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fatigue behavior of Sn37Pb solder assemblies and Sn3.0Ag0.5Cu solder assemblies

subjected to rapid loading.

To evaluate the failure behavior of Sn37Pb and Sn3.0Ag0.5Cu solder assemblies

under rapid loading conditions, leadless chip resistors (LCR), ball grid arrays (BGA),



small outline integrated circuits (SOIC), and small outline transistors (SOT) were
subjected to four point bend tests via a servo-hydraulic testing machine at printed
wiring board (PWB) strain rates < 0.1/s. The PWB strain was the metric used to
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Sn3.0Ag0.5Cu solders. There was no significant difference found in the resulting test
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Chapter 1: Introduction

The goal of this dissertation is to gain a fundamental understanding of the failure
behavior of Sn37Pb and Sn3.0Ag0.5Cu solder assemblies under rapid loading
conditions where any creep effects can be considered negligible. Electronic circuit
boards can experience this rapid loading through shock or vibrations events during its
life; these events can happen in transportation, manufacture or in field conditions.
Obtaining this fundamental understanding will allow for better design of electronic

assemblies to aid in their survivability during these rapid loading events.

This dissertation initially uses the PWB strain as the critical metric for determining
failure. Using the PWB strain will allow for the prediction electronic component life
regardless of the printed wiring board boundary conditions as long as the board strain
in the vicinity of the component is known. The printed circuit board strain was chosen
as the failure metric because it can be directly measured through quick calculation or
simple finite element models and it makes no assumptions as to the exact location of
the attach failure. Later analysis in the dissertation will use FEA modeling to obtain
and equivalent solder joint stress to assess the durability relationships between

SAC305 and Sn37Pb solder assemblies.

1.1 Motivation

The motivation behind this project is to assess the inclusion of electronic devices into

artillery rounds for guidance purposes. A typical launch acceleration profile includes



an initial setback with a peak value of 10,000 — 100,000 G’s applied over a timeframe
of milliseconds, followed by muzzle exit buffeting ranging from 1,000 — 5,000 G’s
applied over a timeframe of microseconds. Such large accelerations can produce
stresses and deformations that can exceed the structural limits of packaged electronic
hardware. A basic understanding of the behavior of electronic assemblies under rapid
mechanical loading is necessary before the project is ramped up to a high-G

environment.

1.1.1 Project overview
The assessment of fatigue of electronic systems under rapid loading through vibration
or shock events is very important. Current generation electronics are being used
everywhere and in a way that may experience higher shock and vibration load levels
than previous generations. Having a better understanding of the fatigue behavior can
be used to determine the life expectancy of sets of electronic components used in

electronic systems.

This dissertation will be discussing the development durability fatigue models based
on PWB strain. In order to understand the approach taken, some general background
of fatigue needs to be reviewed. Fatigue can generally be separated into high cycle
and low cycle fatigue. Classically high cycle fatigue is understood to be driven by the
stress level in a part, while low cycle fatigue is understood to be driven by the strain
level in a part. High cycle fatigue failures involve elastic deformation and thus are
easily expressed in terms of the stress in the part of interest. Low cycle fatigue

failures involve plastic deformation and the stress levels in the part are generally



above the tensile yield strength of the material, thus it is easiest to express the fatigue

in terms of the strain in the part.

Traditionally, experimental measurements of time to failure, or fatigue data, are
plotted as stress or strain vs. life. Fatigue data is traditionally plotted in log-log space
with the abscissa being the log of the time to failure and the ordinate being the log of
the stress level in the part for high cycle fatigue, and the log of the strain in the part
for low cycle fatigue, or the combined case where both high and low cycle fatigue can
be present. This plot is typically know as an S/N plot standing for stress or strain
versus life, N. It is recognized that in fatigue the dependent variable is life, which one
would normally plot on the ordinate. The form of the plot in this thesis will use the
traditional format for S-N plots where the life is plotted on the abscissa. When
plotted in log-log space, low cycle fatigue and high cycle fatigue is recognized as a
linear region of the fatigue data. There is also a transition, though not a sharp or
distinct transition, between the behavior of materials in the low-cycle regime and the
high-cycle regime. This transition typically occurs somewhere around 10* cycles.
The linearity of the plot in the high cycle regime, above about 10* cycles is
commonly referred to as the Basquin’s power law relationship. Similarly there is
commonly seen a low cycle linear region, below 10* cycles that is commonly referred
to as the Manson-Coffin relation. If a parameter that is directly proportional to the
stress or strain is plotted versus life in log-log space then a plot with this parameter
will also be linear. Such a power law relationship will be used to relate board strain

to cycles to failure for the rapid assessment model. The printed circuit board strain is



directly proportional to the stress in the component solder joint and can be easily
demonstrated in finite element simulations. Hence, using board strain on the plot will
yield the same slope as using the stress in the component; only the intercept will
change. Board strain can be easily measured or predicted in the area near the
component. The board strain can be converted to a board curvature using the printed
circuit board thickness if a more generic quantity is desired. This PWB strain will
also be converted to an equivalent solder stress for the development a master SN

durability curve for the failure of Sn37Pb and SAC305 solders.

1.1.2 Component selection
To assess the behavior of electronic components under bending loads a list of likely
used components was made. These components were evaluated for suitability in high-
G environments. To first assess the survivability of the likely used components they
have to be evaluated with respect to the types of motions they will experience. There
are three types motions that components mounted to printed circuit boards can
experience, transverse, normal, and bending. Of these three, bending is the most
damaging because it will cause damage much sooner than transverse or normal
loading. However, the potential of the components of shearing or pulling from the
board was evaluated to initially narrow the component list To assess the potential
risk of failure due to either normal or transverse motion, a simple calculation can be
performed by dividing the load due to acceleration by the total cross sectional area of
the package attach. This is illustrated in Figure 1.2.1. The load is equivalent to the

package mass multiplied by the proposed acceleration. The intention is to see which



packages survive a maximum acceleration of 100,000 G’s in the transverse and
normal direction to ensure package does not shear or pull from the board. The
100,000 G’s includes a dynamic amplification factor of 2, which gives a maximum
quasi-static load of 50,000 G’s. Finite element analysis done in previous work by
CALCE [1] determined that components in a projectile may see loads of up to 50,000
G’s during launch. This design goal is labeled in Figure 1.1, and based on this
criterion certain packages can be deemed unfit for use in the intended application. It
must be noted that the figure accounts for normal and transverse loading only;
bending was not included in the component selection phase. The component types
were narrowed down to four types, surface mount resistors and capacitors, ball grid
arrays (BGA), small outline transistors (SOT), an small outline integrated circuits
(SOIC). Surface mounted resistors were chosen because of their simplicity and their
ability to give us a large data set per board due their small size. The surface mount
capacitors are being studied in another project [37]. BGA packages were chosen
because they are increasingly being used on PCBs because of the high I/O count they
allow. SOIC and SOT components were chosen to examine leaded components.
SOICs are more of a flexible leaded component, while SOTs are a stiffer leaded
component. Including both will allow us to look at the different ends of the leaded

components family.
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Part type

1.1.3 Types of testing

This dissertation will use bend testing to aid in studying the behavior of electronic

assemblies under rapid loading. Bend tests, specifically four-point bend tests, will be

used to mimic the loads printed circuit boards see during shock and drop events.

Four-point bending allows for a uniform PWB strain in the test region of the board.

This uniform strain value will allow for testing of a relatively large set of components

at the same time at the same strain levels, unlike testing done on a shaker table or in

three-point bending.

Testing a large number of components will increase the

confidence of our model by allowing us to develop and use failure distributions in

lieu of single failure data points.



1.2 Project objectives

In addition basic understanding of the fatigue behavior of the selected components
and the creation of a master SN durability curve, this dissertation also will also create
PWB strain based models for each of the selected components. This dissertation will
use data generated by this project and data collected from studies not related to this
project to create this master durability curve. The location of the failures will also be

recorded and analyzed and any trends found will be noted.

1.3 Organization

A review of the current durability trends and available fatigue models for electronic
assemblies is reviewed in chapter 2. Chapters 3, 4, and 5 are organized as separate
data and related data. Each chapter will be re-written as a standalone, but related
journal paper. Chapter 3 will explore the behavior of LCRs and SOIC under bending
loads. Chapter 4 focuses on the bend and drop testing of PBGAs. Chapter 5 will
bring the data of chapter 3 and 4 together, along with additional data from other tests
to create a single master durability curve for Sn37Pb and SAC305 solder under rapid
PWB bending. Chapter 6 will summarize the results from all three chapters of the

dissertation and offer suggestions for future work.



Chapter 2: Literature Review

Much testing has been done on the failure of electronic components under bending
and shock loading conditions. This literature review seeks to explain what models are
currently available to estimate the fatigue life and show how bend testing can be an
important tool in the evaluation of electronic components. It will also explore the
need of including high strain rate testing in the study of the reliability of electronic

components.

2.1 Current fatigue modeling/assessment techniques

Fatigue-life models can typically be divided into four main categories. Failure
models that are based on equations, models that a based on analytical methods,
models that are based on numerical or finite element techniques and models that are
based on experimental results.[2] These categories are often combined with some
studies, but generally there tends to be a dominant method or category used in the
model creation. A full review of the literature based on each model type can be found

in the appendix.

2.2 Bending

This section will focus on the bend testing that has been conducted and explore the
trends that other have found through the bend testing of PWAs. Bend testing has
been found to be a crucial part of understanding how electronic components fail
under fatigue. Four point bending is the most preferable bending type testing. It

allows for a less complex analysis of failure and for the testing multiple components



at the same strain level at the same time unlike three and five point bending which
can allow for an individual component to experience different strain level along the
component during a test. Four point bend testing has also been shown to be relatively
insensitive to misalignment issues.[15] Therefore, bend testing will be one of the

main tools this project will used in the model development along with drop testing.

Bend testing is a good tool to use for mimicking the loads electronic see in their
lifetime, in lieu of using shaker tables. During bending the loading rate can be
changed to mimic dropping or the magnitude and rate can be lowered to mimic more

everyday conditions.

Four point bending has been shown to be useful in the testing of electronics because
of the earlier mentioned reasons. The results of some four-point bending experiments
are detailed here. Harada et al [16] used four-point bending to verify the reliability of
flip-chip BGAs. Two groups of components were tested, those mounted for three
weeks and those mounted for one-hour. Failure occurred sooner in the one-hour after
mount packages. The strain ranges were from 2000 microstrain to 9000 microstrain.
A strain rate dependence on the strain value to failure was found. Cracking in the

solder ball was observed as the package substrate side.

ITho et al [17] compared fatigue life of 95.5Sn4.0Ag0.5Cu to 63Sn37Pb using plastic
ball grid array, PBGA, 256 1/O packages using four-point bend testing. The bend

testing was done using a special bend tester made using an electromagnetic coil.



When the applied load to the specimen is small, the Pb-free solder has a longer
fatigue life than Pb solder. The fatigue life of lead-free solder was found to be less
sensitive to applied loads. As the applied load decreases, the relative fatigue life of
lead-free solders increases. A visco-plastic deformation analysis was used to
quantitatively examine the resistance to creep, plastic and inelastic deformation of

solder.

Bending has also been used as a tool to study shock loads. Keat, et al [65] developed
a method to characterize the solder joint performance using board surface strain. It
employed the use of a specially designed shock test board. This board, a BGA, and
rigid masses were used for dynamic bend testing. Linear solder joint behavior was
assumed due to the high strain rate loading and the strain rate effect was neglected
because the solution scheme only pronounced for non-linear material response. The
strain response was found to be directly related to the stress in the solder joint through
modeling. The board thickness is the coordinating factor between the two. The board
strain measured at the corner of the package correlated with the stress in the corner

joint.

This section illustrated the use of PWB strain as a viable option for describing failure.

