PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

FEBAQ‘I?DE}E" DATE DUE DATE DUE

FEB 00 20t
TLARE

5108 K/Proj/AccaPres/CIRC/DateDue indd




INFLUENCE OF NANO-STRUCTURED CHEMICALS ON THE
MICROSTRUCTURES AND MECHANICAL RELIABILITY OF
LEAD-FREE TIN-BASED SOLDERS

BY
DEEP CHOUDHURI

A DISSERTATION

Submitted to
Michigan State University
In the partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY
Materials Science and Engineering

2009



ABSTRACT

INFLUENCE OF NANO-STRUCTURED CHEMICALS ON THE
MICROSTRUCTURES AND MECHANICAL RELIABILITY OF PB-FREE SN-BASED
SOLDERS

By

DegeP CHOUDHURI

Nanostructured chemicals utilized in this study are polyhedral oligomeric
silsesquioxanes (POSS) trisilanol. The crucial chemical entity of POSS trisilanols
are the silanol (Si-OH) groups, which can form thermodynamically feasible bonds
with metals (e.g Sn, Cu). This study capitalizes on such bonding ability of POSS
trisilanols by incorporating them in Pb-free Sn-based solder alloys (e.g. eutectic
Sn-Ag, near eutectic Sn-Ag-Cu). These solder alloys are used for fabricating
solder joints used in microelectronic interconnects. During service solder joints
are subjected to thermal excursions due to which they experience
thermomechanical fatigue (TMF). As a result, mechanical reliability of solder
joints undergoes deterioration. This study investigated the influence of POSS
trisilanol addition on the mechanical reliability of Pb-free Sn-based single shear-
lap solder joints subjected to TMF between -55°C to 125°C. Effect of TMF was
evaluated through observation of surface damage evolution and measurement of
residual mechanical shear strength as a function of number of TMF cycles. It
was found that POSS trisilanol addition improved the mechanical reliability of Pb-
free Sn-based solder joints by enhancing interfacial bonding, and the ability of
the solder matrix to accommodate strains generated during TMF. To further

evaluate the influence of nanostructured chemical addition separate set of
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studies were performed on POSS trisilanol containing bulk and single shear-lap
solder joint specimens. Effect of POSS trisilanol on bulk specimens were
investigated through observation of as-solidified microstructure and thermal
analysis. On the other hand studies involving single shear-lap solder joints were
conducted by isothermally aging them at different temperatures. Results from
the studies on bulk and joint specimens indicate that POSS trisilanols are present

at the Sn-Sn grain boundaries and between interfacial regions of different phases.
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Chapter 1

Introduction
1.1 Sn-based Pb-free solders

Eutectic Sn-37wt%Pb solder alloys have been used as interconnects in
electronic packaging, automotive, and aircraft industries for a long time [1].
However, the presence of Pb in solders has raised serious environmental and
health concems. This has led to concerted efforts by industries all over the world
to find a viable substitute for Pb [1]. It was also realized that a replacement Pb-
free solder should have reasonable wetting behavior, ease of availability, and low
cost [1]. Additionally, replacement solders should be able to withstand
increasingly demanding service conditions, while simultaneously retaining
mechanical reliability of an electronic package. This necessitated solder
materials with both high strength and ductility [2-4].

On the basis of above mentioned criterion, binary Sn-based Pb-free solder
alloys have been identified as possible substitutes. Among several candidates,
(e.g. Sn-Ag, Sn-Cu, Sn-Sb, Sn-Zn, Sn-Bi etc.), eutectic Sn-3.5wt%Ag solder was
recognized as a viable replacement through extensive research [1, 4-6]. Sn-

3.5wt%Ag offered the best combination of high strength and ductility [4, 7].

Melting point of Sn-3.5wt%Ag (221 C) is higher than Sn-37wt%Pb (183 C).

Consequently, Sn-3.5wWt%Ag is suitable to automobile under-the-hood application,
where solder joints regularly experience high service temperatures. However,
mechanical behavior of Sn-3.5Wt%Ag is comparable to Sn-37wt%Pb, but

compares less favorably in terms of solderability. As a result, elements like Cu,



Bi, In, Zn etc. have been added to the base Sn-Ag to improve solderability and
depress melting point [7]. Elemental additions were also observed to influence
the mechanical behavior of the resulting Sn-based temary alloys systems [7-10].
Cu, Bi, In and Zn additions improved the tensile strength of base Sn-Ag alloy [7-
10]. However, Sn-Ag-Cu (resulting from Cu additions) exhibited comparatively
better ductility and mechanical fatigue behavior. Furthermore, mechanical
properties of Sn-Ag-Cu solders were found comparable to that of Sn-3.5wt%Ag
[7, 9, 10]. Consequently, improved mechanical properties along with ease of
availability, low cost, and good wetting behavior has made Sn-Ag-Cu a popular
choice for study and application [8, 11-15].

Although majority of these studies were carried out on bulk Sn-based Pb-
free solders specimens, but in real applications solders are used in joint
configuration. These joints are found in surface mount devices such as small
outline package, quad flat package, and ball grid array package [1]. These
surface mounts involve joining integrated chip (IC) packages on a printed circuit
board (PCB) [1]. Consequently, joints form not only the electrical connections,
but also mechanical connection between the substrates and the components (IC
package). Since Sn-based Pb-free solder alloys are mechanically softer than
other components (e.g. Cu substrate, lead frames) [1], strength of soldered joints
form the weakest link in terms of mechanical reliability of the electronic package.
As a consequence it is necessary to design Sn-based solders that can withstand
harsh service conditions without compromising their mechanical reliability.

These service conditions require solder joints to experience thermal excursions



resulting in thermomechanical fatigue (TMF) of those joints. Additionally, solder
joints are also subjected to extenal mechanical stresses during service e.g.
mechanical vibrations and impact loading [1, 7, 10, 16-18].

In view of the above mentioned requirements and issues literature review
presented in this chapter serves the following purpose:

1. Identify service conditions related reliability issues with Sn-based Pb-free
(hence forth “Sn-based”) solder joints and,

2. Present progress made in the development of Sn-based solder materials
for combating reliability issues, and problems associated with such solder
materials.

1.2. Influences of service conditions on Sn-based solder joints

As mentioned in the previous section, solder joints experience TMF during
service. TMF occurs during thermal excursions encountered by joints in
automotive under-the-hood and power cycling type applications[1, 14, 18-24)].
Temperature difference arising from thermal excursions results in cyclic
displacements between materials with dissimilar coefficient of thermal expansion
(CTE). Such CTE mismatches arise between the constituents present within the
solder joint (i.e. solder region, the interfacial intermetallic compound (IMC) layer,
and the substrate )[1, 14, 18-26]. Stresses arising from such CTE mismatches
result in TMF of joints. Additionally, creep / stress relaxation may also occur
within solder joints during thermal excursions [3, 23, 27-30]. So the combination
of stresses (generated by CTE mismatch), and creep / stress relaxation result in

temperature dependant deformation within the solder joints. The resulting



deformation causes microstructural damages within the solder region, leading to
deterioration in the mechanical reliability. However, the extent of such damages
would also depend on the material used for fabricating those joints, in addition to
service temperatures.

Sn-based alloys contain over 95wt% B-Sn. Consequently, properties of
Sn will significantly influence the mechanical reliability of Sn-based solder joints.
So it is necessary to identify the contribution of high B-Sn content in Sn-based
solder joints subjected to TMF.

Material independent service parameters may also influence the
mechanical reliability of soldered joints. For example, during thermal excursions
different stress level would result from dissimilar “temperature difference”. Such
differences in service conditions would lead to different creep / stress relaxation
response in Sn-based solder joints. Consequently, different service parameters
will elicit different material response. Such coupling of service parameter and the
solder material used may eventually determine joint service life.

1.2.1 Influence of high Sn content and intermetallic compound phases on
the service reliability of Sn-based alloys

At room temperature B-Sn exists as white tin which has a Body-Centered-
Tetragonal (BCT) crystal structure (Figure 1.2.1) [25, 26]. Henceforth Sn would
refer to B-Sn unless stated otherwise. Lattice parameters of the BCT crystal are
c=2.18A, and a =b = 5.83A [25, 26]. Differences in the lattice parameters result
in different mechanical and thermal properties along different crystallographic

directions. Table 1.1 lists elastic modulus and CTE of Sn single crystal as a



function of crystallographic direction. These values indicate the high anisotropic
nature of Sn grains. Anisotropy in mechanical and thermal properties becomes
particularly important during thermal excursions. Under such service conditions,
stresses are generated at Sn-grain boundaries due to anisotropic CTE
mismatches between adjoining grains [25, 26]. This causes different stress
levels depending on the relative orientations of anisotropic Sn grains with respect
to each other. Consequently, thermal excursions lead to inhomogeneous stress
states within the solder region of a joint [23, 24, 26).

