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Application of Zenner-Frank Phase Field Theory
for Simulating Cu Depletion Effect in Isothermally
Aged SAC BGA Solder Joints

Naveen Daham Weerasekera, Ahmed ljaz Abdulla

Abstract— In this n this paper, thermodynamic study of material transport in Pb free solder joint that is subjected to isothermal aging is performed.
Thermodynamic feasibility is done through modeling the process by phase filed method (PFM). Images of evolution of the experimental microstructure of
the solder joint is accomplished by scanning electron microscopy (SEM) and optical microscopy (OM). Simulation results of the microstructure evolution
and SEM images are compared for intermetallic compound CH55ﬂ5 (IMC) of the solder joint. In the experimental investigations, we saw a depletion
of IMC precipitates at the center of the solder joint matrix with isothermal aging. However, growth of the main IMC layer was investigated. Zenner-Frank
theory of PFM is used to simulate the process with a simplified free energy density function. Initial precipitate distribution similar to experimental distribu-
tion is evolved with time and final microstructure with the experimental microstructure are compared. Phase field model soundly demonstrated the ther-
modynamic possibility of this process.

Index Terms— SAC Solder Joints, Scanning Electron Microscopy, Phase Field Modeling, Zenner-Frank theory, Precipitate

Growth, Intermettalic Compounds, BGA Solder Joints .

1 INTRODUCTION

Research in Pb-free solder joints are on an increase of inter
est up to today’s date. Advantages of these solder joints
based on reduced environmental pollution and adverse health
effects compared to Pb contained solder materials [1]. Alloy
composition and grain structure of solder material plays a key
role in determine its strength under various working condi-
tions. Under these working conditions, isothermal aging can
be considered as an important process. Since these conditions
are prevalent in automobile and industrial applications [7].
Therefore, change in material composition and grain structure
along with material migration is an important aspect of de-
termining its strength [3].

Research in topology changes in Pb-free solder alloys subject-
ed to isothermal aging are common. Formation of an IMC lay-
er is desirable in the solder reflow process to produce a good
bonding between solder metal and Cu substrate. However, a
thick IMC layer can degrade the strength of the solder joint
due to their inherent brittle nature [6]. One of the most com-
mon IMC compounds that can be found is the CugSng. When
in an individual element concentration identification process,
high copper concentration is visible in this region compared to
overall solder joint. Hung et al.[4] found that with the increase
in Cu content, in the Sn-Cu solder joint samples, a large num-
ber of CugSns particles distribute evenly in the matrix and
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plays a role of joint strengthening. From the study performed
by Lee [5], on flip-chip ball grid arrays (FCBGA) summarized
the importance of investigation of these solder joints at elevat-
ed temperatures. Lee tested FCBGA solder joints subjected to
impact and shock loading aged at elevated temperatures. Then
the microstructure is studied. They concluded that 75°C, iso-
thermal aging can be a stimulator to develop unstable
CugSng IMC that can degrade the shock performance. How-
ever, different isothermal aging conditions can be resulted in
degradation or improvement of shock performance[5]. This
paper presents a preliminary study to investigate feasibility of
thermodynamic description for major material migration pro-
cess in SAC solder joint. The thermodynamic study is per-
formed through PFM targeting Cu migration in the solder ma-
trix subjected to isothermal aging.

Xu et al. [2] discussed the atomic diffusion in SAC solder joints
subjected to isothermal aging. Xu et al. observed the decrease
in shear force under 600hours of aging time of SAC solder
joint. From the test produced on Sn-Bi solder joints, the initial
grain sizes of (3-Sn and Sn-Bi bulks were enlarged. This en-
largement considered as the main factor of reducing hardness
of the joint. However, in their study, diffusing Cu into the
middle of the solder joint acted as a hardening agent. There-
fore, Xu et al. concluded that microstructure coarsening as a
key factor for slight decrease in hardness [2]. During the mate-
rial reflow process apart from the IMC layer formation, sec-
ondary precipitates of CugSns and Ag35n forms surround-
ing -Sn dendrites that ultimately leads to Cu rich regions as
in figure 1. The dominant role of AgzSn over CugSnsg pre-
cipitates in the strengthening of SAC solders is due to their
prevalence and small size. The number density of the small
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Ag35n precipitates is a strong contributing factor to the en-
hancement of the creep and fatigue resistances of the SAC sol-
der joints [8]. Microstructure studies of these IMC compounds
are widely available in the literature. However, literature in
modeling of migration of these compounds are scarce. In the
scope of this paper we studied the diffusion process of Cu rich
IMC (CugSns) subjected to interfacial conditions where mul-
ticomponent diffusion take place. Mookam et al. [9] studied
the IMC layer growth process in SAC alloys with different Cu
concentrations. They concluded that the diffusion coefficient
of the solder joint is high when the Cu content of the solder
increases, thereby correlating diffusion coefficient to Cu con-
tent in the solder material. Most importantly they reported the
diffusion coefficients of CugSng IMC for Sn-0.7Cu, Sn-1.0Cu
and Sn-3.0Cu are providing a good support for current study.
Present literature has a scarcity in the area of introducing
modeling of transport of these IMCs in the solder matrix sub-
jected to interfacial gradients. Therefore, a modeling method
has to be identified to visualize the process without an exper-
imental process, however, the model has to be validated by
real data before it is implemented. We are given an attempt to
achieve this goal by this work.

