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Abstract. In this paper, the behavior of a crack between two half-planes of functionaly graded
materials subjected to arbitrary tractions is resolved using a somewhat different approach, named the
Schmidt method. To make the analysis tractable, it is assumed that the Poisson’s ratios of the mediums
are constants and the shear modulus vary exponentially with coordinate parald to the crack. By use of
the Fourier transform, the problem can be solved with the help of two pairs of dua integral equations in
which the unknown variables are the jumps of the displacements across the crack surfaces. To solve the
dual integral equations, the jumps of the displacements across the crack surfaces are expanded in a series
of Jacobi polynomials. This process is quite different from those adopted in previous works. Numerical
examples are provided to show the effect of the crack length and the parameters describing the
functionally graded materials upon the stress intensity factor of the crack. It can be shown that the results
of the present paper are the same as ones of the same problem that was solved by the singular integral
equation method. As a specia case, when the material properties are not continuous through the crack
line, an approximate solution of the interface crack problem is also given under the assumption that the
effect of the crack surface interference very near the crack tips is negligible. It is found that the stress
singularities of the present interface crack solution are the same as ones of the ordinary crack in
homogenous materials.

Key words: crack; functionally graded materials, Schmidt method; the dua integral equations.

1. Introduction

In recent years, functionally graded materias (FGMs) have been widdly introduced and applied to
the development of therma and structural components due to its ability to not only reduce the
residual and thermal stresses but to increase the bonding strength and toughness as well. To help the
development of such materials, many analytical and theoretical studies in fracture mechanics have
been widdly done. Erdogan and Wu (1997) analyzed a FGM strip containing an imbedded or an
edge crack perpendicular to the surfaces. In particular, the use of a graded material as interlayers in
the bonded media is one of the highly effective and promising applications in eiminating various
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shortcoming resulting from stepwise property mismatch inherent in piecewise homogeneous
composite media (Lee and Erodogan 1994, Suresh and Mortensen 1977, Choi 2001). From the
fracture mechanics viewpoint, the presence of a graded interlayer would play an important role in
determining the crack driving forces and fracture resistance parameters. In an attempt to address the
issues pertaining to the fracture analysis of bonded media with such transitional interfacia
properties, a series of solutions to certain crack problems was obtained by Erdogan and his
associates (Delae and Erdogan 1988, Chen 1990, Ozturk and Erdogan 1996). Among them there
are the solutions for a crack in the non-homogeneous interlayer bounded by dissimilar
homogeneous media (Delade and Erdogan 1988); and for a crack at the interface between
homogeneous and non-homogeneous materids (Chen 1990, Ozturk and Erdogan 1996). Similar problems
of delamination or an interface crack between a functionally graded coating and a substrate were
considered in (Jin and Batra 1996, Bao and Cai 1997, Shbeeb and Binienda 1999). The dynamic
crack problem for non-homogeneous composite materials was considered in Wang et al. (2000) but
they considered the FGM layer as a multi-layered homogeneous medium. The crack problem in
FGM layers under therma stresses was studied by Erdogan and Wu (1996). They considered an
unconstrained elastic layer under statically self-equilibrating thermal or residual stresses.

