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Abstract In this paper, the dynamic fracture problem of multiple moving cracks at the interface of two dissimilar
functionally graded magnetoelectroelastic (FGMEE) layers subjected to anti-plane mechanical and in-plane magne-
toelectrical loads is considered. The magnetoelectromechanical properties are assumed to vary exponentially with
the coordinate perpendicular to the cracks. The integral transform technique is employed to solve the moving crack
problem at the interface of dissimilar FGMEE layers. Numerical values for the field intensity factors are graphically
presented and the effects of the crack velocity, nonhomogeneity parameter, and material volume fraction on the
field intensity factor are examined.

Keywords Distributed dislocation technique - Field intensity factors - Functionally graded material - Magneto-
electroelastic layer - Moving cracks

1 Introduction

In practical applications, the composite materials that consist of piezoelectric and piezomagnetic phases seem to
have certain reliability problems arising largely from high stresses, poor interfacial bonding strength, and low
toughness. To improve their application and reliability, FGMs can be extended to piezoelectric/piezomagnetic and
magnetoelectroelastic materials.

Functionally graded materials (FGMs) are essentially inhomogeneous composites, which have characteristics of
spatially varying material properties to enhance the bonding strength. In designing components involving FGMs,
it is important to consider imperfections, such as cracks, which are often pre-existed as those generated by external
loads during service. Fracture mechanics of FGMs plays an important role in the analysis and design of many
complex smart structures and devices.

This study was directed at the dynamic fracture mechanics of such materials when there are multiple moving
cracks at the interface and sought to find parameters that govern the crack growth such as the crack stress intensity
factors and energy release rate.

Numerous publications have addressed the moving crack problem in a piezoelectric solid (see, for example,
the works of [1]-[4]). Gao et al. [5] solved a generalized 2D problem of an electrically permeable interface crack
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between two dissimilar MEE solids under general loading. Gao and Noda [6] studied the problem of an interface
crack between two dissimilar magnetoelectroelastic materials under uniform heat flow. The problem of a Griffith
moving crack in an MEE material with a permeable condition was analyzed by Hu and Li [7]. The problem of
moving crack at the interface of two dissimilar MEE materials under shear and in-plane electric and magnetic loads
was analyzed by Hu et al. [8]. They obtained the closed-form expressions for field intensity factors.

Several studies have been performed for the dynamic anti-plane behavior of two dissimilar magnetoelectroelastic
materials involving an anti-plane shear interfacial moving crack; see, e.g., the works of [9-13,15,20,21].

The propagation of an interface Griffith crack between two dissimilar FGPM layers under anti-plane shear was
analyzed by Shin and Lee [14]. In this study, The Fourier transformation is employed to solve the Volterra dislocation
in a functionally graded MEE half-plane. Fu et al. [16] solved the problem of a moving crack in a functionally
graded MEE strip under anti-plane mechanical and in-plane electric and magnetic loadings. Hu and Chen [17] have
addressed the problem of moving crack in an MEE material under in-plane mechanical, electric, and magnetic
loading. In another paper, Hu and Chen [18] investigated the interface crack moving between MEE and functionally
elastic layers. Yue and Wan [19] discussed the problem of periodic mode-III Yoffe-type cracks propagating sub-
sonically along with the interfaces in a multilayered piezomagnetic/piezoelectric composite under in-plane magnetic
or electric field. The problem of several moving cracks in a functionally graded magnetoelectroelastic strip subjected
to anti-plane mechanical and in-plane electric and magnetic loading is solved by Bagheri et al. [4]. Ma et al. [23]
studied the plane-strain problem of a moving crack at the interface of two dissimilar MEE materials. Ayatollahi
et al. [24] investigated the dynamic fracture behavior of a functionally graded magnetoelectroelastic half-plane
containing multiple moving cracks under different electric and magnetic boundary conditions. Bagheri and Noroozi
[25] employed the distributed dislocation technique to analyze a piezoelectric half-plane containing several moving
cracks under in-plane electro-elastic loading.

The technique developed in this study is useful for the dynamic fracture mechanics studies of two bonded MEE
layers with any number of cracks at the interface. The problem is solved for various values of the nonhomogeneity
parameter and different values of loading parameters. This paper is organized as follows. The mathematical for-
mulation of the problem is given in Sect. 2. Section 3 deals with the constructions of the integral equations for two
bonded FGMEE layers weakened by several moving interface cracks. The numerical results are then presented and
discussed in Sect. 4. Finally, concluding remarks are given in Sect. 5.

