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The Sn-Bi eutectic is used increasingly as a low temperature solder (LTS) in electronics manufacturing. Here, we
measure eutectic orientation relationships (ORs) in Sn-58Bi and compare the ORs formed during solidification of
undercooled solder balls with those from unidirectional solidification. In both solidification conditions, three
ORs formed, each involving {0112} as the main interface planes in (Bi) with different interface planes in p-Sn. In
each OR, the eutectic bismuth was commonly twinned, with multiple (Bi) orientations related to each p-Sn

orientation which is explained in terms of the orientation variants of the ORs and the twin variants in (Bi). It is
found that the dominant eutectic OR changes as the nucleation undercooling becomes deeper in solder balls
which is discussed in terms of the effects of undercooling on the fraction of tin dendrites and the eutectic growth
velocity. The ability to change the dominant eutectic OR may provide a pathway to control interfaces between
the $-Sn and (Bi) phases which play an important role in the reliability of Sn-58Bi joints.

1. Introduction

In recent years, there has been high interest in using alloys of Sn-Bi
eutectic composition as low temperature solders to reduce soldering
defects caused by dynamic warpage and protect temperature-sensitive
components [1-3]. The low eutectic temperature of ~138°C [4,5] en-
ables peak reflow temperatures in the range 160°C - 190°C [6-9], and
has shown promise at meeting the environmental, economic, and design
requirements of low temperature soldering and hybrid soldering [6,10,
11]. Recent research has suggested that Sn-Bi solders provide adequate
joint strength, creep strength and cost-effectiveness in addition to
lowering the thermal stresses and protecting from damage on printed
wiring boards [12-16]. However, eutectic Sn-Bi solder can be prone to
brittle fracture due to the high volume fraction (around 50 vol%) of
brittle (Bi) phase that limits its use in mobile computing applications
[12,17].

In Sn-58Bi solder, a eutectic microstructure occupies the majority of
the volume and is responsible for much of the electrical and mechanical
properties. Of particular importance are the interfaces between the -Sn
and (Bi) phases since the crack path in thermal fatigue is typically along
B-Sn/(Bi) interfaces [18]. These interfaces initially form during eutectic
solidification and continue to develop as the microstructure evolves in
service. While past work has studied the factors affecting the
morphology and length scale of the Sn-Bi eutectic over many years
[19-25], to our knowledge, past studies have not measured the
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orientation relationships and interfaces formed by Sn-Bi eutectic solid-
ification. Such information is needed to better understand failure
mechanisms in Sn-Bi solders and could be used to control the $-Sn/(Bi)
interfaces formed in Sn-Bi solder joint solidification.

One area where (Bi)/p-Sn interfaces and orientation relationships
have been studied is in the solid-state precipitation of (Bi) from super-
saturated solid solution of p-Sn, usually in alloys with relatively low Bi
concentration [26-30]. These studies have shown that (Bi) precipitates
are usually plates aligned at constant crystallographic orientation in the
B-Sn matrix [26,27]. Belyakov et al. [29] measured two crystallographic
orientation relationships (ORs) between the p-Sn matrix and (Bi) pre-
cipitates in Sn-3Ag-0.5Cu-4Bi after solid-state precipitation, which they
denoted OR-1 and OR-2 as follows:

OR—1: {100}, g, || {0112} 4 & <010 >jg, < 2201> )

OR-2: {100}, , || {0112} 5 & < 011 > g, ||< 2201> 5

The current paper explores eutectic ORs in Sn-58Bi and compares
them with the ORs measured by Belyakov et al. [29] for solid state
precipitation in Sn-3Ag-0.5Cu-4Bi.

First, it is instructive to briefly overview the crystal structures of the
(Bi) and p-Sn phases and some similarities between them that will be
used to interpret the crystallographic measurements later in the paper.
The lattice parameters are summarised in Table 1 where the
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rhombohedral (Bi) phase is described using three unit cells (e.g. [31,
32]): the standard hexagonal and primitive rhombohedral cells and a
non-standard face centred rhombohedral (FCR) unit cell, which are
plotted in Fig. 1(a)-(c) respectively.

