Journal of Modern Processes in Manufacturing amd &ation, Vol. 5, No. 3, Summer 2016

Numerical and Analytical Investigation of a Cylinde Made of
Functional Graded Materials under Thermo-MechanicalFields

Javad Jafari Fesharaki”, Seyed Ghasem Madanj Sa’id Golab?

!Department of Mechanical Engineering, NajafabachBha Islamic Azad University, Najafabad, Iran
’Department of Mechanical Engineering, Faculty ofiiiaering, University of Kashan, Kashan, Iran
*Email of Corresponding Author: jjafari.f@gmail.com

Received: August 22, 2016; Accepted: DecemberXg 20

Abstract

This research develops thermo-elastic analysis @fnationally graded cylinder under thermo-
mechanical loadings. Heat conduction equation Imdsical coordinate system is solved. Thermal
conductivity coefficient is graded along the radidirection. By considering a symmetric
distribution of temperature, loading and boundawgditions, strain-displacement and stress-strain
relations can be developed. Material propertieh ascmodulus of elasticity are graded along the
radial direction. For validation of the obtainedguks; a complete numerical analysis using finite
element approach is presented.
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1. Introduction

Functionally graded materials (FGM's) have beerelbged during recent years. In 1891, Japanese
material scientist, for the first time during theidy, achieved this non-homogeneous material to
obtain a material with high thermal resistance (fjen and Lin [2] presented the Elastic analysis of
thick cylinders and spherical pressure vesselssuestribution along the radial direction, made of
FGM. The results show that non-homogeneity hasif@gnt influence on the stress distribution
along the radial direction. Thermal stresses inoldoWw circular cylinder made of functionally
graded materials were given by Liew and et al. T8ley offered the solution by a limiting process
for analyzing homogeneous hollow cylinders withaiging thermo-elastic non-homogeneous
equations. General analysis of one-dimensionalotmifthermal stresses in thick-walled hollow
cylinders made of FGM was provided by Jabbari ef4]l Nonlinear analysis of thermo-elastic
hollow rotating disk made of FGM using the firstdatnird-order shear deformation theories was
examined by the Nokhandan and Jabbarzadeh [5].eThethors have achieved equilibrium
equations using first-order and third-order shediomgnation theory with a von Karman assumption
and the principle of the least potential energyostigoftar et al. [6] presented the thermo-elastic
analysis of a thick-walled cylinder made of funoily graded piezoelectric materials (FGPM).
Thermal analysis of elastic-plastic and optimaligie®f a composite cylinder made of ceramic and
metal FGM also were studied by Hang and colleadideNonlinear thermal analysis of a thick-
walled cylinder was made of FGM to the conditioatttemperature-dependent material properties
are investigated by Azadi and Sharyat [8]. The ansthinvestigated the effect under different
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boundary conditions and geometric parameters aridme fraction index for the temperature
distribution. Vodenitcharova and Zhang [9] studiteed pure bending and bending-induced local
buckling of a nanocomposite beam reinforced by aCBW. They found that in thicker matrix
layers the SWNT buckles are locally at smaller lmmpdangles and greater flattening ratios.
Asymmetric axial thermal analysis of a hollow cdar made of the FGM has been investigated by
Shao et al. [10]. Two-dimensional dynamic analydithermal stresses in a circular cylinder made
of FGM subjected to thermal shock loading usingaaalytical method was investigated by Safary
and Tahani [11]. They assumed that the thermalgst@gs for the material in the radial direction
along the cylinder are non-linear. These authoith Whe help of Laplace and Navier equations
investigated the effects of thermal loading on indgr made of FGM. Nie and Batra have studied
an analysis of the isotropic elastic and incompbéssollow cylinder. They presented an accurate
solution for the deformation of the cylinder atferent shear modulus [12]. Thermo-mechanic
analysis of three-dimensional stress cracks inliadgr that is made of FGM was investigated by
Nami and Eskandari [13]. They presented the eftédhe thermal expansion coefficient of the
stress distribution around the cylinder with suefatacks. A new method for stress analysis of a
cylinder under pressure made of FGM was presenye@iutuncu and Temel [14]. Salehi-Khojin
and Jalili [15] studied the buckling of boron rdei nanotube reinforced piezoelectric polymeric
composites subjected to combined electro-thermdiaracal loadings. Their results indicated that
the piezoelectric matrix enhanced the buckling stasice of composite significantly, and the
supporting effect of elastic medium depended orditection of applied voltage and thermal flow.
Also, Salehi-Khojin and Jalili [16] proposed a saative control approach to obtain a composite
structure with tunable mechanical properties ragdiom stiffer structure to better damper. For this
purpose, they proposed to apply an external etettiield to a piezoelectric polymeric matrix such
as polyvinylidene fluoride (PVDF) reinforced witharbon nanotube. They showed that upon
electrical loads to PVDF reinforced with nanotubt® interfacial adhesion can be selectively
controlled based on some desired characteristics.

