Scientia Iranica B (2014) 21(4), 1415-1423

AN\
4

Sharif University of Technology

Scientia Iranica
Transactions B: Mechanical Engineering

www.scientiairanica.com

SCIENTITA
LRAN I

Strain gradient thermoelasticity of functionally graded

cylinders

H. Sadeghi®*, M. Baghani® and R. Naghdabadi®

a. Department of Mechanical and Aerospace Engineering, University of California, San Diego, La Jolla, CA 92093-0416, USA.
b. School of Mechanical Engineering, College of Engineering, University of Tehran, Tehran, P.O. Box 11155-4563, Iran.
c. Institute for Nano-Science and Technology, Sharif University of Technology, Tehran, Iran.

Received 14 October 2012; received in revised form 30 October 2013; accepted 14 December 2013

KEYWORDS

Functionally-graded;
Thermoelastic
thick-walled cylinder;
Strain gradient
elasticity;

Intrinsic length
parameter.

Abstract. In this paper, strain gradient thermo-elasticity formulation for axisymmetric
Functionally Graded (FG) thick-walled cylinders is presented. For this purpose, the
elastic strain energy density function is considered to be a function of gradient of strain
tensor in addition to the strain tensor. The material properties are assumed to vary
according to a power law in radial direction. Using the constitutive equations and equation
of equilibrium in the cylindrical coordinates, a fourth order non-homogenous governing
equation for thermo-elastic analysis of thick-walled FG cylinders subjected to thermal and
mechanical loadings is obtained and solved numerically. Results show that the intrinsic
length parameter affects the stress distribution in FG thick-walled cylinders greatly and
increasing the intrinsic length parameter reduces the maximum radial and hoop stresses.
Also, the effects of FG power indices on the radial and hoop stresses are studied.

(© 2014 Sharif University of Technology. All rights reserved.

1. Introduction

There are evidences that material responses in the
elastic region are dependent on some other parameters
rather than Lame parameters. Strain gradient elastic-
ity has been recently developed to take into account
this characteristic of materials response [1,2]. In strain
gradient elasticity new parameters enter the constitu-
tive equations through the elastic strain energy density
function. Mindlin, in 1964 [3] used the assumption
that the elastic strain energy density function can be a
function of the gradient of strain tensor in addition to
strain tensor. In this way, new material constants were
introduced and entered into the constitutive equations.

There are many studies which have used the
strain gradient elasticity in the analysis of behavior of
materials [4-8]. Eshel and Rosenfeld [4] analyzed the
stress concentration problem of a circular cylindrical
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hole in a homogenous, isotropic and centrosymmetric
infinite elastic solid subjected to uniaxial tension.
They showed that stress concentration depends on the
radius of cavity, Poisson ratio and four new material
parameters. Georgiadis et al. [5] studied free harmonic
torsional motion of a homogenous half-space by strain
gradient elasticity. They focused on the possibility of
existence of torsional surface waves in gradient-elastic
half-space. They showed the dependency of cut-off
frequencies and the character of dispersion upon the
size of the material unit cell. Paulino et al. [6] used
the strain gradient elasticity for analysis of mode III
fracture in Functionally Graded (FG) materials and
used Fourier transform to solve the governing partial
differential equations. They studied the stress and
displacement fields near the crack and found that the
stress intensity factor is dependent on intrinsic length
parameters. Kong, et al. [7] studied the static and dy-
namic problems of Bernoulli-Euler beams analytically
by using strain gradient elasticity. They considered
two boundary value problems for cantilever beams and



1416 H. Sadeghi et al./Scientia Iranica, Transactions B: Mechanical Engineering 21 (2014) 1415-1423

analyzed the size effects on the beam bending response
as well as its natural frequencies.

