IJVE

Int. J. of Applied Mechanics and Engineering, 2023, vol.28, No.3, pp.127-158
DOI: 10.59441/ijame/172902

MAGNETO-THERMO-PIEZO-ELASTIC WAVE IN AN INITIALLY
STRESSED ROTATING MONOCLINIC CRYSTAL
IN A TWO-TEMPERATURE THEORY

Anand Kumar YADAV
Shishu Niketan Model Senior Secondary School, Sector 22-D, Chandigarh, INDIA
E-mail: yadavanand977@gmail.com

This research problem is an investigation of wave propagation in a rotating initially stressed monoclinic
piezoelectric thermo-elastic medium under with the effect of a magnetic field.

A two-temperature generalized theory of thermo-elasticity in the context of Lord-Shulman’s theory is applied
to study the waves under the magnetic field.

The governing equations of a rotating initially stressed monoclinic piezoelectric thermo-elastic medium with a
magnetic field are formulated. This research problem is solved analytically, for a two-dimensional model of the
piezo-electric monoclinic solid, and concluded that there must be four piezo-thermoelastic waves, three coupled
quasi waves (¢gP (quasi-P), ¢7 (quasi-thermal), and ¢SV (quasi-SV)) and one piezoelectric potential (PE) wave
propagating at different speeds. It is found that at least one of these waves is evanescent (an evanescent wave is a
non-propagating wave that exists) and that there are therefore no more than three bulk waves.

The speeds of different waves are calculated and the influence of the piezoelectric effect, two-temperature
parameter, frequency, rotation, and magnetic field on phase velocity, attenuation coefficient, and specific loss is
shown graphically.

This model may be used in various fields, e.g. wireless communications, signal processing, and military defense
equipment are all pertinent to this study.

Key words: piezo-electricity, monoclinic, rotation, magnetic field, phase velocity, attenuation coefficient, specific
loss, two-temperature.

1. Introduction

The classical theory of elasticity is one of the most significant sections of continuum mechanics, which
was extended to include thermal effects. This new theory was called ‘Thermo-elasticity’. Lord and Shulman
[1] generalized the thermo-elasticity theory introducing one relaxation time. Dhaliwal and Sherief [2] gave a
theory of generalized thermos-elasticity for anisotropic materials. Youssef [3, 4] developed a new theory of
two-temperature hyperbolic thermo-elasticity for entropy due to heat supply and heat conduction. Ignaczak
and Ostoja-Starzewski [5], and Hetnarski and Ignaczak [6] provided a detailed study of different types of
generalized theories of thermo-elasticity. Chandrasekharaih [7, 8] elaborated mathematical characteristics of
the generalized thermo-elasticity Chen and Gurtin [9, 10] studied a heat conduction problem in two-
temperature theory. A thermo-piezoelectricity theory was first proposed by Mindlin [11] who gave governing
equations. Nowacki [12, 13, 14] and Chandrasekharaiah [15, 16] explored piezo-thermo-elasticity further and
generalized Mindlin’ theory of piezo-thermo-elasticity. The "piezoelectric effect” is the internal creation of an
electrical charge resulting from a mechanical force being applied. Also, conversely when an electric field is
applied, internal mechanical strain is produced in the piezoelectric medium. The theory of thermo-piezo-
electricity deals with mechanical, thermoelastic and electric fields. Because of this electromechanical coupling
properties and decreased acoustic impedance, piezoelectric materials find use in a variety of devices, including
underwater sonar detectors, accelerometers, contact microphones, echo sounders, and ultrasonic imaging
systems, and many others. Propagation of acoustic energy at boundary surface is widely utilized in fields such
as frequency control, transduction, and signal processing. Piezoelectric materials are frequently used in
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applications for smart structures like actuators and sensors because when piezoelectric ceramics and
piezoelectric polymers undergo mechanical stresses such as compression, stretching and bending, electric
potential is produced. These materials are used in aerospace, mechanical, civil and bio-engineering. Every and
Neiman [17] investigated the reflection of plane electroacoustic waves at the boundary of a piezoelectric half-
space and showed that that at least one of these waves is evanescent. In the literature there is a variety of issues
pertaining to the phenomena of plane wave reflection and refraction for piezoelectric materials. Othman and
Ahmed [18] examined the deformation in a piezo-thermoelastic rotating medium under different thermo-
elasticity theories. The reflection and transmission of plane waves from a fluid-piezo-thermoelastic solid
interface was studied by Vashishth and Sukhija [19]. Singh [20] explored the waves in a prestressed
piezoelectric solid half-space. Many researchers have published papers on waves in piezo-thermo-elastic
media e. g., Jain et al. [21], Othman et al. [22], Guha et al. [23], Kumar and Harsha [24], Abdulaziz et al. [25],
Deswal et al. [26], Lotfy et al. [27]. Ye [28] in his book introduced piezoelectric materials to the world and
showed that piezoelectricity being a property of certain types of crystals enabling them to convert mechanical
stress to electrical charge and vice versa. Some other problems on wave propagation in anisotropic and
isotropic thermo-elastic media with various parameters are studied by many investigators such as Keith and
Crampin [29], Singh and Tomar [30] and Singh and Yadav [31-32]. Chattopadhyay and Choudhary [33],
Chattopadhyay et al. [34], Singh and Khurana [35], Sahar et al. [36], Montanaro [37], Gupta and Vashishth
[38], Singh and Yadav [39, 40], Yadav [41, 42] Marin and Marinescu, [44] Yadav [46, 47], Maity et al. [48],
Marin and his co-workers [51-52], and Carrera et al. [53]. Yadav et al. [54] investigated piezo electric waves
in orthotropic medium under hygro-thermal conditions. Piezoelectric materials have many applications in
engineering as well as medical devices for example piezoelectric sensors, resonant devices and sensor
instrumentation, signal, piezoelectric micropumps, in pediatric devices and pediatric cardiovascular devices.
Monoclinic crystalline materials such as beta-sulfur, gypsum, borax, orthoclase, kaolin, muscovite,
clinoamphibole, clinopyroxene, jadeite, azurite, and spodumene crystals are available.

