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mainly comprised of β-tin [1]. The anisotropy of tin is asso-
ciated with its crystallographic directions and significant 
variations in its coefficient of thermal expansion (CTE) 
and elastic modulus. At 298 K, the tin crystals have a body-
centered-tetragonal (BCT) structure with lattice parameters 
of a [100] = b [010] = 0.5632 nm and c [001] = 0.3182 nm [2]. 
It has been reported that an extremely strong anisotropy is 
exhibited in a small Pb-free solder joint which generally 
comprised one or three grains [3, 4] and substantial strains 
may develop at grain boundaries of Pb-free solder joints 
under TMF. As a matter of fact, different joints have differ-
ent damage evolution behaviors even if they are subjected 
to the same thermomechanical history because crystal-
lographic orientation arising from solidification processes 
varies from joint to joint. As a result, the anisotropic prop-
erty of tin can significantly affect the reliability of Sn-rich 
solder joints under TMF and may even lead to premature 
failures of solder joints if these grains have unfavorable 
orientations. Therefore, grain crystallographic orientations 
need to be characterized in order to have a better under-
standing of thermomechanical responses of Pb-free solder 
joints.

Electronic packages are frequently subjected to tem-
perature variations caused by power on/off switches and 
environmental change. The microstructure and crystallo-
graphic orientations of Pb-free solder joints are not stable 
during TMF and recrystallization will occur due to the 
imposed thermalmechanical strain [5, 6]. The recrystal-
lization behavior of solder joints under thermal cycling 
tests has been extensively studied in the past few years 
[5–7]. It has been reported that recrystallization in Pb-
free solder joints has occurred at locations of large strain 
gradients [7], but little is known about how this pro-
cess develops or how it depends on crystal orientations. 
To assess the intrinsic thermal expansion effects on the 

Abstract  In this paper, the grain orientation evolution 
of Pb-free solder joints during thermomechanical fatigue 
(TMF) was characterized quantitatively using in-situ elec-
tron backscattered diffraction (EBSD) observation, which 
was an effective way to clarify the mechanism of recrys-
tallization. The results showed that the grain orientation 
evolution of solder joints was significantly affected by the 
anisotropy of β-tin grains. Recrystallization behavior of a 
solder joint during TMF was very sensitive to the location 
of grain boundaries and orientations in the joints. Substan-
tial stress could build up at grain boundaries in real joints 
in micro-electronic applications under thermomechanical 
stress, leading to premature failures. Also, slip systems 
were clarified playing an important role in recrystallization 
and could be used to predict the subgrain and recrystallized 
grain formation. While it was conventional cognitive, tric-
rystals were less likely to develop cracks during TMF and 
had longer lifetime than single-crystal joints. However, for 
the tricrystal joint with particularly undesirable orienta-
tions, it was clarified that (1 0 1)[1 0 1̄ ] and (1 0 1)[1̄ 0 
1] silp systems were activated in tricrystals and premature 
failures occurred with the internal stress caused by aniso-
tropic thermomechanical responses.

1  Introduction

The overall performance of solder joints is dictated by the 
properties of tin because Pb-free SnAgCu solder joints are 
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internal stress arising from the anisotropic thermal and 
elastic properties of tin, finite element analysis was used 
[8]. Telang et al. attributed the recrystallization and grain 
growth of a single shear lap solder joint under TMF to 
the release of elastic strain energy [9]. However, much 
less work has been done to characterize the microstruc-
tural and orientation evolution in the tin phase [10] and 
the grain orientation information is often neglected in 
studying the deformation behavior and failure modes of 
Pb-free solder joints. Moreover, in recent years, the reli-
ability of Pb-free solder joints has been extensively stud-
ied and most researchers have focused on the formation 
and evolution of the intermetallic compounds (IMCs) 
[11–13], especially near the interface where strain 
energy is high [12, 13]. However, cracks were constantly 
observed in the solder bulk in TMF [14, 15]. Some 
researchers have summarized the effect of the anisot-
ropy in thermal expansion and elastic properties of tin on 
the significant stress propagation at Sn grain boundaries 
under TMF, which may result in damage through sliding 
or decohesion along grain boundaries [15, 16]. Moreover, 
the actual stress and strain distribution of a solder joint 
mainly comprised of Sn should be estimated by consider-
ing the details of Sn crystallographic orientations in finite 
element modeling [17].