In this paper, the same problem that was treated by Delde and Erdogan (1983) is reworked using a
somewhat different approach, named the Schmidt method (Morse and Feshbach 1958, Itou 1978). To
make the analysis tractable, it is assumed that the Poisson’s ratios nV (j =1, 2) of the medium are
constants and the material modulus u‘? (j = 1, 2) varies exponentialy with coordinate parald to the
crack. The Fourier transform is applied and a mixed boundary value problem is reduced to two pairs
of dua integral equations in which the unknown variables are the jumps of the displacements across
the crack surface. To solve the dual integral equations, the jumps of the displacements across crack
surfaces are expanded in a series of Jacobi polynomials. This process is quite different from those
adopted in the (Erdogan and Wu 1997, Lee and Erdogan 1994, Suresh and Mortensen 1977, Choi
2001, Delale and Erdogan 1988, Chen 1990, Ozturk and Erdogan 1996, Jin and Batra 1996, Bao and
Cai 1997, Shbeeb and Binienda 1999, Wang et al. 2000, Erdogan and Wu 1996, Delale and Erdogan
1983) as mentioned above. In the previous works (Erdogan and Wu 1997, Lee and Erdogan 1994,
Suresh and Mortensen 1977, Choi 2001, Delale and Erdogan 1988, Chen 1990, Ozturk and Erdogan
1996, Jin and Batra 1996, Bao and Cai 1997, Shbeeb and Binienda 1999, Wang et al. 2000, Erdogan
and Wu 1996, Delale and Erdogan 1983), the unknown variables of dual integral equations are the
didocation density functions. This is the mgjor difference. The numerical results are same as in
Dede and Erdogan (1983) when the material properties are continuous through the crack line. It is
aso proved that the Schmidt method is performed satisfactorily. On the other hand, as discussed in
Itou (1986), an exact solution of the interface crack problem had been given in England (1965) in
spite of the incomprehensibility in fracture mechanics. However, from an engineering viewpoint, it is
more desirable to seek a solution that is physicaly acceptable. Hence, the solving process of the
present paper is expanded to solve the specid case problem when the material properties are not
continuous through the crack line. In this case, an approximate solution of the interface crack
problem is given under the assumption that the effect of the crack surface interference very near the
crack tips is negligible as discussed in (Erdogan and Wu 1993, Zhang 1989, 1986). For this specid
case (From practical view points, researchers in the field of functionaly graded materias will not
pay their attention in this case), it is found that the stress singularities of the present interface crack
solution are the same as ones of the ordinary crack in homogeneous materials, while much problems
have to be considered when the material properties are not continuous through the crack line.
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2. Formulation of the crack problem

It is assumed that there is an interface crack of length 21 along the x-axis between two dissimilar
FGM haf-planes —o <x <o, 0<y<o and —co<Xx<o, —o<y<0 asshown in Fig. 1. In the
global x-y coordinates the shear modulus of the FGM is assumed to be as follows

W = i (=1,2) &)

where B0 is a constant (The superscript j =1, 2 correspond to the upper haf plane and the lower
half plane through in this paper). If u$ = p@, n®=n®@and g = @, the problem in this paper
will return to the same problem as discussed in Delae and Erdogan (1983). n® (j =1, 2) is the
Poisson’s ratio.

ud(x, y) and vO(x, y) represent the displacement components in the x- and y-directions, respectively,
the constitutive relations for the non-homogeneous materia are written as

e n
o'ny) =L@k @] (=12 @
(J)eﬁ )
of'uy) =4 G+ KT ay @] (=12) @3
Dy (J) )
(% y) = pe [o”'y +—‘9ng (=12 (@)

Where k) = 3-4n0) (j =1, 2) for the state of plane strain, KV = (3 - n®) / (1+nW)(j = 1, 2) for the
date of generalized plane stress. The Poisson’s ratio W (j=1, 2) for FGMs, is taken to be a
constant; owing to the fact its variation within a practical range has the rather insignificant influence
on the value of the near-tip driving for fracture (Delale and Erdogan 1988, Chen 1990, Ozturk and
Erdogan 1996). In the present paper, we just consider the plane strain problem.

In the absence of body forces, the elastic behavior of the medium with the variable shear modulus
in (1) is governed by the following equations
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Fig. 1 Geometry of the interface crack between two dissmilar FGM half-planes and the variation of the
shear modulus 1 = PP (j = 1,2)
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3. Solution
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The system of above governing equations is solved, using the Fourier integral transform technique

to obtain the general expressions for the displacement components as

H
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and from Egs. (2)-(4), the stress components are obtained as

0 (1) pVx
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where s is the transform variable, A (j = 1, 2, 3, 4) are arbitrary unknowns.
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A (9)(j =1, 2) are the roots of the characteristic equation