2. Basic equations

Consider a homogenous initially stressed piezoelectric monoclinic magneto-thermoelastic medium
which is permeated by a primary magnetic field B, permeates it such that B =u,H which rotates with an

angular velocity Q =Qn, where n is the unit vector denoting the direction of the rotational axis about the x-

axis as a unit vector with Q:(Q, 0,0) and magnetic field H :(H ,0,0) at reference temperature 7.

Following Lord and Shulman [1], Schoenberg and Censor [49], Willson [50], Biot [45], Montanaro [43], and
Mindlin [11] the basic equation and constitutive relations are as follows:
Equation of motion:

5, +(ui’k62j),j — Gy +agT+ (I B), =plii, +(Qx (Qxw)), +(2Qxi) ] . @2.1)

Gauss equation:
D;;=0. (2.2)

Strain-displacement-relation:

1
€; =5(ui’j +u;;). 2.3)

Stress-strain-temperature and electric field relation:
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2.4)
Ei=-y ;.
Electric displacement, strain, electric field and temperature relation:
Dy =gpje; + VL — piT- (2.5)
Entropy equation:
pST) =—q,;. (2.6)
Generalized Fourier’s transform:
;0
I+7) > )4~ —K,T;. (2.7)
Entropy, temperature and electric field relation:
0 pC 0
S=a,|1+17— |le, +—L| 1+ —jT— (1+rt —)E ,
P ’/( Oat)” T0( 0t P 0ot )k
(2.8)
pST, =a;T, (1+1’f ije +pC (1+rt ijT+ T, [1+1’ ijw
0 =4;lp 0% )i E 05 Pily 05 ke
The Maxwell equations:
oB .
Curl H=J CurlE:—a—, div B=0, B=u,H . 2.9
¢
The generalized Ohm’s law in deformable continua is:
J=06[E+(uxB))], (2.10)
The linearized Maxwell’s stress tensor due to the magnetic field is given by:
(2.11)
(JxB); =, (Curl hx H).
Two-temperature relation for an anisotropic medium:
£ 0'D + 0°D £ 0'D
T=<Pcr—[a1 ax2CT ta— T tay—<L |, (2.12)

) 0z
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Gt =Crij = Cii =Cijies  8ijke = 8rij =8gi» %5 =4ji» Yy =Vji» Ky =K,

ay =P8y, Ky=Kidy, 4;=KyT,

—0 _
Gy =50

i, 111, 222, 333, 423, 513, 612,

814~ 8123 = 8132, 816 = 8112~ 81215 821 = 8211> 822 = 82225
823 =8233> 825 =8213=8231> 834 =8323=8332> 836 = 8312 = 83215
Yii =Y Y22 =Y222> V33 =333, Y13 = V133>

where aj(aj >0, (i=1, 2, 3),) are two-temperature parameters and @, is the conductive temperature,

<< [, T* is the absolute temperature of the

0

T=T - 1y, is the thermodynamical temperature such that

medium, G is stress tensor, e; is strain tensor, S is entropy, 62 j (Py,,P;3) is the normal stress tensor

referring to initial stress, B5, B5, (Btz = (522 +C_’23)0L2t +(523 +§34)0L3t), (Bg =2C,;0, +(533 +§23)oc3t),
are thermal coefficients, o,,,03,, are coefficients of linear thermal expansion.

