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Abstract:

Introduction/purpose: This article presents the bending examination of
advanced-generation composite structures with specific properties
exposed to different loads.

Methods: This paper thus proposes and introduces a hew generalized five-
variable shear strain theory for calculating the static response of functionally
graded rectangular plates made of ceramic and metal. Notably, our theory
eliminates the need for a shear correction factor and ensures zero-shear
stress conditions on both the upper and lower surfaces. Numerical
investigations are introduced to interpret the influences of loading
conditions and variations of power of functionally graded material, modulus
ratio, aspect ratio, and thickness ratio on the bending behavior of FGPs.
These analyzes are then compared to the results available in the literature.
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Results: Preliminary results include a comparative analysis with standard
higher-order shear deformation theories (PSDPT, ESDPT, SSDPT), as well
as Mindlin and Kirchhoff theories (FSDPT and CPT).

Conclusion: Our theory contributes alongside established theories in the
field, providing valuable insights into the static thermomechanical response
of functionally graded rectangular plates. This encompasses the influence
of volume fraction exponent values on nondimensional displacements and
stresses, the impact of aspect ratios on deflection, and the effects of the
thermal field on deflection and stresses. Numerical examples of the bending
examination of advanced-generation composite structures with specific
properties exposed to different loads demonstrate the accuracy of the
present theory.

Key words: functionally graded materials, bending, higher-order shear
deformation theories, thermomechanical.

Introduction

Composites are materials formed by combining two or more
constituent materials to create superior properties, defying traditional
material constraints.

They are commonly used in aerospace, automotive, construction, and
many other industries due to their exceptional strength-to-weight ratio
(where the quest for ever-lighter and stronger materials is a perpetual
challenge) as well as good performance.

Despite these good properties, however, there is a negative aspect
that worries industrialists and researchers; it is the failure in difficult
operational environments. It shows signs of failure and disintegration.

Composite materials, while versatile, can deteriorate over time due to
weakening interfaces between their layers (Pindera et al, 1998; Boggarapu
et al, 2021), leading to performance issues and failures. In response to
these challenges, functionally graded materials (FGMs) have emerged as
a progressive development in material science.

Functionally graded materials (FGMs) indeed represent an innovative
and sophisticated approach to addressing some of the challenges
associated with conventional composite materials. FGMs are designed to
provide tailored material properties by gradually changing, or grading, the
composition, structure, and properties of the material in a specific
direction. This gradient-based approach offers several advantages for
various engineering and industrial applications.

In 1984, a group of researchers in Sendai, Japan (Koizumi, 1993;
Koizumi & Niino, 1995; Koizumi, 1997), introduced the concept of
Functionally Graded Materials (FGMs). These materials are characterized
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by their uninterrupted variation in properties, distinguishing them from
conventional materials.

Functionally graded materials (FGMs) find application across diverse
industries (Kieback et al, 2003), and recent research illuminates their
behavior under thermal and mechanical loads. Classical plate theories,
like CPT, lack accuracy for thicker structures (Bouazza et al, 2011). The
First-Order Shear Deformation Theory (FSDT) (Reissner, 1945; Mindlin,
1951; Timoshenko & Woinowsky-Krieger, 1959) addressed this but needs
a corrective factor. Higher-order shear deformation theories (HSDT) excel,
showing improved accuracy without requiring a correction factor, unlike
previous models.

In this context, Reddy (2000) studied the static behavior of FGM
plates using the third-order shear deformation theory. Zenkour & Alghamdi
(2010) explored the bending behavior of sandwich plates, investigating the
impacts of thermomechanical loads on stresses and deflections.
Additionally, Bouderba & Benyamina (2018) introduced a model for
analyzing the thermal-mechanical behavior of thick metal/ceramic FGM
plates.

Li et al. (2020) introduced a new five-variable shear deformation
theory for predicting the static response of functionally graded plates.
Daikh et al. (2020) studied the thermomechanical bending behavior of
functionally graded sandwich plates under varied temperatures. Brischetto
& Carrera (2010) proposed enhanced mixed theories, while Benyamina et
al (2018) examined composite material plates in thermal settings,
contributing to a deeper understanding of their performance.

Bouderba et al. (2016) used a simple shear deformation theory to
examine the thermal stability of FGM sandwich plates. Shinde et al. (2015)
introduced a refined trigonometric shear deformation theory for the
analysis of bending in both isotropic and orthotropic plates under a variety
of loading conditions. In a related vein, Bouderba & Berrabah (2022)
delved into the bending response of porous advanced compaosite
functionally graded material (FGM) plates subjected to thermomechanical
loads.