Additionally, Sn-based solders, due to their low melting, experience high

homologous temperature during service. Temperature extremes encountered

during thermal excursions range between 0.5Tm, and 0.8Ty;,. Under those

conditions, solder joints would experience temperatures higher than the
equicohesive temperature of grain boundaries [39]. At equicohesive temperature
grain boundaries become weaker than the grain interiors. As a result, Sn-Sn
grain boundary sliding occurs upon imposition of stresses resulting from CTE
mismatches between Sn grains [1]. The occurrence of grain boundary sliding
during TMF also indicates that joints experience creep / stress relaxation like
conditions during thermal excursions [1, 21, 23, 24, 26]. Moreover, several
studies have shown that decohesion / cracking also occurs at Sn grain
boundaries during TMF of Sn-based solder joints [1, 21, 23, 24, 26]. Decohesion
at such grain boundaries have been attributed to the presence large stresses at

those boundaries during thermal excursions [25, 26].
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Figure 1.2.1 Schematic showing the body-centered-tetragonal crystal structure

of Sn.

Table 1.1 Listing of single crystal elastic modulus “E” and CTE “a” of Sn as a

function of five different crystallographic orientations. [25]

Crystallographic orientation E (GPa) TS
[100] 54.1 154
[001] 847 305
[10] 263 154
[101] 481 189
REE] 255 205




Microstructural damage resulting from such grain boundary events (sliding
/decohesion) deteriorates mechanical reliability of Sn-based solder joints [1, 21,
24-26]. In essence, Sn-based solder joints accumulate additional microstructural
damage with the solder region due anisotropic CTE mismatches between Sn
grains.

Moreover, presence of fewer and larger Sn grains could further
exacerbate such damages, since TMF behavior of joints will be dependent on the
relative orientation of Sn grains [31]. During TMF, large stresses between
unfavorably oriented Sn grains will damage grain boundaries and might cause
early failure of joints [31]. The possibility of large grains in Sn-based solders
arises due the fact that Sn requires a large undercooling (~40°C) prior to
solidification [8, 31]. This means as-solidified Sn —based solder may contain
large grains. Puttlitz et.al. showed that damage between large Sn grains in Sn-
Ag-Cu solder joints significantly reduces their TMF resistance [14].

Additionally, microstructures of Sn-based ‘solders also have intermetallic

compound (IMC) phases. Chemical composition of the IMCs depends on the

minor element in Sn-based alloys. For example Ag3Sn is present in Sn-Ag alloys,
while Sn-Ag-Cu contains Ag3Sn, and CugSns IMCs. Role of these IMCs is to
strengthen the solder matrix through different means. CugSns have been shown
to pin Sn-grains boundaries [32], while micron sized Ag3Sn in solder joints act as

obstacles to dislocation motion [33]. However, during service both CugSns [21]



and Ag3Sn [34-36] have been reported to coarsen. It should be mentioned that

coarsening of CugSns is a bigger issue that of Ag3Sn. This is so because Cu

diffusion though Sn is considerably faster than that of Ag [37, 38]. Consequently,

coarsening of CugSns would result in fewer pinning sites at the Sn-Sn grain

boundaries. Whereas larger Ag3zSn IMC size would lead to ineffective blockage

of dislocations [39]. Therefore, coarsening of IMCs during service has the
capacity to compromise mechanical reliability of Sn-based solder joints.

Service conditions may also require Sn-based Pb-free solder joints to
operate at sub-zero temperatures for long durations. These conditions may arise
for solder joints used in devices for space and aircraft applications. At subzero
temperatures Sn undergoes allotropic transformation from a ductile to a brittle
phase (a-Sn). This phenomenon is called tin pest. Such a transformation occurs
below 13°C. At present tin-pest has not been reported to occur during service,
but is only observed under laboratory settings [24, 40, 41].
1.2.2 Influence of service parameters on the reliability of solder joints
To determine the influence of service parameters, it is important to identify the
type of temperature profile appropriate for an application. This study focuses on
thermal excursions prevalent in automobile under-the-hood situations and during
power cycling. Figure 1.2.2 (a) shows model temperature profile experienced by
solder joints under previously mentioned circumstances [1].

Service parameters associate with such thermal excursion (Figure 1.2.2),

such as heating / cooling rates, dwell times at temperature extremes, and



temperature differences (AT), have been reported to significantly influence the
reliability of Sn-based solder joints [21, 22, 42]. Furthermore, reliability of solder
joints is directly related with their service life time. Based on such parameters, a

simple parametric formulation was proposed by Subramanian [22]:

lifetime ~ [AT] I [0 T/d0r] T [T/t el Iatwate] 1AMS, (1)

where, the service parameters AT, f, (dT/dt)y, (dT/dt)c, At/Atc, and AM are

temperature difference between two extremes, frequency of TMF cycles, heating
rate, cooling rate, ratio of dwell times at high and low temperature extremes, and
microstructural changes during TMF respectively, while m, n, p, q, r, s are
material dependant parameters. However, this model does not take into account
the effect of individual temperature extremes but their difference, i.e AT.

Rhee et.al. demonstrated through isothermal monotonic testing that
deformation modes in eutectic Sn-3.5wt%Ag solder joints are highly temperature

sensitivity [6]. That study revealed that deformation mode changes from Sn grain

boundary sliding to shear banding in the neighborhood of 125°C.  Similar

observations were reported by Choi et.al. through creep studies on Sn-3.5wWt%Ag
solder joints [43]. These studies strongly suggest that deformation modes of Sn-
rich (<90wt%) solders are highly susceptible to temperature extremes
encountered during service. Further, microstructural damages caused by TMF,

depends on deformation modes. This suggests that reliability of solder joints,



experiencing TMF, will not only depend on the mentioned service parameters but
also on the temperature regimes in which AT is imposed (Figure 1.2.2(b)).
In essence the proposed parametric model does not include the effects of

temperature regime on the TMF service life of Sn-based solder joints.
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Figure 1.2.2 Schematic showing (a) different service parameters present during
thermal excursions, and (b) High and low temperature regimes experienced

during thermal excursions. Adapted from Subramanian [18].
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1.3 Development of Pb-free Sn-based solders

Sn-based solders joints experience thermal excursions during service. Thermal
excursions occur during automotive under-the-hood applications and device tum
on-off type situations (power cycling) [1]. As a result of those thermal excursions
solder joints experience TMF. Additionally, accidental dropping of devices result
in impact loading of soldered joints [44-47]. Microstructure of an effectively
designed solder should be able to handle such service conditions. Normally a
fine grained microstructure provides a material with enough strength to withstand
fatigue due to mechanical vibrations [2, 17]. However, solder alloys, due to their
low melting points, inevitably encounter high homologous temperatures during
service. At high homologous temperatures grain boundary sliding occurs in fine
grained microstructure during TMF or mechanical vibrations [2]. Additionally,
solder joints experience creep/stress relaxation during TMF resulting in a
requirement for a stronger solder matrix. However, the solder matrix should be
compliant enough to withstand stresses generated due to imposed AT. This

presents a demand for a solder material that has both high strength and ductility.

Furthermore, high temperature aging causes coarsening of IMCs (e.g.Ag3Sn

and CugSns) present in the microstructure. These IMCs are known to provide

strength to the solder matrix. Microstructural instability resulting from coarsening
of IMCs would further lead to weakening of the solder matrix. Consequently,
development of Sn-based solder must balance the need for strength and

compliance, while simultaneously retarding service induced microstructural
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changes. Additionally, implementation of such solders should require minimal

changes in the established industrial processes. To summarize, a well designed

Sn-based Pb-free solder must perform the following roles:

1.

3.

4.

Engineer microstructure: A fine grained microstructure while
simultaneously retarding grain boundary sliding.

Accommodate imposed stress/strain without losing strength. In other
words potential Sn-based solder candidates must have both ductility and
strength.

Stabilize microstructure: Retard IMC coarsening.

