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LAYERED COMPOSITES WITH AN INTERFACE FLAWY

F. ERDOGAN and G. D. Guprra

Lehigh University, Bethiehem, Pennsylvania

Abstract—The plane strain problem for a bonded medium composed of three different materials is considered. It
is assumed that the medium contains a flaw on one of the interfaces which may be idealized as a crack. The integral
equations for the general problem are obtained, which turn out to be a system of singular integral equations of the
second kind. The singularity of the system is removed and the equations are solved by taking advantage of the
fact that the fundamental function of the integral equations is the weight function of Jacobi polynomials. The
problems for two half-planes joined through a layer, an elastic layer bonded to a half-plane and two bonded layers
are solved as specific examples, and numerical results involving the stress intensity factors and the strain energy
release rate are presented.

1. INTRODUCTION

THE general plane elasticity problem for a multi-layered composite medium containing a
crack was considered in a previous paper [1]. Even though the general procedure for deriv-
ing the integral equations of the problem was outlined in [1], the main effort in that paper
was devoted to the analysis of the stress disturbance resulting from a crack which is im-
bedded in a homogeneous elastic layer bonding two elastic half-planes. In that case the
problem was reduced to the solution of a system of singular integral equations of the first
kind. Since the nature of stress singularities for a crack imbedded in a homogeneous medium
and for an interface crack is different, there is no smooth transition from one solution to the
other as the crack distance from the interface goes to zero. For very small values of this
distance one also encounters convergence problems in the numerical analysis. This is
primarily due to the fact that as the crack-to-interface distance goes to zero, the Fredholm
kernels in the system become unbounded. For the interface crack if one separates these
singular parts of the kernels, the system of singular integral equations become one of the
second kind the solution of which requires a different numerical technique.

Physically, it is obvious that any manufacturing flaw that exists would be either in the
bonding layer or, perhaps more likely, on the interface. Thus, to complete the analysis of
bonded layers with a flaw, it is necessary to have the solution of the interface crack problem.

In this paper we will consider the plane strain (or the generalized plane stress) problem
for the bonded medium which is composed of three different materials and which contains
an interface crack (Fig. 1). Specifically we will be concerned with the effect of the ratio of
the layer thickness to the crack length on the stress intensity factors and the strain energy
release rate, the latter being the main ‘““load parameter™ in the application of the fracture
criterion. The particular examples which will be considered are two half-planes joined
through a layer (h, = oo in Fig. 1), an elastic layer bonded to a half-plane (h, = oo, g, = 0),
and two bonded layers (h, h, finite, 4, = 0).
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Acronautics and Space Administration under the Grant NGR-39-007-011.
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F1G. 1. The geometry and notation.

2. DERIVATION OF THE INTEGRAL EQUATIONS

Consider the plane problem for the layered medium shown in Fig. 1. Let the medium
contain a crack on one of the interfaces. Without any loss in generality, the half-length of
the crack is assumed to be unity. In this paper we are primarily interested in the disturbed
stress state caused by the crack. Thus, assuming that the overall stress distribution ag., in
the imperfection-free medium is known, the stress state g}; in the cracked medium may be

expressed as

a0 = o+ay (1)
where o;; is the disturbed state which may be obtained by using the tractions (Fig. 1)
pilx) = —0%(x,0),  py(x) = —a3(x,0), Ix <1 ¢

as the only external loads. Because of the symmetry with respect to the x = 0 plane, the
general problem can always be expressed as the sum of a symmetric component and an
antisymmetric component. Here, we will further restrict our attention to the symmetric
problem for which the tractions p; have the following properties

p1(x¥) =pi(=x),  pix) = —pA-X), |xl <L 3

The treatment of the anti-symmetric problem requires only a slight modification.