Fig. 1(a) and (b) show the relationship between the triple hexagonal
unit cell and primitive rhombohedral unit cell of (Bi). In Fig. 1(b), note
that Bi2 (blue) is located at an off-centre position, closer to the three Bil
atoms below (shorter orange bonds) than the three Bil above (longer red
bonds). The non-standard FCR unit cell in Fig. 1(c) has rhombohedral
angle 87.6° and highlights the pseudo-cubic nature of (Bi) and similar-
ities to both a distorted simple-cubic structure and a distorted NaCl-type
structure. Again, the Bi2 atom is not in the centre of the FCR unit cell
which causes a further difference from the NaCl structure. The faces of
the FCR unit cell correspond to the six {0112} in the hexagonal unit cell
and are the closest packed planes in bismuth. The coordination poly-
hedron of Bi atoms is a distorted octahedron as shown in Fig. 1(d). The
tetragonal B-Sn phase also has a distorted octahedron coordination
polyhedron (Fig. 1(e)) with two different bond lengths. The (Bi) crystal
in Fig. 1(b)-(d) and the B-Sn crystal in Fig. 1(e) have been oriented ac-
cording OR-1.

This work measures the ORs formed by eutectic solidification in Sn-
58Bi solder in both controlled unidirectional solidification experiments
and during solder ball solidification in an undercooled melt, and ex-
plores the factors affecting which OR, OR-variants and interfaces are
selected in each case. The paper is structured in three main parts. First,
we present eutectic growth twins in the (Bi) phase. Second the different
eutectic ORs and growth interfaces are analysed in terms of the interplay
between the twin variants and orientation variants of the ORs. Finally,
we consider how the solidification conditions affect which OR is selected
during eutectic growth.

2. Materials and methods

Sn-58Bi (wt%) was prepared by mixing 99.93 % Sn and 99.99 % Bi
in a clay-bonded graphite crucible coated with boron nitride. This was
then melted in a resistance furnace and held at 300°C for 2 hours.
Subsequently, the melt was poured into a preheated silicone mould of
inner dimensions 60 x 20 x 10 mm.

For unidirectional solidification experiments, the Sn-58Bi ingot was
sliced into strips measuring 60 x 10 x 0.5 mm by electrical discharge
machining (EDM), and then ground and cleaned in ethanol. A Sn-58Bi
strip was then placed in a horizontal directional solidification appa-
ratus with a hot zone of 190°C and a cold zone of 20.5 °C. The tem-
perature gradient in the liquid near the solid-liquid (S-L) interface was
measured to be ~ 5.32 K/mm in a separate experiment using an
immersed K-type thermocouple. Samples were held stationary for
30 minutes to induce partial melting and a stable temperature gradient.
Unidirectional solidification was then applied using a fixed pulling a rate
in the range 0.5-40 pm/s. Near the end of growth, some samples were
quenched in high pressure argon gas to enable characterisation of the
quenched interface morphology.

For solidification in an undercooled melt in a differential scanning
calorimeter (DSC), ~500um diameter solder balls were used. To make
the balls, first a strip of Sn-58Bi was rolled gradually to a thickness of
~0.04 mm. These sheets were then punched into 1.6 mm diameter discs
and melted on a hot plate at 200°C with a Rol-1 tacky flux to form nearly
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spherical balls due to surface tension. The resulting ball diameters were
500 + 15pm. To remove residual flux, the balls were then cleaned ul-
trasonically in ethanol for 5 mins. Each ball was then placed in an
aluminium DSC pan and melted and resolidified in a heat flux DSC
(Mettler Toledo DSC1) using a cooling rate of 20 K min L.

Samples were mounted in Struers VersoCit acrylic cold mounting
resin and cross-sections were prepared following standard metallo-
graphic procedures. Orientation mapping was conducted with a Bruker
e-Flash electron backscatter diffraction (EBSD) detector in a Zeiss Sigma
scanning electron microscope (SEM) operated at 20kV with
13.5-15.0 mm working distance and a 70° tilted stage. Indexing was
performed in Bruker ESPRIT 2.2 software using the Hough-transform
method, assuming the crystal structures and lattice parameters in
Table 1. Bruker ESPRIT 2.2 and Matlab with the MTEX toolbox were
used to analyse the crystal orientations and interfaces. EBSD patterns
were auto-indexed with the Hough transform method in Bruker ESPRIT.
Additional validation of the EBSD indexing was performed for selected
Kikuchi patterns using quantitative pattern matching in Bruker Dy-
namicS as overviewed in Supplementary Information SI-Fig. 1. Since
room temperature is a homologous temperature of T/Tg ~ 72 % for Sn-
58Bi, coarsening occurs at room temperature [35] Thus, all EBSD maps
were obtained within two weeks of solidification. Trials showed there
were only minor changes in the eutectic microstructure in this time.