It was shown to relate to the stress in the solder. The tests described here also conflict

on the effects of thermal ageing on the survivability of electronic assemblies.
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2.3 Drop testing

This section will explore the high rate testing of PWAs and what types of component
have been investing at high loading rate and the trends that have been seen. Drop
testing is a common tool used to test for survivability of electronic under high strain
rates. This subject has been studied using various test methodologies and models
have been developed to explain the behavior of electronic under higher strain rates.
Wong et al [11] found there to be three main causes of board level drop impact
failure, elongation and bending of the interconnect from the difference in the flexing
of the board and package, the inertia force from the package, and the longitudinal
stress wave from impact. Lall, et al [19] developed a methodology “to determine the
damage progression versus number of drops by studying the transient strain history of
the test boards” [19]. They developed drop and shock survivability model using
wavelet transforms and damage proxies. 63Sn/37Pb and lead-free solder balls and
95.5Sn4.0Ag0.5Cu solders were studied using 10 mm, 100 /O BGAs and 8mm 132
I/0O BGAs. Failure was observed at the solder interconnect at the package and the
board interface, copper-trace, and printed circuit board resin cracks under the copper
pads. The majority of the failures, however, were in the solder. They also developed
a transient strain based damage index to measure damage in aged and unaged
samples. Board strain was converted into solder interconnect transient strain history
using Hexahedral Reduced Integration Element Models with Timoshenko-Beam
Element Interconnects. 63Sn37Pb and 95.5Sn4.0Ag 0.5Cu solders were tested with
board finishes of immersion silver, ENIG, and HASL. Failure was observed in the

solder interconnect as the package and board interface, in the copper trace, and in the
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board under the bond pads; though most were in the solder for both solder types. The

aged lead-free samples had a lower survivability under shock and vibration loads.

Darveaux, et al [20] explored interface failures using impact testing. A ductile to
brittle transition strain rate was used to explain interface failures using tensile testing
to measure performance. It is defined as a metric to quantify the performance of a

specific joint relative to interface failure. Samples were tested at 22°C and strain rates

N
¥4
were calculated from the equation, d% y = q%lt/h/ , where / is the solder joint height

and dz/dt is the displacement rate of the testing machine crosshead. Solder joint
array tensile testing was employed to understand how intermetalic failures affected

performance. The strength of the solder joint was found to be rate dependent.

The impact surface finish has on the failure rate of electronic has also been
investigated. [20] Chong, et al. studied the drop impact solder joint reliability of
plastic ball grid array packages, no leaded very-thin quad flat, and plastic quad flat
pack packages. A lead based and a lead free solder, 62Sn36Pb—2Ag and Sn4Ag0.5Cu
and two different pad finishes, organic solder preservative and electroless nickel
immersion gold were tested. The type of surface finishes was found to have a
significant impact on the solder joint reliability between a package and the board.
The lead-free solder joints on ENIG finish revealed weaker drop reliability
performance than the OSP finish. From simulations, they found the peel stress in the
direction of drop to be the driving force behind drop failures. The integrity of the

copper traces, vias and resin were found to be equally important in the drop/impact
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reliability. The PQFP did not fail in their study due to the compliancy of its leads.
The most robust part however was the VQFN, because of its small size. Through
FEA, they found that using only on elastic model can overestimate the stress by 50%;
hence the plastic behaviors of the materials must be accounted for in drop/impact

loading.

Chong, et al [21] also examined the effect of surface finish under drop condition.
They tested leaded components (PQFPs) and non leaded components (PBGAs and
very thin profile quad flat no-lead-VQFN) using 36Pb62Sn2Ag and Sn4.0Ag0.5Cu
using OSP and ENIG finishes. The packages were dropped in a position face down,
parallel to the drop surface and the board had clamped-clamped boundary conditions.
The majority of the PBGA failure sites were detachment from the copper pad.
Copper trace and resin cracks were found to be second cause of the PBGA failure.
No failures were found in the PQFPs and VQFNs. OSP was also found to be a better
choice in surface finish than ENIG. This project will be using OSP as the board finish

avoiding the early failures seen in the ENIG samples.

The failure mechanisms in impact tests have been explored. Seah, et al [23] tested
SnPb, SnAg and SnAgCu solder joints on ENIG pads and they were found to exhibit
combinations of bulk solder and intermetallic failure, and SnPb, SnAg and SnAgCu
on OSP exhibited almost complete IMC failure at the pads under drop impact. The
fatigue failure of solder joints in drop impact was dominated by the crack initiation

phase. For SnAg, SnAgCu and SnPb on ENIG pads, failure was observed to initiate
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in the bulk solder at the joint corners for most cases. This initiation was not observed
for the SnAg and SnAgCu and SnPb solders on the OSP pads. The crack initiation
was thought to have occurred in the intermetallic region for the OSP pads. Low
strain-rate and low strain tests were also found to produce considerably different

failure modes than drop impact or high speed bend testing.

These failure mechanisms have also undergone a root cause analysis to determine
why they failed. Wong, et al. [24] found that high strain rate tends to raise the
fracture toughness of ductile materials while it lowers the fracture toughness of brittle
materials. This makes the drop impact reliability of interconnects to be controlled
more by the fracture toughness of the brittle intermetallics than by its bulk creep
strength. It is noted that the solder alloys and pad finishing that are ideal for
temperature cycling may not be ideal for drop impact and that some report SnAgCu
solder performs worse under impact than SnPb eutectic solder but SnAgCu was said
to have higher impact fracture energy. Using D’ Alembert’s Principle, it was shown
that the interconnection strength due to board bending is two orders of magnitude
higher than the stress due to acceleration. This accounts for the different failure rates
under drop and bending loads. It is clear that the fracture strength of the IMC and

IMC-solder bond depends both on the types of solder as well as the pad finishing.

They tested the behavior of Sn37Pb, Sn3.5Ag, Sn3.8Ag0.7Cu, Sn2.5Ag0.8Cu0.5Sb,

and Sn58Bi solders on electroless Ni-P/Au (ENIG), HASL, OSP, and Immersion tin

(Tin) under static shearing and impact shearing. The impact fracture strength of
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solder joint was found to be higher than its static fracture strength in most cases.
SnAg solder had the highest impact strength and BiSn solder had the lowest. SnPb
solder showed mainly bulk solder failure. The lead-free solders showed a mixture of
intermetallic and bulk failure. The SnAgCu solders had comparable impact fracture
strength to SnPb solder but had much lower impact fracture energy. OSP and Tin
finishing outperformed ENIG and HASL in both impact fracture strength and impact

fracture energy.

Testing has shown that vibration can be used to obtain drop testing like conditions.
This was used by Marjamiki, et al [25]. By applying harmonic vibrational loads to
printed circuit boards at their resonance frequencies, they achieved similar loading to
drop testing, in spite of difference in the bending behavior of the boards. The failure
modes found were the same as those Lall et al. [19] discovered and were determined
by the vibration amplitude. The shift in failure mode from bulk solder to
intermetallic cracking was noticed with an increase in the vibration amplitude. By
using vibration to study the failure modes under shock loading instead of drop
testing, life prediction can be more easily made because of the constant bending
amplitudes during the test, tests can be carried out in less time and the more control of
the environment is possible. The most important difference between vibration and
drop test was found to be that the bending of the printed circuit board is constant
during vibration testing, and in drop testing the amplitude is reduced after each
impact. Vibration testing uses the resonance phenomenon to generate large constant

bending amplitude with a small harmonic force. Drop testing employs the use of
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higher frequency modes and their interaction with the lower natural frequencies
complicate the stress histories in solder interconnections. This vibration testing done
to achieve drop-like conditions is similar to the testing presented in this work. Using
bending, the loading rate can be set to fast with a steady and slower unloading rate

but eliminating the higher frequency content which can lead to resonance issues.

There have also been studies into how consumer portable electronic are affected
under drop conditions because of their increasing smaller size and wide-spread use.
Seah, et al [23] assessed how to best test these products under drop conditions by
evaluating what measurement to take and where and how to get them from board
level testing conditions. They determined that strain and acceleration measurement
were both key in evaluating the reliability of these electronics. Tests were done to
understand the relationship between acceleration, strain, and drop orientation and
another set to obtain data on portable electronics under drop conditions. BGAs and

CSPs were tested.

This section has demonstrated the benefits and performing drop testing on PWAs.
Drop testing is very important in the study of the reliability of electronics because of
the harsh conditions that electronic components can experience. As electronics
become more and more portable, there is an increased likelihood of electronics
experiencing a high rate loading event, whether it be an accidental drop to the ground
or the a breaking apart of boards during assembly. SnAgCu based solders have been

shown to have the highest survivability rates for the reviewed lead-free solders.
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However, there is no consensus among the papers on whether strain rate affects the
durability of electronic assemblies or the survivability difference between lead and

lead free solders.

2.4 Failure analysis

The investigation of the location of the failure site and any trends seen this location
over the test range is an important part of testing electronics. The typical failure sites
of electronic component are in the bulk solder, in the solder intermetallics, through
the copper trace, and in the board material underneath the bond pad (at the interface).
Interface failures occur due to rapid loading of the solder joint and a tensile
component to the loading. Under rapid loading the bulk solder must bear the stress
of the high strain rate. The solder’s compliancy allows for strain relief.  Stresses
build up in the joint interfaces causing failure in the interfaces. [26] Much analysis
has been done of the location of the failure to understand the root cause of the failure.
Rooney et. al [27] performed a detailed failure analysis on micro-, flex, and laminate
BGA packages, ceramic chip scale packages (CSP), and central packet switches
(CPS) that had been tested under three-point bending. Four failure modes were found
through cross-sectioning. The first was through the solder along the board side. This
failure type is attributed to the solder joint being solder mask defined in this area and
the solder fillet not extending around the side of the pad. This was the most common
failure mode. The second failure type was through the solder on the package side.
This failure type is said be caused by solder fatigue. The third failure mode consisted

of board material failures, i.e. cracked laminate, delamination of the printed circuit
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board from the solder pad, and fracture of the solder mask. The fourth mode was
copper trace cracking where there was no cracking of the solder mask or printed
circuit board laminate. This failure type was only noticed in more severe bending

stress conditions.

2.4.1 Failure site transitions

From the failure analysis there has also been noted the existence of a transition in the
location of the failure depending on the loading rate and stress level. Jonnalagadda,
et al [28] made note of this phenomenon while testing, Sn62Pb36Ag2 and
Sn95.75Ag3.5Cu0.75, under three point bending. In low cycle failure (high load
levels), all of the observed failures were on the printed circuit board side and PCB
failure was most dominant. In high cycle failure, solder failure was observed. In
medium cycle failure, PCB and solder failures were found. Darveaux, et al [26]
explored interface failures and suggested a failure mode transition occurring where
the bulk solder strength has increased past that of the intermetallic based on strain rate
because the intermetallic portion of the solder balls have lower strength as strain rate
increases because they have higher melting points. Varghese et al. [29] also found
this rate dependence in the location of the failure. The failure site transitioned from
the solder to the copper trace/board interface as the strain rate increased. This
dissertation will perform failure analysis to note if any such transitions exist during

the bend and drop testing.
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2.5 Lead-free solder

There has been a great deal of interest on the effect transitioning to lead solder will
have on component life. A consortium between the Joint Council on Aging Aircratft,
JCAA, and the Joint Group on Pollution Prevention, JG-PP, was formed to evaluate
the suitability lead-free solders and finishes in their applications. They studied
thermal, cycling, thermal shock, vibration, mechanical shock, and combined
vibration/thermal cycling. For the purposes of this discussion only the vibration and
mechanical shock studies will be reviewed. A total of 55 components were tested in
the families of ceramic leadless chip carriers (CLCC), plastic leadless chip carriers
(PLCC), thin small outline packages (TSOP), thin quad flat packs (TQFP), BGAs,
and plastic dual inline packages (PDIP). The board finish was immersion Ag. The
solder types tested were Sn3.9Ag0.6Cu, Sn3.4Agl1.0Cu3.3Bi, Sn0.7Cu0.05Ni, and
Sn37Pb. Two groups were tested, as manufactured and reworked. The reworked sets
were boards that were originally lead-based and had the components replaced with
some lead and some lead free ones. The vibration studies were performed by Boeing
For example, in the case of the BGAs the SnPb outperformed the SAC. The
orientation of the TSOPs determined how the solder performed. On the reworked
boards the lead solder outperformed the lead free solder in most cases. The differing
results may be attributed to the small amounts of lead that may have remained on the
board after rework. [30] The mechanical shocks were performed by the American
Competitiveness Institute. In these shock tests, it was found that the solder was not
root cause of any of the recorded failures. The recorded failures were due to

packaging or wiring defects (copper trace failures and failures at the trace BGA land
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neck area) and these failures were found only at very high shock levels. [31] These
tests demonstrate the importance of examining how component orientation in leaded

components affects time to failure.

