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Summary

The microelectronics industry is confronted with the new challenge to produce joints
with lead-free solder materials replacing classical tin-lead solders in devices used
in many fields (e.g. consumer electronics, road transport, aviation, space-crafts,
telecommunication). In service, solder materials experience a complex thermome-
chanical load which may result in microstructure evolution, and strain localization.
These phenomena may lead to the formation of macroscopic cracks causing prema-
ture failure of components and functional loss of devices.

Tin crystals are anisotropic, both mechanically and thermally, the effects of which
are compensated in tin-lead solders by the presence of the relatively soft isotropic
lead (Pb). Sn is the main constituent in the proposed lead-free alloys (e.g. Sn-
Ag, Sn-Cu, Sn-Ag-Cu, Sn-Bi, Sn-Zn, Sn-Zn-Bi, Sn-Ag-Bi). For the safe use of any
of these alloys, a thorough understanding of their behavior is required. With this
in mind this thesis addresses the microstructure evolution and thermo-mechanical
fatigue of eutectic Sn-Pb and Pb-free alternatives employing a variety of microscopic
techniques and numerical simulation.

The coarsening of Pb-rich αPb domains in eutectic Sn-Pb solder during isother-
mal annealing has been studied in detail. The importance of anisotropy and of co-
alescence events and the occurrence of a dynamic scaling regime are analyzed.
Orientation imaging microscopy revealed the presence of distinct crystallographic
orientations between αPb and βSn lamellae in quenched eutectic Sn-Pb solder. The
domain size distribution function is found to approach a dynamic scaling regime and
coalescence of domains is shown to be the dominant mechanism for the growth of
domains larger than the mean domain size.

Strain field localization and its evolution were measured in a number of Sn-based
Pb-free solder interconnections which were mechanically shear loaded. The local
strain was found to differ significantly from the applied global strain. Strain local-
ization was shown to depend on the geometry of the samples as well as on the
microstructure (at a grain level) of the solder. Strain field localization parallel to the
solder-Cu interface was evident and failure typically occurred along these regions.
The exact location of damage however was not at the intermetallic layer-solder inter-
face, but rather within the solder itself. Cracks also formed along grain boundaries
irrespective of the solder type, indicating the importance of microstructure in damage
initiation. The junctions of grain boundaries with the interface are the typical loca-
tions of strain concentration in the examined Pb-free solder. A good correlation has
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been established between the calculated strain fields and observed failures.
Next, the effects of the intrinsic thermal anisotropy of Sn were studied in me-

chanically unconstrained SAC alloy under thermal fatigue. Damage was localized
mainly along high angle tilt Sn grain boundaries. It has been demonstrated from a
combination of Orientation Imaging Microscopy and Finite Element Modelling that
encountered fatigue damage and stresses resulting from the thermal anisotropy of
Sn are highly correlated.

Microstructure evolution in a Pb-free SAC solder alloy was studied during low
cycle mechanical fatigue. Digital Image Correlation was employed to measure the
strain-field localization during fatigue. Fatigue damage is correlated well with the
measured localized strains. The effect of the elastic (i.e. mechanical) anisotropy on
the onset of microscopic slip was found to be small (as shown by elasticity-based
finite element calculations). Grain boundaries were not particularly highly stressed
and thereby no sign of grain-boundary decohesion or sliding was observed. Plas-
tic anisotropy strongly influences the initiation of microscopic glide during fatigue.
Plastic deformation was localized in grains with favorably oriented slip systems with
respect to the stress state. On these preferred slip systems the evolution of Persis-
tent Slip Bands was revealed in the Sn dendrites. Microcrack formation was exhibited
near the interfaces between these persistent slip bands and hard eutectic regions in
the SAC.

In practice, a combination of extrinsic and intrinsic thermal mismatches are cru-
cial factors controlling fatigue damage in solder joints. In this context, fatigue damage
evolution in SAC solder interconnections was investigated in detail under thermome-
chanical fatigue. SAC joints subjected to thermomechanical loads showed a com-
bination of the microstructural phenomena encountered in purely thermal and me-
chanical fatigue. The stress distribution inside the soldered joints shows localization
of high stresses at the solder-Cu interface, along high angle tilt grain boundaries,
resulting from the differences in thermal expansion coefficients on a sample scale
(since different materials are involved) and on a grain scale (determined by the Sn-
anisotropy). The damage encountered in thermomechanical fatigue is correlated
with the locations of high stress. The fatigue damage within solder exhibits damage
initiation at grain boundaries (intrinsic thermal fatigue contribution) as well as the for-
mation of Persistent Slip Bands (mechanical fatigue contribution). In addition, the
correlation between the observed damage and the calculated stress fields provides
evidence that three crucial factors: thermal mismatch between Cu and solder, in-
trinsic thermal mismatches caused by Sn anisotropy and the mechanical constraints
posed by the Cu on the soldered joint determine the location and severeness of
fatigue damage in solder joints.

The effects of thermal, mechanical, and thermomechanical fatigue on the mi-
crostructural evolution of SAC solder have been analysed in detail, using microscopic
and numerical techniques. The thermal anisotropy of tin has been shown to have a
significant influence in fatigue damage initiation in lead-free solders. In the replace-
ment of tin-lead solders by lead-free alternatives this is a crucial aspect. The impact
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of this effect on practical industrial applications is yet to be investigated by the micro-
electronics industry.





Samenvatting

Aangestuurd door de Europese milieuwetgeving, staat de micro-electronica indus-
trie momenteel voor de uitdaging om de klassieke tin-lood soldeerverbindingen te
vervangen door lood-vrije soldeerverbindingen. Dit heeft directe gevolgen voor een
enorm scala aan toepassingen: concumenten-electronica, wegtransport, vliegver-
keer, ruimtevaart, telecommunicatie, enz.

Tijdens hun functioneel gebruik ondergaan soldeerverbindingen een complexe
thermomechanische belasting die kan uitmonden in een verandering van de mi-
crostructuur op verschillende lengteschalen, bvb. in lokalisatie van deformatie op
de schaal van de verbinding, langs korrelgrenzen of binnen korrels of in vergroving
op de schaal van korrels. Deze processen kunnen uiteindelijk leiden tot de vorming
van scheurtjes die na groei het falen van de verbinding tot gevolg hebben, wat veelal
een directe negatieve invloed heeft op de toepassing waarin ze gebruikt worden.

Tin (Sn) is een anisotroop materiaal in zowel mechanisch als thermisch opzicht.
In tin-lood soldeer worden deze eigenschappen gemaskeerd door de grote hoeveel-
heid lood. In loodvrije soldeerverbindingen (zoals Sn-Ag, Sn-Cu, Sn-Ag-Cu (“SAC”),
Sn-Bi Sn-Zn, Sn-Zn-Bi, Sn-Ag-Bi) daarentegen is Sn de belangrijkste component.
Om deze “groene” lood-vrije soldeerverbindingen veilig te kunnen invoeren is het
van belang een goed inzicht te krijgen in hun eigenschappen en de gevolgen ervan
in gebruik. Startend vanuit onderzoek aan tin-lood soldeer heeft het onderzoek in dit
proefschrift zich precies daarop gericht, altijd met de nadruk op de ontwikkeling van
de microstructuur tijdens thermomechanische belasting.

De vergroving van Pb-rijke αPb domeinen in eutectisch Sn-Pb soldeer gedurende
isotherme verhitting werd in detail bestudeerd. Indicaties voor het voorkomen van
een dynamisch schalingsregime werden gevonden, waarbij de invloed van coales-
centie van doorslaggevend belang bleek te zijn voor de distributiefunctie van de
gemiddelde domein grootte. Er werd aangetoond dat coalescentie de dominante
vormingswijze was voor domeinen groter dan de gemiddelde domeingrootte.

Lokalisatie van rekvelden en de evolutie ervan werden onderzocht voor verschil-
lende soldeerverbindingen belast onder afschuiving. In alle gevallen werd vast-
gesteld dat de lokale rek significant kan afwijken van de opgelegde rek. De lokalisatie
hing zowel af van de geometrie van de proefstukken als van de korrelstructuur van
de verbindingen. Lokalisatie van rek langs de grensvlakken van het soldeer met het
substraat (in dit geval Cu) was aanwezig in alle gevallen. In loodvrij soldeer materiaal
kwamen verder sterke concentraties van rek voor op posities waar korrelgrenzen en
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substraat samen kwamen. De posities waar rek localiseerde en die waar uiteindeli-
jke breuk optrad waren sterk gecorreleerdd. Breuk van de verbindingen gebeurde in
het algemeen parallel aan, maar niet op, die grensvlakken. Scheuren vormden zich
ook langs korrelgrenzen, onafhankelijk van het type soldeermateriaal.

Vervolgens werden de effecten van de thermische anisotropie van tin bestudeerd
in SAC gedurende thermische vermoeiing, waarbij de externe randen mechanisch
vrij konden deformeren. Hierbij werden een aantal analysetechnieken gecombi-
neerd. Het werd duidelijk dat het voorkomen van microstructurele effecten (zoals de
vorming van microscheuren) sterk gecorreleerd is aan de locaties van hoge-hoek ko-
rrelgrenzen (korrelgrenzen waar de korte BCT-as van twee Sn korrels een grote hoek
maakt). Een numerieke simulatie (elastische eindige elementen berekening) van de
optredende spanningen in het materiaal als gevolge van de thermische anisotropie
en de temperatuurswisselingen met inachtneming van de met Orientaion Imaging Mi-
croscopy gekwantificeerde korrelstructuur werd uitgevoerd. Deze berekening toonde
aan dat de locaties waar de hoogste spanningen optreden en de locaties waar zich
de meeste schade ontwikkelt, sterk gecorreleerd zijn.

De rol van mechanische anisotropie (elastich en plastisch) bij mechanische ver-
moeiing van loodvrij soldeer werd vervolgens onderzocht, met inzet van alle tech-
nieken gebruikt in de voorgaande onderdelen: rekveldmetingen, OIM, en numerieke
simulaties. Rekveldmetingen gaven aan dat de vervorming zich niet concentreert op
korrelgrenzen. Dit is in overeenstemming met de berekeningen die aantoonden dat
de effecten van elastische anisotropie klein zijn. Verder microscopisch onderzoek
wees ook uit dat de schade aan korrelgrenzen te verwaarlozen is. De effecten van
plastische anisotropie op de gemeten lokalisatie van deformatie is daarentegen zeer
groot. Het onderzoek toonde aan dat deformatie zich voornamelijk concentreert in
korrels die gunstig georiënteerd zijn t.o.v. het glijden van dislocaties. Op de gun-
stigste glijsystemen ontwikkelen zich Persistent Slip Bands binnen tin dendrieten,
terwijl er zich microscheuren vormen op de plekken waar deze Persistent Slip Bands
eutectische gebieden kruisen.

In de praktijk is het de combinatie van de intrinsieke thermische anisotropie en
de verschillen in thermische uitzettingscofficint tussen het soldeer en de andere ma-
terialen in de verbinding die leidt tot spanningen. Dit samenspel werd onderzocht in
het laatste deel van het proefschrift. SAC soldeerverbindingen tussen Cu substraten
werden onderworpen aan cyclische temperatuursveranderingen. De uiteindelijke mi-
crostructuur in de soldeerverbindingen vertoonde kenmerken van puur thermische
vermoeiing (schade op korrelgrenzen) alsook van puur mechanische vermoeiing (de
vorming van Persistent Slip Bands). De spanningsverdeling in de soldeerverbind-
ing vertoonde concentraties op het grensvlak van het Cu substraat en het SAC (als
gevolg van het verschil in thermische uitzettingscoëfficiënt tussen Cu en SAC), en op
hoge hoek korrelgrenzen in het SAC (als gevolg van de thermische anisotropie van
Sn). De microstructurele schade in de soldeerverbinding was gecorreleerd aan het
optreden van deze spanningsconcentraties, wat aantoonde dat het verschil in ther-
mische uitzettingscoëfficiënt, de thermische anisotropie van Sn en de door het sub-
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straat opgelegde mechanische randvoorwaarden samen het optreden van schade
domineren.

Concluderend: de effecten van mechanische, thermische en thermomechanis-
che vermoeiing van loodvrije soldeerverbindingen zijn in detail bestudeerd met een
combinatie van microscopische en numerieke technieken. Een significante invloed
van de thermische anisotropie van Sn bij de schadevorming tijdens vermoeiing van
loodvrije soldeerverbindingen is aangetoond. Bij de vervanging van tin-lood soldeer
door loodvrije soldeerverbindingen lijkt dit een cruciaal aspect, waarvan de invloed
op praktijktoepassingen door de industrie moet geverifieerd worden.
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Chapter 1

Introduction

This introductory chapter is intended to provide the motivation for the research pre-
sented in this thesis. Additionally, the goals and the main contributions of the thesis
are stated.

1.1 Motivation

Solder materials are used for micro-electronic interconnects in a wide range of ap-
plications in electronic devices as well as in many different fields. Interconnections
serve two purposes: they maintain electrical integrity and provide mechanical sup-
port, for example between components and printed circuit boards. They are integral
parts of electronic packages which consist of various and often substantially different
materials.

In the past, these connections have been produced mainly from Pb-based sol-
ders. The main advantages and reasons for using a classical Sn-Pb solder are found
in its excellent solderability, its low cost, user’s profound experience, its well known
physical properties, and of course the well developed expertise with this material in
the engineering practice.

Due to changes in environmental temperatures and power cycling during service,
solder materials used in many applications such as consumer electronics, military
applications, avionics, spacecrafts, and transport vehicles, experience severe ther-
momechanical loads. These thermomechanical loads lead to microstructure evolu-
tion, strain localization, and damage evolution, which are technologically important
because they determine and limit the lifetime of micro-electronic devices.

These days, miniaturization causes a decrease of the characteristic dimensions
of solder interconnections. In many instances, solder interconnections of less than 50
µm thick are now being used, and the microelectronics industry are moving gradually
to a 35 µm solder thickness technology. As the interconnection size approaches
typical length scales of the microstructure present in the solders, this microstructure
has to be taken into account explicitly in the lifetime prediction of interconnections.
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A typical microstructure of Sn-Pb solder consists of alternate lamellae of αPb

and βSn solid solutions but the actual morphology in real interconnections depends
strongly on the cooling rate used during the soldering reflow process. An important
aspect of microstructure evolution in Sn-Pb solder is coarsening, which has been
shown to induce a gradual loss of mechanical strength. There is still a lack of data
that is detailed and specific enough to guide computational efforts and therefore a
detailed microscopic investigation is necessary to capture local microstructure evo-
lution in Sn-Pb solder.

On a different level, environmental and health concerns on the toxicity of Pb have
confronted the microelectronics industry with a new challenge to replace traditionally
used Sn-Pb solders [1, 51, 88]. Some Pb-free alloys such as Sn-Ag, Sn-Bi, Sn-
Zn, Sn-Cu binary eutectic and Sn-Ag-Cu, Sn-Ag-Bi, Sn-Zn-Bi ternary eutectic solder
materials have been proposed as substitutes for the classical Pb-based alloy [28, 97].
All prospective Pb-free alternatives present a different microstructure, with different
evolving characteristics and different short-term and long-term thermomechanical
properties. Therefore, to select a potential Pb-free candidate from these promising
alternatives, a thorough understanding of their behavior is required.

The main difficulties of selecting a particular Sn-rich alloy arise from the fact that
its microstructure is substantially different from a classical Sn-Pb solder and therefore
its overall response under thermomechanical load is quite different as well.

The marked anisotropy in the elastic and thermal expansion properties of Sn may
induce a significant amount of stress at Sn-grain boundaries during thermal cycling.
Contradictory to Sn-Pb, the microstructure of Sn-rich alloys does not contain a ’soft’
phase that might accommodate strain incompatibilities resulting from this anisotropy.
Therefore, it is of great importance to investigate the micromechanical effects result-
ing from the thermal anisotropy and their influence on the damage evolution during
thermomechanical cycling.

Recently, microelectronics industries have given attention to use a particular Sn-
rich alloy, Sn-3.8Ag-0.7Cu (SAC) based on its reported good thermomechanical
properties. Accordingly, this is the main Pb-free solder material investigated in this
thesis.

In industrial applications, a solder material is always constrained by other ma-
terials or interconnected compounds such as the under-bump metallization, printed
circuit boards (PCBs) and components. It is always exposed to combined thermal
and mechanical fatigue originating from thermal expansion coefficient mismatch. On
a component scale these exist between e.g. the chip and the printed circuit board
(and other layers) and on a local scale thermal expansion coefficient mismatches
exist among various microstructural constituents in the solder, as well as between
grains of thermally anisotropic Sn in a single polycrystalline phase. A complete de-
scription of damage mechanisms under thermomechanical fatigue requires a de-
tailed analysis of these two loading types at the microstructural level, including their
interactions. So far, many studies have been carried out in thermomechanical fa-
tigue of Pb-free solders but little efforts were undertaken to analyse the effects of the
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intrinsic anisotropy, which play an important role in fatigue damage initiation.
With intrinsic anisotropy and different orientation of grains, Sn-rich solder mate-

rials are prone to exhibit heterogeneous plastic deformation at the grain level during
fatigue. Localized plastic strains can act as sources of fatigue damage that may re-
sult in failure of solder interconnections by crack propagation during its normal use.
Therefore, a fundamental study on the quantification of the plastic strain field evolu-
tion in solder, with the identification of the locally activated slip systems during low
cycle fatigue, is also of great importance for the reliability concern of solder intercon-
nections.

1.2 Aims, contributions and outline of the thesis

The thesis aims to provide a scientific contribution to the analysis of the evolution
of microstructure, strain fields, and fatigue damage in solder materials. To do so, it
combines several experimental techniques to correlate microscopic strain fields and
damage to stress distributions derived from elasticity-based finite element calcula-
tions. The main experimental techniques employed are Digital Image Correlation
(DIC) to measure strain fields, Scanning Electron Microscopy (SEM) to assess dam-
age and Orientation Imaging Microscopy (OIM) to quantify the grain structure.

