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ABSTRACT 
A microstructurally-based computational simulation is 

presented that predicts the behavior and lifetime of solder 
interconnects for electronic applications. This finite 
element simulation is based on an internal state variable 
constitutive model that captures both creep and plasticity, 
and accounts for microstructural evolution. The basis of 
the microstructural evolution is a simple model that 
captures the grain size and microstructural defects in the 
solder. The mechanical behavior of the solder is 
incorporated into the model in the form of time-dependent, 
viscoplastic equations derived from experimental creep 
tests. The unique aspect of this methodology is that the 
constants in the constitutive relations of the model are 
determined from experimental tests. This paper presents 
the constitutive relations and the experimental means by 
which the constants in the equations are determined. The 
fatigue lifetime of the solder interconnects is predicted 
using a damage paraneter (or grain size) that is an output 
of the computer simulation. This damage parameter 
methodology is discussed and experimentally validated. 

I NTRO DU CTlO N 

directly related to the lifetime of the solder interconnects 
in the package. The solder interconnect is no longer 
simply an electrical conductor but is also the structural 
material that holds the package together. The importance 
of the reliability of solder interconnects increases as the 
trend in the electronics industry moves toward surface 
mount technology, smaller joints, and finer pitch. One of 
the serious challenges to solder joint reliability is failures 
that are a result of thermomechanical fatigue. In an 
electronic package, the solder is typically constrained 
between two materials with different coefficients of 
thermal expansion. Fatigue failures originate as cyclic 
strain is applied to solder joints when the package is 
exposed to thermal fluctuations caused by either ambient 
temperature changes or by heat dissipation from the 
integrated circuit devices in the package. A thermal 
fatigue failure of a solder interconnect is shown in Figure 
1. 

The long term reliability of electronic systems is often 

The solder typically used for electronic applications is 
the near-eutectic 60Sn40Pb alloy. The metallurgy and 
time-strain-temperature behavior of this solder alloy is 
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surprisingly complex and is n 
predicting the behavior and 
In the as-soldered condition, the Sn-Pb alloy has a two 
phase microstructure. This structure is metastable due to 
the high interfacial energy that results from the large 
number of phase boundaries present. Under 
thermomechanical fatigue conditions, this microstructure 
evolves into a heterogeneously coarsened band where all 
subsequently applied strain is concentrated. The evolution 
of this heterogeneous coarsening is shown in Figure 2 
where the initial, as-solidified, microstructure can be 
compared to the heterogeneously coarsened structure in a 
60Sn-40Pb solder joint. It is clearly important that the 
life prediction methodology that is used for near-eutectic 
Sn-Pb solders capture the behavior of the material under 
conditions of thermomechanical fatigue. A methodology 
has been developed in which the microsttucture, and 
microstructural evolution, are critical elements to the 
mathematical relations in a materials-based finite element 
methodology to predict the behavior of near-eutectic Sn- 

Figure 1 SEM image of a surface mount solder joint that 
failed due to thermomechanical fatigue. 

EXPERIMENTAL PROCEDURE 
Experimental tests have been developed to characterize 

the parameters needed to model the solder under 
thermomechanical fatigue conditions. The tests used to 
define the deformation behavior are uniaxial compression 
stress-strain tests and creep tests at a variety of stresses 
and temperatures. The results of these tests give the 
elastic plastic and time-dependent deformation behavior. 
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The results of these tests are stated mathematically in the 
form of a constitutive relation that defines the deformation 
and stress relaxation behavior of the solder. 
Thennomechanical fatigue tests have been developed to 
cyclically impose strain and temperature on the solder 
joints while monitoring stress, electrical continuity and 
microstructural evolution. The results of the 
thermomechanical fatigue tests are used to characterize 
microstructural, and mechanical, evolution and to validate 
the simulation results. 

Figure 2b After thermomechanical fatigue. (Joint 
thickness is 0.254mm.) 