2.6 Durability trends

There is myriad of information available on the durability of different solders as
noted in some of the aforementioned studies. This information can vary based on test
conditions like vibration or shock, whether aging was used and how long the samples
were aged, board finishes, etc. Many studies found that lead free solders were more

durable than lead based solders in a low cycle vibration environment. [6,12,13,14]

Park [6] found that Sn3.5Ag0.75Cu solder has a longer fatigue life than 63Sn37Pb
solder in all of their testing conditions. Zhang [14] found that Sn3.9Ag0.6Cu solder
behaved better than the Sn3.5Ag solder. Zhang, et al [32] also continued their testing
to add for creep analysis. Sn3.9Ag0.6Cu shows much larger creep resistance the
Sn37Pb. This difference became smaller as the equivalent stresses decreased. The
lead free alloys were shown to have a superior durability. The results showed that the
durability of the SAC305 was better than the SnPb eutectic in low cycle fatigue. The

opposite was found to be true for high cycle fatigue. [12,13]

Other studies have found that lead free solder are not as durable as lead solders. The
95.55n4.0Ag0.5Cu solder interconnects had a lower shock and vibration survivability
compared to 63Sn37Pb interconnects. [19] Qi, et al [33] tested dual in-line packages

in random vibration conditions and found the durability of SnPb eutectic solder to be
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better that that of Sn3.0Ag0.5Cu. The SAC solder was tested with four different
board finishes, OSP, immersion silver, immersion tin, and ENIG. The SnPb was
tested with a HASL finish. The SAC solder was also found to be more sensitive to
aging temperature and duration of aging; their performance decreased as the time and

temperature increased. The immersion tin board finish was found to perform best.

Seah, et al. [34] developed a high speed bend tester to bend test printed circuit boards
at the high flexing frequencies of drop impact and used this testing to develop a
constant amplitude power law fatigue curves. The lead free solders were found to fail
in much fewer cycles than the SnPb solders on both ENIG and OSP pads. Solder joint
reliability was found to be strain rate dependent. A decrease in reliability with
frequency was found for SnPb on both OSP and ENIG and SnAg on OSP, but not for

SnAg on ENIG.

Darveaux [20] found mixed results in his testing based on the different pad finishes.
For the nickel/gold plated pad, the 63Sn37Pb was better than SAC305, which was
better than SAC405. Multiple passes through reflow was found to help the SAC
alloys perform better. For the electroplated nickel/gold pads in the aged condition,
the order of robustness against interface failure was SAC305 followed by SAC405
followed by 63Sn37Pb. For the copper pads in the unaged condition, the order of
robustness against interface failure was 63Sn37Pb better than SAC305, which was
better than SAC405. The final conclusions were that Ni/Au is the most robust pad

finish and Cu-Sn was the least robust pad finishes. Robustness was measured against
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interface failure by looking at the interaction of solder alloy, pad finish, reflow

conditions, and thermal aging.

Other trends were also found involving durability and failure sites. Shetty et al [5]
found that the durability of the components lower by 65% under negative curvature
than under positive curvature. Varghese, et al. [29] found that the failure site depends
on the loading conditions, the board design and the dynamic properties of the
materials in the printed wiring assembly. A power law durability model was
developed in terms of the printed wiring assembly strain and strain rate to explain
fatigue failure envelopes. The durability of the solder was found to be variable with
solder plastic strain but not on plastic strain rate. Qi et al [35] tested 2512 chip
resistors under step-stress random vibration. Sn3.0Ag0.5Cu was tested with four
different board finishes OSP, immersion silver, immersion tin, and ENIG and Sn37Pb
was tested with HASL. He found no significant difference in the time to failure

between the lead and lead free solders.

2.7 Summary

There is a lot of research being done to study the fatigue of solder. Bend and drop
testing were shown to be valuable tools in the studying of electronics. There are
ample failure models for different solders and component types. These models,
however, are typically based on a limited data from one specific testing condition and
board configuration. There is no consensus on the durability trends between lead and
lead free solder, though there is agreement that OSP is the best board finish for use in

mechanical loading. Most of the testing was done in on specific failure region (ultra
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low cycle, low cycle, high cycle, etc.) with conclusions based on sparse data This
work presented in this dissertation will gain a fundamental understanding and
overcome this lack of agreement for a rapid loading assessment of SAC305 to
Sn37Pb solder assemblies by combining a significant amount of data from different
mechanical testing methods (drop, mechanical cycling, and vibration), different test
coupons and configuration, component types, and solders over a wide range of failure
regions to create a master fatigue curve. The PWB material (FR-4) and PWB

thickness, however, will be constant between each of the tests.

23



Chapter 3: Isothermal Fatigue Behavior for Surface Mount

Components Assemblies with SnPb and SAC305

The following components were chosen for an experimental test program to study
solder fatigue properties; 2512 leadless chip resistors (LCR), small outline integrated
circuits (SOIC), and small outline transistors (SOT). The 2512 LCR was chosen due
to its relatively large size to ensure fatigue failure would occur in a reasonable
amount of time. The SOT and SOIC components were chosen to investigate the
behavior of leaded components on solder failure and to serve as a comparison for the

LCRs.

The overall purpose of these experiments is to obtain more confidence in the solder
fatigue exponent and to investigate whether leaded components could affect the value
of this fatigue exponent. The tests are run at a frequency that results in a loading rate

that basically negates any solder creep effects.

3.1 Approach

A MTS servo hydraulic material testing machine was used for the bend testing. This
machine allows for variation in the loading rate and level. This permits the testing of
the effect of different loading rates on the time to failure. The MTS also allows for
single load testing and cyclic testing. Four-point bend testing was done to allow for a

constant bending moment in the middle of the board. This is illustrated in Figure 3.1.
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The coupon was tested such that the components were between the inner supports.
This ensures they will experience a constant bending moment during the test. Each
coupon was tested at a specific displacement. The coupons were tested as-reflowed,
meaning no thermal ageing was done. Darveaux [20] studies the effects of pad
metallization, solder alloy, reflow conditions, and post reflow thermal aging on
interface failure. The study found that thermal ageing (24hrs / 125°C ) increased the
fatigue life of SAC305 and Sn37Pb on copper pads but Lall [18] found exposure to
thermal aging reduced shock and vibration survivability of 95.5Sn4.0Ag0.5Cu solder
interconnects because the microstructure of SAC alloys makes it more susceptible to
ageing than SnPb. The test assemblies used in this project were not thermally aged
but the testing ran the course of one year. As a result some test coupons were aged at
room temperature over the duration of the testing. The microstructure of SAC alloys

makes it more susceptible to ageing than SnPb.

2 el Q2
P/2 P/2

P/2 P/2

Figure 3.1 Four point bending illustration
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Printed wiring board strain was recorded along with continuity during each test. The
continuity monitoring was achieved using a resistance network. When the resistance
increased above 300 Q, the component was considered to be failed as per IPC

SM785. A Labview based software program was used for the data collection.

3.2 2512 LCR board

2512 leadless chip resistors (LCR) were chosen to evaluate the high cycle fatigue
failure properties of lead and lead-free solder assemblies. The test coupon consisted
of 24 resistors and had one strain gage site, as shown in Figure 3.2. It was 14 by 3.65
cm and 1.65 mm thick, four layer FR-4 board. The test coupon is shown in Figure
3.2. The coupon had bare copper pads to limit the board finish and solder interaction
effects. The test coupons were stored in a desiccant jar to prevent any oxidation of the
copper pads before reflow. Two sets of test coupons were built, one set with Sn37Pb
solder and one with Sn3.0Ag0.05Cu (SAC305). The test coupon also has two
different pad sizes to investigate the effect of a larger bond pad size on time to failure.

The pad dimensions are 1 mm and 1.6 mm wide, with a constant length.
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Figure 3.2 LCR Test coupon

3.3 SOIC & SOT boards

To examine the behavior of leaded components, SOIC and SOT were chosen. The
SOT coupon has a combination of SOT-23 and SOT-223-4 components. This coupon
is shown in Figure 3.3. There are a total of ten SOT-223-4 components on the coupon
and thirty-two SOT-23 components. Sixteen of the SOT-23’s are oriented parallel to
the longest side of the board; the other sixteen are perpendicular to the longest side.
The SOT-223-4’s have dual monitoring; failure in the smaller leads and larger lead
was monitored separately. Figure 3.4 shows the SOIC coupon. Ten of the SOIC parts
are parallel to the longest side of the board; the other ten are perpendicular to the

longest side.

The SOIC and SOT boards are constructed with SnPb eutectic HASL finish on the
copper pads. Each coupon also has three predetermined strain gage locations.

During the testing, however, only the center strain gage location was used.
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Figure 3.3 SOT test coupon
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Figure 3.4 SOIC test coupon
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3.4 2512 LCR Testing/ Results Discussion

Basquin’s power law relation, © "N =constant  can be used to model high cycle
fatigue. The ordinate can be any parameter deemed proportional to the stress or strain
at the failure site. Printed wiring board strain range was used as the ordinate in this
study. The slope given by using the PWB strain range will be the same as the slope
given using the strain or stress value at the failure site with the PWB thickness as the

coordinating factor [57].

There are many SnPb eutectic solder high cycle fatigue exponents. Bulk solder
samples give a range of b between 9 and10[44]. For lead and solder combined, the
value of b is equal to 6.4 according to Steinberg[3]. Mil-Std-810G, Section 514.6A,
for accelerated testing says values of b are commonly between 5 and 8 and a value of
6 is commonly used for sinusoidal environments. CALCE’s previous experimental

experience gives b between 4 and 6 [44].

A sample strain plot for the four point test coupon is shown in Figure 3.5. It can be
seen that the amplitude ratio, Smin/Smax, 1S nearly zero for this test, as only tension to
near zero tension testing was performed. The testing was continued until
approximately 75% of the components registered a failure. This was done for failure
analysis purposes so as to not completely destroy any cracking evidence in the failed

components.
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Figure 3.5 Sample strain plot

A two parameter Weibull distribution was used in analyzing the data. A typical
Weibull distribution can be seen in Figure 3.6. It is important to note that the shape
factor, B, is 3.5 for this coupon. The Weibull shape parameter for mechanical loading
is not as high as one would see in thermal cycling fatigue. The shape parameters in
these test range between 2 and 4. The Weibull distributions for all of the data points
can be found in the appendix. The characteristic life, 1, for 63.2% failure is plotted in
log-log space. This gives a linear correlation for the printed wiring board strain range
vs. cycles to failure. The failure data is plotted in a classic SN like durability plot in
Figure 3.7. Each failure point represents one part. The plot represents 240 failure
parts (24 coupons per board and 10 boards). The cycles to failure for each of the 24

components on the board were used to obtain a Weibull distribution.
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Figure 3.7 shows the durability plot for the 2512 SnPb eutectic solder assemblies. The
regression gives a fatigue exponent, b value of 5.9. Note that this is the inverse of the
exponent shown in the above plot because the trendline equation is in the form

o = CN~YP_The 90% confidence interval of this » value is from 4.3 to 9.8. The data

points for this plot are given in Table 3.1. The 90% confidence interval for the

fatigue exponent spans all the common values for the referenced fatigue exponent.
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Figure 3.6 Typical Weibull distribution
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Table 3.1 SnPb Data for LCRs

Cycles to Failure

Strain (Characteristic Life)
2400 12,680
1200 74,125

850 4,181,500
1400 142,780
1350 139,460
1150 1,344,300
975 330,000
1200 69,340
2400 19,485
1850 37,620
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The effect of characteristic life on the slope, b, of the fatigue curve was also
evaluated. Increasing the percent failure gives a larger value for the fatigue exponent,
and vice versa. This is illustrated in Figure 3.8. The value of the fatigue exponent is
plotted versus the percent failed as calculated from the Weibull parameters. This
demonstrates the importance of knowing what percent failure is being used when
describing the fatigue exponent because small variations in the fatigue exponent will
give large changes in life. The fatigue exponent is also shown to have linear
relationship with the failure percentage. This linear relationship is not surprising
because it just illustrated the well known observation in high cycle fatigue. With low
stress or strain, the failure distribution becomes wider than observed under higher
stress or strain and shorter life. A common assumption is often made in extrapolating
accelerated test data to field conditions is that the failure distribution remains similar.
The experimental evidence indicates that this is clearly a poor assumption made by

the common user.
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Figure 3.8 Fatigue exponent vs. failure percentage

It is very important when extrapolating from accelerated testing to field conditions for
mechanical loading to calculate the Weibull distributions at each stage. As the
number of cycles to failure increases, the shape parameter decreases which increases
the spread in the distribution, as demonstrated in the schematic shown in Figure 3.9.
For example, the figure shows two lines. The solid line assumes the same distribution
being present from acceleration testing to use conditions for ~10% failure. This over
predicts the failure life. The dashed line demonstrates the proper use of extrapolating
from testing to field conditions because the distribution for the field conditions has

been adjusted to account for the decreased shape parameter.
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Figure 3.9 Extrapolating from Accelerated to Life Conditions

Bending of LCR assemblies with Sn3.0Ag0.5Cu solder (SAC305) was also done.
The characteristic life for each test coupon is shown in Figure 3.10 along with the
SnPb eutectic data. The solid trend line plotted is for the SAC305 data only. Here
the value for the fatigue exponent, b, is 5.1. The 90% confidence interval about b is 4
to 6.6. Since the 90% confidence interval of b for the SAC305 assemblies fatigue
exponent overlaps with the 90% confidence interval of fatigue exponent for b for the
Sn37Pb solder assemblies, there is no statistical difference between the fatigue
exponents of the two solders assemblies. This can be further illustrated by performing

a z-test where,

_ (1 —%2) — (Uug — uy)
- V(012/ny) + 0,2 /n,
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Assuming the means u; = u, i.e. the two fatigue exponents are the same and for a 90%
confidence

—1.645 < 75 < 1.645
from the standard normal table [61]. These equations give

—1.645 <z = —0.0127 <1.645

Therefore it can be said that, there is no statistically significant difference between the

durability of resistor coupons with SAC305 and Sn37Pb.
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Figure 3.10 2512 LCR Failure data for SAC305 and Sn37Pb
The effect of bond pad size was also examined. The larger bond pad size (1.6 mm)
did not contribute to a longer or shorter fatigue life as compared to the standard size

(1 mm). The failure data for each size bond pad can be seen in the Appendix.