The scope of the thesis is divided into five topics, and ordered in the following
way

1. Analysis of microstructure evolution in Sn-Pb solder during thermal annealing.

2. Investigation of microstructure evolution and strain localization in lead-free sol-
ders during shear deformation.

3. Analysis of the effects of the thermal anisotropy of Sn on the fatigue damage
evolution in SAC.

4. Analysis of the effects of the mechanical anisotropy of Sn on the fatigue dam-
age evolution in SAC.

5. Analysis of damage evolution during coupled thermo-mechanical fatigue in a
SAC soldered joint.

The contributions of the thesis relating to the first topic (Chapter 2) are focussed
on the coarsening behaviors. It is shown that the αPb domains exhibit Ostwald ripen-
ing along with coalescence, breaking up and dissolution. A time invariant scaling
behavior is shown to exist, which does not follow the well-known Lifshitz, Slyozov
and Wagner (LSW) predictions in the sense that the measured steady state domain
size distribution differs significantly from the LSW result.

The second topic (Chapter 3) correlates results of the Digital Image Correlation
on strain field evolution with microscopically observed damage in shear loaded solder
interconnections.



4 Chapter 1

The third topic (Chapter 4) illustrates the significant influence of thermal anisotropy
of Sn on the thermal fatigue of a Sn-rich alloy. The numerical and the experimental
results indicate that thermal stresses built up in the elastic phase are initially localized
along high angle Sn-grain boundaries.

The research on the fourth topic (Chapter 5) reveals that damage initiation under
mechanical fatigue loading is dictated by the plastic anisotropy of Sn-crystals, and
characterized by the formation of Persistent Slip Bands on favourably oriented slip
systems activated under the applied load. Elastic anisotropy has a negligible influ-
ence on strain localization, and the deformation is distributed throughout grains and
is not limited to areas close to grain boundaries. Experimental findings are supported
by simulation results.

Concerning the last topic (Chapter 6), it is emphasized that the thermal mismatch
between solder and support as well as the thermal anisotropy of Sn may both con-
tribute to the local stress distribution, resulting in damage initiation and thermome-
chanical fatigue of SAC solder interconnections.

Finally, Chapter 7 summarizes the conclusions drawn in this thesis.



Chapter 2

Evolution of microstructure in
eutectic Sn-Pb solder 1

Abstract

The coarsening of Pb-rich αPb domains in eutectic Sn-Pb solder during isothermal
annealing has been studied in some detail. The importance of anisotropy and of
coalescence events and the occurrence of a dynamic scaling regime are discussed.

Orientation imaging microscopy reveals the presence of the following two distinct
crystallographic orientations between αPb and βSn lamellae in quenched eutectic Sn-
Pb solder:

[001]αPb
‖ [101]βSn

and (010)αPb
‖ (111)βSn

; [111]αPb
‖ [010]βSn

and (1̄10)αPb
‖

(001)βSn
.

The domain size distribution function is found to approach a dynamic scaling
regime and coalescence of domains is shown to be the dominant mechanism for the
growth of domains larger than the mean domain size.

2.1 Introduction

2.1.1 Coarsening in solders

In microelectronics industry eutectic Sn-Pb solder is widely used as a joining material
serving both as mechanical and electrical connector, e.g. between printed circuit
boards and components. Although concern about the environmental impact of toxic
Pb-based solders has lead to a search for Pb-free alternatives (potential Sn-Ag, Sn-
Bi, Sn-Zn, Sn-Cu binary and Sn-Ag-Cu, Sn-Ag-Bi, Sn-Zn-Bi ternary eutectic solders
have already been developed), eutectic Sn-Pb solder will still be used in some critical
applications. In the case of eutectic Sn-Pb solders coarsening of the microstructure
during use is a well-known phenomenon, and has been related to deterioration of

1This chapter is based on [57].
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shear strength and strain to failure, as well as to an alteration of the steady-state
creep behaviour [26, 27, 33, 68]. Surface mount technology has emerged to meet the
demand for high component density which results in miniaturized joints in which [67]
the interfacial area density is particularly high. Clearly there is engineering interest
in the relation between microstructure evolution and remaining lifetime. In this paper
we present experimental work on the coarsening of eutectic Sn-Pb solder with similar
morphology.

Similar microstructural coarsening processes occur in a wealth of other physical
systems and the issue (grain growth, coarsening, ripening, phase-ordering, phase
boundary evolution) has been the subject of intense scientific efforts during the last
two decades. (Useful reviews covering different points-of-view are [8], [83] and [13]).
A key physical insight is that of dynamic scale invariance, according to which a coars-
ening system, at late stages of coarsening, possesses a single characteristic length
scale that grows with time according to l̄r(t)n = t. Well-known analytical results re-
late rate-limiting physical coarsening mechanisms to the exponent in this dynamical
scaling law, that may be more precisely described as

l̄r(t)
n = l̄r(0)n + k(Φ, T ) t. (2.1)

Here, l̄r(0) is the initial characteristic length and k(Φ, T ) is a rate constant that is
a function of temperature T and volume fraction φ.

In two-phase solids such as eutectic Sn-Pb solder, the driving force for coarsen-
ing is the reduction of specific internal interface (Pb-Pb and Sn-Sn grain boundaries
or Sn-Pb interfaces) and coarsening is enabled by several microscopic mass trans-
port mechanisms. Distinct mechanisms of mass transport have been associated with
specific values of n, e.g. dislocation pipe diffusion with n=5, grain boundary diffusion
with n=4, bulk or volume diffusion with n=3, and short range diffusion or interface
controlled growth with n=2. Interface controlled growth with n=2 is associated with
normal grain growth in single-phase systems. In two-phase dispersions coarsening
driven by interface curvature is generally known as Ostwald ripening. In this case
n=2 is associated with a solution by Wagner [94], and n=3 with a solution by Lifshitz
and Slyozov [52]. Their treatments predict the exponent as well as a limiting scaled
particle size distribution function, using several simplifying assumptions: nearly zero
volume fraction of spherical domains, volume diffusion only, no coalescence of do-
mains, and no elastic stress fields around domains. In engineering micro-duplex
alloys such as eutectic Sn-Pb solder all of these assumptions may not be met: a
high volume fraction of the second phase may occur, domains need not be spheri-
cal, diffusion may occur along grain boundaries and dislocations, domains may co-
alesce, and local elastic stress fields may be present. Alternatively one could say
that because solid Sn-Pb solder has several types of internal interfaces coarsening
of the microstructure involves aspects of normal grain growth as well as of Ostwald
ripening. A similar situation is of course encountered in many other microduplex
alloys.
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Many theoretical extensions to the work of Lifshitz, Slyozov and Wagner (LSW)
have been proposed in the past to take into account the effects of correlations be-
tween domains at higher volume fraction of minority domains [2, 4, 10, 12, 22, 24,
32, 50, 54, 55, 91–93, 96]. Invariably these theories predicted an increase of the
rate constant with increasing volume fraction, as shown in Eqn. 2.2. The volume
dependent rate constant is found to obey

k(Φ, T ) = kLSW (T )ψ(Φ) (2.2)

(with Φ the volume fraction of coarsening domains, ψ(Φ) some function of the
volume fraction).

In a Sn-Pb solder system kLSW is given by:

kLSW =
8D γαβ V

2
m Cβ

e

9RTa

, (2.3)

where γαβ is the interfacial energy (J m2), D is the diffusivity (m2 s−1), Ta is the
annealing temperature, Vm is the molar volume of the αPb domains (m3 mol−1), Cβ

e is
the equilibrium composition in the matrix (mol m−3).

According to the LSW theory, the scaled domain size distribution function fLSW (ρ)
assumes a universal form in the late stages of coarsening, given by [72]

fLSW (ρ) =

81 ρ2 exp

(

−ρ

1.5 − ρ

)

25/3 (1.5 − ρ)11/3 (3 + ρ)7/3
, ρ ≤ 1.5 (2.4)

= 0, ρ > 1.5

where ρ is the ratio of the radius of particle, ri to the critical radius, rc.
Characteristically fLSW (ρ) has a cut-off at ρ = ρm = 1.5 which means that ac-

cording to LSW theory a system should not contain domains larger than ρm. Most
of the extensions to LSW predict a broader domain size distribution, even without
considering coalescence events. However, coalescence of domains is expected to
change the domain size distribution appreciably. Davies et al. [19], following a sug-
gestion by Lifshitz and Slyozov found that coalescence effects caused the particle
size distribution function to become ”flattened, more symmetrical and having a much
broader range of particle sizes” than that predicted by the LSW result. These effects
were found to become more pronounced at increasing Φ. A similar conclusion was
reached by Conti et al. [17], who derived an analytical expression for the size distri-
bution function considering binary coalescence events in 2-phase systems showing
interface controlled kinetics.

The most convincing experiments aimed at assessing the validity of the LSW re-
sults in alloys have been carried out in liquid-solid systems [11, 46, 77]. Snyder et
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al. [77] examined coarsening of Sn domains with volume fractions ranging from 0.1
to 0.7 in a two-phase Sn-Pb system in a microgravity environment aboard Space
Shuttle Columbia, to prevent domain agglomeration and sedimentation. During their
experiments t1/3 coarsening kinetics was obeyed. However, the domain size dis-
tribution never reached a steady state, possibly because the average size merely
increased by a factor of about 3.

As was indicated before, in micro-duplex alloys many complications (as compared
to the ideal LSW situation) arise and as a consequence the experimental record
[11, 35, 46, 75, 95] on phase growth is somewhat confusing; ”anomalous” exponents
have at times been encountered, indicative of rate-limiting mechanisms slower than
those expected based on temperature and microstructure.

As ever more sophisticated theoretical treatments of coarsening become avail-
able, quantitative studies of coarsening effects in realistic systems become important
to falsify and guide these efforts. This paper aims to identify aspects of the coars-
ening behavior of solder alloys that may be important for quantitative modelling of
the coarsening behavior. Moreover, emphasis is put on uncovering potential scal-
ing behavior in these systems, both of characteristic length scales and domain size
distribution.

2.2 Experimental Techniques

Eutectic Pb-61.9Sn solder specimens were prepared from 99.999 % purity Sn and
Pb. The weighed materials were sealed in cylindrical quartz ampoules of 1 cm in
diameter and 5 cm in length under a vacuum of 10−4 Pa. The ampoules were su-
perheated to 50◦C above the eutectic temperature in a furnace at a heating rate of
10◦C/min and held for about 5 min. To ensure the homogeneity of the alloy the am-
poules were carefully shaken before quenching it down with liquid nitrogen (LN2) to
-196◦C. The purpose of using LN2 was to obtain specimens with very fine αPb do-
mains. The samples were sectioned into 1 cm pieces, which were then ground onto
silicon carbide polishing paper with grit sizes 1000 to 2400, followed by fine polishing
with diamond suspensions of 6, 3, and 1 µm. Final mechanical polishing was per-
formed with a solution of 0.05 µm colloidal silica. The specimens were isothermally
annealed in air at temperatures of 0.82 Te (± 1-2◦ C) and 0.93 Te (± 1-2◦ C) for up
to 12 days.

Back-Scattered Electron (BSE) images were obtained from a marked area on a
plane section of as-solidified and annealed samples in a Philips XL 30 ESEM-FEG.

Digital image analysis techniques were used to estimate number, area, and cir-
cumference of αPb domains. Images were threshold to isolate αPb domains. Domains
touching one of the edges of the image were discounted. The area of domains was
estimated by a simple pixel count. The circumference of domains was estimated as
follows. Pixels on the edges of domains were isolated using an edge filter with 4 (hor-
izontal and vertical) and 8 (horizontal, vertical, diagonal) pixel connectivity rules. The
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two numbers of pixels in the edges so obtained were averaged. This quick procedure
was found to give correct results for test images consisting of digitized circles of dif-
ferent sizes. Particle size distribution functions after various times were determined
in this way. (In instances where shape is not important areas have at times been
represented by radii of equivalent circles.) Plotting log(area) vs. log(circumference)
of individual domains provides a simple illustration of the shapes present in collec-
tion of domains, with a slope of 2 and 1 expected for collections of circular and
linear domains respectively. Setting the issue of shape aside an autocorrelation
function of the threshold images can be used to study characteristic length scales.
2D-autocorrelation functions ξ(p,q) were calculated from 1024 x 1024 pixel square
images cropped from each original BSE image. Orientation Imaging Microscopy (FEI
Sirion HR-SEM equipped with TSL OIM detector) was performed to determine the
relative crystallographic orientation between αPb and βSn lamellae.

2.3 Experimental Results

2.3.1 Microstructural evolution

Fig. 2.1(a) is a BSE micrograph of a quenched eutectic Sn-Pb in as-solidified condi-
tion. The light and dark regions in the micrographs are αPb domains and βSn matrix
respectively.

The formation of a true lamellar structure of αPb and βSn has been suppressed
due to the rapid quench. The resulting microstructure consists of finely dispersed
αPb domains in the βSn matrix. Figs. 2.1 (b)–(d) show the same area at identical
magnification after isothermal annealing during various time intervals at 423 K. The
mean size (equivalent radius) of αPb domains in the as-solidified solder was 0.55 µm.
After annealing for 288 h the mean size increased to 3 µm an increase by a factor
of 6. Similar measurements were taken for another sample annealed at 373 K. The
mean size of αPb domains in the initial state was 0.6 µm increasing to 1.7 µm after
annealing for 288 h, i.e. an increase by a factor of 3.

To qualitatively capture local coarsening phenomena, microstructures obtained
after annealing are compared. Fig. 2.2 shows SEM micrographs after annealing for
2 and 6 h.

The domains marked by 1 and 2 in Fig. 2.2 (a) dissolve. After 6 h of annealing
the domains marked by 1 dissolve completely in the matrix, domains 2 can still be
recognized. Domains marked by 3 and 5 have coalesced to form a single domain in
Fig. 2.2(b). The domain marked by 4 in Fig. 2.2(a) has dissociated into two domains
in Fig. 2.2(b). In some of the domains, e.g. the one indicated with 6, reduction of
the curvature can be observed. These three combined processes i.e coalescence,
dissociation, and dissolution have recently been observed in phase-field calculations
of microstructure evolution in the same system with identical conditions [84].
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(a) (b)

(c) (d) 20 µm

Figure 2.1: BSE micrographs of the microstructural evolution of LN2 quenched Sn-Pb solder
at 423 K: (a) as-solidified, (b) t = 2 h, (c) t = 24 h, and (d) t = 288 h.

2.3.2 Anisotropy

On the specimen annealed for 288 h at 423 K several BSE images were taken from
the plane section and the measured area fractions Φa were determined. The mea-
sured minimum and maximum area fractions Φa at the plane section were 43 % and
53 % respectively and the mean Φa was found to be 47 % which is much higher
than the expected equilibrium value, which is 32.9 (v) %. In an orthogonal section
across the same sample, Φa was found to be 24% on average. Fig. 2.3 shows two
representative images from these sections.
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(a) (b) 50 µm

Figure 2.2: Dissolution, dissociation, and coalescence of domains at 423 K after annealing
for: (a) 2 h and (b) 6 h.

(a) (b) 20 µm

Figure 2.3: BSE micrographs from the orthogonal cross-section of a sample annealed at 423
K for 288 h: (a) at maximum Φa and (b) at minimum Φa.

Φa was also measured as a function of annealing time from a plane section of
the sample. Figs. 2.4(a) and (b) show the evolution of Φa at 373 K and 423 K.
The expected equilibrium volume fractions of αPb domains at 373 K and 423 K are
shown by two horizontal dotted lines in the left figure. Annealing for 2 h at 423
K produces 45.7 % αPb from an initial value of 36.3 %. Following this initial rapid
change at 423 K, Φa further evolves gradually towards a steady state value, which
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seems to be reached after an annealing time of 48 h suggesting it attains some type
of equilibrium. The as-solidified sample at 373 K contains 35.3 % of αPb domains
which is also higher than the expected equilibrium value. Annealing this sample at
373 K gives rise to a Φa that has not reached yet entirely its equilibrium value at the
end of the experiment.

Clearly, in an isotropic alloy the subsequent evolution of the area fraction would
have been towards the equilibrium value. The observed increase in the area fraction
Φa, therefore itself points to the existence of anisotropy in the alloy.
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Figure 2.4: Change in area fraction as a function of annealing time in a linear scale (a), and
same data in a plot of logarithmic scale (b).

Since there is no indication of a significant difference in structure between the
near surface region and the bulk, as judged from a perpendicular cross-section after
annealing, the evolution of the area fraction is taken to indicate that during coarsen-
ing the mean orientation of the domains changes. Plausible reasons for that effect
would be the evolution towards a preferred orientation relation, between domains
and matrix, or between grains or ”colonies” (aggregates of αPb and βSn domains that
are crystallographically oriented in a similar fashion). If so, the steady state reached
for the 423 K sample has to indicate that such an orientation relation was reached
and that subsequently only coarsening occurred.

To investigate crystallographic features of the microstructure after annealing, Ori-
entation Imaging Microscopy (OIM) by Electron BackScattering Diffraction (EBSD)
was performed on several colonies (representative of the whole cross-cut) in the
sample annealed for 288 h at 423 K. Fig. 2.5 shows pole figure plots of αPb and
βSn from two different colonies where X and Y denote spatial directions on the OIM
scanned area of sample. The following orientation relations between αPb and βSn are
found to exist:

[001]αPb
‖ [101]βSn

and (010)αPb
‖ (111)βSn

(2.5)
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and

[111]αPb
‖ [010]βSn

and (1̄10)αPb
‖ (001)βSn

(2.6)

X

Y

X

Y

(a) (b)

X

Y

X

Y

(c) (d)

Figure 2.5: PF texture intensity plots for (a) αPb and (b) βSn from a colony and PF texture
intensity plot for (c) αPb and (d) βSn from another colony.

