Journal of Solid Mechanics Vol. 12, No. 2 (2020) pp. 438-454
DOI: 10.22034/jsm.2019.1871279.1459

In-Plane Analysis of an FGP Plane Weakened by
Multiple Moving Cracks

R. Bagheri ", M. Mahmoudi Monfared *

'Department of Mechanical Engineering, Karaj Branch, Islamic Azad University, Karaj, Iran
Department of Mechanical Engineering, Hashigerd Branch, Islamic Azad University, Hashigerd,
Iran

Received 19 March 2020; accepted 14 May 2020

ABSTRACT

In this paper, the analytical solution of an electric and
Volterra edge dislocation in a functionally graded
piezoelectric (FGP) medium is obtained by means of
complex Fourier transform. The system is subjected to in-
plane mechanical and electrical loading. The material
properties of the medium vary exponentially with
coordinating parallel to the crack. In this study, the rate of the
gradual change of the shear moduli and mass density is
assumed to be same. At first, the Volterra edge dislocation
solutions are employed to derive singular integral equations
in the form of Cauchy singularity for an FGP plane
containing multiple horizontal moving cracks. Then, these
equations are solved numerically to obtain dislocation density
functions on moving crack surfaces. Finally, the effects of the
crack moving velocity, material properties, electromechanical
coupling factor and cracks arrangement on the normalized
mode I and mode II stress intensity factors and electric
displacement intensity factor are studied.

© 2020 IAU, Arak Branch. All rights reserved.

Keywords: Mixed mode loading; Multiple moving cracks;
Functionally graded piezoelectric materials; Dislocation
technique; Field intensity factors.

1 INTRODUCTION

IEZOELECTRIC materials have been extensively used in electromechanical devices. These kinds of