The samples were cross-sectioned and the only failures seen were fatigue cracks in

the bulk solder as seen in Figures 3.11.
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Figure 3.11 Solder Fatigue Crack

3.5 SOIC Testing/ Results Discussion

The SOIC failure data is plotted in log-log space in shown in Figure 3.12. Like the
LCR data, each point on the plot represents the characteristics life of one test board,
which consists of 20 SOIC components. The 12 data points represent 240 failures.
The data appears to be best fit along a single straight line. This line is the dashed line
in Figure X. However, when the data is examined further another trend emerges. It
appears that one could consider the latter part of the data is in the high cycle fatigue
regime, which agrees with other observations for Sn37Pb fatigue testing, where the
failure is in the solder. This transition from low cycle fatigue to high cycle fatigue is
shown in the same figure with the solid lines. The data point around 10,000 cycles to
failure was used in the plotting of both the HCF and LCF line because it lies in the
typical transition region. This gives a low cycle fatigue coefficient of 4. The fatigue
exponent for the combined high cycle and low cycle fatigue is 4.8 for a single straight

line. Both fatigue exponent values are not considered unusual.
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Figure 3.12 SOIC Durability Plot

The effect of component orientation was also examined. The results are plotted in
log-log space in the Appendix. The SOIC components with their leads oriented
perpendicular (transverse) to the longest side of the coupon survived longer than the
SOIC components with their leads oriented parallel (longitudinal) in the low cycle
regime but the opposite is true for the high cycle regime. The above observation on
influence or component orientation is not a strong trend, and does not make any

physical sense. Thus, the results may be just a function of the sparse data.

Failure analysis was also performed on the SOIC coupons. The only failure mode

observed was bulk solder failure. This is illustrated in Figures 3.13 and 3.14.
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Figure 3.13 SOIC Solder failure picture

Solder Crack

Figure 3.14 SOIC solder cracking example

40



A limited amount of failure data was also obtained from the mechanical cycling of the
larger SOT-223-4 component. The smaller SOT-23 component was simply too small
to fail with our test coupon design. The data is shown in Figure 3.15, along with the
data from the SOIC failure. Each data point here also represents a failure distribution
and not a single component failure. With this limited data, it appears as though the
SOT 223-4 component would outlast the SOIC component. This is plausible because
the SOT 223-4 components are physically smaller and have much thicker leads (more
solder attach) than the SOIC components. The SOT-23 components did not fail in the

tests.
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Figure 3.15 SOT failure data with SOIC failure data

Figure 3.16 compares the failure data (characteristic life) from the LCR, SOT, and
SOIC assemblies. Despite the differences in the components, the characteristic life
data illustrates a common trend. Unfortunately, the tests were not run at low enough
stress levels to generate many failures in a ultra high cycle fatigue environment (N >

10° cycles).

42



£ 10,000 e
= @ =
® o o
gL
= + e
=
g
= * @
z A . o
o A
=
-
("l
= 1.000 N
+ Pb SOIC. mech. shock/cvelic. characteristic life
BPb 50T mech cveling. characteristic hite
A Pb LCR. mech. cycling. charactenistic Life
SAC LCR, mech. cveling, characteristic life
100
10 100 1.000 10,000 100,000 1.000,000 10,000,000

Cycles to Failure

Figure 3.16 LCR, SOIC, and SOT failure data combined (Weibull 63.2% failure
data)

3.6 Conclusion

This study used 2512 leadless chip resistors (LCR), small outline integrated circuit
(SOIC) packages, and small outline transistor (SOT) packages to evaluate the fatigue
performance electronic assemblies of traditionally used Sn37Pb solder and a leading
lead free alternative solder Sn3.0Ag0.05Cu (SAC305). The packages were assembled
onto printed wiring boards with the different solders and mechanically cycled in a 4
point bend fixture at loading rates were solder creep could be considered negligible.
The PWBs and 4 point bend fixture were designed to simultaneously subject many

similar packages to the same loading. Continuity monitoring of the packages provided
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time to failure information. At different load levels as determined by the printed

wiring board strain, the failure distributions were fit to a 2 parameter Weibull.

The printed wiring board strain was used as the “stress” parameter in an SN failure
plot. The printed wiring board strain was a simple parameter that allowed easy fatigue
comparison between the different assemblies. The 2512 LCRs were the least durable
components, followed by the SOIC components. The SOT-223 components were
more durable. Due to the limited loading that the bend fixture could apply. The small

SOT-23’s were the most durable and did not exhibit any failures.

No significant difference was found in the fatigue behavior between SAC305 and
Sn37Pb soldered assemblies as evidenced by their calculated fatigue exponent and the
fact that the failure data basically fell on top of each other in a durability plot. It was
found that the common assumption that the failure distribution remains constant is a
poor assumption. The failure distribution gets broader, Weibull shape parameter
decreases, as the load is reduced and fatigue life gets longer. This fact influences the
value of the fatigue exponent. The value of the fatigue exponent turns out to be a
function of the percent of parts failed. If one is interested in the mean time to failure,
50% of the parts failed, the fatigue exponent is higher than if one were interested in

the time to failure where only 1 or 10% of the parts had failed.
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Chapter 4: Study of PBGAs under Bending and Drop Loading

Conditions

Typical drop motion is quantified by number of drops to failure per the JEDEC
JESD22-B104-B standard for mechanical drop testing. This section seeks to use PWB

strain during drop to quantify failure in lieu of number of drops.

It has been well documented how PBGAs react under bending loads. Most of these
studies, however, focus on strain or stress in the solder joint. The failure models
developed by these studies use the maximum stress in the solder joint. As determined
by FEA models, the location of this maximum stress is often in the corner solders
balls. However, failure does not always originate in the solder. Studies done by
Zhou et al [39] and the consortium between the Joint Council on Aging Aircraft,
JCAA, and the Joint Group on Pollution Prevention, JG-PP [31] found that failures in
copper traces were often prevalent in long term durability testing. Copper trace
failures were often found along with failure in the bulk solder. Without knowing
which failure mode came first, it can be very difficult to create a failure model based
on maximum stresses or strain in the component or component attach. The approach
used in this paper is to develop a failure model based on PWB strain under different
loading rates. The PWB strain is an easily determined metric for the evaluation of
when failures will occur. This section will first discuss the higher rate mechanical

cycling PBGA testing and then discuss the high rate drop testing of PBGAs.
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4.1: PBGA Bend Testing

PBGAs are being increasingly used in electronic designs due to their higher 1/O
count. As capacitors become smaller and with the evolution of flexible termination
capacitors, BGAs are increasingly becoming the component of concern for evaluating
failure of printed wiring assemblies subject to mechanical loading. PBGA bend test
samples were made to determine when they would fail under bending loads. The test
coupon, shown in Figure 4.1.1, has two lead-free PBGA components soldered with
Sn3.0Ag0.5Cu solder with OSP on the copper pads. The PWB was 1.59 mm (1/16”)
thick FR-4. The PBGAs were 256 1/O, 1 mm pitch, Practical and Topline
components. The board has three strain gauge locations in the center of the board.
The strain was measured during the test using the center location. A close up picture
of the mounted components is shown in Figure 4.1.2. The PBGAs were internally
daisy-chained and monitored individually for continuity. The package was daisy-
chained as a whole because this project’s main goal is the determination of when the
package failed not the location of the failure. Post-test failure analysis was done to
determine the location of failure. Probe test pads are located around each BGA to aid
in the finding the location of the failure site. Each PBGA contained a dummy die of

size 7mm by 7mm. The die can be seen from x-ray analysis shown in Figure 4.1.3.
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Figure 4.1.2 PBGA test coupon close up
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000 68 KV 20 pA 20

Figure 4.1.3 X-ray of PBGA with die showing

Four-point bend testing was done to allow for a constant bending moment in the
middle of the board. This is illustrated in Figure 4.1.4. The coupon was tested such
that the two PBGAs were between the inner supports to ensure they experience a
constant bending moment during the test. A MTS servo hydraulic material testing
machine was used for the testing. Each coupon was tested at an increasing level of
displacement until both components on the coupon failed. The coupons were tested

as-reflowed.
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Figure 4.1.4 Four-point bending illustration

Printed wiring board strain was recorded along with continuity during each test. The
continuity monitoring was achieved using a resistance network. When the resistance
increased above 300 Q the component was considered to be failed per [IPC SM785.
Two types of load profiles were employed. One profile was a continuous sinusoidal
profile. The other was a single rapid loading pulse that was repeated if failure did not
occur. Both profiles only loaded the coupon and PBGA in tension. Both profiles start
from zero strain and increases to a certain PWB strain level before returning to zero.
A sample of the strain values and continuity monitoring are shown in Figures 4.1.5
and 4.1.6 for each load profile. Figure 4.1.5 shows the rapid loading profile. The
board was loaded rapidly and unloaded at a slower rate. The maximum PWB strain
on this test was 7000pe. The secondary axis shows the continuity plot. The value of
0 represents a closed circuit i.e. a functioning component and 1 represents an open

circuit. On this run both components failed. Figure 4.1.6 shows the sinusoidal
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loading. The maximum PWB strain on this run was 4000pe. In the run shown, only
one of the two components failed. For the rapid loading, the PWB strain rate was
about 107 /s, for the slower cyclic loading the PWB strain rate was about 10 /s. Both

of the tests were rapid enough that any solder creep could be considered negligible.
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Figure 4.1.5 Sample rapid loading profile
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Figure 4.1.6 Sample sinusoidal loading profile

The results of the tests are shown in Figure 4.1.7 where the rapid loading is labeled
mechanical shock and the sinusoidal loading is labeled cyclic. The PWB strain range
is plotted versus the number of cycles to failure. Normally when plotting high cycle
fatigue and low cycle fatigue data, there is a noted transition between the two regimes
as evidenced by a change in slope of the failure data. This transition is not apparent
in this case and a single straight line seems to best fit the data. It is important to note
that the failures plotted in the graph are simple loss of continuity, which can be
caused by PWB trace failures or cracks in the solder attaches. One would expect that
if this were only solder attach failure data, the transition between the LCF and HCF
data would become evident. This non-delineation between high cycle and low cycle

fatigue could also be due to the use of the PWB strain and not the stress in the solder.
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Large plastic deformations of the solder present in LCF would cause the low cycle

end of the regression line to curve upward.

The linear line in the plot is a power law regression to the failure data with the
regression equation and R? indicated. The exponent in the equation is the inverse of
the Basquin fatigue exponent. As seen, the fatigue exponent is 1/0.109 or
approximately 9. Due to the regression analysis, this fitted line corresponds to the
mean time to failure at a given load, or where 50% of the components have failed. In
Chapter 3 we noted that the value of the fatigue exponent is a function of the percent

of components that have failed.
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Figure 4.1.7 SAC305 Bend test results
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During failure analysis of the PBGAs, there were distinctly different failures noted
based on the printed wiring board (PWB) strain level. In what can be called the high
PWB strain regime (0 to 10 cycles to failure), the failures were all in the PWB
(copper trace cracking and copper pad pullout). An example of the copper pad
pullout can be seen in Figure 4.1.8. In medium PWB strain regime (10-100,000
cycles to failure), the failures were either in the PCB or in the solder joint
intermetallics, as shown in Figure 4.1.9. In the low strain region (100,000+ cycles to
failure or in the classical high cycle fatigue regime), the failures were mainly in the
bulk solder and intermetallics, as shown in Figure 4.1.10. It must be again noted that
despite seeing these varying failure locations in each of these areas, no noticeable

transition was seen in the failure data when viewed in a durability fatigue plot.