. 2
A —%s +2isp + ﬁ(l)zk(l) 0 A 2+ S(s+if™) =0 (11)

and m(s) (j =1, 2) are expressed for each root A; (s) (j =1, 2) as
(kP + 1)+ (K - 1)A " ~ispP (1 + k)

m(s) = j=12 12
16 ziss A )] (i=12) (12)
A (j =3, 4) are the roots of the characteristic equation
Moo+ 2isp? + 3(2)2——Dk(2) A+ (s+ip?)° =0 (13)
and m(s) (j = 3, 4) are expressed for each root A(s)(j = 3, 4) as
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The roots may be obtained as
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From Egs. (7)-(10), it can be seen that there are four unknown constants (in Fourier space they are
functions of s), i.e., A, j =1, 2, 3, 4, which can be obtained from the following conditions:

a,)(x,0) = 0?(x,0) = —g4(x), TY(x0) = T2(x0) = —To(x), X I (17)
0.)(x,0) = 6i?(x,0), 13(x0)=12(x0), [x> (18)
uP(x, 0) = u?(x,0), v¥(x,0) = v?(x,0), [x>I (19)

where gy(X) and 1o(X) are known functions.
To solve the problem, the jumps of the displacements across the crack surfaces can be defined as
follows:

f.(x) = u®P(x, 0) —u®(x, 0) (20)

f,(x) = v (x, 0) —v?(x, 0) (21)
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In the solution of such problem, it is obvioudy that some unsurmountable mathematical
difficulties will be encountered and have to be resort to a succinct procedure. In the present paper, it
is decided to assume ,8(1’ = ,8(2) = B. Applying the Fourier transforms and the boundary conditions
(17)-(19), it can be obtained

AS) ALS)
x| 29| = 1xg @)
{Az(s)} {Azl(s)}
] {Al(ﬂ -X4 {AZ“(S)} - F(ﬂ @
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A superposed bar indicates the Fourier transform. The Fourier transform is defined as follows:

f(s) = [ f(e¥ax, f(x)= Zi nfwf (s)e"¥ds (24)

By solving four Egs. (22)-(23) with four unknown functions, substituting the solutions into Eq. (17)
and applying the boundary conditions, it can be obtained

Bx _ _ .
0,(x,0) = =" [di(8)Ta(s) + dy(S)Ta(s)] €™ s

= —0y(x), 0s<[x <l (25)

) eBX - c —jsx

(%, 0) = 51 [dy(9)Ta(9) + du(9e( ] ' = ~16(x), 0= x| @)
[.f(s)e™¥ds = 0, x> @1
[ f(s)e™¥ds = 0, [x>] (28)

where d,(s), d,(s), d3(s) and ds(s) are known functions as follows:
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_ -1 di(s) dyx(s)| _ -1
Xs] = [Xa] = [ X [X] " [Xd], = [X [ Xs

To determine the unknown functions fi(s) and f2(s) the above two pairs of dual integral Egs.
(25)-(28) must be solved.

4. Solution of the dual integral equations

To solve the problem, the jumps of the displacements across the crack surfaces can be represented
by the following series. (When the material properties are not continuous through the crack line, as
mentioned above, the problem is solved under the assumptions that the effect of the crack surface
overlapping very near the crack tips is negligible. These assumptions had been used in (Erdogan and
Wu 1993, Zhang 1986, 1989). It can be obtained that the jumps of the displacements across the
crack surface are finite, differentiable and continuous functions. Only in this case, the jumps of the
displacements across the crack surfaces can be represented by the following series))

1

- 2 5
f,(x) = Zanpﬁ,l/z'“)a% -%Hd, for O<lx <! (29)
=0 |
fi(x) =0, for |x>I (30)
) 1
o 2
f,(x) = anpg1/2~l/2>g% ~=H, for O<lx <! (31)
n=0 |
f,(x) = 0, for |x>I (32)

where a, and b, are unknown coefficients, P{”*"?(x) is a Jacobi polynomia (Gradshteyn and
Ryzhik 1980). The Fourier transform of Egs. (29)-(32) are (Erdelyi 1954)

fi(s) = ianeniJn+l(sl), fa(s) = ibneniJm(sl) (33)
reh+1+ 21%
G, = 2[n(—1)”i“T (34)

where I'(x) and J,(X) are the Gamma and Bessel functions, respectively.
Substituting Eq. (33) into Egs. (25)-(28), it can be shown that Egs. (27)-(28) are automatically
satisfied. After integration with respect to x in [, X], Egs. (25)-(26) reduce to

%Tnianwiz[dl(s)aﬁdz(s)bn]Jn+1(s|)[e—‘sx_e‘5']ds: oo, oshisl (@)
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%EEOGH‘[:’ Si_z[ds(s)an+ dy(s)b] I+ 1(S|)[e_isx—ei5|] ds= —JX To(S)e e”ds, 0<|M <l (36)

