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Abstract Finite element analysis of functionally graded plates based on a general third-order shear deformation
plate theory with a modified couple stress effect and the von Kadrman nonlinearity is carried out to bring out the
effects of couple stress, geometric nonlinearity and power-law variation of the material composition through
the plate thickness on the bending deflections of plates. The theory requires no shear correction factors. The
principle of virtual displacements is utilized to develop a nonlinear finite element model. The finite element
model requires C' continuity of all dependent variables. The microstructural effects are captured using a length
scale parameter via the modified couple stress theory. The variation of two-constituent material is assumed
through the thickness direction according to a power-law distribution. Numerical results are presented for static
bending problems of rectangular plates with various boundary conditions to bring out the parametric effects of
the power-law index and length scale parameter on the load—deflection characteristics of plates with various
boundary conditions.

1 Introduction

The high computational cost associated with the use of three-dimensional finite elements for the analysis
of plate structures led to the development of two-dimensional plate finite elements that account for shear
deformation and geometric nonlinearity. Among various two-dimensional plate theories, displacement-based
plate theories are preferred because they automatically satisfy the compatibility conditions and equilibrium
equations [34]. Various higher-order plate theories differ from each other in terms of the number of independent
variables in the displacement expansion. The optimal displacement expansion is the one that has the ability to
represent a quadratic variation of the transverse shear strains through the plate thickness. A general third-order
shear deformation plate theory (GTPT) of functionally graded materials (FGMs) with a power-law distribution
and modified couple stress theory [41] was proposed by Reddy and Kim [34]. The GTPT is based on the cubic
variation of the in-plane displacements and the quadratic variation of the out-of-plane displacement. This plate
theory results in a quadratic variation of transverse shear strains and stresses and does not required a shear
correction factor. In the GTPT, three-dimensional constitutive relations and the von Karman nonlinear strains
are used. The FGM used herein is made of two constituents, and the composition varies from one material one
surface to another surface according to a power-law. Many micro- and nano-scale devices make use of FGMs.
It is well known that the conventional continuum theories do not capture the microstructural material length
scale effect in micro- and nano-scale plate-type structures. The modified couple stress theory [41] that accounts
for the microstructural effect through a single length scale parameter is used here. A displacement-based weak-
form Galerkin finite element model of the GTPT is developed, which requires the use of C'-continuity of all
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generalized displacements. Several numerical examples of static bending of rectangular plates with various
boundary conditions are presented to bring out the effects of the length scale parameters and power-law index.

1.1 Functionally graded materials

Functionally graded materials are novel composite materials of which the volume fraction of two or more
material constituents varies continuously on the microscopic scale. The common application of FGMs has been
in structures involving high-temperature environments, where a high gradient of temperature and/or thermal
shock exists [9,15]. Noda [21] reviewed numerus papers on thermo-elastic to thermo-inelastic problems in
FGMs. Fukui and Yamanaka [7] and Fukui et al. [8] presented the effect of the variation of constituents on
mechanical behavior of thick-walled functionally graded tube under internal pressure and the effect of FGMs
on residual stresses under uniform thermal loading. They minimized compressive circumferential stress at the
inner surface to determine optimum variation of the FGM tube. Fuchiyama et al. [6] presented transient thermal
stresses and stress intensity factors of functionally graded materials with cracks. Jin and Noda [10,11,22]
suggested optimum material variation of metal-ceramic functionally gradient material by minimizing the
thermal stress intensity factor and presented the steady state and the transient heat conduction problems in
FGMs. Obata et al. [24] studied the in-plane thermal stress distributions caused by a temperature distribution
through plate thickness. They presented an appropriate law for material gradation and the temperature and
stress distribution depended on volume fraction of constituents. Noda and Tsuji [23], Shen [37] and Yang and
Shen [42] have studied the thermo-elastic analysis of FGM plates considering temperature-dependent material
properties. Praveen and Reddy [26], Reddy [28] and Aliaga and Reddy [1] have included the von Kdrman
nonlinearity in FGM plates. Reddy and Berry [33] presented axisymmetric bending of functionally graded
circular plates based on temperature-dependent material properties and the von Karman geometric nonlinearity.
Saidi et al. [36] presented Levy-type solution for bending—stretching analysis of thick functionally graded
rectangular plates using Reddy third-order plate theory [27].

