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Abstract In this work, the problem of a thermoelastic thick plate with a permeating
substance in contact with one of the bounding planes is considered in the context of the
theory of generalized thermoelastic diffusion with one relaxation time. The bounding
surface of the half-space is taken to be traction free and is subjected to a time-depen-
dent thermal shock. The chemical potential is also assumed to be a known function of
time on the bounding plane. Laplace transform techniques are used. The solution is
obtained in the Laplace transform domain by using a direct approach. The solution of
the problem in the physical domain is obtained numerically using a numerical method
for the inversion of the Laplace transform based on Fourier expansion techniques. The
temperature, displacement, stress, and concentration as well as the chemical potential
are obtained. Numerical computations are carried out and represented graphically.

Keywords Generalized thermoelasticity - Thermal shock - Thermoelastic diffusion

1 Introduction

Biot [1] developed the coupled theory of thermoelasticity to deal with a defect of the
uncoupled theory that mechanical causes have no effect on the temperature. However,
this theory shares a defect of the uncoupled theory in that it predicts infinite speeds of
propagation for heat waves.
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Lord and Shulman [2] introduced the theory of generalized thermoelasticity with
one relaxation time for the special case of an isotropic body. This theory was extended
by Sherief [3] and by Dhaliwal and Sherief [4] to include the anisotropic case. In this
theory, a modified law of heat conduction including both the heat flux and its time
derivative replaces the conventional Fourier’s law. The heat equation associated with
this theory is hyperbolic and hence eliminates the paradox of infinite speeds of propa-
gation inherent in both the uncoupled and coupled theories of thermoelasticity. For this
theory, Ignaczak [5] studied uniqueness of solution; Sherief [6] proved uniqueness and
stability. Anwar and Sherief [7] and Sherief [8] developed the state-space approach to
this theory. Anwar and Sherief [9] completed the integral equation formulation. Sherief
and Hamza [10,11] solved some two-dimensional problems and studied wave prop-
agation. Sherief and El-Maghraby [12,13] solved two crack problems. El-Maghraby
[14-16] solved some two-dimensional problems for media affected by heat sources
and body forces.

Diffusion can be defined as the random walk, of an ensemble of particles, from
regions of high concentration to regions of lower concentration. There is now a great
deal of interest in the study of this phenomenon, due to its many applications in geo-
physics and industrial applications. In integrated circuit fabrication, diffusion is used
to introduce “dopants” in controlled amounts into the semiconductor substrate. In
particular, diffusion is used to form the base and emitter in bipolar transistors, form
integrated resistors, and form the source/drain regions in MOS transistors and dope
poly-silicon gates in MOS transistors. In most of these applications, the concentration
is calculated using what is known as Fick’s law. This is a simple law that does not take
into consideration the mutual interaction between the introduced substance and the
medium into which it is introduced or the effect of the temperature on this interaction.

Nowacki [17-20] developed the theory of thermoelastic diffusion. In this theory,
the coupled thermoelastic model is used. This implies infinite speeds of propagation of
thermoelastic waves. Recently, Sherief et al. [21] developed the theory of generalized
thermoelastic diffusion that predicts finite speeds of propagation for thermoelastic and
diffusive waves.

2 Formulation of the Problem

We consider the problem of an isotropic thermoelastic half-space (x > 0) with a per-
meating substance (such as a gas) in contact with the upper plane of the half-space
(x = 0). The x-axis is taken perpendicular to the upper plane pointing inwards. This
upper plane of the half-space is taken to be traction free and is subjected to a time-
dependent thermal shock. The chemical potential is also assumed to be a known func-
tion of time on the upper plane. All considered functions are assumed to be bounded
and vanish as x — oo.
The equation of motion in the absence of body forces is given by [21]

pii; = pu;ji+A+puji;—B Ti—BC.i, (D
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where u; are the components of the displacement vector, 7 is the absolute temperature,
C is the concentration of the diffusive material in the elastic body, A, u are Lamé’s
constants, p is the density, and 81 and 8, are the material constants given by

B1=GBAr+2wa and B = (31 + 2pu)ac,
oy is the coefficient of linear thermal expansion, and o is the coefficient of linear

diffusion expansion.
The energy equation has the form [21],

kT .ii = pce(T + 10T) + By To(érk + 10ék) + aTo(C + 100), )
where k is the thermal conductivity, cg is the specific heat at constant strain, 7¢ is
the thermal relaxation time, ‘a’ is a measure of the thermodiffusion effect, Ty is a

reference temperature assumed to obey the inequality [(T — Tp)/To| << 1, and e;;
represents the components of the strain tensor given by

ejj = %(”i,j +uji). (3)

