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Development of vulnerable high-angle grain boundaries (and cracks) from
low-angle boundaries during thermal cycling by means of continuous recrys-
tallization was examined in fine-pitch ball grid array (BGA) packages with
Sn-3.0Ag-0.5Cu (wt.%) (SAC305) lead-free solder joints. Electron backscatter
diffraction (EBSD) and differential-aperture x-ray microscopy (DAXM or
3D-XRD) were used for surface and subsurface characterization. A large
number of subgrain boundaries were observed in the parent orientation using
both techniques. However, unlike studies of anisotropic deformation in non-
cubic metals at much lower homologous temperatures, no streaked diffraction
peaks were observed in DAXM Laue patterns within each 1 lm3 voxel after
thermal cycling, suggesting that geometrically necessary dislocations (GNDs)
are effectively absorbed by the preexisting subgrain boundaries. Storage at
room temperature (0.6Tm) prior to DAXM measurement may also facilitate
recovery processes to reduce local GND contents. Heterogeneous residual
elastic strains were found near the interface between a precipitated Cu6Sn5

particle and the Sn grain, as well as near particular subgrain boundaries in
the parent orientation. Grain boundary migration associated with recrystal-
lization resulted in regions without internal strains, subgrain boundaries, or
orientation gradients. Development of new grain orientations by continuous
recrystallization and subsequent primary recrystallization and grain growth
occurred in the regions where the cracks developed. Orientation gradients and
subgrain structure were observed within newly formed recrystallized grains
that could be correlated with slip systems having high Schmid factors.
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INTRODUCTION

Synchrotron x-ray diffraction (XRD) has been
used to characterize melting and solidification
behaviors,1–4 interfacial reactions,2,5 and interme-
tallic compounds (IMCs)6,7 in lead-free solders. In
prior studies,8 microstructure and crystal orienta-
tion evolution was examined in situ for the full

volume of the solder joint using transmission syn-
chrotron XRD. An increase in elastic strain devel-
oped after thermal cycling was reported. By focusing
the x-ray beam to the submicron scale, microdif-
fraction techniques can be used to assess the gradi-
ents in local strain/stress measurements at the
micron scale. One example of using this technique
was to study the effects of strain on Sn whisker
growth.9–11

In this paper, the evolution of recrystallization is
examined on a thermally cycled package having a
moderately strongly strained package design12 using
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conventional EBSD analysis and differential-aper-
ture x-ray microscopy (DAXM, Fig. 1), a form of 3D
x-ray diffraction analysis.13–17 Recrystallization has
been identified as a precursor to damage nucleation
in lead-free solder joints,8,18–20 so details of the
recrystallization process are sought using the capa-
bilities of 3D x-ray diffraction, which provides the
means to measure components of the strain tensor
nondestructively,21 as well as much more accurate
angular resolution of local crystal orientations. One
particular joint is examined which illustrates several
features of recrystallization, such as continuous
recrystallization driven by accumulation of disloca-
tions into subgrain boundaries, and also particle-
stimulated nucleation where a new orientation
developed adjacent to a hard particles,22,23 and also a
combination of primary recrystallization and grain
growth.

EXPERIMENTAL PROCEDURES

A schematic of a fine-pitch ball grid array (BGA)
package is shown in Fig. 2. The coordinate system
used for this analysis is indicated in Fig. 2a.
Sn-3.0Ag-0.5Cu (wt.%) (SAC305) lead-free solder
joints are used in this package with 0.4 mm ball
pitch. Both package and board sides have organic
solderability preservative (OSP) surface finish. All
of the joints are electrically connected through a
daisy-chain. Solder joints were pre-aged at 100�C
for 500 h prior to thermal cycling to failure. A 20%
increase in resistivity was used as a failure crite-
rion. This package showed the first failure at
around 1800 cycles, and the characteristic life cycle
number was around 4000 cycles.12 The package was
mounted in epoxy and cross-sectioned, and the outer
row of solder joints were polished for scanning
electron microscopy (SEM) and electron backscatter

