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Abstract—By combining Strok’s formalism, the method of analytical continuation and the trans-
lating technique introduced in this paper, the explicit full domain solutions for the problems of
collinear interface cracks between dissimilar anisotropic media have been presented. To define a
proper bimaterial stress intensity factor, the full domain solution is applied to the near tip of an
interface crack. The results show that the effect of material properties is totally reflected through
the oscillation index ¢, and the bimaterial constants D,,, D,, and D;; which have inverse relations
with Young’s moduli E,, E, and shear modulus \/ G13G3,, respectively. For the purpose of illus-
tration, three typical examples are solved explicitly such as a semi-infinite interface crack, a finite
interface crack and two collinear interface cracks.

INTRODUCTION

Although the problems of interface cracks between dissimilar anisotropic media have been
widely studied by many researchers [for example, Gotoh (1967), Clements (1971), Willis
(1971), Ting (1986), Bassani and Qu (1989), Suo (1990), Wu (1990) and Gao et al. (1992)],
the solutions provided are usually limited to the field of the interface. Some of them [like
Suo (1990)] discuss the applicability to a full domain, however no explicit solutions have
been given. Very few researchers are concerned about the explicit full domain solutions
primarily because their attentions are focussed upon the fracture parameters such as stress
intensity factors and energy release rates which can be found by knowing the near tip
solutions along the interface. However, if one is interested in applying the infinite domain
solutions to the finite domain problems through some numerical approaches such as the
boundary element method or finite element method, the field solutions other than those
along the interface are also needed. With this intention, we derive the explicit full domain
solutions by combining Stroh’s formalism (Stroh, 1958), the method of analytical con-
tinuation (Muskhelishvili, 1954) and the translating technique introduced in this paper.

Among all the near tip solutions presented in the literature, important controversies
seem to exist in the definition of stress intensity factors. Recently, Gao et al. (1992) tried
to justify a proper definition from the mismatch analysis and found that only the solution
proposed by Wu (1990), which conforms to the general definition suggested by Rice (1988),
is consistent with the analysis of local interface mismatch near the crack tip. In this paper,
from the viewpoint of the classical definition of stress intensity factors for the homogeneous
media, which treats the factors as scalars measuring the intensity of singularities of the
stresses near the tip, a relation between two seemingly different definitions given by Suo
(1990) and Wu (1990) has been constructed. Through this relation, one can see more clearly
the physical meaning of stress intensity factors and understand that the controversy between
those two definitions is just a vector transformation. This also explains why the bimaterial
stress intensity factors defined by Suo (1990) cannot be reduced to the classical stress
intensity factors.

For the purpose of illustration, three typical examples are solved explicitly, i.e. semi-
infinite interface crack, a finite interface crack and two collinear interface cracks. The results
show that the stress intensity factors for orthotropic bimaterial interface cracks are strongly
similar to those of isotropic bimaterials. The only difference is that the factor \/D,/D,;
may not be equal to unity, in which D;, and D,, are bimaterial constants that have inverse
relations with Young’s moduli E, and E,, respectively.
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COLLINEAR INTERFACE CRACK PROBLEMS

In my recent paper (Hwu, 1992), a general solution for the problems of thermoelastic
interface cracks between dissimilar anisotropic media has been obtained by using Stroh’s
formalism (Stroh, 1958) and the method of analytical continuation (Muskhelishvili, 1954).
Without considering the thermal effect, a general solution for the present problem (Fig. 1)
can be summarized as

u, =Af(@)+Af (@)

o = B1f1(2)+ﬁlﬁ(z_)}, ze5, (1a)
and

u; = Afx(2) + A, (2)

¢, =BA(2)+B.A(2) | €5y (16)

where the subscripts 1 and 2 are used to denote the quantities pertaining to the materials 1
and 2 which are located on x, > 0 (S,) and x, < 0 (S,), respectively. The overbar represents
the conjugate of a complex number. u and ¢ represent the displacement and stress function,
respectively. The stresses g;; are related to the stress function ¢ by