When modeling the process of material transport in the solder
matrix, interfacial diffusion is certain to account. The micro-
structure of the matrix is based on its distribution and minimi-
zation of free energies of individual components. This is called
the spinodal decomposition where enlargement of the grains
takes place. Therefore, an application of a model that accounts
these properties are necessary. PEM provides the accessibility
to model interfacial diffusion processes and microstructure
evolution of multicomponent mixtures [10]. Studies on precip-
itate growth using PFM are widely available in the literature.
Fleck et al. presented PFM of precipitate growth in Ni based
alloys subjected to industrial heat treatments [11]. They intro-
duced the necessary parameters such as length and time scal-
ing and interfacial parameters (Atomic Mobility etc.) and
methodology of implementing thermal processes for such
simulations that helps to create a basis for the simulations in
this study. Proving further support for current work, Chen et
al. [12], performed diffusion-controlled precipitation growth
on Ti-Al-V alloys. They provided the pathways to implement-
ing different mobility parameters of diffusion using assessed
databases. Furthermore, Han et al. [13] performed studies in
precipitate growth in Mg-Al alloys subjected to aging by ap-
plying diffuse interface model which is also applied in our
work. They also highlighted the effect of the mobility parame-
ter on the diffusion process. Furthermore, Zhang et al. [14]
introduced the important process of identifying material pa-
rameters by phase filed modeling and experiments. They used
experimental microstructure as the initial parameter and
evolved it through time. They performed a largely similar
process as we done in this study, by comparing experimental
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and simulated microstructures to obtain liquid diffusion pa-
rameters of Al-Cu alloy.
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Figure 1: SEM micrographs of intermediate CugSns
AgaSn precipitates formed in the middle of the solder joint
(Courtesy: Mutuku et al. [8])

and

This study is performed to investigate thermodynamic process
transport of Cu present in IMC regions in the solder joint by
PEM. Microstructure can be attributed to a thermodynamically
unstable structure that evolves with time to find its stability.
PEM became a powerful method to identify the mechanism of
microstructure evolution specifically in precipitation growth
and grain growth pertaining to current study. The basic model
of phase field equations are based on set of partial differential
equations which are solved numerically. In these equations
different driving forces of microstructural evolution such as
minimization of bulk free energy, elastic energy, and interfacial
energy are considered. In general, these equations are based
on thermodynamic and kinetic properties [15]. From this
overview, PFM can be applied to validate an experimental
microstructure from its theoretical counterparts. The analysis
of this paper is carried out from the Zenner-Frank (ZF) phase
field theory, since the theory has extended to study diffusional
growth problems in variety of settings [16]. ZF theory is wide-
ly used for simulating precipitate growth by adopting their
thermodynamic and kinetic properties [16]. Due to these
properties of ZF theory, we concluded that it is relevant to
model current phenomena by it based on the experimental
microstructures available.

2 ANALYSIS

In this analysis, cross section of a single solder joint is simulat-
ed through PFM. In figure 1, the optical micrograph of the
cross section of the solder joint depict basic distribution of Sn
and Cu rich regions. The package size of the sample is
12 X 12Zmm and 0.5mm pitch with 228IOs.
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Figure 2: Top: Solder joint cross section, Bottom: Typical appli-
cation in a package

2.2 Experimental Microstructure

2.2.1 Experimental Process

SAC solder joint used herein are placed on OSP (organic sur-
face preservative) surface finish. Unlike Ni-Au surface finish,
solder joints with OSP surface finish produces CugSng and
Ag35n restrictively rather than Ni based IMCs. Four similar
electronic packages containing solder joints are placed in the
Despatch, RAD cabinet oven separately at 150°C for 50hr,
100hr, 150hr and 500hr. After aging, packages are dipped in a
transparent epoxy resin and allowed to solidify. These samples
are then smoothly grinded to the middle of the nearest single
joint bead from the package edge. These sections are then
studied by scanning electron microscopy (SEM) and experi-
mental microstructure is obtained. SEM images of cross sec-
tions of solder joints are given in figure 3.
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Figure 3: Experimental micrographs of Cu and Ag microcon-
stituents of aged samples. From columns from left to right:
50hr, 100hr,150hr, 250hr, 500hr.

