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Abstract: This paper is concerned with the investigation of thermoelastic stresses, displacement and the temperature in a func-
tionally graded (i.e. material with spatially varying material properties) infinite space weakened by a finite linear
opening Mode-I crack. The crack is subjected to prescribed temperature and stress distribution in the context of
Green-Naghdi theory of generalized thermoelasticity. The analytical expressions of the thermophysical quantities are
obtained in the physical domain using the normal mode analysis. The solution to the analogous problem for homo-
geneous isotropic material is obtained by taking nonhomogeneity parameter suitably. Finally the results obtained
are presented graphically to show the effect of nonhomogeneity on displacements, temperature and stresses for both
types II and III of Green-Naghdi theory. It is found that a Mode-I crack influences strongly on the distribution of the
field quantities with energy dissipation and without energy dissipation also.
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1. Introduction

Physical observations and the results of the conventional coupled dynamic thermoelasticity theories involving
infinite speed of thermal signals, which are based on the mixed parabolic-hyperbolic governing equations of Biot [1]
and Chadwick [2] are mismatched. To remove this inherence, the conventional theories have been generalized, where
the generalization is in the sense that these theories involve a hyperbolic-type heat transport equation supported by
experiments which exhibit the actual occurrence of wave-type heat transport in solids, called second sound effect.
The first generalization proposed by Lord and Shulman [3] involves one relaxation time parameter in the heat flux-
temperature gradient relation. In this theory, a flux-rate term has been introduced into Fourier’s heat conduction
equation to formulate it in a generalized form that involves a hyperbolic-type heat transport equation admitting finite
speed of thermal signals. Another model is the temperature-rate-dependent theory of thermoelasticity proposed by
Green and Lindsay [4], which involves two relaxation time parameters. The theory obeys the Fourier law of heat
conduction and asserts that heat propagates with finite speed. Three models (Models I, II and III) for generalized
thermoelasticity of homogeneous and isotropic materials have been developed later by Green and Naghdi [5–7]. The
linearized version of Model I reduces to the classical heat conduction theory (based on Fourier’s law) and those of
Models II and III permit thermal waves to propagate with finite speed. Experimental studies by Tzou [8] and Mitra et
al. [9] of the so-called generalized theory show that the relaxation times play a significant role in the cases involving
shock wave propagation, laser technique, nuclear reactor, a rapidly propagating crack tip etc. So, when there are
problems involving very large heat fluxes at short intervals of time, the conventional theory of thermoelasticity fails to
be a suitable model and the generalized thermoelasticity theory is the right mathematical tool to apply [10].

In recent years, considerable effort has been devoted to the study of cracks in solids, due to their applications
in industry, in general, and in the fabrication of electronic components, in particular, as well as in geophysics and
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earthquake engineering. They occur for many reasons including natural defects in materials, as a result of fabrica-
tion process, uncertainties in the loading or environment, inadequacies in design and deficiencies in construction
or maintenance. Consequently all structures contain cracks as manufacturing defects or because of service loading
which can be either mechanical or thermal. If the load is frequently applied, the crack may grow in fatigue to a final
fracture. As the size of the crack increases, the residual strength of structure ceases. In the final stages of the crack
growth, the rate increases suddenly leading to a catastrophic structure failure.

Presence of a hole or crack in a solid causes disturbance in heat flow and the local temperature gradient around
the discontinuity increases. Thermal disturbances of this type can produce material failure through crack propaga-
tion. Florence and Goodier [11] studied flow induced thermal stresses in infinite isotropic solids. In addition to these
several authors including Sih [12], Kassir and Bergman [13], Prasad et al. [14], Hosseini-Teherani et al. [15], Abdel-
Halim and Elfalaky [16] and Chaudhuri and Ray [17] solved different thermoelastic crack problems. Recently, several
researchers have solved the problems on Mode I crack. Some remarkable works have been studied by Guo et al [18, 19].
Elfalaky and Abdel-Halim [20], Ueda [21], Sherief and El-Maghraby [22] have solved several problems which have high
impacts in the Fracture mechanics. Some remarkable works can also be found in the following literature [23–25].

Functionally graded material (FGM) as a new kind of composites were initially designed as thermal barrier mate-
rials for aerospace structures, in which the volume fractions of different constituents of composites vary continuously
from one side to another [26]. These novel nonhomogeneous materials have excellent thermo-mechanical properties
to withstand high temperature and have extensive applications to important structures, such as aerospace, nuclear
reactors, pressure vessels and pipes, chemicals plants, etc. The use of FGMs can eliminate or control thermal stresses
in structural components [27–29].

