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Understanding the failure mechanisms of Pb-free solder joints during thermal
cycling is a critical issue in electronic packaging, where solder joints strongly
influence device reliability and lifetime. While electron backscatter diffraction
(EBSD) has been widely used for this purpose, its destructive nature prevents
tracking the microstructural evolution of solder joints from their pristine state.
Non-destructive X-ray-based orientation microscopy techniques can address
this limitation but typically require cylindrical, pillar-shaped specimens, which
are incompatible with the planar geometry of practical solder joints. To over-
come this constraint, we apply inclined scanning three-dimensional X-ray
diffraction microscopy (i-S3DXRD), which is specifically designed for plate-like
specimens. Using i-S3DXRD, we found that thermal cycling induces preferential
reorientation of B-Sn grains toward specific crystallographic directions relative
to the Cu substrate. This reorientation is associated with recrystallization-
assisted grain boundary migration and grain coalescence, and is closely related
to the thermal fatigue behavior of Pb-free solder joints.

1. Introduction

Polycrystalline alloys and their joints are ubiquitous in
industries such as infrastructure, transportation, aerospace,
and security. Failures in these materials, often caused by the
accumulation of fatigue and damage (Pineau et al., 2016), can
have catastrophic consequences. Not only for controlling the
lifetime of products but also for ensuring safety, understanding
the underlying failure mechanism of the material is a key issue
in the industry. However, the failure mechanisms are complex
and not fully understood, as they are influenced by various
factors including grain size (Lasalmonie & Strudel, 1986),
morphology (Boyce et al., 2013), and crystallographic orien-
tation (Lu et al., 2008).

Traditionally, the failure mechanisms of polycrystalline
materials have been investigated through microstructural
observation using electron backscatter diffraction (EBSD)
(Adams, 1997; Humphreys, 2001; Wright et al., 2011). In
EBSD, grain orientation maps are reconstructed by analyzing
Kikuchi patterns in a pixel-by-pixel manner, and the method
has become a standard tool in microstructural analysis.
EBSD is typically combined with scanning electron micro-
scopy (SEM), which enables the simultaneous acquisition
of both morphological information and orientation maps.
More recently, the development of tri-beam microscopy—
combining a femtosecond (fs) laser, a focused ion beam (FIB)
and an electron beam (e-beam)—has made three-dimensional
microstructural analysis possible (Gholinia et al., 2024). In this
approach, rapid surface ablation by the fs-laser and precise
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milling by the FIB expose fresh cross-sections, while SEM
imaging and EBSD measurements are performed simulta-
neously. However, studying the evolution, changes, and
degradation of microstructures within the bulk and the buried
interfaces remains challenging due to the destructive nature
of the technique (MacSleyne et al., 2009; Rowenhorst et al.,
2010). Therefore, there is a strong demand for non-destructive
orientation microscopy techniques capable of probing deep
inside materials.

The failure mechanism can also be understood in a non-
destructive way by tracking the microstructural changes at the
same positions of the same specimen. Because destructive
methods alter the original conditions of the specimen, the
behavior of the artificially manipulated surface does not
represent its bulk behavior. For example, the grains in the
mechanically polished free surface can shear freely in the out-
of-plane direction under tensile strain, known as a ‘floating
grain’ effect, which does not represent the bulk property
(Mayo & Nix, 1989). These surface grains may not deform,
retain their initial shapes, and drift under tensile strain
(Alabort et al., 2016). Therefore, the microstructure of the
material should be investigated in non-destructive ways to
avoid such ambiguity.

For the non-destructive failure analysis of devices, scanning
acoustic microscopy (SAM), which employs ultrasound, has
been widely used (Yazdan Mehr et al., 2015). However, this
technique offers limited spatial resolution and does not
provide crystallographic information. Similarly, while X-ray
microtomography enables the visualization of fatigue-induced
crack evolution (Regalado et al., 2019), it also lacks crystal-
lographic insight. Computed tomography (CT), which
combines multiple X-ray images from different angles to
create a 3D reconstruction of the internal structure, is widely
used for the non-destructive observation of the material
(Kalender, 2006; Cnudde & Boone, 2013). However, when the
sample has a plate-like geometry, CT often produces noisy or
severely degraded reconstructions. If the long side of the
specimen is parallel to the X-ray beam at certain angles, it
causes excessive X-ray absorption. As a result, the intensity of
the transmitted X-rays goes down to the detection limit, which
hampers the CT image reconstruction.

One solution to avoid excess X-ray absorption is to incline
the rotation axis relative to the X-ray beam direction. In this
rotation geometry, excessive X-ray absorption is automatically
avoided, making it easier to detect transmitted X-rays at any
rotation angle with a constant X-ray attenuation, which is
known as computerized laminography (CL) (Gondrom et al.,
1999; Hoshino et al., 2011). Due to its unique rotation
geometry, CL is widely used in the inspection of plate-like
products such as ball grid array (BGA) on printed circuit
boards (PCBs) (Moore et al., 2002).

Although CT and CL can observe the inside of the material
in non-destructive ways, they are not sensitive to the crystal-
lographic orientation of grains in polycrystals (Ludwig et al.,
2009). Therefore, non-destructive orientation microscopy
techniques sensitive to grain orientation, such as X-ray-based
methods, are required. Several approaches have been devel-

oped for this purpose, including differential aperture X-ray
microscopy (DAXM) (Larson et al., 2002; Levine et al., 2006;
Barabash et al., 2009; Ice et al., 2011; Larson & Levine, 2013),
diffraction contrast tomography (DCT) (Johnson et al., 2008;
Ludwig et al., 2008; Reischig et al., 2013; Yi et al., 2015;
Oddershede et al, 2019; Sun et al., 2024), high-energy
diffraction microscopy (HEDM) (Bernier et al., 2011; Lienert
et al., 2011; Li et al, 2012; Pokharel et al., 2014), 3D X-ray
diffraction microscopy (3DXRD) (Margulies et al, 2001;
Poulsen et al., 2001; Poulsen et al., 2003; Poulsen & Fu, 2003;
Poulsen, 2012; Sharma et al., 2012; Schmidt, 2014; Winther et
al., 2017; Juul et al., 2017; Juul et al., 2020), and scanning 3D
X-ray diffraction microscopy (S3DXRD) (Hayashi et al., 2015;
Hayashi et al., 2019; Hektor et al., 2019; Henningsson et al.,
2020; Kim et al., 2023a; Henningsson et al., 2024). Recent
studies have demonstrated complementary approaches for
extracting local texture information in cases where severe
diffraction-peak overlap precludes grain-resolved indexing,
which require sample rotation under an inclined geometry
(Carlsen et al., 2024; Frewein et al., 2024).

Except for DAXM, dedicated to the grain-resolved orien-
tation map of the flat surface under polychromatic X-ray beam
illumination, most of the aforementioned X-ray-based
methods require sample rotation around the rotation axis
perpendicular to the incident X-ray beam. In that sample
rotation geometry, specimens are limited to small cylindrical
pillars to avoid excessive X-ray absorption. However, many
practical products, such as PCBs, steel sheets, solder joints
with BGA, and die-attach solder joints for power modules as
electronic packaging applications, have the form of plate-like
shapes with high aspect ratios.