Amenable to ease of processing and implementation

1.3.1 Alloying approach

As mentioned in section 1.1, Sn-Ag and Sn-Ag-Cu family of solder alloys are

seen as possible replacements for Sn-Pb alloys. Recently, Sn-Ag-Cu alloys are

experiencing more commercial use and subsequently being studied extensively

[8, 11-13, 48]. In particular near eutectic Sn-3.9wt%-0.6wt%Cu and Sn-3.0wt%-

0.5wt%Cu have been recommended by National Electronics Manufacturing

Initiative (NEMI) and Japan Electronics Information Technology Industries

Association (JEITA) respectively [49, 50]. However, reflowed microstructure of

those Sn-Ag-Cu alloys contains either large Sn primary dendritic structure or

large IMC particles [8, 11-13, 48]. Such a coarse microstructure results due to

the large undercooling experienced by Sn rich matrix during solidification [31].

Consequently, there is a need for refining Sn-Ag-Cu microstructure.
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One of the approaches taken was to change the compositions of Ag or Cu

in Sn-Ag-Cu [8]. This approach was based on the assumption that CugSns IMC

particles promote heterogeneous nucleation of primary Sn. Studies carried out
by varying the concentrations of both Cu and Ag, Anderson et.al. found that Sn-
3.6wt%Ag-1.0Wwt%Cu had the most refined microstructure [8, 11, 48]. It was also
shown that Sn-3.6wt%Ag-1.0wt%Cu had a higher shear and yield strength than
eutectic Sn-Ag. However, Sn-3.6wt%Ag-1.0wt%Cu had a lower ductility than
eutectic Sn-3.5wt%Ag as compared to other Sn-Ag-Cu alloys studied. To
simultaneously refine the microstructure and retain ductility (as compared to
eutectic Sn-Ag) minor concentrations of Co and Fe were added to Sn-Ag-Cu
alloys resulting in quatemary Sn-Ag-Cu-X (X=Co, Fe) alloys. It was found that
both additions refined the microstructure, but microstructure of Sn-Ag-Cu-Co was
comparatively more refined. The resulting refinement was attributed to the

presence of Co-Sn and Co-Sn-Cu IMCs. It was suggested that during

solidification those IMCs promoted the heterogeneous nucleation of CugSns,

which in tum assisted in the nucleation of Sn. Futhermore, Co and Fe additions
resulted in similar ductility and strength as that of eutectic Sn-Ag [8, 11, 12, 48].

Although Co and Fe additions resulted in desired improvements, presence of

CugSns IMC within the microstructure is a source of concem. CugSns in Sn-Ag-

Cu solder joints has been known to coarsen during TMF [21]. Such coarsening
contributed to the deterioration in the mechanical reliability of Sn-Ag-Cu solder

joints subjected to TMF [21]. Similar coarsening of IMCs during TMF was also
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observed in quaternary Sn-Ag-Cu-Bi and Sn-Ag-Cu-In alloys, even though Bi and
In additions improved the fatigue life of solder joints [51].

Later Subramanian et,al developed Sn-Ag-Cu-Ni quatemary alloy systems

that reduced CugSns IMC coarsening during TMF. The improved microstructural

stability was due to the presence of (CuNi)gSns IMC in those alloys, which

prevented diffusion of Cu through Sn [1, 2, 5§2]. Furthermore, (CuNi)gSns IMC

pinned Sn grain boundaries thereby retarding Sn-Sn grain boundary sliding and
improving TMF reliability. However, those studies were more focused on the
improving the TMF reliability of Sn-Ag-Cu-Ni solder joints, rather than
determining influence of Ni additions on solidification behavior of Sn-Ag-Cu.
Later, Anderson et.al. showed that Ni additions to Sn-Ag-Cu results in
microstructural refinement very similar to Co and Fe additions [13].
Consequently, it seems that minor additions to Sn-Ag-Cu do have the potential to
improve the service life of solder joints. However, implementation quatemary Sn-
Ag-Cu-X (X = Co, Fe, Bi, In Ni) solders may depend on the flexibility of the
existing processes in the industry.

Another alloying approach that has received much attention is the addition
of rare earth (RE) elements to existing Sn-based alloys. Typical RE used lie
within the lanthanide series of the periodic table. Among those La and Ce are
most commonly used elements [2, 53]). Such RE additions are found to improve
both ductility and strength [63]. Furthermore, RE additions also result in a

refinement of Sn dendrites and IMC particles [53]). In Sn-Ag-Cu alloys RE
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additions decrease the size of both CugSns and Ag3Sn IMCs [53]. Furthermore,

refined Sn dendritic structure observed in Sn-Ag-Cu-RE alloys also suggests that
RE elements act as nucleating agents for Sn [563]. Wu et.al. suggested that such
refinement is caused by the presence of RE at different interfaces (namely

IMC/Sn , Sn-Sn grain boundaries etc.) [53]. This was further confirmed through

isothermal aging studies by Pei et.al. They showed that coarsening of Ag3Sn

IMC is retarded by La additions [54]. Clearly alloying with RE improves
mechanical properties and microstructural stability of the base alloy. However,
cost and availability of RE might be an issue in their implementation.
1.3.2 Composite approach
Composite solder is another technique which is being vigorously pursued by our
group and other researchers [2]. The prime motivation for this approach is to
engineer microstructure of commonly used solder alloys so as to improve creep
properties and TMF resistance [2]. This approach involves incorporation of
reinforcements in the solder matrix without increasing the melting point of the
material [2]. Additionally, such reinforcements have the potential to pin grain
boundaries and consequently improve the TMF resistance of Sn-based solder
joints.

Presently, there exists a variety of techniques which fuffills the

aforementioned requirements. One such technique involves incorporation of

compatible IMC, e.g CugSns, FeSn / FeSn2, and Ni3Sn4, reinforcements by in-

situ or mechanical mixing methods [2, 3, 52]. Isothermal aging studies carried to
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evaluate microstructural stability of such IMCs showed that FeSn / FeSnp, and

NigSn are relatively more stable than CugSns [2, 3, 52]. Nonetheless, IMC

reinforcements have the tendency to coarsen, which would be detrimental to the

mechanical reliability of solder joints. On the other hand, CugSns reinforcement

improved creep resistance of Sn-3.5wt%Ag solder joints as compared to FeSn /

FeSn2, and Ni3Sng, [2, 3]. Even though CugSns improves creep resistance, its

applicability as a potential reinforcement was limited by the fact that it coarsens

during TMF [2, 3, 21].

These studies on IMC reinforcements (CugSns, FeSn / FeSnp, and

Ni3Sng) showed that microstructural stability is a problem, since the

reinforcements tend to coarsen rapidly during isothermal aging. Consequently,

other types of inert, and non-coarsening reinforcements have been utilized. Fe

and ceramic (Al203, TiO2) reinforcements fall in such a category. These

reinforcements improved the strength and creep resistances of solders [2, 55].
However, viability of such an approach is limited by the fact that those
reinforcements do not bond with the Sn-rich matrix, and tend to agglomerate
during the reflow process [2, 55]. In an attempt to reduce agglomeration,
reinforced solders were rolled to crush and disperse the particulates. In addition
to adding an extra processing step, this approach resulted in interfacial cracking

between the reinforcement and the matrix [55].
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Another approach proposed by Subramanian et.al. was the incorporation
of micro-sized Ag, Cu and Ni metallic particles to Sn-Ag based solders [2, 3, 55].

Ag, Cu, and Ni reinforcements bonds with Sn-rich matrix though the formation of

interfacial IMCs Ag3Sn, Cu-Sn (Cu3Sn, and CugSns), and (CuNi)gSns,

respectively. In terms of microstructural stability Ag reinforcements proved to be
better than Cu and Ni [2]. However, Ni reinforced Sn-3.5Wt%Ag solder joints
demonstrated improved creep resistance as compared to Cu and Ag
reinforcements [2, 3]. Although Ni particles improves the creep resistance but it
is difficult to control their size and distribution during the reflow process [565). This
could be a source of concem for microelectronics industry which is increasingly
driven towards miniaturization [55]. Consequently, a requirement for sub-micron
size reinforcements arises.

