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The governing equations of transversely isotropic dual-phase-lag two-temperature ther-
moelasticity are solved for the surface wave solutions. The particular solutions in the
half-space satisfy the‘ boundary conditions at a thermally insulated /isothermal stress—
free surface of a half-space to obtain the frequency equation of the Rayleigh wave for the
cases of coupled thermoelasticity, Lord and Shulman thermoelasticity and dual-phase-lag
thermoelasticity. Some particular and special cases are obtained. The numerical values
of the non-dimensional speed of the Rayleigh wave are computed and shown graphically
against frequency, non-dimensional elastic constant and two—temperature parameter.
The effects of frequency, two—temperature and dual-phase—lag are observed on the non-
dimensional speed of Rayleigh wave.
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1. Introduction

Biot [1] developed the classical dynamical coupled thermoelasticity, which consists
of hyperbolic-parabolic field equations in a space—time domain. Lord and Shulman
[2] and Green and Lindsay [3] extended the classical dynamical coupled theory of
thermoelasticity to generalized thermoelasticity theories, which consist of hyperbolic
field equations describing heat as a wave. In contrast to Biot’s coupled thermoe-
lasticity, the generalized theories of thermoelasticity predict a finite speed of heat



106 Singh, B., Kumari, S. and Singh, J.

propagation. Ignaczak and Ostoja—Starzewski [4] analyzed the above two theories
in their book on ” Thermoelasticity with Finite Wave Speeds”. The representative
theories in the range of generalized thermoelasticity are reviewed by Hetnarski and
Ignaczak [5]. Tzou [6-8] developed the dual-phase-lag (DPL) thermoelastic model,
which considers the interactions between phonons and electrons on the microscopic
level as retarding sources causing a delayed response on the macroscopic scale. The
dual-phase-lag (DPL) model is a modification of the classical thermoelastic model,
where the Fourier law is replaced by an approximation to a modified Fourier law
with two different time translations: a phase-lag of the heat flux 7, and a phase-lag
of temperature gradient 7y.

Gurtin and Williams [9, 10] proposed the second law of thermodynamics for
continuous bodies in which the entropy due to heat conduction was governed by
one temperature, that of the heat supply by another temperature. Based on this
law, Chen and Gurtin [11] and Chen et al. [12, 13] formulated a theory of thermoe-
lasticity which depends on two distinct temperatures, the conductive temperature
® and the thermodynamic temperature 7. The two-temperature theory involves a
material parameter a* > 0. The limit ¢* — 0 implies that ® — T and the clas-
sical theory can be recovered from two-temperature theory. According to Warren
and Chen [14], these two temperatures can be equal in time-dependent problems
under certain conditions, whereas ® and T are generally different in particular prob-
lems involving wave propagation. Following Boley and Tolins [15], they studied the
wave propagation in the two—temperature theory of coupled thermoelasticity. They
showed that the two temperatures T and &, and the strain are represented in the
form of a traveling wave plus a response, which occurs instantaneously throughout
the body. Puri and Jordan [16] studied the propagation of harmonic plane waves
in two temperature theory. Youssef [17] developed a theory of two-temperature
generalized thermoelasticity. Kumar and Mukhopadhyay [18] extended the work of
Puri and Jordan [16] in the context of the linear theory of two—temperature gener-
alized thermoelasticity developed by Youssef [17]. Youssef [19] formulated a theory
of two-temperature thermoelasticity without energy dissipation.

The possibility of a wave traveling along the free surface of an elastic half-space
such that the disturbance is largely confined to the neighborhood of the bound-
ary was considered by Rayleigh. Lockett [20] discussed the effect produced by
the thermal properties of an elastic solid on the form and velocity of Rayleigh
waves. Chandrasekharaiah and Srikantaiah [21] studied the temperature rate de-
pendent thermoelastic Rayleigh waves in half-space. Wojnar [22] discussed Rayleigh
waves in thermoelasticity with relaxation times. Dawn and Chakraborty [23] stud-
ied Rayleigh waves in Green—Lindsay Model of Generalized thermoelastic media.
Abouelregal [24] studied Rayleigh waves in an isotropic thermoelastic solid half
space using dual-phase—lag model. Singh [25] and Singh and Bala [26] studied the
propagation of Rayleigh wave in a two-temperature generalized thermoelastic solid
half-space.