Zenkour & Hafed (2020) conducted a study on the bending analysis
of functionally graded piezoelectric (FGP) material plates under simply
supported edge conditions. They employed a simple quasi-3D sinusoidal
shear deformation theory for their analysis. In another study, Brischetto et
al (2008) examined the deformations of a simply supported rectangular
plate composed of functionally graded material (FG) subjected to both
thermal and mechanical loads.
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On the other hand, Berrabah & Bouderba (2023) employed an
accurate shear deformation theory to investigate the mechanical buckling
behavior of FG plates. Furthermore, higher-order plate theories have been
introduced in the literature to address the mechanical and thermal buckling
of FG plates, with the Carrera unified formulation being utilized (Farrokh et
al, 2021; Farrokh et al, 2022).

This paper aims to comprehensively examine advanced composite
structures under varied loads, focusing specifically on a rectangular plate
made of functionally graded material (FGM) subjected to mechanical and
thermal stress. Using the novel CSDPT theory with five unknown
variables, the study derives and solves the equations of motion through
Navier's procedure. Validation occurs through comparative analyses with
standard higher-order theories like PSDPT, SSDPT, and ESDPT. The
study's outcomes illuminate the impact of the power index on non-
dimensional displacement and stresses, addressing the thermal field's
influence on deflection and stresses in the FGM plate. This examination
significantly contributes to understanding the behavior of these structures
under different load conditions, advancing the field of mechanical
construction.

Essential formulation

Structure geometry and material gradient

Geometry of the structure of the FGM (in the context of the plate)

S

¥=x

Figure 1 — Geometry and the coordinate system of the FGM

126




In the context of our research on advanced composite structures, the
geometric characteristics of the rectangular plate made of functionally
graded material (FGM) play a pivotal role. This plate, as depicted in
Figurel, exhibits specific material properties that transition gradually from
the bottom to the top surface.

Table 1 — Geometric properties of the functionally graded plate.

Material
fi::tiiacr:wte_ Structutre Thickness  Length  Width gst%ect coordinate
geometry origin (xs)
Symbol - h a B a/b X3
Description Rectangular  Plate Plate Plate Aspect Middle of the
plate thickness length width ratio of plate
(xs-axis) (xi-axis) (xe-axis)  theplate  thickness
(xs=xh/2)

Material gradient in the FGM plate

In the context of functionally graded material (FGM) plates, material
attributes, including Young modulus (E), Poisson's ratio (v), and thermal
dilation coefficient (a), are defined by applying the mixing rule (1) (Reddy,
2000) and utilizing the Power-Law function (2).

P(x3) = (P, =P,V (x3) + P, (1)
V(xg)=(/2+x5/h)" )

Material properties can be described by the following equation:
E(xg) = (E, —E )1/ 2+ % /)" +E, (3)

The gradient law for Young's modulus (E) (3), applies to Poisson's
ratio (v) and the coefficient of thermal expansion (a) as well.

Here, X, signifies the position along the plate's thickness, h is the total

thickness, and n is a material parameter influencing the composition
gradation.

The material properties (Em, vm, am) and (Ec, vc, ac) are associated
with the metallic and ceramic phases, respectively.
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Table 2 — Transverse shear strain functions for the FGM plate.

Theories, the author

Form of function f(z)

Parabolic deformation theory of plates, (Reissner, 1945) 52/ 4(1-(4/3)(z/h)?)

Parabolic shear deformation theory (PSDPT), (Reddy,

1984)

2(1-(4/3)(z/h)?)

Trigonometric deformation theory of plates (SSDPT),

(Touratier, 1991)

(h/ z)sin(zz/ h)

The exponential shear deformation plate theory o(aIhy
(ESDPT), (Karama et al, 2003) &
Hyperbolic deformation theory of plates, (Soldatos, 1992) zcosh(1/2)—hsinh(z / h)
o ) @arctan(e®™)  2ez  z(e*+)
Combination functions(CSDPT), Present (€17 hed? ~ a(ed)?

z/h

< o <

N N
(~ M- Reddy
~®— Karama et al
|-A~ Touratier
>k~ Soldatos
-@— Present

-zh I I . . .
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Shape function

z/h

—®— Karama et al
|—A-— Touratier
—>— Soldatos
—Q@— Present

L
0.6

0.0 02 0.4
Shape function dif

Figure 2 — Distribution of the functions f (2):
(a)shape function f(z),
(b) differentiation f'(z)

0.8 1.0

Figure 2 provides a comparison of how the shape function and its
derivatives vary across different shear deformation theories, denoted as

f(z) and its derivative f'(z).
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Table 3 — Material properties - metal and ceramic materials, see (Bao & Wang, 1995;
Bouderba & Berrabah, 2022)

Thermal
Property | Young's modulus | Poisson's ratio expansion Density
coefficient
Symbol Emetal Eceramic Vmetal Vceramic Qmetal Oceramic Pmetal Pceramic
Value 70 151 0.3 0.3 23 10 7.8 7.8
. Linear coefficient .
Descrip- Elastic modglu§ Poisson's ratio of thermal Dens@y qf the
- of the material in . ) i material in
tion of the material expansion (x10
GPa 6/°C) g/cm3

Theoretical formulation

Formulating the displacement field

In the context of thick functionally graded material (FGM) plates, the
displacement of a material point at the coordinates (xi1, X2, X3) could be
expressed as follows:

oW,
U (%, Xp, X5) = Ug (X, Xp) = Xg ao +®0(x5)0,

ow
V(%) X0 Xg) = Vo (X, X5 ) = Xg aTO_CD()%)@XZ

W (X, X5, X3) = Wo (X, X;)
The mid surface of the structure is characterized by five unknown
displacement functions, namely uy,vy. w,, and ©, .0, .

