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Abstract

A 3-dimensional finite element method (FEM) model considering the elasticity anisotropy, thermal expansion anisotropy and
plasticity of β-Sn is established. The Voronoi diagrams are used to generate the geometric patterns of grains of the Sn coating on
Cu leadframes. The crystal orientations are assigned to theSn grains in the model using the x-ray diffraction (XRD) measurement
data of the samples. The model is applied to the Sn-plated package leads under thermal cycling tests. The strain energy density
(SED) is calculated for each grain. It is observed that the samples with higher calculated SED are more likely to have longer Sn
whiskers and higher whisker density. The FEM model, combined with the XRD measurement of the Sn finish, can be used as an
effective indicator of the Sn whisker propensity. This may expedite the qualification process significantly.

Index Terms

Sn whisker, Tin whisker, Pb-free, leadfree, package, stress, strain energy density, Voronoi diagram, x-ray diffraction, finite
element method

I. I NTRODUCTION

THE global movement towards Pb-free electronic products hasposed many challenges to the research and development
of electronic packaging. One example is to identify a reliable Pb-free material to replace the current SnPb finish for

leaded components. Many suppliers have selected pure Sn since it provides good solderability and does not require major
changes of the existing manufacturing infrastructure. However, the spontaneous whisker growth on Sn finish surfaces isa
serious reliability issue. It is believed that the compressive stress developed in the Sn finish is the major driving force for the
whisker growth, which acts as a stress relief mechanism [1]–[4]. It is also believed that the continuous increase of thisstress
is due to intermetallic compound formation at the Sn/lead-frame interface [3], [4]. Recently, Barsoumet al proposed that the
compressive stress is due to the oxidation of Sn [1]. The oxygen diffuses into the grain boundaries and forms Sn oxides, which
generates the compressive stress in the Sn film by increasingthe volume of the confined Sn film.

The other whisker growth scenario is temperature cycling. Whiskers grow from the Sn finish on electronic packages during
temperature cycling. The growth speed is much faster than the spontaneous growth during storage. The temperature cycling is
often assumed to be the accelerated test of storage althoughthe underlining physics is still under investigation.

White Sn (β-Sn) has an anisotropic body-centered tetragonal structure with its c-axis much shorter than its a-axis (c/a =
0.546). The elasticity anisotropy and thermal expansion anisotropy are significant [5]. So the grain orientation information, in
addition to the grain size and shape of the Sn finish, should beconsidered when evaluating the whisker growth propensity
of Sn finishes. Since stress plays a critical role in every stage of the Sn whisker growth, it is important to study the stress
behavior based on the microstructure of the Sn finish and understand how the microstructure affects the stress.

However, the micromechanics problem is so complicated thatone has to simplify the problem by making various assumptions.
There have been some theoretical studies on the stresses in Sn, such as an analytical model based on non-equilibrium
thermodynamics [4], a qualitative estimate of Young’s modulus in textured Sn films [3], a finite element method (FEM)
model treating Sn as an isotropic linear elastic material [2], and a 2-dimensional (2-D) FEM model treating the grains as
periodic hexagonal arrangement with linear elastic material property [1]. In the present work, we will use a 3 dimensional
(3-D) finite element method model to simulate columnar Sn grains on a Cu leadframe. The grain structure is explicitly
established in the model by using the Voronoi Diagram method. Sn elasticity on each grain is modeled by the elastic stiffness
matrix of Sn single crystal. The crystal orientations are assigned to the grains according to the information collectedby X-ray
diffraction (XRD). The stress along with the strain energy density distributions in grains are calculated by the FEM model
for different configurations of Sn microstructure. The effect of the Sn plasticity will be explored using an a simple bilinear
isotropic hardening stress-strain relation. The creep effect will not be considered in the current formulation. This work focuses
on the temperature cycling test of Sn whisker growth. Although, creep is significant for Sn at high temperature, for moderate
temperature rang (−55◦C to 85◦C) and normal loading speed (a few cycles per hour) in thermalcycling tests, the general
picture is qualitatively correct without considering creep.
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Fig. 1. A Voronoi diagram with 6 generating points. Generating pointP1 is in a Voronoi cell.

