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Analysis of Interfacial Cracking in
Flip Chip Packages With
Viscoplastic Solder Deformation
This paper examines the modeling of viscoplastic solder behavior in the vicinity of inter-
facial cracking for flip chip semiconductor packages. Of particular interest is the rela-
tionship between viscoplastic deformation in the solder bumps and any possible interface
cracking between the epoxy underfill layer and the silicon die. A 3-D finite element code,
developed specifically for the study of interfacial fracture problems, was modified to study
how viscoplastic solder material properties would affect fracture parameters such as
strain energy release rate and phase angle for nearby interfacial cracks. Simplified two-
layer periodic symmetry models were developed to investigate these interactions. Com-
parison of flip chip results using different solder material models showed that viscoplastic
models yielded lower stress and fracture parameters than time independent elastic-plastic
simulations. It was also found that adding second level attachment greatly increases the
magnitude of the solder strain and fracture parameters. As expected, the viscoplastic and
temperature dependent elastic-plastic results exhibited greater similarity to each other
than results based solely on linear elastic properties. !DOI: 10.1115/1.1649242"

Introduction
Solder joint integrity is recognized as a key issue in the reli-

ability of Flip Chip #FC$ and Ball Grid Array #BGA$ Integrated
Circuit #IC$ Packages. In a flip chip package, the silicon die’s tiny
solder joints are bonded directly to a substrate, which is usually a
polymeric composite. In addition, the bond is further reinforced
with epoxy underfill that encapsulates the solder joints. This tech-
nology is used in applications where high pin count density is
needed. The relatively large coefficient of thermal expansion
#CTE$ mismatch between the die and the substrate can result in
high shear and peeling stresses at the corner fillets and edges of
the package. Under certain conditions, these stresses are of suffi-
cient magnitude to cause the interfaces to delaminate. A typical
failure pattern observed in flip chip packages during thermal cy-
cling, is initial interface delamination, usually between the silicon
die and the underfill, followed by fatigue failure of the solder
joints. Thus, the two mechanical failure mechanisms that are of
primary concern when accessing the reliability of flip chip pack-
ages are: 1$ interface cracking and 2$ failure due to excessive and
repeated solder deformation. Clearly, the two failure mechanisms
can be interrelated, especially when interface cracking is in close
proximity to the solder connections.
Solder joint reliability and the associated modeling techniques

for life prediction in flip chip packages have been extensively
studied, e.g., !1–10". The vast majority of this research has fo-
cused on solder deformation in uncracked flip chip packages using
both 2-D and 3-D finite element models. A smaller subset of the
flip chip reliability literature has examined solder joint failure
coupled with nearby interfacial cracking !11–14". The finite ele-
ment models used in these studies have been essentially two-
dimensional, i.e., plane strain. The problem with a plane strain
formulation is that all displacements normal to the cross-section
of the package are zero. In thermal stress problems, this constraint
can cause a large stress component normal to the plane, which in
turn may unrealistically affect the conditions for yielding and con-
tinued plastic deformation. Unfortunately, a more realistic full 3-D
model of the solder structures in the package also requires the
introduction of a 3-D interface crack into the solder/crack interac-

tion model. Since most techniques readily available for modeling
cracks using the finite element method require a refined and fo-
cused mesh at the crack tip, the resulting 3-D fracture model can
represent a significant computational challenge. Enriched crack tip
element formulations !15–17" offer an alternative approach for
modeling interface cracks that do not require any special crack tip
meshing. In !18", Ayhan and Nied studied 3-D interaction effects
for various types of interface cracks approaching solder connec-
tions in a flip chip package. However, in !18", the solder was
modeled as a temperature dependent elastic-plastic material, not a
viscoplastic material.
In this paper the same 3-D enriched crack tip formulation out-

