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Simulation of Grain Growth in a Near-Eutectic Solder Alloy
Michael W. Woodmansee, Veena Tikare and Paul Vianco

Microstructural evolution due to aging of solder alloys determines their long-
term reliability as electrical, mechanical and thermal interconnects in electronics
packages. The ability to accurately determine the reliability of existing electronic
components as well as to predict the performance of proposed designs depends upon
the development of reliable material models. A kinetic Monte Carlo simulation was
used to simulate microstructural evolution in solder-class materials. The grain
growth model simulated many of the microstructural features observed
experimentally in 63 Sn-37Pb, a popular near-eutectic solder alloy. The model was
validated by comparing simulation results to new experimental data on coarsening
of Sn-Pb solder. The computational and experimental grain growth exponent for
two-phase solder was found to be much lower than that for normal, single phase
grain growth. The grain size distributions of solders obtained from simulations
were narrower than that of normal grain growth. It was found that the phase
composition of solder is important in determining grain growth behavior.

I. Introduction

Solders constitute a class of metallic alloys characterized by melting temperatures
that are below 450”C. Solder alloys are commonly used in the electronics industry as
electrical, mechanical and thermal interconnects between an integrated chip or component
and a substrate or printed circuit board. Solder research over the past 50 years has been
focused on improving our understanding of the constitutive and fatigue-life properties of
different solder alloys to be able to develop materials models that can predict solder
interconnect reliability in electronics packages. Such models would accelerate the design
of new electronics by reducing the need for physical prototyping and testing. They can
also provide insight into the reliability of existing electronic components in commercial
and military hardware. In addition, an improved understanding of the currently popular
Pb-containing solders will lead to the development of high-reliability Pb-free solders that
also minimize the environmental impact of discarded electronics.

While it is well known that combined thermal and mechanical fatigue reduces
solder life more than isothermal fatigue alone, the internal phenomena driving the
accelerated deformation and degradation is not well understood. Thermomechanical
fatigue (combined thermal and isothermal fatigue) is particularly important in electronics
packages due to stresses resulting from coefficient of thermal expansion (CTE)
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mismatches between adjoined materials during changes in temperature. These
temperature fluctuations may be due to ambient changes or by power cycles associated
with the natural fimction of the electronic package. This component-level CTE mismatch
inevitably results in the accumulation of shear strains in the solder leading to
interconnection failure. Frear and collaborators found that near-eutectic Sn-Pb coarsens
heterogeneously along bands within the material during a shear-dominated
thermomechanical cycling and damage nucleates within the Sri-rich phase, along
crystallographic boundaries. Cracks then propagated through the Pb-rich regions after the
Sri-rich grains failed. It was hypothesized that damage initiated within the large-grains in
the coarsened bands because these grains could no longer accommodate macroscale
strains by rotation and sliding along grain boundaries. Thus, both the nucleation and
propagation of damage in solder has been directly linked to the state-and more
specifically the coarseness-of the microstructure.

The classical work of Boas and Honeycombed and the more recent work of
Woodmansee and Neu3 have shown that grain size and shape as well as phase
connectivity undoubtedly influence the accumulation of internal deformation and
possibly degradation in solders. Solder interconnects exist at high homologous
temperatures in normal applications, since current soldering methods require a low
meIting point to avoid heat damage to components and substrate materials. For example,
in military applications solders see a temperature range of –55 “C to 125 “C which is a
T/Tm of 0.48 to 0.87 for 63 Sn-37Pb wtYo. At these homologous temperatures where
diffusion-controlled coarsening is highly active, significant microstructural evolution has
been observed in 63 Sn-37Pb over periods of up to 15 years4.

