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Since crack initiation in adhesive bonds tends to occur near the interface corners where 
the stress fields are singular, we define a fatigue initiation criterion using stress singularity 
parameter, Q (a generalized stress intensity factor) and the singular eigenvalue, A. 

Hattori et al., successfully used a generalized stress intensity factor to characterize the 
static strength of bimaterial interfaces. We show that this criterion is only appropriate 
for situations in which the adhesive contact angle is no larger than 90" and the modulus 
ratio (adhesive to adherend) is smaller than 0.1. Fortunately, these conditions are often 
met in real joints, permitting the use of a single eigenvalue approach. We then extend this 
criterion to the case of fatigue arising from mechanical, thermal, or hygroscopic cycling. 

In preparation for Part 2 (experimental), the special case of an epoxy wedge on a flat 
aluminum substrate is considered. The singularity is analyzed both analytically and 
numerically. The scale of the region dominated by the singularity is found to be of the 
order of 100 pm. The size of the plastically yielded zone near the apex is found to de- 
crease extremely rapidly as the stress intensity factor goes down, thereby increasing the 
applicability of the method at the low stress levels often encountered in fatigue. 

Keywords: Adhesive bond; fatigue; durability; debond initiation; bimaterial wedge; 
bimaterial interface; singular stress field; generalized stress intensity factor; plastic zone; 
spew 
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120 D. R. LEFEBVRE AND D. A. DILLARD 

INTRODUCTION 

Bonds that exhibit very sharp and well-defined corners are found in 
electronic packages where features are accurately controlled and/or 
materials are dispensed in very small volumes. Typical examples would 
be a microchip encapsulated in a molding compound or a miniature 
leadless component surface-mounted with tiny dots of electrically- 
conductive adhesive. When these components are subjected to a cyclic 
thermo-mechanical loading, it has been observed that cracks tend to 
initiate at bimaterial interface corners. 

In structural adhesive bonds, where spew fillets are generally not 
precisely controlled, surface contaminants during fabrication will cause 
the contact angle of the adhesive to be high locally. This type of defect 
may give rise to singular behavior, eventually leading to crack initia- 
tion if the applied load is high enough and if plasticity is limited, as in 
the case of fatigue loadings. 

Fracture mechanics approaches to the prediction of adhesive bond 
durability under cyclic loading assume the presence of detectable 
initial crack-like flaws in the bond line, and determine the criticality 
and the propagation behavior of these flaws [l -31. Under controlled 
fabrication conditions, however, such initial flaws may not be present 
within the high stress regions where fatigue damage initiates. Under 
these circumstances, the number of cycles to debond initiation rather 
than the cycles responsible for debond propagation may dominate the 
total life of the bonded structure [3]. 

Our approach is based on the observation that crack initiation 
occurs near the interface corners, where the stress fields are predicted 
to be singular [4,5]. Hence, we define a fatigue initiation criterion 
using the concept of a generalized stress intensity factor derived from 
the mechanics of singular stress fields. Despite a significant interest in 
these singular stress fields and associated failure criteria, only limited 
experimental applications have been reported [6 - 111. Several factors 
directly affect the applicability of these theoretical models to actual 
bonds. The size of the singular zone (herein shown to be on the order 
of lOOpm) is often smaller than the thickness of a typical bond line, 
and significantly smaller than the size of the spew region which is 
frequently formed in bonded joints. This implies that details of the 
spew region could dominate the results. Furthermore, the singular 
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FATIGUE CRACK INITIATION. PART L 121 

stresses are predicted based on linear elasticity. The ability for even 
relatively brittle materials to yield locally in regions of high stresses 
does raise concerns about the applicability of the singularity approach. 
The lower stress levels and reduced plasticity encountered in fatigue 
loading is expected to improve the applicability of this approach, and 
provides motivation for this study. 

In Part 1 of this paper, we first give a general presentation of the fatigue 
failure criterion in the context of metal-polymer bonds, and we define its 
range of applicability. Second, we analyze the special case of a wedge- 
shaped specimen loaded in bending. The bimaterial wedge specimen 
will be used in Part 2 [12] of this paper to determine experimentally 
the fatigue initiation envelope of an epoxy-aluminum bond. 