So indeed, at the steady state, specific crystallographic relationships do exist
in the system. In literature [39, 81] a different orientation relationships have been
mentioned with (111)αPb

‖ (101)βSn
for directionally solidified eutectics. The 2D-

autocorrelation of the situation after 48 h of annealing at 423 K as shown in Fig.
2.6 depicts further evidence of the existence of anisotropy in the system.
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3 µm

Figure 2.6: 2D-autocorrelation after 48 h of annealing at 423 K.

2.3.3 Scaling and coalescence

The area-to-circumference ratios of all domains in as-solidified condition and after
annealing at 373 K are shown in Fig. 2.7. For the sake of clarity only two sets of data
are presented at each annealing temperature. The drawn line indicates the expected
slope (area-to-circumference ratio) if all domains would be circular. Evidently a large
proportion of the domains in the initial microstructure has a considerably smaller
area-to-circumference ratio (see Fig. 2.7 (a)).

On annealing one notices that for all domain sizes initially present, the shape is
optimized, that is the area-to-circumference ratio increases for all domain sizes; it
is also clear that the number of domains has decreased. Furthermore the larger
domains grow at the expense of the smaller ones, and interestingly, the largest do-
mains in existence are seen to have particularly low area-to-circumference ratios,
which indicates that they were formed through coalescence events. Qualitatively
similar graphs were obtained in plane sections from an orthogonal cut.

The fact that all graphs have a similar shape suggests that they may be scaled.
Scaling the areas by the mean area and the circumferences by the mean circumfer-
ence (which for circles would mean the usual scaling of all distances with the mean
equivalent radius) leads to the results shown in Fig. 2.7 (b) for 373 K. The system
annealed at 423 K behaved in a qualitatively similar way. The curves obtained super-
impose, establishing the mean equivalent radius as a scaling length. Interestingly it
can be seen that the rather well-defined position where the slope of the curves starts
decreasing coincides with this scaling length. From the experimental evidence, it is
therefore concluded that coalescence mainly affects domains with larger than aver-
age equivalent radius.
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Figure 2.7: Log-log plot of (a) area vs. circumference, and (b) scaled area vs. scaled circum-
ference of multiple domains in as-solidified condition and after annealing at 373
K.

2.3.4 Domain size distribution

With coalescence established as an important coarsening mechanism, we turn our
attention to possible dynamic scaling of the domain size distribution function. The
domain size distribution function was established as follows. The following curve

N(r) = p1 +
p2

(1 + (r/p3)p4)
(2.7)

where N is the number of domains and r is the size of domains and p1, p2, p3

and p4 are fitting parameters, is fitted through the data points of (Ni) vs ri. The
normalized first derivative of N (r) is defined as the probability density of the domain
size distribution f(r, t) and is shown in Figs. 2.8(a) and 2.8(b) for 373 K and 423 K
respectively.

Clearly the peak position shifts towards larger radii and the peak height decreases
for increasing annealing time. The rate of decrease in peak height in the domain size
distributions at 423 K is much higher than at 373 K. To examine whether the system
has reached a dynamical steady state, the scaled domain size probability density
distribution f (ρ, t) is shown in Figs. 2.9 (a) and 2.9 (b), where the mean equivalent
radius l̄r(t) has been used as scaling length.

It is clear that some shift of f (ρ, t) towards lower ρ values occurs, but this shift is
seen to decreases with increasing annealing time, suggesting the evolution towards
a dynamical steady state. As a comparison 0.4fLSW (ρ) is also shown in Fig. 2.9 (a).
The distributions found here are seen to extend to far greater values of ρ. In the
theoretical results by Davies et al.[19], the size distribution does not extend to such
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Figure 2.8: Probability density distribution of domains at (a) 373 K, and (b) 423 K.
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Figure 2.9: Scaled density distribution of domains at (a) 373 K, and (b) 423 K.

high values. A possible reason for this discrepancy may be that in their model, two
coalescing domains are expected to form a circular domain immediately upon coa-
lescence. This is clearly not the case here. The model would tend to overestimate
the mean distance between domains and underestimate the number of coalescence
events. In fact, the distribution found by Conti et al. [17] (although derived for the
case of short range diffusion) is in qualitative agreement with the one found here.

2.3.5 Kinetics of domain coarsening

At this point it is interesting to investigate the kinetics of the coarsening process, that
have consistently been found to be insensitive to volume fraction and coalescence
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effects. The equivalent mean radius l̄r(t) is plotted as a function of annealing time
in Fig. 2.10 (a). The temporal exponent was found to be ∼ 0.16 at both 373 K and
423 K, which is rather low, and would seem to point to dislocation pipe diffusion as
the rate limiting mechanism in this case, which seems unlikely considering the high
temperatures during annealing. A similarly low value has been encountered in a
number of other (comparable) cases, notably by Senkov et al. [74] and by Johnson
et al. [43]. Johnson et al. provide a possible explanation assuming grain boundary
pipe diffusion, across channels with a 1000 times higher cross-sectional area than
for dislocation pipe diffusion. From comparison with their model of our results we
can state that the slowest diffusing species Pb along the grain boundary pipes may
control the rate of diffusion.

In any case the grain growth within αPb and βSn domains is ruled out as the rate
limiting mechanism.
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Figure 2.10: Log-log plot of equivalent mean radius as a function of annealing time (t) (a) and
Log-log plot of change in number of domains as a function of annealing time (t)
(b).

2.4 Discussion and conclusions

Anisotropy and coalescence have been known to be potentially important issues in
coarsening. Kazaryan et al. [48] have established that anisotropy of grain boundary
energy together with anisotropic boundary mobility may have pronounced effect on
coarsening. For normal grain growth in the presence of such anisotropy they have
found that dynamic scaling does not necessarily accompany power law growth, and
also that in some cases the exponent is in fact time dependent.

Grain boundary mobility may vary by several orders of magnitude whereas grain
boundary energy can vary typically by a factor of two or three [5, 30, 41]. It has pre-
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viously been predicted that grain boundary mobility anisotropy has dominant effect
over energy anisotropy in microstructural evolution and kinetics of domain growth
[86]. There is little data on the anisotropy of grain boundary energies and mobilities
in the Sn-Pb system, but they could play a role.

The time exponent of the growth kinetics suggests grain boundary pipe diffusion
as proposed by Johnson et al. [43] as the rate limiting process for the coarsening of
domains. The experiments show a broad distribution function of domains of αPb as
large as 7 r̄(t) and 10 r̄(t) at annealing temperatures of 423 K and 373 K respec-
tively similar to the findings of other experimental works [11, 46, 95] in quite different
systems. The experimentally obtained particle size distribution function qualitatively
agrees with one predicted by Conti et al. [17]. Interestingly, from plots of scaled
area vs. scaled circumference of domains it is clear that coalescence is the main
mechanism of formation of domains that have larger than average size.
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Correlation between localized strain
and damage in shear-loaded Pb-free

solders 2

Abstract

A Digital Image Correlation (DIC) algorithm was employed to measure strain field
evolution and correlate it with the damage in shear loaded solder interconnections at
ambient temperature. Four different solder alloys were studied: Sn-36Pb-2Ag, Sn-
3.8Ag-0.7Cu (SAC), Sn-3.3Ag-3.82Bi, and Sn-8Zn-3Bi. Inhomogeneities in strain
fields were found near the connection to the Cu substrate, and at grain boundaries
within the solders.

Strain fields in Sn-36Pb-2Ag, SAC, and Sn-8Zn-3Bi are highly localized near the
interface with Cu substrate. A comparatively more homogeneous distribution of strain
field was observed for Sn-3.3Ag-3.82Bi solder which also showed superior shear
strength. These data are useful input for mechanical engineers to correctly model
solder interconnection for reliability and lifetime prediction. A good correlation has
been found between the calculated strain fields and observed failures in all solder
interconnections.

Scanning Electron Microscopy of all solders showed grain-boundary decohe-
sion/sliding on a microscopic scale. All solder alloys exhibited microscopically brittle
failure except Sn-3.3Ag-3.82Bi that showed a ductile failure.

3.1 Introduction

The global concern about the environmental impact of toxic Pb-based solders in con-
sumer electronics has given an impetus to use Pb-free solder alloys. Some potential

2This chapter is based on [61].
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Sn-Ag, Sn-Bi, Sn-Zn, Sn-Cu binary eutectic and Sn-Ag-Cu (SAC), Sn-Ag-Bi, Sn-Zn-
Bi ternary eutectic solders have been developed as a substitute for Sn-Pb solders
[1, 28, 47, 64, 97, 98].

Reliability of the soldered joints is an important issue, and an adequate under-
standing of it requires knowledge of material properties, loading conditions and their
evolution during the lifetime of the soldered joint. A solder connection is generally
exposed to thermo-mechanical load during service [58, 59]. Thermal loads during
the lifetime of a solder are due to the operating temperature of the components that
may peak above 0.5 Te, where Te is the eutectic temperature e.g even a room tem-
perature application translates to 0.6 Te for SAC. The thermo-mechanical loads in
solder joints originate from two sources: on the scale of the component from the
thermal expansion mismatch between component and printed circuit boards. On this
scale, shear and bending are the most relevant loading modes. On the scale of the
solder microstructure the loads originate from thermal expansion differences among
the different phases in the solder, as well as from the anisotropy of the Sn matrix
[56, 57].

The induced strain due to these loads is expected to be inhomogeneous through-
out the solder interconnection [3], with inhomogeneities expected at length scales
related to the above-mentioned gradients in thermal expansion properties. The mi-
crostructural evolution that results may lead to the initiation and propagation of cracks
resulting in failure of solder interconnections.

From a materials science point of view, it is of course important to measure the
magnitude of local strain fields, and relate those to local stresses, microstructural
evolution and failure mechanisms. From an engineering point of view, information
on strain distribution is necessary to verify models describing the microstructural
evolution. For example, recently it has been shown that FEM simulations [23] using
a cohesive zone approach show great potential in capturing the relevant effects,
yet quantifying parameters in such models relies entirely on adequate and full field
experimental analysis of the deformation of materials.

It has been reported that localized strain instabilities developed in eutectic Sn-Ag
solder determine creep damage initiation [65] sites. Also, similar work on ternary Sn-
Ag-Cu and quaternary Sn-Ag-Cu-Ni solders and composite solder interconnections
based on Sn-3.5Ag alloy has shown [31, 53], that localized creep strain areas are
the potential locations for damage.

In this paper we qualify and quantify details of the inhomogeneous deformation
and failure through strain field measurement in three Pb-free solders (Sn-3.8Ag-
0.7Cu, Sn-3.3Ag-3.82Bi and Sn-8Zn-3Bi) and a reference Pb-containing Sn-36Pb-
2Ag solder.

An automated Digital Image Correlation (DIC) algorithm [79, 80] is applied to
measure full field strains in the solder joints correlating microscopic optical images
captured during deformation. Since it is a full-field technique it is truly microscopic,
and it allows to study the relation between inhomogeneities in the strain field with
microstructural details.
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3.2 Experimental techniques

The solder interconnection configuration shown in Fig. 3.1 consists of two copper
blocks that sandwich the solder. Solder interconnections (height = 0.3 mm, length =
10 mm) were prepared using commercial solder pastes.

25

10

1

0.3

Figure 3.1: Schematic diagram showing the configuration of shear test specimen (all dimen-
sions are in mm).

Reflow variables that were utilized for making various interconnections are pre-
sented in Table 3.1. Specimens for microscopic examination were prepared as fol-
lows: the samples were ground onto silicon carbide polishing paper with grit size
320, followed by fine polishing with diamond suspensions of 9, 6, and 3 µm. Final
mechanical polishing was performed with a solution of 0.05 µm colloidal silica.

Table 3.1: Reflow variables used for Sn-36Pb-2Ag, SAC, Sn-3.3Ag-3.82Bi, and Sn-8Zn-3Bi
solder interconnections.

Solder type Ramp-up Reflow peak Time over Cooling
Melting point/range rate (◦C/s) Temp. (◦C) ML (s) rate (◦C/s)
◦C (ML)
Sn-36Pb-2Ag 1.2 220 50 3.0
(179◦C)
SAC 1.3 236 55 3.2
(219◦C)
Sn-3.3Ag-3.82Bi 1.1 228 45 2.9
(210◦-216◦C)
Sn-8Zn-3Bi 1.2 221 55 3.1
(189◦-199◦C )

Shear tests were carried out at a constant displacement rate of 3.3 µm/s at ambi-
ent temperature using a 2 kN load cell in a miniaturized tensile module (MT5, Deben
UK Ltd.). This tensile stage applies symmetric displacements on the sample keep-
ing the region of interest centered in the field of view. The following procedure was



22 Chapter 3

adopted to acquire images suitable for deformation analysis. The specimen shown
in Fig. 3.1 was clamped, and loaded while time, displacement, and imposed load
were recorded. Data were corrected for the compliance of the load-cell. The tensile
device with clamped specimen was placed on the stage of an Optical Microscope
Axioplan 2 (Carl Zeiss). The specimen was imaged with a LD Epiplan 20 × / 0.4 HD
DIC objective that covered a 500×500 µm area on the specimen. An AxioCam HR
camera (Carl Zeiss) was used for the acquisition of a sufficient number of images
(50 to 100 of 1300 x 1030 pixels, 8 bit) at several stages during loading.

The deformation fields were analyzed using a commercial digital image correla-
tion technique (ARAMIS, GOM mbH). Local strains are calculated from the displace-
ments of parts of the image, ”facets”. In this technique, a square grid of equally
spaced points is initially placed over the reference image. Centered on each of these
points is a facet. To match a facet from its position on the reference image to its
position on the destination image a correlation function is used, that assumes homo-
geneous deformation within a facet. Details of the theory can be found elsewhere
[14, 16, 79, 80, 87].

In general the displacement measurement can attain sub-pixel precision (any-
where between 0.02 and 0.4 pixels). The strain fields are subsequently calculated
from the displacement measurements. The strain resolution of the measurement
system was estimated at 0.1% for a facet size 15 x 15 pixels and a step size of 13
pixels. A higher strain resolution can be obtained at the cost of a decreased spatial
resolution, using e.g. larger facets or larger steps between the facets.

To correlate the facets accurately, it is required that an image contain small, finely
distributed features with high contrast. As the solder alloys did not show sufficient
contrast initially and therefore, a higher contrast was created artificially on their sur-
faces. This was done by coating gold on a painted specimen surface through a
”microsieve” mask (Aquamarijn Micro Filtration). A microsieve consists of a silicon
support (black in Fig. 3.2 (b)) with nine membranes (gray in Fig. 3.2 (b)) each having
a thickness of 1 µm.

(a) (b) (c)

Figure 3.2: Shear specimen with microsieve (a), configuration of microsieve (b), and magni-
fied view of a membrane (c).
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Inside these membranes are areas of 500×500 µm (white in Fig. 3.2 (b)) with
circular holes of 5 µm diameter and 10 µm spacing (indicated in Fig. 3.2 (c)).

Fig. 3.3 (a) shows a microsieve holder with rectangular pocket of 0.3 mm deep to
establish a good contact with the 0.5 mm thick microsieve during sputtering process.
Shown in Fig. 3.3 (b) is an assembly with a clamping device to produce gold speckles
on the polished surface of specimens.

(a) (b)

Figure 3.3: Microsieve holder (a) and Microsieve clamping device with holder (b)

The microsieves were ’glued’ in the holder, using a small amount of silicon gel
on the edges, and properly placed on the solder interconnection of the shear spec-
imen, so that one row of 3 membranes covered the interconnection. Subsequently,
gold was sputtered on the specimen through the holes in the microsieves. Before
performing this, the sample was painted dark gray, thus creating a good contrast
between the dark paint and light gold speckles.

Experimental observation of fracture modes of the interconnections under shear
tests were evaluated using Scanning Electron Microscopy (Philips XL 30 ESEM-
FEG) and compared to the local strain field measurements.

3.3 Results and dicussion

3.3.1 Microstructure characterization

Fig. 3.4 shows Back Scattered Electron (BSE) micrographs of the four solder alloys
in as-solidified condition.

Fig. 3.4 (a) shows the eutectic structure of Sn-36Pb-2Ag solder. The dark-gray
areas correspond to the Sn-rich βSn matrix, the lighter areas represent the Pb-rich
αPb, and near to the lower part of the micrograph is an intermetallic layer.

Fig. 3.4 (b) shows a microstructure of Sn-3.3Ag-3.82Bi solder. The dark-gray
areas are βSn with a mixture of Ag3Sn and Bi particles along the grain boundaries.
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Figure 3.4: Back scattered electron micrographs of as-solidified : (a) Sn-36Pb-2Ag , (b) Sn-
3.3Ag-3.82Bi, (c) Sn-8Zn-3Bi, and (d) SAC solders.

Some distributed Bi particles were also found near the intermetallic region at the
lower part of the micrograph.

A micrograph for Sn-8Zn-3Bi solder depicting dark needle like Zn-rich phase dis-
persed in the βSn matrix is shown in Fig. 3.4 (c). Sub-micron size Bi particles were
formed and situated preferentially along the dendritic boundaries (The solubility of Bi
in Sn is about 2 wt% at room temperature [34]).

The ternary eutectic SAC (Fig. 3.4 (d)) showed a βSn dendritic substructure and
inter-dendritic regions with a eutectic mixture mainly of Ag3Sn intermetallic com-
pounds and βSn (in addition to some Cu6Sn5 intermetallic particles). The formation of
βSn dendrites is attributed to constitutional supercooling during solidification. Some
long Ag3Sn needles, mostly emanating from the intermetallic layer were detected
(Recently, microelectronic industries have shown interest in SAC solder because of
its comparatively low melting temperature, the competitive price, and good mechan-
ical properties [66]).
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3.3.2 Shear tests

Shown in Fig. 3.5 are shear stress-strain curves for the four solder interconnections.
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Figure 3.5: Shear stress-strain curves for (a) Sn-36Pb-2Ag, (b) Sn-3.3Ag-3.82Bi, (c) Sn-8Zn-
3Bi, and (d) SAC solder interconnections.

Sn-36Pb-2Ag solder joints exhibited an average peak shear strength of 33 MPa
and a maximum strain to failure of 1.3 (A summary of the shear test results for all
alloys is shown in Table 3.2).

