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ABSTRACT

The thermomechanical fatigue failure of solder
joints is increasingly becoming an important reli-
ability issue. In this paper we present two compu-
tational methodologies that have been developed
to predict the behavior of near eutectic Sn-Pb sol-
der joints under fatigue conditions that are based
on metallurgical tests as fundamental input for
constitutive relations. The two-phase model math-
ematically predicts the heterogeneous coarsening
behavior of near eutectic Sn-Pb solder. The finite
element simulations from this model agree well
with experimental thermomechanical fatigue
tests. The simulations show that the presence of an
initial heterogeneity in the solder microstructure
could significantly degrade the fatigue lifetime.
The single phase model is a computational tech-
nique that was developed to predict solder joint
behavior using materials data for constitutive rela-
tion constants that could be determined through
straightforward metallurgical experimients. A
shear/torsion test sample was developed to impose
strain in two different orientations. Materials con-
stants were derived from these tests and the results
showed an adequate fit to experimental results.
The single-phase model could be very useful for
conditions where microstructural evolution is not
a dominant factor in fatigue.

INTRODUCTION

The feh'ability of electronic systems is becom-
ing increasingly dependent upon the thermome-
chanical fatigue life of the soldered connections in
electronic packages. Thermomechanical fatigue
arises because the materials in the package have
different coefficients of thermal expansion. When
the soldered assembly encounters thermal fluctua-
tions (due to internal heating or changes in ambi-
ent temperature) strain is imparted to the joint.
Thermally induced cyclic strain is the primary
degradation to reliability in solder interconnec-
tions.

The alloy most commonly used as an intercon-
nect in electronic packaging is near eutectic 60Sn-
40Pb solder. This alloy is used because its melting
temperature of 183°C makes solder processing
compatible with the other materials used in a
package. The 60Sn-40Pb alloy also has good wet-
ting behavior and bonds well to the copper metal-
lizations typically used in electronics assembly.

The structure of the 60Sn-40Pb alloy is not ho-
mogeneous or isotropic, and deforms heteroge-
neously under thermomechanical fatigue
conditions. The series of optical micrographs in
Figure 1 shows the evolution of the solder micro-
structure at 10% shear strain and under a thermal
cycle of -55° to 125°C. The deformation concen-
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trates at cell boundaries in the microstructure re-
sulting in additional coarsening. Eventually,
cracks form in these coarsened regions resulting in
mechanical and electrical failure. In order to be
able to ensure the reliability of a given electronic
system, a thermomechanical fatigue life predic-
tion methodology is needed.

A number of methodologies have been proposed
to predict the lifetime of solder joints in thermo-
mechanical fatigue. A summary, and critical re-
view, of some of the more prevalent
methodologies can be found elsewhere (Sandor,
1991; Solomon, 1993). In the last few years, a
number of new models have been proposed and
summaries of these new models are given here. A
common shortfall of these methodologies is that
they are empirical in nature and do not include the
microstructural evolution that occurs in 60Sn-
40Pb solder during thermomechanical fatigue.

Current Solder Lifetime Reliability Models

The thermomechanical fatigue damage to solder
interconnections is strain-based low cycle fatigue.
Coffin (1954, 1969) and Manson (1953, 1960) in-
dependently derived a relationship between the
number of cycles to failure as a function of applied
elastic and plastic strains:

(o}
Ay = Eff [2N]? +€ [2N]° Eqn. (1)

where b and ¢ are constants that are experimental-
ly derived, Ay is the applied shear strain, of and
gf are the fatigue ductility coefficients, and E is

the elastic modulus. For solder joints, the plastic
deformation dominates and relation (1) is simpli-
fied to:

1

Aye
f 2¢';

Eqn. (2)

Using relation (2), life can be estimated if the plas-
tic strain is known and the constants can be exper-
imentally derived.

X < 2
_ Figure 1 Heterogeneous coarsening in 60Sn-40Pb
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solder joints. A) As solidified, B) Heter-
ogeneous coarsening, C) Failure
through coarsened band.