Based on the literature review, it is found that a potential reinforcement
should satisfy the following minimum requirements:

1. Does not coarsen during service,

Bonds with the Sn-rich solder matrix

Pin grain boundaries

> » N

Provide ease of processing without introducing additional costly steps, and
5. Sub-micron sized and have relatively uniform distribution throughout the

matrix
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1.3.3 Development of nano-composite solders using nano-structured
chemicals
Polyhedral oligomeric silsesquioxanes (POSS) are nano-structured chemicals

with an average diameter of 1.5nm [55]. These chemicals are cage like structure

with repeated monomer units of SiO4 5 with a hydrocarbon (R) group, eg. Iso-

butyl, phenyl etc., attached to the Si atoms [55). Examples of POSS have been
shown in Figures 1.3.1. These figures show that POSS can be either a complete
cage (Figure 1.3.1 (a)) or an incomplete cage with silanol (Si-OH) bonds
replacing a Si atom at the comer (Figure 1.3.1 (b)). Schematic shown in Figures
1.3.1(b) are among of the several structural variations of POSS [56, 57]. Utilizing

appropriate chemical synthesis routes one can tailor the number of Si-OH bonds

and Si atoms attached to the SiO1 5 cage [68]. However, for this review and the

studies presented in the following sections (and chapters), role Si-OH bonds are
of consequence.

POSS with silanol groups are known to form thermodynamically feasible
bonds with Sn (Si-O-Sn) [65]. Essentially, these bonds are formed between
oxygen and metal atoms following breakage of O-H bonds, while Si-O bond
remains intact. This is evident from Table 1.2, which compares different oxygen-
metal bond energies with that of Si-O and O-H bonds present within POSS.
Consequently, POSS with surface active Si-OH presents itself as a viable
alternative reinforcement, since it can form bonds with Sn-rich solder matrix.

Furthermore, bonded POSS cages will not coarsen during service since that
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would involve breaking very strong bonds. This suggests that bonded POSS

cages are inert during service. Additionally, POSS with silanol groups are

thermally stable till 300°C [55, 59, 60]. This temperature is considerably higher

that the melting points of most Sn-based solder alloys and processing
temperatures used for fabricating soldered joints with such alloys. As a result
degradation of the POSS structure is unlikely during processing.

Effect of POSS reinforcements on the thermo-mechanical behavior and
TMF service mechanical reliability of Sn-3.5wWwt%Ag solder joints has been
investigated by Lee et.al [55). Their experiments strongly suggested that POSS
with surface active Si-OH bonds with the solder matrix, and does not

agglomerate during the reflow process indicating ease of processing.
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Figure 1.3.1 Schematic showing two different types POSS anatomies (a)
Trisilanol POSS with three Si-OH groups, (b) Octa POSS without any Si-OH

groups.
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Table 1.2 Bond energy values at 25°C [61].

Bond types | Bond energies(KJ/mol)
Si-0O 799.6
Si-C 447.0
Sn-0 528.0
Cu-0 287.4
Ag-O 2210
O-H 248.8

Figure 1.3.2 SEM images showing microstructural damages after 1000 cycles of

TMF in (a) eutectic Sn-3.5wt%Ag (adapted from Lee at.al. [21]), and (b) eutectic
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Sn-3.5Wt%Ag reinforced with 2wt% (10 vol%) POSS with Si-OH groups (adapted

from Lee et.al. [565]).
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Monotonic shear testing revealed that POSS reinforced solder joints were
relatively insensitive to strain rates, suggesting that the reinforced matrix is able
to accommodate imposed stress/strain. Finally, TMF studies showed that, POSS
pins Sn grain boundaries from sliding or debonding [55]. Figures 1.3.2 comparés
the microstructures of solder joints with and without POSS reinforcements after
1000 cycles of TMF. Figure 1.3.2(a) shows surface damage manifestation in
form of grain boundary sliding in Sn-3.5wt%Ag, while reinforcing with POSS
results in lack of such damages (Figure 1.3.2(b)).

Evidently, incorporation of POSS reinforcements within solder matrix
presents an attractive potential option for implementing composite solder. To
establish the viability of POSS as reinforcement, the following studies on Sn-
based Pb-free solders are warranted:

1. Effect of POSS additions on the TMF behavior of solder joints
2. Influence of POSS additions on the microstructural features and its

stability during service.

1.4 Research strategy

Based on this literature review it was noted that temperature regime, within which
solder joints experience thermal excursion, might influence the mechanical
reliability of Sn-based solder joints. To validate this hypothesis, Sn-based solder
joints have been subjected to a lower temperature regime as compared to
previous studies [1, 20, 21, 32, 42]. For this purpose, model Sn-3.5wt%Ag solder

was utilized. Effect of low temperature regime TMF was evaluated through
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microstructural and mechanical characterization techniques. Results of this
investigation and the comresponding discussion are presented in chapter 3.
These results would serve as a baseline for evaluating the effects of POSS
reinforcements on mechanical reliability of Sn-based solders.

Chapter 4 presents the study on the effects of POSS additions on the TMF
behavior of Sn-based solder alloys. However, only the effect of low temperature
TMF is studied, since Lee et.al. has already investigated the effect of high

temperature regime TMF on POSS reinforced Sn-3.5Wt%Ag solders [65]. The

methodology for characterization in this chapter is similar to the ones in chapter 3.

As pointed out earlier, any additions (alloying elements or reinforcements)
that can bond with the metal matrix can influence the microstructure of the base
alloy. Consequently, chapter 5 assesses the effects of POSS additions on the
microstructure of bulk specimens.

Microstructural stability during service is one of the requirements in the

development of Sn-based solder. This aspect is investigated in chapter 6 by

observing the effects of POSS on the coarsening behavior of AgzSn IMC.
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Chapter 2

Experimental Procedure and methods

2.1 Materials and processing

Eutectic Sn-3.5Wt%Ag (SA) and Sn-3.0Wt%Ag-0.5wt%Cu (SAC305) solder

pastes (Kester ®) were used in this study. Each variety of paste contained of

~89 wt % alloy while the rest was water soluble flux. Commercial brand of the
solder pastes was R520A. Nanostructured chemical used were (i) Iso-Butyl
trisilanol POSS, and (ii) Iso-Butyl Octa trisilanol POSS. These chemicals were
obtained from Hybrid Plastics®. All the pastes and chemicals were kept in a
refrigerator when not used.

Nanostructured POSS was added into the solder pastes through

mechanical mixing at room temperature (~25°C). Glass petri dish and stainless

steel spatula were utilized for mixing, and were thoroughly cleaned with isopropyl
alcohol prior to usage. The mixing procedure involved two steps. First, ~10
grams of solder paste was weighed in a petri dish using a precision microbalance.
This was followed by addition of ~0.2 grams of a particular type of nanostructured
POSS chemical (usually white colored powder) to the paste. This quantity of
POSS was 2% of the total weight of the solder paste used. Finally, the solder
paste and the chemical were thoroughly mixed in the glass petri dish for ~20
minutes with a stainless steel spatula till the whitish powder is not visible. The

methodology adopted for adding POSS to solder pastes offers both ease of
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processing and economically viability. Following preparation all the solder pastes
were stored in a refrigerator.

2.2 Preparation of Solder Joints

Copper dog-bone halves (500um thick) were initially washed with 30% volume
HNO;3; to remove surface oxide. This was followed by rinsing them in distilled
water and finally isopropyl-alcohol. Two “cleaned” Cu dog-bone halves were

placed in an aluminum fixture (Figure 2.2.1(a)) with the namrower ends

overlapping an area of ~1 mm2 with solder paste between them and spaced

vertically by ~100um by 600um glass spacers (Figure 2.2.1 (a)). Geometry and
dimensions of the fabricated solder joint have been shown in Figure 2.2.1 (b).
The final assembly had appropriate amount of solder paste sandwiched between

the overlapping Cu dog-bones. The whole assembly was then heated up to
250°C on a hot plate which was preheated to 500°C. Heating / cooling profile

used for this purpose are shown in Figure 2.2.1(c). After preparation all the

specimens were stored in a commercially available refrigerator.
2.3 Preparation of bulk alloy specimen

Bulk specimens were prepared by placing solder paste in an aluminum cup of

fixed diameter then heating the whole setup at 280°C. Temperature in all the
experiments was controlled with a commercially available digital temperature
controller. Figure 2.3.1 shows the experimental setup used for melting the bulk

solder. Specimens were kept on the hot plate for approximately 15 minutes to

ensure the all the flux has evaporated, leaving behind just the molten alloy inside
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the cup. In order to solidify the molten alloy, the cup was quickly removed from
the hot plate and placed on a surface which was maintained at a constant
temperature. Details of the temperatures used would be provided in Chapter 5.
After solidification bulk specimens were washed with water and isopropyl alcohol
to remove the excess flux from the specimen surface. The solidified specimens

were then stored in a commercially available refrigerator.
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Figure 2.2.1 Apparatus used for fabricating solder joints (a) aluminum fixture
used for positioning the half dog bone copper strips, (b) schematic of a solder

joint with dimensions shown. (Adapted from J G Lee thesis [1]).
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Figure 2.2.1 (c) Temperature profile used for fabricating solder joints . (Adapted

from J G Lee thesis [1]).
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Figure 2.3.1 Schematic showing the experimental set-up used for the preparation

of bulk specimens.

g Solder joint Fixed support
Backing copper stage
strip
Backing copper
strip
Movable piece ovable piece

Screws

Figure 2.4.1 Schematic showing the jig used for holding solder joints during
polishing. The wider ends of the joint are backed up with Cu strips of similar
thickness as that of the half dog-bone pieces. This prevents bending or twisting

of the joint (at the center) during polishing.
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2.4 Procedure for polishing joint and bulk specimens

Prior to polishing as-fabricated solder joints were placed on a custom built jig

(Figure 2.4.1) so as to keep it steady during the polishing procedure. All joints

were polished sequentially with 800-2400 grit papers, followed by 0.3um AloO3

and 0.05um colloidal-SiO2 solutions.

