ARCHIVES OF ACOUSTICS

Research Paper

Reflection and Transmission of Plane Wave at an Interface Between Two
Rotating Micropolar Piezoelectric Solid Half-Spaces

Baljeet SINGH(M* Asha SANGWAN®) | Jagdish SINGH®)

W Department of Mathematics, Post Graduate Government College
Sector 11, Chandigarh, 160011, India
*Corresponding Author e-mail: bsinghgc11@gmail.com

@ Department of Mathematics, Government College
Sampla, Rohtak, 124001, Haryana, INDIA; e-mail: aashisangwan53@gmail.com

@) Department of Mathematics, Maharshi Dayanand University
Rohtak, 124001, Haryana, India; e-mail: jsnandal2k15@gmail.com

(received November 28, 2020; accepted October 6, 2021)

In this paper, we investigate a problem on reflection and transmission of plane-waves at an interface between
two dissimilar half-spaces of a transversely isotropic micropolar piezoelectric material. The entire model is
assumed to rotate with a uniform angular velocity. The governing equations of rotating and transversely
isotropic micropolar piezoelectric medium are specialized in a plane. Plane-wave solutions of two-dimensional
coupled governing equations show the possible propagation of three coupled plane-waves. For an incident
plane-wave at an interface between two dissimilar half-spaces, three reflected and three transmitted waves
propagate with distinct speeds. The connections between the amplitude ratios of reflected and transmitted
waves are obtained. The expressions for the energy ratios of reflected and transmitted waves are also obtained.
A numerical example of the present model is considered to illustrate the effects of rotation on the speeds and
energy ratios graphically.
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1. Introduction

The reflection and transmission phenomenon of
elastic waves at an interface between two different
media is of great concern in many fields includ-
ing composites engineering, geology, seismology, seis-
mic exploration and acoustics. The study of propa-
gation, reflection and transmission of plane waves plays
a vital role in providing information of the inter-
nal structure of the material medium. Some classi-
cal problems on reflection and transmission of elastic
waves in layered media were analysed by various au-
thors (KNOTT, 1899; JEFFREYS, 1926; GUTENBERG,
1944; ERGIN, 1950; EWING et al., 1957; ACHENBACH,
1973). The wave phenomenon in piezoelectric media
has its applications in the generation and transmis-

medium, provided that the article is properly cited, the use is non-commercial, and no modifications or adaptations are made.

sion of disturbances in electro-acoustic devices like
transducers and resonators. The reflection and trans-
mission of plane-waves in the theory of piezoelec-
tricity have many applications in the area of sig-
nal processing, transduction and frequency control
(AuLp, 1981; KAUNG, 2013; PARTON, KUDRYAVT-
SEV, 1988; ROSENBAUM, 1988; XUE et al, 2012).
The propagation, reflection and transmission of plane
waves in the piezoelectric materials were studied by
KyAaME (1949), PaiLLoux (1958), HRuskA (1966),
AuLD (1973), CHENG and SUN (1975), ALSHITS et al.
(1984), EVERY and NEIMAN (1992), ALSHITS and SHU-
VALOV (1995), PANG et al. (2008), DARINSKII et al.
(2008), BURKOV et al. (2009), SINGH (2010), KUANG
and YUAN (2011), YUAN and ZHU (2012), SINGH
(2013), Guo and WEI (2014), GUO et al. (2015), OTH-
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MAN et al. (2017a; 2017b), J1AO et al. (2019), SAHU
et al. (2021), L1U et al. (2021), and SINGH et al. (2021).
Functionally graded materials are typically created
by two or more materials, which have unique charac-
teristic properties varying gradually in a certain di-
rection. When used with piezoelectric materials, func-
tionally graded manufacturing methods introduce new
smart materials known as functionally graded piezo-
electric materials (FGPMs). The functionally graded
piezoelectric models increase the efficiency and me-
chanical performance of piezoelectric structures. The
analysis of structures made of these materials has
been brought to a worldwide attention by various re-
searchers such as BARATI and ZENKOUR (2018), ZENK-
OUR and ALGHANMI (2019a; 2019b; 2020), ZENKOUR
and ALJADANI (2019; 2020), ZENKOUR and HAFED
(2019; 2020a; 2020b), and PAL and SINGH (2021).