lined in !17,18" is utilized, with the addition of localized visco-
plastic solder behavior. Since this study is primarily concerned
with examining viscoplastic effects, a number of simplifications
were made concerning the geometry of the finite element model.
For example, Fig. 1 depicts a two-layer slice model used in this
study to model the flip chip geometry. In this model, the solder
bumps are simply modeled as curved ‘‘blocks’’ and not quasi-
spherical or cylindrical structures. In general, solder ‘‘bumps’’
have complex elongated shapes with reentrant corners at their
upper and lower attachment points. The precise contact angle for
the joint depends on solder surface tension, surface wetting, and
any additional deformation that may occur during cool-down fol-
lowing solder reflow. Detailed localized stresses depend critically
on the stress concentrations at these points. However, average
stresses through the center plane of the solder bump are not af-
fected by these geometric details. ‘‘Extruding’’ a planar model in
the out-of-plane direction #as depicted in Fig. 1$ greatly simplifies
creation of the two-layer slice model, with both the back and front
planes of this model representing planes of periodic symmetry.
For example, the back plane in Fig. 1 passes through the center
plane of the solder bumps, while the front surface of the model is
located on a symmetry plane passing though the underfill material
separating two rows of solder bumps. In the 3-D model depicted
in Fig. 1, nodes located on the front surface of the model are
constrained to have the same out-of-plane (z) displacement. Thus,
unlike plane strain models, thermal expansion is permitted in the
out-of-plane direction. It has been shown that such models are
very effective for simulating 3-D stress states in the central region
of various semiconductor packages, e.g., !18–20".
Viscoplastic models have been successfully used to provide es-
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timates of solder bump fatigue life based on empirical relation-
ships that utilize accumulated creep strains or inelastic strain en-
ergy density per load cycle !19–24". In addition, fatigue life
estimates for cracks growing on interfaces can be calculated using
empirical relationships based on crack growth rates as a function
of cyclic changes in the strain energy release rate (%G), for given
ratios of mode II to mode I stress intensity factors. For example,
Snodgrass et al., !25", provide relevant crack growth data for
polymer/silica interfaces subjected to various environmental con-
ditions. Comparison of life estimates based on these different fail-
ure mechanisms, i.e., solder fatigue and interfacial crack growth,
provides a powerful methodology for predicting package reliabil-
ity. However, this approach relies heavily on accurate numerical
simulation of viscoplastic deformation in solder, as well as simul-
taneous calculation of interface fracture parameters, i.e., strain
energy release rate and stress intensity factors.

Interfacial Crack FEM Using Enriched Elements
In this study, enriched crack tip elements are used to accurately

compute stress intensity factors along a 3-D crack front. The en-
riched finite element formulation for interface crack problems is
an extension of concepts introduced by Benzley !26" for conven-
tional isotropic fracture problems. Application of the enrichment
technique to interfacial fracture problems is relatively straightfor-
ward for two-dimensional problems once the asymptotic crack tip
displacement and strain fields have been derived. For example,
enriched crack tip elements have been formulated for interface
cracks between dissimilar isotropic !15" and orthotropic !16" me-
dia. The enriched crack tip elements contain the closed-form
asymptotic solutions for displacements and strains in addition to
the usual polynomial interpolation functions. Following this ap-
proach, the stress intensity factors are additional degrees of free-
dom computed directly in the same manner as the nodal displace-
ments. One advantage of this approach is that there is no need for
a special crack tip mesh, e.g., refined ‘‘tunnel’’ mesh or relocation
of nodes to obtain singular stresses. As long as the enriched ele-
ments are properly integrated and transition elements are used to
maintain displacement compatibility, automatically generated, un-
refined meshes are adequate for highly accurate results.
In !27,28" these concepts were extended to 3-D crack problems.

The expressions for the displacement field for enriched 3-D ele-
ments are given by !27"

u#& ,' ,($!)
j!1

r

N j#& ,' ,($u j"Z0#& ,' ,($*KI#+$F1#& ,' ,($

"KII#+$G1#& ,' ,($"KIII#+$H1#& ,' ,($, (1)

v#& ,' ,($!)
j!1

r

N j#& ,' ,($v j"Z0#& ,' ,($*KI#+$F2#& ,' ,($

"KII#+$G2#& ,' ,($"KIII#+$H2#& ,' ,($, (2)

w#& ,' ,($!)
j!1

r

N j#& ,' ,($wj"Z0#& ,' ,($*KI#+$F3#& ,' ,($

"KII#+$G3#& ,' ,($"KIII#+$H3#& ,' ,($,. (3)