For one of the joints (indicated in Fig. 3.5 (a)) 101 micrographs were taken from
the beginning of the shear experiment until failure. The four positions marked, cor-
respond to 19 % (10◦ ), 26 % (14◦), 30 % (16◦), and 37 % (20◦) global shear strains
(shear strain in ◦ degree is given in the parentheses).

Micrographs obtained at 19 % and 37 % shear strain are shown in Fig. 3.6. The
two dotted lines drawn in Fig. 3.6 (a) indicate the solder interconnection area.
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Table 3.2: Summary of shear test results

Solder type Av peak stress, Av. strain at peak- Av. strain to -
τmax [MPa] stress, γτmax

failure, γmax

Sn-36Pb-2Ag 33 0.34 1.3
Sn-3.3Ag-3.82Bi 66 0.40 1.0
Sn-8Zn-3Bi 55 0.29 0.84
SAC 34 0.61 2.2

(a) (b) 100 µm

Figure 3.6: Optical micrographs captured at: (a) 19 % and (b) 37 % global shear strains of a
Sn-36Pb-2Ag solder joint.

The shear strength of Sn-3.3Ag-3.82Bi solder is significantly higher compared to
the other solders investigated as shown in Fig. 3.5 (b). Two solder interconnections
showed premature failure that may result from higher content of porosity within the
interconnections. 57 micrographs were taken from the beginning of the shear exper-
iment until failure for the sample that had higher strain at fracture. The four marked
positions on this curve correspond respectively to 4 %, 15 %, 22 %, and 32 % global
shear strains.

Shear stress-strain curves for Sn-8Zn-3Bi solder joints are shown in Fig. 3.5 (c).
The measurements showed an average maximum shear stress of 55 MPa and a
mean shear strain at failure of 0.84 as shown in Table 3.2. For one of the intercon-
nections (indicated in Fig. 3.5 (c)) 80 micrographs were obtained during the shear
loading up to fracture and used for DIC analysis. The 4 points marked on this curve
correspond to global shear strain of 10 %, 19 %, 31 %, and 39 %.

Shear stress-strain curves for SAC solder are presented in Fig. 3.5 (d). The
overall shear strength of this solder alloy is comparable to that of Sn-36Pb-2Ag yet it
exhibits a relatively high shear strain at failure compared to other solders. During 71
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stages of shear loading micrographs were taken and used for DIC. The stress-strain
curve indicated by the arrow in Fig. 3.5 (d) corresponds to the curve for the strain
field measurement. The four markers on this curve represent 5 %, 10 %, 16 %, and
26 % global shear strain.

3.3.3 Evolution of strain-field

The strain field distribution for Sn-36Pb-2Ag solder is shown in Fig. 3.7 (Full-field
local strain measurements were taken across the entire solder thickness from a 500
µm length in each solder interconnection).

Fig. 3.7 (a) shows that in the initial stages of plastic deformation shear concen-
trates near the interfaces (especially the lower) with Cu6Sn5 intermetallic layers and
solder, but also along some lines in the centre of the interconnection. The concentra-
tion of deformation along the interfaces is inhomogeneous as well, with some spots
more deformed than others. Fig. 3.7 (d)) shows that the shear concentrates ever
more on the lower interface at 37 % imposed global shear strain, and that locations
of particularly high strain seem to be connected to areas of localized strain in the
bulk of the sample.

Fig. 3.8 shows the strain field evolution for Sn-3.3Ag-3.82Bi solder in shear load-
ing. The distribution of strain fields differs significantly from those obtained for Sn-
36Pb-2Ag. On a macroscopic scale the shear strains were more homogeneously
distributed throughout the interconnection, i.e. not predominantly along (one of) the
interfaces. Three wide bands of concentrated deformation can be seen.

The evolution of the strain fields for Sn-8Zn-3Bi solder is presented in Fig. 3.9.
The measured strain fields showed localized deformations near one of the Cu6Sn5/Cu
interfaces and within the solder interconnection, presumably along some grain bound-
aries. Interestingly, some of these were perpendicular to the shear loading direction
as depicted in Fig. 3.9(d). But the main accumulation was in a 150 µm band near
the lower solder/Cu6Sn5 intermetallic interface.

In SAC solder, shear deformation localized in bands at both of the the solder/Cu6Sn5

intermetallic interfaces and along lines (grain boundaries) normal to the shear direc-
tion. (Fig. 3.10). Shear strains appear to be maximal at ”triple points” where grain
boundaries end at the interface between copper and solder.

Compared to the Sn-36Pb-2Ag the strain distribution in the centre of the joint
seems to be more extreme, in the sense that more of the deformation is concentrated
near the grain boundaries, and that the region in between are less deformed than in
Sn-36Pb-2Ag.

3.4 Correlation between local strain and damage

To bring a correlation between the measured strain-field distributions and experimen-
tally observed damage, polarized micrographs were taken along the interconnec-
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(a) (b)

(c) (d) 100 µm

Figure 3.7: Local shear strain fields distribution within a Sn-36Pb-2Ag solder interconnection
at: (a) 19 % (10◦), (b) 26 % (14◦), (c) 30 % (16◦), and (d) 37 % (20◦) global shear
strains.

tions and combined together to represent the entire interconnections. An overview
of failed shear samples showed cracks along the interfaces on a macroscopic scale,
Fig. 3.11. Clearly two cracks have started on opposite sides of the sample, as is
commonly encountered. The location of three microsieves are indicated by dotted
rectangles as well in the micrograph (Fig. 3.11 (a)).

BSE micrographs were taken along the entire thickness of each solder intercon-
nection (used for strain-field measurements) after shear loading as shown in Fig.
3.12. The location of complete failure resulting 2 halves of sample is indicated by an
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(a) (b)

(c) (d) 100 µm

Figure 3.8: Local shear strain fields distribution within a Sn-3.3Ag-3.82Bi solder interconnec-
tion at: (a) 4% (2◦), (b) 15% (8◦), (c) 22% (12◦), and (d) 32% (17◦) global shear
strains.

arrow.
In each solder interconnections, final complete failure occurred within the solder

but the locations varied, for Sn-36Pb-2Ag, Sn-3.3Ag-3.82Bi, and SAC solder it was
50–100 µm from the Cu6Sn5/Cu interface and for Sn-8Zn-3Bi it was only 10 µm
from the interface. The strain-field mapping showed three localized strain bands in
Sn-3.3Ag-3.82Bi solder. From Fig. 3.12 (b) it is hardly possible to detect them but
apparently right-half part does indicate two distinct damage regions (one indicated by
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(a) (b)

(c) (d) 100 µm

Figure 3.9: Local shear strain fields distribution within the Sn-8Zn-3Bi solder interconnection
at: (a) 10% (6◦), (b) 19% (11◦), (c) 31% (17◦), and (d) 39% (21◦) global shear
strains.

an arrow) though in the left-half part nothing could be detected from such topographic
damage. SAC solder also showed severe damage in right-most interface and a crack
near the left interface indicated by an arrow in Fig. 3.12 (d).

To correlate with local damage accumulation, magnified BSE images were taken
as presented in Fig. 3.13. For Sn-36Pb-2Ag solder, on a microscopic scale cracks
are preferentially encountered along grain boundaries, with crack paths showing the
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(a)
(b)

(c) (d) 100 µm

Figure 3.10: Local shear strain fields distribution within a SAC solder interconnection at: (a)
5 % (3◦), (b) 10 % (6◦), (c) 16 % (9◦), and (d) 26 % (14◦) global shear strains.

evidence of sliding as indicated by an arrow, Fig. 3.13 (a1). A high magnification im-
age Fig. 3.13 (a2) showed intergranular cracks along βSn and αPb interface indicated
by an arrow ”A” and transgranular cracks within βSn marked by an arrow ”B”.

Shown in Fig. 3.13 (b1) is the damage in Sn-3.3Ag-3.82Bi solder mostly by the
separation of Sn-grain (indicated by an arrow). This remarkable feature of damage
correlates nicely with the strain concentration along grain boundaries in strain field
mapping. Another interesting feature found at microscopic level that within βSn grain
some ladder-type shear bands formed indicated by arrows in Fig. 3.13 (b2).
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(a) (b) (c) (d) 200 µm

Figure 3.11: Polarizing micrographs showing failure overview of (a) Sn-36Pb-2Ag, (b) Sn-
3.3Ag-3.82Bi, (c) Sn-8Zn-3Bi, and (d) SAC solder interconnections after shear
loading.

This could be due to gliding along preferential slip planes and cross slips. To
capture the strain concentration that triggered this process was beyond the resolution
of the technique we used.

Fig. 3.13 (c1) shows the surface damage in Sn-8Zn-3Bi solder in shear loading.
Transgranular cracks were evident throughout the surface. A large transgranular
crack is indicated by an arrow ”A” in Fig. 3.13 (c2) and branching of this crack
is marked by two arrows ”B”. The highly inhomogeneous strain-field distributions
correlate well with the microstructure that showed brittle fracture.

Fig. 3.13 (d1) shows a BSE micrograph of damage localization in SAC solder
near to a Cu6Sn5/Cu interface during shear loading. As was expected from the lo-
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(a)

(b)

(c)

(d) 50 µm

Figure 3.12: BSE micrographs of (a) Sn-36Pb-2Ag, (b) Sn-3.3Ag-3.82Bi, (c) Sn-8Zn-3Bi, and
(d) SAC solder interconnections taken along the thickness direction after com-
plete failure in shear loading.

calization in the measured strain fields, deformation was highly concentrated near
the solder/Cu6Sn5 interface region as indicated within the two dotted-line in Fig. 3.13
(d1). These observations correlate nicely with the calculated strain-field distributions
(see in Fig. 3.10). βSn dendrite boundaries also encountered damage marked by
arrows ”A” and ”B” in Fig. 3.13 (d2).
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Figure 3.13: BSE micrographs of (a1) Sn-36Pb-2Ag, (b1) Sn-3.3Ag-3.82Bi, (c1) Sn-8Zn-3Bi,
and (d1) SAC solder interconnections depicting surface damage in shear load-
ing. Corresponding high magnification micrographs are presented in Figs: (a2),
(b2), (c2), and (d2) respectively.
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From the above observations, it is evident that the degree of microstructural het-
erogeneity and anisotropy plays a crucial role in the distribution of strain-field in shear
loading. The chemistry of the solder is important here because it dictates the types of
phases a solder can possess which in turns can enforce the degree of heterogeneity.

The four different solders can be qualitatively graded in terms of increasing het-
erogeneity as Sn-33Ag-3.82Bi → Sn-36Pb-2Ag → SAC → Sn-8Zn-3Bi. But in terms
of the degree of increasing anisotropy the order would be Sn-36Pb-2Ag → Sn-
33Ag-3.82Bi → Sn-8Zn-3Bi → SAC. The major part of anisotropy is derived from
anisotropic crystal structure of Sn which has anisotropic elastic stiffness (Chapter 4).
Therefore, local strain-field distributions during mechanical loading is also dependent
on this anisotropy.

The observed strain-field distributions (Figs. 3.7–3.10) correlate reasonably well
with the microstructural features (Figs. 3.11–3.13). This correlation between strain-
field distribution and microstructure during shear loading in different solders may
provide very important insights into the selection of a particular solder based on its
response under thermomechanical loading.

3.5 Discussion and conclusions

It has long been realized that the final failure of a solder joint is preceded by inhomo-
geneities in the deformation of the joint at relatively early stages, and that monitoring
of such strain concentrations during use might give an opportunity to predict failure
location and time.

On the experimental side recent years have seen the coming of age of experi-
mental techniques capable of monitoring such strain fields with sufficient resolution
and a few instances of applications to solder joints can be found in the literature [3],
[65]. In [3] strips of eutectic solder and pure Sn confined between Cu blocks were
subjected to simple shear. Full-field strain measurements indicated that the pure Sn
showed bands of concentrated shear at more or less constant distances irrespec-
tive of the thickness of the soldered connection. The interdistance was thought to
be associated with the grain size of the Sn. In the eutectic solder no such bands
were found, but rather strain concentrations with similar characteristic lengthscale. A
direct comparison with the resulting microstructure of these joints after deformation
was not performed. [65] also shows observation on a Sn-rich alloy (Sn-Ag and Sn-Ag
with added intermetallic particles). These measurements are not full-field but instead
quantify strain along a line across the thickness of the joint. Local strains and strain
rates were measured as a function of temperature in creep conditions. It turned out
that in all cases the strains (and strain rates) were inhomogeneous. The hypothesis
tested and confirmed was that failure location correlates with the location of the on-
set of tertiary creep. It was concluded that the ”reinforced” solder could be loaded to
a higher stress before locally showing tertiary creep, but that the strain-to-failure was
appreciably smaller, making it difficult a priori to decide which joint would be best
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suited for a specific application. The location of the failure was tentatively associated
with the distribution of voids due to diffusional processes during solidification.

Generally speaking, inhomogeneities in the strain field may be extrinsic (deter-
mined e.g. by geometry, thermal mismatches in the component, inhomogeneities
due to interfacial reactions) or intrinsic to the solder material itself. From the post-
failure analysis of the samples studied here it appears that strain localisation in this
geometry starts at opposite corners of the soldered connection from where two nar-
row bands gradually move inward along opposite sides. In the cases studied here the
localisation in the strain fields was in essence parallel to the solder-Cu interface (as
is obvious from the measured evolution of the strain fields), where was also eventual
failure occurred (as evidenced by the post-failure geometry shown in Fig. 3.11). The
exact location however was not at the interface between the intermetallic layer and
the solder, but rather inside the solder itself. Similar findings were reported by Mc-
Dougal [65] who tentatively associated the location of the failure with the distribution
of voids due to diffusional processes during solidification. However, it would appear
that stress concentrations at the extremities of the soldered connection could play a
role as a nucleation site for the ”shear band”.

Somewhere along the solder joint the two bands pass, and it is in this region
that the crack will switch from one side to the other. In this area the strain distri-
bution may differ notably from that in other areas along the joint, and even be rather
homogeneous, as was the case for the Sn-3.3Ag-3.82Bi joint in which the strain mea-
surement was at this location (see in Fig. 3.8). Apart from this strain localisation due
to factors extrinsic to the solder material it is clear that the microstructure does play a
part as cracks form along grain boundaries irrespective of solder type. In the case of
SAC solder the presence of grain boundaries parallel to the shear direction lead the
crack to divert from the Cu-solder interface region onto the grain boundaries, clearly
indicating that the grain boundaries are in fact weaker than the Cu-solder interface.
Grain boundaries at right angles with the shear direction did also show signs of strain
localisation but were not the cause of eventual failure. Along the Cu-solder interface
stress concentrations seemed to occur on locations were grain boundaries met the
interface. In the lead-free solders with large grains this was especially obvious.

Full-field details on strain localization have been examined and analyzed in a
number of Sn-based solders. Local strain differs significantly from applied global
strain and has been shown to depend on the geometry of the samples as well as
the microstructure (on a grain level) of the solder. This again points to the fact that
computational approaches to lifetime prediction in creep and fatigue of solder joints
need to take into account realistically the physical causes for the appearance of the
strain concentrations.

The need for quantitative experimental input in computation is apparent in a num-
ber of areas: initial microstructure, mechanical properties of individual phases, evo-
lution of microstructure and damage evolution during creep, thermal and mechanical
fatigue and the mechanical behaviour of various types of occurring interfaces. A
number of papers have appeared in the literature that attempt to couple microstruc-
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tural characteristics to evolution of deformation gradients and the macroscopic re-
sponse. For instance it has recently been established in theory [78] and in combined
simulation/experimental work (Chapter 4), that the intrinsic thermal anisotropy of the
orthotropic Sn matrix may lead to stress concentrations at grain boundaries and sub-
sequently to localised deformation and damage evolution along such boundaries in
otherwise unconstrained Sn-rich (Pb-free) solders. The experimental observations in
Chapter 4 relied on the correlation of local damage with stress concentrations derived
from a combination of Orientation Imaging Microscopy and finite element calculations
assuming anisotropic thermal and elastic behaviour. Ubachs et al. [85] focussed on
microstructure development in eutectic Pb-Sn comparing computed phase bound-
aries and measured phase boundaries.

It would appear that studies along the lines in Chapters 2 and 4 may provide data
that can be used as a guideline for modelling efforts not only by identifying relevant
failure mechanisms but also by quantifying them in terms of strain localisation, a
quantity that is accessible from the finite element methods of interest.





Chapter 4

Correlation between thermal fatigue
and thermal anisotropy in a Pb-free

solder 3

Abstract

Intrinsic thermal fatigue in a mechanically unconstrained Pb-free, Sn-rich Sn-3.8Ag-
0.7Cu alloy has been investigated under cyclic thermal loading between 293 K and
353 K. Fatigue damage is shown to occur preferentially along high angle grain bound-
aries. From a combination of Orientation Imaging Microscopy and Finite Element
Modelling it appears that this fatigue damage and stresses resulting from the ther-
mal anisotropy of Sn are highly correlated.

4.1 Introduction

The replacement of Sn-Pb solders due to environmental and health concerns has
given an impetus to the development of Pb-free solder alloys [1].

Some potential Sn-Ag, Sn-Bi, Sn-Zn, Sn-Cu binary and Sn-Ag-Cu, Sn-Ag-Bi,
Sn-Zn-Bi ternary alloys have been developed as a substitute for Sn-Pb alloys [28,
47, 97]. Recently, industry has focused its interest on eutectic Sn-Ag-Cu (SAC)
because of its comparatively low melting temperature, the competitive price, and
good mechanical properties [66]. SAC is the main subject of this paper.

