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Abstract

Surface-mount plastic encapsulated microcircuits (PEM) are susceptible to temperature- and moisture-induced fail-
ures during reflow soldering. Adhesive failures in PEMs are studied using a model problem of a ductile adhesive joining
two elastic substrates. The polymeric adhesive contains a centerline crack. The adhesive film is stressed by remote load-
ing and residual stresses. Voids in the adhesive are pressurized by rapidly expanding water vapor. The computational
study addresses three competing failure mechanisms: (i) extended contiguous damage zone emanating from the crack;
(ii) multiple damage zones forming at distances of several film thicknesses ahead of the crack; and (iii) extensive damage
developing along film–substrate interfaces. The second failure mechanism is found in low porosity adhesives, while the
first is dominant in high porosity adhesives. The first is also the likely failure mode when voids in the adhesive are sub-
jected to high vapor pressure. The third damage mechanism is operative in low porosity adhesives subjected to high
residual stress. In general, both residual stress and vapor pressure exert pronounced effects on failure modes. Vapor
pressure, in particular, accelerates voiding activity and growth of the damage zone offering insights into the catastrophic
nature of popcorn cracking.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface-mount plastic encapsulated microcircuits (PEM) are susceptible to several types of temperature-
and moisture-induced interface delamination and package cracking during the reflow soldering process.
This vulnerability arises from the hygroscopic nature of polymeric molding compounds and adhesives used
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in fabricating PEMs. When these plastic packages encounter a humid environment, moisture is absorbed
into pores and cavities of polymeric materials as well as polymer/die interfaces. During reflow soldering, the
entire plastic package is heated to temperatures as high as 220–260 �C. These temperatures exceed the glass
transition temperatures, Tg, of the adhesives and molding compounds. At such temperatures, the absorbed
moisture rapidly vaporizes into steam, raising vapor pressure to levels comparable to the yield stress of
adhesives and molding compounds. At the same time, the mismatches between the coefficients of thermal
expansion (CTE) for die/adhesive and die/molding compound interfaces are also greater when the package
temperature exceeds the respective Tgs. The high vapor pressures and thermal stresses noted above are im-
posed on adhesives and molding compounds which had experienced significant loss of mechanical strength
(related to Tg effects). This scenario presents one particular set of conditions under which the voids grow
rapidly leading to film rupture and interface delamination. When the crack reaches the package exterior,
the high-pressure water vapor is suddenly released, producing an audible pop sound. This mechanism of
failure is termed as popcorn cracking (Fukuzawa et al., 1985).

Three distinct types of temperature- and moisture-induced popcorn cracking have been reported for
PEMs (Omi et al., 1991; see Fig. 1). In type I, the package crack originates from the die pad/molding com-
pound interface delamination. In type II, the package crack originates from the die attach/die pad interface
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Fig. 1. Schematic of three types of package cracks. (a) Type I; (b) Type II; (c) Type III.
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delamination. Type III refers to package crack originating from the die surface/mold compound interface
delamination. Of the three, type II package cracking is least reported and understood. This study aims to
gain some understanding of type II cracking, with particular attention to vapor pressure and residual stress
effects on die attach failure.

Computational studies of interface delamination and failure taking account of vapor pressure effects
were made by Cheng and Guo (2003) and Chong et al. (2004). They showed that vapor pressure effects
are manifested in several ways: high vapor pressure within cavities accelerates void growth and coalescence;
vapor pressure exerts tractions on the crack faces as well as shifts interface mode mixity from shear-dom-
inated to tensile-dominated stress fields; vapor–pressure induced crack driving force is an increasing
function of the crack size. Acting simultaneously, they cause interface delamination and failure exhibiting
brittle-like characteristics which lead to popcorn cracking.