The micropolar elasticity is a generalization of clas-
sical elasticity with extra independent degrees of free-
dom for local rotation. In the micropolar theory, the
particle motions are expressed in terms of displace-
ment and micro-rotation vector. ERINGEN (1966; 1968;
1999) introduced the linear theory of micropolar elas-
ticity and explained the micro-rotational motion and
spin inertia that can support coupled stress and body
couples in elastic materials. The theory of micropo-
lar elasticity was applied to piezoelectricity by many
researchers (CRACIUM, 1995; CIUMASU, VIERU, 1999;
VIERU, CIUMASU, 1999; ZHILIN, KOLPAKOV, 2005;
IESAN, 2006; Aouapi, 2008; GALES, 2012). Reflec-
tion and transmission coefficients are useful parame-
ters for the quantitative characterization of the geo-
acoustic properties of the seabed sediment and its sub-
bottom structure. The theory of micropolar elasticity
is adequate to study the propagation of acoustics in
the seabed materials. The reflection and transmission
phenomenon in piezoelectric materials with micropo-
lar effects hasn’t been investigated much in literature.
For example, SINGH and SINDHU (2016; 2018) stud-
ied the rotational and micro-rotational effects on wave
speed of Rayleigh-wave in a micropolar piezoelectric
medium. SANGWAN et al. (2018) studied the reflection
and transmission of elastic waves at an interface be-
tween an elastic half-space and a micropolar piezoelec-
tric half-space. SINGH et al. (2019) studied the reflec-
tion and transmission of elastic wave at an interface
between two micropolar piezoelectric half-spaces.

The translation and rotation of a moving object can
be sensed by accelerometers and gyroscopes, respec-
tively. These motion sensors are used as an important
tool in smart weapon systems, video cameras, auto-
mobiles, robotics, navigation and machine control. Re-
cently, vibratory gyroscopes made up of piezoelectric
materials have become a center of interest in many re-
searches. The equations of motions for a rotating piezo-
electric body with Coriolis and centrifugal accelera-
tions are responsible for observing the fundamental na-

ture of the piezoelectric gyroscope. SCHOENBERG and
CENSOR (1973) studied the effect of rotation on plane
wave propagation in an isotropic medium. The effects
of rotation on frequency or wave speed provide valu-
able inputs for the design of acoustic sensors (WHITE,
1998). In particular, the rotation induced frequency
shifts have been applied to manufacture the gyroscopes
(TIERSTEN et al., 1980; 1981; WREN, BURDESS, 1987).

The main purpose of the present paper is to il-
lustrate the effect of rotation on the reflection and
transmission phenomenon of plane-waves at a welded
interface between two different transversely isotropic
micropolar piezoelectric solid half-spaces. The present
paper is organized as follows: in Sec. 2 the governing
equations for linear rotating micropolar piezoelectric
materials are formulated and specialized in x-z-plane.
Plane-wave solutions of the specialized equations are
obtained in Sec. 3. In Sec. 4 two different half-spaces
of micropolar piezoelectric material are assumed in
welded contact to study the reflection and transmission
of plane-waves. The connections between the ampli-
tudes of the incident, reflected and transmitted waves
are obtained. The expressions for the energy ratios of
reflected and transmitted waves are also derived. In
Sec. 5, the speeds and energy ratios of reflected and
transmitted waves are computed for a given model
and are illustrated graphically to observe the rotational
effects.

2. Governing equations

We assume that the micropolar piezoelectric solid
rotates uniformly with an angular velocity 2 = 271
where (2 is rotation parameter and 7 is a unit vec-
tor representing the direction of the axis of rotation.
The fixed coordinate system in the rotating micropo-
lar piezoelectric medium introduces additional terms
in the equations of motion: centripetal acceleration
is 2 x (2 xu) due to time varying motion only and
(22 x0) is the Coriolis acceleration, where u is the
displacement vector. Following AouaDp1 (2008) and
SCHOENBERG and CENSOR (1973), the governing field
equations for the linear theory of rotating micropolar
piezoelectric solids in the absence of body forces and
body couples are:

(a) equations of motion
ojij=pli+{Qx(Qxu)}, + (2@ xu),], (1)

