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Summary. Analytical solutions for an anti-plane Griﬃth crack moving at the interface between two dissimilar magnetoelectroelastic media under the conditions of permeable crack faces are formulated using the integral transform method. The far-ﬁeld anti-plane mechanical shear and in-plane electrical and magnetic loadings are applied to the magnetoelectroelastic materials. Expressions for stresses, electric displacements, and magnetic inductions in the vicinity of the crack tip are derived. Field intensity factors for magnetoelectroelastic material are obtained. The stresses, electric displacements and magnetic inductions at the crack tip show inverse square root singularities, and it is found that the dynamic stress intensity factor (DSIF), the dynamic electric displacement intensity factor (DEDIF) and the dynamic magnetic induction intensity factor (DMIIF) are independent of the remote electromagnetic loads. The moving speed of the crack has inﬂuence on the DEDIF and the DMIIF. When the crack is moving at lower speeds 0 £ M £ Mc1 or higher speeds Mc2 < M < 1, the crack will propagate along its original plane, while in the range of Mc1 < M < Mc2 , the propagation of the crack possibly brings about the branch phenomena in magnetoelectroelastic media.



1 Introduction Composites made of piezoelectric/piezomagnetic materials exhibit a magnetoelectric eﬀect that is not present in single-phase piezoelectric or piezomagnetic materials, thereby making the composite sensitive to electric and magnetic ﬁelds. Such composites are potential candidates for use as magneto-electric memory elements, smart sensors and transducers because they can facilitate the conversion of energies between electric and magnetic ﬁelds. When subjected to mechanical, magnetic and electric loads in service, these magnetoelectroelastic materials can fail prematurely due to some defects, e.g., cracks, holes, etc. arising during their manufacturing process. Therefore, studies on the properties of piezoelectric/piezomagnetic composites have been carried out by many investigators in recent years [1]–[7]. In particular, there is a growing interest among researchers in solving fracture mechanics problems in media possessing coupled piezoelectric, piezomagnetic and magnetoelectric eﬀects, this is, piezoelectromagnetic eﬀects. Recently, Song and Sih [8] investigated the crack initiation behavior in a magnetoelectroelastic composite under in-plane deformation where the normal components of electric displacement and magnetic induction on the crack surfaces were taken as zero. The mode-III crack problems in an inﬁnite piezoelectromagnetic medium were considered using the complex variable technique [9], [10]. An exact treatment of the crack problems in an inﬁnite magnetoelectroelastic
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solid subjected to far-ﬁeld loadings was presented, and the elastic and electromagnetic ﬁelds were derived by Gao et al. [11]. Li [12] presented the transient analysis of a magnetoelectroelastic medium containing a crack under antiplane mechanical and in-plane electric and magnetic impacts. Hu and Li [13] got the closed solution for the moving crack problem in magnetoelectroelastic material and predicted the possible branch phenomena caused by the crack propagation. Fibrous and laminated composites made of piezoelectric/piezomagnetic materials have found increasingly wide engineering applications, particularly in the aerospace and automotive industries, while cracks or ﬂaws occur usually at the interface of dissimilar materials. Therefore, in order to prevent material failure along the interface, it is necessary to study interfacial cracks and their propagation problems in magnetoelectroelastic materials. More recently, the interfacial crack problems in a manetoelectroelastic bi-material system have received much attention. The interfacial crack problem in magnetoelectroelastic solids was studied by Gao et al. [14], and the results show the singular and oscillatory ﬁelds ahead of the crack tips. Zhou et al. [15] considered the dynamic behavior of two collinear interface cracks in magnetoelectroelastic materials under the harmonic anti-plane shear waves loading. However, the interfacial moving crack problem in a magnetoelectroelastic medium has not yet been resolved. The objective of this paper is to seek the solution to the moving crack problem at the interface of two dissimilar magnetoelectroelastic materials under longitudinal shear and inplane electric and magnetic loads. Fourier transforms are used to reduce the problem to the solution of dual integral equations. The solution of the dual integral equations is then expressed analytically. Closed-form expressions for crack-tip ﬁelds and ﬁeld intensity factors are obtained. The results indicate that the crack’s moving velocity will exert a signiﬁcant eﬀect on the crack-tip ﬁelds and that the dynamic electric displacement intensity factor (DEDIF) and the dynamic magnetic induction intensity factor (DMIIF) are only dependent on the remote mechanical loads.