In recent years, FG materials, in which proper-
ties are dependent on position, have attracted many
researchers because of their unique features. Special
characteristics of FG materials make them a potential
candidate for many applications such as thick-walled
cylinders. Several researchers have studied thermo-
elastic deformation of FG cylinders in recent years [9-
14].  Yang [9] solved the time dependent thermal
stresses in FG cylinders. He found an analytical
solution for thermo-elastic stresses in the materials
with elastic behavior and an asymptotic solution for the
materials with creep behavior. Tarn [14] considered the
thermo-mechanical problem of inhomogeneous, solid or
hollow circular FG cylinders. He assumed a power
law dependence of the moduli and the cylinder was
assumed to be subjected to an axial force and a
torque at the ends. Tutuncu and Ozturk [13] studied
the thermo-elasticity of FG cylinders by exponentially
varying properties. They assumed that Poisson ratio
is constant and Young modulus varies exponentially
through the thickness. They obtained power series
solutions for stresses and displacements in FG cylin-
drical vessels subjected to internal pressure. Jabbari
et al. [11] analyzed mechanical and thermal stresses in
FG hollow cylinders due to radially symmetric loads.
They assumed that material properties depend on the
radial position as a power function. They solved the
heat conduction and Navier equations directly and
obtained an analytical solution for the stress and strain
components. Shao [10] considered the problem of FG
hollow cylinders with finite length under mechanical
and thermal loading. He used a multi-layered approach
based on the theory of laminated composited and found
a series solution for the components of temperature and
displacement fields in the finite FG cylinders. Jabbari
et al. [12] studied the axisymmetric mechanical and
thermal stresses in thick short length FG cylinders.
They used Fourier series to find an exact solution for
the steady-state stress components in two-dimensional
axisymmetric FG cylinders with material properties
described with a power law.

In most of the studies on thick-walled FG cylin-
ders, classical theory of elasticity has been employed.
Thus, there is a need for a study to consider the
effect of intrinsic length parameter on the thermo-
elastic response of FG cylinders. In our previous work,
we analytically studied the strain gradient elasticity
solution for analysis of FG micro-cylinders [15]. The
material properties were assumed to obey a power law
in radial direction.

In this paper, axisymmetric strain gradient
thermo-elasticity formulation of thick-walled FG cylin-
ders subjected to thermal and mechanical loadings is
presented. The fourth order non-homogenous govern-

ing equation is obtained and it is solved numerically
together with four boundary conditions. Results are
presented for different values of the intrinsic length
parameter and it is compared with classical elasticity
solution. Furthermore, the effects of power indices and
the outer radius of the cylinder radius on the stresses
and radial displacement are studied.

2. Strain gradient thermo-elasticity

2.1. Equation of heat conduction

The equation governing the temperature field in a
long, thick-walled, FG cylinder in the axisymmetric
condition while the temperatures at the inner and outer
radii of the cylinder are T; and T, respectively, is given
by [11,12]:

d dT k(r)dl'

. (k(r)dr> t= =0 (1)
T=1T, at r=r,,

T=T, at r=r,, (2)

where T is the temperature change, k(r) is thermal heat
conduction coefficient, r is radial position, and r; and
r, are the inner and outer radii of the cylinder. In this
paper, it is agsumed that the thermal heat conduction
coefficient obeys the power law in a radial direction:

k(T) = kon7 (3)

where ky and m are material constants. The solution
of Eq. (1) is:

T(r)=c1 4+ cor™™, (4)

where ¢; and ¢ are found from the boundary condi-
tions (Eq. (2)) as:

—m —m
_ Targ™ = Tory ™

-m —-m ?
To -7

C1
T, -T;
—m m " (5)

Co = — o ——»
To =T
2.2. Governing equation

In the strain gradient elasticity, the elastic strain
energy density function is assumed to be a function
of the gradient of strain tensor, in addition to the
strain tensor. Altan and Aifantis [16] presented a
simplified form of the elastic strain energy density
function introduced by Mindlin and Eshel [17]. Here,
the same form is used to obtain the elastic strain energy
density function for thick-walled FG cylinders. For a
FG cylinder, elastic strain energy density function, w,
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can be written in the cylindrical coordinates as [15]:

w :%A(r)(sr,«(r) +ego(r) +e..(r))?