Based on the equations describing the displacement within the field

and the

relationships governing strain-displacement,

2

(4)

we deduce

expressions for the strain elements derived from the displacement

elements.
ou, . 0°w, X
— =X, — + D(X L
o xS (%) X,
= Y 02w,
& = —L X2+ D(X;) —2 (5a)
22 aXZ aXZ aXZ
Y12 2
(2o, Doy _y 200, ) (e + )
oX,  OX, OX,0X, 0 OX,
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do do
=200 g 290 (5b, 5b’)
dx, d¢,

where &,,,&,,,71,:7,; and y,, are the strain and shear components,

respectively.
Equations (5a) and (5b, 5b’) can be expressed like this:

0 0 1
e e kyy kiy

0 0 1
Epp (= Ep (T X5 Kgy ¢+ D(2)1 Ky, ¢4

0 0 1 (6)
712 Y12 ki P

Va3 = cD’(x3),y23, Vi3 = q>'(x3).}/f3, V5 =0.

The stress-strain relationships can be concisely expressed with the
following equation:

on] [Qu Q Q 0 0 0]f&
Op Q. Q Q3 0 0 0 ||&
O | _ Qs Qs Q3 0 0 0 |je, )
T1 Qe O 0 |7
T Qu 0 |72
D13 | Sym Qss | 713

The following equation considers the influence of thermal effects:

On Qr Qp 0 &y | |alxg) AT
Op (= Qo 0 || & (—alx) AT (8a)
T Sym Qe I\ V12 0
{723} _ |:Q44 0 }{723} (8b)
ng)  LSYM Qs (113
The parameters (Oy;,00, 7101 Tos T13) AN (€11, €90, Vins Voss Vi)
represent the stress and deformation components, respectively.
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The mathematical formulation of the stiffness coefficients Q;is as
follows:

E
Qy=0Qp=0Q4= o)

1%

v E(X3)
12

E(x3)

Q12 Q44 = Q55 = Q65 :m (9a, 9b, 90)

The temperature distribution T4 %0 %) through thickness is
assumed as Bouderba et al. (2013).

The following equation describes how temperature varies through the
thickness of the plate:

T04, %, %) =Ty 04,56 + 2T, 0 %,) + B0 Ty 04, ;) (10)
In this study, we focused on employing the sinusoidal temperature

distribution to conduct our analysis ®(x,) =%sin(x3 %).

Governing equations

Formulating the equilibrium governing equations involves applying
the principle of virtual work, which can be articulated in the following
manner in this context:

ON,; /0% +0ONy, /0%, =0

ON,, /O, +ONyp /0% =0

0*My; /O +28°My, [0XXy +3° My, [0X,2 +G =0 (11)
0S,; /0% +0Sp, /0%, ~Q;; =0

0S,, /0%, +0S,, /0% —Qy =0

N, M, and S are the quantities that represent the force and moment
resultants, and their definitions are as follows:

Ny Ny Ny 1
M, M, M, ;= ﬂ;z (011:0,,0,)3 X3 X, (12a)
Su Sy Sy D(x;)

(Qu Q) =j£2(rl3,123)d)’(x3)dx3, (12b)

The interval limits for simplification: -h/2 = h,, h/2 = hy,
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n < =
I
(W)
Q
QD

Sym FoIKk ] | st
Qp = A34723’Q13 = Asa5713-

N ={N11,N22,N12}t M ={M11,M22,M12}t 'S ={511,322,312}t,

117722 11722 1122

&’ :{ 101'522v7f2}t K :{ Ollkgz’kloz}t K :{ 11'k%2’k112}t '

NT={NT NT O}t,MT={MT MT o}t,sT={sT sT o}t,

The following can be deduced:

At Ay 0 By B, O B} By
A= A, 0 |B= B, 0 [B= B

Sym Ag Sym Bgs Sym

Dll 12 0 Dlal DfZ 0 Fl? Fl;
D= » 0 [D%= Dy 0 |F'= Fy)

Sym Des Sym Dgg Sym

A:AO}

_ t a0 a0\t pa_
Q—{stins} 17—{Az3"6&3} A _{ 0 A

(13a)

(13b)

(13c)

(14a)

(14b)