For the purposes of our simulations, it is useful to operate on a volume content
basis. The 63 Sn-37Pbwt% alloy maybe represented on a volume percentage basis as
73 Sn-27Pb using the density of each of the constituents, 7.3 g/cm5 for Sn and 11.4 g/cm3
for Pb. Since almost three-quarters of the volume of a solder sample is occupied by the
Sn phase, this phase forms a matrix in the microstructure after solidification. 2-D cross-
sectional analysis indicates the Pb-rich phase forms isolated phase particles. However, .
more 3-D analysis is required to show this conclusively. The Sri-rich phase found in
eutectic and near-eutectic Sn-Pb alloys has been observed to be nearly pure Sn while the
Pb-rich phase has been observed to be 85% to 95% pure, depending on the temperature
and age of the specimen.

A noteworthy aspect of the microstructure of 63 Sn-37Pb is the coexistence of

phase grains and subgrains. A phase grain is a microstructural region that is composed
of a continuous single-phase and bordered by a region or regions of other compositions.
Within each phase grain there are multiple crystallographic grains, termed subgrains due
to their subordinance to the phase grain. Figure 1, a SEM micrograph of Sn-Pb solder
shows these features. Near-eutectic solder alloys have also been observed to form phase
colonies as part of their microstructure. The phase grains within these colonies are
sometimes lamellar when the cooling rate is slow after soldering. Lamellae are formed
when solidification takes place behind an essentially planar solidification front. The
interlamellar spacing will depend on the rate of atomic diffusion within the liquid near
the front that is determined by the alloy and the temperature.5 Nhen solders are used as
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an interconnection material for electronics applications, the cooling rate is usually high

enough that such lamellar colonies are rarely seen in practice.
Clearly a next-generation life prediction model for solders must be able to predict

the time- and temperature-dependent grain growth behavior of solders since there is much
evidence suggesting that the subgrain and phase grain characteristics are strong
determiners of material behavior and damage resistance. This paper sets the groundwork
for modeling the grain growth behavior of solder alloys by showing that much of the
observed behavior may be simulated by utilizing a simple grain growth model, the kinetic
Monte Carlo model. A two-phase grain growth model is developed and used to simulate
subgrain and phase grain growth in a solder system. The simulation results will be
compared to experimental results of phase grain growth in Pb-Sn solder.

Figure 1 SEM micrograph of 63 Sn-37Pb microstructure. The Sri-rich phase is dark and
the Pb-rich phase is light. Note the multiple subgrains within each phase grain.
[Courtesy of David LaVan, Sandia National Laboratories, Materials Property Research
Laboratory, work in progress]

II. Simulation Method

The Monte Carlo grain growth model used in this study relies on local neighbor
interactions to simulate global evolution due to capillary forces. The microstructure is
digitized on a square lattice with each element of the lattice, termed a grain site,
representing an arbitrary discrete quantum of matter that is usually the order of billions
per site or more atoms, Each grain site was assigned a spin, q, to describe its phase
identity, a primary (A) or secondary (B) phase, and its grain identity. The spin
convention chosen was all A sites had positive integer spins (spin> 1), and all B sites had

negative spins (spin < -1). The total number of spins used for each phase was Q = 100.
Each site in the square array interacts with eight nearest neighbors (four orthogonal and
four diagonal neighbors). Contiguous grain sites with the same spin represent a grain.
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The equation of state for the models was given by the sum of all nearest neighbor
interaction energies

(1)

where E is the total interracial energy of the entire system and is the sum of neighbor

interaction energies about each grain site, N is the total number of sites, d is the
Kronicker delta function and qi is the spin of the ith site. If the value of each spin is
interpreted to represent a different crystallographic orientation, then the equation of state
may be seen as a piecewise step function: for any given pair of sites; different spins result
in an interracial energy of unity and congruent spins result in a local interracial energy of
null. It is possible to distinguish between high-angle, low-angle or other types of grain
boundaries by incorporating the magnitude of the spins into the equation of state as well
as their signsb. However, since there is presently no evidence of a preference to attain
special types of grain boundaries in “solder, no such differentiation was made in the
current isotropic formulation of the model.

