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An interface crack with a frictionless contact zone at the right crack-tip between two dissimilar magnetoelectroelastic materials
under the action of concentrated magnetoelectromechanical loads on the crack faces is considered. The open part of the crack
is assumed to be magnetically impermeable and electrically permeable. The Dirichlet-Riemann boundary value problem is
formulated and solved analytically. Stress, magnetic induction and electrical displacement intensity factors as well as energy
release rate are thus found in analytical forms. Analytical expressions for the contact zone length have been derived. Some
numerical results are presented and compared with those based on the other crack surface conditions. It is shown clearly that
the location and magnitude of the applied loads could significantly affect the contact zone length, the stress intensity factor and

the energy release rate.
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1 Introduction

Magnetoelectroelastic materials have been widely used in
electronics industry. The technical applications include
waveguides, sensors, phase invertors, transducers, etc. [1].
In the design of magnetoelectroelastic structures, it is im-
portant to take into account the defects/imperfections, such
as cracks, which are often pre-existing or are generated by
external loads during the service life. Therefore, in recent
years, research on fracture mechanics of magnetoelectroe-
lastic materials has drawn much attention [2—19].

For two-dimensional (2-D) plane crack problems, Liu et
al. [20] derived the general Green’s function for an infinite
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magnetoelectroelastic plane containing an elliptic cavity
where they reduced it to solve a permeable crack in the sys-
tem. Gao et al. [21,22] analyzed single and collinear cracks
in an infinite magnetoelectroelastic material and obtained
the extended stress intensity factors. Song and Sih [23] and
Sih et al. [24] investigated the influence of both magnetic
and electric fields on the crack growth, in particular, on the
crack initiation angle under various crack surface conditions
for Mode-I, Mode-II, and mixed mode crack models. Tian
and Gabbert [25,26] studied the interaction of multiple arbi-
trarily oriented and distributed cracks and of macrocrack-
microcrack in homogeneous magnetoelectroelastic materials.
Wang and Mai [27] discussed the effects of four kinds of
ideal magnetoelectrical crack-face conditions on fracture
properties of magnetoelectroelastic materials. Zhong and Li
[28] obtained the T-stress for a Griffith crack in an infinite
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magnetoelectroelastic medium based on magnetic and elec-
tric boundary conditions which are nonlinearly dependent
on the crack opening displacement. Zhou et al. [29,30] in-
vestigated the static fracture behaviors of cracks in piezo-
electric/piezomagnetic materials by the Schmidt method.
Chen [31] considered the energy release rate and path-inde-
pendent integral in the dynamic fracture of magneto-electro-
thermo-elastic solids. Zhong et al. [32] investigated the
transient response of a magnetoelectroelastic solid with two
collinear dielectric cracks under impacts.

However, all the above-mentioned work is related to
cracks in a homogenous magnetoelectroelastic medium.
Due to the oscillating singularity on the crack tip [33,34],
the study of interface crack between dissimilar magneto-
electroelastic materials is very limited. Gao et al. [35] and
Gao and Noda [36] derived the exact solution for a perme-
able interface crack between two dissimilar magnetoelec-
troelastic solids under general loads. Li and Kardomateas
[37] investigated the interface crack problem of dissimilar
piezoelectromagneto-elastic anisotropic bimaterials under
in- plane deformation taking the electric-magnetic field in-
side the interface crack into account. Feng et al. [38,39]
considered both the static and dynamic fracture problems of
interface cracks between two dissimilar magnetoelectroelas-
tic layers. Li et al. [40] analyzed the magnetoelectroelastic
field induced by a crack terminating at the interface of a
bi-magnetoelectrical material. It is worth mentioning that
recently Zhao et al. [41] further analyzed the planar inter-
face crack behavior in three-dimensional (3-D) transversely
isotropic magnetoelectroelastic bimaterials, and that Zhu et
al. [42] investigated the mixed-mode stress intensity factors
of 3-D interface crack in fully coupled magneto-electro-
thermo-elastic multiphase composites, where the extended
hypersingular intergal-differential equation method was
used.

On the other hand, as is well known, by introducing the
contact zone model, the oscillating singularity can be effec-
tively eliminated [43—46]. Qin and Mai [47], Herrmann and
Loboda [48] and Herrmann et al. [49] developed the contact
zone model for solving the interface crack problems of pie-
zoelectric bimaterials. However, to the best of our knowl-
edge, up to now, there is only one paper on the contact zone
model for an interface crack between two dissimilar mag-
netoelectroelastic materials [50], where two kinds of mag-
netoelectrical boundary conditions, i.e., magnetoelectrically
permeable, magnetically impermeable and electrically per-
meable, were considered. For the crack problems under
concentrated loads, only the magnetoelectrically permeable
interface crack model was analytically investigated [50].

In this paper, therefore, we analyze the interface crack
problem under the action of concentrated magnetoelectro-
mechanical loads by introducing the contact zone model,
where the magnetically impermeable and electrically per-
meable crack surface condition is assumed. After some
complicated mathematics manipulations, the contact zone
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length, field intensity factors (including stress, magnetic
induction and electrical displacement intensity factors) and
energy release rate are derived analytically, and numerical
results are further presented to show the effect of the loca-
tion and magnitude of the loading on these important
physical quantities. The solutions and numerical results
presented below are applicable to the magnetically imper-
meable and electrically permeable case unless otherwise
indicated.

2 Basic equations for a magnetoelectroelastic
solid

In the Cartesian coordinate system wx, (i=1,2,3), the gov-

erning equations for magnetoelectroelastic materials can be
written as [36]:

th = Cijksgks _esijEs _hsinx’
Di = eiksgks +aisEs +disHs’ (1)
Bi = hikxgks + dixEv + luixHx’

& =%<“i.j +”j.i)’ E=-¢, H =9, @

6i,=0, D;=0, B;;=0, 3)

where g;, D; B; are the components of the stresses,
electrical displacements and magnetic inductions; g;, E,
H . are the components of strains, electrical and magnetic

fields; y; @, ¢ are the mechanical displacement compo-
nents, electrical and magnetic potentials; ¢y, ens hieo dis

are the elastic, piezoelectric, piezomagnetic, and electro-
magnetic constants; ¢, u, are the dielectric permittivity
and magnetic permeability coefficients; Indices i, j,k,s
range from 1 to 3, with repeated ones implying summation,
and the comma stands for the differentiation with respect to
the coordinate variables. We further point out that in writing
egs. (1)—(3), we have assumed that the system is free of any
mechanical, electric or magnetic source, and that the defor-
mation is linear.