The stiffness coefficients, denoted as Ajj,Bjj, are defined as follows:

a a
Ail Bll Dll Bll Dll

a

a
F11

1

(15a)

A, By Dp By Dy Fy Zj:an(lxstg’q)(Xa)’xs d)(xg),d)z(xa)) v O,

a a a

A66 BGB D66 B66 D66 F66
a ~a a a ~a ~a
(AZZ’BZZ'DZZ’BZZ’DZZ’FZZ):(All’Bll'Dll’Bll'Dll’Fll)’

a , E . _
A= [ 0oT d =49
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The stress and moment resultants on a plate element
N, =NJ,, M| =MJ,, S/ =S,,, due to thermal loads are defined respectively

by:

N 1

ii €00)

M= @Y % =D (16)
) D(x,)

Substituting Eq. (13a, 13b) into Eq. (11), we obtain the following
equations:

(Agsdz + Anydyy U + (Agg + App )iV — (2Bgg + By, )dypp W
~ByydiyWo +(B§6d22 +Bﬁd11)®x1 +(B§e +E‘g)dlz@xz =P

(Ags + Az )dipUg + (Agpay + Aggtyy Vg = (2Bgg + Byp)dyy,Wo
~ByydynWy +(Beae +Bla2)d12®X1 +(B?2d22 +Bf?ed11)®x2 =Py
~(Bya +2Bgg )dyppUg — Byydigglg = (Byy +2Bgg)dgpVg — Byl
#(DyyOy111+ Daatlzazn W +2(Dio +2Dg5)drizoVip —(Df +2D§ ) i20x, (17c)
_D:Laldlll®x1 ‘(sz +2D§6)d112®x2 - Dszdzzz(ax2 =p3,

(Bsgzp + Bydiy)Up + (B + By )y Vg — Drydlyyvg

~(Df; +2Dg5)dyppwp+( 10y + R —Als ) Ox, +(F+Fis)d1Ox, = P4,
(Bgs + B2 )dpUp + (Bagthyy + Bpliyy Vg — Dyt

~(Df; +2D5 ) dy1awo~(Fi5 +Fe) 12Oy, +(F5y0 5 +Feoys ~Ads)dioOx, =P5,

(17a)

(17b)

(17d)

(17e)

In this context, {p}z{pl,pz,p3,p4,p5}t is a force vector, d; ,d; and dj,

are the following differential operators:
o o ot

% = 4,0, i = O, 0,0, ijim = 00,0, (18)

o .
di=axili,(l,j,|,m:1,2),(X1i=X1;le =X2),

The components of the generalized force vector {p}are defined as
follows:

_oNG _Np ML My o’y 9%, (19)

x 2 ! ol ot T R ok
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Determining exact solutions for functionally graded plate
structures

Rectangular plates are typically categorized based on the nature of
their support systems. In this context, we are concerned with the specific
boundary conditions associated with a simple support configuration.

Vg =Wy =0, =N;j; =My, =S5, =0 atx; =0,a,

5 (20)

Up =Wp =®, =N,y =M,, =S,, =0 atx, = 0,b,

xq

The displacement functions g, and T, can be expanded in the

following manner, aligning them with both the boundary conditions and the
governing equations. This expansion is characterized by the use of a
double Fourier series.

{f}:{?o}sin(i x)sin(j %), (k =1, 2, 3) (21)

k

where i=x/a, j=x/b ,(,andt, are constants.

Following the procedure of the Navier solution, we assume the
following solution:

U U cos(i x)sin(j x,)
Vo Vsin(i x;)cos(j x,)
Wo r =<9 Wsin(i x;)sin(j x,) (22)
O, X cos(i x,)sin(j x,)
0, Y sin(i x,) cos(j x,)

where the arbitrary parameters U, vV, W, X and Y are used to determine
the conditions in which the solution of equation (22) satisfies equilibrium
equations (17). The following operator's equation is obtained:

{aj[@]=1{P}, (23)
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{A}={U ,V,W,X,Y}tand [2] is the symmetrical matrix, in which:

Qu = _(Aui2 + Aeejz)’le = _i J ('Aﬁz + A%e)’Qia = I [Bni2 +(Blz +2Bee) jz]’
Qu :_(Bfliz + B:sz)’le :_i J (sz + B:ﬁ)’Q2z =" Aesiz + Azzjz)’
Q= j[B,i"+2B,i'+B |10, =-ij (B, +B}).Q, =—(Bi' +Bj’),
4 . i, 4 (24)

Q =-[Di +2Di'j +4Di'j"+D_j'],
Q =i[Di" +D)j +2D_j1.Q =j[D,i +2D.i" +E_j'],
QM = [Fljiz + F6:j2 + A;A]’QAS =i J (Flz + FGZ)’st == [F6:i2 + Fzzjz + A:s]’

The components of the generalized forces vector are given by:
R =i(At,+B',+B]t,),P, = j(A't,+Bt,+B]t,),
P, =-q,—h(i+j*)(B"t, +D't,+ Dt,), (25)
P, =ih(B]t +Djt, +F/t,),R, = jn(B]t+D]t, + Ft,),

T T T _ h, E(X3) > <2
{ABnoT=] T L) {LX X7} X, (26)
h, E(X,) — -

{8l.D1.F}=] %a(x3)d)(xs){1, X, D(x,)} dx, 27)

It is important to note X, = x, / h, ®(x,) = ®(x,) / h.