Mii + €ijk03i5 = PO, (2)
(b) electric field equations
Djj=qeEr =Yk, (3)
(c) the constitutive equations
Oij = Cijkiekl + bijrikrl + Aijk Ly, (4)
Myj = bprijent + aijrikr + Bijk L, (5)
Dy = =Nijie€ij — Bijekij + ki Ej (6)
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(d) the geometrical equations B7788 P2 N 36688 ¢;2 by - K %
€ij = Wji + EijkPr, Kij = ®jii; (7) “ *
where ¢;; is the stress tensor, p is the mass density, ¢ is - K, % j32¢2 7 (12)
the microrotation vector, j is the micro-inertia, m;; 0 ot?
is the couple stress tensor, €;;;, is the alternating sym-
bol, Dy, is the dielectric displacement vector, ¢, is the 8us 8us
volume charge density, E; is the electric field vec- )\15W + X33 922 3+ ()\15+)\31) or 8z
tor, 1 is the electrostatic potential, e;; and x;; are
kinematic strain measures and ai;xi, bijri, Cijkis Nijk, 0% 0%
Bijk, and 7, are constitutive coefficients. Superposed g o2 MMES Iy 922 =0, (13)

dot denotes partial differentiation with respect to the
time ¢. Subscripts preceded by a comma denote par-
tial differentiation with respect to the corresponding
Cartesian coordinate and the repeated index in the
subscript implies summation. The constitutive coeffi-
cients satisfy the following symmetry relations

Cijkl = Chiij ijkl = Oklij Yij =vii-  (8)
We consider two dissimilar linear, homogeneous trans-
versely isotropic rotating micropolar piezoelectric half-
spaces in welded contact. The origin of the Cartesian
coordinate system (z, y, z) is taken on the plane inter-
face and z-axis pointing vertically downwards into ro-
tating micropolar piezoelectric half-space (z > 0). The
upper half-space (z < 0) and lower half-space (z > 0)
are denoted by M’ and M, respectively. All quantities
in medium M’ are denoted by a superposed prime. We
assume that the medium is transversely isotropic in
such a way that the plane of isotropy is perpendicular
to z-axis. For two-dimensional motion in x-z-plane, we
consider the following components of the displacement
vector u and microrotation vector ¢

¢ = (07¢270)' (9)

Making use of Egs (1)—(9), the following govern-
ing equations of motion in z-z-plane are obtained for
a transversely isotropic and rotating micropolar piezo-
electric medium

u-= (u1707u3)1

0uy 0? 0?
An—— 92 +(A13+A56) u3 + Ass au;
a 2
+K16i—()\15+)\31) 1/J
82 2 8U3
= 0| e ~ w0z (0
0? 0? 0?
Ase au;, +(Az +A56) U1 + Ass auj
5,902 52¢ e 9%
2, ~ Mgy T A
82’&3 2 6u1
=p atQ - Q%usz - QQE (11)

where A1y = Ci111, Ass = C3131, A13 = Cri33 = C3311,
Asg = C3113 = C1331, Ags = C1313, A3z = C3azz, K1 =
Ase—Ass = C3113-C3131, K2 = Age—As6 = C1313—C1331,

= Ky — Ky, Byr = a1212, Bes = as232, Az1 = Asi1,
A33 = A333, A15 = A131 = A113, A35 = A313 = A331.

3. Plane-waves

We consider the plane-waves in the z-z-plane with
a wave front parallel to the y-axis. We seek the follow-
ing plane-wave solutions of Eqs (10)—(13)

{u17u3a¢2a¢} = (AaB7C7D)

-exp {ik (zsinf + zcos ) —iwt}, (14)

where k is the wavenumber, w = kv is the circular fre-
quency and v is the speed of wave propagating in x-z-
plane along a direction making an angle 6 with z-axis.

Using Eq. (14) in Egs (10)—(13), we obtain a ho-
mogeneous system of four equations in A, B, C, and D
which have a non-trivial solution if

HoA? - Hi A% + HyA- Hs =0, (15)
where A = (%)2 and Hy, Hy, Hy, H3 are given in Ap-
pendix 1.

The three real roots vy, vo and vs (v1 > vy > v3)
of Eq. (15) correspond to the speeds of propagation of
Coupled Longitudinal Displacement (CLD), Coupled
Transverse Displacement (CTD), and Coupled Trans-
verse Microrotational (CTM) waves, respectively. In
the absence of piezoelectric and transverse isotropy, the
velocity Eq. (15) agrees with (PARAFITT, ERINGEN,
1969).