II. M ETHODOLOGY

A. Geometry Modeling

In order to describe the geometric characteristics of the textural Sn finish on a Cu leadframe, a Voronoi diagram method
is used to generate the grain pattern. Voronoi diagrams are recently attracting the attentions of materials scientists[6]–[8]. A
Voronoi tessellation can be generated in the following way.Suppose we have a finite number of distinct points, which are
called the generating points, in a given space. For each generating point, draw perpendicular lines to bisect the lines joining
neighboring generating points. The bisecting lines form cell walls enclosing that generating point. An example is shown in
Figure 1. For generating pointP1, five perpendicular lines are drawn to bisect the lines (not shown in the figure) connecting
the neighboring points (P2, P3, P4, P5, P6). Point P1 is enclosed in a cell with the bisecting lines as the cell walls. The cell
is called the Voronoi region or Voronoi cell. The Voronoi cells are convex polygons. This process goes on for all other points
until every point is enclosed in a Voronoi region, except theedge points, which are only separated by ray lines. In Figure1,
all points are edge points exceptP1.

The Sn grains in this work are modeled as a columnar structurewhich can be extruded from a 2-D Voronoi diagram. The
Voronoi diagram is generated using the mathematics software Mathematica [9]. The coordinates of the generating pointsare
generated by the random number generator of Mathematica. The Voronoi diagrams are generated by calling its Computational
Geometry add-on package. The average grain size is controlled by putting a proper number of generating points in a known area.
The Mathematica program generates the coordinates of the vertexes of the Voronoi diagram and the connection relationship of
the vertexes. To generate an FEM mesh in the finite element software ANSYS [10], an ANSYS Parametric Design Language
[10] script is used to input the coordinates and connection relationship of the Voronoi diagram.

Figure 2 shows a typical grain pattern with 50 grains generated by using the Voronoi tessellation algorithm. A scanning
electron microscope (SEM) picture is also shown in the figureas a comparison. The computer generated grain pattern is fairly
similar to the grain pattern in the SEM picture.

B. Grain Orientation

The texture of the Sn coating is modeled by assigning a specific grain orientation to each Voronoi cell. The orientation
assignment is based on the XRD data of actual samples. The texture fractionTf (hkl) for an (hkl) orientation is calculated by

Tf (hkl) =
I(hkl)/I0(hkl)

∑

hkl[I(hkl)/I0(hkl)]
(1)

whereI(hkl) andI0(hkl) are the intensities of(hkl) reflections measured on the textural sample and a standardβ-Sn powder
sample, respectively. Table I lists the texture fractions of Sn finishes deposited using two different plating baths. Inthat table,
the 2θ is the diffraction angle. The intensities of the peaks are inarbitrary units with the maximum peak normalized to 100
for each sample itself. For powder sample, the maximum intensity peak is not list there. The XRD results clearly show that
the textures are different in these two samples.
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Fig. 2. (a) A typical grain pattern (Voronoi diagram) with 50grains generated by computer using Mathematica and ANSYS. The color is arbitrarily assigned
to enhance the visibility. (b) An SEM image of actual grains of the Sn finish plated on a copper leadframe.

TABLE I

X-RAY DIFFRACTION INTENSITIES AND TEXTURE FRACTIONS FOR TWO SAMPLES FROM DIFFERENT PLATING BATHS

(hkl) I0(hkl) 2θ(◦) I(hkl) (Bath-A) Tf (hkl) (Bath-A) I(hkl) (Bath-B) Tf (hkl) (Bath-B)
(101) 90 32.02 5.30 0.01 0.40 0
(220) 34 43.87 19.10 0.07 100.0 0.43
(211) 74 44.90 58.00 0.10 66.40 0.13
(112) 23 62.54 100.0 0.58 0.00 0
(321) 20 64.58 35.50 0.24 45.60 0.33
(420) 15 72.41 0 0 8.90 0.09
(411) 15 73.20 0 0 1.30 0.01
(312) 20 79.47 0 0 0.90 0.01

Using the the measured texture fractionTf(hkl), the previously generated cells (representing grains) of Voronoi diagram
are assigned corresponding grain orientations. The XRD measurementTf (hkl) value is an integration value without specific
grain information. It is not as detail as other methods, suchas electron backscattering diffraction, which can index each grain.
However, XRD is a fast measurement and can be incorporated inmanufacturing process. The XRD data also provide great
flexibility for grain assignment in the FEM modeling. It is only required to maintain the the texture fraction value of the
modeled structure conforming to the measuredTf (hkl) values.

