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a b s t r a c t

An electrically conductive interface crack with a contact zone in a magnetoelectroelastic (MEE) bimaterial
system is considered. The bimaterial is polarized in the direction orthogonal to the crack faces and is
loaded by remote tension and shear forces as well as electrical and magnetic fields parallel to the crack
faces. It is assumed that the electrical field inside the crack faces is equal to zero and the magnetic quan-
tities are continuous across the crack faces. Using special expressions of magnetoelectromechanical
quantities via sectionally-analytic functions proposed in this paper, a combined Dirichlet–Riemann and
Hilbert boundary value problem is formulated and solved analytically. Explicit analytical expressions
for the characteristic mechanical, electrical and magnetic parameters are presented. A simple transcen-
dental equation is derived for the determination of the contact zone length. Stress, electric field and mag-
netic field intensity factors and the contact zone length are found for various loading cases. A significant
influence of the electric field on the contact zone length, stress and electric field intensity factors is
observed. Magnetoelectrically permeable conditions in the crack region are also investigated and com-
parisons of different crack models are performed. Results presented in this paper should have potential
applications to the design of multilayered magnetoelectroelastic (MEE) structures and devices.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

As new multifunctional materials, magnetoelectroelastic (MEE)
materials have found increasing applications in electronic technol-
ogy, ultrasound technology, intelligence projects, as well as in
other advanced smart structures, owing to their special magneto-
electric coupling effect. However, MEE materials are usually brittle,
possessing low fracture toughness and high imperfection sensitiv-
ity. These characteristics make the MEE devices susceptible to the
formation of imperfections, such as cracks, during manufacture or
service life and further lead to structural performance failure.
Therefore, there has been tremendous interest in studying the frac-
ture and failure behaviors of such materials ( Zhou et al., 2004; Gao
et al., 2004; Hu and Li, 2005; Feng and Su, 2006; Feng et al., 2007;
Yong and Zhou, 2007; Wang et al., 2008; Li, 2001; Gao et al., 2003;
Sih et al., 2003; Tian and Gabbert, 2005; Hu and Li, 2005; Zhou
et al., 2007; Wang and Mai, 2007; Zhao and Fan, 2008; Singh
et al., 2009; Hou et al., 2009; Chen, 2009; Zhong et al., 2009;
Wang et al., 2010; Zhong and Zhang, 2010; Sladek et al., 2011,
2012; Zhao et al., 2013; Han and Pan, 2013). In engineering

practice, layered structures are very common. In such structures,
interface delamination is probable, which will result in interfacial
cracks. This is the main reason behind structural failure. In the past
couple of decades, many researchers have studied the interface
crack problems of MEE materials (Gao and Noda, 2004; Li and
Kardomateas, 2007; Zhao et al., 2008; Herrmann et al., 2010; Zhu
et al., 2010; Feng et al., 2011; Ma et al., 2012).

On the other hand, electrically conductive cracks are very likely
to form due to an extremely high local electric field inside the
crack, since the dielectric permeability of the filling materials, such
as air, is usually much less than that of MEE materials. In addition,
electrode stratification or electrode–matrix debonding can often
lead to the development of conductive cracks. When a conductive
crack is loaded by an electrical and/or magnetic field parallel to
the crack, electric charges in the conductive crack surfaces will
rearrange themselves to develop an opposite field with the same
magnitude, meaning that the electric field inside the conductive
crack remains zero. Consequently, the charges in the upper and
lower crack surfaces near the crack tip have the same sign. The
phenomenon of these charges repelling each other has the effect
of promoting crack propagation (Zhang et al., 2007). Therefore,
the study of conductive cracks plays an important role in advanc-
ing our understanding of the failure behavior of MEE materials.
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Moreover, for some combinations of magnetoelectromechanical
loads, a crack between dissimilar MEE materials can develop a
crack face contact zone. The contact zone may exert cardinal influ-
ence on magnetoelectromechanical fields in the whole crack
region, especially at the crack tips. In such cases, applying the
classic Griffith crack model (without considering the contact zone)
would lead to a physically unrealistic overlapping of the crack
faces and an introduction of a false stress concentration near the
crack tip. The aim of the contact zone is to eliminate these crack
face overlapping zones and to determine the true open crack
formed and the corresponding fracture parameters. Recently,
Herrmann et al. (2010) and Ma et al. (2012) for the first time
extended the contact zone model to interface crack problems of
MEE materials, whereupon the oscillating singularity on the crack
tip is eliminated.

However, to our best knowledge, an electrically conductive
crack in an MEE bimaterial system has not been studied yet,
despite the possibility of the appearance of large contact zones
for such cracks under the action of electric and magnetic fields.
This situation is significantly different from the aforementioned
cases of the interface crack models proposed by Herrmann et al.
(2010) and Ma et al. (2012), in which electrical and/or magnetic
loads are perpendicular to the crack face and exert only a small
influence on crack face contact. In the present study, we consider
a new model, namely an electrically conductive crack with a fric-
tionless contact zone in an MEE bimaterial system under the action
of mechanical loading as well as the electrical and magnetic fields
parallel to the crack faces. The expressions for contact zone length,
stress intensity factors as well as electrical and magnetic field
intensity factors are derived. Numerical results demonstrate that
the contact zone indeed exists and can be found mathematically.
Additionally, a significant influence of the electric field on the
length of the contact zone and other fracture parameters is
observed. These obtained results and/or conclusions could be of
particular interest to the analysis and design of smart sensors/actu-
ators composed of magnetoelectroelastic composite laminates.

