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Abstract We investigate a one-dimensional restriction of a nonlinear model of thermo-electroelasticity in
extended thermodynamics and in the quasi-electrostatic regime (see Ghaleb et al. in Int J Eng Sci 119:29-39,
2017. https://doi.org/10.1016/j.ijengsci.2017.06.010). An additional dependence of the thermal conductivity
and the thermal relaxation time on temperature and heat flux is introduced. The aim of the present work is to
assess the effect of some quadratic nonlinear couplings between the mechanical, thermal and electric fields.
Such couplings are known to have a crucial effect on the stability of the solutions. It is confirmed that there are
two speeds of wave propagation of disturbances, the coupled thermoelastic wave and the heat wave. Formulae
are provided for both speeds, showing their explicit dependence on temperature, heat flux and electric field.
The purely thermal case is briefly considered. The present results may be useful for the description of a broad
range of interactions in large polarizable slabs of electro-thermoelastic materials and for the design of such
materials.

Keywords Electroelasticity - Extended thermodynamics - Nonlinear theory - Material coordinates -
Quadratic theory

Abbreviations

Quantity Description

0 Material density in the reference configuration

€KL Dielectric tensor

Brik Dependence of dielectric tensor on electric field

VIJK Dependence of permanent electric displacement on strain
Bx Dependence of specific entropy on electric field

Lk Dependence of specific heat capacity on electric field
KIJKL Dependence of dielectric tensor on strain

CITKLM Quadratic dependence of permanent electric displacement on strain
Bk Dependence of dielectric tensor on temperature

Yk Dependence of thermoelastic tensor on electric field
CriKLM Stiffness tensor

oAKL Thermoelastic tensor
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YELM Piezoelectric tensor

Clykmn Second-order stiffness tensor

Srikim Dependence of piezoelastic tensor on strain

KirKL Electrostriction tensor

CiikL Dependence of stiffness tensor on temperature and thermoelastic tensor on strain
YILE Involves y;; x and dependence of remanent polarization on temperature

ay; Quadratic dependence of stress on temperature

Cr Specific heat capacity

o EL Quadratic dependence of entropy on strain

ax, Dependence of thermoelastic tensor on temperature and heat capacity on strain
AxrL Quadratic dependence of free energy on heat flux

T Thermal relaxation time

f Dependence of thermal relaxation time on temperature

153 Dependence of thermal relaxation time on heat flux

k1 Dependence of thermal conductivity on temperature

ko Dependence of thermal conductivity on heat flux

1 Introduction

Thermo-electroelasticity has been a subject of both theoretical and practical importance, because it involves
interactions between three fields: thermal, electric and mechanical. The various thermo-electromechanical
couplings between these fields have found interesting applications in the design and performance improvement
of many new structures and devices involving materials with complex composition and working in highly
nonlinear regimes. Ferroelectrics and elastomers are examples of such media. These materials have attracted
interest because of their various applications as actuators, in refrigeration technology and in biomedicine.

Extensive work on nonlinear electroelasticity and thermo-electroelasticity in classical thermodynamics
exists in the literature. This includes review expositions, general models and applications aimed at studying
the effects of nonlinear couplings (see, for example, [1-9]).

