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Abstract: This work explores the influence of Hall current
on the thermoelastic behavior of nanostructured (nonlocal)
plates made of an elastic material, modeled under a double-
temperature (two-temperature theory) framework, and sub-
jected to ramp-type heating. The dual-temperature model
accounts for the separate thermal dynamics, while the non-
local elasticity theory incorporates long-range interactions
within the material, making it particularly suitable for
nanoscale materials. The governing equations are derived
by integrating the effects of Hall current, and nonlocal elas-
ticity into the coupled electro-thermo-mechanical equations
according to the dual-phase lag model. The solution is
obtained through the application of the normal mode ana-
lysis technique, allowing for the decoupling of the governing
equations into solvable ordinary differential equations.
Numerical simulations are performed, and results are pre-
sented graphically to compare the wave propagation
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characteristics of the basic physical fields such as temperature,
displacement, acoustic pressure, and stress under the influence
of Hall current and varying nonlocal parameters. The results
reveal significant changes in wave propagation under varying
boundary conditions, offering valuable insights into the inter-
action between magneto-electric fields, mechanical stresses,
and thermal gradients. The study provides a novel framework
for understanding wave propagation in nanostructured mate-
rials and paves the way for further research into their applica-
tion in advanced thermoelectric-mechanical devices.

Keywords: thermoacoustic, normal mode, the DPL model,
double-temperature model, Hall current, nonlocal elasticity

Nomenclature

a two-temperatures parameter

ay material constant

Ce specific heat

€ material’s characteristic length or
intrinsic length scale

e cubical dilatation

ej = %(u,-,j +u;;) components of the strain tensor

E Lorentz force

K thermal conductivity

l reference length scale of the system

P acoustic pressure

T absolute temperature

t, pulse time rising

U; components of the displacement vector

a; coefficient of linear thermal expansion

i components of the stress tensor

(0] conductive heat temperature

p density of the medium

& electric permittivity

o Kronecker delta function
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A U Lame’s parameters

Uy magnetic permeability

&2 = Jazell nonlocal parameter

Ejr permutation tensor

T, Ty thermal relaxation time
0=T-T thermodynamical temperature

y=(BA+2u)a;  volume thermal expansion

1 Introduction

The interplay between the Hall current and acoustic pres-
sure in nanostructured thermoelastic plates under ramp
heating in a dual-temperature model is crucial for under-
standing the coupled electromechanical and thermal responses
in advanced materials. The Hall current, induced by the inter-
action of electric and magnetic fields, modifies the charge car-
rier distribution and exerts a significant influence on the pro-
pagation of acoustic waves within the plate. This interaction
becomes even more complex under ramp heating, which intro-
duces a transient thermal gradient that drives thermal stresses
and enhances the non-equilibrium effects described by the
dual-temperature theory. In nanostructures, where size-depen-
dent properties dominate, these effects are amplified due to the
enhanced surface-to-volume ratio and quantum confinement.
Investigating this problem is vital for applications in micro- and
nanoscale devices, such as sensors and actuators, where precise
control of thermal and electromechanical interactions is essen-
tial. Understanding these relations contributes to the design of
materials and devices capable of withstanding high-frequency
electromagnetic and thermal fields in emerging technologies.
The study of thermoelasticity, a fundamental area of
continuum mechanics, is essential for understanding the
complex interactions between thermal and mechanical
processes in solid materials [1]. Classical thermoelasticity,
which integrates heat conduction and elasticity, provides a
foundational framework for examining how temperature
changes influence mechanical deformations and vice versa
[2]. However, traditional theories are often inadequate for
capturing the nuances of heat transfer in scenarios invol-
ving rapid thermal transients, high-frequency oscillations,
or nanoscale systems. Such limitations have driven the
evolution of advanced thermoelastic theories that incorpo-
rate more realistic heat propagation mechanisms [3]. By
introducing finite thermal wave speeds and addressing
the temporal delay in thermal signal transmission, these
extended models offer significant improvements in accu-
rately describing non-equilibrium thermal processes [4].
This progression, marked by the transition from classical
to hyperbolic and generalized thermoelasticity, has opened
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new avenues for studying phenomena like thermal shocks,
second sound effects, and microstructural thermal inertia,
which are critical in modern materials science and engineering
applications [5]. The dual-phase-lag (DPL) heat conduction
model, introduced by Tzou [6], revolutionized the under-
standing of transient thermal processes by incorporating two
distinct delays: the phase lag of the heat flux and the phase lag
of the temperature gradient. This approach addresses the lim-
itations of classical Fourier heat conduction, which assumes
infinite thermal propagation speed, making it unsuitable for
applications involving rapid thermal responses or micro- and
nanoscale systems [7]. By introducing these phase lags, the
DPL model accounts for the finite relaxation times associated
with heat flux and temperature gradient, providing a more
accurate depiction of non-equilibrium thermal behavior.