Figure 4.1.8 High strain regime (0 to 10 cycles) failure example
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Figure 4.1.9 Medium strain regime (10 to 10,000 cycles) failure example

Figure 4.1.10 Low strain regime (10,000+ cycles) failure example

The data collected by this study was correlated with independently gathered data from
literature. Zhou et al [39] conducted narrow band harmonic excitation tests on a
PWB populated with 256 1/O PBGAs and other components. Sn3.0Ag0.05Cu solder
was used with an OSP board finish. Strain gages were located immediately outside
the footprint of a component, on the underside (non-populated) side of the PWB. The

samples were aged for either 100 or 350 hours at 125°C before testing. The recorded

54



failure sites in this study were in the bulk solder and copper traces. This data was
added to the original failure data and is plotted in Figure 4.1.11. Despite the
differences in the two studies, the data correlates very well. Conducting a simple
power law regression analysis of the data gives a R” value of 0.91 for the combined
studies, which indicates that it is a good fit. This demonstrates that a simple power
law model (straight line in log-log space) is a good model for predicting the failure of
256 1/0 PBGAs mounted with SAC305 and OSP. The two studies had different
boundary conditions, testing methods, ageing constraints, PWB layouts, and
manufacturers. The only similarity in the two studies other than the use of 256 /O, 1
mm pitch PBGAs was the board thickness. Both studies used 1.6 mm (1/16 inch)
thick FR-4 board material. It must be noted the PWB strain measurements from Zhou
were taken at the edge of the component (the location of PWB highest strain),
whereas this study measured strain at away from the component. The PWB strain
values will fall lower on the plot than their current position when this data is adjusted
to account for the difference in where the strain is measured. This adjustment,

however, should only be minor in the log-space of the plot.
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Figure 4.1.11 Plot of failure data with additional source

These results for SAC 305 solder assemblies were compared to studies of the
behavior of SnPb eutectic solder assemblies. Data for 256 I/O PBGAs from previous
testing by the author, Watkins et al [42], Varghese et al [40], Yu [41], Song [43], and
Zhou et al [39] for Sn37Pb are shown along with the SAC data in Figure 4.1.12. The
regression line plotted is for the SAC305 data only. The PBGA assemblies with the
SnPb eutectic solder are shown to outperform SAC305 assemblies in ultra low cycle
regime (below 100 cycles). In the ultra high cycle area (above 1 million cycles), the
SnPb solder assembly data appears to be above the SAC data line, but any definitive

conclusion in this region is questionable due to the small number of data points. The
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PBGA failure modes shown in each of these studies were consistent with the findings
of this study. Board failure (pad pullout, copper trace failure) was the dominant
failure mode in the low cycle regime while bulk and intermetallic solder failure
dominated failure seen in the high cycle fatigue region.
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Figure 4.1.12 SAC305 Failure data with Sn37Pb data

4.2: PBGA High PWB Strain Rate Test

After evaluating the behavior of PBGA assemblies in the quasi-static (PWB strain
rate 102-10"" 1/s) regime, their response to a faster loading rate was evaluated. To
achieve this condition, a six inch diameter round test coupon was designed for drop

testing. The outer 2 inch of the coupon was clamped. This produced a diaphragm
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motion with an axi-symmetric strain distribution. The coupon is double sided. The
top side of the coupon was designed for 4 PBGA to be placed along radial lines. Each
PBGA was located a different distance from the board center and the PBGA’s
diagonal was aligned along the radial line. The bottom side was designed for 6
PBGAs. One PBGA was located exactly at the board center and the other 4 were
located at different distances from the center along orthogonal radial lines. The
bottom side PBGAs were all aligned with each other so that edges of the PBGAs
were parallel to the 4 alignment radial lines. This is illustrated in Figure 4.2.1, where
each of the radial lines is drawn. The board has three strain gage sites and pin-out
locations for continuity measurements. Photos of the actual test coupon can be seen in
Figures 4.2.2 and 4.2.3. There are a total of 11 PBGA 256 I/O 1 mm pitch Practical
brand packages per board. Due to the clamped outer edge the test region of the board
is 5 inches in diameter. It is a four layer, 1/16 inch thick FR-4 board. Two different
solder types were used on the board, 96.5Sn3.0Ag0.5Cu (SAC305) and 63Sn37Pb.
Both types had organic solder preservative (OSP) as the board finish. A commercial

vendor was used for the board assembly and reflow.
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Figure 4.2.1 Round PBGA test coupon

Figure 4.2.2 Round PBGA test coupon - top side
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Figure 4.2.3 Round PBGA test coupon - bottom side

The coupon was designed to fit in the clamping fixture show in Figure 4.2.4. The
fixture clamps ’2- inch edge around the perimeter of the board. The four bolts shown
were used to clamp the board in the fixture. Four separate bolts were used to secure
the drop fixture to the drop table. The drop table was raised to the desired height and
released. The table then strikes the impact surface once and is caught on the rebound.
The magnitude and shape of the acceleration pulse is determined by the drop height
and the medium placed between the impact surface and the drop table. For this test,
felt was the medium used. The Figure 4.2.5 show the board attached to the drop
tower. An Impac drop tower was used in this initial testing. Two accelerometers, an
Endevco 7270A-20KM6 and Endevco 2255B-01, were directly attached to the drop

tower table to monitor acceleration during the drop event.
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Figure 4.2.4 Drop test fixture

Figure 4.2.5 Test coupon and fixture attached to drop table

The initial drop pulse was approximately a 5000 G half-sine, 300 millisecond
duration, acceleration pulse. This pulse gave a PWB strain rate on the order of 1 per
second. An example of the acceleration pulse for the initial drops can be seen in

Figure 4.2.6.
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The continuity and strain were measured during the test. In later testing six strain
gages were placed along the radius of the board as shown in Figure 4.2.7. This
allowed for a better understanding of the board behavior during the test compared to

the strain gage locations as shown in Figure 4.2.1.

During this first drop test with a 5,000 G pulse, three components failed, two on the
bottom side and one of the top side. During the drop impact, three components were
completely separated from the board; the components that remained attached to the
board did not show any loss of continuity. Figure 4.2.8 shows one of the failed
components that was ripped from the board. In the detailed pictures of the back of
the component, shown in Figure 4.2.9, the dog bone copper traces that were once a
part of the PWB are now seen attached to the back of the component. This can be
further evidenced by Figures 4.2.10 and 4.2.11. These figures display the round test
coupon that once held the PBGA shown in the previous figure. Here, the voids in the
board where the dog bone structures once were are illustrated and the board fibers are
exposed. Also shown are the dangling copper traces which have been ripped from

their original location.
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Figure 4.2.9 Close up of the back side of the failed PBGA component
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Figure 4.2.11 Post test picture of the test coupon — showing missing dog bone
connector
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The manner in which these components failed was unexpected. To better understand
these failures, the acceleration pulse was examined using a fast Fourier transform
(FFT) to see what frequencies were present in the signal. The lower frequency
portion of the signal FFT is shown in Figure 4.2.12. The acceleration pulse from this

initial test contained much more high frequency content than would be desired in

controlled drop testing.

Single-Sided Amplitude Spectrum of acc(t)
2.5 T T T T T T T T T

|Acc(f)l
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Frequency (kHz)

Figure 4.2.12 FFT of the acceleration pulse from the initial drop

Though this high frequency content is very common in real world applications, it is
not useful in this study. This study is concerned with obtaining a fundamental

understanding of how PBGAs react under higher rate loading. A classic half-sine
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acceleration pulse is more beneficial in accomplishing this goal. To obtain a cleaner
acceleration pulse that would be more like a half —sine, a Lansmont 23-D shock tester
was used. An accelerometer, model 350B23-ICP® from PCB Piezotronics, was used
to monitor the acceleration during the drop event. It allowed for 10,000g maximum
measurement and had a high sensitivity of 0.372mV/g at 100 Hz. The data was
logged using the Test Partner 3 (TP3) program from Lansmont. For this testing, a
recording time of 2ms and a sampling rate of 500,000 samples per second were used.
This recording time interval was selected to provide the highest sampling rate that
would capture the entire pulse duration. An example of the improved acceleration
pulse can be seen in Figure 4.2.13. This was a 2,400 G acceleration pulse. The FFT
performed on the improved acceleration pulse shows nearly negligible high frequency

input in this signal compared to what is shown in Figure 4.2.12.

The same setup of 6 strain gages was used with the Lansmont drop tower. The
sampling rate was 20,000 Hz. An example of a typical strain plot can be seen in
Figure 4.2.14. The PWB strain appears to be influenced by more than the first natural
frequency. The plot shows two separate frequencies acting on the board. The edge,
center, strain gage 2 and strain gage 3 are dominated by the first natural frequency,
~700 Hz, while strain gage 4 and 5 appear to be dominated by the second natural
frequency. ~1400 Hz. The calculated natural frequencies for an unpopulated
clamped circular board are 920 Hz and 1750 Hz for the first two modes. The two
frequencies can be better seen in the inset shown in Figure 4.2.14. This higher order

mode influence does rapidly damp out as the signal decays.
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Figure 4.2.14 Sample strain plot

Figure 4.2.15 and 4.2.16 depict representatives of the failures observed after the test.
The same phenomenon of the PBGA separating from the board was seen but it was
not the only cause of the observed failures. Copper trace and board failure were the
most prevalant failure modes though some instances of bulk solder failure were

noticed. The same failures were seen for both SAC and SnPb coupons.
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Figure 4.2.15 Drop test failure picture- trace pull up (SnPb, PBGA1)

——200.0pm———

Figure 4.2.16 Drop test failure picture cracking under copper pad (SAC,
PBGAG6)

The failure data from this set of drop testing was added to the data obtained from the
four point bend testing in Figure 4.2.17. The strain data was correlated to the location

of the component on the test coupon. The PWB strain that is plotted for the high rate
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data is the PWB strain for the ring in which the component is located. This is not
necessarily the maximum PWB strain. There is a slight decrease in durablity in the
SAC and SnPb PBGA assemblies but the data in Figure 4.2.17 counted only each
drop as one cyle to failure. Each drop accounts for more than one strain reversal. To
account for the multiple strain revesal per drop, the strain data was examined to
determine the number of strain reversals that were seen by each component. Since
the strain is a decaying signal the cycles counted for the drop data account for the first
nine oscillations seen by the compnent except in the cases where the second mode
was apparent. These component saw an extra three reversals (12 total). This is shown
in Figure 4.2.18. The drop data corelates well with the bend test data. It was found
that varying the number of strain reversals that equated to one drop did not shift the
data much due to the plot being in log-log space. The PWB strain rate is indicated in
Figure 4.2.19 along with the associated failure data. The graph contains failure data
covering strain ranges for four orders of magnitude. This test showed that the PWB
strain rate has no decernable effect on the number of cycles to failure. Yet it must be
noted that others have found a strain rate dependence in while testing lead and
leadfree solders [19][29][34][59][62][63][64]. These studies, however reported,
failures only in the bulk solder, whereas the work here had mixed failure modes (in

the PWB and bulk solder).
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Figure 4.2.19 plots the combined data from the vibration, bend and drop testing. The
PWB strain rate varies from 10~ to 10°. The data is for SnPb eutectic and SAC305
solder assemblies. The standard error line for one and four standard errors about the y
intercepts are plotted. Despite the aforementioned differences in the data, the shaded
area in the figure clearly indicates a failure free area for a regon 4 standard error from
the mean. This shaded area can serve as a design goal for PBGA survivablity during
circuit board design, adjusting the line for the desired number of standard errors to

serve as a saftey factor.
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Figure 4.2.19 Combined data plot
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Conclusion

This section examines the fatigue behavior of PBGA components mounted on an FR-
4 printed wiring board that is subjected to bending. The PWB bending strain rate was
rapid enough to assume any solder creep was negligible. By using a combination of
mechanical four point bend testing and drop testing the PWB strain rate was varied
from about 10™ to 10° per second. The PBGA components were daisy chained and
the board routed so that continuity could be monitored. A 300 ohm increase in the
circuit resistance served as a failure indicator and from simultaneous monitoring of

the PWB strain it was possible to determine to the strain level and cycles to failure.

Two different solder assemblies were compared; normal lead based Sn37Pb solder
and an alternative lead free solder Sn3.0Ag0.5Cu solder (SAC 305). OSP was used on
the PWB copper land finish for both solders, due to previous researchers finding that

SAC 305 and ENIG copper land finish exhibited early failures in drop testing.

