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Abstract. An analysis of the unsteady-state thermo-mechanical problem of functionally
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Thick-walled sphere: graded thick-walled spheres is presented in this paper. The material properties, except
FGM: . ’ Poisson’s ratio, are assumed to be an arbitrary function of radial direction. Considering
FEM" linearly increasing boundary temperature and employing Laplace transform techniques,
Linea’rl time- the time-dependent temperature is obtained. In a special case, by assuming the material
de end}e,nt properties to follow a power-law function, the Navier equation is solved for an arbitrary
teIIr)lperature time. This led to radial displacement, radial stress, and hoop stress as a function of radial

direction. In the numerical results calculated by FEM software, ABAQUS is compared to
the analytical results. The present results agree well with existing analytical results.
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1. Introduction

Spheres heated by their surrounding are omnipresent
in most common engineering design structures. The
engineering relevance of the heat source for cylinder
or sphere vessels can be considered as hot fluid or
hot gas flow in the vessel at the chemical operations
in reactors [1]. The analytical solutions of various
heat conduction problems, such as axisymmetric, non-
axisymmetric, steady state and transient heat conduc-
tion for isotropic thick hollow spheres in the elastic
stress state, are available in advanced textbooks and
articles [2-10].

Recently, a new class of composite materials,
known as Functionally Graded Materials (FGMs), are
used as heat-shielding materials. The possibility of tai-
loring the desired thermo-mechanical properties holds
enormous application potential for FGMs. In fact,
these materials are made of a mixture, with arbitrary
composition of two different materials; the volume
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fraction of each material changing continuously and
gradually. The ability to tailor a composition with
low thermal conductivity, low coefficient of thermal
expansion and core ductility have enabled the FGM
materials to withstand higher temperature gradients
for a given heat flux. Examples of structures that un-
dergo extremely high temperature gradients are plasma
facing materials, the propulsion system of planes, cut-
ting tools, engine exhaust liners, aerospace skin struc-
tures, incinerator linings, thermal barrier coating of
turbine blades, thermal resistant tiles, and directional
heat flux materials [11]. Used continuously, varying
the volume fraction of the mixture in the FGM can
control the stress profile in these structures, such that
the interface problems and mitigating thermal stress
concentrations are eliminated. Thus, heat conduction
analysis of FGMs is of great interest. Solution of the
temperature field is essential to calculating thermal
stresses within the structures. Obata and Noda [12]
studied one-dimensional steady thermal stresses in
a functionally graded circular hollow cylinder and a
hollow sphere using the perturbation method. Nayebi
and EI Abdi [13] developed a numerical program to
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investigate the steady state behavior of thick walled
spherical and cylindrical pressure vessels subjected to
cyclic pressure and/or temperature. Actually, the
steady-state heat conduction problems in thick spheres
made of FGM have been investigated in several pieces
of literature [14-18]. However, there are a broad
range of practical applications, especially operating at
large temperature drops in which, in some cases, the
transient thermal stresses are large enough to cause
structural failure. Therefore, analysis of transient
heat conduction with various initial problem conditions
for spherical vessels made of FGMs has attracted
widespread attention over the past ten years. For in-
stance, Ootao et al. [19] derived the three-dimensional
transient thermal stresses of a non-homogeneous hollow
sphere, with respect to a rotating heat source. Using
a combined analytical and numerical method, Tsai
and Hung [20] investigated the thermal wave propa-
gation in an abi-layered composite sphere, due to a
sudden temperature change on the outer surface. Non-
Fourier hyperbolic heat conduction in a heterogeneous
sphere made of FGMs was investigated by Babaei
and Chen [21]. In this work, the problem is solved
analytically in the Laplace domain, and the final
results in the time domain are obtained using the
numerical inverse of the Laplace transform. Ghosh
and Kanoria [22] considered the analysis of thermo-
elastic response in a functionally graded spherically
isotropic hollow sphere based on the Green-Lindsay
theory. They assumed that the inner surface was
subjected to a time-dependent thermal shock, whereas
the outer surface was maintained at constant tempera-
ture. Thermo-elastic analysis of a functionally graded
orthotropic hollow sphere under thermal shock with a
three-phase-lag effect was carried out by Kar and Kano-
riab [23]. In another work, magneto-thermo-elastic
transient response of a functionally graded thick hollow
sphere, subjected to magnetic and thermo-elastic fields,
was obtained by Ghorbanpour et al. [24]. Besides,
Ootao and Ishihara [25] developed the transient ther-
mal stress problem of a functionally graded magneto-
electro-thermo-elastic hollow sphere. Furthermore, the
temperature field and stress-strain state caused by
time-dependent temperature boundary conditions for
cylindrical vessels made of FGMs were determined by
Shao and Ma [26].