The two-temperatures theory (2TT), initially introduced
by Chen et al [8], provides a framework for heat transfer in
deformable materials by distinguishing between two dis-
tinct temperature fields: The thermodynamic temperature
and the conductive temperature. This distinction arises
from the non-equilibrium heat conduction processes that
occur at small scales or under rapid thermal variations.
Many authors demonstrated that when external heat sources
are present, the difference between these two temperatures is
proportional to the heat supply, while in the absence of
external heating, the temperatures converge to equilibrium
[9-11]. Quintanilla [12] investigated the mathematical and
physical properties of the 2TT, including stability and spatial
resolution, reinforcing its applicability to advanced thermal
systems. Building on this framework, Youssef [13] proposed a
generalized thermoelasticity model based on the two-tem-
perature concept, where the relationship between the tem-
perature difference and the heat supply is defined through a
non-negative constant. Over the years, the 2IT has gained
significant attention in the context of generalized thermoelas-
ticity and extended thermodynamics, providing critical insights
into heat transfer processes in nano-engineered materials and
complex thermal environments [14-17]. The use of 2TT (con-
ductive and thermodynamic temperatures) in thermoelastic
models addresses this shortcoming, offering greater accuracy
in describing heat transfer dynamics. On the other hand, Awad
[18] introduced a novel idea about the spatial decay estimates
in semi-cylindrical with bounded domains, according to the
non-classical linear thermoelasticity. Awad et al [19] studied
a thermal resonance according to the temperature amplitude
attained and oscillations for an external exciting frequency
source in the electron—-phonon interaction process.

In thermoelasticity, the interaction between magnetic
fields and acoustic pressure plays a critical role in ana-
lyzing the dynamic behavior of materials under external
influences. Magnetic fields influence the elastic properties
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of materials, altering the propagation of acoustic waves
through magnetoacoustic coupling, a phenomenon where
the Lorentz force on charged particles induces or modifies
acoustic wave behavior [20]. Lotfy et al. [21] explored the
effects of magnetic fields on photothermal transport pro-
cesses in semiconducting materials, incorporating Thomson
effects and microtemperature phenomena. Their research
also addressed Hall current impacts in rotating semicon-
ducting media subjected to magnetic fields and ramp heating
[22,23]. Mandelis [24] employed the photoacoustic effect to
study thermal waves in elastic semiconductors, expanding
the understanding of energy interactions in such systems.
Additionally, Lotfy et al [25] proposed a model for photoa-
coustic and plasmaelastic interactions in nonlocal thermoe-
lastic media, emphasizing the role of laser-induced heating
and variable thermal conductivity. These studies underscore
the importance of magnetoacoustic interactions in advancing
technologies like magnetoacoustic imaging and the develop-
ment of magnetoelastic materials [26-29]. Some theoretical
studies investigate the behavior of surface wave propagation
in magneto-electro-elastic structures [30]. Tiwari et al [31]
studied the memory response according to the DPL thermo-
elasticity under the nonlocal effect. Singhal [32] examined the
Love-type wave velocity during imperfect interface in the
context of the piezo-structure of three distinct rheological
models. Gupta et al [33,34] studied the two temperature the-
ories in the context of the photo-thermo-piezo-elastic theory
with fractional order in a semiconductor material. Barak
et al [35] analyzed the nonlocal dual-phase-lag at distinct
piezo-thermoelastic media to study the behavior of higher-
order heat equations and wave propagations.

The novelty of the present study lies in its comprehen-
sive investigation of the interplay between magnetic fields,
acoustic pressure, and thermoelastic effects in nonlocal
elastic media under ramp heating conditions. While pre-
vious research has explored these phenomena separately,
this work introduces a coupled model that integrates the
effects of Hall currents, two-temperature phenomena, and
magnetic field-induced acoustic wave modulation in a non-
local elastic medium. The methodology employs a combi-
nation of analytical and numerical techniques to solve the
governing equations of magneto-acoustic coupling in the
context of nonlocal thermoelasticity, with particular atten-
tion to ramp heating conditions. The motivation for this
research stems from the need to improve our under-
standing of the behavior of advanced materials under
extreme thermal and electromagnetic conditions, particu-
larly for applications in magneto-acoustic imaging, sensor technol-
ogies, and laser-induced thermal processing. However, a limita-
tion of this study is the complexity of the coupled system, which
may restrict the applicability of the model to highly idealized
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scenarios, potentially overlooking real-world factors such as mate-
rial heterogeneities or external noise. Despite this, the insights
gained provide a significant step forward in modeling and under-
standing the dynamic behavior of semiconducting materials in
the presence of magnetic fields and thermal gradients.

2 Formulation of the problem

Through the elastic medium, the main equations that describe
the interactions between acoustic, thermal, electromagnetic
field, and mechanical waves can be derived by coupling
the heat conduction, thermoelasticity, and wave propagation
equations. The general form of the dual-phase-lag heat con-
duction equation with two temperatures in the presence of
thermal waves is expressed as follows [23,36]:

K[l + T 3] -2 +
9t )% ™ | ot
aZ

@
Tqﬁ]yﬂ)ui,j =0.