For transmission electron microscopy (TEM) of the (Bi) phase, re-
gions with a desired orientation were first identified by EBSD orientation
mapping and electron transparent samples were then made using a Ga
focused ion beam (FIB) in a TFS Helios 5 CX DualBeam FIB-SEM. For
TEM investigation of $-Sn + (Bi) eutectic ORs, it was found that cryo-
genic milling was required and electron transparent samples with a
desired orientation were made using a Ga FIB in a TFS Scios-2 DualBeam
FIB-SEM equipped with a cryo-stage. The temperature of the cryo-stage
was set at approximately —140 °C during the initial milling and the final
thinning/polishing of the TEM foils. The platinum deposition as well as
the transportation of the foils to the TEM Cu grids, occurred at ambient
temperature. All FIB milled samples were then investigated under a
JEOL 2100 F field-emission-gun (FEG) TEM operated at 200 kV. Digi-
talMicrograph, SingleCrystal, and ImageJ software was used to analyse
and process the TEM diffraction patterns and the HR TEM images.

3. Results and discussion
3.1. General eutectic microstructures

Typical microstructures of Sn-58Bi produced in the two solidification
conditions are overviewed in Fig. 2. In both cases, the $-Sn + (Bi)
eutectic had the features of a ‘complex-regular’ eutectic morphology
comprising of local areas with a regular array of (Bi) plates, often in a
fishbone structure, separated by less regular areas, consistent with prior
work [19,20,23,25,36]. The samples solidified in the DSC were either
fully eutectic or contained a small fraction of p-Sn dendrites depending
on the undercooling as will be discussed in the final section of this paper.
All unidirectionally solidified samples were fully eutectic for the growth
conditions used in this paper. Note in Fig. 2(b) and (d) that the length
scale of the B-Sn+ (Bi) eutectic was substantially finer in balls solidified
in the DSC than in the unidirectionally solidified samples. This is related
to the difference in growth undercooling in the different techniques.

Table 1
Lattice parameters and unit cells of (Bi): A7 structure with space group R-3m, and p-Sn: A5 structure with space group I4;/amd. [33,34].
Phase Unit cell Atoms a B c o B %
per cell tA) 2y 2y [l [l [l
p-Sn Tetragonal 4 5.835 5.835 3.182 90 90 90
(Bi) Hexagonal 6 4.546 4.546 11.862 920 920 120
P-rhombohedral 2 4.724 4.724 4.724 57.3 57.3 57.3
F-rhombohedral 8 6.547 6.547 6.547 87.6 87.6 87.6
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Fig. 1. (Bi) and B-Sn crystal structures. (a)-(d) various ways of viewing the (Bi) crystal structure. (a) triple hexagonal unit cell with the primitive rhombohedral unit
cell indicated inside. (b) primitive rhombohedral unit cell with two bond lengths. (c) face centred rhombohedral (FCR) unit cell with pseudo-cubic NaCl-like structure

and o = 87.6°. (d) distorted octahedral coordination polyhedron of (Bi). (b)-(d) have the same orientation. (e) 1x1x2 supercell of tetragonal $-Sn with two bond
lengths. (f) distorted octahedral coordination polyhedron of $-Sn. (b)-(f) are oriented according to OR-1.

Quenched
liquid

Fig. 2. BSE-SEM images of typical eutectic microstructures in Sn-58Bi. (a) and (b) ~500 um solder ball solidified in a DSC with AT, = 8.8 K. (¢) and (d) unidi-

rectional solidification at a pulling rate of 5 um/s. In (c), the sample grew from right to left and was quenched near the end of growth revealing the eutectic
growth front.
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Specifically, solidification in the DSC occurred after nucleation in
undercooled melts of 8.8 < AT < 22.1 K, whereas unidirectional solid-
ification applied pulling rates of 0.5-40 pm/s which corresponds to
growth undercoolings of ~ 0.07-0.6 K, using the growth undercooling -
velocity relationship deduced previously for the Sn-Bi eutectic by Cadirli

etal. [21] of AT = (0.0093V)%® (in K and pm s~ ).
3.2. (Bi) twins in the eutectic

It was found here that eutectic (Bi) was often twinned with two twin
types, one involving mirror reflection across {1014} and the other across
{0112}. These two twin types are known deformation twins in bismuth;
E.g. [37-41] for {0112} < 0111 > (which is {110}<001 > in primitive
rhombohedral indices) and [42] for {1014} < 2021 >. However, here
we find these twin types as growth twins in eutectic (Bi).

Fig. 3(a)-(h) shows an EBSD orientation analysis of a region of
twinned eutectic (Bi). This is an unusual example where four (Bi) ori-
entations meet at a point in eutectic (Bi) but it is a good example for
demonstrating the different (Bi) twins. From the IPF-Z and IPF-Y
orientation map in (b) and grain map in (c), we see that this region of
eutectic (Bi) has four main orientations. EBSD patterns are shown from
each orientation in Fig. 3(e), along with the unit cell orientations in
Fig. 3(f) using wireframes of both the hexagonal and FCR unit cells from
the measured Euler angles. Examination of the FCR unit cell orientations
(light blue wireframes in Fig. 3(f)) reveals that these four (Bi) orienta-
tions are interrelated by approximately 90° rotations.