Surface wave propagation in elastic solid with thermal effects is of interest in
many geophysical, seismological and astrophysical problems. DPL model is used
in investigating the micro-structural effect on the behavior of heat transfer. The
two-temperature model has been widely used to predict the electron and phonon
temperature distributions in ultrashort laser processing of metals. In this paper, we
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formulated the governing equations of transversely isotropic dual-phase—lag two—
temperature thermoelasticity. These equations are solved for general surface wave
solutions. A half-space with thermally insulated or isothermal stress—free surface
is considered. Keeping in view of rradiation conditions, the particular solutions in
the half-space are obtained which satisfy the required boundary conditions at ther-
mally insulated /isothermal stress free surface. Frequency equations of the Rayleigh
wave at thermally insulated /isothermal surface of the half-space are derived for the
cases of coupled thermoelasticity, Lord and Shulman thermoelasticity and dual-
phase-lag thermoelasticity. The numerical values of the non—dimensional speed of
the Rayleigh wave are computed and shown graphically against frequency, non—
dimensional elastic constant and two—temperature parameter.

2. Basic equations

Following Tzou [6-8] and Youssef [17], the basic equations of motion for transversely
isotropic dual-phase—lag thermoelastic model in the absence of body forces and heat
sources are:

e The equation of motion:
pii; = 0jij + pk, (1)

The strain-stress-temperature relation:

0ij = Cijrierl + 0450, (2)
e The displacement-strain relation:
1
eij = 5 (i + i), (3)
e The energy equation: )
—qi,; = p1oS, (4)
e The modified Fourier’s law:
—Kij(®j +19® ;) = i + Tydis (5)

The entropy-strain-temperature relation:

PCE
pS = To@ — a;j€ij, (6)

The relation between two temperatures:

(I) — @ = CL*(I)J'Z‘, (7)

where © = T — T is small temperature increment, T is the absolute temperature of
the medium, Ty is the reference uniform temperature of the body chosen such that
|©/Ts] < 1, @ is conductive temperature, a* is the two—temperature parameter,
p is the mass density, ¢; are components of the heat conduction vector, K;; are
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the components of the thermal conductivity tensor, cg is the specific heat at the
constant strain, c;;x; is the tensor of the elastic constants, o;; are the components
of the stress tensor, u; are the components of the displacement vector, e;; are the
components of the strain tensor, S is the entropy per unit mass, a;; are constitutive
coefficients. 7, is the phase-lag heat flux and 74 is the phase-lag of the gradient
of the temperature where 0 < 79 < 7,. The DPL thermoelastic theory reduces
to the coupled thermoelasticity (CT theory) for 79 = 0,7, = 0 and it reduces to
Lord-Shulman (LS) theory of generalized thermoelasticity when we replace 79 = 0
and 7, by 7.

3. Formulation of the problem and solution

We consider a homogeneous and transversely isotropic two temperature dual-phase—
lag thermoelastic solid half-space of an infinite extent with Cartesian coordinates
system (z, y, z), which is previously at uniform temperature. The present study is
restricted to the plane strain parallel to z — z plane, with the displacement vector
u = (u1,0,u3). With the help of the equations (1) to (7), we obtain the following
equations in x-z plane:

c11u1,11 + (€13 + caq)ug 13 + caatir 33 — 510 1 = piiy (8)
caauz 11 + (€13 + caa)ur 13 + c33u3 33 — 530 3 = piig (9)

0 0 . . .
(1+ Tea)[fﬁ@n + K3®33] = (1 + Tqa)[PCEG + fiTouwr 11 + BsTouss)  (10)
q)f@:a*(@,ll 7(13733) (11)

For thermoelastic surface waves in the half-space propagating in x-direction, the
displacement and potential functions (u1, uz, ®) are taken in the following form:

{u1, uz, @} ={d1(2), d3(2),¥(2)} exp ik(z — ct) (12)

Using equation (11) into equations (8) to (10) and then using equation (12), we
obtain the following homogenous system of three equations in ¢, ¢3 and :