2 Basic equations for magnetoelectroelastic media We consider a linear magnetoelectroelastic solid and denote the rectangular coordinates of a point by xj ðj ¼ 1; 2; 3Þ. Dynamic equilibrium equations are given as rij;i þ fj ¼ q



@ 2 uj ; @t2



Di;i  fe ¼ 0;



Bi;i  fm ¼ 0;



ð1Þ



where rij , Di and Bi are components of stress, electrical displacement and magnetic induction, respectively; fj , fe and fm are the body force, electric charge density, and electric current density, respectively; q is the mass density of the magnetoelectroelastic material; a comma followed by i (i ¼ 1; 2; 3) denotes partial diﬀerentiation with respect to the coordinate xi , and the usual summation convention over repeated indices is applied. The constitutive equations can be written as rij ¼ cijks eks  esij Es  hsij Hs ; Di ¼ eiks eks þ kis Es þ bis Hs ;



ð2Þ



Bi ¼ hiks eks þ bis Es þ cis Hs ; where eks , Es and Hs are components of strain, electric ﬁeld and magnetic ﬁeld, respectively; cijks , eiks , hiks and bis are elastic, piezoelectric, piezomagnetic and electromagnetic constants,
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respectively; kis and cis are dielectric permittivities and magnetic permeabilities, respectively. The following reciprocal symmetries hold: cijks ¼ cjiks ¼ cijsk ¼ cksij ; hsij ¼ hsji ;



bij ¼ bji ;



esij ¼ esji ;



kij ¼ kji ;



ð3Þ



cij ¼ cji :



The gradient equations are 1 eij ¼ ðui;j þ uj;i Þ; 2



Ei ¼ /;i ;



Hi ¼ u;i ;



ð4Þ



where ui is the displacement vector, and / and u are electric potential and magnetic potential, respectively. For a special case of a transversely isotropic magnetoelectroelastic medium with x3 as a symmetry axis, the constitutive equations (2) take the form [4] 0r 1 11



0c



11



C B B Br C Bc B 22 C B 12 C B B C B B B r33 C B c13 C B B C¼B B C B B B r23 C B 0 C B B C B B C B B B r31 C B 0 A @ @ r12



c12



c13



0



0



c11



c13



0



0



c13



c33



0



0



0



0



c44



0



0



0



0



c44



0 10 e11 1 CB C C B 0 C CB e22 C CB C CB C C B 0 CB e33 C C CB C CB C B 2e23 C 0 C CB C CB C CB C 0 CB 2e31 C A@ A



0 0 0 0 0 c66 2e12 1 0 0 0 0 e31 0 0 C B B B 0 B 0 e31 C 0 C0 1 B 0 B C E1 B B C B B B 0 0 e33 C 0 C B 0 CB B B C B C B B E2 C  B CB B B 0 e15 0 C@ A B 0 h15 C B B C E3 B B C B B B e15 0 B h15 0 0 C A @ @ 0



0



0



0 0



0



1



0



0



0



0



0



e15



B C B B C B B D2 C ¼ B 0 @ A @



0



0



e15



0



e31



e33



0



0



D1



D3



e31



e11



0



h31 1 C h31 C C0 1 C H1 C h33 C C CB C CB H2 C; CB @ A 0 C C C H3 C 0 C A



ð5Þ



0



1



C B C B B e22 C C 0 1B C k11 0 B C B CB e33 C B C B CB 0 CB CþB 0 AB 2e C @ B 23 C C 0 B 0 C B B 2e C B 31 C A @



0 k11 0



0



10



E1



1



CB C CB C 0 CB E2 C A@ A k33



E3



2e12 0



b11 B B þB 0 @ 0



0 b11 0



0



10



1



H1 CB C CB C 0 CB H2 C; A@ A b33



H3



ð6Þ
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0 0



B1



1



0



0



0



B C B B C B B B2 C ¼ B 0 B C B @ A @ B3



h31



0



0



h15



0



0



h15



0



h31



h33



0



0



10



1



e11



1



C B C B B e22 C C 0 1B C b11 0 B C B C B CB e 33 C B CB C B 0C CþB B 0 CB B AB 2e23 C C @ C B C 0 0 B C B B 2e31 C C B A @



0 b11 0



0



10



E1



1



CB C CB C B C 0 C CB E2 C A@ A b33



E3



2e12 0



c11 B B þB B 0 @ 0



0 c11 0



0



H1 CB C CB C B C 0 C CB H2 C; A@ A c33



ð7Þ



H3



where c66 ¼ ðc11  c12 Þ=2. The governing equations simplify considerably if we consider only the out-of-plane displacement, the in-plane electric ﬁelds and in-plane magnetic ﬁelds, i.e., u1ðlÞ ¼ u2ðlÞ ¼ 0;



u3ðlÞ ¼ wðlÞ ðx; yÞ;



ð8Þ



E1ðlÞ ¼ ExðlÞ ðx; yÞ;



E2ðlÞ ¼ EyðlÞ ðx; yÞ;



E3ðlÞ ¼ 0;



ð9Þ



H1ðlÞ ¼ HxðlÞ ðx; yÞ; H2ðlÞ ¼ HyðlÞ ðx; yÞ;



H3ðlÞ ¼ 0;



ð10Þ



where the quantities with the subscript ðlÞ; l ¼ 1; 2; denote the corresponding quantities in the upper half-plane and the lower half-plane, respectively. In this case, if there is no body force, electric charge density and electric current density, the governing equations (1) simplify to c44ðlÞ r2 wðlÞ þ e15ðlÞ r2 /ðlÞ þ h15ðlÞ r2 uðlÞ ¼ qðlÞ