The diffusion equation has the form [21],
d By exxii +daT,ij+ C +1C —dbC i =0, (4)
where d is the diffusion coefficient, b is a measure of the diffusive effect, and 7 is the

diffusion relaxation time.
The constitutive equations have the form [21],

0ij =2 eij+8ij [Aewk — B1(T — To) — B, C] ., (5a)
P=—Byer +bC —a(T —Tp), (5b)

where o;; are the components of the stress tensor and P is the chemical potential.
It follows from the description of the problem that all considered functions will
depend on x and ¢ only. We, thus, obtain the displacement components of the form,
uy =u(x,t),uy =u; =0. (6)
The strain components are given by
exy =Du, ey, =e;; = ey, =€y, =e; =0,

where D = ai'
X

The cubical dilatation e = ey is equal to

e =Du. N
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From Eq. 5a, it follows that the stress tensor components have the form,

0 =o0xx = (A +2wW)Du — (T —Tp) — B, C, (8a)
oyy = 0z; = ADu — Bi(T —Ty) — B, C, (8b)
Oy = 0ye = 02 = 0. ©)

Equations 1, 2, and 4, thus, reduce to

pii = uD*u + (A + w)De — B, DT — B, DC, (10)
kD*T = pcg (T + wT) + By To (Dit + 1Dii) +aTy (C + 7€) (11)
d B, D*e + daD?’T + C + tC — dbD*C = 0. (12)

By using Eq.7, Egs. 1012 can be written as

pii = (A +2u)De — B, DT — B, DC, (13)
kDT = pcp (T +wT) + By To (¢ + 10é) + aTp (C + (), (14)
d B, D*e + daD’T + C + tC — dbD*C = 0. (15)

The governing equations can be put in a more convenient form by using the following
dimensionless variables:

X =cinx,ut =cinu, r* = cnt, ) = Attt =,
r+2u r2u] B A42u]

where c% =A+2w/p,n=pcg/k.
Using the above dimensionless variables, Eqs. 13—15 take the following form where
we have dropped the asterisks for convenience:

ii=D>u—D6—DC, (16)

D0 =0 +wf +eé+10é+ear (C+wl), (17)

D% + a;D*0 + oy (C + 1) —azD* C =0, (18)
BT a2 aA2u . bGA2w)
where & = oo o = Tgp e = e =0

Also, Egs. 5b and 8a,b take the form,

oy =e—0—C, (19a)
Oyy = 0z = (1 —2/,32)e —6-c, (19b)
P=asC —e—aif, (20)
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where 82 = (A +2u) /.
The initial conditions of the problem are taken to be homogeneous while the bound-
ary conditions are assumed to be

o(x, 1) |ly=p =0, u(x,t) |y=_p =0, 21
00(x,

0(x, 1) |y=p = f1(0), % lx=—p =0, (22)
0 Cl(x,

Px,1) |y=p = f2(0), # lx=—rn =0, (23)

where f1(f) and f>(¢) are known functions of ¢ . This means that the lower surface is
laid on a rigid foundation that is thermally insulated and impermeable while the upper
surface is traction free and acted upon by two shocks.

3 Solution in the Laplace Transform Domain

Introducing the Laplace transform defined by the formula,

o]

f(s) = / e f(t)dt,

0

into Eqgs. 16-20 and using the homogeneous initial conditions, we obtain

s’u=D*’ui—-DH—-DC, (24)
D2é=(s+r0s2) [0+ee+eaiC], (25)
D?é + a;D?6 + [ozz (s + Tsz) — oz3D2] C =0, (26)
Gix=e—0—C, (27a)

Gyy = 62z = (1 - 2/,32) ¢—d-0C, 27b)
P=a3C —é—af. (28)

Taking the divergence of Eq.24, we obtain
(D> — s%)e — D?§ — D*C = 0. (29)
Eliminating ¢ and C among Eqs. 25, 26, and 29, we obtain

(D% — a; D*+ a, D?* — a3)f = 0, (30)
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where
s
= [(1 +708) (a1 & (1 +2) +az(e+1) = 1) +az(l +75) + a3s],
§2
ar = po— [(1 + 105) (esotlz +oa3zs +azx(e + DA+ TS)) +os(l + ”)] ;
s*an
az = (14 7s)(1 + 105).
a3 —1

In a similar manner, we can show that ¢ and C satisfy the equations,

D% —a;D*+a, D?> —az)e = 0, (31)
(D — a; D*+ a, D? — a3)C = 0. (32)

Equation 30 can be factorized as
(D? — k) (D? —k3)(D? —k3)6 =0, (33)
where k1, ko, and k3 are the roots with positive real parts of the characteristic equation,
K — a1 k* + aak?* —az = 0. (34)
The solution of Eq. 33 has the form,