This paper continues the study begun by Guo and Cheng (2003). Using the centerline crack model of
Varias et al. (1991), they investigated vapor pressure effects on failure of polymeric adhesives. The study
described the interplay between stress elevation induced by constrained plastic flow and stress relaxation
associated with vapor pressure assisted void growth and coalescence. Voiding activity takes place through
three competing failure mechanisms: near-tip void growth and coalescence with the crack; void growth with
formation of an extended damage zone emanating from the crack; and rapid void growth at large distances
ahead of the crack leading to formation of multiple damaged zones. In their work, Guo and Cheng used a
‘‘partially porous adhesive’’ model wherein damage was confined to a well-delineated zone in the adhesive,
viz. a single row of void-containing cells deployed directly ahead of the crack. Some background to the
model can be found in Xia and Shih (1995).

Typical polymeric adhesives contain numerous pores and cavities (e.g. Trigg, 2003). This suggests that
the whole polymeric adhesive could be treated as a porous material for purposes of studying damage arising
from void growth and coalescence. Moreover, related studies showed that crack growth can occur at the
crack front or along film/substrate interfaces (e.g. Chowdhury and Narasimhan, 1995, 2000a). Thus it ap-
pears that competition between different failure mechanisms could not be addressed by the partially porous
adhesive model used in previous studies. Guided by these observations, the present study makes use of a
‘‘fully porous adhesive’’ model where pre-existing voids are distributed throughout the adhesive. Using this
model, we investigate how adhesive porosity, vapor pressure and residual stress affect the outcome among
competing failure mechanisms. The porous adhesive is described by an extended Gurson model incorporat-
ing vapor pressure effects (Guo and Cheng, 2001, 2002; Cheng and Guo, 2003).
2. Problem formulation

This work addresses symmetrically loaded joints. The adhesive contains a centerline crack which is long
compared to the thickness of the adhesive as well as the extent of the plastic zone that develops in the adhe-
sive. Under these conditions, the asymptotic problem shown in Fig. 2 is applicable. The centerline crack is
taken to be semi-infinite and is loaded remotely by the symmetric Mode I K-field.

2.1. Material model

Around the glass transition temperature, Tg, certain polymers including epoxies behave like elastic–
plastic solids exhibiting extensive ductility and hardening. Above Tg, large viscoelastic or viscoplastic defor-
mations are possible (Gibson and Ashby, 1997, Chapter 3). Steenbrink et al. (1997) investigated void
growth in glassy polymers that exhibit intrinsic softening and progressive strain hardening at large strains.
Li and Pan (1990a,b) and Dong and Pan (1991) showed how pressure sensitivity affects hydrostatic stress
levels ahead of the crack as well as the plastic zone size and shape in polymeric materials. Chowdhury and



Fig. 2. An adhesive (with a centerline crack) bonded to two elastic substrates subject to remote elastic KI field.

4798 H.B. Chew et al. / International Journal of Solids and Structures 42 (2005) 4795–4810
Narasimhan (2000a,b) found that the degree of pressure sensitivity could change the stress and deformation
fields in a polymeric adhesive. They also showed that the fracture toughness of polymeric adhesives is en-
hanced as the degree of pressure sensitivity increases. A study of porous plastic solids exhibiting pressure
sensitivity is in progress. In the present work, we assume that the adhesive at reflow conditions can be de-
scribed as a rate-independent elastic power-law hardening material.

The joint comprises a ductile adhesive of thickness h joining two elastic substrates. The two substrates
have identical properties. They are elastic isotropic materials with Young�s modulus, Es, and Poisson�s ra-
tio, ms.

The adhesive is elastically isotropic with Young�s modulus E and Poisson�s ratio m. The plastic response
of the adhesive is characterized by a J2 flow theory (isotropic hardening based on Mises yield condition).
The uniaxial tensile stress–strain behavior of the adhesive is described by a true stress–logarithmic strain
relation
e ¼ r
E
; r < r0;

e ¼ r0

E
r
r0

� �1=N

; r P r0;
ð1Þ
where r0 is the initial yield stress in tension, and N the strain hardening exponent.
Voids are distributed throughout the adhesive. To this end, the adhesive is modeled by several rows of

void-containing cell elements. The behavior of the cell elements is described by the Gurson flow potential U
(Gurson, 1977; Tvergaard, 1990) extended to take account of vapor pressure p (Guo and Cheng, 2002). It
has the form:
U ¼ re

rM

� �2

þ 2q1f cosh
3q2 rm þ pð Þ

2rM

� �
� 1þ q1fð Þ2
h i

¼ 0; ð2Þ
where re denotes the equivalent macroscopic stress, rm the mean macroscopic stress and rM the flow stress
of the matrix as determined by Eq. (1).
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The vapor pressure, p, is a new internal variable given by
p
p0

