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1. Introduction 

The typical user environment load spectrum varies significantly between different electronic 
applications but changes in temperature are involved in nearly all of them. Owing to the 
increasing number of integrated high-performance functions, smartphones and handheld 
computers, for example, can experience significant changes in temperature during normal 
operation. The changes in temperature are typically caused either by internally generated 
heat dissipation or changes in the temperature of the environment. Today the maximum 
temperatures inside modern portable electronic products are in the range of 60-70 ⁰C but 
occasionally they can even rise above 90 ⁰C [1,2].  

The thermomechanical reliability of electronic component boards has been one of the most 
studied aspects in the field for several decades. Sustained interest in this topic has endured 
primarily because: (a) the power densities and heat dissipation of novel electronic devices 
have increased; (b) electronic devices are being designed for use in ever harsher 
environments, such as the engine compartments of automobiles, and (c) newly developed 
materials whose long-term behavior in electronic applications is still unknown are 
continuously being introduced into electronic assemblies.  

Thermomechanical strains and stresses in electronic assemblies are produced when the 
thermal expansion and contraction of materials is restricted. The standard thermal cycling 
tests extend the temperature range of electronic devices under normal operating conditions 
in order to accelerate the accumulation of failures. The maximum extreme temperatures in 
some of the standards are set to -65 ⁰C and +150 ⁰C, but the conditions of -45 ⁰C and +125 ⁰C 
with 15- to 30-minute dwell times are most commonly used [3-5]. The coefficients of thermal 
expansion (CTE) of most printed wiring boards (PWB) are much higher than those of most 
packages. For instance, the CTE of the most commonly used PWB base material, FR–4, is 
about 16-17 x 10-6/˚C [6], whereas that of silicon is only 2.5 x 10-6/˚C [7]. Furthermore, 
because of the large volume fraction of silicon in electronic packages (see Fig. 1a), packages 
have much higher rigidity than PWBs and, consequently, as the component boards are 
exposed to changes in temperature, strains and stresses are concentrated in the solder 
interconnections between the packages and the PWB, as the natural expansion/contraction 
of the PWB is restricted by the packages (see Fig. 1b). Therefore, the reliability of most 
electronic products under changing thermal conditions is determined by the ability of the 
solder interconnections to withstand thermomechanical loads. Thermomechanical strains 
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Fig. 1. a) A Ball Grid Array (BGA) package commonly used in high-density electronic 
devices; b) structure of the component board assembly; c) formation of strains and stresses 
under an increase in temperature. 

(a)

(b)

(c)
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and stresses in solder interconnections are built up to different extents, of course, at all 
length scales, ranging from the submicron intermetallic particles submerged in the tin 
matrix of the tin-rich solder interconnections to the structural dimensions of a product. 
However, as the CTEs of most printed wiring boards is many times higher than that of most 
packages, the influence of strains and stresses at higher length scales (i.e. the board or the 
product level) are more influential. 

The mechanical properties of solder interconnections are, of course, dependent on the 
microstructures formed during soldering but the fact that they are not stable and tend to 
change distinctly during the operation of products makes the evaluation of reliability a 
challenging task. Thus, detailed understanding of the evolution of microstructures under 
thermal cycling conditions and their influences on the failure of solder interconnections is 
essential because it can provide us with the means not only to improve reliability but also to 
develop more efficient and meaningful methods for the reliability evaluation of and lifetime 
prediction. 

Despite it being a popular topic of academic research for decades, we are only beginning to 

understand the complexities related to the failure mechanisms of solder interconnections 
under cyclic thermomechanical loading. Justification for this perhaps surprising statement lies 

in the fact that it was only recently that the widely used tin-lead solder alloys were replaced 
with new lead-free materials and this change has made a comprehensive re-assessment of 

reliability necessary [8,9]. It is well known that the reliability of solder interconnections is 
strongly influenced by the microstructures formed during soldering and their evolution 

during use, but it is particularly interesting to observe that the microstructural changes in tin-
rich lead-free solders are markedly different from those observed in tin-lead solders, where 

failure takes place as a result of the heterogeneous coarsening of tin and lead phases and 
eventual cracking of the bulk solder (see, e.g., [10,11]). The microstructural observations of 

failed tin-silver-copper solder interconnections have indicated that the microstructures of 
solder interconnections change distinctly before cracking but by a different mechanism, 

namely cracking that is assisted by recrystallization (see, e.g. [12,15]). 