Two different grain growth algorithms were employed in the Monte CarIo model
to simulate microstructural evolution. The spin flip rule, which simulated subgrain
growth, was applied to a randomly chosen site in the array. A new spin of the same sign
is selected randomly and the change in interracial energy calculated using equation (1).
The sum of the new nearest-neighbor interracial energies of the site, En~,v,was then
compared to the sum of the interracial energies before the exchange, EOl~,to obtain the
total change in interracial energy due to the exchange, AE = E~~w- Eold. Next the
Metropolis algorithm’ was used to determine if the change was accepted or not. This
probability for the spin flip was calculated using

p)–AE
for AE>o

‘Xp kBT

P=

1 for AE<o

(2)

where k~ is the Boltzman constant and T is the Monte Carlo temperature. Using the
standard Boltzrnan statistic, a random number R :(0,1) was generated such that if R < P

then the exchange was accepted. It can be seen that the probability of accepting a change
that resulted in a large net increase in the local interracial energy (the number of unlike-
neighbors about a site) was smail. If the change was not accepted, the site retained its
original spin.

The second algorithm was a spin exchange rule, which simulated phase grain
growth. In this rule, a site and a neighbor were chosen at random. If the two sites were
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from different phases then they were exchanged, each retaining its original spin. The

change in energy for the spin exchange was determined by calculating the energy of the
old and new configurations using equation (1). Again the Metropolis algorithm was used
to determine if the change was accepted or rejected as described previously. The
probability of transition, P, was then evaluated according to equation (2). The spin flip
and spin exchange were executed alternately in the program.

The simulations presented in the paper were initialized using a 500 x 500 grain

site lattice. The starting microstructure used in this study were generated by randomly
seeding solid A- and solid B-spin sites with the desired volume fraction of A and B. The
resulting microstructure is referred to as afine-grained microstructure: most subgrains
and phase grains are of unit size. Units of time were measured in units of Monte Carlo
steps (MCS); 1 MCS corresponded to N growth steps where N represents the total
number of grain sites. Thus, the Monte Carlo step provided a useful measure of elapsed
time that is independent of the size of the site spins array. The Monte Carlo temperatures
used”for the spin flip was T = Oand for spin exchange was T = 0.7. The use of two
different simulation temperatures is to allow long range diffusion by spin exchange and is
discussed in detail in a previous work.8 Grain growth kinetics as a function of spin
exchange temperature were determined at constant composition of 50 vol. 0/0A-phase.

Grain growth behavior of two different compositions, 50 vol. ?40A-phase and 73 vol. YO
A-phase, at constant spin exchange temperature, was characterized. The 73 vol. YOA-
phase grain growth simulations were then compared to experimentally measured phase
grain coarsening of Sn-Pb solder.

III. Results and Discussion

(1) Single Phase Grain Growth
A single-phase grain growth simulation was reproduced to veri~ the code as well as

to generate data for comparison to grain growth in solders. The microstructure obtained
from this simulation are shown in Figure 2. The microstructure evolved as expected for
an initially fine-grained microstructure. The smaller grains were consumed by larger
grains as predicted in theory and observed in experiments with grain boundaries moving
towards their centers of curvature.

Grain growth kinetic’” is described by the following equation

A = ktn (3)

where.4 is the average grain area at time t, k is a constant and n is the grain growth
exponent. The data for single-phase grain growth simulation is plotted in Figure 6 as the
average grain area A as a fimction of time ton logarithmic scales. The slope of a straight
line fit through this log(A) versus log(t) plot by least-square fitting is the grain growth
exponent. The grain growth exponent is a simple metric that is used to compare steady-
state growth rates of different simulations. The grain growth exponent for single-phase
grain growth simulations was found to be 0.96. This result is also in good agreement with
the predicted grain growth exponent of n = 1.0 when tracking the grain area.
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Furthermore, the microstructure was found to be self-scaling with time, which is also in

agreement with predictions of grain growth theory.