2 Mathematical Formulation of the Problem

The usefulness of distributed dislocation technique in generating solutions to multiple crack problems has been
well demonstrated in the literature for the static case. In this section, we describe the layered intelligent structures
composed of two bonded dissimilar FGMEE layers weakened by moving dislocation. Both materials are nonhomo-
geneous with an exponential property variation in the y-direction. In this case, if there is no body force and electric
charge density and magnetocharge density, the constitutive equations for the FGMEE material can be written as

oINX, Y, 1) ) 2w )\ faw® /oy

pOx. v | = (k)(Y) _d(k)(Y) ﬁ<k)(y) 2p® oy |,

By (X.Y.1) h“”(Y) ﬂfk)(Y) y”)(Y) oy /oy

oS0 (X, Y, 1) Ry ey w2y \ fow® /ax

pPx,v,n | = (k)(Y) —df")(y) ﬁf (Y) dp® Jax |, k=1,2, (1)
BY(X.Y.1) WD)~ o ) \aw®/sx

where ozy,o0zx, Dx, Dy and By, By are the component of stress, electric displacement, and magnetic induc-
tion, respectively; cfm), eg?, hgk) and 131(") denote the elastic, piezoelectric, piezomagnetic, and electromagnetic

constants; dl(1 , and yl 1 , are dielectric permeability and magnetopermeability. Note that the layer number will be
designed by a superscript k = 1, 2. The nontrivial ones of the equations of motion and Maxwell’s equations for
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magnetoelectroelastic materials take the following forms:

doN(X, Y, 1) . o) (X, Y. 1) 4o d* WX, Y, 1)
=p ,

39X 3y 312
IDP (X, Y, 1) . DY (X, Y1) 0
X Y o
*) *
aBPx, v,y 9B x, 1,1
x )+ v ( )=o, k=1,2. )
aX Y

To make the analysis tractable, the material possesses the following inhomogeneous properties:

1 1 1
Sl = caaoexp2BY), eV = ersoexp2BY), hY = hisoexp2BY), p = pgexp(2BY),

,31(}) = B11oexp(2BY), dﬂ) = dj10exp(28Y), )/1(11) =yuoexp(2BY) 0<Y <hy,

ciy = canexp(2hY), eff =eis0exp2rY), AT =hisoexp(2hY), p@ = poexp(21Y), &
/31(? = Pr1oexp(2AY), dﬁ) = dy10exp(21Y), V1(12) = Y110 exp(2AY), —hy <Y <0,

where 8 and A are the gradient of material properties and are positive or negative constants. This model includes the

effects of varying material constants and mass density but ignores the effect of the spatial variation of wave speed.
Substituting from (3) and (1) into the governing equation (2), we obtain

aw® aw(l) 31/,(1) 2w
vZw® V2o 4 hysoV2y D 42 2 2Bh = ,
C440 +eisoVoe + hisoVY + 2Bcaa0 oy T Beiso oy T Bhiso 5y — P34
aw® e gy
VEWD — a0V — B0V 42 —2Bd ) =0,
€150 110V-ep Br1oV-Y +2Beis0 37 Bdi1o 37 BB110 37
owd doM aw(l)
h1soVEWD — B110V2eM — y110V2y D + 281350 7 = 2BB110 gY - 2BYy110 Ve =0, 0<Y <h,
W@ 9p@ dy® 2w
vZw® V2@ 4 hisoV2iy @ + 21 2A 2Ah = ,
€440 +e150V7e ™ + hisoVY + 2hcaq0 oy T 2o F 20 nso = = o3
aw® 0@ ay@
e150VEW® — di19V2e@ — B11gVEY @ + 22e150 — 2Ad110 a(pY —2AB110 37 =0,
W@ 30@ PIRE)
hisoVEW® — B110V2e® — y110V2 Y@ + 20h150 —22B110 % —2>\7110§7Y =0, —hy<Y <0,
(€]

where V? = 9> / X% 492 / dY? is the two-dimensional Laplacian operator. By introducing two new auxiliary
functions q")(k) and 1//(") k =1, 2 such that ([7]).