It was observed that the fatigue failure site for the PBGAs varied as a function of the
load level. For high levels of printed wiring board strain and relatively short times to
failure, on the order of 10 cycles, the failure site was within the PWB and due to
breaks in the copper traces. The copper lands and traces were pulled out of the board,
often along with a chunk of the board laminate material. As the PWB strain was
lower and the fatigue life increased (10-100,000 cycles), failure sites were found to be
a combination of copper land and trace failures along with solder fatigue cracks in the

solder intermetallics. For low PWB strain levels which resulted in fatigue life of
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100,000+ cycles, or in the classic high cycle fatigue life region, the failures were
mainly fatigue cracks in the bulk solder and intermetallics. Despite seeing different
failure sites, the SAC 305 failure data when plotted in a durability fatigue plot
exhibited a linear behavior. There was no visible transition between the low cycle
fatigue regime and the high cycle fatigue regime. A single power law fatigue failure

model fit the complete range of failures.

There was found to be no difference in the high cycle fatigue behavior between
Sn37Pb solder and SAC 305 assemblies. The conclusion was reached by comparing
the failure data obtained in this study as well combining it with additional data from
testing by other individuals. It was noted that the Sn37Pb soldered PBGA assemblies

perform better in the ultra low cycle fatigue region.

No PWB strain rate influences were seen in the failure and fatigue data for either
SAC 305 or Sn37Pb solder. The mechanical cycling and vibration yielded PWB
strain rates on the order of 10™ up to 10" per second. Drop testing raised the PWB
strain rates up to 10° or 1/s. All the drop testing failure data overlaid the other testing

data in the durability plot.

A final durability plot of all the PBGA failure data clearly shows a design limit for

FR-4 PWB strain range for failure free operation. This plot is a very useful tool for

board designers.
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Chapter 5: Comparative Fatigue Behavior for Surface Mount

Components Assemblies with Sn37Pb and SAC305

In previous section, PBGAs and LCRs packages were evaluated for their survivability
under bending loads. SN durability curves were developed using printed wiring
board strain as the “stress/strain” parameter. Several other studies have used the
PWB strain for their evaluation of electronic component durability
[16][18][19][28][29][48]. Most recently Zhao, et al [46] used PWB strain to evaluate
the robustness of ICs under high frequency cyclic bending for different combinations
of lead free solder. Wong et al [49] performed drop and bend testing while varying
the material properties and manufacturing processes and used the PWB strain as the
stress parameter for SN curves to evaluate their failure data. Using PWB strain as the
failure metric is very convenient for comparisons between types of solders when a
single type of component is used. Using PWB strain avoids the need for performing a
detailed finite element analysis (FEA) of different components and it is a very easy

parameter to experimentally measure.

The problem with conducting detailed FEA models is that it requires a highly trained
and experienced user. In addition the finite element analysis is a very time intensive
process which includes, building the model, obtaining detailed material properties,
and then post processing the analysis to determine a suitable stress or strain

parameter. One of the biggest issues with conducting a detailed finite element
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analysis is the extensive material, mechanical, and geometric properties required for
an accurate analysis. These properties are at best difficult to obtain and sometimes

just not available.

Using the PWB strain as the “stress” parameter in generating a durability curve is
appropriate for evaluating the survivability of individual components with the same
I/O count, size, PWB thickness, stress ratio, etc. but not for comparing one
component family to another. The incorrectly plotted comparison of the fatigue life
each component type as a function of PWB strain can be seen in the appendix. This
section will use FEA modeling to obtain the stress in the solder for a particular
component and use this solder stress to compare the behavior of the previously tested

PBGA and LCR components in a master SN durability curve.

In comparing the results from different experimental tests with PBGAs and LCRs it is
first necessary to remind the reader about the well know influence of mean stress on
fatigue life. The effect of mean stress is commonly referenced in terms of the stress
ratio, R, which is simply the ratio of the minimum alternating stress value divided by
the maximum alternating stress value or R=Gpin/Gmax- As schematically shown in
Figure 5.1, the mean stress has a great affect on time to failure. In the four point bend
experiments previously discussed, the stress sinusoidally varies from a maximum

value to approximately 0, or R = 0 and the mean stress = %2 of the stress range. In

. Omi . . .
fully reversed bending (R = Um—”‘ = —1, zero mean stress), as seen in most vibration

max
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environments, the fatigue life will be longer than alternating tension-zero loading

(R = 2™ — () for the same stress range.

Omax

Mean stress, compression

A
Mean stress = 0
Alternating

Stress Mean stress, tension

v

Number of Cycles

Figure 6.1. Effect of mean stress [45]

Experiments

A picture of the test coupons for the PBGAs and LCRs are seen in Figures 6.2 and
6.3, respectively. The PBGA coupons were assembled with Sn37Pb and
Sn3.0Ag0.5Cu with OSP on the copper pads. The 2512 coupons were assembled
with these same solders but had bare copper before reflow. These coupons were
subjected to four point bend alternating tension only testing. The four point loading
allowed for a constant bending moment in the area where the components are located.

The printed wiring board strain and continuity were monitored during the test. SN
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durability curves were developed for each family of components with PWB strain

serving as the “stress/strain” parameter for the SN like durability plot.

Printed wiring board strain cannot serve as the basis for a master durability failure
curve or serve as an accurate basis for comparing different component families. The
results need to be shifted based upon the size of component, component solder attach
size, PWB thickness etc. PWB strain is convenient to use for quick analysis of tests
with common components, but for a master curve analysis needs to be based on the

critical strain or stress in the solder where the fatigue crack initiates.
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Figure 6.2. PBGA Four-point bending test coupon
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Figure 6.3. LCR Four-point bending test coupon

Discussion

In order to properly compare the PBGA test data to other test data, an FEA model
was created to obtain the stress in the critical area of the solder joint. For the PBGA,
that critical area is the top of the solder ball closest to the PBGA or the bottom of the
solder ball closest to the PWB. The picture of the FEA model can be found in the
appendix. This FEA model is a two dimensional linear elastic analysis and only uses
elastic properties for all materials including the solder. A linear elastic analysis was
conducted because in high cycle fatigue, the response of the solder is predominately
elastic and any plastic deformation can be considered negligible. For different sized
PBGAs, and for the LCRs, a stress index value in the solder needed to be determined.
Neither a maximum stress nor an entire volume averaged stress in the solder is
appropriate for this task. A maximum stress was too sensitive to the geometric
singularities and the mesh density of the model while a complete volume averaged

stress was too sensitive as to whether a solder joint was bulbous or solder starved.
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The choice of the stress parameter, or method of calculating a stress value for the
solder joint, follows the approach which has been developed for use in determining a
stress value in solder joints for thermo-mechanical fatigue. In thermo-mechanical
fatigue a volume average is calculated over 10% of the solder joint in the critical
stressed region where a fatigue crack is expected to initiate. Examples of this
approach can be seen in Darveaux’s [20][26], Qi [50], Zhou [13] and Osterman [52].
Using the 10 percent volumetric average helps smooth out any artificial stress
concentration effects that may be present in the FEA model, yet it is sensitive to the

stress in the critical region of the solder joint.

For each component compared, a finite element model was created and a 10 percent
volume average stress calculated. For such an elastic analysis, this calculated 10
percent volume averaged stress is directly proportional to the far field PWB strain.
From the FEA it is then possible to convert all the PWB strain values in the durability
plots to equivalent solder stress values. The plot in Figure 6.4 shows the result of this
conversion. Figure 6.4a depicts the durability plot of the PBGA data with the PWB
strain range plotted on the vertical axis and Figure 6.4b shows the durability plot of
the same PBGA data with the interconnect stress index value (10% volume average)
on the vertical axis. As expected, the plots are basically identical with only changes in
the values of the vertical axis. The plots are nearly identical because the components
in this plot are all identical sized PBGAs and with a linear elastic analysis the PWB
strain is directly proportional to the solder stress. The only minor difference is

between the Sn37Pb solder and the SAC305 solder, because the elastic modulus of
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the two solders is not exactly equal. The elastic modulus of Sn37Pb was assumed to
be 36 GPa [55] and the modulus of SAC305 was assumed to be 40 GPa [54]. For the
same PBGA component and same PWB strain, the SAC305 solder stress will be

about 40/36 = 1.11 or 11 percent higher.

Basquin’s power law relation, & "N = constant js ysed here to model fatigue
behavior of the PBGA coupons. The high cycle fatigue (HCF) exponent, b, for the
PBGAs with Sn37Pb is 12.5, (90% Cl is 10.7 to 17.5). The SAC high cycle fatigue
exponent is 10 (90% Cl is 9.1 to 11.1). However, the 90% confidence intervals for
these two exponents overlap indicating that there is no statistical difference in their
values. Performing as z test as done in chapter 3, assuming the means are equal,
yields
—1.645 <z = 0.066 < 1.645

Hence, the numerical difference between the HCF exponents for the PBGA coupons
with SAC305 and Sn37Pb is statistically insignificant. Thus there is no significant
difference between the HCF life for PBGA assemblies with SAC305 and Sn37Pb

under bend loading.
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A similar FEA analysis was conducted on the 2512 LCRs. For this component, the
critical stress area is in the area beneath the copper pad. Again a 10% volume average
stress was calculated as a function of PWB far field strain for both the Sn37Pb and
the SAC305 solder to obtain an interconnect stress index. Figure 6.5 shows the
addition of the LCR data to the previous durability plot seen in Figure 6.4(b). The
addition of this LCR data further demonstrates that SAC305 and Sn37Pb have similar

durability under bending loads.

Though the addition of the LCR data changed the value at which Sn37Pb regression
line crosses the SAC305 regression line in the high cycle regime, the difference
between the two data sets remains statistically insignificant. The fatigue exponent for
SAC305 increased from 10 to 11.1, and the fatigue exponent for Sn37Pb increased
from 12.5 to 14.3 but their 90% confidence interval remain overlapping. It needs to
be noted that this additional LCR data consists of over 200 data points because each
test coupon had 24 resistors. This addition of a large number of data points increased
the spread of the failure distribution and increased the value of the fatigue exponent.
The fitted power law model through a linear regression basically fits to the mean time
to failure or 50% of component failure. In chapter 3, it was pointed out that using a
mean time to failure results in a higher fatigue exponent than if one would fit to 1 or

10% failure percentage.
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Figure 6.5. LCR Fatigue data with BGA data for stress in solder

To add further data to this master curve the PBGA data from Paquette et al [56] was
investigated. Paquette performed harmonic vibration testing on partial perimeter
array 160 1/0, 0.8 mm pitch Amkor brand BGAs. The strain in these tests was
measured underneath the component. This caused the stiffness of the component to
influence the measured PWB strain. To accurately compare the strain values from
these tests to the four point bending tests, a 2D linear elastic FEA simulation was run
to determine the relationship between the strain under the component to the strain
away from the component on the PWB where the component stiffness is negligible.
The results from this FEA simulation were used to transform the reported strain

values to a strain comparable to the four-point bend PWB strain. The critical average
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stress in the solder was also calculated from a FEA model of the Amkor PBGA, as

described earlier. Figure 6.6a shows the PBGA data with the converted data from the

Paquette experiment.
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Figure 6.6. a) PBGA data with vibration data from Paquette-unadjusted a) Data
adjusted to account for R-ratio effects
The vibration failure data from Paquette as seen in Figure 6.6a appears to be slightly
higher than the four point bending data of the PBGAs and the LCRs. This is actually
expected and is attributed to the fact that the vibration test performed by Paquette is
fully reversed loading with a zero mean stress, whereas the four-point bending data is
tension-tension testing with a mean stress equal to the stress amplitude or one-half the
stress range. The effect of the mean stress needs to be accounted for. A simple

approximate way to do this is through a modified Goodman diagram [47].
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Figure 6.7. Modified Goodman diagram

A modified Goodman diagram is capable of being used account for different stress
ratios in a SN curve. The Goodman diagram can be used to determine a correction
factor or transform two different sets of fatigue data with different mean stresses to a
common base. The following discussion will describe how we can transform the
Paquette PBGA data with zero mean stress to an equivalent set of data with mean

stress equal to the stress amplitude (the four point bend test results).