The objective of the present study is to ana-
lyze the thick-walled spherical vessels made of FGMs
subjected to mechanical and linear time-dependent
thermal loadings. In other words, the temperature of
the inner surface rises linearly from zero to the steady-
state temperature, and the outer surface temperature
is kept constant. The thermo-mechanical properties
of Functionally Graded Material (FGM) are assumed
to vary continuously in the radial direction. To
derive the time-dependent temperature, the ordinary

deferential equations are solved by implementing the
Laplace transform technique and power series method.
Expressing the temperature distribution as a power
series, the Navier equation has been solved at an ar-
bitrary time. Finally, using ABAQUS simulations, the
finite element method is compared with the analytical
results.

2. Thermo elastic analysis of FGM hollow
spheres

Consider a radially graded FGM hollow sphere whose
inner and outer radii are R; and R,, respectively. The
surfaces of the body are subjected to uniform pressure,
P; and P,, on the inner and outer surfaces, respectively.
Besides, the inner surface is heated such that its
temperature rises linearly from zero to a constant
temperature, 77, as shown in Figure 1. The outer
surface temperature is kept at a constant temperature,
T>. Moreover, it is assumed that neither body forces
nor heat generation are acting inside the medium. For
the analysis, the following dimensionless quantities are
introduced:

’I’ZR/RnL, 1 :Rl/ana T2 :RQ/R"“
E* = E/Ey, a" = ajag, A" =X/ Ao, k" = k/ko,
T* = T‘/j_b7 T = kot/R%n, H2 = Rm.hQ/)\Ov

u* =u/agToRm, o

= or/aoToEy,
U; = U@/OéoToEm Pl* = P1/040E0T07
Py = Py/agEgTy, (1)

where R,, is the mean radius, which is defined as:
R,, = (R1+R>)/2, and Ty is the reference temperature.
Also, ko, Ao, g and Ej are reference values of thermal
diffusivity, thermal conductivity, coefficient of thermal
expansion, and the modulus of elasticity, respectively.
Actually, the corresponding radius of kg, Ag, g and Ej
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Figure 1. Linearly increasing temperature in the inner
surface of hollow sphere.
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are the material properties of the hollow sphere. Be-
sides, Hs is the dimensionless heat transfer conduction
on the outer surface. It should be mentioned that
ko = Ao/poCpo, in which Cp is the specific heat of
the vessel at mean radius.

Using the dimensionless displacement, u*, the
strain-displacement relations can be written as:

. du®
- 2
£, ar (2a)
,u/*
= 2b
€p ’ (2b)
The dimensionless stress-strain relations are:
. E*(r) .
7r T T +0)(1 - 20) (1= v)er + 20
—(L+v)a”(r)I"(r,7)], (3a)
. E*(r) _—
* — >.<+ * 1_"_ * T‘ , ,
Tg (1 +”U)(].-2’U) [/UgT €p ( U)Oé (T) (T T();b)

where v is Poisson’s ratio. The equilibrium equation is:

dO'i 2 * *
754 2 (o1 —j) = 0. @)

Substitution of Eqs. (2) and (3) into Eq. (4) produces
the Navier equation:

Pt (2, <E*<r>>'> ou*(r.7)

where ()" denotes the derivative with respect to 7.
3. Heat of transition in the FGM thick walled
sphere

In the absence of heat sources, the heat conduction
equation is expressed as follows:

02T (r,7) 2 (N () 9T (r,7)
or? * (7’ * A#(r) ) or
1 or*(r,7)
k() o (©)

Considering Figure 1, initial and boundary conditions
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are expressed as follows:

T*(r,0) = 0, (7)
. 14, 0<7 <7
r=r T = (8a)
Tl? T > T0
o OT (7 .
r=ry: k*(r) ((9:2’7-) +HyT"(ry, 7)=HyT5. (8b)

Firstly, the solution for the phase of 0 < 7 < 79 is
derived. Similar to [26], performing Laplace trans-
formation, in terms of 7, to Eq. (6) and boundary
conditions in Eqgs. (8), the governing equations of the
problem in the Laplace domain can be obtained as:

9?F(r,s) (2 ()\A(r))') OF (r,s)
or? A*(r) ar
1
— 7 BF . Q
1“:1“1.F:T1*i27 (10a)
T0 S
r=ry: % + HyF(r,s) = éHsz (10b)

Regarding the series method for solving ordinary dif-
ferential equations, coefficients 2/r, (\*(r))" /A*(r) and
1/k*(r), are analytical at » = 1. So, the Taylor series
about this point can be written as:

2oy, (118
M) "

iy =D )—r;fl,n( ", (11b)

1 > )
]C*(’I“) _f2(r) _nz:%.fln(r_l) , (110)

where:
1

frn = (), (12a)
fon = 1 £ 1). (12b)

Using the series to solve Eq. (9), the solution can be
expressed as follows:

F(ros) =Y An(r—1)" (13)

Substituting Eqgs. (13) and (11) into Eq. (9) and com-
paring the coefficients of (r — 1)™ gives the recurrence
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relation as:

(4 20+ DA 23 (<104 1) Ay
1=0

+ 5 frnmii+ DA (r = 1)

1=0
=S Zfz,nfiAi(T - 1)”’ (14)
1=0

In the above equation, coeflicients A, are the linear
combination of Ag and A;, which can be written as
follows:

An(S) = d17n(5)A0 + dgm(S)Ah (15)

where the coefficients of d; ,(s) and ds,(s) are ob-
tained from Eq. (14). Thus, Eq. (13) can be rewritten
as:

F(rs) =Y (Aodin(s) + Ardan(s)) (r = 1)", (16)

where Ay and A; are unknown constants that can be
obtained by the use of the boundary conditions. To cal-
culate the unknown constants, Eq. (16) is substituted
into the boundary conditions in Egs. (10):

o o) (40) _ (52 an
a1 22 Ay) T\ )

S

3

where:

a1 = gdlm(s)(rl - 1", (18a)
aip = idgm(s)(rl -1, (18Db)
an = i(n +1)dy g ()(r — 1)

+H, i:: din(s)(r2 — 1), (18c)
az = fjm + )i (5)(r2 = 1)"

+H, i do n(s)(r2 — 1)™. (184)

=

Coeflicients Ay and A; can easily be extracted from

Eq. (17):

T
det HT% @12
1 2dys  ase
Ao = 2

- , 19a
52 det ail a2 ( )
21 A22
T7
det [ 41 HT%X
1 as 2 I5s
A= w2 (19D)
§ det ail a2
21 A22
Substituting Eq. (19) into Eq. (16) yields:
S Nu(s)
F(R = -n" 20
(F) =32 Jiy = 1" (20)
where:
Ty -
N, (s) = det o 20 dy o (s)
HQT;S a2 ’
a11 I
+det T da.n($), 21
¢ as1 HQIU—;S 2 (8) ( a)
and
M(s) = s%det <a11 a12> . (21b)
a21 a22

The dimensionless T*(r, 7) can be derived by using the
inverse Laplace transform for all coefficients of (r —1)™
in Eq. (20). In this way, the roots of equation M (s) =0
can be simple or multiple-root. Hereby, in the case
where equation M (s) = 0 has only simple roots, k(k =
1,2,...,n), the inverse transform of Eq. (20) can be
written as:

[SS) k

* Nn(s) s;T n
T(TvT):Z ZWG’ (r—=1),
n=0 j=1< ds )5:5' (22)
while in the case where equation M(s) = 0 has

multiple-roots with j orders, and s;11, 8,42, S;43... are
single roots of function M(s), the solution can be
obtained as:

i 1 &
T (r,7) = Z ((] — 1) 31521 dsi—1

n=0

(6= Fe")

i Nn(sk)

+ Z (dM(s)) 651’T> (T_ 1)". (23)

p=j+1 ds

For phase 79 < 7, the temperature is obtained by
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following the work of [4], as:

T =T"(r,7)—T"(r,7 — 70), (24)

where T*(r, 7 — 79) is a function similar to T%(r,7) in
which 7 takes the place of 7 — 79.

4. Solution of the Navier equation with the
heat of transition

By substituting the temperature distribution obtained
in Eqgs. (22) or (23) into the Navier equation, and
solving this equation, displacements and stress distri-
bution can be derived. For this purpose, considering
Eqgs. (22) and (23), the temperature distribution can
also be expressed at an arbitrary time as follows:

T*(r)=ap+air+asr*+azr’+...+a;r* _Zal (25)
=0

Using a comparison of extended Egs. (22) or (23)
with Eq. (25), coefficients ag, a1, ..., a; can be obtained.

