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Abstract—This paper is concerned with the initiation of debonding at an interface of two elastic solids of different
elastic constants and mass densities. The debonding is caused by stress concentrations that are generated when a
system of transient horizontally polarized shear waves strikes the tip of an interface flaw. It is assumed that rupture
of the adhesive bond is preceded by yielding of the adhesive. It is shown that for a system of step-stress waves the zone
of interface yielding initially extends linearly with time. For various values of the parameters defining the materials
and the system of waves the speed of the leading edge of the zone of interface yielding is computed. Analytic
expressions are presented for the time of rupture and for the interface stress ahead of the yield zone.

1. INTRODUCTION

BobiEs consisting of layers of different materials glued, fused or otherwise continuously
joined, or simply pressed together, appear in nature as well as in man-made structures.
An example in nature is the stratification of the earth. Manufactured laminated media are
used frequently for structural applications in engineering.

Generally it is not realistic to assume that the contact between different layers is perfect.
Indeed, in geophysical stratifications faults occur at the interfaces, while in manufactured
laminates adjoining layers may not be properly adhered, so that the interfaces may contain
small and difficult to detect flaws. Under the action of external forces interface flaws give
rise to stress concentrations, which may cause a flaw to extend and which thus may form
the nucleus of considerable interface failure.

In the analysis of elastodynamic problems it is often found that at certain specific
locations in a body the dynamic stresses are higher than the stresses computed from the
corresponding problem of static equilibrium. This effect occurs, for example, when a wave
is diffracted by a crack. For horizontally polarized shear waves the dynamic overshoot of
the stresses near the edge of a crack in a homogeneous material was examined in [1].
It was shown in [1, 2] that in view of the dynamic overshoot of the stress concentrations
it is possible that extension of a flaw may or may not occur depending on whether the
loads are suddenly or gradually applied.

In this paper we examine the conditions for extension of an interface flaw upon dif-
fraction of a system of transient waves. For incident pulses which show rapid increases of
the field variables at the wavefronts, the maximum values of the stresses are reached very
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shortly after the flaw has been struck. As a consequence we will focus attention on the stress
field for small times and in the vicinity of the edge of the flaw. This type of information on
the stresses can, however, be obtained by investigating diffraction by an extending semi-
infinite flaw at the interface of two half-spaces of distinct solids. To simplify the analysis
further we consider the case that the incident waves which propagate along the bonded
part of the interface prior to reaching the flaw are horizontally polarized.

As an interface flaw extends, the breaking of the interface bond may be considered as
either brittle or ductile fracture. In this paper it is assumed that bond rupture is preceded
by plastic deformation of the bond, but not of the adjoining materials. Thus, as the vicinity
of the interface flaw is placed in a (dynamic) state of stress, a small region of yielding is
assumed to develop at the interface in the vicinity of the edge of the flaw. This zone of
yielding grows until the relative displacement between the two materials at the edge of the
flaw becomes so great that the yielded bond ruptures and free fracture surface is formed.

2. FORMULATION

Referring to a Cartesian coordinate system x', ', z’, we consider two haif-spaces of
distinct linearly elastic homogeneous isotropic solids whose interface is defined by the
plane 3’ = 0, see Fig. 1. For X’ > 0 the half-spaces are in bonded contact, while no bond
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Fi1G. 1. System of horizontally polarized shear waves approaching an interface flaw.

exists for x’ < 0. It is assumed that the bonding layer between the half-spaces (y' = 0,
x" > 0) has a vanishingly small thickness and is rigid-perfectly plastic in nature.