Euler angles are normally used to describe the rotations of coordinates [11]. However, the definitions of Euler angles are
different by different authors. The FEM software ANSYS defines Euler anglesα, β and γ according to Figure 3 [10]. It
consists three rotations. The first rotation is about thez-axis in thex − y plane fromx-axis towardsy-axis to form a new
coordinate system (x1-y1-z1) with an angleα. The second rotation is about thex1-axis in they1-z1 plane fromy1-axis towards
z1-axis to form coordinate system (x2-y2-z2) with an angleβ. The third rotation is about they2-axis from z2-axis towards
x2-axis to form (x3-y3-z3) with an angleγ [10].

The three rotation matrices of the Euler angles are defined by[11]

R1(α) =





cos(α) sin(α) 0
− sin(α) cos(α) 0

0 0 1



 (2)
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R2(β) =





1 0 0
0 cos(β) sin(β)
0 − sin(β) cos(β)



 (3)

R3(γ) =





cos(γ) 0 − sin(γ)
0 1 0

sin(γ) 0 cos(γ)



 (4)

By using the above three rotation matrices, one can rotate any vector from one direction to a given direction in a 3-D space.
To assign the proper orientation to each Sn grain, the following procedure is used in the model. First, we assume every Sn grain
is originally oriented with its(100) on thex-axis, (010) on they-axis and(001) on thez-axis of the laboratory coordinates
(herez-axis is the out-of-plane direction of the sample). Assume the normal of the(hkl) planes is described by the three
direction cosines(a, b, c) in the lab coordinate system in this assumed “original” orientation. Then we make three rotations
according to the Euler angles defined above to orient each crystal grain to get the(hkl) texture orientation. This is equivalent
to rotate a vector with its direction cosines(a, b, c) to the final direction of thez-axis of the lab coordinates with direction
cosines of(0, 0, 1). The rotation process is expressed in terms of the rotation matrices and direction cosines in Equation (5)





0
0
1



 = R3(γ)R2(β)R1(α)





a
b
c



 (5)

Equation system (5) seems formidable. However, it can be solved after some algebra. Solving it, we have the Euler angles

β = − arctan

(

b cosα − a sinα

c

)

(6)
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(a) 1st rotation (α) in x-y plane  
(x towards y, about z)

(b) 2nd rotation (β) in x1-z1 plane   (y1 towards z1, about x1)

(c) 3rd rotation (γ) in x2-z2 plane  (z2 towards x2, about y2)

Fig. 3. Definition of Euler angles in ANSYS
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γ = arctan

(

a cosα + b sinα
√

(b cosα − a sin α)2 + c2

)

(7)

Where the first Euler angleα is arbitrary. It is due to an arbitrary rotation of the grain around the(hkl) axis.
In the FEM model of ANSYS, the grain orientation(hkl) is assigned to each element by rotating its element coordinate

system according to the Euler anglesα, β andγ determined by Equations (6) and (7).

C. Elasticity Anisotropy

β-Sn is a body-centered tetragonal crystal structure which satisfies the class4mm symmetry. The generalized Hooke’s law
for a tetragonal single crystal with class4mm, 4̄2m, 422 or 4/mmm symmetry can be expressed by [12]

















σ11

σ22

σ33

σ23

σ31

σ12

















=

















c11 c12 c13

c12 c11 c13

c13 c13 c33

c44

c44

c66

































ε11

ε22

ε33

ε23

ε31

ε12

















(8)

The elastic stiffness matrix elements (in GPa) ofβ-Sn near the room temperature arec11 = 109.4, c33 = 107.8, c12 = 57.67,
c13 = 34.76, c66 = 26.75, andc44 = 2.56 [5].

The elastic stress-strain relation of an orthotropic material is expressed in Equation (9) [10].

