1.2 Modified couple stress theory

In micron-scale structures, the size-dependent behavior which cannot be explained by the classical theories of
mechanics has been experimentally observed by various researchers [3,5,19,38]. In classical mechanics, the
particles’ motion (only translation) is changed due to the applied forces on the material particles, and forces
are defined from the kinetic energy of the material particles. In classical couple stress theories, however, the
applied forces include a couple to rotate the material particles in addition to a force to change the motion of the
material particles [14,20,39]. The classical couple stress theories require two additional material constants in
addition to the classical material constants. These additional material constants are related to size-dependent
effect, and they are difficult to determine due to their indeterminacy. Eringen [4] proposed a micro-polar
theory that the motion of a particle is defined from the location vector and inner product of a rigid vector.
In the micro-polar theory, the equilibrium relations are derived from conservational laws of momentum and
moment of momentum. Yang et al. [41] proposed a modified couple stress theory based on a higher-order
equilibrium condition. Their theory contains only one additional material constant, and only the symmetric
part of the displacement gradient and the symmetric part of the rotation gradient contribute to the strain energy.
Reddy [30] developed the nonlocal Euler—Bernoulli, Timoshenko, Reddy and Levinson beam models, and
Lu et al. [16] and Reddy [32] developed classical and first-order shear deformation plate models using the
nonlocal differential constitutive relations of Eringen. Various researchers have developed non-classical beam
and plate models using the modified couples stress theory. Park and Gao [25] studied a bending problem of
Bernoulli-Euler beam theory, while Ma et al. [17] presented a linear Timoshenko beam model and Asghari
et al. [2] presented a nonlinear Timoshenko beam model. Tsiatas [40] developed a classical plate theory for
static analysis of isotropic micro-plate, and Jomehzadeh et al. [12] studied free vibration of micro-plate based
on classical plate theory. Ma et al. [18] developed a non-classical first-order shear deformation theory and
presented an analytical solutions for static bending and free vibration of a rectangular micro-plate. Reddy
and Kim [34] developed a nonlinear general third-order shear deformation plate theory and specialized to
classical, first- order shear deformation, and the Reddy third-order plate theories that account for the von
Karman functionally graded materials, and Kim and Reddy [13] presented an analytical solutions of a general
third-order plate theory to study static bending, free vibration, and buckling problems of micro-plates. Reddy
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and Berry [33] and Reddy et al. [35] developed nonlinear classical and first-order shear deformation theories
based on the von Kdrman nonlinearity and functionally graded materials to study axisymmetric bending of
circular plates.

2 Displacement and strain fields of GTPT

The displacement field of the GTPT is extended up to third power and second power of thickness direction for
in-plane displacements and out-of-plane displacement, respectively [34]:

ur(x,y,2,0) = u(x, y, 1) + 20 + 22y + 229y, (la)
up(x, y,2,1) = v(x, y, 1) + 20y + 226y + 2>y, (1b)
uz(x, y,z,1) = wix, y, 1) + 26, + 2%¢., (lc)

where u, v, w, 0y, 0y, 0;, ¢x, ¢y, ¢, Yy, and V¥, are unknown generalized displacements. The assumed
displacement field allows parabolic variation of transverse shear strains and releases the Kirchhoff hypothesis:
The cubic variation of in-plane displacements releases normality and straight condition of transverse normal
lines, and the quadratic variation of out-of-plane displacement releases the inextensibility of the transverse
normal lines. The von Karman nonlinear strain—displacement relations associated with the displacement field
in Eq. (1) can be obtained by assuming small strains and moderately large rotations and take the form
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where the subscripts 1, 2 and 3 are replaced with x, y and z, respectively. The components of the rotation
vector, w;, and curvature tensor, x;;, of the assumed displacement field (1) take the form
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3 Constitutive model

We assume isotropic functionally graded plate with the variation of two constituents through thickness. The
linear constitutive equations for isotropic plate are given by

0ij = 2ueij + Ad;jEpk, (5a)
mij = 2% i (5b)

where  and A are the Lamé parameters (see Reddy [31])

vE

’\z—(1+u)(1—2u)’ 2u=E( +v) (6)

with E and v being Young’s modulus and Poisson’s ratio, and ¢ being the material length scale parameter. The
material length scale parameter is the square root of the ratio of the modulus of curvature to the modulus of
shear, and it is a property measuring the effect of the couple stress [34]. For a functionally graded material,
Young’s modulus, E, varies through thickness direction and Poisson’s ratio, v, is assumed as constant. The
variation of Young’s modulus varies from one kind of material on one side, z = —h/2, to another material on
the other side, z = h/2 where & is height of plate thickness, and the variation is represented by a power-law
distribution
1 n

E@)=[Ec— En] f(2) + Em, [f(z)= (§+§) ; )
where E; and Ep, are the values of the modulus of the ceramic material and metal, respectively; n denotes
the volume fraction exponent, called power-law index. In Eq. (7), we assume fully ceramic on the top surface
(h/2) and fully metal on bottom surface (—//2) of a plate. When n = 0, we obtain the ceramic plate. Figure 1
shows the variation of the volume fraction of ceramic material through the plate thickness for various values
of the power-law index, n.

