ISSN: 2277-9655
Impact Factor: 1.852

[Balu, 3(2): February, 2014]

| JESRT

INTERNATIONAL JOURNAL OF ENGINEERING SCIENCES & RESEARCH
TECHNOLOGY

Static studies on Piezoelectric/Piezomagnetic Comgite Structure under

Mechanical and Thermal Loading
S. Balu'!, G.R.Kannar?, K. Rajalingam®
"L Assistant Professof? Professor, Department of Mechanical Engineerif§NA College of
Engineering & Technology, Dindigul — 624 622, India
grkgop@gmail.com

Abstract
In this study, static analysis of Piezoelectric#®imagnetic materials, anisotropic and linear mamnet
electro-thermo-elastic strip have been carried yufinite element method. The finite element moideterived
based on constitutive equation of Piezoelectric &ekzomagnetic material accounting for couplingween
elasticity, thermal, electric and magnetic effetthe present finite element is modeled with dispaest
components, electric potential and magnetic paiéas nodal degree of freedom. The other fieldsaleulated by
post-computation through constitutive equation. Nrioal study includes the influence of the effettstacking
sequences on displacement, electrical potential magdnetic field under mechanical and thermal logdim
addition further study has been carried out onceféé pyroelectric, pyromagnetic coupling involvadmaterials

under thermal loading.
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Introduction

In recent years, intelligent or smart structures
have become a new research field. These Piezoniagnet
and piezoelectric materials have the ability to veoh
energy from one form, such as magnetic, electric,
mechanical and thermal, to another. The intelligent
smart structures made of Piezomagnetic and pieziniele
materials exhibit the magneto-electro-thermo-etasti
coupling effect by Harshe, Nan and Benveniste [1-3]
This effect is not present in the single Piezomégra
piezoelectric material. The coupling that existbnmen
the thermoelastic and electric fields in piezoelect
materials provides a means for  sensing
thermomechanical disturbances from the measurements
of induced electrical potential and magnetic indrct
The magneto-electro-thermo-elastic coupling effleas
considerable applications in the fields of sensors,
transducers and the control of structural vibration
One of the basic elements of these intelligent ausitp
materials are laminated Piezoelectric/Piezomagnetic
structures, and these structures are often operiated
mechanical and thermal loading. Therefore, anatic
studies concerned with piezothermoelasticity ofs¢he
structures were developed by Tauchert and Ashifla [4
On the other hand, one of cause of damage in these
laminated structures includes delamination. In oride
evaluate this phenomenon, it is necessary to censie
transverse shearing stresses and the normal gtréiss
thickness direction. From the above concept, sévera

exact solutions for the two-dimensional or three-
dimensional piezothermoelastic problems of lamitate
composite plates were obtained by Xu et al. [5]ychert

[6], Shang et al. [7], Kapuria et al. [8], and Thex and
Ashida [4]. Pan [9] derived the exact solution for
multilayered electro-magneto-elastic plates using a
propagator matrix.

Exact solutions have been obtained by many
researchers in studies of the piezothermoelastiblem
subjected to steady-state temperature distribufidh
11]. The piezothermoelastic behavior of distributed
sensors and actuators subjected to a steady-state
temperature field was investigated by Tzou and ¥.[
Sunar et al [13] derived the linear constitutiveiagipns
of thermopiezomagnetism with the aid of a
thermodynamic potential and a variational approath
obtaining general coupled field equations for
thermopiezomagnetic composites. Ding and Jiang [14]
carried out analytical solutions to two-dimensional
magnetoelectro-elastic media in terms of four harimo
displacement functions. Ding et al [15] derived the-
dimensional Green’s functions for two-phase
transversely isotropic magneto-electro elastic medi
Ootao and Tanigawa [16] investigated the behavia o
multilayered magneto-electro-thermo-elastic strije do
non-uniform heat supply.
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Fig.1: Geometrical model with mechanical boundary
conditions
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Fig.2: Geometrical model with thermal boundary
conditions

Based on a literature survey, it is found that a
limited number of studies have investigated magneto
electro-elastic strips in a mechanical and thetowding.
In this paper, we present the numerical solution &o
three-layered magneto-electroelastic strip made of
piezoelectric BaTi@ and Piezomagnetic Coj,
materials. Pyroelectricity is another interestii@@ross
property by Newnham et al [17]. Application of heat
composite results in thermal expansion and in tiorn
electric polarization when the mechanical strain is
transferred to the piezoelectric phase. Even if the
individual constituents of the composite do exhibit
intrinsic pyroelectricity, the secondary producteet
produced due to coupling of the different phases ca
make a significant contribution by Newnham et af][1
Nan et al [18] represent product properties in cositps
in the following manner.