@ 2 wðlÞ ; @t2 ð11Þ



e15ðlÞ r2 wðlÞ  k11ðlÞ r2 /ðlÞ  b11ðlÞ r2 uðlÞ ¼ 0; h15ðlÞ r2 wðlÞ  b11ðlÞ r2 /ðlÞ  c11ðlÞ r2 uðlÞ ¼ 0;



where r2 ¼ @ 2 =@x2 þ @ 2 =@y2 is the two-dimensional Laplace operator in the variables x and y, /ðlÞ and uðlÞ denote the electric potentials and magnetic potentials in the upper and lower halfplanes, respectively, c44ðlÞ , e15ðlÞ , k11ðlÞ , h15ðlÞ , b11ðlÞ , c11ðlÞ and qðlÞ are the elastic, the piezoelectric, the dielectric, the piezomagnetic, the electromagnetic, the magnetic constants and the mass densities of the two dissimilar materials, respectively. The corresponding constitutive relations become 0 1 0 1 0 1 @wðlÞ c44ðlÞ e15ðlÞ h15ðlÞ r3iðlÞ @xi B C BD C Be CB @/ C ð12Þ @ iðlÞ A ¼ @ 15ðlÞ k11ðlÞ b11ðlÞ AB @xðlÞi C; @ A @uðlÞ h15ðlÞ b11ðlÞ c11ðlÞ BiðlÞ @xi



where i ¼ 1, 2, and l ¼ 1, 2. Introducing four new functions UðlÞ and WðlÞ as [13] UðlÞ ¼ /ðlÞ þ ml  wðlÞ ;



WðlÞ ¼ uðlÞ þ nl  wðlÞ ;



l ¼ 1; 2;



ð13Þ
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where ml ¼



b11ðlÞ h15ðlÞ  c11ðlÞ e15ðlÞ k11ðlÞ c11ðlÞ 



b211ðlÞ



nl ¼



;



b11ðlÞ e15ðlÞ  k11ðlÞ h15ðlÞ k11ðlÞ c11ðlÞ  b211ðlÞ



ð14Þ



;



Eqs. (11) become r2 wðlÞ ¼



1 @ 2 wðlÞ ; C2ðlÞ @t2



r2 UðlÞ ¼ 0;



r2 WðlÞ ¼ 0;



ð15Þ



where CðlÞ



sﬃﬃﬃﬃﬃﬃﬃ lðlÞ ¼ ; qðlÞ



lðlÞ ¼ c44ðlÞ þ



c11ðlÞ e215ðlÞ þ k11ðlÞ h215ðlÞ  2b11ðlÞ e15ðlÞ h15ðlÞ k11ðlÞ c11ðlÞ  b211ðlÞ



:



ð16Þ



3 Problem statement and method of solution Consider a Griﬃth crack of length 2c moving at constant speed v at the interface of two dissimilar magnetoelectroelastic materials, which is subjected to far-ﬁeld mechanical, electrical and magnetic loads as shown in Fig. 1. This type of crack is the so-called Yoﬀe-type moving crack [16]–[22], which is a subject of interest because it is a relatively simple problem to work with, and it provides relevant information about moving fracture behavior in magnetoelectroelastic materials. For convenience, let a coordinate system (x; y; z) be attached to the moving crack and when t ¼ 0 it coincides with the ﬁxed coordinate system (X; Y ; Z). Since the problem is in a steady state, the Galilean transformation can be introduced, i.e., x ¼ X  vt;



y ¼ Y;



z ¼ Z:



ð17Þ



With reference to the moving coordinate system, Eqs. (15) become independent of the time variable t and may be rewritten as P0



Y



y



Material 1



vt X x 2c Material 2



D0 B0



Fig. 1. A crack moving at the interface between two dissimilar magnetoelectroelastic materials under far-ﬁeld mechanical, electrical and magnetic loads
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@ 2 wðlÞ ðx; yÞ @ 2 wðlÞ ðx; yÞ þ ¼ 0; @x2 @y2



r2 UðlÞ ðx; yÞ ¼ 0;



r2 WðlÞ ðx; yÞ ¼ 0;



where qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ kl ¼ 1  ðv=CðlÞ Þ2 :



ð18Þ



ð19Þ



The poled magnetoelectroelastic medium is thick enough in the z-direction to allow a state of anti-plane shear, and the crack is situated along the plane ðc < x < c; y ¼ 0Þ. We will consider the boundary conditions at inﬁnity as ryz ¼ P0 ;



Dy ¼ D0 ;



By ¼ B0 ;



ðx2 þ y2 ! 1Þ:



ð20Þ



Fourier transforms are applied to Eqs. (18), and by using the conditions in Eq. (13), the results can be obtained as follows: wðlÞ ðx; yÞ ¼ 2