3
O(x,s) = Z (Aie_k"x + Biek’x), (35)

i=1

where A; = A;(s) and B; = Bj(s) are parameters depending on s only.
Similarly, the solution of Eqs.31 and 32 can be written as

3
i) = (A;e—kf" + Bi’ek”‘) , (36)
i=1
3
Cr=> (A;’e—"“‘ + B,.”ek“‘) , (37)

i=1

where A’, B/, A7, and B/’ are parameters depending only on s.
Substituting from Eqgs. 35-37 into Egs. 25, 26, and 29, we get

2r,.2 _ 2
A;= kilky — (1 —eap)(s + t059)] A (382)
e (s + 105D + 1) k? — oy 52
K2k — (1 — g ap)(s + 19 52)]

TG I+ )k — o 2]

(38b)
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k= k2% (e + D(s + 1051 + 57 (1 + 105)

Al = A;, 39a
i £ (s + 1051 +ap) k? — ay 52 ' (392)
— k2 (e + D(s + o5H] + 531 + 7
Bl = [s7+( )(s + 1o 2] ( OS) B.. (39b)
e (s + 1051 +ap) ki — oy 5]
We thus have

_ 3 kiz[kiz—(l —say)(s + 1052)]
) = 2 s eI T an K —an ]

(Aie_k”‘ + Biek“‘) . (40)

k= k2% +(e + D (s + 105D + 53 (1 + 105)
(s + 108D + a1 k? — oy 52]

x (Aie*k"x +Biek"x). (41)
Integrating both sides of Eq.7, we obtain upon using the relation, Eq. 40,

3 2 ]
kilk? — (1 — eap)(s + 19 5%)]
u(x, S)—ge(s_i_tosz) (1+a1)k2—o¢1s2]

(—A,-e*kfx + B,-ek"x). 42)

Substituting from Eqs. 35, 40, and 41 into Eqs.27a and 28, we get

s Z[k —(1—ea1)(s+ros2)1( _k,-x+3,~ekix)’

T = ) & a0k —ar 5]
(43)
Blesy = 20 FT) 23: k= K2Ls? (2 + D s + 105D + 571+ 709)
’ e (1 4+ 195) = kl.z[(l—i-al)kiz—alsz]
x (Aie™h 4+ Bty (44)

In order to evaluate the unknown parameters, we shall use the Laplace transform of the
boundary conditions, Eqgs. 21-23, together with Eqgs. 35, 43, and 44. We, thus, arrive
at the following set of linear equations:
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i [k? — (1 —ea1)(s + 70 52)] (A_efkih I B-ek"h) -0 (45)
o 1d +an k] —ars?] l | o

3

Z(Aiefkih + Biekih) — fl(s)9 (46)

1

ki — k2 Is% +(e + D)(s + 0521 + s> (1 + 05)
KL +an) k] — ar5?]

_ L) e +1s)

(A,-e_k’ " 4 Biehi h)

M-

i=1

47
ar(l 4+ 7s) (47)
3
i=1
3 2 2
kilks — (1 — + Ky
Z ilk;i —( so;1)(s T059)] (_Aiekih_i_Bie—k,-h) —0. 49)
) (I + o)) ki —ay s?
23: kf —k?[s2 +(e+ D(s + 105+ 531 + 105)
i=1 kiz[(l “rOl])kl-z—Otl S2]
X (Al'ekih + Bieikih) =0. (50)

Solving the linear system of Eqs.45-50, we can obtain the parameters A; — A3 and
By — Bs. This completes the solution of the problem in the Laplace transform domain.

4 Inversion of the Laplace Transform

We shall now outline the method used to invert the Laplace transforms in the above
equations. Let f(x,s) be the Laplace transform of a function f(x, 7). The inversion
formula for Laplace transforms can be written as [22]

c+ioco

Fan) = —— / e Fx, 5)ds,
2

c—ioo

where ¢ is an arbitrary real number greater than all the real parts of the singularities
of f(s).

Taking s = c + iy, the above integral takes the form,

ect iy . _
f()c,t)zg/e”y f(x, c+iy)dy.

—00
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Expanding the function A(x, t) = exp(—ct) fix, t) in a Fourier series in the interval
[0,27], we obtain the approximate formula [23]

fx. 1) = feo(x, 1) + Ep,

where
o
foolx, 1) = Seo(x, 1) + D" ck(x, 1) for 0 <1 <2T, (51)
k=1
and
ect . B
c(x, 1) = —Re %7/T fx,c+ikn/T)], k=0,1,2,... (52)

Ep, the discretization error, can be made arbitrarily small by choosing the constant d
large enough [23].