. Magnetic = Mechanical
Magnetoelectric = - -
Mechanical Electric
. Thermal Mechanical
Pyroelectric = , -
Mechanical Electric
Pyromagnetic = Thermfall Mechanl.cal
Mechanical Magnetic

The main aim is to study the influence of
Piezoelectric/Piezomagnetic and
Pyroelectric/Pyromagnetic constants on displacement
electric potential and magnetic potential static
mechanical and thermal loading conditions.
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Finite Element Formulation
Mechanical loading

For mechanical loading one end is fixed and
other end is free condition. The layerwise mectalnic
loading condition is evaluated by solving the two-
dimensional rectangular elements. The finite elegmen
matrix equation
(K J{u} = {F} (1)
Where, K,.]{u}and {F} are the element matrix,
displacement and force respectively.
Where the different stiffness matrices mentionedhia
above equation are defined as.

(K] = [, [Bul"[cl[Bu]dv ; {F®} = [, [B,]"[c]dv (2)
Where,[B, ] is derivative of the shape function matrix for
strain displacemenf¢] are the elastic constant matrix.

b x; (us) M
\
4—1—3
X1 (uy) 5
= 1 2

Fig.3: Discretization of Finite Element Model withFour
Noded Elements

Coupled magneto — electro — elastic problem

The coupled constitutive equations for
anisotropic and linearly magneto-electro-elastididso
can be written as

0 = CieSk — exiEyx — QriHy

D; = eySy + NixEx + myHy ()

B; = quxSk + My Ex + pi Hy
Whereg; D; and B are the components of stress, electric
displacement and magnetic induction, respectively.
nk and |k are the elastic, dielectric and magnetic
permeability coefficients, respectivelyy & and my are
the piezoelectric, piezomagnetic and magneto-etectr
material coefficients respectively.EH, are electric
field, magnetic field, respectively. In the present
analysis, the coupled three-dimensional constitutiv
equations (3) for a magneto-electro-elastic saticdhie
X1-X, plane are assumed to be isotropic. The constutiv
equations can be written in matrix form as

http: // www.ijesrt.confC)International Journal of Engineering Sciences & Rearch Technology
[678-685]



[Balu, 3(2): February, 2014]

01
)
03
04
Os
73
D, |~
D,
Dy
B,
B,
B

C11 Ci2 Cy3 Gy Ci5 G
(31 Gz Cy3 Gy G5 G
C31 C32 (33 C34 (35 C36
Ca1 Cyz Caz3 Cyy Cu5 Cye
Cs1 Csz Cs3 Cs4 G5 Cse
Co1 Co2 Co3 Co4 Cos Cop
€11 €12 €13 €14 €15 €16
€21 €22 €33 €24 €35 €6
€31 €32 €33 €34 €35 €3¢

S3

€11
€12
€31
€41
€51
€61
€11
€21
€31

€32

€33

q11 912 913 14 15 916 11 M2 Mg
421 922 923 924 q25 G2 M21 M22 Ma3
431 932 933 34 G35 36 31 M32 M3z HUz1 Hzz Hszz @

G11 921 q31 %1
G12 922 q32 %2
931 q32 933 %3
Qa1 942 qa3
ds1 Gs2 qs3 %5
o1 de2 963
My Myp Mgz &
M1 My Ma3 &,
m3q M3z M33 §3
H11 Hiz M3 @,
Hz1 Hzz2 H23 @,

ISSN: 2277-9655
Impact Factor: 1.852

Ei=-p;;H=-y, (6)
(Kl (3 + [Kug [{@} + [Kup [} = (F}
[Ku¢]T{u} - [K¢¢]{¢} - [K¢1p]{l/)} =0 (7

[Kull)]T{u} - [K¢1p]{¢} - [szzp]{l/)} =0
Where the different stiffness matrices mentionedhia
above equations are defined as.

