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Abstract

A 3-dimensional finite element method (FEM) model consiugtihe elasticity anisotropy, thermal expansion anisgtrapd
plasticity of 3-Sn is established. The Voronoi diagrams are used to gendratgeometric patterns of grains of the Sn coating on
Cu leadframes. The crystal orientations are assigned t8ithgrains in the model using the x-ray diffraction (XRD) m&asent
data of the samples. The model is applied to the Sn-plateklhgacleads under thermal cycling tests. The strain energgitge
(SED) is calculated for each grain. It is observed that tmepses with higher calculated SED are more likely to have &ngn
whiskers and higher whisker density. The FEM model, conbiwéh the XRD measurement of the Sn finish, can be used as an
effective indicator of the Sn whisker propensity. This mapexite the qualification process significantly.

Index Terms

Sn whisker, Tin whisker, Pb-free, leadfree, package, stresain energy density, Voronoi diagram, x-ray diffranti finite
element method

I. INTRODUCTION

HE global movement towards Pb-free electronic productspmsed many challenges to the research and development

of electronic packaging. One example is to identify a rdéaBb-free material to replace the current SnPb finish for
leaded components. Many suppliers have selected pure 8e giprovides good solderability and does not require major
changes of the existing manufacturing infrastructure. el@v, the spontaneous whisker growth on Sn finish surfaces is
serious reliability issue. It is believed that the compirasstress developed in the Sn finish is the major drivingddar the
whisker growth, which acts as a stress relief mechanisn{41]4# is also believed that the continuous increase of #tiess
is due to intermetallic compound formation at the Sn/le@are interface [3], [4]. Recently, Barsouehal proposed that the
compressive stress is due to the oxidation of Sn [1]. The emyjffuses into the grain boundaries and forms Sn oxide&twh
generates the compressive stress in the Sn film by incredsgngolume of the confined Sn film.

The other whisker growth scenario is temperature cyclingiskérs grow from the Sn finish on electronic packages during
temperature cycling. The growth speed is much faster tharsplontaneous growth during storage. The temperaturengyisli
often assumed to be the accelerated test of storage althtbagimderlining physics is still under investigation.

White Sn (3-Sn) has an anisotropic body-centered tetragonal stmietith its c-axis much shorter than its a-axigd =
0.546). The elasticity anisotropy and thermal expansion aniggtiare significant [5]. So the grain orientation informatii
addition to the grain size and shape of the Sn finish, shoulddmsidered when evaluating the whisker growth propensity
of Sn finishes. Since stress plays a critical role in evergestaf the Sn whisker growth, it is important to study the stres
behavior based on the microstructure of the Sn finish andrstaded how the microstructure affects the stress.

However, the micromechanics problem is so complicatedahathas to simplify the problem by making various assumption
There have been some theoretical studies on the stresses, isuéh as an analytical model based on non-equilibrium
thermodynamics [4], a qualitative estimate of Young's maduin textured Sn films [3], a finite element method (FEM)
model treating Sn as an isotropic linear elastic materigl §2d a 2-dimensional (2-D) FEM model treating the grains as
periodic hexagonal arrangement with linear elastic malttgnioperty [1]. In the present work, we will use a 3 dimension
(3-D) finite element method model to simulate columnar Sringr@n a Cu leadframe. The grain structure is explicitly
established in the model by using the Voronoi Diagram metlSodelasticity on each grain is modeled by the elastic stif$n
matrix of Sn single crystal. The crystal orientations argigrged to the grains according to the information colledigX-ray
diffraction (XRD). The stress along with the strain energgnsity distributions in grains are calculated by the FEM eiod
for different configurations of Sn microstructure. The effef the Sn plasticity will be explored using an a simple ri@far
isotropic hardening stress-strain relation. The creegcefivill not be considered in the current formulation. Thisrkwfocuses
on the temperature cycling test of Sn whisker growth. Altflmucreep is significant for Sn at high temperature, for matder
temperature rang—«55°C to 85°C) and normal loading speed (a few cycles per hour) in theeyeling tests, the general
picture is qualitatively correct without considering quee
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Fig. 1. A Voronoi diagram with 6 generating points. Gene@tpoint P; is in a Voronoi cell.