From the relationships (Gradshteyn and Ryzhik 1980)
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the semi-infinite integral in Egs. (35)-(36) can be modified as:
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For u¥ =@ =y and KY=K?=k, &,=0and 3, = _k—2+“—1. When {? =y = 4 and kY= K@=k,

this is the same case as in Delde and Erdogan (1983). The semi-infinite integra in Egs. (39)-(40) can
be evaluated directly. Egs. (35)-(36) can now be solved for the coefficients a, and b, by the Schmidt
method (Morse and Feshbach 1958, Itou 1978). For briefly, Egs. (35)-(36) can be rewritten as

00

T aE(X)+ 3 bFy(X) = Ug(x), 0 x<| (41)
n=0 n=~0

0

T a,Gy(x)+ 3 baHi(¥) = Vo(x), 0sIX<I (42)
n=0 n=0

where E,(X), F1(X), Gi, Hi(X), Ug(X) and V,(x) are known functions. a, and b, are unknown
coefficients.
From Eqg. (42), it can be obtained:

S BaH(x) = =3 2,Gn(X) + Vo(x) (43)
n=0 n=0
It can now be solved for the coefficients b, by the Schmidt method (Morse and Feshbach 1958, Itou
1978, Zhou et al. 1999, b, Itou 1999, 2001). Here the form —ianG;(x) +V,(X) can be considered as
n=
a known function temporarily. A set of functions P,(x), which satisfy the orthogonality condition
[ Pa(X)Pa(X)dX = NoGun, Ny = [} PA(X)dX (44)
can be constructed from the function, H;(x) , such that
P = 3 MH; () @)
0 2,
where M;; is the cofactor of the element d;; of D,,, which is defined as
_doo, do]_, d02, ,don_
le! dll! d12! !dln

dZO’ d21’ d22’ ’d2n
| * *
D, = . dy = [ HOH; (x)dx (46)

—dHO’ dnl’ anu RN dnn_
Using Egs. (43)-(46), it can be obtained that

© M, . © 1.0 1.
b, = Z q,-—"vIjj with ¢, = iZ: a'NjI—l Gi (X)P;(x)dx + NJ_J’_IVO(x)PJ(x)dx (47)

j=n
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So it can be rewritten

00 * LI V/ | o M .
= K. —n ) — ni . .
bn iZoa.|K|n +]. ) anM”I_l VO(X)PJ(X)dX, Km Zn NJM”I_l G| (X)PJ(X)dX

Substituting Eq. (48) into Eq. (41), it can be obtained

S JYa(X) = Ug(X) = Wi
nZOa () (x) = W(x)

* * ol * * © 00 M .
Y00 = B0+ 3 KnFi(, WO) = 5 Fi() 3 [ Vo(S)Py(s)ds
= n=0 j=n

(48)

(49)

So it can now be solved for the coefficients a, by the Schmidt method again as above mentioned.

With the aid of Eq. (48), the coefficients b, can be obtained.

5. Stress intensity factors

The coefficients a, and b, are known, so that the entire stress field can be obtained. However, in

fracture mechanics, it is important to determine stresses o‘yl)

tips. In the case of the present study, o{” and 1y

BX [oe]
1 —i sX
O,;l)(X, 0) = g—nnZOanw;[dl(s)an+ d,(s)b,] J,,. 1(sl)e"ds
BX c S —iSX S isx
nze P [91§>_5%Jn+l(s|)e ds+bnﬁgé¥_5%3n+l(s|)e ds

+, 0 Efi + 850, 1(s)e™ds + Ga,[” I, o(sl)e"*ds

+ 62b”.[:‘]“+ 1(S|)e—isxds— 52an‘(_] Jos l(sl)e—lsxds =
0
(1)(X 0) - g_ i r d3(S)a + d4(s)bn] Jn+1(sl)e—lsxds
gﬂﬂi Im 9323) - CSZBJ,1+ 1(Sl)e—is><ds + anr_)m SL;S) + 521%Jn+ l(sl)e—lsxds

+b f” 4(5 + 553, 1(s)e™ds + a0 J,. 1(sl)e™ds

~5,a, Ji, Jns1(81)€"ds— 81, [" 3y 1(sl)e " Tds E

and 73 in the vicinity of the crack
along the crack line can be expressed as:

(50)

(51)
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By examination of Egs. (50)-(51) shows that, the singular part of the stress field can be obtained

from the relationships as follows (Gradshteyn and Ryzhik 1980):
[cos[nsin”*(b/ a)]

E Ja®—p?

a>b

I: J.(sa)cos(bs)ds = ]
O a'sin(n7/ 2) b
U= 2 2N ~a
0 JJb?—a?[b+ J/b?— a7
. .1
Ean[nsrzl (bz/a)]’ a>b
Ja —=b
[7 3,(sa)sin(bs)ds = g @
E a cos(n/ 2) b>a

OJb?—a[b + Jo*—a"

For | < x, the singular part of the stress field can be expressed respectively as follows:

o= 5;—85 ibnen[ [ Jnea(sh)e S ds+(=1)"f7 . 1(sl)ed] =—52,ej : ibnGnQn(x) (52)
epx d —isx n isx eﬁx -
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ay— ———. n=0246,..

where Q,(x) = E X et

D . %1 n+1
0___i(=1) | n=1,3,5,7,..

L +17
AN =1 x+ 1"
For x < -1, the singular part of the stress field can be expressed respectively as follows:

5,6 =
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epx d —isx n isx eﬁx i "
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The values of the stress concentration at the right tip of the crack can be given as follows

'n
K, = lim J2(x=1) (b = 250" ¢ (=1)"b e (56)
' x o I" B H nZO " n!
N
| 262eB' . ] FBH+1+2]
Ky = limJ/2(x=1)0r = - Y (-1)a, v (57)
x- 1" n=0 :
The values of the stress concentration at the left tip of the crack can be given as follows
se” = F% vl 1‘2%
* _ . — — _2_ - =
K, = Xnﬁnjlf/z(|x| ) o T nzob” = (58)
* : 252e_ﬁI © r§1+1+%
K, = annjlf/z(|x| - = —anoanT (59)

6. Numerical calculations and discussion

As discussed in the works (Morse and Feshbach 1958, Itou 1978, Zhou et al. 1999a,b, Itou 1999,
2001), it can be seen that the Schmidt method is performed satisfactorily if the first ten terms of
infinite series in Egs. (35)-(36) are retained. The behavior of the sum of the series keeps steady with
the increasing number of terms in Egs. (35)-(36). For the case in which the materia constants of the
materials are different, the material constants of the upper half plane functionally graded materials
are assumed as ™ = 77.06™(x10°N/m®), n™=0.28, and the material constants of the lower half
plane functional graded materials are assumed as p® = 66.5¢”( x10°N/m?) and n@=0.3. The
crack surface loading —oy(x) and —14(x) will simply be assumed to be a polynomia of the form
as follows:

2 3
—0o(X) = —po— pl%%‘ pz%% - ps%%
2 3

—To(X) = —50—518%—528% —53%%

Since the problem is linear, the results can be superimposed in any suitable manner. The results
are obtained by taking only one or two of the eight input parameters po, p1, P2, Pss So» S1, S and s
nonzero at a time. The values of the stress concentration K are calculated numerically. The results of
the present paper are shown in Fig. 2 to Fig. 6 and the Table 1 to Table 2.

From the results, the following observations can be made:

() The @m of the present paper is to give a new approach to resolve the same problem as in
Dedale and Erdogan (1983). It can be seen that the results of the present paper is the same as
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ones in Delale and Erdogan (1983) when (1, n?) = (u, n®) as shown in Fig. 2. It is also
proved that the Schmidt method is performed satisfactorily. In the paper (Delale and Erdogan
1983), the unknown variables of dua integral equations are the didocation density functions.
However, the case of (1§”, ™) (U, n®) was not considered in Delale and Erdogan (1983).