+ =+
ot

For a transversely isotropic (or transversely thermo-
elastic) material under the influence of the Lorentz force
(F = u,(J x H)), the equation of motion in the general
form can be obtained by considering both the mechanical
and thermal effects, as well as the interaction between the
material’s deformation and the magnetic field. In such
materials, the stress—strain relationships and the thermal
field are coupled with the mechanical wave propagation,
and the Lorentz force modifies the equations of motion by
influencing the charge carriers. For the mechanical wave
interactions, the displacement field u; in the elastic medium
is governed by the following nonlocal equation of motion
under the effect of the Lorentz force [32,34]:

p(1 - eVl = g5 + 1 - e2VHE (i,j=1, 2, 3). (2

In the context of the 2TT, the interaction between ¢
and T is described by a set of coupled differential equa-
tions that account for the heat flow and temperature gra-
dients in the material. These equations capture the transient
heat conduction process, where the difference between ¢
and T arises due to the lag in thermal propagation between
the two temperatures. The general form of the 2TT equa-
tions is given by [13]

¢-ap;=T. 3)

The acoustic diffusivity in the elastic medium can be
characterized by the acoustic pressure or the thermoa-
coustic effects resulting from the heating processes.
The acoustic pressure equation, which describes the
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interaction between acoustic pressure and temperature in
a thermoelastic medium, can be derived from the funda-
mental principles of thermodynamics and wave propaga-
tion in the medium. In the presence of a temperature field,
acoustic waves are influenced by thermal effects, and the
coupling between the acoustic pressure and temperature
can be modeled as follows [24-26,37]:
Pi(x.y,0) = %P(x,y, t) = IBT(x,y, 0). @
S

The speed of sound in the medium is ¢; = 8,430 m/s. The
specific heat ratio is J = 1.666 and the coefficient § = 2.56 x
107%°C is the volumetric thermal expansion [30].

For an elastic material, the nonlocal stress—strain rela-
tion is given by [38,39]

1 - Vg = ay,

) (5)
g;; = Aew Sy + 2uey - y[l + Ty ]T&]

In generalized thermoelasticity theory, the phase-lags
associated with the temperature gradient and heat flux are
key concepts that describe the delay in the response of thermal
variables to thermal disturbances. Specifically, 7o and 7, 0 < 79
<7,) represent the phase-lags of the temperature gradient and
heat flux. The general form of the equations incorporating
these phase-lags can be derived from the extended versions
of the thermoelasticity theory, such as the Lord and Shulman
(LS, 79 = 0) theory, which introduces a relaxation time for the
thermal response (no phase-lags are present). The phase-lag
model reflects the fact that changes in temperature and heat
flux do not propagate instantaneously but rather with a delay
determined by the material’s thermal properties [34].

To incorporate the Hall current impact and the finite con-
ductivity of the material into the system of equations, we need to
include the generalized form of Ohm’s law and the Lorentz
force. The generalized Ohm’s law accounts for the current den-
sity in a conducting medium, which can be influenced by both
the electric field and the magnetic field (in the presence of the
Hall effect). In the presence of a magnetic field, in a more gen-
eral tensor form, the components of the current density tensor J.
and Lorentz force can be reformulated as follows [21,23,30]:

(o))
L mZ[E ' ”08”’[u” ]’] ] ®)
b= pggiHy, (i, j, r=Q1A=x, 2=y, 3=2)).

When an elastic medium is subjected to an initial mag-
netic field of strength H, = (H;, H,, H3) = (0, Hy, 0) along
the y-axis, the electrical conductivity coefficient is denoted

by 0y = netee?/me, the electron charge by e,, and the electron
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mass by m,. The density of charge carriers is represented by
ne, and t, signifies the time between electron collisions. In this
scenario, the induced electric field can be neglected to isolate
the Hall effect, which arises solely due to the magnetic force.
Additionally, by considering the system in two dimensions (2D),
specifically within the xz-plane of the rectangular Cartesian
coordinate system, the displacement vector is expressed as
T =u=(0,w). In this setup, the current density and
Lorentz force components are reformulated as follows [23]:

_y o O ou_ow
]1_]X_1+m2[ at at]
ouyHy (ou ow
Jo =)z = 1+mz[a+"‘a]’
T [au a_w] @
X 1+ m? | ot at )
p oo |oweHT | ou a_w]
ol1tem2 ot ot)

The influence of the Hall current, represented by the
Hall parameter m = t,w,, can be determined using the elec-
tron frequency w. = ey, Hyo/m,, which is related to the
parameter m.

