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Abstract

SnAgCu solder joint has oligocrystalline (few large
grains) structure and due to body-centered
tetragonal (BCT) structure, each grain shows
strongly anisotropic behavior. Modelling anisotropic
behavior of grain scale solder joints has been
extensively researched by this group. In this paper,
anisotropic grain-scale plasticity model is used to
predict variability of solder joint fatigue durability
under sine sweep vibration excitation. Solder
experiences different levels of cyclic stress for
different grain orientations. Stress-based high cycle
fatigue (HCF) model (Basquin’s model) and Miner’s
rule are used for determining the variability of
vibration durability of solder joints for different
orientations and compared with experimental results.

Keywords- SAC305, oligocrystalline joint, sine
sweep, vibration durability, grain-scale finite element
model, multiscale analysis, Miner’s rule, Basquin high-
cycle fatigue model

I. INTRODUCTION

Electronic products and thus interconnects are
subjected to mechanical loading condition such as
impact, vibration and bending as per application during
its life cycle. Studies have been conducted on
determining durability of SnAgCu (SAC) solder joint
under harmonic or random vibration conditions [1-4].
Different clamping conditions and excitation levels are
applied as per the application and there is also different
ways []. Excitation level affects strain in solder joint per
cycle and clamping conditions affect deformation modes
in printed wiring board (PWB). Along with that effect of
environmental factors such different isothermal and
thermal cyclic conditions affect the durability of solder
joint [5]. Conventionally for predicting the reliability of
solder joint large number of tests are conducted and
fatigue model constants are determined by correlating
mean sweeps to failure (MSTF) and solder strain range,
stress range or energy from simulation [2, 5]. SAC solder
joints are modelled to be homogenous isotropic material

during the simulation. Microstructure research on SAC
solder alloys indicate that SAC solder joint consists of
few large size grains (oligocrystalline) and within each
grain is a composite of Body Centered tetragonal (BCT)
Sn and Ag3Sn intermetallic compound (IMC). Higher
percentage of B-Sn creates anisotropy in SAC305 solder
joint. Grain orientation and other microstructural
features affect the mechanical behavior of
oligocrystalline solder joint [6,7]. Research has been
conducted on modelling behavior of solder by
considering SAC solder microstructure and anisotropy
due to Sn [6, 8]. Variability in the behavior of anisotropic
solder joint under multiaxial loading condition has been
presented for thermomechanical cycling and cycling
mechanical bending [9, 10]. In this article, this research
has been extended by implementing grain scale
anisotropic plastic properties on vibration durability test
and comparing simulation results with experimental
observation.

Experimental data from previous study is used
modelling and determining confidence bounds on solder
failure data. Brief explanation about the experiment is
provided first which is followed by modelling approach
to imitate the sine sweep vibration durability test.
Objective of this article is to present high cycle vibration
calibration method and use of anisotropic modelling to
capture the observed variability is presented after modal
harmonic global-local modelling approach. Fatigue
modelling is done and variability is predicted based on
simple anisotropic cases of solder joint. Conclusion and
future work are presented in the end.

IV. SINE SWEEP DURABILITY EXPERIMENT AND
MODELLING METHODOLOGY

Response of solder joints subjected to sine-sweep
vibration loading conditions in prior tests [1] is analyzed
with global-local finite element modeling scheme, to
assess fatigue durability of solder joints. The tests used
PWAs with 15 BGA components, mounted at four
corners (Fig. 1). The model was calibrated using the
tested fundamental frequency of the board (357+2Hz)
and the tested response to the sine sweep excitation
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during the durability test (between 300-360Hz with
sweep rate 5 octave/min, to excite only the fundamental
response mode). The finite element model response
history for solder joints of the components in the center
column (U3, U8, U13) is combined with Basquin’s HCF
model, to determine the number of cycles to failure
(fatigue durability). Durability results are compared
with experiments (Fig. 2).

i

U3.,8 and 13 center
packages

Figure 1: Test Setup for Sine Sweep [1]
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Figure 2: Weibull Distribution of Failed Center Packages
(1]

PWB harmonic simulations are conducted using a
global FEA model the consists of shell elements with
linear elastic anisotropic properties. Mass of the
accelerometer and components and the stiffening effect
of components are included in this model, using methods
described elsewhere [11]. The stiffening factor for the
modeled BGA is found to be 3.25. Modal harmonic
analysis is conducted by discretizing the sine-sweep
excitation into five different frequencies in the given
range. The response is predominantly in the fundamental
mode (Fig.1).

