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Electroelastic Problem of Two Anti-Plane Collinear Cracks at the Interface
of Two Bonded Dissimilar Piezoelectric Layers

B. M. Singh, J. Rokne and R. S. Dhaliwal'

Abstract: Under the permeable electric bound-
ary condition the problem of two collinear anti-
plane shear cracks situated at the interface of two
bonded dissimilar piezoelectric layers is consid-
ered. It is assumed that applied longitudinal shear
stress and electric loading at the layer surfaces are
prescribed. By the use of Fourier transforms we
reduce the problem to solving a set of triple in-
tegral equations with a cosine kernel. The triple
integral equations are further reduced to a Fred-
holm integral equation of the second kind whose
iterative solution has been obtained. Analytical
expressions for the stress intensity factors are ob-
tained. Numerical results are presented in the
form of graphs and compared with the results of
stress intensity factors of two collinear cracks in a
homogeneous elastic layer.

1 Introduction

Research in the area of piezoelectricity has led to
the development of a variety of important elec-
tronic and electromechanical devices which are
being used in spacecraft launch vehicles and mil-
itary equipment. When piezoelectric ceramics are
subject to mechanical and electrical loads in ser-
vice, flaws or defects caused by manufacturing
may lead to premature failure of these materi-
als (or composites) due to static anti-plane and in
plane electric loading which have been studied by
several authors. In recent years, many researchers
have studied crack problems in piezoelectric ma-
terials. Shindo et. al. (14; 15; 16) have made a
systematic study on the electro-elastic field of a
piezoelectric strip with a central crack parallel to
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or perpendicular to the strip boundaries. Closed
form solutions for one or two cracks in the lay-
ers or strip have been obtained by Li and Duan
(8), Li (9; 10), Zhong and Li (19) and Li (11; 12).
Singh, Rokne and Dhaliwal (17) have solved the
problem of two cracks in a layer by obtaining a
closed form solution. The problem involving two
collinear or parallel anti-plane shear cracks in a
piezoelectric layer bonded to two half-spaces has
been treated by Zhou et. al (20) and Zhou and
Wang (21). Chen and Yu (1), Chen et. al. (2) and
Li, X. F. et. al. (7) have considered the problems
of a crack at the interface of two dissimilar piezo-
electric materials. It is also important to mention
some recent work by Haiisler, C. et. al. (6) and
Gao, C.L. et. al (4) on the interface cracks in two
bonded piezoelectric materials.

In this paper we consider the problem of two anti-
plane shear cracks situated at the interface of two
bonded infinite layers of different piezoelectric
materials subjected to longitudinal shear stresses
and electric loading on the layer surfaces. By the
use of Fourier transforms we reduce the problem
to solving a set of triple integral equations with
a cosine kernel which are further reduced to the
solution of a Fredholm integral equation of the
second kind. Iterative solution of the Fredholm
integral equation has been obtained in terms of
inverse powers of A, by assuming s, >> 1 and
h, > h; where hy and h; are the thicknesses of
the two layers. The case h; > h; is can be treated
in a similar manner. Analytical expressions up to
the order of h,~® has been obtained for the stress
intensity factors at the edges of the cracks. Nu-
merical results are presented in the form of graphs
and compared withe the results of stress intensity
factors of two collinear cracks in a homogeneous
elastic layer.
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Figure 1: The two collinear interface cracks between two bonded dissimilar piezoelectric layers.

2 Formulation of the problem and basic
equations

Consider two bonded dissimilar piezoelectric lay-
ers, of infinite extent in the xz-plane and finite
thickness A; and h; in the y direction. Two infi-
nite cracks of width 2a are located at the interface
y = 0 and the cross-section of the layer is shown
in Fig. 1.