In this chapter we discuss the failure mechanisms of tin-rich lead-free solder 
interconnections of electronic component boards from the perspective of the evolution of 
microstructures. The focus is placed on the identification of the factors driving the 
microstructural evolution in lead-free interconnections that creates the preconditions for the 
energetically feasible intergranular propagation of cracks through the interconnections. The 
microstrucutural approach to the reliability of electronics is useful, particularly because 
many failure mechanisms are related to the inevitable evolution of microstructures that 
takes place during the normal operation of products. Owing to the extensive research 
carried out over the last decade we know the microstructures and mechanical properties of 
many lead-free solder compositions well, but the evolution of microstructures during the 
operation of products has still gained little attention. However, before going into details of 
the changes in microstructures one should have a generalized understanding of the 
microstructures to be discussed when they are in an as-solidified state. Therefore we will 
begin this chapter with a brief overview of the solidification and microstructures of tin-rich 
lead-free solder interconnections formed during solidification. After that the restoration of 
solder interconnections and the conditions under which the recrystallization is initiated are 
discussed. The onset and progress of recrystallization in solder interconnections will be 
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discussed in detail. The failure of the solder interconnections is discussed in a separate 
section to emphasize the fact that the propagation of cracks takes place after the change in 
microstructures as a result of recrystallization and that recrystallization significantly 
enhances their propagation in the solder interconnections. Finally, a method to predict the 
changes in microstructure and, ultimately, to predict the lifetime of solder interconnections 
is presented and discussed. 

2. As-solidified microstructures of tin-rich solder interconnections 

The majority of lead-free solders are based on tin (Sn), with a few alloying elements. 

Silver (Ag) and copper (Cu) are the most common major alloying elements but alloys 

with minor additions of elements such as nickel, antimony, indium, germanium, 

manganese, bismuth, zinc, or rare earth elements are also commercially available. 

However, for the sake of simplicity let us consider the three-component SnAgCu alloy 

with near-eutectic composition, which is the most commonly used solder alloy in the 

electronics industry.  

The eutectic composition of the tin-silver-copper alloy is about Sn3.4Ag0.8Cu [13,14]. Nearly 

all of the solder compositions used in the electronics industry, such as the composition of 

Sg3.0Ag0.5Cu that is most widely used today, have silver and copper concentrations below 

the eutectic concentration. For such compositions, the tin-rich phase (i.e., high-tin solid 

solution) is formed first at the beginning of solidification and its morphology strongly 

affects the solidified microstructure. Owing to the high tin content of the near-eutectic 

SnAgCu alloys (more than 95 wt-% Sn), the solidification and generated microstructures of 

the interconnections are most significantly influenced by the solidification of the tin-rich 

phase, even though in practice the tin-rich phase may or may not always be the first phase 

to form during solidification. This is because the dissolution of the contact metallizations 

changes the nominal composition of the solder and can thereby influence solidification, as 

will be pointed out shortly. 

Figures 2a-b show an example of a cross-section of a near-eutectic SnAgCu solder 

interconnection in the as-solidified condition as imaged by employing the optical (cross-

polarized) microscopy and the scanning electron microscopy. The boundaries between the 

contrasting areas in Figure 2b are high-angle boundaries between the matrices of 

solidification colonies1 (the orientation difference between adjacent regions is quite large, 

larger than about 15º). A uniformly oriented cellular solidification structure of tin is 

enclosed within the colony boundaries. There is a low-angle orientation difference between 

the cells enclosed by the high-angle colony boundaries. The cellular structure of tin is clearly 

distinguishable as cells are surrounded by eutectic regions (see Fig. 2c-d). It is also 

noticeable that the solder interconnections, such as that shown in Figure 2, are commonly 

composed of a few solidification colonies of relatively uniformly oriented tin cells. [12,15] 

Similar observation have been made by other groups also [16,17-21].  

                                                 
1 We have chosen to use the term ‘‘solidification colony’’ in order to emphasize the fact that under the 
reflow conditions employed, a cellular structure is generated in which the difference in crystal 
orientations between individual cells is small (few degrees or less). The use of this term also helps us to 
make a verbal distinction between the as-solidified microstructures and the recrystallized grains. 
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Fig. 2. The as-reflowed microstructures of a near-eutectic SnAgCu interconnection: (a) 

optical bright field image of a cross-section; (b) a cross-polarized light image of the same 

cross-section highlights the colony boundaries (high angle boundaries); (c) an SEM 

micrograph showing the cellular structure within a colony, where the cells are separated by 

low-angle boundaries; (d) the cell structure of a solidification colony is emphasized by the 

small intermetallic particles that surround the tin cells (the sample has been selectively 

etched). 

Dendritic morphologies of the tin-rich phase are also reported in the literature; see e.g. [22-

25]. It is evident that this phase can solidify in different morphologies depending on the 

solidification conditions (e.g., cooling rate and metallizations in contact with the solidifying 

solder) and the nominal composition of the solder. The volume of the solder 

interconnections obviously influences the microstructures formed during solidification, as a 

dendritic structure of the tin-rich phase is more often observed in the case of large solder 

volumes, such as cast dog-bone or lap-joint pull test specimens (prepared for the mechanical 

characterization of solders) or packages with a relatively large (≈ 1 mm) bump diameter (e.g. 