Microstructural evolution of each joint under thermal 
fatigue occurred mostly from continuous recrystallization 
is unique due to the interaction between local thermal and 
displacement boundary conditions and the significant ani-
sotropic properties of tin grains. However, the effect of ani-
sotropic nature of tin on thermal fatigue lives of SnAgCu 
Pb-free joints has not yet been fully discussed and in-
situ EBSD observation has not been used in prior studies 
[14–16]. For a better understanding of the reliability and to 
identify the failure mechanism of Pb-free solder joints, it is 
significant to understand the relationship between the crys-
tallography of tin and the failure process in the joints using 
in-situ EBSD observation.

In this paper, SnAgCu solder joints in electronic pack-
ages have been subjected to TMF within the temperature 
range of 273–373 K and failures have been observed. Ori-
entation imaging microscopy (OIM) was used to obtain 
crystallographic information to provide a detailed charac-
terization of the damage evolution in solder joints under 
TMF. And the significant effect of anisotropy of tin on ther-
mal fatigue lives of solder joints has been observed in real 
SnAgCu Pb-free solder joints in micro-electronic applica-
tions using in-situ EBSD observation. The results suggest 
that substantial stress can build up at grain boundaries in 
real joints in micro-electronic applications under TMF 
and these grains failed earlier if they had unfavorable ori-
entations. The in-situ EBSD observations and analysis 
described in this paper provides a better understanding of 

effects of anisotropy of tin on microstructure and damage 
evolution of Pb-free solder joints under thermomechanical 
stress.

2 � Experimental

Chip scale packaged ball grid arrays (BGA) with 228 sol-
der bumps in 0.5  mm pitch were used in this study. The 
composition of the solder bump was Sn3.0Ag0.5Cu. The 
package dimension was 12 mm × 12 mm × 1.1 mm and the 
solder bump size was 300 μm in diameter. The BGA pack-
ages were soldered onto the non-solder mask defined Cu 
pad of a FR-4 printed circuit board using a typical reflow 
profile. The peak temperature of the reflow profile was 
518  K and the duration at temperature above 490  K was 
1 min. The X-ray transmission image of a Sn3.0Ag0.5Cu 
BGA package is shown in Fig. 1. The specimens without 
mounting in epoxy were cross-sectioned, ground with SiC 
papers and then polished with diamond suspensions to 
obtain the original crystal orientation of the solder joints. 
It was essential to perform the final polishing carefully with 
0.05 μm colloidal silica suspension. Due to the birefringent 
properties of Sn, different orientations of Sn grains can be 
observed as different colors under cross-polarized light. As 
a result, grain orientations in solder joints were character-
ized quickly by the optical microscopy with cross-polarized 
light.

The BGA assemblies were then subjected to TMF 
within the temperature range of 273–373  K. The dwell 
time at each temperature extreme was 15  min and the 
ramp rate was about 100  K/min. The same location of 
the same specimen was scanned after 2000 TMF to 
obtain the changes and similarities in the orientations. 

Fig. 1   X-ray transmission image of Sn3.0Ag0.5Cu BGA packages 
employed in the TMF within the temperature range of 273–373 K
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Due to complex functions of heat, water vapor and air, 
the surface of the cross-section was contaminated after 
TMF and the indexing of EBSD patterns became very 
difficult. Therefore, cross-sectioned joints were encap-
sulated in a glass tube to eliminate the inability of pat-
tern indexing from the cross-section contamination after 
TMF.

The crystallographic orientation details of the sol-
der joints were characterized quantitatively by EBSD. 
The OIM data was collected by OIM Data Collection 
5.2 software (TexSEM Laboratories, Inc., UT, USA) 
using a 30  kV beam. The obtained datasets were one 
time cleaned-up by incorporating lower confidence 
index points with higher confidence index points using 
a nearest neighbor correlation technique. Pixels with low 
confidence of correct indexing were switched to the ori-
entation of a neighboring pixel with a high confidence 
and the small Cu6Sn5 and Ag3Sn IMCs particles were 
removed from the orientation maps. Black areas on maps 
represent unindexed orientations.

