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Abstract

Lead-free near-eutectic Sn-Ag-Cu (SAC) solder system has raised increasing attention
in the electronics industry since the hazardous effects of SnPb solders. One of the
critical considerations for the reliability of an electronic product is the fatigue failure of
interconnected solder joints. Numerous studies have investigated fatigue properties of
SAC solder materials using large bulk samples, and later the more realistic individual
solder joints. However, solder joints in BGA components would suffer from more
complex situations and thus make the fatigue life of the component different from the
individual solder joints. This dissertation includes two types of test vehicles: the
individual solder joint and the customized solder joints in BGA assembly. The latter
test vehicle has 3x3 solder joints interconnected between two substrates to represent a

realistic chip.

The first study of the research focused on the reliability of SAC-based individual solder
joints. Low-temperature solder (LTS) alloys have recently received considerable
attention because of their inexpensive price and the reduced defects in complex
assemblies. The shear and fatigue properties of individual solder joints were tested
using an Instron micromechanical testing system. Two LTS (Sn-58Bi-0.5Sb-0.15Ni
and Sn-42Bi) with low melting temperatures were examined and compared with Sn-
3.5Ag and Sn-3.0Ag-0.8Cu-3.0Bi. The surface finish was electroless nickel-immersion
gold (ENIG) during the test. Sn-3.5Ag solder with organic solderability preservative
(OSP) surface finish was tested as well, for comparison. Shear testing was conducted
at three strain rates, and the shear strength of each solder alloy was measured. A
constant strain rate was used for the cyclic fatigue experiments. The fatigue life of each

alloy was determined for various stress amplitudes. The failure mechanism in shear and



fatigue tests were characterized using scanning electron microscopy/energy-dispersive
spectroscopy (SEM/EDS). The results revealed that Sn-3.0Ag-0.8Cu-3.0Bi had
superior shear and fatigue properties compared to other alloys but was more susceptible
to brittle failure. The shear strain rate affected the failure modes of Sn-3.0Ag-0.8Cu-
3.0Bi, Sn-58Bi-0.5Sbh-0.15Ni, and Sn-42Bi; however, Sn-3.5Ag was found to be
insensitive. Several failure modes were detected for Sn-3.5Ag in both shear strength
and fatigue tests. For Sn-3.5Ag solder alloy, the OSP surface provided better interfacial

toughness than the ENIG surface finish.

In the second part of the research, customized sandwich test vehicles with 3x3 solder
joints connected between two substrates were manufactured. Instron Micromechanical
Tester is used to test the SAC305 solder joints using both the stress-controlled and
strain-controlled methods at room temperature. The testing was conducted at a constant
strain rate of 0.05s™. Four stresses and four strain levels of the solder alloy Sn-3.0Ag-
0.5Cu (SAC305) were examined using organic solderability preservative (OSP) and
electroless nickel-immersion silver (ENIG) surface finishes. The work per cycle and
plastic strain range were computed based on a systematic recording of the stress-strain
(hysteresis) loops of each sample. A novel approach based on inelastic work is
developed to calculate the fatigue life of a BGA assembled test vehicle. The results of
the stress-controlled and strain-controlled tests indicated that the OSP surface finish
outperformed the ENIG surface finish. Regardless of the testing process and surface

finish, the Coffin-Manson and Morrow energy models were acceptable for SAC305.

The third study investigated the fatigue performance of some other micro-alloying
solder alloys besides Sn-3.0Ag-0.5Cu (SAC305). These lead-free solder alloys are Sn-
3.5Ag-0.7Cu-3Bi-1.55b0.125Ni (SAC-1), Sn-3.41Ag-0.52Cu-3.3Bi (SAC-Q), and
Sn0.92Cu-2.46Bi (SAC-R). The fatigue performance of these solder alloys was



compared considering the effects of surface finishes (OSP and ENIG) and testing
approaches (stress-controlled and strain-controlled). The SEM and EDS were utilized
to determine the microstructure and failure mechanism of each solder alloy. The results
showed that OSP surface finish outperformed the ENIG surface finish, regardless of
testing methods and solder alloys. The interfacial IMC layer of SAC305 with the OSP
surface finish was scallop-like CusSns, whereas smoother layers were observed in the
SAC-R, SAC-Q, and SAC-I solder joints. SAC-Q and SAC-I associate with ENIG
surface finish performed the brittle failure. They are more susceptible to changes in
strain and stress, particularly strain. The composition of the IMC layer was dependent

on the concentration of Cu in the solder alloys.

The final study proposed a mechanical fatigue test method under low temperature
(248K), room temperature (298K), and elevated temperature (348K). The same solder
joints were assembled in the BGA configuration. The investigated solder alloys were
SAC305 (Sn-3.0Ag-0.5Cu) and SnPb (Sn-37Pb). Two types of surface finishes (OSP
and ENIG) were utilized for all the testing solder alloys to study the effect of surface
finish. Strain-controlled tests were performed using the Instron Micromechanical Tester.
It was found that the characteristic fatigue life decreased with the increase of strain level
or testing temperature because the solder joint experienced more damage every cycle.
The higher testing temperature also led to the larger plastic strain range, the more
inelastic work, and decreased peak stress for solder joints in BGA assembly. The
temperature of 348K tends to amplify this effect. The OSP surface finish outperformed
the ENIG surface finish regardless of strain level or testing temperature due to the
failure mechanisms. An empirical model was suitable to describe the effects of strain
level on the fatigue behavior of SAC305 and SnPb solder joints at the temperature of

248K, 298K, and 348K. The modified empirical model was proposed to correlate



fatigue life, strain level, and testing temperature. The failure mode in each case was

identified.
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Chapter 1  General Introduction

1.1  Electronic Packaging

Electronic packaging refers to production and enclosures for electronic devices ranging
from microchips up to electronic systems. The electronic packaging industry is one of
the largest industries in the world [1]. The electronic packaging market was valued at
USD 1020.13 million in 2019, and is expected to reach USD 2825.42 million by 2025
[2]. Consumer electronics, such as TVs, laptops, digital cameras, and the processes are
more suitable for mass production due to the rising demand these years. The desired
performance of electronic products highly attributes to the housing and interconnection
characteristics provided by electronic packaging. The major functions of electronic

packaging are:

1. Signal distribution
2. Power distribution
3. Heat dissipation

4. Protection

Besides that, the design of electronic packaging should include more considerations in
addition to above-mentioned functions, including topological and electromagnetic
effects for signal distribution; electromagnetic, structural, and materials aspects for
power distribution; structural and materials selection for heat dissipation; and
mechanical, chemical, electromagnetic protection for components and
interconnections. The hierarchy of electronic packaging is shown in Figure 1.1, which

consists of mainly four levels (level zero, one, two, and three).



First-level package
(single chip module)

\
First-level package
¢ (multichip module)

Chip-on-Board

2 Second-level package

(PCB or card)

Third-level package
(motherboard)

Figure 1-1 Hierarchy of electronic packaging

Level O refers the gate-to-gate interconnections on the silicon die, which is diced from
a single-crystal silicon wafer. There are millions of solid-state semiconductor devices
(transistors, capacitors, inductors, and resistors) connected to form functional electrical
circuitry in one single silicon die. It ensures the essential and fundamental processing

of semiconductor device.

Level 1 describes the connections between silicon die and package. They include both
mechanical connections and electrical connections. The silicon die is mechanically
affixed to a lead-frame or interposer layer, and at the same time wire bonding or flip
chip Ball Grid Array technology would build up electrically connection between silicon
die and the chip carrier. A vast variety of chip carriers is available in the market now,
differentiated by factors such as shape, size, lead pitch, internal structure, and materials
used for construction. In general, components are categorized as either passive

components or active components. Passive components lend their electrical



characteristics to the circuit, but provide no active control over a signal; while active

components can amplify an electrical signal and produce power.

Level 2 donates the connection between package and Printed Circuit Board (PCB). This
is also called Printed Circuit Assembly (PCA). The Printed Circuit Board is typically a
rigid laminate constructed of layers of fiberglass-epoxy composite. The PCB or
substrate provides electrical connection and isolation, thermal dissipation, and a flat
mounting surface for soldering components [3][4]. Technically, components can be
attached to the substrate using two mounting technologies: Through-hole Mount

Technology (THMT), and Surface Mount Technology (SMT).

Level 3 is the connection between circuit boards, such as mounting a daughter card to
a mother board. This kind of PCB is usually installed to give some additional
capabilities to the device. For example, anyone can install a new powerful graphics card

in personal computer to have better visual experience and performance.

The electronics industry is keeping moving towards smaller size, lighter weight, faster
processing speed, increased circuit density, higher power density, larger semiconductor
die with more complicated functionality, more Inputs/Outputs (I/O’s), more reliable
working life, and less expensive price. Semiconductor manufacturers are making their
every effort to minimize the size of chips in order to reduce power consumption and
improve the performance. Meanwhile, solder joint, which is widely used to form
connection in level 1 and level 2, have been proven to be the major concern to cause
failure of electronic products. Since Pb-containing solder alloys present toxic
characteristic despite many advantages, directives such as Waste Electrical and
Electronic Equipment (WEEE) and Restriction of the Use of Certain Hazardous

Substances (RoHS) were adopted in European to solve the problem [5]. In the United



States, the electronics industry has also been pushed towards the adoption of lead-free

practices by market force although no law or regulation is issued by the government.

1.2 Reliability of Electronic Packaging

Reliability is the probability that a component or system will perform a required
function for a given period of time when used under stated operating conditions. The
word can be traced back to 1816, and it was first coined by the poet Samuel Taylor
Coleridge [6]. The rise of the new discipline - reliability engineering, attributed to the
birth of statistics, and the development and the adoption of mass production. The
unreliability of the vacuum tube around 1905 served as the catalyst to accelerate the
coming of this discipline. Nowadays reliability has grown into an omnipresent attribute
with qualitative and quantitative connotations that pervades every aspect of the world,

including electronic packaging.

There is obvious difference between quality and reliability. Quality describes the static
measure of product that meets its specification, while reliability is the dynamic
measurement of product performance under the service life conditions such as
temperature, load, stress, time, and so on. Reliability actually demonstrates the quality

of product performance over time - it extends quality into the time domain.
IPC-STD-001B classifies electronic products into three major classes, each comes with
its own reliability requirement [7]:

Class I: Consumer products. Service life of products in class I usually falls less than
five years and the cost of failure is relatively low. Examples are laptops, cell phones,

and cameras.



Class II: Dedicated/Industrial/Telecom products. Service life for products in this class
is longer than class | and the failure cost is higher. For example, failure of large

industrial machine would result in production line halts and thus financial loss.

Class IlI: Critical or High-performance products. Products in this category play
important roles and any failure could be life threatening. Examples are wing controller
of airplane and ventilator machine. Service life of these products should be more than

twenty years.

The failure of any component in the electronic product could result in the reliability
issue. Considering thousands/millions of components functioning in the system, it is
vital to optimize design configuration to ensure the reliability of the system as well as
simplify the configuration. Components in the system could be connected in series,
parallel, or combined series-parallel, each has its own advantages. In addition,
redundancy of critical components has necessity working as a backup or fail-safe to
improve the reliability of the system. The reliability of component itself is
unneglectable - scientists and engineers are investigating every way to improve the
reliability of one single component. In practical service life, the reliability of a
component is typically limited by the failure of any interconnected solder joint, which
makes it essential and significant to study the reliability of different lead-free solder
joints commercially available on the market. Materials, designs, and manufacturing

processes are optimized as a trade-off between cost, quality, and reliability.

1.3 Electronic Packages in Realistic Applications

Electronic packages in real service applications could be exposed to high temperature
changes due to the operation of high power-density devices or the exposure of various

ambient environments. The large mismatches in the coefficients of thermal expansion



of the various materials in the package would induce thermal stresses to interconnected
solder joints. Usually the corner joints are supposed to suffer more thermo-mechanical
stresses and thus have more chance to fail earlier [8]. The cause of this observation lies
in the fact that the distance between the corner joints and the neutral point is larger than
the other solder joints. The plastic shear strain during loading could be predicted using

the Distance to Neutral Point (DNP) Equation 1-1:

A)/p _ (aPCB - acomponent) * AT

* [D.N.P]
h 1-1

Where Ay, is plastic shear strain during loading temperature change, apcg is the
Coefficient of Thermal Expansion (CTE) of PCB or substrate, @component 1S the CTE

of component, h is the height between the component and the PCB, and [D.N.P] donates

the distance to neutral point, as shown in Figure 1-2.

D.N.P

—_—
I 1

! Compbnent
T h : Solder

PCB

Figure 1-2 Distance to Neutral Point (DNP) Approximation

Besides that, stresses could also occur due to the external mechanical loading or the
vibration applied to electronic products. The desired smaller size of the interested
structure and materials makes experimental measurements more difficult to realize.
Typical reliability concerns and failure modes include solder joint fatigue, die fracture,
severing of interconnections, wire bond failure, delamination of material interfaces, and

encapsulant cracking.



Extensive research has been conducted to investigate the behavior of solder joint under
thermal cycling conditions, together with a multitude of models developed to predict
the corresponding reliability. However, limited work has focused on the fatigue
properties of solder joints in isothermal shear fatigue cycling, which is meaningful to

understand the performance of solder joints at different temperatures.

The reliability of an electronic package/component/product could be quantified using
the Accelerated Life Testing (ALT). ALT is the process of testing a product or a
component by subjecting it to extreme conditions beyond the normal requirements in
order to identify the potential failure modes and the withstanding limit of the product
in a short span of time [9][10]. The underlying assumption of ALT is that components
showing better performance in the tests would reveal the same advantages in real
applications [11], which is not always true. A proper reliability model should consider
all the critical factors without oversimplifying real working conditions. The data
collected from ALT might fit well with some commonly used distributions, where the

Weibull distribution and lognormal distribution are the most widely used ones.

1.4 Problem Statement

Solder joints are often exposed to temperature-changing environments, drop, or
vibration in real service conditions, which make them subject to both thermal and/or
mechanical stresses for a long period of time. Many studies have investigated the
mechanical properties of solder materials by simplifying a solder joint as a large bulk
sample, which are typically machined, cast, or prepared form tubes, wires, or rods, with
rectangular or circular cross-section [12]. Mechanical fatigue tests such as uniaxial
tension-tension [13], simple-shear [14], thermomechanical shear [15], and multiaxial

tension-torsion test [16] were conducted previously using the bulk samples. However,



the mechanical properties of large bulk sample should in actual differ from that of

solder joints in BGA components because:

Solder joints in BGA components have smaller size thus finer microstructure;

e The Intermetallic Compound (IMC) layer is formed between bulk solder and
Cu pad during reflow process, which might have detrimental effect on the
properties of solder joints and even result in different failure modes [17];

e Surface finishes applied could alter the composition of IMC layer;

e Precipitate distribution in bulk samples and in solder joints varies significantly
[18];

e Microstructure evolution and damage accumulation of solder joints were found

different from that of bulk samples [17].

Previous research [19][20][21][22] has studied the effect of solder materials, surface
finish, stress amplitude, and aging on the mechanical properties of various individual
SnAgCu (SAC) solder joints. However, the research on the new generation of Low

Temperature Solder (LTS) still leave blanks for fulfill.

Electronic packages undergo both shear deformation caused by mismatch of CTE, and
warpage and distortion during thermal excursions encountered in manufacturing
process and actual operation conditions. In addition, various mechanical and
environmental stresses (drop, vibration) could be applied to solder joints in real life
service. Therefore, solder joints are subject to the combination of shear and tensile
loading in most applications [23]. It is well worthy to note that the mechanical
properties of solder joints in BGA components could vary significantly from that of
individual solder joints because they might suffer from more complex situations. On

one hand, fatigue failure of any solder joint would result in component failure; on the



other hand, stress applied to the component would distribute to all the solder joints. In
other words, any solder joint with microcracks would potentially undertake less stress
thus mitigate the fatigue of itself but accelerate the failure of the other solder joints.
There is an absence of research on the fatigue performance of solder joints in BGA

assembly considering different testing approaches.

Another critical factor for isothermal cyclic test is the testing temperature. Some
research has studied the effect of temperature on the fatigue properties of solder alloys
using bulk samples [13][24], while limited work employed individual solder joints
[25][26]. Most of the studies focused on the effects of frequency and strain level on the
fatigue behavior of solder alloys [23][27][28]. Despite the superiority of SAC-based
solder alloys compared to eutectic SnPb [29], Department of Defense (DoD) is still
using SnPb solder alloy mainly because of its predictability. Recently, the Solder
Reliability and Assurance Project was launched to ensure the safe transition from SnPb
alloy to lead-free solder alloys. Until now, no literature has compared the fatigue
properties between SAC305 and SnPb solder joints considering the effect of surface
finish and testing temperature. There is indeed a need to conduct a comprehensive study
to investigate the fatigue properties of SAC305 and SnPb solder joints in BGA

assembly.

Most of the current prediction models were developed for SnPb solders many years
ago. These models were then adapted to lead-free solders by fitting the accelerated test
data to extract new values for the various constants. However, there is usually a very
limited number of data available to extrapolate the real service life from the test results
considering the test vehicles have different combinations of process parameters, pad
design, surface finish, printed circuit board, and so on. In addition to this, the failure

mechanism in thermal cycling and isothermal cycling varies significantly. In thermal
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cycling, the coarsening of precipitates and strain-induced stress led to the global
recrystallization, followed by crack propagation along the new network of grain
boundaries. In contrast, the intergranular microcracks are formed along the subgrain
boundaries within dendrites during the isothermal cycling, resulting the link-up of
microcracks to form larger transgranular cracks. In some cases, IMC interfacial cracks
are observed since the stronger solder ball compared to IMC strength. Nevertheless,
this dissertation focused on the modeling of solder joints’ fatigue life in isothermal
cycling condition. Prediction of service life based on accelerated test results can be
misleading without proper constitutive relations and an understanding of the behavior
of damage accumulation throughout the solder joint fatigue life. The satisfactory
accuracy of life prediction using models cannot be achieved without considering the
transferability from testing specimens to realistic components. The finite element
analysis is thus necessary to estimate the true parameters, such as plastic strain, inelastic
work, and stress, of interested samples with their specific geometries in working
conditions. These true parameters can then be fitted in models for the more accurate

predictions.

15 Research Objectives

The motivation of this research work is to investigate the shear and fatigue properties
of commercially available SAC-based solder alloys using individual solder joints, and
to study the fatigue properties of solder joints in BGA assembly considering the effect
of solder alloys, surface finish, testing method, and testing temperature. Various
prediction models, including empirical model, Coffin-Manson model, and Morrow
energy model, are expected to be developed for each situation. The following targets

are achieved in this research:
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1.6

Develop appropriate testing procedures, including test vehicle design, fixture
design, experimental setup, and testing profile, to conduct shear and fatigue tests
for various solder materials under different conditions.

Study the effects of stress amplitude and surface finish on the shear and fatigue
performance of SAC-based solder alloys by testing individual solder joints at
room temperature.

Study the effect of stress level, strain level, and surface finish on the fatigue
performance of micro-alloying SAC solder joints in BGA assembly using
stress-controlled and strain-controlled methods at room temperature.

Study the effect of temperature and surface finish on the fatigue performance of
SAC305 and SnPb solder joints in BGA assembly.

Examine microstructure and failure mechanism of the specimens and perform
metallurgical analysis using Scanning Electron Microscope (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDS).

Develop reliability models to predict fatigue life of various SAC-based solder

alloys regarding their service conditions.

Proposed Dissertation Organization

This dissertation consists of nine chapters. Chapter 1 provides introduction of electronic

packaging including general concepts, reliability of electronic packaging, service

environment of electronic packaging, together with problem statement and detailed

research objectives. Chapter 2 introduces relevant concepts and methods that are used

later in this research for easy of reading and comprehending. Chapter 3 covers

literatures about fatigue properties of solder alloys in both thermal cycling and

isothermal cycling, main effects on the reliability of solder alloys, and common
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constitutive models proposed to predict fatigue life of solder joints. Chapter 4 includes
test vehicle preparation, experimental setup, testing profile and research methodology.
Chapter 5 addresses the effect of shear strain rate on the shear properties and the effect
of stress amplitude on the fatigue properties of SAC-based individual solder joints,
including two LTS. Parameters in empirical models, Coffin-Manson model, and
Morrow energy model are examined. Chapter 6 studies the effects of stress level, strain
level and surface finish on the reliability of SAC305 solder joints in BGA assembly.
Coffin-Manson model and Morrow energy model are found suitable for the sandwich
specimens. Chapter 7 explores the fatigue performance of SAC305, SAC-R, SAC-Q,
and SAC-I solder joints assembled with OSP and ENIG surface finish. Their
microstructure and failure mechanisms are shown and compared. Chapter 8 investigates
the fatigue properties of SAC305 and SnPb solder joints at different testing temperature.
A modified model is proposed to predict the fatigue life given strain level and testing
temperature. Chapter 9 summarizes the dissertation work and concludes the results.

Future work is listed in the end of this dissertation.
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Chapter 2 Background

2.1 PCB and Substrate

A PCB is usually a rigid structure that consists of non-conductive substrate and metal
traces. The electronic components are soldered mechanically to the flat substrate and
electrically to the traces. In other words, PCB with flat surface provides mechanical
support for electronic components and the metal traces build up electrical connections
between the components. In addition, the PCB is responsible for thermal dissipation
and electrical isolation (non-conductive substrate). The board may be composed of
either a single layer of circuitry (on top or bottom) or multiple layers of circuitry stacked
together. Various layers could be electrically connected through vias. Types of vias
include through hole vias which electrically connect top layer and bottom layer, blind
vias which are exposed on one side of the board, and buried vias which is embedded
inside the PCB to connect internal layers. Sometimes thermal vias are designed in

certain application to help speed up heat dissipation.
2.1.1 Substrate Material

A PCB is built with a dielectric core material with poor electrical conducting properties
to make the circuitry transmission as pure as possible, and then interspaced with
additional layers of metal and dielectric as needed. Common dielectric materials used
for substrates include polymer (phenolic, epoxy, polyimide, polyester, Teflon) and
reinforcement (paper, glass fabric, Kevlar). One should carefully consider glass
transition temperature when selecting the appropriate substrate material in real
applications — property of substrate material could change from brittle to elastic, and

CTE also changes at glass transition temperature. Taking account of this, operating
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temperature limits of FR-4 and polyimide are 120°C and 230°C (their glass transition

temperature). In addition, CTE of substrates varies significantly from horizontal to
vertical. Added glass reinforcement allows for constrained expansion in x-y plane, but
the CTE can be anisotropic. CTE of laminate substrate in x-y plane is typically around

14-18 ppm/°C to match well with 16 ppm/°C of copper, while in Z direction its CTE is
100-200 ppm/°C, which is 10 times larger. It is vital to design reasonable thickness of

substrate to avoid possible reliability issues.

The standard dielectric material used for PCB is FR-4, which is a flame-resistant
material composite of woven fiberglass cloth and epoxy resin. ‘FR’ means flame
retardant and number ‘4’ indicates woven glass reinforced epoxy resin [30]. Glass fibers
here are the base material which provides laminate stability, while epoxy resin enables
extra ductility. Besides, ceramic substrate is also available in harsh-environment
applications such as military and aerospace. Although the price of ceramic substrate is
much higher, the characteristics of higher thermal conductivity and lower CTE are

preferred by designers since more options are available.

2.1.2 Solder Mask

Solder mask is a thin lacquer-like polymer layer covered on the PCB to protect the
copper traces against oxidation and corrosion. Solder bridges that could form between
closely spaced solder pads can be prevented with solder mask. Commonly used solder
mask materials are acrylic or epoxy polymers. Copper pads on the PCB can be ‘defined’
in two kinds of manners, namely Solder Mask Defined (SMD) pads and Non-Solder
Mask Defined (NSMD) pads. SMD pads have the solder mask apertures specified such
that the opening is smaller than the diameter of the copper pad, as is shown in the left

side of Figure 2-1. In this format the overlapping on the copper pad would help prevent

14



delamination between the pad and substrate, which is called pad lifting and is usually
caused by thermal or mechanical stress [3][31]. Also, alignment of electronic
components would be much easier in this way. For NSMD pads, no contact is made
between solder mask and the copper pad, leaving a gap between the two as shown in
the right side of Figure 2-1. NSMD pads have been proven to have better fatigue
properties in thermal-mechanical tests because of the stronger bond created for solder-

pad interface, but with pad lifting issues in drop shock tests.

Solder Ball
older B Solder Ball

Solder Junction
Solder Junction

Copper Pad Copper Pad

SMD PAD NSMD PAD

Figure 2-1 Cross-section view of SMD and NSMD pads

2.1.3 Surface Finish

The two kinds of solder mask mentioned in session 2.1.2 can only cover copper traces
(NSMD) or part of copper pads (SMD), leaving some or all of the contacting area
exposed to the air, which might result in reliability issues due to corrosion or oxidation
prior to assembly. To deal with this problem, surface finish is applied to protect the
exposed circuitry and ensure solderability in the following reflow steps. In general,
surface finish can be classified as two main types: electroless plating and electroplating.
The former one in also known as chemical plating or autocatalytic plating. This process
creates a metal layer deposit on the surface by autocatalytic chemical reduction of metal

cations in a liquid bath, such that the plating and substrate is physically bonded. Using
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the latter method, a metallurgical bond is formed between the plating and substrate by
applying an externally generated electric current. Compared with electroless plating,
the bond formed in this process is much stronger and with higher ductility. Besides that,
contaminants could be another potential problem during electroless plating. There are

a variety of different surface finishes developed over the past few decades:

1. Hot Air Solder Leveling (HASL): This process has been dominating the market
for decades because of the low cost and its excellent wetting characteristic. In
this process, the PCB is immersed into a bath of molten solder (SnPb or Lead-
Free) to cover exposed metal surface with specified solder. Excessive solder is
then removed using hot air knives. Complex surface mount technology
nowadays has revealed and exaggerated the shortcomings of the uneven
surfaces in this process. It is found unsuitable for fine pitch components.

2. Organic Solderability Preservative (OSP): It is a water based organic compound
that selectively bonds to copper. OSP is environment friendly, unlike the other
surface finishes that are metal based. Advantages of OSP include low cost,
excellent coplanarity and solderability, as well as multiple reflow capabilities.
However, it is less robust than HASL and could degrade easily with the change
of temperature.

3. Immersion Tin (ImSn): The RoHS compliant Immersion Tin surface finish is a
thin deposit layer of tin on copper, which would form a Sn-Cu intermetallic
structure during the process. The process continues and results in a limited shelf
for the surface finish. The occurrence of tin whiskers and sensitivity of handling
are additional drawbacks. ImSn is ideal for fine geometries and fine pitch

surface mount components because it allows excellent flatness and smoothness.
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4. Immersion Silver (ImAg): This process is very similar to ImSn but with a higher
cost. For most applications, it can be a good alternative to ENIG which is
introduced later. Moderate shelf life, solderability performance, and simple
process control are benefits of this choice, but it could be sensitive to
contaminants both in the air or in the board, thus need a highly qualified working
space for this process.

5. Electroless Nickel Immersion Gold (ENIG): ENIG could be the answer for most
of the applications in the PCB industry since the growth and implementation of
the lead-free requirements. It is a two-layer metallic coating of 2 -8 uin Au over
120-240 uin Ni. The nickel layer works as a barrier to protect copper from
oxidation and a surface for soldering. The gold layer protects the nickel layer
during storage with very low electrical resistance. ENIG provides excellent
shelf life, solderability, wettability, and flat surface. Shortcomings of ENIG
could be the higher cost and sometimes the occurrence of black pad syndrome,
which is a buildup of phosphorous between the gold and nickel layers. This

feature could result in fractured surfaces and faulty connections.