+p(r) (7,(r) + 5o (r) +€2.(r))

o d d d ’
+ %/\(r)l2 (dra,nr(r) + %&‘99(1“) + drsm(r)>

¥ u<r>12(($arr(r))2 + (jrm(r))g

+ (;iazz(r))2>7 .

where [ is the intrinsic length parameter, ¢, and eyg
are radial and hoop strains, and A(r) and p, are Lame
parameters. In this theory, the components of Cauchy
stress tensor, 7;;, the double stress tensor, p;jr, the
strain gradient tensor, 1, and total stress tensor, o;;,
are, respectively, given by:

ow
ij = ) 7
= (7)
ow
ijk = , 8
Hijk aﬁijk ( )
1
Kijk = €ijk = i(ui,jk + U5 ik ), 9)
Oij = Tij — MHijk,k, (10)

where u;’s are components of displacement vector. To
take into account the effect of temperature change,
the transformation ¢;; — ¢;; — al'6;; should be used
in Eq. (6) [18] where « is the coefficient of thermal
expansion and 0;; is Kronecker delta, which results in:

w =\ o) =al) )+ (2an(r) ()T (0)

2

ecr)=a(r)7(0)) 4ut0) (eM(r)—a(r)T(r))z

_|_

Mechanical Engineering 21 (2014) 1415-1423 1417

+[%(509(T) - a(T)T(r))]2+[%(szz(r) —a(r)T())?
+lgp(ee() a(r)T(r))]Z)

(11)
Here, the plane strain condition is assumed (e,, =
0). Substituting Eq. (11) into Eqgs. (7) and (8), the

constitutive equations for an axisymmetric thick-walled
FG cylinder are derived as:

Trr =A(T) (€7 (7) + €00(1) — 3a(r)T (1))
+20(r) (err(r) — a(r)T(r)) s (12)

79 =A(r) (e7-(7) + €00 (1) — 3a(r)T(r))

+20() (zanlr) = a(r)T() (13)
porr = (M) + 2r)) 2 8700y g2 o)

2 @A) + 200 TEDTE) gy
oo = () + 2r)) 2 L) gy )

— 2 (3A(r) + 2u(r)) w. (15)

It can be seen from Eqgs. (12)-(15) that the relations
between Cauchy stresses and strains in the strain
gradient elasticity are the same as the classical theory
of elasticity. Also, in the absence of the strain gradient
effect (I = 0), the double stresses will be zero. In the
cylindrical coordinates, radial and hoop strains, ., and
€99, are written in terms of radial displacement, u(r),
as:

Erp d’L(;SﬂT)’ €99 = @ (16)

The equilibrium equation in cylindrical coordinates in
axisymmetric condition is:

dal‘l‘ Orr — 009
_|_

=0. 17
dr r (17)
In this paper, it is assumed that Lame parameters and
coefficient of thermal expansion vary along the radius
according to the power law:

)‘(T) = )‘Ornv ,u(r) = /J/OTna Oé(?") = Oéo?"p, (18)
in which Ag, po, a0, p and n are material constants.
Egs. (10) and (12)-(16) together with equilibrium
Eq. (17) result in the governing equation for an axisym-
metric thick-walled FG cylinder in the strain gradient
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thermo-elasticity in terms of the radial displacement,
u(r), as:

4 3 2

d d
[f4(7")@ + f3(7”)@ + fQ(T)@ + fl(T)E

+ fo(r)lulr) = g(r), (19)

where f;(r), ¢ =0,...,4 and g(r) are known functions
and can be written as:

o) 3 13-

+ (Ao (n — 1)—2,u0)1"2,

Fi(r)y=(No+2p0)(n+1)r~t + (—)\0 (n - 2) ( - 3)