4 Finite element model

The displacement-based weak-form Galerkin finite element model for the GTPT is developed using the prin-
ciple of virtual displacements (8).

T
/ (5K — 8U — §V)dr = 0, ®)
0

where 6/, 6U and 8V are the virtual kinetic energy, the virtual strain energy and the virtual work done by
external forces, respectively. The virtual kinetic energy 6K is

h
2 Ouy d8uy  Ouy 00uy  dug ddu,
SKC = 9oty | Oy POy | OMz 00Uz ) zdudy. 9
/fz/_gp(at or ot o ar ar ) BEW ©)
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Fig. 1 Volume fraction of ceramic material through the plate thickness for various values of power-law index
The virtual strain energy is given by

h
2

U =/ / Y (Uxxagxx + UnySyy + O’zZ(SE'zZ + (Txyayxy + zerSyxZ + O'yZ(S)/yZ) dzdxdy
2J-3

h
2
+ /Q / (mxfoXxx +myydxyy + mzz8xzz + MxySXay + Mxz8Xxz + myz‘SXyz) dzdxdy. (10)

h
2

Then the virtual work done by external forces is
sV = — [/V (fedur + fydus + foduz + xdwy + ¢ydwy + E.8w;) AV
+/.Q+ (q;(Sul + q;8u2 + q£5u3 + p;&()x + p;Swy + pééa)z)dxdy
+/Qi (quul + qf&tz + q?8u3 + p)bcﬁa)x + pf,&oy + pf&oz)dxdy
+/S (txSut + 1y8un + 1:8u3 + Sy wx + 5y8wy + 5:8w;) dS:| : (11

where f; and ¢; are the body forces and couples, respectively (measured per unit volume), 7; and §; are
the surface forces and couples (measured per unit area) on the side surfaces, and ¢;*, p;* are the distributed
forces and couples (measured per unit area) on top (o = ) and bottom (« = b) surfaces in the coordinate
directions, i = x, y, z. Reddy and Kim [34] presented the explicit forms of the virtual energies and the
virtual work. The principle of virtual displacement (8) contains the second derivative of dependent variables,
(u, v, w, Oy, Oy, 0, dx, Py, ¢z, ¥y, ¥y). Therefore, they can be approximated using the C 1 interpolation
functions. The finite element approximation takes the form

n

D =>" AV (x,y), (12)
j=1

where U) are the dependent variables, the superscript / indicates /th variable of a node, e.g., UV =
u, U® =, UG = w, UW = 0y, and so on. A_y) are the nodal variables and their derivatives of the jth

node, and goy) (x,y)are C 1 interpolation functions. In this study, we used a conforming element which has
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four degrees of freedom(U ), 2uD

FTEE Ma]y(” , and " U ) per node [29]. Since the GTPT has 11 dependent
variables, the total degrees of freedom per node become 44. By substituting the Eqgs. (1), (2), (3), (4), (5) and
(12) into the principle of virtual displacement (8), we obtain the following the finite element model of GTPT
in generic matrix form: .

[M]{U} + [K]1{U} = {F}, (13)
where [M] and [ K ] are mass and stiffness matrices, and {U } and {U} are the acceleration and the displacement
vectors, respectively. { F'} is the force vector. The mass and stiffness matrices have 11 by 11 square submatrices,
and the acceleration, the displacement and the force vectors have 11 subvectors whose sizes are 4 times number
of node in an element. The simplest rectangular element (4 node element) has 176 degrees of freedom per
element. The explicit forms of nonzero mass and stiffness matrices are
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and the plate stiffnesses (A(k) B,Sf,%, and R,(,Iﬁ,) ) are
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5 Numerical examples

Here we present the results of a static bending analysis using the developed finite element model. For the
purpose of illustration, we take following material properties. The Young’s moduli of top and bottom surfaces
are £y = 14.4 x 10° N/m? and Ey, =1.44 % 10° N/m2, respectively. The Poisson’s ratio, v, is assumed as 0.38
for both materials. The plate thickness, %, is assumed to be 17.6 x 107% m, and the length of a square plate, a,
is assumed to be 20k. The full plate is used as computational domain shown in Fig. 2. The 16 by 16 mesh is
used to analyse the micro-plate.