In summary, one should always consider the requirements for durability, environment
impact, and cost when choosing surface finish for specific applications. Each surface
finish has its own superiorities and drawbacks. Reliability of surface finish, together
with different solder materials, is gaining increasing interests for manufacturers all over

the industry.
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2.2 Solder Alloy

Solder alloys are compounds of different metals, which are used to provide permanent
metallurgical bond between electronic components and the PCBs. Some common
elements used for solder alloys in the electronic industry are tin, lead, copper, silver,
bismuth, nickel and so on. Solder joints are the formed connections between the
components and the PCB during soldering process to provide electrical, mechanical,
and thermal connections. They are considered vital to the quality, performance, and

reliability of electronic assemblies.

2.2.1 Tin-Lead Solder

Tin-lead solders have been developed by the Romans thousands of years ago. With the
emerging and popularity of electronics, tin-lead solders quickly became the choice for
the electronic industry for its superior features until very recently. The advantages of
tin-lead solders include the inexpensive and plentiful of lead, low surface tension,

strong formed intermetallic bond, and good mechanical properties.

The most popular tin-lead solder used in the industry is the mixture of 63% tin and 37%
lead, which formed the eutectic tin-lead solder. Eutectic alloys have a specific
temperature at which the alloys would melt immediately when increasing temperature
and solidifies immediately when decreasing temperature. Other solder alloys would
typically have a pasty range within which the alloy would be partially solid and partially
solid, but the compositions of solid part and liquid part are different. Eutectic Sn-37Pb

performs a wide range of advantages, including:

e Eutectic composition (the single transition temperature)

e Low melting point (183°C)
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e Low cost (made from relatively abundant/cheap elements)
e Good wetting and manufacturability

e Adequate fatigue resistant

e (Good joint integrity

e Excellent electrical conductivity

2.2.2 Lead-Free Solder

The predominating eutectic Tin-Lead solder has been gradually replaced by lead-free
solder alloys because of the hazardous effect of lead on both humans and the
environment. The adoption of WEEE and RoHS directives in early 2003 greatly raised
people’s interests in lead-free solder alloys. The two directives came into effect on July
1, 2006, aims to restrict the inclusion of lead in consumer products in the EU. In the
US, no regulation is proposed by government to ban the use of lead, but the market
force is pushing the US electronic industry towards the adoption of lead-free practice.

Many lead-free solder alloys have been developed and researched since then.

To meet the current requirement of the industry, new-developed solder alloys should
have improved wettability, suitable melting temperature, good mechanical properties,
good resistance to thermal fatigue, good corrosion resistance, availability, and

reasonable material cost.
Sn-Ag-Cu alloys

Nowadays SAC solders have been regarded as the most promising solders owing to the
good soldering performance and the good reliability characteristics (e.g., good creep
resistance, thermal fatigue reliability). Typical SAC alloys contain 3.0-4.0 wt.% silver
(Ag), 0.5-1.0 wt.% copper (Cu), and the balance of 95 wt.%+ tin (Sn) [32], which makes

them near eutectic. A variety of SAC alloys have been proposed and investigated,
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including SAC305 (Sn-3.0Ag-0.5Cu), SAC105 (Sn-1.0Ag-0.5Cu), SAC387 (Sn-
3.8Ag-0.7Cu), SAC396 (Sn-3.9Ag-0.6Cu) and so on. They are used in different

applications.

Many methods have been applied to improve the performance of SAC solder, such as
alloying it with additional elements and add nanoparticles to enhance the properties.
The difference is that the added elements tend to undergo a diffusion process which
produces an alloy of the SAC systems or act as a solid solution strengthener, while the
addition of nanoparticles does not involve a diffusion process, instead act as discrete

particles in the solder system.

The melting temperature of SAC solder alloys ranges from 217°C to 221°C depending

on the composition of Ag and Cu. The reduction of Ag content for SAC alloys would
offer a cheaper price at the expense of the lower ductility and the higher melting point.
Doped elements such as Ti, Bi, Zn, Mg, Ce, Mn, La, and Co would help decrease the
melting temperature, while the added nanoparticles (Al203, ZrO2, TiOz2, SrTiOs) would

slightly increase the melting temperature.

SAC solder alloys have a higher wetting force than the eutectic Sn-Ag solder due to the
addition of Cu element. Some other additional elements also tend to create better
wettability properties, but except elements like Mg, which would cause degradation due
to the vulnerability to oxidation. Minor addition of nanoparticles (Al203) would also
enhance the wettability, but excessive amount (>1 wt.%) appears to degrade the wetting

properties.

In the SAC solder system, the microstructure of the solder mainly consists of primary
Sn grains, eutectic structure particles and IMC particles. A thin IMC layer is preferable

because it provide strong bonding to enhance joint strength. However, an excessive
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IMC layer thickness degrades the mechanical properties and can promote a brittle
failure mode during crack propagation. As such, the addition of elements and
nanoparticles can reduce the self-diffusion of Sn and thus have an influence in
producing a thinner IMC. In addition, better mechanical properties are found by adding

proper elements and nanoparticles.
Tin-Zinc alloys

The Sn-Ag, Sn-Cu and Sn-Ag-Cu solders are promising lead-free alloys, but their
higher melting temperature compared to that of the eutectic Sn-Pb solder alloy may
require a modification of the existing production lines. The presence of silver in the
composition almost triples the price of solder material. Fortunately, eutectic Sn-Zn
solder alloys show a low melting point very close to that of Sn-Pb solder and could
provide satisfied mechanical properties as well. The problem tells that Zn-containing
alloys exhibit poor wetting properties and are prone to oxidation and corrosion. New
Sn-Zn based alloys are still under development to be widely used in the industry. In the
other way, because of the drastic improvement of flux technology, the Sn-Zn based
solder pastes have been applied in many commercial products, such as laptops, printers,

TV tuners and more.
Sn-Bi alloys

Sn-Bi solder alloys were proposed as one of the most popular alloys a long time ago
due to its low melting temperature (eutectic point: 139°C) and inexpensive price.
However, they were not widely used previously because of the lower wettability,
fatigue resistance, and elongation [33]. Recently, LTS Sn-Bi attract much attention
from the industries for flexible PCB applications. Sn-Bi solders avoid warpage wherein

PCB and electronic parts deform or deviate from the initial state due to their CTE
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mismatch. One of the effective approaches to improve the properties, microstructure,
and wettability of Sn-Bi solders is to have additional micro-alloying elements or

nanoparticles [34].

2.3 Printed Circuit Assembly

Semiconductor packaging is evolving with an increased demand for maximum possible
functionality, finer size, and added utility. In order to build up both electrical and
mechanical connections between PCB and electronic components in the second level
of electronic packaging, modern PCA prompted two methods: Through-Hole Mount
Technology (THMT) and Surface Mount Technology (SMT), each with their

designated PCB components to mount on the board.

2.3.1 PCB Components

PCB components are made up of a variety of complex electrical units, which could be
typically categorized as active components and passive components. Passive
components are unable to change their character when applying electrical impulses.
Single or repeatable reaction can be provided by them. Active components are devices
capable by themselves of controlling voltages and currents to produce gain or switching

actions. They are able to change their basic character in react to an applied signal.
Material

Active components can be further classified as ceramic packages or plastic packages
depending on the material of chip carriers. Plastic packages are by far the most common
in use today for its cheaper price. Ceramic packages are much more expensive but

provide excellent performance — they are widely used in military, aerospace, and other
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ultra-high-performance required areas. Examples of plastic packages and ceramic

packages are shown in Figure 2-2.

Figure 2-2 Plastic Package (left) and Ceramic Package (right)

Ceramic packages are superior to plastic packages in hermeticity, exceptional planarity,
high temperature stability/resistance, thermal conductivity, and built-in passive feature.
Drawbacks of ceramic package include more complicated lead routing and much higher
cost. Ceramic packages constitute two thirds of the total packaging market despite far

less number manufactured each year.
Lead type

Packages could also be sorted using the criteria of mounting type used, as is shown in
Figure 2-3 [31]. Typical package examples for through hole mounting and surface
mounting are shown in Figure 2-4. The left example is a Dual In-line Package (DIP)
used for through hole mounting. The right example exhibits many surface mount
packages assembled on the PCB board. Specifically, leaded packages, the most widely
used package format, are electrically and mechanically connected with PCB land

dictated by either lead or attachment solder materials.
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Figure 2-3 Types of Packaging

Figure 2-4 Through hole mounting package and surface mounting package

Leaded packages include mainly three lead types: Gull Wing Lead, J Lead, and Solder
Ball Area Array. Gull Wing Lead, as the name says, has the shape of gull wing; while
J Lead expands in the opposite way, which makes it look like alphabet J. The geometry
of each type is illustrated in Figure 2-5. Note that the main solder fillet on the Gull
Wing joint reaches back toward the component body, while the main solder fillet on
the J-Lead joint goes outward the component body. The other lead type — Solder Ball

Area Array will be detailed discussed in the next session.
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Figure 2-5 Gull Wing Lead and J Lead

BGA Components

The continuing need of more 1/0 for advanced integrated circuit components called for
finer pitch 1/0. However, there are limits to make finer pitch at some point as the pitch
reaches very fine. Possible problems include coplanarity, wicking, and shorting [35].
In order to get rid of this situation, industry was looking for new technologies.
Fortunately, area array as a solution has been around for some time to increase number

of 1/0.

The appearance of SMT made the 1/0 placed under the surface mount component
possible. In this way 1/0 can be installed in a full 2-dimensional lattice rather than
limited to the perimeter of one component. In other words, the number of 1/O increases
from 4n to n? (although sometimes only part of the allowable area is covered). Figure
2-6 illustrates the schematic of a typical Ball Grid Array (BGA) component. There are
many small solder spheres applied to the grid contact pads (copper pads) built on the
bottom of the component. These solder spheres are then precisely attached to the solder
paste deposits on the copper pads which are located on the PCB boards. This process is
typically completed using a pick and place machine. After that, during reflow process,
the solder spheres would reflow and wet with solder paste to form robust burger-shaped

solder joints.
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BGA components do exhibit some superior characteristics such as finer pitch, better
electrical performance (shortest path between component and PCB board), and
superlative thermal dissipation capability [36]. However, reliability concerns would
come up when exposed to harsh environment, especially under drastic temperature
changes. Some typical types of BGA packages available in the market are listed in

Table 2-1 [37].

Au WIRE

SUBSTRATE SOLDER BALL

U OO UO0U0U0U0UU U000

Figure 2-6 Ball Grid Array Component

Table 2-1 Types of Ball Grid Array

Can be either 2-layer or 4-layer
PBGA substrates, with pitch ranges from

: : 1.0-1.27mm and body size
Plastic Ball Grid Array greater than 23mm x 23mm.

Multi-layer ceramic substrate, C4

CBGA (Controlled  Collapse  Chip

: : Connection) approach is applied,

Ceramic Ball Grid Array with higher cost but extreme
reliability.

Flexible polyimide film (tape)

TBGA with copper metallization is used,

Tape Ball Grid Array with be'_[ter heat _dissipation_and
superlative electrical properties.

Plastic Ball Grid Array with
EBGA additional heat sink options - a
Enhanced Ball Grid Array dam is _bunt on the boundaries
and liquid components are added

to make sealing.
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Flip Chip technology is used in
FC-BGA this component thus shorter

Flip Chip Ball Grid Array | €lectrical pathways — better

electrical connectivity and

faster performance.

Also known as Super Ball Grid

MBGA Array, a metal heat sink is

Metal Ball Grid Array | applied to dissipate extra heat
generated by chip.

2.3.2 Through-hole Mount Technology (THMT)

The use of rigid substrate from 1940s that can provide mechanical support for electronic
components promoted hand-wiring, which was the fundamental process for through-
hole mounting at the beginning. Actually, THMT appeared from the second generation
of computers in the 1950s. It was extensively used in PCA as a substitute for Point-To-
Point constructions during the 1970s and early 1980s. Earlier electronic assembly
techniques had been almost completely replaced by THMT until SMT became popular

in the late 1980s.

Through-hole mounting is the process by which component leads are placed into drilled
holes on the PCB. The holes can be plated or non-plated - with Plated Through Holes
(PTH) there is a conductive path (thin copper layer) plated onto the walls of the holes
during the manufacturing process; with Non-Plated Through Holes (NPTH), no copper
is plated on the hole barrel, as is shown in Figure 2-7. It is obvious the manufacturing
process of NPTH is simpler and quicker, but considering most PCBs are double sided
or multi-layered nowadays, PTHSs are widely used to provide connections between the

components and the required layers in the board.
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Figure 2-7 PTH vs. NPTH scheme

The basic form of an electronic component used for THMT is shown in Figure 2-8. The
THMT process includes passing component leads through the drilled holes, crimping
these leads on the backside, and soldering the leads firmly attached to PCB, which
would build links between the component and copper traces with lower resistance and
better mechanical stability. The soldering process was first completed by hand
soldering, then the invention of wave solder machine eliminates hand soldering, leading
to faster production and higher quality. After that, with the demanding for higher
component densities, automated placement machines were developed for quick pick

and place process including crimping, forming, and wire cutting.

Figure 2-8 Through-hole Mounting Technology (THMT)
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Through-hole mounting is best used for products with high-reliability requirement of
the connections since it provides stronger bonds than SMT. It is commonly used in
military and aerospace, where the excellent reliability of solder connections is preferred
- components would experience extreme accelerations, collisions, or high temperatures
and undergo excessive mechanical stress. Also, through-hole mounting is available in
test and prototyping applications for the benefit of easy manual adjustment and

replacement.

On the downside, required drilling holes in THMT limits available routing area on any
multilayer boards, plus the much lower placement rate compared to SMT, making
THMT prohibitively expensive. In addition, lead pitch is limited by the 1/0 connections

placed along two edges of the components.

In all, despite a severe drop in popularity since the emerging of SMT in 1980s, the
disappearance of THMT from PCA is a wide misconception. There still exists some
circumstances where THMT is preferred including solder connections requiring strain
relief, test and prototyping applications, and bulky/heavy components. Availability and
cost are also critical factors when considering components (through-hole package or

surface mount package) to assembly.

2.3.3 Surface Mount Technology (SMT)

Unlike THMT, SMT is a process where components are mounted directly onto the
surface of PCB, as shown in Figure 2-9. This method was originally called ‘planar
mounting” and developed in the 1960s. By the 1990s, it has grown increasingly popular

and dominated high-tech electronic PCAs.
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Figure 2-9 Surface Mount Technology

The key difference between SMT and THMT is that there is no need to drill holes on
PCB for SMT since the through-hole component leads have been replaced by “vias”,
which are small components creating conductive connections between different PCB
layers. In addition, surface mount components can be mounted on both sides of the PCB,
significantly increasing the useable surface area in the PCB. Besides, surface mount
components are smaller with finer pitch size. These advanced feathers have allowed the
design of PCB with more density, higher performance, and smaller size. Moreover,
surface mount components can be placed at rates of 1000~10000 per hour using pick-
and-place machine, which is much faster than the rate for through-hole components -
less than 1000 per hour. At last, reduced lead length improves the electrical
performance of components but in contrary makes the thermal management more

complicated.

Overall, SMT has proved to be more efficient and economic than THMT in many ways
- it is dominating the PCAs with more than 90% usage today, despite some reliability
considerations related to mechanical, electrical, and thermal. As mentioned before, it is

important to select the appropriate technology in real applications.
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Future Trends

Modern electronics is more and more miniature, but with more complex configuration.
The requirement of reduced cost per integrated circuit and enhanced performance is
pushing the development of new generation of electronic packaging to achieve higher
integration through different ways such as utilizing new materials, processes and
configurations. All this leads to the emerging phenomena that an increasing number of
components, semiconductor chips and passives are placed inside the system. And at the
same time more complex interconnections are designed to address electrical and
electromagnetic interference with close signal proximity, thermal issues with high
current and a proper thermal management and heat dissipation without sacrificing
coupling efficiency, and mechanical issues with miniaturized structures. The scaling of
electronic packaging has reached the limit after following Moore’s Law for over thirty
years. Also, the functional diversification of electronics, physical limits and growth of
costs in the future reveal that ‘more Moore’ structure is impracticable. New
technologies are desired to build high density circuits and cope with potential problems
in a competitive cost. Fortunately, System on Chip (SoC) and System in Package (SiP)
[38][39][40] are proposed to continue the improvement in performance, size, power,

and cost. The trends in scaling are shown in Figure 2-10.
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Figure 2-10 Scaling trends of electronics industry

System on Chip Technology

SoC is a way to increase functional integration by including sub-systems on a single
chip. It is developed from the willingness of constructing high volume custom devices
by integrating design elements from different semiconductor devices. Main advantages
of this technology include high function density, high on-chip frequencies, strong
reliability, and moderate unit cost. On the other hand, significant shortcomings are
selected chips would restrict system function, high costs, less competitive in low-end
or middle-end market since long period of design and testing. The adopted application
of this technology mainly lies in multicore processing and portable consumer

electronics.
System in Package Technology

SiP combines multiple active electronic components of different functionality
assembled in a single unit, which enables multiple functions inserted into a system or
subsystem. This technology integrates circuits and discrete components to enhance the

performance and reduce the overall size. Existing technologies, such as lead frames,
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package on package and die stacking, are promoting the development of SiP. 3D-
integration technologies offer a novel approach to further enhance the performance
through stacking semiconduction elements on top of each other, and vertical room is

better utilized than 2D-integration. Three technologies are used in 3D-integration

(Figure 2-11.):
e Stacking of package dies (package on package)
e Stacking of dies, chip to chip (3D-Packaging)

o Wafer level 3D integration, chip to wafer, wafer to wafer (3D-WL)

HHL

AAAAAA

LA A A J ] A 999 99 @
Package on package 3D-Packaging 3D-WL integration

Figure 2-11 3D-integration technologies

Among the three technologies, 3D-WL packaging is probably the best considering the
exhibited performance, as shown in Table 2-2. But problems lie in the fact that even
3D packaging is on the way to overcome challenges like die yield, thermal management
and 3D design tools. When it comes to 3D-WL packaging, problems will be further
amplified. Fortunately, technologies such as Through Silicon Via (TSV) and coreless

substrate have been proposed to address these potential problems [41].

Table 2-2 Features of 3D-integration

Technology 3D packaging 3D-WL integration
Infrastructure Packaging Foundry

3D interconnect Bond wires, FC Through silicon vias
Active layer thickness =50 m <50pm

[/O density (cm™2) 104-10° 105-108
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2.3.4 SMT Assembly Process

Although THMT is still in use for some applications, the interest of this paper mainly
focuses on SMT - samples tested in the experiments later in the dissertation are also

prepared using SMT. The process of SMT assembly is clearly shown in Figure 2-12.

The first step is material preparation and examination. During the process, surface
mounting components and PCB are prepared and inspected to find any flaw that could

lead to unsuccessful assembly.

The second step is stencil preparation. The stencil is often made of stainless steel or
nickel with a series of precisely cut apertures on it. These apertures are produced
according to the position of copper pads located on the PCB. The aim of applying

stencil is to provide fixed position for next step - solder paste printing.

Material

preparation Stencil Solder

paste
printing

Reflow Clean and

and preparation soldering inspection

examination

Figure 2-12 Flow Chart of SMT process

The third step is solder paste printing. As the name indicates, during this step solder
paste is printed on the copper pad through the apertures of the stencil. Solder paste is a
toothpaste-like sticky paste, used to temporarily hold the components to be placed in

the next step. The composition of solder paste is mainly powder of metal particles and
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a thick medium suspension called flux. The most common method of depositing solder
paste through stencil apertures is squeegee blade printing. In the process, a squeegee is
used to apply suitable force to push the solder paste across the stencil and onto the

copper pad on an angle range from 45° to 60°.

The fourth step is component pick and placement. The PCBs then proceed to the pick-
and-place machines. Basic placement process includes picking components using
vacuum nozzles, inspection and positioning by camera, and placement with force to
embed component in solder paste. A variety of pick-and-place machines are available
in the market, with different types of feeders and heads, and with different machine

capability.

The next step is the reflow process. After the components are placed, the boards are
conveyed into the reflow soldering oven. The reflow oven can be designed as either
infrared or convection, and it contains multiple zones in which temperature can be

individually controlled. Typical zones for a reflow oven are:

e Pre-heat zone: In this zone the temperature of the PCB together with all the
components is raised simultaneously and gradually until reaches soak
temperature. Temperature ramp-up rate is slow in the zone, usually at 1.0°C —
2.0°C per second. Excessive heating rate would result in component cracking

and solder paste splattering.

e Soak zone: The board is then kept in this zone within soak temperature for 20-
120 seconds to remove solder paste volatiles and activate the flux. By the end

of the zone the entire board should have thermal equilibrium.

e Reflow zone: The temperature ramps up at 1.0°C - 2.0°C per second until

reaches programmed peak temperature. The time above liquidus temperature is
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usually controlled between 30-60 seconds. This process ensures the wetting of
the solder paste and the bonding of components to the copper pads on the PCB.
The components are supposed to be kept in place during the process because of
the surface tension of molten solder, but the movement during the process could

result in poor connection quality or even complete lack of connection.

e Cooling zone: The board is cooled down to solidify the solder in this zone.

Cooling rate has a significant effect on the microstructure of solder joints.

The last step is clean and inspection. After reflow soldering, the boards are cleaned and
then inspected. Some defects could be reworked or repaired at repair station. Common
inspection equipment includes magnifying lens, Automated Optical Inspection (AOI),

X-ray machine, flying probe tester, etc.

The whole SMT assembly process is clearly illustrated in Figure 2-13.

Placement =
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Stencil detection
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Figure 2-13 SMT Assembly Production Line
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2.4  Mechanical Properties of Solder Materials

Mechanical property is defined as a property that involves a relationship between stress
and strain, or a reaction to an applied force. The applied force to an object is also known
as loading. Depending on the loading conditions, a material can be subject to different
loading scenarios. Figure 2-14 illustrates five fundamental loading conditions: tension,
compression, bending, shear, and torsion. The force applied to the object can also be
either constant or fluctuating, namely static loading and cyclic loading. Mechanical
properties of solder materials generally describe the physical properties that solder

materials exhibit upon the application of forces.

Force Force

Force

Force Force

Tension
Compression
Bending
Shear
Torsion

Figure 2-14 Fundamental loading conditions

Since the geometry of material varies, the more common way to describe the loading
applied to it is tress. The term stress is used to express the loading in terms of force
applied to a certain cross section area of the material. In this way stress can also be
defined as a physical quantity that expresses the internal forces that neighboring
particles of a continuous material exert on each other. Equation 2-1 describes the

relation:
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Force F
o= , =_ 2-1
Cross Section Area A

Strain is the response of the material to an applied stress - stress tends to deform the
body. In engineering field, strain is defined as the amount of deformation in the
direction of the applied force divided by the initial length of the material. The relation

is shown in Equation 2-2:

Elongation AL

= Tnitial Length L 2-2

Electronic packages are subject to both thermal and mechanical stress in real service
applications. On one hand, during operation the temperature of the electronic package
would increase, not to mention the influence of ambient environment. On the other hand,
external mechanical loading has a undenied effect on solder joints inside the package.
To make a better pair between solder alloy selection and application environment, it is
essential to investigate the mechanical properties of solder materials by conducting

tensile test, shear test, creep test, and fatigue test.

2.4.1 Tensile Property

Tensile properties indicate the reaction of the material when applying tension force. A
tensile test is a fundamental mechanical test to measure the applied load and the
elongation of the specimen over some distance until breaking. The result of a tensile
test is represented in a load versus elongation curve, which can be converted into a
stress versus strain curve. The stress-strain curve relates the applied stress to the
resulting strain. Each material has its own unique stress-strain curve. Typical stress-

strain curves are shown below in Figure 2-15.
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Figure 2-15 Typical tensile stress-strain curve for ductile material

The stress and strain initially increase with a linear-elastic relationship and no plastic
deformation is induced in this region. When stress is reduced, the testing material will
return to original shape. Hooke’s Law describes the relation of stress and strain in this

region:
oc=E=x¢ 2.3

Where E is called the modulus of elasticity or Young’s modulus. It indicates the stress
is proportional to strain in the region and it’s actually the slope of the line. Young’s
modulus defines the properties of a material to return to its original shape after the
removing of the stress. It is a mechanical property that measures the tensile stiffness of

a solid material.

The yield strength is the stress corresponding to the yield point at which the material
begins to deform plastically. It represents the upper limit of allowable force without
producing permanent deformation. For ductile materials, from point B in Figure 2-15,
the curve deviates form line relationship and permanent deformation occurs in the

specimen, which means the specimen is not able to return to original shape after the
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release of applied loading force. For brittle materials, little or no plastic deformation

occurs and the material fractures near yield point B.

The ultimate strength is the ability of a material to withstand external forces without
breaking. For ductile materials, the ultimate strength (point C) is outside of the elastic
portion and higher than yield strength (point B). For brittle materials, the ultimate

strength is close to the yield strength.

The ductility of a material is a measure of the extent to which a material can deform
before fracture. This property is an aspect of plasticity of material and is temperature
dependent. The ductility of a material increases with the rising of temperature. It is

expressed as percent elongation of the testing specimen, shown in Equation 2-4:

- Fracture Length — Initial Legth  Lf — Ly
- Initial Length L 2-4

Tensile properties of solder materials are normally tested using bulk samples. These
properties should be fully understood for design purpose, although solder joints are

barely exposed to pure tensile loadings in realistic operations.

2.4.2 Shear Property

As mentioned before, electronic packages are subject to temperature change during
operation. The substrate with relatively higher CTE tends to expand more than PCB
components with lower CTE. The mismatch of CTE result in the deformation of solder

joints and thus shear strain, as shown in Figure 2-16.
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Figure 2-16 Shear stress of solder joints induced by temperature change

Shear stress-strain curve is quite similar to that of tensile stress-strain curve (Figure 2-
15). Shear stress increases linearly first until reaching yield point tys. Then strain
hardening stage appears, resulting the continuous increasing of shear stress to
maximum value tues. The shear stress decrease after that until fracture. Here shear stress

T and shear strain Y is defined by equation 2-5 and 2-6:

_F
=7 2-5
_Ax

¥ =- 2-6

where F is the shear force applied, A is the area parallel to the applied force, Ax is the

transverse displacement, and h is the shear height of the specimen.
The linear relation of shear stress and shear strain is shown in equation 2-7:
T=G*Y 2-7

Where G is the shear modulus of testing material, indicated by the slope in the graph.

Shear modulus of a material is given by equation 2-8:

E

¢ =2a+v

41



Where E is Young’s modulus and v is Poisson’s ratio.

2.4.3 Fatigue Property

Fatigue is the weakening of a material caused by cyclic loading. The name ‘Fatigue’
originated from Latin expression which means ‘to tire’. Fatigue is commonly associated
with physical and mental weariness in people, but it has become a widely accepted
terminology in engineering nowadays. The form of fatigue varies in different conditions:
fluctuations of external applied stresses or strains result in mechanical fatigue;
deformation caused by repeated stresses at high temperatures is creep-fatigue; recurring
loads applied to chemical aggressive environment cause corrosion fatigue; temperature

fluctuating together with cyclic loads produce thermomechanical fatigue.

The fatigue life of a solder material can be expressed as the number of cycles required
to initiate a fatigue crack and to propagate the crack sub-critically to some final crack
size. The cyclic loading stress are carefully selected below ultimate tensile stress, or
even yield stress in order to guarantee sufficient fatigue life. Fatigue failure occurs in

the following stages:

e Nucleation of permanent damage caused by substructure and microstructure

change;
e The creation of microscopic cracks;
e The growth and coalescence of microscopic flaws to form dominant cracks;
e Stable propagation of the dominant cracks;
e Complete fracture.