The stress-strain tests, and the creep tests, were 
performed on bulk samples deformed in uniaxial 
compression. The 60Sn-40Pb solder was melted at 220°C 
then poured directly into a chilled split mold. This was 
done in an effort to create the fine microstructure that is 
found in the small solder joints used in electronic 
packages. The ingots were machined into right circular 
cylinders 0.4" diameter by 0.8" in length. The 
mechanical tests were performed on a 155 kip servo- 
hydraulic test machine fitted with an environmental 
chamber and a 55kN load cell. The stress strain tests were 
performed in strain control at a strain rate of 2.1x104/sec. 
The creep tests were performed at -So, o", 23", 7 5 O ,  and 
125°C. Each specimen was allowed to equilibrate in the 
environmental chamber for 30 minutes prior to testing. A 
compressive prestrain of approximately one percent was 
applied to the sample to insure contact between the 
specimen and the platens. Testing was performed in load 
control, with stresses ranging from 10 to 8OMPa applied 
using a one second linear ramp. Platen displacement was 

monitored as a function of time. The minimum strain rate 
for each stress and temperature was subsequently 
determined from this sb-ain-time data. 

The thermomechanical fatigue tests were performed in a 
simple shear orientation. This procedure is described in 
greater depth elsewhere (Frear 1989, Frear, et al., 1993). A 
brief summary of the test method is given here. The 
specimen used to test solder joints is shown in the 
schematic drawing in Figure 3. The specimen consists of 
18 electrically isolated solder joints that deform in shear 
when the specimen is pushed and pulled on its ends. The 
joints have a simple truncated spherical geometry. 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 temperature extremes tested 
were -55" to 125°C. The thermal cycle consists of a ramp 
in strain and temperature to the elevated temperature 
extreme a 3 minute hold period, a ramp down, and another 
3 minute hold at the low temperature extreme. 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 
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Figure 3 Thermomechanical fatigue test specimen. 

INTERNAL STATE VARIABLE 
CONSTITUTIVE MODEL 

for solder (Akay, et al., 1993; Pan and Winterbottom, 
1990; Hacke, et al., 1993; Busso, et al., 1992; Guo, et 
al., 1992; Ling and Dasgupta, 1996; Ianuzzelli, et al., 
1996; Syed, 1995; Frost and Howard, 1990; Knecht and 
Fox, 1990). Several of these models included an aspect of 
the microstructure such as an initial grain or phase size as 
a material constant that does not change during the 
simulations. The present viscoplastic model, developed to 

A number of viscoplastic models have been developed 



predict the behavior of solder interconnects under 
conditions of thermomechanical fatigue, differs from 
previous models because a measure of the microstructure 
is incorporated as an internal state variable that changes 
during the simulation. Characteristics of the 
microstructure are included as a damage parameter (A) that 
incorporates the vacancy concentration and the grain size 
of the solder. A scalar state variable is available in the 
model to capture isotropic hardening and recovery. A 
second-order state tensor is used to capture kinematic 
hardening and recovery. The heterogeneous coarsening of 
the microstructure is expected to have a significant effect 
on the state of the material, and a state variable which 
accounts for the reduction in flow stress with 
microstrucbml coarsening is incorporated following the 
Hall-Petch relationship. 

The internal state variable constitutive model for the 
solder has the standard constitutive relationship: 

where 0 is the Cauchy stress in the unrotated 
configuration, E is the fourth-order isotropic elasticity 
tensor (derived from the Shear and Bulk Moduli), d is the 
total deformation rate in the unrotated configuration, and 
din is the inelastic deformation rate in the unrotated 
cofligwtion [Biffle and Blanford, 19941. The inelastic 
deformation rate is given by: 

& = Eid-din) (1) 

where y is the magnitude of din, f, p, m and Q are material 
parameters, R is the gas constant (1.987 caVMol*K), and 
T is the absolute temperature. 1 is the microstructural 
parameter, A,, is its initial value. The effects of 
microstructural evolution are normalized in equation 2 by 
dividing the microstructural parameter by its initial value. 
a is a scalar function of the absolute temperature, c and 
are state variables (defined below), and n is the normalized 
stress difference tensor which is given by: 

n =  
where s is the stress deviator, B is the state tensor, which 
accounts for kinematic hardening, z is the a von Mises 
effective stress, which is a scalar measure of the stress 
difference &tude: 

2 
3 

z (3) 

s - -B 

(4) 
The constants in equation 2 can be defined by the creep 
test results on the solder. Near-eutectic Sn-Pb solder has 
been described as having a power law (Sherby-Dom) type 
of behavior that has a form of @om and Mote, 1963): 

Q 
imin = A(G+WE (5) 
where Ymin is the minimum creep strain rate (~sec) ,  oc is 
the applied uniaxial stress (Mpa), R is the gas constant, T 
is the absolute temperature (K), Q is the activation energy 
(kcaUmol), and A and n are constants. 