Nonlinear thermo-electroelasticity in extended thermodynamics has witnessed a growing popularity in the
past few decades because of its ability to describe heat wave propagation in materials of practical interest. It
allows to extend our knowledge of the different material properties, for example ferroelectricity, to new scales
of length and time, and hence to produce new types of materials. Coleman et al. [10—12] investigated the impli-
cations of the second law of Thermodynamics for the constitutive relations for which the free energy depends
on heat flux, in addition to temperature, as an independent thermodynamical variable. Chandrasekharaiah [13]
developed a model for piezoelectric materials with the heat flux taken as an independent state variable. He
et al. [14] studied the dynamic thermal and elastic responses of a piezoelectric rod subjected to a moving
heat source under Lord and Shulman generalized thermo-elastic theory with one relaxation time. Babaei and
Chen [15] investigated the dynamic response of a thermopiezoelectric rod to a moving heat source under Lord
and Shulman theory of generalized thermoelasticity. Montanaro [16] investigated the constitutive relations
for an electrically polarizable and heat conducting elastic continuum with second sound. Ghaleb [17] pre-
sented a fully nonlinear model for electrically polarizable, heat conducting elastic continuous media including
several couplings between the mechanical, thermal and electric fields in the quasi-electrostatic approxima-
tion and within the frame of extended thermodynamics. Kuang [18] considered two- and three-dimensional
models of electroelasticity for complex materials allowing for the existence of heat waves. Montanaro [19]
used a Green—Naghdi approach to investigate the nonlinear constitutive relations of piezoelectric ceramics for
which the piezoelectric moduli depend on strain. One of the presented three theories has a dependence of the
free energy on heat flux. Giorgi and Montanaro [20] investigated nonlinear thermo-electroelasticity using a
Green—Naghdi approach. Mehnert et al. [21] formulated a thermodynamically consistent constitutive frame-
work of coupled thermo-electro-elasticity, with an analytic solution of a non-homogeneous boundary-value
problem to illustrate the influence of various thermo-electro-mechanical couplings. A numerical modelling of
thermo-electro-elasticity was presented in [22]. Kuang [23] discussed some extensions of energy principles in
classical and continuum thermodynamics, e.g. the inertial heat and inertial entropy concepts and the temper-
ature wave equation. Montanaro [24] extended the Green—Naghdi theoretical approach for thermoelasticity
to thermoelectro-mechanical simple materials with fading memory that are electrically polarizable. Ghaleb et
al. [25] proposed a model exhibiting thermo-electro-mechanical couplings in extended thermodynamics. This
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fully nonlinear model involves a multitude of quadratic couplings, and was formulated in material coordinates,
a fact that makes the resulting equations useful for the investigation of cases where the electrodes are attached
to the medium. Simplified versions for thermoelasticity and for thermo-electroelasticity were investigated in
[26,27]. Chirila et al. [28] developed a thermo-electro-mechanical continuum theory for biomedical purposes
following a Green—Naghdi approach to thermodynamics. The well-posedness of the mathematical model was
proved. Vatulyan et al. [29] discussed an inverse problem for the determination of material coefficients in
pyroelectrics. Mahmoud et al. [30] presented nonlinear, one-dimensional equations of generalized thermody-
namics to treat heat wave propagation in rigid thermal conductors. Zeverdejani and Kiani [31] investigated a
problem of functionally graded material in the nonlinear generalized thermoelasticity under Lord and Shulman
theory. These authors commented on the importance of nonlinearity in evaluating the stresses in the material.
Mirparizi et al. [32] investigated nonlinear thermoelastic, transient responses and thermal wave propagation
in functionally graded solids undergoing large deformations under a thermal shock and surface stress loading
in Lagrangian formulation. Jani and Kiani [33] considered the generalized thermoelastic response of a finite
hollow disk made of a piezoelectric material under Lord and Shulman theory. Shakeriaski, Salehi and Ghodrat
[34,35] studied the nonlinear responses in thermoelastic media under Lord and Shulman model of extended
thermodynamics. These authors considered several thermal and mechanical nonlinearities, among which the
dependence of the coefficient of heat conduction on temperature. Luo et al. [36] studied finite strain theory in
application to the generalized coupled thermoelasticity of isotropic one-dimensional structures. These authors
commented on the effects of nonlinearity of the model. Karmakar et al. [37] investigated wave scattering at the
loosely bonded interface of two dissimilar rotating magneto-thermoelastic media under nonlinear thermoelas-
ticity and dual-phase-lag model. Existence of smooth solutions and blowup of solutions of nonlinear problems
of thermodynamics and thermoelasticity within extended thermodynamics were investigated in [38,39].

The available literature on the subject of generalized electro-thermoelasticity clearly indicates the growing
interest in exploring the response of new generations of materials to different stimuli, for example temperature,
electromagnetic fields, rotation, applied shocks, etc., in view of various applications (C.f. [31,36]). Expressed
differently, the exploration of electro-thermoelastic couplings and the determination of the corresponding
material coefficients have become the main target of many investigations. The present work should be situated
within this context. It aims at investigating the model presented in [25] in more detail and in a one-dimensional
setting, in order to assess the effect of the different nonlinear couplings on the behavior of the medium under
thermal load. Nonlinearity may be geometrical when the body undergoes large deformations, or physical as
the different material parameters may be dependent on strain, temperature and electric field, or else arising
from the implications of extended thermodynamics (C.f. [12]). This is of primordial importance for the design
of materials for special purposes in which nonlinear effects are essential in evaluating the response of the
material, for example in the field of thermo-electromechanical actuators (multi-trigger actuators) in which
there is coupling between the three fields [40,41].

Formulae are derived for the speeds of the coupled thermoelastic wave and the heat wave, showing explicit
dependence on temperature, heat flux and electric field. These formulae may be compared with available
experimental data to determine some material constants of the medium. As illustration, we solve a one-
dimensional boundary-value problem for the half-space in the quasi-electrostatic approximation and under
thermal load at the boundary and initially at rest. The linear purely thermal case is briefly considered, in order
to point out at the difficulties facing the evaluation of solutions even in the simplest case. Then the full nonlinear
problem is investigated numerically using a simple, explicit finite-difference technique devised by the authors
and used efficiently in previous work.

As presented below, the model contains a large number of coupling constants, up to second degree included.
Considering the effect of each one of them separately would amount to a most difficult task and make the work
exceedingly long. In fact, we have disregarded some of them from the outset, as these have been investigated
somewhere else, and concentrated on the rest of them.

Three cases are considered, for which different values of the material constants are chosen. Some other
constants will retain their values throughout the cases. During the calculations, some of the considered coupling
constants will assume small enough values, by which their effect will be negligible in the numerical outcome.

Two- and three-dimensional plots corresponding to these three cases are provided and discussed. In doing
s0, our choices of the different parameters aimed at obtaining comparable speeds for the coupled thermoelastic
wave and for the heat wave in order to put in evidence the interaction of both waves. In solving the problem
numerically, as is usually done for finite-difference schemes, an artificial far boundary had to be considered,
at which all unknown functions identically vanish, so as not to take in consideration any reflected waves.
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2 Basic three-dimensional equations