¼ T
T 0

f0
f

1� f
1� f0

e�3aDT ; ð3Þ
which relates the current state (p, f,T) to the initial state (p0, f0,T0). In the above, a is the coefficient of
thermal expansion (CTE), DT is the temperature rise relative to the reference temperature T0, and f is
the current void volume fraction which obeys the volumetric plastic strain rate relation
_f ¼ ð1� f ÞtrdP: ð4Þ

In our isothermal analysis, we take DT = 0. The micromechanics parameters q1 and q2 were introduced

by Tvergaard (1990) to improve model predictions for periodic arrays of cylindrical and spherical voids,
and are taken to be 1.25 and 1 respectively (Faleskog et al., 1998).

The initial residual stress rR in the ductile adhesive is prescribed by imposing the components of initial
strain
e11 ¼ e33 ¼ � 1� m
E

rR; e22 ¼
2m
E

rR ð5Þ
in the film. This induces an in-plane, equi-biaxial residual stress
r11 ¼ r33 ¼ rR; r22 ¼ 0: ð6Þ

This modeling is supported by WARP3D (Gullerud et al., 2002) which provides the capability to define

anisotropic thermal expansion coefficients for each element in the model. When the imposed element tem-
peratures are unity, the expansion coefficients correspond to the initial strains applied at the onset of the
analysis.

2.2. Boundary value problem

Fig. 3 displays the finite element model. By exploiting the symmetry of the crack geometry and the load-
ing, we model only the upper half of the geometry shown in Fig. 2. The adhesive thickness h is equal to 8D.
Along the remote circular boundary, R = 1000h, the elastic asymptotic Mode I in-plane displacement fields
u1ðR; hÞ ¼ KI

1þ ms
Es

ffiffiffiffiffiffi
R
2p

r
ð3� 4ms � cos hÞ cos h

2
;

u2ðR; hÞ ¼ KI

1þ ms
Es

ffiffiffiffiffiffi
R
2p

r
ð3� 4ms � cos hÞ sin h

2

ð7Þ
are prescribed. Here R2 ¼ X 2
1 þ X 2

2 and h = tan�1(X2/X1) for points on the remote boundary. Edge loads at
the ends of the ductile adhesive are neglected since the error introduced is small (Tvergaard and
Hutchinson, 1996).

The computations are carried out using a three-dimensional finite element program WARP3D (Gullerud
et al., 2002). The finite element computational model consists of 2257 three-dimensional, 8-node linear
elements (two-dimensional plane strain elements are not included in the element library offered by
WARP3D). Plane strain conditions are achieved by prescribing out-of-plane displacements on all the nodes
to vanish. The upper half of the adhesive is modeled by eight rows of void-containing cell elements, each of
dimension D/2 by D/2 (see Fig. 3c). Each cell element has a void of initial volume fraction f0 associated with
initial vapor pressure p0. Hereafter, this computational model is referred to as the fully porous adhesive
(FPA) model.

For comparison purposes, computations were also performed in which void growth is confined to a
narrow zone directly ahead of the crack. In this case, only one row of void-containing cell elements, each
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Fig. 3. Finite element mesh for small scale yielding analysis. (a) Mesh of outer region. (b) Refined mesh of inner region. (c) Near-tip
mesh with several layers of void-containing cell elements (D/2 by D/2). Cell is characterized by f0 and p0.
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of dimension D/2 by D/2, is deployed ahead of the crack. This partially porous adhesive (PPA) model is
similar to the geometric models employed by Guo and Cheng (2003) for damage evolution simulations
and by Xia and Shih (1995) for crack growth studies. The void-free adhesive material is described by (1).