SINGULAR STRESS FIELDS AT 
A METAL-POLYMER INTERFACE 

Excluding the case of adherend corners embedded in a spew fillet 
(which will not be discussed in this study), an adhesive joint terminus 
is a special case of two dissimilar bonded wedges. A schematic of a 
double bonded wedge is given in Figure 1. Note that for a metal-to- 
polymer bond, we often have: $2 = 180" and 0" < < 90". 

STRESS- 
FREE EDGES 

* 

FIGURE 1 Dissimilar bonded wedges showing polar and Cartesian coordinate systems. 
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122 D. R. LEFEBVRE AND D.  A. DILLARD 

Linear elasticity solutions for a bimaterial wedge subjected to some 
general loading are available in the literature [13,14]. The stresses in 
the near field of the interface corner are singular and, in polar coor- 
dinates, are described as: 

T i . ( 0 )  : Some function dependent on 0, load and geometry 
r : Distance from singular point 

Xk : Eigenvalues 

Eigenvalues Xk can be calculated by solving a characteristic trans- 
cendental equation of the form [13]: 

(2) 
4 4 1 , 4 2 , P ) P 2  +2B(41,42,P)aP+ C ( 4 1 , 4 2 , P ) a 2  

+ 2 0 ( 4 1 , 4 2 , P ) P +  2 E ( 4 1 , ~ 2 , P ) a + F ( 4 1 , 4 2 , P )  = 0 

where P is determined by the roots of the Eigen function, A,  B, C, D, E 
and F are auxiliary functions, and the Dundurs parameters (u and /3 
can be written using the following elastic parameters [6] :  

with: 

for plane stress, 
4 

mg = ___ 
(1 + u d  

mg = 4( 1 - uc) for plane strain, 

Ec, uc, are the moduli and Poisson’s ratios respectively, and 6 = 1,2 
for the two materials. 

Eigenvalues Xk can be obtained by finding the real part of eigen- 
values Pk of Eq. (2 )  and using the relationship: 

x k  = 1 - Pk 

with: 0 < Re(Xk) < 1 (see Ref. [13]). 

(3) 
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FATIGUE CRACK INITIATION. PART 1 123 

Xk can be real or complex. For Re(&) > 0, a stress singularity exists. 
In addition, X k  = 0 is always a solution, leading to a non-singular stress 
term independent of r .  Often, when Eq. (2) has several real singular 
roots, the largest X k  is used as the order of the singularity. With com- 
plex roots, the largest real part of Eq. ( 3 )  is used. It is frequently argued 
that the highest value of X k  dominates the stress field near the singular 
point [ 141. Caution should be used when considering this approxima- 
tion, however. For example, Groth [15], pointed out that in the case 
of an adherend corner embedded in a fillet, the “effective” X that best 
approximates the stress field near the corner can be very different 
from the largest real root of the characteristic equation. 

FATlG U E I NlTlATlON CRITERION 

Background 

Using the plane strain(’) formulation of Eq. (2), we calculated the non- 
zero values of Xk in the case of a flat metal substrate. The solution was 
obtained for a wide range of modulus ratios ( polymer-to-metal) and 
assuming that the Poisson7s ratio of the two materials was equal to 0.3. 
The results are summarized in Figure 2 representing X k  as a function 
of wedge angle. Whenever E1/E2 < 1, each curve can be divided into 3 
regions from left to right. In the first segment, Eq. (2) has a single real 
root. In the second segment, at intermediate angles, Eq. (2) has two 
real roots. In the third segment, Eq. (2) has a single complex root, 
and we plotted its real part. When El/E2 = 1 (no mismatch in elastic 
properties), Eq. (2) has no complex root. 

It should be noted that there is no positive critical angle below 
which the singularity completely disappears. Although, for a modulus 
ratio of 0.001, the eigenvalue seems to vanish at some finite angle on a 
full-scale plot, our numerical results clearly indicate that X does not 
really go to zero until a wedge angle of 0” is reached. 