e (X, Y, 1) = g0 (X, Y, 1) —mW® (X, Y, 1), )
vOX, Y, ) =y PX, Y, 1) —nWR(X, Y, 1),

where m = (Bi10h150 — Y110 €150) / (d110v110 — (B110)?), n = (Brioeiso — diiohiso) /(dioyiio — (Bi10)?) are
the known constants. Substituting (5) into (4), we can obtain the governing equation as follows:

awm  py 3ZwH

VZW(k) 2 =
+28 aY Cay 012
_ ap®
V2igh 1o~ —0,
o+ 28 %
i 9y ®
Vzllf(k) + zév =0, § € {B, A}, (6)

where 44 = caa0 — e150m — hison is the magnetoelectroelastic stiffened constant. For the analysis of moving
interfacial cracks, however, the solution to moving screw dislocation at the interface is required. To this end,
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Fig. 1 Schematic view of Y y
moving dislocation at the
interface of dissimilar
magnetoelectroelastic layers

By

N

consider a screw dislocation moving with constant velocity V, along the X-direction, it is convenient to introduce a

new coordinate system oxyz that moves at the same speed as the moving dislocation (Fig. 1). The relation between
the initial coordinate system and moving coordinate system is defined by

x=X-Vt, y=Y, z=27Z. @)
Equation (5) becomes independent of ¢ and reduces to the following equation in the new coordinate system

232w(k) N 92w ® N Juw® —o
x2 dy?2 ay

’

_ PIAG
viyh poe— =0, k=12, (8)

where K = /1 — (V/C)2 and C =, /544/,00. The basic equation (1) can be expressed as follows:

®) 56 AG
dw Y v ) o2

+e150—— +hiso

(k) N
o x,y)=|{¢
2y (X)) ( 44 R oy oy

agh g
DP(x,y) = — <d110 + Bi1o e,

dy ay
3¢(k) PIAL) 1
BO(x,y) = — (B0 + Y110 e, k=12 ©)
ay dy

A single magnetoelectroelastic dislocation is located at the origin. The conditions representing the magnetoelec-
troelastic screw dislocation together with the jump in the electric and magnetic potentials may be expressed as

wP(x,07) —w®(x,07) = b, H(x),
e (x,0M) — P (x,07) = by H(x),
YD, 0M) — P (x,07) = by H(x), (10)

where H(.) is the Heaviside step function. In Eq. (10), b;, b, and by are the dislocation Burgers vectors of
generalized magnetoelectroelastic dislocation. The traction and charges-free conditions on the layer’s boundaries
can be written down in the following form:

ol (x, hy) =o0P (x, —ha) =0,
DYV (x, h1) = D (x, —h2) = 0,
B"(x,h1) = B (x, —hy) = 0. (1)

Also, the continuity conditions y = 0 can be written as
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o) (x, 0 = 0P (x,07),

D{"(x,0") = D (x,07),

B (x,0M) = B (x,07). (12)

By solving Eq. (8) and taking the inverse Fourier transform, we find that
+o00
! e Py 0 4 i
w(x, y) = 5 / (AP (@)™ + A5 (w)e”?)e do,
b4

—0o0

+00
—By )
00,y = —— [ BD@e ™ + BV ()e”)e do,
27 1 2

—0Q

+00
- —By .
w(l)(x’ y) = ez_ / (Cil)(w)e—yzy + Cél)(w)e}’zy)em)xdw’ (13a)
T
—00

and

+00
w@(x,y) = 62_7_[ / (Agz)(a))e—)’”’ + Agz)(w)eVSy)elwxdw’

—00

+00
—Ay
€ .
FP 0y = — / (B (@)™ + BY ()e?)e do,
v

—00

+o00
_ —AYy .
1p(Z) (x,y) = ¢ (C(Z)(w)e—my + C(z)(a))ey“y)elwxdw, (13b)
2 1 2

—00

where y1 = /B2 + (Kw)2, 2 = B2+ 0?,y3 = VA2 4+ (Kw)? and y4 = +/A% + 2. This completes the
formulation of the problem for the bonded dissimilar FGMEE layers in which the functions Al@, Bi(z) and C,.(Z), i€
{1, 2} are determined from the boundary conditions. A simple calculation leads to the stress, electric displacement,
and magnetic induction expressions at the lower layer that are found to be