In the pole figures in Fig. 3(d), the following features can be seen: (1)
all four (Bi) grains have one overlapping {0112} pole and one over-
lapping < 2201 > pole. (2) (Bi) grain pairs 1&2 and 3&4 have another
one < 2201 > pole and one < 1011 > pole overlapped; And (Bi) grain
pairs 1&4 and 2&3 have another one {0112} pole and one {1014} pole
overlapped. (3) Any two of these four (Bi) grains have one {1150} <
1120 > pole overlapped. The measured misorientation angles are 92.1°

X |z {0172}
1,2,3,
Y

1,2
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=+ 0.45° for pairs 1&4 and 2&3 and 87.3 + 0.44° for pairs 1&2 and 3&4.
This can be also observed in the boundary misorientation map in Fig. 3
(g) and the distribution of misorientation angles in Fig. 3(h).

These two misorientations correspond to two twin types that can be
described by various angle-axis rotations as listed in Table 2 which was
calculated in MTEX using the twin ORs in Fig. 3(d). In Table 2, note the
following features. (i) the minimum angle-axis representation is 92.4°
around (0112), for type I and 87.6° around [2021] for the type II twin.
(i) Since (Bi) has a centrosymmetric point group, a 180° rotation around
a plane normal is symmetrically equivalent to mirror reflection across
that plane. Thus, type I is twinning by mirror reflection across (1104)
and type II is twinning by mirror reflection across (1102). (iii) Both twin
types can be obtained by rotation around a [2021] axis (180° for type I
and 87.6° for type II). 1&4 and 2&3 are related by type I twinning, 1&2
and 3&4 are related by type II twinning.

Stereographic projections of the four grains in Fig. 3 are plotted in
Fig. 4(a), with a small orientation change to align < 2201 >  with the
viewing direction. In Fig. 4, the type I and type II twins can be generated
by rotations around the common < 2201 >  axis. Moving anticlock-
wise from grain 1 back to grain 1 involves sequential rotations of 87.6°,

Table 2
Axis-angle representations of the two (Bi) twin types, calculated from Euler
angles measured by EBSD. Entries are listed in ascending angle order.

Type I Type II
Axis Angle (°) Axis Angle (°)
(0112) 92.4 [2021] 87.6
(1012) 924 0221 87.6
(0421 117.2 (1011) 122.6
[4041] 117.2 (0117) 122.6
(1104) 180 (1102) 180
2201] 180 (1707 180
<1011> <0001>

{1014}

m 12 |34

2.3,

W
€]

S : 2 3

) %

86 88 90 92 94
MO (%)

Fig. 3. EBSD analysis of eutectic (Bi) twins in a Sn-58wt% Bi solder ball solidified in a DSC with AT,, = 9.2 K. (a) SEM-BSE image, (b) (Bi) orientation map in IPF-Z
and IPF-Y colouring, (c) grain map, (d) pole figures and (e) experimental Kikuchi patterns and dynamical simulated patterns from the four main (Bi) orientations; (f)
(Bi) unit cell wireframes plotted from measured Euler angles using both the hexagonal unit cell and FCR unit cell. (g) (Bi)-(Bi) boundary misorientation map with (h)

the distribution of (Bi)-(Bi) misorientation angles.
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Fig. 4. Interpretation of twinned (Bi) in Fig. 3. (a) Stereographic projections of the four (Bi) orientations, slightly rotated from the pole figures in Fig. 3 to be centred
on < 2201 >, with {0112}, pointing up. Open red circles, squares, pentagons and triangles mark the interface planes between orientations 1-2, 2-3, 3-4 and 4-1

respectively. The angles refer to rotation around the < 2201 > viewing direction. (b) atomic model of the four twinned grains with the same viewing direction as (a).

Note the similarity to Fig. 3(c) and (g).

180°, 87.6°, 180° around the < 2201 > viewing direction as indicated
with arrows in Fig. 4(a). The interface planes of twins are indicated with
red open circles, squares, pentagons and triangles in the stereographic
projections. A corresponding atomic model is shown in Fig. 4(b), also
viewed along < 2201 >, which is in good agreement with the grain
boundaries in Fig. 3(c).