(‘)Knowing that typical adherends are plate-shaped, we used the plane strain assump- 
tion in the general discussion of the failure criterion. When discussing the special case of 
a narrow bimaterial wedge specimen, however, we used the plane stress assumption. 
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124 D. R. LEFEBVRE AND D. A. DILLARD 
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FIGURE 2 
part of the eigenvalue (plane strain). 

Wedge bonded to a flat substrate. Effect of the modulus ratio on the real 

In the double real root region (whose angular range varies with 
modulus ratio) it can be shown that Eq. (1) reduces to two singular 
terms and a term independent of r [ 161: 

where f : , ( 0 )  are angular functions, with: < = 1,2  for the two ma- 
terials. K 1  and K2 are generalized stress intensity factors, dependent on 
boundary conditions. It should be noted that since no geometric 
symmetry can be found when the substrate is flat (and the wedge angle 
is smaller than 180°), K1 and K2 do not, in general, refer to mode I and 
mode I1 deformation. 

The angular functions are only dependent on the elastic constants 
and the angle, but are independent of loading conditions. Analytical 
expressions for the angular functions in the case of the free edge of a 
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FATIGUE CRACK INITIATION. PART 1 125 

bimaterial interface are given in Ref. [16]. The constant stress terms 
need to be taken into account in the case of a thermal loading or in 
the case of edge traction [16] but may be neglected in other cases. 

It is important to note that when a thermal loading or edge traction 
are present, K1 and K2 also receive contributions from these two types 
of loadings 1161: 

where superscripts, R, T and Th stand for “Remote loading”, “Edge 
Traction”, and “Thermal”, respectively, and C = 1 or 2 for the two in- 
tensity factors. 

Near the edge, constant term KO Eq. (4) arising from the three types 
of loadings described above becomes negligible. This term does not 
contribute to the singular behavior, and for the purpose of the failure 
analysis, can be considered together with the far field terms. 

When Eq. (2) has one real root, Eq. (4) has only one singular term. 
By considering the stresses along the bimaterial interface (0 -+ 0), and 
going to Cartesian coordinates (see Fig. 1 for a definition of the axes), 
the singular part of Eq. (4) can be simplified. Using the notation 
introduced by Groth [4], the singular stresses may be written as: 

Although Qkr is clearly mathematically different from Kr because it 
factors in the angular functions, we will also refer to this parameter as 
a generalized stress intensity factor, because it essentially has the same 
physical meaning. Examining Eq. (4), one can see that for a given 
bimaterial wedge, and provided that the solution to Eq. (2) iies in the 
single root region, ratios Qxy/Qyy and Qxx/Qyy are independent of 
boundary conditions. This means that in principle, any Qkl can be used 
as a failure criterion interchangeably. 

Several authors [4,5,6,7,9] have utilized parameter Qkl as a 
“generalized” stress intensity factor suitable as a failure criterion 
for bonded dissimilar materials. Of special interest is the w’ork of 
Hattori et al., who used Qxy calculated from the interfacial shear stress 
distribution as a failure criterion for encapsulated LSI (Large Scale 
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126 D. R. LEFEBVRE AND D. A. DILLARD 

Integrated Circuit) devices subjected to thermal stresses [6]. The 
delamination criterion obtained by Hattori for a Fe-Ni alloy bonded 
to epoxy was a monotonically decreasing curve, with Pq (critical) 
as the ordinate, and X as the abscissa. X was varied by using various 
configurations of epoxy/Fe-Ni rectangular blocks bonded together. 
Q,  was calculated by best fitting Eq. (6) to the oxy distribution, which 
had been computed using Finite Element Analysis. Hattori et al., 
obtained Q& by measuring the critical thermal shear stress leading 
to delamination. Remarkably, the failure criterion obtained from 
thermally-loaded samples was in fair agreement with the Goland and 
Reissner prediction of the failure strength of single lap joints made of 
the same metal-polymer combination [7]. 