Unlike other techniques that rely on monochromatic
X-rays, the recently developed inclined scanning three-
dimensional X-ray diffraction microscopy (i-S3DXRD) (Kim
et al., 2023b) employs an inclined rotation geometry similar
to that used in laminography. That study demonstrated the
method using an «-Fe wire specimen and further showed the
feasibility of sub-voxel analysis in 3D. However, its applic-
ability to plate-like samples has not yet been confirmed.

Die-attach Pb-free solder joints are a representative
example of such planar components for high-temperature
applications (Manikam & Cheong, 2011). These joints play a
critical role in electronic packaging by providing both elec-
trical interconnection and mechanical support. They are
primarily composed of tin (Sn) as the base material, with
various additives such as bismuth (Bi), copper (Cu), indium
(In), zinc (Zn), antimony (Sb), silver (Ag), nickel (Ni), and
chromium (Cr), among others (Cheng et al, 2017). These
additive elements influence key properties—including melting
temperature, wettability, and thermal fatigue resistance—
making each composition suitable for specific applications.

Among lead-free solder alloys, SAC (Sn—Ag-Cu), Sn-Ag,
and Sn—Cu are particularly popular due to their well balanced
combination of mechanical strength, thermal reliability, and
soldering performance. However, due to the high cost of Ag,
manufacturers are increasingly shifting toward Sn—Cu solders
as an alternative (Cheng et al, 2017). Despite their cost
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advantage, Sn—Cu solders generally exhibit lower mechanical
strength and reduced thermal fatigue resistance compared
with Ag-containing alloys (Cheng et al., 2017). Therefore, to
improve the reliability of Sn—Cu solders, it is essential to
investigate their microstructural evolution and deformation
behavior, particularly under thermal cycling conditions.

In this paper, we apply i-S3ADXRD to investigate the
orientation evolution of 8-Sn grains in two die-attach solder
joints subjected to different thermal cycling conditions. With
the 3D scan mode, we obtained a high-resolution three-
dimensional orientation map of the B-Sn layer in a die-attach
solder joint subjected to a low-temperature, short-duration
thermal cycling condition (—65°C for 15 min/+150°C for
15 min). In contrast, with the point-by-point scan mode, we
acquired a wide-area 2D orientation map of the S-Sn layer
subjected to a high-temperature, long-duration thermal
cycling condition (—40°C for 30 min/+175°C for 30 min).
From these two measurements, we found that specific crys-
tallographic axes of 8-Sn grains tend to align with the normal
direction (ND) of the Cu substrate. We attribute this reor-
ientation to recrystallization-assisted grain boundary migra-
tion and/or grain coalescence during thermal cycling.

2. Methods
2.1. Principle of i-S3DXRD

The experimental principle of -S3DXRD is illustrated in
Fig. 1(a). On top of (X, Y, Z)-translation stages, a metal block
is mounted with the inclination angle of W. After that, a
rotation stage is mounted, which has the form of X-ray CL. By
installing a Pb-free solder joint on the holder transparent to
the incident X-rays, we can avoid the high X-ray absorption at
any rotation angle, even for the plate-like sample. Note that

the conventional S3DXRD is more suitable for the symmetric
matchstick-like specimen to maintain the X-ray diffraction
strong enough. See the supplementary material (Quantifying
angular loss due to X-ray absorption in vertical rotation
geometry) for additional details on X-ray absorption under
the sample rotation geometry. The relationship between
i-S3DXRD and S3DXRD is similar to that of X-ray CL and
X-ray CT.

The two different scan modes of i-S3DXRD are described
in Fig. 1(b). The first one is a 3D scan mode whose rotation
axis moves during the scanning. The (xg, ys, zs) axes are fixed,
while the (X, Y, Z) axes are moved to illuminate the grain in
the field of view (FoV). The diffraction data set passing
through a voxel (xg, ys, z5) can be selected after the whole scan.
In this mode, we can select the fractional coordinate of the (x;,
Vs Zs), if we consider the X-ray beam trajectories and X-ray
beam width. The voxel size defined by the translational step of
the specimen can be subdivided into fractional numbers, which
provide higher resolution than the point-by-point scan mode.

The second one is a point-by-point scan mode, which makes
it easy to obtain the orientation of the selected voxel in a short
time. In this mode, the sample rotates at a given sample
coordinate (x, ys, z5). Note that the (X, Y, Z) axes do not move
in this mode. We can consider that the crystallite rotating at
(x5 Vs 2Zs) has the maximum number of diffraction peaks of
B-Sn. By finding diffraction peaks and orientations over the
multiple (x5, ys, zs), orientation maps are obtained. In this
mode, one diffraction image set is needed for the orientation
at a given (xg, ys, zs), Which is suitable for the surveying of the
wide area.

The point-by-point mode provides a large FoV with short
acquisition time, making it suitable for surveying orientation
changes over wide areas, albeit with lower spatial resolution.
In contrast, the 3D scan mode yields high-resolution volu-
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An illustration of the experimental configuration of i-S3DXRD. (a) A triangular-shaped aluminium block with an angle of W is mounted on the (X, Y, Z)-
translation stages. Then, a rotation stage (w) is mounted on the triangular aluminium block. After mounting a sample holder transparent to X-rays, a Pb-
free solder joint is mounted on top of the holder. (b) Two different scan modes are described. In 3D scan mode, (X, Y, Z) stages mounting the triangular
block move first, the sample rotates, then the diffraction image is recorded. The sample rotation axis moves together with the (X, Y, Z) stages. In the case
of a point-by-point scan mode, the sample stage (xg, ys, ) moves first, then the sample rotates. Finally, capture the diffraction image. In this configuration,
the rotation center does not move. (¢) The field of view (FoV) of i-S3DXRD with 3D scan mode defined by the inclination angle and incident X-ray beam
trajectories shows the attachment of the double cones sharing the base. (d) A 3D view and a cross-sectional view of the die-attach solder joint specimen
are shown. The specimen consists of a solder layer mounted on a DBC substrate, which is covered by a silicon layer.
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metric reconstructions with clearly defined grain boundaries,
but requires substantially longer measurement time. Thus, the
3D scan captures detailed microstructural features, whereas
the point-by-point mode enables efficient large-area coverage
under time-limited experimental conditions.

The FoV of i-S3DXRD with the 3D scan mode is illustrated
in Fig. 1(c). The accessible FoV can be obtained from the
direct X-ray beam trajectories. A diffraction image set
measured under @ = 0° to 360° passing through the sample
coordinate (x, ys, zs) is necessary for the orientation recon-
struction of the selected voxel. The whole volume of the FoV
to be allowed has the form of a double cone shape sharing the
basement with super-resolution smaller than the incident
X-ray beam size (Kim et al., 2023a; Kim et al., 2023b). The
translation of the sample and W constrain the direct X-ray
beam trajectories in the sample coordinate, which determines
the shape of the FoV. In this work, we set the W and voxel size
to 45° and 10 pm, respectively.