Let u;, v; be the x, y-components of the displacement vector in the ith material shown in
Fig. 1. Expressing u;, v; as appropriate Fourier integrals, as shown in [1], the problem may
be formulated in terms of two unknown functions defined by

]
00 = i —u3) ) = (05 -v3) @

where the superscripts + and — refer to the limiting values of the displacements as y
approaches zero from + and — sides, respectively.
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Thus, referring to [1] for details, the components of the stress vectorat y = 0 and x > 0
may be expressed as

o 2
SRR o3,(x,0) = lim_ 2 Zau £ A (o) cos ax do
3 y=0 T
2 a0
+= ZH 1 (o)A @) cos ax dax
0o 1
5
L 03(x,0) = lim — 2 Zazje“’AJ{a)smaxda )
U3 y=0~ TJo

2 2 )
+=1{ Y H;f0)Afo)sin ox do
0 1

where A; are the Fourier transforms of f; defined as follows:

A(@) = fo " f(cosards,  Aya) = fo ® (O sinat dt. ©)

The constants a;; depend on the elastic properties of the materials adjacent to the crack
only and are glven by

ayy = —az; = (1+4,A4)/4, @12 = —ay = —(1+244—4;44)/44

Ay = (Kol — K3)/ (12 + Ko t3) 7
Aa = (pa+paKs)/(u2 — pa)

where y; is the shear modulus and x; = 3 — 4y, for plane strain and x; = (3—v;)/(1 +v,) for
generalized plane stress, v; being the Poisson’s ratio. For the different geometries considered
in this paper the functions H;{a) are given in the Appendix.

Note that in (5) y < 0 and for « — o0 H;; ~ 0(¢~2**). Thus the integrals on the right-
hand side are uniformly convergent; as a result, certain operations such as change of order
of integration are permissible. Also note that once the dislocations fi(x) on the interface
are specified, (5) with (6) gives the stresses for all values of x. In the crack problem under
consideration f{x) are zero for |x| > 1 and are unknown for (x| < 1. On the other hand the
stress vector on the interface y = 0 is unknown for |x| > 1 and is given by the following
known functions for |x| < 1:

W0 = i), ohx0=pn), <L ®)

Using these informations, substituting from (6) into (5), and also using the expressions of the
following form resulting from the symmetry properties f,(t) = fi(—t), f2(t) = —fo(—1t),

Jm H(ar) cos ax da flf (tycosat dt = le fi(®)de J@H(a) cos ot — x)da
() b 7! 2. 0 *
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we obtain

14K,

3

pi(x) = ylix(r)l_l:% f1(®) dtf e cos ot — x) da

-1

a12 ay o _
.|.7J._1 fz(t)dtL e” sin aft x)da:’

l 1 2
+; i Z ky fx, £) f{t) dt

1+K3

py(x) = [ a1 f f,(0) dt J e sin aft — x) da
+a—22 fz(t) dt J e cos aft — x) da]
-1 (1]

1 2
- f T hofx 0f(0d;,  Ix <1 9
-1 1
where the bounded kernels k;; are given by

kiyx,t) = Jm H,(x)cos a(t —x) da
0

kis(x,t) = J:o H (o) sin a(t — x) dat
(10)

ky(x,t) = J:O H, (o) sin ot — x) da

kya(x,t) = J; ’ H ,,(a) cos ot — x) dax.

Evaluating the infinite integrals in (9), passing to limit [2] and dividing by —a,, we
finally obtain

1
L5 ) o= via+s [ 24
az1l3 -1 =
1 1 1 2
_E_z_l; 3 Zk,,(x,t)f,(t)dt
L+K3 fl(t) dt —?fz( )
2143
___l_lJ. ik {x, 1) f{t)dt -l<x<l 1y
a1 WJ-1 1 2 |

where

_ a1 _ (st Kapis)— (a2 +Kaps)
a1z (up+raus)+(ps+x3u;)

(12)
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(11) provides the system of integral equations to determine the unknown functions f;.
Once these functions are obtained all the desired field quantities in the medium can be
expressed as and evaluated from definite integrals involvingf(t) and the appropriate kernels.
Note that the continuity of displacements along the bonded portion of the interface, i.c.

uy —u; =0, vi—-0v3;=0IxI>1 y=0

requires that, in addition to f; = 0 = f, for |x| > 1, which is used to derive the integral
equations, f; and f, must satisfy the following conditions:

1 1
f filx)dx =0, f filx)dx = 0. (13)
-1 -1

From the expressions given in the Appendix it is seen that as h and h, go to infinity H;;,
and asa result, k;; go to zero and (11) reduces to its dominant system representing two bonded
half-planes with an interface crack [2]. In addition to h = o0 = h, if we also let u, = ua,
K, = k3 we have y = 0, a,, = 2 and we recover the simple (uncoupled) singular integral
equations for a homogeneous infinite plane with a crack [1].