However, bulk specimens were polished sequentially with 200, 800-2400

grit papers, followed by 0.3um Al2O3 solution. Polishing of bulk specimens with

0.3um AI203 solution was carried out in two stages. The first stage involved

polishing the specimen vigorously to remove SiC particles embedded on the
surface from the previous polishing step. This additional step decreases the time
required for the polishing process, but leaves surface scratches. Consequently,

in the next step, the polishing cloth was again cleaned and then

the specimen was polished in a slow and gentle manner with 0.3um Al2O3

solution. This step ensured a mirror like finish to the specimen surface. Final

polishing step was carried out with 0.05um colloidal SiO2 solution, where the

specimen was polished as gently as possible so as to avoid any scratches.

To avoid debris from the previous polishing steps, specimens (joint or bulk
specimens) were ultrasonically cleaned after each step of polishing. After
polishing all the specimens were stored in a commercially available refrigerator

maintained at 4°C.
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2.5 Setup for TMF experiments

Solder joint specimens were thermally cycled inside a microclimate

environmental chamber (Cincinnati Sub—zero®) (Figure 2.5.1). This chamber

has an inbuilt air circulatory system, which maintains uniform temperature
throughout the chamber. Prior to thermal cycling, solder joints were placed on
groves of a custom built stage (Figure 2.5.2). This set-up prevented the joints
from displacing under the influence of the circulating air inside the chamber.

Finally a programmed temperature profile was executed to thermally cycle the

specimens between 55 C and 125 C. Figure 2.5.3 shows the comparison

between the programmed and the actual temperature profile. Each cycle had an

average heating rate of 3.9 C/min with a dwell time of ~10 min at 125°C; along
with an average cooling rate was 2.4°C/min and the dwell time was ~45 min at -

55°C. Consequently each thermal cycle would take ~3 hours. To characterize

the effects of TMF on solder joints due to such thermal cycling a chosen number

of specimens were taken out the chamber after 1, 25, 50,100, 200, 300, 400, 500,

33

7 vz



Figure 2.5.1 Image showing the environmental chamber used for conducting

TMF experiments

Figure 2.5.2 Image showing the custom built stage used for placing solder

specimens inside the environmental chamber.
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Figure 2.5.3 Temperature profiles used for thermally cycling the solder joints.
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and 1000 cycles. These specimens were temporarily stored within a commercial

refrigerator at 4°C prior to characterization.

2.6 Mechanical and microstructural characterization

Mechanical characterization of solder joints were carried out using Rheometric
Solids Analyzer (RSA-IIl) which is a highly force sensitive tensile testing type
machine. Figure 2.6.1 shows the set-up used for mechanical testing. Batches of
solder joints, which were thermally cycled for 1, 10, 25, 50, 100, 200, 300, 400,

and 500 TMF cycles, were strained to failure for this mechanical characterization

at 25 C with a simple shear strain rate of 10357, This provided the peak force

(in Newtons) required for breaking the solder joints. Optical microscope was used
to measure the surface area of the fracture surface. This was necessary because
there are voids present in the as-fabricated solder joints, whose area had to be
subtracted from the total joint surface area. Measurements of areas were carried
out by processing of digitally acquired optical images with ImageJ® software.
The resultant area of the fracture surface (excluding void) was used to calculate
the peak stress.

Microstructural characterization was carried out with a JOEL 6400
Scanning Electron Microscope (SEM). For this purpose, representative solder
joints were metallurgically polished (c.f. section 2.4) on one side, prior to placing
them in the environmental chamber. These specimens were taken out of the

chamber at periodic intervals and the resultant surface damage was documented

36



using SEM. Microstructures of bulk specimens were characterized with both

SEM and Optical Microscope (OM).
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(b)

Figure 2.6.1 Set-up used for mechanical characterization (a) RSA lll used, and

(b) location of the solder joint inside the specimen holder of RSA il
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Chapter 3

Effect of temperature regimes on the thermomechanical
fatigue behavior of eutectic Sn-Ag joints

Rationale and objectives

Service parameters associated with thermal excursions are known to influence
the thermomechanical fatigue (TMF) behavior of solder joints. Parameters
related to thermal excursions, like temperature difference, heating / cooling rates,
dwell times at temperature extremes etc. are known to affect the mechanical
reliability of Sn-based solder joints. However, temperature regimes, between
which solder joints experience TMF, may also influence their residual mechanical
behavior. The reason for such influences is due to the fact that deformation
modes of Sn-based solders are a strong function of the ambient temperature.

Consequently, the present study investigates the influence of Jow temperature
regime TMF between -55 C and 125 C on eutectic Sn-3.5Ag solder joints. This
study is carried out using identical specimen geometry as those used for studying
high temperature regime TMF between -15°C to 150 C. This chapter presents

microstructural evolution with number of TMF cycles, and mechanical
characterization of residual strength realized under low temperature regime TMF,

and compares them with those observed under high temperature regime TMF.
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3.1. Background

Mechanical reliability of Sn-based solder joints is known to deteriorate due to
thermal excursions experienced during service [23]. This deterioration of
properties is referred as thermomechanical fatigue (TMF). The degree and
manner of property degradation attributed to TMF are influenced by thermal
service environmental parameters such as temperature difference between
extremes, dwell time at temperature extremes, heating and cooling rates, etc [21,
42]. The roles of each of these service parameters on different Pb-free Sn-based
alloys have been investigated using joints of same geometry, and varying a
single service parameter while holding all other parameters fixed [22]. The extent
of degradation of these individual parameters are evaluated by comparing
residual properties, such as strength and electrical conductivity after exposing
these joints to varying number of TMF cycles [22]. The manner of degradation is
evaluated by monitoring surface damages accumulation of a single spécimen
after exposing it to different number of TMF cycle [19-21, 42]. In addition to these
service parameters, the mechanical testing conditions used to evaluate residual
properties can also influence the findings since the mechanical responses of Sn-
based alloys are temperature and strain-rate sensitive [6]. This temperature and
strain-rate sensitivity influences on deformation of Sn-based alloys suggest that
the TMF behavior of these alloys may be affected by the temperature regimes
and extreme temperatures encountered during thermal cycling.

There are reported studies on effect of thermal cycling of various solder

alloys at temperature regimes of -40°C to 125°C, and -15 C to 150 C [24, 51,
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62]. Although the imposed temperature difference in both these studies was the
same, specimen geometry, type of solders and substrates used, dwell time at
temperature extremes and heating/cooling rates, etc. were different from each
other [24, 51, 62]. Therefore, it is difficult to use these results to assess the
solder joint reliability due to TMF as affected by the temperature regimes. In the

past several years, systematic studies using identical single shear-lap solder joint

geometry have been carried out in the temperature regime of 15" Cto 150 C to

evaluate the effects of heating rate and dwell times on the TMF behavior of
several Sn-based solders including eutectic Sn-3.5wt%Ag solder [3, 18-24, 42].

The present study investigates the responses of the same eutectic Sn-3.5wt%Ag

solder joints subjected to themmal cycling at temperature regime of -55 C and

125°C, while using the same joint geometry with similar dwell time at

temperature extremes and ramp rates used in prior studies, so that effects of
temperature regime can be compared. The temperature difference used here is

slightly different from prior studies due to the following reasons. It is known that

the deformation behavior of Sn changes in the temperature range of 100°C to
125°C [7]. So it is essential to keep the upper temperature extreme at least at
125°C to avoid unnecessary complications from different deformation modes. In

addition, thermal cycling between 55 C and 125 C is currently used as the most

severe thermal testing standard established by the Joint Group on Pollution

41



Prevention for Pb-free solder alloys. Hence the lower temperature extreme of
-55°C was chosen for this study.