Here Cartesian coordinates x, y, z are the principal
axes of the material symmetry, while the z axis is
oriented in poling direction of two piezoelectric
layers. Therefore, in this case there is only non-
vanishing out-of-plane displacement w(x,y) and
in-plane electric potential ¢(x,y) which satisfy
the following basic governing differential equa-
tions of anti-plane piezoelectricity:

caa(j) V2w () +ers(y V29 =0, } "

2 24
eis() Vo) —€n Vo) =0,
in the absence of body forces and free charges
where c44(),€11(j) and eys5(;) are the shear mod-
ulus, the piezoelectric constant and the dielec-
tric constant, respectively. V2 represents the two-

dimensional Laplacian operator and subscripts
j=1and j =2 specify the quantities in the upper
and lower layers, respectively. Respective compo-
nents of anti-plane shear stress and in-plane elec-
tric displacement in each piezoelectric layer are
given by the following equations:

Ozx(j) = Ca4(j) Yex(j) — €15() Ex(j) 2
Ooy(j) = C44()) Yey(j) — €15() Ey(j): 3)
Dy ;) = e1s(j)Yex(j) + €11 Ex(i)» )
Dy ;) = e15(j) Yoy (i) +E11 () Ey(j) )

where (0y ), 0z ;) are the shear moduli and
(Dx ;s Dy,;) are the components of the electrical
displacement vector. The where anti-plane strain
and electric field in each piezoelectric layer are
given as follows

8W( ) 8W( )
Yoxt) = 3 Yoli) = ay] : (6)
99()) 99())
E)=="3¢ Bu=""3 @
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3 Boundary conditions

We assume that the longitudinal shear stress and
electric displacement are prescribed at the upper
and lower surfaces of the layers and hence the
boundary conditions are:

Gzy(l)(xahl) = Gzy(z)(x, —hz) =Ty, —o <X < oo,
(®)
Dy(z)(x, —hz) =Dpy, —oo<x <00

€))

Dy(l)(xvhl) =

where 15 and Dy are constants.

We assume that the electric potential and the nor-
mal electric displacement are continuous across
the crack surfaces at y = 0 and that the crack sur-
faces are free of longitudinal shear stress. Hence
we have

GZ)(l)( O+) Czy 2)()6,0 ) 0,
O1)(x,07) = 2 (x,07), c<lx[ <L
Dy(1)(x,07) = Dy2)(x,07),

(10)

In addition, the electric and elastic fields should
fulfill the following continuity conditions along
the interface:

Gzy(l)(xv O+)

z)(2)(x 0~ ) }
Dy(1)(x,07) =

)(2)(x70 )7
x| >1, 0<|x| <c. (11)

w(n) (x,07) = wp) (x,07), }
O(1)(x,0%) = d(2)(x,07),
x| >1, 0<|x| <ec. (12)

4 Solution of the problem

Due to the symmetry of the problem under con-
sideration, it is sufficient to analyze the right-half
portion x > 0. Using the Fourier cosine trans-
forms, it is easy to obtain an appropriate solution
of equations (1) in the form

Wj(xvy) =
| 14s(E)eosh(y) + B, (&) sinh(y€) cos(x8) &
+ajy, (13)
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¢j(xvy):
|| 1C(E)cosh(vE)+D;(8) sinh(y) os(x&)d
+bjy, (14)

x>0, 0<y<hforj=1,
—hy <y<O0forj=2,

where A;(§),---,D;(&) (j =1,2) are unknown
functions to be determined. For the convenience
of satisfying the conditions (8) and (9) we assume
that

g To€11(j) +Doeis(j) (15)
T s teanEng |

b Toe1s(j) — Docaaj) ' (16)
T Ledsy) teanEng)

From equations (3), (5) and (13)-(16) we find that

O(j) = T0 +/ E[(caa(jAj +eys(;)C;) sinh(yE)

+ (caa(jyBj+e15(j)D;) cosh(yE)] cos(x§ )d&,
(17)

Dy = Do+ [ EllersipAj —enCy) sinh(36)
+ (e1s(jBj — €11(j)D;) cosh(yE )] cos(x& )d&.
(18)

Now the boundary conditions (8) and (9) will be
satisfied if

By =—-A; tanh(hlé), D= —-C; tanh(hli), (19)
B, =A, tanh(hzé), Dy, =C tanh(hzé). (20)