diffraction (EBSD) studies. The regions around the
solder balls were covered with conductive carbon
paint to minimize charging effects. Secondary elec-
tron (SE) and backscattered electron (BSE) imag-
ing, and EBSD were obtained using a CamScan
44FE electron microscope. EDAX TSL OIM� soft-
ware (version 5.31) was used to generate c-axis
orientation maps that emphasize the orientation of
the crystal c-axis with respect to the board interface
(prisms are superposed, and color is annotated to
assist interpretation of grayscale figures). Raw data
were cleaned up using one iteration of ‘‘grain dila-
tion’’ to remove the smallest pixel clusters having a
minority orientation. The data were further pro-
cessed using ‘‘neighbor CI correlation’’ to replace
pixels that had low confidence index (CI) with the
neighbors that had higher CI.

A bright polychromatic x-ray beam focused to
submicron scale (0.5 lm 9 0.5 lm) by a pair of
Kirkpatrick–Baez (K–B) mirrors was used in beam-
line 34-ID-E at the Advanced Photon Source (APS) at
Argonne National Laboratory. The energy spectra
used allows measurements to be made up to about
100 lm beneath the sample surface. A Pt wire was
used as a differential aperture, which traverses along
the sample surface, blocking a portion of the diffrac-
tion beam (Fig. 1). At each step, the position of the
wire is recorded and Laue patterns are captured by
an area detector. By using a reconstruction algorithm
performed on a computer cluster, Laue patterns that
come from each �1 lm3 diffraction volume element
(voxel) were extracted to acquire a depth-resolved
diffraction pattern from each voxel.14–17 The results
of automatic indexation were stored in summary
files, which were further processed using an analysis
package developed by Oak Ridge National Labora-
tory (ORNL) and APS24 embedded in Igor Pro (ver-
sion 6.21; WaveMetrics, Inc.).

The sample was tilted 45� with respect to the inci-
dent x-ray beam. Two surface line scans (#1 and #2)
were taken across the boundaries between the parent
grain (red) and a recrystallized (yellow) grain (Fig. 4).
Step sizes of 1 lm and 2 lm were chosen for line scan
#1 and #2, respectively. DAXM orientation and strain
maps were generated using Igor Pro from the sum-
mary files. In the examined area, both the Sn phase
and a large Cu6Sn5 precipitate are present. Automatic
indexation and strain calculation were performed for
the Sn phase only. Manual indexation for the Cu6Sn5

particle was accomplished with a hexagonal structure
(P63/mmc) for g-Cu6Sn5 having lattice parameters of
a = 0.4190 nm and c = 0.5086 nm.25

RESULTS AND DISCUSSION

As shown in Fig. 2, after aging and thermal cycling,
all five joints near the corner of the package cracked.
From cross-polarized light micrographs (Fig. 2d),
four out of five joints showed apparent recrystalli-
zation. c-Axis EBSD maps (Fig. 2e) reveal that
cracks propagated mainly along recrystallized grain

White X-ray beam

Pt wire (differential aperture) 

Diffracted beams

Sample

Detector

Fig. 1. Schematic showing the experimental setup at Advanced
Photon Source beamline 34-ID-E.
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boundaries. Recrystallization near the solder/pack-
age interface in ball 5 was examined in greater de-
tail using fine-step EBSD and DAXM. In ball 5 (last
ball in Fig. 2e), both continuous and discontinuous
recrystallization features are evident, as discussed
below. This bulk red orientation (with c-axis paral-
lel to the interface) has the greatest tensile stress
state at the high-temperature part of the cycle.8

In Fig. 3, the corresponding optical and BSE ima-
ges, and EBSD maps for the package side of ball 5
are shown at higher magnification. From the grain
boundary map (Fig. 3d), a significant amount of low-
angle boundaries (white lines) reside in the lower-
right region near the interface, as well as away from
the interface, where parent red orientation evolved
to an orange orientation by gradual lattice rotation.
High-angle boundaries were developed closer to
the interface during thermal cycling. As Sn has
a number of low-energy (highly favored) special
boundary misorientations,26 gradual misorientation
changes will lead to misorientations that have higher
boundary energy that may facilitate crack formation

and propagation.27 In the recrystallized area adja-
cent to cracks, coarsening of IMC particles, as well as
an IMC depletion zone, is apparent. This has been
reported in literature before.18,28 A likely outcome of
larger spacing between pinning by IMC particles is
greater boundary mobility during recrystallization,
leading to larger continuously recrystallized grains.8

Larger grains will result in a larger strain incom-
patibility arising from elastic and coefficient of
thermal expansion (CTE) anisotropy when the mis-
orientation is larger,29 which can also facilitate crack
formation.