For the crack geometry depicted in Fig. 2, Irwin�s relation between the stress intensity factor KI and the
energy release rate G for a plane strain crack in an elastic solid is
G ¼ 1� m2s
Es

K2
I : ð8Þ
Small-scale yielding conditions prevail when the plastic zone size in the adhesive is small compared to
the distance to the remote boundary R. In this case, the J-integral can be interpreted as the remote/applied
energy release rate G. At various stages of loading, the value of the J-integral is calculated on a number of
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contours around the crack using the domain integral method (Moran and Shih, 1987). The domain integral
value is found to be in good agreement with the value given by (8). This consistency check assures that
small-scale yielding conditions are satisfied.
3. Results and discussion

From dimensional considerations, the spatial distribution of field quantities rm/r0 and f depends on the
following dimensionless geometric-material parameters:
J
r0h

;
h
D
;

r0

E
;
Es

E
;N ; m; ms; f 0;

p0
r0

;
rR

r0

: ð9Þ
The properties of the elastic–plastic adhesive are specified by the parameters r0/E = 0.01, m = 0.4, and
N = 0.1. A typical level of elastic modulus mismatch between the adhesive and the substrate considered
is Es/E = 10, with ms = 0.3. In this study, we direct attention to the process related parameters below:
f0;
p0
r0

;
rR

r0

: ð10Þ
Estimates of f0 for typical adhesives and molding compounds, based on moisture analyses, range from
1% to 5% (Galloway and Miles, 1997). Studies by Liu and Mei (1995) suggest that vapor pressures can
reach 3–6 MPa during the reflow process. Such levels are comparable to the yield stresses of adhesives
and molding compounds at Tg (Gibson and Ashby, 1997). Other studies indicate that the thermal expan-
sion mismatch between the adhesive and the die can generate stresses exceeding the yield strength of the
adhesive (Evans and Hutchinson, 1995; Tvergaard and Hutchinson, 1996).

Guided by the above, initial porosities f0 of 1% and 5%, initial vapor pressure p0 = r0, and residual stress
rR = r0 will be considered in the present work. In most of the cases reported here voiding develops primar-
ily in the zone directly ahead of the crack. For such cases, the mean stress and void volume fraction dis-
tributions along the midplane of the adhesive layer (at X2 = 0) are displayed. When voiding occurs near
the adhesive/substrate interface, the fields along the interface (at X2 = 0.5h) are shown.

3.1. Failures of low and high porosity adhesives

Sources that contribute to the initial porosity of an adhesive include the pre-existing pores/cavities in the
adhesive and filler particles that are weakly bonded to the polymeric matrix. We begin by presenting results
for the fully porous adhesive (FPA).

Fig. 4a displays the evolution of f for a low porosity adhesive, f0 = 0.01, under pure remote loading. At
applied load of J/(r0h) = 0.082, the solid line labeled 0.082 shows voids adjacent to the crack tip growing
rapidly with near-tip f reaching about 0.1. At the same time, a second and smaller peak (f = 0.03) in void
activity can be found at distance X1 = 1.5h ahead of the crack. When the load is increased slightly to
J/(r0h) = 0.089, there is a sudden burst in void activity. Voids in the vicinity of X1 = 1.5h grow rapidly
to levels well beyond f = 0.1. At even higher loadings not shown here, the highly damaged zone centered
about X1 = 1.5h joins with the crack front. Concurrently, new zones of voiding are formed even further
ahead of the crack.