Simply supported and clamped boundary conditions are applied to x = £5 and y = :i:%. In the case of
the simply supported boundary conditions, SS1 and SS3 types [29] are considered. The SS1 type boundary
condition is that the in-plane displacement (u] or u;) whose direction is parallel to the normal direction on
a side of plates is free to move. The SS3 type boundary condition is that all bending displacements with
respect to in-plane coordinates are free to move on all sides of plates. The clamped boundary condition is
that all in-plane displacements are constrained on all sides of plates. For all types of boundary conditions,
we constrain the transverse defection on middle surface, w, on all sides of plates. Since the developed finite
element model is based on a modified couple stress theory, we need to define additional higher-order boundary
conditions (derivatives of displacements) in addition to boundary conditions of classical plate models. We keep
the meaning of each boundary condition and define additional boundary conditions with respect to the rotation
vector (3). For the SS1 type, the rigid body rotation, w;, whose direction is parallel to the tangential direction of
the side of plates, is free to move, and other rotations are constrained. For example, only wy, is not constrained
atx = :I:%. Note that the rigid body rotation, wy, and the bending rotations (6x , ¢, and ;) of u; are in the
same direction. For the SS3 type, the rigid body rotations with respect to in-plane coordinates are free to move,
and all rigid body rotations are constrained for the clamped boundary condition. We assume that the rigid
body rotation with respect to transverse direction, z, is constrained for all boundary cases. To compare with a
classical model (the first-order shear deformable plate model), the SS1-0 type boundary condition which does
not include any higher-order terms is considered. The constrained degree of freedoms is shown in Table 1.
Note that u; and w; are defined in Eqgs. (1) and (3) in terms of generalized displacements and their derivatives,
i=1,2,3and j =x,y,z.

To clearly see nonlinear behavior of a micro-plate, g/ = 5.4 x 109 N/m? is incrementally applied through
20 load steps. The Newton iteration scheme is used to solve the nonlinear equations [29]. Figures 3 and 4
show comparisons of FSDT (8 by 8 quadratic element) and GTPT (16 by 16 cubic element) in the case of
homogenous material (n = 0). The displacement, u3 = ”h—3, through thickness direction at the center of the

plate and the middle plane deflection, w = 77, versus the load parameter, ¢ = %, are shown in Fig. 3. Since
the GTPT considers an extensible plate thickness, the deflection through thickness shows a quadratic variation
(shown in Fig. 3a). Since the SS1 boundary condition constrains more degree of freedoms (derivatives of
dependent variables), the system becomes slightly stiffer than with the SS1-0 boundary condition. Figure 4
shows the comparison of bending and shear stresses of FSDT and GTPT at load parameter g = 50.

Fig. 2 Computational domain of a full plate
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Table 1 Constrained degree of freedoms of each boundary condition

SS1-0
x = =a/2 uz, w
y ==£b/2 ui, w
SS1
x ==a/2 uz, w, Wy, Wz
y==£b/2 ui, w, Wy, wz
SS3
x ==a/2 u, v, w, @z
y ==£b/2 u, v, w, Wz
Clamped
x ==+a/2, up, uz, w, Wy, @y, Wy
y==+b/2
@ 05—t ® 15—
04 [ ——FSDT(SS1-0) 4 | ——FSDT(SS1-0) r
) [ —— GTPT(SS1-0) | S | —— GTPT(SS1-0) |
o} [ —— GTPT(SS1 1 =l [ . 1
£ 02f u( ) sn |+ GTPT(SSY) |
A= I uz = 52 1 ~ 1 q= L5 B
E - 5 z ’ 1 '3 [ ) E;‘ﬂbh )
8 0 [ F= 0 ] =<} t w=% 4
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Displacement, ug (%, g, z)

Load parameter, ¢

Fig. 3 Comparison of deflections of FSDT (8 by 8 quad.) and GTPT (16 by 16 cubic). a Center deflection through thickness, b
middle plane deflection versus load parameter
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The stresses of the GTPT are computed at nodal points instead of integration points since the displacement
gradients are computed at nodes. To compare with the FSDT (8 by 8 quadratic element), the stresses of the
FSDT are computed using one-point Gaussian quadrature rule. The bending stress, oy, and the transverse
shear stress, oy, are computed at (1“—6, ]1’—6, Z) and at (%, %, z), respectively. The bending stresses of the GTPT
do not much differ from the bending stresses of the FSDT (shown in Fig. 4a). Since the variation of transverse
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shear strains of the GTPT has a form of quadratic variation through thickness, the transverse shear stress in
the case of homogenous material shows a quadratic variation (shown in Fig. 4b). Note that we do not force
the transverse shear strain to be zero on top and bottom surfaces, and the transverse shear stresses on top and
bottom surfaces are not exactly zero. Figure 5 shows center deflection of middle plane, w (%, b2, O), versus
load parameter, g, with SS1, SS3 and clamped boundary conditions. When the power-law index is larger,