2.2. Sample preparation

We prepared two identical Pb-free die-attach solder joints
between a Si chip and a directly bonded copper (DBC)
substrate, for which the i-S3DXRD analysis was performed to
investigate the recrystallization process of f-Sn before and
after the thermal cycles. The B-Sn phase present in the solder
joints has a body-centered tetragonal crystal structure (space
group [4;/amd) with unit-cell parameters a = 5.83 A and ¢ =
3.18 A. The first one was measured by the 3D scan mode for
mapping with a high resolution, while the second one was
measured by the point-by-point scan mode for analyzing a
wide area. A schematic diagram of the die-attach solder joint
specimen is illustrated in Fig. 1(d). A DBC substrate
composed of Cu (100 pm) / SizNy4 (320 pm) / Cu (100 pm) with
the dimension of 20 mm x 20 mm was prepared (Tatsumi ez
al., 2024). On top of the DBC substrate, a Sn-0.75 mass% Cu
(Sn-0.75Cu) solder sheet and a Si chip with the metallization
layer of 0.7 nm Ni/0.1 nm Au were attached. The dimensions
of the solder sheet and Si chip were 5 mm x 5 mm x 110 pm
and Smm X 5mm X 300 pm, respectively. The die-attach
solder joint was fabricated by a reflow oven (SK-5000,
Sanyoseiko Co., Ltd, Japan) under 240 °C for 60 s, followed by
furnace cooling in an N, atmosphere. The microstructure of
the Sn-0.75Cu solder consists of B-Sn matrix and tiny
dispersed CugSns intermetallic compounds (IMCs) (Seo et al.,
2009). We chose two different temperature conditions to
capture different thermal fatigue phenomena. The low-
temperature, short-duration condition (—65°C for 15 min/
+150 °C for 15 min) was selected to emphasize the effects of
high thermal stress. In contrast, the high-temperature, long-
duration condition (—40°C for 30 min/+175°C for 30 min)
was chosen to highlight the significant microstructural changes
that are more pronounced at elevated temperatures over time.
The thermal cycling was conducted under air environment
using a chamber. The first die-attach solder joint was subjected
to 250 thermal cycles (—65 °C for 15 min / +150 °C for 15 min).

The second die-attach solder joint was subjected to 376
thermal cycles (—40 °C for 30 min/+175 °C for 30 min).

2.3. Experimental setup

The experiment was performed at BL29XU, the RIKEN
Coherent X-ray Optics beamline, of SPring-8. An X-ray
energy of 37 keV was selected by a Si(111) double crystal
monochromator (DCM). After focusing the selected X-rays
with a mirror, the beam was trimmed to be the size of
20 pm x 20 um in the horizontal and vertical directions,
respectively. After the installation of the (X, Y, Z) translation
stage, an Al block inclined to the [011] direction (45° inclined
to the +Y-direction) was mounted. A sample was mounted on
the sample holder made of polymethyl methacrylate (PMMA)
almost transparent to X-rays of 37 keV. Then the holder with
the sample was mounted on the rotation stage. Then the
specimen position was adjusted by motion stages with an
optical camera.

A flat panel detector (XRD 4343 C T, Varex Imaging) was
installed 40 cm downstream of the sample rotation center. A
2 x 2 binning mode with an effective pixel size of 300 pm x
300 pm was set to reduce the measurement time since the
frame rate of the detector depends on the pixel resolution.
The X-ray exposure time was 150 ms, and the rotation speed
was maintained at 20°s™', corresponding to an angular
sampling of Aw =20° s x 0.15s = 3°.

The detector was externally triggered by the motor
controller (PM16C-HW2) for every acquisition. Upon
receiving the first trigger, the detector starts the exposure, and
upon receiving the next trigger it completes the readout and
immediately begins the next exposure. The dead time between
exposures is on the order of 1ms, which is negligible
compared with both the 150 ms exposure and the 3° angular
interval. Therefore, no measurable angular gap exists between
successive frames, and the probability of missing diffraction
peaks due to detector readout is negligible. Under the
constant rotation speed, diffraction signals were integrated
over angular intervals of 3°, and 120 images were generated by
one rotation. By synchronizing the initial phase of the rotation
and data acquisition time, the integrity of the data was kept.

The detector geometry (sample to detector distance,
detector center, detector tilt) was calibrated using diffraction
patterns from S-Sn (Borbely et al., 2014). The calibrated 26—
map is shown in Fig. S3. The straightening of the diffraction
rings confirms that the detector-tilt correction was successfully
applied. The calibrated parameters were used consistently for
subsequent reconstructions.

For 3D scan mode, the X range was 1.28 mm with a 40 um
step, and to keep the same detector to rotation center distance
we set a new virtual translation axis $ composed of Y and Z
stages with an inclination angle of 45° moving simultaneously
with the same amount. The travel length of S was £1.28 mm
with a 40 um step, the same as the X axis. After the scan, the
first die-attach solder joint sample was detached from the
holder, and the 250 thermal cycles (—65°C for 15 min / +150°C
for 15 min) were applied. The thermal fatigued sample was
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mounted on the sample holder again under the same condi-
tions, and the measurement was implemented with the same
scan conditions as the pristine specimen.

The measurement ranges of each x, y, for the point-by-
point scan mode were 2 mm with a 100 um step. After the
scan, the specimen was detached from the holder, and the 376
thermal cycles (—40°C for 30 min / +175°C for 30 min) were
applied. After the thermal cycling, the sample was mounted on
the sample holder again, and then the measurement was
implemented with the same scan conditions.

A full 3D i-S3DXRD scan required approximately 17 h.
Because both fresh and thermally cycled states were
measured, the total 3D acquisition time was ~34 h. For 2D
i-S3DXRD measurements, each scan required 2.5 h, resulting
in ~5h for the two states (before/after thermal cycling).
Representative diffraction images can be found in Fig. S1.

2.4. Multigrain indexing procedure

To determine the orientation of the selected voxel (xg, ys,
Z,), data associated with the position (xg, ys, zs) must be found.
Since we are considering the inclination to the [011] direction,
the inclination operation ¥ and the rotation operation £ can
be described by

1 0 0 cosw —sinw 0
Y=|0 cosyy sinyy |, Q=|sinw cosw 0
0 —siny cosyr 0 0 1

(1

Here, ¢ is the inclination angle and w is the sample rotation
angle. In this work, we set the i to 45°; therefore, the overall
rotation operation (Kim et al., 2023b) is given by

cos w —sinw 0
s 1 1
YO — Sine peosw 5 ®)
_ 1 g _ 1 1
SSinw /COS® 5

From this WQ, every rotated position of the selected voxel
(xs Vs zs) can be found. In the measurement procedure, we
scanned by translating X and S stages under rotation. There-
fore, we can find an X, S, and w set, where each w in the set is
different. This calculation can be done over the voxel whole
FoV, and the voxel size can be reduced according to a recent
report that shows super-resolution smaller than the probe size
(Kim et al., 2023a; Kim et al., 2023b).

After the image selection process, peak positions can be
extracted by applying the threshold to each image. In some
cases, extracted peaks are distributed over multiple images.
Therefore, it is necessary to consider the connection of peaks
over the rotation angle w and to find the center of mass
(COM) position of each peak. If this process is omitted, the
indexing process will consider them as multiple peaks with
different angular positions. We solved this problem by intro-
ducing a label-equivalent-resolving algorithm (He et al., 2011;
Kim et al., 2026). By labeling the connected components in the
3D volume image, we found the COMs and converted them
into (26, n) for the calculation of the G-vectors.