2. Basic equations

The governing equations and general solutions for MEE half-
spaces in a Cartesian coordinate system are consistent with those
in Feng et al. (2011). Hence, for brevity, those equations will not
be presented in this paper.

For the following analysis related to the conducting crack, it is
convenient to introduce the vectors

C ¼ u01;u
0
2;u

0
3;D3;B3

� �T
; Y ¼ fr31;r32;r33; E1;H1gT

; ð1Þ

where u1, u2 and u3 are the mechanical displacement components;
E1 and H1 are the components of the electrical field and the mag-
netic field respectively; r31;r32 and r33 are the components of
the stress; D3 and B3 are the components of the electrical displace-
ment and the magnetic induction respectively and the prime means
the differentiation on x1. Combined with the general solutions,
these vectors can be written in the form (Loboda et al., 2014)

C ¼Mf 0ðzÞ þMf 0ðzÞ; ð2Þ

Y ¼ Nf 0ðzÞ þ Nf 0ðzÞ; ð3Þ

where fðzÞ ¼ ff1ðz1Þ; f2ðz2Þ; f3ðz3Þ; f4ðz4Þ; f5ðz5ÞgT , zj ¼ x1 þ pjx3

ðj ¼ 1;2; . . . ;5Þ and the matrices M and N are found by means of
the reconstruction of the matrices A and B in Feng et al. (2011).
They can be expressed as

M ¼ fa1j; a2j; a3j; b4j; b5jgT
;

N ¼ fb1j; b2j; b3j;�a4j;�a5jgT
; j ¼ 1;2; . . . ;5: ð4Þ

3. Statement of the problem

Fig. 1 shows an electrically conducting crack located at
c 6 x1 6 b, x3 ¼ 0 between two semi-infinite MEE half-spaces
x3 > 0 and x3 < 0 with material properties defined by the following

material constants cð1Þijks, eð1Þiks , hð1Þiks , dð1Þis , að1Þis , lð1Þsi and cð2Þijks, eð2Þiks , hð2Þiks , dð2Þis ,

að2Þis , lð2Þsi , respectively. The half-spaces are assumed to be loaded at

infinity with uniform stresses rðmÞ33 ¼ r0, rðmÞ31 ¼ s0, electrical field

EðmÞ1 ¼ E0 and magnetic field HðmÞ1 ¼ H0 (where m = 1 stands for
the upper domain and m = 2 for the lower domain).

Furthermore, the crack surfaces are assumed to be traction-free
for x1 2 ðc; aÞ ¼ L1 whereas they are in frictionless contact for
x1 2 ða; bÞ ¼ L2, and the position of Point a is arbitrarily chosen
for the time being. It has been shown that the longer contact zone
develops at the right crack tip for the shear stress at infinity s0 > 0
if the lower material is softer than the upper one and it develops
for s0 < 0 in the opposite case (Loboda, 1998; Herrmann et al.,
2001). Also it is revealed by Dundurs and Gautesen (1988) and
Kharun and Loboda (2003) that neglecting the left short contact
zone, the oscillating singularity at the left crack tip will not signif-
icantly influence the stress and strain fields at the right crack tip.
Therefore, in the present study only the contact zone at the right
crack tip is considered. Certainly, a contact zone at the left crack-
tip can be treated similarly.

Since the load and the displacement u2 of the vector-function
ðu1;u2;u3;u;/Þ, in which u and / are the electrical potential and
magnetic potential respectively, decouples in the ðx1; x3Þ-plane
from the components ðu1;u3;u;/Þ, in the following sections, our
attention will be focused on the components ðu1; u3;u;/Þ in a
generalized plane strain condition.

Thus, for the present interface crack problem, the continuity
and boundary conditions at the interface can be written in the
following form:

½~Cðx1Þ� ¼ 0; ½~Yðx1Þ� ¼ 0; x1 R ðc; bÞ; ð5aÞ

rðmÞ13 ðx1;0Þ ¼ 0; rðmÞ33 ðx1;0Þ ¼ 0; EðmÞ1 ðx1;0Þ ¼ 0; ½H1ðx1Þ� ¼ 0;
½B3ðx1Þ� ¼ 0; x1 2 L1; ð5bÞ

½u3ðx1Þ� ¼ 0; rðmÞ13 ðx1;0Þ ¼ 0; ½r33ðx1Þ� ¼ 0; EðmÞ1 ðx1;0Þ ¼ 0;
½H1ðx1Þ� ¼ 0; ½B3ðx1Þ� ¼ 0; x1 2 L2; ð5cÞ
where

½~Cðx1Þ� ¼ ½u01ðx1Þ�; ½u03ðx1Þ�; ½D3ðx1Þ�; ½B3ðx1Þ�
� �T

¼ u01ðx1;0
þÞ � u01ðx1;0

�Þ;u03ðx1;0
þÞ � u03ðx1;0

�Þ;D3ðx1;0
þÞ

�
�D3ðx1;0

�Þ;B3ðx1;0
þÞ � B3ðx1;0

�Þ
�T
; ð6aÞ

½~Yðx1Þ�¼ ½r31ðx1Þ�;½r33ðx1Þ�;½E1ðx1Þ�;½H1ðx1Þ�f gT

¼ r31ðx1;0
þÞ�r31ðx1;0

�Þ;r33ðx1;0
þÞ
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�r33ðx1;0
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Fig. 1. An electrically conductive interface crack with frictionless contact zones
under remote mixed mode mechanical load r0; s0, electrical field E0 and magnetic
field H0.
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