The basic features of the model under consideration is the introduction of the heat flux as an additional
thermodynamical variable, together with the strain and the electric field. A Cattaneo-type evolution equation
for the heat flux is assumed, in replacement of the classical Fourier law for heat conduction. Additionally, a
linear dependence of the heat wave speed on temperature and heat flux is introduced. The proposed form of the
free energy involves many of the usual thermo-electro-mechanical couplings, keeping only nonlinear terms up
to the second degree included, in addition to a quadratic dependence on the heat flux as suggested in [11]. The
nonlinearities involved in the system of basic equations arise from different sources: They may be of geometrical
origin as the body can undergo large deformations, or physical through the dependence of the different material
parameters on the unknown functions like temperature, strain, heat flux and electric field, or else from the
implications of extended thermodynamics as the free energy of the body has a quadratic dependence on heat flux
as stated earlier. The model accounts, among others, for residual polarization (ferroelectricity) which depends
on various parameters, and for pyroelectric and electrocaloric effects which usually have a strong dependence
on temperature (C.f. [42]). The electrocaloric effect can have important applications in new materials (C.f.
[43,44]). All of the other couplings may be considered in detail. For example, the dependence of entropy on
electric field is found to be experimentally detectable only for sufficiently large electric fields of the order of
103 V/m, a value that is in the range of nonlinear dielectric response (C.f. [45]). Importance of accounting
for the dependence of material coefficients on temperature in piezoelectric composite materials is reported in
[46]. Abundant literature exists on the design of new materials and their material properties (see, for example,
[47,48]). Mechanical and electric hystereses are disregarded. As to the dissipation function, it is a positive
semi-definite quadratic form in the components of the heat flux. Thus the present model does not include the
Green—Naghdi theories of types II and III which are characterized by the absence of dissipation. It does not
include the Green—Lindsay theory of generalized thermoelasticity as well, in view of the hypotheses in the
model. This becomes clear in the purely thermal case, noting that the heat equation (34) does not involve a third
order derivative of temperature. It goes without saying that the model is thermodynamically consistent. Details
may be found in [25]. Parent one-dimensional nonlinear models of thermodynamics and thermoelasticity with
second sound in which the material coefficients may depend on strain and temperature were treated for the
existence of smooth solutions and blowup of solutions in [38,39].

After incorporating the constitutive relations into the field equations and disregarding the external forces
and the heat supply, one is left with the final set of three-dimensional field equations involving eight basic
unknown functions: three mechanical displacement components Uk, the temperature 6 as measured from a
reference temperature, three components of the heat flux Ok and the electric potential ®.

In the following equations, a “comma” is used to denote differentiation w.r.to the material coordinates.
Written down in material coordinates following [25], the basic system of governing partial differential equations
to be investigated below reads:

(i) The equation of electrostatics:
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(iv) The Cattaneo evolution equation for the heat flux:

pOT, Q1 = —Qr — A 405, 4)

and tensor A is identified with the inverse of the heat conduction tensor K :

A=K"!
The electric induction vector
Dk =e0J Xk,iX1iEL + Px (5)
is finally obtained as:
Dx = D% +exrEL, (6)
with
Dy = —pBk + prBkO + py11kUss — ptk 6’
+%10V1JKUM,IUM,J - %PCUKLMUI,JUM,L - %PCUKLMUI,JUL,M
_PVI*JI(QUI,J (7)
exL = €xr — 2pBk 0 — 3pBrkLEl
—2e0UL .k +e0Us sékr — 2pk17kLUrL 7, (3
where
€xL = €0dkL — 2pBkL ©)

The material electric field and electric induction are endowed with a “bar”, the meanings of the coupling
constants are explained in Nomenclature. Details of the derivation may be found in [25]. For the definition of
material electromagnetic quantities, the reader is referred to [1].

The system of equations (1)—(4) is not pure “hyperbolic” due to the equation of electrostatics expressed
in the quasi-electrostatic approximation. However, if one adds to this equation a term involving the time
derivative of the electric potential endowed with a small multiplicative positive parameter and takes the limit
of the solution as this parameter tends to zero, then one may assume that the considered system of equations is
of mixed “hyperbolic-parabolic” type. This means that the solution will partly have a diffusive character, side
by side with its wave nature.

Relying on the above equations, it is thus clear that the model accounts for both ferroelectricity and
pyroelectricity, and for the dependence of the different material parameters on strain, temperature and electric
field. In particular, the spontaneous polarization has a dependence on strain and temperature.
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One-dimensional models have been extensively and efficiently used to describe a multitude of physical
phenomena in large slab or half-space. We only cite a few for the sake of conciseness: Sherief and Dhali-
wal [49] studied the one-dimensional problem of a thermoelastic half-space subjected to sudden heating in
extended thermodynamics. Gryza and Kostowski [50,51] proposed analytical and numerical solutions to one-
dimensional boundary-value problems in thermoelastic slabs. New aspects of the solutions could be obtained
using such simplified models. Chandrasekharaiah [52] obtained exact solutions in closed form to the one-
dimensional problem of wave propagation in a half-space in the linear theory of thermoelasticity without
energy dissipation.

Nonlinear, one-dimensional models of pure thermodynamics or thermoelasticity with second sound and
various dependences of the material coefficients on strain, temperature and heat flux may be found in [36,38,39].

In what follows, we shall consider a one-dimensional version of the basic equations for simplicity, then
introduce a dimension analysis that will reduce the speed of the heat wave in the linear case to unity. Under-
standably, the speed of the coupled thermoelastic wave in this case is expected to be less than unity, but the
choices of the characteristic parameters will be made in a way so as to make the two speeds comparable to
each other in magnitude. We believe that such choice may be useful in studying the interactions between the
heat wave and the coupled thermoelastic wave.

