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ABSTRACT

The demand and application of composites are increasing nowaGaysposite
materials in the form of plate platelike structures are widely used in wind turbine bladed
ship building due to its high specific strength and stiffness. For high thermal applications,
Functionally Graded Materials (FGM) are usegreference téaminated composites because of
its good performance ithe thermalfield. The pretwisted cantileer plates have majarsein
turbine blades, fan blades, compressor blades, chopper blades, marine propellers and chiefly in
gas turbines. These structueee often subjectetd thermalenvironmentsand hence FGMs are

agoodalternative to metal plates.

The present work deals with the study of buckling analysis of cantilever twisted
functionally graded material plateThe analysis is done by usiddNSYS, and the results are
validated using ABAQUSA SHELL-281 element having sidegrees of freedom per noge
employedin ANSYS. The functionally graded material plate wéhuniform variation ofthe
materialpropertythroughthe thicknesss estimatedcisalaminatedsection containing number of
layers and each layer is taken as i®tropic. The pwer law is used to determine material
properties in each layeffrom convergence studies, ten by ten mesh and twelve number of layers
are found to give good accuradyuckling behavior of cantilever twisted FGM plate for the
various paramets like twist angle, side to thickness rataspect ratiaand gradient index are

studied.

KEYWORDS: Functionally graded materials, Pre-twist, Buckling.
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NOMENCLATURE

The principal symbols used in this thesie presentefbr reference. Every symbol is used for
different meanings depending on the context and defined in the text as they occur.

a,b
alb
H
b/ h

v e mzZz @

K

kx, Ky, Kxy

Mx, My, Mxy
[N]

Nx, Ny, Nxy
N, NS, N
Aj, Bj, Dj and §
dx, dy

dv

Qx, Qy

Ra Ry, Ry

u,v,w

uO) V01 WO

[P]

Length and width of twisted panel
Aspect ratio

Thickness of Plate

Width to thickness ratio

Angle of twist

Gradient index

Modulii of elasticity

SheaModulii

Poissondbds ratio
Shear correction factor

Bending strains

Moment resultants of the twisted panel
Shape function matrix

In-plane stress resultantstbe twisted panel

External loading in the X and Y directions respectively

Extensional, bendingtretching coupling, bending and
transverse shear stiffnesses

Element length in x and-girection
Volume ofthe element

Shearing forces

Radii of curvature of shell in x and y directions and radius
twist

Displacement components in the X, y, z directions at any
point

Displacement components in the X, y, z directiahnthe mid
surface

Mass density parameters



Uy, x2 {3z U
&, U, oy

Loinl, an,OxanLOJ
d, y d

Ny

S

(k)

N

Ou Oxi Oy

Vector of degrees of freedom

Cartesian nodal coordinates

Shear strains

Stresses at a point

In-plane stresses due to external load

Shear stresses Xy, xz andyz planes respectively
Strains at a point

Non-linearstrain components

Rotations of thenidsurfacenormal about xand y axes
respectively

Critical Buckling load
Non-dimensional buckling load

Mass density of kth layer from miglane
Mass density of the material

Partial derivatives with respect to x and y

Xi
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CHAPTER 1
INTRODUCTION

1.1 Introduction

A composite material is a structural material made from two or more constituent
materials with significantly distinct physical or chemical propertsdsch whenfused produca
material with characteristics unlike that of the individual components. Thre adaantage of a
composite material is that they are light as well as strong. Functionally Graded Materials (FGM)
are asetof composites that exhibd uniform change of material properties from one face to
another and hence eliminate the stress coratéoriy normally encountered in laminated
composites. The characteristics of these FGM©G
with uniform composition variation from thermal resistant ceramics to fracture resistant metals.
The FGM conceptoriginated in the year 1984 in Japan during a space respargham.This
program envisaged the manufactofea temperature resistant materialresist a temperature of
2000 Kelvin and a temperature gradient of 1000 Kehawninga thicknessbelow 10mm. The
structural component of an FGM can be characterized by the material constituents. thehows
rate of chan@ of material properties.The gradient indexgoverrs the chemical configuration,
geometric configuration and physical state of FGRtimaily FGM involves two material
mixtures in which material configuratiomhangesfrom one surface to another. Variationh
porosity from ondace to anothefacealsoyields functionally graded material. A steady rise in
porosity builds impact resistancéhermal resistancea n d |l ow density. Thes

significant applications in civil and mechanical structures including thermal structures like
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Rocket heat shield, heat exchanger tubes, wear resistance linings, te&stiocsgenerators,

diese] and tirbineenginesetc.

The major applicationsf pre-twisted cantilever panels aie turbine blades, fan blades,
compressor bldes, chopper bladesyarine propellers and chiefly in gas turbines. Nowadays, in
research field the twisted plates have becomedtructural unitsBecause of the use of twisted
panelsin turbomachinery aerospace and aeronautical industriess necessary to understand

bothvibration and bucklingharateristics of the préwisted panels

1.2 Importance of Present study

Composite materials in the form of platepdatelike structuresare widely usedan wind
turbine bladesnda certaintype of ships, particularly naval shigaunctionally graded material
plates are finding increasing application in many structures, iefigegherethe temperaturas
high. The platesare also subjectetb loads due to fluid or hydrodynamic loadinghus,
understanding and proper application of composite materialsh&dped to control the lifetime
and stability of these constructionidence the buckling analysis plays a crucial role in the
design context-romthe literaturereview, itshows that there is plenty of work done in the area
of flat FGM plates. However, no work has been donghenbucklingbehaviorof twisted FG

materialpanek and hence the present study.
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1.3 Outline of the present work

The present work consists of the studies made on the buckling behavior of twisted FG
materialplates. Thanfluenceof different parameters like twist angheidth to thickness ratip

aspectatio, andmaterialgradient indexare studied
The outline of this thesis dividedinto five chapters.