Shaw and Mukhopadhyay [30] have studied the thermoelastic response in a functionally graded micro-
elongated medium. Further, some recent enlightened discussions on FGM can be found in the existing literatures
[31–36]. Mallik and Kanoria [37] have studied the thermoelastic interaction in an unbounded functionally graded
medium due to the presence of a heat source. Recently, some remarkable problems on the functionally graded mate-
rials have been solved by Banik and Kanoria [38] and also by Sur and Kanoria [39–41].
In this work we have considered a functionally graded isotropic thermoelastic medium having a Mode-I crack employ-
ing Green Naghdi models II and III respectively. The medium is subjected to a prescribed temperature and thermal
stresses. Using the normal mode analysis, the problem has been solved for an infinite space weakened by a finite lin-
ear opening Mode-I crack. Then, the analytical expression of the displacements, temperature and stresses have been
found numerically for copper-like material. The significant differences in the two models and the effect of nonhomo-
geneity have been discussed.

2. Basic equations

The stress-strain-temperature relation is

τi j = 2µei j +
[
λ∆−γ(θ−θ0)

]
δi j , i , j = 1,2,3 (1)

where τi j is the stress tensor, λ, µ are Lame’s constants, γ= (3λ+2µ)αt , αt is the coefficient of linear thermal expan-
sion, θ is the temperature field over the reference temperature θ0, the cubical dilatation ∆ = ei i and ei j is the strain
tensor given by

ei j = 1

2
(ui , j +u j ,i ). (2)

Stress equations of motion in absence of body forces are

ρüi = τi j , j ; i , j = 1,2,3; (3)

where ui (i = 1,2,3) are the displacement components and ρ is the density.
Heat equation corresponding to generalized thermoelasticity based on the Green Naghdi type II and III in absence of
heat sources are given by

K?∇2θ+χK∇2θ̇ = ρCνθ̈+γθ0∇ü. (4)

where K? is an additional material constant, K is the thermal conductivity, cν is the specific heat at constant strain.
For Green Naghdi model II, we have χ= 0 and for Green Naghdi model III χ= 1.

With the effects of functionally graded solid, the parametersλ,µ, K , K? andρ are no longer constant but become
space-dependent. Thus, we replaceλ,µ, K , K?, γ, ρ byλ0 f (~x),µ0 f (~x), K0 f (~x), K?

0 f (~x) andρ0 f (~x) respectively, where,
λ0, µ0, K0, K?

0 and ρ0 are assumed to be constants and f (~x) is a given nondimensional function of the space variable
~x = (x, y, z). Then the corresponding equations take the following form

τi j = f (~x)[2µ0ei j +
{
λ0∆−γ0(θ−θ0)

}
δi j ], (5)
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f (~x)ρ0üi = f (~x)[2µ0ei j +
{
λ0∆−γ0(θ−θ0)

}
δi j ], j + f (~x), j [2µ0ei j +

{
λ0∆−γ0(θ−θ0)

}
δi j ], (6)

and

[K?
0 f (~x)θ,i ],i + [χK0 f (~x)θ̇,i ],i = ρ0 f (~x)cνθ̈+γ0 f (~x)θ0∇.ü, (7)

where γ0 = (3λ0 +2µ0)αt .

3. Formulation of the problem

We consider an infinite functionally graded isotropic thermoelastic space occupying the region G given by G ={
(x, y, z)|−∞< x <∞,−∞< y <∞,−∞< z <∞}

with a mode-I crack subjected to prescribed stress and temperature
distributions. For the plane strain problem parallel to x y−plane, the crack is defined by |x| É a, z = 0 and all the
functions are assumed to be functions of x, y and t only. So, the displacement components are given by

u1 = u(x, y, t ), u2 = v(x, y, t ), u3 = 0, (8)

Fig. 1. Displacement of an external Mode-I crack

It is assumed that the material properties depend only on the x−coordinate. So, we can take f (~x) as f (x). In
the context of linear theory of generalized thermoelasticity based on Green-Naghdi models II and III, the equation of
motion, heat equation and the constitute equation can be expressed as

τxx = f (x)

[(
λ0 +2µ0

) ∂u

∂x
+λ0

∂v

∂y
−γ0(θ−θ0)

]
, (9)