By writing the basic equations in alternative forms, it is possible to extract expressions showing the
dependence of the two speeds of wave propagation on strain, temperature, heat flux and electric field. Comparing
these expressions with available experimental data allows to determine some material parameters.

As already noted, the model contains a multitude of coupling constants, whether linear or quadratic nonlin-
ear. Instead of looking separately for the effect of each material parameter on the response of the material, three
choices of the set of material parameters are considered, in which the values of one and the same coefficient
may differ by several orders of magnitude from one case to the other. Some of these parameters will retain
their values throughout the three cases. In doing so, we will not have in mind a concrete medium. This way
of dealing with the nonlinear couplings will allow to assess globally the effect of the material parameters on
the electro-thermomechanical response of the medium. Each case will correspond to definite values of the two
speeds of wave propagation.

Then we shall consider the purely thermal problem analytically by small parameter expansion in order to
put in evidence the difficulties to be met for obtaining such solutions, before tackling the full nonlinear system
of equations numerically. For the latter approach, it is worth mentioning that the solutions could be obtained
only for relatively small time values due to lack of stability of the used explicit, finite-difference numerical
scheme.

3 One-dimensional equations

In order to concentrate on the main goal of the present work, the equations are now written in one spatial
dimension. Moreover, all the terms with the interactions U — U and U — ® have been deleted for conciseness.
The unknown functions are now U, 6, Q, ®. These unknowns satisfy a set of four coupled partial differential
equations: The equation of Electrostatics, the equation of motion, the equation of energy and Cattaneo-like
evolution equation for the heat flux.

—682—q>+ ﬁ(@gﬂ_@> pyaz—Uvaﬁ*%—%)C@%
dx2 dx 0x2 ax2 ax
2 2
—pg—i< 2ﬂ*g+y*%—u)—p ( Zﬁa—ﬂ/ 2x2)—0, (10)
32U U 00 ,32q> (. *U  dU 96
P = e T Ve TC (%—+ ox ax)
+2K’aﬁaz—q>—y/*9i—y %824—2 9% (11)
ax 9x2 dx2 ax ox ox’
U 9D 3P ad  Cr o6 09D 9’D
Pbo [aaxar v B i ox T a o +2{<az ox +98x8t)j|

oo 92U g 2@ BRI +CT 90 2o 90 8U+082
o— — —— ) -2«
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R G (12)
T 9x Oy - ox  Kobp -
90 90
ptp (B0 +60) — =—-0—K—. (13)
ot ox

The electric induction component is finally obtained as:

D=D"—¢—, (14)
0x
with
~0 * 1Y 2 * 1Y
D" = —pB+pp"0+ py— — p56~— py 0 — (15)
0x 0x
9P U
e =280 —20p —2pp"0 +3pp o5~ 0+ 2p0) o, (16)

Strain-, temperature- and electric field-dependences of the dielectric constant and other material coefficients
were frequently reported in the literature (C.f. [53,54]).

As a generalization of the model proposed in [25], we introduce a linear dependence of the heat conduction
coefficient and the thermal relaxation time on temperature and heat flux. This does not alter in any way the
thermodynamical consistency of the model:

K=Ko(1+k6+kQ) (17)
and
=1 1+1H0+1nQ). (18)

Various dependences of the thermal relaxation time and the other material coefficients on strain, temperature
and heat flux have been presented in [38,39].

4 Dimension analysis

No definite material was chosen for the purpose of numerical evaluations. Instead, our main goal was to include
as many nonlinear couplings parameters as possible, and to put in evidence the propagation two waves, the
coupled thermoelastic wave (slow) and the heat wave (fast), so that the difference in speeds is not too large.
Three cases are considered for the numerical application. The values of the various material constants are
shown in Table 1:

The characteristic parameters of length, time, heat flux and electric potential are as follows:

6o Ko 00Cr Ko oL3
Lo=——, Top=pbto, Qo=,]—, d9= p 02 (19)
Qo ) y/'T§

For the used set of material coefficients one has:

Cases II and III have much larger values of the specific heat capacity and the coefficient of linear thermal
expansion, and much smaller values of the characteristic time and length, as compared to Case I. Again, Case
IT has much larger values of the coefficients y’, y™* ¢ and «’, and much smaller values for the coefficients 8*,
y and y*, as compared to the other two cases.

Carrying out the dimension analysis, the basic equations are cast in a more convenient form to show the
dependence of the various coupling constants on temperature, heat flux and electric field:

(_,P0B" , 60BP0 3PN 32 | (pyLo pboy*Lo )\ 92U
dx2 edy edy 9x2

€ €Ly Ox
L (POB Lo ,p865Lo o pboy*Lo DU, poB* 09 30 _
€Dy €Dy edg 0x € ax | ox

0, (20)
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Table 1 Values of the material parameters

Quantity Unit Case | Case 11 Case 111

Cg Nm2 3.46 x 1010 0.246 x 1010 5.46 x 1010
Cr Jkeg ! K™! 0.3 x 10° 0.4 x 108 1.6 x 107
c’ kgm~!s 2 K! 0.3 x 10° 0.4 x 10° 1.6 x 103
Ko Wm~! K™! 1.0 x 10* 1.0 x 10* 1.0 x 10*
o Jkg~!' K~! 0.5 x 10° 0.4 x 108 1.5 x 107
a* kgm™! s72 K2 0.2 x 10° 0.1 x 10° 0.5 x 10°
B Coul m* kg=! J~! 0.1 x 10713 0.1 x 10713 0.1 x 10713
B* m3 kg~! K~ 0.9 x 1076 0.1 x 107 0.1 x 1076
y m? kg™! 0.5 x 10° 0.3 x 103 0.3 x 10°
y' Coul m—2 0.1 x 10° 0.2 x 10° 0.2 x 10°
y* m? J kg~ K~! Coul™! 0.5 x 10° 1.0 0.1 x 10°
ph* Coulm~2 K~! 0.1 0.2 x 10? 0.2