0 = — 2 0=, (1c)

A and B are 3 x 3 complex matrices composed of the elasticity constants. f,(z) and f,(z) are
two complex function vectors which should be determined through the boundary value
conditions set for the interface crack problems. The solutions have been found by Hwu
(1992) as

f1(z) = B '¥(2),
£,() = By 'M*~'M*y(2), (2a)

where

VO =% | o1 T s KR (2b)

In the above, prime ’ denotes differentiation with respect to its argument ; the integration
path L lies along the region of cracks ; t(s) is the self-equilibrated prescribed traction applied
to the upper and lower surfaces of the crack; p,(z) is an arbitrary polynomial vector of
degree not higher than the number of cracks n, which may be determined by the infinity
conditions and the single-value requirement of displacements. M* is the bimaterial matrix
defined as

M* = D—iW, (3a)
X2
5,
—— il = “e—> X,
a, bl 3, bz-— lkbk——ln b,
S,

Fig. 1. Collinear interface cracks between dissimilar anisotropic media.
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where
D=L7'+L;!, W=SLi'-S,L;', (3b)

and S, L are 3 x 3 real matrices composed of the elasticity constants. X,(z) is the basic
Plemelj function matrix defined as

Xo(2) = AT'(2), (4a)
where

A=[}~t Ay A3,

T'(z) = << I1 (z—aj)"“*““’(2~b;)"°>>- (4b)
j=1
The angular brackets ({ )) stand for the diagonal matrix, i.e.

Kf) = diag. [fy, f2, f3ls

in which each component is varied according to the Greek index a. This notation will be
used throughout this paper. §,and 4,, 2 = 1, 2, 3, of (4b) are the eigenvalues and eigenvectors
of

(M* 42 M*)4 = 0, (5a)
The explicit solution for the cigenvalue J has been given by Ting (1986) as
8, = —3+ig, =123, (5b)
where

I, 1+
81=8=£1ni—:§, g, =—8 &=0, B=[—itr(WD )Y (5¢)

and tr stands for the trace of the matrix ; 2 is called the oscillation index since it characterizes
the oscillatory behavior of the stresses near the crack tip.

Note that the complex functions f,(z) and f,(z) given in (2) are understood to be
function vectors in which each component is a function with argument z,, z, and z;,
respectively, where z, = x,+p.x,, a = 1, 2, 3. (x,, x,) is a fixed rectangular coordinate
system, and p, is a material ¢igenvalue.

To get the explicit full domain solution, the following translating technique is intro-
duced. If an implicit solution is written as

f(z) = Cx g,(2)>q, (6a)

with the understanding that the subscript of z is dropped before the matrix product and a
replacement of z,, z, or z; should be made for each component function of f(z) after the
multiplication of matrices, the explicit solution can be expressed as

3

f(z) = ), < gu(z.)»Clg, (6b)

k=1
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where

1 00 0 0 0 0 0 0
I,=(0 0 0f, LL=|0 1 O, I=|0 0 O] (6¢)
0 0 0 0 0 0 0 0 1

According to the description of the angular bracket following (4b), « g,(z) > means diag.
[91(2), 92(2), 93(2)] and « g,(z,) > means diag. [gi(z1), gi(z2), gi(z3)]. After finding the
implicit solution from eqn (2) and the explicit solution by using the translating technique
introduced in eqn (6), the explicit full field solutions for the displacements and stresses
can then be obtained by the general solution shown in (1).