[16,26-28]). However, the as-solidified microstructure in the near-eutectic solder 

interconnections in our studies has consistently been cellular, regardless of the compositions 

of the near-eutectic SnAgCu paste or bump alloy, contact pad metallization, package type or 

dimensions, or the setup parameters of our full-scale forced convection reflow soldering 

oven.  
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In order to rationalize the formation of the observed microstructures, it is useful to examine 
the solidification of solder interconnections with the help of equilibrium phase diagrams. It 
should be kept in mind, however, that the equilibrium diagrams do not contain information 
about either the effect of the cooling rate or the morphology of the phases and, thus, the 
solidification structures are examined as equilibrium solidification2. Figure 3 presents the 
tin-rich corner of the SnAgCu phase diagram with the isothermal lines representing the 
liquidus temperatures, and the primary phase regions of the tin-rich phase, Cu6Sn5 and 
Ag3Sn.  

 

Fig. 3. Tin-rich corner of the SnAgCu phase diagram with isothermal lines and primary 
phase regions [29]. The arrow between the two circles represents the change in nominal 
composition (circle) owing to copper dissolution. 

                                                 
2For example, in order to take the undercooling (which will be discussed shortly) into consideration, 
one should extrapolate the liquidus surfaces of the Cu6Sn5 and Ag3Sn phase to lower temperatures and 
lower (or remove) the liquidus surface of the (Sn)prim. phase. 
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Let us consider, for example, the composition of Sn3.0Ag0.5Cu, which is a very commonly 
used alloy in the reflow soldering of component boards. The solidification of this composition 
starts with the formation of the tin-rich solution phase when the interconnections are cooled 
down from the peak reflow temperature to below the liquidus temperature of about 220 °C. 
The secondary phase, namely Cu6Sn5 or Ag3Sn, is formed only after the nominal composition 
of the remaining liquid meets the curve of two-fold saturation, after which the solidification of 
the interconnections proceeds by the binary eutectic reaction (liquid transforms to (Sn)eut + the 
secondary phase; see [15] for more details). 

It should also be noticed that in practice the microstructures formed on other pad 
metallizations can differ notably, even though the same solder compositions are used (see, 
e.g., [15,30,31]). The dissolution of the contact pads or pad metallizations of packages and 
printed wiring boards during reflow changes the composition of the molten solder. The 
influence of contact metallizations depends primarily on the dissolution rate and reactivity 
of the metallizations. For example, the dissolution rate of copper in near-eutectic SnAgCu 
solder is about 0.07 µm/s, but that of Ni is more than an order of magnitude lower and can 
be considered negligible [15,32,33]. Thus, practically all nickel that is dissolved into liquid 
solder is used in the reaction to form intermetallic layers. However, in the cases where the 
solder is in direct contact with copper pads (i.e., no protective coating or organic soldering 
preservative is used on the copper soldering pads) the dissolution rate of copper from the 
pads into typical BGA solder interconnections (with a bump diameter of about 0.5 mm) is 
high enough to lift the copper concentration above 1 wt-% during soldering (see Fig. 3). This 
change in the nominal composition of the liquid can change the primary phase formed 
during solidification from the tin-rich phase to Cu6Sn5. Therefore, the as-solidified 
microstructures on the copper pads often show large amounts of primary Cu6Sn5 
(hexagonal) tubes or rods in the microstructure that are absent from the microstructures of 
interconnections that are soldered on slow dissolution rate metallizations, such as nickel. 
Furthermore, interconnections soldered on copper pads, as opposed to those soldered on 
nickel, typically show more numerous and larger Cu6Sn5 particles embedded at the 
boundaries between the tin cells that are formed in the binary solidification, as the 
composition of the liquid moves a greater distance along the eutectic valley (along the curve 
of two-fold saturation). 

There is an important consequence related to the increased copper content: the relatively 
large primary phase needles or particles dispersed in the solder interconnections can 
influence the evolution of solder interconnection microstructures. The non-coherent high-
angle boundaries between the Cu6Sn5 crystals and tin matrix provide good nucleation sites 
for the recrystallization. It has been previously demonstrated that the second phase particles 
can accelerate the nucleation of recrystallization in common structural alloys [34,35]. 
Readers interested in particle-stimulated nucleation of recrystallization can refer e.g. to 
[36,37]. 

However, as pointed out earlier, in practice the solidification process departs somewhat 
from that of equilibrium solidification. Taking the undercooling into account would result in 
the nucleation of the Cu6Sn5 as a primary phase at even lower copper concentrations. Figure 
4 illustrates an as-solidified microstructure of the Sn3.0Ag0.5Cu solder interconnection. It is 
interesting to observe that the primary Cu6Sn5 needles in the micrographs have the tendency 
to nucleate at the free surfaces of the molten interconnection, most probably on oxide 
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Fig. 4. As-solidified microstructure of a Sn3.0Ag0.5Cu solder interconnection illustrate how 
the primary Cu6Sn5 particles have nucleated on oxide particles on the surface of the liquid. 
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particles on the liquid surfaces, instead of the package or the PWB side interfaces. It should 
also be mentioned, without going into detail, that it seems as if the solidification of the tin-
rich phase is controlled by the kinetics of heterogeneous nucleation at the surface of (Cu6Sn5) 
intermetallic layers [38]. Darveaux et al. observed experimentally that SnAgCu solder alloys 
with a higher copper concentration exhibit a higher amount of undercooling than those with 
a lower concentration [39]. 