Figure 2-17 demonstrates the deformation and propagation of fatigue cracks in the aged

SAC solder material [42].
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Figure 2-17 Evolution of fatigue cracks shown in SAC solder sample

Mechanical, microstructural and environmental factors are of great significance for the
nucleation of microdefects and the rate of dominant fatigue crack propagation. The
main obstacle of developing life prediction models lies in the different choices for the
definition of crack initiation. Materials scientists are likely to consider the nucleation
of flaws in micrometer scale as the crack inception stage. These cracks are commonly
found along slip bands and grain boundaries. On the other hand, engineers prefer
relating a wide range of crack detection equipment, which has differentiated resolution

limit, with the nucleation of fatigue crack and with the initial crack size.

Despite there exists a fracture mechanics approach to fatigue design, where the testing
specimens are inherently flawed and the useful fatigue life is defined as the number of
cycles to propagate the dominant crack from its initial size to some critical dimension,
classical approaches are more commonly applied. The difference between the two is
that the latter aims to figure out the total fatigue life in terms of the cyclic stress range
or the strain range. In other words, the total fatigue life incorporates the number of stress
or strain cycles to induce fatigue failure in initially uncracked specimens under

controlled stress or strain amplitudes.
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Depending on the fatigue cycles to failure, high-cycle fatigue test and low-cycle fatigue
test are characterized. Under high-cycle, low-amplitude loading is imposed thus mainly
cause elastic deformation. In this case fatigue life has been traditionally expressed in
terms of stress range, as shown in Figure 2-18. Strain hardening materials under
constant loading amplitudes tend to exhibit a plateau in the stress-life plot beyond about
10° fatigue cycles. Indefinitely cycles are expected if stress below plateau level. This
stress level is defined as the fatigue limit or endurance limit. Under low-cycle, the
loadings are generally high enough to exert sufficient plastic deformation prior to crack

initiation. Fatigue life is found to be precisely predicted in terms of strain range.

S

(log scale)

LCF (low cycle fatigue)

l HCF (high cycle fatigue)

Finite life
Fatigue limit
) . Sa=sf
Infinite life
1 10 102 10? 104 10° 10¢ 107 108

Figure 2-18 Typical S-N diagram for strain hardening materials

2.5 Reliability of Solder Materials

Reliability, as defined in Chapter 1, is the probability of proper function over time. The
implicit feature of the definition lies in the underlying assumption that the survival time,
or say life length, is usually dispersed as a probability distribution function. Given a

population of identical specimens, the dispersing in the failure time is distributed as a
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probability function. Denoting life length by T, the distribution function on T is

represented by F(t):
F(t) = Pr{T < t} 2-9

For a given time value t, F(t) is the Cumulative Density Function (CDF) that describes
the failure probability occurs less than time t. In the similar manner, reliability function

R(t) can be expressed as the life length equals or exceeds t:
R(t) =1—-F(t) = Pr{T >t} 2-10

The Probability Density Function (PDF) of failure, f(t), can be derived from CDF, or

vice versa;
d
f(t) = EF(t) 2-11
F(t) = ftf(u) d(u) 2-12
0

Another function derived from the distribution function to describe the instantaneous
conditional probability of failure per given survival time is the hazard function. Hazard
function, A(2), is actually the instantaneous failure rate. In order to avoid the misleading
conception of failure rate in other failure phenomena, the function A(z) is named as the

hazard function. The algebraic form of the hazard function is expressed as:

1 F(t+ At) — F(t) B f()

AWM = limir R(®) T R() 213

Any of the four above mentioned reliability measures can be used as a basis for
distinguishing failure patterns of a device or system, since they are four equivalent
algebraic descriptors of longevity — they are functionally related and comprise alternate

description of the life length dispersion. However, the hazard function is viewed as the
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most informative descriptor of failure behavior. The distribution function selected to
model life length is usually determined in this step. Further classify the hazard function
comes with Increasing Failure Rate (IFR), where the failure rate increases with time
goes on; Decreasing Failure Rate (DFR), where the failure rate is decreasing; and
Constant Failure Rate (CFR), which is an interesting special case where the failure rate
stays stable. Note the concept that a population of devices displays a ‘bathtub-shaped’
hazard over their life length. The ‘bathtub curve’ is shown in Figure 2-19. The curve is
intended to illustrate the general phases of hazard rates through working time. Early in
the life, failure happens at a relatively high rate owing to the population of devices with
material flaws, manufacturing defects, or other physical anomalies. The shape of early
failure is quite similar to that of early infant mortality, which is characterized by DFR.
Random failures, plotted in straight line, exhibits the natural failure characteristic of
devices during working life. The failure rate is recognized as a CFR. The wear-out
failure curve reveals the ‘wear out’ phenomena, where devices tend to fail more easily
toward the end of lives, thus an IFR. Combining these three failure modes comes a
bathtub curve showing three phases: burn-in period, useful life period, and wear out
period. Burn-in failures can be significantly reduced by taking actions such as burn-in
testing, quality control, and acceptance testing. Extending useful life is also possible by
providing redundancy parts and excess strength. Wear-out of devices is prevented by

derating, maintenance, and parts replacement.
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Figure 2-19 Example of a bathtub curve
A number of life distribution models have been developed to characterize the life of
interested devices, including the Exponential distribution, the Weibull distribution, the

Normal distribution, the Lognormal distribution, the Gamma distribution, etc.

With regard to lead-free solder materials, such as doped solder materials, extensive
research has been carried out since the restriction on the use of lead-based solders.
Driven by the necessity to improve the reliability of lead-free electronic products,
intensive efforts have been devoted into improving the mechanical properties of Sn-
based solders. It has been proved that the addition of minor elements, such as Ni, Co,
and Ti, would have positive effect on the mechanical properties of solder material,
including shear strength, tensile strength, impact resistance, and creep resistance. It is
imperative to investigate the reliability of commercial or promising solder alloys for

different applications.

In order to identify the potential failure modes and the withstanding limit of a product
in a short period of time, extreme conditions (temperature, stress, vibration, etc.)
beyond its operation requirements are adopted without the inducing of other unexpected
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outside disruptive factors for the purpose of conducting ALT, that is carefully designed
to figure out the quality or reliability of a product in correlation with preconceived
interested factors. The reliability of solder materials exposed to differentiated

environments is widely researched by conducting the following ALT reliability tests:

e Thermal Cycling Test
e Vibration Test

e Thermal Shock Test
e Drop Test

e Low-Cycling Fatigue Test

The specific description of actual failure characteristics of solder materials is naturally
based on the analysis of collected and observed failure. The reliability of solder
materials can be statistically estimated using either ‘nonparametric’ methods or
‘parametric’ methods. The former statistical methods do not require any assumption
concerning the identity or the form of the life distribution. The computation and
manipulation of the methods are easier. These methods are generally applied where no
potentially confining restrictions on behavior are assumed and the choice of life
distribution model is difficult. However, the estimated reliability contains less
information since no inferences about the identities of the hazard or distribution
functions is provided. Parametric statistical methods, on the contrary, start with the
assumption that the form of life distribution is known. The choice of life distribution
model is based on experience or knowledge about the specimen or product. Once the
assuming of life distribution model, parameters are estimated. For solder materials,

Weibull distribution is widely assumed to characterize fatigue life.
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Named for its developer, Waloodi Weibull, Weibull distribution was first proposed to
describe the specimen strength of tensile test. Subsequent research revealed that the
distribution provides a reasonable model for the life lengths of many devices, especially
electronic products. The most general Weibull distribution is expressed in the three-

parameter form:

_s5\B
PO =1-e (60) 2-14

where ¢ is a minimum-life parameter. Before time J, no failure is supposed to occur.
Since ¢ is simply a coordinate location parameter, the Weibull distribution can be

simplified as the two-parameter form:

F) = 1-e ) 2-15

where the parameter 0 is called scale parameter, which determines the range of
dispersion. Note the value of the distribution at =6 is independent of the other
parameter £, so @ is also named as ‘characteristic life’. The parameter S is the shape
parameter, which determines the relative shape of the distribution. The shape of
Weibull PDF is distinguished differentiable with various shape parameter 5. The value
of shape parameter $ provides informative insight into the behavior of failure process,
as is shown in Figure 2-20. Table 2-3 summarizes the property of failure process with

most commonly used shape parameters.
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Figure 2-20 PDF of Weibull distribution with various shape parameters

Table 2-3 Property of failure process for given shape parameters

Value Property
0<p<1 Decreasing Failure Rate
B=1 Exponential Distribution (Constant Failure Rate)
1<p<2 Increasing Failure Rate - Concave
=2 Rayleigh Distribution (Linear Failure Rate)
B>2 Increasing Failure Rate - Convex
3<=p<=4 Approaches Normal Distribution
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Chapter 3 Literature Review

3.1 Introduction

Reliability has become part of our everyday life in an implicit way — most people
recognize the fact but not always fully perceive the implications of reliability. The
equipment, manufactured products, and fabricated infrastructure that contribute
substantially to improve quality of daily life actually have finite longevity. With respect
to electronic products, reliability is subdivided into wafer level reliability, chip level
reliability, and board level reliability, corresponding to hierarchy of electronic
packaging as mentioned in Section 1.1. Specifically, this dissertation focuses on board
level reliability, which is also known as interconnection reliability. Reliability of
interconnections, or say solder joints, is evaluated by a number of reliability tests, such
as thermal cycling test, drop test, fatigue test, etc., as mentioned in Section 2.5. Failure
mechanism of solder joints differs significantly with a variety of reasons, including
solder material, solder mask, and service environment. During a product life cycle,
solder joints inside the electronic package are exposed to an environment of thermal-
mechanical fatigue (temperature excursions, vibration, drop, shock). A scientific
reliability research of solder joints can be conducted by ALT, which includes standard

sample preparation, designed experimental setup, and flexible control variate method.
3.2  Accelerated Thermal Cycling Test

The majority of fatigue failures of solder joints in surface mount assemblies is due to
the CTE mismatch induced damage. For near-eutectic SAC alloys, the Sn phase grows
rapidly with a dendritic growth morphology during the solidification process,

characterized by copious branching. Under thermal cycling, SAC solder joints are
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subject to cyclic thermomechanical strain. The recrystallization of Sn phase in the
higher deformation regions results in the production of a much small grain size, which
causes grain boundary sliding and diffusion in these recrystallized regions and leads to
extensive grain boundary damage. The damage accumulates to form fatigue crack
initiation and then the crack grows along the recrystallized Sn grain boundaries [43][44].
To date, a number of studies have confirmed the effect of surface finish on the
recrystallization of Sn in SAC alloys. Mattila et al. [45] reported that the incubation
time for recrystallization on OSP surface finish is shorter than that on Ni/Au (ENIG)
surface finish because of the large primary CusSns particles. The addition of Ni to SAC
solder joints, on contrary, has been proved to suppress grain growth after
recrystallization, leading to increased reliability. A significant analysis and discussion
on the recrystallization behavior of SAC solder joints was presented by Sundelin et al.
[46], finding that recrystallization nucleates at the locations where the strain is
concentrated during thermomechanical fatigue, i.e. in the neck region and in the vicinity
of voids. Besides, it’s found that solder joints with hypoeutectic composition tend to

recrystallize more readily than joints with eutectic or hypereutectic composition.

The addition of bismuth to SAC-based pastes has been studied by different research
groups and the results indicates improved fatigue resistance and mitigated aging effect
[47][48][49][50][51]. Liu et al. [47] reported that Bismuth increases tensile strength of
solder alloy, and thus improves endurance of stress and prevents deformation during
thermal cycling. Bismuth concentration effect at the interface of IMC improves
modulus and hardness to ensure better thermal fatigue properties. Solderability was also

found to be improved with the addition of Bismuth by Zhang et al. [48].

Effect of surface finish in thermal cycling was also widely investigated. Akkara et al.

[52] carried out a number of investigations into reliability of doped solder alloys and
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effect of surface finish in thermal cycling, concluding that Bismuth slows down the
adverse effect of aging because Bismuth atoms stay in the Sn solid solution and create
distortion to the crystalline cell structure which stops the movement of dislocations.
ENIG surface finish was found to have the best reliability owing to its double layer

protection, compared with OSP surface finish and ImAg surface finish [53].

3.3 Drop Test

Portable devices such as cell phones are prone to accidental drops during handling due
to the preferred slim design and tiny size. Survey commissioned by T-Mobile indicates
that 29% of cell phone failures were from accidental drop. However, cell phone
manufacturers try to improve this situation by using materials that could absorb more
energy on impact and by taking efforts to have better housing designs, thereby
increasing the device price and making the device heavier, rather than addressing the
main issue to improve the reliability of solder joints. Chung et al. [54] investigated the
reliability of BGA components in drop test and the results show that thinner BGA
components defects more thus has shorter characteristic life, and the failure mode

mostly occurs at the most outer solder joints.

The desired feature of portable devices to provide reliable lead-free solder joints under
both thermal cycling and drop impact loading conditions are facing challenging since
the developed SAC alloys, which provide good thermal cycling reliability, have poor
drop reliabilities. SAC105 solder alloy shows better performance than SAC305 under
drop loading conditions, yet reversed trending is observed for thermal cycling test [55].
To further improve the drop reliability, micro-alloying elements are added into the
solder alloys. Low temperature SAC alloy with Ca or Ce exhibits softer intermetallic

layer (CaSns, CeSns), which are characterized by void formation nucleation in the IMC
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and reduction of strain localization along with CusSns that results in enhanced ductility
of solder alloy [56]. In addition, Sn-Bi solder alloys containing small amounts of
elements such as Zn can significantly enhance the ductile property. Moreover, it was
found that the addition of elements such as 0.5 wt.% Zn (Zinc), 1.0 wt.% Ag (Silver),
or 0.5 wt.% In (Indium) and Nickel (Ni) to Sn-Bi baseline increased the average grain
size of Sn-Bi, resulting in the longer grain boundaries [57][58][59]. Therefore, the
ductility is improved due to the high occurrence of grain boundary sliding phenomenon

of crystals within large grains.

3.4 Fatigue Test

Although the principle aiming of applying solder joints is to provide both electrical
connections and mechanical attachments, it is the latter that generally gives cause for
concern. Fatigue failure is one of the most common failure modes in realistic
manufacturing, test, handling and service conditions. Stronger materials that could
resist more fatigue damage, would result in an unacceptable change in failure mode -
form ductile to brittle, with failures occurring in the component body or in the substrate

rather than in the solder [60].

In order to predict the fatigue life of an electronic component, accelerated isothermal
cycling tests are generally conducted in two manners: stress control mode and strain
control mode. Since reliability of electronic assemblies is commonly limited by the
fatigue failure of one of the solder joints, research on the fatigue life of individual solder
joints has been widely investigated, including different types of solder materials [18],
effect of cycling amplitudes, strain rate, surface finish, and aging [61][21][62]. It is
found that larger stress amplitude leads to more damage per cycle, thus a faster failure

process and decreased fatigue life. Regarding solder materials, it has been revealed that
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solder alloy containing both high Bi and high Ag demonstrated better fatigue life than
alloys containing single high Bi or high Ag. Su et al. [22] studied the effect of surface
finish and pointed out that ENIG surface finish is not as good as OSP and ImAg surface
finishes for the reason that brittle failure is prone to occur. Extensive research focused
on the variations of amplitude during real service life since Miner’s rule overestimates
the fatigue life of lead-free solder materials. Data from several studies have identified
that variations in cycling amplitude would lead to permanent changes in the rigidity of
lead- free solder joints [61][63]. Lower-Ag alloys, which tend to be less fatigue-
resistant, are also less sensitive to variations in amplitude [18]. Besides, strain rate has
been proven to have non-negligible effects on the solder joint fatigue life in both single
and varying amplitude cycling [64]. It is now well established from a variety of studies
that cycling with a high strain rate at the mild amplitude and a low strain rate at the
harsh amplitude leads to the most damage acceleration and thus the fastest failure [65].
In addition, many recent studies have shown that aging plays a crucial role in the fatigue
behavior of solder joints. A significant reduction in the fatigue life and shear strength

of solder joints are observed with increased aging time or aging temperature [66].

In strain-controlled test, which is also known as displacement-controlled test or low
cycle fatigue test, the fatigue behavior generally follows the Coffin-Manson equation.
Kanchanomai et al. [27] studied the effect of strain rate (frequency) and the failure
modes under several strain rates. The result indicates that multiple surface cracks
predominantly initiated in an intergranular manner along the boundary steps of Sn-
dendrite for low strain rate tests, while along the boundaries of sub-grains in Sn-
dendrites for high strain rate tests. These multiple cracks would link-up to form
macroscopic cracks and propagate to grow up after a certain fatigue cycles. Another

study conducted by Kanchanomai et al. [24] considered the effect of temperature in
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isothermal tests. Increased plastic strain range and decreased stress range was found
with the increasing of temperature. The main deformation mechanism is pipe-diffusion-
controlled dislocation climb at elevated temperature. Lee et al. [67] studied the effect
of SAC solder joint geometry, finding that hourglass-type solder joints exhibited better
fatigue performance than barrel-type joints. Different failure modes were identified
when testing the two different geometries. Lee et al. [68] also reported that the addition
content of Sb improves the fatigue performance. Sn-Ag-Sb solder with 10.05 wt.% Sb
content appears the greatest fatigue life. The plastic strain decreases as Sbh content
increases. Fu et al. [73] investigated the effect of long-term isothermal aging, reporting
that the effect of aging was much more significant within the first few days after
correlating with the microstructural changes. It is found that aging causes weakening
of dendrite structure and coarsening of IMC layers. Moreover, Park and Lee [74]
estimated the fatigue life of BGA solder joints under mixed loading conditions. The
result shows that stress-strain responses vary with different loading angles. SAC307

has a longer fatigue life than SnPb at room temperature.

3.5  Solder Doping and IMC Layer

The reliability of solder joints is highly dependent on the formation and growth of IMC
layer at the interface. Mainstream lead-free solders, such as Sn-Ag, SAC, Sn-Cu, and
Sn-Zn, contain a high amount of Sn, which leads to brittle fracture because of more
rapid formation and growth of IMCs [75]. The interfacial reaction of SAC solder and
Cu substrate actually includes the formation of IMCs during soldering and the growth
of IMCs in the later conditions such as thermal aging. During the aging process, the
morphology of the CusSns phase changes from scalloped to planar. Extended aging time

result in the formation of a thin CusSn layer between the CusSns layer and the Cu
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substrate. The growth of CusSn layer continues by consuming the CusSns layer due to
the thermodynamic instability of the CusSns layer (9Cu + CusSns — 5CusSn) [76]. The
schematic diagram of IMC growth is shown in Figure 3-1. Excessive growth of CusSns
IMCs reduces the thermal fatigue life, tensile strength, fracture toughness and
isothermal shear fatigue life of the solder joint [77]. The CusSn layer further results in
the formation of microvoids [78]. Micro-alloying elements that have beneficial effects
on the metallurgy of materials have been widely researched to improve the wettability

of solders and refine the microstructure [79][80].

Path 1

—

Figure 3-1 Schematic diagram of Cu atom diffusion during solid state aging

Cerium (Ce)

Zhang et al. [81]investigated the effect of Ce on the IMC growth behavior of Sn-3.8Ag-
0.7Cu solder. The addition of 0.03 wt.% Ce inhibited the growth of the interfacial IMC.

The inhibitory effect of CuSns was even more pronounced from the study. Tu et al. [69]

also reported the reduced growth rate of interfacial IMC by adding Ce into SAC305
solder. However, there is a lack of evidence that the addition of Ce inhibited the growth

of CuesSns in a short time soldering.

Praseodymium (Pr)
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An appropriate content of Pr in solders can improve the combined solder properties
such as solderability, refine the microstructure, and inhibit the IMC growth rate
[83][84][85]. The refined microstructure enhances the mechanical properties of solder
joints [86]. Gao et al. [87] reported that 0.05 wt.% content of Pr leaded a 31% reduction
of IMC thickness for Sn-3.8Ag-0.7Cu solder. Figure 3-2 depicts the effect of Pr on the
microstructure of IMC interface. Pr reacts with Sn to form a Sn-Pr phase, which reduces
the activity of the Sn atom. The stabilized PrSns IMC particles also act as heterogeneous
nucleation sites and accelerates the solidification of the solder [88]. However, excessive
content of Pr causes the aggregation of small Pr-containing particles to form large PrSns

IMCs.

The addition of Pr also results in the growth of Sn whiskers during aging due to the
reaction of Pr IMC and oxygen: 4PrSns + 302 — 2Pr203 + 12Sn. The conductive Sn

whiskers could cause electronic short circuits and mechanical damage.

Element Wt % At %
SnL 7327 1510
AgL 2673 2490

Figure 3-2 Microstructure of the joint interface, (a) SAC/Cu, (b) SACO.05Pr/Cu, and (c) SACO.5Pr/Cu
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Nickel (Ni)

Two kinds of IMC layers were formed at Sn3.8Ag0.7Cu-xNi/copper after isothermal
aging - one (Cu, Ni)sSns layer adjacent to the SAC solder and one CusSn layer near the
Cu substrate [90]. The radius of the Cu atom (0.128 nm) is quite close to that of the Ni
atom (0.125 nm), and both of them are face-centered cubic structures. Ni atoms are able
to occupy the Cu atoms in the CusSns IMC lattice to form (Cu, Ni)sSns phase. The
thermodynamic affinity of Ni-Sn is higher than that of Cu-Sn, resulting in the better
stability of (Cu, Ni)sSns phase than CusSns [91]. Besides, lower Gibbs free energy of
ternary IMC than binary IMC leads to retarded growth of CusSn layer [92]. The addition
of Ni also refines the grain size of IMC layer. Cheng et al. [93] found that 0.05 wt.%
Ni addition remarkably enhances the growth rate of CusSns phase and inhibits the
growth rate of CusSn phase for Sn-1.2Ag-0.5Cu-0.05Ni solder material. The nucleating
rate of CusSns phase is increased, together with the formation of a significant number
of small CusSns phases near the interface. The accelerated reaction speed between Cu
and Sn and the accelerated growth rate of CusSns phase during aging are found owing

to the high grain boundary as well as the triple junction density of CusSns layer.

Tay et al. [94] revealed that Ni nanoparticles and Ni alloy addition function similarly
on IMC growth, as is shown in Figure 3-3. Ni nanoparticles also affect the growth rate

of IMC layer during reflow and aging.
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(a) SAC, 0 h (d) SAC+0.27 n-Ni, 0 h

(Cu,Ni)6Sn5

(b) SAC, 504 h

() SAC+0.27 n-Ni, 504 h

(CU,Ni)(,Sﬂ5

CuzSn

(¢) SAC, 1008 h (f) SAC+0.27 n-Ni, 1008 h

(Cu,Ni)6Sn5

Cu(,Sns
CusSn
CusSn

Figure 3-3 SEM backscattered electron micrograph of the solder joint interface with and without
NI nanoparticles

Zinc (Zn)

Many researchers have investigated the effect of Zn addition since Zn can refine the
microstructure, reduce the melting temperature, and enhance the creep lifetime [95][96].
Cho et al. [97] suggested 0.4 wt.% of Zn addition into solder materials to inhibit the
growth of CusSn phase. The addition of Zn suppressed the IMC layer and accumulated
at the junction of Cu and CusSn to form a Cu-xZn compound. Cu atoms in the Cu-xZn
alloy exhibit less activity thus lower diffusion rate of Cu atoms and lower growth rate
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of CusSn. Mayppan at al. [98] investigated the interface of SAC solder alloys after
sintering at 150 °C for 2 hours. CusSns, CusSn, -Sn, Cu-Zn, and AgsSn phases were
found in XRD observation. The total IMC growth rate of SAC, SAC-0.1Zn, SAC-0.4Zn,
SAC-0.7Zn was 6.25x1074, 4.41x10%4, 4.00x10** 5.76x10* cm?/s, respectively,

indicating the optimal Zn content of 0.4 wt.%.

With more content of Zn (1.5 wt.%), CusZns IMC nucleates at the interface and then
flake off to form a barrier layer which hinders the diffusion of Cu and Sn [99][100][101].
El-Daly et al. [102] reported that the small (Cu, Ag)sZns IMCs formed in low silver Sn-
2.0Ag-0.7Cu solder alloys inhibits the growth rate of CusSns and AgsSn IMCs because
they have a dispersion strengthening effect. With higher Zn content (3.0 wt.%), less

AgsSn particles are formed, causing slight strength deterioration of solder alloys.
Antimony (Sb)

The addition of Sb to SAC solder alloys can also suppress the IMC growth rate and
provide finer grain size. Tang et al. [103] identified the diffusivity of Cu atomic to be
the lowest with around 1.0 wt.% Sbh concentration in SAC305-xSh solder joints. With
the addition of Sh, the average grain size of the scallop-like CusSns was reduced from
14.2 ym to 11.9 um. The result is in line with the findings of Chen et al. [104], who
observed more uniformly distributed IMC crystal grains after adding Sh. The reason
lies in the fact that Sb is more affinitive to Sn, which results in the formation of Sn-Sh
compounds and the decreased growth rate of Cu-Sn IMC. Besides, the Sn-Sb IMC
particles provide heterogeneous nucleation sites for CusSns, thus finer and more

uniform crystal grains.
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Figure 3-4 SEM micrographs of top view of IMC layer of Sn-3.5Ag-0.7Cu-xSb solder joints

reflowed for 48s (a, b, ¢, d) and 7200s (e, . g, h): (a, e) x=0. (b, ) x=0.5, (c, g) x=1.0, and (d, h) x=2.0
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Bismuth (Bi)

It is reported that 3 wt.% Bi addition to SAC solder alloys significantly increase the
creep resistance by 126.1 times and the creep life by 23.7 times [105]. The addition of
Bi also retards the propagation of IMCs and reduces the density of cavities during aging,
as is shown in Figure 3.4 [106]. Solid solution of Bi causes lattice distortion in the Sn-
rich phase, affecting the self-diffusion of the atoms and migration of interstitial
impurities [107]. Little effect of Bi addition on CusSn layer was observed, while an

apparent inhabitation effect on the growth rate of CusSns has been reported by Qi et al.

[108].

Figure 3-5 Microstructure evolution of SAC/Cu (a, c) and SAC-3Bi/Cu (b, d) solder joints: (a, b) as
soldered; (c, d) aged for 1000 h

Lietal. [109] studied the growth rate of IMCs in SAC305 solders with different amount

of Bi addition (1.0 - 5.0 wt.%), finding the slowest IMC growth rate in SAC305-1.0Bi.

AgsSn, CusSns and Bi-rich particles on the CusSns grain boundary retarded the

63



diffusion of Cu and Sn atoms passing through the layer [110]. The phenomena are also

called grain boundary pinning mechanism.

3.6 Fatigue Life Prediction Model

ASTM International defines solder joint failure as “the process of progressive localized
permanent structural change occurring in a solder joint subjected to conditions which
produce fluctuating stresses and strains at some points which may culminate in cracks
or complete fracture” [111]. With the understanding of basic failure mechanism and
proper assumptions, many researchers have proposed models to predict the fatigue life
of solder joints since the early 1960s. These models are categorized into four groups
based on the factor hypothesized to contribute more to fatigue damage, which are
damage accumulation-based models, plastic strain-based models, creep damage-based

models, and energy-based models.