Any alloy used for solder interconnections is exposed to thermo-mechanical fa-
tigue (TMF) during service as a result from thermal cycling caused by normal use.
The thermal cycling induces mechanical loads because of mismatches in thermal
expansion coefficient. These mechanical loads on the solder alloy originate on a
macroscopic scale from the thermal expansion mismatch between e.g. a chip and

3This chapter is based on [60].
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a printed circuit board and on a microscopic scale due to differences in thermal ex-
pansion coefficient between the various phases in the solder itself [56]. A further in-
teresting cause for thermomechanical loads in Sn-rich alloys on a microscopic scale
is the intrinsic anisotropy of Sn. Sn has a body-centered-tetragonal (bct) structure
with lattice parameters of a = b = 0.5632 nm and c = 0.3182 nm at 25◦C which
is highly anisotropic with c/a ratio of 0.546 [71]. At 30◦C, the coefficients of thermal
expansion in the principal directions are α[100] = α[010] = 16.5 × 10−6◦C−1 and
α[001] = 32.4 × 10−6◦C−1; at high temperatures, the values change substantially, for
example at 130◦C: α[100] = α[010] = 20.2 × 10−6◦C−1 and α[001] = 41.2 × 10−6◦C−1

[71]. Sn is also markedly anisotropic in its elastic behavior. The following values for
the elastic moduli [42, 69, 76]: c11= 73.5, 83.91, 86.0; c12= 23.4, 48.70, 35.0; c13=
28.0, 28.10, 30.0; c33= 87.0, 96.65, 133.0; c44= 22.0, 17.54, 49.0; c66= 22.65, 7.41,
53.0 (all values in GPa) show this anisotropic behavior.

It has recently been reported that this anisotropy in thermal expansion and elastic
properties of Sn may induce significant stresses at Sn-grain boundaries during ther-
mal cycling [78]. Also, work on thermo-mechanical fatigue in bulk Sn-rich solders has
shown [82, 89], that damage may occur by sliding or separation of grain boundaries.

In this paper we study the role of intrinsic anisotropy of Sn on the thermal fatigue
damage in more detail, combining experiment (Orientation Imaging Microscopy) and
numerical calculations (Finite Element Modelling). The aim is to investigate whether
a correlation between microscopic damage evolution and thermally induced stresses
indeed occurs in an otherwise mechanically unconstrained solder alloy.

4.2 Experimental techniques

Bulk SAC solder specimens were prepared from a commercial solder alloy Sn-96.5Ag-
3.8Cu (Balverzinn, Germany). The alloy was sealed in a cylindrical quartz ampoule
of 1 cm diameter and 5 cm length under a vacuum of 10−4 Pa. The ampoules were
superheated to 50◦C above the eutectic temperature in a furnace at a heating rate
of 10◦C/min and held for about 5 min. To ensure the homogeneity of the alloy, the
ampoules were carefully shaken before quenching it down with liquid nitrogen (LN2)
to -196◦C. The purpose of using LN2 was to obtain bulk specimens with a sufficiently
fine microstructure representative of a solder interconnection used in microelectron-
ics. The samples were then sectioned with a cutting blade impregnated with diamond
into 1 cm pieces. The bulk solder specimen was cylindrical, with diameter 10 mm and
height 4 mm. All specimens for microscopic examination were prepared following a
standard metallographic technique. The alloy was thermally cycled within the tem-
perature range of 293 K to 353 K with 5 mins hold at low temperature and 15 mins
hold at high temperature and with a ramp rate of 30◦C/min following the temperature
profile as shown in Fig. 4.1 using a heating-cooling stage (LINKAM LTS-350) with a
temperature accuracy of 1◦C for 1000 cycles.

Liquid nitrogen (LN2) was purged into the stage to attain sub-zero temperatures.
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Figure 4.1: Thermal cycling profile.

Polarization microscopy was used for characterization of the microstructure on the
plane section of specimens before and after thermal cycling. Back-Scattered Elec-
tron (BSE) images (FEI Sirion HR-SEM) were taken from selected areas on the plane
section of samples before and after thermal cycling to evaluate the microscopic de-
formation mechanisms.

Orientation Imaging Microscopy (TSL OIM detector) was performed to obtain lo-
cal orientation information by collecting Electron Back Scattering Diffraction (EBSD)
patterns. A 30 kV beam with a current intensity of about 8 nA was used. Crys-
tallographic orientation data was collected from an area of 4 × 10 mm2 within the
cross-section of the specimen before thermal cycling. After thermal cycling, OIM
maps were collected from the same area.

4.3 Results and discussion

4.3.1 Damage evolution

Fig. 4.2 shows polarization micrographs of the as-solidified bulk SAC alloy, and the
same specimen after the treatment described in Section 4.2. In each case sev-
eral micrographs were combined to represent the entire specimen surface. A num-
ber of grains with different crystallographic orientations was observed as depicted in
Fig. 4.2 (a).

After thermal cycling, microstructural changes were noticed which were localized
along grain boundary (indicated by arrow ”A” in Fig. 4.2 (b)) or near grain boundaries
(indicated by arrow ”B”, in Fig. 4.2 (b)). Polarization micrographs obtained from the
areas marked by arrows ”A” and ”B” are shown in Fig. 4.3 where grains have been
numbered and grain boundaries are clearly visible as contrast differences.

Within the area ”A” cracks followed the grain boundary between grains ”38” and
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(a) (b)

Figure 4.2: Optical micrographs (a) before and (b) after thermal cycling within the tempera-
ture range of 293 K to 353 K for 1000 cycles.

”43” (see in Fig. 4.3(a)). A high magnification micrograph from a selected area on
the boundary is shown as an inset where a crack along the boundary is indicated by
an arrow.

A region from the boundary between grains ”50” and ”43” at the same magnifica-
tion did not show such micro-cracks as is clear from a second inset in the micrograph.

A polarization micrograph obtained from area ”B” is presented in Fig. 4.3 (b). A
magnified region near the triple junction 50-46-41 showed cracks along boundary
and slip bands in some dendrites. High magnification images obtained from the
boundary between grains ”46” and ”41” showed similar features as observed for the
region ”A” (see inset).

The crystallography of the sample was studied in more detail with Orientation
Imaging Microscopy (OIM). Fig. 4.4 (a) shows a [001] inverse pole figure (IPF) map
for part of the sample before thermal cycling. Several OIM scans were combined to
produce the figure. Subsequently, OIM scans were taken of the complete sample
surface after thermal cycling, as shown in Fig. 4.4 (b). The grain structure remained
the same after thermal cycling. The IPF maps correspond well to the optical micro-
graphs.

A clean-up routine was applied to OIM data, incorporating lower confidence in-
dex points with higher confidence index points (using a nearest neighbor correlation
technique) and removing sub-micron size Ag3Sn and Cu6Sn5 particles.

From the OIM data we calculated the angle between the [001] directions belong-
ing to all pairs of adjacent measurements. Fig. 4.5 (a) shows a map of the calculated
misorientation angles, that range from 0 to 90◦. Locations of the grain boundaries
can clearly be distinguished.
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(a) (b)

Figure 4.3: Optical micrographs captured from areas (a) ”A” and (b) ”B” of Figure. 4.2. Insets
show difference in damage in various subregions, for details see text.

(a)

(b)

Figure 4.4: [001] IPF intensity map (a) before and (b) after thermal cycling.

It is concluded that the microcracks depicted in Fig. 4.2 (b) are preferentially lo-
cated near the boundaries shown in Fig. 4.5 (a).

This observation is the basis of more detailed investigations in the following sec-
tions.

4.3.2 Finite element modeling

We want to test the hypothesis that the occurrence of damage near grain boundaries
during thermal fatigue loading is related to stresses induced by the thermal cycling
and the thermal anisotropy of Sn. An FEM model was set up in which the material
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was considered to be linear elastic. The anisotropic elastic stiffness tensor, Cijkl was
generated from the elastic constants, Cij reported in [42]. The anisotropic tensor αij

of linear thermal expansion was obtained from CTE values given in [71]. Properties
at 20◦ C were considered as a reference state and stresses were calculated at 80◦

C (∆ T = 60◦ C).
The elements used were 3D solid elements with 20 nodes. 2 layers of elements

were generated across the thickness, each of the layers contained 20481 elements.
To incorporate the orientations in the sample, a clean-up routine as mentioned

before was applied to the OIM data. 9 OIM scan-points comprised one element.
In this way, local orientation data were directly used for the simulation. In the FE
modeling, all ”grain” boundaries were considered to be perpendicular to the x,y-
plane.

The following boundary conditions were chosen: all nodes of the lower surface of
the mesh were fixed in z-direction. One of the nodes at the bottom mesh layer was
fixed in both x- and y-direction and another node was fixed in only y-direction. The
top surface was free to move.

10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 70◦ 80◦

(a)
MPa10 20 30 40 50 60

(b)

Figure 4.5: Misorientation angles between adjacent pairs of data points with respect to [001]
axis of Sn (a) Von Mises stress field-FE simulation at ∆ T = 60◦ C (b).

The Von Mises stress distribution obtained from simulations is presented in Fig.
4.5 (b). The stresses are localized in a small volume around grain boundaries and
triple points. A very good correlation exists between the stresses and the local value
of the [001] misorientation angle 4.5 (a). This is in accordance with the thermal
anisotropy of Sn that should lead to maximum stresses for a misorientation angle
of 90 degrees. The yield strengths of pure Sn (at strain rate of 2×10−4/min) and
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Sn-3.5Ag alloy (at strain rate of 5×10−3/s) at 296 K are 11.0 MPa and 42 MPa re-
spectively [18, 40]. Therefore, the calculated Von Mises stress is found to be a
significant fraction of the yield strength of both pure Sn and Sn-3.5Ag alloy.

Figure 4.6: BSE micrographs depicting heterogeneous deformation or damage at grain
boundaries and within grains.

The hypothesis is that the locations where (distributed) microcracks that will occur
upon thermal cycling, are correlated with these stress concentrations. Indeed there
seems to be a good correlation between the encountered microcracks shown in Fig.
4.2 (b) and the calculated stresses.

Back-scattered electron microscopy (BSE) was performed to investigate the dam-
age in more detail, on a number of locations that showed large differences in stress
level in the model calculation.

The first observation is that areas without stress concentrations consistently do
not show fatigue damage. As an example a BSE micrograph obtained inside grain
38 (Fig. 4.6 (h)) does not show any microcracks. BSE micrographs were also taken
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from the centres of grains ”20” and ”25”. No detectable damage was observed as
shown in Figs. 4.6 (e) and (g), however some structural evolution seemed to occur
by sub-grain formation within dendrites.

The second observation is that fatigue damage is indeed associated with areas
of high stress concentrations. Fig. 4.6 (a) shows the microstructure after thermal
cycling along part of the grain boundary between grain ”38” and ”43”. The micrograph
shows failure along the grain boundary by sliding.

The boundary region between grains ”46”, ”41”, and ”50” is depicted in Fig. 4.6
(c) which shows cracks near the grain boundary and a similar observation can be
made from Fig. 4.6 (d) showing the grain boundary between grains ”36” and ”20”.

Another BSE micrograph as shown in Fig. 4.6 (f) was taken capturing the triple
point between grains ”14”, ”20” and ”6”. Cracks followed the grain boundaries encom-
passing the triple point and at the triple point more micro-crack was encountered.

To illustrate the diversity of the occurring damage phenomena near grain bound-
aries high magnification BSE micrographs were captured along part of the grain
boundary between grains ”43” and ”38” that are shown in Fig. 4.7.

Fig. 4.7 (a) shows a branching crack near the grain boundary. Fig. 4.7 (b) shows a
dendrite arm that has receded below the surface somewhat due to sliding associated
with the crack that runs around it.

Figure 4.7: Cracks along grain boundary between grains 38 and 43 after thermal cycling.

Fig. 4.7 (c) shows crack propagation along dendrite boundaries and localized slip
inside some dendrites. Fig. 4.7 (d) shows clear crack opening along part of the grain
boundary. Sliding along part of the grain boundary was also observed and shown in
Fig. 4.7(e)



Correlation between thermal fatigue and thermal anisotropy in a Pb-free solder 47

Since the model does not touch upon the mechanisms of plastic deformation
inside the Sn matrix a detailed study of the failure mechanisms at the grain boundary
by sliding or opening in terms of the locally induced stress and grain boundary normal
is beyond the scope of this work.

The present (simple) model based on elasticity is indicative only, since it does
not update the materials behavior to account for the plastic response at the grain
boundaries.

Fig. 4.6 (b) shows a BSE micrograph obtained from the boundary between grains
”50” and ”43” that does not seem to show any cracks and only limited damage in
some dendrites. Evidently, the elastic simulation does show high stress concentra-
tions at this boundary since it did not update for the severe plastic deformations at the
other boundaries of that same grain. Obviously, the fatigue cracks observed along
boundaries 38-43 and 43-41 initiated and propagated first, relaxing the stresses on
the boundary 50-43. Clearly, since damage formation and cracking are not ad-
dressed in the present indicative model it cannot anticipate the order of failure at
the grain boundaries and the accompanying stress redistributions.

In conclusion, these results support the hypothesis that the thermal anisotropy
of Sn is the determining factor in stress build-up and damage initiation in thermal
cycling of otherwise mechanically unconstrained Sn rich solder alloys.

4.4 Conclusions

Fatigue damage was shown to occur in a mechanically unconstrained Sn-rich solder
under a thermal cycle between 293K and 353K. The microcracks were localized
mainly along high angle grain boundaries. A combination of experiment (OIM) and
calculations (FEM) indicated was used to interpret these findings. The location of the
fatigue cracks was found to strongly correlate with regions where the largest stresses
caused by the thermal anisotropy of Sn.
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Microstructure evolution in a Pb-free
solder alloy during mechanical

fatigue 4

Abstract

Microstructural evolution in a Sn-rich eutectic Sn-Ag-Cu (SAC) alloy has been in-
vestigated in low cycle fatigue. Inhomogeneity in deformation was encountered on
a grain scale and on a subgrain scale, where persistent slip bands were observed.
Microcracks formed predominantly on interfaces between persistent slip bands in Sn
dendrites and eutectic regions within grains. Grain-boundary decohesion or sliding
was not observed.

5.1 Introduction

Eutectic Sn-3.8Ag-0.7Cu (SAC) is a prospective candidate for a Pb-free replacement
of Sn-Pb solder, because of its comparatively low melting temperature, the competi-
tive price, and good mechanical properties [66].

A relevant issue determining the applicability of a solder alloy is its resistance to
low cycle fatigue. A number of studies have been carried out on low cycle fatigue of
Pb-free alloy systems such as Sn-Ag, Sn-Cu, Sn-Ag-Cu and Sn-Ag-Cu-Bi [44, 45,
70]. Most of these studies have focused mainly on the resulting fatigue limit and
temperature and frequency effects on it.

Sn has a body-centered-tetragonal (bct) structure with lattice parameters of a =
b = 0.5632 nm and c = 0.3182 nm at 25◦C which is highly anisotropic with a c/a ratio
of 0.546 [71]. At 30◦C, the coefficients of thermal expansion in the principal directions
are α[100] = α[010] = 16.5 × 10−6◦C−1 and α[001] = 32.4 × 10−6◦C−1. A number of

4This chapter is based on [62].
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recent investigations [60, 78, 82, 89] have indicated that the thermal anisotropy of Sn
induces significant stresses at grain boundaries in polycrystalline Sn during thermal
cycling. It has been shown in Chapter 4 that in thermal fatigue of unconstrained
Sn, damage (plastic deformation and cracks) initiates along the grain boundaries
with the highest induced stresses. These are grain boundaries across which the c-
axes of grains span the largest angle. Clearly, the intrinsic thermal anisotropy of Sn
needs to be addressed in the design of solder joints. Though less obvious, Sn is
also markedly anisotropic in its elastic behavior. The following values for the elastic
moduli [42]: c11= 73.5, c12= 23.4, c13= 28.0, c33= 87.0, c44= 22.0, and c66= 22.65
(all values in GPa) emphasize this anisotropic behavior.

It is not clear whether the effects of the elastic anisotropy are as pronounced as
those of the thermal anisotropy, and what the relative importance of thermal and
elastic anisotropy are during the usual thermomechanical loading of solder joints.

Another aspect of Sn-rich solders that has attracted some attention, is that in
many cases solder joints consist of only a few (or even one) grain across their thick-
ness. In such cases the anisotropy inherent to plastic deformation of single crystals
should have direct impact on the mechanical behavior of the joints: favorably ori-
ented grains (i.e. grains with a high Schmid factor for one of the slip-systems) will
show more plastic strain than others leading to strain gradients and mechanical het-
erogeneity in the soldered joint.

Under conditions of fatigue, the plastic deformation of single crystals is known to
concentrate in regularly spaced deformation bands known as Persistent Slip Bands
(PSBs). In single crystal fatigue, such PSBs are usually the initiation sites of fatigue
cracks that ultimately lead to failure. For Sn and Sn-rich alloys there is rather little
information on the geometry of glide, active slip systems, or microstructure develop-
ment during fatigue.

In this study, the aim is to investigate whether damage accompanying mechanical
fatigue in bulk SAC solder will localize, and if so, to establish the relevant contribu-
tions of elastic and/or plastic anisotropy. These issues are addressed using experi-
mental and numerical techniques.

The evolution of plastic strain is quantified using a Digital Image Correlation (DIC)
technique. The microstructural evolution is imaged with optical microscopy and scan-
ning electron microscopy. Crystallographic orientations are obtained from Orienta-
tion Imaging Microscopy (OIM). Finite Element Modelling was used to calculate (the
elastic) stress distribution in the sample, taking into account crystal structure and
elastic anisotropy. Finally, a Schmid factor analysis is performed to correlate ob-
served microstructural evolution with presumed slip activity.

5.2 Experimental techniques

Fatigue specimens were prepared from a commercial solder alloy Sn-3.8Ag-0.8 Cu
(Balverzinn, Germany). The alloy was sealed in a rectangular quartz ampoule of
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cross-section 10.5 mm × 3.5 mm and 6.5 cm length under a vacuum of 10−4 Pa. The
ampoules were superheated to 50◦C above the eutectic temperature in a furnace at a
heating rate of 10◦C/min and held for about 5 min. To ensure the homogeneity of the
alloy, the ampoules were carefully shaken before quenching it down with liquid nitro-
gen (LN2) to -196◦C. The purpose of using LN2 was to obtain bulk specimens with a
sufficiently fine microstructure that is representative of a solder interconnection used
in microelectronics. The samples were then machined on an numerical-controlled
lathe. The geometry of the specimen, which was designed according to an ASTM
standard [7], is shown in Fig. 5.1. All specimens for microscopic examination were
prepared following the metallographic technique. The samples were ground onto sili-
con carbide polishing paper with grit sizes 800 to 4000, followed by fine polishing with
diamond suspensions of 6, 3, and 1 µm. Final mechanical polishing was performed
with a solution of 0.05 µm colloidal silica.