Before we move on to the evolution of microstructures under operating conditions, we 
would like to point out a few aspects to consider in more detailed investigations of the 
failure mechanisms of recrystallization-assisted cracking of solder interconnections. It is 
particularly noteworthy that the Cu6Sn5 or the Ag3Sn phase can nucleate with minimum 
undercooling in the liquid SnAgCu interconnections [40-42] but the nucleation of the tin-rich 
phase results in a significantly wide range of undercooling that can extend up to 60 ⁰C [43-
48]. The large amounts of undercooling indicate apparent difficulties in the nucleation of tin 
crystals in the liquid, which can be one of the reasons why there are very often only few 
orientations of the Sn-rich phase observed on a cross-section of solder interconnections. The 
tendency to form only a few large crystals, which can be several hundred micrometers in 
diameter, has been observed in interconnections of various length scales, ranging from 
about 100 µm (the diameter of a Flip Chip interconnection) to millimetre scale (lap-joint 
specimens used in material characterization) [15-20,28,49]. Furthermore, the fact that 
sometimes neighboring regions of a cross-section share a twinning relationship (indicated 
by a misorientation angle of about 60° between adjoining regions) suggests that these 
crystals originate from a common nucleus and, thus, the number of different crystals can be 
even smaller that the amount determined by the commonly employed qualitative method of 
cross-polarized light microscopy [16,20,21].  

What has been stated above indicates clearly that mechanical behavior of solder 

interconnections is most probably quite different from that of a “normal” polycrystalline 

material. As has been pointed out and is currently being studied by many authors, the fact 

that the physical and mechanical properties of the tin-rich phase exhibit significant 

anisotropic behaviour3 can cause severely non-homogeneous deformation and the formation 

of internal stresses in the solder interconnections [52-54]. As the internally produced strains 

and stresses are combined with the higher-level strains and stresses, as caused by the 

differences in the coefficients of thermal expansion of printed wiring boards and packages, it 

is clear that the thermomechanical response of the solder interconnections becomes very 

complex and unique to each solder interconnection. Furthermore, the grain boundary 

cracking should not occur in the as-solidified structure due to the absent of high angle 

boundaries (other than those between colonies). This can lead to unpredictable failure sites, 

as reported in [54,55]. Therefore, when stress is applied to interconnections having this kind 

of microstructure, they undergo microstructural evolution before fractures can propagate. 

Investigations of the microstructures of failed solder interconnections have indicated that 

the microstructures formed during solidification are not stable and will change notably 

during the operation of products [15,17,18,56-63]. 

                                                 
3 The coefficient of thermal expansion along the c-axis of the tetragonal unit cell {c/a ratio of about 0.5} 
is twice that along the other two axes {a and b-axis};  the elastic modulus along the c-axis is only about 
0.6 times that along the other two axes [[50],[51]] 
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3. The role of recovery and recrystallization in the failure mechanisms of 
solder interconnections 

The reliability of electronic devices is commonly assessed by employing standard thermal 
cycling tests that place the extreme temperatures in the range of about - 45 ⁰C to +125 ⁰C. 
The thermomechanical stresses formed in the solder interconnections under these conditions 
are high enough to cause instantaneous plastic deformation of the commonly used near-
eutectic SnAgCu solders [63]. Furthermore, this whole temperature range remains above the 
0.3-0.4 homologous4 temperature range of the solders, which is the temperature range above 
which the time-dependent deformation of metals becomes significant. Thus, time spent at 
either elevated or lowered temperatures allows diffusion creep processes to transform the 
elastic strain part of the total strain into inelastic strain5. The energy stored during 
deformation acts as the driving force for the evolution of the microstructures.  

The initiation of microstructural changes in solder interconnections is localized because of 

the highly non-uniform distribution of strains inside the solder interconnections. Figure 5 

shows the calculated strain energy density distribution in the cornermost solder 

interconnection of the component board assembly shown in Figure 1. It should be pointed 

out that there is a difference in the rate of strain energy accumulation during thermal cycling 

between the solder regions on the opposite sides of the interconnections and, therefore, 

changes in the microstructure are observed first on the package side regions of the 

interconnections, where the inelastic deformation is more extensive.  

 
 

 
 
 
 

Fig. 5. Calculated strain energy density of the cornermost solder interconnections of the 
component board assembly sketched in Figure 1 [63,64].  

                                                 
4Defined as the ratio of the prevailing temperature to the melting point of a solvent metal; both 
expressed in Kelvin. 
5Here we consider ‘total strain’ = elastic + inelastic strain = elastic + plastic + creep strain. 
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In studies reported in more detail elsewhere, the evolution of microstructures was 
investigated as a function of thermal cycles by taking out samples at fixed intervals 
during the course of the test and inspecting them for the development of microstructures 
and failures [64,65]. The results showed that the evolution of microstructures in the 
strain concentration regions commenced with gradual evolution of the cellular 
solidification structure, but after some time, i.e., the incubation period, the 
microstructures changed discontinuously by recrystallization. A similar observation has 
been reported in [66]. 