To provide a more complete picture of the above sequence of void activity, we examine the stress profiles
corresponding to J/(r0h) = 0.082, and 0.089 shown in Fig. 4b. The solid line labeled 0.082 shows the build
up of the mean stress associated with constrained plastic flow. At a higher load level of J/(r0h) = 0.089,
stresses in vicinity of X1 = 1.5h fall sharply. The stress relaxation, extending over a spatial interval of about
2h, is associated with rapid void growth centered about X1 = 1.5h shown in Fig. 4a. The solid lines in
Fig. 4a and b depict the interplay between stress elevation induced by constrained plastic flow and stress
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Fig. 4. Porosity f and mean stress rm/r0 ahead of crack (X2 = 0); f0 = 0.01, remote load only.
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relaxation associated with extensive void growth. The figure also shows that voiding occurs in a particular
sequence—voiding begins near the crack tip followed by accelerated void growth at large distances ahead of
the crack. This voiding pattern is referred to as ‘‘multiple damage zone’’ mechanism.

At this juncture, we make contact with work by Guo and Cheng�s (2003) on adhesive failure. The poros-
ity distribution shown by the dashed curves in Fig. 4a and b are obtained using the partially porous adhe-
sive (PPA) model. It is noteworthy that the sequence of voiding and its patterns (dashed lines) for the PPA
are similar to those for the FPA (solid lines). However, at comparable load levels, the PPA model overes-
timates the damage ahead of the crack.

Fig. 5 presents results for a high porosity adhesive, f0 = 0.05. Results for the FPA are taken up first. A
zone of voiding emanates from the crack at low load—see solid curve labeled by 0.044 in Fig. 5a. The cor-
responding stress distribution is shown in Fig. 5b—see solid curve labeled by 0.044. As the load increases,
voids further ahead of the crack also grow by significant amounts—see solid curve labeled by 0.066. The
stress relaxation associated with this pattern of voiding shifts the peak stress location further ahead of
the crack—from X1 = 0.5h to X1 = 3h. The distance between the peak stress location and the crack tip
demarcates the physical extent of the damage zone. At J/(r0h) = 0.066, the damage zone extends over a
distance 3h ahead of the crack. This pattern of adhesive failure is referred to as ‘‘contiguous damage zone’’
mechanism.
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Fig. 5. Porosity f and mean stress rm/r0 ahead of crack (X2 = 0); f0 = 0.05, remote load only.
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Void growth and stress distributions predicted by the PPA model are shown by dashed lines in Fig. 5.
While the pattern of voiding is similar to that for the FPA model, the PPA model overestimates damage
levels directly ahead of the crack.

The porosity profiles in Figs. 4 and 5 reveal a crucial character of adhesive damage. The damage zone
size is a non-linear function of the applied load—a small load increment can cause a disproportionately
large increase in the damage zone size. For example, a 50% increase in the load (from 0.044 to 0.066) pro-
duces a sixfold increase in the size of the damage zone (from 0.5h to 3h, see Fig. 5).
3.2. Temperature/moisture effects on failures of low porosity adhesives

Vapor pressure and residual stress effects on damage in low porosity adhesives are taken up here. High
residual stresses, comparable to the adhesive�s yield strength, are not uncommon in IC packages where
adhesives are deposited at elevated temperatures. Evans and Hutchinson (1995), Huang et al. (1996) and
Guo and Cheng (2001) have discussed residual stress effects on voiding and interface cracking. Tvergaard
and Hutchinson (1996) showed that residual tensile stresses in a ductile adhesive can lower the joint tough-
ness significantly.
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Moisture resides in pores and cavities of adhesives as well as at adhesive/particle and adhesive/die inter-
faces. During the reflow soldering process, the condensed moisture vaporizes. The rapidly expanding water
vapor generates internal pressures (on the voids) that can reach 3–6 MPa. These levels are comparable to
the yield strengths of the adhesives when the reflow soldering temperature exceeds the adhesive�s Tg. Chew
et al. (2004) have studied the combined effect of vapor pressure and residual stress on joint toughness.

We begin by presenting the results for a low porosity adhesive, f0 = 0.01. The stress arising from thermal
expansion mismatch between the adhesive and the substrate is treated as an initial residual tensile stress of
magnitude rR = r0. Rapid vaporization of moisture at high temperature introduces an initial vapor pres-
sure on the void of magnitude p0 = r0.