In Eqs. #1$–#3$, u j , v j and wj represent the r unknown nodal
displacements and Nj(& ,' ,() are the conventional element shape
functions in terms of the element’s local coordinates #&,',($.
KI(+),KII(+),KIII(+) represent the mode I, II, and III, stress
intensity factors varying along the crack front defined by the in-
terpolation functions Ni(+). For a 20-noded hexahedron, with
three crack tip nodes, the stress intensity factors are interpolated
using the quadratic polynomial shape function associated with the
displacements at these same nodes. In the enriched crack tip ele-
ment Z0 is identically equal to 1. However, in elements adjacent
to the crack tip elements, Z0 plays the role of a ‘‘zeroing func-
tion,’’ providing inter-element compatibility between the crack tip
elements and the regular elements that surround the enriched ele-
ments !27". In a typical transition element, Z0!1 at all points
where the transition element is in contact with a crack tip element,
and is zero along sides, edges and points coincident with regular
isoparametric elements.
The functions Fi , Gi , and Hi , contain the asymptotic terms,

that when multiplied by the constant KI ,KII ,KIII , form the
asymptotic crack tip displacements. For example, these terms are
given in !15" for an interface crack between two isotropic mate-
rials. It is well known that the singular, elastic stress field near the
tip of an interface crack is different than a crack in a homoge-
neous material, exhibiting an oscillatory behavior close to the
crack tip. The singular stress field for an interface crack is given
by

- i j!
1

!2.r
*Re!Kri/"-̃ i j

I #0 ,/$

"Im!Kri/"-̃ i j
II#0 ,/$"KIII-̃ i j

III#0$, (4)

where i!!#1 and r , 0 define polar coordinates in a local coor-
dinate system perpendicular to the crack front. In Eq. #4$ the com-
plex stress intensity factor K is defined as KI"iKII and -̃ i j’s are
the angular stress variation terms for different modes of loading.
The complex power in Eq. #4$ depends on the properties of the
constituent interface materials, through the oscillatory index /,
given by

/!
1
2.

ln!1#1

1"1" . (5)

In Eq. #5$ 1 is the second Dundurs’ parameter. Dundurs’ param-
eters, used to characterize bimaterial problems, are defined by

2!
31#42"1 $#32#41"1 $

32#41"1 $"31#42"1 $
, 1!

31#42#1 $#32#41#1 $

32#41"1 $"31#42"1 $
(6)

with 3 the shear modulus and 4!3–45 #5 is Poisson’s ratio$. The
subscripts for 3, 4, and 5 in #6$ identify the different materials on
either side of the interface. In !28" example 3-D interface fracture
results are presented for interface cracks between silicon and ep-
oxy using the enriched finite element procedure described above.

Fig. 1 Schematic diagram of two layer flip chip model
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For the silicon/epoxy materials used in this study #see Table 1$,
Dundurs’ parameters are given by 2!0.9270, 1!0.2333 and the
oscillatory index /!#0.0756.

Viscoplastic Model
A variety of viscoplastic constitutive models have been devel-

oped to simulate creep deformation behavior in solder. Since elec-
tronic packages are subjected to thermal cycling conditions that
often result in relatively short stress relaxation times, viscoplastic
models that include transient #primary creep$ behavior are gener-
ally preferred over simple steady state creep models. For example,
assuming a von Mises yield criterion, Lau !29", provides curve fits
to solder data, obtained from extensive testing on a number of
different solder alloys, using the following viscoplastic #time de-
pendent plasticity$ relationship for the uniaxial equivalent creep
strain rate d/c /dt

d/c
dt !

d/s
dt #1"C5C6 exp##C5/̄VP$$, (7)

where d/s /dt represents the uniaxial equivalent steady state creep
strain rate given by,

d/s
dt !C1!sinh#C2-$"C3 exp##C4 /T $. (8)

In Eqs. #7$ and #8$, /̄VP is the effective transient viscoplastic creep
strain, - the effective stress, and T the absolute temperature in
degrees Kelvin. The six constants in Eqs. #7$ and #8$ are repro-
duced from !29" in Table 2. In this study, the finite element imple-
mentation of the viscoplastic model implied by Eqs. #7$ and #8$,
closely follows the procedure outlined in !30". The total strain is
assumed to be the sum of the elastic, thermal and viscoplastic
creep strains, i.e.,

/T!/e"/Th"/c (9)
The finite element solution for the nonlinear system of equations
is essentially the same approach developed for incremental plas-
ticity, where implicit time integration is used and at each time
increment, load equilibrium is reestablished through successive
iterations. Specific details related to the finite element formulation
used in this study are given in !30,31".