devices have played a significant role in the smart systems of aerospace, automotive, medical and electronic
fields [1]. Mechanically and electrically induced stresses can cause premature failure of these devices due to the
propagation of flaws or defects during production and/or in-service condition. Functionally graded materials
(FGMs) play an important role in many complex systems for their superior properties. In most cases, FGMs are
inhomogeneous with properties varying spatially and characterized by gradually changing material constants. In
order to improve their application and reliability, FGMs can be extended to piezoelectric materials. When FGM
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materials are combined with piezoelectric properties, new materials emerge known as functionally graded
piezoelectric materials (FGPMs). These materials are widely used because of both of these properties and are
used in important fields such as aerospace, nuclear power, chemical plants, electronics and biomaterials. On the
other hand, since FGPM materials have a doping effect between the elastic domain and the electric domain, they
are therefore widely used in the manufacture of actuators or sensors in intelligent composite systems. The
physical properties of FGPMs are non-homogeneous and the electro- mechanical parameters may vary
continuously in particular directions. The main advantage of FGPMs over conventional composites is the absence
of any interfaces. It is generally well known that FGPMs are very brittle and capable to fracture with low
toughness. Thus, the investigation of the fracture analyses of piezoelectric materials could provide information to
improve the design of electromechanical devices. For the cracks in piezoelectric solids and stress analysis in
cracked materials, one of the most important issues is to investigate the fracture parameters, such as
microstructural parameters, stress intensity factors and J-integral by employing the advanced numerical method
[2—4]. Clearly, a moving crack has completely different characteristics from the static one. Great progress has
been made in the analysis of cracks in bodies made up of FGMs. A brief review of the articles regarding the crack
problem in piezoelectric materials under electromechanical loading is mentioned below. The fracture analysis of
an infinitely long piezoelectric ceramic strip, containing a Griffith moving crack with constant velocity was
studied by Kwon et al. [5]. Gao et al. [6] addressed an anti-plane problem of moving crack along the interface
between two dissimilar piezoelectric medium. The crack is assumed to be permeable crack. Li and Weng [7]
analyzed the problem of the moving cracks in a functionally graded piezoelectric material. Meguid et al. [8]
considered the problem of a moving crack in an infinite medium with spatially varying elastic properties
perpendicular to the direction of the crack propagation. The article by Wang et al. [9] deals with the Yoffe-type
moving crack with a constant speed at the interface of two dissimilar piezoelectric half planes by using complex
variable technique. The problem of an impermeable moving crack with a constant length propagating in a
piezoelectric strip was considered by Li [10]. The cracked piezoelectric layer under the action of uniform anti-
plane traction and in-plane electric field. Hu and Zhong [11] considered the fracture behavior of a functionally
graded piezoelectric strip containing a constant speed moving crack under impermeable and permeable
conditions. Piva et al. [12] solved a transversely isotropic piezoelectric medium with an impermeable and
permeable Griffith moving crack under a remote generalized electro-mechanical loading. Yan and Jiang [13]
obtained an analytical solution to the moving crack problem in a functionally graded piezoelectric material under
an in-plane loading. In another work, the plane problem of two piezoelectric semi-infinite spaces with an
interface moving crack under the permeable electric condition with an account of electric traction on its surfaces
is investigated by Lapusta et al. [14]. In accord with the above studies, there is not a promising examination
regarding the multiple moving cracks interaction with arbitrary arrangement in the piezoelectric materials. The
distributed dislocation method has been introduced as a powerful tool to obtain the field intensity factors in the
piezoelectric materials weakened by multiple cracks. Li and Lee [15] considered a piezoelectric plane with two
collinear unequal cracks under mode-I electromechanical loadings. Asadi [16] employed Volterra climb and glide
dislocations to analyze an infinite transversely isotropic piezoelectric plane having co-axial annular cracks under
axisymmetric electromechanical loading. The results were used to evaluate field intensity factors for a system of
interacting annular and/or penny-shaped cracks. Bagheri et al. [17] provided the calculation of the stress intensity
factors for multiple moving cracks in a functionally graded magneto-electro-elastic strip under an anti-plane
mechanical and in-plane magneto-electrical loading based on the distribution of screw dislocations. The
distributed dislocation technique was also applied to the analysis of a piezoelectric substrate with imperfect
functionally graded orthotropic coating (Bagheri et al. [18]) and interface crack in two bonded dissimilar
materials (Monfared et al. [19]) in which the interaction of several cracks was studied. Wang and Pan considered
the problem of a screw dislocation in functionally graded piezoelectric solids [20]. Monfared and Ayatollahi [21]
determined stress and electric displacement intensity factors for several cracks with various configurations in an
infinite piezoelectric plane under impermeable and permeable conditions. Bagheri [22] studied the interaction of
multiple horizontal cracks in a piezoelectric half-plane under anti-plane transient loading. He employed the
distributed dislocation technique to determine the field intensity factors. To our best knowledge, in the previous
studies (which deals with the relatively simple problem of cracked functionally graded piezoelectric materials), it
is assumed that in the direction(s) parallel to the plane of the crack the material properties does not vary. In the
case of fracture of such a nonhomogeneous medium since, generally, the plane of the crack is not a plane of
symmetry, and hence the propagating crack would eventually align itself parallel to the direction in which the
material properties vary.

In the present study, it is then assumed that the crack is located on the y = 0 plane, the material properties are
an exponential function of x. However, no solution has been presented for the multiple moving cracks in
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functionally graded piezoelectric materials wherein material properties vary exponentially in the plane of the
crack direction. The paper is organized as follows: the dislocation solution is accomplished in an FGP plane,
wherein the material properties are an exponential function of x in section 2. The solution of the mixed-mode
problem of multiple moving cracks as well as the solution of the system of integral equations is obtained in
section 3. Section 4 contains the numerical results. Finally, concluding remarks are provided in section 5.

2 MOVING ELECTRO-ELASTIC DISLOCATIONS IN AN FGP PLANE

As shown in Fig. 1, the problem under consideration consists of moving electric and Volterra edge dislocations in an
FGP plane with properties that vary as a function of coordinate x. Although, the jump in the electric potential is not a
type of dislocation, it is referred here as the electric potential discontinuity for convenience. It is worth noting that
the medium is free of any mechanical and electrical loads. Let x and y, denote Cartesian coordinates and suppose
that a piezoelectric material occupies the entire space except for the region y =0, x >0, where there are electric

and Volterra edge dislocations with the discontinuity strength and Burgers vectors. The electric dislocation is
initially assumed to remain open to prevent the transfer of electric potential between its faces. On the other hand, the
electro-elastic dislocations obstruct the electric potential as shown in Fig. 1.