The presence of type I and type II twins in eutectic (Bi) was
confirmed by TEM as overviewed in Fig. 5. Fig. 5(a)-(c) are analysis of a
{1014}-type twin acquired with a beam direction parallel with
<1210 >. Fig. 5(d)-(f) are analysis of a {0112}-type twin acquired
along < 2201 >. The selected area electron diffraction (SAED) patterns
in Fig. 5(a) and (d) were taken from areas containing a pair of twinned
grains and yellow circles highlight the common (overlapping) re-
flections. Indexing is presented on the simulated patterns in Fig. 5(b)
and (e) which separate reflections from each pair of grains into red and
blue, assuming a 180° rotation about the twin plane normal in both
cases. HRTEM images along < 1210 > for twin type I and along
<2201 > for twin type II are presented in Fig. 5(c) and (f) respec-
tively, in which the twin interfaces are consistent with the common
reflections in the SAED patterns. Note that, for the {0112}-type twin in
Fig. 5(d)-(f), the incident beam direction is the same as the viewing
direction in Fig. 4. Therefore, the HRTEM image of the {0112} twin
interface in Fig. 4(f) can be compared with the 1-2 and 3-4 interfaces in
the atomic model in Fig. 4.

3.3. p-Sn-(Bi) orientation relationships

3.3.1. Orientation relationship 1

The two orientation relationships reported by Belyakov et al. [29] for
the solid-state precipitation of (Bi) in p-Sn (written in the Introduction)
were approximately measured here for f-Sn+ (Bi) eutectic growth in
Sn-58Bi. However, twinned (Bi) orientations add further complexity,
there are differences related to the eutectic growth morphology being
different to the solid-state precipitation morphology, and some

differences in the detail of the ORs were also uncovered.

A typical example of eutectic OR-1 is overviewed in Fig. 6(a)-(b)
from a unidirectional solidification experiment at 5 pm/s. There is only
one main B-Sn orientation and four main (Bi) orientations in this field of
view. The four main (Bi) orientations can be confirmed from the four
clusters in the {0001} pole figure in Fig. 6(c) that involve orange, green/
blue, purple/white and white/purple IPF-X colours. The green/blue and
orange (Bi) orientations occupy the majority of the area in Fig. 6(b)
(80.5 %) whereas, the purple and white grains only occupy a small area
fraction (19.6 %), and the sizes of the individual purple and white areas
are also significantly smaller than for the green and orange (Bi) orien-
tations. These (Bi) orientations are twinned in the same ways as the
orientations in Fig. 3 and Fig. 4 although, in Fig. 6, the four (Bi) ori-
entations are in separate regions and do not meet at one point.

While some B-Sn/(Bi) interface segments had OR-1 almost exactly
such as the segment overviewed in SI-Fig. 2, most eutectic interface
segments were a few degrees away from OR-1 in its strict definition. For
example, in SI-Fig. 1(a), the Euler angles can be used to calculate that the
phases are 2.7° from (100) || (0112) and 1.9° from [001] || [2021], and
inspection of the Kikuchi patterns confirms that the [001] and [2021]
poles are not perfectly aligned. This is a feature of the eutectic ORs
studied here; most interface segments were measured to be a few de-
grees of scatter away from the strict ORs. One reason for this is that
twinning of (Bi) can cause a new (Bi) twin variant to deviate slightly
from the B-Sn/(Bi) OR as discussed in detail towards the end of this
section.

For the EBSD map in Fig. 6(a)-(b), a total of 7840 -Sn/(Bi) interface
segments were identified. Within a tolerance angle of + 5°, 4464 out of
7840 pairs had OR-1, with an average MO angle of 54.62° + 2.17°,
compared with 54.66° for perfect OR-1, and the mean misorientation
angles between the overlapping planes ({100} $-Sn // {0112} (Bi)) and
directions (<001 > #-Sn // < 2201 > (Bi)) were 1.89° + 1.05° and
2.68° + 1.26, respectively. When the tolerance angle was increased to
10°, 7436 out of 7840 pairs satisfied the OR-1 condition, with an average
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.
<2201>

2 1/ntn

Fig. 5. TEM analysis of the two (Bi) twin types after unidirectional solidification with a pulling rate of 5 pm/s. (a) SAED pattern along < 1210 > from an area
containing a {1014} twin (type D). The yellow circles highlight the common 1014 reflections. (b) Simulated SAED pattern along < 1210 > assuming a 180° rotation
about (1014)y. (c) HRTEM image of this type I twin along < 1210 >. (d) SAED pattern along < 2201 > from an area containing a {0112} twin (type II). The yellow
circles highlight the common 0112 reflections. (e) Simulated SAED pattern along < 2201 > assuming a 180° rotation about (0112),. (f) HRTEM image of this type II

twin along < 2201 >.

misorientation angle of 55.74° + 3.27°. The variation in the MO at every
B-Sn/(Bi) interface segment is plotted in SI-Fig. 3 in the Supplementary
Information, demonstrating how the MO varies locally around each (Bi)
lamella.