Il. METHODOLOGY

A. Geometry Modeling

In order to describe the geometric characteristics of tikeutal Sn finish on a Cu leadframe, a Voronoi diagram method
is used to generate the grain pattern. Voronoi diagramsemently attracting the attentions of materials scienfi}s[8]. A
Voronoi tessellation can be generated in the following waiyppose we have a finite number of distinct points, which are
called the generating points, in a given space. For eachrgimg point, draw perpendicular lines to bisect the lingisipg
neighboring generating points. The bisecting lines forih walls enclosing that generating point. An example is shaw
Figure 1. For generating poir?;, five perpendicular lines are drawn to bisect the lines (hotv in the figure) connecting
the neighboring pointsit,, P, Py, Ps, Ps). Point Py is enclosed in a cell with the bisecting lines as the cell svalhe cell
is called the Voronoi region or Voronoi cell. The Voronoilsehre convex polygons. This process goes on for all othertgoi
until every point is enclosed in a Voronoi region, except dage points, which are only separated by ray lines. In Fidure
all points are edge points except.

The Sn grains in this work are modeled as a columnar struegthieh can be extruded from a 2-D Voronoi diagram. The
Voronoi diagram is generated using the mathematics softiwiathematica [9]. The coordinates of the generating pants
generated by the random number generator of Mathemati@V@ionoi diagrams are generated by calling its Computation
Geometry add-on package. The average grain size is cattoyl putting a proper number of generating points in a knawa.a
The Mathematica program generates the coordinates of tiexes of the Voronoi diagram and the connection relatigmeh
the vertexes. To generate an FEM mesh in the finite elemetwaaf ANSYS [10], an ANSYS Parametric Design Language
[10] script is used to input the coordinates and connectiationship of the Voronoi diagram.

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

B. Grain Orientation

The texture of the Sn coating is modeled by assigning a speagifiin orientation to each Voronoi cell. The orientation

assignment is based on the XRD data of actual samples. TheddractionT;(hkl) for an (hkl) orientation is calculated by
I(hkl)/Io(hkl)
Tr(hkl) = Q)
! S L (hkD) [ To (1))

wherel(hkl) andIy(hkl) are the intensities ofhkl) reflections measured on the textural sample and a stapd8rdpowder
sample, respectively. Table | lists the texture fractiohSio finishes deposited using two different plating bathghht table,
the 2 is the diffraction angle. The intensities of the peaks araripitrary units with the maximum peak normalized to 100
for each sample itself. For powder sample, the maximum gitympeak 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 §fains generated by computer using Mathematica and ANSY&.c®lor is arbitrarily assigned
to enhance the visibility. (b) An SEM image of actual grairish® Sn finish plated on a copper leadframe.

TABLE |
X-RAY DIFFRACTION INTENSITIES AND TEXTURE FRACTIONS FOR TWO SMPLES FROM DIFFERENT PLATING BATHS

(kD) To(hkl) _20(°) | I(hkl) (Bath-A) T (hkl) (Bath-A) | I(hkl) (Bath-B) T (hkl) (Bath-B)
(T01) 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 fractidip(hkl), the previously generated cells (representing grains)asbivoi diagram
are assigned corresponding grain orientations. The XRDsurementls(hkl) value is an integration value without specific
grain information. It is not as detail as other methods, saglelectron backscattering diffraction, which can indeshegrain.
However, XRD is a fast measurement and can be incorporatedgamufacturing process. The XRD data also provide great
flexibility for grain assignment in the FEM modeling. It is lgrrequired to maintain the the texture fraction value of the
modeled structure conforming to the measurgdhkl) values.

Euler angles are normally used to describe the rotation®ofdinates [11]. However, the definitions of Euler angles ar
different by different authors. The FEM software ANSYS defirEuler anglesy, 8 and v according to Figure 3 [10]. It
consists three rotations. The first rotation is about skexis in thex — y plane fromz-axis towardsy-axis to form a new
coordinate systeme(-y;-21) with an angler. The second rotation is about the-axis in they;-z; plane fromy;-axis towards
z1-axis to form coordinate system:4-y»-2z2) with an angles. The third rotation is about thg,-axis from z;-axis towards
To-axis to form (3-y3-z3) with an angley [10].

