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The fracture behaviors near the interface crack tip for mode II of orthotropic bimaterial are discussed. The oscillatory singularity
fields are researched. The stress functions are chosen which contain twelve undetermined coefficients and an unknown singularity
exponent. Based on the boundary conditions and linear independence, the system of twelve nonhomogeneous linear equations
is derived. According to the condition for the system of nonhomogeneous linear equations which has a solution, the singularity
exponent is determined. Total coefficients are found by means of successive elimination of the unknowns. The theoretical formulae
of stress intensity factors and analytic solutions of stress field near the interface crack tip are obtained. The crack tip field is shown

by figures.

1. Introduction

Many researchers have studied the singularity behavior near
interface crack tip for isotropic, orthotropic, or anisotropic
bimaterial. The method of eigenfunction expansions is used
by Williams [1]. The complex function method is developed
by Rice and Sih [2]. Erdogan [3] and England [4], present and
research various interface crack problems. These academic
authorities play a leading role in fracture mechanics for inter-
face crack, and they have made the tremendous contribution.
The subsequent papers are published one after another over
several decades [5-16]. In this paper, the solution method is
proposed to research the singularity behavior near interface
crack tip for mode II of orthotropic bimaterial.

It can be seen that the following differences exist between
this method and previous methods by comparison.

(1) The stress function contains twelve undetermined
coeflicients, rather than eight.

(2) The system of twelve nonhomogeneous linear equa-
tions is deduced based on the boundary conditions,
rather than the system of eight homogeneous linear
equations.

(3) The characteristic equation is found by using the
condition for the system of nonhomogeneous linear

equations that possess a solution, rather than being
based on the condition for the system of homoge-
neous linear equations which has a nontrivial solu-
tion.

(4) In order to determine total coefficients, we only need
to solve the system of nonhomogeneous linear equa-
tions, rather than to solve the system of homogeneous
linear equations first, and then use the load conditions
at infinity.

(5) The stress intensity factors are defined by right-hand
limit and left-hand limit rather than by limit.

(6) The oscillatory singularity fields near interface crack
tip of three orthotropic bimaterial are illustrated by
the help of two tables and seven figures.

2. Mechanical Model

The plane y > 0 is the upper orthotropic material (j = 1),
and its elastic constants are E;;, E;,,v;; and y,. The plane
y < 0 is the lower orthotropic material (j = 2), and its elastic
constants are E,;, E,,, 7,1, and y,. ¥ = 0, |x| < a is the crack
surfaces, and y = 0, |x| > a is the bonded interface of two
dissimilar materials.
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F1GURE 1: Interface crack for mode II of orthotropic bimaterial.

The stress functions U(x,y), (j =

1,2) satisty the
governing equations [16—20{:

0'U; 0'U;
(b)j 55 + [2(b12); + (bis) | 0y
¢y
o'U; ,
+(b11)jW:O’ (j=12).

The boundary conditions of the interface crack for mode
IT are as follows:

(7)), = (7)), =0, 2)
y=0 Ix>a:(0,) =(0,), (79),=(1y),

W = Wy (), = W) 3)
| —+e0: (o)), =(0,),=0, (), = (7o), = "

The geometric and load conditions for the investigated
problem are given as shown in Figure 1.

3. Stress Function

The relationships between the stresses and the stress func-
tions can be obtained as

2
0y?

(Gx)j =
2

= Z Re {[(Ajk,A + icjk,/\) —1 (Bjk,/\ + icjk,/l)]
k=1

X (=Bii) Ujiea (210)}
(5a)

Re {[(A]-,M + icjm)

=i (Bja +iCiin)] Upa (230)}
(5b)
o’U;
- 0x0y

(Txy)j =
2

== Re{[(Ajxr +iCira) =i (Bjor +iCjcn )]
k=1

x (iﬁjk)Ujk,A (ij)}, (j=12)
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in which the stress functions U; of right side of (5a)-(5c¢)
contain twelve undetermined coeflicients A j; ), Bjx ), Cjxa
(j, k = 1,2) and an unknown singularity exponent A.

Considering the boundary conditions (2), (3), and (4), the
functions U A (Zjk) of right side of (5a)-(5¢) can be chosen
as

2 A Z_kZ)L
a .
Ujka (ij) = T<1 - ZT) = 121— (ik=1,2).
(Zj
(6)
in which
Zp=x+spy=x+ifpy,  (k=12) (7)

Zp—a=x-a+ifyy= r(cos@+zﬁjksin6),

(jk=1,2).

(8)

From (5a)-(5¢) and (6), an unknown number A is
called singularity exponent, and sometimes it is also called
eigenvalue.