With the help of conditions (10), (11) and (12); at
y = 0 we find that

By = ay1By +a2Dy, (21)
D, = ay 1By +axDy, (22)
C =0y, (23)
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where
c e +e 4
= 44(12) 11(2) T€15(1) 15(2)’ (24)
€ls5(2) T Ca4(2)€11(2)
e £ — € e
L, = B0AIE T AN 15(2)7 (25)

€is2) T Caa)En)
) — C44(1)€15(2) — C44(2)€15(1) (26)
21 — )
els) T Ca)Ee)
g — €15(1)€15(2) T C44(2)€11(1) 27
2= )
els2) T Ca)En)

From the above result we can easily find that

aArJi2(&)

= = " 2
G=G 1 +andin(&) %)

_ |y, @andi(§)
Ay =—|an T+ anin(E) Ji12(8)Aq, (29)
where

_tanh(h§)

ha(S) = tanh(hy€)’ (30)

From the equations (13) and (17) we find that
w2 (x,07) —wi (x,07) =
| e - aicos(eg)ag, 1)

O, r(l)(xv O+) -

2y

170—1—/0005[644(1)31 +e5(1)D1] cos(x§)dE.  (32)

With the help of equation (29) we find from equa-
tion (31) that

wa(x,07) —wi (x,07) =

—/Om [1 +aiJia(§) —

anaxJi (&)
1 +a22J1122(§) A1(6)

cos(x)dE. (33)

Making use of equations (19) and (28), the equa-
tion (32) can be written in the form

1)(x,0+
ey5(1ya21J12(8)
T T tandn(@) EA1(8)
tanh(h &) cos(xE)dE.  (34)

T0 — [644
0
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Using equations (33) and (34), the boundary con-
ditions (10); and (12); lead to the following inte-
gral equations

/MM(é)cos(xé)dézQ O0<x<e, x>1, (35
0

/O°° EM(E)[Ro+R(E,hi, hy)]cos(xE)dE = gq,-o’
c<x<l1, (36)

where

M(E) =

[(1 +a1112(8)) (1 +an/i2(§)) —alzazllez(i)]
1 —|—6122J12(§)

R(é,hl,hz) = tanh(hlé)
[ caay (1 +and12(8)) —aziers2(8) ]
(I+anJ12(8)) (1 +anJi2(§)) — annazJi, (&)

—Ro, (38)
_ [ caa(y(1+an) —azes) ] 39)
(1+ai1)(1+axn)—anay |
We note that when

& — oo, J12(€) — 1. (“40)
We assume that
1 1

M(E)= g | esin(Enar @
ERy Je

and then following Srivastava and Lowengrub
(18) it is found that the solution of the triple in-
tegral equations equations (35) and (36) leads to
the following Fredholm integral equation of the
second kind for the determination of h(x?):

1
)+ / WK (2, 1)dt = F(2), c<x< 1,
42)

satisfying the condition

1
/ h(x*)dx =0, (43)
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where
K(x*1) =
1 1
N 2/‘ 1—-y%\ 2 yKi(y,0)dy
s ) .\ —&2 V22
(44)
Kl(yvt):
1 /= .
& ) REmm)eos(Ey)sin(Ends. @s)
F(xz):
2 X2 —c? %/1 1—y? 2 ydy
P ) c\2—2) 2
G
c<x<1, (46)

Ve -2)

C; being an arbitrary constant determined by the
condition (43). The analytic solution of equation
(42) is not easily possible for i, << 1. If we as-
sume hp >> 1 and hy > hy or h; > hy then K;
may be expanded in the inverse powers of /4, in
the form:

I I
Kl(y,r)—[%+};i( ra) 10| @)
2

where

(_71)./00 241 tanh(eu)

Ro|14-2i

caa(1) (1 +anLi(eu)) — azeysqyLi(eu)
[(14a11 L (€u))(1+anLi (eu))—aar L3 (eu)]

i=

—Ro] du, (48)
e= M ey = BEW o )
T ! ~ tanh(u) =
And we find that

1
2 (x¥*—c*\?