The material properties and the field variables in region 1, where y' < 0, and region 2,
where ' > 0, are labeled with the subscripts 1 and 2, respectively. For the two-dimensional
problem considered here the propagation of horizontally polarized shear waves in the
homogeneous, isotropic, linearly elastic medium of region 1 is governed by the wave
equation L o2

2, _ > YW
Viw, = ERFra 2.1)
where w,(x, ', t) is the displacement in the z'-direction, V? is the two-dimensional Lap-
lacian with respect to the coordinates x" and y', and ¢, is the velocity of shear waves,

¢y, = (w/p)* 2.2)
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In (2.2), 4, and p, are the shear modulus and mass density, respectively. The shear stresses
in region 1 are

ow ow
(Ty'z’)l = ”1‘57/1’ (rx'z')l = Aula—x} (2.33., b)

A set of equations analogous to (2.1)42.3) holds in region 2. No generality is lost if we
assume that ¢, > c,.
For time ¢t < 0 a plane horizontally polarized shear wave of the general form

cit+x' cosa—y sina

wi(x',y',t) = A{H(c t+x' cosa—y' sin oz)J~ G(u) du, (2.9

where H( ) is the Heaviside step function and 0 < o < n/2 impinges upon the bonded
interface and thus gives rise to a system of plane reflected and transmitted waves, as shown
in Fig. 1. These reflected and transmitted waves are defined by

cit+x' cosa+y sina
wi(x',y',t) = ATH(c t+ x cosa+ Y sin @) J G(u) du (2.5)
0

c1t+ (x’/m) cos B —(y'/m)sin g
wh(x', ¥, t) = ASH(mc, t+x' cos f— ' sin B) '[ G(u) du, (2.6)
respectively, where
km sin o — sin ﬂ

= 2.7
A4 = kmsma+smB @7

2km sin o

t =4 2.
A2 km sin o+ sin BAI 28)

B = cos™ Ymcosa) (2.9

k= pu/uy, m=cy/e, < L. (2.10a,b)

At time ¢ = 0, the system of plane waves strikes the tip of the interface region without
bond (the interface crack), thus giving rise to a system of diffracted cylindrical shear waves
and wedge-like head waves. The pattern of wavefronts for ¢ > 0 due to these diffracted
and plane waves is shown in Fig. 2. In addition, it is assumed that at the instant the system
of plane waves strikes the crack tip, although the interface bond does not rupture, the inter-
face stress immediately ahead of the crack tip reaches the yield value 6. Subsequently this
zone of yielding extends along the interface in the positive x'-direction with a constant
velocity v where v < ¢, < ¢,. This extending yield zone is also shown in Fig. 2.

For ¢ > 0, the boundary conditions can then be written as

2
y’=0,—oo<x’<0:yla—wf=,uzl,2= (2.11)
dy dy
ow, ow
y—00<x<vtula, "Zayz o, (2.12)
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F1G. 2. Pattern of wavefronts after the interface flaw has been struck.

while the displacement and the stress are continuous for x > ut, i.e.

y=0 w<x<oow-w,=0 (2.13)
ow, ow,

—— = = 0. 2.14

My 8)/ 25 6yr ( )

Furthermore, because the interface bonding is assumed to be rigid-perfectly plastic in
nature, the magnitude of the interface stress should nowhere be larger than the yield value
g.

To actually solve the diffraction problem, it is convenient to define the scattered
displacements w} and w5 by

w = wi + w] + w) (2.15)
w, = wh + wi. (2.16)
The left-hand sides of (2.15) and (2.16) represent all motion in the two half-spaces. Therefore,
the scattered displacements comprise the effect of the interface crack on the system of
plane waves w, w', and w}. Since the scattered displacements also satisfy wave equations
of the type given in (2.1) and w' , w} and w), are known, it is possible to recast the problem

completely in terms of these scattered displacements. The initial conditions on wj and w}

are
F=0:w =W =w) =w), =0. (2.17)

Similarly, the boundary conditions for ¢ > 0 can be obtained from (2.11)+2.16) as
y=0—-0wo<x <ut:

oy awy pasin f

#la—y’ = y2~ay—, = agH(x') + —m—~A‘2G(clt + x'cosa)H(c,t + x'cosa) (2.18)
YV=0n<x<owow —w,=0 (2.19)
ow ows,

At S e R 220
Hy ay/ Ha ayl ( )
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Inspection of (2.17)-(2.20) shows that the scattered problem is a special case of the more
general problem of a partially loaded semi-infinite flaw extending uniformly along the
interface. In the next sections we proceed to state and then solve this mathematical problem.