Chapter 1 consists of brief introduction on FGM, importance of present study and the outline of

present work.

Chapter 2 givediteraturereviewson previous studies related to the present study and also the

objectives othe present studieare explained

In chapter 3, the theoretical formulations are presented. The methodology usediodéiag

of thefunctionallygraded platés also disassed

Chapter 4 consists of convergence studies, comparison studies and the studies of buckling
behavior of cantilever twisted FGM plate for the various parameters like twist angle, aspect ratio,

side to thickness ratio and gradient index.

Chapter 5 contas the conclusionsiade from the present woskdits scopen future work.
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CHAPTER 2
LITERATURE REVIEW

2.1 Literature review

Reddy (200p" presentedhe studyof FG plates usinthird-ordershear deformation theory. The
material distribution and modulus of elasticity along thickneese assumetb vary based on
powerlaw distrbution. The resultshowedthe influenceof volume fraction and modular ratio

ondeflections and transverse shear stresses.

Javaheri and Eslami (2002° derived equilibrium equationsand stability equations of
rectangular FG plate usirtggherordershear deformation theof{ASDT) subjected to thermal
load. The derived equation was found &ittentical to thestability and equilibrium equations of

laminatedcomposite plate

Buckling behaviourof FG plates with geometrical imperfections undepl@ne compressive
loading was studied bghariat etal. (2005) *’. The QassicalPlate Theorywas usedor the
derivation of equations of equilibriunstability, and compatibility.From their study, it was
corcluded that the imperfect FG plate has greater buckling load than tihatpefrfect plateAs

the imperfection increasethe critical buckling load also increases which can be reduced by

increasing power law index.

Yang etl. (2006)** presented the sensitivity pbstbucklingbehaviar of FG materialplates to
initial geometric imperfections such as local tygebal type and sine type imperfections in

general modes. The formulations useere based n R e Highgr @rslerShearDeformation
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Theoryand von Karman type geometric ntamearity. The results showed that tpestbuckling
strength wagsomparativelyinsensitive ® sinemode and global imperfectiondowever it was
highly sensitive to local imperfections thaere situatedat thecener of the plate They also
concluded that the pebuckling curves wre lowered byan increase inthe side to thickness
ratio, gradient index andspect ratio They observed that these curwesre less gnsitive to

imperfection sensitivity of the pesiucklingreactionof the plate.

Shariat and Eslami (2007)° usedthird-order shear deformation theory for the analysis of
buckling of thick rectangular FG plates under various mechanical and thermal loads. The
mechanical loadings were uniaxial compression, biaxial compression and biaxial compression
with tension The thermal loadsvere a uniform rise in temperature and ndinear rise in
temperaturelt was concluded that for the thick plateke critical buckling load was owver
predicted by the classical plate theory and in order to have precise buckling load values it was

recommaded that the thirdrder shear deformation theory svaecessary.

Prakash efal. (2008)*° presentegostbuckling behaviourof FGM skew plates based on shear
deformable finite element approach under thermal loads. The tempédialtingas assumetb
vary alongthe thickness diretton only andto beconstant over the plate surfadéhe thermal

load carrying capacity increasedth increasing skew angle.

Mahadavian (2009)’ considered simply supported rectangular plates underuniborm
compression loads for the analysis of buckling of FG plate and derived equations of equilibrium
and stability for the same amdso achieved results for FGM samgleaddition he also studied

the buckling coefficient caused by the outcome of power law index.
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Zhao etal. (2009)?° usedFSDT along with the element frelp-Ritz method for the buckling
analysis of FG plates under thermal and mechanical loading. The buckling analysis of FG plate
with arbitrary geometry including plates with square and circular holabeatentre was
investigated In results, it was stated that the hole size influenced buckling load and buckling

mode of a plate significantly.

Mohammadi etl. (2010)*° presented Levy solution for the buckling analysis of FG plates. The
plate was assumed be simply supportedlong two edges face to face and on the other edges to
have arbitrary boundary conditions.wias concludedhat the critical buckling loadecrease

with the increase of power of FGM.

The thermal buckling analysis of FG plates using sinusoidal shear deformation plate theory
(SPT) was presented @enkour efl. (2010)7. Various types of thermal loadsere considered
for the buckling analysis of simply supported rectangular FG plate. The results presented for SPT

was compared with other theories to destmate its importance and accuracy.

Zenkour and Sobhy (2016) used the sinusoid&@PTto study the thermal buckling of FGM
sandwich plates. They concluded that the critical buckling temperd¢grease with increase

in core thickness dheplate

Naceri and Saidi (2011)“ presented an exact analytical solution for buckling of moderately
thick FG plates resting on Winkler elastic foundationse Tirst order shear deformation theory
was considerefor developing equilibrium equations. The thickness of plate has less effect on
the stability of FG plates resting othe elastic foundation than that of plates without elastic

foundation.
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The buckling analysis of thin rectangular FGM plate under thermal loads using higher order
deformation theory was studied Raki etal. (2012)*%. It was concludedhat the higher order

deformation theory predicts buckling behaviour accurately.