The material matrix for the double symmetry axis parallel to the Y-axis of class 2 monoclinic crystal is
considered

CI] CIZ 613 0 615

O 0 | eq 0 g, 0
Gy | |Crz Cos Cy3 0 Cps 0 || €y 0 g, 0 7
6| [Cy Cy3 C33 0 G5 0 || ez 0 g3 0 Ex
S.| |0 0 0 C, 0 Cull2:| |84 0 g Ey ’
_6)‘)’ i L 0 0 0 646 0 666_ _2exy_ —g16 0 g36—
o
_ _ € _ _
D, 0 0 0 gy 0 g e Yiu 0 Vs || Ex
D,|=\8y; 82 &3 0 g5 0 2 +H 0 Yy 0| E,
— — eyz — —
D, 0 0 0 gy 0 g Yi5 0 Yi|E.
2e,,
Zexy
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Gy =Cpren +Cpie), +Cpse.. +Cise,, + 83,V

G,, =Cpe +Cre, +Cpse.. +Crse. + 2V,

6., =Cpe, +Cpze,, +Csze,, +Cs5e,, + 223V,

= C44 + C469 T8V T 834V s
O, = C15exx + C25€yy + C35ezz + C55ezx + §25\|f,ya

ny = C46eyz + C66exy + g]ﬁ‘lf,x + §36\|I,Z’

D, =g 2e, +8152e., + V1 E + 7V 3E.,

D, =gr1e4 + 8226y, + 823€.. + 8r52€, + Vo E,,
D, =g3,2e,. +8352e, + V3B, +V33E..

3. Formulation of the problem and solution

We consider a homogeneous initially stressed piezoelectric monoclinic (class 2) magneto-thermo-
elastic medium in two-temperature theory when the magnetic field is interpreted as H =H,+h,

H,=(H,,0,0), (h hy, hz) is a shift in the magnetic field, a generated magnetic field & =(4,0,0) and an

generated electric field E , created as a result of the introduction of an original magnetic field and rotation

about for X-axis. Centripetal and Coriolis acceleration (Qx (Qxu)) and (2Qx3—l;j are created when the

. L : o 0
medium which is flawless conducting rotates, ¢ — o, with displacement vector u = (0, v, w) and o =0. The
X

applied magnetic field will be affected in directions along all three coordinate axes, if the medium is not
perfectly conducting, and attenuations will occur due to the medium's resistivity. The governing equations for
the monoclinic crystal belonging to class 2 with the double symmetry axis parallel to the y-axis in the yz-plane
following Montanaro [37] and Mindlin [11] become:

Equation of motion;

9%y 9%y 2w 0°
Cor +Pu) o 3+ (Co+ PSS +(c23+c44) gzzay—";

0%y J G-h
+ ! + JXB),= Q% -2Q W
g34 B (JxB),= (at atJ
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o’ w 9w 9’
(C +Pzz) +(C33 +P33) +(C23 +C44) 4
ya2 oT o’w J G-2)
= — V4 t 2 v
+ + — —+(IXB);= - Qw4+ 2Q
(834 823)ayaz 35, ( )3= L Bw! BZJ
Gauss equation;
0%y 0%y ’w _ dy _ 'y oT
S3y—+t8n—1(g3+8 - - - =0. 3.3
8313+ 82 P (823 g“’)ayaz T: P Vo 3 TPigs (3.3)
Following Lord and Shulman [1], the heat energy equation is:
°T 9T p) p)
Kzay_2+K3 32 (IJF 0 ){ o(Bza ” |33 )+pCET+P3T0 aw} (3.4)

From Egs (2.9), (2.10) and relation (JxB), =p, (Curl hXH) , we obtain:

ERY E)ZW 5] 9%y 82
JXB), =0, (JXB),=u,H , (JXB);=u,H 3.5
(JxB), (JxB), =W o{a 275 BZ} (JxB); =W O{Byaz 57 (3.5

Using Eqs (2.12) and (3.5) in Eq.(3.1)-(3.4), we get:
Equation of motion;