The 2D heat Eq. (1) is reformulated as follows:

62(/) o%p
K[l Tat B
@®)
—i.'_z-a_z CT+ Ti Ta_za_u+a_w
ac | W PE TN G T Wazlox T ez )

The 2D stress—strain relations are

ou ow 0
(1 - SZVZ)O'XX = (2[1 + /1)& + /‘{E -y 1+ Tga ]T 9)

ow ou (o]
(1-&2V¥a,, = Qu + A)E + Aa - |1+ Tea ]T (10)

ou ow
— g2y2 = — + —. 11
(1 - &V)oy, “[az i an
The 2D motion equations are

o%u de a)oT

1- e2V%)— = uv? Doy ~ Y1+ T a0

pl-¢ )at2 u u+(u+) y[ +T96t]ax
0 0 12)

u w

— (1 - 272 + m2Z

S 8v)1+m2[at mat]’

*w de

1=V — 7 = uvw + (u+ N - [1+ —]—

pA - eV 7 =uVw+ @+ ) Y1+ %505,
a3

+ (1 — 82v2) M

[ a_u_a_W]
ot ot
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The 2D of 2TT is

%

ol (14)

%
—|=T.
0z2 ]

®-a
The 2D acoustic pressure equation can be reformu-

lated as follows:

1 9%P

c otz

o
0z2

o
ox?

o’T

TR (15)

By introducing dimensionless field variables, the gov-
erning equations can be expressed in their dimensionless
forms. The main variables are then defined through their
corresponding dimensionless quantities as follows [40,41]:

(X/; y,y u’y V/’ 8’) = CO’I(X) yy u, v, 8)’
(t,’ Té, TI;O) = C(%’](tr To, Tq);
, o T, 9) - T
@, 9= "0
0 (16)
o= i =P
v 2u + A P()’
G 2u+ A
=Q’ C22=£, C02=“—,
K p p

where P, represents the initial acoustic pressure. For sim-
plicity, the dashes can be omitted. The core 2D equations in
this case can be expressed in their dimensionless form as

follows:
0 0 a0
1+ 55—V - 1+ 5|
[ T"at] ¢ [ Tqat]at an
o] 6 au ow
- E q + —| = O’
ot at 6x 0z
o%p 9%
-p=R8-—t + 22 18
¢9ﬁax2+622’ a8
de 69
1- eV —y = q/VAu + ay— - ag|1 +
A-e )at2 QT G~ o T"a ax -
I-eT o)
1+m? (ot ot)
. de a0
a- sy o T T g - a°[l T"E]O_ (20)
F(l - £2v?) [mau _ow
1+ m? ot ot/
0 629
2 L . )
Where E = andB al1 Co, al = ng’ a = ng , Ay = PC(%’
¢ _ JﬂToCUZ _ oCrudHg 92

62
=0 2 -9
& =M Py ,and V2 = —5 +

ozt
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Due to the various field variables that have been ana-
lyzed, we can introduce the potential functions II(x, z, t)
and Y(x, z, t). These functions allow us to describe the
acoustic waves more effectively, and the corresponding
partial differential equations can be expressed as fol-
lows [42,43]:

_om oy ol 9y 2
ox 0z’ 0z ox

By transforming Eq. (22) into Egs. (17), (19), and (20),
the corresponding system of equations can be formulated
as follows:

Tqat ‘c[ qatz] @3)

r o
—Z_H
1+ m- ot
asmI’
1+ m?

[1 + Tg%]vz(p [

:0’

- a3(1 - EZVZ)I_Z -
i ;
Y
— p2y2y
(1-¢&v%) PYE

- a0a3[1 + To— ]9 =-

VZ - (1 - SZVZ)[a4a—22 + %—]]
ot a;(1+ m*) at 25)

mIl’ oIl
X R 1 - SZVZ ,
4 a1+ mz)( ) ot
where a3 = and a; = il

Eqgs. (24) and (25) describe the dynamics of transverse
waves in the system. These equations specifically describe
transverse waves, which are independent of the overall
motion and do not rely on thermal or mechanical forces.
These elastic waves propagate through space, maintaining
their strength throughout their journey.

3 Solution to the problem

To solve the system of governing equations, we will assume
that the domain variables are evaluated using the fol-
lowing forms based on normal mode analysis [44,45]:

(ILY, @, 0, P, g;](x, z, t)

= {H*, w*: (0*1 9*, P*; (26)

0;}(x) exp(wt + ibz),

where w is the angular frequency of the wave, i = V-1, the
propagation constant (wave number) is b, and the spatial-
dependent part of each field variable, evaluated at position
x are (II", ¥, ¢*, P*, 6")(x), and G,;f(x). Eq. (26) can be
applied for the main Eqgs. (18), (21) and (23)-(25), yields:
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(D? - b¥)¢" - A9* - B(D? - bA)II" = 0, @7) 1

(P*; 0*) (P*’ H*a w*)(x) = z (1’ Fln; rZTU F3n; (39)
(QlDZ - ADIT* - A,0" + Bl(EZDz - .Qz)l/)* =0, (28) n=1
T4,)D,, exp(—-m;x),
(Q4D2 - Bz)l/)* — B3(82D2 — QZ)H* =0, (29) 4n) n p( n )
(D? - A3)g" + B0 = 0, 30) Where D, is a constant determined by boundary condi-
tions and
(D?* - q))P* - a,0* = 0, (31 _ (mE-a) - _ nf” - _ (m? - m)(Aam - As)
o1+ 01 Ew(l+ wty) 2 fin @ Ln mi - A3’ Lon @B(m? - As)(m} - b?)’
= 1+ , = n y el = 3E7UY, __ Bs(mp® - ay)(&"mp” - Q3)(Agmy - As)
where A arom) B arom) Q=1+ ae“d L= - 2 2,2 2
ol in @B(mE - A3)(Qum - B)(mi - b?)