A Cu6Sn5 particle (as indicated by the lower
arrow in Fig. 3c) is located at the boundary between
the parent red orientation grain and a recrystallized
yellow grain. Fine-step EBSD shows that, adjacent
to the Cu6Sn5 particle, a small orange orientation is
present, which has a twinning relationship with the
matrix (red line in Fig. 3d). The nucleation of a
significantly different orientation adjacent to a hard
particle is indicative of particle-stimulated nucle-
ation, which has been observed in other studies.23

Fig. 2. Fine-pitch (0.4 mm) BGA package with SAC305 solder joints and a small Si die: (a) plan view (looking from the substrate to the chip) and
cross-section view of the package; five solder joints at the outermost row are highlighted, and the strain tensor coordinate system is shown inset;
(b) optical micrographs; (c) magnified optical images show cracks at the package side; (d) cross-polarized light micrographs; (e) c-axis EBSD
maps. The interface between ball 5 and the package (black box) is shown in detail in Fig. 3.
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However, it is not known whether this twin orien-
tation formed by a mechanical twinning process to
become a nucleus of a new grain, or if it was initially
present adjacent to the particle.

EBSD-BASED ANALYSIS

A grain reference orientation deviation (GROD)
map is shown in Fig. 3e. The average orientation in
each grain is used as a reference, and the crystal

orientation deviation from the average up to 11.3� is
represented by a color scale. Figure 3c–e shows that
the recrystallized grains surrounding the crack and
in the grains just ahead of it exhibit a homogeneous
white or light-grey colors in this map, suggesting
very low orientation gradients. There are some local
regions of lattice rotation adjacent to the crack free
surface that reflect crack-tip plasticity at certain
points along the fracture path where plastic slip

Fig. 3. (a) Optical micrograph, (b) backscatter electron image, and (c) fine-step EBSD c-axis map showing recrystallization and cracking; (d)
development of high-angle (15� to 55� and 65� to 180�) grain boundaries (black lines) from low-angle (2� to 15�) boundaries (white lines) suggests
continuous recrystallization; (e) deviation from grain average orientation, showing subgrain structure; the same Cu6Sn5 IMC particles are marked
with arrows in different maps.
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dissipation may have locally retarded crack growth.
In the lower part of the large yellow recrystallized
grain in Fig. 3c, e, there is a diffuse band of higher
local misorientation, which may be a shear band
that precedes formation of a crack.

In contrast, in the parent red orientation, where a
large amount of low-angle boundaries are present,
much larger orientation deviations and gradients
are observed in Fig. 3e. The extent of the deviation
varies in different subgrains, and they are sepa-
rated by sharp subgrain boundaries. The different
lattice rotations observed among the subgrains
probably arise from the complexity of local stress
states during thermal cycling. The amount of lattice
rotation varies not only across subgrain boundaries,
but also within some of the subgrains.

A fine-step EBSD scan of a smaller area reveals
more detailed information about the crystal orienta-
tion relationships between different grains as shown
in Fig. 4a, where the misorientation angle and rota-
tion axes of selected boundaries are labeled. These
misorientations do not correspond with known
low-energy boundaries, suggesting that these bound-
aries are in the midst of increasing misorientation
evolution by a continuous recrystallization mecha-
nism (there may be a more energetically favored path
to develop recrystallized grains by a two-step lattice
rotation about low-index axes, as discussed below).

In Fig. 5a, a GROD map is drawn up to 6.1�
spread from the average grain orientation. The local
average misorientation (LAM) histogram shows the
distribution of the average misorientation angles
between each data point up to its third nearest-
neighbor pixels. The LAM histogram (Fig. 5b)
reflects the spread of Sn crystal orientations due to
the presence of geometrically necessary dislocations
(GNDs). Despite the difference in the GROD maps,
relatively sharp peaks are observed for both parent
and recrystallized grains (Fig. 5), suggesting low
GND contents. This is further supported by DAXM
Laue patterns, as discussed below. Nevertheless,
the broader LAM peak and a slight decrease in peak
height in parent orientation argue for a difference in
dislocation arrangement in the parent and recrys-
tallized grains.