3. THE SOLUTION OF THE INTEGRAL EQUATIONS

The system of singular integral equations similar to (11) has been extensively studied
in [3]. To simplify the solution we combine the two equations given by (11) as follows:

1 (' ¢(t)de

wiJ., t—x

1
—J*<i’(36)+f_l [K1(x, )p(0)+ Ko(x, )p()] dt = g(x), —-1<x<1 (14)
where
d(x) = f2(x)+if1(x)
1

Ki(x,0) = > (k11 —kaz)+ilk 3 +kzy)]
v 1/D%]
1 1s)
K,(x,t) = H*[—(ku*'kzz)‘i'i(klz"kn)]
1
1+x ,
80 = (P2 =ipy)

The kernels K, and K, are bounded. Hence, aside from a multiplicative constant, the
singular behavior of the function ¢(t) at F1 is determined by the dominant part of the
singular integral equation. The integral equation (14) will be solved under the assumption
that ¢ satisfies a Holder condition on every closed part of the interval (— 1, 1) not containing
the ends, and its behavior near the ends is such that it may be represented by

Px)=wOp(x),  wx)=(1-x1+xF, Ix<1 (16)
where the function y is Holder-continuous in the closed interval [—1, 1] and}
—1 <Rea <0, —1<Ref <0 (17)

t Physically this means that the displacement derivatives f;(x) and f,(x) are continuous in the open interval
—1 < x < 1 and have integrable singularities at x = F1.
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The fundamental function, w(x), of the integral equation may be obtained, within a
mutliplicative constant, from the homogeneous dominant part given by

1 Y w(t)de
miJ., t—x

—yw(x) = 0. (18)

Ignoring the constant the solution of (18) satisfying (17) may be written as [3, 4]
w(x) = (1 —xP(1+xf

1 1
= —3—in, P=-3+tin, o= Elog(———lt:). (19)

To solve the singular integral equation (14), rather than following the regularization
methods described in [3] or [5] which, in this case, become extremely cumbersome, we will
follow the technique described in [4]. Noting that the fundamental function, w(x) of (14) is
the weight of the Jacobi polynomials P&#)(x), we will express the solution in the following
formt

P(x) = Y e x)PS(x),  Id < L. (20)
0
Using the continuity conditions (13), i.e.
1
f ¢(x)dx =0
-1

and the orthogonality relations of the Jacobi polynomials [6, 7], i.e.
O,n#m,nm=20,12,...

f 1 W(x)PEPYx)P@P(x) dx = 228+ I(n+a+1)(n+p+1) B 21
-1 mtatf+rl  nTn+atpen °

and also observing that P&#(x) = 1, it is easily seen that in (20) ¢, = 0.
Substituting now from (20) into (14) and using the relation [8]

= f WOPEA) S — )PP () = 1/—(12:—?2)1’5._—“1’_”)(36), <1 @

the singularity of the integral equation is removed and we obtain

2
= g(x) Ix < 1. (23)

Equation (23) can be reduced to an infinite system of algebraic equations in the unknown
complex constants ¢, by using a weighted residual technique. In this case the appropriate
weight functions are

(1=x)"*(1+x) PP > Px), n=012... (24)

5 e YT pieemiog [ 5 es, OmOPER0 +,Kc, OWOPETTD)
1 -1 0

1 Which means that the continuous function ¥(x) given in (16) may be expanded into a series of orthogonal
polynomials P&#(x)in |x| < 1.
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and the technique is equivalent to expanding both sides of (23) into infinite series in Jacobi
polynomials and equating the corresponding coefficients. Due to the complicated nature of
the kernels K{x, t), in this problem it is not possible to study the regularity of the resulting
infinite system. Thus, in solving the system of algebraic equations by the method of reduc-
tion, a numerical convergence procedure has to be incorporated into the analysis (see [4]
and the first example of this paper).