Substituting equation (25) into the Navier equation (5)
gives:

&u* (r) N 2
or?

(£(r)" du*(r)
) or

+2 v 77_,
1—v E*(r) T

14+v a*(r)E* (1)) <& i
= a (r)<( () ())) Zair

1—v

oo
+ E iairll) .
i=1

In a special case, the sphere’s material is assumed to be
graded through the thickness, where the material prop-
erties are approximated with the power-law functions
as:

(26)

E(r) = For™, (27a)
afr) = agr’, (27b)
A(r) = Aor?2, (27c)
k(1) = korPs, (27d)

Substituting Eq. (27) into Eq. (26
can be rewritten:

2 (w(r))" + Ar (u

), the Navier equation

“(r)) + Bu(r) = Crft!

o0 o0
Z airt + DrP+? Z(z + Dar’, (28)
i=0 i=0
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2 1)—-1
A=24p, p=BtD-1
1—-v
1 + v 1+v
C=1"0(Bi+R), D=i (29)

Eq. (28) is a non-homogeneous Euler differential equa-
tion with general and particular solutions whose com-
plete solution, w*(r), is:

o0
w (1) = 1™ 4 cor™? 4 cgrP2 Tl g a;r’

=0
e .
+eqrP2tl Ziaﬂ’l, (30)

i=1

where m;» are given by a homogeneous solution as
follows:

1—A+VA
mi 2 I ——

2= (31a)

A=(A-1)*-4B. (31b)

Substituting particular solutions into Eq. (28) yields:

cs > (i+B2)(i + Bo+ Dagr* +ca Y _ii + Ba)

o0
(i + B + Dagr +A( 5D (i+ B2+ 1)a
=1
+ ¢y Z (i + B + 1)a¢7’i) + B <03 Z a;r’
i=1 i=0
+ ¢y Z iairl) =C Z a;r"+D Z ia;r’.
i=1 i=0 i=1

Using Eq. (32), coefficients c3 and ¢4 can be calculated.
By substituting Eqs. (30) and (25) into Egs. (2)
and (3), the resulting stress expressions are:

Bt
or(r) = !

“A =) {m @+ {1 —v)m)

o (2v 4 (1 — v)my) + 1%2¢5

(21/ Z a;r' + (1 —v) Z(z + B + l)airi>
i=0 i=1

_|_ ngfl

=1 =2

+r72¢, (21/22@ r'+(l—-v Zz (i+52)a )

(33a)
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P

74 (r) T (Tt v)(1-2v) [Tmllcl(l +vmy)

o0
+ ™27y (14 vms) + 1772 ¢4 (Z a;r’
i=0

+ I/Z(Z + By + 1)airi)

=1
o0 . e .
+7P2¢4 (Z ta;r" +v Z (i + 62)%7‘1)
i=1 i=2

—rP2(14v) i aﬂ”] . (33h)

In Eq. (33), ¢; and ¢ are unknown constants that
can be obtained by applying the following boundary
conditions:

o (N)r=r, = =P,

5

o (T)lr=r, = =Py, (34)

in which, P;* and P; are normalized pressures on the
inner and outer surfaces, respectively.

5. Finite element solution

A geometry specimen is modeled using a commercial
FE code, ABAQUS, for a comparative study. In the
FE model, due to symmetry, only a quarter of the
sphere specimen geometry is considered. An 8-node
axisymmetric thermally coupled quadrilateral element
is used to represent the FGM specimen. In this model,
similar to [17], the variation in material properties
is implemented by having 20 layers, with each layer
having a constant value of material properties. The
final FEM model consists of 2780 elements in total.
Figure 2 illustrates the meshing region.

Boundary conditions are depicted in Figure 2.
According to this figure, Uy, Uy and Us represent the
displacement components in X, Y and Z directions,
respectively.  Actually, the nodal points along the
horizontal edge passing through the center are free
to move in an X direction, but are constrained from
moving in the Y direction to reflect the symmetry of
the sphere specimen geometry. Moreover, the inner
thermal boundary conditions are applied based on the
profile described in Figure 1. To do this, the amplitude
tools in ABAQUS software are used to define the time-
dependent temperature profile of the inner surface.
Considering the linear variation of the temperature
profile for ¢t < tp, as depicted in Figure 1, only
two points are desired to define the time-dependent
temperature of the inner surface in the FE model.