τy y = f (x)

[(
λ0 +2µ0

) ∂v

∂y
+λ0

∂u

∂x
−γ0(θ−θ0)

]
, (10)

τx y =µ0 f (x)

(
∂u

∂y
+ ∂v

∂x

)
, (11)

f (x)

[
(λ0 +2µ0)

∂2u

∂x2 +λ0
∂2v

∂x∂y
−γ0

∂θ

∂x

]
+

[
(λ0 +2µ0)

∂u

∂x
+λ0

∂v

∂y
−γ0(θ−θ0)

]
∂ f (x)

∂x

+µ0 f (x)

(
∂2u

∂y2 + ∂2v

∂x∂y

)
= ρ0 f (x)

∂2u

∂t 2 , (12)

µ0 f (x)

(
∂2u

∂x∂y
+ ∂2v

∂y2

)
+µ0

(
∂u

∂y
+ ∂v

∂x

)
∂ f (x)

∂x
+ f (x)

[
(λ0 +2µ0)

∂2v

∂y2 +λ0
∂2u

∂x∂y
−γ0

∂θ

∂y

]
= ρ0 f (x)

∂2v

∂t 2 , (13)

(
∂

∂x
+ ∂

∂y

)[
K0 f (x)∇θ̇]+(

∂

∂x
+ ∂

∂y

)[
χK?

0 f (x)∇θ]= ρ0 f (x)cνθ̈+γ0 f (x)θ0ë, (14)
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3.1. Exponential variation of non-homogenity

For a functionally graded solid, we assume f (x) = e−nx , where n is a constant and introducing the following
nondimensional variables

x ′ = ω?

C2
x, a′ = ω?

C2
a, y ′ = ω?

C2
y, t ′ =ω?t , u′ = ρC2ω

?

γθ0
u, v ′ = ρC2ω

?

γθ0
v, θ′ = θ−θ0

θ0
,

n′ = C2

ω?
n, σ′

i j =
σi j

γθ0
, ω? = ρcνC 2

2

K0
, C 2

2 = µ

ρ
, f ′(x ′) = f (x),

then, after omitting primes, the above equations can be expressed in non-dimensional form as follows

τxx = e−nx
[
∂u

∂x
+a3

∂v

∂y
−θ

]
, (15)

τy y = e−nx
[
∂v

∂y
+a3

∂u

∂x
−θ

]
, (16)

τx y = a4e−nx
[
∂u

∂y
+ ∂v

∂x

]
, (17)

where

a2 = λ0 +2µ0

ρ0C 2
2

, a3 = λ0

ρ0C 2
2

, a4 = µ0

ρ0C 2
2

.

In terms of nondimensional quantities, the equation of motions and the heat equation are given by

h33∇2u +h22
∂e

∂x
− ∂θ

∂x
−n

{
a5
∂u

∂x
+a6

∂v

∂y
−a7θ

}
= ∂2u

∂t 2 , (18)

h33∇2v +h22
∂e

∂y
− ∂θ

∂y
−na4

{
∂u

∂y
+ ∂v

∂x

}
= ∂2v

∂t 2 , (19)

θ̈+ε1ë = ε3

(
∂2θ̇

∂x2 + ∂2θ̇

∂y2

)
+ε2

(
∂2θ

∂x2 + ∂2θ

∂y2

)
−nε4

(
∂θ̇

∂x
+ ∂θ̇

∂y

)
−nε5

(
∂θ

∂x
+ ∂θ

∂y

)
, (20)

where

h22 = a3 +a4, h33 = a4, a5 = λ0 +2µ0

ρ0C 2
2

, a6 = λ0

ρ0C 2
2

, a7 = 1,

ε1 =
γ2

0θ0

ρ2
0cνC 2

2

, ε2 =
χK?

0

ρ0cνC 2
2

, ε3 = K0ω
?

ρ0cνC 2
2

, ε4 = K0ω
?

ρ0cνC 2
2

, ε5 =
χK?

0

ρ0cνC2ω?
.