3.6.1 Damage Accumulation-Based Fatigue Models

As mentioned in Section 2.4, applied stress or load below the material fatigue limit
causes plastic deformation and infinite fatigue life. With increased stress or load,
damage occurs and accumulates in the material until fatigue failure. Depending on
whether the damage per cycle is dependent of load, damaged accumulation-based
models are classified as linear damage cumulative theory and nonlinear damage
cumulative theory. The former one is usually applied assuming the damage caused by
a stress cycle is independent of load sequence and the ratio of damage accumulation is
independent of stress level. Main benefits of using linear damage models are its

simplicity and approximately accuracy [112].
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Among many of the linear damage models, the Miner’s rule has been the most popular
one to predict the fatigue life of solder joints under cyclic loading test with varying

stress amplitudes [113]

3-1

k
n;
— =1
D7

=1

where n; is the number of cycles accumulated at a given stress amplitude and N; is the
number of cycles to failure at the same stress amplitude. The sum of the fractional

damage from 1 to k stress amplitudes equals 1.

However, the Miner’s linear damage rule is inevitable to miscalculate fatigue life of
solder alloys due to the assumption that the cumulative damage per cycle is independent
of load. Hamasha et al. [114][115] have proved that solder materials are stress
dependent, which means the accumulated damage after a specified fraction of fatigue
life varies for different stress amplitudes. Besides, previous applied stress could change
the way of damage accumulation such as the formation of microcracks. Zhang et al.
[116] carried out a multitude of investigations into damage accumulation and life
prediction with load below fatigue limit. According to their result, low stress amplitude
below the fatigue limit still contributes to damage accumulation depending on the
existing damage. The more initial damage, the more effect. A Cauchy MF based
damage model was proposed to provide the most satisfying prediction, which follows
nonlinear damage rules to correlate the damage accumulation with loading parameters.
Corten and Dolan [117] suggested a modified nonlinear accumulation damage model
to account for the effect of load interaction during fatigue cycling. In the model, damage

can propagate at both high stress amplitudes and low stress amplitudes
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where N; is the fatigue life at the highest stress amplitude o,, n; is the number of cycles

at stress amplitude o;, and d is the material constant.

Further research revealed a higher exponent d at a higher stress amplitude, which is
supposed to be constant all the time. This indicates modification of d in Corten-Dolan’s
model. Zhu et al. [118] proposed a dynamic Corten-Dolan’s equation, where exponent

d is expressed as a function of stress amplitude

O'ilgjlr'_/l

d(o;) = 3-3

l

where A is a load interaction factor, p is material constant, ¢ is initial static strength,

o; is the ith level stress amplitude. The fatigue life of Corten-Dolan’s model can be

given as
N Ny
g K . (ﬁ)d(ai) 3'4
i=1 a; o,

where N, is the number of cycles to failure and N, is the number of cycles to failure at

0.

Combining Miner’s rule with Corten-Dolan’s model, Hamasha et al. [115] proposed a

modified model to predict fatigue life of two alternating amplitudes

S
~Mmi . N
D= +——=1 3-5

where n,,; is the number of cycles at low amplitude, N,, is the life at low amplitude,
ny; IS the number of cycles at high amplitude, Ny, is the life at high amplitude. The

amplitude factor f(i) is the hysteresis energy in the low amplitude cycles after
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exposure to i sets of n;; high amplitude cycles divided by the hysteresis energy in the

low amplitude cycles before exposing to high amplitude cycles.
3.6.2 Plastic Strain-Based Fatigue Models

Electronic assemblies are exposed to cyclic temperature changes in real service life.
CTE mismatch between electronic components and substrate materials results in the
plastic deformation of interconnected solder joints. Low-cycle fatigue failure caused by
plastic deformation is one of the dominant factors that affect the reliability of electronic
assemblies. Many models have been proposed to predict the fatigue life as a function

of plastic strain, in which Coffin-Manson model [119] is most widely used:
N/™Ae, = C 3-6

where Ny represents the fatigue life, Ae, is the plastic strain range, m is the fatigue

exponent, and C is the ductility coefficient.

Solomon et al. [120] proposed a similar fatigue prediction model which relates the
plastic shear strain to the fatigue life for SnPb solder joints at four temperature levels
ranging from -50°C to 125°C, finding no obvious difference observed between fatigue

behavior at testing temperatures:
Ay,N¢ =6 3-7

where Ay, is the plastic shear strain range, a and 6 are constants independent of testing

temperature.

Further studies investigated the effect of cycling frequency. Shi et al. [121] have proved
the variance of fatigue life with differentiated frequency — the fatigue life decreases
with the decreasing of frequency at a low rate above 10 Hz, drastically decreasing
ratio of fatigue life appears with higher frequency such as from 10 to 10* Hz. To
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include the frequency factor in the Coffin-Manson model, the frequency-modified
Coffin-Manson model was proposed to predict the fatigue life of solder alloys with

specified cycling frequency:
[NvE~D]mAe, = € 3-8
where v is the frequency, and Kk is the frequency exponent.

Engelmaier et al. [122] incorporated parameters such as cyclic frequency, solder, and

substrate temperature into the Coffin-Manson model, known as the Engelmaier model:

1
1 (Ay)E
N. == [ —— 3-9
f ;
2 ZSf
where Ny is the mean cycle to failure, Ay is the cyclic shear strain range, & is the

fatigue ductility coefficient, and c is the fatigue ductility exponent, which can be

calculated by solder material, cycling frequency, and mean temperature.

Norris and Landzberg [123] proposed another fatigue life prediction model based on
Coffin-Manson model, which includes three factors: the maximum temperature T4,
the frequency of temperature cycle f, and the thermal excursion range AT. The ratio of

fatigue life in field Ny;.;q and test Ny, is defined as acceleration factor:

N..
AF = -Led 3-10
Ntest
ATpesr \* frieta b [(Ba/l) (7 field ) ~(r——test ))]
AF = X [=——] e Tmax” Tmax’ 3-11
ATfie1a ftest

where Ea is the activation energy, k is Boltzmann’s constant, a and b are exponent

parameters of different solder alloys.
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3.6.3 Creep Damage-Based Fatigue Models

The constant load below yield strength applied to a material would induce the
occurrence of time-dependent deformation, which causes material deformation over
time to reduce load applied. The creep behavior of solder joints is normal when exposed
to a constant elevated temperature — the closer to the melting point of solder alloy, the
heavier the creep. It has been found that fatigue endurance is significantly reduced when

considering both fatigue effects and creep effects.
Syed et al. [124] proposed a new life prediction model by combining Monkman-Grant
equation [125] with Miner’s rule [126]:

-1

E
N = (=) 3-12
C
per cycle

where E.,. is the accumulated creep strain for the whole cycle, and C is the creep
ductility for the creep mechanism. If there are two creep mechanisms, accordingly the

equation becomes:

N (E1 + EZ)_I 3-13
' = | — i -
G G per cycle

Based on Eq. (3.13), fatigue life can also be predicted based on both creep strain and

creep energy density [127] . Creep strain-based model is:
Nf = (Clgcllcc + Cllgclllcc -1 3-14

where N is the number of cycles to failure. C; and Cy; are constants related to creep

mechanisms. .. and &lL.. are accumulated creep strain per cycle.

Assuming damage accumulated in the solder joints is mainly from the steady-state

creep strain accumulation, the energy density model is proposed:
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Nf = (VVIWcIlcc + VVIIW(iIcc)_1 3-15

where W; and Wj; represent constants related to dissipated creep energy density. wl.,

and w/L. are accumulated creep energy density per cycle for each creep mechanism.

Manson et al. [128] provided a creep-based fatigue prediction method — where any one
cycle of a completely reversed inelastic strain is partitioned into three out of four strain

range components: Ae,,, - completely reversed plasticity, Ae,. - tensile plasticity
reversed by compressive creep or A€, — tensile creep reversed by compressive

plasticity, and Ae.. — completely reversed creep. The first subscript letter refers to the
type of strain imposed in the tensile portion of the cycle, and the second subscript letter

refers to the type of strain imposed during the compressive portion of the cycle.

Yoshiharu et al. [129] proposed a partitioning equation based on Manson’s method,
where Ag,, is time-independent plasticity reversed by time-independent plasticity,
Ag, is time-independent plasticity reversed by creep, Ae, is creep reversed by time-

independent plasticity, and A, is creep reversed by creep:
—my;
Agij = AU X NU J 3-16
where subscript i and j corresponds to p and c, respectively. N;; is the cyclic life

corresponding to partitioned strain range Ag;; and m is the slope of Coffin-Manson

plot. By utilizing Miner’s rule, the creep-fatigue life is given by:

3-17
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3.6.4 Energy-Based Fatigue Models

During cyclic stress-strain test, damage is accumulated in the solder joint until to some
point large enough to cause a fracture or crack. The damage can be indicated using
hysteresis energy assuming that energy is absorbed cycle by cycle from the plastic
deformation. The idea of developing energy-based model comes from the fact that
energy reflects the change of both stress and strain, thus a better parameter to be

correlated with fatigue life than creep or plastic strain [130].

One of the earliest fatigue life prediction models was proposed by Stowell et al. [131],

relying on the assumption that the energy to the fracture of a specific material (W;) is a

known value, which can be calculated by summing up the energy losses of each cycle
(W,,,) from the static stress-strain hysteresis loop. The model is given by:
Kujawski et al. [132] proposed a model to predict the fatigue life in both low and cycle
fatigue, assuming the strain energy density as a constant damage parameter:

AW, = Wy 2N + AW,pg 3-19

where AW, is the total cyclic energy that can also be expressed by AW, = (1/2)AW +
(1/2)AcAc —the combination of the enclosed cyclic plastic strain energy and the linear
elastic energy. AW, is the elastic strain energy density. Wy and d can be acquired by

fitting the equation.

Oldham et al. [133] proposed a similar creep-fatigue life prediction method by
assuming an “intrinsic material property” Ein:rinsic, the average of the hysteresis

energy density. Total number of cycles to failure N, can be expressed by:
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Nf — Eintrinsic 3-20
w

where w is the energy density dissipated in one cycle.

The most widely used model to predict the fatigue life of solder joints is Morrow’s

energy model [134]:
NW, = C 3-21

where m is the fatigue exponent and C is material ductility coefficient. W, represents

the plastic strain energy density of steady state.

Solomon et al. [135] introduced a frequency modified energy model based on Morrow’s

energy model:

W,
[Nppk-Dm v—fj =C 3-22

where v is frequency, and k is frequency exponent determined from the relationship

between fatigue life and frequency. n is another frequency exponent determined from

the relationship between strain energy density and frequency.

Shi et al. [136] further proposed a modified Morrow energy model that includes both
the effect of frequency and temperature. A temperature-dependent material parameter
should be introduced since material ductility coefficient C is more dependent on
temperature. It was found the increasing of temperature would result in the decrease of
C without the temperature-dependent parameter. To maintain the constancy of C, the
material parameter should decrease with the increasing of temperature. Interestingly,

flow stress of the material o5, was found to decrease with the increasing of

temperature. The modified model is thus given as:
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W,
[Npk-Dm 2 = ¢ 3-23
2O-flow
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Chapter 4 Experimental Methodology

4.1 Introduction

The reliability of electronic assemblies is found to be limited by the fatigue life of solder
joints. Commonly, fatigue properties of solder materials are investigated using large
bulk samples without considering the effects of IMC layer and surface finish. To better
quantify the fatigue behavior of solder alloys in real service life, various methods,
customized test vehicles, and special experimental setups were designated to a set of
proposed test plans. This chapter mainly includes four topics: test vehicle preparation,

experimental setup, test plan, and failure analysis.

The first topic demonstrates the test vehicle design and assembly. Two different types
of customized test vehicles were manufactured to accomplish the designated goals in
the test plan. One of the types was individual solder joints with specific surface finish.
The other type was customized sandwich test vehicle with 3x3 solder joints connected

between the two substrates. A brief sample assembly process is also introduced.

The second topic tells the experimental setup used in all the tests, including testing
profiles, equipment, and customized fixtures. Differentiated testing profiles and fixtures
were designed to satisfy the requirements of each testing method. Each experimental

setup is introduced in detail in Section 4.3.

The third topic identifies the test plans for each of the four studies. A test matrix,
including testing solder material, surface finish, testing environment, and replicates, is

developed in each study to characterize the fatigue behavior of our test vehicles.
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The last topic introduces sample preparation procedures prior to microscopic
examination. Further inspection was completed by SEM and EDS to figure out the

microstructure and failure modes in each condition.

4.2  Test Vehicle Preparation

4.2.1 Individual Test Vehicle

Test Board Design

The test board consists of FR-4 glass epoxy substrates and full arrays of individual
solder joints. One test board can be split into 12x10 smaller package pieces via the
designed v-scoring divisions. Each smaller package piece (test vehicle) is full array of
0.6-mm Solder Mask Defined (SMD) solder joints with size 10mm x10mm. The pitch
size of solder joints is 3mm and the opening of SMD pad is 22 mils. There are nine
solder joints arrayed on each test vehicle. The same surface finish is applied on each

test board — either OSP surface finish or ENIG surface finish.
Solder Materials Selection

Four commercially available lead-free solder alloys were provided by NXP
semiconductors. Table 4.1 summaries all the test solder materials as well as surface
finish applied. Micro-alloying elements mainly include Bi and Sb. The schematic of the

individual test vehicle and the cross-section view are shown in Figure 4-1.
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Figure 4-1 Schematic of the test vehicle and the cross-section view

Table 4-1 Solder material selection for study 1

100um

Solder Materials Compositions Solidus Line | Liquidus Line
Sn-Ag Sn-3.5Ag 221 223
SAC-Bi Sn-3.0Ag-0.8Cu-3.0Bi 205 215
Sn58Bi Sn-58Bi-0.5Sh-0.15Ni 139 145
Sn42Bi Sn-42Bi-0.5Sh 138 151

Test Vehicle Assembly

The assembly process was completed in the Electronic Packaging Lab, including the

following steps:

1) Alignment of #1 stencil on the top of solder mask, leaving copper pads exposed

through apertures of #1 stencil, as shown in Figure 4-2(a).

2) Tacky flux was printed on the copper pad using the squeegee with desired

squeegee angle, print speed, etc.

3) # 2 stencil was aligned on top of the PCB with wider apertures, as is shown in

Figure 4-2(b).

4) Solder spheres were brushed to fill into the apertures of #2 stencil. Each solder

sphere would occupy only one aperture. Figure 4-2(c) demonstrates the
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schematic after this step. The above processes were completed with DEK

Galaxy stencil printing machine, as is shown in Figure 4-3.

5) After inspection, test boards were arranged to reflow in the Vitronics Soltec
Refow Oven within a nitrogen environment. Figure 4-4 shows the reflow oven.
Two reflow profiles were employed. For SAC-based solders, the reflow profile
includes a preheat stage and a peak temperature of 245°C with 45-60s above
liquidus, as shown in Figure 4-5; for LTS, a similar reflow profile was utilized

but with peak temperature of 170°C.

Squeegee

/Flux

#1 Stencil

(a) Alignment of #1 stencil

#2 Stencil

(b) Alignment of #2 stencil

Solder sphere

#2 Stencil \

(c) Assemble solder spheres

Figure 4-2 Assembly process of individual solder joints
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Figure 4-4 Vitronics Soltec Reflow Oven
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Figure 4-5 Reflow profile of individual solder test board

4.2.2 Sandwich Test Vehicle

Test Board Design

To better represent realistic chips, customized sandwich BGA test vehicles were
manufactured, as is shown in Figure 4-6. The test vehicle consists of two FR4 glass-
epoxy PCBs and nine interconnected solder spheres. This design is quite similar with
the former one: the dimension of the test vehicle is 10mm x 10mm x 1mm, with a 3-
mm pitch size. The diameter of the nine solder balls connected between the two
substrates is 0.762 mm. The gauge distance between the two substrates is measured
around 0.50 mm. Compositions of solder alloys and surface finishes investigated for
sandwich test vehicles are listed in Table 4-2. The PCB surface finishes studied in this
test were OSP and ENIG, both reflowed on the 0.559 mm solder mask defined (SMD)

Cu pads.
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Figure 4-6 Sandwich Test Vehicle

Table 4-2 Solder Joints Composition

Solder Alloy Compositions Surface Finish
SAC305 Sn-3Ag-0.5Cu OSP, ENIG
SnPb Sn-37Pb OSP, ENIG
SAC-Q Sn-3.41Ag-0.52Cu-3.3Bi OSP, ENIG
SAC-R Sn-0.92Cu-2.46Bi OSP, ENIG
SAC-] Sn-3.5Ag-0.7Cu-3Bi- OSP, ENIG

1.5Sb-0.125Ni

Test Vehicle Assembly

The assembly process was also accomplished in the Electronic Packaging Lab, as is

shown in Figure 4-7, which includes the following steps:

1) A stencil made of stainless steel was aligned on the top of solder mask, leaving

copper pads exposed through apertures of the stencil.

2) Tacky flux was printed on the copper pad using the squeegee with desired

squeegee angle, print speed, etc.
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3) Solder spheres were brushed to fill into the apertures of another stencil. Each
solder sphere would occupy only one aperture. The flux would temporarily

retain the solder spheres in the following steps.

4) Some smaller package pieces were split via the v-scoring divisions. These
pieces were then precisely arranged on the other complete PCB boards using

the pick-and-place machine, as is shown in Figure 4-8.

5) After inspection, test boards were sent to reflow in the Vitronics Soltec Reflow
Oven within nitrogen environment. Different reflow profiles were employed for
selected solder alloys. A 242 °C peak temperature profile was utilized for lead-
free sandwich test vehicles, as is shown in Figure 4-9. For Sn-Pb specimens, the
BGA soler joints were reflow soldered using a 215°C peak temperature profile,

indicated in Figure 4-10.
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Figure 4-7 Assembly line in the Electronic Packaging Lab
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Figure 4-10 Typical reflow profile for assembling SnPb BGA solder joints
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4.3  Experimental Setup

All the tests in this dissertation were conducted using the multifunctional Insrtron 5948
Micromechanical Tester. The 5948 model MicroTester can perform tension, compression,
shear, and low-cycle fatigue tests with a load force range of less than 2mN up to 2kN, which
is preferred to test small assemblies or miniature specimens by combining an ultra-high
precision drive system with high-accuracy load measurement. The desired function of
exhibiting micro-position displacement control is obtained using preloaded ball-screw
drive system that is equipped with both a rotary encoder and a 10nm resolution encoder.
The reading of load and displacement was reset as zero before starting any experimental
test. The calibration of load cell, displacement control, and moving speed is required to
ensure the accuracy of the testing results. The technical from Instron calibrated these
parameters previously. The accurate reading of the load cell was verified by applying

various constant load (weight).

4.3.1 Study |

In the first study, high-accuracy Instron 5948 micromechanical testing equipment was
employed to measure the shear strength of four types of solder alloys. Shear strength
analysis was performed to quantitatively assess the durability of the interconnects
between the pads on the substrate and the solder joints. The applied force was divided
by the pad-opening area to compute the shear stress, since the solder balls were
assembled on the SMD pads. The displacement of a shear probe after contacting the
solder ball was divided by the center of force to pad (approximated as 0.8 times solder
radius) to measure the shear strain. The maximum shear stress during the shear test was
considered as the shear strength. The integrity of a solder joint cannot be assessed just

by its shear strength. In order to examine the solder joint quality, both shear strength
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and displacement data should be used [70]. Figure 4-11 displays the Instron testing
system with specific fixtures. The vertical displacement was measured using a ball
screw drive mechanism with pre-load and 20-nm extension resolution. The actuator
was attached with a 50-N load cell to detect the shear stress applied to the solder sphere.
The load measurement accuracy was confirmed within £ 0.5% of reading down to 0.1
N. The shear procedure was performed according to JEDEC standard JESD22-B117.
Figure 4-12 demonstrates a shear test schematic diagram. The test vehicle was glued to
the sample holder with a superglue that provided a shear strength of 0.1N/mm?. The tip
of the shear probe was machined as a hollow cylinder made of stainless steel. The inner
diameter of the hollow was 0.75mm and the outer diameter was 1.5mm, as shown in
Figure 4-11. The shear probe was moved from the top side to the bottom side until the
solder joint and copper pad were completely sheared off. Because both shear speed and
shear height have a considerable influence on the shear strength of solder joints, all
shear tests utilizing the X-Y positioning stage used a constant shear height of 0.05 mm.
For the shear fatigue test, the same test vehicles, testing equipment, and experimental
setup as in the preceding shear strength test were used. Rather than shearing off the
solder joints in one direction, the shear probe moves downwards at a strain rate of 0.5
st until it reaches the predetermined stress extreme, and then reverses the movement

for the cyclic shear fatigue test.
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Figure 4-12 Schematic of shear fatigue test with individual solder joint

4.3.2 Study Il

An Instron 5948 micromechanical tester, depicted in Figure 4-13, was used to perform
the isothermal accelerated shear fatigue experiments. It was equipped with a ball screw-
driven rail table with a servo motor to provide an axial displacement resolution of 20nm.
Figure 4-14 shows a schematic of the setup. An epoxy adhesive (cyanoacrylate) was
used to bond the BGA test vehicle between the two fixtures. The thickness of the glue
was precisely controlled using the x-y stage. The load cell with a capacity of 2 kN was

mounted with a fixed fixture to detect the applied force. The top fixture mounted with
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the actuator created an axial movement. A base beam detects and sends the actuator
displacement to the Instron feedback system. In the stress-controlled test, the moving
direction of the actuator was altered once the maximum stress was detected by the load
cell. This caused an overshooting of the maximum stress value, which was highly
dependent on the moving speed of the actuator. To minimize the overshooting effect
while accelerating the fatigue test, the strain rate was kept at 0.05 s™%. The instantaneous
load-displacement data were recorded based on programmed data acquisition. Both the
stress-controlled and strain-controlled profiles were used in this study. In the stress-
controlled method, the actuator changes its direction once the load cell detects the
desired force, in the strain-controlled method, the actuator moves within a fixed
displacement range. The applied stress was obtained by dividing the applied force by
the total pad-opening area of the nine solder joints, while the strain was computed by

dividing the displacement by the gauge length between the two substrates (0.50 mm).

Actuator
Fixture

BGA Specimen
Fixture

Load Cell

X-Y Stage

Figure 4-13 Fatigue test with sandwich test vehicle at room temperature
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Figure 4-14 Schematic of shear fatigue test with sandwich test vehicle

4.3.3 Study I

The Instron 5948 micromechanical tester was used to perform the isothermal
accelerated shear fatigue experiments. The experimental setup is the same as that
discussed in study II. Both stress-controlled profiles and strain-controlled profiles were
utilized for different third generation solder alloys (SAC305, SAC-R, SAC-Q, and

SAC-I).

4.3.4 Study IV

The Instron 5948 Micromechanical testing system was utilized in this study. Fixtures,
together with the chamber, Nitrogen cylinder, and the chilling system, were assembled
to enable the isothermal tests at various testing temperatures ranging from 248K to
348K, as shown in Figure 4-15 and Figure 4-16. The top fixture, which is assembled to
the actuator of the Instron Micro Tester, has the capability of controlling vertical
displacement of the nanometer level. The sandwich test vehicle was precisely mounted
between the two fixtures using an epoxy adhesive (cyanoacrylate), and the thickness of
the epoxy adhesive was adjusted by the x-y positioning stage. The instantaneous change

of load applied to the test vehicle was detected by assembling the bottom fixture to the
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load cell with the capacity of 2kN. To enable various testing temperature, an EC1637
Micro Fatigue Chamber was framed on the Instron machine. The built-in heater served
as the hot source and the nitrogen cylinder provided liquid nitrogen. The hot or cold air
flow was then blow into the chamber through the isolation hose connection to control
the temperature. The testing temperature inside the chamber was monitored by the type
J-K-T thermometer and the AH1637 Air Handler System. The variation of testing
temperature was confirmed to be within + 1°C. In order to prevent the overheating of
fixtures at elevated temperature, a chilling system was employed to pump cool
circulated water through the fixtures, as is shown in Figure 4-15. The cooling effect of
the chilling system was verified by the thermal simulation, and this assured the

effectiveness of the system even when the testing temperature was 398K.

— { Chilling System

I Top Fixture

Test Vehicle

Framed Chamber

Bottom Fixture

== Load Cell

X-Y Stage

Figure 4-15 Shear fatigue test with sandwich test vehicle in the chamber
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Figure 4-16 Heating source and nitrogen cylinder

The schematic diagram shown in Figure 4-19 demonstrates the detailed setup for our
customized sandwich test vehicle. The bottom fixture was mechanically assembled
with the load cell and x-y stage, and it was then screwed in and fixed to the base of the
Instron machine. After the test vehicle was glued and the epoxy adhesive was cured,
the experiment was conducted by controlling the movement of the top fixture, which is
assembled to the actuator. A base beam was able to detect the displacement of the
actuator, thus cycling the test with a feedback system. The instantaneous value of load
and displacement was simultaneously recorded by the Instron machine with
programmed data acquisition. The fatigue tests were performed using strain-controlled
profiles, where the displacement traveled between upper and lower extremes with the
same magnitude. Specimens were mechanically cycled at a constant strain rate of 0.05

sec™.
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Figure 4-17 Schematic diagram of sandwich sample in the chamber

4.4 Test Plan

4.4.1 Study I

The first study is collaboration with NXP Semiconductor and the goal is to study the
shear and fatigue performance of different solder alloys. The shear tests were carried
out at room temperature with three rates of shear strain (0.01, 0.1, and 1 s-1) and seven

identical specimens. Table 4-3 summarizes the test matrices.

Table 4-3 Shear test matrix for study /

Shear Strain Rate (sec™?)
Solder Materials
0.01 0.1 1
Sn-Ag 7 samples 7 samples 7 samples
SAC-BI 7 samples 7 samples 7 samples
Sn-58Bi 7 samples 7 samples 7 samples
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Sn-42Bi 7 samples 7 samples 7 samples

The isothermal shear fatigue test was utilized to assess the fatigue characteristics of
individual solder joints at room temperature. To guarantee that the cycle fatigue life fell
within a tolerable range, four stress amplitudes were carefully selected. Seven test
vehicles were used to characterize the fatigue life at each stress amplitude using a two-

parameter Weibull distribution. The test matrix is presented in Table 4-4.

Table 4-4 Fatigue test matrix for study /

Alloys |Surface Finish |16 MPa |20 MPa|24 MPa|28 MPa|32 MPa[36 MPa| 40 MPa
Sn-Ag ENIG 7 7 7 7 - - -
SAC-BI ENIG - - - 7 7 7 7
Sn-58Bi ENIG - - 7 7 7 7 -
SN-42Bi ENIG - 7 7 7 7 . ]
Sn-Ag OSP - 7 7 7 7 - -

For each stress amplitude, characteristic fatigue life of individual solder joints was
calculated using the data from seven samples. The results of the seven samples were
fitted in a 2-parameter Weibull distribution to figure out the characteristic life, which
is the scale parameter 6. We have chosen one typical replicate out of the seven, which
has the closet fatigue life to the characteristic life. Figure 4-20 illustrates a typical
hysteresis loop for Sn-Ag solder joints with ENIG surface finish under 20 MPa. Plastic
strain range and inelastic work per cycle can be measured from the hysteresis loop for
each cycle. Models (Morrow energy model and Coffin-Manson model) were developed
to predict the fatigue life of each solder alloys using plastic strain range and work per

cycle.
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Figure 4-18 Typical hysteresis loop for Sn-Ag solder joint under 20 MPa

4.4.2  Study Il

The second study aims to investigate the fatigue behavior of SAC305 solder joints in
BGA assembled with both stress-controlled and strain-controlled profiles. The SAC305
test vehicles were assembled with either OSP surface finish or ENIG surface finish to
compare the fatigue performance in each case. In stress-controlled test, two predefined
extreme stresses (maximal and minimal) were programmed for the cyclic test, similar
with the method used in study 1; in strain-controlled test, minimum strain and

maximum strain were selected.