Fig.1
Schematic view of functionally graded piezoelectric plane
with moving electro-elastic dislocations.

Field equations for piezoelectric materials are given by [15]

ou(X.,Y .t ov(X.,Y.t) 0p(X ,Y ,t
Oxx (X,Y J):cII(X)T)_'_CIB(X)a—Y—FeN(X)%
ou(X,Y ,t ov( XYt op(X Y ,t
o, (X,Y,t):clz(X)%+c33(X)%+eB(X)%
u(X .Y t) ov(X.Y 1) (X Y ,t)
XY, t)= X X)——= 1
Oy (. ) =Ch (X ) oy + ox )+es(X) P% (D
ouX,y ,t) ov(X.,Y,r) op(X ,Y ,t)
D, (XY, )= X — X)———=
x ( ) =e;5(X ) 7 oy )—&,(X) e
u(X .Y ) v (XY ,1) dp(X Y ,t)
DY (X,Y at):e31(X)T+e33(X)T_533(X)T

where o, , o0,, and o,, are the in-plane stress tensors, D, and D, are the in-plane electric displacements.
Also,c;,(X),c;(X),c3(X) and ¢, (X ) are the elastic modules, e, (X), e, ;(X) and e, (X) are the
piezoelectric parameters, and &, (X ) and &,,(X ) are the dielectric permittivity of the FGPMs. Crack problems in

the non-homogeneous piezoelectric materials do not appear to be analytically tractable for arbitrary variations of
material properties. To this end, it is a general practice to adopt suitable mathematical functions to represent the
variation in properties for which the problem becomes tractable. Similar to the treatment of the crack problem for
isotropic non-homogeneous materials [23], we assume that the material gradient is oriented along the x-direction and
the electro-elastic properties depend on the horizontal coordinate X as follows:

X X X X X
¢ (X) :clloeﬂ 203 (X)) :cl306ﬂ 7033(X):C33oeﬂ 1Cy (X)) :c440€ﬂ ,€3,(X) :e310eﬂ >

X X X X
ey (X) :e33oeﬁ ,€5(X) =6150€’B "911(X):811oeﬁ ,E3(X) :6‘33oeﬁ

2
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where ¢, are the elastic modules, e, are the piezoelectric parameters, and &, are the dielectric permittivity at
X =0 and p is a positive or negative constant. By neglecting body forces and electric charge density, the
equations of motion and Maxwell equation for the FGPMs are expressed by

c _62u +(Cy30 +Caa0) o +c O +(e310 +e150) ———— ¢ + f(c +c v —+e _6¢)_ _62u
10 5y 2 130 TC440) 5y T M0 5y 310 T€s0) Sy 110 130 5y €310 oY £o PN
PRy o%u 2 at’) e, o
Caay ——=+(Cj2 +C +c +e +e + =py—, 3
40 3 (€130 MO)@X&Y 30 5y 7 TAsS S r e oo pe 440(6Y 6X) Pe 150 Lo Py A3)
2 2 2 2 2
4 v v o9
—-& +e +e + (e +e —+ =0.
10372 6330 5 TS0 e TR0 0 (e310 150)6X8Y Pe 150(8Y 8X) Beio X

Let us now assume that the variation of mass density in the medium are defined by p(X ) = pye PX where Py 1s

the density X =0. It is usually convenient to study the crack propagation in a moving coordinate system (x,y,z),
with [12]

x=X-Vt,y=Y,z=2, 4)

where (x,y,t) represents the moving coordinate system, attached to the moving dislocation. By making use of (4),
the equations of motion in the moving coordinate system are cast into the form:

2 2 2

ov ou o“p ov op
c 4 + Cia +C +Cppg——+ +e c +c —+e30—) =0,
(€110 = Po ) (€130 +Caa0) —— ax oy 440 ay (e319 150) oy + B 110 130 Y 310 Gy)
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The issue of how to impose the electrical boundary conditions along the crack surfaces in piezoelectric fracture
modeling is a controversial one. Here we consider impermeable boundary conditions. To obtain the solution of
moving electric and Volterra edge dislocations, we locate an edge dislocation at the origin and let the line of
electrical potential discontinuity be the dislocation cut; thus, the electromechanical boundary conditions at the
dislocations path can be stated in the form:

u(x,0")—u(x,07)=b_H(x), v(x,O*)—v(x,Of):byH(x), (p(x,O*)—go(x,Of):bggH(x),

(6)
o, x,00)=0,(x,07), o,x,0)=0,x,0), D, (x,0=D, (x,0).

where H (.) is the Heaviside step function and b, ,b,, and b, are the displacement, electric potential and magnetic
potential jumps across the dislocation cut, respectively. By using the standard Fourier transform, the solution of the
problem (5) may be obtained as:

* *

2
v +(ﬂal+l§a2)7+(1§(a5+a7)+ﬂa5)7+((k2 a3)§ +zﬂ§a3)U =0

2 * * 2 *
d V2 +(i o, + ﬂ)%mﬁ ddyqz +(i Pay —a,C)D + (k2 -DE2+i ey " =0 (7)

* *

ay

2 1% 2
d;‘ZJr%d—VQHié(as +a7)+ﬂa7)dl+(a9§2 —i flag)D" +(i fla, —a,CP W " =
dy dy dy

-0y
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where i =+/—1 ,¢ is Fourier variable,U , V' and @ are Fourier transforms of displacement components « , v and
electrical potential ¢ respectively, and & , «;,(i =1,2,...,9) are represented in the Appendix I. The solution of the

problem satisfying the necessary far field conditions of displacement components and electrical potential may be
expressed as:

3 3 3
UNC) =2 A, @ V€)= D md, e @) =D nd, (e ®)
j=l j=1 J=l
where
R L R R G SR L NP o)

VM’/? +r5d, [Bas +id(as +a;)]4,;

Moreover, 7;,(i =1,2,...,5) are appeared in Appendix II. In Egs. (9), functions 4,,(j =1,2,3) are arbitrary

unknowns. The characteristic equation and its roots are found to be:
A8 —A AT+ A7 A, =0, (10)

The solution to (10) is found to be

ﬂlz_\/m Pp @0 \/Al (+i3p | (1+iVB3)g +r)"

3 3g+r) 3x2V? 7 3 3x2%3(qg +r)1/3 6x2"3 '
(11)
PR 1-iBp  (+iB)g+n)"
3 3x2%3(@g +r)7 6x2"?
where
P =A7=3A,, ¢ =2A" —9A A, +27A;, 7 =,}4p3 +q°,
A = oyl +og(2H o+ HyHy —Hy o) + Hy (-H 0y + H o) + oy (HyH —Hs —Ha,)
! a0 + 0 '
A= H +Hy(HsH, —H,Hg)+H,H, Hy —HHg —H Hga, +Hs(2H 0 —H,H;)+ H,H sa (12)
: a0 +ag '
H,(-Hg’ +HHy)
Ay = ,

a0 ag

In addition, the functions H,;,(i =1,2,...,8) are given in Appendix II. By using the inverse Fourier transform,
the displacement fields and electrical potential (8) may be written as:

17 < Ay icx 1< Ly ilx
u(x’y):EJ.(EA]e )e d?s v(x7y):ZJ.(;m]A]e )e dé:
‘jj - (13)
1 11X
oL, y)——j(Zn A" et a¢
27[700 =

From (1), (2), (4) and (13) it then follows that
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Bx )
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7% it
. (15)
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From (7), (8), (13) and (14), the unknown functions A4, ({),i = {1,2,3} may be obtained as follows:

7o(§)—i 7o(§)—i
4,(8)= Lz/él)(flubx +A1.b,, +4,3b,), A,() = Lz/é’)(AZbe +Axpb, +Ayb,)
. (16)
(S
A5(8) = w@nbx +A3b, +A433b,)
where O(.) is the Dirac delta function and the functions A;.1,j €{1,2,3} are given in Appendix II. Substituting

unknown functions (16) into the stress fields and electric displacements (14), it may easily be shown that

3 o0

(x,y)— ¢ Camnpy Zbl, e b, Dby A e b Zbll e +.[fxx .y, CHE
Jj=l =0 ~—®©
3 A 3 A K
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Jj=l Jj=1 £=0 —00
where f; (x,y,8),i €{x,y,d},j €{x,y} are defined in Appendix II. The singular behavior of the kernels fij
may be obtained from the asymptotic analysis of the integrals in (17). In this case through an asymptotic analysis the
singular part of the kernel can be separated and it can be shown that the integral equation has the standard Cauchy

kernel. By adding and subtracting the asymptotic expressions of the integrands using asymptotic expressions for
large value ¢, we find:

fij(x!yﬁg)zf;'joo(xﬁy5§)+[f[j(x’y5§)_fijw(x’y’§)]

Singular Part Non sin gular Part

(18)
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The stress fields and electric displacement components (17) by view of Eq. (18) and after very lengthy analysis,
lead to

+eﬂXC44ob Vi
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wheref; (x,y,8),i elx,y,d},jelx,y}, 3,0 €{l,2,...9 and 7;,i €{1,2,...,15} are given in Appendix IIL It

can be seen from Eqs (19) that the stress and electric displacement components exhibit the familiar Cauchy-type
singularity at the locations of electro-elastic dislocation. It is worth mentioning that Eq. (19) may be used as Green’s
function to determine stress and electric displacement fields in a FGP medium subjected to any distribution of self-
equilibrating traction.
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3 ANALYSIS OF MULTIPLE MOVING CRACKS

In this section, we will introduce, and apply, the distributed dislocation technique for modeling the moving cracks in
FGPM. The present problem can be treated as the superposition of two-sub problem. First, the stress state and
electric displacement induced in the uncracked medium is found. Then, the stress and electric displacement due to a
continuous distribution of electro-elastic dislocations along the crack-line are obtained without external loadings;
this is the "correct solution". The crack faces subjected to the distributed dislocations cancel out the stress and
electric displacement induced by the first problem. In the framework of linear theory, the sum of the two solutions
corresponding is the solution to the original problem. The geometry of crack is presented in parametric form as:

x;(p)=x, +pl;, yi(p)=yi. —-1<p<l, i 6{1,2,3,...,N} (20)

where (X;.,Y;.) and /; are the coordinates of the center and a half length of the i-th cracks, respectively. The total

traction and electric displacement on the crack face due to the electro-elastic solution and the dislocation
distributions can then be written as:

N 1

G (4 ()71 () = 2 [T 00 @)+ 5 (00D @)+ (020D (9)Hg

-1
N 1

o, (x, (p),y,-(p))=2 & (2B @)+ (P.qIb, (@) + k3 (P.g)b,, () Hg 1)

-1

D, (x,(p)y,(p)= ZI k' (P.@)by (@) + k3 (p.q)b,, (@) +k; (p.q)b, (@)Hq

1

>

z

whereb,, (¢), b, (q) and b, (¢g) are the dislocation density functions on the face of k-th crack,

¥
Cauchy type singularity for i =k as ¢ — p and may be expressed as:

ky,l,m=1,23ik=x,y,d are coefficients of b _, b, and b, in Eq. (19). The kernels in Eq. (21) exhibit

a _;(61) = m
k[’l_ +Zak1,mi @)p—-q)', k,0=123k=x,y.,d (22)

m=0

ki (p.q)=

The coefficients of singular terms a,, _;(g) can be obtained by means of the Taylor series expansion of x, (g)

and y, (g)in the vicinity of g and are

— — 440 _ 440
all,—li - 0’ alZ,—l[ - 2 Z z}/j +377_/ +3° 13 -l = 271 +677] +3
i Jj=l 1 j=1
_ 440 _
a21,—1i - zy/ 77/+6’ a22 —1i O’ a23,—li - 0 (23)
2 ll J=1
_ _ 440 _ 440
a31,—1i - 07 a32,—1i - 2 Z zyj +377/+12’ 33,-1i z}/j +677/ +12°
i J=1 t J=1