The form of equation 5 was based upon tests performed 
at room temperature and above. For this current work, 
creep tests were performed over the entire temperature 
range of interest ranging from -55" to 125'C. The data 
from these tests are summarized in Figure 4. At 
temperatures below O T ,  the solder undergoes power law 
breakdown and the data can no longer be described by the 
Sherby-Dorn relationship (a straight line). Under power 
law breakdown conditions, the sinh law (or Garofalo law) 
(Garofalo, 1965) equation provides a much better 
description of the steady state response: 

(9 
where an a constant term is added to the sinh term. The 
data in Figure 4 are shown with the sinh law and the fit is 
excellent. Thus, the sinh law was used as the basis for 
the kinetic equation in the new viscoplastic model. The 
constants in equation 2 are determined from the data in 
Figure 4 by a multivariable regression analysis. 
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Figure 4 Creep data for 60Sn-40Pb solder including 
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Garofalo law fit. 

Competing hardening and recovery mechanisms are 
captured by the evolution equations for the internal state 
variables c and B. The equation for c captures isotropic 
hardening and recovery. Its evolution is given by: 
C = Aly - (A2y+ A~)(c - C O ) ~  

where c,, A,, A,, and A3 are material parameters. 
Evolution of the second-order state tensor B for kinematic 
hardening and recovery is given by: 

(7) 



where Ad, A,, and 4 are material parameters. For these 
simulations on solder, the isotropic hardening is not used. 
The model uses only kinematic relationship because 
during thennomechanical fatigue the temperature cycling 
constantly changes the hardening and recovery rates. The 
isotropic hardening and recovery would be used in 
conditions where the changes in hardening and recovery 
due to temperature are m i n i  such as situations where 
smaU changes in temperature are experienced by the solder 
joints. The constants AI to 4 are determined using 
multivariable regression analysis on the uniaxial 
stresdstrain test data at a variety of temperatures and strain 
rates for different mimstructures. 

The reduction in flow resistance with grain coarsening 
is captured by the scalar state variables. The state 
variable 2 is related to the current value of A, by: 
h c = A { F r  

(9) 
where A7 and As are positive material parameters. Note 
that as A increases, 2 decreases in magnitude which has 
the effect of reducing the flow resistance of the material. 
The constant A7 in equation 9 is a complex panmeter that 
determines the effectiveness of grain boundaries in raising 
yield strength. A7 is calculated from stress-strain data, and 
equation 9 and using the initial value of 
value for A. The constant As has been empirically found 
to be 0.5 for metals (Barrett, et al. 1973). 

with the initial 

The unique feature of this methodology is that the 
microstructure, and its evolution, are inherent features of 
the model. Aspects of the microstructure are incorporated 
in the model through the parameter X, which represents 
the average grain size of the solder and damage 
accumulation in the form of defects. It is based on 
experimental evidence that suggests that during 
deformation the diffusion cuefficient in or near the grain 
boundaries increases if the deformation is dominated by 
grain boundary sliding and rotation @hat and Vitovec, 
1970; Blackbum and Brown, 1962). There is ample 
evidence that deformation in near-eutectic Sn-Pb is 
dominated by the sliding and rotation of cells at cell 
boundaries (Stone and Lee, 1990; Frear et al., 1991). The 
cell boundaries are the last regions of the joint to solidify 
and are the coarsest, and therefore the weakest, regions in 
the joint. Figure 5 shows these boundaries. As strain is 
applied to the solder, the cells slide and rotate to 
accommodate the damage. The heterogeneously applied 
strain at the cell boundaries results in coarsening of those 
boundaries. This deformation and coarsening can be 
simulated through the production of excess vacancies in 

the boundary region. Clark and Alden 119731 proposed a 
simple model for vacancy mobility in the grain 
boundaries. We modiiled the Clark-Alden model for the 
two-phase 60Sn-40Pb microstructure to dexive 
relationships for heterogeneous coarsening compatible 

Figure 5 Optical micrograph of an as-solidified solder joint 
with cell boundaries marked by arrows. 

If the production rate of excess vacancies is proportional 
to the inelastic deformation rate, and the annealing rate of 
vacancies is proportional to the excess vacancy 
concentration, then: 

where vx is the atomic fraction of vacancies due to 
imposed strain, and A9 and A10 are material constants. 