Hattori did not appear to check whether the single root condition 
was satisfied in all cases. Our calculations have shown that for one 
geometry used by Hattori, Eq. (2) yielded two real roots. However, 
because one root was negligible compared with the other, the author 
was justified in using Qxy as a failure criterion. 

The special case of an homogeneous notched material (El = E2, 
v1 = u2, q51 = q52) has also been investigated [17]. The material was 
PMMA, and the concept of critical stress intensity factor was used 
successfully. 

Maximum Wedge Angle Yielding a Single Root 

Since the maximum wedge angle yielding a single root in Eq. (2) dic- 
tates whether or not a single Q k r  can be used as a failure criterion, we 
calculated it as a function of modulus ratio, using Eq. (2). The results 
are shown in Figure 3, for the general case of a wedge bonded to a flat 
substrate. For the sake of convenience, both Poisson's ratios were 
assumed to be equal to 0.3. 

It can be seen that for an infinitely rigid substrate, the maximum 
angle is 90", and remains so for a modulus ratio as high as 0.1. Above 
0.1, the maximum wedge angle yielding a single root decreases ex- 
ponentially with the modulus ratio. 

Since the modulus ratio is less than 0.1 for the most common polymer- 
to-metal bonds, and since the free edge of the adhesive usually inter- 
sects the surface of the substrate at an angle, comprised between 0" 
(fillet with perfect wetting) and 90" (molded or machined corner), we 
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FATIGUE CRACK INITIATION. PART 1 127 

h 

10 -L Q 

- 3 - 2 - 1 0 1 2 3 4 5 6  
log (EdE2)  

FIGURE 3 Maximum wedge angle yielding a single-root solution vs. modulus ratio 
(plane strain). The Poisson's ratios are assumed to be both equal to 0.3. 

conclude that for a given polymer contact angle, a single generalized Qc 
is a valid failure criterion in most cases of polymer-to-metal adhesion. 

The fact that most polymer-to-metal bonds allow use a single Qc is 
of considerable practical interest. If one had to consider the case of 
multiple roots, one would need to use both K 1  and K2 as failure crit- 
eria. This would be very inconvenient because the determination of two 
intensity factors requires much computation [18], and would introduce 
a third dimension to the failure criterion. 

Definition of the Fatigue Initiation Criterion 

The fatigue initiation criterion used in this study is a generalization of 
Hattori's. To the two axes of Hattori's criterion (A and Q), we simply 
added a third axis corresponding to the number of cycles to initiation 
(Ni). We thereby defined a 3 - 0  delamination envelope. For Ni = 1/4, 
the envelope reduces to Hattori's 2 - 0  criterion. For a fixed value of X 
(A > 0), the Q vs. Ni plot is reminiscent of the classical S-N curve, as is 
exactly the case for A + Ot. Since we limit X to the single-root region, 
another possible representation of the failure criterion is to replace X 
by the corresponding values of the adhesive angle varying from 0" to 
90". This concept is illustrated in Figure 4. 
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128 D. R. LEFEBVRE AND D. A. DILLARD 

O h - - - - - . - / "  9o OWWEDGE ANGLE(') 

LOG (NUMBER OF CYCLES 4 5 6 7  
TO INITIATION) 

FIGURE 4 Fictitious example of fatigue initiation criterion for a given bimaterial 
system (experimentally determined). Note that the 3-0 representation is possible only as 
long as a single intensity factor can be used as a failure criterion. The vertical axis may be 
used to plot either AQ or (Im,,. The surface must be experimentally determined and is 
specific to a given bimaterial system (and associated surface treatment, etc.). 

THE SPECIAL CASE OF AN EPOXY-TO-ALUMINUM 
WEDGE SPECIMEN 

The Bimaterial Wedge Specimen 

A bimaterial wedge specimen was specifically designed to obtain 
experimentally 3 - 0  fatigue initiation envelopes in Part 2 of this work 
[12]. The specimens are loaded in bending in a cantilever configuration. 
X and Q are controlled by varying the wedge angle and the applied 
force, respectively. Crack initiation is monitored using strain gages 
located near the wedge tip. Figure 5 illustrates the wedge geometries 
and the boundary conditions used in the numerical analysis. For a 
description of the experimental set-up and of the actual specimen 
dimensions, the reader is referred to the experimental part of this paper 
[12]. The goals of the specimen analysis were three-fold: 

0 Optimize the wedge angles from the X vs. wedge angle curve. 
Assess the size of the region dominated by the singularity. 