3 � Results

Figure 2a, c show the EBSD orientation map and the (001) 
and (100) pole figures of the cross-section of a single-
grained as-reflowed solder joint, respectively. Figure  2a 
also shows the grain boundary distribution of calculated 
misorientation angles that range from 2° to 180° and red 
lines are defined as those with misorientations less than 5°. 
Figure 2b shows misorientation histograms of the joint in 
Fig.  2a, illustrating the presence of low-angle boundaries 
up to about 5°. As shown in Fig. 2, the joint was typically 
composed of one grain which had the c-axis nearly parallel 
(15°) to the pad.

Figure  3a, c show the EBSD orientation map (with 
the grain boundary distribution) and the (001) and (100) 
pole figures of the cross-section of a bicrystal as-reflowed 
solder joint, respectively. High angle grain boundaries 
indicated with blue lines are defined as those with mis-
orientations more than 15°, while red and green lines 
denote for misorientations less than 5° and misorienta-
tions between 5° and 15°, respectively. Figure 3b shows 

Fig. 2   A single-grained as-reflowed Sn3.0Ag0.5Cu solder joint a EBSD orientation map of the joint(with grain boundary distribution), b mis-
orientation histograms of the joint, c (001) and (100) pole figures of the joint
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misorientation histograms of the joint in Fig. 3a, illustrat-
ing the presence of low-angle boundaries up to about 10° 
and misorientations in the range of 15°–25°. As shown 
in Fig. 3, the joint was typically composed of two grains.

Figure 4a, c show the EBSD orientation map and the 
(001) and (100) pole figures of the cross-section of an as-
reflowed solder joints with tricrystals, respectively. Fig-
ure 4b shows the misorientation histograms of the solder 
joint, illustrating the presence of low-angle boundaries 
up to about 15° and twin misorientations in the range of 
55°–65°. This range of angles reflects the presence of two 
twin orientation relationships. There is a 57.2° ⟨100⟩ rota-
tion or a 62.8° ⟨100⟩ rotation in tricrystals [18, 19]. The 
fact that these angles are close to 60° implies that low-
angle boundaries, orientation gradients, and/or grain 
boundary dislocations can accommodate a few degrees 
of mismatch to make large tricrystals (three orientations, 
shown in Fig. 4c). Both types of twin boundary can exist, 
as evident in Fig. 4b, leading to a double peak, which can 
compensate for the nonperfect 60° misorientation. It can 
be clearly seen from the misorientation histograms, the 
misorientation distribution function (MDF) and the grain 
boundary map (see Fig.  3a, b) that the three grains are 
twin-related with about 60° rotation about the [100] axis. 

The result is in good agreement with those obtained in 
previous studies [18–20].

Figure 5a–c show the EBSD orientation map, the mis-
orientation histograms and the (001) and (100) pole figures 
of the cross-section of an as-reflowed solder joint, respec-
tively. As shown in Fig. 5a, c it seems that the joint is com-
posed of two grains, as there are strong peaks for only two 
(001) poles for bicrystal orientations with a common [100] 
axis. However, Fig.  5b shows misorientation histograms 
and MDF of the cross-section of the solder joint, illustrat-
ing the presence of low-angle boundaries up to about 10° 
and twin misorientations in the range of 55°–65° with a 
rotation about [100] axis. Therefore, it was reasonable 
to assume that the joint was composed of tricrystals pre-
senting two types of twin misorientations in the range of 
55°–65°. Meanwhile, further polishing may result in com-
plete removal of grain boundaries and thus reveal com-
pletely different orientations and microstructures of the 
solder joints, which is considered as the reason that in-situ 
EBSD observation should be used to investigate the recrys-
tallization behavior and the grain orientation evolution of 
Pb-free solder joints under thermomechanical stress.

