEIN [6]).
For laminated plates made of transversely isotropic materials and symmetric

about their midsurfaces, CHENG and KITIPORNCHAI [1| have established rela-
tionships between the deflections of a plate according to the HSDT, FSDT and

the classical plate theory. Equations (4.11), (4.10), (4.3) and (4.14) represent
generalizations of such relationships to a plate that is not symmetric about its

mid-plane.

5. An example
ed rectangular plate simply supported at edges

Consider a functionally grac
he action of the normal pressure

r1 = 0,a and zo = 0,6. Under t

TL1 . TI2

g = () sin — sin ,
a b

(5.1)

the deflection due to the bending deformations of the functionally graded plate
according to the HSDT and the Kirchhoff plate theory is assumed to be given by
U3 ué{] = U3 U{(] sin ﬂzl S1IL Wz:?‘,,

(5.2)
where Usz and UL{( are respectively, the central deflections of the plate in the
HSDT and classical theory. In view of the relation (4.11) between the deflections

of the two theories, we have
. WL1 . TX
uz = (1 + B)UK sin — sin bgj
a

- (5.3)

~2( 2 b? 2
(5-4) — = —52({2 i 2 )WQ = 22
(a1a3 — a5)(a® + b*)m* + caja*b
characterizes the difference in the two deflections. This parameter depends only

on the geometry and the material properties of the functionally graded plate.
The through-thickness in-plane displacements of the HSDT are given by
T TTL9

Lo T |
Vo = :%—Ugf{ sin COS -
Q

where

YT K mTr1 .
5.0 v; = —U3" cos sSin :
(5:5) : a O a b

where
56 y(a) = (2
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il

1S a function of z3 and characterizes the through-thickness variation of the in-
plane displacements. For the FSDT parameters 8 and «y are given by
Q17

2 /1 1 a
F —— | F utered ——-—-4 —

It can be shown that v for the Kirchhoff plate theory is the same as that for
the FSDT. Since there is no interlayer between two different materials in a func-
tionally graded plate, computation of the out-of-plane shear stresses o,3 and
the normal stress o33 i1s not important which, compared with the longitudinal
stresses, are of small orders of magnitude. The longitudinal stresses are given by

2
- yhbm 1 v K . Ty . TI2
011 = By (a2 i b_z)US sSin . sSin .
2
- ybm % 1 K . TX] . TI9
(5.8) 02 = T7 T3 (E-l- 55) Us® sin — sin -
2
YE T I TT1 TTo
019 = Us" cos COS .
T 1+ v)ab 3 a b

The tunctionally graded materials are usually made by mixing two distinct
material phases, such as a metal and a ceramic. The effective material properties
can be obtained from the “rule of mixture”

(5.9) PgV =P,V +PV., V., +V,=1

where P stands for the material property, V for the volume fraction, and sub-
scripts m, ¢ and eftf stand, respectively, for the metal, ceramic and the effective.
A more accurate determination of the macroscopic material properties requires a
better understanding of the microstructure and deformation of the constituents.
The relation (5.9); is exact for the mass density.

The volume fraction of the ceramic phase is assumed to be given by

h+2$3 "
10 = .
(5.10) Vo= (“52)

Figure 1 shows the through-thickness variation of the volume fraction of the
ceramic for n = 0.2, 0.5, 1, 2, 5. Note that the bottom surface of the plate is

metal-rich and the top surface ceramic-rich.

The dimensionless through-thickness in-plane displacement and the longitu-
dinal stress are defined by

. 01(0,6/2,333) -~ 6011(6/2,6/2,%’3)

5.11 D | |
(5-11) 1 UK o1 E*UK
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0.5
0.25
=
=0
<
0.25
0.5

Fic. 1. Through-the-thickness distribution of the volume fraction of the ceramic phase
in the functionally gradient plate.

where E* is set equal to 1 GPa. We take the shear correction factor k = 5/6 in
the FSDT. Note that the value 5/6 of the shear correction factor was proposed
for a homogenecous and isotropic plate; its use 1n a functionally graded plate may
not be very realistic. The functionally graded material is a mixture of aluminum
and zirconia (PRAVEEN and REDDY {9]), and we take

(512)  E = 70GPa, E,=151GPa, vy, =v. =03, a=b=10h

For simplicity, Poisson’s ratio for both aluminum and zircona 1s assigned the
same value: it is equivalent to the assumption that the eftective value of the
shear modulus is also derived from Eq. (5.9).

Table 1 lists values of Us /UXK and US /U3* forn =0,0.2, 0.5, 1, 2 and 5. Here
UL equals the central deflection according to the FSDT. Figures 2 and 3 show
the through-thickness distributions of the non-dimensional in-plane displacement
o; and the longitudinal stress d1; obtained by using (a) the HSDT and (b) the
FSDT. These variables are nondimensionalized (e.g. see Eq. (5.11)) so once the
central deflection of the effective homogeneous Kirchhoff plate is known, the
displacements and stresses of the functionally graded plate can be determined.




a 0.5
025
I
I
S o b I
.
025 r |
-0.5 —
-0.2 -0.1 0 0.1 0.2
Y1
b 0.5
0.25 L
ceramic
3 0 L « n=0.2 '
~ s n=0.5 |
X n=1
025 b X =2
| ® n=5
+ metal
|
_05 S N -
-0.2 -0.1 0 0.1 0.2

FiG. 2. Through-the-thickness distribution of the dimensionless in-plane displacement

of the tunctionally graded square plate (a = 10h) using (a) the third-order plate theory
and (b) the first-order plate theory.