In the special case of the two bonded half-planes with an interface crack, H;{a) and,
as a result, the kernels K {x, 1) are zero. Then, for surface tractions

Pi(x) = —00,pa(x) = 0 (25)
multiplying both sides of (23) by the functions (24) and integrating from —1 to +1 we find
2i ool +x5)

¢y = =0, n=273.., 26
Y = R 9
which by (20) gives the exact solution as follows
204(1+K3)
Plx) = —~—-~°——--——-- )PP (x 2
TP ) PP, @

To obtain the contact stresses along the interface we observe that equations (5), (9), (11)
and (14) give the stresses for |[x] > 1 as well as |x] < 1. However, for [x] > 1 since

J. § 0] dtf e cosaft —x)da = hm f fAeyde

y-+0+ y +(t -x)?
P S e e
from (14) and (27) we obtain
o 200 1 (" wOPPPQ
Cay ™10y = — \/(1 YA mi ) t—x
= —20, \/ (Y?;i)w(x)l"?””(x)v&-iao 29)

= —go(x— 1) x+1PRo+ix)+ic,; y=0, x>1
Also, defining the stress intensity factors by [1]
ky+ik, = il_:}} (x=1)"%x+1)"¥o,,+io,,) (30)
we find ky = o4, ky = —2w,. (31)

Similarly, in the general problem, for |x| > 1 substituting from (20) into (14) and taking
into account (28), the interface stresses may be expressed as follows:

1+ . L& dt
o i) = o[ TP,

az1H3

1 0
+f S Dem)PER)
+K,(x, 0 mOPEP@1de, Il >1, y=0. (32)
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In the neighborhood of F 1 the second integral of (32) is bounded, and the singular integrals
may be evaluated as follows:

i lwd‘g:

i -1 t—x

—A+N[~w)PEP)+GR)) x> 1 (33

where G2 is the principal part of wP*# at infinity. Using (33) and noting that
W) = i_[(+2) o= 1px+ 1
14y
from (32), (33) and (30) the stress intensity factors may be expressed as
o Gnls 7y (@.8) 34
k1+lk2— —?‘-—\/(l""y )ZC,,P,, (1) ( )
+ Ka 1

or, in terms of ¢(x) we may write

¢(x)

ky+ik, = - lim “2‘”3 J(l (35)

which is the same result as that found in [1] and elsewhere. Note that if the crack is imbedded
in a homogeneous medium, y = 0, @ = 0, ay; = 2, P&f(x) = P{ " Y(x) = T(x), w(x) =
(1—x%*"* and (34) and (35) reduce to the expressions given in [1].

4. THE RESULTS

(a) As a first example we will consider the plane strain problem for two half-planes
bonded through a layer which contains a crack on one of the interfaces (h, = o0, Fig. 1).

TABLE 1. STRESS INTENSITY FACTORS FOR /t = o0 = h; (FIGURE 1)

Material k k i + k2
ater 1 2 W,_y(0) = i
ooja oo/8
2 3 I
Aluminum Epoxy 00671 1 ~0-1342 10180
Steel Epoxy 007215 1 —0-1443 10208
Steel Aluminum 004579 1 -~ 009158 10084

TABLE 2. ELASTIC CONSTANTS

. E
Material (Ibin."?) v
Epoxy 4.5x10% 035
Aluminum 107 03

Steel 3 x107 03
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For p;(x) = — 64, p2(x) = 0 and various material combinations considered in this paper the
limiting values of the stress intensity factors obtained from (31) are given in Table 1. Table 2
shows the elastic constants used in the calculations.

For three different material combinations the stress intensity factors calculated from
(34) as functions of relative layer thickness h/2a are shown in Figs. 2-4. The figures also
show the energy ratio, W related to the strain energy release rate dU/da as follows [9].

1
) _rltega,
aa 2— 2 azl 3
W. _ 2psay k "'k2 (36)
3= 00075(1'*"‘3) 2-3 )
1.2

1.0

0.8

0.6

0.4

0.2

-0.2

FIG. 2. Stress intensity factors and the strain energy release rate vs. h/2a. Materials: 1, steel; 2, aluminum ;
3, epoxy.

Note that in the homogeneous case (i.e. u; = ps3, v = v3) a3; = 2 and the strain energy
release rate is given by

(gg _ all+xy)

2, 12
da)s = 4 (k1 +k3). 37
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F1G. 3. Stress intensity factors and the strain energy release rate vs. /2a. Materials: 1, aluminum; 2, steel ;
3, epoxy.