Z1



AðlÞ ðnÞ expðkl njyjÞ cosðnxÞdn þ al y;



ð21Þ







 BðlÞ ðnÞ expðnjyjÞ  ml AðlÞ ðnÞ expðkl njyjÞ cosðnxÞdn þ bl y;



ð22Þ







 FðlÞ ðnÞ expðnjyjÞ  nl AðlÞ ðnÞ expðkl njyjÞ cosðnxÞdn þ cl y;



ð23Þ



0



/ðlÞ ðx; yÞ ¼ 2



Z1 0



uðlÞ ðx; yÞ ¼ 2



Z1 0



where AðlÞ ðnÞ, BðlÞ ðnÞ and FðlÞ ðnÞ are the unknown functions to be solved and al , bl , cl are real constants, which can be determined from the far-ﬁeld loading conditions as follows: 0 1 0 1 0 1 c44ðlÞ e15ðlÞ h15ðlÞ 1 P0 al B C Be C B C ð24Þ @ bl A ¼ @ 15ðlÞ k11ðlÞ b11ðlÞ A @ D0 A: h15ðlÞ b11ðlÞ c11ðlÞ cl B0 A simple calculation leads to the stress, electric displacement and magnetic induction expressions: 9 8 Z1 > = < ðc44ðlÞ  e15ðlÞ ml  h15ðlÞ nl Þkl AðlÞ ðnÞ expðkl njyjÞ > cosðnxÞdn þ P0 ; ð25Þ rzyðlÞ ¼ 2sgny n  > > ; :  þ e B ðnÞ þ h F ðnÞ expðn y j jÞ 0 15ðlÞ ðlÞ 15ðlÞ ðlÞ



DyðlÞ



Z1 h i ¼ 2sgny n k11ðlÞ BðlÞ ðnÞ þ b11ðlÞ FðlÞ ðnÞ expðnjyjÞ cosðnxÞdn þ D0 ;



ð26Þ



0



Z1 h i ByðlÞ ¼ 2sgny n b11ðlÞ BðlÞ ðnÞ þ c11ðlÞ FðlÞ ðnÞ expðnjyjÞ cosðnxÞdn þ B0 :



ð27Þ



0



The mechanical conditions for the crack case are: rzyð1Þ ðx; 0Þ ¼ rzyð2Þ ðx; 0Þ ¼ 0



ðj xj


ð28Þ



wð1Þ ðx; 0Þ ¼ wð2Þ ðx; 0Þ;



ðjxj  cÞ;



ð29Þ



rzyð1Þ ðx; 0Þ ¼ rzyð2Þ ðx; 0Þ



ðj xj  cÞ:



ð30Þ
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The electrical and magnetic conditions for the permeable crack case can be expressed as [13], [23] Dyð1Þ ðx; 0Þ ¼ Dyð2Þ ðx; 0Þ;



Exð1Þ ðx; 0Þ ¼ Exð2Þ ðx; 0Þ ðjxj


ð31Þ



/ð1Þ ðx; 0Þ ¼ /ð2Þ ðx; 0Þ;



Dyð1Þ ðx; 0Þ ¼ Dyð2Þ ðx; 0Þ



ð32Þ



Byð1Þ ðx; 0Þ ¼ Byð2Þ ðx; 0Þ;



Hxð1Þ ðx; 0Þ ¼ Hxð2Þ ðx; 0Þ ðj xj


ð33Þ



uð1Þ ðx; 0Þ ¼ uð2Þ ðx; 0Þ;



Byð1Þ ðx; 0Þ ¼ Byð2Þ ðx; 0Þ



ð34Þ



ðjxj  cÞ;



ðj xj  cÞ:



The conditions (28) and (30), (31) and (32), and (33) and (34) give the following conditions: rzyð1Þ ðx; 0Þ ¼ rzyð2Þ ðx; 0Þ;



Dyð1Þ ðx; 0Þ ¼ Dyð2Þ ðx; 0Þ;



Byð1Þ ðx; 0Þ ¼ Byð2Þ ðx; 0Þ;



ðjxj


By using Eqs. (25)–(27) and (35) we ﬁnd that 0



Að2Þ ðnÞ



1



0



10



Að1Þ ðnÞ



1



H11



H12



H13



B B ðnÞ C B @ ð2Þ A ¼ @ H21 Fð2Þ ðnÞ H31



H22



CB C H23 A@ Bð1Þ ðnÞ A



H32



H33



and 0 H11 B @ H21



H12



H13



H22



C B H23 A ¼ @ 0



k11ð2Þ



H31



H32



H33



0



b11ð2Þ



1



0



M2



ð36Þ



Fð1Þ ðnÞ



e15ð2Þ



h15ð2Þ



11 0



M1



B b11ð2Þ C A @ 0 c11ð2Þ 0



e15ð1Þ



h15ð1Þ



1



k11ð1Þ



b11ð1Þ C A;



b11ð1Þ



c11ð1Þ



ð37Þ



where Ml ¼ ðc44ðlÞ  e15ðlÞ ml  h15ðlÞ nl Þkl



ðl ¼ 1; 2Þ:



ð38Þ



Substituting Eq. (36) into Eqs. (31)–(34) leads to the result Bð1Þ ðnÞ ¼ R1 Að1Þ ðnÞ;



Cð1Þ ðnÞ ¼ R2 Að1Þ ðnÞ;



ð39Þ



where Ri (i ¼ 1, 2) are real constants deﬁned in the Appendix. Satisfaction of the mixed boundary conditions (28), (29) leads to the simultaneous dual integral equations of the following form: Z1 Að1Þ ðnÞ cosðnxÞdn ¼ 0 ðjxj  cÞ; ð40Þ 0



Z1



nAð1Þ ðnÞ cosðnxÞdn ¼



Q P0 ¼ 2 2½M1 þ e15ð1Þ R1 þ h15ð1Þ R2 



ðj xj


ð41Þ



0



Obviously, we can get the analytical solutions of the simultaneous dual integral equations mentioned above as Að1Þ ðnÞ ¼



P0 cn1 J1 ðncÞ; 2½M1 þ e15ð1Þ R1 þ h15ð1Þ R2 



in which J1 ð Þ denotes the ﬁrst-order Bessel function of the ﬁrst kind.



ð42Þ
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Substituting Eq. (42) into Eqs. (4), (12), (25)–(27), we can get the expressions in the upper half-plane (y  0, l ¼ 1) as ( " " #) # zv i zv rzyð1Þ þ irzxð1Þ ¼ M1 Q Re pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  1 þ Im pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ k1 z2v  c2 z2v  c2   z þ ðe15ð1Þ R1 þ h15ð1Þ R2 ÞQ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  1 þ P0 ; z2  c2 ð43Þ   h i z Dyð1Þ þ iDxð1Þ ¼ k11ð1Þ R1 þ b11ð1Þ R2 Q 1  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ þ D0 ; z2  c2  h i  z Byð1Þ þ iBxð1Þ ¼ b11ð1Þ R1 þ c11ð1Þ R2 Q 1  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ þ B0 ; z2  c2 where Re and Im denote the real and imaginary parts of a complex variable, respectively, pﬃﬃﬃﬃﬃﬃﬃ z ¼ x þ iy, zv ¼ x þ ik1 y, and i ¼ 1:



4 Field intensity factors Evaluating the solution (43) near the right crack tip and extending the traditional concept of stress intensity factors to other ﬁeld variables, we can get the singular parts of the stresses, the electric displacements and the magnetic inductions as 2 3 sﬃﬃﬃﬃﬃ 0  1   K T ðvÞ 4 r1 h h 1 1 5; rzyð1Þ ¼ pﬃﬃﬃﬃﬃﬃﬃ ð1 þ qÞ  cos@ A  q cos 2 2 2r1 r1 rzxð1Þ



" sﬃﬃﬃﬃﬃﬃﬃﬃﬃ  # ! K T ðvÞ r1 h1 h1 q sin ; ¼  pﬃﬃﬃﬃﬃﬃﬃ ð1 þ qÞ  sin 2 2 2 2r1 k1 r1



  K D ðvÞ h1 ; Dyð1Þ ¼ pﬃﬃﬃﬃﬃﬃﬃ cos 2 2r1   K B ðvÞ h1 ; Byð1Þ ¼ pﬃﬃﬃﬃﬃﬃﬃ cos 2 2r1 q¼



ð44Þ



  K D ðvÞ h1 Dxð1Þ ¼  pﬃﬃﬃﬃﬃﬃﬃ sin ; 2 2r1   K B ðvÞ h1 Bxð1Þ ¼  pﬃﬃﬃﬃﬃﬃﬃ sin ; 2 2r1



e15ð1Þ R1 þ h15ð1Þ R2 ; M1



ð45Þ ð46Þ



ð47Þ 







where the polar coordinates r1 , h1 and r1 , h1 are coordinates deﬁned in Fig. 2; they are



y (x, y)



r2 r q2 –c



r1 q1



q 0



c



x Fig. 2. Coordinates used to express the solution
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r1 ¼  r1



qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ðx  cÞ2 þ y2 ;



h1 ¼ tan1



qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ ðx  cÞ2 þ ðk1 yÞ2 ;







 y ; xc



h1 ¼ tan1







ð48Þ



 k1 y ; xc



K T ðvÞ, K D ðvÞ, and K B ðvÞ are the dynamic stress intensity factor (DSIF), the dynamic electric displacement intensity factor (DEDIF), and the dynamic magnetic induction intensity factor (DMIIF), respectively; these ﬁeld intensity factors can be deﬁned as K T ðvÞ ¼ limþ



pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃ 2ðx  cÞrzy ðx; 0Þ ¼ P0 c;