4. Singularity Exponent

If the singularity exponent A is the complex number, the stress
near the interface crack tip shows oscillatory singularity. We
let [1-16]

A= —% ie. )

Substituting (9) into (6), it can be found as

—(1/2)+ie
Upe (25) = (1 - a—>

]k
Zly:iZe (10)
— J C e —
_Tw, (],k—1,2)
(5 -)

Equations (7) and (8) are substituted into (10), and we
have

Ujk>s (zjk)'y:0,|x|<a =€ a

2 _ .2
X [sin <2£lnu>
X

=)
=)

(1) en ™

—— (-1’

— X

—icos (28 In
(11)

at the crack surfaces.
Substituting (11), (5b), and (5¢) into the boundary condi-

tion (2), by the help of the functions cos(2¢ In((Va? — x2)/x))

and sin(2e In((Va? — x2)/x)) which are linearly independent,
the four homogeneous linear equations can be deduced as

Apet Arge = Biie = Biae +2C . +2C, . =0, (122)
—Aje—Age+ By + By — 2G5, —2Cy =0, (12b)
—B11A 11 — PraArse — PuBire — PraBiae = 0 (12¢)

BoiAsie + PrnArse + PauBore + BB = 0. (12d)

Similarly, we can find other eight linear equations (12e)
to (121) which are omitted here. By (‘rx},)1 = (‘rxy)2
in condition (4), two nonhomogeneous linear equations are
contained in the eight linear equations.

The system of nonhomogeneous linear equations (12a)
to (121) is solved by eliminating the unknowns. To let the
rank of the coefficient matrix A, for the system (12a)-(12l)
and the rank of the augmented matrix A, = (A, ,by) be
equal, the rank must be 8; that is, rank(A ) = rank(A,) = 8.
For this reason [21], the number & must satisfy the following
characteristic equation:

(e1y = f12) fio — 4912 128 =0 (13)

in which bimaterial parameters are given as

e = 1 1 fi = BuPrz —7u _ BBz — Va1
2= > 2= ,
o Ey, Ey
(14a)
_ Bii t+ B + Boi + B
Ey E)
(14b)

+ +
ho= ButPeg g, o Butbog g,
21

The singularity exponent A of (9) is a complex number,
so e#01in (13), and e, #0, f;, #0,9;, > 0,h;, > 0 in (14a)
and (14b) for determinate bimaterial. To the equation (13) has
a solution, the discrimination rule can be deduced as

(%) Dy,: if e}, and f}, in (14a) satisfy e;, > O and f,, > 0,

then the negative root of (13) is the bielastic constant
€.

Substituting € solved by (13) into (9), the complex singularity
exponent A can be obtained.

The system of eight equations which remained through
sequence elimination is solved by means of the inverse
sequence backsubstitution. We found all coefficients as fol-
lows:

St 2/3]'1<*912‘9

Cike = (-1) , 15
I~ (ﬁjZ_/-;jl)fIZ ( a)
fi2 = 2Bk gr2€
By, —Cy, = (- R TRI L h— 1),
e b (B2-By1) fiz’
(15b)

in which k = 1, k* = 2; k = 2, k" = 1. By (15a) and (15b),
the stress functions U; of the right side of (5a)-(5¢) contain
practically eight coeflicients.



5. Stress Intensity Factors

Considering the stress expressions (5b) and (5¢) and also the
load condition in (4), the stress intensity factors are defined
as

(kJr Z lim Re{ 271|z]k a' (e

Zj—at
X [(Ajie + Ciie)
=i (Bjre = Cjie )]
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x (-1 (2e i) (iﬁjk)
XUjk,s(ij)}, (j=12),
(16b)
ek 12, 1205),
R

(k+) = Z lim Re{ 27T|z]k—a| (e

_z—»a

% [(A et Cixe) =i (Bie = Ce)]

X Uje (2) }

(17a)

(k); = Z lim Re{ 271|ka a| Usz

12k —a
i (Bjee = Cire)]

Uee (25¢) } >

x [(Ajket Cire) -

x(-1Y" (26 - i)

(j=12),
(17b)
K+ k; (k+
b, = 1 Z
=T 32 Z . (179)
j=1
k =k, +ik,. (18)
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In order to express the change process ofzj — a
completely, it is necessary that the factor of
(11): e 1)J‘m( 1) [sin(2e In((Va? — x?)/x)) -
icos(2e ln((\/a2 —x2)/x)] = (1) '2e-i), (e - 0)is
substituted into the expressions (16b) and (17b). At the same
time, the minus is used in (16¢) because the load condition is
given in (4).

Substituting (10), (7), (8), (15a), and (15b) into (16a)-(16¢),
(17a)-(17c), and (18), the stress intensity factors of interface
crack for mode II can be deduced as

ky = T(rm)l/zp (e), k, = —T(rm)l/zzgisq (e),
12 (19)
k =k, + ik,
in which

ple) = {[1 + (1 + 2¢) cherm] cos (eIn a)

(20a)
—[1 4+ (1 = 2¢) cherr] sin (eInma)},

q(e) = {[1 — (1 + 2¢) cherm] cos (eIn a)

(20b)

—[1 = (1 = 2¢) cherr] sin (eInma)}.