3.2. Experimental details

Single shear-lap solder joints were prepared using commercially available Sn-
3.5wWt%Ag solder paste purchased from a commercial source. Machined spacers
used during fabrication of joints helped to maintain a relatively constant joint
thickness of about 100 + 5um. The exact thickness of joints was measured with
an optical microscope for determining the displacement rates and shear strains
needed for mechanical characterization. Fabrication details of these solder joint

specimen are described in chapter 2. All solder joints were thermally cycled from
.55 C to 125°C using a bench top model of MicnoCIimate® test chambers by

Cincinnati Sub-Zero with a programmable controller. Test specimens were

placed in the environmental chamber that was initially at -55°C. It is then heated

with an average rate of 39°C per minute to 125°C, and held at this temperature

for 10 minutes. Following this high temperature dwell specimens were cooled to

-55°C with an average cooling rate of about 24°C per minute. The dwell time at

-55 C was set for 45 minutes. This thermal profile was cycled during TMF testing.

Programmed and the actually measured temperature profiles experienced by

specimens have been described in chapter 2.
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Microstructural characterization was carried out using a Scanning Electron
Microscope (SEM). For this purpose, representative Sn-3.5wt%Ag solder joints
were metallographically polished on one side, prior to placing them in the
environmental chamber. These specimens were taken out of the chamber at
periodic intervals and the resultant surface damage was documented using SEM.
Mechanical characterization was carried out using a mechanical solids analyzer
(RSA-IIl) by TA Instruments Batches of Sn-3.5wt%Ag solder joints, which were

thermally cycled for 1, 10, 25, 50, 100, 200, 300, 400, and 500 TMF cycles, were

strained to failure for this mechanical characterization at 25 C with a simple

shear strain rate of 10-33-1. Eight to ten specimens were used to study each

condition so that the results obtained provide realistic trends. Fractured surfaces
of the mechanically tested specimens were examined to identify the facture path,
and to obtain the actual joint area that contributed to the strength of the joint. This
methodology is well documented in prior publications [19, 20]

3.3 Results and discussion

3.3.1Microstructural Evaluation of Damages resulting from Low
Temperature Regime TMF

To assess the evolution of surface damage, three regions were chosen on
the polished side of the representative solder joint. Schematic provided in Figure
3.3.1 indicate the locations of these regions, which, hereafter will be referred to

as regions 1, 2 and 3. Microstructural evolution in these regions with increased

43



number of TMF cycles is presented in Figures 3.2, 3.3 and 3.4. All these images

reveal that damage accumulates from very early stages of TMF, i.e. within the



IMC Layer

Region -1

~1000pn  ~500pm
~400pm

|

Region 3 Heglon=2

Figure 3.3.1 Schematic of the regions on the solder joint observed for
microstructural evolution. Region-1 is at the center, region-2 is ~100pum below

region-1 and region-3 is at the IMC / Solder interface.
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first 50 cycles, unlike in specimens subjected to TMF in 15°Cto 150 C

range [21, 42]. In that high temperature regime TMF, surface manifestation of
damage was first noted only after about 250 cycles [21, 42].

The surface manifestation of damage noted in the current study occurs in
two ways. First type of surface manifestation is in the form of relief features within
the solder region. Such features were observed in regions 1, and 2 (Figures 3.3.2
and 3.3.3). In region 3, which is very near the comer of the joint, this feature was
absent throughout the entire duration of this study (Figure 3.3.4). In region 1,
such damage appears to proceed from the center of the joint towards the IMC /
solder interface at an angle of approximately 30° with the IMC layer, whereas in
region 2, damage runs almost parallel to the IMC/solder interface. These
observations suggest that surface relief features within the solder matrix may be
due to themmal stresses arising from the anisotropy of Sn during TMF.
Furthermore, the localized nature of surface damage is due to the inability to
dissipate these stresses by plastically deforming the Sn grains. Hence grains
move relative to each other by mode-Il or mode-lll types of fracture.

The second type of surface manifestation noted is the debonding between

the CugSns IMC and Sn grains. Such debonding occurs both at the solder matrix
and the CugSns IMC layer it forms with the substrate, as well as within the solder

matrix and the CugSns particles embedded in it. This type of surface
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manifestation is observed prominently after 100 cycles in all three regions of the

joint.
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Figure 3.3.2 SEM images of region 1 showing the evolution of surface damage
within the solder and near the IMC layer and at the CugSns IMC / solder interface
after (a) 0, (b) 50, (c) 100, (d) 200, (e) 300, (f) 400, (g) 500 cycles of TMF. Scale

bar indicates 50um.
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Figure 3.3.3 SEM images of region 2 showing the evolution of surface damage
near the CugSns IMC layer and at the CugSns IMC /solder interface after (a) 0, (b)
50, (c) 100, (d) 200, (e) 300, (f) 400, (g) 500 cycles of TMF. Scale bar indicates

50um.
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(a) 0 Cycles (b) 50 Cycles (c) 100 Cycles

(d) 200 Cycles (e) 300 Cycles (f) 400 Cycles (g) 500 Cycles

Figure 3.3.4 SEM images of region 3 showing the evolution of surface damage
at the IMC/solder interface after (a) 0, (b) 50, (c) 100, (d) 200, (e) 300, (f) 400, (g)

500 cycles of TMF. Scale bar 10um.
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Figure 3.3.5 High magnification images showing debonding at the CugSns IMC

layer / solder interface at two different regions after 500 cycles (a) Location near
region 1 and (b) is the corresponding BE image. SEM image of region 3 is shown

in (c) and its corresponding BE image in (d).
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Micrographs shown in Figures 3.3.2, 3.3.3 and 3.3.4, depict the progression of

interfacial debonding between CugSns IMCs and Sn matrix with increased

number of thermal cycles. High magnification SEM micrographs of these

interfaces after 500 TMF cycles suggest that fractures occur in two different

modes. In one case, Sn grains protrude over the surface of CugSns IMCs by

mode-ll or mode-lll type of fracture at their interface, while in other case cracks
form in between solder and IMCs by mode-| type fracture and open up. It is
important to note that there are no indications of plastic deformation in the Sn
grains adjacent to these IMCs. These features can be observed in the

micrographs presented in Figures 3.3.56. Such observations are indicative that

the thermal stresses generated between the CugSns IMC and the adjoining Sn

grains could not be accommodated by deformation within the Sn grains prior to
crack formation, unlike in high temperature regime TMF [19, 21, 42].

3.3.2 Effect of temperature regime of TMF on surface damage accumulation
In order to compare the effects of temperature regimes on the TMF behavior Sn-
3.5wt%Ag solder joints, SEM images from published literature have been utilized

in this section.

High temperature regime TMF between -15°C and 150°C, irrespective of

whether the long dwell was at the high or low temperature extreme, causes

intense microstructural damage within the solder region near the CugSns layer

present at the solder/substrate interface as shown in Figure 3.3.6. This type of
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microstructural damage within the solder is completely absent in specimens

subjected to the low temperature regime TMF between -55 C and 125 C.

Surface damage features resulting from high temperature regime TMF are

similar, irrespective of whether it was from TMF with long dwell at low

temperature extreme (-1 5°C) or with long dwell at high temperature extreme

(150°C). Under such conditions, microstructural damage is localized within the

Sn matrix present at a region closer to the solder/substrate interface IMC layer
(Figures 3.3.6 (a) and 3.3.6 (b)). Such damages resulting from high temperature
regime TMF consists of surface manifestations of grain boundary sliding and/or
relief, and grain-boundary decohesion, all of which associated with significant
extents of plastic deformation within the Sn grains. lllustrations of these
manifestations are presented in Figures 3.3.7. In Figure 3.3.7 (a), Sn grain
boundary decohesion is observed at approximately one grain diameter away
from the IMC layer and solder interface, while Figure 3.3.7 (b) presents surface
damage due to grain boundary sliding and/or relief.