εxx

εyy

εzz

γxy

γxz

γyz

















=





















1

Ex

−νxy

Ey
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Ez

−νyx
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1

Ey
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Ez
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Ey

1

Ez

1
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1
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1
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



































σxx

σyy

σzz

σxy

σxz

σyz

















(9)

with the constraints
νyx

Ex

=
νxy

Ey

,
νzx

Ex

=
νxz

Ez

,
νzy

Ey

=
νyz

Ez

(10)

The elastic compliance matrixS (with elementssij ) is the inverse ofC (with elementscij):

S = C−1 =

















s11 s12 s13

s12 s11 s13

s13 s13 s33

s44

s44

s66

















(11)

The conversion from elastic compliance matrix elements to the engineering constants (Ex, νxy and so on) is the following [13]

Ex = Ey = 1/s11, Ez = 1/s33,

Gxy = Gyz = 1/s44, Gxz = 1/s66,

νxz = νyz = −s13/s33, νxy = −s12/s11

(12)

Therefore, the elastic behavior ofβ-Sn single crystal can be described by the engineering constants with Ex = Ey =
76.20GPa,Ez = 93.33GPa,Gxy = 26.75GPa,Gyz = Gxz = 2.56GPaνxy = 0.473, νxz = 0.170 and νyz = 0.208. The
coefficient of thermal expansion isαx = αy = 15.8 × 10−6/◦C, andαz = 28.4 × 10−6/◦C [5].

D. Plasticity Effect

A good treatment of Sn grain plasticity should follow the crystal plasticity theory [14], [15]. However, this theory makes
additional assumptions on slip system resistance parameters. An experimental calibration of its constitutive parameters is needed
before the crystal plasticity model can be used. Unfortunately, there is noβ-Sn crystal plasticity model existing at present
time.

Isotropic hardening is normally a good approximation of lowmelting point poly-crystalline metals such as Sn [16]. In
this study, a bilinear isotropic hardening rule is used to approximate the plastic behavior of Sn. This approximation does not
consider the crystal orientations and slip systems, which may not be realistic. However, due to the lack of material property
data and no better existing plastic model, we will use this asa first order approximation in this work. According to Diulinet
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Fig. 4. A typical FEM mesh with boundary conditions. Sn grains with different grain orientations are color-coded. The Culeadframe is modeled as an
isotropic material.

al [17], single crystalβ-Sn (with 0.01 to 0.53 atomic% Zn) yields at 9.2 MPa (uniaxialtension) at room temperature and the
tangent modulus is 85 MPa in the bilinear isotropic hardening model. These data were measured on single crystal Sn samples
with proper axis of elongation such that the maximum shear stress was attained in the slip system(100)〈010〉. These two
parameters will be used to account for the plastic behavior of β-Sn on copper leadframes.

E. Strain Energy Density

Although compressive stress is believed to be the driving force of Sn whisker growth [1]–[4], its tensorial nature makesthe
stress hard to serve as a one-parameter criterion for whisker growth. However, if energy based criterion is used, it is possible to
use one parameter to describe the risk of whisker growth. We choose strain energy density (SED) as the parameter to describe
the whisker growth propensity. Strain energy density is defined by

w =

∫

σij dεij (13)

Here summation of repeated indices is assumed. In this definition, elastic and inelastic strain energy density are included. SED
actually combines both stress and strain effect.

Strain energy density has an unit of Joule/m3(=Pascal). MPa will be used as the SED unit in this work. In theANSYS
calculation, an element table manipulation is used to generate the SED in the post processing stage. The goal of this study is
to determine if there is a correlation of calculated SED and the experimentally measured Sn whisker growth propensity.

F. Finite Element Model

The finite element model is implemented by using the commercial software ANSYS. ANSYS provides an anisotropic element
called Solid64 which can account for the elastic anisotropyby taking the full elastic stiffness matrix as its input. However, this
element does not support plasticity. Since the tetragonal structure ofβ-Sn falls in the category of orthotropic materials. We can
take the advantage of the regular continuous solid elementsof ANSYS such as Solid45 and Solid185. The 3-D 8-node solid
element Solid185 is used here. This element has large deformation capability and supports orthotropic elasticity and plasticity.
It is also proven that the convergency performance is betterthan other elements, such as Solid45.