A = b* + Q% Q=1+ 82b2, o= w* + A =

1+m?’
The strain-displacement components are generally

T
apaz(1 + tw), By = bl)iﬁ,?lz, By = (b’ +€})-1)Q3 Q= derived from Eq. (22) as follows:
1+ &%Q3, Q3 =aq0’ + af‘(lr:umzy B; = af(rlrtL;Z) A3 = (Bb* + DIB, 4
u*(x) = DIT* + ibyY* = -Iy,my, + ibIy,)D,e ™, (40)

@ = b* + g a =t B = %, and D = %. 0 4 n;( 3nn an)Dr

The eighth-order differential equation is obtained 4
after the elimination method is applied for Eqgs. (27)-(31), w*(x) = ibIl* - DY* = Z(Dmm,, + ibI3,)Dpe ™X,  (41)
one can obtain n=1

Utilizing Egs. (39), (41), and (42) to obtain the stress

D8 - ©.D° + ©,D* - ©3D* + By){¢’, 6%, ", ", P*}(x)
( 1 2 3 4 v (32)  components from the constitutive relations

=0,
4
where O = 2 huDy exp(-myx), (42)
n=1
0, = (Q4(A4Ql + BAz) + A4B1Bg£4)@§l, (33) 4
-Ql(A4BZ +A5£21) + Q4A4((11Ql + A) ny = glhnDn E‘Xp(_mnX); (43)
@2 = @El + AZB(BZ + Q4(A3 + (a1 + bZ))) s (34) 4
+ B1Bse(eX(As + mAy) + 2Q5A4) 0y = 2 /Dy exp(-myx), (44)
n=1
(0Qq + A)(AyBy + AsQy) + By(AsQq + A2A3B) where
03 = 05!+ mQu(A14s + ABb?) + BiBs(Asme + AyQ)) |,
2 2 . bA(Tynmy, + ibT3,)
+ ApB(ay + b?)(By + A3Qy) + 2B1B3e*Qy(As + aiAs) hy = Bam? - ibm,Iy, + o+
(45)
39 Y+ )Ty
(Q1 + A)AsBy + Ajay(BoAy + AsQy) W+
@4 = @El + ((11 + bz)AzAgBBz + 2B1B2(11£292A5 , (36) AGBILT I 2
ibmuIy, — Tym
+ AzBC(lbz(Bz + A394) + BlB3Q%(A5 + a1A5) hr; = (lb[;lnmn + b2r3n) + ( nz;in_'- 3 4n n)
(46)
where Ay =B"+A4, A =pb>+A4A;, and O;= _ YIn(1 + %) T
Q4(A4Ql + AzB) + A4B1B384. 2# + A ’
Here is the structured presentation of the homoge- U
neous factorization Eq. (32). hy = 20 + A(Hn(mf + b?) + 2ibm,T3,). (47)
D? - m¥)(D? - m#)(D? - m#)(D?
( 1)( 5 3)( @37

2\t @F TI* 1)* D - oy
mye”, 07,11, 7, P(x) = 0. 4 Boundary conditions

This transforms the equation into the characteristic
equation with roots m? (n = 1,2, 3,4) To solve the presented system of differential equations and
determine the unknown parameters M,(n =1, 2, 3, 4)
discussed in Section 2, certain boundary conditions for the
The linear solutions are formulated from exponential problem under investigation can be provided. In this study,
solutions. The general solution is obtained when x — ® as  we examine a thermally elastic quasi-space subjected to
follows: mechanical stress and acoustic pressure on its surface,

ms - ®1m6 + ®2m4 - @gmz + 0, =0. (38)
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influenced by a temperature gradient of the ramp type, all

under the effects of a magnetic field and Hall current at x = 0

for a nonlocal elastic medium. Consequently, the following

boundary conditions are considered [46—48]:

(1) Ramp-type heating (varies sinusoidally with time) is
applied based on thermal conditions with an arbitrary
constant temperature 6, determined by the heating
rise time or the sinusoidal pulse width ¢;,, which is
considered on the outer surface [46].

it

0(0,z,t) = 6, sin ; exp(wt + ibz). (48)

0

Sinusoidal time variations allow for studying the
transient heat transfer behavior in materials or struc-
tures, where thermal effects are not constant but vary
periodically. This helps to analyze the thermal responses
which means how the material or structure responds to
oscillating heat inputs, which can lead to phenomena like
thermal resonance, cyclic expansion, and contraction.
The Mechanical boundary condition which describes
how the material interacts with its surroundings can
be taken with constant magnitude force load @, for
normal stress as [1,2]

0u(0, z, t) = Qi(z, t) = -Q]exp(wt + ibz). (49)

@

(3) The tangent mechanical stress can be chosen as zero

traction (free surface) as follows:
0y(0,2,t) = 0. (50)

“4

~

Acoustic pressure refers to the fluctuating pressure
within a medium caused by the propagation of acoustic
waves, which result from disturbances such as sound,
vibrations, or thermal gradients. At the free surface of an
elastic medium, the acoustic pressure is typically related
to external disturbances P; which can be chosen in the
form of sinusoidal acoustic pressure and is commonly
used in cases where the pressure is oscillatory [31].