On the other hand, microstructural damage due to Jow temperature regime
TMF is marked by the lack of observable plastic deformation within Sn grains.
This is consistent with the observation reported by Rhee et.al. that mode of
deformation and hence microstructural damage in Sn is strongly dependent on
temperature [7]. As a consequence, at the low temperatures encountered in the
present study absence of significant plastic deformation within the Sn grains

plays an important role. The thermal stresses arising from TMF are basically
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causing grain boundary debonding within Sn, and interfacial debonding between

IMCs and Sn grains.
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Figure 3.3.6 SEM images showing surface damage on Sn-3.5wt%Ag Solder
joints after 1000 cycles of high temperature regime TMF with long dwell at (a)
high temperature extreme, and (b) low temperature extreme. Adopted from

Subramanian et.al. [21, 42].
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Figure 3.3.7 SEM images showing the effect of high temperature regime TMF on
surface damage features near the IMC layer / solder interface, (a) Sn-Sn grain
decohesion and (b) grain boundary sliding / relief and shear banding. Adopted

from Choi et.al.[19].
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3.3.3 Influence of temperature regime of TMF on the residual mechanical
properties

Effect of Jow temperature regime TMF on the residual mechanical strength is
shown in Figure 3.3.8. Residual shear strength of joints was found to drop
rapidly by ~35% within first 100 cycles, and ~ 50% after 500 cycles, as compared
to the initial shear strength.

This drastic decrease in the residual shear strength can be attributed to
the appearance of cracks at the interface of IMC layer and solder matrix in the
very early stages of TMF. Evidence of such interfacial debonding on mechanical
properties comes from the fracture features in a mechanically sheared specimen
as shown in Figures 3.3.9. The fracture path of this Sn-3.5wt%Ag solder joint,
subjected to 500 cycles of TMF in the low temperature regime, seems to have
initiated along the IMC layer and solder interface near the comer (region 3), and
proceeds predominantly along the interface. Sn-Sn grain boundary decohesion
observed in region 1 may cause some deviations of the crack path. This finding
suggests that these interfacial cracks developed at interfaces during TMF cycles,
had caused the failure to take place at those locations during mechanical testing.
Since the imposition of thermal stresses arising from this low temperature regime
TMF are not accommodated by plastic deformation, to a greater degree as
compared to high temperature regime TMF, within Sn grains, relaxation of
thermal stresses that one normally expects during dwell times [29, 30] at extreme

temperatures may not be a contributing factor .
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Figure 3.3.8 Plot showing the variation of residual shear stress of Sn-3.5wt%Ag
solder joints as a function of TMF cycles. Error bars represent 95% confidence

intervals.
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Figure 3.3.9 (a) Cross sectional view of a mechanically failed Sn-3.5wt%Ag
solder joint;(b) Enlarged view on the of the region inside the dotted rectangle in

(a). This joint had undergone 500 cycles of TMF prior to mechanical testing.
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Figure 3.3.10 Plot comparing the effect of high and low temperature regime TMF
on average shear strength of Sn-3.5wt%Ag single shear-lap solder joints after
500 cycles of TMF. Residual strength data used for comparison was obtained

from [18, 21, 42].
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Figure 3.3.10 compares effect of Jow and high temperature regime TMF
on the residual strength of Sn-3.5wWt%Ag solder joints after 500 cycles. This plot
also shows the influence of other service parameters such as dwell times and
 heating rate on residual strength of solder joints subjected to high temperature
regime TMF. Evidently, low temperature regime TMF has a more detrimental
effect on the residual mechanical properties of solder joints as compared to high
temperature regime TMF. These results, in conjunction with microstructural
observations, suggest that interfacial and grain boundary fractures, with lack of
significant observable plastic deformation (causing localized surface damage)
within the Sn grains during low temperature TMF, may be the major contributing
factors for the significant drop in strength under such conditions. Under these
circumstances cracks continue to form and propagate with each successive cycle
of TMF. Hence, residual strength does not seem to stabilize even after 500
cycles of low temperature TMF. This is in contrast with findings of high
temperature regime TMF studies, whereas residual mechanical properties seem

to stabilize after 250 TMF cycles [21, 42].

3.4 Conclusions

The following summarizes the effect of low temperature regime (-55°C and

125°C) TMF on eutectic Sn-3.5wt%Ag solder joints.

1. Surface damage is mainly in the form of debonding between CugSns

IMCs and solder, and with some Sn grain boundary fractures, without any
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observable plastic deformation within the Sn grains. Such minimal plastic
deformation results in localized surface damage within the solder matrix.

These observations are completely different from those noted due to high

temperature regime (-15°C and 150°C) TMF. Such conditions result in

grain boundary events with extensive plastic deformation within Sn grains

at regions close CgSns IMC layer.

Residual mechanical properties continued to drop drastically during the
early stages of low temperature regime TMF, without stabilizing even after
500 cycles, whereas in high temperature regime TMF residual shear
strength of solder joints stabilize after 250 cycles. In addition, magnitude
of the loss in mechanical shear strength is much greater for low

temperature TMF.
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Chapter 4

Low temperature regime thermomechanical fatigue
behavior of nano-structured polyhedral oligomeric
silsesquioxanes reinforced Sn-based solder joints

Rationale and objectives

Thermomechanical fatigue (TMF) experienced by Sn-based solder joints during
service adversely affects their mechanical reliability. Deterioration in the
mechanical strength of such joints occurs primarily due to interfacial damage.
However, the mode of interfacial damage depends on the temperature regimes
within which solder joints are subjected to TMF. High temperature regime TMF
causes Sn-Sn grain boundary (GB) events such as GB sliding / decohesion,
while intermetallic compound — solder interfacial decohesion results during /ow
temperature regime TMF. Consequently, to improve the mechanical reliability of
Sn-based joints, enhanced bonding of the aforementioned boundaries /
interfaces must be realized. The nanostructured chemical polyhedral oligomeric
silsesquioxanes (POSS) with surface active silanol (Si-OH) groups are known to
form thermodynamically feasible bonds with the solder matrix. As a result, POSS
presents a viable solution towards improving the mechanical reliability of Sn-
based solder joints experiencing TMF. This study explores such a possibility by
subjecting trisilanol POSS reinforced solder joints to low temperature regime

TMF, followed by mechanical and microstructural characterizations of such joints.
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4.1. Background

In microelectronic applications solder joints are required to experience cycling
between temperature extremes [20, 21, 42, 5§5]. In Sn-based solder joints,
thermal cycling causes anisotropic strains between the micro-constituents (Sn
grains, intermetallic compounds (IMC) and substrate) resulting in
thermomechanical fatigue (TMF) of those joints [18, 20, 21, 23, 42, 55]. Damage
occurring as a consequence of TMF deteriorates the mechanical reliability of
solder joints [20, 21, 42, 55]. This has motivated the development of several
strategies to improve material properties for enhancing solder service
performance. For that purpose the commonly used approaches are composite
solders and alloying. The former involves incorporation of reinforcements into
the solder matrix, while the later requires minor element additions to base Sn-Ag
or Sn-Ag-Cu alloys. In the present state, both the techniques result in the
formation of IMCs within the solder matrix, which tend to coarsen during service
(section 1.3). Additionally, depending on the type and availability of the
reinforcements / elemental additions there could be either processing or
economic implications.

The latest methodology for improving service reliability of Sn-based
solders involve incorporation of nano-structured, surface active and non-
coarsening reinforcement polyhedral oligomeric silsesquioxanes (POSS) to the

solder matrix [65]. POSS consists of a thermally stable inorganic core made up

of Si and O framework (SiO1 5) [65]. Study carried out by Lee et.al. have shown

that POSS with surface active silanol (Si-OH) ) groups have the ability to bond
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with the Sn matrix and does not agglomerate during the reflow process [55].

TMF studies between -15 C and 150 C revealed that surface damage has been

greatly reduced upon addition of POSS to eutectic Sn-3.5wt%Ag solder joints.
This suggested that Sn grain boundary events, responsible for deteriorating
mechanical reliability, was diminished upon POSS reinforcement [2, 18, 55].
However, the influence of POSS reinforcement on the lower temperature regime

TMF behavior of Sn-based solder joints is yet to be ascertained. Studies

presented in chapter 3 have indicated that CugSns layer—solder decohesion

resulting from /ower temperature regime TMF between 55 C and 125 C. That

kind of damage had a more detrimental effect on solder joint mechanical

reliability than higher temperature regime TMF (-15°C and 150°C).

