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Abstract An antiplane shear strip crack moving uniformly in transversely isotopic magnetoelectroelastic
media when subjected to representative non-constant crack-face loading conditions is studied. Readily cal-
culable explicit closed-form representations are determined and discussed for the components of the stress,
electric and magnetic fields created throughout the material. Representative numerical data are presented.
Alternative boundary conditions for which corresponding analyses can be derived analogously are listed.

1 Introduction

There has been an increasing interest during the last few years in predicting both experimentally and analytically
the coupled effects of magnetoelectroelastic composite materials. These have exciting possibilities of exploita-
tion in a wide range of developments in high technological intelligent devices. A thorough understanding of
the behavior of cracks and flaws within these media is thus clearly desirable.

Various studies of such stationary cracks subjected to uniform loads have been undertaken. For example,
Gao et al. [1,2] and Gao et al. [3] used an extended Stroh-type formalism with complex variable potential
functions to examine a single crack, collinear cracks and interfacial cracks, respectively, while in two very
closely related papers Wang and Mai [4,5] develop energy functions, path-independent conservative integrals
and complex variable solutions for an antiplane crack problem. Recently, Zhao et al. [6], and see also the useful
references therein, considered a magnetoelectroelastic medium with an elliptical cavity again using complex
eigenvector—eigenvalue techniques.

An antiplane crack moving constantly under permeable crack-face conditions within a magnetoelectroelas-
tic material with uniform boundary conditions at infinity has been discussed using integral transform methods
by Hu and Li [7]. On the other hand, Li [8] was concerned with the transient response of such a crack under
sudden specially uniform impact loading, by reducing the problem to a Fredholm integral equation of the sec-
ond kind using Fourier and Laplace transforms. It was necessary to solve the resulting equation numerically
and to perform a numerical inversion of the Laplace transform to obtain dynamic field intensity factors in the
time domain.

However, it is well-established that continuous distributions of dislocations can be used to model slit-like
cracks in isotropic elastic media. In using a six-dimensional eigenvalue extended Stroh formalism for thereby
studying cracks in general anisotropic elastic media, Barnett and Asaro [9] suggest that the technique of
dislocation layers appears “to be more straightforward and to facilitate computational convenience”.
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The purpose of the present paper is to demonstrate that the so-called dislocation layer technique is indeed
especially suited for extension in a particularly convenient and quite straightforward manner to derive analyti-
cally explicit versatile expressions for the components of the fields created by a mode III crack moving through
a transversely isotropic magnetoelectroelastic medium under non-uniform crack-face loading conditions. The
foundations of this current analysis are provided by the recent results of Liu et al. [10] for a dislocation moving
uniformly through such materials, which are presented as an illustrative example of their more generalized
plane problem.

In Sect. 2, the basic formulation of the situation under consideration is presented, together with the required
components of the elastic, electric and magnetic fields around a moving magnetoelectroelastic screw disloca-
tion. An analysis and derivation of the resulting fields created around a moving antiplane shear crack subject
to specific illustrative boundary conditions are then given in Sect. 3. Some readily calculated representative
numerical results for an electrically and magnetically impermeable crack are presented graphically.

Analogous analyses can readily be derived as desired for a range of alternative boundary conditions.

2 Physical and theoretical formulation

A homogeneous magnetoelectroelastic medium which is transversely isotropic in its response is supposed to
be everywhere at rest and stress-free in a natural reference state initially with a uniform density p.

A loaded plane Griffith-type strip crack of width 2¢ moves through the material parallel to its axis in its
own plane with a uniform velocity. At a time ¢, it is assumed that the crack occupies the region y = 0, vt —c¢ <
X < vt +c¢,—00 < z < oo of the x—z plane, relative to a fixed system of rectangular Cartesian coordinates
(x, v, z) with the z-axis chosen as a symmetry axis and v its speed of propagation. It is convenient to define a
moving coordinate & by

E=x— ot (1)