Analytical validation and numerical results

This section examines how materials respond to bending under
thermal and mechanical loads. It aims to verify the accuracy of the theory
and explore the effects of the parameters on bending, using the following
non-dimensional parameters in the calculations:

_10°D (ab 1 abh
W=—p— 2 ) 01121027011 2795 )
The central deflection 2 90 axial stress d

_ 1
T 12 = 10gp 12 (00-h/3),
The longitudinal shear stress 0

_ 1
% = ~qogp 12 (0.072,0),
Transverse shear stress
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_ hE
D_12(17v2)

The coordinate thickness % =%/,

In this section, we validate the proposed composite shear deformation
plate theory (CSDPT) using numerical results. We compare it with various
standard high-order shear deformation theories (PSDPT, SSDPT,
ESDPT), as well as with the first-order FSDPT and the classical plate
theory CPT, as referenced in Mindlin (1951), Timoshenko & Woinowsky-
Krieger (1959), Reddy (1984), Touratier (1991) and Karama et al. (2003).

Table 5 presents a comparison of dimensionless deviations between
the ‘'present theory’ and the 'standard theories," indicating minor
differences across all theories.

Figures 6 and 7 compellingly demonstrate the robust agreement
between the present theory and the established standard theories.

0.406

0.405 |

0.404 |

0.403 |

—.— CPT

—*— FSDPT
0.402 | —8— ESDPT
—A— SSDPT
—+— PSDPT
—Q— CSDPT

0.401 |

0.400 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50
(alh)

Figure 3 — Dimensionless deflection (W) across the thickness of a square FGM plate
(with n=2) under varied (a/h) ratios, subject to specific conditions (qo=100, t=0)
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Table 5 — Comparison of the volume fraction exponent (n) effects on the dimensionless
displacements and stresses between the present theory and the established theories.

Deflection Theory n=0 n=1 n=2 n=>5 n=10

CPT 0.83156 1.1896 1.2976 1.3983 1.4878
FSDT (*) 0.85761 1.2252 1.3382 1.4453 1.5386
ESDT (*) 0.85743 1.2250 1.3392 1.4482 1.5407

W SSDT (*) 0.85756 1.2251 1.3394  1.4483  1.5410
TSDT (*) 0.85760 1.2252 1.3394  1.4483  1.5410
Present 0.85761 1.2252 1.3394  1.4482 1.5410
CPT 0.50880 0.63901 0.68352 0.75682 0.83819
FSDT (*) 0.50880 0.63903 0.68355 0.75682 0.83819

G, ESDT (*) 0.51180 0.64307 0.68821 0.76210 0.84369

SSDT (*) 0.51166 0.64286 0.68797 0.76182 0.84343
TSDT (*) 0.51147 0.64261 0.68769 0.76157 0.84310
Present 0.51174 0.64298 0.68814 0.76200 0.84357
CPT 0.76599 0.71701 0.69135 0.70066 0.71089
FSDT (*) 0.76599 0.71701 0.69135 0.70059 0.71093
7 ESDT (*) 0.76424 0.71574 0.68985 0.69884 0.70904

12 SSDT (*) 0.76437 0.71578 0.68993 0.69893 0.70912
TSDT (*) 0.76444 0.71582 0.69001 0.69905 0.70920
Present 0.76430 0.71570 0.68992 0.69890 0.70905

CPT / / / / /

FSDT (*) - - - - -

ESDT (*) 0.34378 0.34378 0.31986 0.29862 0.31141
SSDT (*) - -

TSDT (¥) 0.45704 0.45704 0.44189 0.43013 0.44157

T13 Present - - - -
0.44329 0.44329 0.42779 0.41568 0.42766

0.42956 0.42957 0.41372 0.40126 0.41370

0.45200 0.45194 0.43664 0.42471 0.43641

(*) Taken by Bouderba & Berrabah (2022)
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Figure 4 — Variation of (7 ;) across the thickness of a square FGM plate (with n=2) under
varied (a/h) ratios, subject to specific conditions (go=100, t=0)

The following figures highlight and reveal the influence of the aspect
ratios on the stress distribution within functionally graded material plates.
A higher a/h (e.g., a/h = 20) results in elevated stress levels, while a lower
a/h (e.g., a/h = 2) leads to minimized stress levels, particularly suitable for
low-stress-tolerance applications. These findings underscore the pivotal
role of aspect ratios in tailoring FGM plate designs to meet diverse stress
requirements.