9y o’y o%w S(0%v  9%w
(C22 +P22) +(C44+P33) +(C23+C44) +U.H; —2+— +
y 0z dy°  0yoz
. 0 + 9’0y *32¢CT BZW P’y _
Py Per—|a ta + + = 3.6
28y cr 2 P 3752 82— %’ 834~ 2 (3.6)
82\/’ 2 aW
2 _ov-2027,
p(tz h azj
2 aZ 82 82 82
(C44+P22) +(C33 +P33) +(C23+C44) HeHg v +_W +
oy’ ooz 9z°
0 £ 07D 07D N *:
— gg{q)CT _(612 ayZCT +a; aZ2CT j}-{—(gM +g23)$a\i: (3.7)
ow 2 ov
=p| —5—-Qw+2Q—|,
p[a/ ]

Gauss equation;
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_ 9% v _ 9w 0 o’ L 0°D
8277 P +834— 02 +(223 +g34)8yaz —P3—{¢CT —(az ay2CT +Ta; ZCT +

0z oz
(3.8)
_ oy _ 82\|1
- =0.
Yoo —— 7’ V33— 52
The conduction equation in the two-temperature theory is [2]:
2 2, 2
K28¢)§T+K3aq)2CT (]—i—taj Bta 28W+
dy 0z ot dy at 0zot
3.9

£ 9'D 97D o

4. Plane-wave solution of the problem

Consider plane waves moving in the direction of the positive Y-axis in a homogeneous, initially
strained rotating magneto-thermo-monoclinic solid half-space. The solution of Eqgs (3.6) to (3.9) are sought in
the following form:

v=IZIexp{ik(ysineizcose—Vt)},

w=l§exp{ik(ysin Oizcose—Vt)},

4.1
Tzéexp{ik(y sin 0+ z cos O — Vt)},

v =D exp{ik (ysin0®+zcos0-11)}.

where, 4,B,C,D are the constants, ., upper positive sign is for incidence wave, lower negative sign is for
reflected wave, (sin6,cos0) is the projection of wave normal onto the yz-plane, V' is the phase velocity and &
is the wave number. Using Eq.(4.1) in Egs (3.6) to (3.9), we get:

nt
(TI—Q*C)V2A+(T2 +2i9cJV2§+iB—;(c+z*)sineC+g}‘V2D=o, (4.2)
()
Q 2 iP5
T, = 2i== V2 A+(T; - Q¢ )y B+ 2 (§+z Jeos 6 C+ g5V °D =0, (4.3)
()

g1V2A+g2VZB+l (§+€ )cos QCN’—YjVZ[D:O, (4.4)
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nt
Cesin @V A+ CeB cos OV B +i%C{T5 —(C+£*)}Ci§ep cos 0V2D =0. (4.5)

For the non-trivial solution of Eqs (4.2) to (4.5), the determinant of the coefficients of A,B,C,D must vanish, i.e.,

T-Q*C T+2i(  By+)sing g
w
. Q ot * Ed
I,-2i—C T;-Q*C  £B5(L+/¢ )cosO g5 —0
() — Y
gl g £7;(C+)eos® )
Cesin®  +(ePB’cosH BQC{T5 (8 +€*)} +Ce” cos ©
which can be written in terms of power of { as:
Y ¢+ Y07+ 1,07 + 5L =0. (4.6)
Equation (4.6) can be written as:
=0, 4.7
and
Y §+Y07+ Y0+ Y5 =0 (4.8)
where

oV’ _
(2] | (e o-pi).
(O]

Y, =Q*(T; +713)(B] - pse? cos” 8)+2Q* g3Bie? cos” 0+Q*BS (g, +¢5 |+

+Q*ey, (B;B’ cos” 0+ B} sin’ 6) +2Q* g Bhe” sinBcos O +

(O

2
2
Q _ % —_ * = * %
+{]_(_j } (Psepﬁ cos” 0+ B5Y,Ts —Bavy! )’

Yy =Q* (T, +T5) (v,0By = T5Bh — £ pse” cos® 0)+v;BS (77 T,y )~ T pse? cos” 6+
+TT3pse” cos” 0+Q* P ()7 + 27 ) (¢ —T5 )~ T psegs (B +B' )oos” 0-TB'ey +
~T)B5B'ey cos” 0-T3Bhg; +2T:Bog g5 + ToBse” g cos” 0—T3Boey; sin 0+

t+esin 29(T26§Yj ~ 13758, +T2P38> + 8185 ) +T,B'ep;g; cos’ B—eg B’ sin” 0+
+2Q*eP (" cos G(Bég; cos 0 +B§g? sin 6) +Q *87?6* (BéBt cos” B+ Bg sin? 9)—