3.1 Restoration of tin-rich solder alloys 

When solder interconnections are deformed plastically, a part of the work is stored in 
solders as lattice defects, mainly in the strain fields of dislocations. The increased internal 
energy of deformed solder acts as the driving force for the competing restoration processes, 
recovery and recrystallization. It is well known that the degree of restoration by recovery 
depends on the stacking fault energy of the solder alloy. At the time of writing there is little 
information in the literature about the recrystallization behavior of tin-based solder alloys 
but since the near-eutectic SnAgCu alloy contains more than 95 wt-% of tin, recrystallization 
studies on pure tin can be considered indicative, bearing in mind that the alloying elements 
in solid solutions, as well as small precipitates, do affect the restoration processes. Creep 
studies carried out with high-purity tin have suggested that the stacking fault energy of tin 
is high [67,68]. The recovery is very effective in high-stacking fault energy metals, such as 
aluminum and iron, as a result of the efficient annihilation of dislocations by cross slip and 
climb. Therefore one can expect the restoration of high-tin solder alloys to take place to a 
large extent by recovery. Gay et al. and Guy have observed that pure tin (99.995% purity) 
recrystallizes at room temperature even after a modest deformation (reductions of a few 
percent) [69,70]. However, in a more recent study Miettinen concluded that that even highly 
deformed (up to a 50% reduction) near-eutectic SnAgCu solders do not recrystallize 

statically when annealed at 100 C after deformation at room temperature [71]. Korhonen et 
al. also failed to observe recrystallization in dynamic fatigue tests performed at room 
temperature [72]. All these results indicate that recovery is effective also in near-eutectic 
SnAgCu solder alloys. Because recovery and recrystallization are competing processes, the 
progress of recovery can reduce the driving force of recrystallization significantly and 
recrystallization may not always initiate. On the other hand, it is well documented that near-
eutectic SnAgCu interconnections do recrystallize under dynamic loading caused by 
changes in temperature (between -45 ºC and +125 ºC), as well as under power cycling 
conditions (between room temperature and +125 ºC) [15,17,18,56-63,73]. Thus, it seems that 
near-eutectic SnAgCu solder interconnections recrystallize only under restricted loading 
conditions: dynamic loading conditions where the strain hardening is more effective than 
the recovery.  

Figure 6a shows a micrograph of the recrystallized microstructure on the package side neck 
region of a thermally cycled interconnection taken by employing optical microscopy and 
cross-polarized light. Figure 6b shows an electron backscatter diffraction orientation map of 
the same surface. The black lines in the figure represent the boundaries where the crystal 

orientation of the adjacent grains exceeds 30 and correspond well to the grain boundaries 
visible in the optical micrograph in Figure 6a. 
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Fig. 6. a) Optical micrograph showing the recrystallized structure on the package side 
interfacial region of the SnAgCu solder interconnection taken with polarized light;  
b) EBSD graph of the same location as in a) showing boundaries with large misorientation 

(larger than 30C) between the adjacent grains with black lines. 

3.2 Early phase of evolution: Effects of recovery and coarsening of the 
microstructures 

Figure 7 shows a collage of micrographs that are all taken from the same solder 
interconnection. It should be noticed that we are using the same interconnection to 
exemplify the features of microstructural evolution that take place consequently in the stress 
concentration regions of the solder interconnections. The evolution of microstructures on the 
PWB side interfacial region is much slower than the evolution on the package side of the 
interconnection as a result of the less extensive plastic deformation per cycle (see Fig. 5). 
Even though this interconnection has experienced more than 3000 cycles and failed from the 
package side interfacial region, the microstructures visible on the PWB side of the 
interconnections are very similar to those on the package side interfacial regions about 1000 
to 1500 cycles earlier. 