From eqs. (1)-(3), one gets the following governing
equations:

(Cijk.& uk + e.&ijw + h’”.j¢),.\'i = 09
(eik.\'uk - ai.\'¢ - dis¢),xi = 0’ (4)
(hikxuk —-dp- ,u,'x¢> =0

We now further assume that all the field quantities are
independent of the second coordinate x,. Then, making use
of the Lekhnitskii-Eshelby-Stroh representation and
extending it to the magnetoelectroelastic material, a general
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solution to eq. (4) can be presented in the form [36]:
V = Af (2)+Af (2), )
t=Bf'()+BF'(2). ©)

where the prime (') denotes differentiation with respect to

the argument, and an overbar stands for the complex
conjugate. Also in eqs. (5) and (6):

V=[u, u, u, o ¢]T, (7

T
t=[0'31, Oy, Oy, D, B3]’ (8)

f(z)=[fl(zl), f2(12)’ fs(%)v f4(Z4)» fs(Zs)]T,
)

with the superscript “T” standing for the transposed matrix
and z, =x+p;x, (j=1,2,~--,5). The matrix A has the

following expression:
T
A:[Al, A, A, A, AS] , (10)
. T .
with p, and A, = [alj, Ay Gy Ay, aSJ being,
respectively, the eigenvalue and eigenvector of the system:
[Q+p].<R+RT)+p]2.T]Aj - 0. (11)

In eq. (11), the elements of the 5x5 matrices Q, R and T are
defined as:

QE €. h, |
0= eITI -a, —d, |
_thl —d,, _:unj
R* €3 h,, |
R = e1T3 —a; —d |, (12)
_h1T3 d; “Hs |
'R €3 h, |
T= e3T3 s ds,
h3T3 —d, Haz

and

E _ E —
(Q )].k =S (R )jk = Cijss

. (13)
(T )jk = C3 3> (eij)m = Ciips (hij)m = hijm'
The 5x5 matrix B can be found by
B=(R"+PT)A (14)

with P=diag[p,. p,. Ps. Ps. Ps)
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We consider the transversely isotropic magnetoelectroe-
lastic material which is poled in the x;-direction. Then, the
displacement V; of the vector-function V decouples, in the

(x1,%3)-plane, from the components (Vl, Vi, V,, Vi)

Thus, in the following sections, our attention will be fo-
cused on this generalized plane strain problem for the com-

ponents (V,, V., 'V, Vs)

3 Statement of the problem and solutions

3.1 A magnetoelectroelastic bimaterial plane with an
interface crack

A bimaterial composed of two dissimilar magnetoelec-
troelastic semi-infinite planes x, >0 and x, <0 with

material properties defined, respectively, by the following

: ) M 0 o m m
material constants Cits> Cis» h, d.’, o, p; and
@ L0 30 @) @) @ : :
Cirss Cxe s My dii’ s o, g, is considered (Figure 1,

with superscripts “(1)” and “(2)” denoting, respectively, the
field quantities in materials 1 and 2). We assume that the
extended vector ¢ is continuous across the whole bimaterial

interface, that the part L= (—oo,c)U(b,oo) of the interface
—o < x; <oo,x, =0 is magnetoelectromechanically bounded,
and that the crack surfaces are extended traction-free for
X € [c,a] =L, whilst they should be in frictionless contact
for x, e(a,b):Lz, and the position of the point a is

arbitrarily chosen for the time being. Furthermore, we
assume that a pair of oppositely directed concentrated forces

X:—[TO, o,, d,, bO]T5(x1 —d) are applied at x;=d
on the crack faces, where 7, o,, d,, b, are, respectively,

the applied uniform normal stress, uniform shear stress,
uniform electrical displacement and uniform magnetic
induction. In addition, we assume that the influence of one

1) o) A1) A1 4
cii, €8 hS), afd) d)

Figure 1 An interface crack with a contact zone between two dissimilar
semi-infinite magnetoelectroelastic planes under concentrated magneto-
electromechanical loads.
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contact zone upon the other is negligibly small [46,51], and
thus, 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 [50].

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

[V(xl)]:& [t(xl)]:O, x €L, (15a)
(o, o B ]

:_[T()’ Oy b()]T5(x1_d)’ (15b)
[w(xl)]=0,[D3(xl)]:0, x €L,
oy’ (%,0)=0, [o(%)]=0

[D,(x)]=0. [B,(x)]=0, (150

c
[ ()] =0, [(x)]=0.[g(x)] =0,
x eL,,
where
Y)]=r (50T (50

Y=V.t,u,,0,¢,0,,D,,B,.

In eq. (16), the signs “+” and “—" denote the value on the
upper and lower face of the interface.

It should be pointed out that the electrical displacement
on the crack surfaces x, € L, consists of two parts. The

first is the imposed —d,J(x, —d), and the second is the

unknown caused by

~[70: 0y, bO]T 5(x,—d).