Pilot tests were performed to estimate the fatigue life for each case. The stress and strain
levels in Table 4-5 ensure a reasonable range of fatigue life in each case. They generated
significant differences in fatigue life at each level, while confining the fatigue life
within 6,000 cycles. The test matrices are presented in Table 4-5. Five samples were

tested at each testing conditions. Representative samples with fatigue life closest to the
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characteristic fatigue life were selected to illustrate the evolution of inelastic work and

plastic strain range per cycle in subsequent sessions.

Table 4-5 Test matrix for study I/

Solder OSP Surface | ENIG Surface
Alloy Method Level Sample No. Sample No.
20MPa 5 5
24MPa 5 5
Stress-controlled
28MPa 5 5
32MPa 5 5
SAC305
2.4% 5 5
3.0% 5 5
Strain-controlled
3.6% 5 5
4.2% 5 5

Evolution of hysteresis loops in stress-controlled test and strain-controlled test were
plotted for each solder alloy. Enclosed area of hysteresis loop for each cycle, counting
as work per cycle, was calculated according to the in-situ stress-strain data pointed
recorded by the Instron machine. Plastic strain range per cycle was also measured from
the hysteresis loop. Empirical models were utilized to study the correlation between
fatigue life of each solder alloy with stress amplitude and strain level. Work per cycle
and plastic strain range per cycle were calculated for Morrow Energy model and Coffin-

Manson Model, respectively.

4.4.3 Study I

In the third study, SAC305 and three micro-alloying solder spheres were assembled in

BGA test vehicles to represent realistic chips. Table 4-6 lists the composition of the
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investigated solder alloys as well as the applied surface finish. Both the stress-
controlled and strain-controlled profiles were used in this study. The composition of
the solder joints has a substantial effect on their fatigue characteristics. Consequently,
pilot tests were conducted to evaluate the stress and strain levels so that the
characteristic life could potentially fall within an acceptable range (less than 3000
cycles). Two stress levels and two strain levels were chosen for each solder alloy after
the pilot tests. Higher stress and strain levels are employed in certain situations due to
their improved reliability (SAC-Q and SAC-I with OSP surface finish). In addition, the
fatigue life of the SAC-Q and SAC-I solder alloys with ENIG surface finish was very
sensitive to strain variation. It ranged from a few hundred cycles at a strain level of 2.4%
to over ten thousand cycles at a comparatively lower strain level of 1.8%. Therefore,
only one strain level was measured for the two SAC-Bi solder joints with the ENIG
surface finish. The test matrices are listed in Table 4-7, and five identical BGA test

vehicles were used for each test condition.

Table 4-6 Composition of solder materials in Studly I/

Solder Alloy | Compositions Surface Finish
SAC305 Sn-3Ag-0.5Cu OSP, ENIG
SAC-Q Sn-3.41Ag-0.52Cu-3.3Bi OSP, ENIG
SAC-R Sn-0.92Cu-2.46Bi OSP, ENIG
SAC-I 91.8Sn-3.5Ag-0.7Cu-3Bi-1.5Sb-0.125Ni OSP, ENIG

Table 4-7 Test matrix for Study 1

Stress-controlled Strain-controlled
Solder o
Surface Finish | Low level High level )
Alloy Low level | High level
(MPa) (MPa)
SAC305 OSP 24 32 3.0% 4.2%
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ENIG 24 32 3.0% 4.2%

OSP 24 32 3.0% 4.2%
SAC-R

ENIG 24 32 3.0% 4.2%

OSP 36 40 4.2% 4.8%
SAC-Q

ENIG 24 32 N/A 2.4%

OSP 36 40 4.2% 4.8%
SAC-I

ENIG 24 32 N/A 2.4%

After the test, a comprehensive microstructure analysis was conducted to investigate
the effects of micro-alloying elements, surface finish, and stress/strain level on the
fatigue properties. The microstructure of the four solder alloys, along with the

formation of IMC layers and failure modes, were compared and researched.

4.4.4 Study IV

The objective of this study is to systematically investigate the fatigue performance of
sandwich test vehicles in isothermal strain-controlled test. SAC305 and SnPb solder
alloys were assembled in the customized sandwich test vehicles to compare the fatigue
performance. Both OSP surface finish and ENIG surface finish were reflowed on the
solder mask defined copper pads to study the effect of surface finish on the fatigue
performance. The testing method utilized in this study is strain-controlled test and the
testing setup has been illustrated previously. Low temperature of 248K and elevated
temperature of 348K in the isothermal shear fatigue tests were accomplished by framing

the chamber on the Instron machine.

For each of the testing temperature, the sandwich test vehicles with OSP surface finish
and ENIG surface finish were tested under four strain levels, as is shown in Table 4-8.
The effect of temperature on the fatigue life of each combination of solder alloy and

surface finish are systematically researched in the strain-controlled tests. Other
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interested parameters, such as work per cycle and plastic strain range per cycle, were
also compared under various temperatures. Coffin-Manson model and Morrow energy
model were developed for SAC305 and SnPb solder alloy per surface finish and test

temperature.

Table 4-8 Test matrix for study IV

Solder | Strain OSP Surface Finish ENIG Surface Finish
Alloy | Level | oia | 208k | 348K | 248K | 208K | 348K
L1 5 5 5 5 5 5
L2 5 5 5 5 5 5
SAC305
L3 5 5 5 5 5 5
L4 5 5 5 5 5 5
L1 5 5 5 5 5 5
L2 5 5 5 5 5 5
SnPb
L3 5 5 5 5 5 5
L4 5 5 5 5 5 5

45  Microstructure Analysis

Test vehicles in each study were cross-sectioned before microscopic examination. Each
sample was cold mounted using the holder clip in the plastic mold, filling with an epoxy
system made from blended epoxy resin and hardener with the weight ratio of 6:1. The
epoxy system was fully cured at room temperature for 24 hours and then pulled out
from the mold for next procedures. The samples were grinded on the Pace Technologies
NANO 1000T semi-automated polishing machine (Figure 4-21), using sandpapers
following the sequence of 240, 320, 400, 600, 800, and 1200 grits. Before moving to
the next grit size, the samples were inspected using microscope to ensure the quality of

each step. The grinding direction was rotated by 90° for the next step to cover the cut
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scratches incurred from the previous step. The expected grinded sample would give a
clear cross-section view of about the middle of the solder joints and provide a

reasonable roughness of the surface for polishing.

After grinding, four polishing stages were implemented including 3 um, 1 um, 0.05 pm
alumina base particles, and 0.02 um non-crystallizing colloidal silica suspension. Each
polishing stage was carried out on the separate polishing pad for around 5 minutes. The

ultrasonic cleaner was used in the last to vibrate the sample and remove residuals.

After polishing process, the Sophisticated ZEISS Axio Imager.M2m optical
microscope, as is shown in Figure 4-22, together with an Axiocam 503 color
microscope camera and ZENCore software were used to examine the failure mode of

the samples.

Figure 4-19 Pace Technologies NANO 1000T semi-automated polishing machine
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Figure 4-20 ZEISS Axio Imager.M2m optical microscope

Furthermore, the samples were gold sputter coated for SEM and EDS examination. The
CRESSINGTON sputter coater (Figure 4-23) was utilized to coat the samples.
Afterwards, SEM analysis (Figure 4-24) was conducted to examine more detailed
microstructure of solder joints, which performs higher magnification than microscope.
EDS analysis was utilized with SEM, which revealed the elemental composition of a

particular section of the solder joint.

Figure 4-21 CRESSINGTON SPUTTER COATER
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Figure 4-22 JEOL JSM-7000F SEM
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Chapter 5 Shear and Fatigue Properties of Lead-Free Solder

Joints: Modeling and Microstructure Analysis

5.1 Introduction

Fatigue failure of interconnected solder joints is a critical consideration for the
reliability of an electronic product. A great deal of previous research has focused on the
mechanical fatigue properties of large bulk samples through uniaxial tension-tension
test [137], simple shear test [138], thermomechanical shear test [139], and multiaxial
tension-torsion test [140]. There is however a general consensus that the mechanical
properties of solder joints assembled in the electronic packages vary greatly from the
large bulk samples considering the effect of IMC layer, surface finish, precipitate
distribution, and size difference. This inconsistency draws forth the necessity to study

the fatigue performance of individual solder joints.

The electronics manufacturing has experienced significant material transformation
since the adoption of the Directives on Hazardous Materials and Waste Electrical and
Electronic Products. Solder manufacturers and suppliers have developed a variety of
lead-free solders to transition out of the use of lead and meet regulatory criteria. SAC-
based solder alloys were primarily proposed to supersede typical eutectic Sn-Pb solder
alloys because of their improved mechanical strength, thermal fatigue characteristics,
and solderability. Further studies have found that solder alloys, including minor
alloying metals like In, Sh, and Bi, are more reliable[71][72]. These elements were
reported to prevent IMC coarsening precipitates and the growth of IMC layer
development [73]. However, the undesired high re-flow temperature of the above-
mentioned solder alloys has an adversely affects the packaging materials and assembly

processes. This has prompted the development of a new generation of LTS solder alloys,
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mostly based on SnBi, to enhance the integrity and reliability of microelectronic

packages.

To minimize the coarsening impact of IMC precipitates and the development of the
IMC layer, micro-alloying with components like as Ni, Bi, and Sb is commonly added
to Sn-based solders [73][74][75][76][77]. The inclusion of these elements demonstrated
enhanced mechanical properties in terms of creep, tensile, and fatigue [78][79][80],
whereas excessive content might generate undesirable effects such as reduced
elongation, brittle fracture, and poor creep properties [81][82][83]. SnBi-based solders
have received considerable attention because of their low melting temperature of
approximately 139°C, high creep resistance, and reasonable price [84][38]. According
to Rajendran et al., the addition of ZnO nanoparticles to SnBi solder improved the
wettability, tensile strength, and ductility, as well as provided a finer microstructure
[85][86]. Wang et al. studied the impact of Bi substance on the shear characteristics of
Sn-xBi solder joints and indicated that when the Bi content increased, the fracture phase
shifted from ductile to brittle [87][88]. The strain rate affects the shear characteristics
of SnBi solders. The strain rate affects the shear characteristics of the SnBi solders. The
shear strength increased as the strain rate increased, but decreased once the strain rate

exceeds 3.33 x 102 s [83].

The fatigue and shear properties of LTS joints have been reported in many
studies[21][89][90], including both traditional SAC-based solders and new-emerged
LTS solders. However, no study has made a comprehensive comparison between the
widely used SAC solders and Sn-Bi solders in terms of shear and fatigue performance.
In this study, the fatigue and shear behaviors of individual solder joints were examined
using four solder alloys featuring ENIG surface finishes. The shear strength of each

solder alloy was tested at three different strain rates. The fatigue life of solder alloys
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was evaluated using load cycling at a constant strain rate with four stress amplitudes.
Shear and fatigue testing were utilized to investigate the failure processes. The effect

of surface on the fatigue and shear properties of Sn-Ag was also investigated.

5.2 IMC Morphology Characterization

During the re-flow process, the uppermost Au layer of the ENIG surface finish was
solubilized into the solder alloy. As a result, the molten solder comes into contact with
the Ni layer, acting as a barrier against Cu atom diffusion from the Cu pad. Figure 5-1
depicts the interfacial microstructures of all examined solder alloys. Ni was revealed to
make a reaction with Sn to generate NisSn4 layer at the interface together with the Cu
pad in the Sn-Ag solder alloy [91], as shown in Figure 5-1(a). There was another
scallop-like interfacial layer on top of the NisSn4 layer, which EDS analysis identified
as the Ni-Sn phase. In the £-Sn dendritic structure, AgsSn particles were observed to
form a network. Due to the precipitate hardening process, these particles would enhance
the mechanical characteristics of the Sn-Ag solder alloy. Figure 5-1(b) shows a similar
interfacial layer with a scallop-like morphology above the Ni layer in the SAC-Bi solder
alloy. The composition of the IMC layer was validated to be (Cu, Ni)sSns because of
the inclusion of Cu in the solder alloy. This is in agreement with previous findings [71].
Furthermore, the Bi content refined the AgsSn and CusSns particles compared to the
micrograph of the Sn—-Ag solder alloy. Because of the presence of the Bi in solid
solution, the B-Sn lattice was deformed, affecting the self-diffusion of Sn to the IMC
layer. Consequently, Bi improved the mechanical behaviors of the solder alloys [53].
As demonstrated in Figure 5-1(c), the Sn42Bi solder alloy exhibited two distinct phases:
Sn-rich and the Bi-rich. In addition, an IMC film between the Ni layer and bulk solder

appeared as a tertiary phase of Sn-Ni. Fig. 5(d) shows a micrograph of Sn52Bi with a
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similar microstructure, although the composition of the IMC layer seemed to be the Sn-

Ni-Sb phase.
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Figure 5-1 Micrograph of solder alloys: (a) Sn-Ag, (b) SAC-Bi; (c) Sn42Bi; and (d) Sn58B1
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5.3  Analysis of Shear Strength

Shear strength of the Sn-Ag solder alloys tested at different rates of shear strain is
mapped in Figure 5-2. The blue dots depict the outcome of seven samples taken at
different rates of shear strain numerically 0.01, 0.1, and 1 s, while the red dots
represent the average shear strength at each strain rate. As the rate of shear strain
increases, the average shear strength increased in a non-linear manner, as displayed in
Figure 5-2. In general, higher shear rates would shorten the creep time inside the solder
alloy, resulting in higher shear strength. According to Chia et al. [92], the applied shear

strain rate v is used to express the shear strength (z,,,,,) of a solder ball by
Tmax = a*In(v) +b 5-1

where a and b are material constants.
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Figure 5-2 Shear strength of Sn-Ag solder alloys at different rates of shear strain

Figure 5-3 shows the average shear strength of the four solder alloys versus different
rates of shear on a logarithmic scale. For all tested solder alloys, the dashed line
represents the fitted linear equation (1). These curves were found to have excellent
goodness of fit. For all of the tested solder alloys, shear strength increased as strain rates
increased. At all shear strain rates, SAC-Bi exhibited the best shear strength, whereas
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Sn-Ag exhibited the worst shear strength. Minor elements such as Bi, Sb, and In were
found to remain in the Sn solid solution and cause crystalline lattice deformation. The
solid solution hardening effect can enhance the mechanical characteristics of solder
alloys by impeding the dislocation motion. This is consistent with the findings in Figure
5-2, where SAC-BI outperformed Sn-Ag in terms of shear strength. Despite a slight
offset between the trendlines of the two solders, the two LTS, Sn42Bi and Sn58Bi,
performed similarly in the shear tests when compared to the two SAC solder alloys. For
SAC-BI, Sn42Bi, and Sn58Bi, the variance in the shear strength increased significantly
as the shear strain rates increased. Meanwhile, there was no discernible difference in
the variation between the three shear strain rates used for Sn-Ag. Table 5-1 summarizes

constants a and b fitted using Equation 5-1 for the four solder alloys.
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Figure 5-3 Average shear strength of the four solder alloys versus different rates of shear strain

Table 5-1 Summary of shear strength constants

Solder Materials | Constant “a” |Constant “b” (MPa)

Sn-Ag 5.10 79.38

SAC-Bi 5.02 125.13
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Sn-58Bi 3.73 96.45

Sn-42Bi 3.57 98.37

Despite the quantitative study of shear properties by comparing shear strengths, a
qualitative assessment was performed by identifying the failure mechanisms. The
failure modes were divided into three types based on fracture initiation and propagation:
ductile, brittle, and mixed failures. The ductile or brittle fracture of the solder alloy was
determined based on the distinct shape of the stress-strain curve. In the state of ductile
failure, there was a rapid increase in stress as the shear tester contacted the solder joint,
causing plastic deformation of the solder joint, followed by a slower increase in stress
due to the strain hardening effect, and finally, a gradual reduction in shear stress until
the fracture is complete. In the case of brittle failure, there was also a steep increase in
stress, after that a steep decrease when the solder joint and Cu pad damaged suddenly.
Figure 5-4 shows the typical stress-strain curves for Sn-Bi and Sn-Ag solder alloys
evaluated at the same strain rate of 1 s™. Ductile failures were identified in both the
stress-strain curves. However, whereas SAC-Bi had almost double the shear strength
of Sn-Ag, its shear strain causing fracture was only one-third that of Sn-Ag. On the

other hand, SAC-Bi was less ductile than Sn-Ag. This aligns with prior findings.

The shear strain rate is a crucial tool in determining the failure mode All of the solder
alloys were examined at three different rates of shear stain, and the stress-strain curves
for each are displayed in Figure 5-5 (a-d). As previously stated, shear strength is
enhanced when the shear strain rate is increased. The peak shear strength was highest
at a rate of shear strain of 1 s, followed by 0.1 s* and 0.01 s™%. Simultaneously, higher
shear strain rates are associated with a reduced shear strain to failure. This pattern was

observed for all four tested solder alloys.
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Figure 5-4 Typical stress-strain curves of SAC-Bi and Sn-Ag solders
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Figure 5-5 Stress-strain curves of tested alloys at several rates of shear strain: (a) Sn-Ag, (b) SAC-
Bi; (c) Sn-42Bi; and (d) Sn58B1

The stress-strain curves in SAC-Bi demonstrated a shift in failure mode from ductile to
less ductile. A typical ductile fracture was observed at the low shear strain rate of 0.01
s, As shear strain rates go up, the shear stress tended to decline rapidly immediately
after reaching the peak value, according to stress-strain curve in Figure 5-5 (b). With
Sn-Ag, Sn42Bi, and Sn58Bi, minor modifications in the form of the stress-strain curves

were observed.

The flow stress of the solder significantly contributes to the failure mechanisms in the
shear test [70]. When the shear probe deforms the solder connection, the viscoplasticity
of the solder results in flow stress. The weakest values of the bulk flow stress, copper
peel and interfacial strengths all contributed to the occurrence of fractures. When the

bulk flow stress surpasses the copper peel strength, the pad cratering occurs. However,
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ductile fracture when flow stress is less than copper peel and interfacial strength. In this
case, the shear probe plows the bulk solder. Otherwise, brittle failure with clean
separation along the IMC layer occurs if the flow stress is higher than the interfacial
strength. A mixed failure mode could also occur as a result of various amounts of shear
force being applied to different parts of the pad. Consequently, both ductile and brittle
fractures were spotted in a single solder joint. The flow stress of the bulk solder during
the test is determined by the movement speed of the shear probe, which plays a vital
role in producing distinct failure modes by locating the start and spread of cracks. In all
testing cases, the failure location was in the solder joint structure, and no failure was
observed in the copper pad or board structure. Thus, the constants in Table 4 for
Equation 1 are valid regardless of the change in the failure mode as long as the failure

location is in the solder joint.

Figure 5-5 (a) displays the typical fractures of the Sn-Ag solder at low (left) and high
(right) levels of rates of shear strain testing. In each case, a smooth shear plane was
demonstrated, leaving a substantial amount of Sn-Ag solder covering the Cu pad. This
indicates that the crack developed and propagated in the bulk solder. For the Sn-Ag

solder, the shear strain rate had a negligible impact on failure mode.

Figure 5-5 (b) demonstrates the two distinct failure mechanisms of the SAC-Bi solder.
The SAC-Bi solder had a flow stress that was less than the interfacial strength at a low
shear strain rate of 0.01 s™. This prompts ductile fracture on the surface. However, the
flow stress exceeded the interfacial strength at a high rate of shear strain of 1 s,

resulting in brittle failure.

The top views of the Sn-42Bi solder after shearing off the solder joints are shown in

Figure 5-5 (c). The copper pad was completely covered with solder following the shear
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test with a low shear strain rate, whereas part of the Ni layer was exposed on the top

view with a high shear strain rate, indicating mixed-mode failure.

Figure 5-5 (d) displays how the shear strain rate affects Sn58 solder. The SEM images
of Sn42Bi and Sn58Bi were extremely similar due to the large Bi content in both. As
the shear strain rate increased, the flow stress increased to a point near the interfacial

strength, resulting in a mixed-mode failure.
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Figure 5-6 Top views at low and high rates of shear strain: (a) Sn-Ag, (b) SAC-Bi; (c) Sn-42Bj; and

(d) Sn58Bi
5.4  Shear Fatigue Results

Shear stress and shear strain were measured in the same manner during shear fatigue
experiments. Weibull distribution involving two parameters was employed to quantify
the fatigue life of the test vehicles at each stress amplitude in the shear fatigue cyclic

test. The Weibull distribution with two parameters is indicated as follows:

R = @) 52
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where R(t) denotes the level of reliability; g, 6 are the shape and scale parameters,
respectively. The slope of the regression line was represented by the shape indicator.
The scale coefficient, also known as the characteristic life, specifies cycles number for
which the probability of failure is 63.2 %. Figure 5-7 (a-d) illustrates the Weibull
distribution of the four solder alloys under four different stress amplitudes, with each
dot representing the cycle fatigue test results. Random Sn orientation and secondary
precipitation account for the variation throughout the fatigue life with the same

amplitude of applied stress.

Using an empirical power equation, the typical fatigue life derived from the Weibull

distribution was embedded as a parameter of the stress amplitude P, as follows:
N=axP¢ 5-3

where N is the fatigue data for a specific stress amplitude, a s the substance constant,
while c is the stress exponent, which reflects the solder alloy's fatigue ductility. The

solder alloy's ductility decreases as the ¢ value goes up.

Figure 5-8 depicts the fatigue life behavior versus the magnitude of the stress for all the
tested solder alloys on a logarithmic scale. Due to the increased induced inelastic work
during the cyclic fatigue test, an increase in stress value resulted a reduction in fatigue
life. Atall the stress amplitudes, the SAC-BI solder outperformed the other three solders,
with Sn-Ag having the worst fatigue performance. This is in line with previous findings
that solder alloys containing both high Ag and Bi contents have better fatigue life than
those containing only high Ag or Bi contents [3]. Sn42Bi was shown to have
deteriorated fatigue characteristics at low stress amplitudes, although it gained
significant shear strength compared with Sn58Bi at all shear strain rates. We believe

that when subjected to large stress amplitudes, it would provide better fatigue
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performance. The trend line shows that the Sn42Bi solder has a more prolonged fatigue

life than the Sn58Bi solder at higher amplitudes.
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Figure 5-7 The fatigue life represented in Weibull plots of solder alloys for: (a) Sn-Ag, (b) SAC-Bi;

(c) Sn-42Bi; and (d) Sn58Bi
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Figure 5-8 Solder alloy life characteristics as a function of stress amplitude

The behavior of solder joints under cyclic loading can be understood by monitoring the
changes of hysteresis loops. Figure 5-9 shows a typical hysteresis loop for one
individual Sn-Ag solder joint, which shares fatigue life that is the closest to calculated
characteristic fatigue life, cycled in isothermal shear fatigue test. Indicated in Figure 5-
9, two parameters can be determined for each cycle from the hysteresis loop - plastic
strain range and inelastic work. Plastic strain range is the width of the hysteresis loop
at 0 MPa, and inelastic work is the enclosed area within the hysteresis loop. With the
help of programmed coding in MATLAB, the work per cycle and plastic strain range

per cycle were estimated for each individual solder joint.

Figure 5.10 demonstrates the inelastic work per cycle as a function of cycles. The
behavior of inelastic work per cycle can be identified as three main stages. Stage R1
shows a steep drop in the work per cycle for the first few cycles caused by the initial
flatting and hardening. Stage R2 is a steady stage that accounts for about 90% of the

fatigue life. Stage R3 accounts for the remaining of the fatigue life, where a sharp rise
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of work per cycle is observed due to the initiation and propagation of crack in the solder

joint,
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Figure 5-9 Hysteresis loop for a typical Sn-Ag solder joint cycled under 20 MPa
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Figure 5-10 Inelastic work of Sn-Ag solder alloy under 16 MPa in stress control mode
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Figure 5-11 shows the effect of stress amplitude on the behavior of inelastic work for
Sn-Ag solder alloy. Four stress amplitudes ranging from 16 MPa to 28 MPa were tested
in the same cycling environment. What can be clearly seen in this figure is the trending
that larger stress amplitude tends to incur more work per cycle in all the three stages,

thus less fatigue life.
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Figure 5-11 Inelastic work of M30 solder alloy under different stress amplitudes

Under various stress amplitudes, the average enclosed area of the steady-state hysteresis
loops was employed to determine the inelastic work per cycle. The work per cycle for
Sn42Bi is depicted in Figure 5-12 for the four stress amplitudes. As displayed in Figure
5-12, with increasing stress amplitude and more variations in work per cycle, more
inelastic work per cycle was induced. The trend of the average work per cycle estimated
from the seven specimens showed a non-linear fitting of the stress amplitudes. The
typical fatigue life of solder alloys under varied stress amplitudes can be associated

with the average work per cycle employing Morrow energy model as follows:
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N = CUm x y—-1/m 5-4

where N (cycles) is the typical fatigue life, W (J) denotes the steady-state average work
per cycle, C denotes the ductility coefficient of a material fatigue, and m denotes the
exponent of a fatigue. Figure 5-13 depicts a log-log plot of the typical fatigue life vs
the inelastic work per cycle for all tested solder alloys under different stress amplitudes.
The fatigue data fit well with the stress amplitude obtained using the Morrow energy
model, as illustrated in Figure 5-13. This also explains why the work per cycle data in
Figure 5-12 were fitted exponentially. Table 5-2 lists the estimated the fatigue ductility

coefficient C and fatigue exponent m for each of the four solder alloys.
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Figure 5-12 Work per cycle results for Sn42Bi
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Figure 5-13 Morrow energy model fitting curves for solder alloys

Table 5-2 Summary of constants fitted in Morrow’s energy mode/

Solder Alloy Fatigue ductility, C Fatigue exponent, m
Sn-Ag 2.15x 1073 0.667
SAC-Bi 1.03 x 1073 0.660
Sn42Bi 8.36 x 1074 0.700
Sn58Bi 3.42x 107* 0.550

Figure 5-14 shows the evolution of plastic strain range per cycle for a typical Sn-Ag

solder alloy example cycled under 16 MPa stress amplitude. The evolution process

mainly undergoes three stages. In stage P1, plastic strain drops drastically owing to

initial hardening. After that, the plastic strain keeps steady in stage P2, and then

increases exponentially until complete failure in Stage P3 caused by crack initiation

and propagation. Figure 5-15 illustrates the comparison of the plastic strain range of

Sn-Ag solder joints cycled under different stress amplitudes. Interpreting the figure

comes the evident conclusion that with higher stress amplitudes, the plastic strain range

per cycle in steady stage P2 demonstrates larger numbers. At the same time, severe

stress amplitudes would lead to less fatigue life, as expected.
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Figure 5-14 Plastic strain range of Sn-Ag solder alloy under 16 MPa
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Figure 5-15 Plastic strain range of Sn-Ag solder alloy under different stress amplitudes

Similarly, the plastic strain range per cycle was determined employing steady-state
hysteresis loops. The plastic strain range of the steady hysteresis loops determined for
each Sn42Bi specimen is presented in Figure 5-16. A higher range of plastic strain per

cycle was observed when the stress amplitude was increased. From 20MPa to 28MPa,
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there was a considerable increase in the data variation for the plastic strain range, which
remained at the same level when jumping to 30MPa. The Coffin-Manson model can

explain the exponentially growing plastic strain range with stress amplitude as follows:
N = 8% « Asp_l/“ 5-5

where N (cycles) donates the typical fatigue life, As,, (mm/mm) donates the average
range of plastic strain per cycle, ¢ is the material coefficient of fatigue ductility, and «
donates the fatigue exponent. Figure 5-17 shows the characteristic fatigue life as a
function of the range of a plastic strain on a logarithmic scale. The Coffin-Manson
equations with a high R-square are represented by dashed lines. Table 5-3 presents the

Coffin-Manson model constants for all the tested solder alloys.