Fig. 6(a)-(b) is a transverse section with growth direction in/out of
the page and, thus, the (global) crystallographic growth direction is at
the centre of the pole figure in Fig. 6(c). We see that the growth direction
for eutectic p-Sn is < 110 >, which is the same as the preferred growth
direction measured in prior work for p-Sn dendrites [43—47]. The cor-
responding growth direction of the eutectic (Bi) is < 1120 > for the
orange and green/blue (Bi) orientations and {1014}, for the purple
and white (Bi) orientations. Since ~80 % of the (Bi) has orange and
green/blue orientations in Fig. 6(b), it can be inferred that < 1120 > is
the preferred eutectic growth direction for (Bi). In unidirectional so-
lidification experiments, 28 samples had regions with OR-1 and all 28
had the same (Bi) and $-Sn growth directions as Fig. 6.

Examining the pole figures in Fig. 6(c), we see that {0112} @) and
< 2201>g; have three clusters of scattered spots that overlap with the
scattered spots in the pole figures of < 001>4.s, and {100}y.s, repre-
senting OR-1, similar to [29]. However, the 87.6° angle among six
{0112} members in (Bi) are not equal to the 90° angle between
< 001 > and {100} in B-Sn. In this case, fixing a pair of parallel planes
and a pair of directions as OR-1 causes a range of other planes and di-
rections to be nearly parallel which makes the definition of OR-1
somewhat ambiguous. Analysis of misorientation angles showed that

OR-1 in eutectic growth is best described as {100}, g, || {01T2}(m) &
< 001>p gy [|< 2201>@;;  although this results in the preferred

eutectic growth directions < 110>p.s; and < 11§0>(Bi) being only

nearly parallel. To illustrate this point, stereographic projections of
OR-1 are plotted in Fig. 7 using {100} g, || {0112}y, and <

001>p sy ||< 2201>@;)  as indicated with black circles and squares,
and using different colours and symbols to represent different plane and
direction families. The misorientation angles of near-parallel planes and
directions are listed in Table 3. All are ~5° or less, and the preferred
eutectic growth directions < 110 >pg, and < 11§0>(3i) have a
misorientation of ~1.2°. Strictly, making any of the pairs in Table 3
parallel gives a different OR, but all are approximately OR-1.

Fig. 7(b)-(d) is an example of a unidirectional solidification experi-
ment where the eutectic is growing with OR-1 and has been cross-
sectioned in almost the same alignment as the stereographic pro-
jections in Fig. 7(a). This sample was quenched during growth, revealing
that the eutectic growth front is serrated with facets of approximately
{100} || {0112}.

TEM analysis of eutectic OR-1 is overviewed in Fig. 8 from a sample
unidirectionally solidified at 5 um/s. EBSD mapping followed by cryo-
FIB milling were used to produce a lamella oriented with [001]p.s,
and [2501](Bi) parallel with the incident beam direction in TEM. From
the SAED pattern taken from an area containing both phases, we see that
the (200)psn, and (01T2)(Bi) reciprocal lattice vectors are almost

colinear whereas the angle between (020)p.s, and (TOIZ)(Bi) is 2.25

=+ 0.05°. Comparing with Fig. 8 and Table 3, the TEM analysis is close to
OR-1 defined as {100}, g, [| {0112} 4 and

< 001 >p_gq ||< 2201>5;. From the HR-TEM image in Fig. 8(d), we see
that the p-Sn/(Bi) interface contains relatively large steps and,
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Fig. 6. Eutectic OR-1 in Sn-58wt%Bi unidirectionally solidified at 5 um/s in transverse section (growth is out of the page). (a)-(c) wide area mapping. (d)-(h) and (i)-
(m) selected areas containing fish-bone microstructure. (d), (i) are BSE-SEM images. (a), (e), (j) are EBSD orientation maps (IPF-x) of the $-Sn phase. (b), (f)-i, ii, (k)-i,
ii are EBSD orientation maps (IPF-X) of the (Bi) phase, splitting the four (Bi) orientations into two groups in (f)-i, ii and (k)-i, ii based on their growth direction. (h)-
(m) are selected pole figures for p-Sn (top) and (Bi) (bottom). Black squares indicate planes and directions written in OR-1. Black triangles indicate the growth
direction. Coloured lines indicate the interface plane normals annotated in the same colours in the (d), (i) BSE-SEM images. (g)-i, ii and (1)-i,ii are p-Sn/(Bi) interface

maps. Segments with OR-1 + 5° are coloured blue.

combining Fig. 8(d)-(f), the long parts of the interface are
{100}, s, |l {0112}(&). Such stepped interfaces at the atomic and nano-
scales are responsible for the curved p-Sn/(Bi) interfaces at the micro-
scale (e.g. Fig. 6(d),(i) and Fig. 8(c)).