+00
Caabre™ A — .
O‘Z()%)(x, y) = _W# / eV3y(1 _ 672y3(h2+y))%(n5(w) _ i/w)ela)xdw

—00

+00
Py
_ (e1som + hison)b e / MY (1 — e~ 2aty)y (A)‘ —v4) (18 () — i/w)e® de

2 0 —0OR
—00
by + hisoby)e™ i A
+(6150 {2 +2 150by )e / e’V (1 — 672)/4(h2+y)) (A _;4) (78(w) — i/a))eiwxda),
T — OR

—00

D(z) s = § s ia)xd
v () o R(n (w) —i/w)e™ do

+00
_ (di1om + ﬂllO”)bzeAy / ey4y(1 _ e—274(h2+)’)) (A — ya)

—00

+o00

di10b by)e A= .

_ (di10by + Br10by)e f ¥y (1 — e~ 2ralhat)) (A v4) (T8() — i /) do,
2 Q- 0OR

—00
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+00
)Lv
B (x,y) = (Briom +2V“°”)bze i [eV4y(1 o2ty ATV )(718( ) — i/w)e do
/3 —
—00
—+00
b by )t ‘ A— .
_ o ‘”J;Z“O yle / (1 — g2ty (7 ¥8) y“; (8 (@) — i/w)e dw. (14)
—0oQ

To evaluate the stress components numerically, the integrals in Eq. (14) should be split into odd and even parts
to arrive at

(2) 544bze}‘y e)‘y
Y () = Ti(y1, y3) — 7[(6150"1 + hison)b, — e150by — hisoby 1 T2 (v2, v4),
ety
Df) (x,y) = 7[(d110m + Briom)b; — di1oby — Br1oby 1T2(v2, va),
ety
By (x, y) = —I[(Buom + yiiomb: = Brioby = yioby1Ta(va, ya)- (15)

The expressions for T1(y1, y3) and T>(y2, y4) are given in Appendix A. The field components in Eq. (15) are
unbounded for points in the vicinity of dislocation. To investigate and to separate the possible singular part of
the singular parts of the stress component, electric displacement, and magnetic induction in (15), the asymptotic
behavior of the inner integral must be examined. Thus, to identify the type of singularity, we carry out the asymptotic
analysis of the improper integrals by observing that for large values of w — oo, from (15), we obtain

(2) (ray) = _544szeky X B eM[(e1som + hison)b: — e1soby — hisoby] — x
2r x2+4 (Ky)? 2 x2+y?
Caab.e™y ey
——=T3(y1, y3) — 7[(6150"1 + hison)b; — e150by — h150by 1Ta(y2, y4),
@ ((dr1om + Briom)b, — diroby — Prioby)e™”  x
Dy7(x,y) = — ) 21,2
? T xX“+y
ety
+?((d110m + Briom)b; — diioby — B110by) Ta(y2, va),
BO(x.y) = — ((Biiom + yiiom)b; — Brioby — yiioby)e™  x
y WY = o X242
ety
+7((/3110m + v110m)b; — Br1oby — v110by) T4(y2, ya) (16)

in which T3(y1, y3) and T4(y», y4) are given in Appendix A. It is worth mentioning that the stress, electric dis-
placement, and magnetic induction field due to generalized moving dislocation, Eq. (16), are Cauchy singular at
the dislocation location.

3 The integral equations

The formulation given in the previous section is used to construct integral equations for the analysis of multiple
interfacial moving cracks in two bonded dissimilar FGMEE layers. A crack configuration concerning coordinate
system x, y may be described in parametric form as

Xj = Xoi +1lis,

Yi = Yoi i=1,2,...,N —lfsfl, (]7)

where (x,;, yoi)are the coordinates of the cracks centers, N represents the number of moving cracks, and /; is the
half-length of the crack. By Continuous distribution of dislocations with unknown density By;(t), k € {z, ¢, ¥} on
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the infinitesimal segment d/;located on the surface of the jth crack, we obtain the integral equations of the problem.
The traction free condition on the surface of cracks results in By (¢).