A great deal of recent solder lifetime prediction
modeling has been performed based on using the
Coffin-Manson relation. This effort has focused
on imposing the analytical determination of the
strains, and stresses, in the solder joint by using
improved finite element models. Once the stress-
es, or strains, are determined, the lifetime is pre-
dicted using an experimentally derived plot of
strain versus the number of cycles to failure (a
Coffin-Manson plot). Examples of these efforts
include the following. Lau and Erasmus (1993)
studied 304 pin Quad-Flat-Pack joints with consti-
tutive relations derived assuming the solder is
elastic-fully plastic. Sauber and Seyyedi (1992),
used a power law creep equation in a finite ele-
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ment simulation to calculate the solder joint creep
response to time and temperature on leaded devic-
es. Ross, et al. (1992) also modeled leaded devices
and included both creep and creep ratcheting in
the algorithm to determine stresses and strains in
the solder joints. Schmidt (1992) developed a
model of leadless solder joints based on a modi-
fied Coffin-Manson relation to determine the in-
cremental deformation in the material which is
summed to predict life using Miners rule.

A phenomenological model for solder joint life
prediction has been proposed by a variety of
workers (Verma, et al., 1993; Dasgupta, et al.,
1992; Huang, et al., 1994) that is based on energy
partitioning. In this methodology, the elastic, plas-

tic and creep energy components are computed -

from an empirical fit of experimental test results
that yeild a predicted hysteresis loop. Life is pre-
dicted using Miners rule from the accumulated
damage to the joint in each cycle.

A reliability tool based on Figures of Merit has
been developed to estimate fatigue life of solder
joints (Clech et al. 1989). In the Figures of Merit
approach, experimental data (such as isothermal
fatigue lifetimes and lead compliances) are com-
bined to compare one joint design with another us-
ing a series of formulas. This technique is accurate
when there is sufficient field data to incorporate
into the model. The technique is especially useful
for considering small variations in design when
the thermal environment is not severe. The meth-
odology breaks down in severe thermal/mechani-
cal environments and for designs where no
empirical data exists. Further, there is no mecha-
nism to incorporate microstructure into the tool.

Lau (1993) and Pao, et al., (1993) have proposed
that fracture mechanics principles be used to de-
termine the lifetime of solder joints. Pao and co-
workers developed a constitutive relation based
on creep and elastic deformation to model the be-
havior of 90Pb-10Sn solder joints and used the
fracture mechanics relation of crack driving force,
C*, to model failure. They found fracture mechan-
ics works well for large strains but underestimates
life at small strains. Lau proposed a more radical
use of fracture mechanics to predict the thermal
fatigue life of solders using the stress intensity
factor, AK, and the Paris law to estimate the crack

growth rate in solder. Lau states that this use of
fracture mechanics still requires a great deal of de-
velopment due to the extensive assumptions need-
ed to determine life.

The above life prediction techniques treat the
solder as a homogeneous continuum and neglect
the potentially large effects that the microstructure
and heterogeneous deformation have on joint life-
time. A few models have been proposed recently
to incorporate the microstructure in some form
into the model. The constitutive relations devel-
oped by Akay, et al., (1993), Pan and Winterbot-
tom (1990), Hacke, et al., (1993) and Busso, et al.,
(1994) incorporate materials constants purported
to have the form of a grain or phase size. These
constitutive relations are then used in a finite ele-
ment code to predict stress and strain in the joints.
Life is then predicted using an empirical Coffin-
Manson relation. The effects of heterogeneities in
the solder microstructure are discussed in the
work of Guo, et al., (1992) who used a dislocation
“pile-up” model as part of an effort to predict the
deformation hysteresis loops in solder. The effect
of the microstructure is incorporated indirectly be-
cause the dislocation pile-ups occur at phase and
grain boundaries. Sandstrom, et al., (1993) also
modeled the isothermal fatigue hysteresis loops of
solder that used variations in the dislocation den-
sity to incorporate the inhomogeneous microstruc-
ture. The solder joint lifetime is predicted using a
Coffin-Manson relation. The microstructure in the
above models is static and there is no mechanism
to include heterogeneities or microstructural evo-
lution.

A reliability model that incorporates micro-
structure, heterogeneities, and microstructural ev-
olution is needed to determine the lifetime of Sn-
Pb solder joints under conditions of thermome-
chanical fatigue. In this paper we present method-
ologies that have been developed that use
simplified experimental tests as fundamental in-
put for two computational models to predict the
behavior of the solder joints under deformation
conditions. The important aspect of these method-
ologies is that they incorporate microstructure,
and microstructural evolution, into the computer
models.