Y

LX \U =0

Figure 2. Finite element mesh region.

Hereby, the first and second points are assigned as
(0,0) and (to,71). It should be noted that based
on Figure 1, T} is the steady state temperature of
inner radius and ?¢y is the corresponding time, which
can be calculated using the non-dimensional param-
eter, 7o = koto/R?,. Furthermore, the temperature
of the outer surface is kept constant, as shown in
Figure 2.

The increment number required for the resolution
is determined automatically by the software. For
example, if 3;(1 = 1..4) = =2, forp = 0.1 and 7 = 0.1,
the increment number will be 1066.

6. Results and discussion

The analytical and finite element analysis obtained in
previous sections can be checked for a number of exam-
ples. In the following section, a case study is presented
to investigate the stress and displacement responses for
a thick-walled sphere under time-dependent thermal
loading. Besides, in this section, FEM validation is
performed by providing the numerical data.

6.1. Case study

For instance, consider a thick hollow sphere of inner
radii Ry = 0.09 (m) and Ry = 0.11 (m), respectively.
A special case is considered in which there is no heat
transfer taking place between the outer surfaces and
the surrounding medium (hy — o0). The temperature
reference has been taken as T, = 30°C. Moreover, it
is assumed that the steady-state temperature of the
inner surface, 77, is equal to Ty and, correspondingly,
the non-dimensional parameter, ¢, is 0.1. Besides, T
is kept constant as 7o = 0°C. Also, the inner and
outer surfaces are assumed to be traction free, such
that P = Py = 0. The other material properties
chosen for the numerical calculation in both the FE
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model and analytical results are:
Fy = 200(GPa), v =0.3, p=7833(m?/kg),
ap=1.2x1075(1/°C), Cpy = 465(J/kg.°C),
Ao = 54(w/m.°C).

Hence, thermal diffusivity can be calculated as ky =
1.4826 x 1075 m?/s. Hereby, using the non-dimensional
parameter, 7o = koto/R2,, introduced in Eq. (2), the
corresponding time of the steady state temperature of
the inner surface can be calculated as ty = 67.4508 s.
As discussed in Section 6, in order to model the linear
variation of the time-dependent temperature of the
inner surface, the first and second points are assigned as
(0,0) and (to,T}) into the boundary condition section
of the FE model. Consider a typical = = 0.02, such
that 7 < 79 and 8 = 1. The hoop and radial counters
of the FE results are depicted in Figures 3 and 4,
respectively. In these figures, s11 represents the radial
stress, and hoop stress is demonstrated by S22. It
should be mentioned that the time period analysis
of the FE model for this case can be calculated by
T = k’gt/R?n

S, 511

(Avg: 75%)
-5.247e401
-7.371e+403
-1.469e+04
-2.201e+04
-2.933e+04
-3.664e4-04
-4.396e+04
-5.128e+04
-5.860e+-04
-6.592e+04
-7.323e4-04
-8.055e+04
-8.787e+04

Y

L

Figure 3. Contours of radial stress for 7 = 0.02 (7 < 79)
and 8 = 1 obtained by FE model.

S, 522
(Avg: 75%)

+7.228e+05
+5.711e+05
+4.194e+405
+2.678e+05
+1.161e4-05
-3.559e+04
-1.873e+4-05
-3.389e4-05
-4.906e+05
-6.423e+4-05
-7.940e+05
-9.456e4-05
-1.097e+4-06

Y
Lo
Figure 4. Contours of hoop stress for 7 = 0.02 (7 < 70)
and 8 = 1 obtained by FE model.

Furthermore, considering the analytical non-
dimensional parameters, the non-dimensional tempera-
tures of the internal and external surrounding medium
are T} = 1 and Ty = 0, respectively. The coefficients
of di,n(s) and da,,(s) are obtained from substituting
Eq. (14) in Eq. (15). For instance, considering n = 3
gives:

dio =1, di1 =0,
S S
dis= dig=——
b2 ok (r) YT Bk (r)
s? + 8sk*(r) 452 4 40sk*(r)
dig=—""-—3, 1,5 = : ;
24 (k*(1)) 120 (k*(r))
dao =0, dyy =1,
6k*(r) + s
dyos = —1 do a2 =
2,2 ) 2,3 6k (r)

_Askr(r) +24 (k*(r))?
’ 24 (k*(r))”

?