The term ε1 is usually the thermoelastic coupling factor, ε2 is the characteristic parameter of the GN theory of type
II and ε3 is the characteristic parameter of the GN theory of type III. The solution of the considered physical variable
can be decomposed in terms of normal modes in the following form as follows[

u, v,θ,τi j
]

(x, y, t ) =
[

u?, v?,θ?,τ?i j

]
(x)exp(ωt + i by), (21)

where ω is a complex number, i =p−1, b is the wave number in the y−direction and u?(x), v?(x), θ?(x), τ?i j (x) are
the amplitudes of the field quantities. Using Eqn. (21), Eqs. (18)-(20) take the form[

h11D2 + (h22i b −na5)D − (
b2h33 +ω2)]u?−na6i bv? = (D −na7)θ?, (22)

[
h33D2 −na4D − (

h11b2 +ω2)]v?+ (h22i bD −na4i b)u? = i bθ?, (23)

A11D2θ?− A12Dθ?− A33θ
? = ε1ω

2Du?+ε1ω
2i bv?, (24)
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where

h11 = λ0 +2µ0

ρ0C 2
2

, A11 = ε3ω+ε2, A12 = n(ε4ω+ε5), A33 = b2 A11 + i b A12 +ω2.

Eliminating u?(x) and θ?(x) from (22)-(24), the differential equation satisfied by u?(x),[
D6 +℘1D5 +℘2D4 +℘3D3 +℘4D2 +℘5D +℘6

]
v?(x) = 0, (25)

where

℘1 = 1

i b A11h33(1+h22)
{h41 A11h33 −h61h33 − i b(h22 A11h34 +h33h51)} ,

℘2 = 1

i b A11h33(1+h22)
{i b(h33h52 + A11h22h35)−h41h51 +h61h34 −h33(h62 + A11h42)} ,

℘3 = 1

i b A11h33(1+h22)
{i b(h33h53 + A11h22h36)+h41h52 +h42h51 −h61h35 +h62h34 +h63h33} ,

℘4 = 1

i b A11h33(1+h22)
{i bh33h54 +h41h53 −h42h52 −h61h36 −h62h35 −h63h34} ,

℘5 = 1

i b A11h33(1+h22)
{h41h54 −h42h53 +h63h35 −h62h36} ,

℘6 = 1

i b A11h33(1+h22)
{h42h54 +h63h36} .

In a similar manner, we can show that u?(x) and θ?(x) satisfy the equation[
D6 +℘1D5 +℘2D4 +℘3D3 +℘4D2 +℘5D +℘6

]{
u?(x),θ?(x)

}= 0. (26)

where

h34 = n(a4 +a7h33), h35 = n2a4a7 − (h11b2 +ω2)+b2h22, h36 = na7(h11b2 +ω2)−b2na6, h41 = na7h22i b,

h42 = i b(b2h33 +ω2)+n2a4a7i b, h51 = na4 A11 + A12h33, h52 =−A11(h11b2 +ω2)+na4 A12 − A33h33,

h53 = A12(h11b2 +ω2)+na4 A33, h54 = A33(h11b2 +ω2)+b2ε1ω
2,

h61 = i b(na4 A11 + A12h22), h62 = i b(A33h22 − A12na4 +ε1ω
2), h63 = na4 A33i b.

The solution of Eqn. (25) is given by

v?(x) =
3∑

j = 1
Re(αj) > 0

N j (b,ω)e−α j x for x Ê 0, (27)

Similarly,

u?(x) =
3∑

j = 1
Re(αj) > 0

M j (b,ω)e−α j x for x Ê 0, (28)

θ?(x) =
3∑

j = 1
Re(αj) > 0

P j (b,ω)e−α j x for x Ê 0, (29)

where N j (b,ω), M j (b,ω) and P j (b,ω) are the parameters depending upon b and ω. Substituting from Eqs. (28) and
(29) in Eqs. (22)-(24), we get

M j (b,ω) = H1 j N j (b,ω), j = 1,2,3. (30)

P j (b,ω) = H2 j N j (b,ω), j = 1,2,3. (31)
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Thus, we have

u?(x) =
3∑

j = 1
Re(αj) > 0

H1 j N j (b,ω)e−α j x for x Ê 0, (32)

θ?(x) =
3∑

j = 1
Re(αj) > 0

H2 j N j (b,ω)e−α j x for x Ê 0, (33)

τ?xx (x) =
3∑

j = 1
Re(αj) > 0

H3 j N j (b,ω)e−α j x−nx for x Ê 0, (34)

τ?y y (x) =
3∑

j = 1
Re(αj) > 0

H4 j N j (b,ω)e−α j x−nx for x Ê 0, (35)

τ?x y (x) =
3∑

j = 1
Re(αj) > 0

H5 j N j (b,ω)e−α j x−nx for x Ê 0, (36)

where

H1 j =
h33α

3
j +h34α

2
j +h35α j −h36

h42 +h41α j − i bh33α
2
j

,

H2 j =
εTω

2α3
j h33 +na4εTω

2α2
j −εTω

2α j (b2 +ω2 +b2h22)−εTω
2b2na4

A11h22i bα3
j + i b(A11na4 + A12h22)α2

j + i b(na4 A12 − A33h22 +εTω2)α j − A33na4i b
,

H3 j = a3i b −a2α j H1 j −H2 j ,

H4 j = a2i b −a3α j H1 j −H2 j ,

H5 j = a4(−α j + i bH1 j ), j = 1,2,3.