3 PHASE FIELD MODELING

Phase field modeling is carried out using a customary devel-
oped MATLAB code. The model is reduced to 2D without los-
ing mandatory information of the microstructure. In the mod-
el, Cu phase is initially randomly distributed in the entire sol-
der joint as in figure 3. Also, in figure 3, the Cu dense area
where the CugSng IMC lies, is depicted as a dense strip of
Cu. From its basic understanding of PFM, the stability of ini-
tial microstructure is determined by the thermodynamic and
kinetic properties. By time evolving this microstructure at a
specific temperature or and external condition, system gains
its most stable form. This property is related to current study
through evolving microstructure in specific background tem-
peratures. In isothermal aging of the initial microstructure of
solder joint at specific temperatures stands in search for its
most stable microstructure at that temperature. This is based
on minimizing its free energy functional (FEF) (Gibbs free en-
ergy, diffusion properties) pertaining to that temperature.
Therefore, for each different temperature, the control parame-
ters of the FEF has to be altered. However, in this study, we
considered all parameters that are part of the FEF as unity for
simplicity. Since the objective of this paper is to get a rough
estimate of microstructure evolution, this action is taken.
Therefore, the model is evolved to its climax where no more
microstructure change is visible, is considered as the stable
microstructure. This stable microstructure is obtained after 50s
of simulation time with minor variations greater than 50s. This
evolution is monitored intermediately and shown in figure 6
to 9. It is important to note that figures 6 and 7 are contoured
based on PFM order parameter. This order parameter is repre-
senting individual CugSnsg. Figures 8 and 9 are contoured
based on composition order parameter that is normalized Cu
concentration at its mother solution (Cug ST ).
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3.1. Formulation

In this phase field model, we simulated the process through
considering a binary alloy at constant temperature where iso-
lated precipitate of CugSng phase grows into the matrix
phase of 3-Sn. There are two order parameters based on com-
position (c) and microstructure (). The normalized condition
is based on at CugSns phase n=1 and Sn phase n=0. Also,
composition is following the same rule, however, based on
phase Cu chemical composition, considering ¢ = 1 at
CugSns phase and ¢ = 0 at B-Sn phase.

The microstructure evolution of the system is given by Cahn-
Hilliard (1) and Alan-Chan (2) equations [3] as,

de
= =7.MVy
1)
d 85
on _ _; BE/Ny)
dt an

(2)

Where, M is the atomic mobility, p is the chemical potential
and L is the relaxation coefficient for the order parameter.
Chemical potential u is defined as the variational derivative of
the total free energy per atom F with respect to the local com-
position €.

_ O(F/Ny)
H= é¢
(3)

The total free energy F of the system is given by the sum of
chemical free energy F" and elastic free energy F€'. Howev-
er, for this model, we only use chemical free energy of precipi-
tate growth since elastic properties are not in interest. There-
fore, the chemical contribution for the total free energy is giv-
en as a functional of composition (€) and microstructure (1)
order parameters as,

F" =N, ["[f(c,n) + K. (Vc)* + i, (V)?]dQ

(4)
Where, f(€,17) is the bulk free energy per atom and k. is the
gradient energy coefficient for the composition order parame-
ter and Ky is that for the microstructure order parameter.
Where, Nv is the number of atoms per unit volume. Bulk free

energy density f (¢, 1) is given by,

flen) =™ -wm)+FOWm) +P.n*(1—n)* 5

In equation (5), f ™(c) is the free energy of the matrix phase
and f P () is that of the precipitate phase. These two free en-
ergy functions can be given by following simple forms as [3],

f™(c) = Ac?

(6)
fPc) =B —c)?

@)

Where, 4 and B are positive constants. The values of these
constants are decided based on the temperature where these
free energy functions are considered. Figure 4 and 5 represents
the simple plots of these free energy density functions with
two different A and B values. The intersection of the curves of
f™(c) and fP(c) gives the stable form or the possible min-
imum free energy at the considering temperature. In addition,
the overall free energy curve is the union of individual curves
of f™ (c) and fP (c) at constant temperature [16].