2996 J. Kim, J. N. Reddy

(a) 05 1 (b) 05—
04; B 04: n=54L/h=0 |

At ] | s —n=1,/h=0

" r ] ® [ n=0510/h=0 |
3 . 4 [} - N
T 02f 1 £ o2 S en=0,0/h=0 ]
g H 1 g F ——-n=0,0/h=05 -
e [ saga’ ] e L ---n=0/¢/h=10 ]
Q F Byh? B o t N
g8 or 1 & of ]
? r ——n=51¢h=0 % r 1
Q 3 — Q 5 R
E F n=1,4/h=0 | £ L ]
g 0.2 n=o0seh=0 ] & —02p ]
= [ _ _ i = L 1
= [ ---n=0,{/h=0 1 = [ ]
- , ---n=0,{/h=0.5 - S B

04 e m=0,¢/h=1.0 ] —0.4 7
70_5'\\' P R L o b W N 1
—20 0 20 40 -2 -1 0 1 2 3
Bending stress, ., (%, Tbcw z) Trans. shear stress, 6., (%’ l—bﬁ, z)

Fig. 7 Bending and shear stresses through thickness (SS3). a Bending stress through thickness, b transverse shear stress through
thickness

(a) 0.5f 7 (b) 05¢ —
04; B 04; n=>5/¢/h=0 |
N . r 1 N : I n=1¢/h=0 1
- [ ] - [ n=0510/h=0 |
8 r 1 £ r ——-n=0,/h=0 |
= = . = - =0.6h=0 "1
E 0.2 ] £ 0.2p - -n=0,4/h=05 -
° [ ] © [ - -n=0,6/h=10 ]
o t e Q F _ a2 B
s or 1 S o T
@ r ] @ r Z=4 ]
g i 1 g i ]
= =02 —n=0s5h=0] & —0.2 ]
= I " ---n=0,4/h=0 = r 1
& t / I ---n=0,0/h=05 - & - B
—04r - -n=0,0/h=1.0 —04r g
—0.5 24 | P I - —0.5¢C | |
—10 0 10 20 -1 0 1

Bending stress, & .(l L z) Trans. shear stress, 7, (@ L z)

y Yzx \ 167 160 sy Yz \167 160

Fig. 8 Bending and shear stresses through thickness (clamped). a Bending stress through thickness, b transverse shear stress
through thickness

the volume fraction of top surface material which is stiffer material decreases, and the plate stiffnesses in
Egs. (150)—(154) become softer, and therefore, larger displacements are obtained for larger power-law index.
In the case of considering the microstructural size effect, the stiffness matrices become stiffer due to the effect
of the couple stress-related terms, R,g’;), n=1,2,...,61in Egs. (153) and (154), and smaller deflections are
presented. Figures 6, 7 and 8 show the bending and shear stresses through thickness direction at g = 50.

The bending stresses and shear stresses are computed at (%, %, Z) and at (Z—‘é, 11;_6’ Z), respectively. Unlike
for the homogenous plate, the variation of stresses of the FGM plate depends on not only the variation of strains
but also on the variation of the material properties in a body. For nonzero power-law index, the odd order plate

stiffnesses, (Agf), B,(,f%, and R,(,]ﬁ, ),k =1, 3,5 are nonzero and contribute to system Eq. (13). When the odd
order plate stiffnesses are nonzero, the contribution of the higher-order generalized displacements to overall
displacements increases. The effect of these phenomena makes larger nonzero transverse shear stresses on top

and bottom surfaces.

6 Conclusions

In this paper, a C'-continuous displacement finite element model of a general third-order plate theory that
accounts for a modified couple stress effect and two-constituent power-law variation of functionally graded
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material through the thickness, and the von Karman nonlinearity is developed. A microstructural size effect
is captured by a length scale parameter through a modified couple stress theory, and the variation of the two-
constituent material is considered using a power-law distribution. The finite element model developed requires
C! continuity for all dependent variables. The two-dimensional Hermite interpolation functions are used to
represent the generalized dependent variables. The Newton iteration scheme is used to solve the resulting
nonlinear finite element equations. Numerical results for rectangular plates with various boundary conditions
are presented to study the parametric effects of the power-law index and the length scale parameter the bending
response. The numerical results obtained clearly show that the length scale parameter has the effect of stiffening
the plate. Since the plate theory does not explicitly include the vanishing of the transverse shear stresses, they
are not exactly zero on the bounding surfaces; however, a quadratic variation of the transverse shear stresses
is accounted for, and no shear correction factors are used.
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