+£g}kB§Bt cos” 6,
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Yy = (157 =115 ) (3¢ —viT5Bh — " Bse” cos” 0 )~ TeB (" cos” 0( 25 + 1B} ) +
+2585 (1185 ~Tog )T = () - g Bh (Tog5 — T3g; ) (T — ) + TBhg2e” ¢ sin 26+
—T;B5¢" sinBcos G(gjsp +ey, ) +T,B5¢" cos G(gjep cos 0 +gy, sin 6) +
+T2B§B’87jf* sinBcos O+l (g;BQ sin@ — Bégj Ccos 9)(Btgj cos 0— g; sin 9) +

+P;g18l" cos O(T5B' cos 0Ty sin6),
{=pV?, T,=C,,sin’ 0+ Py,sin’ 0+ H; sin’ 0+ C,, cos’ 0+ Py;cos’ 6,
T,=%(Cy3+Cyy +ueHg)sin 0 cos 0,

T,=C,, sin” 0+P, sin’ 0+C;, cos’ 0+ P;; cos’ 9+LLQH5 cos’ 6,

1
T*Cy

T,=K,sin’ 0+ K;cos’ 0, T;= , =p0)2(a;sin29+a§cos2 0),

g =85sin” 0+g;,008°6, g5 =+(gy; +3)sin O cos 6,

! t
Y=Y sin26+733 cos’ 0, Bé =%, Bg :%, 7 =%,

2

. 2 12 t
TE=th 4, Q*:1+(9j : a:—BZT”, er = PopsTy
® ® pCe PCr

O - S
2

The three roots §; =p Vj2 , (j=1,2,3,) of Eq.(4.8) relate to the complex phase velocities V;,(j =1, 2, 3,)
of three quasi waves, namely, coupled quasi-thermoelastic gP,qT,gSV waves, respectively. The root of Eq.(4.7)
¢ i=p Vf =0=> V42 =0, represents an evanescent wave ( PE —wave), an evanescent wave is the non-propagating

wave that exists. The evanescent wave, also known as an evanescent field, is an electromagnetic oscillating electric or
magnetic field whose energy is spatially concentrated close to the source but which does not spread as an
electromagnetic wave. Evanescent waves do not propagate as they do not possess energy and the exponential decay
in its amplitude, therefore without any dissipation of energy. There are four physiologically acceptable partial waves
in the reflected field if the incidence wave is configured such that the component of slowness (inverse phase velocity)
is parallel to the reflecting surface that at least one of these waves is evanescent and for certain reflection geometries,
these waves are homogeneous bulk waves, when the longitudinal sheet of the slowness surface possesses negatively
curved regions. The shear waves propagating along the axis of symmetry are independent of thermal and piezoelectric
effects, whereas longitudinal waves, thermal waves are dependent on these effects. Longitudinal waves, thermal
waves, and SH (shear horizontal) waves propagating perpendicular to the axis of symmetry are independent of the
piezoelectric effect. SV (shear vertical) wave depends upon the piezoelectric effect.
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The four roots V; (j=1,2,.,4) of the Egs (4.7) and (4.8) correlate to complex phase velocity values of
coupled  quasi-thermoelastic ~ systems  of  gP, qT, gSV and (PE-wave) waves. If
Vj_l = cj_-1 +io'Q :,(i=1,2,.,4), then phase velocity V', wave number k are complex. Real parts, Re (V) >0,
of the four roots of the Egs (4.7) and (4.8) exemplify the propagation rate of ¢P,qT,qSV and
(PE —wave, V:O) waves, Img(V)<0, refers to damped wave. Phase velocity, attenuation coefficient,
specific loss and penetration depth are defined as:

{Re(r, )} +{ims(v,)]

2

Phase velocities, V; = R (V ) . 4.9)
M\
Attenuation coefficient 0= —(Dlmg(Vj) (4.10)
> J 2 2" :
{Re(r)} +{me(r))}
Specific loss S; ::41tV—(§, (j=12,3,) (4.11)

where Re(.) denotes real part of phase velocity and Img(.) denotes imaginary part of phase velocity V.

V,,V,, Vs, are phase velocities, O;,0,,0;, are constants of attenuation, S;,S,,S;, are constants of specific
loss, k;,k,,k;, are wave numbers of coupled quasi -thermoelastic gP,gT,gSV and one wave with V,, is zero
(PE—wave, V =0).