(K&l = [, (B [c][B,]dv
[Key] = J, [Bu1"[q][By]dv
[Key) = [, [B]"el[By]dv
[Kgy] = [, [By]"[ml[By]dv
[K§g1 = J, [By1"[n[By]dv
(Kl = f, (B [u][By]dv
{(F} =] [Bu]"[c]dv

(8)

where {} = {oq a3 0 }'. [B, ], [B,] and B,] are
derivatives of the shape function matrix for strain
displacement, electric field potential and magnégtd
potential, respectivelyc], [d], [€], [M], [€] , [«], [A], and

[n] are the reduced elastic constant matrix,
piezomagnetic  coefficient  matrix,  piezoelectric
coefficient matrix, magneto-electric coefficient tnig
dielectric coefficient matrix, magnetic permealpilit
matrix, pyroelectric coefficient matrix and pyronmegic
coefficient matrix respectively. The shape function
matrix used in equation (8) can be written withpesg to
the four nodded rectangular elements as

H,

(4)

Whereal = Ox1, 02 = Ox2, 03 = 0x3, 04 = Tx2x3; 05 =Tx1x3; O6 —
Tyxe » D1 = Dy, D2 = Dyp, D3 = Dyg, By =By, B, = B and
B; = Bss. For plane stress problems, stress compomgnts
=04 = 05 = 0, electric displacemeiit, = 0 and magnetic
induction B, = 0 with thickness assumed as unity. The
coefficients ¢y, 7k, ik » & » Gi and my are strain
displacement, electric field—electric potential and
magnetic field-magnetic potential equations aredlse
the finite element analysis along with the constritu
equations. The straing; are related to displacement
and can be written as

S = Y2 (uj+uy) )

The electric fieldg; and magnetic fielcH; are
related to the electric potentialand magnetic potential
w, and can be written as

[B.] =
N, 0 dN, 0 ON3 0 0N,y 0
[0 " 5w
| oamamaw o
| 0 ox3 0 ox3 0 9dx3 0 a7C3| 9)
\6N1 ON1 9N, ON; 09N; 9N3 0N, %/
E 0xq a 0xq a 0xq E 0xq

dx dx dx dx
[B¢] = [Bw] = azvi azvi GN: aNllt

ox3 Oxs Ox3 03

(10)

The electric potentia$p and magnetic potential
w are eliminated from equation (7) by standard
condensation techniques. The derived stiffness ixnatr
[Keq is used to solve the Eigen vectors
[Keq]{u} = (F}

(11)
Where
[Keq] = [Ky,] + [Ku¢][KII]_1[K1] + [Kmp][KIV]_l[KIII]

(12)
The component matrices in equation (12) are
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(K11 = [Kug]" = [Kpp ] (K]~ [Kuy]”
(13)

[Ki] = [Kpp] = [Koy | [Kyy] ™ [Kp]"
(14)

(K] = [Kup]" = [Kypy]" [Kpgp] " [Kugl”
(15)

[Kiv] = [Kypyl — [Kpypl" [Kpp ] [Kpp]"
(16)

The electric potentia$p and magnetic potential
w can be computed as

¢ = [Ky ] '[K; ]{u}
(17)

Y = [Kp] ' [Kpl{u}
(18)

In the present analysis, the four point Gaussian
integration scheme has been implemented to evatlate
integrals involved in different matrices. The cagl
stiffness matrix of the system has been invertegbtain
the displacements. The coupling between electrid an
magnetic fields is neglected. The problem has been
solved to obtain the electric and magnetic potébtased
on the effect of electroelastic coupling and magnet
elastic coupling.

Thermal Distribution

Uniform temperature distribution of an electro-
magneto-elastic strip is assumed as shown in Fitha.
temperature of the strip is 500C. The layerwise
temperature distribution is evaluated by solving th
steady-state two dimensional Fourier heat condnuctio
equation using two-dimensional rectangular elements

0T1_k 2%Ti +k a2%Ti |12 (19)

ot Xl gz,2 zi 52,2
Where the Ti is the temperature change ofitheayer;
kg and k; are thermal diffusivities in the x and z
directions, respectively.
The finite element form of Fourier heat conductieads
to the following elemental matrix equation
[[K{]+ [KZ1I{T*} = {P¢} (20)
Where [(1] [K5],{T¢} and {P°} are the element
conduction matr|x convection matrix, load vectoedo
convection and element nodal temperature vector,
respectively. The temperature distribution withine t
domain is evaluated by solving equation (20).
Coupled magneto — electro — thermo — elastic prable

The coupled constitutive equations for
anisotropic and linearly magneto-electro-elastididso
can be written as

oi = Cik(Sk — o) — exiEx — qiiHy

Di = eikSk + nikEk + mika + E—’lT

(21)
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Bi = qikSk + myEx + p, Hy + ;T

Whereo; D;and B are the components of stress,
electric  displacement and magnetic induction,
respectively. & mi Mk &, and o; are the elastic,
dielectric, magnetic permeability, pyroelectric and
pyromagnetic coefficients, respectivelyy & and my
are the piezoelectric, piezomagnetic and magneictat
material coefficients respectively.,,EHc ax and T are
electric field, magnetic field, thermal expansion
coefficient and small temperature difference,
respectively. In the present analysis, the couplhede-
dimensional constitutive equations (21) for a magne
electro-elastic solid in the;, plane are assumed to be
isotropic. The constitutive equations can be wmitie
matrix form as (4)
The thermodynamic potential G can be written as