55.6
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Figure 5.1: Configuration of fatigue specimens (all dimensions are in mm).

Total strain (∆ǫT ) controlled fatigue tests were performed using a Kammrath &
Weiss two-spindle tensile module using a 500 N load cell at 298K. A triangular wave-
form with frequencies in the range of 10−2 – 10−3 Hz and a strain ratio of R = -1 were
used for the fatigue tests, as shown in Fig. 5.2.

Details on the samples investigated are shown in Table 5.1. All fatigue tests were
conducted in uniaxial tensile-compression loading. Polarized light microscopy (Carl
Zeiss Axioplan 2) was employed to capture micrographs before and after fatigue
tests.

Table 5.1: Sample type and fatigue test variables

Sample type ∆ǫT Strain ratio Frequency Cycles Temperature
(%) (R) (s−1) (N) (K)

I 0.83 -1 5×10−2 5930 298
II 0.83 -1 1×10−2 4264 298
III 1.66 -1 5×10−3 1800 298
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Figure 5.2: Elongation control used to obtain forward-reverse strain by cycling between min-
imum and maximum strain amplitudes.

Evolving local strain fields during fatigue were quantified using a digital image
correlation technique (ARAMIS, GOM mbH). Details on this technique can be found
in Chapter 3. To correlate the facets accurately, it is required that an image captured
during fatigue tests must have small, finely distributed irregular features with a high
contrast. As the solder alloys did not show sufficient natural contrast, a higher con-
trast was created artificially on their surfaces. This was done by depositing a very
thin uniform layer of white paint on the surface on top of which graphite spots were
sprayed.

Orientation Imaging Microscopy (high resolution Philips Sirion SEM equipped
with a TSL OIM detector) was performed to obtain local crystallographic orienta-
tion information by collecting Electron Back Scattering Diffraction (EBSD) patterns.
A 30 kV beam with a current intensity of about 8 nA was used. Crystallographic
orientation data was collected from an area that incorporates the mid-section of the
specimen prior to the fatigue tests.

Secondary Electron (SE) images (FEI Sirion HR-SEM) were taken from selected
areas on the planar surface of the samples after the fatigue tests to emphasize the
relevant microscopic deformation mechanisms.

Since the main purpose of this investigation was to capture the microscopic
mechanisms of fatigue damage in SAC, measurements are restricted to a limited
number of cycles, i.e. focusing on fatigue crack initiation (not enough to see fatigue
crack propagation and final rupture stages).
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5.3 Results and discussion

5.3.1 Crystallography

Orientation Imaging Microscopy (OIM) was employed to study the crystallography of
the samples in detail. Fig. 5.3 (a1), (b1) and (c1) show a [001] inverse pole figure
(IPF) map of sample I, II and III respectively prior to fatigue testing.

Figure 5.3: [001] IPF intensity maps, grain boundary maps, and optical micrographs after
cyclic testing for: (a) sample I, (b) sample II, and (c) sample III.
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To delineate grain boundaries the angle between the [001] of all pairs of adjacent
measurements was determined from the OIM data and plotted. Fig. 5.3 (a2), (b2)
and (c2) shows the results for sample I, II, and III respectively. The location of the
grain boundaries can clearly be distinguished. Note that there are only a small num-
ber of grains and that some grains cover the entire width of the samples. The small
number of grains means that the samples are in that respect similar to Sn-rich solder
joints occurring in practice.

5.3.2 Fatigue tests

Fig. 5.4 shows stress-strain curves for sample II at the 5th and 4000th cycle. This
history plot shows cyclic softening behavior for the SAC solder.
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Figure 5.4: Sample II: Cyclic stress-strain hysteresis loops at 5th and 4000th cycle of fatigue
testing for ∆ǫT = 0.83 % at 1×10−2 Hz and 298 K.

To see the extent of the load drop during the fatigue cycling, the tensile stress
amplitude (σa) is plotted as a function of the number of cycles (N) in Fig. 5.5.

The σa decreases rapidly for samples I and II. For sample III, softening was pre-
ceded by strain hardening (see peak marked ”h1” in Fig. 5.5(c)) up to 125 cycles.
Two more instances of hardening can be seen interrupting the progressive decrease
of stress amplitude for this sample. Another peak is marked by ”h2” in Fig. 5.5(c).
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Figure 5.5: Progressive reduction of the stress amplitude (tensile) as a function of the number
of cycles: (a) sample I, (b) sample II, and (c) sample III.

5.3.3 Strain localization and damage evolution

Optical Microscopy

Fig. 5.3 (a3) shows polarization micrograph of sample I after fatigue. The grain struc-
ture is partly visible from brightness differences. After fatigue damage localization
was observed mainly within grains 5–9 (indicated with numbers in Fig. 5.3 (a3)).
But severe damage was preferentially encountered within grains 6-7. Persistent slip
bands were observed, oriented differently in each grain (see in section 5.3.5). Others
grains however, did not show comparable intensities of localized damage.

Note that the locations of damage depicted in the optical micrographs of Fig. 5.3
are not limited to locations at boundaries (as opposed to previous analyses in thermal
fatigue of bulk SAC solder in Chapter 4). On the contrary, they are confined within
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grains as shown in Fig. 5.3 (a3).
In general these observation also apply to samples II and III. Fig. 5.3 (b3) shows

localized damage after fatigue for sample II in grains 2–7. Fig. 5.3 (c3) shows that
in sample III, damage is dispersed in grains 4–10 but it is more localized within
grains 5–7. The persistent slip bands are more pronounced there when compared
to samples I and II.

Digital Image Correlation

To capture the extent of localized damage during fatigue plastic strain fields were cal-
culated from DIC strain field mapping for previously cycled but unloaded specimens.
Fig. 5.6 shows the evolution of plastic strain fields in progressive stages of fatigue.
The strain is localized mainly within grains 6-7. The localization area slowly grows,
and the maximum strain remains more or less constant upon increasing the number
of cycles. The localized strain fields correlate well with the observed damage within
the grains as shown in Fig. 5.3(a3).

(a) (b)

(c) (d)

(e)

0 0.05 0.1 0.15 0.2 0.25 %

Figure 5.6: Sample I: Evolution of plastic strain fields (ǫxx) after (a) 1st cycle, (b) 260 cycles,
(c) 1015 cycles, (d) 3125 cycles and (e) 5960 cycles of fatigue test.
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Fig. 5.7 shows results for the strain field evolution for sample III. Strain field was
seen to be localized mainly within grains 5–7 and evolves gradually with the number
of cycles. Another small area of strain localization was encountered between grains
9-10. These locations correspond well with the observed fatigue damage as shown
in Fig. 5.3 (c3).

(a) (b)

-0.8 -0.4 0 0.4 0.8 %

(c)

Figure 5.7: Sample III: Evolution of local strain (ǫmax) during fatigue after: (a) 500 cycles, (b)
1125 cycles, and (c) 1190 cycles.

5.3.4 Elastic anisotropy

The effect of the elastic anisotropy on the stress distribution up to the onset of
yield will now be analyzed for sample III. An elasticity-based FEM model was set
up in which the material is considered to be anisotropic and linearly elastic. The
anisotropic elastic stiffness tensor, Cijkl was obtained from the elastic constants re-
ported in [42].

The elements used were 3D solid elements with 20 nodes. 2 layers of elements
were generated across the thickness, each of the layers contained 3875 elements.
The measured orientation data in each scan point has been used for discretizing
the sample. One mesh element comprises 9 (3x3) OIM scan-points. In this way,
local orientation data were directly used within the numerical simulation. In the FE
modeling, all ”grain” boundaries were considered to be perpendicular to the x,y-
plane, since this information is missing from an experimental perspective.

The following boundary conditions were chosen: on the left side of the sample
all displacements are fixed, on the right side of the sample all displacements in the
y and z-direction are suppressed, and a positive displacement was applied along x
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direction to simulate the tensile mode (or a negative displacement was imposed to
simulate the compressive mode) of the fatigue loading process.

The Von Mises stress distribution obtained from these simulations is presented in
Fig. 5.8. This simulation shows that the stress fields are rather homogeneous and
not strongly localized at the grain boundaries as found for thermal fatigue case in
Chapter 4. This is in qualitative agreement with the fact that the observed damage
is not restricted to grain boundaries. On the other hand the observed localization of
damage in certain grains does not mirror the stress distribution, pointing, not unex-
pectedly, to a dominant role of the crystallographic plastic anisotropy.

0 4 8 12 16 20 MPa

Figure 5.8: Sample III: Von Mises stress field-FE simulation.

5.3.5 Plastic anisotropy

The analysis is continued with sample III as example. As was observed above dam-
age is localized preferentially inside some grains. Within the grains themselves the
damage is also localized as can be seen in SEM pictures shown in Fig. 5.9.

Fig. 5.9(a) shows a magnification from grain 5. Regularly spaced Persistent Slip
Bands (clearly revealing intrusions and extrusions) are visible that are confined to
the Sn dendrites and that do not enter the eutectic regions. A further magnification
from the marked area shows cracks (marked by an arrow ”A”) at the interface be-
tween persistent slip bands and eutectic regions. It is assumed that these cracks
are distributed throughout the grain and are the main cause for the stress amplitude
decrease during cyclic loading. The magnification also shows the presence of a sec-
ond set of less developed PSBs (indicated by an arrow ”C”) perpendicular to the first
set (marked by an arrow ”B”).

Similar phenomena were observed in other grains, as shown for grains 6 and 7
in Fig. 5.9(b) and Fig. 5.9(c), respectively.

The modest role of the grain boundaries in this case is illustrated in Fig. 5.10 that
presents microstructural changes near the boundary (marked by an arrow) between
grains 5 and 6. The interiors of grains 5 and (especially) 6 are damaged by PSBs
and microcracks at the boundaries between dendrites and eutectic regions. The
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50 µm
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C

(a)

50 µm

(b)

(c)

Figure 5.9: Sample III: SE micrographs showing heterogeneous fatigue deformation in (a)
grain 5, (b) grain 6, and (c) grain 7.

presence of the grain boundary itself does not seem to have induced substantial
extra damage, as observed in thermal fatigue (Chapter 4).

It is interesting to analyze these findings in some more detail, with the aim of
understanding the distribution of plastic deformation between grains as well as within
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Figure 5.10: Sample III: microstructural features near the grain boundary between grains 5
and 6.

grains. To this purpose, an analysis of the plastic anisotropy is carried out below.

Slip systems in Sn

The β-Sn crystal has a body-centered tetragonal structure with c/a = 0.546. Shown
in Fig. 5.11(a) is such a unit cell of β-Sn crystal with the positions of 4 atoms are at

the sites
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 (see in Fig. 5.11(b)).

[100]
[010]

[0
0
1
]

(a)

0

0

0

0

3/4

3/4

1/41/4 1/2

(b)

Figure 5.11: (a) Tetragonal crystal structure of β-Sn and (b) plan view of atomic positions.

Several possible slip systems in β-Sn have been reported in the literature [25, 36–
38, 90]. These slip systems are shown in the first column of Table 5.2.

The Schmid factor determines the resolved shear stress on these slip systems,
given the local stress tensor and grain orientation. Introducing unit vectors associ-
ated with the slip plane normal, the slip direction and the loading direction, i. e. ~n, ~s,
and ~e, then the Schmid factor (m) is classically defined as
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m = (~s · ~e) (~n · ~e)

which at the onset of slip is also given by

m =
τCRSS

σe
y

where σe
y is the effective yield strength and τCRSS is the critical resolved shear

stress.
Schmid factors for each specific slip system were calculated for grains (4–7).

Table 5.2 represents absolute values of the calculated Schmid factors.
Fig. 5.12 shows the Schmid factor (m) distribution for sample III for some potential

slip systems.

(a) (b)

(c)

0 0.1 0.2 0.3 0.4 0.5

Figure 5.12: Sample III: distribution of Schmid factor for slip systems (a) {110}〈1̄11〉, (b)
{121}〈101̄ 〉, and (c) {100}〈001〉.

These Schmid factor distribution maps are obtained using the gathered Orien-
tation Imaging Microscopy (OIM) results. First Schmid factors are calculated for all
equivalent slip systems for each family {hkl}〈uvw〉. At each point the maximum value
of the Schmid factor ”m” obtained from the entire family is depicted in the map for
this set of slip systems.
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Table 5.2: Schmid factor analysis for grains 4–7 of sample III

Family Slip systems Schmid factor, m
grain 4 grain 5 grain 6 grain 7

{100}〈001〉 (010)[001] 0.12 0.23 0.24 0.45
(100)[001] 0.46 0.02 0.43 0.08

{110}〈001〉 (110)[001] 0.02 0.17 0.25 0.24
(11̄0)[001] 0.22 0.21 0.02 0.29

{100}〈010〉 (100)[010] 0.08 0.08 0.22 0.05
(010)[100] 0.08 0.08 0.22 0.05

{110}〈1̄11〉/2 (110)[1̄11]/2 0.05 0.48 0.03 0.32
(110)[11̄1]/2 0.31 0.34 0.26 0.18
(1̄10)[111]/2 0.2 0.49 0.05 0.34
(11̄0)[1̄1̄1]/2 0.11 0.34 0.06 0.17

{100}〈011〉 (100)[011] 0.28 0.21 0.19 0.23
(010)[101] 0.17 0.06 0.31 0.07
(100)[01̄1] 0.27 0.09 0.12 0.06
(010)[1̄01] 0.19 0.06 0.18 0.09

{101}〈101̄〉 (101)[101̄] 0.08 0.21 0.28 0.19
(011)[01̄1] 0.05 0.02 0.37 0.07
(1̄01)[101] 0.24 0.49 0.10 0.18
(01̄1)[011] 0.10 0.05 0.06 0.05

{121}〈101̄〉 (121)[1̄01] 0.45 0.02 0.23 0.02
(211)[01̄1] 0.19 0.20 0.43 0.15
(1̄21)[101] 0.02 0.23 0.49 0.18
(12̄1)[1̄01] 0.16 0.38 0.22 0.46
(1̄2̄1)[101] 0.24 0.19 0.09 0.23
(2̄11)[01̄1] 0.19 0.20 0.44 0.15
(21̄1)[011] 0.34 0.14 0.37 0.22
(2̄1̄1)[011] 0.25 0.06 0.12 0.04
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A complication for Sn is that to identify active slip system(s), the Schmid factor
itself is not sufficient as one also needs to establish the critical resolved shear stress,
τCRSS which differs for each family (unlike the case of FCC). To predict active slip
systems, the ratio of the critical resolved shear stress with respect to Schmid factor
(τCRSS/m) can be calculated for each specific slip system, which gives the effective
yield stress, σe

y needed to activate glide on that particular slip system. Using this
measure, it is possible to acquire an approximation of the external stress and the
active slip system at the onset of yield.

Unfortunately, there seems to be a limited amount of data available in the liter-
ature regarding the critical resolved shear stresses for Sn. Values found in [9, 73]
and [21] differ substantially. Critical resolved shear stress depends on the degree of
purity of the Sn-crystal, the temperature, and the degree of prior strain used in ex-
periments. Table 5.3 provides a summary of the consistent data found in [9]. Critical
resolved shear stresses shown in the table are experimentally measured values at
293 K for Sn-crystal with a purity of 99.99 %.

Table 5.3: Critical resolved shear stress, τCRSS for Sn

Slip plane Slip direction τCRSS (MPa) Temperature (K) Ref.
{100} 〈001〉 1.863 293 [9, 73]
{110} 〈001〉 1.275 293 [9, 73]
{101} 〈101̄〉 1.569 293 [9, 73]
{121} 〈101̄〉 1.667 293 [9, 73]

Precise experimental data for critical resolved shear stresses are unknown for
3 slip families {100}〈010〉, {110}〈1̄11〉 and {100}〈011〉 in Table 5.2. To complete
the dataset for the critical resolved shear stress, a simple estimation procedure was
adopted. In here, it is assumed that the ratio between the critical resolved shear
stresses of two slip systems belonging to the same slip plane, scales with their atomic
line density ratio in the corresponding slip directions. Following this strategy, the
critical resolved shear stresses estimated for the unknown three slip systems are
shown in Table 5.4.

A complete set of data for the effective yield stress obtained using this assump-
tion to generate missing values of critical resolved shear stress was generated for
grains 4–7 and is shown in Table 5.4. Values of the effective yield stress indicate the
stresses at which onset of slip is expected for a specific slip system.
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Table 5.4: Effective yield stress σe
y for all known slip systems for grains 4–7 of sample III.