3. PROPAGATION OF A LOADED INTERFACE FLAW

Let the two half-spaces described at the outset of the previous section be completely
undisturbed for ¢ < 0. Subsequent to ¢t = 0, let the interface flaw extend in the positive
x'-direction with a constant velocity v, where v < ¢, < ¢;. Furthermore, let the surfaces
of the flaw be acted upon by a given shear stress distribution which travels in the negative
x'-direction with a given velocity ¢ and covers the region —ct < x’ < vt. This stress dis-
tribution is defined by

y=0, -0 <x' < vt:ulg——w—,1 = pz% = f(t + x'/OH(t + x'/c), (3.1)
ay oy’
where w,(x', ', ) and w,{x", ¥, t) are the displacements in the z'-direction for y < 0 and
y' = 0, respectively.
To solve this mathematical problem, it is convenient to work in a coordinate system
whose origin is fixed to the tip of the moving interface flaw. Thus, as shown in Fig. 3, we

introduce the following coordinate transformation :
T = ¢yt, x =x — nt, y=1y, z=172, {32a,b,¢,d)
where
n=vfc; <m<l. (3.3)

In terms of these moving coordinates, the governing displacement equations of motion
for the medium of region 1 (y < 0) can be obtained by substituting (3.2} into the wave
equation (2.1). The result is

34
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F1G. 3. Partially loaded interface flaw propagating with a constant velocity.
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From (2.3) and (3.2) the shear stresses in region 1 become

ow ow
(T,vz)l = “‘a—yl’ (Tt = #16—;’ (3.5a,b)

while the particle velocity assumes the form

w0
" e (3.6)
Analogously, we obtain for region 2 (y > 0):

2\ 2w, o2 1 {62 w,\
(1—%) W2, O W2 ( Y2_y WZ) (3.7)

ax2 82 m\ a2 oxor
and
_ (3W2 _ awz W2 _ awz 0W2
(Ty2)2 = 1, dy (Ter)2 = 2 ox Z = 3—r—n§' (3.8a,b,¢)

Referring to Fig. 3 and equation (3.1) the interface conditions in the system of moving
coordinates can be written as

y=0,x<0:w;, —w, =@_(x,)H(t+ bx) 3.9
ow, ow,

”1_5);— = uza = f(t+ax)H(t +ax) (3.10)
y=0,x20w; —w, =0 (3.11)

ow, ow, X
S YR G S - 12
13 ay Ha 6y \//+(X, T)H(t 1— n) s (3 )

where
¢y . 1

= , b= e 3.13a,b
c+v i 1+n) ( 25

In (3.9) and (3.12), the functions ¢ _ and ¥, are, respectively, the unknown displacement
discontinuity behind the tip of the flaw and the unknown interface stress distribution ahead
of the tip. These unknown functions have been introduced so that sets of conditions for
both the displacements and their derivatives can be stated everywhere on y = 0, [x| < 0.
The Heaviside functions multiplying ¢ _ and v, illustrate the wave propagation character
of w, and w,. Finally, it can be checked that the initial conditions on w, and w, can be

written as
0 0
T=0iw, = 2 =, = 22 =, (3.14)
ot
To solve the set of equations (3.4)3.14), Laplace transforms are introduced, first over 7
and subsequently over x. The one-sided Laplace transform over the time-related variable t

is defined as
g(x, y,5) = f g(x, y, 1) e~ dr, (3.15)
0
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where s is a positive real number large enough to insure convergence of the integral. It is
convenient to define the two-sided Laplace transform over the spatial variable x as

g*A, v, 5) = f g(x, y,5) e ** dx, (3.16)

where A is, in general, complex. The interval of convergence for this transform is determined
by the asymptotic behavior of g as x — £ o0.

Performing the operations indicated by (3.15) and (3.16) on (3.4), (3.7) and (3.93.12)
while making use of (3.14) yields the following set of transformed equations:

a2t
Y S 053 47 = (in = 12 = 0 (3.17)
2:5% -1 2
y > o:dd;”j +s2[/12—('1"m2 ) ]wg =0 (3.18)
y=0:W—wt = @*(4 ) (3.19)
dwt  dwr 7
pgy = tg, = VA T (3:20)

where f(s) is the one-sided Laplace transforms of f(z).