EXPERIMENTAL TECHNIQUES

In the process of developing solder joint lifetime
prediction models a number of experimental and
computational techniques were developed. The
following is a summary of the metallurgical ex-
periments and techniques. The results of these
tests were used as input to the computational mod-
els discussed later. The solder alloy used in these
tests is near eutectic 60Sn-40Pb joined to copper
substrates.

Metallurgical Experiments

Thermomechanical Fatigue Tests. The thermo-
mechanical fatigue tests have been performed in a
simple shear orientation and provide results on
microstructural evolution and solder joint life-
time. This procedure is described in greater depth
elsewhere (Frear 1989, Frear, et al., 1993). A brief
summary of the test method is given below.

The specimen used to test solder joints is shown
in the schematic drawing in Figure 2. The speci-
men consists of 18 electrically isolated solder
joints that, when the specimen is gripped and
pushed and pulled on the ends, deform in shear.
The joints have a simple truncated spherical ge-
ometry. Strain is imposed upon the solder joints
by a servohydraulic load frame operated under
strain control. Thermal fluctuations are induced
by a chamber that fits around the specimen in the
load frame. Compressed air is heated and cooled
by a commercial heating and cooling system and
circulates around the specimen. The strain and
temperature are computer controlled. The temper-
ature extremes tested were —55° to 125°C at 10%
total shear strain. The thermal cycle consists of a
ramp in strain and temperature to the elevated
temperature extreme and a 3 minute hold period, a
ramp down, and another 3 minute hold at the low
temperature extreme. The deformation rate for

this test was 2.1x10™s™L. Failures are monitored
electrically by monitoring spikes in resistance.
The electrical data along with load, temperature,
and strain are collected and stored on a computer.
To examine the microstructure of the solder joints
after testing, the samples were mounted and met-
allographically sectioned and polished to reveal

the solder microstructure.
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Figure 2 Thermomechanical fatigue test sample.

In Situ SEM Thermomechanical Fatigue Tests.
The microstructural evolution of the solder joints
was examined in real time using an in situ SEM
with a thermal/deformation stage (Frear et al.
1993). The system is shown in Figure 3. The SEM
is equipped with a servohydraulic loadframe (in-
side the vacuum chamber) that can impose strain
on a sample at a constant strain rate. The sample
for this test has a single lap shear geometry with
joint dimensions of 3.2mmx3.2mm. The grips that
hold the solder joint samples can be heated and
cooled and have an alignment feature that elimi-
nates rotation in the single lap shear specimen.
This test results in a real time observation of the
thermomechanical deformation process of the sol-
der microstructure. The SEM can be operated in
secondary or backscatter mode. For Pb-Sn solder
the difference in atomic weight is great so operat-
ing in backscatter mode clearly reveals the struc-
ture of the solder.

Shear/Torsion Testing of Solder Joints. Consti-
tutive relation information for the single phase
constitutive model was in part determined using a
specially designed shear/torsion solder joint spec-
imen shown schematically in Figure 4. The test
sample has a “ring in plug” design where pulling
along the z-axis results in shear deformation, and
axial rotation causes shear deformation in an ori-
entation 90° away from the z-axis. The samples
were tested in a servo-hydraulic test frame




Fgure 3 The in situ SEM test apatus.

equipped with an electric rotational drive for tor-
sion testing. Tests were performed at room tem-
perature with the deformation cycle below:

Table 1: Shear/Torsion Test

R?ctlitgi?lrslelzgw Def(;{f;nt:ﬂon Time (seconds)
(mm/sec.)
3x10 0 600
0 3.6x10 600
0 0 600
0 -3.6x10° 600
-3x10 0 600
0 0 600

This results in a strain rate of 1.0x10sec™! for
the entire test. A total of six cycles were imposed
on each specimen and a total 8.48% shear strain
amplitude. The data was collected digitally and
plotted as load as a function of time.