The components oj;, &;;, E;, H;, D; and B;, where i, j = x, y or z, of the stress tensor o, strain tensor ¢,
electric field vector E, magnetic field vector H, electric displacement vector D and magnetic induction vector
B, respectively, within the medium are related by the constitutive equations, which in matrix notation take the
forms

Oxx ciicizeiz 00 0 Exx 0 0 e3
Oyy ciocireiz 00 0 Eyy 0 0 ez
oz | _|czeczess 00 0 22 _ 0 O0es || g
oy | | 0 0 0 2c44 O 0 Eyz 0 e5 0 Ey
Ors 000 0 2mu O £ es 00 :
Oy 000 0 0 ci—cil|en 000
0 0 hjy
0 0 | [
his 0 O <
0O 0 O
8XX
D, 00 0 0 250 ‘zw en 0 0 ][E, a1 00 H,
Dy = 0 0 0 2e5 0 0 SZZ + 0 €1 0 Ey + 0 a;; O Hy s
D, ezrezrezs 0 0 O gyz 0 0 e33 E, 0 0 ass H,
XZ
Exy

3)
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and
8XX
B, 0 0 0 0 2h50 ?‘y a;; 00 E, wii 00 H,
By |=] 0 0 025 0 0|5 |4+] 0an 0 Ey| +| 0 pnn 0 H,
B; h3i hsths3 0 0 0 8?; 0 0 a33 || E; 0 0 pus3 || H;
Exy
“4)

Here, in the usual contracted Voigt’s notation with i and j taking integer values, c;;, e;;, hij, ;j, o;j and pu;;
are the elastic, piezoelectric, piezomagnetic, dielectric, magnetoelectric and magnetic permeability constants,
respectively.

Two potentials, the electric potential, ¢., and the magnetic potential, ¢,,, can be defined which enable £
and H to be expressed as

E = _v¢87 H= _v¢'m- (5)

Non-constant mechanical, electric and magnetic loads, which yield a mode III antiplane deformation,
are applied symmetrically to the two faces of the moving crack, with the medium remaining undisturbed at
infinity. Recently, Wang and Mai [11] have discussed the applicability of specific conditions of electrically
and/or magnetically permeable and/or impermeable crack faces. Eight such combinations of relevant boundary
conditions, corresponding to those given by Hu and Li [12] for a magnetoelectroelastic strip, are for |§| < c:

Case 1: 0,:(5,0) =T7(§), Dy(.0)=D(§)., B,(.0)=DB(), (6)
Case2: €):(5,0) =S(8), Dy(5,0)=¢E(8), By(§,0)=B(&), )
Case 3: 0,:(5,0) =T(§), Ey(§,0)=2E5), By(,0)=B(), ®)
Case 4: £y:(5,0) = S5(@), Dy(§,0)=D(§), By(§,0)=B(), )
Case 5: 0,:(5,.0) =T(§), Dy(.0)=D(), H,( 0) =H(), 10)
Case 6: €,:(5,0) = S(§), Ey(§ 00 =£E@), Hy(§,0)=H(E), Y
Case 7: 0,:(5,.0) =T(§), Ey(,0)=E6), Hy(E 0)=H(E), (12)
Case 8: £y:(§,0) =S(), Dy(5.0)=D()., H,(E 0)=H(E), (13)

with the non-uniform functions 7', D, B, S, £ and H specified.

As a particular illustration, the subsequent analysis in this paper is focused upon Case 1 which is prescribed
by the conditions (6). The corresponding detailed manipulations which are necessary for studying the Cases
2-8 can then be developed analogously by an interested reader.

It is relevant to consider as an antecedent a “magnetoelectroelastic screw dislocation” moving in the
material, which has not only the traditional discontinuity (the Burgers vector b of the elastic dislocation) in
the elastic displacement u but also a discontinuity (the strength b4 of the charge dipole line) in the electric
potential ¢, and a discontinuity (the strength b5 of the magnetic dipole line) in the magnetic potential ¢, .
These jumps are given, respectively, for & > 0, by

ullg, 0+) —ullz, 0-) = (0.0, -b),
oM 04) — oMz, 0-) = by,
Mg 04y — gMl(g 0—) = —bs. (14)

Throughout, the superscript III refers to quantities associated with a mode III deformation.