(if) When the material properties are not continuous along the crack line, an approximate solution

of the interface crack problem is given as shown in Table 1 to Table 2 under the assumption
that the effect of the crack surface interference very near the crack tips is negligible (From
practical view points, researchers in the field of functionally graded materials will not pay
their attention in this case). The solving process is quite different from the other works such
as in (Erdogan and Wu 1997, Lee and Erdogan 1994, Suresh and Mortensen 1977, Choi 2001,
Dedae and Erdogan 1988, Chen 1990, Ozturk and Erdogan 1996, Jin and Batra 1996, Bao
and Cai 1997, Shbeeb and Binienda 1999, Wang et al. 2000, Erdogan and Wu 1996, Delale
and Erdogan 1983). It can be obtained that the stress singularities of the present paper are the
same as ones of the ordinary crack in homogeneous materias when the material parameters
don’'t continue through the crack line. During the solving process for this case, the
mathematical difficulties would not be met, i.e., the oscillatory stress singularity and the
overlapping of the crack surfaces do not appeared near the interface crack tips, while much
problems have to be considered.

(iii) It can be obtained that the shear stress field is independent of the tension loading when

W, n®) = (12, n®) from the results in Fig. 3 to Fig. 5. However, the shear stress field is
dependent of the tension loading when (15, ') 2 (1P, n'?) as shown in Table 1 to Table 2.

(iv) From the results as shown Fig. 2 to Fig. 5, it can be obtained that the vaues of the stress

intensity factors vary approximately linearly with the variable 8 for a uniformly loading. The
values of the stress intensity factors K, and K, tend to increase with increasing of [ as shown

Table 1 The values of the stress concentration K versus B for the case of (1”, n'°) # (u, n®) and | = 1.0

under crack surface loading gg(X) = po and To(X) = s (U = 77 x 10° N/m2, n® = 0.28, 1P = 66.5 x
10° N/m?and n? = 0.3)

A Ki/pos/l (theright  Ky/so/l (theright K /po/i (theleft K /soi/l (the left
tip of the crack) tip of the crack) tip of the crack) tip of the crack)
0.1 1.02500 1.02608 0.975972 0.974991
0.2 1.04856 1.04902 0.949966 0.949902
0.3 1.07096 1.07212 0.923700 0.922808
04 1.09255 1.09375 0.897719 0.896868
05 1.11343 1.11469 0.872256 0.871447
0.6 1.13366 1.13497 0.847452 0.846682
0.7 1.15329 1.15465 0.823406 0.822673
0.8 1.17235 1.17376 0.800188 0.799492
0.9 1.19086 1.19233 0.777848 0.777186
10 1.20886 1.21040 0.756413 0.755783
11 1.22634 1.22795 0.735895 0.735295
12 1.24329 1.24498 0.716289 0.715719
13 1.25965 1.26143 0.697583 0.690740

14 1.27531 1.27720 0.679755 0.679237
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Table 2 The values of the stress concentration K versus A for the case of (uS”, n®) 2 (1, n'?) and
3
| = 1.0 under crack surface loading g,(x) = pgaﬂa and 1) = s (uS? =66.5x 10° N/m?, n®
=03, pu? = 77 x 10° N/m?and n@ = 0.28)

A Ki/ps/l (theright  Ky/soi/I (theright  Ki/ps/i (theleft K, /sp/i (the left
tip of the crack) tip of the crack) tip of the crack) tip of the crack)
0.1 0.383740 1.02321 -0.388456 0.971727
0.2 0.382271 1.04488 -0.389018 0.944447
0.3 0.380751 1.06535 -0.389139 0.917096
04 0.379314 1.08501 -0.388840 0.890211
05 0.378117 1.10400 -0.388149 0.864016
0.6 0.377358 1.12239 -0.387097 0.838637
0.7 0.377282 1.14027 -0.385721 0.814155
0.8 0.378201 115771 -0.384056 0.790624
0.9 0.380513 1.17476 -0.382138 0.768076
1.0 0.384724 1.19148 -0.380002 0.746522
11 0.391486 1.20792 -0.377679 0.725990
12 0.401632 1.22409 -0.375199 0.706373
13 0.416227 1.23999 -0.372586 0.687730
14 0.436632 1.25555 -0.369865 0.670027
15 0.464584 1.27064 -0.367056 0.653202

in Fig. 2 to Fig. 5. However, the values of the stress intensity factors K, and K, decrease
with increase of 1.

(v) The effect of Possion’s ratio on the stress intensity factors in plane strain is shown in Fig. 6.
The result is shown that this effect is rather insignificant.

(vi) From the results, it can be obtained that the Schmidt method can be used to solve the mix
boundary crack problem.
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