4. Reflection and transmission

A plane coupled longitudinal displacement (CLD)
wave propagating with velocity v] through the trans-
versely isotropic rotating micropolar piezoelectric solid
half-space (M') is considered as incident wave at the
interface z = 0 making an angle 6, with negative z-axis.
The incident CLD wave generates three reflected CLD,
CTD and CTM waves of amplitude A/, (m = 1,2,3)
propagating with speeds v/, (m = 1,2, 3) in medium M’
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and three transmitted CLD, CTD and CTM waves of
amplitude A,, (m = 1,2,3) propagating with speeds
Um (m=1,2,3) in medium M. The geometry showing
the directions of propagation of incident, reflected and
transmitted waves is shown in Fig. 1. The appropriate
displacement components u}, uj, microrotation com-
ponent ¢4 and electric potential ¢’ for incident and
reflected waves in medium M’ are

uy = A, exp{iki (xsinf,+z cosb,)—iwt}

3
+ > Al exp{iky, (zsin6,, -z cos b, )—iwt},  (16)

m=1
uy =&, A, exp{ik](zsinf,+z cosb,)—iwt}

+Z£

v explik,, (zsin6,, —zcosf, )—iwt}, (17)

@y =104, exp{ik] (zsinf,+z cosb,)—iwt}

3
+ > i, Ar exp{iky, (zsin 6, -z cos 0, ) —iwt}, (18)
m=1

'=(, A, exp{ik](xsinf,+2z cos b, ) —iwt}
4
+ 3 (A, exp{ik), (zsin 6, -z cos b, ) —iwt}, (19)
m=1

and the appropriate displacement components u1, us,
microrotation component ¢, electric potential 1 for
transmitted waves in medium M are

3
ur= Y. Apexp{ikm (xsinb,+zcosby,,) —iwt},  (20)
m=1

3
us= Y &mAp exp{iky, (zsinb,, +zcosby,) —iwt}, (21)

m=1

3
$2= " NmAm exp{ikm (zsinb,, +zcosb,,) —iwt}, (22)

m=1

CLD ()

CLD(v)) CID )
v

CTM (v})
Transversely isotropic ‘
rotating micropolar

piezoelectric medium (M')

Transversely isotropic
rotating micropolar
piezoelectric medium (M)

CTM (vy)

CTD(v,)

z CLD(v)

Fig. 1. Geometry of the problem showing incident, reflected
and transmitted waves.

3
=" (oA exp{ikp (xsin b, +2 cosby,) — iwt}, (23)
j=1

where v, (m =1,2,3) are the real speeds of reflected
CLD, CTD and CTM waves respectively in medium
M’ and v, (m =1,2,3) are the real speeds of trans-
mitted CLD, CTD, and CTM waves respectively in
medium M, and the explicit expressions for coupling
coefficients o5 Moy Cos §m7 77m7 <m7 Ems Mm, and G
(m=1,2,3) are listed in Appendix 2.

The relevant boundary conditions at the interface

= 0 are the continuity of normal and tangential
force stress components, tangential couple stress com-
ponents, electric displacement, electric potential and
normal displacement components, which are written as

033 = 033, 031 =04, Ds = Dy, (24)
ms32 :méQa ¢:1/1,7 us :U/g,
where
/ , Ouf Quy ., o', O
033 = Aj3 o = A33 823 3567_/\33Ev
ou ou 0 0
033 = Alga—; +A3387; - >\35£ - A33£3
ou , Ou] ,
oy = Ajg—o— O 2 558721 + (Agg — Ags) ¢
o, oy
A3 PSR e
ouq
031 = Asg—— 8 +A5567+(A56—A55)¢2
0 0
-1 aw A3s 8¢
, , Ouf , Ouj o’
Dy = 1587xl+ 3383 7338
8u1 Ou 8’1/1
D3 =\ + Aa:
3 15— Oz 335 P + Y33 G
! ! 8¢,
Mgy = B6687227
3¢2
Mz = 69,