As already discussed, the as-solidified microstructures of tin-rich solder interconnections are 
typically composed of relatively few large tin colonies distinguished by high-angle 
boundaries. The cellular structure of the tin-rich colonies is clearly visible within the high-
angle boundaries as the individual tin cells are surrounded by eutectic regions composed of 
fine Cu6Sn5 and Ag3Sn particles. As shown in Figure 7b the cellular structure of the primary 
tin-rich phase is still visible in the less deformed regions on the solder interconnections, such 
as in the middle, even after the component board has been thermally cycled until failure. 
However, in the strain concentration regions the tin cells begin to rearrange by the gradual 
coalescence of the tin cells and coarsening of the intermetallic particles (see Fig. 7c-d), 
during which the eutectic structures around the tin cells gradually disappear and a network 
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Fig. 7. a) Cross-polarized light micrograph of a solder interconnection that has failed under 
thermal cycling; b-d) magnifications from the regions indicated in (a); e) EBSD map of the 
cross-section that shows boundaries with a misorientation < 15° by yellow lines, 15°-45° by 
green lines, and > 45° by red lines; f) histogram distribution of grain boundaries over the 
region shown in (e). [64,65] 
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of low-angle boundaries produced by recovery emerges. Figure 7e shows an EBSD map of 
the PWB side interfacial region of the same cross-section as shown in Figure 7a. The yellow 
lines represent the low-angle boundaries, i.e., boundaries where the crystal orientation 
between the adjacent grains is well below 15° (see also Fig. 7f). The green and red lines 
represent high-angle boundaries where the misorientation between adjacent grains is higher 
than 15°, the green line those between 15° and 45°, and the red line those above 45°. The 
figure shows that in addition to the coarsening of the intermetallic particles, the formation of 
additional low-angle boundaries (additional to those between the cells of the Sn-rich phase 
formed during solidification) takes place in the regions of high strain energy density. These 
changes were observed to initiate early in the course of the thermal cycling tests, within 
about 50 to few hundred thermal cycles. It is also noteworthy that the coarsening of the 
intermetallic particles is strong in the regions near the high-angle grain boundaries, while 
the regions near the low-angle boundaries still include finer particles, comparable to the 
bulk of the solder ball (see Fig. 7d-e). This can be expected as the diffusion is much faster 
along the high-angle boundaries than it is along the low-angle boundaries.  

3.3 Later phase of evolution: Transformation of the microstructure by recrystallization 

In the course of further thermal cycling, the microstructures keep evolving gradually in the 
manner already described until these regions change discontinuous into more or less 
equiaxed grain structures by recrystallization. This change in the microstructures is first 
observed in the edge regions (i.e. corner regions of a cross-section) of the solder 
interconnections on the package side of the interconnections (the regions with the highest 
strain; see Fig.6) and, after the initiation of recrystallization, the recrystallized volume 
gradually expands from the edges toward the center, across the interconnections near the 
package side interfacial region of the interconnections. The incubation time of 
recrystallization varies significantly from one interconnection to another and even from one 
package to another (the same location of the interconnection) under the same loading 
conditions. The first indications of recrystallization in the BGA packaged board assemblies 
shown in Figure 1 were observed after about 500 thermal cycles but it can take up to about 
2000 cycles until recrystallization is consistently observed in every interconnection in the 
corner regions of the packages. 

Figure 8 shows a typical example of a failed interconnection, where the cracking of the 
solder interconnection is accompanied by a distinct change in the microstructure by 
recrystallization. The micrograph in Figure 8a is an optical micrograph that shows the crack 
path distinctly and the micrograph in Figure 8b is a cross-polarized light image of the same 
location as Figure 8a. The comparison of the micrographs shows that the propagation path 
of the crack is enclosed entirely within the recrystallized region of the interconnection. 
Figure 8c shows an EBSD map of the same cross-section as shown in Figures 8a-b. The 
colour lines represent the misorientation between the adjoining regions: yellow below 15°, 
green between 15° and 45°, and red above 45°. The image illustrates well the fact that the 
cracked region on the package side interface of the solder interconnections shows primarily 
high misorientations and that the high-angle grain boundaries are located very close to the 
crack path while, in general, the misorientations become smaller with increasing distance 
from the crack region. Figure 8d shows a histogram distribution of grain boundaries with 
different orientation over the region shown in Figure 8c (see also Fig 7f). As can be seen, the 
region still contains a high number of low-angle boundaries (caused by recovery) but a large 
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Fig. 8. a) an optical micrograph of a failed solder interconnection shows the crack path 
clearly (the thin black line between the gray intermetallic layer and the white solder is a 
contrast effect caused by specimen preparation); b) a cross-polarized light image of the same 
location as (a) highlights the recrystallized grains as caused by the cyclic deformation; c) 
EBSD map of the cross-section that shows boundaries with misorientation < 15° by yellow 
lines, 15°-45° by green lines, and > 45° by red lines; d) histogram distribution of grain 
boundaries over the region shown in (c). [64,65] 
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number of higher-angle boundaries (caused by recrystallization) have emerged. After the 
initiation of recrystallization in the strain concentration regions at the edges of the solder 
interconnections, the recrystallized volume gradually expands over the diameter of the 
interconnections, and cracks follow the expansion of the microstructurally changed volume. 
It was also observed that cracks rarely propagate outside the recrystallized volume of the 
solder interconnections.  

4. Cracking of recrystallized solder interconnections 

Work presented in more detail elsewhere focused on the evaluation of the nucleation time 
and propagation rate of cracks in BGA component board assemblies under different thermal 
cycling conditions [74,75]. Figure 9 shows the average crack lengths of the most critical 
solder interconnections as measured from cross-sections prepared along the diagonal line of 
the package as a function of thermal cycles. The different lines represent different cycling 
conditions (TS = thermal shock, TC = thermal cycling; the accompanying value is the dwell 
time of the profile in minutes).  