The generalized plane motion of a dislocation in an anisotropic elastic medium with piezoelectric, piezo-
magnetic and magnetoelectric effects has been considered by Liu et al. [10], who as an example present more
explicit results for the transversely isotropic medium studied here. It is these which stimulated the current
analysis.
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With several material constants and parameters renamed and regrouped to highlight the important roles
of, for example, kep, Sem, em and vep, it can be deduced from the results of Liu et al. [10] that for a moving
magnetoelectroelastic screw dislocation situated at the origin in a transversely isotropic medium

e,y = 2 an! (K”"y) , (15)

2 &
)} (16)

11 L | mners—aithis | (kem — DEY -1
¢, (§,y) = — | b————tan {— + by tan
¢ 2 E11M11 —Ol%l fz‘f"(emyz
):| (17)
2
PV
Kem =1 =082, 820, = p (18)
em

with the magnetoelectroelastically stiffened elastic constant (., given by

| <

e | <

i 1 enhis —aners . [ (kem — DEY —1
¢, (£, y) = — | hb———"tan [— + bs tan
m Y 2 E11 111 —Ol121 '§2+Kemy2

where

2 2
e{si11 + hise11 — 2e1shisonn
Pem = cag + = B : (19)
E1TMI1 — Oy

The corresponding non-zero components of the elastic, electric and magnetic fields then follow from the
constitutive equations (2) to (4) in the form

111 by KemMem Mem — C44 byy eis bsy his
y) = — o2 - ) -2 : 20
Oz (§:) 27 ($2+K3my2 £2 4 y2 ) 2m §2+y? 27 £2 4 y? 0
111 b& KemMem Mem — C44 bs§ eys bs&  hys
oy, (§,5) = ( 21,2 2 242 ) 2.2 22 @D
2m \&~+ K5,y £ +y 2w §c+yr 2mEc+y

111 by Kem
)= ’ 22
sz (g )’) 47 Sz +K3’ny2 ( )

eyr (&, y) = %—52 repns (23)

EE D = 5_;#;1:5”—:”2%”115 (52 :szyz - Sziyz) %ﬁ .

EMle, y) = _s_éunels —au;us ( i fcem2 B 1 2) B b_“%’ (25)
Toenpi —ayp \§ kg, y 5+ 2méc+y

HJII(E, = _;7_5811h15 —01112815 ( i Kemz I 1 2) B b_s% 27)
Toenpn —ayp \§" +kg,y: 5+ 2m -ty

D)I(H(,s;, y) = _ (beys — b4287111 — bsaqy) = Jyr ot (28)

D§H(§, V) = (bers — b42871Tl — bsaqy) . i = (29)

B}H(s, y) = _(bhs — b4;111 — bspu11) = ij = (30)

B£H(S, y) = (bhys — b4;111 — bspi11) gzj_yZ' 31)
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On the boundary y = 0, where the boundary conditions (6) are to be imposed, it is crucial to observe that

101 b{cas — (1 — kem)hem} = baers = bshys
; ,0) = , 32
%z &.0) e 2wE | 2mé 2)
11 beis  bserr  bsaq
D ,0) = — — , 33
y 6.0 2nE 2mé 2mé (33)
bh b b
B£H(§,O) _ omis _ baenn  OsKin (34)

21 & 2n& 2n&

The analogous expressions for egl (&,0), Eyl(é, 0) and HyIH(";’ , 0) which would be needed to consider
correspondingly the Cases 2—8 in Eqs. (7)—(13) are similarly dependent upon 1/£.

3 Antiplane shear crack

The well-established fundamental dislocation layer method, which was developed for a purely elastic mate-
rial, whereby a loaded crack is analyzed by replacing it by an equivalent continuous planar distribution of
dislocations is now developed correspondingly for a crack within a magnetoelectroelastic medium. The basic
technique is adapted by spreading an array of magnetoelectroelastic screw dislocations of the type prescribed
in Sect. 2 over the region |§| < ¢,y =0, —00 < 7z < 0.