The application of fracture mechanics bears largely upon the stress intensity factors
K, crack opening displacements Au and energy release rate G. To calculate these parameters,
we concentrate on a crack-tip region which is small compared with the whole body but
sufficiently large in terms of atomic dimensions for us to be reasonably happy with the
application of linear elasticity theory. The physical problem considered is therefore a semi-
infinite traction-free interface crack. By solving this problem through the use of eqns
(1)-(6) and the operation of normalization, scaling, nondimensionalization and vector
transformation, a comparable definition which can be reduced to the classical stress intensity
factors for a crack tip in homogeneous media has been obtained as (Wu, 1990 ; Hwu et al.,
1991)

. H —ig, —1 47
K—E%1/2nrA LK) = AT P, (7a)
where
KIl
K=<K,, (7b)
KIII

and r is the distance from the crack tip; ¢ is a length parameter which may be chosen
arbitrarily as long as it is held fixed when specimens of a given material pair are compared.
Different values of ¢ will not alter the magnitude of K but will change its phase angle. Note
that in this definition A has been normalized by

A'DA =1

With this definition of bimaterial stress intensity factors, the near tip solution can then be
expressed as (Hwu et al., 1991)

1

¢ = AL /) )>AT K,

2nr

2r -, (r/) .
Au = \EA <<(1 + 2ig,) cosh (naa)>> ATK. ®

Moreover, a simple quadratic relation between the energy release rate G and stress intensity
factors K can also be derived. That is

G=3iK"EK, E=D+WD'W, )
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which is equivalent to the one given by Wu (1990).
It is also noted that a seemingly different definition k given by Suo (1990) is related to
the present K by a vector transformation, i.e.

K = Ak, k= %>k (10)

The near tip solutions (8) show that the influence of material properties is reflected through
the eigenvalues §, (hence ¢,) and eigenvector matrix A. The explicit solution for the eigen-
values J, has been given in (5b,c), which is related to the matrices W and D, or S and L by
(3b). The explicit expressions in terms of the elasticity constants C; for S and L of
orthotropic materials have been shown by Dongye and Ting (1989). Hence, it is possible
to get the explicit solutions for the bimaterial matrices W and D, the eigenvalue ¢ and
eigenvector matrix A, and the energy release rate G in terms of the engineering constants.
By direct substitution (Hwu et al., 1991) it shows that for orthotropic bimaterials D is a
diagonal matrix which is symmetric and positive definite, while W is antisymmetric with
only one independent component W,, (=—W,,) which has an inverse relation with
Young’s modulus E,. Furthermore, D,,, D,, and D,; have inverse relations with Young’s
moduli E,, E, and shear modulus ./G,;G5, respectively. It can also be shown that the
normalized A is independent of W and is only related to the bimaterial constants D, D5,
and D;,.

EXAMPLES

The solution obtained in eqn (2) is valid for an arbitrary number of collinear interface
cracks and an arbitrary loading condition. In the following, three important examples are
presented by way of illustration. The first is a semi-infinite interface crack subjected to a
point load applied to the crack surface ; the second is a finite interface crack subjected to a
point load or uniform load on the crack surface; the last is two collinear interface cracks
under uniform loading at infinity. Following the same procedures, one may find solutions
for other collinear interface crack problems.

(i) A semi-infinite interface crack
Let the semi-infinite planes of different materials be joined along the positive x,-axis.
A line crack is situated along the negative x-axis extending from x, = 0 to x; = —c0 and

is opened by a point force ty at z = —a on each side of the crack (Fig. 2). For this problem,
the Plemelj function X(z) used is

Xo(z) = ALz 18D, (1n

The point load t(s) can be represented by a delta function, i.e.

X2

Fig. 2. A semi-infinite interface crack subjected to point loads.
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t(s) = 6(s+a)t,, t,= e (12)

Substituting (11) and (12) into (2b), we have

¥'(2) = — Xo(@) X3 (=)™ 't (13a)

2ni(z +a)

) 1 u a\/2- »
Vom0 ) ()

With this solution, one can calculate the complex function vectors f,(z) and f,(z) by (2a)
with the understanding described in eqn (6). The results are

] 3 <<em,\ ao Z- I/2+iskd B |I A 1
= Y gl | 22 ~1L A
1(2) kg,l o a . ta Zy 1 L to,

3 e, *— 1/2+ i
f,z)= Y <<%a‘/2i‘k Jz—“—k dz;">>B2“M*"M*IkA“'t0. (14)