IfY is constant then, integration of equation (10) yields 
(11) Vx="( A9 * 1 -&bot) 

A10 
If we assume that diffusion takes place by a vacancy 
mechanism, the diffusivity, D, is: 

where vo is the equilibrium vacancy concentration and D, 
is the diffusion coefficient. For normal grain growth: 

D=D,(vx +VO) (12) 

dh= - M E  
dt dx (13) 
where 3L is grain size and M is the mobility and is related 
to the diffusivity, D, by 

(14) 

and dF is the gradient of free energy per atom across the 
dx 

boundary and is inversely proportional to the grain size. 
Hence: 

(15) dF - 1 - - - -A11 
dx h 
where A,, is a constant. Therefore, 

substituting from equation 12 yields: 



The constant vo can be estimated from Shewman [1963]: 

vo=exp( e) 
where AH? the activation energy to form a vacancy, is 
11.8KcaVmol [Shewman, 19631 so: 

(19) 
The constant A,, depends on the nature of the vacancy 
sinks. For this model the sinks are assumed to be grain 
boundaries so that rClark and Alden. 19731: 
A10=------exp( 2Dv-2Do -mm 

L2 L2 
where: 
D" = DO*exp(*) 

vacancy motion (15.7kcal/mol [Desorbo, 1959]), Do is the 
fiequency factor @re-exponential diffusion coefficient) (9.7 
cm2/sec), L is the perpendicular distance fiom the vacancy 
source to the sink that is not known quantitatively but is 
assumed to be 100A [Clark and Alden, 19731. 

RT , AH,,, is the activation energy for 

Therefore, A,, is: _- 
- 7 . 9 ~ 1 0 ~  

A10 = (1 .94~10~~)exp T /second 
A9 is a constant, such that product Ag& is the rate of 
vacancy production. An estimated value from Bany and 
Brown [ 19641 is A9 = 1.7~10-~/second. Excess vacancies 
are generated by inelastic deformation. When inelastic 
deformation is not being generated, the value of the 
product A9Y becomes 0. 

The constant A1 1 can be estimated from unstrained 
grain growth. This follows from the relations for grain 
growth as a function of time and vacancy concentration. 

$-D:=Kt (22) 
an& 

(23) 
where D is the average grain diameter, t is the time, and 

K is an Arrhenius equation such thatK = 
Thereforc 

where v, comes from equation (17). Substituting for A,, 
in equation 17 provides the change in grain size: 

Q = 23,000 &mol (Thomas and Birchenall, 1952) 
R = 1.98 caVmol*K 

vo=exp T 
-5 .9x103 

A9 = 1.7~10-5/s 

The constants and Q were derived from the Arrhenius 
behavior of a dilute solution of Sn diffusing through a Pb- 
rich matrix. This scenario was chosen because it is the 
limiting factor for grain (and phase) growth of the Sn-rich 
regions. For the Sn-rich grains to grow, Sn must diffuse 
into those regions and must do so through the adjacent 
Pb-rich regions. The activation energy for this process is 
a factor of two greater than for diffusion of Sn through 
Sn-rich regions and is therefore the limiting factor for 
growth. 

Figure 6 FEM mesh of a solder joint from the simplified test 
specimen of Figure 3. 

For near-eutectic Sn-Pb solders: 
K,, = 8 .8~10-~  cm2/s (Thomas and Birchenall, 1952) 



Figure 7 FEM microstructural damage parameter 
simulation results. Light color corresponds to 
coarsened regions. 

Figure 8 Optical micrograph of a solder joint showing 
heterogeneous coarsening. (Joint thickness is 0.254mm.) 

MODEL RESULTS 

time-dependent, viscoplastic microstructurally based 
constitutive model. This model is a finite element 
simulation and was implemented into the finite element 
codes JAC2D (Biffle and Blanford, 1992), JAC3D (Biffle 
and Blanford, 1993), AND JAS3D (Blanford, 1993). 