 

Fig. 9. Measured average crack lengths as a function of the number of thermal cycles (the 
numbers in parentheses are estimates of the Weibull characteristic lifetimes [η]). [74,75] 

More detailed examinations showed that the nucleation of cracks in the interconnections of 
the BGA board assemblies took place within a relatively narrow range, between about 1000 
and 1500 cycles, regardless of the dwell time or ramp rate used in the thermal cycling tests. 
However, the propagation rate of cracks without the influence of recrystallization was very 
slow. This conclusion was made based on the comparison of the measured crack lengths in 
interconnections that were removed from the thermal cycling oven at the same time and that 
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showed or did not show recrystallization. Thus, the primary failure mechanism under 
thermomechanical fatigue involves the formation of a continuous network of grain 
boundaries by recrystallization that enables cracks to nucleate and propagate 
intergranularly through the solder interconnections (see Fig. 10).  

 

Fig. 10. Cracks propagate intergranularly between the recrystallized grains: a) cross-section 
of a recrystallized and cracked solder interconnection; b) the same image as in (a) but with 
superimposed crack paths. 

The fractographic examinations illustrate the influence of recrystallization on crack 
propagation. Figure 11 shows the fractrographs of failed solder interconnections. The 
fracture surfaces exhibit a globular appearance as a result of the propagation of cracks 
between the recrystallized grains. Fatigue striations were occasionally observed on the 
inspected fracture surfaces. Although they were quite uncommon, they indicate that cracks 
can also propagate transgranularly under conditions when the intergranular propagation is 
not benignant, namely when the recrystallized grain size is larger or the stress state, 
orientation, and geometry of the grains are not in favor of cracking along the grain 
boundaries. The networks of the grain boundaries formed by recrystallization evidently 
provide favorable paths for cracks to propagate intergranularly with less energy 
consumption in comparison with transgranular propagation. It can also be expected that the 
cohesion between the recrystallized tin grains is lowered by grain segregation of impurities 
as well as locally by intermetallic particles. Furthermore, the mechanical anisotropy of the 
(recrystallized) tin grains can also enhance the nucleation and propagation of microcracks 
along their boundaries as the value of the coefficient of thermal expansion of tin single-
crystal in the [100] = [010] directions is about two times that in the [001] direction [50,51]. 
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a) TS10 

 
b) TS0 

 
c) TC0 

Fig. 11. Fractographs of the interconnections viewed from the component side [75]. Note the 
several secondary cracks visible in all micrographs (striations are not visible here). 
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As discussed in the previous chapter, the range of the incubation periods of recrystallization 

in tin-rich solder interconnections is relatively large, in the range of 500 to 2000 cycles in the 

case of the BGA interconnections in our study. Thus, the nucleation of cracks can take place 

before or after the change in microstructures by recrystallization. However, the failure 

analyses showed that the formation of the networks of grain boundaries by recrystallization 

had influenced the propagation of cracks in all electrically failed interconnections. The range 

of 1000-1500 thermal cycles required to produce distinguishable small cracks (nuclei) equals 

about 25-30% of the average lifetime of the component board assemblies and, thus, cracks 

are in the propagation stage for about three quarters of the lifetime of component boards. 

Therefore, it is evident that the cracking of tin-rich solder interconnections is controlled by 

the rate of recrystallization. 

On the basis of the results presented above we can draw two conclusions: 1) the nucleation 

of cracks in solder interconnections is primarily dependent on the number of load reversals. 

In other words, nucleation is relatively insensitive of microstructural features and their 

evolution, as well as the parameters of the loading conditions; 2) the rate of crack 

propagation is dependent on the expansion rate of the recrystallized volume. In other 

words, the lifetimes of solder interconnections are primarily controlled by the onset and 

expansion of recrystallization. 

5. An approach to lifetime prediction based on the evolution of 
microstructures 

A thorough understanding of the restoration process in solders can allow the development 

of methods for improved lifetime estimation that are based on the evolution of 

microstructures. Work presented in [76] describes an approach to lifetime prediction based 

on the competing nature of the restoration processes: under conditions in which the strain 

hardening is more effective than recovery, the cyclic deformation accumulates the stored 

energy above a critical value, after which the recrystallization can initiate. The total stored 

energy of the system consists of the grain boundary energy and the volume defect energy 

(mainly line and point defects). The stored energy is released through the nucleation and 

growth of new strain-free grains (grains with low defect density), which gradually consume 

the strain-hardened matrix of high defect density. Li et al. have developed a multiscale 

model based on this principle for predicting the microstructural changes of recovery, 

recrystallization, and grain growth in solder interconnections subjected to dynamic loading 

conditions [77,78]. The approach developed in this work is based on the principle that the 

stored energy of the solder is gradually increased during each thermal cycle. When a critical 

value of the energy is reached, recrystallization is initiated. It is assumed that, even though 

recovery consumes a certain amount of the energy, the net change in the energy per cycle is 

always positive as experimental investigations have shown that newly recrystallized grains 

consistently appear sooner or later under various thermal cycling conditions. The stored 

energy is released through the nucleation and growth of new grains, which gradually 

consume the strain-hardened matrix of high defect density. 