Froo Energy Density Function (fic))

COP, A=05, B=1 COP, A=1, B=1 €O A=1, B=05

Figure 4: Simplified free energy density functions plotted with
respect to composition order parameter (COP) for different A
and B values.

veral Fras Energy Danaity Function (i)

Figure 5: Plot of the combination of f M(c) and f P(c) pro-
vides the complete simplified free energy density function

W(n) is the interpolation function which is known as the
Wang function [16] which is given as a piecewise polynomial
of nas,
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Wm =0  forn<o,

wm) =n*(10—-15p+6n*) for 0<n<1

Wm =1 forn>1
®)

Finite difference method is used to discretize the governing
equations (1) and (2). For simplicity the system is considered
as sufficiently large therefore, the periodic boundary condi-
tions are implemented [17]. The grid size used was 128X128
after optimizing the grid size from the grid independence
study.

4 SIMULATION RESULTS

Simulation as are performed from the scaled time frame using
MATLAB software. Since, the initial microstructure obtains its
most stable microstructure in the isothermal process the simu-
lation time can be accurately scaled. Therefore, simulation
mainly dpends on Gibbs free energy density function defined
at respective isothermal temperature. Figure 6 represents the
initial microstructure before the simulation. This microstruc-
ture is applied parallel to the SEM micrographs. Since periodic
boundary conditions are applied, to avoid the edge effect,
main IMC layer is shifted upwards by 20 Y- grid points. There-
fore, growth of the main IMC layer towards both positive and
negative directions can be observed. Figures 7 and 8 presents
the evolution of the microstructure order parameter up to 50s.
And figures 9 and 10 represents the evolution of composition
order parameter also up to 50s.

e Central Line: 64th Column and Entire Rows

Figure 6: Initial microstructure (left) and composition (right)
order parameter distribution before simulation (Contour plot
range: 0 tol, X and Y axes are grid points)

1214

4s

Figure 7: Evolution of microstructure from 2s to 5s (Contour
plot range: 0 tol, X and Y axes are grid points)
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Figure 8: Evolution of microstructure from 6s to 50s (Contour
plot range: 0 tol, X and Y axes are grid points)
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Figure 9: Evolution of composition from 2s-5s (Contour plot
range: 0 tol, X and Y axes are grid points)
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Figure 10: Evolution of composition from 6s-50s (Contour plot
range: 0 tol, X and Y axes are grid points)

To clearly visualize precipitate depletion and IMC layer
growth, graphs are plotted for microstructure order parameter
against central nodal distance located as in figure 6. Figures 11
and 12 represent variation of microstructure in this central
node line up to 50s.
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Figure 11: Order parameter variation at a central node line (in
figure 6) from 2s to 5s (X- axis: grid points, increasing to posi-
tive x-direction, Y-axis: value of the microstructure order pa-

rameter (0-1))
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Figure 12: Order parameter variation at the central node line
(as in figure 6) from 6s to 50s (X- axis: grid points, increasing
to positive x-direction, Y-axis: value of the microstructure or-
der parameter (0-1))

5 DISCUSSION

When investigating experimental microstructure, initially Cu
is distributed randomly at a high concentration throughout
the solder joint. These distributions can be categorized as Cu
precipitates apart from the Cu present in the CugSns IMC at
the bottom. In the subsequent aging process up to 500hrs,
those Cu precipitates do not grow at their locations, but they
are transported through the entire compound matrix to the Cu
rich region (CugSns, IMC). This process is apparent in the
microstructure, as the IMC layer is growing with the aging
process, however, overall Cu precipitates are reducing in the
middle of the solder joint.

As another evidence for this process, Cu concentration at the
IMC layer increased depicting higher order parameter greater
than 1. This occurrence is possible also due to the Gibbs-
Thompson effect [3]. However, considering the overall process
comparing with other regions of the matrix, we can still con-
clude the growth of the IMC layer.

In PEM, this process is clearly simulated. In low time evolu-
tions such as from 2s to 20s the precipitates at the middle of
the joint are getting depleted. However, Cu dense area depict-
ed in figure 3, tends to grow towards the middle of the joint.
Therefore, it is identifiable that Cu is trying to accumulate in
the Cu rich region. After accumulation is complete, isolated
Cu region grows like a normal precipitate. Comparable to the
experimental microstructure at 500hrs of aging, the distribu-
tion of random Cu precipitates in the middle of the matrix is
demonstrated by multiple peaks of composition order param-
eter in the middle of the matrix in figure 9, 50s of time evolu-
tion.
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6 CONCLUSION

In this paper Cu migration and depletion is studied using
phase filed modeling. Depletion of Cu precipitates distributed
in the center of the solder joint reduces the overall strength of
the joint. Depletion is caused by isothermal aging where mi-
crostructure regains its most stable form based on thermody-
namics between phases. Phase filed model clearly demonstrat-
ed this phenomena. Therefore, such phase field models based
on Zenner-Frank filed theory is useful in predicting in precipi-
tate behavior in such solder joints made from SAC alloys.
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