In order to model the mode III crack subject to conditions (6), the densities of the proposed distributions
of elastic dislocations, charge dipole lines and magnetic dipole lines are taken to be f (), f4(§) and f5(§),
respectively. Then, from Eqgs. (32)-(34), it follows that the corresponding stress, electric displacement and
magnetic induction components at a point on the £-axis are given by

Oyz(é;-',()) _ b{cas — (12; Kem) Mem ) } sf(_é:;/d%_/ 4 b;:S /_C §4£$§)/d§/
bshis [ € f5¢&)
o /_cs—s/dé’ G
b C / b C / b C /
D, (€, 0) = 26’7115/ ,,gf(_ég)/dé/_ 42;11/ ,?ﬁég)/dg/_ 52?111/ gsiés)/dé_/, (36)
bh c / b C I b C /
o[ S [ [

It is apparent from evaluating o, (&, 0), Dy (&, 0) and B, (&, 0) from the Plemelj formulae that the integrals
throughout Egs. (35)—(37) should be interpreted as Cauchy principal value integrals. The system of three
simultaneous equations which arises by equating the expressions (35)—(37) to the imposed boundary conditions
(6) can be solved to yield

< feEH . 2 2
d§’ = —aiDTE) + —h D
/_C E_¢ § D11 — 02y kemldem {1 —afDTE) + (e1sp11 — hisa1)D(E)
—(ersarr — hiser)BE)}, (38)
< fa€) 27
= —h T
LE- g,dé b — o e Tiem {(erspir — hisa1)7(§)
— [mi1 eas = (1 = ke tem) + his] D)
+ o1 feas — (1 — Kem)tbem} + e15his] B&)}, (39)
< 56D 27
d§g’ = - —h T
/c §-¢& : bs(en1 11 — ) Kem hem (=(enen = misen)7 ()

+ [o11 {C44 - (1 - Kem)#em} + 615/’115] D(S)
—[e11 feas — (1 = kem) ttem} + €35 BE)} . (40)



158 G. E. Tupholme

If the additional restrictions are imposed that the relative displacement, relative electric potential and
relative magnetic potential all vanish at £= +c, the appropriate solutions for f (&), f4(§) and f5(&) of these
integral equations are deducible from the results of Muskhelishvili [13] and Gakhov [14] to be

1

2 1 c 2 £12\2
fé&) = 3 1 / (c p %) {eripn —a})T ()
h(er1p — ay)Kemlem (2 —g2)2/ — §—£
+(e1sp11 — hisai)DE') — (ersary — hise)BE)} dg, (41)
2 1 c 2 £12\2
fa(§) = 5 i / e - ) {(ers11 — hisan )T (§)
ha(e11 /011 — Q7D Kemhem (2 —g2)7J — § -8
= [111 {eas = (1 = kem)item} + his] DE
+ 11 {cas — (1 = Kkem) tem} + €15h15] B(él)}d%‘/a (42)
2 1 c 2 £12\2
f5(6) = 3 ; / e - ) {—(e1sa11 — hise1)T (&)
whs(eripn — a]])’(em,uem (62 _ %—2)7 —~ &-&

+ 11 {caa — (1 = Kem) tem} + €15h15] D(E")
—[e11 feas — (1 = kem) ttem} + €15 BEN} d&'. (43)

Having derived the above representations for the necessary densities f (&), f4(£) and f5(£), all the compo-
nents of the elastic, electric and magnetic fields can be directly calculated explicitly as desired from Egs. (20)—
(31) and (41)—(43).