5. Special case: Initially stressed magneto-thermo-piezoelectric rotating monoclinic case
(In the absence of two temperatures)

Equation of motion;

9’y 9%y 82w
(Cy +Pzz) +(C44 +P33) +(C23 +C44)
y

(5.1)
oy dy ; oT 32 2 aw
+ + —+(JXB -Qyv-2Q—
8n—> ay 8345 Y ay ( )2= at o
82 2 2 _ _ 82
(Cyy +Pzz) +(C33 +P33) +(C23 + C44) - +(g34 +g23)—aya“; +
T " 9w d 2
B+ (JxB); = Qw202
B3 3z ( )3 [at Y
Gauss equation;
0%y 0%y ’w _ oy _ oy T
g + +(gxntg - - - =0. 5.3
8407 82> P (823 g34)8y8z Y22 P s TP (53)
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The heat equation is given by Lord and Shulman [2] as follows:

T ¥T . v, 9w . o
K,—+K I+1 T —+PB5=——=— [+pCrT + p;T) —, 54
2 P 37 ( atj{ 0[ 200 TP 0z PCeT + pslo = (5.4)

which can be written as:

(T, Q*C)A+[T2+ZI—C)B+1B2 sin® C+g,D=0, (5.5)
Q iP5
T,-2i—C |A+(T; -Q*)B+— P i cosdC+g5,D=0, (5.6)
®
oA+ gsB ii% cos 0C ;D =0, (5.7)
C£s1n6A+CSB’coseB+zB2{T5 (}C£Lle’ cos6D =0, (5.8)
Q t . *
-Q*C T,+2i—C PB,sin® g
®
.Q t *
-2i—C T;-Q*C  £f5cos6 8> =0
Q) b
g g tpseos® -y
Cesin®  £lePB'cos® B5(T;-C) +Le”cos®

which is cubic in { and can be written:

X, G+ X, + X0+ X; =0, (5.9)

2
X ={Q*2 —4[9j }(l_’sﬁp cos” 0-P5;).
0]

X, =Q*(T;+ 1) (B3y) — pse” cos’ 0) + 20 * g3Ble” cos” 0+ Q*By (g +g5 )+

2
+Q*ey, (B;Bt cos” 0+ B} sin’ 6) +2Q* g Bhe” sinOcos 6+ Bhy, T {Q * _ 4 (gj },
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X, = QY TR, (1) +T3) +vB(T5 = T)T3) ~ Ty pse” cos” 8+ T,T; pse? cos” 0+

= *) *) _ * (= = 2 St *2 Sy 2 =; %
~T5Q*B) (gz T8 )—ngﬁgg(ﬁg +Bt)cos 0-TB'g,” ~T)B;B'ey; cos” 6-T;Bg; +
+2T,Bg; g5 + T>B5e” g; cos” B - T;Boey; sin’ 6+8sin29(T2§§yj ~T3ps3g; +Topsgs +

2125B5 )+ T:B'ep;2; cos” 0—eg;B' sin” 0 —eg; BB’ cos” 6,

X5 =v,T5B; (T1T3 —T22)+T5|§§ (ngzz —21,818> +T3g12)-

In a monoclinic medium the angle of the incidence is not equal to the angle of reflection. For analyzing
reflection problem, the procedure to compute reflected angles was discussed by Singh and Khurana [35] for a
monoclinic medium. Singh and Yadav [40] formulated the procedure to compute reflected angles for a rotating
magneto thermo-monoclinic medium.

6. Particular cases

(i) For an isotropic case C,, =Cj;3=A+2u, C;3=Cy3=C;, =\, C,y=Cs5=Cys =11, Css=0,

C,,=0, C,y=0, C;,=0, B, =B;=p", B'=1, K, =K; =K, the Eq.(4.8) reduces for the rotating
isotropic magneto-thermoelastic case.
(ii) For Q=0, Q*=1, Eq.(4.8) reduces for the monoclinic magneto-piezo-thermoelastic case.

(iii) For H, =0, p, =0, The Eq.(4.8) reduces for the rotating monoclinic piezo-thermoelastic case.

(iv) For €=0,D,=0, g,,=8,;=83,="2, =733 =03 =0, the Eq.(4.8) reduces for the rotating
monoclinic magneto-elastic case.

() For  Hy=0, u,=0,Q2=0,D,= 0,e= 0,Q%=1, g5, =8,3=83, =" =";3=p3=0, the
Eq.(4.8) reduces for the monoclinic elastic case.