The right-hand sides of (3.19) and (3.20) represent the twice-transformed right-hand
sides of (3.9)(3.12). It can be checked that the one-sided Laplace transforms over 7 of the
right-hand sides of (3.9) and (3.10) vanish identically for x > 0 and behave as e*** and e***,
respectively, as x — — co. Similarly, the one-sided transforms of the right-hand side of
(3.12) vanish for x < 0 and behave as e **1 ~™ as x — oo. Therefore, since s is real and
positive, the functions * and 1/(a— 1) are valid as transforms only in that part of the
complex A-plane defined by, respectively, Re A < b and Re A < a. Analogously, ¥* exists
as a transform for Re A > —1/(1 —n). Furthermore, because w, and w, vanish identically
for y = 0 outside the range —1/b < x < (1 —n)r, their transforms over x and t can be
expected to exist in that part of the complex A-plane defined by —1/(1—n) < Rel < b.
From the foregoing considerations it can be concluded that the vertical strip in the complex
A-plane defined by —1/(1 —n) < Re A < b comprises a domain of analyticity common to
all the transformed functions.

Returning to the differential equations (3.17) and (3.18), we obtain the following bounded
solutions:

y < 0:%H4,y,5) = By(d,5)est "Gy Rey, >0 (3.21)
y = 0:W5(4, ,5) = By(d,s)e s~y Rey, >0, (3.22)
where
! A _5) 23
71(4) = (m"r}») (m— ) (3.23)

72(4) = (minu)*( L —A)*. (3.24)

m+n.
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To insure that Re y; > 0 and Re y, > 0 everywhere in the cut complex A-plane, appropriate
Riemann sheets are chosen for y, and y,. In (3.21) and (3.22), B;(4,s) and B,(4,s) are
unknown functions which are analytic in the strip —1/(1—n) < Re A < b.

4. SOLUTIONS BY MEANS OF THE WIENER-HOPF TECHNIQUE

From (3.19) and (3.20) we can obtain the following equations:

y=0:wt—wt = 3*(4, 5) (4.1)
dw*  dw*

_— _— = 2

S T 0. (4.2)

Then, substituting (3.21) and (3.22) into (4.1) and (4.2) enables us to eliminate B, and B,
as follows:
(1=n?/m?) ¥y, (D@*(4, 5)
2y (1 =128y )+ pp(1 =1 fmP)Ey(2)
(1 =}y, (D@*(4, 5)
Hy 0 2,20 :
pa(L=n7)2y (A + po(1 = n/m?)2y,(4)
whereupon equation (3.20) can be made to yield the following equation of the Wiener—Hopf
type:

(4.3)

B,(A,s) = u

B,(4,5) = — (4.4)

(1—n?)(1—n?/m?)ry,(A)y,(A)s@* (A, 5) N 7(s)
- : = A, 8)+ . 4.5
N TR o AT e o 1 M L A PRy (43)
Upon examining the left-hand side of (4.5), it is noted that

g (1= (D)4 pp(1—n? fm?)ry,(2) 1—n®\*
1 = 1+km|- ) 4.6
|l|l£nao Uy (1—n?/m?)2y,(3) L e (4:6)

It is therefore convenient to define the related function F(A), where
2 22V
F(i) = py(1—n%) v;(v)+;tz(12 n /m®)*y,(4) @7)
k(1 —n?/m?)y,(4)
1—n?\*

K= 1+km(m2_”2) . (4.8)

It can be checked that F(A) is analytic in the strip —1/(1—n) < Reld < 1/(1+n) and
moreover, from (4.6)(4.8) it has the property that

fim In F(4) = 0. (4.9)

[A] ==

Then, from analytic function theory it is known that F(4) can be factored into a product of
functions which are analytic in overlapping half-planes, the overlap region being the strip
—1/(1—n) < Re A < 1/(1+n). Performing this factorization leads to the result

F(A) = F (AF_{2). (4.10)
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where, from Noble [3], we have that