Consequently, this study investigates the influence of POSS reinforcements to

Sn-based solder joints subjected to lower temperature regime TMF between
-55°C and 125 C

4.2. Experimental details

Materials used in this study were commercially available eutectic Sn-
3.5Ag (SA) and Sn-3.0Wt%Ag-0.5wt%Cu (SAC305) solder pastes, and nano-

structured chemical Iso-Butyl POSS trisilanol POSS was obtained from Hybrid

Plastics®. 2wt% of Iso-Butyl trisilanol POSS was then mechanically mixed with

SA and SAC305 solder paste to prepare two additional pastes of composition SA
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+ Iso-Butyl trisilanol (SA2iB), and SAC305 +2wt% Iso-Butyl trisilanol (SAC2iB).
Finally, single shear lap solder joints (Figure 2.2.1 (b)) were prepared using the
four solder pastes, i.e. SA, SA2iB, SAC305, and SAC2iB. Details of specimen

preparation have been provided in chapter 2.

To conduct TMF studies solder joints were thermally cycled from 55 C to

125°C using a bench top model of MicroClimate® test chambers by Cincinnati

Sub-Zero with a programmable controller. Test specimens were placed in the

environmental chamber that was initially at -55 C. It is then heated with an
average rate of 39°C per minute to 125°C, and held at this temperature for 10
minutes. Following this high temperature dwell, specimens were cooled to 55°C

with an average cooling rate of about 24°C per minute. The dwell time at 55 C

was set for 45 minutes. This thermal profile was cycled during TMF testing. The
programmed and the actually measured temperature profiles experienced by
specimens have been presented in chapters 2 and 3.

Microstructural characterization was carried out using a Scanning Electron
Microscope (SEM). For this purpose, representative solder joints were
metallographically polished on one side, prior to placing them in the
environmental chamber. These specimens were taken out of the chamber at
periodic intervals and the resultant surface damage was documented using SEM.

Mechanical characterization was carried out using a mechanical solids analyzer
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(RSA-IIl) by TA Instruments®, Batches of solder joints prepared with types of

pastes, which were thermally cycled for 1, 10, 100, 200, 300, 400, and 500 TMF

cycles, were strained to failure for this mechanical characterization at 25°C with

-3 -1
a simple shear strain rate of 10 s at 25°C. Eight to ten specimens were used

to study each condition so that the results obtained provide realistic trends.
Fractured surfaces of the mechanically tested specimens were examined to
obtain the actual joint area that contributed to the strength of the joint. This
methodology has been described in chapter 2.

4.3 Results and discussion

4.3.1 Influence of POSS reinforcements on the residual mechanical
behavior of Sn-based solder joints

Figures 4.3.1 plots the residual mechanical strength as a function of number of
TMF cycles imposed on Sn-based solder joints with and without POSS
reinforcement.  Figures 4.3.1(a), and 4.3.1(b) show the effects of such
reinforcement on residual mechanical behavior eutectic SA, and SAC305 solder
joints respectively.

Regardless of the composition, all solder joints experience drop in their
residual strength within 100 cycles of TMF. However, reinforced solder joints
experiences a lesser drop than their corresponding control SA and SAC305
solder joints. After 100 cycles, effects of POSS reinforcement on the residual
mechanical behavior of solder joints become markedly prominent. Nano-

composite (SA2iB and SAC2iB) solder joints retain higher residual strength after
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100 cycles as compared to their controls. Moreover, the residual strength of
nano-composite solder joints stabilizes after 100 cycles of TMF, while that of SA
and SAC305 drops significantly after 500 cycles. Statistical analysis supporting
this observation has been provided in Table 4.1-4.2. Trends comparing the
effects of POSS reinforcement on the average residual shear strengths of SA
and SAC305 solder joints have been presented in Figures 4.3.1(c) and 4.3.1(d)
respectively. These trends were determined through second-order non-linear

least square analysis. Equation used for this purpose is of the form,

00 < me i p(-2)
i=1

(1)

where, y(N) is the residual strength after N cycles of TMF, “yn” corresponds to
residual strength after 1000cycles, while “t" and “A7” are fitting constants.
Exponential fit was chosen because residual strength shows an initial drop

followed by stabilization with progression of TMF cycles. Such a behavior is

indicative of specimens undergoing fatigue [39].
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Figure 4.3.1 (a) Comparison of residual shear strengths of (a) SA and SA2iB
Error bars show 95% confidence intervals. Second order exponential non-linear

least square fits have also been shown
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Figure 4.3.1 (b) Comparison of residual shear strengths of SAC305 and SAC2iB

solder joints. Error bars show 95% confidence intervals. Second order

exponential non-linear least square fits have also been shown.
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Table 4.1 Statistical analysis of residual mechanical behavior of SA, and SA2iB
solder joints (Figure 4.3.1 (a)). Single tail t-test is used for this purpose.
Analysis is carried out on the basis of p values. This is evaluated by
comparing residual mechanical strength data of two chosen cycles. If
there is a difference in the residual strength at the chosen number of
cycles, then the p value is less than 0.05, otherwise the two chosen
data sets are not statistically different. In this analysis, residual strength

data for 100 cycles is compared with 400 and 500 cycles.

p values
Number of TMF cycles
SA SA2iB
400 0.1554 0.3337
. §
500 6.4786 x 10 0.8766

The analysis shows that in case of SA2iB there is no statistically significant
difference between residual strength measured after 100 and 500 cycles.
However, residual strength for SA drops after 500 cycles TMF as compared to

100 cycles.
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Table 4.2 Statistical analysis of residual mechanical behavior of SAC305, and

SAC2iB solder joints (Figure 4.3.1). Methodology for analysis is exactly

the same as described in Tables 4.1. In this analysis, residual strength

data after 100 cycles is compared with 400 and 500 cycles for both the

types of specimens and additional 1000 cycles for SAC2iB..

Number of TMF p values
cycles SAC305 SAC2iB
400 0.1213 0.6313
500 0.002 0.123
1000 - 0.223

The analysis shows that in case of SAC2iB there is no statistically significant

difference between residual strength measured after 100, 500 and 1000 cycles.

However, residual strength for SAC305 drops after 500 cycles TMF as compared

to 100 cycles.
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Results from mechanical characterization demonstrate that POSS
trisilanol reinforcement improves the residual mechanical behavior of both SA
and SAC305 solder joints within the number of TMF cycles chosen for this study.
Such an improvement indicates that POSS reinforcements retard the
microstructural damages responsible for the deterioration in the mechanical
strength of control joints. Studies characterizing the effects of POSS
reinforcement on the microstructural damage due to low temperature regime
TMF have been presented in the following section.

4.3.2 Microstructural features contributing to the low temperature behavior
of POSS reinforced solder joints

This section compares the effects low temperature regime TMF on the
microstructural damage in both nano-composite and unreinforced solder joints.
Based on this comparison, microstructure - residual mechanical strength
relationship is established.

SEM images presented in Figures 4.3.2(a)(c), Figures 4.3.3(a)~(c),
Figures 4.3.4(a)(c), and Figures 4.3.5(a){(c) shows the surface damage
evolution after 0, 100 , and 500 cycles in SA, SA2iB, SAC305, and SAC2iB
representative solder joints respectively. After 100 TMF cycles, surface damage
is evident in all the specimens. This corresponds to the observed drop in the
mechanical strength after 100 cycles in both nano-composite and control solder
joints (Figures 4.3.1). However, as noted earlier, after 100 TMF cycles nano-
composite solder joints have a higher residual strength, and that subsequent

thermal cycling does not have any effect on their residual strength.
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(c) SA, 500 Cycles

Figure 4.3.2 SEM images showing surface damage evolution in eutectic Sn-

3.5Ag (SA) solder joint due to low temperature regime TMF between 55°Cto

125°C. Surface damages after 100 cycles of TMF has been indicated with

arrows.
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(a) SA2iB, 0 Cycles (b) SA2iB, 100 Cycles
> f

1

%
;

Figure 4.3.3 SEM images showing surface damage evolution in SA + 2wt% Iso-

Butyl trisilanol (SA2iB) solder joint due to low temperature regime TMF between
-55°C to 125°C. Surface damages after 100 cycles of TMF has been indicate

with arrows.
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(a) SAC305, 0 Cycles < (b) SAC305, 100 Cycles

(c) SAC305, 500 Cycles

Figure 4.3.4 SEM images showing surface damage evolution in Sn-3.0wt%Ag-

0.5wt%Cu (SAC305) solder joint due to low temperature regime TMF between
-55°C to 125°C. Surface damages after 100 cycles of TMF has been indicate

with arrows.
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i (b) SAC2iB, 100 Cycles

Figure 4.3.5 SEM images showing surface damage evolution in SAC305+2wt%
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