—D— N KZ (s,1) K,-Z(s, 1) KZ (s,1)
_—duomg?ﬂuon = . _/;1 Kg/l(S,l) sz(l‘)-l— Kg/.z(S,l) BW'(I)—{— Ki!%(s,l) Bl//j(t) lj dr.
T j=1 Kl (s, 1) K2 (s, ) K (s, 1)

(18)

The kernels of integral equations (18) are given in Appendix A. To reduce the problem to a system of integral
equations, we introduce the following new unknown functions:

w (s) — w}"(s) =1; [ B,j(t)dt,

-1
07 () =9 () =1; fl By j(n)dt, (19)
Vi) =y =1 [ Byjndr, j=12....N.

-1

The no-net-dislocation conditions are

1
/ Bij(t)ydt =0  kefz,0 ¥} (20)
-1
We employ the square-root-singular fundamental function, so that
8k j (1)
Brjt) =— —1=<t=<1 kefz oy} (2D
! V1 —12

where g ;(¢) are bounded at t = +1. The system of equations (18) and (20) may be solved for the dislocation
densities. The stress, electric displacement, and the magnetic induction intensity factors at the crack tips +1 and
—1 are defined as

(KM, _ C44 els his
3 Li(4+1)
(Kg)i =— —e1s | gi(+D) + | di1 | gpi(+1) + | Bu1r | gyi(+1) ¢ . (22)
(KB —his B Y11
Similarly,
(KM, Li(—1) C44 els his
(KP)i === —eis | gi(=D+ | du |goi(=1) + | Bu | gyi(=1) ¢, i=12,.,N.
(K2, —h1s B 148

(23)
Finally, the integral equations (18) are solved and field intensity factors are calculated by Eqgs. (22) and (23).

4 Results and discussion

In this section, some numerical calculations are carried out. As a particular case of the problem, the BaTiO3-
CoFe;04 composite material with a volume fraction V = 0.50 is considered. Their material properties are given
in Table 1.

The upper and lower layers are composites made of BaTiO3 as the inclusion material and CoFe; O4 as the
matrix material. Their properties are shown in Table 1 (2013). Using the following linear mixture rule, the material
properties of each composite component are given

X(C) — X(i)Vf + X(m)(l —Vp), (24)
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Table 1 Material properties for single-phase and the composite

Material constants (2013) BaTiO3 CoFey04 Composite (1:1)
c44(x 101N /m?) 43 4.53 4.4

e15(C/m?) 11.6 NA 5.8
d1(x10719C /vm) 112 0.8 56.4

his (N/Am) NA 550 275
y11(x107°Ns? /C?) 5 590 297.5
p(x10%kg/m?) 6.02 5.3 5.7
B11(x1071INs /VC) 0.5

where superscripts ¢, i, and m denote the composite, inclusion, and matrix materials, respectively, and V¢ is the
volume fraction of the single-phase BaTiO3.

The loading combination parameters are introduced to reflect the corresponding loading combination between
electric, magnetic, and mechanical loads.

Ap = Doeis/todi1, g = Bohis/t0pi1. (25)

It is convenient to adopt dimensionless parameters in the plots so that we define normalized field intensity factors
(FIFs) as

Ko = w1, Kop = Toﬂdu/ﬂs, Kop = TO\/Z,Bn/hw' (26)

In the present paper, we consider the case where the layered smart structure is under constant anti-plane mechanical
shear stress o, = 1o, in-plane electrical loading D, = Dy , and magnetic loading By In the sequel, unless otherwise
stated, the loading parameters and the dimensions of the layers are, respectively, A\p = 1.0, Ap = 1.0, h1 = 0.0lm
and 1, = 0.01m.

Results were first validated based on those of an infinite homogeneous MEE plane weakened by moving screw
dislocation. This problem was studied by [15]. The problem is reduced to the moving magnetoelectroelastic screw
dislocation solution of [15] by setting /1 — oo and hy — oo.

oo y) = (azes0 + azhiso — Kcaq)b, x _ (e1soby + hisoby)  x
Y= 2 x2 4+ (Ky)? 2 x2 4 y2’
(a2di10 + @3B110)b; — (di10by + Brioby)  x
Dy(x.y) = - 5 : e
T X< 4y
(e2B110 + @3v110)b; — (B11oby + Y110by)  x
By(x.y) = — : £ v @7
2 x“+y

The results are in complete agreement with the results obtained by Tupholme which demonstrate the validity of the
dislocation solution. These imply the correctness and accuracy of our results.