K2 ==
@n-2(3=5)
[Iot It

3
2T W <z2+3x2 — 5k2) +0(h2‘6)] ., (50)

99

where
K =1-c. (51)

Integrating both sides of equation (42) with re-
spect to ¢ and using equation (43) we find that

"’{<2
+4 (1
G

dx+—/clh(t)[2)zt(E cF)
5k2> (E—C?F)—c*(E+F)

+ 25}] dt +0(hy%), (52)

where
E:E(g,k) F= F(g,k) k=(1-c?)2, (53)
1 1
2 2\ 2 1 2 2
(¥ —c 1-y ydy
W(x)_m(l—xZ) /L <y2—62> y2—x2
(54)

E and F are elliptic integrals of the second and
first kind respectively as defined in the book of
Gradshteyn and Ryzhik ((5), pp. 904-905). Now
h(x?) must satisfy the integral equation

2) 4 / M

where

t=8(x%), c<x<1,
(55

Vi —2;2)(1 —2) [flz_o ( - %)

3 E
s 2,22 2 £k
+h4{(t+2k)(x 7)
E
F

M(x*,t) =

2
132 1)+ =+ — 2ok H +0(hy%),
(56)
2_
S(Xz) _ (x E/F)TO (57)

VE—a)i-2)
Solution of equation (55) may be written in the
form

x2 x2
h(xZ) _go(xZ)_i_gl}(l% )+g2}(li )+0(h2_6)7

c<x<1, (5%
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where

{g0(:?),81(:x*)} =
(¥*—E/F)T, 1
[@2—&XI—QN%{L_EhG} (59)

C
2 0
g(x7) = Co(x¥* —E/F)
20 = e e o
2L (3P +CiP + )], (60)
with
2E
coz1+c2—7, 61)
C fﬁ—(wcz) (62)
1—4C0 )
, E K
=+ =0 ——]. 63
G=c +F e (63)

Gzy(l)(xv 0) =
2 (Yth(Pdr 2 b,
- Sy — %/L h([ VK, (x,l)dl-i—l'o,

0<x<c, x>1. (64)

From equations (47) and (58) - (60) we find that

or [200Co  I3C

/clh( VK (x,1)dr = ?[ 2 Ohg

ZIOCO (3 +Ci+ ﬁ) ] +0(h9).
(65)

_|_

2

For 0 < x < ¢, we have
/‘ th(t?)dt
e t?2—x2

E/F —x* I 12C?
2 X, 2n3 4k}

LGy [3x*+C1x* +C 1+,
3
203 { X, T

+c}]+0w?» (66)
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and forx > 1
Uth(t?)dt
/c x2 —12

2 I 22
_ T (C2EE ) (106 hG
2\ x 212 4k}

LCo (3x*+Cix2+C 1
_12 x—|—1x+2_3 +c+x2
2h3 X,

—C H +0(hy®), (67)

where
Xi=\/(@—2)(1-2), (68)
Xo= /(2 — )2 - 1), (69)

We find that the stress intensity factors which are
defined by

K? = lim [2(c —x)]2[0y2(x,0)ocvec (70)

xX—c™

=

K{ = lim 2(x—1)]

x—>1

[G)’Z(xv O)x>1] (71)
are given by
Kf =
Cy 3G
B _[(gr-e(1- %, BS
(I1—=c?)c 2hs  4h;

‘C°{3 +CE+GCY+0(hy )], (72)

ILCy I*C?
K=" |1—g/F)(1-2%0 0400
) 202 " 4nd

LGy

2h4 (34+C1+C)+0(hy )] . (73)

The equations (72) and (73) give the stress inten-
sity factors at the edges of the crack.

The expressions (71) and (83) represent the ex-
pressions for stress intensity factors only for
hy >> 1 and not for general values of A;.