P(0,y,t) = Py sin(wt) exp(wt + ibz). 51

By applying the normal mode method to Eqs. (48)—(51),
the following system of equations was obtained:

4
t
ZrlnDn = 91 sin ﬂ_ s (52)
n=1 to
4
> haD, = -8, (53)
n=1
4
> hyD, =0, (4)
n=1
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4
Y D, = P; sin(wt). (55)

n=1
The parameters D,(n=1, 2, 3, 4) can be deter-
mined once the equations mentioned above are solved.
As a result, the various physical fields involved have
been obtained, and the entire system of equations has
been resolved.

5 Validation

5.1 DPL thermoelasticity theory

When the conductivity temperature ¢ is equivalent to the
temperature T, the DPL thermoelasticity model can be
obtained (i.e., ¢ = T). In this case, the heat equation takes
the following form [6,7]:

0 0 9%
K[l + T@E]T’l’i - [E + Tqﬁ]PCET
(56)

0 92
+ [E + Tqﬁ]yﬂ)ui,j =0.

5.2 Influence of Hall current parameter

The proposed set of equations addresses the DPL thermo-
elasticity theory, capturing the interaction between elastic,
thermal, and mechanical waves while neglecting the effects
of external magnetic fields. To validate the model and its
implementation, by neglecting the Lorentz force F, the
equations were reduced to the classical formulation of
the nonlocal DPL thermoelasticity. This reduction was ver-
ified numerically and analytically, yielding results consis-
tent with established literature in conventional thermoe-
lastic models (Figure 1). In this case, the motion equation
takes the form [34]

p(l - {:‘ZVZ)IL' = Ojjj. (57)

5.3 Non-local impact

The formulated fundamental equations incorporate non-
local effects to study their impact on the main physical
fields in the context of thermoelastic wave propagation.
To validate the robustness of the model, the following
methodologies were employed:
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Reduction to the DPL thermoelasticity model, by set-
ting the nonlocal parameter to zero (¢ = 0), the equations
transform into the DPL thermoelasticity model under the
influence of Hall’s current theory. Numerical results obtained
from this limiting case were benchmarked against previously
established results for the DPL framework, demonstrating a
high degree of consistency and confirming the accuracy of the
model reduction (Figure 2). In this case, the motion equation
takes the form

pul = 0ijj + E (l: j= 1, 2, 3) (58)

6 Numerical results

This section provides a quantitative assessment of the ana-
lytical solutions to the various problem areas discussed
earlier. This section presents numerical results for several
dimensionless physical quantities associated with thermo-
elastic behavior, emphasizing temperature, acoustic pres-
sure, and stress. The numerical results are presented
graphically and analyzed theoretically. To highlight the
influence of each factor in facilitating wave propagation
within an elastic medium, a detailed discussion and ana-
lysis of its effect on the system of equations is conducted.
While additional variables were chosen individually, all
studies were completed within a relatively short time
period (¢ = 0.001s) when z = -1. To improve the compre-
hension of the thermoacoustic mathematical model and
its theoretical outcomes, the actual values of the physical
variables were considered. MATLAB (2022a) software was
used to perform the numerical computations. For refer-
ence, the physical properties of copper crystals were uti-
lized, with the material properties of copper (Cu) measured
in International System (SI) units and reported as fol-
lows [31-34]:

A =759 x10° N/m?, u =3.86x 10 kg/ms?, p-=
8,960 kg/md, 7 = 0.02 s, a=-128 x 10° N/m?,
B =032 x 10° N/m?, n = 8886.73 m/s?, € =0.0168,
a=178x10° K1, k=38 Wm'K'., b=1 G-=
3831 J/(kgk), Th=298K, y=-1, Q=05 6;=300K,
Pj=2, wg=2, and &=1, where w=w+ i and
et = eWt(cos &t + i sin &t). When the time is very small,
the value of w is given in real [35,36].