Figure  5d represents the EBSD orientation map of the 
cross-section of the same as-reflowed solder joint shown 

Fig. 3   A bicrystal as-reflowed Sn3.0Ag0.5Cu solder joint a EBSD orientation map of the joint(with grain boundary distribution), b misorienta-
tion histograms of the joint, c (001) and (100) pole figures of the joint
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in Fig.  5a after further polishing. As shown in Fig.  5d, 
the joint was typically composed of tricrystals. Figure 5e, 
f show the misorientation histograms and the (001) and 
(100) pole figures of the cross-section of the as-reflowed 
solder joint, respectively. As shown in Fig. 5e misorienta-
tion histograms and MDF of the cross-section of the sol-
der joint illustrated the presence of low-angle boundaries 
up to about 10° and twin misorientations in the range of 
55°–65°, which demonstrated tricrystals existing in the 
Sn3.0Ag0.5Cu solder joint. Therefore, it was reasonable to 
assume that a joint presenting two-grained with twin mis-
orientations in the range of 55°–65° with a common [100] 
axis was composed of tricrystals.

Figure 6a shows the EBSD orientation map of the cross-
section of a single-grained as-reflowed solder joint locating 
at the corner of a package for in-situ EBSD observation; 
Fig. 6c shows the (001) and (100) pole figures of the cross-
section of the joint. As shown in Fig. 6a, c, the joints were 
typically composed of one grain. Figure 6b shows misori-
entation histograms of the joint in Fig. 6a, illustrating the 
presence of low-angle boundaries up to about 5°. After 

2000 TMF between 273 K and 373 K, the cross-section of 
the corner joint in the exterior row revealed recrystalliza-
tion, as shown in Fig. 6d. EBSD orientation map and (001) 
and (100) pole figures of the solder joint shown in Fig. 6a 
after 2000 TMF are shown in Fig. 6d, f respectively. With 
2000 TMF, the streaks became wider, indicating spreading 
of the crystal orientations. Figure 6e shows misorientation 
histograms of the joint, illustrating the presence of low-
angle boundaries up to about 15°. The discrete pole fig-
ure in Fig. 6f and the misorientation histograms in Fig. 6e 
reflect the presence of orientation gradients in that the pole 
has an angular spread of about 5°–15°.

Figure 7a, c show the EBSD orientation map and the 
(001) and (100) pole figures of a cross-section of an as-
reflowed solder joints with tricrystals, respectively. Fig-
ure  7b shows misorientation histograms and MDF of 
the solder joint, illustrating the presence of low-angle 
boundaries up to about 10° and twin misorientations in 
the range of 55°–65°. Figure  7d, f show the EBSD ori-
entation map and the (001) and (100) pole figures of the 

Fig. 4   Twin orientations in a tricrystal as-reflowed Sn3.0Ag0.5Cu 
solder joint(cyclic twin relationship with near 60° rotations about a 
common [100] axis) a EBSD orientation map of the joint(with grain 

boundary distribution), b misorientation histograms and MDF of the 
joint, c (001) and (100) pole figures of the joint
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cross-section shown in Fig.  7a after 2000 TMF, respec-
tively. The discrete pole figure in Fig. 7f also reflects the 
presence of orientation gradients in that the pole has an 
angular spread of about 5°–30°. There were many small 
grains with varied colors in the localized regions and 
each color represented an orientation. The orientations of 
the small grains were different from those of the grains in 
as-reflowed solder joints. The sizes of the small equiaxed 
grains with various orientations ranged from 5 to 30 µm, 
which indicated that the localized recrystallization 
occurred in the Pb-free solder joint. The results agreed 
well with those obtained in previous studies [9, 10].

4 � Analysis and discussion

4.1 � Grain orientations of as‑reflowed Pb‑free solder 
joints

Although each as-reflowed Pb-free BGA solder joint had 
its unique orientation characteristics, the joints were typi-
cally composed of only one or three grains. EBSD orien-
tation maps of cross-sections of 300 as-reflowed solder 
joints were taken and investigated. A total of 176 joints 
of them are composed of only one grain, which is in good 
agreement with the results obtained in the previous stud-
ies [10, 14, 15], while others are composed of two to four 