It is also necessary to impose the closure conditions to enforce single-valued conditions out of each crack faces:
1
(b, @)dg =0, k € tx.y.d}, j €{1,2,..N} (24)
-1

By observing that the fundamental solution of the stress fields and the electric displacements has a square root

singularity at crack tips, the unknown dislocation densities on the surface of impermeable cracks, are taken as
(Delale and Erdogan [23])
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—BX
by @ =529k ctx oyl —1<g <l i {2} (25)

l—q

By replacing Eqgs. (25) into Egs. (21) and (24), and using the Lobatto—Chebyshev integration formula, the
discretization singular integral equations lead to

1
&g (Q) T Z
[#omy -2 \/1’ wdg == ek, (P24, @), metx.y.di,heil,2.3) (26)
-1 —q r=1

r-OHrm

- 1, re{l,2,..,n}, p, :cos[w

2(n-1)
e, =0.5for r=1,n and e, =1 for 1< <n . The field intensity factors for a crack are obtained by Bagheri and
Noroozi [24].

where the collocation points are chosen as ¢, = cos[ 1, 1 e{,2,...,n—1},

4 RESULTS AND DISCUSSION

In this section, in order to investigate the effects of the crack moving velocity, the functionally graded material
parameter and the applied electric and magnetic loading on the field intensity factors, we carried out some numerical
works. In the computational procedure, the material properties used in the numerical examples are given in Table 1.
To study the effect of electro-elastic interaction, the electric loading parameter is introduced as

Ap =e150D /o0& 10 - The modes I and 11 stress-intensity factors are normalized by k, = O'O\ﬁ and k= Toxﬁ
respectively, for a crack in an infinite plane, where [ is the half length of the crack. Also, the electric displacement

is normalized by kp :e330«/l_/c330 .

Table 1
The relevant material properties PZT-6B.
c“OXIOlO Cl30><1010 c33O><1010 C440 x1010  e3p0 €330 €150 5110><10710 8330><10710 P
k
N N N N c c ¢ c C 25
= = ~ ~ ) ) 5 (& < €3
) ) 3 3 pre 2 eV o Y 8 ) m
16.8 6 16.3 2.71 -0.9 7.1 4.6 36 34 7550

The first example deals with the verification of the resulting analytical solutions. To verify the validity of
formulation, the problem of an FG elastic plane under constant far-field applied traction weakened by a straight
crack is examined. The stationary crack is subjected to the in-plane constant normal traction. The SIFs are in
excellent agreement with those obtained by Delale and Erdogan (Fig. 2(b)).

1.4 : ‘

—LPresent sidy

1.3 —R Present study ]

y » L,Delale and Erdogan(1983)
1.2 * R,Delale and Erdogan(1983) *

S A 51,
L¢¢¢¢¢lil|RX 09
< 57 > 0.8 |
0.7 1
@ 0 0‘1 0‘2 0‘3 0‘4 Oﬁé 0‘6 0‘7 0‘8 0‘9 1
(b)

Fig.2
Comparison of Mode I stress intensity factors of the non-homogeneous elastic material with [23].
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The preceding formulation lets the analysis of any number of parallel cracks subjected to mixed mode
mechanical and electrical loads.