Comparing the two grains in Fig. 5a, it is appar-
ent that a much larger orientation gradient is
present in the parent orientation, as there is more
variation in color (as also reflected in the extended
tail to the right in the histogram in Fig. 5b). How-
ever, the boundaries between the differently colored
regions are sharp and thereby define distinct sub-
grain boundary structures in the parent grain.
These effects are also evident in Fig. 5c, where the
(001), (100), and (010) poles for the parent and
recrystallized grain are overlaid. In the parent

Fig. 4. (a) Two DAXM line scans (#1 and #2) across parent and recrystallized grains; (b) schematic showing the sampled diffraction volume
beneath the surface and the corresponding Sn crystal orientation map (different color scale), and the coordinate system for the crystal orien-
tations and the strain tensor; misorientation angle and rotation axes are noted for selected boundaries.
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grain, the (001) and (010) peaks are split and/or
broader. In contrast, the recrystallized grain shows
barely any variation from the average orientation
(as the map shows nearly homogeneous light grey).
Nevertheless, near the interface with the Cu6Sn5

particle, larger misorientation regions (�3�, indi-
cated by dark grey) are present.

Interestingly, the shift of the LAM distribution
peak to larger angle in the recrystallized grain than
the parent grain may be caused by the development
of the light-grey band-like subgrain structure
(Fig. 5a). This band-like structure with less than 2�
misorientation from the average has gradual ori-
entation gradients in color, particularly on the
lower-right side of the band, and the boundary is
sharper along the upper-left side of the band.

Although this recrystallized grain was developed
during thermal cycling, localized strain fluctuations
led to subsequent heterogeneous deformation along
the grey band within the grain, suggesting that this
feature may be an active shear band within a newly
recrystallized grain.

The difference in the orientation gradient on the
two sides of the band suggests that a dislocation
pile-up along the sharper upper-left subgrain
boundary is likely. In order to correlate the local
orientation gradient with slip activity, Schmid fac-
tors (m) of all 32 possible slip systems (SS) in Sn
(grouped into ten families)8 were calculated using
an estimate of the global stress state. Assuming that
simple shear due to the CTE mismatch is dominant
during thermal cycling, the sense of shear parallel
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Fig. 5. (a) Grain reference orientation deviation map (6� spread from average orientation) of the same area as in Fig. 4a; slip traces of slip
systems (SS) with highest m are shown; black arrow marks a subgrain boundary; low-angle, high-angle, and twin boundaries are displayed by
white, black, and red lines, respectively; (b) local average misorientation (LAM) histogram and (c) overlaid 001 and 100 pole figures of the parent
orientation and the recrystallized yellow grain in Fig. 4. (Color figure online).

Table I. Slip systems (SS) with highest Schmid factors (m) based upon the global stress, and corresponding
rotation axes (RA) for edge (bold) or screw (normal font) dislocations

SS #10 #4 #9 #6 #5 #5

n & b ð�121Þ½101� 110ð Þ �111
� �

10�1
� �

½101� 010ð Þ½101� 110ð Þ½1�10� ð1�10Þ½110�
m 0.656 0.520 0.466 0.462 0.421 0.421

RA � �1�24
� �

� ½�11�7� � 010½ � � �103
� �

� 001½ � � 00�1
� �

½�123� ½110� ½10�3� ½010� ½110� ½1�10�
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to the solder/package interfaces is represented by a
vector pointing from the solder ball to the geometric
center of the package. The slip plane (n), slip
direction (b), and corresponding lattice rotation axis
(RA for both edge and screw dislocations) of the slip
systems with the highest Schmid factors (larger
than 0.42) are listed in Table I.