4. Application, instantaneous mechanical source acting on the surface

The plane boundary subjects to an instantaneous normal point force and the boundary surface is isothermal.
The boundary conditions are given by [42]

(i) Thermal boundary condition
The thermal boundary condition is that the surface of the space subjects to a thermal shock

θ = f (y, t ) on |x| < a, (37)

(ii) Mechanical boundary condition
The mechanical boundary condition is that the surface of the space obeys

τy y =−p(y, t ) on |x| < a, (38)

τx y = 0 on −∞< x <∞, (39)
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where f (y, t ) is an arbitrary function of y and t . Substituting the expression of the variables considered into the above
boundary conditions, we can obtain the following equations satisfied by the parameters

3∑
j=1

H4 j N j =−p?, (40)

3∑
j=1

H5 j N j = 0, (41)

3∑
j=1

H2 j N j = f ?. (42)

Solving Eqs. (40)-(42), we obtain the parameters N j ( j = 1,2,3) defined as follows

N1 = 41

4 , N2 = 42

4 , N3 = 43

4 ,

where

4= H41(H52H23 −H22H53)−H42(H51H23 −H21H52)+H42(H51H22 −H21H52),

41 = p?(H22H53 −H52H23)+ f ?(H42H53 −H52H43),

42 = f ?(H43H51 −H53H41)+p?(H51H23 −H21H53),

43 = f ?(H41H52 −H42H51)+p?(H21H52 −H51H22).

5. Numerical results and discussions

Fig. 2. variation of u vs. x for y = 0.1, t = 0.1 and n = 0,1

In order to illustrate our theoretical results obtained in the preceding section and to compare these under Green-
Naghdi theories, we now present the results numerically. For the purpose of illustration, we have chosen a copper
crystal as the material subjected to mechanical and thermal disturbances. Since, ω is the complex constant. Then we
have ω=ω0 + iη with ω0 = 2 and η= 1. The material constants are given by

ρ = 8954 kg m−1, λ= 7.76×1010 N/m2, µ= 3.86×1010 N/m2, αt = 1.78×10−5 K−1,

K = 0.6×10−2cal/ cm s◦C, K? = 0.9×10−2cal/cm s◦C, θ0 = 293 K, f ? = 0.5,

cν = 383.1 J (kg)−1K−1, p? = 4, b = 2.
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Figs. 2-7 are plotted to depict the variation of u, v , θ, τx y , τxx , τy y for y = 0.1 and t = 0.1 along the crack’s edge
for Green-Naghdi (GN) models of type II and III respectively. It should noted that in this problem, the crack’s size x, is
taken to be the length, i.e., 0 É x É 2, y = 0 represents the plane of the crack that is symmetric with x to the y−plane.
In the following figures, the continuous lines represent the figures. corresponding to GN-III model whereas the dotted
lines correspond to the GN-II model.

Fig. 2 depicts the variation of the horizontal displacement u versus x for t = 0.1 and y = 0.1. As seen from
the figure, the horizontal displacement u has a maximum value at the center of the crack (x = 0) for different
nonhomogeneity parameter n (= 0.0,1.0), then it begins to fall just near the crack edge (x = 2) for both models. As
seen from the figure, on the plane x = 0, the magnitude of u is larger for n = 1 than that of n = 0 for both the models.
Also, for n = 1, the magnitude of u decays sharply than n = 0 and fall near the crack edge. Fig. 3 depicts the variation

Fig. 3. variation of v vs. x for y = 0.1, t = 0.1 and n = 0,1

Fig. 4. variation of θ vs. x for y = 0.1, t = 0.1 and n = 0,1

of the vertical displacement v versus x for t = 0.1 and for GN models of type II and III respectively. Is is observed
from the figure that the vertical displacement v has a maximum value near x = 0.1 for both models. Though, the
magnitude for GN III model is greater compared to GN II model for nonhomogeneity parameter n = 0, 1 respectively.
The magnitude of v begin to fall just near the crack edge (x = 2), where it experiences sharp increases in the range
0 < x < 0.1 and has a decreasing effect in the range 0.1 < x < 2. Further, it is seen that increase in the nonhomogeneity
parameter will decrease the magnitude if the vertical displacement.