4.1 Single crack problem

Consider a finite crack with constant length propagating at a constant speed V along with the interface between two
dissimilar functionally graded magnetoelectroelastic layers, as shown in Fig. 2a.

Graphical plots of normalized field intensity factors (FIFs) against V / C, different values of gradient parameters
AL are presented in Fig. 2. The general feature of these curves is that the FIFs increase with the increase of
crack velocity. Significant effects of the material gradient 1L upon stress intensity factors (SIFs) can be observed
Vv / C1 < 0.6. However, when the material properties are graded, a significant increase in FIFs is observed with an
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® & X 02

To

7 T T T T T T T T
——AL=0.0
—-=AL=0.5

6 L=1.0 B
—AL=15
---AL=2.0 /

l 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
VIC,

(¢) Variation of normalized electric displacement intensity factor versus the crack speed.

Fig. 2 a A moving crack at the interface of two dissimilar FGMEE layers. b Variation of normalized stress intensity factor versus the
crack speed. ¢ Variation of normalized electric displacement intensity factor versus the crack speed. d Variation of normalized magnetic

induction intensity factor versus the crack speed. e Variation of normalized stress intensity factor versus the crack speed for different
material volume fractions
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x 10

05 1 1 1 | 1 1 | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

V/Cl

I 1 L I 1 L L I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

v/C 1

(e) Variation of normalized stress intensity factor versus the crack speed for different material
volume fractions.

Fig. 2 continued

increase in crack speed and gradient of the materials. The remarkable difference between different FGM exponents
AL is shown in Fig. 2¢c and d. Generally speaking, smaller positive values of FGM constants can reduce the FIFs
and larger values can lead to larger values of FIFs. To investigate the effect of the composite type on DSIFs, a
moving crack at the interface of dissimilar functionally graded MEE layers with different material volume fractions
is considered, Fig. 2e. The loading parameters and nonhomogeneous parameter are Ap = 1.0, Ap = 1.0 and
AL = 2.0, respectively.

It is shown that, in all composite materials, as the crack velocity increases the SIFs increase. The volume fraction
of the single-phase BaTiOs3 has a drastic effect on the dynamic stress intensity factor.

In the next example, the dependency of stress intensity factors of a moving interfacial crack on the FGM exponent
is examined. The plots of dimensionless stress intensity factors for different dimensionless crack velocities V / Ci
versus FGM exponent are drawn in Fig. 3. It is observed that stress intensity factors grow rapidly as the FGM
exponent increases from the negative to the positive value. A remarkable difference is seen for a higher value of
crack velocity.
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9 . | . - T T T T T
8 L =
7¥ ///,’/ -
o /,/’ —VIC,=00] -
P V/C =03
-l A V/CI*O .
v oo
-y L —--VIC,=0.9
=4 g :

0 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5
AL
Fig. 3 Variation of normalized stress intensity factor versus AL
5 T T T T T
a5k [ V/€=0A,m10A,10
— V/C =04\ =10\ =10
4l o= VIC =08 =1LON=10
.......... V/C =0\ =-1.07,=-1.0
350 === VIC =040 =10\ ,=10 3
= ]1 | == V/C =082, =1.0A;=1.0 g
S
S

I S S | T | [ | | | | | —

5 L 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5 0.55 0.6

Fig. 4 Variation of normalized stress intensity factor versus L / hy

Figure 4 displays the variation of the normalized SIFs against the crack length for different values of normalized
crack velocity and loading parameters. It is seen that the SIFs rise with the increase of the crack length. For a very

large crack or very thin layer thickness, we obtain the higher values of SIFs.

The SIFs for V / C1 = 0, as shown in the figure, correspond to the static solution of an interface crack in two

bonded FGMEE layers under different loading conditions.

We observe that the positive electric or magnetic loading increases the normalized stress intensity factor more
than the negative one. Therefore, the sign of electric or magnetic loading could enhance or impede the dielectric

crack growth.

4.2 Multiple cracks problem

The formulation may be used for the analysis of multiple moving cracks along with the interface.