(∗ : using estimated values of τCRSS)

Family τCRSS Slip systems τCRSS/m = σe
y, MPa

(MPa) grain 4 grain 5 grain 6 grain 7
{100}〈001〉 1.863 (010)[001] 15.5 8.1 7.7 4.1

(100)[001] 4.0 93.1 4.3 23.3

{110}〈001〉 1.275 (110)[001] 63.7 7.5 5.1 5.3
(11̄0)[001] 5.8 6.0 63.7 4.4

{100}〈010〉 3.297∗ (100)[010] 41.2 41.2 15.0 65.9
(010)[100] 41.2 41.2 15.0 65.9

{110}〈1̄11〉/2 2.290∗ (110)[1̄11]/2 45.8 4.7 76.3 7.10
(110)[11̄1]/2 7.4 6.7 8.8 12.8
(1̄10)[111]/2 11.4 4.6 45.8 6.7
(11̄0)[1̄1̄1]/2 20.8 6.7 38.1 13.5

{100}〈011〉 3.787∗ (100)[011] 13.5 18.0 19.9 16.5
(010)[101] 13.3 63.1 12.2 54.1
(100)[01̄1] 14.0 42.0 31.5 63.1
(010)[1̄01] 19.9 63.1 21.0 42.0

{101}〈101̄〉 1.569 (101)[101̄] 22.4 7.5 5.6 8.2
(011)[01̄1] 26.1 78.4 4.2 22.4
(1̄01)[101] 6.3 3.2 15.7 8.7
(01̄1)[011] 15.7 31.4 26.1 31.4

{121}〈101̄〉 1.667 (121)[1̄01] 3.7 83.3 7.2 83.3
(211)[01̄1] 8.7 8.3 3.8 11.1
(1̄21)[101] 83.3 7.2 3.4 9.2
(12̄1)[1̄01] 10.4 4.4 7.6 3.6
(1̄2̄1)[101] 6.9 8.8 18.5 7.2
(2̄11)[01̄1] 8.7 8.3 3.8 11.2
(21̄1)[011] 4.9 11.9 4.5 7.6
(2̄1̄1)[011] 6.7 27.8 13.9 41.7
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Microscopic analysis of the slip traces was performed to identify slip planes.
These images (Fig. 5.13 (b)–(e)) revealed Persistent Slip Bands in grains 4–7, which
have formed during mechanical fatigue. Potentially active slip systems can be iden-
tified by comparing the traces of slip planes from microscopic observation with cal-
culated potential traces based on the OIM measurements. Fig. 5.13 also shows Sn
unit-cell prisms for grains 4–7, as well as traces of several slip planes defined by the
intersection of a slip plane with the sample surface.

Figure 5.13: Sample III: (a) Polarization optical micrograph after fatigue. (b)–(e) SE micro-
graphs showing PSBs in grains. (b1)–(e1) Sn unit-cells. (b2)–(e2) slip plane
traces: (b2) {110}, (c2) {110} , (d2) {121}, and (e2) {121} .

Grain 4

One set of PSBs was encountered. PSBs due to other possible slip systems were
not found. The yield stress analysis showed that (121)[1̄01] and (100)[001] were the
most probable active slip systems, as they showed the lowest effective yield stress
σe

y values. The plane trace of {121} depicted in Fig. 5.13 (d2) shows a perfect match
with the PSBs (see in Fig. 5.13 (d)). Considering these facts, it is believed that the
(121)[1̄01] system is the active primary slip system.
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Grain 5

The lowest σe
y (see Table 5.4) is 3.2 MPa for (1̄01)[101] The next lowest value is for

(1̄10)[111]/2 which has σe
y of 4.6 MPa. The calculated trace of {1̄10} planes perfectly

matches the microscopically observed PSBs directions in Fig. 5.13 (b) and (b2),
indicating that (1̄10)[111]/2 is the primary slip system. Note that the σe

y value for
(1̄10)[111]/2 has an uncertainty due to the lack of sound experimental data on the
τCRSS value.

Fig. 5.9(a) shows some PSBs which are normal to the PSBs for (1̄10). The an-
gle between (1̄10) and (110) slip plane normals is 90◦ denoting (110)[1̄11]/2 as a
probable secondary slip system. Though slip planes {101} and some of their ac-
companied slip systems showed lower σe

y values, no traces were experimentally ob-
served for them. This might indicate that the τCRSS on the (1̄10)[111]/2 slip system is
overestimated.

Grain 6

Grain 6 has several slip systems (2̄11)[01̄1], (100)[001], (211)[01̄1], (1̄21)[101] and
(011)[01̄1] with rather low σe

y values. None of the traces of these slip systems cor-
responds particulary well to the observed PSBs shown in Fig. 5.13 (e). Traces of
{121} planes are closest. The PSBs themselves are not as well defined (straight,
narrow) as in grains 4 and 5. They seem to widen somewhat indicating that several
slip systems have been activated. The number of slip systems with low effective yield
stress might lead one to expect that multiple slip occurs.

Moreover, three of the favoured slip systems (2̄11)[01̄1], (211)[01̄1], and (011)[01̄1]
share a common Burgers vector which would ease cross-slip between similar and
dissimilar slip systems. The experimental evidence of cross-slip between some slip
systems has been previously reported for single crystal tin films [90]. The activity
of multiple slip systems and the possibility of cross-slip could very well result in the
relatively poorly defined PSBs, as compared to those in grains 4 and 5 where such
slip phenomena are less likely to occur.

Grain 7

(010)[001], (11̄0)[001], (1̄10)[111]/2, (12̄1)[1̄01], and (110)[001] slip systems are found
to have low σe

y values in grain 7. Fig. 5.13 (c) shows that for grain ”7”, the trace of
{110} plane fits nicely with the observed narrow PSBs in the lower left corner. From
σe

y value, the (11̄0)[001] system can be identified as primary slip system.
However, the PSBs are not microscopically parallel, and gradually change in ori-

entation going from the lower left to upper right corner in the micrograph (Fig. 5.13
(c)). A second set of PSBs is rather ill-defined (broad and wavy) and does not seem
to be parallel to any of the major slip planes. As in grain 6, considering the number
of possible slip systems multiple slip is possible and the occurrence of cross-slip is
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also likely since three of the most favourable slip systems possess identical Burgers
vector.

5.4 Conclusions

From the above analysis it is clear that during mechanical fatigue persistent slip
bands initiate within Sn-grains. Several operative slip systems within Sn-grains of
sample III were confirmed as (1̄10)[111]/2, (11̄0)[001], (121)[1̄01], and (211)[01̄1]. A
good correlation exists between the encountered damage, traces of slip planes and
the potential slip system identified from an effective yield stress analysis.

Well-defined Persistent Slip Bands (PSBs) are found to occur in grains favorably
oriented for slip on one or two slip systems. Geometrically poorly defined PSBs
are associated with situations in which multiple slip and cross-slip are more likely to
occur for a number of slip systems that have similarly favorable orientations for slip.

It can be concluded that the most severe fatigue damage and microcracks, in
this Sn-rich SAC alloy initiate at the boundaries of persistent slip bands and eutectic
regions within grains. Grain boundaries do not seem to play a decisive part for these
mechanical loading conditions. The elastic anisotropy of Sn plays a minor role.





Chapter 6

Damage evolution in SAC solder
joints under thermomechanical

fatigue 5

Abstract

Thermo-mechanical fatigue in model Sn-Ag-Cu solder interconnections has been
investigated under cyclic thermal loading within a number of temperature ranges.
Fatigue mechanisms have been studied using optical and scanning electron mi-
croscopy. High resolution Back Scattering Electron microscopy revealed persistent
slip bands (PSBs) formation during thermal cycling which has a strong interconnec-
tion size dependency. From the correlation of the observed damage and the calcu-
lated stress fields, it appears that three crucial factors: thermal mismatch between
Cu and solder, intrinsic thermal mismatches caused by Sn anisotropy and the me-
chanical constraints posed by the Cu on the soldered joint determine the location
and severeness of fatigue damage in solder joints. The relative dominance of these
factors are emphasized.

6.1 Introduction

A lot of effort is currently undertaken to provide baseline data that accurately de-
scribes the behavior of Pb-free solders under thermomechanical loading conditions.
A solder material is generally exposed to thermo-mechanical fatigue (TMF) during
service. The thermal contribution (creep) to TMF during the lifetime of a solder is due
to the operating temperature of the components that may peak above 0.3 Te, where
Te is the eutectic temperature. Diffusion becomes appreciable at about 0.3 Te. The
thermomechanical (TMF) coupling in solder joints originates globally from the ther-

5This chapter is based on [63].
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mal expansion mismatch (CTEs) between the chip and printed circuit board (and
other layers) and locally due to different coefficients of thermal expansion among
the various phases or grains in the solder. Another important issue is the intrinsic Sn
anisotropy. The Sn crystals have a Sn body-centered-tetragonal structure with lattice
parameters of a[100] = b[010] = 0.5632 nm and c[001] = 0.3182 nm at 25◦C, in which
c/a ratio equals 0.546 [71]. At 30◦C, CTEs in the principal directions are α[100] =
α[010] = 16.5 × 10−6◦C−1 and α[001] = 32.4 × 10−6◦C−1; at high temperatures, the
values change dramatically for example at 130◦C: α[100] = α[010] = 20.2× 10−6◦C−1

and α[001] = 41.2 × 10−6◦C−1 [71]. Note the large thermal anisotropy in comparing
the c-axis with the other two axes. Sn also has anisotropic behavior in its elastic
properties. The following values for the elastic moduli [42, 69, 76]: c11= 73.5, 83.91,
86.0; c12= 23.4, 48.70, 35.0; c13= 28.0, 28.10, 30.0; c33= 87.0, 96.65, 133.0; c44=
22.0, 17.54, 49.0; c66= 22.65, 7.41, 53.0 (all values in GPa) show this anisotropic
behavior.

It has been shown (in chapter 4 and 5) for unconstrained solder material that
in the case of mechanical fatigue and thermal fatigue the mechanical and thermal
anisotropy respectively dominate the fatigue damage evolution. Thermal cycling of
solder alloy in a soldered joint is expected to lead to a combination of thermal and
mechanical fatigue mechanisms.

Accordingly, in this chapter, we attempt to provide a detailed understanding of
the damage evolution in interconnected SAC solder under TMF emphasizing the
effect of thermal and mechanical anisotropy of Sn, combining electron microscopy,
orientation imaging microscopy and finite element modelling.

6.2 Experimental techniques

The Sn-3.8Ag-0.7Cu solder interconnection configuration shown in Fig. 6.1 consists
of two copper plates that sandwich the solder. Solder interconnections (height =
0.3 mm or 0.6 mm, length = 5 mm) were prepared using commercial solder paste
(Multicore Ltd., UK).

25

10

1

0.3

Figure 6.1: Schematic diagram showing the configuration of the SAC solder interconnections
(all dimensions are in mm)

All specimens for microscopic examination were prepared as follows. The sam-
ples were ground onto silicon carbide polishing papers with grit sizes 320, 1200,
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2400 followed by fine polishing with diamond suspensions of 9, 6, and 3 µm. Final
mechanical polishing was performed with a solution of 0.05 µm colloidal silica.

The solder interconnections were thermally cycled within three temperature ranges:
293K to 353K, 253K to 353K, and 253K to 401K with 5 mins hold at low tempera-
ture and 15 mins hold at high temperature and with a ramp rate of 30◦C/min using
a heating-cooling stage (LINKAM LTS-350) with a temperature accuracy of 1◦C for
1000 cycles. Details on the samples investigated are shown in Table 6.1. Liquid
nitrogen (LN2) was purged into the stage to attain sub-zero temperatures using a 25
l dewar.

Table 6.1: Sample identification and thermomechanical fatigue variables

Sample type Tmin (K) Tmax(K) tmin (min) tmax (min) cycles d (µm)

I 293 353 5 15 1000 300
II 253 353 5 15 1000 300
IIIa 253 401 5 15 1000 300
IIIb 253 401 5 15 1000 600

Polarizing light microscopy was used for qualitative characterization of microstruc-
ture. Back-Scattered Electron (BSE) images were taken from some areas of inter-
est on the plane section of samples after thermal cycling using Scanning Electron
Microscopy (FEI Sirion HR-SEM) to evaluate the underlying deformation mecha-
nisms. Orientation Imaging Microscopy (OIM) was performed to obtain local ori-
entation maps by electron back scattering diffraction both before and after thermal
cycling and to correlate the obtained crystallographic information with the observed
failure mechanisms in the interconnections.

6.3 Experimental results

6.3.1 Microstructure characterization

The microstructure of the solder joints consists of βSn dendrites or grains surrounded
by a eutectic mixture of βSn and Ag3Sn particles [49], indicated by the way of exam-
ple in Fig. 6.5 (a) with (DD)and (ER) respectively. During the reflow process, at
the solder/substrate(copper) interface Cu6Sn5 intermetallics are formed through the
reaction between liquid solder and copper [20, 29].

Fig. 6.2 shows BSE micrographs of the entire soldered joints I (Fig. 6.2(a)), II
(Fig. 6.2(b)), IIIa (Fig. 6.2 (c)) and IIIb (Fig. 6.2(d)) after thermal cycling. The areas
marked ”A1”, ”B1”, ”A2”, ”A3”, ”A4”, and ”B4” will be subsequently used for further
analysis.
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(a) (b) (c) (d)

Figure 6.2: BSE micrographs for solder interconnections after thermal cycling (a) Sample
I, (b) Sample II, (c) Sample IIIa, and (d) Sample IIIb. For sample and cycling
parameters see Table 6.1.
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Inverse Pole Figure maps (IPF) derived from OIM measurements in Fig. 6.3 show
the grain structure of the joints. Two important aspects should be mentioned here.

Firstly, the joints contain very few crystals, typically about 20 to 30 grains along
the length and essentially 1 across the thickness (up to 3 on certain spots). Sample
IIIa (Fig. 6.3 (d)) which was cooled very rapidly shows the smallest grains.

Secondly the grain structure seems to be largely unaffected by thermal cycling in
all cases. As an example Fig. 6.3(a) and Fig. 6.3 (b) show Sample I before and after
thermal cycling.
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(a) (b) (c) (d)

Figure 6.3: [001] IPF intensity maps: sample I before (a) and after (b) thermal cycling, sample
II (c) and sample IIIa (d) after thermal cycling.
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6.3.2 Damage characterization

Sample I

Even though grain size and orientation seem to be well preserved after themome-
chanical fatigue, clear evidence has found that microstructural changes did occur,
the most pronounced of which were localized along grain boundaries. To this pur-
pose, Back-scattered electron microscopy (BSE) has been performed to investigate
the detailed local damage evolution in a number of areas.

Figure 6.4: Sample I: Cracks along grain boundary between grains 12-13, grains 13-15 and
grains 13-14 after thermal cycling.

Fig. 6.4 shows sliding (indicated by an arrow ”a1”) and separation (indicated by an
arrow ”b1”) at grain boundaries between grains 12-13 and grains 13-15 respectively
of sample I. Microcracks also evolved near the interfaces of the Cu6Sn5 intermetallics
indicated by arrows ”c1” and ”d1” in Fig. 6.4. The marked areas ”A”, ”B”, ”C”. and
”D” also show sliding, microcracks and grain/dendrite boundary separation.

Fig. 6.5 (a) shows crack propagation along grain boundaries (GB) and dendritic
boundaries (DB) in the region marked ”A1” in Fig. 6.2 encompassing the grain ”9” in
Fig. 6.3(a).

Micrographs obtained from two areas marked by ”1” and ”2” in Fig. 6.5 (a) are
shown in Fig. 6.5 (1a) and Fig. 6.5 (2a) respectively. Fig. 6.5 (1a) shows the prop-
agation of cracks following boundaries from two different directions. The crossing
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point of these two cracks is indicated by an arrow in the magnified image, shown
in Fig. 6.5 (1b). This suggests that the orientation of a grain with respect to its
neighbour plays a crucial role in the initiation of cracks and their propagation.

1 2
Cu Sn6 5

Ag Sn3

GB

DB
DD

ER

(a) 10 µm

(1a) 2 µm

Dimple

SB

(1b) 1 µm

SP

SL

(2a) 2 µm

1

2

3

1

2

3

(2b) 1 µm

Figure 6.5: Sample I: BSE micrograph after thermal cycling (293 K to 353 K, 1000 cycles)
(a), detailed images from marked rectangular areas ”1” (1a) and ”2” (2a) of mi-
crograph (a), and further magnifications (1b) and (2b) taken respectively from the
same spot of (1a) and (2a).
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Fig. 6.5 (1b) also shows the sign of slip bands (SB) within the Sn dendrites as
indicated by arrows. One Ag3Sn particle is situated within a dimple which indicates
a ductile failure initiation at Ag3Sn/matrix interface. Ag3Sn particles are hard com-
pared to the Sn-matrix and the eutectic region is comparable to a two-phase system.
Therefore, a similar treatment of ductile failure initiation at hard carbide particles in
two-phase alloys [15], e.g. by following dislocation model of Ashby [6], might be ap-
plied in this system. Decohesion at the particle/matrix interface may occur when the
stress reaches a critical value equivalent to the cohesive strength of the interface.

Fig. 6.5 (2a) shows sliding (SL) and separation (SP) of grain boundary as indi-
cated in the micrograph. Depicted in Fig. 6.5 (2b) is a magnified image of a grain
boundary showing decohesion at Ag3Sn particles and Sn-matrix interface along with
the GB separation (indicated by arrows 1–3).

Fig. 6.6 (a) shows a BSE micrograph captured within the grain ”23” after thermal
cycling, and Fig. 6.6 (b) shows part of the same area at higher magnification. Slip
bands are shown to occur at 45◦ to the longitudinal interconnection axis within the
Sn dendrites (presumably primary) but not in the eutectic regions.

(a) 20 µm (b) 10 µm

Figure 6.6: Sample I: (a) BSE micrograph after thermal cycling (293 K to 353 K, 1000 cycles)
from inside grain 23 and (b) magnified image of (a).

Sample II

From inspection through optical microscopy it appeared that thermal fatigue within
the temperature range of 253K to 353K (∆T = 100K) induced more damage than
thermal cycling within 293 K to 353 K (∆T = 80K) that can be verified from the
BSE images in Fig. 6.2 (a)-(b). This can be attributed to the higher thermal stress
developing during thermal cycling in a wider temperature interval, ∆T .

BSE micrograph taken from area ”A2” in Fig. 6.2 (b) across the entire solder
interconnection is shown in Fig. 6.7 (a).
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Figure 6.7: Sample II: (a) BSE micrograph showing failure of a whole grain boundary after
thermal cycling within the temperature range of 253 K to 353 K for 1000 cycles,
(1a) detailed image from the marked rectangular area ”1” including the IMC layer,
(1b) magnified SEM image from the marked rectangular area in (1a); detailed
images from marked areas ”2” (2a) and ”3” (3a) in the micrograph (a).
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Cracks formed following the complete grain boundary of grain ”15” and localized
damage appeared along Cu6Sn5 intermetallics interface. Compare to thermal cycling
between 293 K to 353 K, damage accumulation in the 253 K–353 K range is clearly
more significant.