RESULTS AND DISCUSSION

Constitutive models were constructed and im-
plemented into finite element simulations in order
to predict solder joint behavior. Two different
constitutive models have been formulated to de-
scribe the thermomechanical response of the
60Sn-40Pb solder alloy, and both are currently be-
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Figure 4 Shear/torsion test sample designed to
impose two different orientations of
shear strain onto a thin (0.254mm) sol-
der joint. All dimensions are in mm.

ing used in a computational setting to compare
theoretical predictions to experimental findings.
The philosophy and intent underlying each of the
two models are different: the two-phase model is
intended to be used as a research tool by which the
relative importance of certain microstructural phe-
nomena may be evaluated. Microstructural evolu-
tion and mechanical behavior inputs to this model
are derived from experimental thermomechanical
fatigue tests on solder joints. On the other hand,
the single-phase model is intended to render
meaningful engineering predictions when used in
a finite element code. In this simpler model, the
emphasis is on striking a balance between repre-
senting complex microstructural phenomena, and
limiting the number of empirically-determined pa-
rameters to a manageable number through analy-
sis of experimental shear/torsion tests.

Two-Phase Model

In the two-phase model (Stone and Rashid,
1994), an attempt is made to mathematically rep-
resent the effects of the phase-region size in the
tin-lead alloy. As mentioned previously, the char-
acteristic size of the lead-rich phase regions has
been observed to correlate strongly with strain lo-
calization and subsequent failure. In particular, lo-
cal phase-region coarsening appears to be
accompanied by a decrease in the overall flow re-
sistance of the material, leading to an unstable
concentration of strain and ultimately to fracture.




Whereas the model is intended to represent the ef-
fects of this coarsening phenomenon, the behavior
of individual phase regions is not explicitly ac-
counted for. Indeed, in “microstructurally moti-
vated” material models such as this one, the model
predictions are envisaged to correspond to a repre-
sentative volume element of material that contains
a statistically meaningful distribution of micro-
structural features. In concept, then, the physical
material, with all its microscale heterogeneities, is
represented by a replacement medium in which
the important microstructural features (in this
case, lead-rich phase regions) are present only in
the material model itself. The material model in-
volves state variables that characterize some sta-
tistical measure of the microstructure, and which
generally vary smoothly in space. It is emphasized
that the idea of a representative volume element
does not constitute an analytical ingredient in a
model of this type; rather, it is a conceptual guide
in the model formulation.

The two-phase model retains separate average

stress tensors T! and T2 in the lead-rich and tin-
rich phases, respectively. Taking all rank-two ten-
sors as deviatoric (without prime), each is gov-
erned by the evolution equation:

T°% = 2G, (D — 1, T%) Eqn. (3)

in which T indicates the Jaumann corotational
rate, G the elastic shear modulus (elastic response
taken to be isotropic), D the imposed stretching
rate (i.e. symmetric part of the spatial velocity gra-
dient), and 0=1 or 2 specifies the phase. The over-
all Cauchy stress for the material element is
obtained from the simple volume-average relation

T=fT'+Q-HT? Eqn. (4)

in which f=0.40 and is the volume fraction of the
lead-rich phase. Equations (3) and (4) represent
the simplest possible means of modeling a mixture
of two inelastic phases: each phase is assumed to
exhibit simple isotropic viscoplastic behavior and
suffer an identical imposed deformation rate, and
the overall stress is obtained through a simple vol-
ume-weighted average. Any departure from these
assumptions would involve considerable compli-
cation that is not warranted in this context.

The flow-rate parameters i, are taken to be giv-

TR, LR NI ST S S LR TS

en by the power-law expression:
1

: M
80 Ta «
o= B () 2
¢ 1:0. 0(1
172, .
In (5), T, = (T5T3;)  is the magnitude of the

stress in each phase, € is a constant with units in-
verse time, and M, is the rate-dependence expo-
nent in each phase. The terms G, are the values of

the flow resistance in each phase, and are them-
selves subject to evolution laws that govern the
hardening or softening behavior. In particular:

6, = (G,+8,) 00 Eqn. (6)
aYa o .a a_
a-C1g(;"Cz g) o Eqn. (7)
L
y
&g = C5 (1) Eqn. (8)
0
A=y fC+ (1-HNCev,] Eaqn.9)

in whichy, =p 1, (equivalent plastic strain rate
phase). In (6 - )
Y, C5, €3, Cq, M, 60, ng, €, and A are materi-

in each

al constants, whereas A, G, and G,, are state vari-
ables. The term G is intended to quantify the

contribution of the dislocation network to flow re-
sistance, and is therefore made to evolve with in-
elastic deformation; its evolution equation is
written in hardening-recovery format as in Rohde
and Swearengen (1980) and Busso et al. (1992).
The term A is a characteristic length associated
with the phase-region size; its evolution equation
is also related to a scalar measure of inelastic de-
formation rate as suggested by Arrowood et al.