The three rotation matrices of the Euler angles are defined bly

cos(er) sin(a) O
Ri(a) = |—sin(a) cos(a) 0 2
0 0 1
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1 0 0

Ro(B) = [0 cos(d) sin(p) 3
0 - sin(3) cos(ﬁ)_
[cos(y) 0 —sin(v)]

Rs(v)=1] 0 1 0 (4)

_sin(y) 0 cos(y)_

By using the above three rotation matrices, one can rotateactor from one direction to a given direction in a 3-D space
To assign the proper orientation to each Sn grain, the fafigyrocedure is used in the model. First, we assume every&n g
is originally oriented with its(100) on thez-axis, (010) on they-axis and(001) on thez-axis of the laboratory coordinates
(here z-axis is the out-of-plane direction of the sample). Assuime mormal of the(hkl) planes is described by the three
direction cosinega, b, c¢) in the lab coordinate system in this assumed “original” mid¢ion. Then we make three rotations
according to the Euler angles defined above to orient eadtadrgrain to get théhkl) texture orientation. This is equivalent
to rotate a vector with its direction cosinés, b, ¢) to the final direction of thes-axis of the lab coordinates with direction
cosines of(0,0, 1). The rotation process is expressed in terms of the rotatiamiees and direction cosines in Equation (5)

0 a
0| = Ra(y)Ra(B)Ra(a) | b (5)
1 c
Equation system (5) seems formidable. However, it can beedahfter some algebra. Solving it, we have the Euler angles
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Fig. 3. Definition of Euler angles in ANSYS
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()

acosa + bsina
v = arctan
V/(bcosa —asina)? + c2
Where the first Euler angla is arbitrary. It is due to an arbitrary rotation of the gramowend the(hkl) axis.

In the FEM model of ANSYS, the grain orientatighk!l) is assigned to each element by rotating its element codslina
system according to the Euler angles and~ determined by Equations (6) and (7).

C. Elasticity Anisotropy

(3-Sn is a body-centered tetragonal crystal structure whitisfees the clasgmm symmetry. The generalized Hooke’s law
for a tetragonal single crystal with clagsm, 42m, 422 or 4/mmm symmetry can be expressed by [12]

o11 C11 €12 (13 €11

022 C12 C11 (13 €22

033| _ |€13 €13 €33 €33 (8)
023 C44 €23

031 Ca4 €31
1012 | L Ce6| |12 ]

The elastic stiffness matrix elements (in GPa)3eBn near the room temperature ate = 109.4, ¢33 = 107.8, ¢12 = 57.67,
c13 = 34.76, cge = 26.75, andcyy = 2.56 [5]
The elastic stress-strain relation of an orthotropic nialtés expressed in Equation (9) [10].

r_1 “Vay —Vaz ]
[ Eq Ey E. g,
Tx . B —vy. Tx
Eyy By 2y Elz Oyy
—U —VYzy
€ 2 o o
zz _ E. Ey E. zz (9)
1 o
Ty e zy
zy
Vxz 1 Ozxz
Gy
Vyz 1 Oyz
L Gy

with the constraints
Vyz - me Vzx Vgz sz Vyz

E, FE, E, E E, E, (10)
The elastic compliance matri¥ (with elementss;;) is the inverse ot (with elementsc;;):
(511 s12 s13 1
S12 S11 813
S = C*l _ $13 S13 833 (11)
S44
S44
566

The conversion from elastic compliance matrix elementi¢oengineering constantg{, v, and so on) is the following [13]

Em:Eyzl/Sll, EZ=1/833,
Gmy = Gyz = 1/3447 Gzz = 1/3667 (12)
Vgz = Vyz = —513/533, Vey = —s12/811

Therefore, the elastic behavior gESn single crystal can be described by the engineering aotsswith £, = E, =
76.20GPa, E, = 93.33GPa,G,, = 26.75GPa,G,, = G5, = 2.56GPav,, = 0.473, v,, = 0.170 andv,, = 0.208. The
coefficient of thermal expansion is, = o, = 15.8 x 107%/°C, anda, = 28.4 x 107¢/°C [5].

D. Plagticity Effect

A good treatment of Sn grain plasticity should follow the stg} plasticity theory [14], [15]. However, this theory nesk
additional assumptions on slip system resistance parasnéte experimental calibration of its constitutive paraens is needed
before the crystal plasticity model can be used. Unfortelgathere is nos-Sn crystal plasticity model existing at present
time.

Isotropic hardening is normally a good approximation of lowvelting point poly-crystalline metals such as Sn [16]. In
this study, a bilinear isotropic hardening rule is used tprapimate the plastic behavior of Sn. This approximatioesiaot
consider the crystal orientations and slip systems, whiely not be realistic. However, due to the lack of material prop
data and no better existing plastic model, we will use thia disst order approximation in this work. According to Diulh
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Fig. 4. A typical FEM mesh with boundary conditions. Sn gsaimith different grain orientations are color-coded. The I€adframe is modeled as an
isotropic material.

al [17], single crystal3-Sn (with 0.01 to 0.53 atomic% Zn) yields at 9.2 MPa (uniaxésion) at room temperature and the
tangent modulus is 85 MPa in the bilinear isotropic hardgmmodel. These data were measured on single crystal Sn sample
with proper axis of elongation such that the maximum she@ssstwas attained in the slip systei00)(010). These two
parameters will be used to account for the plastic behavigi-8n on copper leadframes.