@ Springer



8 Page 12 of 17 M. Ayatollahi, A. G. Milan

Fig. 5 Two equal-length Y y
moving cracks at the
interface of two dissimilar
FGMEE layers

=R L AL=00
........... R,.L AL=0.0
R L, AL=10

2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
V/C]

Fig. 6 Variation of normalized stress intensity factor two interfacial cracks versus V / Ci

The next example deals with the interaction between two identical interfacial moving cracks (Fig. 5). Figure 6,
displays the variations of normalized stress intensity factors verses V / C for different ratios of the FGM exponent.
It is seen that for large values of FGM exponent, stress intensity factor increases significantly.

Two interfacial equal-length cracks with length L = 0.5k are shown in Fig. 7. The length of the cracks is fixed
while the location of crack centers is changing in the interface. Due to symmetry, as it is expected, the SIFs at L
and R; are equal to those at R, and Lj, respectively. Also, the interaction of cracks d > 1.7L is weak and it decays
out. It is observed from Fig. 7, the crack velocity has a significant effect on the value of stress intensity factors.
Similar phenomena can be observed for other values V/C.

In the remaining section, more examples are rendered to demonstrate the applicability of the proposed method.
Therefore, the study of the interaction between three cracks is taken up, Fig. 8. We observe that interaction between
cracks enhances the SIFs of crack L, Ry and experiences much larger stress intensity factors. In contrast, crack
tips L1 and Rzexperience smaller SIF than the other tips. It can be seen from Fig. 9 that the stress intensity factors
increase as the FG exponent increases.

The model of interfacial unequal cracks is of more practical significance than the widely studied model of equal
cracks because actual interfacial cracks are always unequal. As the last example, the study of the interaction between
three unequal-length cracks is taken up, Fig. 10.

In comparison with the previous example, we observe that interaction between cracks enhances the SIFs of crack
L>R,, which is larger than the other cracks. The SIFs are the lowest at crack tips L and R3, which is the farthest
crack tip from the other crack tips.
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Fig.7 Variation of normalized stress intensity factor of two interfacial cracks versus d / L
Fig. 8 Three equal-length Y y

moving cracks at the
interface of two dissimilar

FGMEE layers
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Fig. 9 Variation of normalized stress intensity factor three interfacial cracks versus V / Cy
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Fig. 10 Three Y y
unequal-length moving
cracks at the interface of two
dissimilar FGMEE layers
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Fig. 11 Variation of normalized stress intensity factor three unequal interfacial moving cracks versus V / Cq

5 Conclusions

The dynamic crack problem of moving crack at the interface of two dissimilar functionally graded magnetoelec-
troelastic layers is studied. The exponential Fourier transform method and distributed dislocation technique are
used to construct the singular integral equations with Cauchy type kernel, which is further solved numerically. A
generalized dislocation is obtained, which can be used as the fundamental solution for solving multiple interfacial
moving cracks problems in two dissimilar nonhomogeneous magnetoelectroelastic layers. The formulation is quite
useful in analyzing the problem of multiple interfacial moving cracks.

The results are obtained for different values of the nonhomogeneity parameter AL at the tips of multiple moving
cracks and are shown in Figs. 2, 6, and 9. The figures also show another physically expected result, and the field
intensity factors depend on the crack velocity and the sign of loading parameters. It can be concluded that the
dynamic field intensity factor increases significantly with the increase of crack velocity. Furthermore, the results
are highly affected by the material volume fractions. To study the interaction between cracks, field intensity factors
are obtained for some examples. The interaction of multiple moving cracks decreases when the distance between
the cracks increases.
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Appendix A
The coefficients of Eq. (14) are

AP () = %(mﬂw) —i/w),

BY (w) = "sz—_l:’(na(w) —i/w),

P () = %(mﬁ(a)) —i/w).