One slip system in SS family #10 has the highest
Schmid factor, followed by #4, 9, 6, and 5. Slip traces
of these slip systems are drawn on Fig. 5a, and the
traces of SS #4, 5, and 6 are aligned close to the grey
shear band. The boundary misorientation angle and
rotation axis estimated from the EBSD data along
the black arrow in Fig. 5a indicate 1.7� about the
½�116� axis (close to [001]). Rotation about the [001]
axis is also evident in the recrystallized grain pole
figure in Fig. 5c, where all the peaks are sharp
except the (010) peak, which is elongated (rotated)
about the (001) pole (black arrow). It has been
reported in prior work that SS #10, 9, and 6 may be
less facile,27 so even though they have higher Schmid
factor than SS #5, they may be less active. The slip
band analysis is consistent with slip on (010), (110),
and 1�10

� �
planes, which excludes SS #9 and 10. In

order to form a subgrain tilt boundary with edge
dislocations by simple lattice rotation about [001]
axis, <010], <111] or <110] dislocations should be
mobile on {100) or {110) planes. However, for screw
dislocations, Burgers vector<100] or<110] on {001)
planes could lead to rotation about c-axis, but none of
them have a high Schmid factor in this case. To
satisfy all three criteria (m, RA, slip trace), edge
dislocations in SS #4 and 5 are most likely to have
been active. Nevertheless, Schmid factors calculated
using the global stress state may not be representa-
tive of the local stress state, and thus the relative
activity of different slip systems may vary from the
condition estimated from the global Schmid factors.

The rotation of the Sn crystal lattice associated
with slip activity and dislocation movement can also
be analyzed using misorientation relationships
between the parent orientation and the recrystallized
grain, with consideration of the misorientations
between the parent and neighboring recrystallized
grains. Rather than a single direct rotation about a
high-index axis indicated by the solid purple arrow
in Fig. 4a, the recrystallized yellow orientation can
be developed by a two-step lattice rotation sequence
around low-index crystal directions: (1) dotted blue
arrow: 33.4� @ [1 22 1] (close to [0 1 0]) to reach the
green orientation, followed by (2) dotted black
arrow: 28.3� @ ½17 17 19� (close to [�1�11]) to reach the
yellow orientation. (A similar relationship with a
neighboring grain also exists beneath the sample
surface, as discussed later.)

DAXM-BASED ANALYSIS

To capture the details of the Sn crystal orienta-
tion beneath the surface, DAXM was used for non-
destructive assessment. Two DAXM line scans were

carried out, as shown in Fig. 4a. The longer, 27-lm
line went across the center of the Cu6Sn5 particle,
covering the parent red and small orange twin
grains, IMC, and the recrystallized yellow orienta-
tion. The shorter, 17-lm line was 15 lm away from
the first line, examining only the boundary between
parent and recrystallized grains. In Fig. 4b, the
sampled space beneath the surface and the corre-
sponding orientation map are shown. The coordi-
nate system used for DAXM and the internal strain
calculation is the same as that used for the EBSD-
based analysis. The automatic indexation and strain
calculation from Laue measurements yield precise
values of only the off-diagonal deviatoric strain ten-
sor components21 in Eq. 1. Hydrostatic strain com-
ponents in the full strain tensor are not determined

10 µm

1

2

1

2

D
epth in the incident beam

 direction

Fig. 6. DAXM subsurface orientation map and the reference color
code (corresponding to 001 inverse pole figure) of line scan 1; crystal
orientation of selected voxels of Sn and Cu6Sn5 phases are shown by
prisms (and also labeled on the ipf colored sphere), and the corre-
sponding Laue patterns are shown in Fig. 7. (Color figure online).
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Fig. 7. Laue patterns from Sn and Cu6Sn5; the colors of indices correspond to different crystal orientations labeled in Fig. 6: (a) parent purple
orientation; (b) ‘‘blue 1’’ grain; (c) ‘‘blue 2’’ grain; (d) recrystallized yellow orientation; (e) twin grain; (f) Cu6Sn5. (Color figure online).
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by this method, although the relative values are
related via the parameter D, which can be quanti-
fied by measuring the energy of at least one reflec-
tion in Laue patterns.21

e ¼
e011 � D

3 e12 e13

e21 e022 � D
3 e23

e31 e32 e033 � D
3

0

B@

1

CAþ

D
3 0 0

0 D
3 0

0 0 D
3

0

B@

1

CA

where D ¼ e
0

11 þ e
0

22 þ e
0

33

(1)

Using this coordinate system, the shear strains
due to package-scale CTE mismatches between
solder/chip/substrate are represented by a combi-
nation of e12 and e13. During thermal cycling, ten-
sile/compressive strains due to the difference in
thermal expansion arising from the joint crystal
orientation normal to the package interface are
represented by e11. The Sn crystal orientation and
its effect on the strain gradient are discussed below.