€ 2.0 2.0 2.0

¢ m? kg~! K2 0.1 x 1077 0.3 x 1072 1.3 x 107
6o K 293 293 293

K’ Coul®’ kg™ m—3 s2 0.2 x 1077 0.5 x 1073 1.0 x 1077
P kg m™3 8954 8954 8954

70 sm? kg~! K~! 0.5 x 10718 0.1 x 10720 0.8 x 1072

Table 2 Values of the characteristic parameters

Quantity Unit Case | Case II Case III
Lo m 0.69 x 10710 8.559 x 1012 1.210 x 10711
Ty s 1.31 x 10712 2.623 x 1071 2.099 x 10713
Qo W m—2 0.42 x 105 3.422 x 1017 2.421 x 10"
L%y volt 0.18 x 10% 0.407783 x 10~ 1.802 x 1072

rU (v2 + 'yt 6) PU{attoys — 20y 6+ C'yofhy 2L 4 V00 D) 26

— = (v — — | —2a* — )| =

372 e Yobo 92 0Y0 JOL) Yobo Y v ax ) ox

¥'*6o 2k 3D\ 92D
—(1+ 0 — 5 > (21)
Y’ Yoy's 9x ) ox

20* 92U 20* dU Oy 3D 96
iy P sy f (140 220U %P0 9 90
Cr po 0x0t pCr 0x CrLy 0x ) ot

B*® B* @ C60Dg B*®} 390 | 3’ 8Q
— -2 0+2 — 22
|:CTL0+ Crio ~Crlo) " Cri2 ox | axor Q +Q 22
30 20
[1+(1+r1)9+er]§=—Q—(1+q19+QzQ) P (23)
Here
P00 CT 10 _
vo="2T20 [n]=ketms? ve=/Cen
Ko
and

T =16y, =000, q1=kby, g2=kQo.

is the speed of propagation of the coupled thermoelastic wave in the linearized theory. From Eqs. (21) and (22)
it is seen that the adimensionalized thermoelastic coefficient

au  y™6y 9®
yre = abpyy — 2a* )/090 0 + C'yobop— + —
ax y'  0x

(24)
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Table 3 Dimensionless speed of the coupled thermoelastic wave and coefficient of linear thermal expansion

Quantity Unit Case | Case 11 Case III
Ve 0.37 0.16 0.43
b0y 0.58 x 10~* 0.12 0.01

and specific heat capacity

20 U _ &6h% 00
C% _ (1 . pCr 0x 1 +9CTL0 dx > CT (25)

have a dependence on temperature, strain and electric field, due to coupling effects.

The dimensionless speed of the coupled thermoelastic wave in the linearized theory and the coefficient of
linear thermal expansion for the three cases under consideration are shown on Table 3:

With the used characteristic quantities, the speed of propagation of the heat wave is close to unity as verified
from (22) and (23), provided its dependence on temperature and heat flux is small enough.

After some manipulations on eqs.(20) and (21) to eliminate the second spatial derivative of the electric
potential, the equation of motion may be cast into the form of a wave equation with various damping terms:

’u U
—_— =

a2 E 57 + terms depending only on functions 6 and P, (26)
X

yielding the following relation for the squared velocity of propagation of the coupled thermo-electroelastic
wave as function of temperature and electric field:

boy*

I ’ 1—=220

2 _ (2 ) 2" 9@\ pyLo v

Vg = (Ug + C'v000 9) - (1 + V/ 0 — J/07//2 ax €Dy | — 3,:;?4@0 ?;_f + 2,;960/3*9- 27
0

For the present model, the velocity vg does not depend of heat flux.
Again, by cross-differentiation in (22) and (23) and elimination of a second mixed derivative of the heat
flux, one obtains:

%0, 3%

prole vy pys) + terms depending only on functions U, Q and &, (28)

which gives the squared velocity of propagation of the heat wave:

2 1 14+ki0+kQ
VH = 2a* 90U | 200%0 0® | 4 (1 9 (29)
46— 2200 1 500%0 0% 14 (1+1)0+1n0

depending on temperature, strain, heat flux and electric field. In the linearized theory, the value of this speed
is unity. Dependence of the second sound speed on heat flux was reported by Coleman and Newman [12]. A
similar wave equation for Q may be obtained as well.

The above formulae for vg and vy have not been reported previously, and can be used in conjunction of
experimental results to provide values for some material constants. They are suitable for evaluating the effect
of nonlinearity on the wave speeds.