7. Numerical verification

The following are relevant considerations for numerical calculations of quasi-plane wave speeds [38].
Monoclinic parameters:

Cy; =145.5GPa=1455x10""Nm™, C,, =160.4GPa=1.6x10" Nm™,
C,; =4086GPa=04x10"Nm™=, C,;=7594GPa=0.7594x10"" Nm™,

Thermoelastic parameters:
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Cp=3.9x10° JKg'deg™, K,=124x10° Wm ' deg™,
K;=1.34x10° Wm™ deg™, B,=575x10° Nm™deg™, B;=5.17x10° Nm™ deg™,

T,=296K, 1,=0.05s, a,=04, a;=0.5, o=5Hz
Isotropic parameters:

A=03x10"NM™, u=025x10"NM2, p=2.7x10°kg/m’.
Piezoelectric parameters:

gy, =1741CIm°, g;,=154C/m’, g,;=-632C/m’,

Yoy =829x 107" NK™'m™2, 4,5 =9.07x 107" NK'm™, p;=7.6x10°CmK™".

With the help of MATLAB Eq.(4.8) is solved numerically to obtain the phase velocity, attenuation
coefficient and specific loss of coupled quasi-thermoelastic gP,qT,gSV waves in a piezo-electric rotating

monoclinic magneto-thermoelastic medium. The phase velocity, attenuation coefficient and specific loss of
coupled quasi-thermoelastic qP,qT,qSV waves are plotted against frequency 20< <100, at different

values of rotation frequency =0, 10,50, when T, =296K, 0=30°, t,=0.05s, a; =04, a; =0.5,
H, =10, and are shown in Fig.1(a-c) to 3(a-c). It is clear from the graph that the phase velocity of coupled
quasi-thermoelastic waves qP,qT,qSV increases as frequency changes 20 < ®< 100, at different values of

rotation Q=0,10,50. Similarly, the alteration of the phase velocity, constant of attenuation and rate of specific
loss of coupled quasi-thermoelastic gP,qT,gSV waves are plotted against frequency 20 < ®w< /00, at varying

magnetic field values H, =0,50,100, when T,=296K, 0=30°, 1,=0.05s, a,=04, a;=0.5, Q=10,
and are shown in Fig.4(a-c) to 6(a-c). It is clear from the graph that the phase velocity and specific loss of
coupled quasi-thermoelastic gP,qT,qSV waves increases as frequency changes 20< < 700,at various
magnetic field intensity parameters H, =0, 50, 100.

The variation of phase velocity, attenuation coefficient and specific loss of coupled quasi-
thermoelastic gP,qT,qSV waves are plotted against frequency 20<®w< 100, at different values of the
dielectric constant ¥,, =8,10,12, when T, =296 K, 1, =0.05s, 0=30°, d,=0.4, a3=0.5, Q=10, and
are shown in Fig.7(a-c) to 9(a-c). It is clear from the graph that the phase velocity and specific loss of coupled
quasi-thermoelastic gP,qT,qSV waves increase as frequency changes 20 < ®w< 100, at different values of the

dielectric constant Y,, =8,10,12 at H,=10.

The variations of phase velocity, attenuation coefficient and specific loss of coupled quasi-
thermoelastic gP,qT,qSV waves are plotted against frequency 20< <100, at different value of two-
temperature parameter a; =0.04,0.08,0.12, when T, =296 K, t,=0.05s, 6=230°, a; =0.5, Q=10, and
are shown in Fig.10(a-c) to 12(a-c). It is clear from the graph that the phase velocity and specific loss of coupled
quasi-thermoelastic gP,qT,qSV increases as frequency changes 20 < < 100, at different values of the two-

temperature parameter a; =0.04,0.08,0.12 .
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Fig.1(a-c). Variations of phase velocities of gP,qT,qSV waves against frequency 20 < o< 700, at different
values of the rotation Q=0,10,50.
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a) Attenuation coefficient of qP-wave
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Fig.2(a-c). Variations of the attenuation coefficient of gP,qT,qSV waves against frequency 20 < o< 100, at
different values of rotation Q=0,10,50.
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a) Specific loss of gP-wave
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a) Phase velocity of gP-wave
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a) Attenuation coefficient of gP-wave
0.22 T T T T
Hy=0
0z} —+—H,=50 .
- Hy=100
o
- b8
[
2
% 0.16
2 o
1=
= 1
T 012+
=
E 0.1
g
P
0.08 |
0.06 . ‘ . . . . .
20 30 40 50 60 70 80 90 100
Frequency (o)
b) Attenuation coefficient of gT-wave
0.35 T T T T T
Hy=0
03k —+— Hy=50 |
o Hy=100
o
t 0.25T g
-1}
8
lE 0.2 B
o
&
E 0.15 4
®
=
= 041
=
b
0.05 B
0 ¥ 5 T ) T i i 4+
20 30 40 50 60 70 80 90 100
Frequency o)
c) Attenuation coefficient of qSV-wave
0.5 T T T T T
+ H,=0
—+— Hy=50
™ H,=100
e ]
€
% 0 Mttt t+—t+—+——i—
g
(]
=
2
S o5t .
=
£
<
o g 0 50 60 70 a0 90 100

Frequency (o)

Fig.5c. Variations of the attenuation coefficient of gP,qT,qSV waves against frequency 20 <®w<100, at
different values of the magnetic field H, =0,50,100.