15
E Sn42Bi
£
S
£
£ ]
‘-’3 10 - g
X 7
S0 e
®
& ¥
: -
£ ///,
frer]
-~

2 Jr
L ot -
B r
&

0 1 1 1 1

16 20 24 28 32 36

Stress Amplitude (MPa)

Figure 5-16 Plastic strain results for Sn42B/
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Figure 5-17 Fitted curves of Coffin-Manson model for solder alloys

Table 5-3 Summary of constants fitted in Coffin-Manson mode/

Solder Alloy Fatigue ductility, 0 Fatigue exponent, a
Sn-Ag 9.46 X 1072 0.497
SAC-Bi 6.95 X 1072 0.668
Sn42Bi 4,55 x 1072 0.664
Sn58Bi 2.13x 1072 0.519

The top views of the failed solder joints following shear fatigue testing are shown in
Figure 5-18 (a-d). It is worth mentioning that in the fatigue test, the Sn-Ag solder
displayed a typical mixed failure mode, however in the shear strength test, it
demonstrated a ductile failure mode. In the fatigue test, SAC-Bi exhibited the same
brittle failure behavior. Although the two LTS had the same mixed failure mode, the

exposed Ni layer area was noticeably different.
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Figure 5-18 Top views of failed solder joints for: (a) Sn-Ag, (b) SAC-Bi; (c) Sn-42Bi; and (d) Sn58Bi
55 Effect of Surface Finish

The fatigue life of Sn-Ag solder alloy with OSP surface finish was investigated in the

same experimental setup and testing environment, as stated in the test plan. Figure 5-
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19 shows the fatigue life of Sn-Ag solder alloy with OSP surface finish in Weibull plot.
Four stress amplitudes were applied to corelate fatigue life with stress amplitude for
Sn-Ag solder alloy in a power equation, as is shown in Figure 5-20. The ductility
exponent, ¢, of Sn-Ag solder alloy with ENIG surface finish is larger than the solder
alloy with OSP surface finish, which indicates that ENIG surface finish would result in
enhanced embrittlement characteristic. However, the fatigue life of Sn-Ag solder alloy

with OSP surface finish demonstrates preferably fatigue performance than ENIG

surface finish under all the stress amplitude.
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Figure 5-19 Weibull plot of Sn-Ag solder joint with OSP surface finish
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Figure 5-20 Characteristic life of Sn-Ag solder alloy as a function of stress amplitude
Figure 5-21 and Figure 5-22 show the fitted curves of Morrow energy model and
Coffin-Manson model for Sn-Ag solder alloy with the interested two surface finishes.

Table 5-4 and Table 5-5 summarize the comparison constants from the two models.
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Figure 5-21 Fitted curves of Morrow energy model for M30 solder alloys
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Figure 5-22 Fitted curves of Coffin-Manson model for M30 solder alloys

Table 5-4 Summary of Morrow energy model coefficients of M30

Solder Alloy m C
Sn-Ag ENIG 0.667 2.15x 1073
Sn-Ag OSP 0.635 2.31x1073

Table 5-5 Summary of Coffin-Manson model coefficients of M30

Solder Alloy m C
Sn-Ag ENIG 0.497 9.46 X 1072
Sn-Ag OSP 0.508 0.108

Figure 5-23 shows the IMC morphology of Sn-Ag solder alloy with OSP surface finish.
Compared with the morphology of ENIG surface finish, Ni layer was not presented in

this case. The Cu pad reacted with Sn, forming another CusSns layer. Figure 5-24
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demonstrates a typical failed Sn-Ag solder joint with OSP surface finish. A clear ductile

failure mode is presented with bulk solder covered on the copper pad.

AUBURN SEI 20.0kV X5,000 WD 11.6mm 1um

Figure 5-23 Micrograph of Sn-Ag solder alloy with OSP surface finish
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Figure 5-24 Cross-section view of failed Sn-Ag solder alloy with OSP surface finish
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5.6 Conclusion

The shear and fatigue properties of several solder alloys with an ENIG surface finish,
like Sn-Ag, SAC-BI, Sn42Bi, and Sn58Bi, were examined in this study. The effects of
shear strain rate (0.01, 0.1, and 1 s*) on shear strength and the influence of stress
amplitude on shear fatigue were explored. The effect of surface finish on Sn-Ag solder
alloy was discussed. The SEM and EDS were used to determine the microstructure and
failure mechanisms of each solder alloy. The following is a summary of the study

results:

1. For all tested solder alloys, the shear strength and variation increased as the

shear strain rate goes up.

2. Due to the increased flow stress, the high shear strain rate changed the failure
mode of SAC-Bi, Sn42Bi, and Sn58Bi. The shear strain rate was shown to be

less sensitive to Sn-Ag.

3. As the stress amplitude increased, more damage to the solder joints was induced

every cycle, reducing the typical fatigue life.

4. SAC-Bi outperformed all the tested solder alloys in the shear strength and shear

fatigue tests, whereas Sn-Ag exhibited the lowest results.

5. The Morrow energy and Coffin-Manson models were found to be suitable for

all the tested solder alloys.

6. The Sn-Ag solder alloy with the OSP surface finish demonstrated better

interfacial toughness than that with the ENIG surface finish.
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5.7 Contribution

The quality and reliability of solder connections in electronics packaging can be
assessed by investigating their shear and fatigue performance. The robustness of the
attachment of the solder ball to the package is estimated using a destructive method in
shear and fatigue tests. The failure mode analysis and the fundamental understanding
of the testing process are necessary in determining the reliability of solder joints

accurately.

This study compared the failure mode and shear strength of different solder joints at
various shear strain rates. This provided insights into accessing the reliability of solder
joints. In terms of fatigue test, it is worth noting that isothermal cycling tests were
conducted in this study, which undergone significant differentiated failure mechanism
compared to thermal cycling. As a result, one cannot simply extrapolate the life of
realistic components experiencing temperature changing environments by the presented
life prediction models and the corresponding parameters. For example, the OSP surface
finish was found to provided better fatigue life than the ENIG surface finish in this
study. However, the ENIG surface finish usually outperforms the OSP surface finish in
thermal cycling test mainly because of the different failure mechanisms, the much lower
deformation rate, and the creep effect during dwell times. The Ni layer of the ENIG
surface finish also inhibits the growth of IMC layer during thermal cycling test, which

further improves the reliability of solder joints featured the ENIG surface finish.

To realize the extrapolation, the true parameters, such as plastic strain, inelastic work,
and stress, of the realistic component must first be obtained from the finite element
model. These data can then be fitted in the above-mentioned Coffin-Manson and

Morrow energy models for more reliable predictions.
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Chapter 6 Assessing the SAC305 Solder Joint Fatigue in
BGA Assembly Using Strain-Controlled and Stress-

Controlled Approaches

6.1 Introduction

The high-temperature variations in electronic packages, particularly during the
operation of high power-density devices or in the presence of harsh environmental
conditions, are the primary causes of fatigue failure of solder joints in practical service
life [93,94]. The weakest interconnected solder joints fail because of thermal stress
caused by an imbalance in the coefficient of thermal expansion of various component
materials [95-97]. Because there is a considerable distance to the neutral point and a
more significant percentage of thermo-mechanical stress, corner joints in BGA
components often exhibit early failure [98]. The existing literature on the fatigue
characteristics of solder alloys with either rectangular or circular cross-sections
employed bulk specimen testing [60,99-101]. However, because real solder joints have
various microstructures, differences in their mechanical and fatigue characteristics have
been reported. In contrast, rapid solidification during the reflow process occurs because
the reduced solder joint volume can result in a finer grain size in the as-cast
microstructure [28,102-104]. In addition, the surface finish considerably affects the
composition and growth of the IMC layer, significantly affecting its reliability [105].

This further influenced the crack propagation and produced several failure types [22].
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Several factors affect the fatigue life of the solder alloys. The decreased strain rate was
observed to diminish the fatigue life of solder joints due to the higher work being
performed in each cycle in stress-controlled and strain-controlled testing [27,106]. If
the strain rate is low, the fracture starts at the interphase borders; however, if the strain
rate is high, the crack expands in the Sn-dendrites [27,107]. A lower fatigue life results
from the increased damage accumulation in each cycle when the stress amplitude or
total strain range is higher [80,108]. Additionally, it was observed that different stress
amplitudes in the cyclic fatigue test dislocated the cell structures and dramatically
diminished the fatigue resistance, which led to a breakdown of Miner's rule [109].
Using a strain-controlled test to examine the impact of temperature on the fatigue
characteristics of Sn-Ag solder, Kanchanomai and Mutoh [24] found that the fatigue
ductility coefficients are temperature-dependent. They highlighted that the primary
deformation process could be a pipe-diffusion-controlled dislocation climb. In stress-
controlled experiments, OSP and ImAg surface finishes were shown to exhibit better
fatigue performance than ENIG surface finishes for various doped solder alloys,
according to Su and Jian [105]. Moreover, the fatigue characteristics of certain solder
joints were enhanced by adding Ag and Bi to the solder alloys [110]. According to
Kariya and Otsuka [111], adding Bi, Cu, In, and Zn to Sn-3.5Ag solder increases the
tensile strength of dog-bone specimens and reduces their ductility, which reduces the
fatigue life in strain-controlled testing. According to published studies [22,27,105—
107,112,113], micro-alloying elements including, Cu, Bi, In, Ni, and Sbh, may increase
solder junction fatigue resistance because of the solid solution hardening process of the
B-Sn lattice. It has been reported that the dislocation pinning effect of Ag3Sn particles

contributes to enhanced thermal fatigue performance with increasing Ag content

135



[78,114,115]. However, the severe thermal cycling profile revealed a decreased

sensitivity of the typical fatigue life to Ag content [116,117].

Numerous studies have used various fatigue criteria to characterize the failure of strain-
controlled techniques. The ASTM standard [118] recommends a maximum load drop
of 50% for bulk samples to indicate fatigue failure. Kanchanomai et al. [24,27,108]
defined the fatigue life as a 25% drop in the maximum load, which marked the
beginning of the load drop acceleration. However, to define fatigue failure, a maximum
load drops of 90% was used for individual solder joints [67]. According to Lee et al.
[68], the definition of applicable failure for a solder joint is significantly dependent on
its composition. Using a fatigue test to assess the resistance of BGA solder joints, Park

et al. [23,28] observed that failure occurred at around a 50% maximum load drop.

Although some studies have focused on more realistic individual solder joints
[67,68,79,119,120] and BGA solder joints [23,28,121], researchers have thoroughly
investigated the fatigue behavior of solder alloys using large bulk samples. Numerous
relevant aspects have been investigated in many influential factors, including strain rate
(frequency), surface finish, stress amplitude, strain level, aging, and
temperature. Fatigue ductility and fatigue exponent parameters in Coffin-Manson
model and Morrow energy model were estimated in many studies [105][89][122],
where their values were found dependent on specimen shape and size, cycling
frequency, solder microstructure, definition of failure, and assemble configuration. To
the best of the authors' knowledge, no study has been conducted on BGA solder joints
utilizing a stress-controlled approach. Instead, strain-controlled methods have been
used in limited work, primarily because of the ease of controlling the strain during the
fatigue test rather than stress. Consequently, strain-controlled and stress-controlled tests

have not yet been compared. In strain-controlled testing, the ambiguity of the failure
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criteria must also be addressed. In this study, the fatigue behavior of BGA solder joints
was examined using SAC305 solder alloys. Both stress-controlled and strain-controlled
profiles were used for comparison. A new approach for defining fatigue failure in
strain-controlled tests was proposed. In addition, the influence of the surface finish was

examined.

6.2 Stress-controlled test

In stress-controlled tests, the absolute values of the maximum and minimum loads were
identical. A typical stress-strain hysteresis loop for the SAC305 test vehicle with an
OSP surface finish subjected to a stress level of 20 MPa is shown in Figure 6-1. The
inelastic work of the cycle is defined as the enclosed area within the hysteresis loop.
The breadth of the hysteresis loop at 0 MPa was used to determine the plastic strain
range. MATLAB was implemented to compute both parameters. Figure 6-2 depicts the
progression of the stress-strain hysteresis for SAC305 at the same stress level of 20
MPa. A slight change in the hysteresis loop was observed for the first 2,000 cycles.
Then, the enlarged hysteresis loop at cycle 4,000 with more inelastic work and a larger
plastic-strain range. The hysteresis loop further extends, as indicated by the 5,000

cycles.
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Figure 6-1 Typical hysteresis loop of SAC305 with OSP surtface finish
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Figure 6-2 Evolution of hysteresis loop for SAC305 with OSP surtface finish at 20MPa
The evolution of inelastic work per cycle in the stress-controlled mode is better
visualized in Figure 6-3, which is typically classified into two regions: a steady region
that accounts for most of the life; and an exponentially increased phase caused by the
initiation and propagation of significant cracks. The fatigue life was estimated at the
end of region 2. Three zones have been identified by Ming et al. [89]. In contrast, the

inelastic work per cycle development for individual solder joints also initially included
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an additional rapid reduction due to early hardening. The first region was mainly
attributed to the flattening of the solder joint in the contact area. The first region was
not observed for the BGA solder joints because the substrates were glued onto the
fixtures instead of being probed using shear. Consequently, this investigation identified
only two zones. Figure 6-4 illustrates the work development per cycle under stress
values of 20 MPa, 24 MPa, 28 MPa, and 32 MPa. The inelastic work per cycle of the
steady region was larger for higher stress levels, indicating that more damage occurred

in each cycle. In addition, higher stress levels decreased fatigue life.
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Figure 6-3 EFvolution of inelastic work per cycle for SAC305 with OSP surtface finish at 20MPa
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Figure 6-4 Inelastic work to number of cycles of SAC305 OSP solder joints in stress-controlled test
Figure 6-5 shows the evolution of the plastic strain range over the fatigue life of
SAC305 with the OSP surface finish cycled under a 20MPa stress level. Similarly, the
curve depicts two zones. The steady-state region continues until ultimate failure, which
is indicated by a significant increase in the plastic strain in region 2. Figure 6-6
compares the evolution of the plastic strain range under four different stress levels.
Higher stress levels resulted in increased plastic strain in the steady state. Consequently,

more damage was acquired in every cycle, resulting in a shorter fatigue life.
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Figure 6-5 Evolution of plastic strain per cycle for SAC305 with OSP surface finish at 20MPa
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Figure 6-6 Plastic strain to number of cycles of SAC305 OSP solder joints in stress-controlled test
As previously stated, in the stress-controlled test, the fatigue life of the BGA solder
joints is defined as the cycle by the end of region 2. A two-parameter Weibull
distribution was used to compute the test vehicles' characteristic fatigue life. Figure 6-
7 shows the fitted fatigue life of SAC305 with the OSP surface finish at stress levels of
20, 24, 28, and 32 MPa. The five data points reflect the fatigue life of the five testing
specimens at each stress level. The middle regression line indicates that these data
points match well with the Weibull distribution. The 95% confidence range of the
Weibull distribution, depicted by the two curved lines, included all the fatigue data. The
slope of the regression line is represented by the shape parameter. The characteristic
fatigue life, which is a scale parameter, provides the cycle number at which failure

occurs with a 63.2% probability.
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Figure 6-7 The fatigue life of SAC305 OSP represented in Weibull plots in stress-controlled test

An empirical power equation was used to include the typical fatigue life obtained from

the Weibull distribution in the stress amplitude P, as follows:

N=AxP~°¢ 6-1

where N is the fatigue data for a specific stress amplitude, A is the substance constant,
and c is the stress exponent, representing the fatigue ductility of the solder alloy. With
increasing c, the ductility of the solder alloy decreased. Figure 6-8 displays the fatigue
life behavior vs. stress level for SAC305 with the OSP surface finished on a logarithmic
scale. A high R? value indicates excellent goodness of fit. A higher stress level led to a

reduced fatigue life because of the increased inelastic work per cycle in region 1.
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Figure 6-8 SAC305 OSP solder alloy life characteristics as a function of stress level

6.3 Strain-controlled test

The absolute values of the maximum and minimum displacements in strain-controlled
testing were the same. The stress-strain relationship is quite close to that one shown in
Figure 6-1. Figure 6-9 depicts the evolution of the hysteresis loops during cycling.
During the first 1,000 cycles, the hysteresis loop changed slightly. As the cycle fatigue
test progressed, the maximum stress continually decreased, indicating an increasing
plastic strain. On the other hand, the enclosed region of the hysteresis loop underwent
a growing and decreasing phase. That is, the inelastic work increased to a maximum

and then decreased. Subsequently, the progression of inelastic work per cycle is shown.
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Figure 6-9 Evolution of hysteresis loop for SAC305 with OSP surface finish at total strain 2.4%

Figure 6-10 depicts the variations in the maximum load with the cycle number at
different strain levels. The initial maximum load at cycle one increased with the
controlled strain level. Under controlled strain levels of 2.4%, 3.0%, 3.6%, and 4.2%,
the initial maximum loads were 50.5, 57.3, 69.9, and 73.9N, respectively. The increase
in the initial load was related to the shear deformation of the solder materials. It is also
worth mentioning that complete fracture was not observed for all the solder joints after
the cyclic fatigue test. Instead, the solder joints could provide similar small stresses
without breaking in the test vehicle. Partial connections were still observed between the

solder joints and the substrates.
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Figure 6-10 Variation of maximum load of hysteresis loop under various strain levels for SAC305
OSP

The maximum load drop is often used to define the fatigue failure in tests with strain
control. However, in previous studies [27][67][23][24], a wide range of maximum load
drops, from 20% to 90%, has been proposed for failure definitions. The ASTM standard
[118] recommends a 50% decrease in the maximum load to define the failure in strain-
controlled fatigue tests. During the cycle test, Park and Lee [23] examined the resistance
of the BGA solder joints. They found that a sudden increase in resistance occurred
arbitrarily at a load drop of 50%, with a significant deviation. This is because the solder
joints with the most damage were primarily responsible for the resistance of the BGA
test vehicle. In contrast, solder joints with the average damage are responsible for load
reduction. Thus far, a precise definition of the fatigue life of solder joints is required to
develop prediction models and conduct inter-laboratory comparisons. In the strain-
controlled test described by Solomon [123], the author proposed a load drop parameter

to show the fracture onset and propagation, defined by:
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¢=1—(%) 6-2

where AP is the load range in one cycle and AP, is the maximum load range allowed
during the test. Figure 6-11 shows the load drop parameters for several SAC305 solder
joints with OSP surface finish cycles. Previous studies [89][65][124][119] on
individual solder joints have shown three typical stages that lead to failure: an initial
rapid increase in the load drop parameter, a slow and steady phase with a constant
increase rate of the load drop parameter afterward, and a quick increase in the load drop
parameter in the final stages. For the BGA solder joints, the first stage disappeared from
the minimized flattening effect with nine solder joints. This finding is in agreement
with the outcomes reported by Park and Lee [23]. As shown, the second stage evolved
clearly under a controlled strain level of 2.4%, whereas it shortened significantly under
increased strain levels. The fatigue life of the OSP surface finish is shown by a load

drop parameter of 0.5, as 4012, 1452, 749, and 289 cycles.
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Figure 6-11 Load drop parameter to number of cycles of SAC305 OSP solder joints
The rate of inelastic work per cycle during the cyclic fatigue test was examined to

further understand the behavior of the fatigue mechanism. The inelastic work per cycle
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as a function of cycle number is shown in Figure 6-12. A larger strain level was related
to higher initial inelastic work, higher peak inelastic work, and shorter fatigue life. The
inelastic work per cycle increased at a certain strain level until it reached its peak value,
as indicated by the solid line. This implies that energy is stored in solder joints.
Subsequently, there was a decrease in the inelastic work per cycle. For the OSP surface
finish, the highest values of inelastic work were observed at 3840, 1316, 554, and 155
cycles. It is interesting to note how the cycles with peak inelastic work are very close
but always less than those with a load drop parameter of 0.5. Under the estimated 2.4%
strain level, the two methods exhibited a 4.3% deviation. The divergence becomes
dramatically with larger controlled displacements, i.e., about 46.4% deviation at a 4.2%
strain level. Some researchers [68][108] have proposed the onset of an accelerated
increase in load drop parameters as a failure criterion, resulting in lower load drop
parameters for determining failure. The divergence between the two techniques was
estimated to be 9.9 % and 2.5 % under the 2.4% strain level and 4.2% strain level,
respectively, with load drop parameters of 0.3. In general, defining fatigue life is
subjective. The solder substance and strain determine the load drop parameter for
failure. Therefore, the fatigue life was calculated by estimating the cycles to obtain the
peak inelastic work to overcome this issue. The preliminary speculation is that while
the strain-controlled test continues, the damage is formed and accumulates in the solder
joints, resulting in microcracks. The formation and propagation of these microcracks
increase the inelastic work each cycle. However, the microcracks gradually connect and
join together to generate cracks. This caused a decrease in the inelastic work per cycle
after the peak value. The primary crack would propagate and develop until it fractured

completely.
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Figure 6-12 Inelastic work to number of cycles of SAC305 solder joints in strain-controlled test

Figure 6-13 depicts the plastic strain range versus the number of cycles at different
strain levels. The plastic strain initially experienced a steady stage at 2.4% strain, then
climbed at accelerated speed until complete fracture. The initial plastic strain increased
dramatically at a higher strain level. Meanwhile, a significant drop in the steady-state
was observed. Almost no steady phase was observed at the 5.5% strain level, and the

plastic strain increased rapidly.

The cycle with the peak inelastic work was utilized to quantify the fatigue life of the
test vehicles using the Weibull distribution. Figure 6-14 shows the fitted fatigue life of
SAC305 with the OSP surface finish under four-strain levels. On a logarithmic scale,
Figure 6-15 displays the fatigue life behavior of SAC305 against the strain level. The
increased strain level lowered the fatigue life owing to the higher amount of inelastic

work generated during the cyclic fatigue test.
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Figure 6-13 Plastic strain range to number of cycles of SAC305 solder joints in Strain-controlled

test

Figure 6-14 The fatigue life of SAC305 OSP represented in Weibull plots in strain-controlled test
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Figure 6-15 SAC305 OSP solder alloy life characteristics as a function of stress level

6.4 Effect of surface finish

The surface finish used affects the fatigue performance of the SAC solder alloys. Figure
6-16 depicts the interfacial microstructures of SC305 with the OSP and ENIG surface
finishes. Regardless of the surface finish, Sn and Ag in the SAC305 solder alloy form
AgsSn particles. They were distributed as networks in the £-Sn dendritic structure. Sn
and Ag interact with Cu, predominantly from the Cu pad and partly from the solder
alloy, to generate a scallop-like CusSns IMC layer with a thickness of 2~3um using the
OSP surface finish. With the ENIG surface finish, the Ni layer serves as a barrier to
prevent Cu atoms from diffusing from the Cu pad. However, the small amount of Cu in
the SAC305 solder alloy promoted the formation of another (Ni, Cu)sSns IMC layer
with a thickness estimated around 1um. The thickness of the (Ni, Cu)sSns IMC layer is
substantially smaller than that of the CusSns IMC layer. Figure 6-17 shows the
corresponding interfacial microstructures after failure. The ductile failure mechanism

was recognized as the fracture propagating along the bulk solder for the OSP surface
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finish. Regarding the ENIG surface finish, the fracture also propagated into the bulk

solder, but was extremely close to the IMC layer, resulting in near-IMC failure [105].

AUBURN COMPO 20.0kV X2,000 WD 12.0mm 10um

AUBURN COMPO 20.0kV X2000 WD 123mm 10pm

(b)

Figure 6-16 Interfacial micrographs of SAC305 solder alloy before failure: (a) OSP surface finish,

(b) ENIG surface finish

151



Cu Pad

AUBURN COMPO 20.0kV X2,000 WD 12.0mm 10um

Crack

/ (Ni,Cu)sSne
P n o Xavh

Ni Layer

Cu Pad

AUBURN COMPO 200kV  X2,000 WD 123mm 10um

(b)
Figure 6-17 Interfacial micrographs of SAC305 solder alloy after failure: (a) OSP surface finish, (b)
ENIG surtace finish
Figure 6-18 shows the Weibull plots for SAC305 with the ENIG surface finish in the
stress-controlled and strain-controlled tests. Figure 6-19 displays the fatigue life

behavior versus the stress level for SAC305 with two surface finishes on a logarithmic
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scale. A high R? value indicates the excellent goodness of fit. The OSP surface finish
outperformed the ENIG surface finish in fatigue tests at a high-stress level of 32MPa.
However, at a low-stress level of 20MPa, the fatigue life of the OSP and ENIG surface
finishes were similar. In other words, if less stress is applied, the ENIG surface finish
is expected to have a higher fatigue life than the OSP surface finish. At all strain levels,

the OSP surface finish outperformed the ENIG surface finish, as shown in Figure 6-20.

Using the Morrow energy model, the characteristic fatigue life can also be correlated

with the inelastic work per cycle, as follows:
N = ClY/m s« y-1/m 6-3

where N is the typical fatigue life, W is the inelastic work per cycle, C is the ductility
coefficient of material fatigue, and m is the exponent of fatigue. It is worth noting that
the initial inelastic work is utilized for W in the strain-controlled method. In contrast,
the average work per cycle in the steady region is determined for W by using the stress-
controlled method. Figure 6-21 depicts a log-log plot of the fatigue life vs. the inelastic
work per cycle for SAC305 using different testing methods. Using the Morrow energy
model, the fatigue results matched well with the inelastic work. Table 6-1 lists the
fatigue ductility coefficient C and fatigue exponent m estimated for the SAC305 solder

alloy under various testing conditions.
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Figure 6-18The fatigue life of SAC305 ENIG represented in Weibull plots in. (a) stress-controlled
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Figure 6-20 Solder alloy life characteristics as a function of strain level
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Figure 6-21 Morrow energy model fitting curves for SAC305 solder alloy

Table 6-1 Summary of constants fitted in Morrow'’s energy model

Method Surface finish Fatigue ductility, C Fatigue exponent, m
. OSp 0.057 0.760
Strain-controlled ENIG 0.039 0.742
OSp 0.032 0.678
Stress-controlled ENIG 0.007 0.547

Similarly, the plastic strain range per cycle was determined by employing initial plastic
strain for the strain-controlled test and steady-state plastic strain for the stress-
controlled test. The Coffin-Manson model can explain the exponentially growing

plastic strain range with stress amplitude as follows:
N = §lVa « Aep_l/“ 6-4

where N donates the typical fatigue life, A<, donates the average range of plastic strain

per cycle, ¢ is the material coefficient of fatigue ductility, and « donates the fatigue

exponent. Figure 6-22 shows the characteristic fatigue life as a function of the range of
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a plastic strain on a logarithmic scale. Table 6-2 presents the Coffin-Manson model

constants for all the tested solder alloys.
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Figure 6-22 Fitted curves of Coffin-Manson model for SAC305 solder alloy

Table 6-2 Summary of constants fitted in Coffin-Manson mode/

Method Surface finish Fatigue ductility, Fatigue
0 exponent, o
. OSP 0.815 0.587
Strain-controlled ENIG 0.535 0573
OSP 0.699 0.563
Stress-controlled ENIG 0.129 0.396

6.5 Conclusion

This study examined the fatigue properties of SAC305 solder alloy with OSP and ENIG
surface finishes using strain-controlled and stress-controlled methods. The evolution of
hysteresis loops, inelastic work, and plastic strain were explored. A novel method was
proposed to define the fatigue failure in the strain-controlled test. The study findings

are summarized below:
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6.7

. The characteristic fatigue life decreased as the strain or stress level increased

because the solder joint experienced more damage every cycle.

In both the stress-controlled and strain-controlled tests, the OSP surface finish
outperformed the ENIG surface finish for SAC305. However, the ENIG surface

finish is expected to perform better at even lower stress levels.