120 (k*(r))® + 5% + 20sk* (1)
v 120 (k*(r))?

(35)

Substituting the coefficients obtained from Eq. (35)
into Eqgs. (19), the coefficients of Ay and A; can easily
be found. By calculating the coefficients of Ay and
A, the temperature profile can be extracted. The
numerical results converge rapidly by increasing with
the series items. However, there are no substantial
differences between the results for the series items
of more than five terms. Therefore, n = 5 can be
considered as the necessary number of terms of the
series.

In the following figures, firstly, by increasing T,
the patterns of temperature, stress and displacement
distribution during the inner surface heating are plot-
ted. In these figures, the power-law index is assumed
to be 8 = 1. In the second part, the inhomogeneity
effects upon the temperature, stress and displacement
distributions are investigated for the transient case
(7 < 719) and the steady-state case (1 > 79).

Figure 5 includes the plot of the dimensionless
transient temperature along the radial direction for
the assumed initial conditions. It is observed that
the temperature distributions follow the given initial
conditions at the inside and outside surfaces. Figures 6
and 7 are the dimensionless temperature distribution
along the radius for different power-law indices in
7 = 0.02 and 79 < 7, respectively. According to
these figures, as the power-law index is increased, the
temperature profile is decreased. From Figure 7, it can
be seen that the patterns of steady-state temperatures
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Figure 5. Distribution of dimensionless time-depended

temperature for 3 = 1.

0.20 Analytical [q
+ FEM
= -2
0.16 /ﬁ E
B=-1

. 0.12f i
& g=0

0.08} E

0.04 | G =1 p

B=2
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.06 1.08 1.10

Figure 6. Distribution of dimensionless time-depended

temperature for 7 = 0.02.

1.0 Analytical|/
+ FEM
8= -2
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0.6 B8=0 .

3
0.4t i
g=1

0.2} 4
g=2

0.0 L L L "

0.90 0.94 0.98 1.02 1.06 1.10

Figure 7. Distribution of dimensionless time-depended
temperature for 7 > 7.

through the thickness for the steady-state case are
similar to those reported in [17]. Figure 8 illustrates the
dimensionless radial stress along the radial direction for
B = 1 satisfying the initial thermal and the traction
free mechanical boundary conditions. Figures 9 and 10
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-0.01

5 -0.03

-0.05

Analytical
+ FEM

-0.07 N 1 L
0.90 0.94 0.98 1.02 1.06 1.10

Figure 8. Distribution of dimensionless transient radial
stress for g = 1.

x1073

Analytical
+ FEM

L T

0.90 0.94 0.98 1.02 1.06 1.10

Figure 9. Distribution of dimensionless transient radial
stress for 7 = 0.02.

0.00 Analytical

+ FEM

-0.02f
& -0.04¢ 1
-0.06} ]

-0.08F p E

0.90 0.94 0.98 1.02 1.06 1.10

Figure 10. Distribution of dimensionless transient radial
stress for 7 > 7.

demonstrate the dimensionless radial stress for different
fin 7 =0.02 and 19 < 7, respectively. With regard to
the figures, it can be stated that for higher 3 values,
the compressive radial stresses in middle layers of the
sphere increased. The steady state patterns of radial
stress depicted in Figure 10 are in agreement with those
reported in [17].
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Figure 11. Distribution of dimensionless transient hoop

stress for 5 = 1.
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T

L

Figure 12. Distribution of dimensionless transient hoop
stress for 7 = 0.02.

The distribution of dimensionless hoop stress for
B8 = 1 is manifested in Figure 11. Based on this
figure, the absolute values of hoop stresses increased
by passing the time in the phase of 0 < 7 <
70, and rapidly approaches maximum values at the
steady state in the following phase of 19 < 7. Also,
distribution of dimensionless hoop stress across the
radius in 7 = 0.02 and 79 < T for different power-
law indices is represented in Figures 12 and 13, re-
spectively. According to these figures, the hoop stress
distributions are compressive at the inside surface and
tensile at the outside surface. It is also observed
from Figure 13 that at approximate radial distances
of r = 97 mm and the outer surface, the stress values
for all values of 3 converge toward the stress values

in the homogenous material (5 = 0). Figure 14
demonstrates the dimensionless radial displacement
versus the radial direction for 8 = 1. Considering

Figures 5, 8 and 11, similar patterns are observed for
these figures too. Figures 15 and 16 are dimensionless
displacement distribution along the radius for differ-
ent power-law indices in v = 0.02 and v < T,
respectively. Given the information, as the power-

1.0

—— Analytical
+ FEM

0.90 0.94 0.98 1.02 1.06 1.10
T

Figure 13. Distribution of dimensionless transient hoop
stress for 7 > 7.