The response of the global FEA model for each
frequency is transferred to a detailed quasi-static elastic-
plastic local model of the BGA package in the center of
the PWB, using a quarter-package model due to the
symmetry of the package and the deformation mode.
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Four fatigue cycles were modeled and the highest stress
amplitudes (in the corner solder joint) were recorded.
Solder joint dimensions are shown in Fig. 3. Interface
region between solder and copper pad experiences the
highest stress so the stress response amplitude in this
critical region is considered for fatigue modeling and
calibration at each frequency.

Figure 3: Deformation Profile in First Mode of Vibration
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Figure 3: Solder Ball Dimensions

Critical Region in
Solder Joint

Figure 4: Quarter Model and Critical Solder Joint

III. TIME TO FAILURE MODELLING

Cyclic fatigue damage due to each modeled frequency
is considered, for modeling the sine-sweep vibration
durability test. The PWA experiences the same number
of cycles at each frequency during sine-sweep due to the
sweep rate scheme used in the test. Time to failure is
estimated with Basquin high-cycle fatigue model (Eq. 1)
and Miner’s rule (Eq. 2) :

AG o = 0p(2N;)
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Where, Ao .4: Equivalent stress range
oy : Fatigue strength coefficient
b : Fatigue strength exponent
n;: Actual cycles at i frequency
N;: Cycles to failure at i frequency

The fatigue model constants in Basquin’e HCF model
(Eq. 1) are determined by using the stress range predicted
by the FEA global-local model, the damage
accumulation model (Miner’s rule) in Eq. 2, and the
mean cycles to failure (MCTF) measured from mean
sweeps to failure (MSTF) in the test. Corner region near
PWB is a high stress concentration region. Average
stress in the first element layer of stress concentration
region is used to determine high cycle fatigue model
constants. Resulting Model constants are shown in table
1.

Table 1: Basquin Constant

62.92

-0.071

IV.PREDICTION OF VARIABILITY

Cross polarized microscopy is conducted on sample
BGA solder joints to analyze the grain morphology in
SAC solder joints. Fig. 5 shows that solder joint contains
either single grain, or a few large grains.

Figure 5: Single and Oligocrystalline Solder Joint

To predict the variability due to different grain
structures, grain scale anisotropic model is implemented
on single crystal and tri-crystal solder joint morphologies
in the critical (corner) solder joint. Total number of cases
with all different normal orientations and single, bi-
crystal and tri-crystal grains are twenty-seven. Based on
cyclic mechanical bending study only two corner cases
of anisotropy are considered (Fig. 6) and compared with
upper and lower bounds obtained from 95% confidence
interval of experimental data.

Figure 6: Anisotropic Grain Morphologies for
Critical Solder Joint
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Anisotropic elastic properties of SAC305 solder joint
[6] are shown in table 2. All values are in GPa

Table 2: Elastic Constants for SAC305 Solder

732 | 735 | 893 | 223 | 223 | 242 | 59.6 | 363 | 364

Hill potential for anisotropic plasticity is combined
with Ramberg Osgood (RO) flow model for modelling
anisotropic plasticity. Egs. 3 and 4 indicate Hill potential
and RO model.