[k2(¢ — ay) + D¢y + tk(az + 1)Dgs — tk(1 + s* —a*D?)ih =0 (13)
tk(az +1)Déy + [K*(¢ — 1) + asD?)¢s — D(1 +s* —a*D*)yp =0 (14)
tk3eCoy + BCek®* D3 + [K*{C(1 + s* — a*D?) — K1*} + K3*D?|p = 0 (15)

where:

2 2

B1°To pc . %12 11 c13

€= —F—— (=— s =a'k a; = — ay = —

pPCECy Cq4 Cq4 Caq
(16)

L

33 « _ Tat X K; . Ks 5 B3
a3 = — T = 1w Kl = 7* K3 = 7* /3 = —
Ca4 1— 1wy CECaaT CECAAT 51

The equations (13) to (15) result into following auxiliary equation:

(D° — AD* + BD? — O)(¢1, 3, 0) =0 (17)
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where:
2
 (a3K3* — s*Caz — es*(f?)
+a3(¢ — K1*) + (az + 1)°K3* + ((s*az + (az + 1)) + (5> + 5™ 3

(¢ = D(K3" —s"C) + (¢ — a1)(azK3" — s"Caz)

+B(¢—a1) + B2+ az) — as)]
k4 . )
b= (asK3* — s*Cag — es*((?) (€ —a1)(C = 1)(K5" = () +as3(¢ —a1)(( = K17)

+ (=D — K1)+ (az +1)*(¢ — K1) + e(B(¢ — a1) + B¢+ C(az + 1)

+ Cags™ +s7((¢ — 1))]
k6
N (a3K3* — s*Caz — es*([2)

The general solutions of equation (17) are:

([ —a)(C—1)(¢—K1") —eC(¢ —1)]

3 3
up(z) = Z A;exp(—m;z) + Z A exp(miz)] expik(z — ct) (18)
i=1 =1
3 5.
uz(z) = Z B;exp(—m;z) + Z B; eXp(miz)] expik(z — ct) (19)
; C
O(z) = Z Ciexp(—m;z) + Z C; exp(miz)] expik(z — ct) (20)

where Ai,Bi,Ci,Ai/7Bi/7Ci/ are arbitrary constants and m; are the roots of the
equation:

m® — Am* + Bm? —C =0 (21)
The equation (21) is cubic in m? and its roots my2, ms2, ms? are related as:
m12 + m22 + m32 = A (22)
m12m22 + m22m32 + m32m12 =B (23)
m12m22m32 =C (24)

In general, the roots m;, (i = 1, 2, 3) are complex and here we are considering
surface waves, without loss of generality, we can assume Re(m;) > 0. We choose
only that form of m; which satisfies the radiation condition:

ui(z),us(z), ®(z) = 0as z = o0 (25)
With the help of condition (25), the solutions (18) to (20) reduce to particular

solutions in half-space z > 0 as:

3
ui(z) = Z A; exp(—m;z) expik(z — ct) (26)

i=1
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3
us(z) = Z F;A; exp(—m;z) expik(z — ct) (27)
i=1
3
D(2) = Z F;*A; exp(—m;z) expik(xz — ct) (28)

where B; = F;A;, C; = F;*A; and:

~ 2
mi[B(pc? — c11 + Za-caq) + (13 + caa)] .
Fi:[ fjna k2 . — ] (1217273)
Lp ) (c13 + caa) — ((pc? — caa) + ) c33)]
T vecaa[B((pe® — enr) + caa ™) + (13 + cas)] |
k Bil(1+ s* — a*D?)[eB + (c13 + caa)] + (c13 + 044)(—1(41* + Ké* 7252 )]

(1=1,2,3)
4. Derivation of frequency equation
The mechanical and thermal conditions at the free surface z = 0 are:

e Vanishing of the normal stress component:

0., = 0, (29)

e Vanishing of the tangential stress component:

Oop =0, (30)

e Vanishing of the normal heat flux or temperature component:

00
5, Hhe =0, (31)

where h — 0 corresponds to the thermally insulated surface, h — oo corresponds
to the isothermal surface, and:

033 = c33u3 3 + c13ur,1 — F3[® — a* (P11 + Pa3)]
031 = caa(u1,3 + us.1)
O=3>o - CL*(I)’“'