Saha and Maiti (2012) investigatedhe buckling of simply supported FGM plates loaded with
constant and linearly varying-plane compressive load. TRESDT was used to study the effect

of shear deformation in the case of constant compression loading and classical plate theory as in
the cas of linearly varying loadThe buckling results of FGM plateene compared with the
corresponding isotropic plate and it was found that their ratios were more or less independent of
loading paameter, aspect ratio and wiethickness ratio and &ve functions of only material

gradient index.

Latifi et al. (2013 ° used Fourier series expansion for the buckling analysis ofma@rial
plates. Various edge conditions were considered. Here the stability equations werefdsmved
the classical plate thepand found accuracy in the proposed approach in the results of buckling

analysis.

Reddy etl. (2013)° usedHSDT for the solutions of buckling analysis of simply supported FG
plates and concluded that the theory was precise and efficient in predicting the buckling

behaviour of FG plates.

SarramiForoushani etal. (2013) *° used finite strip method tanalysethe buckling of FG
stiffened and unstiffened plates basedG#l. the stiffness and stability matrices were obtained
by usingthe principle of minimum total potential energy.arious loading types were considered

to find critical stresses of rectangular FG plates ugierghatrix Eigenvalue problem technique.
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Bhandari andPurohit (2014)° analysed FGM plate under transverse load for various end
conditions. The volume fraction distribution was considered based oargaw, exponential
and sigmoidal distribution. The bending response i\ was found to be nearer to the

behaviour of FFGM.

Zhang etal. (2014) ? studied the buckling behavior of FGM plates under mechanical and
thermal loads usindghe Kriging meshless method. The discrdiggenvalueequationswere
establishedin terms of first order shear deformation theory and I|oeatrov-Galerkin
formulation. The Kriging technique was used to construct shape function to approximate the
displacement fields. Convergence studies were made to depict the method presented was

effective and accurate.

2.2 Objective of present study

From the liteature review, we can observe there has been plantyork done on
buckling of flat FGM plate. However, no work is done on twisted FGM plate. This thesis deals
with the study of buckling of cantilever twisted F@aterial plate. The study involves the
moddling of twisted FGM plate using shell element and solving the buckling problem using
finite element methodoftwareANSYS and then to validate results in ABAQUS. The effect of
severalfactorslike twist angle, aspect ratio, side to thickness ratio raaérial gradient index

are studied
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CHAPTER 3
FORMULATION

3.1 Characteristics of Twisted plate

Figure 3.1: Laminated twisted plate

TheFigure 3.1: Laminated twisted platilustratesa twisted FGM plate.
Here, 0 =Twistangle
a and b= length and width of the plate respectively.

h = Thickness otheplate
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3.2Governing Differential Equations

Consider an element giretwistedpanel withradiusof curvaturesR, in x-directionand
R, in y-direction shown irFigure 3.2. The internal forceacting on the element aneembrane
forces(N, , N, andN,, ), shearing forcesQ, andQ,) and the moment resultant¥(, M, and

M,,).

oMz

My +
+5MXY
o

X

M 4 dx

Figure 3.2: Twisted shell panetlement
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The governing differential equatio$ equilibrium for shear deformable doubly curved

pretwisted paneis givenas (Sahu and Dattaf], Chandrashekhard])):

HQ Ko N N, 5Ny Noﬂ N°—+2—W P—Zg“ 301
¥ R R R TR gu i
‘":'Xu‘"v'b;y Q R ﬁfz’u P+—t""

Where,

N? - External loadingn x-directionand NS - External loadingn y-direction

R, - Radius of curvature in-glirection, R, - Radius of curvature in-glirectionand

R,, - Radiusof twist.

(R.P.R)=a fi(r),(12.2)dz 302

Herg
n=number of layers of thEGM twistedpanel

(r),= mass densitatk™ layer.

NITR Page 14



3.3 Constitutive Relations

The linear constitutive relations ageven by,

u
&s 0 Wee O
T XT @12 Q11 0 0 0 < ex T
%sy% g B?ey % 3.03
,:\txy,li;] =é 0 0 44 0 0 g}gxyg
el €0 o o Q. o 491
I[yzgl g 55 ﬂfgxy§
g0 ©° 0 0 Qu
. =
Where,Q,, = m 3.04
nkE
Q,= 3.05
. (1- nz)
Q, = E Q. 9 3.06
44 2(l+/7) 55 66
For theFGM platesthe constitutive relations aexpressed as
{F}=[Pl{¢} 3.07
é,All A, As By By By 0 0 Te N, : Te & :
e
éAZl A, As By By By O 0 1 Ny i T & ]
2’%6 A26 AEG BlG BZ6 B66 0 0 % NXY : }gxy :
- B, D, D, D, 0 O 1M 1K
Where,[D] - esll slz B16 D11 D12 D16 0O O {F} =1 M. Y {e} -1 K, |
21 22 26 12 22 26 | y | | y |
eBlﬁ BZG BBG D16 D26 D66 O O ,:\ M Xy : »:\ KXY :
go 0O 0 O O 0 s, S T Qi W
éo 0 0 0 0 0 S5 S t Qy | i/y J
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Coefficientsof stiffnessareexpresseas:

(A;.B,.D,)=4..& kdl,z,z) d: For(i, j=1, 2, 6) 3.08

S = kél 'r"ik_léQ kﬁji

The forces and moment resultaoé beobtainedby integrating stressewerthickness.

eN, o és, @

e u 7 )

Ny o 1Sy g

éMx CLJIZTSXZ& 300
> 45 z .
eMy unh/Z}ssz

M. S trzi

e xy u 0 ><yZT

ng 3 e 7

eQ o fi. Y

Where

S - Normalstress irx-direction s, - normal stresg y-direction

ty, t,, andl,, areshear stresses iy, yz andxz planes respectively.

3.4 Strain Displacement Relations

The total strairis consideredn two parts namely lineastrain and no#inear strain The
element stiffness matrix is derived usiligear strainpart and thegeometric stiffness part is

derived by usingionlinearstrainpart The total straims expresseds
X= IX +n|’

The linear straipartfor a twisted shell elemers,

x|

>
I
TIE

W
”Ezf‘&
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wow
X, =— 4+
yl l-'ly R/ Z-K/
M 2w 3.10
gxyl l—ly IXl R(y k(y
W, v U
gyzl uy 97 R/ R(y
W u \%
G = T &
T TR OR
Bendingcomponentsaregiven by,
kX:p'_qX ky:u_qy
pX Ky
G, =b% P9 oL 1 8p w 3.11
w w28 R E&w oy

3.5 Finite element formulations

For complex boundary and geometrical conditions where analytical approach is not so
easily feasible, the finite elemeapproach will be opted. Here, in this work the plate is assumed
to be a layered panel having number of layers, in which each layer is assumed as homogenous

and isotropic. The firsbrder shear deformation theory ised for the present formulatido
analyse the FG material twisted panel.

An isoparametric quadtia shell element with eight nodes at its rsigiface shown in
Figure 3.3 is considered for the analysis this shell element, v, w, 4, and g are the five

degrees of freedom each modhe Jacobian matrid is used to transform the isoparametric
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elementfrom the natural coordinat® the Cartesian coordinate systehme shape function for

the eight noded shell element is given by,

u(x, = a+,a x, a#f ax @¥xh*a hy, ’? 3.12

The shapdunction N, gives he eement and displacement field,
N=(1 &1 +Ap xx s i=lto4
N, =(1 x*)(1 )2 i=5,7 3.13
=(1 w g)( )7/2 i=6, 8
Where

X, and/h, are the values @' nodex ands arethe local natural coordinates of the element.

Figure 3.3: Elementof anlsoparametric quadratic shell
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The shape functiomlerivativesin Cartesian coordinate&6 and ¢/6 are expresseth natural

coordinatess ands by,

A Ol
Where
Jacobian matrix|J| = g:; :;:: 3.15
According to frst order shear deformatigheory, the displacement fiels given by
u(xv.2=y(xy +a,( x}y
v(xy.9=y(xy +g( xy 3.16

w(x, Y, 2) = w(x,y)

WhereU,, Vv, and W, are the displacementsxny and z directions respectivatythe midplane

And u, v and w ar¢hedisplacemerstin x, y and z directions respectivedy any point

g,- Rotationof the mid surface normal teaxis.

and g, - rotation of the mid surface normal teaxis.

Displacements derivaasingthe shape functions are,

x=a Nx y=a Ny

bh=a Ny vo=a Ny Wo =8 Nw 3.7
g=aN ¢ qy=é'\|ig
NITR

Page 19



3.5.1 Derivation of element matrices

The linear strainexpressé in terns of displacements is given by,

{e=[B]{d} 3.18
Here, {d.}={u.v, WG\ @rerreirriricirccccns ITRRVARV VAR 3.19
[B]=gB].[B], el [.B] 320
N, 0o g o
- R,
6 N
€ i
e0 N, 0 0
é R,
N, N, 2 0 o
[B]=¢ = =~ Ry 321
€0 0 0 N, ©
é :
é 0 0 0 N;,
g 0 0 0 N, N,
60 0O N, N 0
&0 0 N, O N
In natural coordinate system, element matrices are derived as:
Element plane elastic stiffness matrix
. Jo1 T .
& gn, ,Pe & & [gkd 3.22
Element elastic stiffness matrix
2
RN CHCIEEETY 3.3

Where

[B]is straindisplacement matri{D] stressstrainmatrix, [N] is shape function matriand|J|

is thedeterminant oflacobiamatrix.
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Shape function matriis expressed as:

[N]=15 3N, Fori =1, 2,éé.38 3.2
Where, |- Identity matrixof size 5x5.