Fig. 5   a EBSD orientation map of a cross-section of an as-reflowed 
Sn3.0Ag0.5Cu solder joint and a schematic reflecting the Sn orien-
tations, b misorientation histograms and MDF of the cross-section 
shown in (a), c (001) and (100) pole figures of the cross-section 
shown in (a), d EBSD orientation map of the cross-section of the as-

reflowed Sn3.0Ag0.5Cu solder joint shown in (a) with further polish-
ing (cyclic twin relationship with near 60° rotations about a common 
[100] axis) and a schematic reflecting the Sn orientations, e misorien-
tation histograms and MDF of the cross-section shown in (d), f (001) 
and (100) pole figures of the cross-section shown in (d)
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grains 80 percent of them are tricrystals (where there is 
a 57.2° ⟨010⟩ rotation or a 62.8° ⟨010⟩ rotation [18, 19]). 
During the as-reflowed process, due to the high entropy 
of fusion of BCT Sn (14  J/mol K) [19, 21, 22], more 
latent heat of freezing is released, and the nucleation of 
the Sn grains is suppressed. Meanwhile, for Sn and Sn-
rich solder alloys, Sn dendrites grow fast due to the sig-
nificant undercooling. Therefore, there are typically a 
few grains in the solder joints [23], and twin boundaries 
(stacking faults) with low-energy are likely to form in the 
as-reflowed solder joints [18, 19].

At 303  K, α [100] = α [010] = 16.5 × 10−6 K−1, α 
[001] = 32.4 × 10−6 K−1 and αCu=16.6 × 10−6 K−1 [24, 
25]. Therefore, the CTE mismatch is the highest possible 
value when the c axis is nearly parallel to the Cu pad (the 
joint was in tension at high temperatures). If considering 
the variation of CTE by temperature, the conclusion is 
tenable [24]. Therefore, in order to investigate the micro-
structure evolution of Pb-free solder joints under thermo-
mechanical stress, the anisotropic property of Pb-free sol-
der joints affected by the anisotropic property of Sn and 

Fig. 6   a EBSD orientation map of a single-grained as-reflowed 
Sn3.0Ag0.5Cu solder joint for in-situ observation, b misorientation 
histograms of the joint shown in (a), c (001) and (100) pole figures 
of the joint shown in (a), d EBSD orientation map of the joint shown 

in (a) after 2000 TMF between 273 K and 373 K, e misorientation 
histograms of the joint shown in (d), f (001) and (100) pole figures of 
the joint shown in (d)
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the small amount of grain numbers and orientations in 
Pb-free solder joints should be taken into consideration.

4.2 � Recrystallization behavior of a single‑grained 
as‑reflowed joint

During TMF, for a single-crystal as-reflowed solder joint, 
strains develop because of the differential thermal expan-
sion constraint by the package and pad on the joint. There-
fore, every joint contains only one grain is a special case 
with a different detailed deformation history [26]. Recrys-
tallization occurred at corners in the exterior row where 
extrinsic shear strains arising from CTE mismatch were 

largest. As strain accumulates within a given grain, dislo-
cations were absorbed (recover) in low-angle boundaries, 
leading to gradual increases in the subgrain misorientation 
by continuous recrystallization [10]; once the misorienta-
tion exceeded about 15°, they were no longer considered 
subgrains. Furthermore, in situ EBSD maps showed much 
more orientation spreading and emergence of new orienta-
tions in diffraction patterns after 4000 TMF, which would 
be described in more detail in a future paper.

β-tin crystals have an anisotropic BCT structure with 
c/a = 0.546. At 303  K, the CTEs in the principal direc-
tions are α [100] = α [010] = 16.5 × 10−6 K−1 and α 
[001] = 32.4 × 10−6 K−1, respectively, and the values 