—1 (*i©|n F(z)dz

4.11
InF (1) = 3l T (4.11)
1 (4 in F(z)dz
InF_(1) = In Flz) dz (4.12)
2mi i—iw  ZA
n (4.11) and (4.12), ¢ and d are any real numbers such that
—1/1—-n) <c<Red <d< 1/1+n). (4.13)

By using Cauchy’s theorem, the right-hand sides of (4.11) and (4.12) can be transformed into
integrals about, respectively, the left-hand and right-hand branch cuts of In F(z) in the
complex z-plane. This leads to the following expressions for F,(4) and F_(4):

] [MmEn » km[(l_n)z;l]%[(1+n)zi1]%] dz
)= 1 i . . 4.14
Fo(8) = exp {+7'Cfl/(1¢n) an |: [1£(m+n)z)*[1F(m—n)z}* Zi)} w9

It can be checked that, indeed, F. is analytic for Re A > —1/1—n) while F_ is analytic
for Re 1 < 1/(1+n). It is now possible to rewrite (4.5) as follows:

(1—n®)¥y 7 (Ds@*(As)  FL(QW(4,s)  FLAf6)

= + . 4.15
M) ) asta— (4.13)
where
1 %
Vi+(A) = (—+i) ylv(i)=(41+n—i)- (4.16a. b)

Upon studying the right-hand side of (4.15), we notice that the function F,/y, . (a— 1) is
analytic in the strip — 1/(1 —n) < Re 2 < a and that, moreover,
Fi(4)
y1+(Aa—2)
Then, once again from analytic function theory, it is known that this function can be split

into the sum of two functions which are analytic in overlapping half-planes, the overlap
region being the strip —1/(1 —n) < Re 4 < a. Performing this splitting by inspection yields

F.(4)

~ 014 %as |4 - 0. 4.17)

R |
a—py ~ GG, (4.18)
where
F (a)
G = ah 4.19
W v1+(a)a—4) ( )
F.) Fu@] |
G4 = - : 420
() [mu) wH(aJa—z (4.20)

It can be seen that, indeed. G, is analytic for Re > —1/(1 —n) while G_ is analytic for
Re A < a. Using these results, we can now rearrange (4.15) to yield
(1-n)y, _(A)s@*(4,5) f(5)  F (A%(4,s) f(s)

—-G_ /1—— /4G /1—— 421
= KF_() @) 71+ () +(4) 4.21)
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From the above manipulations it is clear that the left-hand and right-hand sides of
(4.21) are analytic in, respectively, the overlapping half-planes Re 4 < b and Re 4 >
—1/1—n). Therefore, by analytic continuation, both sides of (4.21) represent the same
entire function, say E(4, s). Now from the standard Abelian theorems for Laplace transforms
(see Noble [3]) and using (3.9), (3.11) and (3.19) we obtain

w,(07,0,5)—w,07,0,8) ~ lim sip*(4,s). (4.22)

S
But (3.11) implies that the left-hand side of (4.22) must vanish. Therefore, we have that
P*(A,8) ~ 047179, >0, as|i - cc. (4.23)
Then, from checking the left-hand side of (4.21) in conjunction with (4.14), (4.16b) and (4.19),
we see that
lim E(4,s) = 0. (4.24)

|4l

But from Liouville’s theorem concerning entire functions, (4.24) implies that E = 0,
whereupon (4.21) can be made to yield the results

kF_(A)G_(1)f(s)

P = =, 429)
—71+(ADG (4
PEs) = 1 i F) ( /1)( v, (4.26)
Then, substituting (4.25) into (4.3) and (4.4) we obtain
_ G_(A)f(s)
B = =y, . (5 @20
_ =71 +(AG_(Df (5)
Balhs) = = w2 ), (OF, (D5 (429)
whereupon (3.21) and (3.22) can be made to yield
_ B G_(A)f(s)es“'"”*“(“y
y < 0ty s) = )y, OF, (D (429)
— —s(1 = n2fm2)}y,(A)y
> 0:W50, y,5) = 71+(ANG_(A)f(s)e ) (4.30)

po(1 =2 [m?) ey, (DF  (Ds?