To investigate the variation in the interface planes in OR-1, two re-
gions with fishbone microstructure in Fig. 6(a) are shown at higher
magnification in Fig. 6(d) and (i) with corresponding EBSD IPF-X

orientation maps for p-Sn and (Bi) in Fig. 6(e), (j), (f)-i&ii and (k)-
i&ii. The EBSD orientation maps of (Bi) phase are split into two groups, i
and ii, by their different direction along the heat flow direction, <
1120 > or {1014}. Looking at the BSE images in Fig. 6(d) and (i), the
eutectic p-Sn/(Bi) interfaces are often curved but are relatively straight
in the more regular fishbone regions. Relatively straight interface seg-
ments have been annotated with solid cyan and pink lines in Fig. 6(d)
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Fig. 7. Growth crystallography of unidirectional eutectic solidification with
OR-1. (a) Stereographic projections of B-Sn and (Bi) with {100}, g, |
{0112} ;) and < 001 >p s, || < 2201 > (g set parallel as indicated by black
circles and squares. Misorientations between nearly parallel planes and di-
rections are listed in Table 3. (b)-(d) a sample grown at 2 pm s~! that was cross-
sectioned similar to (a) with growth from left to right. (b) BSE image of a
quenched eutectic growth front with serrated two-phase facets. (c) Selected
pole figures from EBSD showing the growth direction is approximately
<110 >p_sn || < 1120 > and the facets at the serrated growth front are
approximately {100} g, || {01T2}<Bi). (c) Unit cell wireframes from the

measured Euler angles. (Bi) is plotted using both the hexagonal and FCR
unit cells.

and (i) and dashed lines show their projected plane normals. Dashed
lines of the same colours are plotted as perpendicular bisectors on the
pole figures in Fig. 6(h) and (m). For the region in Fig. 6(d)-(h), the
straightest interface planes in the fishbone microstructure are consistent
with {01T2}(Bi> and {001}.s, as highlighted with black squares in the
pole figures in Fig. 6(h). For the region in Fig. 6(i)-(m), the straightest
interface planes are consistent with {01T2}(Bi) and {100}, the same
as the HR-TEM image in Fig. 8(d). These different p-Sn interface planes,
{001} or {100}, result in different fishbone alignments in Fig. 6(d) and
(i), and the fishbone regions in the large area in Fig. 6(a) all have one of
these two alignments.
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Table 3

Misorientation (MO) angles of near-parallel directions and planes in OR-1.
B-Sn (Bi) MO (°)
(110)/ < 110 > (1120)/ < 1120 > 1.181
(110) (T104) 1.181
[112] [0001] 1.342
(112 [4041] 2.081
(010) (1012) 2.464
[010] [2021] 2.464
(503) (1014) 2.953
(001) (1102) 3.271
(053) (2110) 3.700
(503) (1210) 4.410
(053) (0114) 5.090

Phase Map

Fig. 8. TEM analysis of eutectic OR-1. (a) BSE-SEM image from Sn-58Bi uni-
directionally solidified at 5 pm/s. The white dashed box indicates the location
where a lamella was later extracted by cryo-FIB milling. (b) EBSD phase of map
of (a). Purple=(Bi), green=p-Sn. (c) FIB lamella welded on a TEM grid. (d) TEM
bright field image from the (Bi)/f-Sn interface highlighted with the yellow box
in (). (e) SAED pattern of (d). (f) Simulated SAED pattern with beam direction
along < 001 > g, and < 2201> ;). Black = B-Sn, red = (Bi).

Note in Fig. 6(b) that both fishbone alignments sometimes had the
same (Bi) orientation (e.g. green), with a single orientation of $-Sn, but
(0112) || (001) and (1012) || (100) cannot occur simultaneously and,
thus, dislocations may be required to accommodate the misorientation.
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At the same time, it is likely that the twinned (Bi) orientations in Fig. 6
(b) relieve interfacial strain by accommodating some of the angular
difference between the (Bi) and p-Sn lattices in OR-1. For example, in the
crystallographic model in Fig. 4(b), the combined four twinned (Bi)
domains produce ~ 90° angles that would give angular compatibility
between the (Bi) and p-Sn lattices. The resulting reduction of interfacial
strain offsets the increase in interfacial area caused by growth twinning
and is expected to be part of the reason why (Bi) develops growth twins
during p-Sn+ (Bi) eutectic growth.