It is known that the G-vector is obtained from the ¥, Q, 3D
orientation matrix U, and B matrix as shown below. The
obtained value has the following relation with diffraction peak
angles (26, n),

h o cos 260
G=YQUB| k | =— | sin20sinn—1 |. 3)
l sin 260 cos n
The B matrix includes reciprocal lattice constants (a*, b*, c*,
o*, B*, y*) and has the form

a b*cosy* c* cos B*
B=|0 b*siny* —c*sinff*cosa |, 4)
0 0 ¢* sin B* sin o

where the lattice constant « in the B matrix in real space is
given by

cos B* cos y* — cosa*
cosa = - - . 5)
sin B* sin y*

The obtained G-vector can be compared with the theoretical
model to find U. The main goal of the multigrain indexing is to
find the U which rotates the ideal (h k [)" composed of an
integer value. Therefore, if we find the U, we can transform the
integer (h k I)" into the obtained G vector.

One simple way to find U is to compare the position of G
vectors with a reference. Since we know W, we can obtain
(YQ)'G, which is used for UB calculation. For example, we
can set a reference orientation matrix U as an identity matrix,
and a B matrix with ideal lattice constants. The next step is to
select an arbitrary diffraction peak A in the same {A k [} family
as illustrated in Fig. 2(a). After that, we can align the peak A
to the G, axis and obtain a rotation matrix. The rotation angle
6 is computed from the inner product of the peak A’s vector
representation and unit vector to the G, axis. In this condition,
the rotation axis is given by (u,, u,, 0), which is perpendicular
to the G,, and G, components of peak A. The rotation around
the axis can be described by the Rodrigues rotation matrix as
follows,

A (002)

D
(200)

Figure 2

Schematic view of the multigrain indexing procedure. (a) A rotation
operation along the (u,, u,, 0) axis by § is applied to G-vectors so that an
arbitrarily selected peak A is aligned to the G, axis. (b) G vectors are
rotated by i to align the peak B to the G, axis. (c) The overall rotation
results show peaks A, B, and D are aligned with each axis, which indicates
they are from the same voxel.
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R(u,, u,, §) =
cos §+u>(1—cos 8)

u,u,(1—cos )

u,u,(1—cosd)
cos 8+u;(1—cos8) —usind |. (6)

cos S

u,sin 1)

—u,sin § u,sin 8
After the rotation operation to all peaks (A, B, C, and D),
peak A will be aligned to the G, axis; however, other peaks
will not be aligned to other axes. If we assume that A is aligned
to (002), other peaks belonging to the same voxel should be
(020), (200), (200), (200), and (002), since we selected the {002}
family. Therefore, by calculating the angle i between the G,
axis and peaks in the (G,, G,) plane shown in Fig. 2(b), we can
perform another rotation operation along the G, axis from the
following,

cospu —sinp 0
R(u)=1| sinu cospu 0. @)
0 0 1

This rotation operation along the G, axis can be attempted on
peaks B, C, and D. After this rotation operation, we find that
peaks A, B, and D are aligned to the G,, G,, and G, axes, and
these three peaks can be indexed into (002), (200), and (200)
as described in Fig. 2(c¢). In this situation, we can infer that
peak Cis not from the same voxel since the peak is away from
the reference position.

The overall rotation operation to the peaks is
R(1t)R(uy, uy, 8), and we obtain U, Because the observed
diffraction peak positions can deviate from the ideal positions,
if we multiply (UB)™" by (W) 'G, then (h k [)" is slightly
different from the integer value. However, in principle, the
peak index should be an integer, and, therefore, after changing
(h k I)" into the nearest integer we obtain an integer index
(h'k'1")". From UB(h k )"(h'k'l")”", we obtain a new UB
matrix having an integer index. From the orthogonal property
of the rotation matrix given by U™" = U”, the BB" matrix can
be obtained from the following relation,

(UB)"(UB) = B"U'UB = B'B = (BB")". )

From the Cholesky decomposition, we obtain the B matrix.
Then, we obtain lattice constants from the computed B matrix.
This B matrix is slightly deviated from the ideal value, which
gives the real lattice constant of the selected voxel. By
multiplying B~" by the right side of UB, we obtain the U
matrix of the given voxel. From the multiplication of (UB)_1
to all diffraction peaks, we obtain the indexed diffraction peak
positions and the number of indexed peaks belonging to
the voxel.

Since there may be more than one U and B candidate, it is
necessary to find the most probable U and B. This can be
found by normalizing N (the number of indexed peaks) with
M (the theoretical number of peaks under the given orienta-
tion). From N/M, the most probable orientation U of the
selected voxel can be chosen. The overall procedure can be
carried out for all available voxels, and we obtain a 3D
orientation map.

For the reconstruction of the orientation map, we devel-
oped a custom Python code (currently not publicly released)
that is fully parallelized and designed for execution on a
distributed cluster. Each worker node first loads its assigned
diffraction images and converts them into sparse matrices
after applying an intensity threshold. These sparse images are
transferred to the master node, which assembles them into a
single dataset. Then the master node computes the image list
required for each voxel. The voxel list is then distributed
across the compute nodes, and each node further parallelizes
its assigned voxels across its CPU cores. After multigrain
indexing, each worker node returns the results to the master
node, which assembles the complete 3D volume.

In this work, we initially reconstructed orientations for all
261 layers and then identified the AB-Sn layer using the
completeness map. The central layers of the fresh and ther-
mally cycled volumes were aligned by matching grain posi-
tions. For 3D visualization and grain segmentation, we
selected ten consecutive B-Sn layers. Grain extraction was
performed using a 1° misorientation threshold, and each
grain was represented as a set of voxels in 3D space. For
visualization, voxelized grains were converted into polygonal
surfaces as follows: (i) interior voxels were removed to reduce
mesh size; (ii) surface voxels were converted into triangular
meshes; and (iii) individual triangular faces were colored
according to the IPF. Mesh generation was performed using
the Python Blender module bpy (https://download.blender.
org/pypi/bpy/). The final 3D rendering was performed in
Blender 3.6 after importing all reconstructed grain meshes.

The computing cluster used in this work consisted of 11
worker nodes and one master node. Each worker node was
equipped with dual-socket Intel Xeon Gold 6248R processors
and 196 GB of RAM, with all nodes interconnected via
Mellanox InfiniBand (56 Gbps). The storage system
comprised twenty-four 4 TB SATA SSDs configured in
RAID-10 to provide both high throughput and data redun-
dancy. The typical processing time after measurement was
approximately two hours. The initial stage—loading the
diffraction images and converting them into sparse matri-
ces—required about 30 min, depending on the complexity of
the diffraction patterns. The full reconstruction of ~2 million
voxels required approximately 90 min. Because the diffraction
patterns of the die-attach solder joint are relatively simple, the
processing time is shorter than for more complex metallic
systems. When the reconstruction parameters are known in
advance, the pure computation time is generally below 2 h.