1155]



a 0.5
T 0.25 [

ceramic

3 0 } = n=0.2
= 4 n=0.5
X n=1
X n=?
-0.25 o s
+ metal |
-0.5
-120 -60 -0 60 120
011
b 05
025 F
S l»
2
-0.25 |‘
|
-0.5
-120 -60 0 60 120

11

F1G. 3. Through-the-thickness distribution of the dimensionless longitudinal stress of
the functionally graded square plate (¢ = 10h) using (a) the third-order plate theory
and (b) the first-order plate theory.

[156]
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Table 1. Central deflection of a functionally gradient square plate according to the three the-

ories.

f) 0 0.2 0.9 1 2 5

Us /UK 1.056360 1.054326 1.053157 1.053836  1.057850  1.064430

UF /UK 1.056398 1.054802 1.053711 1.053872 1.056260  1.060650

It is clear from the values listed in Table 1 that for each value of n, the
classical Kirchhoff plate theory underestimates the central deflection of the plate
by about 5.5% as compared to that given by either one ot the other two plate
theories studied herein. Results plotted in Figs. 2 and 3 reveal that the in-plane
displacement ©; and the stress 511 calculated from the two theories essentially
coincide with each other. Thus for the problem studied herein results predicted
by the FSDT are accurate enough for all practical purposes. This is because
the through-thickness distribution of the in-plane displacement for the HSDT is
nearly affine and agrees with that assumed in the FSDT. The FSD'T obviates the
need to solve the second-order differential Eq. (4.11).

The curves depicting the through-thickness distributions of the in-plane dis-
placement 7; are parallel to each other for all values ot the volume fraction V,
of the ceramic. The largest deviation between the values of ¥; for an equivalent
homogeneous plate and a functionally gradient plate occurs for n = 2. The max-
imum value of |51;] depends upon V.. For n = 0.2 and 0.5, the magnitude of
the compressive 411 is maximum at a point a little above the lower surface of the
plate. However, for other values of n, the magnitude of 631 1s maximum at a point
on the top and bottom surfaces of the plate, as is the case for a homogeneous

plate.

6. Conclusions

Two potential functions have been used to derive a set of equations that gov-
ern the deformations of a functionally graded plate. The deflections of a simply
supported functionally graded polygonal plate given by the first-order shear de-
formation theory (FSDT) and the higher-order shear deformation theory (HSDT)
have been related to that of an equivalent homogeneous Kirchhoft plate. These
relationships are valid for a laminated plate that is not necessarily symmetric
about its midsurface, and have been used to compute results for a simply sup-
ported square metal-ceramic plate.




158 Z.-Q. CHENG AND R.C. BATRA

Acknowledgements

This work was partially supported by the NSF grant CMS9713453 and ARO
grant DAAG55-98-1-0030 to Virginia Polytechnic Institute and State University.
We thank the anonymous reviewer for bringing to our attention Kaczkowskl’s
and Jemielita’s papers.

References

1. Z. Q. CHENG, S. KITIPORNCHAI, Ezact connection between deflections of the classical and
shear deformation laminated plate theories, J. Appl. Mech., 66, 260-262, 1999.

9. H. C. Hu, On some problems of the antisymmetrical small deflection of sotropic sandwich
plates (in Chinese), Acta Mechanica Sinica, 6, 53-60, 1963.

3. G. JEMIELITA, On kinematical assumptions of refined theories of plates: A survey, J. Appl.
Mech., 57, 1088-1091, 1990.

4. 7. Kaczkowskl, Plate: static analysis, Arkady, Warszawa 1968. p. 73.

5. L. LIBRESCU, Elastostatics and kinetics of anisotropic and heterogeneous shell-type struc-
tures, Netherlands: Noordhoff, Leyden 1975.

6. L. LIBRESCU, M. STEIN, Postbuckling of shear deformable composite flat panels taking into
account geometrical imperfections, AIAA J., 30, 1352-1360, 1992.

7. R.H. Liu, Z. Q. CHENG, Nonlinear bending of simply supported rectangular sandwich plates,
Appl. Math. Mech., 14, 217-234, 1993.

8. D.S. MrTrINOVIC, P. M. Vasic, Analytic inequalities, Springer-Verlag, Berlin 1970.

9. G. N. PraveeN, J. N. REDDY, Nonlinear transient thermoelastic analysis of functionally
graded ceramic-metal plates, Int. J. Solids Struct., 35, 4457-4476, 1998.

10. J. N. REDDY, A simple higher-order theory for laminated composite plates, J. Appl. Mech.,
b1, 745-752, 1984.

‘11. J. N. REDDY, Mechanics of laminated composite plates: theory and analysis, CRC Press,
Boca Raton, Florida 1997.

12. J. N. REDDY, C. D. CHIN, Thermomechanical analysis of functionally graded cylinders and
plates, J. Thermal Stresses, 21, 593-626, 1998.

13. J. N. REDDY, C. M. WANG, Deflection relationships between classical and third-order plate
theories, Acta Mechanica, 130, 199-208, 1998.

14. C. M. WANG, Deflection of sandwich plates in terms of corresponding Kirchhoff plate so-
lutions, Archives Appl. Mech., 65, 408-414, 199o.

15. C. M. WANG, W. A. M. Auwis, Simply supported polygonal Mindlin plate deflections using
Kirchhoff plates, J. Engng. Mech., 121, 1383-1385, 1995.

Received June 14, 1999; new version November 18, 1999.