With the above expressions at hand, the mathematical problem stated in the previous
section is essentially solved. Since, in later sections, we will be interested in the interface
stress ahead of the extending tip of the flaw (x > 0) we list for future reference

dwf(4,0,s)  dw3(4,0,5)
dy = U2 dy

T4 0,5) = iy

_ 11+AG-WAs) (4.31)
sF.(4)
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As a closing comment to this section it is noted that by means of the substitution
z = 1/({ Fn), equation (4.14) can be expressed in the form

_1 1 B __CZ 4 dc
F, (1) = exp {+Efm tan l[km(cz—ml) ](C?n)[liX(C-T-n)]}’ 4.32)

which is more convenient for numerical computations.

5. INVERSIONS OF THE TRANSFORMS

To invert the double transforms of the interface stress, de Hoop’s modification of
Cagniard’s method [4] is used. In this procedure, the path of integration of the inversion
integral for the two-sided Laplace transform over x is shifted to another path in the complex
A-plane, called a Cagniard contour, such that the resulting integral is recognizable as an
explicit one-sided Laplace transform over 7.

The inverse of the bilateral Laplace transform over x is defined by

s Ao+ico
gx) = o— g*(s)e** da, (5.1)
2mi Ap—ico
where 1, must lie in the range of analyticity of the transform g*. Thus, the Laplace transform
of the interface stress ahead of the crack tip may be obtained in a formal manner from (4.31)
as

1 Aotico VI+(/1)G—(’I) eslx
7 - AT Gz 0, 52
£ul0,5) = 5 Lo_m O T T (52)
where
—1/1—n) < Ay < b. (5.3)

Upon examining the integrand of (5.2), it can be checked that y, ,G_/F, ~ 0(4~*) as
|A] = oo. Then, because s and x are both real and strictly positive, the integrand of (5.2)
vanishes exponentially for Re 4 < Qas{i| — co. Moreover, becausea > 0,7, ,G_/F, hasno
poles in the complex A-plane for Re 4 < 0. Therefore, by Cauchy’s theorem, the integral
shown in (5.2) may be replaced by an integration about the branch cut of the integrand in
the left-hand half of the complex A-plane. Then, it can be shown that (5.2) takes the form

- L[ o (g6 (— g e
(ol 0,92 = = [ ol
K [~ EIF(— NG (=g e &
_;J;/(l—n) 16 1—k2m2( 1—n? )V%(—é/x) x’
m*—n*|y3(—&/x)
x>0, (5.6)

where y,;, is the imaginary part of y, . ,

1 k2
Yu+(—&/x) = ;_l—n) . (5.7
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The inverse Laplace transform over the time-related variable t of (5.6) can be obtained
by inspection. Then, making use of (4.19) and introducing the change of variable ¢ = xu
we obtain the following expression for the interface stress ahead of the crack tip:

Fi(a) J“ }’1,-+(—u)f(r—xu)H(r—xu)d
1

[7,:(x.0,7)]; ., = — “

771 +(@ J yom—n Fy(—u)a+u)
kF (@) (Y=g (= w)F_(—u)f(t— xu)H(t — xu)
) —n? \i—u) R
1+ va=m | gz LT\ )
[ Rl P e (58)
For small positive values of x we have
F P fle— \
1,.(x0.7) ~ — +@) —if f(rl ¢ d&+0(x3). (5.9)
myla) x*Jo &7

In the next section these solutions are applied to the problem of fracture mechanics defined
in Section 2.

6. FRACTURE MECHANICS ASPECTS

Upon rewriting the interface condition (2.18) in terms of the moving coordinates
defined by (3.2) and comparing it to the corresponding condition for the mathematical
problem (3.10), it is noted that the solution for the boundary conditions (2.18)+2.20)
can be obtained as the superposition of the solutions to two separate problems of the type
solved in Sections 3-5. For the first of these, we have

1 1 x
a=-, b= —, _ﬂrﬂu):aHk+ly (6.1a. b, ¢)
n l+n n
while for the second
cosa sin f§ xXcosa
=h=———, x)=u,——AG ] .2a,
¢ l+ncosu fletax) =y m ? H_1+ncosoz) (6.22.b)

The solution to the diffraction problem defined in Section 2 can then be obtained by
superimposing the system of plane waves given by (2.4}2.6).