3. Results
3.1. 3D scan results for the first specimen

The reconstructed 3D IPF maps and IPF density map of
B-Sn in the first specimen before thermal cycling are displayed
in Fig. 3. The 10 pm voxel size, four times smaller than the scan
step, was achieved by the super-resolution technique using the
concept of the sub-voxel by tracing the incident X-ray beam
trajectories in the sample coordinates (Kim et al., 2023a; Kim
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et al., 2023b). The orientation of each pixel is expressed by the
color key of the IPF in the xg, y,, and ND. For example, the red
color ([001] corner of the IPF color key) in IPF (ND) indicates
that the ¢ axis of B-Sn is parallel to the ND direction, and the
green color ([010] corner of the IPF color key) means that the
a axis of B-Sn is parallel to the ND. A gradual change in the
color indicates a gradual change in the orientation of the grain
due to a low-angle grain boundary (LAGB). In contrast, an
abrupt change in the color implies the existence of the high-
angle grain boundary (HAGB).

(b)

High-magnification IPF (x5, y,, ND) maps of the center
before thermal cycling are shown in Figs. 3(a)-3(c), 3(i)-3(k),
and Videos S1 and S2. To achieve a high sensitivity to the
orientation difference, we deliberately set the misorientation
threshold as low as 1° (see Fig. S2 in the supplementary
material for more information). Small-sized grains with LAGB
are continuously arranged in the parent grain, which forms a
stripe pattern in a diagonal direction. Some single grains
buried in the parent grain show abrupt changes in their
orientation, which may be related to the inhomogeneous
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IPF maps, IPF density, grain boundary map, and kernel average misorientation map of the first specimen reconstructed from the 3D scan mode before
and after thermal cycling. (a) The IPF (x;) map, (b) IPF (y) map, and (¢) IPF (ND) map of the first specimen with their high-magnifications before
thermal cycling. Their IPF densities of the (d) x, axis, (e) y, axis, and (f) ND are described. The KAM map calculated with a 1° cut-off angle (g) and its
statistical distribution before thermal cycling (%) are presented. The 3D IPF maps of the (i) x5 axis, (j) ys axis, and (k) ND after thermal cycling show
noticeable changes in orientation. Their IPF densities of the (/) x axis, (1) y; axis, and () ND are shown. The KAM map after thermal cycling (o) and its
statistical distribution (p) are also displayed. For individual grains shown in (@) and (i), grain A is broken into multiple small grains, while grain B
becomes larger.
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soldering process. In the case of grain A in Figs. 3(a) and 3(i),
it is broken into multiple small grains after thermal cycling.
Unlike grain A, grain B in Figs. 3(a) and 3(i) shows grain
growth after thermal cycling. Initially, its neighboring grains
have similar crystallographic orientations, which makes it easy
to form a large single grain by thermal energy.

Figs. 3(d), 3(e), and 3(f) show the IPF (x;), IPF (ys), and IPF
(ND) density of the pristine B-Sn of the first sample over the
specimen evaluated from Figs. 3(a), 3(b), and 3(c), respec-
tively. Fig. S5 presents a scatter plot of IPFs over the specimen.
The IPF densities to the x axis, y, axis, and ND after thermal
cycling of the first sample evaluated from Figs. 3(i), 3(j), and
3(k) are illustrated in Figs. 3(/), 3(m), and 3(n), respectively. In
the case of IPF (x, ys) density, there are no significant changes
in texture after thermal cycling. In contrast, IPF (ND) density
shows an enhancement around [211] after thermal cycling.
Two-dimensional orientation maps of additional layers before
and after thermal cycling are provided in the supplementary
material (Figs. S7-S16).

To evaluate the intragranular misorientation, the kernel
average misorientation (KAM) map was calculated. The
KAM at voxel (i, j, k) is calculated as the average mis-
orientation between that voxel and its six first-nearest neigh-
bors, evaluated within the three-dimensional volumetric
orientation dataset. Let w(o;, 0,) denote the misorientation
angle between orientations o; and o,. Then, the KAM for the
first-neighbor configuration is defined as follows,

1
KAM,;;, = 3 [W(Oifl,;‘,w Oi,j,k) + w<0i+1.j,k’ Oi,j,k)
+ W(Oi,j—l’ Oi,j,k) + W(Oi,j+1,kv Oi,j,k)
+ W(Oi,j,k—l’ Oi,j,k) + W(Oi,j,k+1’ Oi,j,k)]' )

The KAM maps calculated before and after the thermal
cycling test are shown in Figs. 3(g) and 3(0), respectively. To
emphasize intragranular misorientation, a cut-off angle of 1°
was applied. After thermal cycling, regions with KAM values
close to 0° tend to follow the grain boundary morphology,
indicating an improvement in the crystallinity within the
grains. The statistical distributions of KAM before and after
thermal cycling, evaluated from voxels with KAM, are shown
in Figs. 3(h) and 3(p), respectively. The histograms clearly
indicate a systematic shift of the KAM distribution toward
lower misorientation angles after thermal cycling. This
observation is similar to the recovery behavior of deformed
aluminium during annealing observed by DAXM (Yu et al.,
2023). They observed a shift of the misorientation distribution
toward lower angles after annealing and attributed this
behavior to subgrain boundary migration and subgrain
coalescence.

Overlays of IPF (ND) maps and grain boundaries with
various misorientation angle thresholds of 1°, 3°, and 5° are
shown in Fig. 4. Before thermal cycling, grain boundaries
defined using a 1° threshold reveal numerous small grains.
When the threshold is increased to 3°, the grains exhibit
elongated and anisotropic branches. At a 5° threshold, these
branches tend to merge into larger grains, although some
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300 um . .
—

threshold = 3°

i\

*threshold = 1° threshold = 5°

Figure 4

Overlays of IPF (ND) maps and grain boundaries before and after
thermal cycling, shown with different misorientation angle thresholds
(1°, 3°, and 5°). Before thermal cycling, low-threshold (1°) maps reveal
numerous small grains, while higher thresholds (3° and 5°) show the
formation and merging of multiple grains. After thermal cycling, grain
growth is observed at the 1° threshold, and grains become more rounded.
At the 3° and 5° threshold, grain fragmentation and boundary rounding
are shown.

HAGBSs remain distinct and unmerged. After thermal cycling,
the grain boundaries defined by a 1° threshold show slightly
larger grains than in the pristine state, indicating modest grain
growth. At the 3° threshold, neighboring grains merge into
larger grains, but the branch features become less distinct. At
the 5° threshold, elongated grains with rounded boundaries
appear, and the overall grain size becomes smaller than in the
pristine specimen.

From the perspective of low misorientation thresholds, the
B-Sn grains undergo grain growth driven by thermal energy
through grain boundary migration or grain coalescence. As a
result, branch structures become more rounded and smoother
after thermal cycling. Conversely, from the perspective of high
misorientation thresholds, large parent grains appear frag-
mented into smaller grains, reflecting microstructural degra-
dation associated with thermal fatigue.

For a more detailed statistical analysis, we calculated the
equivalent circle diameter of individual grains using a 1°
misorientation threshold. Fig. 5 shows the grain size distribu-
tions before and after thermal cycling. The number of grains
around 20 pm decreases, while the number of grains larger
than 100 pm increases. Additionally, the largest grain size
increases from 140 pm to 160 pum, suggesting the occurrence of
grain growth during recrystallization and/or subsequent grain
growth after recrystallization (Yu et al., 2023).