The Mathematica generated Voronoi diagram grain pattern isread into ANSYS. A columnar Sn grain structure is assumed.
An extrusion of the Voronoi diagram forms a 3-dimensional mesh. For thin Sn films, say about 10um, columnar grain pattern
is a very good assumption although at some portion, there areoccasionally some stacking grains in the film thickness direction.
Sn is modeled with the elasto-plastic model described above. Cu leadframe is modeled as a linear elastic material with Young’s
modulus of 117GPa, Poisson’s ratio of 0.345 and CTE of 17ppm/◦C.

A 56µm × 56µm square of the Sn-coated Cu leadframe is modeled. 50 Sn grainswith average grain size of about8µm
is considered. The symmetry boundary condition is applied to a leadframe surface to simulate the fact that the leadframehas
two-sided Sn finish. The Sn finish surface is modeled with the free boundary. The other 4 sides of the 3-D models are modeled
with two sides (left and bottom in Figure 4) of symmetry boundary conditions and the other two sides (right and top in Figure
4) of node-coupling boundary condition. A corner node is fixed to eliminate the rigid body motion.

Since the intrinsic compressive stress is normally observed in Sn film on Cu [1]–[4], the intrinsic stress is assumed in
the FEM model. Following Lau and Pan [2], 8MPa compressive stress at 20◦C is applied to Sn by calling the ANSYS
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TABLE II

WHISKER PROPENSITY OFSnON Cu LEADS

Plating
Bath

Whiskers per
lead

Maximum length
(µm)

A 4 15
B 35 65

Fig. 5. Strain energy density of Sn film deposited using Bath-A. The grain orientation of each grain is identified by a texture orientation(hkl) followed by
an in-plane rotation angle (α in Equation 5 and Figure 3) starting from the x-axis of the labcoordinates.

initial stress command ISTRESS. This stress is applied as a hydrostatic pressure, i.e.,σxx = σyy = σzz = −8 MPa and
τxy = τyz = τzx = 0. This is an approximation and is purely for simplicity reason. The initial stress of an element is only
applied at time zero and the original value will not sustain if there is no confinement to that element. In the out-of-plane
direction, there is no external constraint after time zero.The hydrostatic pressure kind of initial stress will becomean ”in-plane
bi-axial stress” in the Sn film after time zero since the Cu leadframe is the only external confinement to the Sn film. This
ANSYS trick helps us to simplify the process of resolving thein-plane initial stress in each local elemental coordinatesystem
for each crystal grain, which has different orientation. However, strictly speaking, the intrinsic compressive stress applied in
the FEM model of Sn film may be different than 8MPa due to the Poisson effect.

Thermal loads were studied to mimic the air-to-air temperature cycling test. 6 loading steps were applied:20◦C to −55◦C
(Step 1),−55◦C to 85◦C (Step 2),85◦C to −55◦C (Step 3),−55◦C to 85◦C (Step 4),85◦C to −55◦C (Step 5), and−55◦C
to 85◦C (Step 6).

III. R ESULTS

Two different plating samples were studied. The Sn finishes of the two leadframes were plated in different baths. The XRD
results are tabulated in Table I. The corresponding grain structures were generated to conform the textural fraction ofTable I.

Table II lists the test results of samples from the two different baths. The test was a temperature cycling accelerated test.
The whisker counts and length measurements were done after 1000 cycles of−55◦C to 85◦C air-to-air temperature cycling.
For Bath-A, the average whisker numbers on each lead of the package is 4 with a maximum whisker length of 15µm. For
Bath-B, the corresponding values are 35 whiskers per lead and a 65µm maximum whisker length. It will be shown that the
calculated volume distribution of SED has a correlation to the whisker propensity. The higher SED value corresponds to higher
Sn whisker count and length.