3.2 The magnetoelectroelastic solution

Similar to eq. [50], from egs. (5), (6) and (15), the following
expressions at the interface are obtained

[V'(xl)J:[Vl’(xl), Vi(x)s Vi(x),s Vs’("l)T

W (x5)-W (), (17)

(x0)=[otl. ot DY 8]
:GW+(x1)—GW’(x1>, (18)

where W ( [W . Wi(2), W,(2), WS(Z>:|T is an
and W'(x)

the matrix G is

introduced unknown vector

=W (x, +i0),

function,
W‘(xl) =W (xl —iO);

related to the following known matrix G defined by
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G=B"D" (19)
with
D=A"-LB" (20)
and
L=A%? (B<2> )” . (1)

It is worth noticing that the matrix G and the vector
w (z) are related to the matrix H (or N ) and the vector

(z)) in [36] (or [37]) by iG' =
H(zN") and W(z)z—i&j(z)(zﬁ(z)), respectively,

where all the quantities with the overhead sign “...” denote
the corresponding quantities in refs. [36] and/or [37]. In
addition, it should be pointed out that the matrix G has the
following structure [50]:

function @(z) (or @

G, G, G; G,

G- G, G, Gy Gy,
G, G, Gy, G

_G41 G, G; G,

_igll & &u &

_ g31 ig33 i§34 ig3s (22)
Bu 18y 1Bu 8

| 851 1855 185 1855

are real, and g, =-g8,;, &, =—8u &

= _gIS’ §43 = §34’ §53 = §35 > §54 = g'45~
known from egs. (17) and (18) that for the considered crack
surface conditions, W,' (xl ) =W, (xl ) =0.

where all g,

And it is easily

With a row matrix $ = [Sl, AT Sj] introduced and a

product St @ (x,,0) considered with
1 (x.0)=[o% (%.0). 0% (x.0). B (x.0)]".

the following relations can be obtained by using eqs. (17)
and (18):

ol (xl,O) + mstgl) (x,,0)+ imﬂoﬁ) (x,.0)

=Qj(x)+7,0(x). @3
n, [”1’ (x1 )] +in, [u; (xl )J +in; [(é'(xl )J
~ai(x)-ailx). 2

where
Q;(z)=n,W, (Z)"’i(”ﬂWz (2)+n,sWs (Z)) (25)

and m;s =S5, my =-iS,, ny =Yy, ny=-i¥, n; =
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. o T T
-i¥,, Y,=8G. y, and S :[s_ﬂ, Sy S

( j=1,3,5) are, respectively, the eigenvalues and eigen-

vectors of the matrix (7GT +G T) with

g, &5 &s
G=|8, 18, ig;s|
8 185 185

In addition, as shown in ref. [50],

(j,1=1,3,5) areall real.
Using eqs. (23) and (24) for j=1,5, and the corre-

sponding interface conditions and boundary conditions at
infinity, one can derive the following combined Dirichlet-
Riemann boundary value problem:

Q} (x)+7 £ (x)
:—(0'0+mj5b0+imﬂz'0)5(xl—d), xeL, (20

here m,, n,

ImQ;(x)=0, x €L, (27)

Q,(z)_ =0, (28)

where “Im” stands for the imaginary part of the complex
quantity.

The exact analytical solutions to eqs. (26) and (27) for
j=15 under the conditions at infinity (28) can be ex-

pressed as follows:

Qj(z)—};—(? Re(10j>+ilm(10j)% . (29)

where “Re” stands for the real part of the complex quantity,
and

X,(2) ="/ =c)(z-a).

1 o, +m;b,+im,7,

P X o
Y(2)=\(z-a)/(z-)
with
b-
_2in (b-a)(z-o)
\/l - a \/ (Z b) (31)
1
gii—gln}/j, l=b-c.

Using eqs. (29), (23) and (24) for j =1, one can get the
following expressions at the interface, for x, >b (ahead of

the contact zone):
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0(”(x 0)+m B“)(x O)+1m o-“)(x1 O)
Re(ln) g W= Da=d)
Jii-a) (. -b)
(1+7)exp[ia, (x)]

(d—xl) (xl —c)

for x, € L, (within the contact zone):

(32)

G;;) (xl,O) + mlSBél) (xl,O)
_ (1+71>Re(101>

(d—xl) ()cl —c)(x1 —a)

1=y, .
x {cosh @, (x,)+ - j:i sinha, (x, )}

(1+7,)yJ(b=d)/(a=d)Im(1,,)
(d—xl)\/(x1 —c)(b—xl)

. 1-
x{smh @, (x )+ o j:i cos@, (x, )},

(33a)

Re(7 )sinh @, (x, )

V]2 2 ol
|:”‘1( 1):| ”11\/x1_cl (d_xl)\/(xl_a)

im(1,) <b—d>/<a-d>c°“’°(xl)]’ (330)

(d =) (b-x)

for x, € L (in the open part of the crack):
iy “1, (xl ):| + i{nn |:”3’ (xl ):| ;s [¢,<x1 ):|}
/(a=d)Im(1,,)
_ f[v Jim(lo)

(d-x) \/b X, (a’—xl)\/a—x1

Re(lm) }

oxp [iw* (x, )] (34)

where

 fla=ae-x)
b

@, (x)=2¢ tan”

(35)
b— —
@ (x1)=2£ In ( a)(xl C)
\/l(a x1)+\/(a—c)(b x)
2
2, —(1:71> and Re(I,),Im(/,) can be simplified
7
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1J1-6)(6-2)
Re(l()l):—Twp
= -
LJ(1-6)(f-1
Im(Im):—)a)z
2n\7,
with
o =Z, costc(/t)+mnz'0 sin K(/l), 37a)
@, =2, sink(2)—m, 7, cosx(4)],
X, =0, +msh,,
JA(1-6
K(ﬂ) =2¢In ) ) (37b)
O-2+,0(1-2)
gzb_d,g:b_a,
b-c b-c

For the magnetically impermeable and electrically per-
meable interface crack, eqs. (32)—(34) are not sufficient for
obtaining all necessary characteristics at the interface.
Therefore, eqs. (23) and (24) for j=5 should be considered.
Since ms; and ns; are all equal to zero, the following ex-
pressions at the interface can be further obtained:

Gg) (xl ) 0) + mssBél) (‘xl , 0)
2Re (1)

= , x, €L, (38)
(d—xl)\/(xl —c)(xl —a)
s [”3' (% )} + s [¢,(x1 )]
Re(I,5)
- , x, el (39)

(d—xl) (x1 —c)(a—xl)

where Re(I,,),Im(1,) can be expressed as:

(40)

with 2. =0, +myb, .