Fig. 6.7 (1a) shows a micrograph obtained from the marked rectangular area
”1” in Fig. 6.7 (a) where grain boundary failure occurred by sliding (SL)/separation
(SP) as indicated in the magnified image in Fig. 6.7 (1b). A magnified image Fig.
6.7 (2a) obtained from marked area ”2” in Fig. 6.7 (1a) shows intergranular (IGC)
and transgranular (TGC) cracks in Sn-dendrites. This observation may suggest that
cracks nucleate at Sn-grain boundaries then grow and propagate. These cracks can
generate more microcracks at the opened junctions of dendrite boundaries with the
grain boundaries which can grow with cyclic loading. When these microcracks reach
a critical size they propagate as indicated by letter ”A”. The misorientation of dendrite
with surrounding matrix may also induce stress and generate cracks as indicated by
letters ”B”, and ”D” in the figure. If the local misorientations do not allow intervening
dendrite boundaries to fail, cracks may link together resulting in a ”TGC” crack as
indicated by the letter ”C”.

An examination of cracks nucleation/propagation near a large Ag3Sn needle is
presented in Fig. 6.7 (3a). The Ag3Sn needle is almost separated from the matrix
by interfacial damage. This may result from the CTE mismatch between this large
needle and its surrounding matrix. Moreover, sharp tips of Ag3Sn can act as a stress
concentrator. Crack can also nucleate from them to promote the damage evolution.
Shown in the inset is a different feature of damage formation within a Ag3Sn needle.
Slip bands are formed which are regular and parallel to the length (indicated by
arrows) of the interconnection.

Sample IIIa

Sample IIIa shows evolved damage near the two interfaces (marked by arrows ”A”)
and along most of the grain boundaries (indicated by arrows ”B”) which is depicted
in Fig. 6.8 (a), captured BSE images from the marked area ”A3” in Fig 6.2 (c).

A magnified image obtained from marked area ”1” in Fig. 6.8 (a) is presented in
Fig. 6.8 (1a). Damage by sliding/separation appeared at all grain boundaries at this
cycling temperature interval. A magnified image from the rectangular area in Fig. 6.8
(1a) is shown in Fig. 6.8 (1b) where a crack resulted from grain boundary separation
can be seen which is arrested at large Ag3Sn particles ”c1” and ”c2”. Distinctive
stepwise progressive fatigue striations have been observed as indicated by an arrow
”c3”. Shear bands type patterns are also found as shown in Fig. 6.8 (1c), a high
magnified image from marked area in Fig. 6.8 (1b) (that can be verified at further
magnified images).

A magnified image from another failure area ”2” in Fig. 6.8 (a) is shown in Fig. 6.8
(2a). In this region, regular deformation bands formed nearly at 45◦ with respect to
the length of the joint and intrusion type damage pattern was appeared within these
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(a) 50 µm

(1a) 10 µm

c1

c3

c2

(1b) 2 µm (1c) 500 nm

(2a) 10 µm (2b) 2 µm (2c) 1 µm

Figure 6.8: Sample IIIa: (a) BSE micrograph showing damage. (1a) magnification of region
”1” in (a), (1b) magnified image from a marked rectangular area in the image (1a),
(1c) highly magnified image from marked area in the image (1b); (2a) magnified
image from the marked rectangular area ”2” in the micrograph (a), (2b) magnified
image from the marked rectangular area in the image (2a); (2c) highly magnified
image from the marked area in the image (2b).

bands. Interestingly, they do not seem to cross at grain boundaries rather confined
within grains which indicates that they are formed inside grains depending on their
orientations.

A magnified image from Fig. 6.8 (2a) presented in Fig. 6.8 (2b) clearly depicts
comparatively deeper intrusions. Slip bands are evident in the magnified image Fig.
6.8 (2c).
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Sample IIIb

Fig. 6.9 and Fig. 6.10 show damage occurring in two separate areas of sample IIIb
marked by ”A4” and ”B4” in Fig. 6.2(d). Extensive damage of bulk, grain bound-
aries and solder/Cu interface can be observed. The extent of damage is more pro-
nounced than in any other interconnections investigated. The micrograph obtained
from the marked area ”1” near the intermetallic layer in Fig. 6.9 (a), is shown in Fig.
6.9 (1a). Decohesion/sliding of grain/dendritic boundaries were observed along with
crack opening as shown in Fig. 6.9 (1b) where the crack presents a maximum width
of about 1 µm. Ag3Sn particles situated at grain boundary showed decohesion at
particle/matrix interface.

As in sample IIIa slip bands formed within Sn-grains, but much more pronounced.
The magnified image Fig. 6.9 (2a) from the marked area ”2” in Fig. 6.9 (a) depicts
the formation of typical slip bands. Fig. 6.9 (2a) shows deformation bands with a
regular interspacing. Within these deformation bands, slip planes are perpendicular
but again at 45◦ to the longitudinal interconnection axis. Shown in Fig. 6.9 (2b) is
magnification from the marked area in Fig. 6.9 (2a). A deformation band having a
width of about 10 µm can be seen with slip bands within it. Intrusions and extrusions
also formed within the deformation bands.

Damage accumulation at Cu/solder interface and sliding/separation of grain bound-
aries were also observed, even though the significant number and size of deforma-
tion bands (Persistent Slip Bands, PSBs) that have formed is characteristic for this
sample.

The BSE micrograph obtained after the same thermal cycling from area ”B4” (in-
dicated in Fig. 6.2(d)) is shown in Fig. 6.10 (a). Depicted in the inset is a magnified
image of area ”1” where pronounced deformation bands were found while decohe-
sion/sliding occurred in other areas.

Depicted in Fig. 6.10 (2a) is a magnified image from the marked area ”2” in Fig.
6.10 (a). Localized deformation bands are visible at 45◦ to the longitudinal inter-
connection axis consisting of multiple intrusions and extrusions, clearly bearing the
character of Persistent Slip Bands (PSBs). Fig. 6.10 (2b) is a magnified image from
the marked area in Fig. 6.10 (2a) which shows microcracks (indicated by arrows)
within the PSBs.
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2

1

(a) 100 µm

(1a) 10 µm (1b) 2 µm

(2a) 50 µm (2b) 5 µm

Figure 6.9: Sample IIIb: (a) BSE micrograph showing failure from an area of a thermally
cycled sample (t = 600 µm) within the temperature range of 253 K to 401 K
for 1000 cycles, (1a) detailed image from a marked rectangular area ”1” in the
micrograph (a) including IMC layer, (1b) magnification of the marked rectangular
area in the image (1a); (2a) detailed image from marked area ”2” in the image
(a), and (2b) magnification from the marked area in the micrograph (2a).
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1

2

(a) 100 µm

SB

(2a) 20 µm

Microcracks

(2b) 5 µm

Figure 6.10: Sample IIIb: (a) BSE micrograph showing extensive bulk, grain boundary and
interface damage. (2a) magnified image from a marked rectangular area ”2” in
the micrograph (a) including IMC layer, (2b) magnified image from marked area
in Fig.(2a).
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6.4 Discussion and conclusions

In a qualitative sense the degree of damage localization seems to depend on the
temperature range during cycling and the size of the interconnections. From the
detailed microscopic results it is evident that damage initiates at Sn grain boundaries,
at the interfaces between Cu and solder and within grains.

The localization of damage on grain boundaries suggests that local crystallo-
graphic misorientation, the accompanying thermal anisotropy and possibly resulting
stress concentrations play a key role. The localization on the Cu-solder interface
points to the importance of the thermal mismatch between copper and solder. The
formation of appreciable damage in the bulk points to the fact that the constraints
posed on the solder by the Cu lead to significant transfer of stresses to the interior of
grains. Regularly spaced slip bands are present (at least in some grains of) sample I
and sample II and persistent slip bands typical of fatigue of single crystalline metals
are apparent in the bulk of some grains of sample IIIa and sample IIIb.

To investigate whether observed damage patterns are indeed correlated to stress
concentrations induced by the above-mentioned thermal anisotropy, thermal mis-
match and constraints the stresses inside sample I were calculated taking these
factors into account.

A FEM model was set up for sample I in which the material was considered to
be anisotropic linearly elastic. The anisotropic elastic stiffness tensor, Cijkl was gen-
erated from the elastic constants, as reported in [42]. The anisotropic tensor αij of
linear thermal expansion was obtained from CTE values given in [71]. Properties at
20◦ C were considered as a reference state and stresses were calculated at 80◦ C
(∆T = 60◦ C).

The elements used were 3D solid elements with 20 nodes where 23041 elements
were used to discretize the sample. To simplify the situation micron size Cu6Sn5

intermetallic layer was set aside for simulation. Refined mesh was used near to the
Cu/solder interface.

To incorporate the orientations in the solder 9 (3 ×3) OIM scan-points (step size
2.5 µm) were used within each element. In this way, local orientation data has been
directly used for the simulation. In the FE modeling, all ”grain” boundaries were
considered to be perpendicular to the x,y-plane, since the out of plane orientation of
the grain boundaries are not known.

The boundary conditions were chosen such that all nodes of the lower surface of
the mesh were fixed in z-direction, one of the nodes at the bottom mesh layer was
fixed in both x- and y-direction, and another node was fixed in y-direction (i.e. rigid
body motions are suppressed). The top surface was free to move.
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(a) (b)

10◦ 20◦ 30◦ 40◦ 50◦ 60◦ 70◦ 80◦ MPa0 10 20 30 40 50

Figure 6.11: Sample I: Misorientation angles between adjacent pairs of data points with re-
spect to the [001] axis of Sn (a) and Von Mises stress field-FE simulation at ∆T
= 60◦ C (b).
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The Von Mises stress field distribution obtained from simulations is presented in
Fig. 6.11 (b). Stress level varies enormously along the entire interconnection. It
appears that stress concentrates at grain boundaries (e.g. grains ”13” and ”9”), at
the interface between Cu/solder (e.g. grain ”26”), and within grain (e.g. grain 13). A
reasonably well correlation exists between the grain boundary stresses and the local
value of the [001] misorientation angle shown in Fig. 6.11 (a). It can be postulated
that the locations of encountered damage (by different mechanisms) after thermal
cycling, are correlated with these stress concentrations.

Back-scattered electron microscopy (BSE) was performed to capture local dam-
age from a number of areas of the interconnection as shown in Fig. 6.12.

Figure 6.12: BSE micrographs depicting underlying extensive bulk, grain boundary and in-
terface damage mechanisms.

It has been observed that grains with large stress concentration showed damage.
Fig. 6.12 (b) represents a BSE micrograph obtained from the localized stress region
at grain boundary between grains ”9” and ”10”. It shows damage features which
seem to be caused by grain boundary sliding (verified by inspecting the vertical offset
at the grain boundary with Atomic Force Microscopy). Shown in Fig. 6.12 (c) is a
BSE image captured at grain boundary between grains ”13” and ”15” that showed
boundary separation and microcracks. Fig. 6.13 (a), a magnified image from the
marked area ”A” in Fig. 6.12 (c) clearly depicts grain boundary separation.
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2 µm
(a)

c1

c2

c3

c4

5 µm
(b)

10 µm
(c)

10 µm
(d)

Figure 6.13: Detailed images from areas (a) ”A” , (b) ”B”, (c) ”C” and (d) ”D” of Fig. 6.12
showing more clearer damage patterns.

A micrograph obtained from grain ”22” including the intermetallic layer shows a
different pattern of slip bands (see Fig. 6.12 (d)). The magnified image from area ”B”
presented in Fig. 6.13 (b) shows (the onset of) persistent slip bands (PSBs) within the
grain ”22” in two regions indicated by arrows ”c1” and ”c2”. The PSBs are parallel
to each other in these two regions as indicated by arrows ”c3” and ”c4”. These
experimentally observed damage patterns are highly correlated with the calculated
stress field distributions. A micrograph obtained within the grain ”16” with no stress
concentration did not show any damage at all (see Fig. 6.12 (e)). A micrograph
captured across the thickness of interconnection including grain ”26” with high stress
concentration showed damage (see Fig. 6.12 (f)). Shown in Fig. 6.13 (c) is the
magnified image from the area ”C” exhibited cracks at Cu/solder interface indicated
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by an arrow. The second magnified image (Fig. 6.13 (d)) taken from the area ”D”
at the grain boundary between grains ”25” and ”26” shows grain boundary sliding
(indicated by two arrows).

From the correlation of the observed damage with the calculated stress fields, it is
concluded that the thermal mismatches between Cu and solder, the intrinsic thermal
mismatches caused by Sn anisotropy and the mechanical constraints posed by the
Cu on the soldered joint are indeed the three crucial factors determining the location
and severeness of fatigue damage in these solder joints.
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Conclusions

Soldered joints have an essential contribution to the proper functioning microelec-
tronics and therefore, their potential failure is an important reliability issue. Two major
challenges faced by the microelectronics industry are: (1) continuing miniaturization
and (2) the replacement of traditional near-eutectic Sn-Pb solder by Pb-free, Sn-rich
alternatives.

Numerical tools for lifetime prediction that could guide engineering efforts are
in great demand and considerable progress is being made in some areas. To be
successful quantitative experimental input in computations is crucial in a number of
areas: (i) the evolution of microstructure; (ii) the initiation and propagation of dam-
age during thermomechanical fatigue and (iii) the mechanical behaviour of various
types of interfaces present. Since it is not clear a priori at which scale the relevant
structural evolution will take place a combination of techniques operating at different
lengthscales is called for. In this thesis such an approach is used. Several types
of in-situ microscopic techniques are combined to provide insight in the relevant mi-
croscopic mechanisms occuring during thermomechanical loading of soldered joints
that eventually govern the lifetime of the joint.

The main conclusions of the subjects treated in the chapters of this thesis are
summarized here:

• Anisotropy and coalescence were shown to play a significant role on the coars-
ening of Sn-Pb solder (Chapter 2). The experiments showed a broad distribu-
tion function of domains, approaching a dynamic scaling regime. Coalescence
of domains was shown to be the dominant mechanism for the growth of do-
mains larger than the mean domain size. Though coarsening may proceed by
bulk and/or grain boundary diffusion, the time exponent of the growth kinet-
ics suggests grain boundary pipe diffusion as the rate limiting process for the
coarsening of αPb domains.

• Full-field details on strain localization (Chapter 3) have been examined and an-
alyzed in a number of Sn-based Pb-free solders. The local strain differs signif-
icantly from the applied global strain. Strain localization was shown to depend
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on the geometry of the samples as well as on the microstructure (at a grain
level) of the solder. Localisation in the strain fields parallel to the solder-Cu
interface was apparent and failure typically occurred along these regions. The
exact location of damage however was not at the intermetallic layer-solder inter-
face, but rather within the solder itself. Cracks also formed along grain bound-
aries irrespective of the solder type, indicating the importance of microstructure
in damage initiation. The junctions of grain boundaries with the interface are
the typical locations of strain concentration in the examined Pb-free solder.

• The effects of the intrinsic thermal anisotropy of Sn were studied in Chapter
4. Fatigue damage was encountered in a mechanically unconstrained Pb-free
solder under thermal cycling. Damage was localized mainly along high angle
tilt grain boundaries between Sn grains. The locations of the highest stresses
(as shown by elasticity-based finite element calculations) and thermal fatigue
damage are highly correlated.

• Mechanical fatigue of SAC was studied in chapter 5. The effect of the elas-
tic (i.e. mechanical) anisotropy is found to be small compared to the thermal
anisotropy effects. Grain boundaries were not particulary highly stressed in this
case. Plastic deformation was localized in certain grains with favorably oriented
slip systems. On these slip systems the evolution of Persistent Slip Bands was
revealed in the Sn dendrites. Microcrack formation was shown to occur near
the interfaces between these persistent slip bands and hard eutectic regions in
the SAC.

• In practice, a combination of extrinsic and intrinsic thermal mismatches (Chap-
ter 6) are crucial factors controlling fatigue damage in solder joints. SAC joints
subjected to thermomechanical loads show a combination of the microstruc-
tural phenomena encountered in purely thermal and mechanical fatigue. The
stress distribution inside the soldered joints shows localization of high stresses
at the solder-Cu interface and along high angle tilt grain boundaries, result-
ing from the differences in thermal expansion coefficients on a sample scale
(since different materials are involved) and on a grain scale (determined by the
Sn-anisotropy). The damage encountered in thermomechanical fatigue is cor-
related with the locations of highest stresses. The fatigue damage within solder
exhibits damage initiation at grain boundaries (intrinsic thermal fatigue contri-
bution) as well as the formation of Persistent Slip Bands (mechanical fatigue
contribution).

• Although the thesis concentrates on Pb-free solders it discusses Sn-Pb solder
as well. It has appeared that the Pb-free solders present a clearly different ther-
momechanical behaviour when compared to Sn-Pb. The microstructure of Sn-
rich solders (i.e. Sn dendrites and hard eutectic regions) differs substantially
from classical Sn-Pb solder (i.e. βSn matrix and a soft ductile αPb phase). The
coarsening of the domains of the phases that occurs in Sn-Pb during its lifetime
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has been related to interfacial property deterioration of a specific type, which is
absent in Pb-free solder (SAC). On the other hand, the absence of the ductile
Pb matrix means that the intrinsic thermal anisotropy of Sn turns out to be a
dominant factor in the thermomechanical behaviour of Pb-free solders. The
reason why the Sn-anisotropy is clearly less problematic for the classical Sn-
Pb solder resides in the existence of microstructural accommodation through
the soft αPb phase (due to plastic deformation and diffusion). Microstructurally
appearing stresses are more easily relaxed in that case. Furthermore, the fact
that typical Pb-free soldered joints consist of only a few grains across their
thickness means that their intrinsic anisotropy is directly relevant on the scale
of microelectronics applications. At this stage, it seems that more industrial
research is needed to judge the impact of this critical issue on the reliability of
Pb-free interconnections.
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