3.5.2 Geometric stiffness matrix

Thenonlinearstrains with curvature componesmteused to derivehie element geometric
stiffness matrix for the twisteplate by employingthe techniquedescribedy Cook, Malkus and
Plesha 8]. Due toapplied edge loadingh¢ geometric stiffness matridepends oim-plane stress
distribution in the elementrinite element method is employed in carrying out plane stress

analysis to determine the stresses.
The strain energy is given by,

U, = ﬁgeo Tg e}dv 3.5

The nonlinear strain components agesen by,

o 2, A o 2,
18w 51 K> 3w u 6 1., g1 aug ©
exn - = g < = _de X - 3.26
o8 02 R WwR 0208 Ye =4 g
o ~law 1 @’ ad w u 0 1.¢ g4 é“% 9
& 23.1-1_}’92? Q?TNR/QZQ yl?g:ﬁ
_pud p 6 vy dpddw pu @ w o w 0,8 g 5uga Angs 6 iy
gxn__ L L -~ = 7 Z prd o
@y T Pu B R Ey g8 £« iy g =y
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The strain energgbtained by using nelinear strain is,

Sofaws @ sw uof Cyuis sud w ol
esofalt o Bogw u Bl gdul SESY WL .
U_Nh‘? TEE&—? ¢ MR sy IQTYLE ?ugy Bﬁyq
:=05¢ , : 5 " R
¢ 200 [t M § VuMZGW MY QW y
g TE%J_X M = yHc+X R c Y @% Uy
< Gofang, o dug, of o dugs b ofoe phug g A9
;80iE ™ Gtae Uty a6 T dxdy
N2ag 1@ SEw g T Fwe Fe F Xy THE W g
3.27
This canalsobe writtenas
U, =2 A ][] flav 3.8
Where
_uuu VA wpu & w o Og yuqyuug
f ——, Lahe = —= . 3.29
{ } yEx R By Y <y Al yp
gs] o o o0 0O
€0 [s] o o0 o0
And, [s]:éo 0 [s] 0O O 3.30
e
e0 0 0 [§] O
g0 0 0 0 [
es? N N°?
Where, [S] = ¢ 4 ‘i 2 , 331
etxy ‘% 3 h é/ Ny

The inplane stressesultantsN_ ,

0 0 i i
N, and N,, each Gauss point are obtained separately by

plane stresanalysisand the geometric stiffness matisxformedfor these stress resultants

{f}=[cl{a}

Where{q}=gu v w g, qTE

3.3

3.3
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The strain energy becomes

U= e [l d{ g ov={ dTg s g d 3.

Where the element geometric stiffness masigxpressed as:

11

W ICICCRET) £

2Nx 0O 0 0 0

Ny 0 0 0 0

€0 Nx 0O 0 0

S0 Ny 0O 0 0

60 0 Nx 0 0
[G]‘g 0 0 Ny 0 0 3%

€0 0 Nx 0

S0 0 0 Ny 0

g 0 0 0 0 Nx

§0 0 0 0 Ny
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3.6 Methodology

This projectwork involves creahg a fnite elementmodel of a functionally graded
twisted platesubjected tan-planeuniform compressive load. Thieitial step is to builda model
of a functionally graded platasing ANSYS. First a flat FGM plate will benodelled and
buckling behaviorwill be analyzed andthe resultsare comparedavith previous studie Then a
twisted functionally gradeglate will bemodelled andanalyzedfor its characteristicsubjected

toin-plane loads. Results will be analyzed and validated with the calculationsABA@US.

The three steps involved in modelling and analysis of plates are:
I.  Pre Processor
Il.  Solution

lll.  GeneralPostprocessor

3.6.1 Material modelling

FGMs consistof a mixture of metal and ceramic by gradually varying the volume
fraction of the constituent materials. A simple rulexakture based on powdaw is assumed to
obtain the effective mechanical properties of FGM plate. Vdr&tion of material properties

through the thickness of the plate is given by (Reddy, 2000)

P=(R -R)V; R 3.37
wheresubscriptst and b refers to theop and bottom of the plateespectively,P; represents a
property of the material armlis measure@longthe thickness of the plate. In E8.37), Vi is the

volume content of ceramic and is expressed by pdavedistribution as

o

vf:%% 05 (
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In whichhis the thickness of the plateis the gradient indethatis always positiveandzis the
distance from the centre of layer under consideration to the centre of plate in-gah2zh z @

+(h /2) . Changeof Vi overplate thickness is shown kigure 3.4.

05

04

03

0z

01%

Non-dimensional thickness (z/h)

—¥—n=0.1
—&—n=0.3
—&—n=05
—de— n=1
—+—n=3

n=5
05 == | | | ——n=10

01 02 03 04 05 06 07 0a 09 1
Volume fraction of ceramic (V)

Figure 3.4: Changeof Volume fraction (Vfpverplate thickness

Sincethe material constituentd the FGmaterialvariesoverthethicknessthe numerical
modelis madento divisions consistingf a number of layers as shownHmgure 3.5. Each layer

is assumd to be isotropicThe pwerlaw is employed to find the material properties in each
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layer. The laminated structure represents stepwisevariationin propertiesand he gradation

can be approximatday using a high number of layers.

Ceramic
.>

Metalic
—|>

Figure 3.5: FG Material section and itequivalent laminated composite section
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 0verview

In this section the results ofthe buckling analysis of cantilever twisted functionally
graded material platesibjected tan-plane loadsrepresented.The anajsis is carried out using
finite element softwar@dNSYS with the SHELL281 element. The elemeansiderechas eight
nodesand each node haix degrees of freedornihe functionallygraded material plate section
is modelledin the form of laminated composite section consisting wiimer of layers by
approximating the uniform variation ttie materialproperty along the thickness and considering
each layer as isotropi¢he pwerlaw is used to determine the material propeniesach layer.
Convergence studies are made to fix up nlamber of layers and mesh size as veglt results

are comparewith the previous studies.