The stress oty

and magnetic induction B{" at z=

x,+10 can be easily determined from eqs. (32) and (38)

for x, >b and from eqs. (33a) and (38) for x, €L, .
Introducing the following field intensity factors (FIFs):

K, = lim 1/2Tc(xl —a)0'33(x1,0>,

x —a+0

K, = lim 27(x, —=b)o,, (x,,0),

x—=b+0

(41a)
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K, = lim 2n(x, —a)B,(x,.0),

x —a+0

(41b)

and using the expressions obtained above, one can finally
get

oot '")J e
x(Vyimos, = mysEs ). (42a)
:_Jﬁ(uyl)wz, o
omity,  m,
= =
X(\/Zwl —25)~ (42c)

Making use of eqgs. (34) and (39) gives the expressions
for [u;] and [¢'], which for x, >a—0 have the fol-

lowing form:

1
U |=——(0, K, +0,.K.), (43a)
[ 3] ,72n(a—xl)< iy 15 5)
1
"=———(0,K, +0..K.), (43b)
[¢] ,7275(&—)61)( 510 55 5)
where
0, =<n55\/a1/;/1—n15>/An,
0, = <m15n55\ja1/}/1 —myshys )/An’
O :<n13 _n53\la1/71>/An’
O, = (m55n13_m15”53Va1/71>/An’
A, =n;nss —ngns .
Moreover, eq. (33b) for x, ->b—0 leads to
[”1,]:_ 1 ®2K2’ (44)
2n(b-x,)
where
2m
0. —_ (T 45
” n11(1+7/1) @

Further, we introduce the energy release rates (ERRs)
related to the points a and b:

a+Al

G = tim 3o [ o (3.0)[, (v ~81.0)]

-0 2Al
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+B" (x,,0)[#(x, —AL0) |} dx,, (46)
G =1imibflo—“>(x 0)[w, (x,—ALO)|dx,.  (47)
2 A0 l / 31 1° 1 1 ’ 1°

Integrating eqs. (43) and (44), and substituting the results,
along with the corresponding expressions for o3 (x,,0),

B" (xl,O) and o} (x,,0) obtained previously, into egs.

(46) and (47), one gets the following expressions:

G = ®11K12 +®55K52 +(®15 +®51)K1K5

1 " L@
®22 I(Z2
G, ===, (49)

The total ERR G is the sum of G, and G,.
With [u;(x,)]=W,"(x,)-W, (x,) being considered,

the three components in eq. (18) can be written in the form:

oy (%.0) | [&, 8y 8y &
Dé”(xl,O) = §41 [”{(xl)]-'_i g43 §44 §45
B.él)(xl’o) gil g53 g54 gSS
{W; (x1 ) +W, (xl)
X 0 . (50)
W (x)+Ws (x)

The first and third equations of eq. (50) can be solved for
W, (x)+W, (x,) and W (x,)+W, (x,). Then substi-
tuting the results back into the second equation of eq. (50)
leads to the expression of D;”(x,0) in terms of

oy (%,0), By"(x,0) and [ul'(xl)] Thus, the follow-

ing expression for electrical displacement intensity factor at
x1=a+0 can be finally derived:

K, = lim y2n(x, —a)D,(x,0)=0,K, +6,K,,  (51)

Jim
where
0,=(80+p)70+t P O5=(80+p)ygms +p, (52)
with
7o=(r=1)/(m7)-
Py = (80855 — 81585 ) /Do (53)

p, = (g45§33 — 841835 )/Ao >

p; = (g43g35§51 +§45§53§31 _g43g55g31 —§45§33g51)/A0 ’ (54)

Ay = 85583~ 85835
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It is worth mentioning that all the normal stress, electri-
cal displacement and magnetic induction are also singular in
the left crack tip x, =b—0. By introducing the following

FIFs:

Kl" O (xl,O)
K] |= Xlﬁﬁ%}o« [2n(b—x,)| D, (x,0) (55)
K;’ B, (xl,O)

and using o} (x,,0), B;”(x,0) obtained from eqgs. (33)

and (38) and with consideration of eq. (50), one can get

K’ = mllm55(1_71) K Kb:_K_lb
l (mls_mss)(1+71) v Mss (56)
2m,,

K:=—(g — UK K’ +p,K.
5 (g41+p3) 11( N 1) » T PKy P Ky

Eq. (56) implies that all FIFs K., K, and K. are
completely defined by the shear SIF K, at x, =b6+0. In

addition, it can be easily proved that all the normal stress,
electrical displacement and magnetic induction in the right
crack-tip x, =b+0 are nonsingular, which is in agreement

with the interface crack problem for purely elastic bimateri-
als [43,53].

By following the same procedure, solutions to other
crack surface conditions can be derived similarly. These
solutions, along with the physical meanings of different
crack surface conditions are given in Appendix A.

3.3 Determination of the contact zone

The solution to the interface crack problem obtained in the
previous section is mathematically correct for any crack tip
location x, =a. However, it only becomes physically

valid if the following inequalities are satisfied:

{O';;) (xl,()) <0, x €L,

u, (>0, x el. 57)
3 1 1

An analytical analysis and numerical verifications show
that these inequalities hold true only if a is taken from the

segment [a,,a,] providing a, <a,, where
4 =b—Al, a,=b—Al, (58)

A, is the maximum root in the interval (0,1) of the equa-

tion (K, ineq. (42a)):
K =0 (59)

and 4, is the similar root of the equation ([u;] in eq.
(432)):
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Ja—x[u;(x.0)]=0. (60)

Therefore, eqs. (59) and (60), connecting to eqs. (42a) and
(43a), can be solved numerically for 4, and A4, .

In addition, usually the real contact zone length

Ao :Ta is uniquely defined by inequalities (57), and

then the contact zone model in the Comninou [43] sense
will take place. For the case considered, a set of positions

aela,,a,] providing (a, <a,) satisfy the inequalities

(58). In other words this set can be defined as follows:
Q,=[a>aNa<a,]. (61)

Obviously, if Q, =, the contact zone model consid-

ered here does not exist. Thus, the most interesting situation
is associated with Q_#(J and it is clear that for any of

such cases a unique contact zone defined by a real position
of the point a should exist.