For h = ( the problem is that of two bonded half-planes containing an interface crack
and the corresponding results are shown in Table 1. Thus, from

(6U (6U)
lim{ —
2-1

h—0 aa 2-3 aa

we have

lim W () = #3 14k (a21)2-3
B0 23 1+K3 (azx)z 1

W,_1(00). (38)

The other limiting value of W corresponding to h = oo is given in Table 1 and is also shown
on the figures. These figures indicate that the strain energy release rate, which is the main
load parameter used in the application of fracture theories, is very highly dependent on the
layer-thickness to crack-length ratio, h/2a. If the modulus of the layer is smaller than that of
the adjacent materials, 9U/da decreases with decreasing h/2a. If the modulus of the layer is
larger, this trend would be reversed.

Figure 5 shows some of the results of [1] combined with the limiting values obtained in
this paper. In this problem the crack is in the layer, and the figure shows the variation of the
energy ratio

4u, (_) _ k+k
3 aa

3= olan(1+x3)\ 0 o
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FIG. 4. Stress intensity factors and the strain energy release rate vs. h/2a. Materials: 1, aluminum ; 2, alum-

Wi

FIG. 5. Strain energy release rate vs. h, /h for h/2a = 1. Materials: (a) 1, 2, aluminum; 3, epoxy ; (b) 1, steel

inum; 3, epoxy.
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2, aluminum; 3, epoxy.
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as a function of h,/h for h == 2a, h, being the distance of the crack from the interface with
material 1. The limiting values of W; shown in the figure are calculated from

ng?__é_U IimaU—a—q
ri—h\ 0a 3 - da 2_.3’ n-o\ da 3~ da 1-3

as follows:
2
lim W(hy) = ———W,_,(h
Jim Wilh) = W, 508
) 2 (39)
Iim With ) = —— W, _a(h
0 3( 1) (a21)1-3 1 3( )

where, for the material combinations shown in Fig 5, the corresponding values of W,_,
and W,_, are given in Figs. 2-4 [at (h/2q) = 1].

Considering the fact that for the homogeneous infinite plane W; = 1, Fig. 5 shows the
considerable decrease in the strain energy release rate resulting from the stiffer adjacent
planes. However, unlike the anti-plane shear problem in which there is a rather sharp
reduction in the strain energy release rate as the crack approaches the interfaces (see Fig. 3
of [1]), in the plane strain problem considered here the strain energy release rate remains
relatively constant.

As mentioned in the previous section, the infinite system of algebraic equations for the
constants c, is solved by the method of reduction, i.e. the system is solved approximately by
truncating the series (20) at the Nth term and considering only the first N equations of the
system. To give an idea about the convergence of the computations, the stress intensity
factors computed for various values of 4/2a and increasing values of N are shown in Table 3.
The table corresponds to the load oy = 1 and materials aluminum-epoxy-aluminum. It is
clear from the table that the convergence is excellent. It should be noted that in problems of
the type discussed here, the main computational effort goes into evaluating the Fredholm
kernels, k;; which are given in terms of infinite integrals such as (10). Unless these and the
definite integrals which are used later to set up the algebraic system are calculated with
sufficiently high accuracy, larger N in Table 3 would not produce more accurate results
beyond certain number of significant digits.

From Figs.2-4 we observe thatas k — oo thestressintensity factors k, and k, approach
the asymptotic values given in Table 1 which are obtained in closed form. Obviously it
would also be desirable to have such asymptotic values for ky, k, as h — 0. Analytically this
would require the solution of the system of integral equations (11) in which the Fredholm
kernels k;; are replaced by the leading terms in their asymptotic expansion for small h
{more specifically, the thickness-to-half crack length ratio). From the Appendix (1) it may
easily be shown that for small h the leading terms of the functions H;{«) are

H%(a) = bije-Zah’ (l,] = ls 2) (40)

where the constants b;; depend on u;, v; (j = 1,2, 3). Substituting from (40) into (10) the
leading terms of the kernels k;; are found to be

k$1(x, 8) = by, d(x, ¢, h), kS 2(x, £) = byqc(x, 1, h)
K31(x, 1) = byclx, ¢, ), k32(x, 1) = byd(x, t, h) @1
o, b ) = —m i, £, ) = g 2t

@R +(t—x)% RhP+(t—x)*
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TABLE 3