4.2 Convergence study

The convergence study madefor the mesh size necessary for the buckling analysis and
also for the number of layerseecessaryo represent the F@&aterial sectionSince thee areno
studies done o twisted FGM plates, the convergence is first conducted omplésts and the
resultsare comparewith previous studies. Later the convergence is made on twisted FGM plate

and themmeshsize and number of layelis again decided

The Aluminium/Alumina (Al/Al2Oz) FGM [15] with the material propertieal - (En=7 0 GPa, ¢

=0.3),Al03-(Ec= 380 GPa, g = 0.3) are considered for
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The TitaniumZirconium oxide (Ti/ZrO2) FGM [5] with the material propertiesTi i
(Em=116GPag = 0.32) andZrO> i (Ec=2 0 0 GP=aQ.3) ae used in findinghe buckling
behavior for varying gradient index.

Non-dimensional buckling load is given py5)]

NP

| =
E_h’

4.2.1 Convergence study on simply supported flat FGM plate

The convergence study on simply supported flat FGM plate with gradient index n = 0 for
variousmesh divisions are shown imable 4.1. The resuk showgood conergene for 10x10
mesh division and hencie 10x10 mesh divisiols usedor the further study.

Table 4.1: Convergence of dlt+ dimensional buckling loadf simply supported flat FGM plate
(n=0) with varying mesh siZa/b =1, b/h=100

_ Buckling Load Non-dimensional

Mesh size (N,) kN Buckling Load (/)
4x4 696.59 19.9025
6x6 687.00 19.6285
8x8 686.59 19.6168
10x10 686.53 19.6151
12x12 686.52 19.6148

Ref [20] 19.57

FGM sectionis consideredas an equivalent laminate section for the modelliriche
convergence study is done by using simply supported flat FGM plate with varying number of
layers using gradient index n . The dservations are given iffable 4.2. From the
observations, it is concluded thtdte 12 number of layers are sufficient to represent FGM

property asanequivaleniaminate section.
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Table 4.2: Convegence oNon dimensional buckling loadf simply supported flat FGM plate
(n=1) with varying number of laye(a/b =1, b/h=100Q

Buckling Load Non-dimensional
Number of Layers (N,) kN Buckling Load (/)
4 350.01 10.0002
8 344.23 9.8351
12 343.12 9.8034
16 342.73 9.7922
Ref [15] 9.7775

4.2.2 Convergence study on Cantilever twisted FGM plate

The convergence study on cantilever twisted FGM plate with gmadhidex n =0, and
twist angled = 1 5 Variofismesh divisions is shown iffable 4.3. The resultshowgood
convergence for 10x10 mesh division and the samesedor the further study.

Table 4.3: Convergenceesultsof Non- dimensional buckling loadf cantilever twisted FGM
plate (n= 0) with varying mesh sita/b =1, b/h=1000 =1} 5 A

Sucklng Load (,) k| "o Omensional Bucking
Mesh size
15tBuckling | 2" Buckling | 15tBuckling 2nd Buckling
4x4 41.300 365.17 1.1800 10.4334
6%x6 41.197 362.86 1.1771 10.3674
8x8 41.172 362.35 1.1763 10.3528
10x10 41.163 362.19 1.1761 10.3483
12x12 41.160 362.13 1.1760 10.3465

Convergence study for the number layers on cantilever twisted FGM plate with giadesnn
=1 is shown inTable 4.4. From the observations, it is conckdithat 12 number of layers are
sufficient to represent FGM property as equivalent laminate section, hence 12 number of layers

are usedn the further studies.
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Table 4.4: Convergenceesultsof Non dimensional buckling loadf cantilever twisted FGM

plate (n=1) with varying number of layea/b =1, b/h=1000 =15 A
Non-dimensional Buckling Load
Buckling Load (N, ) kN J
Number of (/)
layers
15t Buckling 2" Buckling 15t Buckling 2" Buckling
4 20.998 184.79 0.5999 5.2797
8 20.652 181.75 0.5901 5.1928
12 20.586 181.17 0.5882 5.1763
16 20.563 180.96 0.5875 5.1703

4.3 Comparison with previous studies

The compaative studiesare madeon cantilever twisted laminated panels to validate the

methodology used in ANSYS. The results obtaiaesl closely matchedith the previous study

results. Table 4.5 and Table 4.6 shows the comparative study on the variation of Non

dimensional buckling load of cantilever twisted laminated panels diiterent angle of twist

andaspect ratio respectively.

Table 4.5: Compaative studyof the variation &® Non-dimensional buckling loadf cantilever

twisted laminated panefsr different angle of twisfil)

(a/b=1, b/h=250, £=141GPa, &= 9 .