Simultaneously, varying thermal conditions (T1, T2, Ts) significantly
shapes stress distribution across all aspect ratios, highlighting the
pronounced influence of the thermal.

T3 uniquely impacts the stress gradient through the plate's thickness,
highlighting its distinct role in stress distribution.

Material property gradients (n values) play a vital role in shaping
stress distribution.

lllustrating the relationship between a/h and n, along with the impact
of the thermal field, these factors can be adjusted to meet precise design
criteria.
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Figure 5 — Effect of the thermal field on the( &7;) through-the-thickness of a rectangular
FGM plate with (n = 2, go = 100, b = 2a). a=02*h
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Figure 6 — Effect of the thermal field on the( &7, ) through-the-thickness of a rectangular
FGM plate with(n = 2, qo = 100, b = 2a). a=05*h.
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Figure 7 — Effect of the thermal field on the( &7;) through-the-thickness of a rectangular
FGM plate with(n = 2, go = 100, b = 2a). a=10*h.
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Figure 8 — Effect of the thermal field on the( 571 ) through-the-thickness of a rectangular
FGM plate with(n = 2, go = 100, b = 2a). a=20*h.
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Figure 9 — Effect of the thermal field on the( &7;) through-the-thickness of a rectangular
FGM plate with(n = 1, go = 100, b = 2a). a=10*h.
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Figurel0 — Effect of the thermal field on the( 57;) through-the-thickness of a rectangular
FGM plate with(n = 6, qo = 100, b = 2a). a=10*h.
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Conclusions

This study thoroughly examined how advanced composite structures
respond to various loads - mechanical and thermal - using a new CSDPT
theory that eliminates the need for shear correction factors. By comparing
the results with the standard established theories, it showed strong
consistency being particularly aligned, particularly pertinent when taking
into account SSSS boundary conditions. The research explored how
changing volume fraction exponents and side-to-thickness ratios impact
the displacements and stresses of functionally graded rectangular plates
under distributed loading, highlighting the significant influence of material
property gradients on their response. It also emphasized how different
loads affect stresses within the plates, emphasizing the intricate
relationship between these loads and stress distribution. Ultimately, this
theory proves to be precise and suitable for analyzing the thermo-
mechanical bending response of thick functionally graded plates,
contributing valuable insights for practical applications and enhancing our
understanding of advanced composite materials.
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Resumen:

Introduccién/objetivo: Este articulo presenta el examen de flexién de
estructuras compuestas de generacion avanzada con propiedades
especificas expuestas a diferentes cargas.

Métodos: Este articulo propone e introduce una nueva teoria generalizada
de la deformacion cortante de cinco variables para calcular la respuesta
estética de placas rectangulares funcionalmente graduadas hechas de
cerdmica y metal. Notablemente, nuestra teoria elimina la necesidad de un
factor de correccién de corte y garantiza condiciones de tension de corte
cero en las superficies superior e inferior. Se introducen investigaciones
numéricas para interpretar las influencias de las condiciones de cargay las
variaciones de potencia del material clasificado funcionalmente, la
proporcion de moédulo, la proporcion de aspecto y la proporcion de espesor
en el comportamiento de flexion de los FGP. Estos analisis luego se
comparan con los resultados disponibles en los textos.

Resultados: Los resultados preliminares incluyen un analisis comparativo
con las teorias estandar de deformaciéon por corte de orden superior
(PSDPT, ESDPT, SSDPT), asi como con las teorias de Mindlin y Kirchhoff
(FSDPT y CPT).

Conclusion: Nuestra teoria contribuye junto con las teorias establecidas en
el campo, proporcionando informacion valiosa sobre la respuesta
termomecanica estatica de placas rectangulares funcionalmente
graduadas. Esto abarca la influencia de los valores del exponente de la
fraccion de volumen en los desplazamientos y tensiones adimensionales,
el impacto de las relaciones de aspecto en la deflexion y los efectos del
campo térmico en la deflexiéon y las tensiones. Ejemplos numéricos del
examen de flexion de estructuras compuestas de generacion avanzada
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con propiedades especificas expuestas a diferentes cargas demuestran la
precision de la presente teoria.

Palabras claves: materiales funcionalmente graduados, flexion, teorias
de deformacion por corte de orden superior, termomecanica.