The orientation variation was quantified by calculating the
voxel-wise misorientation angle before and after thermal
cycling. For this voxel-wise analysis, the central layer of the
three-dimensional orientation map was selected based on the
completeness map, where the completeness factor is defined as
the ratio of the number of detected diffraction peaks to the
theoretical number of peaks. Invariant points, corresponding
to grains whose shapes remain nearly unchanged, were then
identified between the corresponding two-dimensional slices.
To minimize alignment errors, the voxel positions were
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Histograms of grain size distribution before and after thermal cycling,
evaluated using a 1° misorientation threshold. Recrystallization and grain
growth during thermal cycling result in the formation of larger grains with
a simplified grain boundary network. The number of small grains with
diameters near 20 pm decreases, while the population of grains larger
than 100 pm increases significantly after thermal cycling.

systematically shifted, and the misorientation map and its
statistical distribution were evaluated to identify the align-
ment that yields the lowest peak position and the narrowest
distribution in the misorientation histogram. Although a
tentative optimum alignment was obtained using this method,
reconstruction-related errors may still affect the results. In
particular, the intensity threshold used for diffraction-peak
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Orientation variation by thermal cycling test. (a) Orientation-variation
map showing inhomogeneous local rotation across the observed region,
with branch-like features resembling the grain-boundary morphology of
the fresh state. (b) Histogram of voxel-wise misorientation angles, exhi-
biting a peak near 6°.

detection can influence the multi-grain indexing. Because
diffraction intensities may change due to heating during the
thermal cycling test, the choice and optimization of the
intensity threshold can consequently affect the resulting
misorientation distribution.

The resulting 2D orientation-variation map in Fig. 6(a)
reveals misorientation across the observed region, with
branch-like features that resemble the grain-boundary
morphology of the fresh state. The misorientation spans a
broad range from 0° to 45°. The corresponding histogram in
Fig. 6(b) exhibits a pronounced peak near 6°, indicating the
average reorientation angle induced by thermal cycling. On
the other hand, large misorientation angles, although their
threshold is not entirely clear, such as those exceeding 30°, are
predominantly associated with grain boundary migration. Due
to the grain boundary migration, extended voxels and pristine
voxels at the same specimen coordinates may belong to two
distinct grains. Therefore, the misorientation angle is calcu-
lated between different grains, which broadens the mis-
orientation distribution.

To understand the reorientation of individual grains, we
traced the orientation of selected grains using IPF maps. No
post-processing was employed on the orientation maps. The
selected grains (A, B, C, D, E, F, and G) in their pristine state
are shown in the IPF (ND) map in Fig. 7(a). Their orientations
in the IPF (x,), IPF (y,), and IPF (ND) are presented in
Figs. 7(c), 7(d), and 7(e), respectively. After the thermal
cycling test, the same grains (A’, B/, C', D/, E/, F, and G’) are
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Figure 7

Reorientation of individual grains by thermal cycling test. IPF (ND) maps
of the 8-Sn solder in the first specimen are shown before (@) and after (b)
thermal cycling. The orientations of selected grains (A, B, C, D, E, F, and
G) before thermal cycling are presented in IPFs (c, d, and ¢), while the
orientations of the same grains (A’, B, C', D', E/, F,, and G’) after thermal
cycling are shown in IPFs (f, g, and h).
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reoriented, as shown in Fig. 7(b). Their post-thermal-cycling
orientations in the IPF (x;), IPF (ys), and IPF (ND) are illu-
strated in Figs. 7(f), 7(g), and 7(h), respectively.

For grain A, the a axis rotated toward the normal direction
(ND). In contrast, grain B remained nearly static during
thermal cycling. Grains C and D exhibited reorientation
behavior similar to that of grain A. For grain E, the c axis
rotated toward the specimen x, axis. In the case of grain F,
the a axis rotated slightly toward the specimen ND, while the
¢ axis rotated slightly toward the specimen x; axis. For grain G,
the ¢ axis slightly rotated toward the specimen x; axis, and a
direction intermediate between the [001] and [010] crystal
directions was aligned with the specimen y, axis, which is
distinct from other grains.

To validate the accuracy of i-S3DXRD and the associated
analysis, it is necessary to confirm the results using an
independent method such as EBSD, which is a standard
technique for crystallographic orientation mapping. Although
i-S3DXRD has previously been demonstrated on metal wire
specimens, its results have not yet been directly validated
against EBSD. To address this, EBSD measurements were
conducted on the first sample after the thermal cycling test,
following completion of the i-S3DXRD measurements.

For the EBSD measurements, the silicon layer above the
solder was polished to expose a clean surface suitable for
EBSD analysis. The EBSD scan was performed with a step
size of 12.5 pum using a hexagonal grid, covering a total area
of approximately 5.5 mm X 5.5 mm. After acquisition, the
corresponding measurement positions were identified, and the
hexagonal EBSD grid was converted to a square grid to enable
direct comparison with the i-S3DXRD data. For each voxel in
the square grid, the crystallographic orientation was assigned
from the nearest EBSD voxel without interpolation, in order
to preserve the original orientation information. No post-
processing was applied to both i-S3DXRD and EBSD.

The IPF maps along the x, y,, and ND directions obtained
from EBSD are shown in Figs. 8(a), 8(b), and 8(c), respec-
tively, together with grain boundaries defined using a mis-
orientation threshold of 1°. The corresponding IPF maps from
the same layer obtained by i-S3DXRD are presented in
Figs. 8(d)-8(f). The circular outlines in Figs. 8(a)-8(c) indicate
the identical area in Figs. 8(d)-8(f). The two datasets exhibit
similar microstructural features in all IPF maps. However, the
grain boundaries in the EBSD maps appear more intricate
despite the use of the same misorientation threshold. In
addition, grain shapes in the EBSD maps appear sharper,
whereas those obtained by i-S3DXRD are comparatively
smoother and more rounded.

The KAM was calculated from the EBSD data to confirm
the consistency of the intragranular misorientation, as shown
in Fig. 8(g). The same calculation algorithm and color scale
were applied to enable direct comparison with the i-S3DXRD
results. Clusters of low KAM values are observed, delineating
the grain morphology similar to Fig. 3(0). The corresponding
KAM histogram is shown in Fig. 8(i), exhibiting a maximum
below 1° and a gradual decrease toward higher misorientation
angles. This trend is consistent with that observed in Fig. 3(p).

To compare the angular consistency of the two methods, the
two orientation maps were directly overlaid, and the mis-
orientation angle (Af) between corresponding voxels was
calculated. The alignment procedure used for this analysis is
identical to that applied in Fig. 6. As shown in Fig. 8(h), low
A6 values are observed near the grain centers, whereas larger
A6 values appear near the grain boundaries. A exhibits
a systematic variation along the x, direction. To statistically
characterize A6, the corresponding histogram is shown in
Fig. 8(j). The distribution exhibits a maximum around 3°,
decreases rapidly up to approximately 5°, and then gradually
decays, extending to about 45°.

These differences may arise from the relatively large rota-
tion step, sample translation step, and X-ray beam size used in
the i-S3DXRD measurements. Therefore, a finer rotation step,
a finer translation step, and a smaller beam size may be
required to improve the reconstruction quality. In addition
to measurement parameters, uncertainties in the multi-grain
indexing process—such as intensity thresholds and HKL
tolerance settings—may also influence the indexing results.
Consequently, further optimization of the data-analysis and
indexing algorithms is necessary.