0 Develop a methodology for wedge specimen calibration (Q vs. applied 
load). Calibration will be needed in Part 2 of this paper [12]. 
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* 180 mm c 

FIGURE 5 Wedge specimens: boundary conditions. 

Analytical Solution of A vs. Wedge Angle 

Using the plane stress formulation(’) of Eq. (2), we calculated the 
non-zero values of X k ,  first in the case of an epoxy wedge bonded to 
a flat aluminum substrate and, second, in the case of an aluminum 
wedge bonded to a flat epoxy substrate. The elastic properties of the 
aluminum were El = 69 GPa and v 1  = 0.3. The elastic properties of the 
epoxy used in Part 2 were E2=3.2GPa and u2=0.35. The results are 
summarized in Figure 6, representing X as a function of wedge angle. 

From Figure 6 ,  it can be readily seen that the best way to vary X 
experimentally via the wedge angle is to use an epoxy wedge bonded to 
a flat aluminum substrate. This is also the case most relevant to real 
bonded joints. The opposite configuration is impractical, because X 
varies from 0 to 0.5 within a very narrow range of wedge angles. This 
result was experimentally verified by Voloshin et al. [19], using MoirC 
interferometry on aluminum and acrylic wedges bonded to substrates 
made of the opposite materials. 

@)Note that the plane stress assumption is reasonable throughout most of the 
specimen, except locally on the polymer side of the apex, where transverse strains are 
constrained by both the surrounding polymer and substrate. To resolve this ambiguity 
completely, one would have to perform a 3-0 analysis. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
2
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



130 D. R. LEFEBVRE AND D. A. DILLARD 

0.5 

0.4 

0.3 

?L 

0.2 

0.1 

0 
0 15 30 45 60 75 90 105 120 135 150 165 180 

@ (DEGREES) 

FIGURE 6 
1 Real Root. 2 RR: 2 Real Roots. 1 CR: 1 Complex Root. 

Order of singularity vs. wedge angle, plane stress analytical solution. 1 RR: 

Finite Element Analysis 

2 - 0  linear elastic, plane-stress, finite element modeling of the wedge 
specimens was performed with ABAQUS, using 8-node quadratic ele- 
ments. Within the design deflection range, non-linear geometric analysis 
was not found to be necessary. The boundary conditions are shown in 
Figure 5. 

In order to capture the singular behavior, meshes near the wedge 
tip were extremely refined. Figure 7 illustrates the mesh used for the 
tip of the 70" wedge specimen. With 20 quadratic elements in the radial 
direction around the tip, and a bias of 0.70, we obtained a node size of 
the order of mm at the apex of the wedge. The same mesh pattern 
around the tip was used for all angles studied. 

Interfacial Peel Stress Distribution 

The calculated distribution of interfacial peel stress, oYy, in the vicinity 
of the wedge apex is shown on a log-log scale in Figure 8. aYy was 
normalized with respect to the bending moment acting on the beam 
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10 mm 

3.175 mm 

131 

L 

I 
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1 

FIGURE 7 Mesh used to model the 70" wedge specimen. The size of the elements 
around the tip is of the order of mm. 

section located right under the apex (the vertical shear force acting on 
this beam section was ignored, because its effect on Q is insignificant). 
Five angles were studied numerically: 45", 55", 70", 90" and 120". The 
aYY stress distribution follows Eq. (1) as far as 10-'mm from the tip, 
and then drops rapidly. This is due to the fact that the epoxy acts as 
an elastic foundation for the aluminum beam, thus giving rise to an 
oscillatory far-field behavior. 

The gYY stress distribution was also calculated along all the rays 
around the wedge tip. The obtained values of X as a function of angular 
position are shown in Figure 9. X is independent of angular position. 
The small variations seen in Figure 9 are simply due to the numerical 
approximation. 