4 Numerical results and discussions

In this section, some typical numerical calculations are car-
ried out. In all our numerical procedures, o, and 7, are,

respectively, normalized by o,/c and 7,/c, where

without loss of generality, o =4.2x10°N/m?; and A, =

b, By / (o;u%) is the loading combination parameter intro-

duced to reflect the corresponding loading combination be-
tween magnetic and mechanical loads. In addition, in our
numerical examples, the interface crack between two dis-
similar CoFe,04-BaTiO; composites is considered. Their
material properties as volume percentage (or volume frac-

tion) v¢ of BaTiO; were given by Sih and Song [54] in detail.

In what follows, material 1 and material 2 correspond to
CoFe,04-BaTiO; composites with v¢=0.1 and v¢=0.9, re-
spectively. For convenience, their material constants are
listed in Table 1 [54,50]. The crack length /=2 mm is as-
sumed. Numerical results are plotted in Figures 2—10, where

K,=0/\05l and G, =K:/4.
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Figures 2—4 show the effects of the location of the ap-
plied concentrated loads on the contact zone length A, the

normalized Mode-II SIFs K,/K, and the normalized total
energy release rate G/Gy for different shear loads with fixed
oy/o=1 and A3=0, respectively. It is observed clearly from
these figures that with increasing € (i.e., decreasing d), the
contact zone length increases, and both the Mode-II SIF and
energy release rate decrease. Furthermore, Figures 3 and 4
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Figure 2 Contact zone length Ay (=(b—a)/l) versus the location of the
applied concentrated loads 6(=(b—d)/(b—c)) for different shear loads as
oy/o=1 and A3=0 (Equivalent to by=0).
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Figure 3 Normalized Mode-II SIFs K,/K (at x;=b+0) versus the position
of the applied concentrated loads for different shear loads as oy/o=1 and
ﬂB:O.

Table 1 Material constants for BaTiO;-CoFe,O4 composites with different volume fractions (v¢) [50,54]

Material constants vi=0.1 v=0.9 Material constants vi=0.1 v=0.9
11 (GPa) 274 178.0 anx107° (CY/N m?) 11.9 100.9
c13 (GPa) 161 87.2 az3x107 (CHYN m?) 13.4 113.5
¢33 (GPa) 259 172.8 h3y (N/A m) 522.3 58.03
cqs (GPa) 45 432 hs3 (N/A m) 629.7 69.97
31 (C/m?) 4.4 -3.96 his (N/A m) 495.0 55.00
e3; (C/m?) 1.86 16.74 711x1078 (N s%/C?) 531.5 63.5
15 (C/m?) 1.16 10.44 73x107° (N s%/C?) 142.3 24.7
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Figure 4 Normalized total energy release rates versus the position of the
applied concentrated loads for different shear loads as oy/o=1 and A3=0.

imply that for the present load cases, the total energy release
rate and Mode-II SIF can both be used equivalently as frac-
ture parameter. Thus, according to the maximum energy
release rate criterion, the nearer to the left crack-tip the ap-
plied concentrated combined mechanical loads approach,
the easier growth and propagation the crack right tip is. We
point out that for the electrically impermeable and magneti-
cally permeable case and the electromagnetically permeable
case, similar behaviors (but with slightly different ampli-
tudes) can be obtained with Figures 2 and 3 being further
close to those in ref. [50] for the electromagnetically per-
meable case.

Figures 5-7 show the effects of the magnetical load Ag
on the contact zone length Ay, the normalized Mode-II SIF
K>/K, and the normalized total energy release rate G/G, for
different locations of the concentrated loads with fixed
oy/o=1 and 1/ oy=5, respectively. Figures 5—7 indicate that
with increasing Ag, the contact zone length generally de-
creases whilst the Mode-II SIFs increase. It is also interest-
ing that the directions of the magnetic load could slightly
affect the energy release rates. On the other hand, it should
be noted that the effects of magnetic loads on any one of the
contact zone length, Mode-II SIF and energy release rate

34
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Figure 5 Contact zone lengths versus the applied magnetic load A for
different positions of the applied concentrated loads as oy/o=1 and #/c=5.
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Figure 6 Normalized Mode-II SIFs K,/Kj (at x;=b+0) versus the applied

magnetic load Ag for different positions of the applied concentrated loads
as oy/o=1 and w/oy=5.
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Figure 7 Normalized total energy release rates versus the applied mag-
netic load Ag for different positions of the applied concentrated loads as
oy/o=1 and 1/op=5.

are insignificant. This feature holds also for the electrically
impermeable and magnetically permeable case.

Figures 8-10 display the effects of the normalized ap-
plied shear load on the contact zone length A, the normal-
ized Mode-II SIFs K,/K, and the normalized total energy
release rate G/G, for different magnetic loads with fixed

Ao

Tl

Figure 8 Contact zone lengths versus the normalized applied shear load
for different magnetic loads as oy/o=1 and 6=0.3.
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Figure 9 Normalized Mode-II SIFs K»/K, (at x;=b+0) versus the normal-
ized applied shear load for different magnetic loads as oy/o=1 and 6=0.3.
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Figure 10 Normalized total energy release rates versus the normalized
applied shear load for different magnetic loads as oy/o=1 and 6=0.3.

oy/o=1 and 60=0.3, respectively. As shown in these figures,
for a fixed position of the applied concentrated loads, in
general, Ay, K, and G all increase with the increase of ap-
plied shear load. Figures 810 also imply that magnetic
loads have negligible effects on 4y, K, and G. Figure 10
further indicates that according to the energy release rate
criterion, the crack easily initiates and grows with increas-
ing shear load.

For the electromagnetically permeable case, Figures
11-13 show, respectively, the variation of the contact zone
length 4y, the normalized Mode-II SIF K,/K,, and the nor-
malized total energy release rate G/G, vs. the normalized
applied shear load, for different 8 with fixed oy/o=1. It is
shown clearly that the contact zone length increases with
increasing applied load and with increasing € (or decreasing
d). Both the Mode-II SIF and total energy release rate also
increase with increasing applied load but with decreasing @
(or increasing d).