The displacement components, microrotation com-
ponents, and electric potentials given by Eqs (16)—(23)
satisfy boundary conditions (24) under the following
conditions analogous to Snell’s law

kisin, = kisin@] = kjsin 65 = k5 sin 05 = ky sin 6;
= ]i)2 sin 92 = kg sin 03, (25)
101 = kyvy = kvg = kjvy = kyvy = kovg

= kg’l)g = k4’U4 =W, (26)
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and we obtain the following non-homogeneous system
of six equations in amplitude ratios of reflected and
transmitted waves as

6
Z amem =0p (p =1,2, -"76)7 (27)
m=1

where ,

A
IZmo(m=1,2,3
10 (m ) b )7

Ly =
Am73

Ao
are amplitude ratios of reflected CLD wave, reflected
CTD wave, reflected CTM wave, transmitted CLD wa-
ve, transmitted CTD wave, and transmitted CTM wave,
respectively, and

_[(A,13_>‘,35C;n) sin 00—(Ag3£;n_A

(m = 47576)a

’7 7 *
33C'm.)a’ ]
(Af5=X55C0) sinOo+(Af5€0-AG5C0 ) cos b,
(m=1,2,3),
A1m = .
(A13-X35Cm-3) sin 0, +(A33Em-3-X33¢m-3)b
(A 5-N55C0) sinOo+(AL3€0-N55C0 ) cos b,
(m=4,5,6),
~[(ALg&l,~N51¢h, ) sinfo—c*]
(ALg€o-N51Co)sinOo+( AL —N5 (o) cos O,—i( Afs— AL )( 0)
(m=1,2,3),
Qom =
(As6Em-3-A31¢m-3) sin o +d*
(ALg€o=Nyy Co) sin 0o+ (AL ~N, Co) cos O, —i( ALy A;,)( ,o)
(m = 47 57 6)7
of \2
N sin 8= (As €l +753C0) (:n) sin20,
)\,15 sin 00+()"3350+A/é3 Co) cos 0,
(m=1,2,3),
a3m =
! 2
A15 5in 0o +(As3&m-3+¥33Cm-3) (v"ig) —sin2 0,
N5 8in06+( M55 €0+755C0 ) cos b,
(m=4,5,6),
’ 4 ! 2
()T
A (m=1,2,3),
(%)00500
_ 1
Q4m
oo 122 (s ) (s) st
Kom— Ym— Vi o
e : (m=14,5,6),
B(',()( Z}l’ ) cos 6,

= (m=1,2,3),
Q5m =

C?{:s (m = 47 57 6)7

£ (m=1,2,3),
Qem =

e (m=4,5,6),

dp=1 (p=1,2,...,6), where

vt 2 v\
a*= ,1) —sin?6,, b* = ( L ) —sin?6,,
Um Um-3

2
C*:(Ags >\35<m) (01) _Sin290

v\ [
o))
d*=(Ass5 — A35(m-3) \J

’Umfd
~i (Ase— A55)( )(Zm_3)~
Um-3 m-3

Following (ACHENBACH, 1973), the rate of energy
transmission at the interface z =0 is
! 8 2

i (A

—sin® 6,

/ 81[.3 +o A a’ll,1 +m

4
33 50 0515 for medium M,

32751 (28)

pe {
dus ou dga
03375 at + 03175 (% +m32 5

The ratio of the time rate of average energy trans-
mission for the respective reflected or transmitted
waves to that of the incident wave, denoted by FE,,
(m =1,2,...,6) for reflected CLD, reflected CTD, re-
flected CTM, transmitted CLD, transmitted CTD, and
transmitted CTM waves respectively, are given as

(Pn)
(F)
where (P}) denotes the average energy transmission
per unit surface area per unit time for incident CLD
wave in rotating micropolar piezoelectric medium M.

The expressions for energy ratios at an interface
z =0 are given as

for medium M.