As shown in Fig. 6, a DAXM orientation map
shows various grains on and beneath the sample
surface, and selected diffraction patterns are shown
in Fig. 7. Crystal orientations are represented by

the sample normal inverse pole figure key. At the
center of the colored sphere, white is used as the
reference color. Thus, for each voxel, its color shows
the orientation of the (001) pole on the color sphere.
In order to examine small orientation gradients,
‘‘white’’ can be assigned to any orientation, and the
radius of the new color sphere corresponds to the
deviation from the reference orientation. Conse-
quently, local orientation gradients can be illus-
trated by different colors, as shown in Fig. 8a. As
this map shows the subsurface region, the physical
(initially polished) surface is approximately at the
black dotted line. The Cu6Sn5 particle was manually
indexed at each of the black voxels. Three Sn grain
orientations (purple, pink, and yellow–green) near
the sample surface in Fig. 6 match the EBSD red,
orange, and yellow results in Fig. 4a, respectively.
Two additional Sn crystal orientations (blue 1 and 2
in Fig. 6) beneath the surface are also revealed. The
misorientation relationships between the different
Sn grains are listed in Fig. 9. No grain boundary
misorientation is correlated with any known special
boundary in Sn,26 other than the twin misorienta-
tion between the pink and purple grains. Never-
theless, the rotation axis between grain blue 1 and
the recrystallized yellow grain is ½2 16 �1�, which is

Fig. 8. (a) Sn and Cu6Sn5 unit cells, overlaid on an orientation map showing 3� misorientation spread (with white as reference orientation); grain
boundaries between parent and recrystallized grain are solid lines, and subgrain boundaries are dashed lines; polished sample surface is
approximately along the fine dashed line. Elements of the deviatoric strain tensor of Sn phase are plotted in (b–d) using the coordinate system in
Fig. 4.
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close to the [010] (a-axis). In contrast, in order to
develop the yellow–green orientation directly from
purple orientation, the Sn crystal lattice needs to
rotate 30� about 14 17 �6

� �
(close to ½2 3 �1�) axis. As

with the observations discussed for the intermedi-
ate green grain in Fig. 4a, it is possible that con-
tinuous recrystallization may have occurred by two
independent processes by the rotations (1) from
parent purple orientation to ‘‘blue 1’’ orientation
(lower angle about ‘‘c + a’’ 0�11

� �
axis), and (2) from

‘‘blue 1’’ to ‘‘yellow’’ around the a-axis. However,
from a similar analysis of slip system activities as
discussed above, no slip system with high global
Schmid factor is likely to cause these rotations. It is
thus inferred that lattice rotation by larger angles
(16� and 22�) may not be accomplished by the acti-
vation of a single dominant slip system.

Laue patterns from selected diffraction volume
elements (voxels) identified in Fig. 6 are manually
indexed in Fig. 7. Laue patterns from Sn are shown
in Fig. 7a–e and for Cu6Sn5 phase in Fig. 7f using
the same grain color code to label orientations and
indices in Fig. 6. These diffraction spots are sharp
with no apparent streaks. Furthermore, there is no
dramatic difference in the shape of Sn diffraction
peaks between the parent grain (Fig. 7a) and the
recrystallized grain in Fig. 7d, suggesting that,
within each 1 lm3 voxel, the local geometrically
necessary dislocation (GND) content is low regard-
less of whether the grain is recrystallized or not. At
this scale, a streaked peak would be caused by bent
crystal planes due to the presence of local GNDs
rather than low-angle boundaries. The lack of
streaked peaks implies that, during thermal
cycling, GNDs generated by heterogeneous strain
are efficiently absorbed at existing subgrain
boundaries, leaving few unpaired dislocations in the
lattice. Moreover, given that ambient temperature
is �0.6Tm, dislocation climb could have been active
prior to measurements to reduce local GND content.