. SAC305 with OSP surface finish was associated with ductile failure mode,

while the ENIG surface finish demonstrated near-IMC failure mode. The near-
IMC failure mode indicates the weaker strength of IMC layer. At higher stress

level, the weaker IMC layer accelerates the fatigue failure.

. The cycle used to obtain a peak inelastic work in a strain-controlled test was

more appropriate for determining fatigue life.

In both stress-controlled and strain-controlled tests, the Morrow energy and
Coffin-Manson models match well with fatigue data. The fatigue ductility and
fatigue exponent parameters estimated for the more realistic solder joints in
BGA assembly were different from that for bulk samples and individual solder

joints.

. The strain-controlled test yielded a higher fatigue ductility coefficient than the

stress-controlled test. For the OSP surface finish, the difference is minimal, but

for the ENIG surface finish, it is considerable.

Contribution

The fatigue properties of SAC305 solder joints in BGA assembly were assessed using

stress-controlled and strain-controlled approaches at the room temperature. The damage

accumulated in solder joints in BGA assembly using stress-controlled test was found
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akin to that in individual solder joints except for the initial hardening effect. In strain-
controlled tests, this study proposed a more appropriate definition to address the
ambiguity of failure criteria. Different models, including the empirical model, Coffin-
Manson model, and Morrow energy model, were suitable for fitting the fatigue data.
Among them, the empirical model indicated that the OSP surface finish performed
better than the ENIG surface finish. This is explained by the differentiated failure
modes (near-IMC failure and ductile failure) associated with the two surface finishes.
The near-IMC failure mode implied a weaker interfacial connection on the Ni layer
compared to that on Cu pad. This conclusion only holds true for isothermal cycling
conditions. When it comes to thermal cycling, the Ni layer acts as a barrier to restrain
the growing of IMC layer during the process, thus the improved reliability. In addition,
the failure mechanism in thermal cycling and isothermal cycling varies. Extrapolating
the real service data from the proposed models might be misleading without a solid
understanding of the testing procedure and failure mechanisms. The proper
implementation of these models starts with a finite element model to obtain the true
stress/strain, plastic strain range, or work dissipation of components with their specific
configurations and working environment. Predictions can then be made using these true

inputs.
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Chapter 7 Fatigue Performance and Microstructure of

Lead-Free Solder Joints in BGA Assembly

7.1 Introduction

Lead-based solders were previously employed in electronic products due to their
exceptional mechanical, chemical, thermal, and physical qualities [125]. However, the
electronic industry has begun to avoid it due to its environmental and health concerns.
Sn-Cu-Ag (SAC) alloy is one of the most preferred replacements for lead-based solders,
due to its superior mechanical qualities, low melting temperature, and low cost
[126][127]. Recent studies have shown that doping improves solder alloy reliability
[128][129][22]. Dopants such as Ni, Sbh, and Bi are commonly used [130][113]. In
comparison to SAC305, solder alloys with higher Bi content had better ultimate shear
strength [131]. It has been observed that Sn-3.0Ag-0.5Cu-3.0Bi and Sn-3.0Ag-0.5Cu-
1.0Bi have better resistance to crack growth, as a result of the strengthening effect of
the Bismuth constituent [132]. Bismuth in SAC solder at a concentration of around 1%
can lower the melting temperature, minimize Cu consumption, and limit the growth rate
of the IMC layer [133]. A study also discovered that combining Bi and Ni improves
drop impact reliability and thermal fatigue life [134]. According to a few studies, Bi
can also improve the tensile strength of solders while decreasing their elongation [135]

and improving the wettability of SAC alloy [136].

Solder joints typically experience cyclic loading, such as thermal cycling or mechanical
cycling [61][18]. The most common failure mode for mechanical cycling is a
transgranular failure, in which the crack propagates into the bulk solder [18][106][65].

Chowdhury et al. [137] examined how the microstructure of a solder joint changes as
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a result of mechanical cyclic loading. They found that the microcracks initiated at the
B-Sn dendrites' subgrain boundary and grew longer with cycling. Then, the microcracks
connected and tangled with each other leading to the formation of bigger transgranular
cracks [138]. The crack propagation path varies depending on the strain range level,
according to Andersson et al. [17]. At high strain ranges, cracks propagate through the
bulk of solder joints, whereas at lower strain ranges, cracks propagate through the

interface between the solder joints and the pads.

The effects of variables including strain rate, changing amplitudes, and aging time on
the mechanical characteristics and fatigue life of lead-free solder junctions have been
studied in several researches [119][139][115]. It has been discovered that a lower strain
rate may cause more damage accumulation per cycle and reduce the fatigue life of
solder joints. Cycling samples with a low strain rate at the harsh amplitude and a high
strain rate at the mild amplitude would result in most work per cycle and thus the fastest
failure. In addition, as the aging time increases, it results in larger plastic strain and

inelastic work per cycle; this accelerates the time to failure.

The effect of surface finishes on the thermal cycling reliability and shear strength of
solder joints has been studied [140][141][142]. In general, the Ni/Au surface finish
[electroless nickel immersion gold (ENIG)] has shown better reliability in thermal
cycling with aging since the Ni layer is used as a diffusion barrier to control the growth
of the IMC in thermal environments. However, the Ni/Au surface finish is associated
with a brittle fracture in high-speed shear testing. The fracture is propagated along with
the interface of the solder joint and the nickel layer, causing a relatively low shear

strength [143][144][145].

The majority of the fatigue properties studies [146][24] were conducted using large

bulk samples, for example, dog bone shape samples, while Su et al. examined individual
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solder joints, which is a more reliable way to predict the fatigue of solder joints
[22][147]. However, the situation for solder joints in BGA components is more
complex, and the component's fatigue life is different from the fatigue life of individual
solder joints, on one hand, the solder joints in one component would affect each other,
on the other hand, failure of any solder joint would fail the whole component. Limited
literature has investigated shear fatigue performance of solder joints in BGA assembly
[79][80][28][23], where strain-controlled method was implemented. Furthermore, no
study has utilized stress-controlled method for BGA solder joints, and none has focused
on investigating the effect of surface finish on the reliability of doped solder joint. In
this study, the fatigue performance of SAC305, SAC-R, SAC-Q, and SAC-I BGA
solder joints was examined and compared with both OSP and ENIG surface finishes.
Both stress-controlled method and strain-controlled method were implemented. The
microstructure and failure mechanism of each solder alloy with OSP and ENIG surface

finish was characterized using SEM/DES.

7.2  Fatigue Life Analysis

The variation of fatigue properties among solder joints has been shown in several
studies [20][53][54]. The primary causes of this variability are differences in the
distribution of secondary precipitates and the orientation of the anisotropic Sn grains.
Each of the nine interconnected solder joints on the BGA test vehicles examined in this
work has a distinct microstructure. Also, during the shear fatigue test, these solder joints
have an impact on each other. The fatigue life of a BGA test vehicle is greatly reduced
by the failure of any solder joint. The failure distribution in this case is the minimum
extreme value distribution, which can be obtained from Weibull analysis. The failure

definitions of BGA test vehicles in both stress-and strain-controlled mode have been
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explained in my previous paper. A two-parameter Weibull distribution was used to
characterize the fatigue life of each set of BGA solder joints. The two-parameter

Weibull distribution is expressed as:

R(t) = e‘(%)ﬁ 7-1
where R(t) is the reliability, 4 is the scale parameter, and £ is the shape parameter. The
shape parameter represents the slope of the regression line. The scale parameter, which
is also known as the characteristic life, defines the number of cycles with a 63.2%
probability of failure. Figures 7-1 to Figure 7-4 show the fitted Weibull distribution for
SAC305, SAC-R, SAC-Q, and SAC-I solder alloys in stress-controlled method and in
strain-controlled method, respectively. Previous studies [22][113][105] have
demonstrated an excellent goodness of fit between characteristic fatigue life and applied
stress/strain levels using an empirical power equation. On a logarithmic scale, the
equation exhibits as a straight line. The characteristic fatigue life of each solder alloy
in this work was examined at a low level and a high level, which could be used to
illustrate the trend of the fatigue performance. Figure 7-5 and Figure 7-6 plot the
characteristic life of the four solder alloys in stress-controlled tests and strain-controlled

tests at different stress/strain levels.
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Figure 7-6 Characteristic life (cycle) of solder alloys in strain-controlled test

In a stress-controlled test, the higher stress level leads to more damage accumulated in
each cycle resulting in a shorter fatigue life. This conclusion holds true for all the tested
solder alloys, regardless of surface finish. With the same OSP surface finish, SAC-Q

and SAC-I tend to perform better than SAC305 and SAC-R since the two SAC-Bi
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solder alloys provided good fatigue life even at higher stress amplitudes. When it comes
to ENIG surface finish, SAC-Q, SAC305, and SAC-R exhibit no significant difference
in terms of fatigue life, although SAC-Q performs better than the other two alloys.
SAC-I demonstrates the worst fatigue performance, owing to its embrittlement
characteristic. This is in line with the observations in previous research using individual
solder joints [105]. It is also interesting to see that SAC305 solder joints with the OSP
surface finish tends to have a better performance than the ENIG surface finish,
especially at higher stress levels. This suggests a more robust connection between the
solder joints and the copper pad with the adoption of OSP surface finish. It is not
surprising to see that the fatigue life of SAC-R was close to that of SAC305, attributing
to the addition of 2.4% Bi and the absence of 3% Ag. Both of Bi and Ag have showed
a positive impact on solder joint reliability. Nonetheless, the fatigue life of SAC-R was

found greater than SAC-305 at a high stress level irrespective of the surface finish.

In strain-controlled test, a higher strain level would also result in more cyclic damage
during the fatigue test, leading to a shorter fatigue life. The fatigue performance of
SAC305 with OSP was again found to be better than ENIG surface finish at both low
and high strain levels. SAC-R performs similarly to SAC305, despite the slight offset
between the two. This coincides with the observation in stress-controlled test. As far as
SAC-Q and SAC-I solder alloys are concerned, they also exhibited greater fatigue life
than SAC305 and SAC-R at strain level of 4.2% with OSP surface finish. Similarly,
SAC-1 demonstrates better fatigue resistance than SAC-Q. However, the harmful
embrittlement nature of SAC-Bi solder joints with ENIG surface finish resulted in a
lower fatigue life. In a strain-controlled test, it was discovered that this effect was
amplified. SAC-Q and SAC-I showed their extraordinary sensitivity to the change of

strain level as a result of their brittle failure mode. The plastic deformation applicable
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was less in this failure mode, resulting in rapid jump of fatigue life from hundreds of
cycles to even more than 10,000 cycles if reducing the strain level. Despite this, SAC-

Q outperformed SAC-I with ENIG surface finish at the strain level of 2.4%.

7.3 Microstructure Analysis

As previously stated, the mechanical and fatigue characteristics of solder joints are
strongly influenced by their microstructure. The as-cast microstructures of the SAC305,
SAC-R, SAC-Q, and SAC-I solder bulks are displayed in Figure 7-7. A typical
SAC305 solder joint consists of two phases: the £-Sn phase and eutectic phase. In the
bulk solder, both Ag and Cu reacted with Sn to form AgsSn and CuesSns IMC particles
dispersed inside the p-Sn matrix. These particles act as impediments to dislocation
movement, providing improved mechanical and fatigue characteristics through the
precipitation hardening process. The morphology and distribution of the AgsSn phase
in solder joints also influence their reliability. Keller et al. [148][76][149] found that
AgsSn precipitates with finer microstructures and lower aspect ratios exhibit more
robust mechanical characteristics. This finding was derived after studying solder joints
containing the same Ag quantity but various distributions. Other micro-alloying
elements, including Bi, Sb, and Ni, can dissolve into the Sn crystalline lattice by
replacing the Sn atoms in their lattice locations, forming a substitutional solid solution.
Local lattice distortions also impede dislocation mobility and prevent plastic
deformation. The solid solution hardening process improves the strength of solder
alloys. The SAC-R solder alloy includes 2.46 wt.% Bi, which exceeds the solubility
limit of Bi in the Sn matrix at room temperature, which is 2.3 wt.%. The excess Bi
separated to form Bi precipitates, illustrated in Figure 7-7 (b) as a brilliant white zone.

The addition of Bi to the SAC-R solder joints compensates for the absence of AgsSn
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precipitates, bringing its mechanical and fatigue characteristics closer to those of
SAC305. The microstructure of SAC-Q and SAC-I in Figure 7-7 (c¢) and (d)
respectively showed more Bi particles in the solder bulks than SAC-R due to their
higher Bi content, which is 3.3 wt.% and 3.0 wt.%, respectively. Furthermore, the
inclusion of Bi was found to improve the needle-like AgsSn and plate-like CusSns
[150], which increased the reliability. Although SAC-I has less Bi than SAC-Q, it has
more Ag and Cu. The addition of Sb and Ni to SAC-I1 also improves its dependability.
The asterisk symbols in Figure 7-7 represent typical precipitates identified using EDS
spectrum analysis, as depicted in Figure 7-8. In the SAC305 bulk solder, the AgsSn
precipitates formed a network in the £-Sn dendrites. However, an AgsSn morphology
resembling needles was observed in SAC-Q and SAC-l. The same precipitate
composition was observed in the EDS spectra of the SAC-R and SAC-Q solder alloys,
both of which were characterized as CusSns particles. Furthermore, Ni was detected in
the Cu-Sn rich phase in spectrum 4, which is not surprising for the composition of the

SAC-I solder. The new Sn-Cu-Ni phase is identified as CusSns.
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Figure 7-7 SEM microstructure of (a) SAC305, (b) SAC-R. (c) SAC-Q, and (d) SAC-/

172
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AglL 71.59 73.50
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ull Scale 48799 cts Cursor: 0.000 keV Totals 100.00
(a) SAC305 (spectrum 1 location)
Element | Weight% | Atomic%
Cu K 30.38 44,91
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(b) SAC-R (spectrum 2 location)
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ull Scale 3660 cts Cursor: 0.000 ke
(c) SAC-Q (spectrum 3 location)
S LGB Flement | Weight% | Atomic%
Ni K 8.95 14.34
Cu K 19.58 29.00
SnlL 71.47 56.66
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(d) SAC-I (spectrum 4 location)

Figure 7-8 Energy dispersive X-ray (FDS) spectrum analysis of (a) SAC305 (spectrum 1 location),
(b) SAC-R (spectrum 2 location), (c) SAC-Q (spectrum 3 location), and (d) SAC-I (spectrum 4
location).

The surface finish guarantees the solderability and protects the Cu pad from oxidation
and corrosion. The OSP surface finish interacted with the flux during the reflow process
and decomposed, leaving the Cu pad and molten solder in direct contact. This enables
the formation of an interfacial layer between the copper pad and the solder joint. The
ENIG surface finish consisted mainly of a two-layers of Ni-Au metallic coating. At the
reflow temperature, the topmost layer of Au dissolves into the molten solder. The Ni
layer acts as a barrier between the Cu pad and the solder joint. The cross-sectional
morphologies of the interfacial IMC layers in SAC305, SAC-R, SAC-Q, and SAC-I
solder joints are depicted in Figure 7-9. In Figure 7-10, the compositions of some
typical IMC layers were determined using EDS spectrum analysis. The OSP and ENIG
surface finishes revealed significantly different IMC layers compositions. As shown in
Figure 7-9 (a), the Sn in the SAC305 solder interacts with the Cu provided primarily
by the Cu pad and, to a minor extent, by the solder to generate a scalloped CusSns IMC
layer. Another thin CusSn IMC layer was also observed between the CusSns layer and
Cu pad immediately after reflow. However, the CusSn IMC layer grows by consuming
the CusSns IMC layer (9Cu + CusSns — 5CusSn). This diffusion process between the
Cu6Sn IMC layer and the Cu pad is accelerated by external influences such as
temperature, aging, stress, current, and magnetic field. However, no IMC layers were
observed in this study. The Ni layer inhibits the interdiffusion rate between Cu atoms
from the Cu pad and Sn atoms in the bulk solder with the ENIG surface finish, delaying

the formation of Cu-Sn compounds. Meanwhile, because Cu and Ni have comparable
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atomic sizes and are both face-centered cubic lattice structures, a new Cu-Ni-Sn phase
can be formed without incurring lattice distortion. Ho et al. [151] observed that the Cu
content of the solder affected the nature and morphology of the IMC layer. A low Cu
content (< 0.3 wt%) led to the formation of a single (Cu, Ni)sSns IMC layer at the
interface, whereas increasing the Cu content promoted the formation of a second (Cu,
Ni)sSns IMC layer. Figure 7-9 (b) depicts a thin and continuous (Cu, Ni)3Sns IMC layer
adjacent to the Ni layer and the comparatively large discontinuous IMC layer. These
two IMCs were based on CusSns and NisSn crystal structures [152]. The addition of Ni
stabilizes the CusSns phase by preventing the allotropic phase transformation from

hexagonal #-CusSns to monoclinic #-CusSns [153].

Figure 7-9 (c) shows the IMC interfaces of the SAC-R solder joints. SAC-R had a
smoother and thinner CusSns IMC layer than SAC305, as shown in Figure 7-9 (c).
According to Yang et al. [154], Ag influences grain orientation and forms additional
CusSns grain boundaries at the interface, resulting in a thicker IMC interfacial layer.
Furthermore, the solid solution of Bi produces lattice distortions in the Sn-rich phase,
reducing the self-diffusion of Sn atoms. This also slowed the growth of the Cu6Sn5
IMC layer. Regarding the ENIG surface finish, only a hexagonal (Cu, Ni)sSns IMC
layer was observed on the Ni layer, as shown in Figure 7-9 (d). The absence of a (Cu,
Ni)sSns IMC layer was due to the comparatively high Cu content of the SAC-R solder.

The impact of the Cu content is explained using the Cu-Ni-Cn isotherm [155].

Figures 7-9 (e) and (f) demonstrate the cross-sectional morphologies of the interfacial
IMC layers of the SAC-Q solder joints with OSP and ENIG surface finishes,
respectively. The interfacial IMC layers were identified as a single layer of CusSns with
an OSP surface finish, as displayed in Figure 7-9 (e), and a dual layer of (Cu, Ni)3Sn4

and (Cu, Ni)sSns with ENIG surface finish, as depicted in Figure 7-9 (). The smoother
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CusSns IMC layer outperformed the scalloped CusSns in SAC305 solder joints in terms
of strength. When the Ni layer acted as a barrier, large facet-like (Cu, Ni)sSns IMC
precipitates were observed on top of the thin (Cu, Ni)sSns IMC layer. Furthermore,
SAC-Q solder alloys generate large amount of AgsSn plates, which can adversely affect
the plastic deformation properties and induce plastic-strain localization at the boundary

between the AgsSn plates and the 3-Sn phase [156].

The composition of the IMC layers differs slightly from those of the aforementioned
IMC layers as a result of the addition of Ni to the SAC-I solder alloy. Figure 7-9 (g)
shows a new type of (Cu, Ni)sSns IMC layer. The Cu-Ni-Sn IMC layer was formed
when Ni atoms in the SAC-I solder reacted with Cu and Sn atoms. The EDS spectra
identified much less Ni in this situation than in the (Cu, Ni)sSns IMC layer on top of
the Ni layer. Figure 7-9 (h) illustrates the interfacial morphology of SAC-I with ENIG
surface finish. As shown, a small (Cu, Ni)sSns IMC layer was formed on top of the (Cu,
Ni)sSns IMC layer. The observation was consistent with the findings of Yao et al. [157].
Both layers exhibited increased Ni concentrations. Large AgsSn plates with any of the
two surface finishes are observed again. Furthermore, Bi precipitates were detected,

which could further improve reliability by precipitation hardening.
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Figure 7-9 IMC morphology of (a) SAC305 with OSP surface finish, (b) SAC305 with ENIG surface
finish, (c) SAC-R with OSP surface finish, (d) SAC-R with ENIG surface finish, (e) SAC-Q with OSP

surtface finish, (f) SAC-Q with ENIG surface finish, (g) SAC-1 with OSP surface finish, and (h) SAC-/

with ENIG surface finish
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Figure 7-10 Energy dispersive X-ray (EDS) spectrum analysis spectrum 5, 6, 7, 8, 9, 10, and 11
locations

Figure 7-11 displays the thickness of the various interfacial IMC layers in the SAC305,
SAC-R, SAC-Q, and SAC-I solder joints. A CusSns IMC layer was formed with the
same OSP surface finish in the SAC305, SAC-R, and SAC-Q solder joints, whereas
another (Cu, Ni)sSns IMC layer was observed in the SAC-I1 solder joints. The Ni in the
(Cu, Ni)sSns IMC layer originates the SAC-I bulk solder. There was no significant

difference in the IMC thickness between SAC305 and SAC-R with the OSP surface
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finish, while SAC-Q and SAC-I generated a thicker IMC layer. Bi in SAC-Q and SAC-
It would also inhibit the growth rate of IMC layer when exposed to external factors
such as stress, current, or temperature, thus providing better fatigue resistance
[158][159]. The growth of the (Cu, Ni)sSns phase dominated the (Cu, Ni)sSn4 phase in
SAC305 and SAC-Q, while more (Cu, Ni)3Sns phase was found in SAC-I. Because of
the high Cu concentration, no (Cu, Ni)sSns phase was observed in the SAC-R solder
joint. In general, the Ni layer of the ENIG surface finish impeded the diffusion of Cu
from Cu pad, resulting a thinner IMC layer. However, it is well worthy note that the
variability of IMC layer was significantly increased since the presence of hexagonal
(Cu, Ni)sSns phase. A thinner IMC layer does not necessarily provide better reliability

for solder joints.
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Figure 7-11 Thickness of interfacial IMC layer in SAC305, SAC-R, SAC-Q, and SAC-/ solder joint

Both the stress-controlled and strain-controlled methods revealed the same solder joint
failure mechanisms. Figure 7-12 depicts the fracture surfaces of the SAC305, SAC-R,
SAC-Q, and SAC-I solder joints after fatigue failure. The flow stress theory explains

the failure mechanisms of solder joints [70]. During the shear fatigue test, the
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deformation of the viscoplastic solder joint induced flow stress. The flow stress
competes with the copper peel and interfacial strength to initiate fractures. Pad cratering
occurs when the flow stress exceeds the copper peel strength. Otherwise, when the
interfacial strength is stronger than the flow stress, fractures can develop at the solder
wedge and propagate intergranular into the solder matrix, indicating a ductile failure
mechanism. However, crack initiation and propagation can occur either at the IMC/pad
interface or near the IMC/solder interface, where the interfacial strength is lowest. The
former is referred to as brittle failure, whereas the latter is referred to as a near-IMC
failure. Ductile failure was observed for SAC305 (Figure 7-12 (a)) and SAC-R (Figure
7-12 (c)) with the OSP surface finish because a significant amount of bulk solder was
on the Cu pad, indicating fracture growth in the bulk solder. SAC305 (Figure 7-12 (b))
and SAC-R (Figure 7-12 (d)) exhibited near-IMC cracks with an ENIG surface finish,
where a partial (Cu, Ni)sSns IMC layer was visible around the bulk solder. The growth
of the (Cu, Ni)sSns IMC layer degrades the mechanical characteristics of solder joints
and causes the failure mode to shift from ductile to brittle [44]. Near-IMC failure was
also observed for SAC-Q (Figure 7-12 (e)) and SAC-I (Figure 7-12 (g)) with an OSP
surface finish. A distinct separation developed between the bulk solder and IMC layer,
leaving the exposure of CusSns and (Cu, Ni)sSns on the Cu pad. The two solder alloys
exhibited a very distinct brittle failure mechanism with an ENIG surface finish,
resulting in a smoother fracture surface. The smooth surface was recognized as the Ni

layer, indicating the separation of IMC and Ni layers on the Cu pad.
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Figure 7-12 Top views of failed solder joints for (a) SAC305 with OSP surface finish, (b) SAC305
with ENIG surtface finish, (c) SAC-R with OSP surface finish, (d) SAC-R with ENIG surface finish, (e)
SAC-Q with OSP surface finish, (f) SAC-Q with ENIG surface finish, (g) SAC-1 with OSP surface

finish, and (h) SAC-1 with ENIG surface finish
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7.4 Conclusion

This study examined the fatigue properties of SAC305, SAC-R, SAC-Q, and SAC-I
solder alloys with OSP and ENIG surface finishes using strain-controlled and stress-
controlled methods. The fatigue performance of these solder alloys was compared. The
SEM and EDS were used to determine the microstructure and failure mechanisms of

each solder alloy. The findings of this study are summarized as follows:

1. A higher stress/strain level leads to more damage accumulation in each cycle,

resulting in a shorter fatigue life.

2. The OSP surface finish outperformed the ENIG surface finish, regardless of the

testing methods and solder alloys.

3. Solder alloys with higher Ag and Bi contents demonstrate better fatigue

resistance associated with the OSP surface finish.

4. Brittle failure was observed in SAC-Q and SAC-I with an ENIG surface finish.

They are more susceptible to changes in strain and stress, particularly strain.

5. The interfacial IMC layer of SAC305 with the OSP surface finish was scallop-
like CusSns, whereas smoother layers were observed in the SAC-R, SAC-Q,

and SAC-I solder joints.

6. Each IMC interface exhibited a facet-like (Cu, Ni)sSns IMC layer with ENIG
surface finish. Except for SAC-R, a thin (Cu, Ni)3Sn4 layer was also formed.

This ascribes to the higher Cu concentration in SAC-R.

75 Contribution

The fatigue performance of SAC305, SAC-R, SAC-Q, and SAC-I solder joints in BGA

assembly were compared using stress-controlled and strain-controlled tests at the room
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temperature. This study examined the fatigue life as the cycle to obtain peak inelastic
work in strain-controlled test. The results indicated the substitutability of the more
economic SAC-R to SAC305 since their similarities in terms of fatigue life, regardless
of the surface finish and testing method. SAC-Q and SAC-I solder alloys showed more
fatigue resistance than SAC305 and SAC-R with the OSP surface finish mainly because
of the superior mechanical properties of the solder spheres. As such, the interfacial
strength became the bottleneck and crack was observed to propagate near the IMC layer.
However, with the ENIG surface finish, the two solder alloys developed even weaker
IMC layers. Another brittle failure mode was observed in this case, shown as the clear
and smooth separation between the Ni layer and the IMC layer. Since the difference in
failure mode, SAC-Q and SAC-I are more sensitive to the change of strain and stress,

particularly strain.

The comparison of fatigue life and the identification of failure mode in this study
revealed that the OSP surface finish could potentially provide stronger interfacial IMC
bonding than the ENIG surface finish. One should take careful considerations if
extrapolating this conclusion in real service life. The present conclusions were drawn
from isothermal cycling test. It might give valuable insights for the development of
more reliable solder alloys. However, it doesn’t mean that the OSP surface finish is
always better than the ENIG surface finish. For example, usually the ENIG surface

finish outperforms the OSP surface finish in thermal cycling tests.
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Chapter 8 Effect of Temperature on the Fatigue Behavior of

Solder Joints in BGA Assembly

8.1 Introduction

Various materials, including metal, ceramic, and polymers, are used to construct
electronic packaging. Each material has its own thermal and mechanical qualities,
which collectively affect the failure mechanisms and overall reliability of an electronic
assembly [160][161]. Interconnections in this system act as mechanical support and
electrical conduction between components and substrates are typically subjected to
rather high plastic strain. In a thermal cycling environment, the plastic strain is caused
by the mismatch of the Coefficient of Thermal Expansion (CTE) between the

component and substrate [107][162][163].