N 4 6 8 10 12
h/2a = 02

ky 04245 04357 0-4455 0-4449 0-4448

k, —0-1669 —0-1648 —-0-1617 -0-1620 —-0-1621
hf{2a = 0-4

k, 0-5576 0-5542 0-5524 0-5525 0-5525

ky -0-1611 —-0-1603 —-0-1598 —0-1598 —0-1598
h{2a = 0-6

ky 06513 0-6497 0-6484 0-6484 0-6484

k, -0-1478 —-0-1476 ~0-1475 —-0-1476 —0-1476
hf2a = 08 hf2a = 1-0

N 2 4 6 2 4 6

ky 0-7356 0.7311 0-7300 0.7795 0-7931 0-7927
k, —01383 -01379 -0.1378 -~01313 -0-1326 -0-1326

hj2a = 2.0 hj2a = oo
N 2 4 6 1

k, 0-9289 0-9302 0-9302 1
k, —-01295 -01297 -01297 -0-1342

From (41) it is seen that as long as k > 0, no matter how small, kJ; are bounded in the
square domain |d < |, |x|<|. Hence the dominant part and the fundamental function
w(x) of (11) remains to be that of materials 2 and 3. Given the present state of the theory of
singular integral equations, with the Fredholm kernels k{}, the closed form solution of (11)
is not possible and the solution can only be obtained numerically.f

At h = 0 we have

lim f l ffoe(x, ¢, hyde = 1 Eff(_—tidt
-1

h=0* -1
1 @)
Jm [ e by = af)

which may be combined with the first two terms on the right hand side of (11). After some
algebra it is easily shown that after this combination the resulting integral equations are the
dominant system of two dissimilar bonded half planes 1 and 2. This system has a closed form
solution [see (31) and Table 1]. Since the fundamental functions w(x) for the two material

 Since for very small k the functions c and d given in (41) peak rather sharply around ¢ = x, such a numerical
scheme is bound to be unstable and may require great care. Further simplification of k{) in the form of narrow
rectangular pulses would neither improve the stability nor make it possible to obtain a closed form solution.
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combinations (1, 2) and (3, 2) are different, one should not expect a smooth transition be-
tween k, , k, given in Table 1 and those obtained from (11) with the asymptotic kernels k7,
and obviously there is no one set of asymptotic values of k, and k, for small values of h.
However, it is also obvious that for any given small h k, and k, can be evaluated numerically
to any desired degree of accuracy.} The quantity which must be a continuous function of
h for h > 0 and which is physically more important is the strain energy release rate ¢U/da.
This is seen to be the case in all the examples worked out in this paper (see Figs. 2-5, 7).1

(b) Asasecond example we consider an elastic layer bonded to a half-plane. The medium
contains a crack on the interface and the external load is again assumed to be a uniform
pressure g,, = —d, on the crack surface (Fig. 6). In addition to its elastostatic structural
applications, the solution may be useful as an approximation to the delamination problem
caused by the reflected stress waves in layered materials. This is a special case of the previous
problem in which g, is taken to be zero. The results are shown in Fig. 6. It is seen that as the
relative layer thickness approaches zero the stress intensity factors and the strain energy
release rate go to infinity. The results for the other asymptotic case, i.e. h/2a — oo, shown in
the figure are given in Table 1.

4.0

3.0

2a
FIG. 6. Stress intensity factors and the strain energy release rate vs. h/2q. Materials: 2, aluminum; 3, epoxy.

1 Even though Table 3 gives some indication of this, for h « a it may be preferable to reduce (11) to a system
of Fredholm equations.

1 It should perhaps be mentioned that the case of a semi-infinite crack between the layer and one of the base
materials may be considered as the limiting case of the problem for A « a. However, (a) physically this is an
entirely different problem; the results obtained from its solution cannot readily be adapted to the problem posed in
this paper, and (b) the closed form solution of it is not expected to be any simpler to obtain than that of the finite
crack problem with asymptotic kernels k{); this is partly due to the fact that h is the only geometrical length in
the medium and can be eliminated through normalization. One then has to solve the problem as is rather than
trying to find an asymptotic solution for a *‘small parameter”.
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It should be noted that in all the examples discussed in this paper the stiffness of the
material on the y > 0 side of the crack is greater than that of y < 0 side. Hence the interface
shear around the crack tip x = +1 is always positive. On the other hand, in all cases the
second component k, of the stress intensity factor is calculated to be negative. This should
cause no confusion, since, unlike the homogeneous material, in the nonhomogeneous case
the factors k, and k, are not directly identified with normal and shear stresses on the plane
of the crack. This can be seen by expressing (30) around x = 1 ast

o,,+ic —M cos|wlo ﬁ—l— +isin{w lo x_—_tl_
¥y xy_\/(xz_l) gx—l gx—l
+0(1), IxI>1, y=0 43)

where the results indicate that the dominant term for the shear stress is k, sin( ) rather
than k, cos( ).