Figure 6.7 shows a schematic of a typical modified Goodman diagram. The mean
stress is plotted along the horizontal axis and the alternating stress amplitude is

plotted along the vertical axis. The Goodman diagram was originally developed to
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determine an equivalent endurance limit for a material under conditions of non-zero
mean stress. Rather than an endurance limit, the Goodman diagram can be used to
determine the equivalent stress at some particular life under a nonzero mean stress.
From Paquette’s test data and the FEA analysis, the critical stress amplitude for zero
mean stress can be obtained for a life of about 1 million cycles. This point, which
equated to approximately 11 MPa (value obtained from durability plot), is plotted on
the vertical axis, as shown in Figure 6.8. If there were no alternating stress amplitude,
it can be assumed that the solder joint would fail when it reaches its critical tensile
stress value. Typically in the Goodman diagram, this is taken to be the yield strength.
Thus, a point is placed on the horizontal axis at the yield strength of solder 27.2 MPa
[53] as shown in Figure 6.8. A straight line is drawn between these two points. This
line is assumed to be the loci of all failure states between zero mean stress and zero
alternating stress amplitude. For the four point bend testing, the mean stress equals
the alternating stress amplitude. This condition is represented in the diagram with the
dashed lines, x. From simple geometry the ration S,/S. can be calculated and is found
to be 9/11. This ration is how much Paquette’s stress values should be reduced so
that they can more accurately be plotted on a SN diagram for R=0, mean stress equal
to alternating stress amplitude. The plot adjusted for this R-ratio effect can be seen in
Figure 6.6b. Accounting for the different mean stresses between the two experiments

increased the agreement between the two data sets.
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Figure 6.8 Correction factor diagram to account for fully reversed bending

The addition of the corrected data from Paquette, gives a fatigue exponent of 10 for
both the SAC305 and Sn37Pb solder. The 90% confidence interval about the fatigue
exponent for the Sn37Pb solder assemblies (9.2 to 12.2) contains the entire range of
the 90% confidence interval for SAC305 (9.4 to 11). Performing a z-test and again
assuming the means are equal yields

—1.645 <z = 0.0183 < 1.645.
Hence there is no statistical difference in the high cycle fatigue behavior of SAC305

and Sn37Pb assemblies.

Conclusion

This section creates a master fatigue curve for SAC 305 and Sn37Pb solder for

components attached to a PWB subjected to bending at a fast enough rate that solder
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creep can be considered negligible. The fatigue data as a function of a interconnect
stress index is shown in Figure 6.9. Fatigue data from two different package types,
BGAs and LCRs were initially used in the creation of a durability curve. To combine
the fatigue data from different component families, an equivalent 10 percent volume
averaged solder stress is calculated by FEA in the critical region of the solder joint
where a fatigue crack would initiate. Additional fatigue data from vibration testing by
Paquette was added. The resulting master SN durability plot clearly shows that there
is no statistically significant difference in the fatigue behavior of these two solder
types outside the ultra low cycle fatigue region (<10 cycles). As explained in Chapter
4, in the ultra low cycle fatigue region, Sn37Pb solder is more durable. The combined
data presented in this section gives greater confidence in the modeled behavior of
electronic assemblies with these solders. This section also emphasized the
importance of accounting for the effect of the mean stress when comparing test

results.
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Chapter 6: Conclusions, Contributions, and Future Work

Conclusions and Contributions

This work was initially motivated to assess the inclusion of electronic devices in
extremely harsh shock loading conditions A typical acceleration profile includes a
peak value of 10,000 — 100,000 G’s applied over a timeframe of milliseconds, and
1,000 — 5,000 G’s applied over a timeframe of microseconds. Such large
accelerations can produce stresses and deformations that can exceed the structural
limits of packaged electronic hardware. This dissertation focused on obtaining a
better understanding of the mechanical behavior of Sn37Pb solder and SAC305
(Sn3.0Ag0.5Cu ) at PWB strain rates between 107 and 10° and obtaining an initial
failure model for PBGAs under these strain rates. Once this fundamental
understanding of this behavior has been achieved, this work can be extended to

encompass the desired higher strain rates.

Summary Conclusions

This dissertation provides a better understanding of the mechanical loading behavior
of Sn3.0Ag0.5Cu and Sn37Pb solder assemblies. The bend tests were found to be an
excellent method for observing durability trends. The 2512 resister components were
first evaluated to gain a larger confidence in the high cycle fatigue exponent of
Sn37Pb solder and whether or not this fatigue exponent changes when a lead free
SAC solder is used. It was observed that the Weibull distribution shape parameter
reduces as the time to failure increases. It was also noted that the shape parameters

for the Weibull distribution for samples under mechanical loading are much lower
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than one would obtain from thermal cycling meaning the failure distribution is much
wider about the mean. The fact that the Weibull shape parameter is a function of the
time to failure means that it is important to calculate various failure statistics or
parameters such as the high cycle fatigue exponent at the desired failure percentage.
The work with the large data set of LCR components improved our confidence in the
fatigue behavior of SAC305 assemblies as compared to Sn37Pb assemblies. No

significant difference between the HCF fatigue lives of these solders was observed.

The leaded SOIC and SOT components were tested to understand the effects leads
have on time to failure. The leaded packages assemblies were found to have a much
higher fatigue life than assemblies with 2512 LCRs. The fatigue life was so long that
it turned out to be impractical to do extensive testing with these components. Our test
fixture and board design did not allow us to apply large enough load to accelerate the

failures so that they could fail in a reasonable period of time.

The largest amount of time was spent studying the fatigue response of mounted
PBGA components when the PWB was loaded in bending. PWBs were mechanically
cycled in a materials testing machine, subjected to vibration loads on an electro-
dynamic shaker, and shock loaded by using a drop tower. The basic PBGA used in
the testing was a 256 I/O, 1 mm pitch, mounted on a 1.59 mm (1/16”) thick FR-4
PWB. From this testing, a durability diagram, using PWB strain, was created. This

durability plot can be used to assess the components durability and this “master
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curve” is used to assess the durability of Sn3.0Ag0.5Cu soldered assemblies

compared to Sn37Pb soldered assemblies.

The insight gained during the course of creating the master SN durability curve is
extremely valuable. Early in the testing program, failure analysis cross sections
showed that there were different failure mechanisms responsible for the detected
failure. Failure was defined as an increase in circuit resistance of 300 Ohms. In the
PBGA samples tested at a high strain level, failure were seen in the PWB, mainly
cracking under the copper pad or copper pad pull-out. For medium strain levels,
failure was still seen in the PWB but there were also cracking through the
intermetallics of the solder ball. At lower strain levels, failures were mainly seen in

the bulk solder.

As a designer or engineer responsible for the reliability of the system, one is primarily
concerned whether the system will work or not. Thus it was decided to continue to
measure failure with simple loss of continuity, and not be concerned whether the
failure was due to board or trace failure, or due to a crack in the solder joint. Using
this definition of failure, it was found that for SAC305 solder PBGA test assemblies
there is no low cycle to high cycle fatigue transition. If one were able to separate out
just the solder joint failures, this result would probably be different. But with the two
competing failure mechanisms, no transition was seen. It was surprising to see this
low cycle to high cycle fatigue transition as evidenced by the slope of the failure line

(fatigue exponent) with Sn37Pb assemblies even though board and trace failure was
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seen. This implies that Sn37Pb assemblies are more compliant that SAC305

assemblies at very high loads.

The master SN durability model using PWB strain as the “stress” parameter was
created using a large amount of failure data and was correlated with independently
gathered data. To further correlate this data with other data generated with different
components, an equivalent stress was calculated using finite element models. The
equivalent stress was the 10% volume averaged elastic stress in the critical region of
the solder joint where a fatigue crack would initiate. This allowed a more detailed
master curve to be created using results from LCR testing and various sized PBGAs.
The final results still show that there is basically negligible difference between the
high cycle fatigue behavior of Sn37Pb assemblies and SAC305 assemblies. The
natural scatter in high cycle fatigue data is so large that it is impossible to determine
any statistical difference. The approach of converting PWB strain to an equivalent
interconnect stress index can be used for any family of electronic assemblies for

determining which particular component is the most susceptible to failure.

The PBGA study also evaluated the effect of PWB strain rate on the failure of PBGA
assemblies with SAC305 and SnPb. No dependence on PWB strain rate was found
between strain rates in the range of 10~ to 10° for FR-4 PWB material. This is
possibly due to the PWB being the source of the majority of the failures in this higher

rate testing. The PWB material may be the most important aspect of designing
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electronic assemblies for survivability under high rate loading and in the low cycle

fatigue regime.

Future Work

Future work can include:

» Continue the investigation of PBGAs under higher printed wiring board strain
rates (>10°) using different solder and board finishes to explore if this non-rate
dependence holds true. The testing can also incorporate BGAs with varying
pitch, array size, and manufacturers and explore the effect ageing may have in
high rate testing.

» Explore the effect different board materials (other than FR-4) has on the
failure modes and durability of PBGAs under high rate loading since this
study found PWB to be the main source of failure in the high rate study.

» Determine if the leaded components are as durable under bending loads with
lead-free solder types.

» Create failure models for other electronic components to determine with
components are most susceptible to failure under mechanical loading. The
results from these new models can be incorporated onto the master durability

curve after obtaining the critical stress in the solder.
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Appendix

Literature Review Addendum

The following is a review of the literature of the four model types, equations based,

analytical based, finite element based and experimental based.

2.1 Current faticue modeling/assessment techniques

Fatigue-life models can typically be divided into four main categories. Failure
models that are based on equations, models that a based on analytical methods,
models that are based on numerical or finite element techniques and models that are
based on experimental results.[2] These categories are often combined with some
studies, but generally there tends to be a dominant method or category used in the

model creation.

2.1.1 Equation Based Models

Equation based model tend to rely on only previous experience and are not derived
based on any other models. The best known example of this type of modeling is
Steinburg’s model. He created a model for determining the life of electronic
components under shock and vibration loading based on the printed circuit board
critical displacement. This critical displacement was based on the size and type of
package and its location on the printed wiring board. This critical displacement

however is not an actual PCB displacement but rather a value based on treating the
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printed wiring assembly as simple spring mass system. An expected displacement is
calculated using the peak acceleration and natural frequency. The critical
displacement is then compared to the expected displacement to determine if the
component will survive. Though this model has been shown work well in the
estimation of fatigue life, the usability is limited because the model is only applicable
to a limited number of electronic components for which the component calibration

factor has been previously determined. [3]

2.1.2 Analytical Based Models

The analytical based models are commonly used equations that are adapted to their
current testing conditions by finding the material constants and making any necessary
assumptions. The physics of the problem is used for determining failure. The
following is a summary of different models developed using this approach. The main
problem with these methods is that if the physics of the problem changes then the
model and model constants can no longer be used to solve the problem it was

originally developed to solve.

The Coffin-Manson equation is often used as a basis for starting model development

for electronics in the low cycle regime. The Coffin-Manson Equation is
N,=4 As ", where N is the number of cycles to failure, Ae is the inelastic strain

range per cycle, and m and A are material constants. These material constants must
be found during testing. Guo, et al. [4] developed a model based on the Coffin-
Manson equation omitting the plastic deformation portion. The model was a semi-

experimental model based on random vibration. Random vibration experiments were
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done using 256 1/0O plastic ball grid array packages to obtain material constants for
their model. The model constants developed in this analysis are unique to a particular

configuration and not easily adaptable to other configurations.

There are variations of the use of the Coffin-Manson equation. It is often combined
with other models and used for model building. Shetty et al [5] built a fatigue model
using Basquin’s equation, for the high-cycle portion, and the Coffin-Manson
equation. These were combined with finite element analysis to predict cycles to
failure. The model constants were found by calibrating the experimental to
simulation results. The cycles to failure are calculated based on the average strain
energy density using these model constants. Chip scale packages were tested under
monotonic bend tests to study their overstress limits and fatigue life using accelerated
bend tests. A double sided board was used but failure in the bend test were only
found on the top side for the overstress tests and more were found on the top side in
the cyclic bend tests. This is normal for fatigue testing because cracks propagate in

tension. Fatigue cracks were found in the solder during failure analysis.

Park et al [6] used the Morrow energy model, NYAW =C , where AW is the plastic

strain energy density, m is the fatigue exponent and C is the material ductility
coefficient) to determine whether energy density can be a parameter governing the
fatigue life of solder alloy under mixed-mode loading conditions. 63Sn37Pb and
Sn3.5Ag0.75Cu solders were tested using BGA packages. Some of the specimens

were aged two months at room temperature and others were aged 72 hours at 100°C.
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Displacement controlled test subjected the specimens to a fully reversed triangle
mixed load at constant displacements. The plastic strain energy density dissipated in a
solder was assumed to be related to the fatigue life of the solder joint. This density
was determined from the maximum force applied hysteresis loop. It also is noted that
the material constants found by this study differed from the constants found in

previous tests done by others.

Barker et al [7] performed a stress on the leads and solder joints of quad leaded
components to determine the critical area of the attach without performing any finite
element analysis. Basquin’s law is then used to calculate the fatigue life of the
component. This method is said to only be usable on compliant leads and where the

component does not move with respect to the board.