ð49Þ



K D ðvÞ ¼ limþ



pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ k11ð1Þ R1 þ b11ð1Þ R2 pﬃﬃﬃ P0 c; 2ðx  cÞDy ðx; 0Þ ¼  M1



ð50Þ



K B ðvÞ ¼ limþ



pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ b11ð1Þ R1 þ c11ð1Þ R2 pﬃﬃﬃ 2ðx  cÞBy ðx; 0Þ ¼  P0 c; M1



ð51Þ



x!c



x!c



x!c



For this particular problem, the stresses, electric displacements and magnetic inductions at the crack tip show the inverse square root singularities. It is clear that the stress intensity factors (SIFs) corresponding to the ﬁeld variables applied at inﬁnity become independent of the speed of the moving crack, the material constants and the other respective loading parameter. The stresses around the crack tip are inﬂuenced by the crack moving velocity, the material constants and the loading parameters. From Eqs. (50), (51) we can get that k11ð1Þ R1 þ b11ð1Þ R2 K D ðvÞ f1 k1 þ f2 k2 þ f3 ¼ ¼ ; T K ðvÞ M1 d1 k1 k2 þ d2 k1 þ d3 k2 þ d4



ð52Þ



b11ð1Þ R1 þ c11ð1Þ R2 K B ðvÞ g1 k1 þ g2 k2 þ g3 ¼ ¼ ; T K ðvÞ M1 d1 k1 k2 þ d2 k1 þ d3 k2 þ d4



ð53Þ



where di (i ¼ 1; 2; 3; 4), fj , gj (j ¼ 1; 2; 3) are real constants and are deﬁned in the Appendix. It is shown that the DEDIF and the DMIIF under the permeable crack condition are dependent on the speed of the moving crack and material constants, and the magnitudes of K D ðvÞ and K B ðvÞ will become inﬁnity when d1 k1 k2 þ d2 k1 þ d3 k2 þ d4 ¼ 0:



ð54Þ



In the case of c44ð1Þ ¼ c44ð2Þ , e15ð1Þ ¼ e15ð2Þ , k11ð1Þ ¼ k11ð2Þ ; h15ð1Þ ¼ h15ð2Þ , b11ð1Þ ¼ b11ð2Þ , c11ð1Þ ¼ c11ð2Þ and qð1Þ ¼ qð2Þ , our results are exactly reduced to the moving crack problem in magnetoelectroelastic materials, and agree with [13]. This shows that our solutions are correct and universal. Using the polar coordinate system ðr1 ; h1 Þ deﬁned nearby the crack tip, the ﬁeld intensity factors along the orientation h1 can be obtained as K T ðv; h1 Þ ¼ K T ðvÞFðh1 Þ;



K D ðv; h1 Þ ¼ K D ðvÞ cos



  h1 ; 2



K B ðv; h1 Þ ¼ K B ðvÞ cos



  h1 ; 2



ð55Þ
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where 2



01 0  13   h 1 h1 h1 1 ; Fðh1 Þ ¼ ð1 þ qÞXðh1 Þ4cosðh1 Þ cos@ A þ sinðh1 Þ sin@ A5  q cos k1 2 2 2 Xðh1 Þ ¼



sﬃﬃﬃﬃﬃ r1  r1



1 ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ; 4 2 cos ðh1 Þ þ k21 sin2 ðh1 Þ







tanðh1 Þ ¼ k1 tanðh1 Þ:



ð56Þ



To illustrate the inﬂuence of the velocity of the moving crack on the stresses around the crack tip, a Mach number as the ratio of the velocity to the magnetoelectroelastic shear wave speed, M ¼ v=Cð1Þ , is introduced. From Eq. (56), it can be seen that the function Fðh1 Þ is independent of the crack length 2c, and when h1 ¼ 0, we have Fðh1 Þ ¼ 1. The crack length does not aﬀect the distribution of the DSIF on the circumference. Therefore, analyzing the function Fðh1 Þ would provide a good model to understand the crack propagation orientation.



5 Discussions We will consider transversely isotropic materials exhibiting full coupling between elastic, electric and magnetic ﬁelds, with unique axis along the x3 -direction. The independent material constants are the elastic constants, piezoelectric constants, piezomagnetic constants, dielectric constants, magnetic constants, and magnetoelectric constants. This is the general situation, and for a particular material, some of the coupling coeﬃcients may be zero. The eﬀective material constants for a magnetoelectroelastic composite are given in [24] by Sih and Song, who considered a composite made of BaTiO3 as the inclusions and CoFeO4 as the matrix, and the material constants are



5 M=0 M = 0.3 M = 0.5 M = 0.6 M = 0.7 M = 0.8 M = 0.9 M = 0.95
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Fig. 3. Fðh1 Þ versus h1 when 0  M < Md
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Table 1. Values of Fðh1 Þ against M and maximum value Fðhb Þ M



1



0:60 0:65 0:70 0:75 0:80 0:85 0:90 0:95 0:99



(b (b (b (b (b (b (b (b (b



¼ 71 ) ¼ 83 ) ¼ 91 ) ¼ 95 ) ¼ 98 ) ¼ 100 ) ¼ 100 ) ¼ 99 ) ¼ 95 )