1 1 1
G = - SgcaSk — 5 Exny Ex — 5 Hgwy Hi — SkexiEix —
SkdkiHik — HgmiEx — Sk, 0k

(22)
Wherep,; is the stress—temperature coefficient. The strip
is discretized using four nodded elements havingr fo
nodal degrees of freedom viz thermal displacemettie
x; and x directions, and electric and magnetic potentials.
It can be represented by suitable shape functsutd) as
U = [Ny Kul; ¢ = [No] {¢}; v = [N, K}

(23)
where {u} = {u; s }", u; and y are displacements in the
X, and % directions, respectively. Substituting equations
(20), (5), (6), and (23) into (22), we get the daling
coupled finite element equations (after assembting
elemental matrices)

[Kuul{u} + [Kug {0} + [Kuy[{w} = {Fun}
[Kupl "0} — [Ko) {03 — [Kpy ] W} = 0
(24)
[KUW]T{u} - [K(j)\y]{d)} - [K\y\y]{\"} =0
Where the different stiffness matrices mentionedhia
above equations are defined as (8) and (25)

F&n} = J, [Bul"[c][a]6dv (25)

where f} = {a; a3 0 }'. [B, ], [B,] and [B] are
derivatives of the shape function matrix for strain
displacement, electric field potential and magnéttd
potential, respectively. [c], [q], [e], [m]n] and [u] are
the elastic constant matrix, piezomagnetic coeffiti
matrix, piezoelectric coefficient matrix, magneteeric
coefficient matrix, dielectric coefficient matrix nd
magnetic permeability matrix, respectively. The pha
function matrix used in equation (8) and (25) can b
written with respect to the four nodded rectangular
elements as (9) and (10).
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The electric potentiab and magnetic potential
y are eliminated from equation (8) by standard
condensation techniques. The derived stiffness ixnatr
[Ked is used to solve the Eigen vectors
[Keq]{u} = {Fth}

(26)

Where[Ke,| in (12)

The component matrices in equation (12) are (13) to
(16).

The electric potentiap and magnetic potentigl can be
computed as (17) and (18).

In the present analysis, the four point Gaussian
integration scheme has been implemented to evatlate
integrals involved in different matrices. The cadgl
stiffness matrix of the system has been invertegbtain
the thermal displacements. The coupling betweestrade
and magnetic fields is neglected. The problem leenb
solved to obtain the electric and magnetic potébtased
on the effect of electroelastic coupling and magnet
elastic coupling.

Results and Discussion

A three-layered electro-magneto-elastic strip
made of piezoelectric (BaT{p and piezomagnetic
(CoFe0O,) materials with each having equal thickness.
The piezoelectric BaTiQand piezomagnetic Cop®,
are both transversely isotropic with their symmetrys
along the x3 axis. The material coefficients for
piezoelectric (BaTig) and piezomagnetic (Cofay)
materials are listed in Table.1: One stacking secee
BaTiO,/BaTiOy/BaTiO; (named B/B/B) is investigated.
Further we will investigate BaTip CoFeO, BaTiO;
(named B/F/B) and Cok®,/BaTiOy/CoFgO, (named
F/B/F). The length of the composite stfip) = 0.06 m
and the thicknes@) = 0.01 m. The discretization of the
finite element model is shown in Fig. f&r thermal and
structural analysis.

A both ends are fixed multilayered composite
strip  constructed  magneto-electro-thermo  elastic
materials subjected to a uniform heat supply invtidth
direction has been investigated.

Table.1: Material properties for piezoelectric (BaTiO5) and
piezomagnetic (CoFgD,) materials

Parameter BaTiO; CoFeOQ,
Elastic constants

C11=C,; (GPa) 166.0 286.0
Cu 77.0 173.0
C13:C23 78.0 170.5
Css 162.0 269.0
C44=C55 43.0 45.3
Ces 445 56.5
Piezoelectric constants

e = &y, (C m?) -4.4 0.0
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€3z 18.6 0.0
e 11.6 0.0
Piezomagnetic constants