To illustrate the type of detailed analyses which are necessary the expression for oy, (&, y) is derived as a
typical example. It is seen from Eq. (21) that

’ KemMem Mem — ” 1
Z ) A~ d
Uy (S Y) / (‘é’: %_ ) {(%_ S//)2 +Kemy (E %_//)2 ] f(g ) %_
+E ('f § )Wf 4(57)d§
bs 1" " 17
e (E € g e (44)

Upon substitution of the expressions (41)—(43) this can be shown, after considerable algebraic manipulations,
to take the form

c

1 1 ¢
oyt y) = — [ (D) TE) / .
T —c ( 2 %-//2)2 &

—C

(& —§£"ds"
— &) {(%- _ 5/1)2 + KeZmyZ}

1 _ c 1 c 1
+_2e15M11 h1520lll / (c2 B 5/2)573(5/) / & - S )
= gl — oy —c —c (C2 %_//2) (& — &)

1 1
_ de” | g’
X[(&—é”>2+x3my2 (é—s">2+y2] 5} :

1 ersaq — hisen /C (2 — EDIBEN /C ¢ —15,? )

w2 E11M11 _05%1 —c (CZ_%-//Z)T(&/_%-//)
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For the sake of notational simplification, the functions }'{ 1), Ri(&,y) and 6 (&, y), for k = K¢y and 1,
and F=7, D and B, are now defined by

1 [“k 6, —&')sinb 1
A= Rte - s@)z f;fzsyhzl}k (2~ &2)° P&t (46)

Rie'% = {c* — (£ + iky)z}% , (47)

with the branches of the square root function determined by choosing 6; to be zero for |£| < ¢, y = 0+ and
defined by analytic continuation elsewhere. Then it follows, by evaluating the expression (45) using the result
(A.2) in the Appendix, that
erspil — hisong
0ye§.3) = FL, (Buey) + L 7D
E1TMIT — Oy

e1sa11 — hisen
SR IS FE (b)) - FE @) (48)
E11M1I — O

(QKem) - le (91)}

Analogously, Egs. (20), (28)—-(31), (A.1) and (A.2) lead to the representations

e O (52 (0~ 3) - 7P (- 2)]

—h 1
Dy(E.y) = FL (6. (50)
Du6.y) =~ (01— 7). (51)
By(§,y) = FL (00, (52)
Bi&.y) =—F (0= 7). (53)

It is worthy of note at this stage that, with the general boundary conditions (6) imposed, Egs. (48) and (49)
exhibit explicitly that the stress components depend upon all of 7, D and 5 together with the magnetoelec-
troelastic material constants and the speed of the crack. On the other hand, however, Egs. (50)—(53) show that
the electric displacement components depend upon D alone, while the magnetic induction components are
only dependent upon B.

The important features of the distributions of these components near a crack tip become apparent by setting

E=c+rcosa, y=rsing, 54)

and considering situations where r < ¢, into Eqs. (48)—(53). Then, from Eq. (47), the corresponding approx-
imations to Ry and 6; as r — O can be shown to be

1
Ri ~ H2cr (cos? & + k* sin” a)% } ’ , (55)
O ~ —(m — Pp) /2, (56)
with
®; = tan" ' (k tan ), (57)

where tan~!(...) is understood to indicate the principal value of the inverse tangent for 0 < o < /2 and
plus the principal value for 7/2 < @ < . Substituting these into Eqs. (48)—(53) and (46), and putting

Ar,, = (cos?a + &2, sin®a)*, (58)

em
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yields

Oy (rya) ~ —

Kem) _ €511 — hlSO‘ll | 1 sin (cpkem)
NG et — o | KemA,, 2

Kp
-5)

eisii1 — hisan [ 1 (q%m)
_l’_ 3 COS
Sl — o A 2

11 Kem

KD
%),

Kem A Kem

|

Z.