Systems of nonlinear hyperbolic equations have been investigated by many authors, among whom we cite
[55-58]. In the following two sections we find solutions to our equations under some initial and boundary
conditions using either Poincaré expansion or by numerical techniques.
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5 The purely thermal case

A few investigations were carried out on rigid thermal conductors within the theory of extended thermody-
namics, among which we cite [59,60]. In what follows, we show that the reduced equations for purely thermal
problem still lead to cumbersome solutions if one tries the analytical techniques. Here the basic nonlinear
one-dimensional adimensionalized equations reduce to two only for the functions of temperature 6 (¢, x) and
heat flux Q(z, x):

ol 200, 0% (30)
ar ot ox dx ’
00 ad
[1+(1+r1)9+r2Q]¥=—Q—(1+q19+qu)£. €1y
Let us try an expansion of the solution in terms of a small Poincaré parameter v:
O=voi+V20+-,  Q=v0i+1 02+ . (32)
The equations to the first-order of approximation are:
901 01 901 961
—_— == = =—0 - —, 33
ot ox ot 9% (33
with
20 (t,
lim 6,(t.x) =0,  lim 221
xX—00 X—00 ox

and similar radiational conditions on the function Q(¢, x).
By differentiation one can easily decouple equations (33) and obtain two identical wave equations with
damping for 6 and Q of the form:

%0, 3% 96
- - =0, 34
x> 9 ot )
showing that the non-dimensional speed of the heat wave is equal to unity as expected.
We shall find a solution in the half-space with given initial and boundary conditions:

01(2,0) = fo(r), Q1(,0)=go@), 06:1(0,x)= fix), ©1(0,x)=gi(x). (35)
The missing initial conditions on the time rates of change may be obtained using (33):
26 00 /
57 0.0 = g0, —H0.2) = —1(0) — f(x). (36)

Applying the Fourier sine transform with respect to the x variable:

01(1,8) = /00 01(t, x) sin(x§) dx, (37
0

to Eq. (34), one is finally led to the following solution for the transform:

t
01(t,8) = § /O[e“("”—e“(’—f)] fo(r)dt

AM— A2
MmfiE) -G A G
n 2/16) = G1() - MNE) +C1E) (38)
A — M A2 — A
the values A1 and A, being the roots of the quadratic algebraic equation:
AM+A+E=0 - Ao2=-—£ -1 -4&4 (39)

2 2
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Fig. 1 3 D-temperature distribution for the linear case

and fl &), G, (&) are the Fourier sine transforms of f1(x) and gi (x) respectively, whence the solution:

2 (>
01(t, x) = ;/o 01(z, §) sin(x§) d§, (40)

The steps of the solution are straightforward and details have been omitted for conciseness. The solution for
Q1(t, x) can be found in an analogous manner.
Turn now to the second-order solution. The system of equations reads:

00> 3Q2 3Q2 00
—_— _— = F t, 5 - = G ta ) 41
% + ™ (t, x) o +Q2+ax (t, x) (41)
with
F,x)=—-0— -— , 42
(t, x) 13t+Q18t+Q1 (42)
9 9 30 90
G =1+ 2 410,22 10,2 1 40,20 (43)
ot at dx ax

Equations (41) can be solved using exactly the same technique as for the first-order approximation, the only
difference being the existence of the non-homogeneous terms on the r.h.s. of the equations. The solution is
quite cumbersome and is expressed in terms of a quadruple integral. We shall refrain from writing down the
second-order solution. The complexity of the calculations makes a case in favour of the numerical methods of
solution.

When the initial conditions are set to zero, the obtained solution to the first order represents the propagation
of the boundary regime. This is illustrated in Figs. 1 and 2 for the boundary regime:

fo() =018 e, (44)

where we have shown the three-dimensional distribution of temperature in the half-space, and the temperature
as function of time at the location x = 1. Notice the time lag needed for the heat wave to reach location
x = 1, and that the wave amplitude at this location (>~ 0.1) is smaller than the amplitude of the boundary
regime (2~ 0.134). Temperature is non-negative everywhere in compliance with the laws of thermodynamics
as expected. As the heat flux is much smaller than temperature in absolute value, we have verified that the
nonlinear solution for this boundary regime is almost identical to the linear one for the considered time values
t < 1. Deviations between the two solutions may become more substantial as time grows.
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Fig. 2 Temperature distribution for the linear case at location x = 1
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Fig. 3 Temperature distribution at the boundary as function of time for the nonlinear problem

6 Numerical results for the nonlinear problem by finite differences

For all the following numerical calculations for the nonlinear problem, the initial conditions are set to zero.
We consider the propagation of a continuous heating boundary regime in a half-space x > 0, with prescribed
finite-support temperature at the boundary of the form:

__a=1?
0.le =¢-1*  0<t<?2
0(0,1) = (45)

0, t>2,

The plot of this smooth function is shown in Fig. 3.

Initially at time # = O the medium was in complete rest at temperature 6y and at zero electric potential. At
the boundary x = 0, all boundary conditions for displacement, heat flux and electric potential are set equal to
zero. At the computational far end, all four unknown solution functions are set equal to zero.

A simple explicit, three-level finite difference scheme is used to solve the set of nonlinear equations
(20)—(23). Taking the steps along axes to be Ax, At, the grid points are labeled as:

xi=0—-—DAx, r=k-DAt, i,k=1,2,...
For computations, we have taken

Ax =0.1, Ar=0.05.
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Let F(x;, tx) =~ F;i x, where F; ; is an approximate value of function F at the node (x;, %), (i, k) for short.
The different derivatives needed in the sequel are discretized by central differences as:

OF  Fipix— Fic1k —
= rer et O(A ,
0x 2Ax +0(Ax)
OF  Fixt1 — Fix—1 -
- = e O (At ,
ot 2At +0( )
02F  Fipix—2Fix+ Fi_ -
_ Ltk ik + Fi-1k +O(Ax2),
x? Ax
02F  Fixp1 —2Fix+ Fig_ .
_ ikl _t,k + Fix—1 I O(Atz),
9%F 1

PPV 4AxAt{Fi+l,k+l — Fit1k—1 — Fic i1 + Fic1k—1} + O(Ax At),
and so forth for higher-order derivatives.