Flip Chip Model
A flip chip model with interfacial cracks will be used to dem-

onstrate computation of time dependent stress intensity factors,
coupled with the solder creep behavior. For simplicity, the model
used in this study is a periodic symmetry model consisting of two
layers, one of which contains solder bumps and underfill, while
the other layer contains only underfill between the silicon and
substrate layers #see Figs. 1 and 2$. Table 3 gives the dimension of
the geometric features in this model. The two-layer slice model
was created by extruding a 2-D mesh out of the plane, as shown in
Fig. 2. The volume of the solder was estimated based on the
average volume through the solder bump cross-section assuming a
cylindrical shape. This solder volume was then preserved in the
extruded model. The back plane of this model represents a sym-
metry plane that passes through the center of the solder bump
structures, while the front plane represents a symmetry plane equi-
distant between rows of solder bumps. In the two-layer model, all
of the out-of-plane displacements uz on the front plane in Fig. 2
are constrained to be equal. Two types of cracks #Fig. 3$ were
investigated in this study: a$ A vertical fillet crack located on the
vertical interface between the silicon die and the underfill fillet

Fig. 2 Finite element mesh for two layer flip chip model

Table 1 Flip chip elastic material properties

Elastic Modulus #MPa$ CTE$106 /°C Poisson’s
Ratio

@25°C @150° C @25° C @150 °C

Silicon 131,000 131,000 2.8 2.8 0.28
Substrate 17,700 14,900 15 15 0.39
Underfill 4,800 2,200 24 49 0.33
Solder 29,600 10,290 23.3 23.3 0.35
Underfill
solder
mix

11,000 4,200 28 49 0.33

Table 2 Solder viscoplastic constants †29‡
Units Sn60Pb40 62Sn36Pb2Ag

C1 1/sec 1.61E"05 8.03E"04
C2 1/psi 4.62E#04 4.62E#04
C2 1/MPa 0.067007 0.067007
C3 3.3 3.3
C4 Deg K 8112 8112
C5 698 263
C6 0.015 0.023

Table 3 Flip chip model dimensions

Feature Length in
mm

Feature Length in
mm

Die Half-Length 14.400 Underfill Layer Thickness 0.100
Substrate Half-

Length
16.270 Solder Layer Thickness 0.100

Fillet Side
Lengths

0.381 Solder Bump Pitch 0.325

Die Height 0.686 Solder Bump Minimum Width .100
Substrate Height 1.000 Solder Bump Maximum Width .140
Underfill/Solder

Height
0.076 Fillet Crack Length 0.165
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#crack length a!0.165 mm), and b$ A horizontal crack on the
horizontal surface between the silicon die and the underfill/solder
layer (a!0.07 mm). In the later case, the fillet was omitted from
the model, since the horizontal edge crack in reality will take the
form of an ‘‘L’’ shaped crack, if it is a continuation of the vertical
fillet crack propagating around the edge of the die. Such cracks
were investigated in !18" and were found to be quite similar to
horizontal edge cracks, but the ‘‘L’’ shaped crack introduces a
more complex behavior associated with crack surface contact that
is not examined in this study.

Comparison of Viscoplastic, Elastic-Plastic, and Linear
Elastic Results
The model described in the previous section was used to com-

pute stress intensity factors for cracked packages subjected to uni-
form temperature changes. In these calculations, 150°C was
specified as the stress free reference temperature. This represents
the temperature at which solder reflow and underfill cure are com-
pleted during manufacturing. Subjecting the package to a uniform
%T!#125°C brings the package down to a final temperature of
25°C. In the elastic-plastic and viscoplastic models, the mechani-
cal behavior of the solder is strongly temperature dependent. In
addition, the uniaxial yield stress depends on strain rate. Thus, for
comparison purposes, in the elastic-plastic calculations, the yield
stress was specified as the stress level that would cause a strain of
0.005, 5 minutes after sudden application of a step load. The mag-
nitude of this uniaxial yield stress was determined using the vis-
coplastic model defined by Eqs. #7$ and #8$ and the data given in
Table 2. For example, Table 4 lists the yield stress values that
were obtained in this manner for the 62Sn36Pb2Ag solder data
listed in Table 2.
For the flip-chip model shown in Fig. 2, the mechanical re-

sponse during uniform cooling, was first simulated for an uncon-
strained package, cooled from 150°C to 25°C in a 300 second
time period (%T!0.4167°C/s). Figure 4 shows the results from
such a calculation with the temperature profile, demonstrating the
difference between the time independent elastic-plastic model and
the viscoplastic thermomechanical simulation. In Fig. 4 the Von
Mises stresses in the center of the outer-most solder bump are
plotted as a function of time using both constitutive models. Not
surprisingly, the viscoplastic model exhibits somewhat lower
stresses throughout the simulation. In addition, upon reaching
25°C, the viscoplastic model exhibits significant stress relaxation
in contrast to the elastic-plastic model.