=

/—\

v
—_—
/—\\
{lf’if\

)
o)
w2

/4N

o
@/‘\l\)§
8

v

oy (r,a) ~

—COS(

N R
N—"
—_——

o
Dx(r,a)N—s1n( )— 61)
2) Jr’
Dy (r, a)~cos( )@ (62)
2) Jr
. ra\ Kp
Bx(r,oc)'v—sm(z)ﬁ, (63)
a\ Kp
B,(r, o) ~ — ) —, 64
y(r, o) COS(Z)ﬁ (64)
as r — 0. Here the field intensity factors, K7, Kp and Kp, are defined for F'=7, D and B by
1
¢ C+$/)2 / ’
Krp=— F(ENHdE'. 65
NG c<c—5/ (e ©

Near a crack tip, it then finally follows from Egs. (59) and (60), (61) and (62), and (63) and (64) that the
components oy;, Dy and By, of stress, electric displacement and magnetic induction are given by

( ) KT 1 . cDKem : + (DKem
Ogz(r,a) ~ — | Sin« COS CoS
* N T 2 2

eispi1 — hisan KD—KB[ 1 [ 1. (CDKE,,,).
+ sin 5 Sin o

1111 — 0!%1 r Kem | Kem
+ cos (%) cosa] — cos (%)i| , (66)
Dy(r.a) ~ K2 cos (3) , (67)
T 2
By(r.a) ~ TB (o (O—‘) . (68)
Jr 2

As in the analogous classical isotropic elastic situation, all the field components have been shown to exhibit
al / /7 crack-tip behavior and depend upon the imposed crack-face excitations only through the intensity
factors defined by Eq. (65).

All the above results, as would be expected, are indeed in agreement when the magnetoelectric effects
are removed with those deducible (by putting cs5 = ca4) from the corresponding expressions derived by
Tupholme [15] for cracks moving in purely elastic orthotropic crystals.

It is instructive to observe that in practice therefore the interesting magnitude of the stress concentration
around the crack tip can be increased or decreased as desired by varying the applied mechanical, electric and
magnetic loads depending upon the magnetoelectroelastic constants of the material.

Further, it should be noted from Eqs. (41)—(43) that the present analysis is not applicable when «,,, = 0.
From the definitions (18), this value is attained when 8., = 0 which implies that the speed of the crack, v,
equals that of the magnetoelectrically stiffened bulk shear wave speed, v, given by

Vem = Mem/,o~ (69)
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1.6 -
5..=08
14 4
12 4
Slw
£ > 8. =0.65
1 .= 0.6
Sam=0.5
0.8 -
8 =0
0-6 T T T 1
o 05 1 15 2

Fig. 1 Distribution of the scaled stress component /ro,;/ K7 around the crack tip for a range of valued of 8,

The values of the relevant material moduli vary with the manufacturing process and have been dis-
cussed and presented by various authors, including for example Sue et al. [16], Hu and Li [7], Huang
et al. [17] and Li [18]. Typical representative data are taken here to be caa = 4.53 x 1010Nm_2, els =
11.6 Cm™2, 15 = 550 NA"'m™!, g1y = 0.8 x 10719 C?N"'m™2, a1 = 0.5 x 1071 Nsv=IC™! uyy =
—5.9x 107* Ns2C~2, p=53x 103 kg m~—3, for which, from Egs. (19) and (69), the corresponding value of
Vem is therefore about 18050 ms ~!.

Numerical results illustrating the distribution of the scaled stress component /70y / K7 around the crack

tip, £ = ¢, for a range of values of the scaled speed v / Vem (= 8em) in the commonly adopted illustrative case
of an electrically and magnetically impermeable crack for which D(§) = B(§) = 0 can be deduced from
the representation (66) and are presented graphically in Fig. 1. It can be seen that the stress component oy,
develops a non-forward maximum, as the speed of the crack becomes sufficiently high. The critical speed
at which this first occurs, for the above data, is given by 8., ~ 0.58 with the corresponding value of about
v =10469ms™".

Appendix

Contour integrations can be used to verify that

¢ dg” 7 {kysin® — (§ — &) cos ©}
/ I - N2 & k2v2Y (A.1)
i (6‘2 _ g,,2)7 (& — &) {(f;: _ é//)Z + k2y2} ykR{(E — & +k°y }
/ ¢ (& —&")dE" T {kycos® + (§ — &) sin©} A2)
(@ Et) @ {E -+ T R{E -8 k7 |



162

G. E. Tupholme

for constant k, where the branches of

1

Re'® = {c? — (& +iky)?})?

are chosen similarly to those in Eq. (47).
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