If we assume that /i — oo then the integrals Iy and
I; are divergent and results for the stress intensity
factors from equations (72) and (73) are not eas-
ily possible. If we assume that iy = h, then the
integrals [y and /; are convergent.
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If hy = hy,hy — oo in equations (72) and (72) we
get the results for two collinear cracks in an in-
finite homogeneous medium under shear load as
shown in reference (13). If we assume the the
thickness of the layers tend to infinite in refer-
ences (11) and (12) we get the result for stress
intensity factor for one crack lying at the interface
of two infinite materials, which are independent
of the materials. In the same way in this case the
two collinear cracks lying at the interface of two
infinite piezoelectric materials, their stress inten-
sity factors are not dependent on the piezoelectric
materials

In the same way intensity factors for the electric
displacement at the crack tips can be obtained.

Using equations (19) and (28) we can write equa-
tion (18) in the following form:

Dy(l)(xv 0+) =Dy

_/°° [021811(1)J12(§)+€15(1)(1+022J12(§))
0 1+axJi2(8)
x & tanh(h &) cos(xE)A (E)dE. (74)

Now substituting for A; from equation (37), the
above equation may be written as

Dy1)(x,07) = Do
_ % /Omg [R1 + Ry (&, hy,hy)]cos(xE)M(E)dE,
(75)

where

R — axi€yi(1y+esn (1 +axn) (76)
: (14+an)(1+axn)—anay’

Ry (&, hi,hy) =
ani€11(1J12(8) +ersy[l +axndiz(8)]
[1+aiidi2(8)][1 +andi2(8)] — anandi (&)
« tanh(m &) —Ry. (77)

Substituting for M from equation (41) we may
rewrite equation (75) in the form

2R 1 2
Dy(1)(x,0") = Do — ‘/ (e )dr

Y TRy 12 —x2
_ 2 [k nde, (78)
TCR() . 2 Ay )
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where
Ko(x,1) = /0 " Ra(E, i, ha) cos(xE ) sin(1E)dE.
(79)

The electric intensity factors at the edge of the
crack are defined by

N—

K? = lim [2(c —x)]

xX—c™

KP = lim [2(x—1)]

x—1t

[Dy(1)(x,0 )ocxee],  (80)

[D)’(l)(x70+)x>l]- (81)

D=

Now from equations (78), (80) and (81) we find
that
D D\ _ R, T T
(Kc 7Kl ) - IT(Kchl) (82)
0
where K7 and K are given by equations (72) and
(73) respectively.

5 Numerical results and discussion

For numerical results we assume the upper layer
of material PZT-4 and lower layer of material
PZT-5H. The material properties of PZT-4 are:

caa(1) = 2.56 x 10'°N /m?, (83)
eys5(1) = 12.7C/m?, (84)
ey = 64.6 x 10019/ Vm (85)

and the material properties of PZT-5H are:

Caa(2) = 2.3 x 10'°N /m?, (86)
ey5(2) = 17.0C/m?, (87)
el = 150.4 x 1019C/Vim (88)

By using the above values of the material con-
stants the numerical values of the stress inten-
sity factors K and K{ have been calculated from
equations (72) and (73) respectively.

For the numerical values we assume that 7| =
hy = h(constant). The numerical values of T;(\‘;Z

Kt . . . .
and —- have been displayed in Figs. 2-5 against

the lagler thickness 4 which are shown by thick
lines. In Figs. 2-5 dotted lines shows the curves of
the stress intensity factors for two collinear cracks
in the homogeneous elastic layer under torsion
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Figure 2: The variation of stress intensity factors rfﬁ with 4 for hy = hy = h,c=0.1.
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Figure 5: The variation of stress intensity factors
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when the plane surfaces of the layers are clamped.
The numerical results for two collinear cracks in
a homogeneous layer are obtained from the ex-
pressions of stress intensity factors of the paper
Dhaliwal, Singh and Chehil (3) and are plotted by
dotted lines in Figs. 2-5. If we compare the curves
for stress intensity factors of cracks in piezoelec-
tric layers with stress intensity factors of cracks
in a homogeneous elastic layer, then the results
of stress intensity factors for two cracks in piezo-
electric layers are reasonable and we find that the
trends of the stress intensity factors change more
for h < 4.
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