It should be noted that the solutions thus obtained contain the extension velocity of
the yield zone as a parameter. This velocity, although assumed to be subsonic, is otherwise
completely unspecified. To determine this velocity, we require that the mathematical
solutions satisfy yet another condition, which is obtained by an examination of the fracture
mechanics aspects of the problem. From (5.9) it can be seen that the interface stress exhibits
a square-root singularity at the leading edge of the yield zone, thus seeming to violate the
assumption of a rigid-perfectly plastic interface bond. Following the work of Dugdale [5]
and Barenblatt [6], we will, however, append the condition that the components of the
stress distributions are related such that the square-root singularities in the interface stress
cancel out at the leading edge of the yield zone. Then, from (5.9). (6.1) and (6.2) we see that
we must have

G(u) = H(u), (6.3)
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and therefore

P 1 F cos o
7T \n sin f8 4 “\l+ncosa

T cosa |
T n Vi l+ncosa
Condition (6.3) states that the assumed constant velocity of the leading edge of the yield

zone can be attained only if the incident plane wave is a step-stress pulse. From (2.4) it can
be checked that the actual magnitude of this pulse 7, is givén by

o= — A, (6.5)

(6.4)

whereupon, making use of (2.8), (2.9) and (4.32), equation (6.4) can be rearranged to yield

1
2

T, kmsina+sin f M(cos @) (6.6)

G = 2sin p(1 —cos a)*

n

1+ncosa

where M(u) is obtained, after some manipulation, and by employing equation (4.32), as

11! 1—2z%\* d
M(u) = exp{;lf tan_l[km(zz_mz) }z(l%—zzu)}' (6.7)

The expression (6.6) can now be solved for the normalized yield zone velocity n = v/c, as

7.\ 2
Lo (;) 6.8
¢ [km sin o+ sin(B)M(cos cx)]z_(ra 2 (©5)

2 sin f(1—cos o) o) %

g

Thus, the condition for the removal of the stress singularities gives the relation needed to
determine the yield zone extension velocity in terms of the incident stress 7,. For various
values of 7,/c, k and m, the value of v/c, is plotted versus the value of the angle of incidence
« in Fig. 4.

With the results of the previous section thus interpreted, the superposition procedure
outlined above gives complete solutions to the originally stated fracture mechanics
problem. After some manipulation the interface stress ahead of the uniformly extending
yield zone can be expressed in terms of the fixed coordinates as

7,4, 0,7) = G:t/nj‘"' (l—u)% M(—1/wH(u—x/t) i

u—n u(1+ucos a)

on (M {1—-u\* (? —m» M /wH(u—x'/1) du
++ 4k J:,, (u—n) 12 —m2+ k*m2(1 —u?))(1+ucosa) u

2sin asin

— T x' > nt. 6.9
km sin o+ sin g 69)
Upon concluding this section it should again be noted that we have obtained basically

a short-time solution. It is to be expected that at some time ¢, > O the relative displacement
between the two sides of the yield zone near the tip of the original flaw (x" = Qor x = —¢,t,,)
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FIG. 4. Velocity of the leading edge of the zone of interface yielding as a function of «, for u,/u, = 10
and for various values of 1,/0.

becomes so great that the bond between the half-spaces there actually ruptures. If we assume
that the magnitude of this critical relative displacement for rupture is a known property
of the bond, say dw,,, then we can compute

t, = ow,/c | Ko n), (6.10)
where K(a, n) can be computed as
oy/n (! M(1/u) du
K(a,n) =
(@, n) U, L (n+u)¥(1 —uw)*(l —ucos )
+am\/nj‘"' M(1/w)(1 +u)? du 21, 6.11)
muy Jo (M+um®* —u)(1—ucosa) g, .