Figure 7 shows the strain energy release rate for the cracked layer obtained in [1] with
the limiting value for h, = has obtained in this paper. The limit is evaluated in the same way
as described for the previous example [see, (38) and (39)].

44—
42—
‘\
w3
6}
41—
2+
| \ 1 L | 1 ) 1 ]
[0} 0.5 1.0
o
h

FIG. 7. Strain energy release rate vs. h,/h for h/2a = 1. Materials: 2, aluminum; 3, epoxy.

t Note that  as defined in (19) and B of [1] has opposite signs.
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(c) Finally, as a last example we consider two bonded layers containing an interface
crack which is opened by a uniform pressure 6,, = — g, The geometry, the relative dimen-
sions, and the elastic constants as well as the results are shown in Fig. 8. The relative
dimensions and the elastic constants used in this example roughly correspond to that of an

1.8— 2.0
1.8
1.6}
i 1.6
.4
Kuke b 1.4
Wa.3
.21
L2
Wa.5(0)
10 = 1.0
N Nk, (o) /0, /5 \
[0}
/-kz(w)/d'o ‘/5
ﬂkg/ﬂoﬁ
_02 I A4 l Il i l 1 I 1
o] | 2 4q 5 6

|

3
L
2a
FiG. 8. Stress intensity factors and the strain energy release rate vs. h,/2a for h/h, = 3. Materials: 2, steel;
3, aluminum.

aluminum plate stiffened by a boron-epoxy composite layer as encountered in some
applications. In this case too for increasing relative crack length or decreasing h,/a ratio
the stress intensity and the strain energy release rate ratios increase rather rapidly.
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APPENDIX. THE FUNCTIONS Hy(®)
(a) Two half-planes bonded through a layer (Fig. 1, h, = 0)

H1 l(a) = 13L3+(2ah- l)Ll +e—2d' {AILI +(1 +2ah)L3

L+ 20h o A1)
13 w Rah(14-14)—A4(1 —4,5)]~ 7. }

le(a) 13L4+(2ah l)Lz +e-‘2¢h {11L2+(2¢h+ 1)L4

14 20h A(1+4
_ [2ah(1+,14)+}.4(1—}.2)]+—1£-—+—'2
}.3).4 14

Hyy(@) = —AsLy—(2ah+1)L, +e~ 2 {A,L1+(2ah—l)L3

+

20h—1 A(1+4y)
o [2ah(1+ A)— A4(1—4,)] _T}

Hyy(@) = —A;Ly—(Qah+1)L,+e~ 2 {Ale +(2ah—1)L,

2ah— 1
2R (14 20+ 21— 2+ LA
Asdy As
1+4
Lye) = {F, + 4F4)/(A'3A'4+F4)
144
Ly@) = | F,— 4F4.)/('1~3‘-4."'F.i-)
2ah(1+4,)—A(1—4
Ly(o) = [F5— i :1)/1 o 2)F4’/('13}~4+F4)
ats
20h(1+A4)+ A1 —4
Ly(@) = {F3+ H 1) 7 o 2)F4)/(13}~4+F4)
344

Fy(@) = e *[20h(1— 4;)— A5(1 + 44)]
Fy(@) = e~ 2 2ah(1 — A,) + A,(1 + 4,)]
Fy(@) = —e™ 21 —A2)A,
F(0) = €7 2*MA A5+ 4,4, —402h? + A, A, 22k
Ay = (K13 — K3t )1y + K1 13)
Ay = (s — K3}/ + Ko H3)
Ay = (3 +pyxa)(py — p3)
Ay = (3 + paK3)/(uy — ps).
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(b) Two bonded layers with an interface crack (Fig. 1, u, = 0, h and h, finite)