By =

(m=1,2,...,6), (29)

(h1777,+h2m+h3m)Z2 (m — 1,273)7
E?n = o (30)
(Lrathonthon ) 72 (m = 4,5,6),
where
im = (A&, + Agelr = M3580,Con — A51C, ) sin b,
oy = = ( Aé3§;2 = A33Em G — A35Cm + Béanfi)
2
A
NE
Uy,
. Nm
ham = —i(ALg 5)( )(k’ )
ho = (Al380 + Agelo = N35€0C0 = A31o) sin b,
+ ( :‘)5 + A133£3 - g:}go(o - >\é5Co + B(I;GU?)) COS 00
—i (AL - AL [ 22,
Z( 56 oa) (ki )
him = (A13&m-3 + As6&m-3 — A35&m-3Cm-3

—-A31(m-3) sinb,,
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hom = (Ass + A33€2, 5 — A33€m-3Cm-3

/ 2

U .
~A35Cm-3 + B667772n—3) \l ( 1 ) —sin?4,,

Um-3

) v} e
ham = -Z(A56-A55)(v ! )(Z 3)-
m—3 m-3

5. Numerical results and discussion

The experimental values of physical constants of
a transversely isotropic rotating micropolar piezoelec-
tric material have not been investigated yet. In the
present model, the numerical simulations of the speeds
and energy ratios are restricted to a quantitative exam-
ple with arbitrary physical constants for both the half-
spaces (SINGH, SINDHU, 2018):

o for lower half-space (M):

Ay =17.8-10" N/m?,  As3 =18.43-10" N/m?,

A3 =7.59-10"" N/m?,  Ass=1.89-10'" N/m?,

Ass =4.357-10" N/m?,  Agg = 4.42-10'° N/m?,

B =0.278 -10° N, Bes = 0.268 -10° N,

A15 = 0.00001 C/m?, A31 = 3.9 C/m?,

As3 = 1.33 C/m?, As5 = 0.23 C/m?,

11 = 85.2 C?/(N-m?),  ~33=28.7 C?/(N-m?),

p=1.74-10° kg/m®, §=0.196 m?,

w =10° Hz,
e for upper half-space (M'):

A}, =16.8-10"" N/m?, = A%, =17.43-10"" N/m?,

Al =7.2-10' N/m?, Al =1.29-10" N/m?,

AL =4.157-10" N/m?,  Afs =4.1-10"0 N/m?,

Bl =0.266-10° N, By =0.255-107 N,

A5 = 0.000004 C/m?, Mgy = 1.75 C/m?,

N3 = 1.23 C/m?, N5 = 0.22 C/m?,

71 =823 CP/(N-m?),  ~45 =257 C?/(N-m?),

p' =1.2-10% kg/m?, §''=0.192 m?%.

Using Eqgs (15)—(27), and (30), a program in MAT-
LAB software was developed. For the above physical
parameters, the speeds of plane-waves, the amplitude

ratios and the energy ratios of various reflected and
transmitted waves were computed for different values
of rotation rate 2*(= 2/w).

5.1. Speeds of plane-waves

The speeds of reflected CLD, CTD, CTM and
transmitted CLD, CTD and CTM waves are plotted
in Figs 2-7 against the incident angle 6,. The black,
red, and green curves in Figs 2—-7 correspond to the
speeds of various reflected and transmitted waves for
2% =0,0.1, and 0.2, respectively.

Figure 2 demonstrates the speed variations of re-
flected CLD waves against the angle of incidence. In
the absence of rotation (2% = 0), the speed of the
reflected CLD wave, as shown by black curve, de-
creases monotonically from a value 1.2052 - 10* ms™!
at 8, = 0° to its minimum value 1.1126 - 10* ms™' at
0, = 47°. Thereafter, it increases monotonically to
a value 1.1832-10* ms™! at 6, = 90°. In the presence
of rotation (i.e. for £2* = 0.1 and 0.2), the speed varia-
tions of CLD waves are similar to that for £2* =0, but
the values of the speed enhance at each incident angle.

x10*

Reflected CLD wave
2*=0

2¥=0.1
2*=0.2

Speed (v1)
B

N
T

115

11 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Angle of incidence 6, [deg]

Fig. 2. The speed variations of reflected coupled longitudi-
nal displacement (CLD) wave against the angle of incidence
of incident CLD wave for different values of rotation rate.