E. Strain Energy Density

Although compressive stress is believed to be the drivimgef@f Sn whisker growth [1]-[4], its tensorial nature makes
stress hard to serve as a one-parameter criterion for whigkesth. However, if energy based criterion is used, it isgible to
use one parameter to describe the risk of whisker growth. Mgese strain energy density (SED) as the parameter to descri
the whisker growth propensity. Strain energy density isrdefiby

w = /Uij dEij (13)

Here summation of repeated indices is assumed. In this tlefinelastic and inelastic strain energy density are ieth SED
actually combines both stress and strain effect.

Strain energy density has an unit of JoulénPascal). MPa will be used as the SED unit in this work. In ANSYS
calculation, an element table manipulation is used to gegag¢he SED in the post processing stage. The goal of thiy $ud
to determine if there is a correlation of calculated SED draldxperimentally measured Sn whisker growth propensity.

F. Finite Element Mode

The finite element model is implemented by using the comraksoiftware ANSYS. ANSYS provides an anisotropic element
called Solid64 which can account for the elastic anisotimpyaking the full elastic stiffness matrix as its input. Hower, this
element does not support plasticity. Since the tetragdnadtsire of/3-Sn falls in the category of orthotropic materials. We can
take the advantage of the regular continuous solid elen@@MSNSYS such as Solid45 and Solid185. The 3-D 8-node solid
element Solid185 is used here. This element has large dafmmcapability and supports orthotropic elasticity atespcity.

It is also proven that the convergency performance is b#ttar other elements, such as Solid45.

The Mathematica generated Voronoi diagram grain patteraad into ANSYS. A columnar Sn grain structure is assumed.
An extrusion of the Voronoi diagram forms a 3-dimensionabme-or thin Sn films, say about 10um, columnar grain pattern
is a very good assumption although at some portion, thereamasionally some stacking grains in the film thicknessctiva.

Sn is modeled with the elasto-plastic model described aloudeadframe is modeled as a linear elastic material withngs
modulus of 117GPa, Poisson’s ratio of 0.345 and CTE of 17ppm/

A 56um x 56um square of the Sn-coated Cu leadframe is modeled. 50 Sn grétimsaverage grain size of abo8um
is considered. The symmetry boundary condition is appled teadframe surface to simulate the fact that the leadftzase
two-sided Sn finish. The Sn finish surface is modeled with tee boundary. The other 4 sides of the 3-D models are modeled
with two sides (left and bottom in Figure 4) of symmetry boandconditions and the other two sides (right and top in Fégur
4) of node-coupling boundary condition. A corner node isdite eliminate the rigid body motion.

Since the intrinsic compressive stress is normally obseimeSn film on Cu [1]-[4], the intrinsic stress is assumed in
the FEM model. Following Lau and Pan [2], 8MPa compressivesst at 20C is applied to Sn by calling the ANSYS
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TABLE Il
WHISKER PROPENSITY OFSNON Cu LEADS

Plating Whiskers per Maximum length
Bath lead (um)
A 4 15
B 35 65

11:18:32
ELEMENT SOLU1

-321994

Fig. 5. Strain energy density of Sn film deposited using Batffhe grain orientation of each grain is identified by a textorientation(hk!) followed by
an in-plane rotation anglex(in Equation 5 and Figure 3) starting from the x-axis of the ¢alordinates.

initial stress command ISTRESS. This stress is applied agdsobtatic pressure, i.es,, = oy, = 0., = —8 MPa and
Tey = Ty= = T2 = 0. This is an approximation and is purely for simplicity reas®he initial stress of an element is only
applied at time zero and the original value will not sustdithere is no confinement to that element. In the out-of-plane
direction, there is no external constraint after time z@itee hydrostatic pressure kind of initial stress will becaan€’in-plane
bi-axial stress” in the Sn film after time zero since the Culfemme is the only external confinement to the Sn film. This
ANSYS trick helps us to simplify the process of resolving thegplane initial stress in each local elemental coordirsytem
for each crystal grain, which has different orientationwéuwer, strictly speaking, the intrinsic compressive stragplied in
the FEM model of Sn film may be different than 8MPa due to thes&mi effect.