5 Conclusions

An interface crack with a contact zone in an infinite mag-
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Figure 11 Contact zone length versus the normalized applied shear load
for the electromagnetically permeable case with fixed oy/o=1 but different
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Figure 12 Normalized Mode-II SIFs K»/K, (at x;=b+0) versus the nor-
malized applied shear load for the electromagnetically permeable case with
fixed oy/o=1 but different 6.
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Figure 13 Normalized total energy release rates versus the normalized
applied shear load for the electromagnetically permeable case with fixed
ov/o=1 but different 6.

netoelectroelastic bimaterial under the concentrated magne-
toelectromechanical loads at the crack faces has been con-
sidered. For the open part of the crack faces, magnetically
impermeable and electrically permeable crack surface con-
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dition is adopted. First, the matrix-vector representations
(17) and (18) for the stresses, electrical displacement and
magnetic induction as well as for the derivatives of the
jumps of the displacements, electrical and magnetic poten-

tials via a sectionally-holomorphic vector-function are given.

Next, the combined Dirichlet-Riemann boundary value
problems (26)—(28) are derived and solved. Then, the stress,
electrical displacement and magnetic induction intensity
factors as well as the energy release rate have been obtained
in a concise and analytical form. The transcendental equa-
tions for the determination of real contact zone length have
been obtained as well. Finally, some typical numerical re-
sults are given for the material combination of BaTiO;-
CoFe,04 composites. From the theoretical and numerical
results, the following conclusions can be drawn:

(1) For the magnetically impermeable and electrically
permeable interface crack with a contact zone under con-
centrated magnetoelectromechanical loads, all the normal
stress, electrical displacement and magnetic induction at the
right crack-tip a exhibit a square-root singularity, and the
electrical displacement intensity factor at x;=a+0 depends
on the Mode-I stress and magnetic induction intensity fac-
tors at x;=a+0.

(2) Although all the normal stress, electrical displace-
ment and magnetic induction at the right crack-tip x,=b+0
are nonsingular, all of them are singular at the left crack tip
x1=b—0. Furthermore, all the field intensity factors K,b s

K! and K! at the left crack-tip x,;=b—-0 are completely
defined by the shear SIF K, at x;=b+0, which reflects the

intensity of square-root singularity of the shear stress there.

(3) For the crack model with contact zone, the Mode-II
SIF plays a very important role in the fracture analysis of
the interface crack because it is nearly equivalent to total
energy release rate.

(4) For a fixed size of the applied magnetoelectrome-
chanical load, the contact zone length generally increases
with decreasing load location parameter d. For a fixed loca-
tion of the concentrated loads, the contact zone length in-
creases with increasing shear load.

(5) According to the maximum energy release rate crite-
rion, in general, the nearer to the left crack-tip x;=c the
concentrated combined mechanical loads, the easier to grow
and propagate the crack right-tip x;=b is. Moreover, the
crack easily initiates and grows with increasing applied
shear load.

(6) For the present crack model, in general, the magnetic
loads have a negligible effect on the contact zone length,
Mode-II SIF and energy release rate.

(7) Solutions to the other interface crack conditions are
also presented and the corresponding numerical results are
further discussed to illustrate the possible effect of different
electromagnetic conditions on the field quantities.

Sci China Phys Mech Astron

September (2011) Vol. 54 No.9

Appendix A  Solutions to interface crack conditions

There exist various interface crack surface conditions which
are very useful in practical engineering analysis. For exam-
ple, for the one we discussed mostly in this paper, the mag-
netically impermeable condition is actually magnetically
open whilst the electrically permeable is electrically closed
(i.e., it is an electrical wall). This and other electromagnetic
conditions are quite common in electromagnetic studies
[55-58]. As such, we add below the results for other two
common crack surface electromagnetic conditions for easy
future reference.

Al The electrically impermeable and magnetically
permeable interface crack

Following the same procedure, we find that

-1 2(1—9)
K = _
1 <m44 m14) \/nl}/l (1-1)(9—/1)
x<\/71m44a)1 —m1424), (al)
— 1
K2:— 1 9 ( +}/l)a)2, (az)
\/ 2nlby,  m,

2(1-6)

K, =~(m,, —mm)l\/ nly, (1-2)(6-2)
(o2, “

where

o, =%, cosk(A)+m,z,sink (),
W, = [21 sin K(/l)—mnro COSK(ﬂ)],

X, =0,+myd,, X,=0,+my,d,.

Also, similar to the electrically permeable and magneti-

cally impermeable case, we have m;, =S§,, m;, =-iS,,

-iY,, Y, =SJ.(A}, with y, and

n,=Y,, n,=-1Y n;, = 4>

T A s 3

st = [Sjl, S S, ]T (j=1,3,4) being, respectively, the

J

. . . AT =T
eigenvalues and eigenvectors of the matrix (7G +G )

where
g, &5 8&u
G= §31 i§33 i§34 .
8n 18y 18y

Again, as shown in ref. [50], m,, n, (j,l=13,4) are

all real values.
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The energy release rate for the case can be expressed as:

G — ®11K12 +®44Kj +(®l4 +®4I )K1K4

] 1 ; (a4)
®22 I{Z2
(;2 = T . (3.5)

where

®11 :<n44\ja1/71 _n14)/An’

2m,,

0y, =y J7, = mm, ) /A,
a =(ms—na e [r,) /A,
O, =(myn,, = mnaa[r,) /A,

A, =nsny, —ngn,.

®22 -

©)

In addition, the magnetic induction intensity factor at
x1=a+0 can be finally derived as follows:

K,=6K, +6,K,, (ab)
where

0, :(§51 +p3)}/0+p1, 0, :(gSI +p3)7oml4+p2

with

o= =)/(n,7).