4.1 Single moving crack

The variation of normalized SIFs in an FGP plane containing a moving crack and subject to three different gradient
material properties is shown in Fig. 3(b). The magnitude of the electric loading parameter is chosen as A4, =0.1. It

is observed that, the normalized SIFs of the right tip of the crack increases as the crack moving velocity increases,
and for the same crack moving velocity the increase of the functionally graded parameter leads to larger SIF values.
For the left tip of the crack, the foregoing argument does not hold. Finally, the results of the SIFs for the right crack
tip, which is situated in a stiffer zone, is higher than the SIF of the left crack tip. This, of course, is the well-known
result in fracture mechanics. The phenomenon was reported by other researchers see e.g. (Delale and Erdogan). It
can be seen from Fig. 3(c) that the normalized electric displacement intensity factors vary as the crack speed
changes. The EDIFs increases with increasing of the crack propagation speed. In this case, the effect of the gradient
property upon EDIFs of the crack tips is not considerably with respect to the SIFs. The influence of the crack speed
becomes larger when the ratio of ¥ /c increases. However, the influence of crack speed is dominant only when

V [c is in the range between 0.6 and 0.9. When the value of V' /c being smaller than 0.6 its influence becomes very

weak.
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DO
sttty
L R "X g 1
EEEREEE == |
[< s [ | BI=0.50R
2/ 041 =BI=0.75L
---BFOT5R
021 > BIELOL
@ —BELOR
0 0.1 02 03 04 05 06 07 08 09
Vie
(b)
0.5
¥ %
el B=030L &
¥ 28 e Bl=DS0R %
3| -=-BOTSL %
-BOTSR Y Figs
=351 g:gi k (b) Variations of Mode I SIFs of a crack versus the graded
: ‘ ‘ ‘ ‘ ‘ ‘ ‘ parameter. (c) Variations of EDIFs of a crack with the

0 01 02 03 04 Vi 05 06 07 08 09 graded parameter.
o

©

It is interesting to investigate the influence of mechanical and electric loading parameter on the normalized field
intensity factors. Figs. 4(b), 4(c), and 4(d) show the variations of mode I, mode II SIFs (K,,K,) and EDIF (K,)
with electromechanical coupling factor A, and crack propagation speed. The value of the normalized fields

intensity factors may increase or decrease as the applied electric field loading changes from negative to positive,
depending on the location of the crack tip. The ‘‘negative’” means that the direction of the electric loading is
opposite to the poling direction. Generally, K, and K, for the right crack tip increase with increasing the crack
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propagation speed and increase with increasing A, (Figs. 4(b), 4(c)). The exception being the variation of K, for
large values of propagation speed when the crack speed approaches specific values, which K, seems to decrease
with increasing V /¢ (Fig. 4(b)). When the crack speed is low, the effects of 4, upon the mode II stress intensity
factor are insignificant. The normalized EDIFs versus the normalized crack speed V /c is depicted in Fig. 4(d). As

can be seen, the EDIFs is only weakly dependent on the crack speed, which is a consequence of the quasi-static
assumption of the electrical fields. Sghr ogdnml dmmmbr nardqude v Isg sgd F " ¢pAa-Sanchez et al. [25] and Bagheri
[26].

1 1 1 1 1 1 1 1 \ '10 ‘ ‘ ‘ ‘
B0z 03 04 05 06 07 03 09 00l 0203 04 05 06 07 08 09
c
() (d)

=

Fig.4
(b) Variation of normalized Mode I SIFs with V' /¢ for different gradient parameter (c) Variation of normalized Mode II SIFs
with V' /¢ for different gradient parameter (d) Variation of normalized EDIFs with V' /¢ for different gradient parameter.

4.2 Multiple moving cracks

We consider now the case of FGP plane containing two moving equal-length cracks. The graded material parameter
of FGP material is taken as L =0.5. From Fig. 5(b), we observe that the mode I SIFs for the cracks tip, namely

R, increases with the increase of crack speed for two interacting cracks and the reverse behavior may be observed
for crack tips L, and L, . In the case of nonhomogeneous material, due to material asymmetry, the mode I SIFs at

L, and R, are not equal to those at L, and R, . It can be seen that the effect of material gradient becomes stronger
than the interaction of the crack tips.
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Fig.5
Variation of normalized Mode I stress intensity factor of two interacting colinear cracks with ¥ /¢ for SL =0.5