The constitutive relations described above comprise a 

The internal state variable constitutive model was 
implemented into JAS3D, a three dimensional finite 
element simulation, to predict the thennomechanical 
fatigue response of the solder joints in the simplified 
thennomechanical fatigue test specimen shown in Figure 
3. The simulation consisted of two rigid boards, one fixed 
the other displaced a total of 10% in shear over a 
temperature range of -55" to 125°C. A finite element 
mesh of this simulation is shown if Figure 6. A plot of 
the microstructural parameter, h, is shown in Figure 7 
after a number of thermal cycles. Heterogeneous 
coarsening developed at regions adjacent to the 
solder/subsmte interface. A cross-section micrograph of a 
solder joint, after the same number of cycles is shown in 
Figure 8. The simulation results that predict the location 
of the coarsening agree with that observed in the solder 
joint. 

The model was also applied to predict the 
thermomechanical response of a leadless chip carrier 
(LCC) solder interconnect. The geometry selected was a 
one-element thick slice of an LCC solder interconnect 
shown in Figure 9. This geometry can be considered to 
be a solder interconnect at the centerline of the LCC 
package. The substrate was assumed to be a ceramic 
material with a coefficient of thermal expansion (CTE) of 
5 ~ 1 0 - ~  in/in"C. The component was also assumed to be a 
ceramic material with a CTE of 6 ~ 1 0 - ~  in/in"C. The 
substrate was assumed to be rigid. A symmetry boundary 
condition was applied to the front surface and the back 
surface was free. A uniform, cyclical, he-dependent 
displacement and temperature history was applied with the 
magnitude of the applied displacement corresponding to 
the thermal expansion difference between the component 
and substrate. The response of the solder interconnect is 
shown in Figure loa by the contours of the accumulated 
plastic strain on the solder interconnect. This plot 
indicates that the highest magnitude of accumulated plastic 
strain is under the chip carrier. In Figure lob, the 
contours of the computed microstructural parameter are 
plotted for the solder interconnect. This plot indicates that 
coarsening occurs at the region of high plastic strain, 
under the chip carrier. A cross-section micrograph of an 
LCC solder joint after a number of thermomechanical 
fatigue cycles is shown in Figure 11. In this micrograph, 
a crack has formed in the solder joint, under the chip 
carrier, through the heterogeneous coarsened region. The 
similarity between the prediction and the observed 
microstructure validates the simulation methodology 
showing the coarsening and failure occurring under the 
chip carrier. 

The microstructural parameter can also be used as a metric 
to predict the lifetime of the solder joint. It is understood 
that there is an upper limit to the amount of coarsening 
that can occur in a solder joint before a cracks form in the 
coarsened regions. It is hypothesized that the Pb and Sn 
grains in the coarsened region grow so large that they can 
no longer slide and rotate to accommodate the strain which 
results in the initiation and propagation of cracks. Based 
on this physical understanding, the microstructural 
parameter can be used to empirically predict the lifetime of 
solder interconnects under thennomechanical fatigue 
conditions. The predicted microstructural parameter, h, as 
a function of number of cycles for 5%. lo%, and 100% 
shear strain is plotted in Figure 12 for the simplified 
thermomechanical fatigue test specimen. The critical 
value for h was empirically chosen for the 10% shear 
strain sample at = 14.5 (the failure limit). Table I 
lists the predicted number cycles to failure using this 
limiting value of h versus those found experimentally for 
the three levels of shear strain. The predicted values come 



very close to the observed which helps to validate the 
methodology. 

Table I Damage Parameter Failure Limit 
Nf Nf 

Experimental predicted 
Strain h 

5% 14.5 415 425 
10% 14.5 225 220 
100% 14.5 65 70 

CONCLUSIONS 
The advantages of this predictive methodology are that: (a) 
it incorporates the behavior that strongly affects solder 
joint reliability (time dependent deformation and 
microstructural evolution), (b) microstructural evolution 
and the strain concentrations that result from the evolution 
are accounted for, (c) the material constants in the 
simulations are based upon straightforward experimental 
tests, (d) extensive lifetime data are not needed to 
empirically predict life because the methodology is based 
upon fundamental microstructural behavior, and (e) the 
results can be easily verified experimentally. The focus 
for the development of this model was that it be based 
upon fundamental materials behavior and that the 
constants present in the model have a true physical 
significance that could be quantified experimentally. 
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Figure 9 FEM mesh of an LCC solder joint. 

Figure 10 a) Accumulated plastic strain and 
b)microstructural damage parameter. 

Figure 11 Optical micrograph of LCC solder joint after 
thermomechanical fatigue. 
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Figure 12 Damage parameter as a function of time for 
various shear strain values. 