7. CONCLUDING REMARKS

In this paper we have examined the extension of a flaw along the bonded interface of
two elastic solids of different elastic constants and mass densities. The extension is caused
by stress concentrations that are generated when a system of transient horizontally polarized
shear waves strikes the tip of the flaw. It is assumed that rupture of the adhesive bond is
preceded by yielding of the adhesive, but not of the adjoining elastic materials. Thus, as the
system of waves strikes the flaw a region of yielding is assumed to develop at the interface.
It is assumed that the adhesive behaves as a perfectly plastic material, so that the stress in
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the zone of interface yielding is uniform and equal to the yield stress. The speed of the
leading edge of the zone of yielding is computed from the condition that the interface stress
does not exceed the yield stress. For a system of step-stress waves the zone of interface
yielding initially extends linearly with time. For various values of the parameters defining
the materials and the system of waves the velocity of the leading edge of the zone of yielding
is shown in Fig. 4. After a certain amount of yielding has taken place the bond ruptures at the
trailing edge of the zone of yielding and additional free surface is produced. Analytic
expressions are presented for the time of rupture and for the interface stress ahead of the
leading edge of the zone of yielding.

The model that is used in this paper to account for plastic flow in the adhesive bond is
analogous to the Dugdale model for the description of ductility effects in a homogeneous
material. For a homogeneous material the Dugdale model assumes a narrow zone of
yielding in the plane of the crack. At least for static problems there is, however, evidence
that the plastic zone in the vicinity of a crack tip in a homogeneous material is a region of
some width. On the other hand, for two adhesively joined solids it is not unreasonable to
assume that the adhesive has such properties that the stresses in the vicinity of the tip of an
interface flaw are released by yielding of the adhesive, without plastic flow of the adjoining
materials.

For anti-plane shear the discontinuity in the surface tractions at the trailing edge of the
plastic zone produces a logarithmic singularity in the stress t,,. Conceptually the model
can casily be modified to employ a ramp-type distribution of the yield stress which would
not give rise to logarithmic singularities. It can then, however, be argued that for the
principal purpose of the analysis, which is to determine the locations of the leading edge of
the zone of interface yielding, the time of rupture and the interface stress ahead of the
leading edge of the yield zone, the difference befiveen a ramp-type distribution and a step-
distribution of the yield stress is not significant enough to abandon the analytically much
more amenable step-distribution.
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Aé6crpakT—Pabora uccnenyer mpouecc Hayana pacuerieHus Ha MOBEPXHOCTH pa3jena ABYX YHOPYIHMX
TBepAbIX Tes, 06/1aJa0WHX PA3HbIMH YIIPYTHMH NOCTOSHHBLIMM U TUIOTHOCTAMM MAacChl. 3TO pacuerieHHe
NPOUCXOANT BCAEACTBHE KOHLUEHTPAUM HANPXEHUH, KOTOPbIE MPOU3BOAAT, KOIIa CHCTEMA HECTALIMOH-
apHBIX TOPHU3OHTANBHO MOJNIAPU3NPOBAHHBLIX BOMH CABHIa yAapseT B BEPTHHY TPELWMHB HOBEPXHOCTH
pasgena. Ilpearosaraercs 4To pa3pyLeHHE CBA3bIBAIOLIEIO COEAMHEHUS HAYHACTCA IyTEM TEYEHHSI CAMOTO
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CLICIICHHUSA . Yka3aHo, 4TO [JIsi CHCTEMbI BOJIH, CKa‘{KOO6pa’3Hle HanpsokeHuil, 30Ha TeYeHMUst IMOBEPXHOCTH
pa3gesia HadaJIbHO YBE/IMYHBAECTCA JIMHEHHO B 3aBUCUMOCTH OT BPEMEHH. ﬂﬂﬂ pa3HbIX 3HAYCHUHA napaMeT-
pOB, ONpPeAeNAOuIMX MATEPHAIIbL M CHCTEMBI BOJTH, BBIMHCIACTCA CKOPOCTH BEAYUIETO Kpas 30HbI TEYCHNR
MOBEPXHOCTH pacacna. JIArOTCS aHAJIMTHYECKHE BbIDaXCHNUS A/1A BPEMEHH Pa3pbiBa U TSI HATIPSAXKEHUS Ha
MOBEPXHOCTH pa3aena, ans obnactu nepen 30HOW Te4yeHusn .