~+ o (2n—4> ) 12r—3,

Ja(r)=(Ao+2p0)+ (2M0(1—”2)

— Ao (n2+n — 3))127’_2,

fa(r)=—=(No+2u0) (142n) Pr~ 1,
Ja(r) = —(Xo + 2p0)1%,

g(r)=A[- (B+Cr=™)r?=' + P (D+Fr~™) 777,
(20)
where:

A= (3N +2u0), B=c1(p+n),

C=c(p+n—m),

D:cl{p3+(2n—3)p2+(n2—3n+2)p},
F =cy <p3 + <2n— 3m — 3>p2 + <3m2

+ (6—4n>m+n2—3n+2)p—m3

+ <2n—3>m2 + (—n2 +3n—2>m>. (21)

It can be seen that the governing equation for thick-
walled FG cylinders is a fourth order ODE, whereas, in
the classical elasticity, it is a second order ODE. Also,
it is noted that in the absence of strain gradient effect
(I = 0) this fourth order ODE reduces to the second
order ODE in the classical elasticity.

2.3. Boundary conditions

Let the FG cylinder be subjected to boundary pressures
and on its inner and outer surfaces, respectively. So,
boundary conditions for the proposed problem can be
given by [19]:

&P, 1 dr, d 2
{Tr'r—lz|: TQ ‘IFT = 706 _(Trr_Toﬁ)]} :_Pi7

(dr dr)r2

S d?T 1 dr., drgg., 2
7‘7‘_12 4= a —— \Trr— = _PO7
{T [ dr? +7’( dr dr ) r2 (7 ng)]}

ZZ:U/T’I‘T |T:’I‘7', = 07

Ppirrrlr=r, = 0. (22)

The prescribed double stress traction is considered zero
on both the inner and outer surfaces. It can be seen
that in the absence of the strain gradient effect (I = 0),
boundary conditions Eq. (22) reduce to the boundary
conditions in the classical theory of elasticity.

3. Numerical results and discussion

3.1. Verification of the solution

The governing equation (Eq. (19)) together with four
boundary conditions (Eq. (22)) has been solved nu-
merically and the results are presented in this section.
The numerical solution used in this problem is a
combination of the base scheme (trapezoid), and a
method enhancement scheme (Richardson extrapola-
tion) with the traprich method that have been coded
in the MAPLE software. For the detailed discussion
on the numerical method, we refer to [20,21]. For
verification of the numerical solution, a homogenous
thick-walled cylinder is considered with the inner and
outer radii, r; = 1 um and r, = 5 pm, respectively. It
is assumed that the cylinder is subjected to boundary
pressures, P; = 10 MPa and P, = 0 MPa, at the inner
and outer surfaces, respectively. Gao and Park [19]
presented an analytical solution for elastic deformation
of homogenous thick-walled cylinders using the strain
gradient elasticity. A plot of the radial stress for
the homogenous cylinder along the radius using the
solution presented by Gao and Park and our solution
is presented in Figure 1 with the parameter values:
Il = 05pum, E = 135GPa and v = 0.3. Also, the
results obtained from the classical theory of elasticity
are presented in this figure for comparison. It can be
seen that the results are in good agreement with those
obtained from the analytical solution presented by Gao
and Park [19].

3.2. Case studies
In this section the effect of the intrinsic length pa-
rameter as well as FG parameters on thermo-elastic
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Figure 1. Comparison of non-dimensional radial stress
along the radius for a homogenous thick-walled cylinder.

Table 1. Parameter values used in the numerical

examples.
I(pm) n m p ro(pm)
Variable 0.4 0.6 0.8 5
0.1 Variable 0.6 0.8 5
0.1 0.4 Variable 0.8 5
0.1 0.4 0.6 Variable 5
0.1 0.4 0.6 0.8 Variable

deformation of thick-walled FG cylinders are discussed.
To this aim, the intrinsic length parameter, power
indices and outer radius of the cylinder are varied
according to Table 1. Lame parameters and the
coefficient of thermal expansion at the inner radius are
assumed to be A; = 1200 MPa, p; = 800MPa and
a; = 1.6 x 107%(1/K). The following geometrical,
thermal and mechanical parameters have been used
in the numerical examples T; = 300K, T, = 400K,
r, = lpwm, r, = Sum, P, = 10MPa and P, =
0 MPa.