A.K. Yadav

145

a) Specific loss of gP-wave
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Fig.7(a-c). Variations of phase velocity of gP,qT,qSV waves against frequency 20 < o< 100, at different
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a) Attenuation coefficient of gP-wave
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Fig.8(a-c). Variations of the attenuation coefficient of ¢gP,qT,qSV waves against frequency 20 <o <100, at
different values of the dielectric constant y,, =8,10,12.
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a) Specific loss of gP-wave
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a) Phase velocity qP-wave
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Fig.10(a-c). Variations of phase velocity of qP,qT,qSV waves against frequency 20 < o< 100, at different

values of a, =0.04, 0.08, 0.12.
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a) Attenuation coefficient of gP-wave
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Fig.11(a-c). Variations of the attenuation coefficient of gP,qT,qSV waves against frequency 20 < ®< 100,
at different values of a; =0.04,0.08, 0.12.
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a) Specific loss of gP-wave
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Fig.12(a-c). Variations of specific loss of gP,qT,qSV waves against frequency 20 < o< /00, at a varying
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Fig.13(a-c). Variations of phase velocity of gP,qT,qSV waves against frequency 20 < w< 100, at different
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a) Attenuation coefficient qP-wave
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Fig.14(a-c). Variations of the attenuation coefficient of gP,qT,qSV waves against frequency 20 < ®< 100,
at different values of the pyroelectric constant p; =7,10,13.
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Fig.15(a-c). Variations of specific loss of gP,qT,qSV waves against frequency 20<w<100, at different
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The change of phase velocity, coefficient of attenuation and specific loss of coupled quasi-
thermoelastic gP,qT,qSV waves are plotted against frequency 20< < /00, at different values of the

pyroelectric constant p; =7, 10,13, when T, =296K, t,=0.05s, 6=230°, a; =0.04, a; =0.5, Q=10,
and are shown in Fig.13(a-c) to 15(a-c). It is clear from the graph phase velocity and specific loss of coupled
quasi-thermoelastic gP,qT,qSV waves increase as frequency changes 20 < w< /00, at different values of the
pyroelectric constant p; =7,10,13.

8. Conclusions

The plane wave solutions of equations governing the rotating monoclinic piezo-magneto-thermoelastic
medium are obtained. There exist four piezo-thermoelastic waves, three coupled quasi -thermoelastic plane
waves, namely: gP,qT,gSV and ( PE —wave ) waves. The phase velocity, attenuation coefficient and specific
loss of these waves are computed for a particular material using MATLAB programming. From numerical
results, it is observed that the phase velocity, attenuation coefficient and specific loss of these plane waves are
significantly affected by rotation and magnetic and piezo-electric field. The influence of piezoelectric effect,
two-temperature parameter, frequency, rotation and magnetic field on the phase velocity, attenuation
coefficient and specific loss is shown graphically. The phase velocity and specific loss of coupled piezo-
thermoelastic gP,qT,qSV waves increase while the attenuation coefficient fluctuates as frequency changes

20<®<100.
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Nomenclature

* *
a,,az, —two-temperature parameters

B — magnetic induction

C.

i~ elastic constants

Cr —specific heat at constant strain

D — electric displacement vector
E — electric field strength
257,834,823, — piezoelectric constants
H —magnetic field strength
h — perturbation of magnetic field strength
J —current

K;,K; —thermal conductivities

k —wave number
n —unit vector
P,,,P;3, —initial stress
Pp3, — Dpyroelectric constant

T - change in temperature variable
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To —uniform temperature
t —time
u — displacement vector
v, w —components of the displacement vector
V' —wave speed
X,y,z —coordinates
B5,B%, — thermal coefficients
Y22,Y33, — dielectric constants
A, p —Lame’s constants
L., —magnetic permeability
‘tf) — thermal relaxation time
p —density
o — electric conductivity of the medium
0 — angle of propagation measured from normal to the half-space
v — electric potential
® - circular frequency
Q —rotation vector
€ — electric permeability
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