Making use of solutions (26) to (28) in boundary conditions (29) to (31), we obtain
the following homogeneous system of three equations in Ay, As and Ajs:

3

2[033miFi — chlg + ﬁg(l + CL*k‘Q - a*miQ)Fi*]Ai =0 (32)
i=1
3
Z(ml — Lk‘Fi)Ai =0 (33)
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3
Z[(l + a*k? — a*mf)mi - h}Fl*Al =0 (34)
=1

For non-trivial solution of equations (32) to (34), the determinant of the coefficients

must vanish, i.e.:
3

S+ a* K +mi)ym; — h]X; =0 (35)
=1

where:
X = Fl*[{033m2F2 — ke + ﬁg(l + a*k? + m32)F2*}(m3 — LkFg,)

—{esgmaFy — tkeis + Bs(1 4+ a*k? + mp?) F3* }(mo — 1kFy)),

Xo = Fy*[{c3amsFs — tkeys + B3(1 4+ a*k? +my?)F3*}(my — 1k F)
—{egzmiFy — therg + B3(1 + a*k® +mg®) Fi*} (mg — ok F3)],

X3 = F3*[{cssmi Fy — theis + B3(1 + a*k? + mo?)Fy*}(my — 1k Fy)
—{cazmaFy — tkeys + B3(1 + a*k?® + m32)F2*}(m1 — tkFy)).

The equation (35) is the frequency equation of Rayleigh wave in two—temperature
dual-phase—lag transversely isotropic thermoelastic model.

5. Particular cases

Case (I): Thermally insulated case (h — 0)
The frequency equation (35) reduces to:

3
S M1 = @ (=k2 4 m2))ma] X; = 0. (36)
i=1

Case (II): Isothermal case (h — 00)
The frequency equation (35) reduces to:

X1 4 Xo + X5 =0. (37)

Case (III): Dual-phase-lag transversely isotropic thermoelastic case
In absence of two temperature i.e a* = 0, the frequency equations (36) and (37)

reduce to:
mi X"+ moXs® +ms X3 =0 (38)

X"+ X"+ X3" =0 (39)
where:
Xl* = Fl*(ngmQFQ—Lk013+63F2*)(mg—LkFg)—(ngmgFg—Lk613+53F3*)(mQ—LkFQ)

XQ* = FQ*(033m3F3—L]€C13+63F3*)(m1—Lk‘Fl)—(ngmlFl—Lk013+ﬁ3F1*)(m3—LkF3)
X3" = F3"(casmoFo—tkciz+P3FL" ) (ms—1kF3)—(csamaFz—ikei3+P83F3" ) (mo—1kFy)
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6. Special case

In the absence of thermal effect, i.e., when 55 =0, f; =0, K; = K3 =0, then the
frequency equation (35) reduces to:

(m1 —h)X1*" + (mg — h)X2™" + (m3 — h)X5™" =0 (40)
where:
X1 = F1*(cs3maFy — theys)(ms — 1k F3) — (ezzmsFs — tkeys)(mo — thFy)
Xo™" = Fy*(cs3maF3 — tkeys)(my — okFy) — (essmy Fy — tkeys)(ms — tkFy)

Xg** = F3*(033m2F2 — Lk‘013)(m3 — Lk‘F3) — (033m3F3 — Lk013)(m2 — Lk‘Fg)

Further, if we put ¢11 = A+ 2u, ¢13 = A\, ¢44 = p in equation (40), the equation
(40) reduces to:

2

y S G T Vo TG I Y A1
(- 55) 0= S-S, (1)

2

which is frequency equation of Rayleigh wave at free surface of an elastic solid
half-space.

7. Numerical example

For most of materials, € is small at normal temperature. For ¢ < 1 and using the
equations (22) to (24), we obtain the following approximated relations:

k2

2 2 2
m m ms” = ——5——F—
1 + 2 + 3 (G3K3* _ S*Cag)

(= 1)(K3" —5"¢)+ (¢ —a1)(asK3" — s™Ca3)

+a3(¢ — K1%) + (a2 + 1)*K3* + ((s*az + (a2 + 1)?)]
k4
2 2, 2 _ —a))(C — * _
mg” +mzTmT = (asK3® —S*Cas)[(c )C =1 (Ks" =)
+as(¢ —a1)(¢ — K1) + (¢ = 1)(¢ = K1) + (a2 + 1)*(¢ — K1)