Figures 5 and 6 are the contour plots of the calculated strainenergy density of the two samples after 6 consecutive temperature
load steps. In these figures, the grain patterns overlay the corresponding SED contours. Each grain is indexed by its texture
orientation(hkl) followed by an in-plane rotation angle (α in Equation 5 and Figure 3) starting from the x-axis of the lab
coordinates. The rotation procedure is described in the previous subsection by Equation (5). The plasticity is considered by
using the isotropic bilinear harding rule described above.In Figures 5 and 6, some grains have a high SED and others have a
low SED. The maximum SED in Figure 6, which corresponds to Bath-B, is 0.371 MPa. The corresponding value for Bath-A
in Figure 5 is 0.322MPa. It is also clear that the high SED portion is located in some grains with specific orientations. In
Figure 5 high SED is in (112) grains. In Figure 6, the high SED is in (220) grains and a (420) grain. This phenomenon is
an indication of anisotropy of elasticity and thermal expansion. However, due to the random in-plane rotation (α), not every
grain with the same(hkl) is in the worst position to suffer the high SED. An example of Young’s modulus spacial distribution
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Fig. 6. Strain energy density of Sn film deposited using Bath-B. The grain orientation of each grain is identified by a texture orientation(hkl) followed by
an in-plane rotation angle (α in Equation 5 and Figure 3) starting from the x-axis of the labcoordinates.

around the angleα is studied in [3]. Another important phenomenon we observedfrom these figures is that the highest SED
is always near the grain boundaries. This explains the fact that Sn whiskers are normally observed at the boundaries of grains
experimentally as shown in Figure 9.

If we assume that the Sn whisker growth tendency is proportional to the SED and the area under high SED, then a statistical
analysis of the calculated SED of both Bath-A and Bath-B may give us more information. Figure 7 plots the volume distribution
of the SED for both Bath-A and Bath-B. The horizontal axis of Figure 7 is the SED. The vertical axis represents the volume
fraction with the SED higher or equal to the value of the horizontal coordinate value. For example, in case an SED value on
the horizontal axis is 0.3MPa, on the curve “Plating Bath A” of the lower panel about3 × 10−3 (or 0.3%) of the volume
of the Sn coating plated in Bath-A has an SED higher than or equal to 0.3 MPa. Corresponding to the curve “Plating Bath
B”, about 2 × 10−2 (or 2%) of the Sn has an SED higher than or equal to 0.3MPa. From Figure 7, we can clearly see that
the Sn finish produced by Bath-B consistently has more volumeof Sn material under higher SED than that of Bath-A. From
the statistic data of Figure 7, it is confident to believe thatthe sample with Bath-A will perform better than the sample with
Bath-B in the Sn whisker accelerated tests provided the assumption that higher SED promotes whisker growth holds. This is
clearly proven by the experimental data listed in Table II.

The upper panel of Figure 7 shows the time evolution of the SEDof Sn coating from Bath-A and Bath-B. As the temperature
cycling progresses, the SED keeps increasing statistically, i.e., more and more volume of Sn is under higher SED. This means
that the SED accumulates when temperature cycling progresses. The SED accumulation is a direct manifestation of the Sn
plasticity. The SED accumulation explains why we see Sn whiskers grow after a certain number of temperature cycles. Although
the plasticity model used here is only a first order approximation, it does explain some of the experimental facts. It is evident
that Bath-B consistently has larger fraction of volume under high SED than that of Bath-A at each loading step of the first
6 steps. This gap has a tendency of getting larger and larger as temperature cycling progresses. This has a direct correlation
with the experimental data in Table II.

If the model only considers the elasticity, SED will be the same as temperature cycling progresses. Figure 8 shows the
calculated SED results without considering Sn plasticity.The anisotropy of elasticity does considered in the calculation. The
thermal loads are from 20◦C to −55◦C (Step 1) and from 20◦C to 85◦C (Step 2). More fraction of volume is under higher
SED for Bath-B than that of Bath-A at both temperatures. Thisis also a good correlation with the experimental data in Table
II.