A comparison of the analytical and numerical predictions of X vs. 
wedge angle can be seen in Figure 6. The plane-stress solutions of 
Eq. (2) are compared with the plane-stress finite element predictions. 
Note that within the single root region (up to 90"), the numerical and 
analytical solutions are in excellent agreement. This is no longer true 
in the double root region (e.g., 120" wedge). This is expected, because 
curve-fitting the stress distribution from FEA to a single singular 
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FIGURE 8 
wedge angles (plane stress 2 - 0  analysis). 

Normalized interfacial peel stress distribution near the apex for several 

90' WEDGE 

0.3 

55" WEDGE 

0.1 -- - 

-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 
RAY ANGLE (DEGREES) 

FIGURE 9 
dictions. X was calculated from the peel stress distribution. 

X vs. angular position around the apex. Plane stress finite element pre- 
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term yields an "effective" X that is not necessarily close to A,,, [15]. 
A summary of the eigenvalues obtained analytically from finite 
element analysis, for a ray angle of 0" (interface), is given in Table 1. 

Size of the Singular Region for the Selected 
Specimen Geometry 

The boundary of the region dominated by the singular field was arbi- 
trarily defined as follows: On a log-log scale, the linear (singular) 
portion of the stress distribution from the apex (asymptote) was extra- 
polated to larger distances. The boundary was the distance from the 
apex, such that the difference between the stress and the singular 
asymptote was equal to 0.05 on the log-log scale. This procedure was 
repeated along each ray. Two measures of stress were used to define 
the boundary: Von Mises and the maximum principal stress. 

A map of the singular region for a 55" wedge is shown in Figure 10. 
It can be seen that for the two stress definitions used, the singular zone 
is almost the same. Its size along the interface is of the order of 100 pm. 
The same result was found for a 90" angle. Because theory predicts 
that the size of the singular zone is dependent on the far field stress, the 
obtained values are indicative only. Nonetheless, we found that in the 
range of wedge angles investigated, the size of the singular region at 
the interface was nearly constant. 

For the stress singularity approach to be applicable to failure pre- 
diction, the size of the singular zone should be significantly larger than 
the fracture process zone, intrinsic flaw size, plastic yield zone [9], and 
geometric imperfections at the apex. This means that in the experi- 
mental part of this work, we should strive to fabricate specimens with 
a tip sharpness smaller than 100 pm. 

TABLE I Comparison of the eigenvalues obtained analytically and by Finite Element 
Analysis (plane stress). The numerically-obtained eigenvalues are averages from the 
values obtained from the peel and shear stress distributions along the bimaterial 
interface 

Wedge angle 55" 70" 90" 

X (Analytical) 0.08 0.18 0.29 
X (Numerical) 0.09 0.19 0.30 
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FIGURE 10 Map of the singular region for a 55" wedge specimen (From plane stress 
finite element analysis). The size of the singular zone is comparable for 70" and 90" wedge 
angles. 

Additional finite element analysis revealed that for a given bimaterial 
system and wedge angle, the size of the singular zone scales linearly 
with the dimensions of the specimen. This is illustrated in Figure 1 1  in 
the case of a fictitious 55" bimaterial wedge specimen whose dimensions 
were varied isotropically over 4 orders of magnitudes. 

As pointed out earlier, a key assumption of the fatigue initiation 
criterion is that the plastic zone or geometrical defects near the apex be 
significantly smaller than the singular region. When designing a speci- 
men for the purpose of obtaining a singularity-based failure criterion, 
it may, therefore, be advantageous in some cases to increase the speci- 
men size. This would be particularly true when ductile adhesives are 
used, or when the cost of manufacturing corners with a sharpness 
tolerance significantly smaller than 100 pm is prohibitive. 