The distribution of non-dimensional radial dis-
placement as well as non-dimensional radial and hoop
stresses along the cylinder radius for different values
of the intrinsic length parameter, [, are presented in
Figures 2-4, respectively. It is understood that by
decreasing [ to zero, the strain gradient solution ap-
proaches the classical elasticity solution. Furthermore,
it can be seen that by increasing [, the difference
between the strain gradient solution and that of the
classical elasticity raises, rapidly. It is interesting
to see that the difference between the stresses and
radial displacement for different values of | at smaller
values of r/r; is more than the difference between
the results at larger values of r/r;. For example,
the difference between o,./P; for | = 0.3 pum and
for I = 0 at r/r; = 1 is 42%, whereas, there is

0.013F - —— = 0 classical elasticity | A
1=0.1 pm
c==1=0.2 pm
0.011

u/ri

0.009

0.007}

0.005 : i : : :
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

r/ri

Figure 2. Radial displacement along the FG cylinder
thickness for different values of the intrinsic length
parameter, [.

& -04L S : .
< s
iy II —— [= 0 classical elasticity
061 © 1=0.1 ym 1
I
A 1= 0.2 yum
-0.81 e e S 1= 0.3 um 1
- —--1=04 pm
107 2 3 1 5

r/7;
Figure 3. Radial stress along the FG cylinder thickness
for different values of the intrinsic length parameter, (.

1.5
—— |= 0 classical elasticity
1=0.1 pm
*) == 1=0.2 pm
LOr B ' ' R = 0.3 pm 1
N
N - —=-1=04 pm

oge/Pi

-0.5 i i i

r/r

Figure 4. Hoop stress along the FG cylinder thickness for
different values of the intrinsic length parameter, (.
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almost no difference between these values at r/r; =5
which shows that the intrinsic length parameter has
more effect at smaller dimensions. Also, from the
plotted results we see that increasing [ decreases the
absolute value of maximum radial displacement as well
as radial and hoop stresses. For example, there is 72%
difference between the maximum values of oy /P; for
Il = 03um and [ = Opm. In addition, it can be
observed that for different values of I, radial and hoop
stresses always attain their maximum values at the
inner surface. So, it is concluded that intrinsic length
parameter has a significant effect on the displacement
and stress distributions in the thick-walled FG cylin-
ders.

The variations of non-dimensional radial displace-
ment as well as non-dimensional radial and hoop
stresses along the cylinder thickness for different val-
ues of the power index n are shown in Figures 5-7,
respectively. From the plotted results, we see that the
power index m has a significant effect on the stress

0.0150 T T !

0.0125

o
< 0.0100 :
0.0075 .
0.0050 i i ;
1 2 3 4 5
/7T

Figure 5. Radial displacement along the FG cylinder
thickness for different values of the power index, n.

0.6 T T T
—'—_--~~~
0.4 So ]
N
S
0.2 <
i O .
0.0 W 1T
E
& -0.2 R
5
0.4 n=-1/]
‘‘‘‘‘‘ n=20
0.6l e n=1 4
- -7 =2
-0.8 R
-1.07 2 3 1 5
‘r/Tj

Figure 6. Radial stress along the FG cylinder thickness
for different values of the power index, n.