3.2. Point-by-point scan results for the second specimen

For the second specimen, IPF maps of x;, ys, and ND with
100 pm voxel before and after the thermal cycles are illu-
strated in Fig. 9. Before thermal cycling, as shown in Figs. 9(a)-
9(c), the grain orientations vary gradually across the FoV,
similar to the first specimen of pristine. The red color in the
IPF (ND) map gradually changed to green, indicating that the
a axis tended to align with the ND during thermal cycling. To
understand the texture change by the thermal cycles more
quantitatively, we analyze the IPF density as illustrated in
Figs. 9(d)-9(f). We set the scale bar the same to compare the
effect of the thermal cycles on the texture. The pristine S-Sn
exhibits weak texture in all IPFs, indicating an approximately
random orientation distribution. The corresponding IPF
scatter plots for the entire area are provided in Fig. S6.

After the thermal cycles (—40°C for 30 min/+175°C
30 min) of 376 times, the IPF maps of the x, and y, directions
show a similar pattern as compared with the pristine specimen
with small changes as illustrated in Figs. 9(g) and 9(%). On the
other hand, the IPF (ND) map in Fig. 9(i) shows significant
changes in the orientation distribution by the thermal cycles.
An identical x¢y plane slice obtained from 3D scan shows
results consistent with those obtained from the point-by-point
scan, thereby confirming the validity of the point-by-point
scan mode, as shown in Fig. S4.

The increase in the green-colored area in the IPF (ND) map
in Fig. 9(7) indicates that the crystallographic a axis increas-
ingly aligns with the specimen ND during thermal fatigue.
The IPF density maps along the specimen x and y directions
[Figs. 9(j) and 9(k)] show enhanced intensities near the [011],
[021], and [112] directions. However, because the specimen x,
and y axes possess rotational degrees of freedom within the
sample plane, a detailed interpretation of these components
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Comparison of orientation maps obtained by i-S3DXRD and EBSD for the solder sample after 250 thermal cycles. (a) IPF (x,) map, (b) IPF (y;) map,
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by comparing the EBSD and i-S3DXRD results. (i) Histogram of KAM values obtained from the EBSD map. (j) Statistical distribution of angular

deviation derived from (4).

is not straightforward without precise knowledge of the
specimen x,—ys coordinate configuration.

In contrast to the IPF (x, y;) densities, the IPF (ND) density
shown in Fig. 9(/) exhibits its strongest intensity at [010],
consistent with the trend observed in the IPF (ND) maps.
In addition, intensity increases near [221] and [001] were
observed. The [001] component is confined to a relatively
narrow angular range and becomes more pronounced after
thermal fatigue. These results indicate that thermal fatigue
induces a reorientations of B-Sn grains, resulting in an
increased fraction of grains whose a axis is parallel to the
specimen ND. In addition, the smaller fractions of grains
whose c axis and [221] directions are parallel to the specimen
ND are also increased.

The orientations of individual grains of the second sample
before (A, B, C, and D) and after (A’, B, C’, and D’) thermal

cycling are described in Figs. 9(m) and 9(n), respectively.
For grains A and B, the specimen ND becomes more closely
aligned with the [221] crystallographic direction after thermal
cycling. Grain C exhibits a pronounced change in orientation
in all directions. For grain D, the a axis is nearly parallel to the
specimen ND after thermal cycling test, contributing to the
enhancement of the [010] corner observed in Fig. 9(/).

Our observations on the two samples show the reorienta-
tion of grains during the thermal cycling tests, as illustrated
in Fig. 10. Before thermal cycling, the B-Sn grains exhibit an
approximately random orientation distribution on the Cu
substrate, as illustrated schematically in Fig. 10(a). After
thermal fatigue, a systematic redistribution of crystallographic
orientations is observed, leading to an increased fraction of
B-Sn grains whose a axis is parallel to the specimen ND, as
shown in Fig. 10(). In addition, smaller fractions of grains

J. Synchrotron Rad. (2026). 33, 617-631

Jaemyung Kim et al. -

627

Non-destructive orientation tracking of individual 8-Sn grains



research papers

Before thermal cycling

(a)

Vs

) IPF(x,) q0 d IPF (v,)
(d) (e)

IPF (x,) IPF ()

001] (010] [001]

After thermal cycling

IPF (x,)

[110] (110]

(k)

IPF ()

()

[112]

(010] [001] to
[011] [021]

001] 1 1
[011] [021]

Figure 9

4 mm

A
v

(m) A

[001) [010]

IPF (ND)

[i10]

4 (001 (010)

(f)

IPF (ND)

f010] (001 (010] o1 o0

IPF (ND)

(110]

001) 010)

(1) e
S~

IPF (ND)

[010] [001] [010] [001] [010]
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components at the [112] direction, and between the [011] and the [021] directions are observed. The orientations of selected individual grains (A, B, C,
and D) before and after thermal cycling are shown in (m) and (n), respectively.

exhibit orientations in which the ¢ axis or the [221] crystal-
lographic direction is parallel to the specimen ND, as illu-
strated in Figs. 10(c) and 10(d).

In the first sample, the thermal-cycling temperature was
lower than that applied to the second sample, which likely
limited the extent of boundary migration. Therefore, the
component shown in Fig. 10(d) is dominant under lower-
temperature. As a result, the grain reorientation was less
pronounced, and the dominant a axis alignment with the
specimen ND was not fully developed. In contrast, the second
sample was subjected to a higher temperature, which likely
facilitated grain reorientation through recrystallization

accompanied by grain boundary migration and/or coalescence.
Consequently, the second sample exhibits pronounced align-
ment of the a axis with the specimen ND. Meanwhile, smaller
fractions of grains exhibited orientations in which the ¢ axis or
the [221] direction was aligned parallel to the specimen ND, as
illustrated in Figs. 10(b)-10(d).

4. Discussion

The thermal fatigue process progresses through subgrain
formation, recrystallization, and crack initiation (Matin et al.,
2005; Bieler et al., 2012; Zhou et al., 2013; Han et al., 2017; Ben
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Figure 10

Schematic illustration of the proposed orientation evolution of B-Sn
grains during thermal cycling. (a) Before thermal cycling, B-Sn grains
exhibit an approximately random orientation distribution on the Cu
substrate. (b) After thermal fatigue, a major fraction of S-Sn grains
exhibits orientations in which the a axis is parallel to the specimen ND.
The red arrows indicate the a axis of the 8-Sn unit cell. (¢) For a smaller
fraction of B-Sn grains, their ¢ axis are parallel to the specimen ND, where
the blue arrows indicate the ¢ axis of the -Sn unit cell. (d) For another
smaller fraction of B-Sn grains, the [221] crystallographic direction is
parallel to the specimen ND. The green arrows indicate the [221] direc-
tions.

Romdhane et al., 2021; Du et al., 2023; Wang et al., 2024).
Microstructural evolution is initiated by gradual subgrain
reorientation, followed by crack nucleation at high-angle
boundaries formed through recrystallization. Due to the
anisotropic properties of B-Sn, this process is particularly
sensitive to its crystallographic orientation.