In this paper, after performing a heat transfetyamain cylindrical coordinate system, the thermo-
elastic analysis can be presented. The symmetamslisplacement and stress-strain can be used.
For validation of the results, a comprehensiveveaie analysis can be performed.

2. Basic Equations of the problem
If the cylinder is assumed to be of infinite lengiithe z direction, in cylindrical coordinate sst,
the relationship between strain and displacemeanbeanritten as follows [17]:

ou
= 1
r ar ( )
£ :% (2)

Where," &* show the strainju® represent the displacement in the radial direabibthe cylinder.
Stress-strain relations for plane stress conditeambe written as following:

g, =(V+2nE, +ye, ~@y+2maT(r) 3)
Ogg = (Y +21)Eg + Ve, By +2m)aT (r) (4)
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Wherec represents the stress and T(r) represents terapeidistribution. The terms, y andn are
physical relations. Such that, the teunCoefficient of thermal expansion, terma&ndn depend on
the modulus of elasticity E and Poisson's ratas follows:

_ VE

YA - ®)
_E

=50+ ©)

Equilibrium equation in the radial direction, redi@ss of body force and the inertia term is as
follows:

J;r + 1(a-rr - 0-99) = 0 (7)
r

As mentioned before, the material properties ar@abke in terms of radial location of the cylinder.
For presentation of variable properties, we canpaseer function as follows:
E(r)=E,r*,a(r)=a,r"

(8)

In this relation, the terrfi is called the non homogeneous index of the materia

Figurel. Coordinate system and the geometry o$ied

By substitution of strain-displacement in stresaistrelation and consequently in equilibrium
equation, we have:

d,rPu" +d,r U +dyr U =d,r T (r) +d AT (9)
where:

d =y,d,=y(B+1).d,=yB-(y+27)

d,=@y+2ma2p+1)+@By+2n)a (10)

d, =@y+2n)a
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3. The Heat Transfer Equations

One dimensional heat transfer equation in the gtetde conditionin cylindrical coordinate system
is:

s () =0
r (11)
z,T(@)+2,T"(@) =0, Z,T(0)+2,I'(b)=q,, asr<b

where, k=k(r) is thermal conductivity, a and b #ve inner and outer radius of the cylinder agd Z
is the parameters of the thermal conductivity whgcthermally stable.;cgand @ are constant inner
and outer radiuses which are known. It is assurthadkyr) is thermal conductivity of FGM which
is an inhomogeneous material, in equation (12):

S(r)= Sor’% (12)

Where, S, and B, are the coefficients of the materials. Using eigma{12), the heat transfer
equation in the form of equation (13) can be wnitte

l|:1’ﬁ3+1T'(r)} =0 (13)
r

Solution of above equation may be presented aswsl

T(r) =_7er_ﬁ3 +M, (14)

3

By using the boundary conditions (11), the constéft and M, are obtained as follows:

2,4, — 2,4,

M, = . .
- + C a_ 3 _ + Z b_ 3
Zy (lea (A _1118}_211(22217 A+ _ZTBJ
3 3
7 a‘(,B3+1) _ lea g, - 7 b_(ﬂ3+1) _ 221b g (15)
12 ,3 2 22 ﬁ 1
M, = 3 3
—(B.+ Z A A+ Z b_,Ba
Zn| 2122 A _ Zn? ~Zy| Zypb (A -
B, B,

4. Solving the Governing Equations of Problem
By solution of temperature distribution, we can gbete equilibrium equation as follows:

" =1, 1 -2, — -1 -53-1
drPu" +drP U +dr P Pu = Mr A+ M A (16)
Where:

oy < LFB +Ba M,
1-v
17
1+v)(1 —i)croM1 ( )
= 'Bl
! 1-v)
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The general solution of this equation is givendaiing:
g > e
us(ry=pnr (18)

By inserting equation (18) into equation (16), temeral solution of the problem of the equation
(19) is provided that:

d,-d, _[d-d_, 4,
__ s _ 19
T STl @)

The general solution is:

ué(r)= BlrZl + BZI‘(2 (20)
And:
ut (r)y=wr" +w A (21)

By inserting equation (21) into equation (16) wedia
W, rP 7 [(d, P (B, + D)+ (B, + Dd,r”)]
W, r A7 (d, rP (B, - B, + (B, - B)) (22)
(B, - B+, r" )= A" + 4rAH
Equation (22) gives the result:
A

\/\/1 =
(dir? (B, +D) + (5, +Dd,r”) (23)
W, = A
(dlrﬂ(ﬂz - ﬂ3 +1)(/82 - ﬂa)) + ((ﬂz - /83 +1)d2rﬂ)
The general solution of this equation is:
u(ry=u(r)+u"(r) (24)

u(r)=B, 2o BZIJZ +erﬁ2+1 +I/V21"'32_’53+1
By inserting equation (24) in equation (1) and B} stress components can be obtained as:
o, =((Y+20) PN B + I Bra™ + (B, +DWr? + (B, + B, + DW,r = #))

OB W W) + @+ ) A

3

(25)

Top = ((+27)r7)(Byr 7+ B,r & +Wir 2 +Wor 27%) + (pr £)(¢,Byr 7 + £ B,r 47 +

(B, + D™ + (B, = B+ W) + (@ + 22 + )

3

(26)

By employing the required boundary conditions, wa complete solution procedure. For a
cylinder of FGM, thermal and mechanical boundanyditbtons have been applied as:
T(a)=10°,T(b)=50¢

And the mechanical boundary condition is preseatefbllows:

o, (a)=1Mpa,o, (b)=0Mpa
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5. Numerical Results and Compariso

In this section, the numerical results along thaialedirection and in terms of different values
non-homogeneous index can be presented. Furthermareaholation of the obtained results
comprehensive analysis using the finite elementaggh is performed. ABAQUS software is ut
for finite element malysis.The numerical constants are consideredliasve:

a=1.5b=2,a=1x10"° /°C,E =200GPa,

7.=50°C,T =10°C

Figures 2 and 3presented the temperature distribution in termsdiffierent values of no
homogenous index between4 based on the exact and software analysis.
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Figure2.Temperature distribution in terms of different v@dwf non homogenous index betwi+4 based on the
software analysis
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Figure3.Temperature distribution in terms of different v@wf no-homogenous index betwe +4 based on the
exact analysis
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Figure4.The radial distribution of radial stress in terniglisferent values of nc-homogenous index betwe +4
based on the software analysis
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Figure5.Radial distribution of radial stress in terms dfetient values of non homogenous index betw+4 based on
the exact analysis
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Figure6.Radial distribution of circumferential stress inntes of different values of non homogenous indexveen +4
based on the software analysis
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Figure7. Radial distribution of circumferentialesds in terms of different values of non-homogenodex betweent4
based on the exact analysis
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Figure8. The radial distribution of Von-Mises s&és terms of different values of non homogenoudginbetweent4

based on the software analysis

Figures 4 and 5 show the radial stress in the dghinin terms of different values of non
homogeneous index based on the exact and softwsab/sas. Figures 6 and 7 show the
circumferential stresses along the radial direction

As presented in Figures 4 and 5, with increasiegittn homogeneous index, the radial stresses are
increasing. This increasing is due to increasimgstiffness of cylinder.

6. Conclusions

In this paper, thermo-elastic analysis of a funwilty graded cylinder has been performed.
Gradation of material properties have been constitar thermal and mechanical properties except
Poisson ratio. Furthermore a software analysisgualBAQUS has been performed. The obtained
results present good computability between bothleyegd methods. The results of this analysis can
direct researcher for finding the best and optihizendition and control of stress or displacement
distribution in critical conditions.
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