Fig. 7   a EBSD orientation map of a tricrystal as-reflowed 
Sn3.0Ag0.5Cu solder joint for in-situ observation, b misorientation 
histograms and MDF of the joint shown in (a), c (001) and (100) pole 
figures of the joint shown in (a); d EBSD orientation map of the joint 

shown in (a) after 2000 TMF between 273 K and 373 K, e misori-
entation histograms of the joint shown in (d), f (001) and (100) pole 
figures of the joint shown in (d)
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change substantially at high temperatures. For instance, 
at 403 K, the CTEs in the principal directions are α [100] 
= α [010] = 20.2 × 10−6 K−1 and α [001] = 41.2 × 10−6 
K−1, respectively [24, 25]. During TMF, localized stress 
between orientations and the pads caused by the CTE mis-
match between orientations with the c-axis nearly parallel 
to the pad was higher than that between orientations with 
the c-axis nearly perpendicular to the pad. So for single-
crystal joints, cracks developed facilely between the ori-
entations with the c-axis nearly parallel to the pad during 
TMF. Therefore, assuming that a random distribution of 
grain orientations presents in a package, the axial displace-
ment history of the package with respect to the pad will be 
close to the average expansion value of Sn. The expansion 
coefficient of joints with the c axis parallel to the board is 
the lowest possible value in the basal plane, and these joints 
will be in tension at high temperatures. While joints that 
have the c-axis perpendicular to the board will be in com-
pression at high temperatures.

The recrystallized grain orientations have different ori-
entations from the original crystal, therefore, for each 
newly recrystallized grain, there are different expansion 
rates in the board-normal direction [24, 25]. During each 
TMF, gradual changes will be made in the local stress state, 
and there can be an increase or a decrease in the magnitude 
of the local stress in newly recrystallized grains. Formation 
of any other orientation in grains with the c-axis nearly par-
allel (1.5°) to the pad shown in Fig. 6 will have the effect 
of reducing the tensile stress, and there will be a reduction 
in the local strain energy and dislocation activity. The elas-
tic strain energy in a grain can reduce and the local stress 
state along grain boundaries increases after the formation 
of a new orientation, therefore, the dislocation activity and 
grain boundary sliding contributing to the damage nuclea-
tion will facilitate [24, 26].

4.3 � Recrystallization behavior of a tricrystal 
as‑reflowed joint

After 2000 TMF, for the joint locating at the corner of the 
package, recrystallization behavior was observed at the cor-
ner of the joint as shown in Fig. 6d. However, of 22 joints 
in the exterior row of the package, the joint which were 
tricrystal orientations locating in the middle (the 11th) of 
the edge had large area recrystallization and cracks (14 
joints in the exterior row were single-crystal, while 7 other 
joints were tricrystal. None of which cracked.). Low angle 
boundaries were often observed within a large grain sec-
tion that could compensate for the nonperfect 60° angles 
required for the hexagonal microstructure features and 
there was a percolative path along the crack dominat-
ing by grain boundaries. This was a consequence of the 
anisotropic properties of Sn that caused exaggerated and 

irregular deformation arising from tricrystal grain micro-
structures [24, 26, 27].

The stress evolution in a joint is complex and varies 
locally with the grain boundary geometry due to the aniso-
tropic of Sn [13, 14]. And the stress history in a solder joint 
is unique because of the interaction between the thermal-
displacement boundary conditions arising from the posi-
tion of the joint in the array and the crystal orientations 
and grain misorientations. For tricrystals, internal strains 
develop due to the differential thermal expansion constraint 
by the package and pad on the joint, and due to the intrinsic 
anisotropic expansion of Sn during TMF. Grain boundary 
sliding, dislocation creep, and plastic deformation occur 
due to the sufficient stress caused by oscillating internal 
strains during TMF [24, 26, 27]. Knowledge of activated 
slip systems can be used to predict subgrain boundary for-
mation because dislocation slip is the direct cause of con-
tinuous recrystallization. Therefore, the clarification of 
activated slip systems during TMF is necessary to further 
understand the recrystallization process of solder joints.