The speed variations of reflected CTD waves
against the angle of incidence are illustrated in Fig. 3.
In the absence of rotation (£2* = 0), the speed of the
reflected CTD wave as shown by black curve increases
monotonically from a value 5.9124-10% ms™! at 6, = 0°
to its maximum value 7.3092-10% ms™' at 6, = 45°.
Beyond 6,=45°, the speed decreases monotonically to
a value 5.8711-10% ms™! at 6, = 90°. In the absence of
rotation (i.e. for £2* = 0.1 and 0.2), the speed variations
of CTD waves are observed similar to that for 2* =0,
but the values of the speed drop at each incident angle.
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7400
Reflected CLD wave
7200 Q=0 il
=01
7000 0*=0.2

6800

6600

6400

Speed (v3)

6200

6000

5800

5600 . . . . . . . .
0 10 20 30 40 50 60 70 80 90

Angle of incidence 6, [deg]
Fig. 3. The speed variations of reflected coupled transverse

displacement (CTD) wave against the angle of incidence of
incident CLD wave for different values of rotation rate.

The speed variations of reflected CTM waves
against the angle of incidence are shown graphically in
Fig. 4. In the absence of rotation, the speed of the re-
flected CTM wave, as shown by black curve, increases
monotonically from a value 1.0604-10% ms™ at 6, = 0°
to its maximum value 1.0832-10% ms™ at 6, = 90°.
In the presence of rotation (i.e. for 2* = 0.1 and 0.2),
the speed variations of CTM waves are found similar
to those for 2 = 0 with very little changes at each
incident angle.

1085
Reflected CTM wave _—
Q*=0 ﬁ/""
1080 - 2*=01 ' 1
0*=0.2
~ 1075
=
2
° /
I} /
: /
@ 1070 1
1065 - 1
e
1060 . . . . . .

10 20 30 40 50 60 70 80 90
Angle of incidence 6, [deg]
Fig. 4. The speed variations of reflected coupled transverse
microrotational (CTM) wave against the angle of incidence
of incident CLD wave for different values of rotation rate.

The speed variations of transmitted CLD, CTD
and CTM waves are illustrated graphically against the
angle of incidence in Figs 5-7, which are found similar
to those for reflected CLD, CTD, and CTM waves, re-
spectively. The dependence of transmitted wave speeds
on the rotation rate is also observed similar to those
for reflected wave speeds.
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Fig. 5. The speed variations of transmitted coupled longi-
tudinal displacement (CLD) wave against the angle of inci-
dence of incident CLD wave for different values of rotation
rate.
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dence of incident CLD wave for different values of rotation
rate.
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5.2. Energy ratios of reflected and transmitted waves

The energy ratios |E;| (i = 1,2, ...,6) of reflected and
transmitted CLD, CTD, and CTM waves are illustra-
ted graphically in Figs 8-13 for the range 0° < 6, < 90°
of the angle of incidence of CLD wave for different va-
lues of rotation rate, i.e. £2* = 0.1 (black curve), 2* =
0.2 (red curve), and £2* = 0.3 (green curve).

Figure 8 illustrates the energy ratio variations of
reflected CLD waves against the angle of incidence for
different values of rotation rate. For each value of ro-
tation rate, these energy ratio variations oscillate till
0, = 70° and then they increase exponentially to a max-
imum value one at grazing incidence. The energy ratio
variations of reflected CTD and CTM waves are shown
graphically in Figs 9 and 10 against the angle of in-
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Fig. 8. Variations of the energy ratios of reflected coupled

longitudinal displacement (CLD) wave against the angle

of incidence of incident CLD wave for different values of
rotation rate.
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tation rate.
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Fig. 10. Variations of the energy ratios of reflected coupled
transverse microrotational (CTM) wave against the angle
of incidence of incident CLD wave for different values of
rotation rate.

cidence for different values of rotation rate. For each
value of rotation rate, the energy ratios for these waves
are zero at normal and grazing angles and oscillate in
range between normal incidence and grazing incidence.

Figure 11 illustrates the energy ratio variations of
transmitted CLD waves against the angle of incidence
for different values of rotation rate. For each value of
rotation rate, the energy ratios are approximately one
at normal incidence and then decrease logarithmically
to a value zero at grazing incidence. The energy ratio
variations of transmitted CTD and CTM waves are
also shown graphically in Figs 12 and 13 against the
angle of incidence for different values of rotation rate.
For each value of rotation rate, the energy ratios for
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Fig. 11. Variations of the energy ratios of transmitted cou-

pled longitudinal displacement (CLD) wave against the an-

gle of incidence of incident CLD wave for different values
of rotation rate.
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tation rate.
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ues of rotation rate.

these waves are zero at normal and grazing incidences
and oscillate at other angles.