103 MCS 104 MCS 105 MCS

Figure 2 Simulated microstructural evolution of a single-phase metal by isothermal
grain growth using the Potts Model starting from a fine-grained initial microstructure.

(2) Two Phase Grain Growth
(2a) Monte Carlo Temperature Dependence

Two-phase grain growth for 50 vol. % A-phase was simulated as a function of spin
exchange temperature because previous Potts Monte Carlo models of coarsening
involving long range diffision showed that the grain growth exponent was simulation
temperature dependent at low temperatures. 11 However, at higher temperatures the
subgrain growth exponent became constant. The subgrain growth curves and the
corresponding exponents are shown in Figure 3 for two-phase grain growth at different
spin exchange temperatures. Subgrain growth was almost completely stagnant at spin
exchange temperature, T = O, with an exponent n = O. As the simulation temperature was
increased, the subgrain growth exponent also increased and became constant at n = 0.5
for temperatures T >0.6. This is due to the fact that long-range diffision was not active
at the lower temperatures, which mitigated the growth of phase grains. Difiision in this
simulation could only occur when a few non-favorable spin exchanges with higher energy
changes (A E > O) were allowed. At the higher spin exchange temperatures, the
simulation was able to overcome local energy barriers and find lower interracial energy
configurations in the microstructure at the rate determined by the long-range diffision
mechanism. The two-phase grain growth results presented in the remainder of this paper
will be collected on simulations run at Monte Carlo exchange temperature T = 0.7 where
the interracial diffusion is active.
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Figure 3 Subgrain growth curves for 50 vol. YOA-phase simulations at different spin
exchange temperatures, T.

Simulated grain growth microstructure for the 50 vol. YOA-phase and 73 vol. ‘Yo
A-phase volume fractions are shown in Figure 4 and Figure 5, respectively. Both the
subgrains as well as phase grains coarsened while remaining equiaxed and regular. In 50
vol. 0/0A-phase simulation, both the A-phase and B-phase remain highly interconnected
as coarsening progressed. In the 73 vol. 0/0A-phase simulation, the A-phase formed a
continuous matrix around isolated B-phase grains. Within some of the B-phase grains, a
few subgrains were seen. These isolated B-phase grains at low area fi-actions of B-phase
were anticipated as the interracial energies dictate equiaxed grain structures rather than
elongated percolating structures.
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Figure 4 Simulated microstructural evolution of a 50 vol. YOA-phase binary alloy by

isothermal grain growth using the Potts Model starting from a fine-grained initial
microstructure. The white features are phase A and the gray features phase B.

103 MCS 104 MCS 105 MCS

Figure 5 Simulated microstructural evolution of a 73 vol. % A-phase binary alloy
isothermal grain growth using the Potts Model starting from a fine-grained initial
microstructure. The white features are phase A and the gray features phase B.

by

The subgrain growth mechanism simulated by this numerical model is normal
curvature driven grain growth. The lower exponent of n = 0.5 observed in the two-phase
simulations results from the fact that subgrains can only grow within the phase grains. In
the current model, phase grain growth occurs by mass transport along interfaces. The
spin exchange rule used in this model of both sites retaining their original spin promotes
grain boundary diffision. Close examination of many microstructure showed very few
single grain sites of one phase in the grain interiors of the other phase. Furthermore,
these occasional single sites were only seen at the highest temperature studied, T = 1.0.
This suggests that volume diffision was negligible and interracial diffusion was the
diffusion mechanism for long range diffusion.
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f’2b) Grain Growth Kinetics