(1991). The parameterd,, is defined directly by



the Hall-Petch relationship (8), and is intended to
quantify the effects of disruption of dislocation
glide due to finite crystallite size.

Equations (3) - (9) completely specify the two-
phase constitutive model. This model has been
implemented in a three-dimensional, large-defor-
mation finite element code, and has been used to
simulate some experiments performed on the tin-
lead near-eutectic solder alloy. A few of the re-
sults of these studies are presented below.

Thermomechanical fatigue tests were per-
formed to examine the microstructural evolution
and mechanical behavior of the solder joints. The
results of in situ thermomechanical fatigue tests (-
25 125°C and 10% total shear strain) are shown in
Figure 5. Figure 5A is the as-solidified micro-
structure and 5B shows the structure after 25 cy-
cles. Even after 25 cycles the solder
microstructure has coarsened at the cell bound-
aries. The dark lines at the cell boundaries in Fig-
ure 5B are not cracks, they are artifacts of surface
roughness. As the solder microstructure deforms
the individual cells slide and rotate at the cell
boundaries to accommodate the strain because the
boundaries are the weakest part of the microstruc-
ture (Frear,1992). Observations by Lee (1993)
showed that the surface of solder joints in elec-
tronic assemblies that have undergone thermome-
chanical fatigue revealed the sliding of eutectic
cells and some surface crack initiation at the cell
boundaries.

Examples of solder joints that have been ther-
momechanically fatigued, using the test geometry
described above are shown in Figures 6 and 7.
Both were tested at 10% shear strain at -55° to
125°C for 100 cycles. The sample in Figure 6 was

tested at a deformation rate of 5.6x10™# s~ and the
sample in Figure 7 was tested at a deformation rate

of 2.1x10* 5. In Figure 6, the heterogeneous
coarsened microstructure occurs adjacent to the
bottom interface. In Figure 7, heterogeneous
coarsening occurs throughout the microstructure
at the cell boundaries.

To illustrate the effects of microstructural coars-
ening and to correlate with the experimental re-
sults discussed above (Figures 5-7), an example
calculation was performed on a test specimen rep-

——a .. - - - -

Figure 5 SEM micrographs of a solder joint us-
ing the in situ thermomechanical fa-
tigue system. A) As solidified joint, B)
after thermal cycling.

resentative of a simulated solder joint, (Figure 8).
In this three-dimensional simulation, the 60Sn-
40Pb solder was constrained between two copper
platens which were modeled as elastic bodies. Cy-
clic shear displacement (Figure 9) was applied to
the top surface of the upper copper platen while
the bottom surface of the lower platen was re-
strained. The shear displacement approximates
deformation due to thermal cycling in a typical
solder joint, although the computation is isother-
mal. The magnitude of the shear displacement
translates to approximately +/- 5% (total strain
range =10%) shear strain in the solder joint. The

strain rate assumed was 2.0x10"¥/in. The material
properties used for the two phase constitutive
model discussed earlier are given in Table 2. The
state variables used in the analysis were
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Figure 7 60Sn-40Pb solder microstructure after
100 thermal cycles and 10% shear strain
and a deformation rate of 2.1x10™s°L,
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Table 2: Material Properties

Parameter Lead-rich Tin-rich
Phase Phase
G 6.9 Gpa 13.8Gpa
B 15.2Gpa 30.3Gpa
M 0.3 0.1
o 6.9Mpa 13.8Gpa
< 20.0 20.0
6)) 100.0 100.0
Cs 1.0 10
C4 10.0 10.0

Two computations were completed. In the first
computation, the microstructure was assumed to
initially be perfectly uniform. In Figure 10, the
phase-size parameter at the end of six complete
cycles is plotted. The results of this computation
shows two bands where the microstructure coars-
ens; a dominant coarsened band near the top
platen and a minor band near the bottom platen.
At these locations, the material softens and strain
is localized. These results compare favorably
with observed microstructural coarsening for this
geometry. The coarsening in this computation is
precipitated by the shear strain variations in the
solder.