At any calculated time level, the value of a function at the rightmost node cannot be obtained following
the general scheme. Instead, it is calculated using the two preceding nodes by mean-value.

The following plots were generated using the explicit finite-difference scheme introduced above for three
cases indicated in Tables 1, 2 and 3. Due to stability arguments, the solutions obtained by the used explicit
numerical scheme could be calculated only for sufficiently small values of time.

The 2D plots illustrate the values of mechanical displacement, temperature, heat flux and electric potential
as functions of time at a fixed location x = 0.5. Additionally, 3D plots are provided for the same functions in
thedomain 0 < x <10and 0 <tr < 5.

Relying on the fact noticed by several researchers that the effect of nonlinearity is intimately linked to the
nature of the considered thermoelastic solid (C.f. [36]), we have chosen to work with materials belonging to
different classes, according to the cases introduced above. Whatever be the chosen material, it is generally
accepted that the effect of nonlinearity becomes more noticeable as time grows, so that the nonlinear theory is
usually necessary for the description of the continuum for sufficiently large time values.

Case 1: The speed of the coupled thermoelastic wave in the linear theory is approximately equal to one
third of that of the heat wave (v, >~ 0.37). Based on this value, the disturbance are expected to reach the
location x = 0.5 at which the solution is evaluated approximately at time ¢ = 1.35. The delay shown in the
figures below concerning the displacement, temperature and heat flux will be somewhat different due to the
fact that the speed is not exactly equal to v, according to (27).

As noted above, this case is characterized by a relatively small specific heat capacity, and by a relatively
large thermal relaxation time as compared to the other two cases.

Figures 4, 5, 6 and 7 illustrate the behavior of the solution functions in the time interval 0 < ¢t < 5.

The main features of the solution observed at an arbitrary location inside the medium as illustrated in
Figs.4,5, 6 and 7 are:

1. Existence of time delays taken for the disturbances to reach the location at which the solution is evaluated.
The delay shown in Fig.7 is shorter than the one exhibited in the three other unknowns, thus confirming
the existence of two speeds of wave propagation.

2. The Figs.4, 5 and 6 for the displacement, temperature and heat flux show the slower, coupled thermoelastic
wave propagating with speed vg, with oscillations about the zero that are damped in time. It is most
probable that the effects of the fast wave here are much smaller and thus not noticeable.

3. InFigs.5 and 6, the patterns for the temperature and heat flux are similar, the functions tend asymptotically
to zero with damped oscillations.

4. In Fig.7, the electric potential seems to follow exactly the boundary temperature, but at a much smaller
amplitude. No damped oscillations are noticed. This electric disturbance reaches the location x = 0.5
earlier than the other three, meaning that it is carried by the fast heat wave traveling with speed vy . This
fact provides means for restoring the shape of the boundary temperature through measurements of the
electric potential. The reason for this particular behaviour of the electric disturbance is the nature of the
equation of electrostatics as stated earlier, in addition to the special values of the material parameters used
in the computations.

The 3D-plot in Fig. 8 shows the wave front and thus confirms the wave nature of the solution.
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Fig. 4 Distribution of displacement at location x = 0.5 as function of time for Case I
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Fig. 5 Distribution of temperature at location x = 0.5 as function of time for Case I

Case 2: The dimensionless speed of the coupled thermoelastic wave is approximately equal to (v, =~ 0.16).
Thus the wave is slower than for case I, and six time slower than the heat wave. As time is limited to values
t < 5 for stability reasons of the numerical scheme, Figs.9, 10 and 11 does not allow to follow the full
development of the wave. The behaviour of the electric potential in Fig. 12 looks similar to the corresponding
figure for Case I. This electric disturbance has already completely passed by the location x = 0.5 while the
thermoelastic disturbances are just beginning to appear.

The 3D-plots in Figs. 13, 14, 15 and 16 show distributions of the unknown functions in space and time. In
particular, the plot for the electric potential illustrates the oblique wave front in the (x, #)-plane to confirm the
existence of the fast wave. This figure confirms that the electric potential follows the shape of the boundary
temperature.

Case 3: The dimensionless speed of the linear coupled thermoelastic wave in this case is v, >~ 0.43.
According to Table 1, this case has the largest value of specific heat capacity C, and the smallest value of the
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Fig. 6 Distribution of heat flux at location x = 0.5 as function of time for Case I
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Fig. 7 Distributions of electric potential at location x = 0.5 as function of time for Case 1

characteristic thermal relaxation time 7. Figures 17, 18, 19 and 20 illustrate the behavior patterns of all four
solution functions. Here again, one notices the asymptotic behavior of damped oscillations as time grows.

Comparison between the cases:

Figures 21,22, 23 and 24 illustrate this comparison. The patterns of the four solution functions are similar in all
three cases, the only differences concern the orders of magnitude. It is noted that the responses of the medium
are more pronounced in Case II than for the other two cases. This fact allows to design working materials in
such a way so as to optimize the different responses of the medium to boundary heating.