Stibgrain growth for each of the two-phase simulations was much slower than that
observed in single-phase grain growth as seen in Figure 6. In the 73 vol. 0/0A-phase
simulation, the A-phase formed a continuous matrix around the B-phase and had a

subgrain growth exponent n = 0.53. This result was higher than that for isolated B-phase,
which had a subgrain growth exponent of n = 0.42. In the 50 vol. 0/0A-phase simulation,

both the A-phase and the B-phase had identical microstructure and identical grain
growth curves with a subgrain growth exponent of n = 0.46. This was expected since

both the A-phase and the B-phase have the same interracial energies and occupy the same
area. The lower subgrain growth exponents for all three cases presented above are due
the presence of phase boundaries between the two phases which block subgrain growth.
Subgrain growth between two adjacent grains of the same phase occurs normally with
grain boundaries moving towards their center of curvature. However, subgrains cannot
grow beyond the boundary of phase grain interfaces until long-range interphase diffusion
coarsens the phase grain structure. Thus, for a given subgrain, the higher the interface
length with the unlike phase, the more restricted was its growth and the lower was its
subgrain growth exponent.

ill I 8 I 1 i till 1 1 1 I I 1 I 1[ I 1 I 1
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100 =
n = 0.46

n = 0.42-

t I 1111111 I t 1 1 # I Ill I 1 1

1000 104 105

time, MCS

Figure 6 Mean subgrain area versus MCS time for grain growth simulations initialized
with a fine-grained microstructure. Subgrain growth exponents obtained from least-
square fitting are shown to the right of each set of data points.

The phase grain growth exponent for the second-phase in the 73 vol. % A-phase
simulation was determined to be n = 0.36, as depicted in Figure 7, which is slightly lower
than the subgrain exponent n = 0.42 for this phase. The phase grain growth exponents for
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both phases of the 50 vol. ?40A-phase simulation were of n = 0.46. The phase grain

growth rate for this simulation was equal to the grain growth exponent and this was
attributed to the fact the both phases were more interconnected for this case. The low
growth rate of these phase regions is attributed to the constraint limiting subgrain
boundary migration at the phase grain boundary.

L’1 I I i 1 I Ill I 1 [ i I 1 1 11[ I 1 I
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n = 0.46

000 ~

Am:

100 :
n = 0.36 :

10 ~ 1 # I I I aIII 1 1 1 t [I III , I I 4

1000 104 105

time, MCS

Figure 7 Mean phase grain area versus MCS time for grain growth simulations
initialized with a fine-grained microstructure. Phase grain growth exponents obtain from
least square fitting are shown to the right of each set of data points.

While grain growth exponent was found to be constant with Monte Carlo
temperature at higher temperature at a given composition, the subgrain aud phase grain
growth exponents varied with composition. This was an unexpected result as previous
worksl’’’1 313have shown that grain growth exponents in two phase systems are constant
with composition, if the diffusion mechanism is constant. To understand these
unexpected results, the grain growth rate was derived using the Lifshitz, Slyozov and
Wagner (LSW) approach14’15.

Let us consider the 73%A simulation. In this simulation the second phase primarily
forms isolated grains as shown in Figure 5. The few that are connected have curvatures
determined by the individual subgrain size rather than the phase grain size. Furthermore,
growth of the subgrains occurs by long range diffusion of the second phase from one
grain to the next to maintain the correct angles at the triple junctions. Therefore, the
subgrain growth of the second phase occurs by long range diffusion and can be analyzed
using models developed for Ostwald ripening. Coarsening will occur by diffision from
smaller grains along interfaces (both A-A and A-B interfaces) and precipitate onto the
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larger grains. A modified LSW approach will be used hereto determine the coarsening
rate of the subgrains of the secondary phase.

We assume a steady-state diffusion condition between a grain of radius R and a
distance 1, which is half the average distance between particles. Furthermore, we assume
a mean field concentration at this distance L The solution to the steady-state diflhsion

equation V2C(r) = O in 2-D with the boundary conditions C’(r) ~=~ = C’R and

C(r)l,=i = Cm where C is solution concentration, r is distance, R is the grain size, 1 is

half the average distance between particles and C’~is the mean field concentration is

C= Cm+ “-cm(Inr-lnl)
lnl–lnR

The flux from a circular grain of radius R is

dn 2nR dR
J=—=——

dt Vm dt

(4)