Py = (85380 = 83480) /D5 Py = (883 — 85 ) [ Ay »

Py = (8538l + 85iBndn — BsnBudn — sl )/ Ao
Ay = 84183 — 858

Furthermore, all the FIFs K/, K. and K. are com-

pletely defined by the shear SIF K, at x, =b+0. In

other words

K’ = mymy, (1_71) K
l (m14—m44)(1+}/]) v
b
K =-S @)
my,

2
LKE + lelb + sz:'

K!=—(g,+p
4 (51 3)n11(1+}/1)

A2 The electrically permeable and magnetically per-
meable interface crack

For this case, we find that

Sci China Phys Mech Astron

September (2011) Vol. 54 No. 9 1677

~ 2(1-0)
o (1-2)(6-2)
><|:00 cosik(A)+mz,sin K(/l)], (a8)
1-6 (1+
K== 276y ( m}/]) (m170)2+0'02’ (a9)
1 1

where

_ /_g31g33
nm — - ~ °
811813

The energy release rate can be written as:

0,K;
G1 :_li" L ) 2 = Zi‘. 2 ’ (alo)
where

\/; 2m,

@, =-——, 0,=-—"—,
11 Sl }/l 22 tl (1+}/1)

L :gm_mlg'n’ Sy :(g33+m1g13>/tl'

The electric displacement intensity factor and the mag-
netic induction intensity factor at x;=a+0 can be finally de-
rived as follows:

- - I

K,= @"' % [gu_ g?ng K, (all)
g 20t 83
~ - I

K, :{§+ / (gﬁ—gﬁjg“ﬂlq. @al2)
£yw 2nt 83

Simultaneously, all the FIFs K, K. and K. are com-
pletely defined by the shear SIF K, at x, =b+0, ie.

m -1
K =—"""—= % >K2,
7, +1
Ky :[g“——g“fg“ —@qub, (al3)
833 833
o B Bl
833 833

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 10772123, 11072160), the Program for Changjiang
Scholars and Innovative Research Team in University (Grant No. IRT0971)
and the Natural Science Fund for Outstanding People of Hebei Province
(Grant No. A2009001624).

1 Parton V Z, Kudryavtsev B A. Electromagnetoelasticity. New York:



1678

10

12

13

14

15

17

18

19

20

21

22

Feng W J, et al.

Gordon and Breach Science Publishers, 1988

Zhou Z G, Wang B, Sun Y G. Two collinear interface cracks in mag-
neto-electro-elastic composites. Int J Eng Sci, 2004, 42: 1155-1167
Gao C F, Tong P, Zhang T Y. Fracture mechanics for a mode III
crack in a magnetoelectroelastic solid. Int J Solids Struct, 2004, 41:
6613-6629

Chue C H, Liu T J C. Magneto-electro-elastic antiplane analysis of a
bimaterial BaTiOs-CoFe,O4 composite wedge with an interface crack.
Theor Appl Fract Mech, 2005, 44: 275-296

Hu K Q, Li G Q. Constant moving crack in a magnetoelectroelastic
material under anti-plane shear loading. Int J Solids Struct, 2005, 42:
2823-2835

Feng W J, Xue Y, Zou Z Z. Crack growth of an interface crack be-
tween two dissimilar magneto-electro-elastic materials under anti-
plane mechanical and in-plane electromagnetic impact. Theor Appl
Fract Mech, 2005, 43: 376-394

Feng W J, Su R K L. Dynamic internal crack problem of a function-
ally graded magneto-electro-elastic strip. Int J Solids Struct, 2006, 43:
5196-5216

Li R, Kardomateas G A. The mode III interface crack in piezo-elec-
tro-magneto-elastic dissimilar bimaterials. ASME J Appl Mech, 2006,
73:220-227

Li Y D, Lee K Y. Anti-plane crack intersecting the interface in a
bonded smart structure with graded magnetoelectroelastic properties.
Theor Appl Fract Mech, 2008, 50: 235-242

Zhou Z G, Wang J Z, Wu L Z. The behavior of two parallel
non-symmetric interface cracks in a magneto-electro-elastic material
strip under an anti-plane shear stress loading. Int J Appl Electromagn
Mech, 2009, 29: 163-184

Niraula O P, Wang B L. A magneto-electro-elastic material with a
penny-shaped crack subjected to temperature loading. Acta Mech,
2006, 187: 151-168

Wang B L, Han J C, Mai Y W. Mode III fracture of a magnetoelec-
troelastic layer: exact solution and discussion of the crack face
electromagnetic boundary conditions. Int J Fract, 2006, 139: 27-38
Zhao M H, Yang F, Liu T. Analysis of a penny-shaped crack in a
magneto-electro-elastic medium. Philos Mag, 2006, 86: 4397-4416
Feng WIJ, Pan E, Wang X. Dynamic fracture analysis of a
penny-shaped crack in a magnetoelectroelastic layer. Int J Solids
Struct, 2007, 44: 7955-7974

Yong H D, Zhou Y H. Transient response of a cracked manetoele-
ctroelastic strip under anti-plane impact. Int J Solids Struct, 2007, 44:
705-717

Wang B L, Sun Y G, Zhang H Y. Analysis of a penny-shaped crack
in magnetoelectroelastic materials. J Appl Phys, 2008, 103:
083530-1-8

Zhong X C, Zhang K S. Dynamic analysis of a penny-shaped dielec-
tric crack in a magnetoelectroelastic solid under impacts. Eur J] Mech
A-Solids, 2010, 29: 242-252

Li X F. Dynamic analysis of a cracked magnetoelectroelastic medium
under antiplane mechanical and inplane electric magnetic impacts. Int
J Solids Struct, 2001, 42: 3185-3205

Singh B M, Rokne J, Dhaliwal R S. Closed-form solutions for two
anti-plane collinear cracks in a magnetoelectroelastic layer. Eur J
Mech A-Solids, 2009, 28: 599-609

Liu J X, Liu X L, Zhao Y B. Green’s functions for anisotropic mag-
netoelectroelastic solids with an elliptical cavity or a crack. Int J Eng
Sci, 2001, 39: 1405-1418

Gao CF, Kessler H, Balke H. Crack problems in magnetoelectroelas-
tic solids. Part I: Exact solution of a crack. Int J Eng Sci, 2003, 41:
969-981

Gao C F, Kessler H, Balke H. Crack problems in magnetoelectroelas-
tic solids. Part II: General solution of collinear cracks. Int J Eng Sci,

Sci China Phys Mech Astron

23

24

25

26

27

29

30

31

32

33

34

35

36

37

38

40

41

42

43

44

45

September (2011) Vol. 54 No.9

2003, 41: 983-994

Song Z F, Sih G C. Crack initiation behavior in magnetoelectroelastic
composite under in-plane deformation. Theor Appl Fract Mech, 2003,
39: 189-207