6. Stress

From (10), (8), and (7), it can be found as follows that

}JTa{[z’T( k™ “)](I/ZHSUjk,e(ij)}=T(”a)(l/2)_i8>
(jk=12)
(D)

in the vicinity of the crack tip.
By (21), it can be known that

Upe (25) =

T(T[a)(l/z)—i£ 1

(1/2)—ie (1/2)—ie’
@ (o)

(22)
(z]-k —a; j,k= 1,2).

Substituting (22), (15a), (15b), (19), and (8) into (5a)-(5¢),

the stresses in the vicinity of the interface crack tip (z; —

a,r — 0; j,k = 1,2) for mode II of orthotropic bimaterial
can be expressed as follows:

k, V2
@2r)"? (B = Bju) p (e)

(Gx)j =

X <| [cos <% - slnna) - cos (eln 27r)

—sin (% —¢ln ﬂa) sin (¢ln 27‘[7‘)]
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in which p(e) and q(¢) are given by (20a) and (20b).
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TABLE 1: Mechanical properties of each orthotropic material.

. E./ E,l il
Materials Gji’a GJIZ’a V; gJPa A; B B

j=1 1245 1156 033 435 054 0.8 121

4 j=2 201 12.5 021 6.69 81331 0.74 5.39
B j=1 181 103 0.28 717 539.01 0.86 4.89

j=2 40.06 3826 0.26 11.24 507 0.63 163
c j=1 183 1551 032  5.87 142 0.80 135

j=2 135 10.3 0.21 6.6 34896 0.82 4.40

TABLE 2: Mechanical properties of three orthotropic bimaterials.

Bimaterial e, fia 91z hy, € A
A 0.0804 0.0379 01966 0.2948 —0.0834 0
~0.0834i
B 0.0505 0.0026 0.0881 0.1908 —0.0427 0
~0.0427i
C 0.0188 0.0166 01565 0.2681 —0.0149 0
~0.0149i

Note that (23a)-(23c) of the stress field contain the
following terms:

(o),
(Uy)j . 1 (cos (eln Zm')). (24)

(27.”,)1/2 sin (e 1n 27r)
(7o) i

The right side of (24) tends to change the sign rapidly at the
crack tip (r — 0), and therefore the stresses possess an
oscillatory character.

7. Oscillatory Field

The test and calculus results [16, 22-24] for the mechanicals
properties of three orthotropic bimaterial are shown in Tables
land 2.

From (19), the normalized stress intensity factors k,/t
and k, /7 depend on the length of crack a and the bielastic
constant e. The variations of the stress intensity factors versus
crack length are plotted in Figure 2. The variations of the
stress intensity factors with bielastic constant are illustrated
in Figure 3. The minute variations of factor k;/7 can be
observed by the inner small figure of Figure 3. The factors
k,/t and k, /7 increase almost linearly when the length a or
the constant € increases as shown in Figures 2 and 3.

By (23a)-(23c), the normalized stresses 0,/7, ay/‘r,
and 7, /7 depend on the polar angle 6 and the polar radius .
The variations of the normalized stresses for the above
three bimaterials with respect to polar angle 6 are plotted in
Figure 4. Figure 4 shows that three stresses have alternately
the increase and decrease with 0 increase, their maximum
values can be always reached at both sides of the crack.

Figures 5 and 6 show the variations of the normalized
stresses for the above three bimaterials with respect to polar
radius ¥ for 6 = +45° and 0 = +60°. Two figures mean
that the stresses o,/7, o'y/‘r, and Txy/T are the monotonic
decreasing functions of r/a on the two half-planes.
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FIGURE 2: Normalized stress intensity factors as a function of a.
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FIGURE 3: Normalized stress intensity factors as a function of ¢ when
a=1.

Figures 7 and 8 show the variations of the normalized
logarithmic stresses with respect to the polar radius r for 0 =
+45° and 0 = +60°. It can be found that the stress distribution
in Figures 7 and 8 is not straight line and does not parallel
to each other. Such distributions mean oscillatory singularity
state.

8. Conclusion

From the above derivation, the following results are very
significant.
(1) New stress functions are chosen.

(2) The system of twelve nonhomogeneous linear equa-
tions is derived.

o,/T

7
1500 1000 500
400 1
1000 1
300 1
500 500 g
0
-500
r/a = 0.0001] r/a = 0.00017T ~100
—1000 E
-200
—1500 P -500 P ~300 P
—180 0 180 -180 0 180 —-180 0 180
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—— A —— A —— A
—— B —— B —— B
—— C —— C —— C

o/t

FIGURE 4: Normalized stresses versus 8 for r/a = 0.0001.
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FIGURE 5: Normalized stresses versus 7 for 0 = +45°.

(3) The characteristic equation can be given.

(4) By the help of the distinction rule (*), the complex
singularity exponent A can be found.

(5) Total coeflicients are determined.
(6) For the oscillatory field, the theoretical formulae

of stress intensity factors and the analytic solutions
for stresses near interface crack tip of mode II are
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FIGURE 7: Normalized stresses versus r for 0 = +45°.

yielded, respectively. The stress intensity factors and
the stresses show mixed crack characteristics.

(7) The crack tip fields for oscillatory singularities are
illustrated in Figures 2 to 8.
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