The existence of many low-angle boundaries con-
tributing to streaked diffraction peaks has been

reported in prior work3,8 in which the whole volume
of the solder joint (larger than 0.01 mm3) was
sampled using a monochromatic transmission x-ray
beam. Streaked Sn diffraction peaks in solder balls
were observed right after solidification, and the
strain arising from the CTE mismatch during cool-
ing did not change the magnitude of the streak.
The existence of low-angle boundaries and orienta-
tion gradients even before thermal cycling began
contributed to streaked diffraction peaks, though
these streaks increased in magnitude with thermal
cycling.

Components of the elastic strain tensor were
extracted from Laue microdiffraction patterns,21

and the values are plotted in Fig. 8 for each voxel
using the color scale shown. The calculation of
elastic strain was performed based on the Sn crystal
structure, so the region where Cu6Sn5 is present is
shaded dark grey. The e11 normal strain perpen-
dicular to the package interface is plotted in Fig. 8d.
The values have the same range of magnitude as the
scale for the shear components, but the actual
numerical values are not known (due to the
unknown D). During thermal cycling, the shear
stress imposed on solder balls is related to the
relative position of the ball with respect to the
neutral point (geometric center of the package); For
instance, the sense of shear in ball 5 is on the plane
defined by directions 2 and 3 in Fig. 2a. Therefore, a
combination of e12 and e13 in Fig. 8b, c represents
the probable maximum shear strain on the interface
plane between the solder and package. With the
dominant Sn crystal orientation known, it is
expected that this solder ball also experienced ten-
sile strain normal to the package interface during
high temperature, and compressive strain at low
temperature, so at room temperature it should be
more compressive than tensile, which is consistent
with the observed relative difference in the e11

strain.
As shown in Fig. 8b–d, the heterogeneous distri-

bution of residual strain varies among different

Fig. 9. Euler angles of different Sn crystal orientations (on diagonal) and their misorientation relationships (misorientation angle in degrees and
rotation axis). (Color figure online).
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crystal orientations, as well as inside a single grain
or subgrain. High-angle grain boundaries are indi-
cated by bold lines, and dashed lines identify low-
angle or subgrain boundaries. In contrast to the
dominant red orientation (also red in Fig. 8a),
recrystallized grains (light and yellow–green) are
nearly free of residual shear and normal strains (e12

and e11), but a residual e13 shear strain of around
0.1% is distributed homogeneously in the same
recrystallized grains. Due to the relative location of
ball 5 in the array, the total shear strain can be
approximated by the sum of e12 and e13. By com-
bining Fig. 8b and c, the residual shear strains in
the recrystallized grains still have near-zero values.

Due to the presence of the large Cu6Sn5 IMC
particle, both shear and normal residual strains
(Fig. 8b–d) are present near the particle in Fig. 8a)
in both the recrystallized and parent grains. Far-
ther from the large IMC, the strains are smaller in
magnitude. Higher residual strain values can also
be found near some low-angle/subgrain boundaries
(black arrows and dashed lines) in the parent Sn

orientation, where subgrain boundaries (as clearly
shown in the 3� misorientation spread map in
Fig. 8a) contribute to the local strain concentration.
Consequently, the difference in residual strain dis-
tribution beneath the sample surface reflects inter-
nal strains arising from microstructure evolution
during thermal cycling, combined with room-tem-
perature aging/recovery effects when the sample
was stored isothermally before being examined
using DAXM.

The other line scan (#2) reveals the crystal orien-
tation and strain distribution beneath the sample
surface across another portion of the same grain
boundary between the parent and the recrystallized
grain, as shown in Fig. 10. Two crystal orientations
are present, as displayed by prisms in Fig. 10a. In
contrast to Fig. 5, no additional Sn orientations are
found other than those revealed by EBSD, though
there are a few subgrain boundaries present
(marked by dashed lines). The similar orientation
gradients and low-angle boundaries contributed to
the heterogeneous distribution of elastic strains.