*
k=1 Zoz+a

or

Note that f,(z) can be obtained from f,(z) with z, and BT ' replaced by z*and B; 'M*~!
M*, respectively, where z¥ = x|, +p¥x, and p¥is the eigenvalue of material 2. The bimaterial
stress intensity factors defined in (7) can then be obtained by considering z = r+a,r—0
and applying the following simple relation (Hwu, 1992):

¢ = (I+N* M"Y (2). (15)
The results are
K= \/;t?_a’\«(a//)m’ cosh e, > )A ™'t (16)

For orthotropic bimaterials it can be shown that (Hwu et al., 1991)

Cr cin/D2a/Dyy 0
ALe))A™ = —¢,1 /D1 /Dy R 0| (17)
0 0 1

where ¢, = ¢, ¢; = ¢, ¢; = 1 and ¢ ¢; are real and imaginary parts of c¢. By using (16) and
(17), the explicit solution of K for the orthotropic bimaterials is obtained as

2 - - .
K, = [ ~-coshme[t,cos (elnajt)+ 11/ D11/Dyy sin (elnajf)],

na
2 ) . .
Ky = \/;;cosh nelt, cos (eIna/t) — 1,3/ D1s/Dy, sin (elna/f)],

Km = *fs- (18)
N a
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This result shows that the stress intensity factors for orthotropic bimaterial interface cracks
are strongly similar to those for isotropic bimaterials given by Rice and Sih (1965). The
only difference is that the factor ./ D,,/D,, may not be equal to unity since E| and E, are
usually not the same for orthotropic materials. The results can also be reduced to the

classical stress intensity factors for a crack tip in a homogeneous anisotropic medium in
which & = 0 by (5¢) with W = 0.

(ii) A finite interface crack
Consider an interface crack located on a;, = —a, b; = g, subjected to a point force t,
at z = c on each side of the crack [Fig. 3(a)]. For this problem, the Plemelj function X(z)

is
1 z—a ¥
w )

2
(a)
A
t
A
1, 3!
—c = XK >x
1 e l‘\s !
A
ty
lt——Cc—»
a a

Fig. 3a. A finite interface crack subjected to point loads.

X2

(b)

Uniform traction
A A A
(CIPOFPICITY)

Fig. 3b. Integration contour of a finite interface crack subjected to uniform loads.
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while t(s) is represented by
t(s) = 8(s—O)t,. (20)

Substituting (19) and (20) into (2b), we have

, e (a+cY 1 a2 —c (z—aVe .
‘I,(Z)_A<<§E(a—c) c-z\[z—a2 (z—i—a) >>A b- @n

By (2a) and (6), the explicit full domain solution for £,(z) is obtained as

3 a+c a’ — - ~
f’(z)=k§i<<2n (a c J N zZ—-a’ z +a >>BX ALA™ ', (22)

and f,(z) can be obtained from f;(z) with z, and By ' replaced by z* and B; 'M*~ 'M*,
respectively. By a similar approach to that in (i), the bimaterial stress intensity factors of
the right tip are obtained as

B 1 Jatc fla+c) = .
K=- \/_ o CA<<[§J(;:—C—)] coshywa>>A t,. 23)

For orthotropic bimaterials, we have

i a-+c ” 2ala—c " . 2a(a—c
K = \/_ ;——Ecoshns {tz cos <Slna°(7}-—éjz)+t‘ ' Dyi/Dyssin (sln f(i_‘_g)l)},

1 a-+c . 2a(a—c¢ - . 2a(a—c¢
Ky = \/, ———coshne {t, sin (slnm—c—%)—tz. /Dy, /Dy sin (61}17(%::;)2)}’

i a+c -
t,.
/maN ¢—¢

By principle of superposition, the solution of point load problems may be used to
attack all the general loading conditions with the same geometry. In the following, we will
show the solutions for the case of uniform loading, i.e. t = {612 612 633}" (= constant).
Instead of utilizing the results of point load problems, we evaluate the line integral (2b)
directly. By residue theory, the integral around a closed contour € shown in Fig. 3(b) can
be calculated as

Ky = (24)