(5)

where n is the moles in the particle and V. is the molar area (in 2-D). The flux due to
diffision at the grain of size R is

J=e
. _2zm&

= 27ZD
()

cm–CR
dt dr ,=’ InR–In/

(6)

Recognizing that equation 5 and 6 are equal; applying the Gibbs-Thompson equation,
which gives the supersaturation C“ at a particle of radius R

[1C’=ce 1+
2vmy
RRgT

(7)

where C’,is the equilibrium solution concentration, yis the interracial energy, R~is the
gas constant and T is temperature; assuming that the mean field concentration is very
close to the equilibrium concentration; and solving for the grain growth rate gives

[)R2dR 2DCeyVm 2 ~

dt = RgT lnR–lnl
, (8)

The diffusion coefllcient is the effective grain boundary diffusivity through the matrix
phase surrounding the isolated phase grains. The rule of mixtures where the bulk
diffisivity is much lower than the grain boundary diffusivity reduces to

BDgb
D = Dgbfgb = R

m
(9)

where llg~ is the grain boundary difision coefficient,~g~ is the fraction of grain boundary
region, B’Gis a constant and R., is the average matrix grain size. We can assume that the
matrix grain growth is governed by power law behavior such as

I
11



Rm = kmtm ( 10)

Substituting D from equation (9) and lZ~ from equation (10) in equation (8) gives

(12BDg&?YKm2 1
R2dR = t-malt

kmRgT lnR–lnl
( 11)

Arde1117has shown that this equation can be integrated by introducing some geometric
fimctions18 and by using the continuity equation and mass conservation equations.
Duplicating Ardell’s method we obtained

3 3

‘hereg=rrx13&< and <is a geometric fimction related to the

fraction of the coarsening phase. In the notation used in the rest of the paper and
assuming RO<<R, Equation (12) may be written as

2–rim

A=kt 3

where n~ is the subgrain growth exponent for the matrix phase in the equation

Am = kmtn’n .
From equation (13) it can be seen that the second phase subgrain growth

( 13)

exponent

will be dependent on the grain growth exponent of the matrix phase. Furthermore, the
subgrain growth exponent predicted by equation (13), n = 0.49 is in good agreement with
the exponent obtained from the simulation of n = 0.42.

The same analysis can be applied to the 50’?40A case by recognizing that the grain
size of both phases is the same, R = R~. Thus equation (9) becomes

BDgb
D = Dgbfgb =

R
‘ (14)

Duplicating the derivation in equations (1O)to(13), we obtain

A = kt; (15)
for the case where both the A- and B-subgrains are the same size. The subgrain growth
exponent for the 50°/0 A case predicted by equation (15) of n = 0.50 is in excellent
agreement with the exponent obtained from simulation of n = 0.46.

In classical Ostwald ripening difisivity through the matrix remains constant
yielding a constant growth exponent with composition. However, this simple analysis
shows the ripening observed in solders where grain boundary difision is dominant mass
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transport mechanism, the growth exponent will vary with the subgrain growth rate of the

matrix phase. As the matrix subgrains grow faster, the isolated phase will grow slower as
less grain boundary region is available for diffusion.

(2C) Com~arison with Ex~erimentaI Data

Coarsening in 63 Sn-37Pb system was studied by aging the two-phase solder system
at temperatures ranging from 25 to 10O”C. All samples had been created by a controlled
cooling rate of 10O°C/min. The microstructure of solder samples were examined at
predetermined time intervals of O,2, 5, 10,25, 50 and 100 days. Two cross-sections were

prepared using standard metallographic techniques. The cross-sections were examined in
the scanning electron microscope (SEM). Three examples are shown in Figure 10
illustrating the high contrast images that helped to differentiate the phase regions. The

secondary Pb-rich phase (shown in w-bite) forms isolated phase grains surrounded by the
Sri-rich matrix (shown in black). It maybe easily observed that the Pb-rich phase grains
coarsen with time. The average phase grain areas of the Pb-rich phase were measured by
analyzing the 3000x high contrast images obtained from six locations per each of the two
cross sections using the SEM and a statistical graphics package.