Fig. 10. (a) DAXM orientation map of line scan #2 reveals parent purple orientation and the recrystallized yellow grain; 3� orientation spread is
shown in (b); elements of deviatoric strain tensor of Sn phase are plotted in (c–e) using the coordinate system in Fig. 4. Subgrain boundaries are
highlighted by black dashed lines, and solid lines for high-angle boundaries. (Color figure online).
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Lower e12 and e11 values are found for the recrystal-
lized grain, as well as its adjacent subgrain (marked
by dashed black lines in Fig. 10). In the same region,
about 0.1% shear strain in the 1–3 direction (e13) is
distributed homogeneously, similar to in Fig. 8c.
However, in the rest of the parent grain, strains are
distributed quite heterogeneously, and vary in dif-
ferent subgrain orientations. As indicated by the
arrows (Fig. 10b–e), this light-purple subgrain
exhibits higher shear and normal strain than its
neighbors. Compared with line scan #1, the lack of
large IMC precipitates in Fig. 10 may account for the
smaller strains at the recrystallized boundaries.

RECRYSTALLIZATION MECHANISMS

In prior work, a continuous recrystallization
mechanism was proposed to account for the sys-
tematic and gradual changes in grain orientations.8

If the subgrain boundaries that developed into high-
angle boundaries retained their geometrical posi-
tions, then it is possible that internal strains and
orientation gradients would be retained. On the
other hand, if coarsening of the particles that pinned
the evolving subgrain boundaries occurred, then the
continuously recrystallized subgrain boundaries
could achieve increased mobility, and thus move into
neighboring grains and subgrains. This grain
boundary migration would leave behind a more
perfect crystal, such as the clearly recrystallized
orientations that show a lack of internal strains and
orientation gradients (white or light grey in GROD
maps). This process is schematically illustrated in
Fig. 11. This form of boundary migration may
be considered similar to primary recrystallization
(because moving boundaries sweep out defects in

subgrains that show internal strains), but continuous
recrystallization accounts for the process of gener-
ating a stable grain that would grow into other sub-
grains. This form of primary recrystallization follows
the paradigm of oriented nucleation, where nuclei
arise by generation of continuously recrystallized
subgrains that form closest to the interface between
the solder joint and the package where the stresses
are highest. In Ref. 8, recrystallization by continuous
recrystallization was proposed as the dominant
mechanism. In this analysis, it appears that contin-
uous recrystallization sets up the possibility for an
oriented nucleation primary recrystallization pro-
cess in the areas that experienced the greatest
amount of strain, and thence cracked along selected
grain boundaries. This difference in the interpreta-
tion of the recrystallization process from that in Ref. 8
was enabled by GROD maps and the internal strain
information obtained using DAXM. The primary
recrystallization process is less developed in the
lower parts of the microstructure in Fig. 3e. Thus, it
appears that just about any form of recrystallization
can occur locally, and the details depend on the his-
tory of locally activated slip systems.

CONCLUSIONS

Observations using EBSD and DAXM 3D x-ray
microscopy indicated that continuous recrystalliza-
tion processes lead to formation of orientations that
are able to grow into adjacent regions similar to an
oriented nucleation primary recrystallization mech-
anism in the regions ahead of crack propagation.
Development of a large number of low-angle bound-
aries in the parent orientation precedes the for-
mation of recrystallized grains. Crack propagation

Fig. 11. (a) Subgrain formation, with higher misorientation and smaller size corresponding to more solid line in the higher-stress region; (b) some
subgrain boundaries become mobile with dissolution of some precipitates, and sweep out dislocations in subgrain boundaries, making more
perfect crystals. Some of the more mobile boundaries have higher energy and less cohesive force, and can slide and/or crack; (c) further
dissolution/coarsening of precipitates releases other boundaries to move, propagating the same process as in (b, c).
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proceeded mainly along recrystallized grain bound-
aries. In newly recrystallized grains, further defor-
mation may trigger subgrain formation by slip and
lattice rotation, revealed as a distinct local orienta-
tion gradient. DAXM Laue patterns show no streaks
in Sn peaks, indicating low GND content in the
1 lm3 voxels. The reduced local GND may be a
combined effect of (1) absorption by preexisting
subgrain boundaries, and (2) a recovery process
during storage at room temperature.
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