We have chosen to work in a half-space so as to avoid any reflected waves. Although the propagating bound-
ary regime is one of heating, the obtained temperature distributions in the half-space in all three considered
cases showed oscillations that produced negative temperatures during some time interval, before ultimately
tending to zero for large times. To comment about this fact, let us recall what was said in Sect.2 that the
used model is thermodynamically consistent. The purely thermal case treated above showed that temperatures
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Fig. 8 Three-dimensional displacement distribution for Case I
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Fig. 9 Distribution of displacement at location x = 0.5 as function of time for Case II
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Fig. 10 Distribution of temperature at location x = 0.5 as function of time for Case 11
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Fig. 11 Distribution of heat flux at location x = 0.5 as function of time for Case II
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Fig. 12 Distribution of electric potential at location x = 0.5 as function of time for Case 11
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Fig. 13 Three-dimensional distribution of displacement for Case 1L



2728 A. F. Ghaleb et al.

Fig. 14 Three-dimensional distribution of temperature for Case 11

0.5

l

i

\\\\\\\\\&\i}\

i

| ;&“‘ i

R4

Fig. 15 Three-dimensional distribution of heat flux for Case 11
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Fig. 16 Three-dimensional distribution of electric potential for Case 11

under boundary heating remained non-negative all the time. Along the same line, it was shown in [60] that the
arising negative temperatures in a rigid thermal conductor under dual-phase-lag could be made to disappear by
properly choosing the values of the relaxation times. For thermoelasticity problems, within the linear Green
and Lindsay theory, negative temperature were reported in half-space or square plates subjected to thermal
shock or traction by Tehrani and Eslami [61] (Figs.11 and 14 in the cited reference). On the other hand, Abbas
and Youssef [62], then Kiani and Eslami [63] investigated nonlinear thermoelasticity of a half-space or layer
subjected to thermal shock under Lord-Shulman theory and obtained non-negative temperatures. Generally, it
is known that temperature decrease can be attributed to the various thermo-mechanical interactions (linear or
nonlinear) and the accompanying energy transfer. Referring to the present results, any conflict with the second
law of Thermodynamics is ruled out.
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Fig. 17 Distribution of displacement at location x = 0.5 as function of time for Case III
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Fig. 18 Distribution of temperature at location x = 0.5 as function of time for Case III

Three classes of electro-thermoelastic materials occupying a half-space were considered for the behavior
under heating boundary regime. Irrespective of the amplitudes, the solutions for the displacement, temperature
and heat flux have all shown evidence of the slow, coupled thermoelastic wave progressing in depth, not of
the fast heat wave. At any location, these three functions were characterized by oscillations that damped with
time. The fast heat wave could be put in evidence only through the electric potential.

7 Conclusions

The present work aims at assessing the effect of several nonlinear couplings between the mechanical, thermal
and electric fields in materials with complex structure used in the various applications. It is known that
nonlinearities may affect the efficiency of certain thermoelastic parts in technological structures subjected to
mechanical, thermal and electrical loads in working situations. Based on an existing model of nonlinear thermo-
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Fig. 19 Distribution of heat flux at location x = 0.5 as function of time for Case III
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Fig. 20 Distribution of electric potential at location x = 0.5 as function of time for Case I1I

electroelasticity in extended thermodynamics, we have investigated a one-dimensional system of nonlinear
partial differential equations, in order to assess the effect of the different coupling constants on the behavior
of the medium under thermal load. Such one-dimensional models are easier to analyze mathematically, in
particular in relation to existence and uniqueness of solutions, and at the same time can reveal new aspects
of the solution as efficient approximations to higher dimensions. The development of nonlinear models of
thermoelasticity in extended thermodynamics may help determining the values of some material constants
experimentally using heat wave propagation.

Explicit formulae are given for the specific heat capacity, and for the speeds of the coupled thermoelastic
wave and the heat wave, showing their dependence on strain, temperature, heat flux and electric field in
the nonlinear theory. These formulae have not been mentioned previously. They may be used to determine
experimentally some material constants of the medium.

The presented two- and three-dimensional plots for the different unknown functions and for different sets
of values of the material coefficients show the wave propagation nature of the solution. They allow to assess
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Fig. 24 Comparison of distributions for electric potential at location x = 0.5 as functions of time for three cases

the effect of the various coupling constants on the behavior of the mechanical, thermal and electric properties
of the medium. It is noted that the responses of the medium are more pronounced in Case II than for the other
two cases. This case is characterized by larger values of the piezoelectric coefficient, stronger electrostriction,
stronger dependence of the specific heat capacity and thermoelastic coefficient on electric field, and by weaker
dependence of the specific entropy on the electric field, weaker dependence of the permanent polarization on
strain and on the product of strain and temperature.

It was noticed that the displacement, temperature and heat flux have all shown evidence of the slow, coupled
thermoelastic wave. At any particular location in the half-space, these functions had an oscillatory that damped
with time. Only the electric potential has shown evidence of the fast heat wave and followed the same behavior
of the boundary heat regime irrespective of the amplitude.

The present approach through one-dimensional equations has been efficiently used to reveal important infor-
mation about the nonlinear couplings in thermoelastic media within extended thermodynamics. The obtained
results may be of interest for the design of new electro-thermoelastic materials with specific characteristics.
They confirm the fact that the effects of nonlinearity are intimately linked to the nature of the considered
thermoelastic medium.
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