2 3 60813, Gg=5.95GPa, &=2.96GPa

_ Non-dimensional BucklingLoad (/)
Angle gf Twist Present Ref [1]
0°/90° 0°/90°/0°/90° 0°/90° 0°/90°/0°/90°
0° 0.7106 1.4397 0.7106 1.4432
10° 0.7000 1.4191 0.6949 1.4078
20° 0.6698 1.3570 0.6473 1.3114
30° 0.6202 1.2556 0.5689 1.1526
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Table 4.6: Compaisonstudyof the variation of Nordimensional buckling load of cantilever

twisted laminated panefer different aspect ratiga/b) (0 =15°, b/h=250

Non-dimensional Buckling Load (/)
a/b Present Ref [1]
0°/90° 0°/90°/0°/90° 0°/90° 0°/90°/0°/90°
0.5 2.709 5.4780 2.7010 5.4706
0.6876 1.3931 0.6750 1.3676
0.1725 0.3496 0.1687 0.3418
0.0767 0.1555 0.0750 0.1519

In bothcasesthe results agree very wellence the twisted plate modelling in ANSYS gives

good results.

4 4 Results and Discussions

Buckling analysis of cantilever twisteAluminium/Aluminium oxide Al/Al,Os) FG
materialplateis studied The material properties afd - (Emn=7 0 GPa, Al/AIz0s-QE.3 ) ,

380GPa, g = 0.3). The effect ofwistechtRGMoplatas par an

studied

Non-dimensional buckling load is given by
0 5
- Q0

The nondimensional buckling load for the cametiler twisted plate with varyintyvist angle is

studied first using ANSYS and then the results obtained in ANSYS are validated using
ABAQUS. The results obtained are shownlmble 4.7, and the same is shown graphically for

the first buckling mode ifigure 4.1. The results obtained IANSYS and ABAQUS are close to
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each other and hence, further studises continuedvith ANSYS. From theesults it is observed

that the Nordimensional buckling load decreaseih increase in twist angle.

Table 4.7: Variation of Nondimensional buckling load with varying twist angle)
(a/b=1, b/h=100, n=)

Non-dimensional BucklingLoad (/)
A$$gtof ANSYS ABAQUS
15t Buckling 2nd Buckling 15t Buckling | 2" Buckling
mode mode mode mode
0° 0.5899 4.4685 0.5924 4.5566
10° 0.5896 5.2485 0.5918 5.4408
15° 0.5882 5.1763 0.5902 5.3657
200 0.5852 5.0657 0.5872 5.2514
30° 0.5758 4.7497 0.5775 4.9237

=@ ANnsys == Abaqus

a
o
a1
©
a

0.59 C=— —

0.585
0.58
0.575
0.57

0.565
0° 10° 15° 20° 30°
Twist Angle (1)

Nondimensional Buckling load

Figure 4.1: Variation of Nonrdimensional buckling loadith varying twist anglé€a )
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The F'and2" buckling modes ofintwistedand 15° twisted plates are shown in tReyure 4.2

andFigure 4.3 respectively.
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Figure 4.2: Buckling modes of an untwisted plate
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Figure 4.3: Buckling modes of 15° twisted plate.
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Variation of nondimensional buckling load with increasing aspect ratiodifferent gradient

indexn =1 and n= 2 is then studied with twist angle L&ndresults are presented Trable 4.8

andTable 4.9 respectivelyThe variation of nordimensional buckling load is shownaghically

in theFigure 4.4. From the results, it has been observed that thedmeansional buckling load

decreases largelwith increasing aspect ratidhis is becausavhen the aspect ratio increases,

the length ofthe platein the direction of the kplane compression load acting also increases

resulting in decreased stiffnedsence the amountf critical buckling loadrequiredto cause

critical buckling decreases.

Table 4.8: Variation of Nondimensional buckling load with varying aspect rgiadb)

(b/h=100,0 =15°, n=1)

Non-dimensional BucklingLoad (/)

b 15t Buckling 2nd Buckling
0.5 2.4338 17.4845
1 0.5882 5.1766
2 0.1443 1.2734
3 0.0634 0.5606

Table 4.9: Variation of Nondimensional buckling load with varying aspect rgidb)

(b/h=100,0 =15°, n=2)

Non-dimensional BucklingLoad (/)
b 15t Buckling mode 2"d Buckling mode
0.5 1.8321 13.5971
1 0.4589 4.0383
2 0.1125 0.9936
3 0.0495 0.4374
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Non-dimensional Buckling
load
-

0.5 1 2 3
Aspect ratio (a/b)

Figure 4.4: Variation of Nondimensional buckling load with varying aspect oé&/b)

The variation of nordimensional buckling load with increasing sidetha@wkness ratio for a 5

pretwisted plate is studiedand the results dained are presented ihable 4.10 and the

graphical representationf @ariation is shown inFigure 4.5. From the results, it has been
observed that theritical buckling load decreases with increasihg sideto thickness ratio but

the non-dimensional bucklindpad increasesvith increasingthe side to thickness rati®@ecause,

as the side to thickness ratio of twisygdte increases, the stiffneskthe plate dereasesand

thusit decreaseshecritical buckling load Butin Non-dimensional bucklinglogd he t er m o6 h 6
in the denominator and hence it sksomcreasing value with increasing the side to thickness

ratio.