A— b
A (@) = —e 2 2B 2% (a5(0) — i),
A+Vvs PR-P
A— b, —b
BP () = —e s LI T 20 (54 — i fw),
Aty 0 — QR
A— b, —b
C1(2)(60) = —e_2y4h2JM(n8(w) - i/a)). (A-1)
At+va Q—OR
In the above equations
Pot—emPEV 2t (A-2)
B—n Aty
0=1- e—ZVthM, 0=1- 6_2),4;12)»—_)/4’ (A-3)
B—r A+ v4
A — 1 — e 2vah2 . A — 1 — e 2v32
_Gop=ehy Gy ety )
(B +y2)(1 —e=212) (B +yD( —e==rh)
the following functions are used in the field components.
+00
— Y3y _ a2y A=V
Tity1,y3) = | (€77 —e )——————— sinwx do, (A-5)
) (PR — P)
+00
N
I(y2, va) = / (@ —e gy Z TV Gy o do, (A-6)
J (0 - 0R)
+00
, A— K .
TI3(y1,v3) = / |:(ey3y - e—rz(yﬂ’wh# — —eK’”yi| sin wx dw, (A-7)
o(PR—P) 2
+00 wy
A —
Ty, ya) = f ((em —eTnbdy STy "—) sinwx do, (A-8)
w(Q—-0R 2
The kernels of singular integral equations (18) are:
Kl 1) Kerimy)) Xi —Xj [(e1s0m + hyson)]e =) — X
(s, = — — N
Y 21 (= x)? K (i =y 2mias (o —x)*+ (i = y))?

+00
~ /‘ |:(A — y3) (@R — emm(imyH2h)y [
0

o(PR — P) 2

:| sinw(x; — x;)dw,
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+o00
~(esom + hlfon)e)—(yi—yj) / (r — y4)(ey4(yi—yj) — e 1a(Qi=y))+2h2)) N lew(yi—yj)
i J ©(Q — OR)
x sinw(x; — xj)dw,
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e150¢ J X X €150€ J
Kiljz(ss H= — 150 ~ 12 Jj . 150 _
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A — eVa(i—yj) _ o= ral(yi—yj)+2h2) 1 .
X / |:( ra)( G — 0B ) + Ee‘”(y’*y-f) sinw(x; — x;)dw,
w(O —
0
v 2mwias (i —x)2+ (i —yj)? TTCa4
e (A — ya) (e#0i7Yi) — e va(Qi=yj)+2h2)y o0 (i=y))
X / = + sinw(x; — x;)dow,
. w(Q — OR) 2
KZI( ) eri—y)) Xi — X N eri=y))
=o(s, =
Y 2 (= x)?+ (i = y))? T
(o)
Y (A — ya) (e#0i=Yi) — o= va(Qi=yj)+2h2)y o0 (i=Y;))
X / = + sinw(x; — x;)dw,
; w(Q — OR) 2
K2 1) = dioe*Vi=yi) Xi — X, ~ dy10et i)
Yo 27 (dviom + Brion) (xi — xj)> + (vi —yj))>  w(diom + Brion)’
(o)
— i—YVj) — ™ i (
¥ (A — ya) (et0i=Y) — e~ va(Qi=y))+2h2)y  e@(i=y))
X / - + sinw(x; — x;)dw,
/ (0~ OR) 2
KD, 1) — Brioeti—yi) Xi — Xj B Brioet =)
Yo 27 (dyiom + Brion) (xi —xj))> + (vi —yj)?  w(diom + Brion)’
e (A — ya) (e#0i=Y) — o= ra(Qi=y))+2h2)y oo (i=yj)
X / [ = + Isinw(x; —x;)dw
J (0~ QR) 2
. e i=yj) Xj — Xj e i—yj)
Kij (s,1) = 2 ) + ,
2 (x5 —x;)*+ (i — ) 7
T (0 = ) (@03 e r(GimypA2m)y  qe(imy))
X / = + sinw(x; — x;)dw,
0 w(Q — OR) 2
K . 1) = Brioeti—yi) Xi —Xj B Bripeti=yi)
Yo 2 (Biiom + yiion) (xi — x;)> + (yi —y;))> 7 (Briom + yiion)’
i - V4)(ey4(Yi_Yj) _ e—V4((yi—yj)+2hz)) e@i=yj)
X / = + sinw(x; — x;)dow,
J (0~ OR) 2
K33(s g = ynoek()’i—y_/) Xi— Xj ylloek(yi—y/)
ij 8, 1) =

27 (Briom + yiion) (xi —xj)% + (yi — yj)? ~ 7 (Briom + yiion)’

@ Springer



Dissimilar nonhomogeneous magnetoelectroelastic. . . Page 170f 17 8

e (A — ya) (e0i=Y) — e~ va(Qi=yj)+2h2)y  e@(i=y)) |
x/ G- 0B 5 sinw(x; — x;)dw. (A-9)
w(0 —
0
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