As the infinite series in Eq.51 can only be summed up to a finite number N of
terms, the approximate value of f(x, ) becomes

N
Sn(e ) = Jeolx, t) + D ex(x, 1) for 0 <t <2T. (53)
k=1

Using the above formula to evaluate f{x, ), we introduce a truncation error, ET, that
must be added to the discretization error to produce the total approximation error.
Two methods are used to reduce the total error. First, the “Korrecktur” method [23]
is used to reduce the discretization error. Next, the e-algorithm is used to reduce the
truncation error and hence to accelerate convergence.
The Korrecktur method uses the following formula to evaluate the function f (x, #):

Fx 1) = foolx, 1) —e 2T fo(x, 2T 4+ 1) + Ep,,

where the discretization error |E]’)| << |Ep| [23]. Thus, the approximate value of
f(x, 1) becomes

Iuk @t = fy (e 0) —e > fyi(x, 2T + 1), (54)
N’ is an integer such that N < N.

We shall now describe the e-algorithm that is used to accelerate the convergence
of the series in Eq.53. Let N be an odd natural number, and let

Sm(x, 1) = ch(x, t)

k=1
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be the sequence of partial sums of Eq. 53. We define the e-sequence by
com =0,81.m = Sm
and
Eptlm = Ep—1m+1 + 1/ (€pms1 —€pm), p=1,2,3,...
It can be shown that [23] the sequence,
€1,1, 83,1, €51, - -+, EN,1
converges to f(x, 1) + Ep — co/2 faster than the sequence of partial sums,
Sm.om =1,2,3,...
The actual procedure used to invert the Laplace transforms consists of using Eq. 54

together with the g-algorithm. The values of ¢ and T are chosen according to the
criteria outlined in [23].

5 Numerical Results

For the purpose of numerical illustration, the problem was solved for the following
choice of the functions f1(¢) and f>(¢):

fit) = 60H (1),
() = PyH(1),

where 0y and Py are constants and H (¢) is the Heaviside unit step function.
We, thus, have

_ 7
fils) =2,
S
_ P,
fals) = —.
S

The roots k1 , kp, and k3 of the characteristic equation are given by

1
ki = 5[2psinq +ail,

1
ky = /g[al — p(v/3cosq + sing)] ,

1
ky = \/g[al + p(v/3cosq — sing)],
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0.5 -04 -03 -02 -0.1 0 01 02 03 04 05

Fig. 1 Temperature distribution

where

-1 3
sin” " (r) 2a; —9ajar +27 a3
p:\/(a%_302)v q:T, and r = — 1 255 .

Copper material was chosen for purposes of numerical evaluations. The material con-
stants of the problem are thus given by in ST units [24]:

To =293K, p =8,954kg-m™>, 79 =0.02s, 7= 0.2 s,
ce=383.17-kg7 'K o, =178 x 109K, k=386W-m~ 1. K1,
A=7.76x10"0kg-m~1.s72, 1 =3.86 x 10"0kg-m~1.s72,

o, =198 x 1074 m> kg™, d=0.85x 108 kg-s-m~3,
a=12x10*m?s 2K, b=0.9 x 10° m5-kg’1-s’2.

Using these values, it was found that
n = 8886.73, & = 0.0168, ,32 =4, 01 =5.43, ap = 0.533, and a3 = 36.24.

It should be noted that a unit of dimensionless time corresponds to 6.5 x 10~ 12 s, while
a unit of dimensionless length corresponds to 2.7 x 10~8m.

The computations were carried out for three values of dimensionless time, namely,
fort=0.05,7=0.1, and # = 0.15. The temperature, displacement, stress, concentration,
and chemical potential are shown in Figs. 1, 2, 3, 4, and 5, respectively. Dotted lines
represent the case when ¢ = 0.05, dashed lines represent the case when ¢ = 0.1, while
solid lines represent the case when 7 = 0.15.

As expected from the order of the partial differential equation, we have three waves
emanating from each surface; the fronts of these waves are depicted in the figures as
discontinuities in the functions in Figs.1 and 3-5 or in the first derivative in Fig.2
because the displacement is a continuous function. Of course, some of these discon-
tinuities are very small to show in the figures.
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Fig. 2 Displacement distribution
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Fig. 3 Stress distribution
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Fig. 4 Concentration distribution
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Fig. 5 Chemical potential distribution

Table 1 Location of wave

t Location of wave fronts

fronts
0.05 —0.428 0.149 0.451
0.1 —0.202 0.355Reflected 0.402
0.15 —0.447 —0.283 Reflected twice 0.353

It was found that there are three waves with dimensionless speeds of
v = 0.98, 1, =7.02, v3 = 18.55.

The locations of the fronts of these waves are shown in Table 1 for different values of
time.

It is clear from the graphs that the effect of diffusion on the temperature and dis-
placement is very weak but has a noticeable effect on the stress.
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