6.1 Hall current effect
Figure 1 illustrates the effect of the Hall current (repre-

sented by the parameter m = 0 for no Hall current effect
and m = 0.5 for the Hall current effect) on the propagation
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of dimensionless physical fields within a nonlocal medium,
based on the DPL model. It displays several key physical
fields across a range of values for the vertical distance X,
showing how Hall current influences the wave behavior in
this nonlocal semiconductor medium. The temperature
distribution appears to be highly sensitive to the presence
of the Hall current. For m = 0, the temperature decays
relatively smoothly, whereas for m = 0.5, the temperature
exhibits more abrupt changes and a steeper decay near
the origin. This could indicate that the Hall current has
an intensified impact on the thermal distribution in the
semiconductor, potentially linked to altered heat transport
or localized heating effects due to the electronic interac-
tions with the Hall current. The elastic (displacement) and
acoustic fields variation appears to be significantly influ-
enced by the Hall current. For m = 0, the acoustic field
exhibits oscillations, but these oscillations are more pro-
nounced and less symmetric for m = 0.5. This suggests that
the Hall current introduces additional perturbations in the
wave propagation, which could alter the overall dynamics
of acoustic waves in the medium. The stress fields show
a clear difference between the two Hall current values,
with more pronounced oscillations at m = 0.5. The ampli-
tude of the stress field increases when the Hall current is
present, indicating that the wave propagation leads to
greater internal forces in the material. This could relate
to the internal material response to the coupled thermo-
electro-mechanical effects, especially under external influ-
ences such as Hall currents. Thermal conductivity shows a
similar pattern, where the presence of the Hall current
(with m = 0.5) causes a sharper decline in conductivity in
the initial region compared to when m = 0. This could sug-
gest that Hall currents modify the way heat flows through
the material, possibly due to changes in carrier mobility
and heat dissipation mechanisms. The overall trend in
Figure 1 highlights the significant role that Hall currents
play in modifying wave propagation and thermal effects in
a nonlocal medium. As m increases, the presence of Hall
current introduces non-negligible changes in the acoustic,
stress, temperature, and thermal conductivity fields. This
suggests that Hall currents are not just a secondary effect
but can substantially influence the material response to
acoustic, and thermal waves in an elastic media. In the
context of wave propagation, the Hall current could be inter-
acting with the material’s charge, altering their motion and
consequently affecting the propagation characteristics of
both acoustic and thermal waves. The nonlocal nature of
the medium means that these interactions are spread over
a range of distances, not localized to a point, and Hall cur-
rent could introduce phase lags or shifts in the waves’
behavior.
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6.2 Influence of the nonlocal parameter

Figure 2 displays the influence of the nonlocal parameter
on wave propagation in the context of an elastic medium
under the effect of the Hall current, modeled according to
the DPL approach, which leads to significant alterations in
the behavior of various physical fields. This effect appears
when the nonlocal parameter affects the dimensionless
physical fields: Temperature, acoustic pressure, displace-
ment, normal stress, tangent stress, and conductive tem-
perature. When the nonlocal parameter is introduced,
the temperature distribution in the medium changes due
to the memory effect of the material. In the local model,
the temperature evolves based on the present state of the
system, while in the nonlocal case, it is affected by the
past thermal history (due to phase lags). This results in
more complex thermal waves, which may show delayed
responses or oscillatory behavior. The nonlocal parameter
models the delay in the thermal response. The inclusion of
nonlocal effects tends to dampen the amplitude of acoustic
pressure waves and may cause a phase shift. The nonlocal
medium takes into account the history of the stress field,
leading to a more gradual response rather than the sharp
propagation seen in the local case. The nonlocal parameter
introduces a lag in the acoustic wave’s response to external
excitations, modifying the pressure wave’s amplitude and
velocity. Displacement waves (acoustic waves) in a non-
local medium tend to exhibit more complex patterns due
to the delayed material response. These waves can show
oscillations that differ from the traditional propagation in
the local medium. The amplitude of displacement might
also be reduced as the nonlocal effects lead to additional
damping. Normal stress, which relates to the force per unit
area acting perpendicular to a surface in the medium, is
influenced by the nonlocal parameter by showing more
complex distribution patterns. The stress response becomes
less sharp and more distributed as the material “remem-
bers” prior deformations. The inclusion of the Hall current
in this context can induce additional stress components in
the material, which interact with the wave propagation.
Tangent stress, which is parallel to the surface of the mate-
rial, behaves similar to normal stress under nonlocal effects,
showing more gradual variations. Nonlocality induces addi-
tional damping or phase shifts in tangent stresses, particu-
larly in regions where the stress concentrations would
typically occur. Conductive temperature shows significant
changes with nonlocal parameters because the heat conduc-
tion becomes delayed, and the temperature profile will not
follow a simple gradient in time and space. This effect is
more pronounced when Hall currents influence the electron
transport, as they modify how energy is transferred in the

Hall current on nanostructured thermo-acoustic-elastic plates = 11

medium. Finally, nonlocal parameters introduce delays or
phase lags in the response of all the physical fields. The
material’s history influences wave propagation, tempera-
ture, stress, and displacement [31].