0



30



60



90



120



F ðb Þ



1:0000 1:0000 1:0000 1:0000 1:0000 1:0000 1:0000 1:0000 1:0000



1:0049 1:0123 1:0192 1:0278 1:0373 1:0481 1:0605 1:0757 1:0987



1:0220 1:0590 1:1039 1:1593 1:2290 1:3195 1:4425 1:6260 1:9259



1:0042 1:0889 1:2008 1:2844 1:5751 1:9308 1:6002 4:4090 15:9177



0:8157 0:9045 1:0208 1:1789 1:4046 1:7533 2:3703 3:8451 10:8372



1:0261 1:0936 1:2013 1:3641 1:6146 2:0281 2:8207 4:9929 19:3345



c44ð1Þ ¼ 4:5  1010 N=m2 ; k11ð1Þ ¼ 1:19  10



9



2



e5ð1Þ ¼ 1:16 C=m2 ; 2



C =Nm ;



c44ð2Þ ¼ 4:32  1010 N=m2 ;



h15ð1Þ ¼ 495 N=Am;



c11ð1Þ ¼ 5:315  104 Ns2 =C2 ;



e15ð2Þ ¼ 10:44 C=m2 ;



k11ð2Þ ¼ 1:009  108 C2 =Nm2 ;



qð1Þ ¼ 5:34  103 kg=m3 ;



h15ð2Þ ¼ 55 N=Am;



c11ð2Þ ¼ 6:35  105 Ns2 =C2 ;



qð2Þ ¼ 5:66  103 kg=m3 : ð57Þ



It can be seen from Eqs. (52)–(54) and (57) that the magnitudes of K D ðvÞ and K B ðvÞ, in the case of the permeable condition will become inﬁnite when M ! Md ¼ 0:9997. By analyzing the extreme value of the function Fðh1 Þ, we ﬁnd that a critical value exists for the Mach number when Mc1 ¼ 0:5632. When M  Mc1 and 0  h1  180 , Fðh1 Þ monotonically decreases with increase of h1 ; see Fig. 3. The maximum value of the DSIF K T ðv; h1 Þ occurs at the crack axis h1 ¼ 0 , this means that the crack has a tendency to propagate along its original plane when the criterion of the maximum tensile stress is used.
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Fig. 4. Fðh1 Þ versus h1 when Md < M < Mc2
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1



M = 0.999989 M = 0.99999 M = 0.999992 M = 0.999996 M = 0.999999 M = 0.9999999
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Fig. 5. Fðh1 Þ versus h1 when Mc2 < M < 1



For the case of Mc1 < M < Md and 0  h1  180 , Fðh1 Þ increases with increase of h1 at ﬁrst and then decreases after it reaches a certain peak value. It is shown that the orientation of the maximum DSIF has a branch angle of hb with the crack axis. This conclusion will be in agreement with that obtained by Hu and Li [13] when our solution is reduced to the homogeneous piezoelectromagnetic material case.
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pﬃﬃﬃ Fig. 7. The normalized DMIIF K B ¼ 107 K B ðmÞ=ðP0 c) versus M



When M varies from 0:60 to 0:99, hb approximately ranges from 71 to 100 . Some results are listed in Table 1. For the case of M > Md and 0  h1  180 , for the Mach number also exists a critical value when Mc2 ¼ 0:999988. From Fig. 4, it can be seen that the maximum magnitude of Fðh1 Þ is greater than 1 at an angle h1 6¼ 0 when Md < M < Mc2 , which means that the crack will deviate from its original plane. At higher crack velocity on the other hand, the maximum magnitude of Fðh1 Þ is always 1 at the angle h1 ¼ 0 when Mc2 < M < 1, which means that the crack will propagate along its original plane, see Fig. 5. It should be noted that the values of Mc1 , Mc2 and Md are dependent on the electromagnetic properties of the composite. pﬃﬃﬃ Figure 6 shows the variations of the normalized DEDIF K D ¼ 109 =K D ðvÞ=ðP0 cÞ versus M. The inﬂuence of the speed of the moving crack on the normalized DMIIF pﬃﬃﬃ K D ¼ 109 =K D ðvÞ=ðP0 cÞ is shown in Fig. 7. For the case that 0 < M < Md , the DEDIF and the DMIIF gradually increase with increasing crack speed, and will increase rapidly and verge on positive inﬁnity when M verges on Md . For the case where Md < M  1, the DEDIF and the DMIIF gradually increase from 1 with the increase of the crack speed to certain values.