Os1 = G1 (N AT m?) 0.0 583.0

Dielectric constant

N1=N22 (10° C* N'* m?) 11.2 0.08
N33 12.6 0.093
Magnetic permeability

constants

H11=Hz2 (10° N & C?) 5.0 -590.0
Hsa 10.0 157.0
Thermal expansion

coefficients

=0, (10° K™ 15.7 10.0
o3 6.4 10.0
Magnetoelectric constants

my =My, (N s VI CY 0.0 0.0
m* 0.0 0.0
Thermal conductivity

M=ho=Ag (W mt K™ 2.5 3.2

Validation of the present formulation

The electro-magneto-elastic strip is degenerated
to a single piezoelectric (BaTiD layer. The present
formulation is validated with a mechanical and thakr
loading condition. First, mechanical and thermaildiog
conditions are evaluated and compared with the
commercial finite element package ANSYS. Figure 4 &
5 shows the displacement due to the mechanical and
thermal load vector and electric potential obtaibgdhe
present formulation is compared using ANSYS.

Present

3.0x10°4

2.0x10°4

5

Displacement(m)
°
g

-1.0x10° 4

-2.0x10° 4

-3.0x10° 4

T T T T T T T
1 2 3 4 5 6 7
Thickness(m)

Fig.4: Variation of displacement piezothermoelastistrip
subjected to fixed — fixed boundary condition
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Electrical Potential(v)
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T
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Fig.5: Variation of electrical potential piezothermoelastic

strip subjected to fixed — fixed boundary condition

Mechanical loading
Fixed — free end boundary condition
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——BFB
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Thickness(m)

Fig.8: Compare the electrical potential along thickess

direction for B/F/B and F/B/F stacking sequence

In the present analysis, mechanical force F is
assumed to be 2000 N acting opdownward direction.

Fig. 6&7 shows the compare the displacement along

204
184
164
144
124
1.04
0.84
064

——BFB
rrrrrrrr FBF

length and thickness direction for B/B/B, B/F/B and
F/B/F stacking sequences and also Fig. 8 & 9 shbwers

comparison of electrical

potential along thickness

direction for B/F/B and F/B/F stacking sequence.

2.0x10° 4

Displacement(m)
g
5

elastic

,,,,,,,, electro-elastic

magneto-electro-elastic

T
0

T T T T T T T )
5 0 15 20 25 30 35 40
Length(m)

Fig.6: Compare the displacement along length direain for
B/B/B, B/F/B and F/B/F stacking sequence
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Displacement(m)

-1.48x10°
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-145x10°
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elastic
———————— electro-elastic
magneto-electro-elastic

\

T T T T T T T
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Fig.7: Compare the displacement along thickness diction
for B/B/B, B/F/B and F/B/F stacking sequence
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0.2
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0.8

-1.04
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-1.44

-16 T T T T T T

Magnetic potential

Thickness(m)

Fig.9: Compare the magnetic potential along thicknes
direction for B/F/B and F/B/F stacking sequence

Thermal loading
Fixed — fixed boundary condition

In the present analysis, the uniform temperature
difference® is assumed to 5G. Fig. 10: shows the
compare the displacement in thickness direction for
B/B/B, B/F/B and F/B/F stacking sequences and Bigo
11 & 12 shows the compare the electrical poteraral
magnetic induction along thickness direction foFF®/
and F/B/F stacking sequence.

Thermo-elastic
"""" electro-thermo-elasti
magneto-electro-thermo-elastic

3.0x10°4

2.0x10°4

1.0x10°

0.0

-1.0x10° 4

Displacement(m)

-2.0x10° 4

a0t 7

Thickness(m)

Fig.10: Compare the displacement along thicknessriction
for B/B/B, B/F/B and F/B/F stacking sequence
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Electrical Potential(v)

Thickness(m)

Fig.11: Compare the electrical potential along thikness
direction for B/F/B and F/B/F stacking sequence

——BFB
rrrrrrrr FBF

Magnetic Potential(C/s)
o UbhAbvbhoOoRNMN®E OO~ ®

Thickness(m)

Fig.12: Compare the magnetic potential along thickess
direction for B/F/B and F/B/F stacking sequence

Conclusions

In this study, the finite element procedure is
used to investigate a three-layered electro-magneto
thermo-elastic strip along the thickness direction
mechanical and thermal loading conditions. As an
illustration, we carried out calculations for a dé@r
layered composite strip composed of
piezoelectric/piezomagnetic behaviors in the ststicly
for mechanical load and temperature change,
displacement, electrical potential and magnetic il
distributions. Furthermore, we have investigate@ th
influence of pyroelectric/pyromagentic effect on
displacement, electrical and magnetic potentialis Th
study is considered to be useful in the design ajmeto-
electro-elastic sensors/actuators for smart stractu
application in the various mechanical and thermal
loading conditions
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