In the second computation, the microstructure
was assumed to be initially coarsened in the cen-
ter of the solder joint. After six displacement
cycles, the microstructural coarsening and strain
localization in the center of the solder joint is sub-
stantially enhanced as shown in Figure 11.

In Figure 12, the maximum phase-size parame-
ter is plotted as a function of time. The effect of
initial microstructure is substantial. If one
assumes that initial crack formation of the solder
joint can be related to a specific grain size, the
number of cycles to develop initial cracking
would be substantially different, depending upon
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Figure 8 Meshed solder joint for two-phase finite
element simulation.
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Figure 9 Applied d1splacemg;1°t versus time used
for the two-phase finite element simu-

lation.

initial microstructure. The number of cycles to
failure would be substantially less if no initial
coarsened band was present in the as solidified
microstructure. It must be stated that the material
properties and parameters used have not been
adequately fit to 60Sn-40Pb solder and the model
at the present time is not temperature dependent.
These computations do, however, indicate that
the two-phase model simulates the microstruc-
tural response of solder joints in thermomechani-
cal fatigue conditions.

Despite the numerous simplifications and
assumptions that have been made in arriving at
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Figure 10 Finite element simualtion results for a
uniform initial microstructure. Note
that heterogeneous coarsening occurs
near the solder/copper interface.
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Figure 11 Finite element simulation results for a
microstructure with an initial coars-
ened structure in the center of the
joint,

the two-phase model, it is clear that experimen-

tally obtaining reliable values for the constants

that appear in the model is a formidable task. In
particular, it is unclear if values for the constants
corresponding to the individual phases can be
obtained from either tests performed on the pure
elemental phases or the mixture itself. As men-
tioned previously, however, the role of this model
is that of research tool: even without accurate
estimates for the material parameters, the model
is of some utility in assessing the validity of vari-
ous failure-sequence hypotheses through numeri-
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Figure 12 Plot of maximum grain size versus time
for the finite element simulations that
shows that an initially coarsned micro-

" structure rapidly produces additional
heterogeneous coarsened regions.

cal experimentation.

Single-Phase Model. In this model, no attempt
is made to explicitly account for the microstruc-
tural coarsening effect. Rather, the simplest possi-
ble forms are chosen for the evolution equations in
the model such that the important features of in-
elastic flow in the tin-lead near-eutectic alloy are
represented. These forms are, in a sense, motivat-
ed by microscale considerations; however, this
model's connection to microstructural observation
is more tenuous than that of the previous model.
The result is a model for which material parameter
values may be reliably obtained from tests, and
whose utility lies in facilitating engineering pre-
dictions made on the basis of finite element com-
putations.

The single-phase model is based on the isotropic
stress evolution equation:

r° =2G(D-pI) Eqn. (10)
which is identical in form to that used in each
phase in the two-phase model. In constructing the
flow rate function |, and in particular the manner
in which it represents hardening, the following
items were borne in mind:

¢ Inelastic flow in the alloys of interest, and in the
temperature and strain-rate ranges of interest, is
pritnarily due to dislocation motion, with rela-
tively small contributions from diffusional
mechanisms.

» Hardening is due to barriers to dislocation mo-
tion, such as immobile dislocations and phase-
region boundaries.

o The overall resistance to dislocation motion of-
fered by the current pattern of barriers embodies
the state of hardening; in this model it is quanti-
fied by a single scalar state variable.