2.1.3 Finite Element Based Models

This category of models is based solely on finite element simulations. Some of them
however employ the use of case studies to test their models. The problem with
models based on FEA is that they require a highly skilled user to develop the model
and without proper meshing technique erroneous results can be given. They can also
be time intensive to create and run detailed models. Sidharth et al [8] developed a
finite element model for determining the fatigue life of the corner lead of a leaded
assembly. The original model was not based on experiments but was later correlated

with experimental data and found to be a good estimator of failure.
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Finite element based models tend to be very complicated in their approach and are
often simplified to reduce the amount of time involved. Sun et al [9] used a finite
element simulation in conjunction with low cycle fatigue test to determine the
constants in the Coffin-Manson equation for Sn8Zn3Bi and Sn37Pb. The model
consisted of three parts, the solder joint, copper pads and the printed circuit board. A
3D model was used to include any edge effects. The shear strain range was

calculated and the elastic strain was ignored.

Shetty, et al [5] tested chip scale packages using three- and four-point bending. The
exact component type was not given for proprietary reasons. Double sided board and
a servo-hydraulic MTS machine were used to carry out the testing. Packages on the
top side of the board failed faster than packages on the bottom side at a given
curvature. A finite element model was developed to predict bending failures. The
model was based on deformation energy using the average strain energy in the critical

solder joint (the corner solder joint).

Wang et al [10] demonstrated the complexities involved with using highly detailed
FEA. The physics of the problem can get construed when using very detailed FEA.
They used FEA along with drop testing to study the drop test sequence. Flip chip
packages were tested but no failures were observed in testing. They attempted to
model the full drop event but scaled back to a lees complicated model because they
got errors two times higher than the actual event. Wong et al [11] showed FEA to be a

useful tool in studying the physics of a problem. They examined the physics of board

102



level drop impact using FEA. They modeled three key events to aid in their analysis,
velocity impact of a PCB, velocity impact of a PCB with central mounted component,
and velocity impact of the drop assembly. They were each modeled as a beam, beam,
and solid element with sub elements, respectively. From the FEA it was found that
there are three drivers for failure in board level drop tests, elongation and bending of
the interconnect from the difference in the flexure of package and board, the inertia
forces of the package, and the stress wave at impact. The first cause dominates for
packages near the center of the board while the last two dominate for packages near
the support. They also found the out of plane stress to increase with height of the
drop, thickness of the fall plate, length of the PCB, and package stiffness and size. It
decreases with increasing solder bump height, size, and number and the diameter of
the impact cone. It was also discussed that high strain rates tend to suppress any

plastic deformation and raise the fracture toughness of ductile materials.

FEA can also be a very useful tool in studying the fatigue life of printed wiring
assemblies. Zhou et al [12, 13] used a time domain approach to characterize the
behavior of SnPb eutectic and SAC305. In the low cycle regime, the components
were tested under broad-band random vibration. In the high cycle regime, a narrow-
band harmonic vibration test was used. Through finite element analysis, a transfer
function was found to convert the printed circuit board strain to solder strain. The
Coffin-Manson equation was used to explain the behavior of the solder in low cycle
fatigue; Basquin’s relation was used in the high cycle regime. The model constants

for each solder was calculated. Again this model found material constants based
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upon and a detailed finite element analysis in the model development. To use the

model the board strain would have to be converted to solder strain using FEA.

2.1.4 Experimental Based Models

Though most models involve some level of testing for validation purposes, these
models are driven by experiments. The use of an experimental based model can be
fairly accurate assuming the models developed are used properly. Zhang et al [14]
performed isothermal mechanical durability tests using Sn3.5Ag, Sn3.9Ag0.6Cu and
Sn37Pb. Nine, six, and eight samples, respectively, were tested. A thermo-
mechanical-microstructural (TMM) test system was developed and used. A power
law model based on crack propagation was used characterize the durability. Model
constants were obtained for each solder based on the total strain range (TSR),
inelastic strain range (ISR), and AW, the cyclic inelastic work density (based on the
hysteresis loop). The tests were conducted at 25°C and at a strain rate on 3.2E-2 1/s.
The model constants were found using transformation functions. These model

constants were found to be in good agreement with others in literature.
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LCR Weibull distributions
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LCR Bondpad Evaluation
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Figure A.8 Effect of bond pad size on LCRs
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SOIC Orientation
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Figure A.9 Effect of component orientation of SOIC failure
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PBGA Drop test data and orientation effects

Due to how each side of the drop test coupon was oriented, one side oriented along
the diagonal and the other straight, a finite elment analyis was done to determine the
affect of orientation on the stress in the solder. The FEA models are shown in the
appendix. The stress in the solder for the diagonal model are siginificantly higher
than in the straight model. The drop test results are listed in Table 3.2.1. BGAs 1
through 5 are located such that they are loaded on the straight and BGAs 6 through 11
are loaded on the diagonal. There are a total of 22 failures, 18 on the straight and 14
on the diagonal. However, ten of the failure on the straight loaded model are the
center compoents. Removing the center loacted component (PBGA 5) from this
analysis leaves only eight accurances of failures in the radially loaded components.

Table 3.2.1 lists the PBGA that failed, the drop number on which it failed, and the

orientation of each PBGA to better illustrate this.

Table Al. Drop Test Data

Solder Acceleration Ma?( Failed (Drop D1agona1, Total
Tvpe () Strain Number) Straight, or Drobs
yp & (ne) Center? p

BGA2 (2) Straight

Sn37Pb 500 3000 BGA 5(2) Center 3
BGA 6 (3) Diagonal

Sn37Pb 6400 2900 BGA 8(4) Diagonal 8
BGAO9 (1) Diagonal

Sn37Pb 3200 2500 BGA 5(2) Center 6
BGAT7 (1) Diagonal
BGA 5(2) Center

Sn37Pb 13000 3000 BGA 1 (2) Straight 6
BGA 6 (3) Diagonal
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BGAT7 (1) Diagonal
BGA 5(2) Center
Sn37Pb 7500 3000 BGA 6 (6) Diagonal 10
BGA 3 (7) Straight
BGA7 (1) Diagonal
BGA 5(3) Center
Sn37Pb 4000 2300 BGA 6 (30) Diagonal 100
BGA 4 (62) Straight
BGA 2 (75) Straight
BGAS (11) Canter
BGA 6(21) Diagonal
Sn37Pb 2900 2460 BGA 7 (25) Diagonal 100
BGA 3 (71) Straight
Sn37Pb 3600 3300 BGAS (5) Center 10
SAC305 7500 3400 BGA 5 (1) Center 6
SAC305 3200 2700 BGA 5 (2) Center 6
BGAS (1) Diagonal
BGA 5(5) Center
BGA 6 (22) Diagonal
SAC305 2200 2500 BGA 7 (81) Diagonal 180
BGA 2 (119) Straight
BGA 9 (159) Diagonal
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PWB behavior analysis during drop event

In real world situations, a camped boundary condition does not exist. Yielding at the
clamped edges eliminates the effect the clamping force and transfers the moment to
the central part of the plate [61]. A good estimate of the effect of a clamped boundary
condition is to average the ideal equations for clamped boundary condition and
simply supported conditions. However, if the thickness divided by the radius is less
than 0.1 and the deflection is less about one-half the thickness, as is in this case, then
the equations for ideal clamped conditions provide a good estimate for actual plate
deflection. The deflection equation for a circular plate with fixed edges subject to a

uniform lateral pressure is

Poa
1-
64D [ ]
where a is the radius of the plate, » is the radius of the central loaded area, 4 is the

thickness of the plate, p is the load per unit area, D is the flexural rigidity and

Eh3

b=wa=m

where v is the Poisson ratio, and E is the Young's Modulus. The moments in the

radial and theta direction are given by

MT'T'

64D [1+v—(3+v)( )2]

00 = 64D[1+v—(1+3v)()2]
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The strain in the radial direction can then be calculated using

€rr = My — VMpyg.

This theoretical radial strain value is plotted along with strain data from test board 8
in Figure A.10. Note that this theoretical strain value is for a bare FR-4 board. The
weights of the drop table and of the fixture were used to calculate a suitable value for
the pressure constant for the theoretical calculations. As shown in the plot the edges
of the test coupon behave in accordance with the theoretical values. The portion of
the board however does not. This is possibly due to the PBGA located on the board.
They act as stiffeners on the board. Also the theoretical strain behavior only accounts
for the fundamental behavior of the PWB. As stated earlier, there appears to be more

than the fundamental mode present during the initial dropping of the test specimen.

The location of possible inflection was calculated using beam theory. For fixed

(clamped) supports under uniform loading, the inflection point is found using [60]
Xinn = 0.2113L

The dashed lines in Figure A.10 represent the possible location of these inflection

points. However no decernable effects of these inflection point are seen in the strain

data.
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Figure A.10 Theoretical vs. actual strain during drop for clamped edge
conditions
This high rate PBGA testing can also be compared with similar high rate testing done
by Watkins[42]. That testing was performed on 0402, 0603, and 1206 sized
capacitors to understand how they behaved under high rate loading. The same drop
test fixture used by this study was used. The strains seen by Watkins were

significantly lower than the strains presented here.

This strain discrepancy is possibly due to the face that Watkins grinded out a portion
of the test coupon for leveling. This gave the location of the strain gages a different
thickness than that of the surrounding test coupon. The Watkins study also obtained

its strain data from an unpopulated test coupon. The Figure A.11 shows the
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maximum strain values by location plotted from the Watkins study and this PBGA

study. The strain values for the Watkins study are on the secondary vertical axis.

Similar trend exists in the behavior of the PWB for the two studies despite the PBGA

test coupon being populated during the strain data acquisition. The lines between the

strain values are used here only to demonstrate the trend in the data.
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Figure A.11 Board Response Comparison

PBGA Top/Bottom Analysis

To better understand how the packages behaved under drop loading conditions, the

PBGA packages were strain gaged on top of the component and on the PWB beneath

the component. Figure X shows the response of the two Practical brand PBGAs. The
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strain over maximum strain is plotted versus time in seconds. One is SnPb eutectic
and the other is the leadfree version using Sn3.0Ag0.05Cu. Both test coupons were
dropped at the same accleration of 4000 G’s. This data shows that though there are
different solder types being used both components behave simialarly at the same

acceleration level.
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~—S5AC Practical, Top of PBGA  ——5AC Practical. Bottom of PBEGA

Figure A.12 Comparison of Practical lead and lead-free PBGA coupons

This same test was run for the Topline brand components used in Watkins et. al. []

and the SnPb eutectic Practical components. The dummy die size in the Topline

component is Smm by 5m; whereas, the dummy size in the Practical component is
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7mm by 7mm. The response profile is the same general shape and level for both
component types. There is a phase shift in the reaction of the two components. For
comparison sakes, however, since the levels are the same for both tests, the values of

strain response of the two component types can be compared.
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Figure A. 13 Comparison of Topline and Practical brand PBGAs
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Unadjusted LCR, BGA, and PBGA data with PWB strain
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Figure A.14 Unadjusted/Incorrectly plotted LCR, BGA, and PBGA data with
PWSB strain

The data shown above is the LCR, BGA, and PBGA data plotted against the PWB
strain. Using the PWB strain will cause incorrect inferences drawn between the
different data sets. The data was shown in Chapter 6 to collapse into a closer range

with the use of a interconnect stress index.
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FEA Models and Results
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Figure A.15 2512 LCR FEA Model Mesh
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Figure A.16 PBGA 256 1/0, 1 mm pitch, Topline and Practical brand FEA

Figure A.17 BGA



PBGA and LCR PWSB strain and stress values from FEA
PBGA 256 I/O, 1 mm pitch, Topline and Practical brand
SAC305

Strain=2728, Stress=22.8MPa

Sn37Pb

Strain=2728, Stress=19.8MPa

BGA, 160 I/0O, 0.8 mm pitch Amkor brand

4 Balls (center of BGA)

SAC305

Stress=28.7MPa; Strain board=2385; Strain Bottom=1125

Sn37Pb

Stress=28.1 MPa; Strain Board=2391; Strain Bottom=1139

7 Balls (perimeter of BGA)

SAC305

Stress=32.6MPa; Strain board=2765; Strain Bottom=1076

Sn37Pb

Stress=32.2MPa; Strain Board=2772; Strain Bottom=1320

125



2512 Resistor
SAC
Strain on board= 2532

Stress(average in 10% of solder)=26.9 MPa

Sn37Pb

Strain on board= 2532

Stress(average in 10% of solder)=26.7 MPa
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