Fig. 6a displays the damage distribution, at J/(r0h) = 0.060, under four types of loading: (i) remote load
only; (ii) remote load with vapor pressure (p0 = r0); (iii) remote load with residual stress (rR = r0); (iv)
remote load with vapor pressure and residual stress (p0 = rR = r0). With the exception of loading type
(iii), damage by void growth under the other three load types is concentrated in the zone directly ahead
of the crack.
(a)

(b)

Fig. 6. Porosity f ahead of crack (X2 = 0) and along adhesive/substrate interface (X2 = 0.5h) under four types of loading. f0 = 0.01,
(i) remote load only; (ii) p0 = r0, rR = 0; (iii) rR = r0, p0 = 0; (iv) p0 = rR = r0.
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Fig. 6b shows the damage distribution at J/(r0h) = 0.088. As noted in the previous section in connection
with Fig. 4, the multiple damage zone mechanism prevails under load type (i). Contiguous damage zones
are formed under load types (ii) and (iv).

Under load type (iii), voids near the mid-plane (X2 = 0) experienced relatively little growth whereas voids
at the adhesive/substrate interface grow rapidly. The dash lines in Fig. 6a and b depict the progression of
voiding at the adhesive/substrate interface (X2 = 0.5h).

Fig. 7 displays contour maps of void activity associated with load types (i)–(iv). Three distinctive damage
patterns can be seen. The topmost plot displays contours of f = 0.05 under load type (i). At J/(r0h) = 0.070
voiding occurs near the tip. At J/(r0h) = 0.088, intense voiding activity develops far ahead of the crack with
the new damage zone being centered about X1 = 1.5h (compare with profile of solid line in Fig. 6b). At even
Fig. 7. Contours of f = 0.05 for J/(r0h) = 0.070 and J/(r0h) = 0.088 under four types of loading. f0 = 0.01, (i) remote load only;
(ii) p0 = r0, rR = 0; (iii) r R = r0, p0 = 0; (iv) p0 = rR = r0.
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higher loads, additional zones of void activity form even further ahead of the crack. This pattern of voiding
has been referred to as multiple damage zone mechanism.

The second and fourth plots show extended damage zones emanating from the crack at J/(r0h) = 0.070
and 0.088. The voiding pattern that develops under load type (ii) and (iv) belong to the contiguous damage
zone mechanism.

The third plot shows void growth occurring near the crack tip as well as along the adhesive/substrate
interfaces under load type (iii). At both load levels, J/(r0h) = 0.070 and 0.088, voiding occurs primarily
along the adhesive–substrate interface with peak porosities developing at about 45� to the initial crack tip.
(a)

(b)

(c)

Fig. 8. Mean stress under four types of loading for f0 = 0.01. (a) and (b) Stress ahead of crack (X2 = 0); (i) remote load only;
(ii) p0 = r0, rR = 0; (iv) p0 = rR = r0. (c) Stress along adhesive/substrate interface (X2 = 0.5h); (iii) rR = r0, p0 = 0.



H.B. Chew et al. / International Journal of Solids and Structures 42 (2005) 4795–4810 4807
The centerline crack offers a model problem to study fracture under constrained plastic flow. A change in
the initial crack-tip configuration would affect the evolution of stress triaxiality which in turn influences the
mechanisms of damage. The implications of this geometrical effect will be discussed in a future study.

It is noteworthy that the four plots in Fig. 7 display a common trend.A small load increase induces a dispro-
portionately large increase in the size of the damage zone. In other words, small load variations with time can
cause rapid damage propagation. This behavior could explain the catastrophic nature of popcorn cracking.

Stress distributions ahead of the crack (X2 = 0) associated with load types (i), (ii) and (iv) at load levels J/
(r0h) = 0.060 and 0.088, are displayed in Fig. 8a and b respectively. Fig. 8c shows the stresses at the inter-
face (X2 = 0.5h) under load type (iii). The patterns of stress elevation/relaxation displayed in Fig. 8 are con-
sistent with the voiding patterns shown in Figs. 6 and 7.