Wang et al. (2024) reported that B-Sn shows minimal
nucleation and lacks a distinct preferred orientation under
normal cooling conditions. Our i-S3DXRD results, which
show no preferred grain orientation in pristine B-Sn of the
specimen, are in good agreement with their findings. One
factor affecting solder solidification is the temperature
gradient during the bonding process. The variation in thermal
dissipation leads to a strong influence on the orientation and
configuration of B-Sn grains. Zhao et al. (2017) showed that
this gradient plays a key role in the preferred orientation of
B-Sn. They found that uniform temperature bonding resulted
in randomly distributed B-Sn grains, whereas a temperature
gradient caused the ¢ axis of B-Sn to align parallel to the
Cu/Sn-Ag—Cu/Cu interface in micro-interconnects. Since the
a and c axes are orthogonal in the tetragonal lattice, their
observation can equivalently be interpreted as an increased
population of B-Sn grains with an a axis aligned with the
specimen ND. Their EBSD analysis is consistent with our
i-S3ADXRD results, although their focus was on polished
surfaces.

A study suggests that alignment of the ¢ axis of -Sn grains
with the direction of current flow or a temperature gradient
accelerates electromigration (Lu et al, 2008) and thermo-
migration (Hsu & Ouyang, 2014). Experiments (Bieler et al.,
2008; Lee et al., 2010; Xu et al., 2022) and modeling (Lévberg
et al., 2017; Ben Romdhane et al., 2020; Xu et al., 2022; Xie et
al., 2023) of Sn—Ag—Cu solder joints show that thermal fatigue

damage develops more easily in single-grain joints when the ¢
axis of $-Sn lies in the plane of the PCB. This is explained
by the maximization of the in-plane coefficient of thermal
expansion (CTE) mismatch and minimization of out-of-plane
CTE, both of which contribute to grain reorientation (Bieler et
al., 2008; Lee et al., 2010; Lovberg et al., 2017; Ben Romdhane
et al., 2020; Xu et al., 2022; Xie et al., 2023; Xian et al., 2024).

In the case of BGA joints containing few grains, thermal
fatigue damage is increased when the ¢ axis of §-Sn is in-plane,
maximizing CTE and elasticity mismatches (Bieler et al., 2008;
Xian et al., 2024). In contrast, the thermal fatigue behavior of
die-attach solder joints remains less understood due to the
absence of non-destructive, large-area observation techniques
(Zhou et al., 2014; Hosoya et al., 2020; Sugimoto et al., 2020;
Liu et al., 2024). Despite observations by EBSD, it remains
unclear whether the fatigued structures are thermally induced
or pre-existing (Zhou et al., 2013).

With respect to crystallography, Cu (substrate) has a cubic
lattice (a = 3.615 A), whereas B-Sn has a tetragonal lattice.
The two structures differ fundamentally, leading to a large
lattice mismatch and making epitaxial alignment energetically
unfavorable in this system. Therefore, crystallographic
matching is unlikely to be the cause of the observed orienta-
tion tendency.

It is known that B-Sn has a body-centered tetragonal
structure (c/a = 0.545) and exhibits anisotropic physical
properties. For example, the CTEs of $-Sn along the c axis are
approximately two to three times larger than those along the
a axis (Matin et al., 2005; Matin et al., 2007). The CTE of the
a and c axes of 8-Sn at room temperature are 16.5 x 107%°Cc™!
and 32.4 x 107°°C", respectively. At 130 °C, these values
increase to 202 x 107° OCfl, and 41.2 x 107° OCfl, respec-
tively.

The CTE of the B-Sn a axis is comparable with that of Cu
(~16.7 x 107°°C™"; Rubin er al., 1954), whereas the CTE of
B-Sn along the c axis is approximately twice that of Cu. From a
CTE-mismatch perspective, the c axis should be parallel to the
ND of the Cu substrate in order to minimize the in-plane CTE
mismatch. However, under high-temperature thermal cycling,
we observed that the a axis of most S-Sn grains tends to align
parallel to the ND of the Cu substrate. Equivalently, the c axis
lies predominantly within the x—y, plane of the Cu substrate.
Under this configuration, the in-plane CTE mismatch is
maximized, which may promote the accumulation of in-plane
strain during thermal cycling. Therefore, not only the CTE
but also other parameters—such as anisotropic elastic
constant—may be necessary to describe the grain reorienta-
tion associated with recrystallization.

Regarding the anisotropic elastic property, we introduce
elastic compliance as an additional parameter to consider in
this context. In the case of the elastic moduli (in GPa) of -Sn,
it also shows the clear anisotropic value as follows: ¢;; = 73.5,
83.91, 86.0; c1, = 23.4, 48.70, 35.0; ¢15 = 28.0, 28.10, 30.0; ¢33 =
87.0, 96.65, 133.0; c44 = 22.0, 17.54, 49.0; ce6 = 22.65, 7.41, 53.0
(Matin et al., 2005; Matin et al., 2007). From these values, we
obtain the stiffness matrix (Mouhat & Coudert, 2014), C, as
follows
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From the inversion of C, we obtain the elastic compliance
matrix (S), which relates applied stress to the resulting elastic
strain. The elastic compliance of B-Sn along the a axis (s11)
is 0.0163, 0.0185, and 0.0145 GPa™! for the three reported
datasets, respectively, whereas the compliance along the ¢ axis
(s33) is smaller, with values of 0.0141, 0.0118, and
0.00847 GPa™'. This systematic difference (s;; > s33) demon-
strates that a axis of B-Sn is softer than the ¢ axis.

Therefore, a plausible explanation is that reorientation
during thermal cycling is governed by the combined effects of
anisotropic thermal expansion and anisotropic elastic prop-
erties of B-Sn under local thermomechanical constraints,
which vary with sample position within the joint. Because the
elastic compliance is higher along the a axis, whereas the
thermal expansion coefficient is larger along the c¢ axis,
different crystal orientations experience distinct strain when
constrained. As a result, the a axis of the majority of g-Sn
grains tends to align parallel to the ND, while a smaller frac-
tion of grains adopts the ¢ axis parallel to the ND. In some
cases, intermediate orientations, such as near the [221] direc-
tion, are also observed to align with the ND. Although this
interpretation is not unique, it provides a physically consistent
explanation for the coexistence of multiple preferred orien-
tation components observed after thermal cycling.

5. Conclusion

In this study, we investigated the orientation evolution of -Sn
grains in die-attach solder joints subjected to thermal cycling
tests using -S3DXRD. Orientation maps of S-Sn grains were
successfully reconstructed, and good agreement with EBSD
measurements confirms the validity of the method. For the
first specimen, a 3D scan mode was employed to obtain a high-
resolution volumetric orientation map of the 8-Sn layer before
and after low-temperature thermal cycling. For the second
specimen, a point-by-point scan mode was used to acquire a
wide-area two-dimensional orientation map before and after
high-temperature thermal cycling. We found that the specimen
ND tended to align with the [221] direction of 8-Sn under the
lower-temperature condition. In contrast, under the higher-
temperature condition, the a axis of B-Sn preferentially
aligned parallel to the ND of the Cu substrate, accompanied
by an increased fraction of grains whose ¢ axis or [221]
direction is parallel to the substrate ND. We attribute this
grain reorientation to recrystallization accompanied by grain
boundary migration and grain coalescence during thermal
cycling.
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