Sg 1 Xo(s)] "' tds = 2mi Z re (25)
§—2z k=1

where r, are the residues of the integrand at its singular points within C. The closed contour
Cistheunion of L+, Co, L™, ks, C,., L, Ci. The summation of the integrals along L, and
L vanishes since they have opposite directions and the integrand across this line is continu-
ous. The integrals around the circle Cy and Cj can be proved to be zero when the radii of
the circles Cy and Cj tend to zero. By replacing the contour of C,, by Re” and letting R —»
o0, the integral around C,, is found to be

{ EI‘E [Xo(s)] ™ 'tds = 2mi {{z+ 2ig,ad YA~ 't. (26)
e s—
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If we let
Y@) = j 1 xie1as (27a)
L+8—2

knowing that (Hwu, 1992)
Xa-(xl)+M*_lM*xa(xl)=0’ X|€L,

we have

f 1 [Xo()] ™ 'tds = Y(2)[I—-M*~ 'M*]t. (27b)

tyL- §S—2Z

The only pole which makes a contribution to the residues is at s = z, and the residue at that
point is [X¢(z)] " 't. With the above description, we are now in a position to evaluate the
line integral and the final simplified result is

V() = A<<1 _ \z/—t-iiz <;__—Z)>> A= LI+ V- M%) (28)
zZ°—a

By eqns (2a) and (6), we have

f,(x) = i <<za— 2—d (Z“_a>wk>>Bf’AIkA"(I+1\7I*“M*)"'f, (29)
1

& Z,+a

and f,(z) can be obtained from f,(z) with z, and By ! replaced by z* and B; 'M*~'M*,
respectively. By a similar approach to that in (i), we have

K = —/ma AC{(1+2ig,)(2a/¢) " )>A~ 1. (30)

For orthotropic bimaterials, we have

K = —/na{6,,[cos (¢1n2aj¢) +2¢sin (e1n2a/£)] + 6 1,/D1 /Dy, [sin (¢ 1n 2a/¢)
—2ecos (¢1n2a/2)]},

Ky = —/na{61,lcos (¢1n2a/¢) + 2¢sin (¢ In 2a/£)] — 655/ D1s/ D1 [sin (¢ In 2a/¢)
—2¢ecos (¢In2a/0)}},

1("] = — na&32. (31)
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22 22
023&—’“12 c‘z;g—;clz
*2
0%z
o
13 .
"u«—? "ué—»cu
P
<ccue i
% by bF b,

°§z-?°'zs “'xzo—? O3
o .

.
22 L 2PY

Fig. 4. Two collinear interface cracks subjected to uniform loads at infinity.

(iii) Two collinear interface cracks

Consider two collinear interface cracks located on (g, b,) and (a,, b,) subjected to a
uniform loading ¢7; at infinity (Fig. 4). If the crack surfaces are traction free, t(s) = 0 and
¥’(2) given in (2b) can be simplified as

¥'(2) = Xo(2)p2(2), (32a)
where
Xo(2) = AL XL (D)D),
P2) = c2z% ez 4 €, (32b)
and
1 —b)(z=b) |
) e b by [Ez*z;g—zi] | e

¢o, ¢, and ¢, are coefficient vectors of the polynomial p,(z), which will be determined by
the infinity condition and the single-valuedness requirement. From (15) and (32), the infinity
condition provides

¢, = A" I+M* M*) e, (33a)
where
t* = {mez 0% 0’302}?~ (33b)

The requirement of the single-value condition can be expressed by
b
_[ WD) =¥ (x)]dx, =0, j=12. (34)

To calculate ¢, and ¢, from the above two equations, one should evaluate X,(z) along the
crack surfaces which is, in a similar way to that introduced in Hwu (1991):

X, (2) = tieT™y,(x)), a<x;<b, or a,<x <by x;=0% (35a)
X
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where
_ 1 (bi-xi)(bz“‘xa)]m‘ ’< <b
) VG =a) B —x) (@ —x,) (b —x)) [0" —a)(@-x)]  ETE
- -1 (xl—bl)(bz'xl)jlie’ <x. <b
) \/(Xl —a)(x, —b)(xy—a (b, —x)) |:(x‘ —a)la—a) ]’ T