There are 15 common nonequivalent slip systems in 
Sn and (1 0 1)[0 1] has the lowest ideal shear resistance 
among the 15 slip systems [28]. During TMF, the activa-
tion of slip systems depended on crystal orientation, and 
for grains shown in Fig. 7a, the probable slip systems were 
(1 0 1)[1 0 1̄] and (1 0 1)[1̄ 0 1], respectively. Therefore, the 
stress activated the main (1 0 1)[1̄ 0 1] group of slip systems 
and the joint with tricrystals in the middle of the exterior 
row of the package exhibited recrystallization, which was 
well developed than those found in the joint with orienta-
tions with the c-axis parallel to the pad in the corner of the 
package. These preliminary observations also show that 
there is solidification microstructure for cyclic strain where 
even tricrystal orientations cannot resist damage accumu-
lation. The diffraction pattern shows much more extensive 
streaks for the tricrystals, indicating the presence of sub-
stantial orientation gradients, low-angle boundaries and 
new orientations. Therefore, we can assume that different 
kinds of distributions of grain boundaries and orientations 
inhibit dislocation glide and lead to dislocations recover-
ing at different rates to form subgrain boundaries gradually 
increasing in misorientations. This confirms the anisotropy 
of thermomechanical responses of grains with different 
orientations in Pb-free solder joints. Therefore, the grain 
orientation has a great effect on the damage generation and 
subsequent failure modes and it indicates the recrystallized 
grains prefer to nucleate along the pre-existing high-angle 
grain boundaries.

During TMF, large stress developed at the original 
grain boundary and the displacement of original grains 
was not uniform due to coefficient of thermal expansion 
mismatch of β-tin grains with different orientations [24, 
27]. As a result, the large CTE mismatch between the two 
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original twin-oriented grains led to the subsequent facili-
tated recrystallization. Therefore, a twin grain boundary 
(coincided with a high stress concentration area) would 
accelerate the initiation and propagation of cracks or 
change the cracking path and corresponding failure mode, 
leading to the fast degradation and premature failure of sol-
der joints. This is not consistent with the results obtained 
from other literatures (Joints with the c-axis parallel to the 
pad or with multiple orientations are less likely to develop 
an axial tensile stress that facilitates fracture, because they 
have effective CTE values closer to the average CTE) [9, 
10]. Thus, it is not yet possible to address reliability pre-
diction of Sn-based solder joints in a physically satisfying 
way, because the deformation behavior of Sn evolves in 
complex ways that can only be understood if its anisotropic 
properties can be incorporated into predictive models in 
quantifiable ways.

5 � Conclusion

In this paper, a Sn3.0Ag0.5Cu ball grid array package 
was investigated and the significant effect of the crystal-
lographic anisotropy of Sn grains on recrystallization and 
damage evolution in TMF treatment of Sn3.0Ag0.5Cu sol-
der joints was discussed. In order to precisely investigate 
the influence of anisotropic thermomechanical responses of 
Sn on the damage evolution in Pb-free solder joints under 
TMF, in-situ EBSD observation was used to investigate 
the grain orientation evolution in this paper. The tricrystal 
Sn3.0Ag0.5Cu solder joint in micro-electronic applica-
tions shows premature damages, indicating the great effect 
of anisotropy of tin on the damage generation of solder 
joints by grain boundary sliding. Furthermore, it also has 
a great effect on subsequent failure mode of solder joints 
and may result in a catastrophic failure of solder joint with 
the internal stress caused by anisotropic thermomechanical 
responses. The internal stress will make cracks initiate and 
propagate in Pb-free solder joints more facilely under TMF, 
leading to fast degradation and premature failure of solder 
joints. If a high angle grain boundary coincides with a high 
stress concentration area, the initiation and propagation of 
cracks will be accelerated or the cracking path and cor-
responding failure mode will be changed. There is clearly 
an interrelationship between the grain orientations and the 
process of recrystallization, which needs to be addressed 
and understood quantitatively before prediction of joint 
lifetimes can be accomplished on the basis of physically 
understood and modeled mechanisms. This is clearly pos-
sible, as control of microstructural evolution is a common 
outcome of focused metallurgical research for production 
of high-volume products. But with regard to reliability pre-
diction, it is more important to understand the deformation 

and recrystallization processes that govern the most vul-
nerable crystal orientations with respect to their time-tem-
perature-displacement history. Moreover, based on in-situ 
EBSD observation, our next work is to calculate rotation 
angles and axes of recrystallized grains from parent crys-
tals. Also, in our future studies, dislocation and slip sys-
tems should be described in more detail to further under-
stand the recrystallization process in Pb-free solder joints.
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