* Any real distribution of barriers is heteroge-
neously distributed on the submicron scale. For
instance, immobile dislocations may organize
themselves into a cellular structure, with cell in-
teriors that are relatively free of dislocation de-
bris. Certainly the arrangement of Qhase-region
boundaries has a definite geometric structure.
Accordingly, mobile dislocations will interact
with these obstacles in a directionally-depen-
dent manner. In particular, mobile dislocations
may pile up against barriers, and when the stress
direction is changed (or reversed), the resistance
suffered by these piled-up dislocations may be
significantly reduced. With regard to plasticity
modeling, the usual conception of kinematic
hardening involves the modification of the
stress by subtracting from it a back stress, and
then using the modified stress in a yield criteri-
on or flow relation. This formulation corre-
sponds most closely to grain-scale residual
stresses as the mechanism responsible for direc-
tional hardening, as in metals at low homolo-
gous temperatures. However, in the case of
solder, and more to the point, the high homolo-
gous temperatures at which it is used, it seems
that large residual stresses on a small scale
would relax quickly. Accordingly, the direc-
tional hardening is represented here as a modifi-
cation to the isotropic flow resistance (i.e. the
scalar hardening state variable mentioned
above) rather than as a modification to the stress
tensor itself. Indeed, this model is consistent
with a simplified picture of the microscopic pro-
cesses, in which the entire mobile dislocation
network is subjected to a uniform stress. This
network, however, may be interacting with the
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pattern of obstacles in a directional manner, due

to pile-ups.

e Due to thermal activation and the dislocation-
scale interaction stresses, both the immobile dis-
location network, and any pile-ups of mobile
dislocations, will tend to recover over time. The
rate of recovery is enhanced by the application
of stress. In the presence of stress, the recovery
processes compete with the hardening process-
es.

The equations given below that define the scalar
inelastic flow rate are the simplest possible forms
that are consistent with the above qualitative state-
ments. Whereas a “rigorous derivation” of a set of
evolution equations based on the ideas listed
above is, of course, not to be expected, it is impor-
tant that the final model render predictions that are
at least consistent with these assumed underlying
mechanisms. The chosen form for the scalar in-
elastic deformation rate is:

m

. T
'Y = EOSlnh l:a_,—a]

Eqn. (11)
& = A;Y-A,(c—0p) (1+Azy) Eqn. (12)
F=1+1eB

T
B = y(A4§—A4B) —AgB Eqn. (13)

In (11) - (13), Y= Wx is a scalar measure of in-
elastic flow rate, and o depends only on tempera-
ture. The rate-dependence relation (11) involves a
hyperbolic sine function raised to a power, which
was successfully used to fit a large amount of data
by Darveaux and Banerji (1992). Consistent with
the above discussion of dislocation pile-ups and
the associated directionality of hardening, the sca-
lar flow resistance is scaled by I', which is unity in
the absence of directional hardening. The direc-
tional hardening is represented by the symmetric
rank-two tensorial state variable B (similar to a
back stress), which obeys the evolution equation
given in (13). In the case of persistent unidirec-
tional loading, B is coaxial with the Cauchy stress,

and saturates at a value of (A4/As)T/t for fast
loading processes. For lower strain rates, the Ag

term in (13) (i.e. the recovery term) competes with
the growth of B. In general, (13) is written so that
B always tends toward the prevailing stress direc-
tion, and at a rate proportional to the inelastic flow
rate, but with a recovery term that generally de-
creases the magnitude of B. The recovery can pro-
ceed in the absence of stress so long as the
temperature is high enough, as it does in reality. I
as given in (13) measures the extent to which B
and the current stress are coaxial, and is used in
(11) to modify the flow resistance that is experi-
enced by the current pattern of mobile dislocations
under the current stress state.

The first term in the evolution equation (12) for
the scalar hardening parameter is a (linear) hard-
ening term. The second term is a recovery term
that competes with (and diminishes) the hardening
in a nonlinear fashion. The oy is the annealed (or

long-time-unstressed) flow resistance, and the
term A,(0—0Cp) is the rate of recovery due to the

dislocation interaction stresses. This rate of recov-
ery can be accelerated by the application of stress
(producing an inelastic flow rate), giving rise to
the A3y term.