Thermal loads were studied to mimic the air-to-air tempertycling test. 6 loading steps were applied°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).

IIl. RESULTS

Two different plating samples were studied. The Sn finisHab@two leadframes were plated in different baths. The XRD
results are tabulated in Table I. The corresponding graircktres were generated to conform the textural fractiomadiie 1.

Table Il lists the test results of samples from the two déférbaths. The test was a temperature cycling acceleraged te
The whisker counts and length measurements were done &€r dycles of—55°C to 85°C air-to-air temperature cycling.
For Bath-A, the average whisker numbers on each lead of thkage is 4 with a maximum whisker length of 1#sn. For
Bath-B, the corresponding values are 35 whiskers per leddaab :m maximum whisker length. It will be shown that the
calculated volume distribution of SED has a correlatiort#® Wwhisker propensity. The higher SED value correspondsggtoeh
Sn whisker count and length.

Figures 5 and 6 are the contour plots of the calculated stra@ngy density of the two samples after 6 consecutive testyoer
load steps. In these figures, the grain patterns overlay dhesponding SED contours. Each grain is indexed by itautext
orientation(hkl) followed by an in-plane rotation anglex(in Equation 5 and Figure 3) starting from the x-axis of the lab
coordinates. The rotation procedure is described in theique subsection by Equation (5). The plasticity is congdeby
using the isotropic bilinear harding rule described abdwdigures 5 and 6, some grains have a high SED and others have a
low SED. The maximum SED in Figure 6, which corresponds tchEatis 0.371 MPa. The corresponding value for Bath-A
in Figure 5 is 0.322MPa. It is also clear that the high SED iporis located in some grains with specific orientations. In
Figure 5 high SED is in (112) grains. In Figure 6, the high SEDni (220) grains and a (420) grain. This phenomenon is
an indication of anisotropy of elasticity and thermal exgian. However, due to the random in-plane rotatiaf, (1ot every
grain with the saméhkl) is in the worst position to suffer the high SED. An example ofig’s modulus spacial distribution
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Fig. 6. Strain energy density of Sn film deposited using Batfi-he grain orientation of each grain is identified by a textarientation(hkl) followed by
an in-plane rotation anglex(in Equation 5 and Figure 3) starting from the x-axis of the ¢alordinates.

around the angler is studied in [3]. Another important phenomenon we obseffvech these figures is that the highest SED
is always near the grain boundaries. This explains the Fedt$n whiskers are normally observed at the boundariesaifigyr
experimentally as shown in Figure 9.

If we assume that the Sn whisker growth tendency is propuatito the SED and the area under high SED, then a statistical
analysis of the calculated SED of both Bath-A and Bath-B mag gs more information. Figure 7 plots the volume distribat
of the SED for both Bath-A and Bath-B. The horizontal axis @jufe 7 is the SED. The vertical axis represents the volume
fraction with the SED higher or equal to the value of the homial coordinate value. For example, in case an SED value on
the horizontal axis is 0.3MPa, on the curve “Plating Bath A’tloe lower panel abous x 10~3 (or 0.3%) of the volume
of the Sn coating plated in Bath-A has an SED higher than oaletu0.3 MPa. Corresponding to the curve “Plating Bath
B”, about2 x 10~2 (or 2%) of the Sn has an SED higher than or equal to 0.3MPa. From &igure can clearly see that
the Sn finish produced by Bath-B consistently has more volafrén material under higher SED than that of Bath-A. From
the statistic data of Figure 7, it is confident to believe tiat sample with Bath-A will perform better than the sampléhwi
Bath-B in the Sn whisker accelerated tests provided thengsison that higher SED promotes whisker growth holds. This i
clearly proven by the experimental data listed in Table II.

The upper panel of Figure 7 shows the time evolution of the 8EBn coating from Bath-A and Bath-B. As the temperature
cycling progresses, the SED keeps increasing statisti¢adl, more and more volume of Sn is under higher SED. Thiamse
that the SED accumulates when temperature cycling progge3$ie SED accumulation is a direct manifestation of the Sn
plasticity. The SED accumulation explains why we see Sn kelngsgrow after a certain number of temperature cycles.oAig
the plasticity model used here is only a first order approtimnait does explain some of the experimental facts. It islent
that Bath-B consistently has larger fraction of volume unldigh SED than that of Bath-A at each loading step of the first
6 steps. This gap has a tendency of getting larger and lasg@mnaperature cycling progresses. This has a direct ctomela
with the experimental data in Table II.