3.3. Temperature/moisture effects on failures of high porosity adhesives

We present results for a high porosity adhesive, f0 = 0.05, in this section. Fig. 9a and b display the void-
ing profiles at J/(r0h) = 0.050 and 0.070, respectively. Voiding activity, under all four load types, is concen-
(a)

(b)

Fig. 9. Porosity f ahead of crack (X2 = 0) under four types of loading. f0 = 0.05, (i) remote load only; (ii) p0 = r0, rR = 0; (iii) rR = r0,
p0 = 0; (iv) p0 = rR = r0.



(a)

(b)

Fig. 10. Mean stress ahead of crack (X2 = 0) under four types of loading. f0 = 0.05, (i) remote load only; (ii) p0 = r0, rR = 0;
(iii) rR = r0, p0 = 0; (iv) p0 = rR = r0.
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trated in the zone directly ahead of the crack. The pattern of voiding belongs to the contiguous damage
zone mechanism.

Fig. 10 shows stress elevation/relaxation under the four load types. The stress distributions for load
types (i) and (iii) display the elevation/relaxation characteristics seen in Figs. 5 and 8. By contrast stress
distributions, associated with load types (ii) and (iv), over the entire damage zone are relatively uniform.
This suggests that stress relaxation is balanced by stress elevation—a behavior that appears to be peculiar
to high porosity adhesive subjected to high vapor pressure.
4. Concluding remarks

This work is aimed at understanding die attach failure during reflow soldering, commonly referred to as
a type II failure, and how it could lead to popcorn cracking. With this in mind, the computational study is
focused on a ductile polymeric adhesive joining two elastic substrates paying particular attention to failure
mechanisms which are precursors to popcorn cracking. We observe that ductile polymeric adhesives can fail
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by one of three damage mechanisms: (i) contiguous damage zone emanating from the crack; (ii) multiple
damage zones forming at distances of several adhesive thicknesses ahead of the crack; and (iii) extensive
damage zone advancing along the adhesive/substrate interfaces. Our results show a common character—
the damage zone size is a non-linear function of the applied load. That is, a small increase in load can in-
duce a disproportionately large increase in the size of the damage zone. Experimental studies on type II
package cracking have shown that plastic packages could fail by interface delamination and/or rupture
of the die-attach layer (e.g. Alpern et al., 2002; Tay and Lin, 1999; Pang and Seetoh, 1997; Pang et al.,
2002). The numerically simulated behaviors are consistent with these experimentally observed failure
mechanisms.

The multiple damage zone mechanism is operative in low porosity adhesives, while a rapidly advancing
contiguous damage zone emanating from the main crack is found in high porosity adhesives. The latter
mechanism is also favored when the voids are subjected to high vapor pressure. In low porosity adhesives,
residual stress enhances damage near the adhesive/substrate interface.

Our computational results indicate that residual tensile stress and in particular vapor pressure accelerate
voiding activity as well as the growth of the damage zone. This behavior offers an explanation for the cat-
astrophic nature of popcorn cracking. In low porosity adhesives, f0 = 0.01, residual stress effects dominate
over vapor pressure effects. In high porosity adhesives, f0 = 0.05, vapor pressure effects are dominant. The
operative mechanism appears to depend on the porosity level of the adhesive as well as the relative propor-
tion of remote load to residual stress and vapor pressure.

The fully porous adhesive model used in this study appears capable of simulating all three failure mech-
anisms noted above under a wide range of conditions. With one important exception, the partially porous
adhesive model correctly predicts voiding and stress patterns in both low and high porosity adhesives.
However it generally overestimates the damage level ahead of the crack. We should point out that porosity
distributions in typical adhesives are likely to be non-uniform. In this regard, the FPA and the PPA models
can be viewed as two limits of a large set of possible non-uniform initial porosity distributions. A study of
failure mechanisms in adhesives with non-uniform initial porosity distribution is in progress.
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