WccnepoBaHve Ha M3rnb ycoBepLUEHCTBOBAHHOIO NMOKOMEHMS
KOMMO3UTHbIX KOHCTPYKLINIA CO CneLmnuyecknmmn CBOMCTBaMu,
NoABEPXKEHHbIX Pa3NUYHbIM Harpy3kam

Axmed 3uTtyHn?, koppecnoHaeHT, bawup bynep6a?,

A60denbkadep Oennan®, Xamsa Madxud Beppabax®

2YHuepcuteT TuccemeunTa, pakynbTeT HayKn U TEXHOMOMUNA,
nabopaTopus KOHCTPYKLUIA U MaTepranoB MallMHOCTPOEHUS,
r. Tuccemennt, Amxupckas HapogHasa [lemokpaTtuyeckas Pecnybnuka

5 YHuBepcuTeT Tuccemennta, ®akynbTeT HayKu 1 TEXHOMOMMNM,
r. Tuccemennt, Amxumpckast HapogHasa [lemokpatudeckasa Pecnybnuvka
B YHuBepcuteT PenusaHa, ®akynbTeT rpaxaaHckoro CTpouTenbCcTea,
nabopaTopunsa KOHCTPYKLUIA N MaTepranos MaMHOCTPOEHUS,
r. Pennsan, Amxupckas HapogHas JemokpaTtudeckas Pecnybnuka

PYBPUKA TPHTW: 55.09.43 KoMno3unLMOHHbIE MaTepuansl
BWO CTATbW: opurmHanbHasa Hay4Has ctaTes

Pe3swome:

BeedeHue/uens: B daHHolU cmamebe ripedcmasneHo uccredosaHue Ha
u3aub  KOMMO3UMHbIX  KOHCMPYKUUU  HO8020  MOKOJIEHUS  CO
crieyugu4ecKuMu ceolicmeamu, M0OBEPKEHHbIX  Pa3/IUYHbIM
Hazpy3kam.

Memodei: B daHHOU cmambe npedcmasneHa Hoeasi 060bujeHHasi
meopus deghopmayuu cdsuea C NsAMbH NepPeMeHHbIMU Ors pacdyema
cmamu4yeckoeo  OmKAuka  (DYHKUUOHarbHO  epadyupoBaHHbIX
MPSIMOY2071bHbIX M1acMUH, U320MOBJIeHHbIX U3 KepaMuKu U Memarsna.
HaHHass meopus uckmodaem Heobxo0uMOoCcmb  UCMOSb308aHUS
ronpaso4yHo20  KoaghpuyueHma - cdsuza u  obecne4yusaem
omcymcmaeue ycriogul dechopmayuu cosuza Kak Ha eepxHel, mak U Ha
HWKHel rnosepxHocmu naacmuHel. BeedeHo yucneHHoe ucribimaHue
pu  uHmeprpemauyuu 6/usiHusi ycro8uli Hazpy3ku U U3SMeHeHUUl
IpPOYHOCMU bYHKUUOHAaNbHO 2padyuposaHHO20 Mamepuara, a makxe
KoagpbuyueHmos MmoOyris, acriekma U mOonuwuHbl Ha rogedeHue
yHKYUOHambHO  epadyupoeaHHbix  nacmuH — npu  usaube.
Pesynbmamsbi aHanusa Obiiu cormocmasneHbl € pesyrnbmamamu,
docmynHbIMU 8 flumepamype.

Pesynbmamei:  [lpedsapumernbHbie  pe3ynbmambl  8K/IHYaom
cpasHUMesbHbIU aHanu3 co cmaHlapmHbIMU meopusiMu cdeuzo8oU
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deghopmayuu ebicuiez2o rnopsioka (PSDPT, ESDPT, SSDPT), a makxe
meopusimu MurdnuHa u Kupxazogha (FSDPT u CPT).

Bbigodbl: Hapsady c¢ paHee nodmeepxOeHHbIMU meopusiMu 8 3mol
obnacmu, OaHHasi meopusi 8Hocum 6knaod, npedocmaesisiss UEeHHYIo
UHGbopMayuUlo O CmMamuy4yeckoM MEepPMOMEXAHUYECKOM OMKIIUKe
QYHKUUOHaNbHO 2palyupo8aHHbIX MPsMOY20/bHbIX riacmuH. OH
oxeamblgaem e/usiHUe 3HavyeHull rnokazamess obbemHol donu Ha
b6e3pasmepHbie CMEWEHUSsT U HanpskKeHUsl, erusiHue KoaghguyueHmos
acriekma Ha Oecbriekcuro, a makxe 6/UsHUE MEnIo8o20 Mosisi Ha
Oegpriekcuto U HarnpspkeHusi. YucneHHble rnpumepb! ucrbimaHuli Ha
u3aub ycoseplieHcme8o8aHHO20 OKOIEHUST KOMIO3UMHbLIX CMPYKMyp
CoO crnieyugbudeckumMu ceolcmeamu, UCMbIMaHHbIX PasiuYHbIMU
Haepy3kamu, nodmeepxdarom mo4yHocme npedcmasieHHoU meopuu.

Knrouesble crosa: ¢hyHKUUOHaIbHO-COPMUPOBaAHHbIE Mamepuaribl,
usaub, meopuu cdesueosol Oeghopmayuu 8biclie20 ropsidka,
mepmomexaHudeckud.