6 Conclusions The magnetoelectroelastic problem of a constant moving crack at the interface between two dissimilar magnetoelctroelastic media under the combined anti-plane mechanical shear and in-plane electrical and magnetic loadings has been analyzed for the permeable crack condition by an integral transform approach. A closed-form solution of the ﬁeld variables and the ﬁeld intensity factors are derived. The stresses, electric displacements and magnetic inductions at the crack tip exhibit the inverse square root singularities. The DEDIF and
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DMIIF under the permeable crack condition are dependent on the speed of the moving crack and on material constants. When the velocity of the moving crack is less than Mc1 or higher than Mc2 , the crack will propagate along its original plane, while in the range of Mc1 < M < Mc2 the propagation of the crack possibly brings about the branch phenomena in magnetoelectroelastic media.



Appendix The constants Ri (i ¼ 1; 2) in Eq. (39) are deﬁned as R1 ¼



ðm2 H11  m1 ÞðH33  n2 H13  1Þ þ ðn2 H11  n1 Þðm2 H13  H23 Þ ; ðm2 H12  H22 þ 1Þðn2 H13  H33 þ 1Þ þ ðn2 H12  H32 ÞðH23  m2 H13 Þ



(A.1)



R2 ¼



ðm2 H12  H22 þ 1Þðn1  n2 H11 Þ þ ðn2 H12  H23 Þðm2 H11  m1 Þ ; ðm2 H12  H22 þ 1Þðn2 H13  H33 þ 1Þ þ ðn2 H12  H32 ÞðH23  m2 H13 Þ



(A.2)



where mi , ni (i ¼ 1; 2) and Hij (i; j ¼ 1; 2; 3) are deﬁned by Eqs. (14) and (37), respectively. The constants di ði ¼ 1; 2; 3; 4Þ and fj and gj ðj ¼ 1; 2; 3Þ in Eqs. (52) and (53) are deﬁned as d1 ¼ M1 ½ðH22  1ÞðH33  1Þ  H23 H32 ;



(A.3)



d2 ¼ M1 ½m2 h2 ð1  H33 Þ þ n2 h3 ð1  H22 Þ þ n2 h2 H23 þ m2 h3 H32  



 þ h1 e15ð1Þ ½m2 ðH33  1Þ  n2 H23  þ h15ð1Þ ½n2 ðH22  1Þ  m2 H32  ;



(A.4)



d3 ¼ e15ð1Þ ½m1 ð1  H33 Þ þ n1 H23  þ h15ð1Þ ½n1 ð1  H22 Þ þ m1 H32 ;



(A.5)



d4 ¼ ðm1 n2  m2 n1 Þðe15ð1Þ h3  h15ð1Þ h2 Þ; n o f1 ¼ h1 k11ð1Þ ½m2 ðH33  1Þ  n2 H23  þ b11ð1Þ ½n2 ðH22  1Þ  m2 H32  ;



(A.6)



f2 ¼ k11ð1Þ ½m1 ð1  H33 Þ þ n1 H23  þ b11ð1Þ ½n1 ð1  H22 Þ þ m1 H32 ;



(A.8)



f3 ¼ ðm1 n2  m2 n1 Þðk11ð1Þ h3  b11ð1Þ h2 Þ; n o g1 ¼ h1 b11ð1Þ ½m2 ðH33  1Þ  n2 H23  þ c11ð1Þ ½n2 ðH22  1Þ  m2 H32  ;



(A.9) (A.10)



g2 ¼ b11ð1Þ ½m1 ð1  H33 Þ þ n1 H23  þ c11ð1Þ ½n1 ð1  H22 Þ þ m1 H32 ;



(A.11)



g3 ¼ ðm1 n2  m2 n1 Þðb11ð1Þ h3  c11ð1Þ h2 Þ;



ðA:12Þ



(A.7)



where hi (i ¼ 1; 2; 3) are deﬁned as M1 k2 ; M2 k1  h i h i h2 ¼  e15ð1Þ k11ð2Þ c11ð2Þ  b211ð2Þ þ k11ð1Þ h15ð2Þ b11ð2Þ  e15ð2Þ c11ð2Þ h i þb11ð1Þ e15ð2Þ b11ð2Þ  h15ð2Þ k11ð2Þ =D;  h i h i h3 ¼  h15ð1Þ k11ð2Þ c11ð2Þ  b211ð2Þ þ b11ð1Þ h15ð2Þ b11ð2Þ  e15ð2Þ c11ð2Þ h i þc11ð1Þ e15ð2Þ b11ð2Þ  h15ð2Þ k11ð2Þ =D;



h1 ¼ 



ðA:13Þ



ðA:14Þ



ðA:15Þ
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where h i D ¼ c44ð2Þ k11ð2Þ c11ð2Þ  b211ð2Þ þ c11ð2Þ e215ð2Þ þ k11ð2Þ h215ð2Þ  2b11ð2Þ e15ð2Þ h15ð2Þ :



ðA:16Þ
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magnetic loadings are applied to the magnetoelectroelastic materials. Expressions for stresses, electric displacements, and magnetic inductions in the vicinity of the crack tip are derived. Field intensity factors for magnetoelectroelastic material are obtained. The stresses, electric displacements and magnetic induc-. 
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