The approach is realized by combining Monte Carlo simulations with finite element 
calculations. The Monte Carlo method is employed to model the mesoscale microstructure 
and the finite element method to model the macroscale non-homogeneous deformation (see 
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Fig. 12). The non-homogeneous volume stored energy distribution in solder 
interconnections is scaled from the finite element model results and mapped onto the lattice 
of the Monte Carlo model. The quantitative prediction of the onset of recrystallization is 
carried out with the help of the Monte Carlo simulation.  

 

Fig. 12. Flow chart for the simulation of microstructural changes in solder interconnections 
[77,78]. Acronym TC stands for ‘thermal cycling’. 

In the Monte Carlo lattice, two adjacent sites with different grain orientation numbers are 
regarded as being separated by a grain boundary, while a group of sites with the same 
orientation number are considered a single grain. The total stored energy of the system 
under consideration consists of the grain boundary energy and the volume defect energy. 
Each site contributes an amount of stored energy to the system, and each pair of dissimilarly 
oriented neighboring sites contributes a unit of grain boundary energy to the system. The 
recrystallization process is modeled by randomly introducing nuclei (small embryos with 
zero stored energy) into the Monte Carlo lattice at a constant rate. An non-recrystallized site 
will become recrystallized if (a) the volume stored energy of the chosen sites is larger than 
the critical stored energy, and (b) the total energy of the system is reduced. If the selected 
site is recrystallized, it is considered as a contribution to the grain growth process. 

The computational results were compared with the experimentally observed 
microstructural changes in solder interconnections subjected to thermal cycling tests. The 
results of the microstructural simulations carried out in this work can be summarized as 
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follows: the incubation period of the recrystallization is about 1000 thermal cycles under the 
particular cycling conditions. The recrystallization is initiated in the corner regions on the 
package side of the solder interconnections and the expansion of the recrystallized region is 
controlled by the volume stored energy distribution. The expansion takes place first along 
the package side interfacial region toward the center of the interconnections. After that the 
recrystallized region expands toward the rest of the interconnections.  

The incubation period of the recrystallization, the expansion of the recrystallized region, and 
the rate of increase of the recrystallized fraction are in good agreement with the experimental 
observations of thermally cycled component boards. This method predicts reasonably well the 
incubation period and the growth rate of the recrystallization, as well as the expansion of the 
recrystallized region. Figure 13 shows a comparison of predicted microstructural evolution 
with experimental evolution. The onset of recrystallization is a useful criterion to determine 
when the material models for the as-solidified microstructures are not valid anymore and, 
therefore, crack nucleation and propagation should be taken into account. 

500 cycles 1000 cycles 1500 cycles 2500 cycles 3000 cycles 5000 cycles 6000 cycles

 

Fig. 13. Observed and simulated microstructural changes of solder interconnections with an 
increasing number of thermal cycles [77]. 

In a more recent work Li et al. [78] have developed the method to take into consideration the 
fact that the nucleation of new grains of low defect density is more likely at the boundaries 
of high misorientation, such as the boundary between the intermetallic particles and the tin 
matrix. In particular, the coarse primary intermetallic particles can generate localized stress 
concentrations under an applied load because of their dissimilar mechanical properties with 
respect to the tin matrix. The intermetallic particles are introduced in the Monte Carlo model 
as inert particles that also do not move or grow. In practice the fine and uniformly 
distributed intermetallic particles would suppress the recrystallization to some extent by 
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influencing the motion of the grain boundaries of recrystallizing grains but this is not (yet) 
considered in the model.  

6. Conclusions 

The cracking of the near-eutectic SnAgCu interconnections under thermal cycling conditions 
occurs through the bulk of the solder interconnections after a change in the microstructure 
by recrystallization. The cumulative increase in the stored energy during each deformation 
cycle provides the driving force for the recrystallization. After the solidification structure 
has changed into a more or less equiaxed grain structure, there is a continuous network of 
new high-angle boundaries providing favorable sites for cracks to nucleate and propagate 
with less energy consumption in comparison with the cracking of the as-soldered 
microstructure. The decrease in the stored energy in near-eutectic SnAgCu solders is 
assumed to take place very effectively by the recovery resulting from the high stacking fault 
energy of tin. Therefore, the recrystallization is initiated under well-defined loading 
conditions: dynamic loading where strain hardening is more effective than recovery.  

The recrystallization of solder interconnections under thermomechanical (or in cyclic power) 
loading is an important phenomenon for the following reasons: being an experimentally 
observable indicator of microstructural evolution, the recrystallization enables one to 
establish a correlation between the field use loading conditions and those produced in 
accelerated reliability tests. Furthermore, the theoretically well-known phenomena of 
recovery and recrystallization can provide the means to incorporate the effects of 
microstructural evolution into lifetime prediction models, which are being increasingly 
employed to reduce the amount of reliability testing. Finally, by controlling the 
recrystallization of solder interconnections, for example by alloying, one may discover new 
solutions to improve the reliability of soldered electronic devices. 
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