The material parameters are A - Ag, Cp, €y, M,
o, and two elastic constants. All of these constants

are expected to be functions of temperature. At
room temperature ¢ was set to unity, whereas &

was taken to be 1.0x10% sec’l. A room-tempera-
ture value of m=3.3 taken from the work of
Darveaux and Banerji (1992), as was the shear

modulus G= 1.3x10* MPa (1.9x106 psi). The pa-
rameters A; - Ag and G were obtained by fitting

the predicted stress response to the measured
stress history in a tube-and-plug-type material
test. In this test, a thin (0.254mm (0.010")) annular
region of solder fills the gap between a tube and a
plug, which may be subjected to a combination of
shear and torsion. These two modes of deforma-
tion subject the sample to shear deformation in or-
thogonal directions. For the purposes of obtaining
the required seven parameters the program of de-
formation in Table 1 was used.This pattern was re-
peated for a total of five cycles. This particular
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deformation path was chosen in order to probe not
only the isotropic hardening behavior, but the di-
rectional hardening response as well. The defor-
mation rates were specified so that the strain
amplitude in each direction was roughly 0.05.

Because the stress response depends on the un-
known parameters through the rate equations giv-
en above, the values of the parameters may not be
obtained simply by, say, measuring a slope of a
stress-strain curve. Indeed, the stress history over
the entire deformation path depends on each of the
parameters in a complex and highly coupled fash-
. ion. Accordingly, a conjugate-gradient-search
procedure was used to aid in determining the val-
ues of the constants from the test data. In this pro-
cedure, a norm I is defined as:

= jA/(Tu—Su) (Tu_su) + (T,_,—S,_,) (Tn—szs) dt

Eqn. 14

which provides a scalar measure of the difference
between the measured components of the experi-
mental stress deviator S, and the computed stress
deviator T. The gradient of I with respect to the
seven unknown constants is computed by means
of a perturbation technique. This gradient is sub-
sequently used in a conjugate gradient algorithm
to minimize the difference function I. In this way,
the following values for the material constant
were obtained (valid at room temperature):

64=3930 psi, A;=-1.261 psi, A;=-9.16x10%s’!
Aq=1.33x1035"1A,=2.20, A5=0.218, Ag=1.50x10"%"!

These parameter values resulted in the fit shown
in Figure 13 in which the solid lines are the exper-
imental stress histories for both shear and torsion,
and the dashed lines are the computed stress histo-
ries. The experimental curves were piece-wise fit
using a third-order polynomial to determine the
material constants for the single-phase model. The
discrepancies observed during relaxation and un-
loading seem to arise from use of the Mises-type
isotropic flow rule. Currently, various alternatives
are being studied to improve the fit in these re-
gimes.
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Figure 13 Plot of experirr:;;;t;l shear/torsion test
results with an overlay of the single-
phase model prediction.

SUMMARY AND CONCLUSIONS

Methodologies have been presented that use
simplified experimental tests as fundamental in-
put for two different computational models to pre-
dict the behavior of solder joints under conditions
of thermomechanical fatigue.

The two phase model mathematically represents
the effects of the phase-region size in the 60Sn-
40Pb solder alloy and predicts the heterogeneous
coarsening phenomenon of near-eutectic Sn-Pb
solder under conditions of fatigue. Results of the
two-phase model code showed good correlation
with metallurgical experiments and showed that
the presence of an initial heterogeneity in the sol-
der microstructure accelerates the development of
coarsening and could significantly reduce the fa-
tigue life. The difficulty with this model is that de-
riving the material constants needed for the
constitutive relation is a formidable task, in partic-
ular it is not clear whether the constants for the in-
dividual phases can be reliably obtained from tests
on either the independent elemental materials or
the mixture itself. However, this is model has util-
ity assessing the validity of failure-sequence
events of solder thermomechanical fatigue where
microstructural evolution dominates failure.

The single-phase model was developed as a
computational technique to predict the mechanical
behavior, and eventually reliability, of solder
joints using materials data that is readily available
through metallurgical experiments. This tech-
nique could be very useful for conditions where
microstructural evolution is not a dominant factor
in fatigue. A shear/torsion test sample was devel-
oped to impose shear strains in two different ori-
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entations to a solder joint. Constitutive relations
were derived whose material constants could be
determined through mathematical representation
of shear/torsion test data. The predicted behavior
shows adequate fit to the experimental results and
various alternatives are being explored to develop
a better fit. The promise shown in this technique is
that the material constants needed for constitutive
behavior input to finite element simulations may
be determined through a series of easily per-
formed experimental tests. This would thereby
simplify the effort needed perform lifetime pre-
diction through use of this engineering methodol-

ogy.
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