If the model only considers the elasticity, SED will be thensaas temperature cycling progresses. Figure 8 shows the
calculated SED results without considering Sn plasticitye anisotropy of elasticity does considered in the catmna The
thermal loads are from 2C to —55°C (Step 1) and from Z@ to 85 C (Step 2). More fraction of volume is under higher
SED for Bath-B than that of Bath-A at both temperatures. Thiglso a good correlation with the experimental data in dabl
Il.

Since the compressive stress is believed to be the drivirag fof the whisker formation in Sn finish, we may postulaté tha
the hydrostatic stress is responsible for Sn whisker groWhtle hydrostatic stress is defined @@ + o2+ 03)/3, whereo, o2,
andos are the three principal stresses. Figure 10 plots the hiatiostresso; + o2 + 03)/3 distribution when Sn plasticity
is not considered. Since yielding are not considered angl e elastic behavior of Sn is considered, the compressiess
is so large that some area is more than 150MPa. If we assurhththavhiskering is the primary stress relieving mechanism,
then this kind of plot has its practical meaning. The higler tcompressive hydrostatic stress (with a negative sighabger
absolute value) the higher the risk of Sn whisker growth. €lastic response will no change as the temperature cycling
progress. Two distributions (at -96 and at 88C), represent the two possible stress distributions. Itéarty shown that,
at high temperature end of the thermal cycle°@p the two baths show very similar stress behavior. Howeaethe low
temperature end of the thermal cycle 289, more volume fraction of Sn is under higher compressivesstfor the Bath-B
sample than that of the Bath-A sample. This also agrees wigl the test results of Table I, 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 fattBA and Bath-B. The upper panel is the SED distributionhim first 6 temperature load steps.
The lower panel shows the detail of load step 6. The horitaxs is the SED. The vertical axis represents the volumetitm with the SED higher than
or equal to the value of the horizontal coordinate value. 3ti@ lines represent Bath-A and the dashed lines repré&athtB. More fraction of volume is
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(b)

Fig. 9. Examples of Sn whiskers growing on top of grain bouieda (a) a whisker growing on top of the grain boundary of 8mgrains, (b) a whisker
growing on top of two grain boundaries of three Sn grains

It should be mentioned that we have fully considered thetielgsand thermal expansion anisotropy, but not considere
the deemed plasticity anisotropy. We simply borrowed th&qgstal plasticity constitutive law to account for thengle
crystal plasticity, which is the limitation of the currentoael. As we mentioned before, the crystal plasticity thearyich
accounts for the effect of slip systems in single crystalay rbe the path to breakthrough this limitation. Nevertheléise
SED is insensitive to the exact form of the plasticity camsitre law, which has been proven by the good correlatiorhef t
experimental results in Table Il and the simulation resultBigure 7. The simplified plasticity model presented heraseful
if the SED criterion is adapted for Sn whisker growth.

The creep effect is not considered in the current study. lltlvé very interesting to see how the creep affects the result
The future work will be considering the crystal plasticitydacreep of Sn. With the crystal plasticity considered, this@ropy
effect of Sn grain is fully accounted. With these mentiomagriovements, the current model can be extended to a fulléled
microstructural model for Sn whisker growth prediction.vitwer, even with its current form, if the strain energy dgnsi
criterion is taken as the Sn whisker growth driving forces thodel is validated by experiments and can be used to stedy th
whicker growth tendency. The stress-based criterion isensansitive to the exact form of the plasticity constitutise. If
only anisotropy of elasticity and thermal expansion is dab&®d, using the relative comparison of the stress digfdhs to
predict the whisker growth tendency is also attested by #pe@mental results.

IV. CONCLUSIONS

A 3-D FEM model considering the elasticity anisotropy, that expansion anisotropy and plasticity @Sn is established.
The model makes use of the Voronoi diagram algorithm to gdaahe geometry of Sn grains on Cu leadframes. The crystal
orientations are assigned to the Sn grains in the model ubmx-ray diffraction measurement data of actual samples. T
model is applied to the Sn-plated package leads under thesmling tests. The strain energy density is calculatedefach
grain. The modeling results are compared with the whiskewtr data. A preliminary correlation of the simulation ritsu
is established with the whisker growth propensity. Theseilte suggest that the finite element modeling has the pat¢at
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predict the whisker growth propensity and provides dimion establishing an analytical model for Sn whisker gnoWhe
limitation and possible improvement of the current model also discussed.
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