_k6 )
@Ky — s cay) &~ @)= D= K]

and the approximated roots as:

2

2 2
m1me” + mo

m12m22m32 =

(myq)? c11 — pc?
= _((—ay)=2L"PC 42
e (12)
(my)? - (-1 _ Caa— pc’ (43)
k2 as 33
(m3)2 — _(C_Kl*) — Kl _pCQCET* (44)
k2 - Kg* Kgfa*k%ET*

For numerical computation of the non—dimensional speed of propagation of Rayleigh
wave, we restricted to the case of thermally insulated surface only. Therefore,
the frequency equation (36) for thermally insulated case is approximated with the
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help of equations (42) to (44) and is solved numerically to obtain the speeds of
propagation of Rayleigh wave for certain ranges of frequency and non-dimensional
constants.

Following physical constants of single crystal of zinc are considered (Chadwick
and Seet [27]):

c11 = 1.628 x 101 Nm™2, ¢33 = 1.562 x 10 Nm ™2,

c13 = 0.508 x 10" Nm™2, ¢4 = 0.385 x 101 Nm 2
B =5.75 x 106 Nm~2deg™!, f3=15.17 x 105 Nm~2deg™*,
K1 =124 x 10°Wm™tdeg™t, K3=1.34x 10> Wm tdeg™?,
C.=39x%x 10> JKg tdeg™t, p=7.14x 10° Kgm3,
Ty =296 K, 7,=0.005s 75 =0.0005s.

For the above physical constants, the non-dimensional speed of propagation % is
computed and plotted for the range 5 Hz < w < 30 Hz of frequency, when a* = 0.5.
For the range 5 Hz < w < 10 Hz, the speed decreases very slowly and thereafter,
it increases sharply for the remaining range. The comparison of solid curve (DPL
theory) and dashed curves (CT theory and LS theory) in Fig. 1, shows the effect
dual phase lag on the speed at various values of frequency.

The non—dimensional speed of propagation % is computed for the range 1 <
z“ < 2 of non-dimensional elastic constant, when a* = 0.5. The speed decreases
sharply with the increase in value of non-dimensional constant £1+. The comparison
of solid and dashed curves in Fig. 2, shows the effect of dual phase lag on speed at
various values of non-dimensional elastlc constant.

3.0
DPL theory
- CTtheory
- — = i
28 LS theory /

Non-dimensional speed

5 10 15 2 25 30
Frequency

Figure 1
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pc®

The non—dimensional speed of propagation fois also computed for the range 0 <
a* <1 of two-temperature parameter, when w = 5‘Hz. For the range 0 < a* <1,
the non-dimensional speed of propagation increases and thereafter it oscillates. The
comparison of solid and dashed curves in Fig. 3, shows the effect of dual phase lag
on speed at various values of two—temperature parameter.

8.

Conclusion

Non-dimensional speed

Non-dimensional speed

20,

15

10

—— DPLtheory
- CTtheory
----- LStheory

1

4.30

425

420

4.15

0

T T T
12 1.4 16 1.8 20
Non-dimensional constant

Figure 2
DPL theory

-~ CT theory
LS theory

0.0

T T
0.2 04 0.6 0.8 1.0
Two-temperature parameter

Figure 3

The general surface wave solutions of the governing equations of transversely isotropic
dual phase lag two—-temperature thermoelasticity are obtained. With the help of
suitable radiation conditions, the general solutions are reduced to particular so-
lutions in the half-space. The particular solutions satisfy the required boundary
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conditions at stress free thermally insulated or isothermal surface and we obtain the
frequency equation of Rayleigh wave. Some particular cases of the frequency equa-
tion are derived. In absence of thermal and anisotropy parameters, the frequency
equation reduces to the classical isotropic elastic case. For numerical purpose, the
frequency equation is approximated for the case of small thermal coupling and then
solved numerically for a particular model of the material. The non—dimensional
speed of propagation is plotted against the frequency, non—dimensional elastic and
two-temperature parameters. The numerical results indicate the effects of dual—-
phase-lag, frequency and two—temperature on the non—dimensional speed of prop-
agation.
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