2 days

Figure 10 Scanning electron

25 days 100 days

microscope micrographs of 63 Sn-37Pb solder aged at 25°C
for 2 to 100 days. Samples began horn as-cast state using a cooling rate of 10O°C/min.
The images are enhanced to amplifi contrast between Sri-rich phase (shown dark) and
Pb-rich phase (shown light).

Comparison of the microstructure observed in Sn-Pb solder systems to those
obtained from simulations shows many similarities. Both have isolated phase grains of
the secondary phase that are not equiaxed, but rather are elongated or branched. The
phase coarsening results for different temperatures are plotted in Figure 11. The
corresponding phase growth exponents were calculated by least-square fitting to the data
as a fiction of temperature and are plotted in Figure 12. The phase grain growth
exponents ranged from 0.27 to 0.46. This range is in good agreement with the simulated
phase grain growth exponent of 0.36.
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Figure 11 Plot of mean Pb-rich phase grain size versus time for 63 Sn-37Pb
solder obtained from isothermal aging experiments at temperatures ranging from
25°C to 100”C.
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Figure12 Plotofthe second~, Pb-tich, phase grain grotiexponent mdsimuIated

phase grain growth exponent versustemperature for63Sn-37Pbunder isothermal aging
experiments ranging from25°Cto10 O“C.

At the temperatures used to age the solders, interracial difi?hsion is the dominant
diffusion mechanismlg. Furthermore, likethe microstructure inthesimulation the matrix

is composed on subgrains as shown in Figure 1. Thus, the agreement between the phase
growth exponent predicted by the simulations and measured from experiment validates
the kinetic two-phase grain growth model presented in this work.

(3) Grain Size Distributions
Grain size distributions (GSD) for the two-phase simulations were found to be

dynamically scaling at late times in the simulation, at times greater than 103 MCS.
Previous work in the single-phase grain growth systems has shown that a steady state
normalized GSD is theoretically expected* 0320.The GSD of the single-phase simulation is

compared to those of the two-phase simulations qualitatively in Figure 8 and
quantitatively in terms of the variance, kurtosis and skewness, in Figure 9. The GSD of
the primary phase in the two-phase system is narrower, is less skewed to the large grain
sizes and more peaked, indicating a lower variance, less skewness and a higher kurtosis,
respectively. The narrower GSD results for the 73 vol. 0/0A-phase simulation were
anticipated since both subgrain and phase grain growth in this system were shown to be
more constrained than the single-phase system.
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Figure 8 Normalized subgrain size distributions (GSD) for the single-phase, 50 vol. YO
A-phase and 73 vol. % A-phase simulations.
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Figure 9 Comparative metrics for the subgrain size distributions (GSD) for the single-
phase, 50 vol. !40A-phase and 73 vol. YOA-phase simulations. The two-phase GSD has
lower variance and lower skewness than the single-phase GSD.

IV. Conclusions

The purpose of this study was to develop a grain growth model to simulate
microstructural evolution in solders under isothermal aging conditions. A kinetic Monte
Carlo grain growth model was successfully developed to simulate grain growth in 63Sn-
37Pb, a near-eutectic, solder alloy. The grain growth mechanisms simulated by this
model are normal grain growth between neighboring grains of the same phase and an
Ostwald ripening type mechanism by interracial diffusion for grains separated by the
other phase. The grain growth and phase growth exponents were found to be
composition dependent. This dependence is attributed to the fact that interracial diffusion
controlled growth will be dependent on the size of the matrix grains. The simulations
results are in good agreement with experimental data of phase coarsening in 63 Sn-37Pb
solder, suggesting that the model does simulate two phase grain growth by interracial
difision well. The grain size distributions were found to be self-scaling as in the two-
phase systems. Furthermore, the two-phase grain size distributions were narrower and
less skewed than that of single phase.
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