From Figs 8 to 13, it can be noticed that the ef-
fect of rotation on the reflected and transmitted CLD,
CTD and CTM waves is considerable at each angle of
incidence except normal and grazing incidences.

6. Conclusion

A rotating model of two different transversely
isotropic micropolar piezoelectric solid half-spaces in
welded contact is considered for reflection and trans-
mission of plane-waves. There exist three coupled
plane-waves in a rotating and transversely micropo-

lar piezoelectric medium. The nature of these three
plane-waves depends on the axis of rotation and the
propagation direction. The effects of rotation do not
increase the number of waves in a micropolar piezoelec-
tric medium, but it affects their speeds significantly.
For an incident plane-wave, the connections between
the amplitude ratios and the expressions for energy
ratios are obtained. Based on a particular numerical
example of the theoretical model, the effects of rota-
tion are analyzed on the speeds and energy ratios of
reflected and transmitted waves for an incident plane-
wave. From the discussion of graphical illustrations,
the following important theoretical observations are
made:

1) The speed variations of reflected and transmitted
waves vary in different manner against the angle
of incidence. The presence of rotation changes the
values of speed at each angle of incidence and does
not affect the speed variations significantly against
the angle of incidence.

2) The speeds of the transmitted waves are observed
slower as compared to the speeds of reflected
waves.

3) The sum of energy ratios of all reflected and trans-
mitted waves is observed less than or equal one at
each angle of incidence. This fact is helpful in vali-
dating the numerical results if simulations are not
based an experimental data.

4) For incidence of CLD wave, the energy shares of
reflected and transmitted CLD waves are found
maximum. However, the energy shares of reflected
and transmitted CTM waves are found much
smaller as compared to other reflected and trans-
mitted waves.

5) The energy ratios of all reflected and transmitted
waves are also influenced by the rotation rate at
each angle of incidence except normal and grazing
incidences.

Wave propagation in micropolar piezoelectricity
is quite a new and emerging area of research. Since
the formulation of the linear theory of micropolar
piezoelectricity, few papers on wave propagation in
micropolar piezoelectric materials have appeared with
theoretical predictions. Due to the non-availability of
experimental values of micropolar piezoelectric con-
stants, the numerical observations of the present pa-
per are also of theoretical nature. However, the present
numerical results on the energy ratios of reflected and
transmitted waves are verified using energy conserva-
tion law. The present theoretical predictions with the
effects of rotation on the speeds and energy ratios of
reflected and transmitted waves may provide more re-
levant inputs for experimental researchers working on
non-destructive evaluation (NDE) techniques for struc-
tural health monitoring and in development of new
sensing devices of finite geometrical sizes.
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Appendix 1

The expressions for H, (s=0,1,2,3) are given as

Dy = Ay sin? 0 + Ass cos? 0,
Dy = Aggsin® 0 + Asz cos? 0,
D3 = A5 sin® 6 + 33 cos? 0,
Dy = By7sin? 0 + Bgg cos® 6,
Ds = 411 sin” 0 + 33 cos? 6,
Ly = (A3 + Asg) sinfcos,

Lo = (A15 + A31)sinf cos 6,

*
Q:;,

My =[1+(2%)%] pw?,
My = 2ipw? 27,
M3 = x - pjw?®,
Ki1 =iKcos,
Koo =iK5siné,
Hy = DsMs (M7 + M3),
Hy = DsM; M (Dy + Ds) + Ds My (K7, + K3,)
+ My M3 (D3 + L3) - DyD5 (M7 + M3),
Hs = (DsDs + D) K7y + (D1 D5 + L3) K3,
—2(D3Ly + DsLy) K11 Koy — DyM; (D3 + L3)
— DyDsM; (Dy + Dy) = 2DsLy Ly Ms
+(D1D5 + DsL3) M3 + (D1D2 - LT) D5 Ms,
Hs = DyDsL3 +2D3D4Ly Ly — DyD4yD3 — Dy Dy L3
—~DyDyD4Ds.

Appendix 2

The expressions for o, 7o, Cos &y My Cins Ems N

and ¢, (m =1,2,3) using Snell’s law are given as
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