distribution along the radial direction. Also, as n
increases from 0 to 3, the maximum radial displacement
decreases first and then increases. It can be seen that
as m increases, the maximum radial stress increases
sharply and the radius, in which the maximum radial
stress occurs, moves to larger values. Furthermore,
by increasing n, the maximum hoop stress increases
rapidly, too. So, it is understood that the power index
n can significantly affect the radial displacement as
well as radial and hoop stresses. Figures 8-10 show
the non-dimensional radial displacement as well as
non-dimensional radial and hoop stresses along the
radial direction for different values of the power index
m. It can be seen from these figures that the value
of m does not have much effect on the results for
selected values of m. Figures 11-13 show the non-
dimensional radial displacement, radial stress and hoop
stress distributions through the thickness for different

) \
\:b n=—1 N
& AY
gL | n=0 B
‘‘‘‘‘ = \
AY
_—_—_—n=2 \
“15L : \
_20 i ; i
1 2 3 4 5
r/r

Figure 7. Hoop stress along the FG cylinder thickness for
different values of the power index, n.

x1073
13 T T T

w/r;

r/r;

Figure 8. Radial displacement along the FG cylinder
thickness for different values of m.
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Figure 9. Radial stress along the FG cylinder thickness

for different values of m.
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Figure 10. Hoop stress along the FG cylinder thickness

for different values of m.
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Figure 11. Radial displacement along the FG cylinder

thickness for different values of p.

0.2 T T T

-

——_— e _——L
: -
e

0.0

v

-0.2 J
E R N .
S04l RS PUPPTR TP SUUT ,
5 Y, : :
0.6L . p=04
N p=20.6
: ‘‘‘‘‘‘‘ p=0.8
-0.814 . ... RN RN eeop=1 4
107 2 3 1 5

r/r;
Figure 12. Radial stress along the FG cylinder thickness
for different values of p.
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Figure 13. Hoop stress along the FG cylinder thickness
for different values of p.

values of power index p, respectively. It can be seen
that p has an important effect on the results. It is
noted that increasing p increases the maximum radial
displacement and hoop stress whereas it has no effect
on the maximum radial stress.

To study the effect of outer radius of the cylinder
on the results, r, has been changed from 2 pm to 5 um
and the results are shown in Figures 14-16. It can be
seen from Figure 14 that as 7, increases, the maximum
radial displacement decreases until r, = 4 ym and then,
increasing r, to 5pum increases the maximum radial
displacement. Also, it can be seen that in the cylinders
with larger outer radii, the results show less length
dependency and follow the same pattern. The same
behavior can be observed from Figure 16 for the hoop
stresses. Figure 15 shows the radial stress distribution
along the radial direction for different values of r,. It
can be seen that the outer radius does not have any
effect on the maximum radial stress.
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0.007F *

0.006
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Figure 14. Radial displacement along the FG cylinder
thickness for different values of outer radius, r,.
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Figure 15. Radial stress along the FG cylinder thickness
for different values of outer radius, r,.

1.4k [ S . ]
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1.2 - ........ e e =25 pm ]

1.0F i ro=3 pm |

oge /P
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Figure 16. Hoop stress along the FG cylinder thickness
for different values of outer radius, r,.

4, Summary and conclusion

Strain gradient thermo-elasticity formulation for an
axisymmetric thick-walled FG cylinders is presented.
The power law of distribution is assumed for variation
of material properties in radial direction. A fourth
order governing equation is obtained in strain gradient
thermo-elasticity and it is solved numerically together
with four boundary conditions. Results show that
the intrinsic length parameter has a significant effect
on the stress distribution of thick-walled FG cylinders
and increasing the intrinsic length parameter reduces
the maximum radial and hoop stresses, rapidly. Also,
it is shown that the power index m does not have
much effect on the results whereas the power indices
n and p have significant effect on the results. In
addition, it is shown that by increasing n the maximum
radial and hoop stresses increases, rapidly. It is
noted that increasing p increases the maximum radial
displacement and hoop stress, whereas it has no effect
on the maximum radial stress. Furthermore, it is
shown that increasing the outer radius of the FG
cylinder affects the distribution of the radial and hoop
stresses.
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