On the contrary, when designing a structure with the objective of 
eliminating singular behavior, the above results indicate that, in addi- 
tion to using a more ductile adhesive or rounding off corners, one also 
has the option of reducing adhesive or adherend dimensions. In the 
case of structural adhesives, for example, it would be advantageous to 
reduce bond line thickness until the plastically-yielded zone becomes 
larger than the singular zone. 
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ESTIMATION OF THE SIZE OF THE PLASTIC YIELD ZONE 

For a given polymer, the maximum possible size of the plastic yield 
zone generated at the apex of the wedge can be estimated with the 
following expression [20]: 

where: 

rp = Radius of the plastic zone 
PvM = Qc calculated from the Von Mises stress distribution (Q' is the 

critical value of the stress intensity factor) 
Oyd = Yield strength of the polymer 

X = Order of the singularity 
y = Assumption-dependent coefficient. 
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For a lower-bound estimate based on a linear elastic solution [20], 
y= 1. For a more conservative estimate analogous to that of a crack 
tip yield zone [20], y=2 .  

The relationship between the size of the plastic zone and param- 
eters Qc and uyyd is illustrated in Figure 12, in the case of a 90" epoxy- 
aluminum wedge specimen (A = 0.3). Coefficient y was assumed to be 
equal to 2. We can see that for the yield strength of our epoxy (83 MPa 
[21]), a Qc as high as 20MPa mm' will give a plastic zone almost an 
order of magnitude smaller than the singular zone. More importantly, 
we observe that for a given polymer yield strength, the plastic zone 
decreases exponentially as Q' goes down. The exponent is equal to 3.3 
in the case of a 90" wedge (Fig. 12). It is as high as 5 for a 70" wedge, 
and 10 for a 55" wedge. This rapid decrease means that even if the 
plastic zone is too large to apply the stress singularity approach at 
loads close to the static strength of the interface (high Qc, low a,,d, or 
both), it nonetheless has a good chance to be small enough at load 
levels associated with the fatigue limit. To insure that the singularity 

QW critical (MPa rnrn"') 
5 10 15 20 25 30 35 

100 

a 
L 

1 

10 YIELD STRENGTH (MPa) 100 

FIGURE 12 90" Wedge specimen: size of the plastic zone vs. yield strength of the 
epoxy, for selected values of Q' calculated from the Von Mises interfacial stress distribu- 
tion (y = 2). 
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approach is applicable, the above analysis should be repeated for every 
new case of bimaterial interface and wedge geometry. 

CONCLUSIONS 

For edge corner angles as high as 90" and for modulus ratios smaller 
than 0.1, a failure criterion independent of geometry and loading 
can be defined with a single generalized stress intensity factor. With 
a single generalized stress intensity factor, it is possible to generalize 
Hattori's 2 - 0  static criterion to define a fatigue initiation surface. This 
surface is experimentally determined and is characteristic of a given 
bimaterial system. 

For the stress singularity approach to be applicable, the size of the 
singular zone has to be larger than that of the fracture process zone, 
intrinsic flaw size, plastic yield zone [9], and geometric imperfections 
at the apex. For a given polymer yield strength, the size the plastic 
zone decreases extremely rapidly as Qc goes down. This suggests that 
we are likely to encounter situations where the singularity approach is 
applicable near fatigue limit stress levels, despite an oversized plastic 
zone at stress levels corresponding to static failure. 

The singular zone scales linearly with the dimensions of the struc- 
ture. In the case of a conventional structural joint, this means that with 
a thin enough bond line, the plastic zone near the bimaterial corners 
can theoretically be made larger than the singular region, thereby 
blunting crack initiation. 

Although a typical adhesive bond terminus does exhibit geometrical 
variations over the width of the overlap, it is locally, where the apex is 
sharpest, that initiation will tend to take place. Thus, the use of an 
idealized geometry can be useful to obtain conservative estimates of 
the fatigue life-to-initiation of structural adhesive bonds. 

In the field of electronic packaging, bimaterial interface corners 
are typically very sharp. This characteristic, combined with the fact 
that chip encapsulants and conductive adhesives are usually highly- 
filled, brittle materials, makes the stress singularity approach very 
attractive. Possible applications include durability predictions and 
design improvements for electronic components subjected to fatigue 
loadings arising from mechanical, thermal, or hygroscopic cycling. 
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