Sih G C, Jones R, Song Z F. Piezomagnetic and piezoelectric poling
effects on mode I and II crack initiation behavior of magnetoelec-
troelastic materials. Theor Appl Fract Mech, 2003, 40: 161-186

Tian W Y, Gabbert U. Multiple crack interaction problem in magne-
toelectroelastic solids. Eur J Mech A-Solids, 2004, 23: 599-614

Tian W Y, Gabbert U. Macrocrack-microcrack interaction problem in
magnetoelectroelastic solids. Mech Mater, 2005, 37: 565-592

Wang B L, Mai YW. Applicability of the crack-face electromagnetic
boundary conditions for fracture of magnetoelectroelastic materials.
Int J Solids Struct, 2007, 44: 387-398

Zhong X C, Li X F. T-stress analysis for a Griffith crack in a
magnetoelectroelastic solid. Arch Appl Mech, 2007, 78: 117-125
Zhou Z G, Zhang P W, Wu L Z. The closed form solution of a
Mode-I crack in the piezoelectric/piezomagnetic materials. Int J
Solids Struct, 2007, 44: 419-435

Zhou Z G. Wang J Z, Wu L Z. Two collinear Mode-I cracks in pie-
zoelectric/piezomagnetic materials. Struct Eng Mech, 2008, 29:
55-75

Chen X H. Energy release rate and path-independent integral in dy-
namic fracture of magneto-electro-thermo-elastic solids. Int J Solids
Struct, 2009, 46: 27062711

Zhong X C, Liu F, Li X F. Transient response of a magnetoele-
ctroelastic solid with two collinear dielectric cracks under impacts.
Int J Solids Struct, 2009, 46: 2950-2958

Williams M L. The stresses around a fault or cracks in dissimilar me-
dia. Bull Seismol Soc Am, 1959, 49: 199-204

Rice J R. Elastic fracture mechanics concept for interfacial cracks.
ASME J Appl Mech, 1988, 55: 98-103

Gao C F, Tong P, Zhang T Y. Interfacial crack problems in mag-
neto-electric solids. Int J Eng Sci, 2003, 41: 2105-2121

Gao C F, Noda N. Thermal-induced interfacial cracking of magneto-
electroelastic material. Int J Eng Sci, 2004, 42: 1347-1360

Li R, Kardomateas G A. The mixed mode I and II interface crack in
piezoelectromagneto-elastic anisotropic bimaterials. ASME J Appl
Mech, 2007, 74: 614-627

Feng W J, Su R K L, Liu J X, et al. Fracture analysis of bounded
magnetoelectroelastic layers with interfacial cracks under magneto-
electromechanical loads: Plane Problem. J Intell Mater Syst Struct,
2010, 21: 581-594

Feng W, Li Y S, Xu Z H. Transient response of an interfacial crack
between dissimilar magnetoelectroelastic layers under magnetoele-
ctromechanical impact loadings: mode-1 problem. Int J Solids Struct,
2009, 46: 3346-3356

Li X F, Liu G L, Lee K Y. Magnetoelectroelastic field induced by a
crack terminating at the interface of a bi-magnetoelectric material.
Philos Mag, 2009, 89: 449-463

Zhao M H, Li N, Fan CY, et al. Analysis method of planar interface
cracks of arbitrary shape in three-dimensional transversely isotropic
magnetoelectroelastic bimaterials. Int J Solids Struct, 2008, 45:
1804-1824

Zhu B J, Shi Y L, Qin T Y, et al. Mixed-mode stress intensity factors
of 3D interface crack in fully coupled electromagnetothermoelastic
multiphase composites. Int J Solids Struct, 2010, 46: 2669-2679
Comninou M. The interface crack. ASME J Appl Mech, 1977, 44:
631-636

Atkinson C. The interface crack with contact zone (an analytical
treatment). Int J Fract, 1982, 18: 161-177

Simonov I V. The interface crack in homogeneous field of stresses.
Mech Compos Mater, 1985, 46: 969-976



46

47

48

49

50

51

Feng W J, et al.

Dundurs J, Gautesen A K. An opportunistic analysis of the interface
crack. Int J Fract, 1988, 36: 151-159

Qin Q H, Mai Y W. A closed crack tip model for interface cracks in
thermopiezoelectric materials. Int J Solids Struct, 1999, 36: 2463—
2479

Herrmann K P, Loboda V V. Fracture mechanical assessment of elec-
trically permeable interface cracks in piezoelectric bimaterials by
consideration of various contact zone models. Arch Appl Mech, 2000,
70: 127-143

Herrmann K P, Loboda V V, Govorukha V B. On contact zone mod-
els for an electrically impermeable interface crack in a piezoelectric
bimaterial. Int J Fract, 2001, 111: 203-227

Herrmann K P, Loboda V V, Khodanen T V. An interface crack with
contact zones in a piezoelectric/piezomagnetic bimaterial. Arch Appl
Mech, 2010, 80: 651-670

Kharun IV, Loboda V V. A set of interface cracks with contact zones
in combined tension-shear field. Acta Mech, 2003, 166: 43-56

Sci China Phys Mech Astron

52

53

54

55

56

57

58

September (2011) Vol. 54 No. 9 1679

Muskhelishvili N 1. Some Basic Problems of the Mathematical The-
ory of Elasticity. Noordhoff, Leyden, 1975

Wang S S, Choi I. The interface crack between two dissimilar ani-
sotropic composite materials. ASME J Appl Mech, 1983, 50: 169—
178

Sih G C, Song Z F. Magnetic and electric poling effects associated
with crack growth in BaTiO;—CoFe,O4 composite. Theor Appl Fract
Mech, 2003, 39: 209-227

Papas C H. Theory of Electromagnetic Wave Propagation. New York:
Dover, 1988

Alshits V I, Barnett D M, Darinskii A N, et al. On the existence prob-
lem for localized acoustic waves on the interface between two
piezocrystals. Wave Motion, 1994, 20: 233-244

Volakis J L, Chatterjee A, Kempel L C. Finite Element Method for
Electromagnetics. New York: IEEE Press, 1998

Pan E. Some new three-dimensional Green’s functions in anisotropic
piezoelectric biomaterials. Electron J Bound Elem, 2003, 1: 236-269




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