==@= Critical buckling load ==fr==Non-dimensional buckling load

25000 0.59
0.588
20000 0.586
0.584
0.582

0.58
0.578
5000 0.576
0.574
0 0.572

10 20 30 40 50 60 70 80 90 100

Side to thickness raio (b/d)

15000

10000

Critical buckling load kN
Non-dimensional buckling load

Figure 4.5: Variation of nondimensional buckling load with varying side to thickness (i)
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Table 4.10: Variation of Nondimensional buckling load with varying side to thickness
ratio(b/d) (a/b=1,0 =15°, n=1)

Buckling Load (Nx) KN Non-dimensional Buckling Load
b/h (/)
15t Buckling 2"d Buckling 15t Buckling 2"d Buckling

10 20218 156470 0.5776 4.4706
20 2547.10 22144 0.5822 5.0615
30 756.91 6622.20 0.5839 5.1085
40 319.60 2802.80 0.5844 5.1251
50 163.84 1438.60 0.5851 5.1378
60 94.925 834.14 0.5858 5.1478
70 59.844 526.15 0.5865 5.1563
80 40.132 352.99 0.5871 5.1637
90 28.220 248.29 0.5878 5.1715
100 20.586 181.17 0.5882 5.1763

The variation of nordimensional buckling load with increasing gradient index fora 15
pretwisted plateis studiedfor two differentFGMs Al/Al2Oz and Ti/ZrO». The results obtaed
are presentedn Table 4.11 and Table 4.12. From the results, it is observed that nhon
dimensional buckling load decrease#th increasan the gradientindex. This is becausewhen
the gradient index is zero, the plate vioidi completéy ceramicwhichis very stiff and hence the
critical buckling load is higherAs it goes on increasing, the metal content in the plate also
increags resulting in reduced stiffness gntherefore,the critical luckling load goes on
decreasingWhen the gradient index reaches infinity, the plate will be coniplatetallicwhich
is less stiffthan ceramicand thus critical buckling loas less The variationis shownin the

Figure 4.6 andFigure 4.7.
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Table 4.11: Variation of Nondimensional buckling load with varying gradient index (n) for
Al/AI203 FGM(a/b=1, 0 =15°, b/h=100

Buckling Load (N kN Non-dimensional Buckling Load
Gradient index uckling Load (N,) (N,)
(n)
15t Buckling 2"d Buckling 15t Buckling 2"d Buckling

0 (Al203) 41.163 362.19 1.1761 10.3483
0.5 26.270 231.42 0.7506 6.6120
1 20.586 181.17 0.5882 5.1763
2 16.062 141.34 0.4589 4.0383
5 13.510 118.85 0.3860 3.3957
10 12.386 108.95 0.3539 3.1128
20 12.298 99.377 0.3228 2.8393
30 10.865 95.571 0.3104 2.7306
50 10.615 93.374 0.3033 2.6678
100 10.563 92.918 0.3018 2.6548
H Al) 7.5827 66.720 0.2166 1.9063
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Figure 4.6: Variation of Nondimensional buckling load with varying gradient in¢texor
Al/AI203 FGM.
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Table 4.12: Variation of Nondimensional buckling load with varying gradientlex (n) for
Ti/ZrO2 FGM (a/b=1, 0 =15°, b/h=100

Buckling Load (N ) KN Non-dimensional Buckling Load
Gradient index uckling Load (N, ) (N,)

n
") 15t Buckling 2"d Buckling 15t Buckling 2"d Buckling
0 (CrOy) 21.665 190.63 0.3735 3.2867
0.5 18.031 158.52 0.3109 2.7331
1 16.791 147.74 0.2895 2.5472
2 15.811 139.12 0.2726 2.3986
5 14.943 131.46 0.2576 2.2665
10 14.308 125.88 0.2467 2.1703
20 13.799 121.41 0.2379 2.0933
30 13.624 119.87 0.2349 2.0667
50 13.528 119.02 0.2332 2.0521
100 13.509 118.85 0.2329 2.0491
H 77) 12.667 111.53 0.2184 1.9229
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Figure 4.7: Variation of Nondimensional buckling load with varying gradient index for
Ti/ZrO2 FGM.
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CHAPTER 5
CONCLUSIONS

5.1 Conclusions

The present work enables to arrive at the following important conclusions:

x With the increase in angle of twist, the rdimensional buckling load decreases.

x As the aspect ratio (a/b) increasthe nondimensional buckling load of a twisted FGM
plate decreases largeljhis isbecausavhen the aspect ratio increases, the length of the
plate in the direction of the diplane compression load also increases resultingpen
decreased stiffnesblence the amounbf critical buckling loadrequiredto cause critical
buckling decreases.

x  The nondimensional buckling lah also increases with increasethe sideto thickness
ratio (b/d). Because, as the side to thickness ratigheftwisted plate increases, the
stiffnessof theplatedecreasess well and thus it increases critical buckling load.

x  The nondimensional bucklig load decreases with increasethe materialindex of a
pretwisted functionally graded material platehis is becauseasthe material gradient
goes on increasing, the metal content in the plate also incieagiste ceramic content
decreasesesulting in reduced stiffness grttiereforethe critical buckling load goes on

decreasingvith increase in gradnt index
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5.2 Scope of Future Works
Thepresent study can be extend to:

x Studythe effect of thermal loads alone and combination of mechanical and thermal loads
on thebuckling analysis of twisteHG material plate.

x Considering dferent varying edgeload on buckling analysisof twisted functionally
gradedmaterial plate

x  Study the no#inear buckling analysis of twisted functionally graded material plate.
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