(35b)

Substituting (35) into (34) and solving a system of linear algebraic equations, one may
obtain

co = {An/Air e, € = A/ e (36a)
where

b : by by by
j'la=—f Xa(xl)dxlj xlXa(xl)dxl"}'J. xlXa(xl)dle Xa(x1) dxy,

ay ay ay o,

b 14

by by 2
A‘Ea =JV X!X(xl)dxt J xfxa(xl)dx;—J' xa(‘xi)dxls

t a3

xPa(x1) dx, J

ay

[

b, by by 2
,13u=f x%xa(xl)dxlj x.xa(xl)dxl—f xle(xl)d'le Xioa(x) dxy. (36b)

ay ay ay a

Combining (32), (33) and (36), the final simplified result for ¥'(z) is

V() = A<<Ill— (A1a2® + Aoz + A )X(DDXA I+ M* 7 TM¥) 71t (37

By (2a) and (6), the explicit full domain solution for f,(z) is obtained as

3

fi(z) = Y <<J‘Il;(llkzs+12kza+l3k)Xk(zm)>>Bl_lAIkA_l(I'Jf'M*_]M*)“]tws (38)

k=1

and f,(z) can be obtained from f,(z) with z, and B7' replaced by z*and B; 'M*~'M*,

respectively. By a similar approach to that in (i), the bimaterial stress intensity factors are
obtained as

K = /20 Ak OOA ', (392)
where
k = A1al@t + A2u@1 4 A3, [ (b, —a)(b,—a) |
« = > Xy =dy,
)vla\/(bl”al)(az—al)(bz“al) L a—a) ]
_ Aiabt+ Agbi + Asy [ 2b,—by) X = b
hiun/ 1 —a1)(@1—b1) (b, —by) Lbr1—av(@—by ]~ 71T
_ Ao+ A2z + A3, [(a,—b))(b;—ay) | ‘. =a
'lla\/(az"al)(aZ_bl)(bZT'"'az) | la—a) [T i
A3+ Azebr+4s, [ tby,—b) T
_ D2+ 4A0br+ 45 (b,—by) x, = by (39b)
Ao/ (b3 —a) (b —b,)(b;—ay) Lb2—a)(b2—as) |
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It should be noted that when calculating the stress intensity factors of the left tip, i.e. x; = a,
or a,, the definition given in (7), which is defined based upon the horizontal right tip
condition, should be modified as

K = lim /277 A ({(r/6) ")) A~ ¢

Otherwise, a coordinate transformation should be employed in order to be consistent with
the condition of the original definition.

By use of (17), the explicit solution of K for orthotropic bimaterials can be obtained,
which is similar to those of cases (i) and (ii), and will not be presented here. The results
shown in (39) with ¢ = 0 are identical to those presented in Hwu (1991) for two collinear
cracks in homogeneous anisotropic media. The elastic interaction between these two inter-
face cracks can then be studied based upon this result.

CONCLUSIONS

Based upon Stroh’s formalism and the method of analytical continuation, a general
formula for the collinear interface crack problems has been given in this paper. A technique
which can translate the implicit solution into the explicit full domain solution has also been
provided. Through this general formula and translating technique, the explicit full field
solutions for the stresses and displacements can be obtained. By considering the near tip
solution of semi-infinite traction-free interface crack problems, a proper definition of the
bimaterial stress intensity factors is provided in this paper. The results show that the effect
of material properties is totally reflected through the oscillation index ¢, and the bimaterial
constants D, D,, and D5, which have inverse relations with E,, E, and ./G,,G4,, respec-
tively. Moreover, the stress intensity factors for the orthortopic bimaterials are strongly
similar to those of isotropic bimaterials. The only difference is that the factor /D, D,,
may not be equal to unity since Young’s moduli £, and E, are not usually the same for
orthotropic materials.
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