Figure 5 shows the associated viscoplastic and plastic effective
strains at the same location. The deformation behavior is very
similar in these two cases, i.e., the solder deformation is primarily
controlled by the mechanical constraints of the surrounding elastic
material. One difference between the two models can be seen in
the continued creep deformation of the viscoplastic material dur-
ing the dwell time. Even though the solder exhibits both creep and
stress relaxation behavior during the dwell time, the creep behav-
ior at the final temperature is relatively small. In the elastic-plastic
case, the magnitude of the effective stress is equal to the uniaxial
yield stress at every point on the curve during cooling and prima-
rily reflects the interpolated temperature dependent yield stress
behavior provided by Table 4.
Figure 6 depicts the strain energy release rate for a vertical fillet

crack #Fig. 3a), of length a!0.165 mm, at a point on the crack
front lying in the plane of symmetry of the solder bumps, i.e., the
back plane of Figs. 1 and 2. The magnitude of the strain energy
release rate for the linear elastic case #dashed line$ is G
!0.270 J/m2 after cool down. In comparison to the linear elastic

Fig. 3 Schematic showing location of: „a… vertical fillet edge
crack and „b… horizontal crack underneath chip.

Table 4 Solder yield strengths used for time independent
plastic analysis „62Sn36Pb2Ag…

Temp (°K)
Yield Strength

#MPa$

298 26.67
350 11.53
423 4.00

Fig. 4 Comparison of Von Mises stresses for elastic-plastic
and viscoplastic models in the center of the outer-most solder
bump

Fig. 5 Comparision of effective plastic strain for the elastic-
plastic and viscoplastic models in the center of outer-most sol-
der bump
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fracture model, the strain energy release rate for the elastic-plastic
and viscoplastic models is a nonlinear function of temperature that
decreases with increasing stress relaxation in the solder. This can
be clearly seen during the dwell period, as the energy release rate
decreases for the viscoplastic model, but remains constant for the
elastic-plastic model. Figure 7 shows the phase angle 6 at the
same point on the crack front. For an interface crack, 6 is defined
in terms of the mode II and mode I stress intensity factors as

7!tan#1 KII

KI
, (10)

where KI and KII are the real and imaginary parts or the complex
stress intensity factor defined in Eq. #4$. For example, the stresses
directly ahead of the crack tip, expressed in terms of complex K
are given by

-22"i-12!
1

!2.r
Kri/. (11)

It can be seen from Fig. 7 that this phase angle or mode mixity is
not significantly affected by the differences between the plastic
and viscoplastic material models. It should also be noted that a
portion of the variation in 6 and G is attributed to the temperature
dependence of the underfill properties.
A second, horizontal crack, model was created to simulate a

crack that has propagated past the fillet to a point underneath the
Si chip #Fig. 3(b)$ 0.07 mm from the bottom corner of the die.
Thus, the crack tip is much closer to the outer-most solder bump.
In this case, one would expect that the interaction effects between
the solder bump and the crack would be more pronounced. It is
interesting to note that the closer proximity of the crack tip has
very little effect on the creep behavior of the outer-most solder
bump #Fig. 8$. Figure 8 shows that the creep behavior in the
solder differs only slightly for the two different crack geometries
shown in Fig. 3. The effect on the crack tip fracture parameters is
more pronounced. Figure 9 compares the strain energy release
rates between the vertical fillet crack and the horizontal sub-die

Fig. 6 Comparison of strain energy release rate for vertical
fillet crack. Linear elastic, elastic-plastic and viscoplastic
cases.

Fig. 7 Comparison of phase angle for vertical fillet crack. Lin-
ear elastic, elastic-plastic and viscoplastic cases.

Fig. 8 Viscoplastic strain in the solder. Comparison between
vertical fillet and horzontal crack cases.