P F(02; — 033)? + G(033 — 011)* + F(011 — 03)? 3
Hill +2L0532 + 2M0 132 + 2N 4,2
Where, y;;;: Hill Stress
F, G, H, L, M and N: Hill constants
g = KSpn 4

Where, o : Effective Hill Stress
ep: Effective Hill Plastic strain
K: Strength Coefficient
n: Strain hardening exponent

Table 2: Hill-RO Model Constants for Single SAC305
Solder Crystal [6], stresses are in MPa

05 (095 | 1.2 | 1.29 88 0.225

Deformation in solder joint for different grain
morphologies are determined based on Hill-RO model
constants [6]. Dimensions of BGA solder joint are given
in Fig. 3. Grain boundaries acts as a barrier for
dislocation motion during plastic deformation. Hall-
Petch equation is used to scale the solder grain properties
(RO model constants) based on its size, when modelling
tri-crystal joints. Hill constants are kept constant,
assuming degree of anisotropy will remain the same for
a given material.

The stress-strain curve in Fig. 7 reveals that the
highest yield strength occurs for the small grain tri-
crystal structure and the lowest for a single crystal joint.
Isotropic solder plastic curve is in between these two
corner cases.
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Life of solder joint with different orientations resulted
in different average equivalent stress values and model
constants from Table 1 are used to determine fatigue
durability. Equivalent stress is Hill stress (Eq. 3) in case
of anisotropic modelling and von Mises’ stress in case of
3 isotropic modeling. Predicted life for single crystal
Eiz‘ézge Side Packageand solder joint with z-axis of solder joint parallel to global

: Z-axis is 2792 sweeps and 22329 sweeps for ZXY tri-
crystal SAC305 solder joint.  Anisotropic grain scale
modelling of solder joint resulted in wider bounds,
compared to values obtained from experiment (Fig. 10).

= The upper and lower bounds for the experiments are
Figure 8 Different Failure Modes in Solder Joint determined from 97.5% and 2.5% confidence intervals.
under Vibration Testing

Failure analysis of the solder joint indicates P~
competing failure sites at the top and bottom interfaces ZXY
(Fig. 8a and Fig. 8b), with the grain morphology often 20000
deciding which interface is more vulnerable Modelling
solder joint as an isotropic homogenous material will
result in only one failure mode (failure near PWB side).
Simulation indicated that single crystal solder joint
showed stress concentration near PWB side where as tri- Isotropic MST
crystal solder joint showed high stress concentration near 2.5%
the package side. So, anisotropic grain scale plastic I I I CliZ l
modeling of solder joints is able to explain both observed .
failure modes (Fig. 9). Solder joint durability for each
grain morphology is assessed by averaging the stress Figure 10: Comparison between Simulation and
over one layer of elements at the critical interface. Experimental Results

Figure7: Grain Scale Properties of Solder Joint and
Comparison with Isotropic Properties
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IV. CONCLUSION

36.425 Max Objectives of this study are to demonstrate the global
! 32.504 local modelling technique for harmonic vibration
giz: analysis using ANSYS workbench and analyze the
- variability captured by grain scale anisotropic modelling
16,822 of SAC305 solder joint. Failure modes observed in
12.902 z simulation are compared with experiment and regions of
8.9813 stress concentration are found to matching with crack
g | - sites seen in the experiments. Limited number of extreme
1.1403 Min x . . . .
grain morphologies are modeled here, for illustrative
Figure 9a: Single Crystal Solder Joint with Grain purposes. This study can be improved by modeling other

Orientation C||Z intermediate grain orientations of oligocrystalline solder
joints. Grain orientation and size of grains have been
used to conduct anisotropic grain scale simulation on
solder joints to predict the observed variability in fatigue
durability.

2024 25th Internatighal GoNfRLERSSRe ML, ME AR ICRL) DRI EASISS RIMHIFRD ane R RRNiS It M @18 el oRiss ApshMigigsystems (EuroSImE)



AKNOWLEDGEMENT

This work is sponsored by the members of the

CALCE Electronic Products and Systems Consortium at
the University of Maryland, College Park.