6.3 Impact of DPL thermal times

The relaxation times in the LS model and the DPL model
play a crucial role in the propagation of waves in a non-
local medium, especially under the influence of the Hall
current which is obtained in Figure 3. These models intro-
duce memory effects or time lags into the material’s
response to mechanical and thermal disturbances, which
are essential for accurately modeling complex phenomena
in materials with thermal and elastic relaxation processes.
The LS model introduces thermal relaxation time (zp = 0),
which governs the delay in the heat conduction process. As
the relaxation time increases, the material’s thermal
response becomes more sluggish, with delayed heat conduc-
tion and diffusion. The Hall current, which induces an addi-
tional electromagnetic force on charge carriers, will affect
the efficiency of heat generation and transport in the
medium. Thus, a longer relaxation time would cause the
temperature wave to propagate more slowly and with
greater damping, as the material lags in responding to
thermal changes. In the DPL model (0 < 7y < 1), there
are two relaxation times: one for the thermal flux (related
to heat conduction) and another for the temperature gra-
dient (related to the rate of change of temperature). Both
relaxation times induce a phase lag in the thermal response,
which causes the temperature wave to propagate with
delayed changes in both the temperature and heat flux.
Relaxation times in the thermal field represent the mate-
rial’s ability to respond to temperature changes. Longer
relaxation times imply a slower response to thermal gradi-
ents, meaning heat propagation is delayed and dampened.
When Hall current is present, charge carriers are driven by
electromagnetic forces, further complicating the thermal
behavior due to altered energy dissipation and conduction.
Relaxation times control how quickly the material responds
to thermal and mechanical disturbances, with larger times
causing delayed, damped, or oscillatory wave propagation
in all fields.

6.4 Surface wave propagation

The surface wave propagation of various dimensionless
nonlocal physical fields (temperature, acoustic pressure,
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displacement, normal stress, tangent stress, and conduc-
tive temperature) is influenced by several factors. In the
context of Figure 4, the DPL model and the Hall current
model are used to describe the effects of sinusoidal heating
on wave propagation. The figure likely shows the beha-
vior of these fields as a function of both vertical (x) and
horizontal (z) distances, while varying sinusoidal heating
parameters (amplitude, frequency, or other characteris-
tics). Let us break down the effects in detail. Sinusoidal
heating typically involves a periodic temperature
variation that can significantly affect the propagation of
waves. In this case, the sinusoidal heating parameters
influence the material’s response, modifying the charac-
teristics of wave propagation, especially in terms of
amplitude, frequency, and damping. Overall, the com-
bined effects of sinusoidal heating, Hall current, and
the DPL model lead to more complex and slower wave
propagation, with significant changes in the amplitude,
phase, and damping of the waves.

7 Life applications

The DPL thermoelasticity theory and its extension to
nonlocal effects provide insights into heat transfer and
stress distribution in nanostructures. These results are
critical for developing efficient thermal management
strategies in microelectronics and photonics.

The study of elastic and thermal wave propagation with
nonlocal effects can advance acoustic wave applications,
such as surface acoustic wave devices, which are used in
sensors, filters, and signal processing systems in commu-
nication technology.

The framework developed in this work provides a foun-
dation for studying mechanical and thermal behaviors in
advanced materials, including nanocomposites and meta-
materials. The incorporation of nonlocal effects is particu-
larly relevant for understanding and designing materials
with tailored properties at the nanoscale.

In aerospace engineering, where materials are exposed
to extreme thermal and electromagnetic environments,
this study provides essential tools for predicting material
behavior and ensuring reliability in advanced structural
applications.

The coupling between thermal, elastic, and electromag-
netic fields can be exploited in piezoelectric and thermo-
electric energy harvesting systems. Insights from this
investigation could contribute to the efficiency and min-
iaturization of such systems.

DE GRUYTER

8 Conclusion

This work presents an advanced model of magnetothermal
elasticity, incorporating acoustic pressure and extending the
heat transfer concept to include both dynamic and conduc-
tive temperatures, along with relaxation times. The gov-
erning equations were derived from the nonlocal thermo-
elastic model influenced by acoustic pressure in the
presence of a strong magnetic field. The model was solved
using the harmonic wave method, with specific boundary
conditions applied to the free surface. The study focused on
the response of nonlocal thermoelastic materials to thermal
and acoustic stresses, temperature variations, and deforma-
tions, while also considering the impact of Hall effect. The
role of the Hall current is emphasized, as the variations in
conductivity caused by a strong magnetic field make it a
significant factor. This current is generated when ions and
electrons collide and move perpendicular to the electromag-
netic fields along the magnetic lines of force. The current
DPL model is found to offer more accurate predictions com-
pared to the LS models, highlighting the importance of
incorporating different relaxation times for a better under-
standing of heat and stress propagation dynamics within
materials. Additionally, the varied heating sinusoidally
(ramp heating) with time parameter is identified as a crucial
factor in determining how heat is applied to the thermoe-
lastic medium over time, significantly affecting the behavior
of the studied thermophysical domains. Integrating the Hall
current effect, varying relaxation times, and ramp-type
heating parameters into thermoelastic models not only dee-
pens our understanding of wave propagation phenomena
but also facilitates the development of advanced materials
and technologies. This enhanced understanding has wide-
ranging implications across fields such as science, engi-
neering, and medicine, particularly in the design of magne-
tostrictive materials for sensors and actuators. Furthermore,
it aids in optimizing material processing techniques to
improve performance and efficiency, especially in the con-
text of tailored materials with specialized functionalities.
Understanding the complex interactions between magnetic
fields, thermal properties, and mechanical responses is
essential for the advancement of next-generation materials.
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