Since the compressive stress is believed to be the driving force of the whisker formation in Sn finish, we may postulate that
the hydrostatic stress is responsible for Sn whisker growth. The hydrostatic stress is defined by(σ1 +σ2 +σ3)/3, whereσ1, σ2,
andσ3 are the three principal stresses. Figure 10 plots the hydrostatic stress(σ1 + σ2 + σ3)/3 distribution when Sn plasticity
is not considered. Since yielding are not considered and only pure elastic behavior of Sn is considered, the compressivestress
is so large that some area is more than 150MPa. If we assume that the whiskering is the primary stress relieving mechanism,
then this kind of plot has its practical meaning. The higher the compressive hydrostatic stress (with a negative sign butlarger
absolute value) the higher the risk of Sn whisker growth. Theelastic response will no change as the temperature cycling
progress. Two distributions (at -55◦C and at 85◦C), represent the two possible stress distributions. It is clearly shown that,
at high temperature end of the thermal cycle (85◦C), the two baths show very similar stress behavior. However, at the low
temperature end of the thermal cycle -55◦C), more volume fraction of Sn is under higher compressive stress for the Bath-B
sample than that of the Bath-A sample. This also agrees well with the test results of Table II, which says that Sn finish
produced by Bath-B is more prone to whisker growth.
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Fig. 7. Strain energy density distribution comparison for Bath-A and Bath-B. The upper panel is the SED distribution in the first 6 temperature load steps.
The lower panel shows the detail of load step 6. The horizontal axis is the SED. The vertical axis represents the volume fraction with the SED higher than
or equal to the value of the horizontal coordinate value. Thesolid lines represent Bath-A and the dashed lines representBath-B. More fraction of volume is
under higher SED for Bath-B than that of Bath-A for each load step.
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Fig. 8. Strain energy density distribution when plasticityis not considered. The solid lines are for Bath-A and the dashed lines are for Bath-B. The thermal
loads are from 20◦C to −55◦C (Step 1) and from 20◦C to 85◦C (Step 2). More fraction of volume is under higher SED for Bath-B than that of Bath-A at
both temperatures.
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(a)

(b)
Fig. 9. Examples of Sn whiskers growing on top of grain boundaries. (a) a whisker growing on top of the grain boundary of twoSn grains, (b) a whisker
growing on top of two grain boundaries of three Sn grains

It should be mentioned that we have fully considered the elasticity and thermal expansion anisotropy, but not considered
the deemed plasticity anisotropy. We simply borrowed the polycrystal plasticity constitutive law to account for the single
crystal plasticity, which is the limitation of the current model. As we mentioned before, the crystal plasticity theory, which
accounts for the effect of slip systems in single crystals, may be the path to breakthrough this limitation. Nevertheless, the
SED is insensitive to the exact form of the plasticity constitutive law, which has been proven by the good correlation of the
experimental results in Table II and the simulation resultsin Figure 7. The simplified plasticity model presented here is useful
if the SED criterion is adapted for Sn whisker growth.

The creep effect is not considered in the current study. It will be very interesting to see how the creep affects the results.
The future work will be considering the crystal plasticity and creep of Sn. With the crystal plasticity considered, the anisotropy
effect of Sn grain is fully accounted. With these mentioned improvements, the current model can be extended to a full-fledged
microstructural model for Sn whisker growth prediction. However, even with its current form, if the strain energy density
criterion is taken as the Sn whisker growth driving force, the model is validated by experiments and can be used to study the
whicker growth tendency. The stress-based criterion is more sensitive to the exact form of the plasticity constitutivelaw. If
only anisotropy of elasticity and thermal expansion is considered, using the relative comparison of the stress distributions to
predict the whisker growth tendency is also attested by the experimental results.

IV. CONCLUSIONS

A 3-D FEM model considering the elasticity anisotropy, thermal expansion anisotropy and plasticity ofβ-Sn is established.
The model makes use of the Voronoi diagram algorithm to generate the geometry of Sn grains on Cu leadframes. The crystal
orientations are assigned to the Sn grains in the model usingthe x-ray diffraction measurement data of actual samples. The
model is applied to the Sn-plated package leads under thermal cycling tests. The strain energy density is calculated foreach
grain. The modeling results are compared with the whisker growth data. A preliminary correlation of the simulation results
is established with the whisker growth propensity. These results suggest that the finite element modeling has the potential to
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Fig. 10. The hydrostatic stress(σ1 + σ2 + σ3)/3 distribution at two temperatures when the Sn plasticity is not considered. The vertical axis represents the
volume fraction with the hydrostatic stress lower than or equal to the value of the horizontal coordinate. The solid lines are for Bath-A and the dashed lines
are for Bath-B.

predict the whisker growth propensity and provides directions on establishing an analytical model for Sn whisker growth. The
limitation and possible improvement of the current model are also discussed.
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