McnuTrBare BpLUEHO caBujakeM HanpeaHe reHepaumje KOMNo3nTHUX
CTPYKTYypa ca cneunduyHnM CBOjCTBMMA U3MOXEHUX PasnnyinTum
ontepeherwunma

Axmed 3uTtyHn®, ayTop 3a npenucky, bawup Bynepba?,

Ab6derbkadep Oenan®, Xamsa Mayud Bepabax®

@ YuuBepanteT y Tucemcunty, Oacek 3a HayKy U TEXHOMOTjy,
JNabopaTtopwuja 3a MalwmHcKke maTepwjane n KOHCTPyKUuje,
TucemeunnT, HapogHa Oemokpatcka Penybnuka Amxup

6 Yuusepautet y Tucemeunty, OAcek 3a HayKy U TEXHOMOrWjy,
TucemeunT, HapogHa OemokpaTcka Peny6nuka Amxup

B YHuBep3auTeT y Penusany, Oacek 3a rpaheBuHapcTBo,
JlTabopaTopuja 3a MalmMHCKe MaTepujane u KOHCTPYKLUMje,
Penunsane, HapogHa Oemokpatcka Peny6nuka Amxup

OBJIACT: mexaHuka
KATEITOPWUJA (TWUM) YITAHKA: opyruHanHm Hay4Hu pag

Caxxemak:

Yeod/yurs: Y pady je npedcmaesrbeHo ucrnumugar-e casujat-eM HarpeodHe
2eHepayuje KOMIO3UMHUX CIMpyKmypa ca creyuguyHuM ceojcmeuma
U3JTOXKEHUX pa3nu4yumum onmepehersuma.

Memode: T[lpednaxe ce u ysodu HOBa 2eHepasiuzoeaHa meopuja
cMuuarba ca rnem gapujabrnu padu uspadyHagaH-a cmamu4koe o0208opa
yemepmacmux YHKUUOHANHO epadupaHux KepaMuyKo-MemastHux
nroya. Teopuja enumuHuwe nompeby 3a Kopuwherem KOpeKkmueHoe
gakmopa cMmuuara u obesbehyje odcycmeo ycrioga 3a Geghopmauyujy
cMuUar-eM U Ha 20pH0f U Ha O0H0f MoepWuHU roye. Yeodu ce
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HYMEPUYKO ucrumuearbe 3a mymadere ymuuaja ycrioea onmepehera u
eapujayuja cHaze GbyHKUUOHa/IHO epadupaHo2 Mamepujana, Kao U
KoegpuyujeHama MmolOyna, acriekma u OebrbuHe Ha [OHaWaHe
yHKYUOHanHo epadupaHux ffo4a npu casujary. Pesynmamu osux
aHarnu3sa yrnopeheHu cy ca pesyrnmamuma 0ocmyrnHUM y numepamypu.

Pesynmamu: [NpenumuHapHu pe3dynmamu obyxeamajy KomrapamueHy
aHanusy ca cmaHO0apOHUM meopujama cMuuarka suwee peda (PSDPT,
ESDPT, SSDPT), kao u ca meopujama Murdnu+a ( FSDPT) u Kupxogha
(CPT).

Sakrbyyak: 3ajedHo ca eeh nomepheHum meopujama y 080j obracmu,
npedcmasrbeHa meopuja npyxa OonpuHOC ys8udoM y cmamuydku
mepMomMexaHU4YKU 002080p GDYHKUUOHaNHO epadupaHux roya. OH
obyxeama ymuuaj epedHOCMU €eKCrIoHeHma 3anpemuHckoe ydena Ha
HeOUMEH3UOHanHa rnoMmeparba U HaroHe, ymuuaj KoegpuuujeHama
acriekma Ha Oecbriekcujy, Kao U eekme mepmanHoz2 rosba Ha
Oecbriekcujy u HaroHe. Hymepudku rnipumepu ucrnumueara 8puieHo2
cagujarbeM HarpedHe 2eHepauuje KOMMO3UMHUX Ccmpykmypa ca
crieyuguyHUM ceojcmeuMa U3NoXeHUX pasnudumum onmepeheruma
romephyjy mayHocm ripedcmasrbeHe meopuje.

KrbyyHe pedu: ¢hyHKYUOHanHo epadupaHu mamepujarnu, casujar-e,
meopuje cMuyarba sulues peda, mepMoMexaHUyKU.

Paper received on: 23.11.2023.
Manuscript corrections submitted on: 04.03.2024.
Paper accepted for publishing on: 05.03.2024.

© 2024 The Authors. Published by Vojnotehnicki glasnik / Military Technical Courier
(www.vtg.mod.gov.rs, BTr.Mo.ynp.cp6). This article is an open access article distributed under the

terms

and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/rs/).

148



http://www.vtg.mod.gov.rs/
http://втг.мо.упр.срб/
http://creativecommons.org/licenses/by/3.0/rs/