Extensive research has been carried out to examine the behaviors of interconnections
during thermal cycling testing [164][165], Thermal Shock [166][167], and Low Cycle
Fatigue (LCF) [99][113], and several models have been established to forecast the
interconnections' reliability in thermal cycling. The interconnections may also be

subjected to a long-term isothermal cycling state, such as vibration [168][169].

Many mechanical property studies were conducted on bulk samples, with the implicit
assumption that relationships developed for bulk samples can be directly applied to
solder joints in realistic applications, regardless of sample size or other impact factors
such as intermetallic compound or surface finish [147]. During the PCB design and
fabrication process, a layer of solder mask ink must be applied to the PCB's surface
[170]. A solder mask is a thin layer of polymer that is put to the copper traces of a PCB

to prevent oxidation and avoid "bridging" from solder pads that are closely spaced. The
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solder mask aperture for solder mask defined (SMD) pads is smaller than the copper
pad, which reduces the size of the copper pad on which components are soldered. Due
to the fact that solder masks can only cover a portion of the copper traces, copper pads
on PCB remain unprotected and exposed to the air, which may also contribute to a
reliability issue [171]. To shield the remaining copper pads from additional corrosion
and oxidation prior to assembly, a protective surface finish is applied [141]. In addition,
surface finishes serve as a basis for connecting electronic components, thereby
facilitating the assembly process, and promoting more durable solder joints for long-
term functionality. Each surface finish has its own distinct characteristics and
processing obstacles, such as Hot Air Solder Level (HASL) [172], Organic
Solderability Preservative (OSP) [173], Immersion Silver (ImAg) [174], Electroless

Nickel, and Immersion Gold (ENIG) [175].

Su et al. [21] investigated how different "micro-alloyed” SnAgCu-based solder
materials' shear properties were affected by the surface finish. It was revealed that,
when compared to other solder alloy-surface finish combinations, the combination of
high Silver (Ag) and Bismuth (Bi) content solder alloy and ENIG surface finish is more
prone to brittle failure. Moreover, for all shear strain rates, OSP and ImAg surface
finishes outperform ENIG surface finishes in terms of shear strength. Another research
results [105] appear consistent with the above findingsm which indicated that OSP and
ImAg surface finishes exceeded ENIG surface finishes in terms of fatigue resistance in
solder joints. The best fatigue resistance was found to be in CycloMax, whereas the
worst was found to be in SAC-X-Plus, which had an ENIG surface finish. This study

identified the ductile, brittle, and near-IMC failure modes.

In addition to surface finish and composition of the solder alloy; temperature is one of

the variables that affect the shear strength and mechanism of failure of solder joints. It
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was discovered that the mechanical properties of solder material changed noticeably
with temperature [176][177]. At 25 degrees Celsius, Xiao et al. [178] performed tensile
tests on solder alloys, and at higher temperatures and it was found that the tensile
strength of Sn-Pb and Sn-3.9Ag-0.6Cu solder alloys decreased by 25% after being aged
at room temperature. In addition, lower frequency and higher temperature have a
negative impact on low cycle fatigue endurance for lead-free solders made of 95.5Sn,
3.8Ag, and 0.7Cu as reported by Pang [99]. The fracture morphology gives brief details
on the types of modes resulting from different temperatures. Zhu et.al [25] found a
transgranular mode is visible in the fracture morphology at 348 K and mixed
intergranular and transgranular mode at 398 K. The fatigue life of solder joints under
high temperatures can also be assessed using the Coffin-Manson model and the Morrow
energy-based model. Temperature affects both the fatigue ductility exponent and the
fatigue ductility coefficient in the two models. In addition, the two parameters were

found to fit linearly [26] and polynomially [13] as a function of testing temperature.

Tin-Lead alloys are still often utilized in defense-related applications as a soldering
material mainly because of its predictability. However, many studies have revealed the
superiority of SAC-based solder alloys over SnPb solder alloys [29][179]. Considering
this situation, Department of Defense (DoD) has recently launched the ‘Solder
Reliability and Assurance Project’ to ensure the safe transition from SnPb alloys to
Lead-Free solder alloys for the crucial defense-related electronic applications. Until
now, some research has studied the effect of temperature on the fatigue properties of
solder alloys, but using bulk samples [13][24], while limited work employed individual
solder joints [25][26]. Most of the studies focused on the effects of frequency and strain
level on the fatigue behavior of solder alloys [23][27][28]. No literature has compared

the fatigue properties between SAC305 and SnPb solder joints considering the effect
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of surface finish and testing temperature. There is indeed a need to conduct a
comprehensive study to investigate the fatigue properties of SAC305 and SnPb solder
joints in BGA assembly. An empirical model is required to predict their fatigue
performance given the strain level and testing temperature. In this study, SAC305 and
SnPb solder joints with the OSP and ENIG surface finishes in BGA assembly were
tested at the temperatures of 248K, 298K, and 348K using the strain-controlled profile.
Various strain levels were selected to investigate the fatigue properties of the test
vehicles at different temperatures. An empirical model was proposed to predict the

fatigue life given the strain level and testing temperature.

8.2 Microstructure and IMC Morphology

The microstructure of the solder joints influences the robustness of the interconnection
between the component and substrate for electronic packaging. Flow stress was applied
to distort the viscoplastic solder joint in the isothermal shear fatigue test [70], which
resulted in accumulated damage in the bulk solder. The brittle IMC layer between the
bulk solder and substrate is another potential path for initiating cracks. In terms of the
fatigue resistance to initiate and propagate fractures, the bulk solder competes with the
interfacial IMC layer. Thus, it is critical to explore the microstructure of the bulk solder
and the morphology of IMC layers within solder joints in BGA assemblies. According
to previous studies, a wide range of variables, including solder volume [156][180][181]
[182], surface finish [174][21][183], aging time [174][184], aging temperature
[182][185], and alloying additives [186][187][22], affect the microstructure and IMC
morphology. The solder volume and reflow profile strongly influence the size of the
bulk solder phases, which are controlled by solidification conditions [156][180].

However, because the Cu concentrations increase more quickly in smaller solder joints
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than in larger ones, the decrease in solder volume favors the formation of a giant
scallop-like CusSns [181]. The availability of Cu atoms in bulk solder is also limited by
the solder volume, which changes the composition of the IMC layer [182] with the
ENIG surface finish. The surface finish selection significantly affected the composition
and morphology of the IMC layer. Figure 8-1depicts the as-reflowed microstructures
of the SAC305 and SnPb solder joints. A typical SAC305 microstructure comprises
the $-Sn and eutectic phases. Ag and Cu interacted with Sn to form AgsSn and Cu6Sn5
IMC particles distributed throughout the 5-Sn matrix. The AgsSn particles in the £-Sn
dendritic structure tend to form a network. Through the precipitation hardening process,
these particles impede the movement of dislocations, thereby strengthening solder
alloys. In contrast, the SnPb solder joint displayed a combination of Sn-rich and Pb-
rich phases. Figure 8-2 demonstrates the cross-sectional morphologies of the interfacial
IMC layers in the SAC305 and SnPb solder joints. With the OSP surface finish, the
same CusSns IMC layers were formed, whereas the ENIG surface finish revealed the
(Cu, Ni)sSns and NisSns IMC layers. Before soldering, the OSP surface finished
protecting the Cu pad, but it decomposed during the reflow process. As such, the Cu
pad interacted with the molten solder to form an interfacial layer between the Cu pad
and bulk solder. As a result, the Cu pad interacted with the molten solder to create an
interfacial layer between the Cu pad and the bulk solder. In the SAC305 solder joints,
the thickness of the CusSns IMC layer was 2.78 um, whereas the SnPb solder joints had
a thinner and smoother IMC layer of 2.24 um. This is due to the extra Cu concentration
(0.5 wt.%) in the SAC305 solder joint, which promotes the creation of a scallop-like
CusSns IMC layer. The ENIG surface finish was a double-layer metallic coating, with
the Ni layer in the center functioning as a barrier to the Cu pad and the Au layer on top

to protect the Ni layer during storage. On average, the thickness of the uppermost Au
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layer ranges between 0.05 pm and 0.1 um. At the reflow temperature, it dissolves in the
molten solder. Owing to the decreased reaction rate of Ni-Sn (interfacial reaction issues
for lead-free electronic solders, reference), a thinner (Cu, Ni)sSns IMC layer of 1.58 um
was developed in the SAC305 solder joint. Simultaneously, a tertiary phase of NisSn4

occurs in the SnPb solder joints.

®)

Figure 8-1 Microstructure of bulk solder (a) SAC305, (b)SnPb
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(b)
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Figure 8-2 IMC morphologies of (a)SAC305 OSP, (b)SAC305 ENIG, (c)SnPb OSP, and (d) SnPb

ENIG
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8.3  Evolution of Hysteresis Loop

In strain-controlled testing, the absolute values of the maximum and lowest
displacements were the same. The strain was calculated by dividing the displacement
by the gauge length, while the stress was derived by dividing the load by the entire pad-
opening area. Figure 8-3 depicts the initial hysteresis loops for the different test vehicles
with the OSP and ENIG surface finishes cycled at 10% total strain at 248 K, 298 K, and
348 K temperatures. The enclosed region inside the hysteresis loop represents the
inelastic work in each cycle. A hysteresis loop width of 0 MPa was used to calculate
the plastic-strain range. As demonstrated, increasing the testing temperature decreased
the peak stress value while increasing the inelastic work and plastic strain range. The
peak stress was reduced slightly when the testing temperature was elevated from 248
K to 298 K, but significantly when the testing temperature was increased to 348 K.
Enlargement of the width and size of the hysteresis loops followed the same pattern.
The result is consistent, independent of the strain level, solder alloy, and surface finish.
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Figure 8-3 Effect of temperature on the first hysteresis loop with AsT = 10% for (a)SAC305 OSP,
(b)SAC305 ENIG, (c)SnPb OSP, and (d) SnPb ENIG
Figure 8-4 shows the evolution of the stress-strain hysteresis for SAC305 with the OSP
surface finish at 10% total strain at 298 K. During the first 100 cycles, the hysteresis
loop changed only slightly. The maximum stress constantly decrease as the cyclic
fatigue test progresses, as does the loop breadth. However, the size of the hysteresis
loop goes through a growth and reduction phase. The inelastic work increased to a
maximum and then decreased. The development of inelastic work per cycle during the
cyclic fatigue test was computed using MATLAB to analyze the behavior of the fatigue
mechanism. Figure 8-5 shows the inelastic work per cycle as a function of the cycle
numbers. The inelastic work per cycle first increases until it reaches its maximum value,
as represented by the red line. This implies that solder joints store energy. Subsequently,
there was a drop in the inelastic work per cycle. According to the preliminary
speculation, damage is generated and accumulates in the solder joints during the strain-

controlled test, resulting in microcracks. In each cycle, the formation and propagation
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of microcracks increased the inelastic work. However, microcracks progressively
connect and join to form cracks. This resulted in a decline in the inelastic work per
cycle following the peak value. The main crack expanded and propagated until it

fractured completely.

Figure 8-6 demonstrates the variations in the maximum load with the cycle number for
SAC305 and SnPb, considering the surface finish and testing temperature. As
previously described in the hysteresis loop analysis, a lower testing temperature results
in a higher initial maximum load. In each of the four situations shown in Figure 8-6,
the maximum load of the solder joints at 248 K experienced a steady stage that
accounted for most of the fatigue life, followed by a rapid decrease in the maximum
load. The maximum load continually decreased at a low rate of 298 K. Subsequently,
the reduction rate began to accelerate until the fracture completion. The fatigue life of
the specimens tested at 298 K was shorter than those of the specimens tested at 248 K.
An elevated temperature of 348 K accelerates the fatigue process. The maximum load
was reduced instantly and swiftly to create a crack fracture, resulting in the shortest
fatigue life. It is worth noting that, following the cyclic fatigue test, not all solder joints
showed total breakage. Instead, the solder joints in the test vehicle could provide minor
stresses without breaking. Consequently, the curves indicate a positive value when
fatigue testing is completed. The black X markings in the images represent the cycles
to attain the highest value of inelastic work or fatigue life. This fatigue life assessment
occurred before the 50% maximum load drop, which was established as a failure
criterion in the ASTM standard [118]. In several studies [108][68], the beginning of the
accelerated increase in the load drop rate was identified as a complete failure dependent
on the solder alloy and the strain level. The definition of failure used in previous studies

is often subjective. The configuration, joint size, and surface finish solder joints in the
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BGA assembly should all be considered. Thus, it is not unexpected that this method
yielded an estimate of fatigue life just before the 50% maximum load decrease but
before the start of the accelerated load drop. The proposed method for identifying

failure based on peak inelastic work avoids ambiguities in a strain-controlled test.
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Figure 8-6 Variation of maximum load of hysteresis loop under various temperatures for

(a)SAC305 OSP, (b)SAC305 ENIG, (c)SnPb OSP, and (d)SnPb ENIG (Aer = 10%)

8.4  Fatigue Life Analysis

As previously stated, the cycle with the peak inelastic work was used to estimate the
fatigue life of the test vehicles using a two-parameter Weibull distribution. Figure 8-7
shows the fatigue life of each test vehicle under different total strains at the specific
testing temperature. Figure 8-8 depicts the fatigue life of the test vehicles under typical
conditions. Figure 8-8 (a) shows the fitted fatigue life of SAC305 with the OSP surface
finish at 298 K for various strain values of 6.0%, 8.0%, 10.0%, and 12.0%. The five
data points for each testing condition indicate the fatigue life of the five testing
specimens at each strain level. The middle regression line shows that these data points
effectively fit the Weibull distribution. The two curved lines represent the 95%

confidence interval of the Weibull distribution, which include all fatigue data. The
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shape parameter denotes the slope of the regression line. The typical fatigue life in terms
of a scale parameter provides the cycle number at which failure occurs, with a 63.2%
probability. The effects of the testing temperature and solder combination on the
predicted fatigue life are shown in Figs. 12 (b) and 12(c), respectively. In Fig. 12(b),
SAC305 solder joints with the OSP surface finish were evaluated with the same Aet
(10%), and Fig. 12(c) examines various solder combinations at the same temperature

(298 K) and Aer (10%),

The typical fatigue life derived from the Weibull distribution at strain level er, is

included in the empirical power equation as follows:
N63 = A(AST/Z) —¢ 8'1

Where Nes is the fatigue data for a given strain level, c is the strain exponent,
representing the fatigue ductility of the solder alloy, and A is the substance constant.
The ductility of the solder alloy decreases as ¢ increases. Figure 8-9 depicts the fatigue
life behavior at various temperatures vs. strain levels for various solder combinations
on a logarithmic scale. High R? values imply that the goodness of fit was high. As
shown, increasing the strain level resulted in a shorter fatigue life owing to the increased
inelastic work per cycle. These results were consistent with the findings of Park et al.
[23][26]. Furthermore, increasing the testing temperature reduces the solder fatigue
resistance at all strain levels [13][24]. This can be attributed to the increased inelastic
work per cycle. Figure 8-3 has shown the enlarged size of hysteresis loop during the
first cycle at the higher test temperatures. This is because of the increase in the inelastic
work per cycle. The enlarged size of the hysteresis loop during the first cycle at higher
test temperatures is displayed in Figure 8-3. This finding continued to be accurate as
the cycle test progressed, resulting in shorter fatigue life. Furthermore, independent of

solder alloys or surface finishes, increasing the test temperature tended to diminish the
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ductility of the solder alloys. Kanchanomai et al.

observations.
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Figure 8-8 The fatigue life represented in Weibull plots. (a) SAC305 with OSP surface finish at 298K;

(b) SAC305 with OSP surface finish at Aer= 10% and (c) solder alloys tested at 298K and Aer = 10%.
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Figure 8-9 Solder alloy life characteristics as a function of strain level at 248K, 298K, and 348K for
(a) SAC305 OSP, (b) SAC305 ENIG, (c) SnPb OSP, and (d) SnPb ENIG

Figure 8-10 shows fatigue life of the four combinations tested at 248K, 298K, and
348K. At the low temperature of 248K, SAC305 and SnPb tend to behave in a similar
way with the same surface finish. However, SAC305 outperformed SnPb at high strain
levels but performed less fatigue life at low strain levels. At the room temperature of
298K, SAC305 showed the better fatigue life than SnPb with the same surface finish.
At the elevated temperature of 348K, even more superiority of SAC305 was observed
at all strain levels. It is also worth noting that the OSP surface finish provided better
fatigue performance than the ENIG surface finish for both SAC305 and SnPb solder
alloys. This could be explained by the stronger IMC interface of OSP surface finish.

The failure mode analysis also supports this opinion.
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Figure 8-10 Fatigue life of solder alloys at the temperature of (a) 248K, (b) 298K, and (c) 348K

The two fitted parameters, A and c, of Equation 8-1 in Figure 8-9 were plotted in Figure
8-11. The substance constant A increased exponentially as the test temperature
increased. However, the strain exponent decreased linearly. The effects of varying the
operating temperature conditions on material reliability were described using the
Arrhenius equation. Consequently, the Arrhenius equation indicated in Equation 8-2
explains how the testing temperature affects the strain-life equation structure, where A
and T are the process rate and testing temperature, respectively, and ki and k2 are the

equation constants [31].

-k
A=keT 8-2

The strain exponent ¢ can also be expressed as a function of temperature 7:
Cc = k3 + k4_T 8'3

Where k3 and k4 denote linear constants, and k3 defines the slope of the fitted line in

Figure 8-11 (b). The typical model adequacy values, with the least R-squared value for
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all equations being 92%, are exhibited in Figure 8-11. The calculated constants (ki, kz,

ks, and ka) for the four combinations are listed in Table 8-1. The fatigue life of a solder

alloy (Ne3) can be expressed as a function of temperature (T) and strain level (Aet/2)

using a combination of Egs. 8-1, 8-2, and 8-3, as shown in Equation 8-4. The

satisfactory goodness of fit for the Equation 8-4 was obtained, with an R-squared value

of 96%.
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Figure 8-11 Parameters of the empirical model as a function of temperature: (a) substance
constant P and (b) strain exponent ¢

Table 8-1 Summary of constants fitted in the empirical equation

SAC305 OSP | SAC305ENIG | SnPb OSP SnPb ENIG
k1 0.2345 1.2258 11279 12503
k2 1812 2752 6211 6605
Ks 8.46 9.38 16.15 16.19
Ka -0.0126 -0.0150 -0.0344 -0.0339

Figure 8-12 displays the fracture surfaces of the SAC305 and SnPb solder joints
following fatigue failure. Because the accelerated isothermal fatigue tests were
conducted over a short period, a minimal difference was found between cycling at
temperatures of 248, 298, and 348 K. Consequently, no local recrystallization was
observed in this study, as described in the literature [53]. Multiple surface cracks were

predominantly initiated along the boundary steps of Sn dendrites in an intergranular
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manner and subsequently joined together to develop microcracks in the Sn-Ag bulk
solder. Flow stress was induced to deform the viscoplastic solder joints during the
cyclic shear fatigue tests. Flow stress causes microcracks in the bulk solder or near the
IMC layer. Flow stress causes microcracks in the bulk solder or near the IMC layer.
Both SAC305 and SnPb displayed a ductile failure mechanism with the OSP surface
finish, where the fracture propagated along the bulk solder, leaving a significant portion
of the bulk solder on the Cu pad. However, the ENIG surface finish resulted in another
near-IMC failure mode for the SAC305 and SnPb. Fractures can originate and
propagate near the IMC interface in this failure scenario, exposing a distinct partial
separation between the Ni and IMC layers. This implies that the ENIG surface finish
formed a weaker IMC interface than the OSP surface finish. The multiple failure
mechanisms also explain why the ENIG surface performed poorly in the strain-

controlled tests.
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Figure 8-12 Top views of failed solder joints for (a) SAC305 with OSP surface finish, (b) SAC305

with ENIG surface finish, (c) SnPb with OSP surface finish, and (d) SnPb with ENIG surface finish

8.5 Conclusion

This study examined the fatigue properties of SAC305 and SnPb solder alloys at the
testing temperature of 248K, 298K, and 348K using strain-controlled method. The
evolution of hysteresis loops, inelastic work, and maximum load were explored. The
microstructure and failure mode were characterized for both OSP and ENIG surface
finishes. An empirical model was proposed to predict the fatigue life of SAC305 and
SnPb solder alloys given the strain level and testing temperature. The study findings

are summarized below:

1. The characteristic fatigue life decreased as the increase of strain level or testing

temperature because the solder joint experienced more damage every cycle.
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. The higher testing temperature leads to the larger plastic strain range, the more
inelastic work, and decreased peak stress for solder joints in BGA assembly.

The temperature of 348K tends to amplify this effect.

Both SAC305 and SnPb solder alloys with OSP surface finish were associated
with the ductile failure mode, while the ENIG surface finish demonstrated the
near-IMC failure mode. This results the better fatigue performance of OSP
surface finish than ENIG surface finish regardless of strain level or testing

temperature.

. The cycle used to obtain a peak inelastic work in a strain-controlled test was

more appropriate for determining fatigue life.

. The empirical model given in Equation 8-1 can be used to describe the effects
of strain level on the fatigue behavior of SAC305 and SnPb solder joints at the
temperature of 248K, 298K, and 348K. The substance constant A and strain
exponent c are not constant but dependent on temperature. A modified empirical
model given in Equation 8-4 was proposed to correlate fatigue life, strain level,

and testing temperature.

. The OSP surface finish demonstrated a better fatigue performance than the
ENIG surface finish for SAC305 and SnPb at all the tested temperatures.
SAC305 with OSP surface finish showed the best fatigue performance among

all the combinations.

. SAC305 solder alloy tends to provide enhanced fatigue performance at extreme

environments (e.g., higher strain level or higher testing temperatures).
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8.6 Contribution

The fatigue properties of SAC305 and SnPb solder alloys featured the OSP and ENIG
surface finishes at various testing temperatures were examined in this study. The testing
temperature plays a crucial role in determining the fatigue life of solder alloys. This can
be explained by the reduction of ductility as the increase of testing temperature.
Meanwhile, the lower peak stress and the larger size of hysteresis loop were observed.
The reduced ductility resulted in the lower peak stress. However, more plastic strain
range and inelastic work were accumulated per cycle since the higher testing
temperature promoted the thermally activated process. This study focused on
isothermal cycling tests at different temperatures, which varies from thermal cycling
tests. The accelerated life tests were conducted within a short period of time. As a result,
local recrystallization was not observed in this case. Since the different failure
mechanisms of solder joints in isothermal cycling and thermal cycling tests, the
proposed empirical model is not suitable to extrapolate into thermal cycling field.
Despite this, the fatigue life of SAC305 and SnPb solder joints can be accurately
estimated through this empirical model. This work serves as the evidence for the safe

transition from tin-lead solders to lead-free solders.
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Chapter 9 Conclusion and Future Work

9.1 Results and Conclusions

The reliability of electronic packages is determined by the fatigue life of individual
solder joints. Factors such as solder material, surface finish, geometry, and shear strain
rate could significantly affect the mechanical and fatigue properties of solder joints.
This dissertation investigated both individual solder joints and solder joints in BGA
assembly. Specifically, the shear and fatigue performance of Sn-Ag, SAC-Bi and two
LTS were investigated using individual solder joints; the fatigue life of four solder
alloys (SAC305, SAC-Q, SAC-R, and SAC-I) in both strain-controlled test and stress-
controlled test were examined and compared using sandwich test vehicles; the effect of
testing temperature and surface finish for SAC305 and SnPb was comprehensively
studied as well. The fatigue performance of test vehicles was evaluated through the
characteristic fatigue life, evolution of hysteresis loop, inelastic work, plastic strain
range, and failure mode. Imaging tools such as Optical microscopy and SEM/DES were
utilized to identify the IMC layer, compound participates, and crack propagation.
Coffin-Manson model and Morrow energy model were developed, and the
corresponding parameters were extracted. Conclusions of this dissertation are

summarized as follow:

1. The shear strength of Sn-Ag, SAC-BI, Sn58Bi, and Sn42Bi was obtained with
different shear strain rates. The shear strength and variation increased as the
shear strain rate goes up. Due to the increased flow stress, the high shear strain
rate changed the failure mode of SAC-BIi, Sn42Bi, and Sn58Bi. The shear strain

rate was shown to be less sensitive to Sn-Ag.
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. SAC-Bi outperformed all the tested solder alloys in the shear strength and shear
fatigue tests, whereas Sn-Ag exhibited the lowest results. The Sn-Ag solder
alloy with the OSP surface finish demonstrated better interfacial toughness than

that with the ENIG surface finish.

. As the stress/strain level increased, more damage to the solder joints was

induced every cycle, reducing the typical fatigue life.

In strain-controlled test, inelastic work per cycle increased until reaching the
peak value during the cyclic test. We assume a major crack occurred at the peak
value, which resulted in the following decrease of work per cycle as the

propagation and growing of cracks.

In the stress-controlled test, no initial hardening of the sandwich test vehicle
was observed. The fatigue mechanism is similar to that of individual solder

joints.

. OSP surface finish demonstrated a larger fatigue life than ENIG surface finish

at all strain levels and stress levels regardless of solder alloys.

. SAC305 with OSP surface finish was associated with ductile failure mode,

while the ENIG surface finish demonstrated near-IMC failure mode. The near-
IMC failure mode indicates the weaker strength of IMC layer. At higher stress

level, the weaker IMC layer accelerates the fatigue failure.

In both stress-controlled and strain-controlled tests, the Morrow energy and
Coffin-Manson models match well with fatigue data. The fatigue ductility and
fatigue exponent parameters estimated for the more realistic solder joints in
BGA assembly were different from that for bulk samples and individual solder

joints.
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10.

11.

12.

13.

14.

15.

16.

17.

Solder alloys with higher Ag and Bi contents demonstrate better fatigue

resistance associated with the OSP surface finish.

Brittle failure was observed in SAC-Q and SAC-1 with an ENIG surface finish.

They are more susceptible to changes in strain and stress, particularly strain.

The interfacial IMC layer of SAC305 with the OSP surface finish was scallop-
like CusSns, whereas smoother layers were observed in the SAC-R, SAC-Q,

and SAC-I solder joints.

Each IMC interface exhibited a facet-like (Cu, Ni)sSns IMC layer with ENIG
surface finish. Except for SAC-R, a thin (Cu, Ni)sSns layer was also formed.

This ascribes to the higher Cu concentration in SAC-R.

The characteristic fatigue life decreased as the increase of strain level or testing

temperature because the solder joint experienced more damage every cycle.

The higher testing temperature leads to the larger plastic strain range, the more
inelastic work, and decreased peak stress for solder joints in BGA assembly.

The temperature of 348K tends to amplify this effect.

A modified empirical model was proposed to correlate fatigue life, strain level,
and testing temperature for SAC305 and SnPb solder alloys with OSP and ENIG

surface finishes.

The OSP surface finish demonstrated a better fatigue performance than the
ENIG surface finish for SAC305 and SnPb at all the tested temperatures.
SAC305 with OSP surface finish showed the best fatigue performance among

all the combinations.

SAC305 solder alloy tends to provide enhanced fatigue performance at extreme

environments (e.g., higher strain level or higher testing temperatures).
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9.2 Future Work

The individual solder joints so far were investigated at room temperature, the shear
properties of solder joints need to be further studied at various testing temperature to

have a comprehensive understanding of shear properties of lead-free solder alloys.

This dissertation only focused on two surface finishes (OSP and ENIG). Another widely

used ImAg surface finish need to be studied to make comparison.

So far only SAC305 and SnPb solders were tested at 248K and 348K. LTS and other
SAC-based solders need to be investigated to study the effect of testing temperature. In
addition, a wider temperature range is needed to better understand its effect and for
modeling purpose. The modified Coffin-Manson model and Morrow energy model

might fit these data combining Arrhenius equation.
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