2ah
%Ms +(1- 2ah2)(——2M3)

27 2M, — My +(20hy +1)(B,22h, — By + M) (Ms— 28,8)*

H»= {2M4+

h M
2uhsf1+ B, zlf;i:-ﬂzM5+(l—2ah2)(ﬁ+2M,)

2e” 2B + M, +(2ah, + 1)(2uh, B, + B, +M2)]} (Ms—28,8,)"

H () = {2M2+

H,,) = {2M4 + 2“";‘8 /‘3 Zahabi=Paps 4 +2ah2)( 2M3)
+2e7 2B, — My +(2uh, — 1)2ah, B, — B, +M4)]} (Ms—28,8,)""

Zhabi+Bapg +2ah2)(%+ 2M1)
B1B: B.

2e” 2B, + M +(2ah, — 1)(2ah, B, — B, +M4)]} (Ms—28,8,)""

H,,(@) = {2M2+

B, = ﬂ3+"3ﬂ2’ B, = By TicoHy
M3 Ha

M, (@) = (x,—2ah;) e~ 22— [(2ah—x3)Gs—

1(1 +G7)
+KsG7 - e_zah + Gl(zah+ K3 - e_zah)]

M,(a) = e™ 2%+ [(2ah—13)Gg — G, —(1 + 2ah,k5)G,

1(1 + G,)
+20h, e” 2+ G, (€™ 2 + 2ah + k3)]

My(a) = —(2uh, +x,) e 224 [(2ah+x,)Gs +G,

1(1+G7)
+K3G7—C +G ( _zah—zah+1€3)]

My(o) = —e 2% +—(”——)[(2ah+x3)65 +G,+(1 —2ah,x3)G,
7

+20h, €7 2™+ G (e~ 2% — 2ah + k;)]
M) = B,1[M4— M, +20hy)(M3+M,)]+ B, (M3 — M)+ MM+ M M,
G,(a) = e 2 + e~ 2" (da’hh, — 1)e~ 222+ P
G,(a) = e~ 2**(2uhe™ 22— 20h, — 20h)
G,(a) = e~ 2%2(20h, + 20h—2ah, e~ 2%
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Gy(o) = 7 2%k f g7 2oha_ g™ 2athi +ha)
Gs(o) = €™ 2*%(G, —2ah)

Go(@) = €™ (G, —1+4a’hh,)
G,(@) = —(2+4a*ht) e 2h 4o~ 4,

(Received 3 June 1970, revised 2 September 1970)

AGcrpakT—PaccMmarpuBaercss Wwiockas 3azada Kacawouwascs gaedopMauMM ANA COSOHHEHHOM cpenml,
cocTosmelf M3 Tpex pa3HBIX MaTepHanoB. IIpuHMMaercd, uTo cpena obnanaer aedexroM omolt m3
MNOBCPXHOCTEH pa3aena, KOTOPhilt MOXHO PACCMATPUMBATH B CMBLICHE TPCUIHHE, [10/Ty4aioTCa HHTCTPAIbHBIC
ypaBkeHHsI U8 o6melt 3amadM, KOTOPHC ARIAIOTCA CHCTEMON CHHTYIADHBIX MHTErDAJbHBIX YDaBHCHHH
BTOPOTO pOAa. YHAJCTCA CHHTYJSPHOCTH CHCTEeMBI. Pemalorcs ypaBHEHEs, YYHTHBas ¢axr, 4ro
dynpamentanbHas OyHKUMA HHTEIPaNbHBLIX YpapHCHHH sBnserca ¢yHnxmmelt Beca mommHOMOB SIxoGu. B
CMEIC/IE cOCIEGHIHAX NMPHMEPOB, PEINAIOTCA 3aJa4H Ui ABYX HNOJYIUIOCKOCTEH, COCIMHEHHBIX CIIOCM,
Jajee IUIS YOpYToro Cjiosi, COSHHEHHOTO C MOJIYIIIOCKOCTBIO H Il ABYX COCOMHCHHBIX cJioeB. Jlarotcs
YHCJICHHBIE PE3yJIbTATH, YKa3nBalolme GakTophl HHTEHCHBHOCTH HANPSKEHHH H CKOPOCTL BLIICICHHS
3Hepray achopMaLHH.