In the next example, two moving cracks LR, and L,R, with equal length 2L =0.2 for BL =0.5 are
considered. The dimensionless modes I and II SIFs are shown in Figs. 6b and 6¢. The distance between the crack
tips, L, and R,, is minimum. Therefore, the modes I and II for these crack tips have local extreme. In addition,
because of very effective interaction of two cracks, SIFs at the crack tips R, and L, is higher than that at tips L,
and R, .
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Figs. 7(b)-7(c) reveal the effect of the crack speed upon the normalized modes I and II SIFs under in-plane
loadings for different crack distances for the case where SL =0.0. The general feature of these curves is that the

mode I SIFs monotonically increase with the increasing of the crack distances up to ¥ /¢ =0.55 . When the distance
of the cracks tips is relatively small, the crack tip shielding and anti-shielding effects are observed. The filed
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intensity factors increase with the increasing of crack distance in the range between 0.55 and 0.8. Also, the mode I
SIFs significantly with the increasing of crack speed when the normalized crack speed approaches the range
between 0.55 and 0.8. The mode II SIFs of cracks versus the normalized crack speed V' /c are represented in Fig.
7(c). The value of the normalized mode II SIFs may increase or decrease as the crack speed changes, depending on
the different crack distance. When the crack speed is high enough, say, V' /c > 0.55, the variations of Mode II SIFs
are significant. The variation of the normalized electric displacement intensity factor with crack speed for different

values of crack distance is shown in Fig. 7(d). The trend of variations is the exactly the same as the mode I stress
intensity factor.
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Fig.7

(b) Variation of normalized Mode 1 stress intensity factor of two interacting parallel cracks with ¥ /c for different crack
distances (c) Variation of normalized Mode II stress intensity factor of two interacting parallel cracks (d) Variation of
normalized electric displacement intensity factor of two interacting parallel cracks with ¥ /c .

5 CONCLUSION

The solution of dynamic electro-elastic dislocation is obtained in a functionally graded piezoelectric plane. The
distributed dislocation technique is used to construct integral equations in the medium weakened by multiple moving
cracks under mixed modes condition. The numerical solution to integral equations results in the dislocation density
function on a crack surface, thereby determining field intensity factors for moving cracks. Numerical results indicate
that the crack speed and electric loading have an influence on the dynamic modes I, II and electric displacement
intensity factors. It is found that the electric fields may promote or retard crack propagation. On the other hand, the
results are highly affected by the graded parameter.

APPENDIX I

The expressions in Egs. (7) are defined as:
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APPENDIX II

The expressions appeared in Egs. (9) and (12) are:
r=—ay
1, =(¢ —i pO)as’ (B +2i S =28 Yasa, +[(—i f+E) e + ooy +ay) —ak *C1E
r=0, (i PR +i(B+idas], 1y = aa (B+id) +aof+id (e, +aay)
=i p¢ — s, (B+id) +aa,B+id(a” +a,a)]
H, =(k* )l +i flay, H, =ila, + oy, Hy =i (a,+a,)+Pas, H, =ila, +f3

Hy=(k>-1¢*+i S, Hy =0, (1 fS =), Hy =i (a5 + o) + o, Hy =a,(—i S +E7)

The functions A.

j?2

i,j €{l,2,3} inEq. (16) are as follows:

_ igA (myp, +n,p,) =i A (myp, +nyp,) +(myn, —m,ny)ps A4,
! psl(myn, —mn )42, +n Ay (m A4 —myA,) + my Ay (ny A, —n 4]
- —igmyn, +idmyny+n Ay —ny A,
" ml(ns/lz_nzﬂﬁ)+m2(nlﬂs_nsﬂ1)+m3(nzﬂ1 _nlﬂz)
—igm n,o, +imyna, +myA, —myA,

A, =
" m (nydy, =n, ) +my(n A4y —ny A )+ my(ny 4 —ny 4,)
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B psl(myn —mn)) A4, +ns 2, (m A —myAy) + my Ay (ny A, —ny 4,)]
4 = idmin —igmmn, —nA +n,
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A33 =
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2
D =00 — &g, P, =g+ 040, Py =0 + 0,0
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The integrands are appeared in Eqgs. (17) are
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APPENDIX III

The singular part of the integral appeared in Egs. (19) are:
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