(1]

REFERENCES
R. Roucou, J. J. M. Zaal, J. Jalink, R. De Heus and
R. Rongen, "Effect of Environmental and Testing
Conditions on Board Level Vibration," 2016 IEEE
66th Electronic Components and Technology
Conference (ECTC), Las Vegas, NV, USA, 2016,
pp. 1105-1111,

Y. Zhou, M. Al-Bassyiouni and A. Dasgupta,
"Harmonic and Random Vibration Durability of
SAC305 and Sn37Pb Solder Alloys," in /EEE
Transactions on Components and Packaging
Technologies, vol. 33, no. 2, pp. 319-328, June 2010.

V. Thukral, I. Bacquet, M.Soestbergen, J. J. M. Zaal,
R. Roucou, R. Rongen, W. Driel, G.Q. Zhang,
"Impact of Temperature Cycling Conditions on
Board Level Vibration for  Automotive
Applications," 2023  IEEE  73rd  Electronic
Components and Technology Conference (ECTC),
Orlando, FL, USA, 2023, pp. 806-813.

A. Deshpande, 1. Olatunji, M. Bascolo, A. Dasgupta,
U. Becker and J. Gabor, "Copper Trace Failures in
Ball Grid Array (BGA) Packages under Sequential
Harmonic Vibration and Temperature
Cycling," 2022 21st IEEE Intersociety Conference
on Thermal and Thermomechanical Phenomena in
Electronic Systems (iTherm), San Diego, CA, USA,
2022, pp. 1-5.

V. Thukral, M.Soestbergen, J.J.M.Zaal, R.T.H
Rongen, W.D.v Driel, G.Q. Zhang, “Board level
vibration test method of components for automotive
electronics:  State-of-theart  approaches and
challenges,”Microelectronics Reliability, 2022, vol.
139.

2024 25th Internatignal ConfRLERSS ARe AL, ME VR CRl 2y DIt Ravsiss

(6]

(7]

(8]

[9]

[10]

[11

—

SR 8P PR TR M RIBRl RISk ARshMigrgsystems (EuroSImE)

Deshpande A., Bharamgonda A., Jiang Q., Dasgupta
A., “Grain scale study of SAC305 Oligocrystalline
solder joints: Anisotropic Elasto-plastic Constitutive
Properties of Single Crystal”, ASME. J. Electron.
Packag. December 2023; 145(4): 041102.

P. Lall, S. Shantaram, J. Suhling and D. Locker,
"Effect of aging on the high strain rate mechanical
properties of SAC105 and SAC305 leadfree
alloys," 2013 IEEE 63rd Electronic Components
and Technology Conference, Las Vegas, NV, USA,
2013, pp. 1277-1293

Jiang, Q.; Deshpande, A.N.; Dasgupta, “A. Grain-
Scale Anisotropic Analysis of Steady-State Creep in
Oligocrystalline SAC Solder Joints”, Materials
2024, 14, 5973.

T. Hauck, M. Van Soestbergen, Q. Jiang, A.
Deshpande, A. Bharamgonda and A. Dasgupta,
"Virtual Testing and Digital Twin Approaches for
Response of Grain-scale Solder Interconnects to
Multiaxial Loading," 23" International Conference
on Thermal, Mechanical and Multi-Physics
Simulation and Experiments in Microelectronics and
Microsystems (EuroSimE), 2022.

A. Bharamgonda, A. Dasgupta, A. Deshpande, T.
Hauck and Y. Chen, "Effect of Elastic-Plastic
Anisotropy of Solder Grains on Variability of Cyclic
Mechanical Bending Durability in SAC305 CSP
Assembly," 2023 24th International Conference on
Thermal, Mechanical and Multi-Physics Simulation
and  Experiments in  Microelectronics  and
Microsystems (EuroSimE), Graz, Austria, 2023,

I. Olatunji, A. Deshpande, M. Bascolo, A. Dasgupta,
U. Becker, G. Jokai, "Durability of Copper Traces in
Ball Grid Array (BGA) Assemblies under Sequential
Harmonic Vibration and Temperature
Cycling", 2022 23rd International Conference on
Thermal, Mechanical and Multi-Physics Simulation
and  Experiments in  Microelectronics  and
Microsystems (EuroSimE), pp.1-5, 2022.