Fig. 4 depicts the distribution of the temperature θ versus distance x in both type II and III for y = 0.1. It is
observed that, on the plane x = 0, θ ' 0.583, which satisfies our thermal boundary condition (validates the expression
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Fig. 5. variation of τx y vs. x for y = 0.1, t = 0.1 and n = 0,1

seen in eqn. (37)). Further, it is seen that temperature is maximum at the center of the crack (x = 0) and it shows a
decreasing effect near the crack edge. For GN II model, the magnitude of θ decay very sharply compared to GN III
model and finally it asymptotically tend to zero near the crack edge. For nonhomogeneity parameter n = 1, the decay
of the temperature θ od faster compared to that of n = 0, which is observed for both the models.

Fig. 5 is plotted to show the variation of thermal stress τx y versus x for y = 0.1. In the figure, all lines of the stress
component τx y reach coincidence with zero values and satisfy our mechanical boundary condition for both type II
and III models. It is seen that the stress wave is compressive near the center of the crack. The maximum magnitude of
τx y is obtained near x = 0.25 and beyond this, the magnitude decays gradually and then tends to zero. It is seen that
for different values of the nonhomogeneity parameter n, near x = 0, τx y decays sharply for GN II compared to that of
GN III model and in 0 < x < 0.48, the magnitude of τx y is larger for GN II compared to GN III whereas in 0.49 < x < 2,
the decay of τx y for GN III is slower compared to that of GN II and near the crack edge, the stress component almost
disappears for both models. For nonhomogeneity parameter n = 1, for GN II model, the stress component is maxi-
mum near x = 0.25. the presence of the nonhomogeneity parameter influences the decay of the stress component τx y .

Fig. 6. variation of τxx vs. x for y = 0.1, t = 0.1 and n = 0,1

Fig. 6 depicts the variation of the horizontal stress τxx versus x for both models when t = 0.1 and for y = 0.1. It
is seen that near the center of the crack, the maximum magnitude of the thermal stress is seen for nonhomogeneity
parameter n = 1 and then the magnitude will decay and decays gradually near the crack edge. The rate of decay of the
magnitude is faster for GN II compared to that of GN III model.

Fig. 7 is plotted to show the variation of of the vertical stress τy y against the distance x for GN models of types
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Fig. 7. variation of τy y vs. x for y = 0.1, t = 0.1 and n = 0,1

II and III respectively for the same set of parameters. From the figure, it is seen that on the plane x = 0, for both the
models, the thermal stress satisfies our mechanical boundary condition. Also, it is observed that with the increase of
the nonhomogeneity parameter n, as the distance increases, the magnitude decays sharply and almost coincide with
the line τy y = 0 whereas for a lesser value of the nonhomogeneity parameter n, the decay is more slower.

6. Conclusions

In this paper we have presented a model of the generalization of a Mode-I crack in a thermoelastic functionally
graded solid under Green Naghdi theories (GN models II and III) of nonclassical thermoelasticity. The analytical
solutions based upon normal mode analysis for the thermoelastic problem in solids have been developed and
utilized. The analysis of the result permit some concluding remarks.

• The significant differences of the thermophysical quantities predicated by GN theory of type II and III are re-
markable.

• For a thermoelastic exponentially varying functionally graded material, the values of the thermoelastic con-
stants decreases exponentially for a fixed value of x with the increase of nonhomogeneity parameter n. Also, the
values of these constants decrease with the increasing value of x for constant n. Thus, the solidification bonding
among the ions become lesser and predict a larger value of the thermophysical quantities with increase of x or
n. For these types of materials, the values of Lame’ constants also decrease exponentially as well as the Young’s
modulus, and it is expected that for a constant stress, material feels more strain as n increases.

• It is seen that the increase of the nonhomogeneity parameter will also increase the magnitude of the thermo-
physical quantities. Thus, linear opening of Mode-I crack should be taken into consideration while designing
any FGM.

• Here, all the results for n = 0 complies with the existing literature [43].
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