Fig. 9 Strain energy release rate comparisons. Vertical fillet
crack and horizontal crack.
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crack. The magnitude of the strain energy release rate for the
crack underneath the Si die in the linear elastic case #dashed line$
is G!1.0 J/m2. Thus, the horizontal crack should be considered
more severe than the previous model with a vertical crack. This
behavior is also seen in the viscoplastic results, where the hori-
zontal crack’s energy release rate is about five times greater than
the vertical fillet crack’s energy release rate after cool down. Fig-
ure 10 depicts the 3-D nature of the strain energy release rate
along the crack front for the horizontal crack case. In the linear
elastic calculation, the strain energy release rate decreases from a
maximum of 81.0 J/m2 at the point on the crack front closest to
the solder bump, to 80.6 J/m2 in where the crack front is located
in the center of the underfill only region. In the viscoplastic case,
the energy release rate is only slightly higher at the point where
the crack front is closest to the solder bump and in the elastic-
plastic case the energy release rate is essentially constant along
the crack front. Calculations performed in !18" using the elastic-
plastic model, showed that the nature of the strain energy release
rate variation along the crack front depends very strongly on how
close the crack front is to the solder bump, i.e., the closer the
crack is to solder bump, the greater the magnitude of the strain
energy release rate at that point on the crack front. In the example
depicted in Fig. 10, the crack is not close enough to the solder
bump to see a strong variation in the nonlinear models. One would
expect more significant 3-D effects if the crack tip were moved
closer to the outer-most solder bump.

Flip Chip With Second Level Attach
The previous results were obtained without any external con-

straints on the flip chip package during cooling. However, it is
generally believed that the mechanical constraints imposed by
second level attachment #BGA solder balls and a circuit board$
can have a major impact on first level reliability. In an effort to
examine the nature of the constraints imposed by second level
attachment, a simple model was constructed with two extra layers
below the substrate in the original model #Fig. 11$. The layer
directly below the substrate represents an array of BGA solder
balls and the bottom-most layer a PCB. The BGA solder layer was
modeled as a ‘‘smeared’’ viscoplastic material with a composition
made up of approximately 40% solder and 60% air. Table 5 con-
tains the dimensions and material properties that were used to
simulate the effects of second level attachment.
Figures 12 and 13 show the increased viscoplastic strain expe-

rienced by the solder bumps under the flip chip as well as the
strain energy release rate for the vertical fillet crack, in a package

subjected to second level attachment constraints. Figure 12 also
shows the magnitude of the effective viscoplastic strain on the
outermost edge of the solder mix layer that represents the BGA
attachment. The results indicate that the magnitude of the effective
viscoplastic strain in the flip chip solder bump, under the die edge,
is 47% greater under these conditions. Similarly, the strain energy
release rate for the small vertical fillet crack is an order of mag-
nitude greater than the results obtained from the unconstrained
#unattached$ model. This simple example clearly demonstrates
that the additional mechanical constraints associated with second
level attachment can have a significant effect on both the visco-
plastic and interface fracture behavior.

Conclusions
A viscoplastic capability, implemented in a specialized 3-D fi-

nite element program for fracture mechanics applications, was
used to examine certain time dependent interaction effects be-
tween solder structures and interfacial cracking. Example flip chip

Fig. 10 Variation in strain energy release rate along the crack
front in severe crack model

Fig. 11 Schematic of flip chip cross-section with second level
attachment. Vertical fillet crack located in upper right corner.

Table 5 Second level attachment dimensions and properties

Young’s
Modulus
#MPa$

CTE
(10#6/°C)

Poisson’s
Ratio

Layer
Thickness

#mm$

Solder
Mix

11,000 23.3 .33 0.5

PCB 28,300 15 .39 4

Fig. 12 Effective strains in outermost solder structures show-
ing the effect of second level attachment. Vertical fillet crack
case.
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models were used to demonstrate the differences between process-
ing simulations using different nonlinear material models for the
solder structures, e.g., elastic-plastic vs. viscoplastic. The results
indicate that even though the viscoplastic models may provide a
more accurate description of the material behavior, the results are
very similar to those obtained from the temperature dependent
elastic-plastic models for the simple cool-down thermal loading
examined in this study. One would expect more significant differ-
ences for simulations with dwell times at elevated temperatures.
The dwell period at 25°C did not have a significant effect on the
strain levels or fracture parameters. Time dependent interaction
effects between interfacial cracks and the solder bumps are also
very slight, unless the crack tip is in very close proximity to the
solder bump. This is similar to results obtained in !18" using
elastic-plastic models.
Finally, addition of second level attachment has a fairly signifi-

cant impact on the viscoplastic behavior of the solder bumps in
the flip chip and any potential cracking behavior on the interface
between the silicon die and the underfill fillet. This suggests that
analysis of flip chip attachment to the board is an important
consideration when trying to estimate the reliability of flip chip
packages.
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