0.5 T T T

Analytical
+ FEM

U

0.0 1 L
0.90 0.94 0.98 1.02 1.06 1.10

Figure 14. Distribution of dimensionless transient radial
displacement for g = 1.

Analytical
+ FEM

U*

0.04 1 L 1
0.90 0.94 0.98 1.02 1.06 1.10

T

Figure 15. Distribution of dimensionless transient radial
displacement for 7 = 0.02.

law index is increased, the displacement profile is
decreased.

6.2. FEM validation

As seen in the above figures, the values of results
computed by the present formulation are near to
the solutions of FEM. Tables 1 and 2 compare the
analytical and FEM values determined for the different
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Table 1. Comparison of FE calculations with numerical data from analytical method for 79 = 0.02 for typical 3 = 1.

R (mm) Type T*(r) x 1000 o, X 1000 o X 1000

Value %Diff Value %Diff Value  %Diff

0.9 Anal. 199.768 0.1163 0 — -149.900 1.6696
FEM  200.001 -0.005 -152.000

0.945 Anal.  124.152  0.0829 -9.900 0.2599 -67.800 0.1972
FEM  124.255 -9.926 -67.900

0.995 Anal. 68.176 0.0440 -12.100  0.3048 0.450 0.7484
FEM 68.146 -12.063 0.453

1.045 Anal. 30.421 0.1841 -8.400 0.6462 52.500 0.1600
FEM 30.365 -8.346 52.600

11 Anal. 0 — 0 — 100.000  0.6090
FEM 0 -0.009 101.000

Table 2. Comparison of FE calculations with numerical data from analytical method for steady-state (7 > 70) for typical

g=1.
R (mm) Type T*(r) x 1000 o, X 1000 o X 1000
Value %Diff Value %Diff Value %Diff
0.9 Anal.  100.000 0.0100 0 — -663.800  1.3809
FEM  999.900 -0.18 -672.970
0.945 Anal.  T716.500 0.1349 -48.000  0.2448 -371.000 0.0045
FEM  717.467 -47.880 -371.020
0.995 Anal. 446.600 0.3112 -63.700  0.0135 -50.400 0.9978
FEM  447.990 -63.690 -50.900
1.045 Anal. 216.400 0.4772 -47.600  0.0636 266.000  0.0924
FEM  217.433 -47.570 265.754
11 Anal. 0 — 0 — 611.700  0.2627
FEM 0.1852 610.093
0.65 - - - - 7. Conclusions
Analytical B=-2
0.60t[ * FEM
A solution of a thick sphere made of FGMs subjected to
0.55 mechanical loads and linearly increasing boundary tem-
perature has been presented in this paper. Considering
, 050 arbitrarily varying material properties in the radial
= 045 direction, and employing Laplace transform techniques,
the time-dependent temperature has been obtained.
0.40 In a special case, assuming the material properties
to follow power-law functions, the Navier equation
0-35 has been solved for arbitrary time. In the numerical
. . ) . study, the influence of material non-homogeneity for
0.90 0.94 0.98 1.02 1.06 1.10

T
Figure 16. Distribution of dimensionless Transient radial
displacement for 7 > 7.

values of R for typical § = 1. The percentage of
difference is defined as Diff(%) = |A2a=FEM| x 100.
It is clear from the given data in Tables 1 and 2 that
the Diff(%) is less than 1.7%. Actually, one can expect
that for smaller divisions (more than ten layers), this
difference becomes smaller.

different 7 on the distribution of temperature, stress
and displacement has been investigated. The results
indicate that absolute values of the radial and hoop
stresses increase by raising the temperature of the inner
surface in the phase of 0 < 7 < 79 a, and rapidly
approaches maximum values at steady state in the
following phase of 73 < 7. Moreover, our results
revealed that the inhomogeneity index, 3, can strongly
affect stress component profiles, especially hoop stress
distributions. Using FEM simulations, the numerical
results have been compared with analytical findings.
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It is observed that the two methods results are in good
agreement.
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