A further factor is the relationship between the (Bi) orientation

Journal of Alloys and Compounds 1035 (2025) 181339

variants of OR-1 and the (Bi) twin variants of twin types I and II. As
overviewed in Fig. 9 and its caption, for a single orientation of p-Sn,
there are eight different ways that (Bi) can be oriented with OR-1 and
these eight (Bi) OR-1 variants are similar to the (Bi) twin variants
generated by twin types I and IL. In Fig. 9(b)-(d), note that the (Bi) unit
cell wireframes are arranged in a 4 x 4 matrix where each column
contains similar (but not the same, in most cases) orientations. While
there are approximately four (Bi) orientations, more precisely the cal-
culations give four groups each containing multiple slightly different
orientations depending on whether a (Bi) orientation is an OR-1 variant,

(a){100}<100>B-Sn |(b) {0112}(Bi)

<2201>(Bi) <0001>(Bi)

Ol

(c)

(Bi) twin-
Type |
{1074}

(d)

(Bi) twin-
Type Il
{0112}

N
%A

AMO=0° AMO=0.5"

Fig. 9. Similarities among the OR-1 variants and twin variants of (Bi), demonstrated using pole figures and unit cell wireframes calculated in MATLAB with the
MTEX toolbox. (Bi) is plotted using both hexagonal and FCR unit cells. (a)-(b) For a single orientation of -Sn, there are eight orientation variants of (Bi) with OR-1. In
the middle row of (b), (100)g.s, is parallel with various {01T2}(Bi) . In the bottom row of (b), (010)y.s, is parallel with various {01T2}(Bi) . (¢) are the twin variants
of the {10T4}(Bi) twin (type-I) applied to (Bi) orientation 1. (d) are the twin variants of the {01T2} (i) twin (type-II) applied to (Bi) orientation 1. AMO values are
the difference between the MO to $-Sn in OR-1 (54.66 °) and the MO to $-Sn for each (Bi) twin variant. Green vectors are the growth direction in unidirectional
solidification: < 110>p_g, < 11§0><Bi). The four coloured discs at the bottom of (b) correspond to the four main orientations (colours) in the {0001} pole figure in

Fig. 6(c).
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a type-I twin variant, or a type-II twin variant.

The calculations in Fig. 9 can be linked to the experimental results in
Fig. 6. Choosing the green vector in Fig. 9(b)-(d) to be the specific <
110>p_s, || < 11§0>(Bi) growth direction in eutectic solidification, we
can assign the four main orientations in Fig. 6 to the four columns in
Fig. 9(b)-(d)) using orange, green/blue, purple/white and white/purple
from the IPF-X colouring of Fig. 6(c) (the four colour groups are most
easily seen in the {0001} of Fig. 6(c)). To investigate which orientation
variants were selected in eutectic growth, the large region in Fig. 6(a)
and (b) was further analysed as overviewed in Fig. 10. The (Bi) twin type
is presented in Fig. 10 (b) and the OR type in (c), along with two his-
tograms showing the distribution of misorientation angle between (Bi)/
(Bi) in (d) and B-Sn/(Bi) in (e). In Fig. 10 (b), type I twins (90-95°,
coloured green) account for 70.5 % of the total (Bi)/(Bi) boundary
length, while type II twins (85-90°, coloured red) account for 10.2 %.
This is further shown in the (Bi)-(Bi) MO histogram in Fig. 10 (d) where
there is clear separation between the two twin peaks, and the 92.4° type
I twin peak is much larger than the 87.6° type II twin peak. Thus, across
this large region, there is a strong preference for {10T4}(Bi) twins (typeI)
and there are two dominant (Bi) orientations, orange and green/blue in
Fig. 6(b)) that both have < 110>p_g, ||<1120>;)in the eutectic
growth direction Fig. 6(c). Comparing this with Fig. 9(c) and (d), note
that only {10T4}(Bi) twins (type-I) have a twin variant that simulta-

neously maintains < 110>p_g, ||< 1120>p; in the eutectic growth di-
rection and maintains OR-1 between the -Sn and the two twinned (Bi)
orientations (i.e. has a near-zero AMO). This is likely to be the origin of
the preference for {10T4}(Bi) growth twins (type-I) in Fig. 10 (b) and (d)
and the selection of two main (orange and green/blue) (Bi) orientations
in Fig. 6(b).

Considering the specific pair of orientations across each (Bi)-(Bi)
twin segment in Fig. 10 (b) revealed that, while twins between the or-
ange and green/blue (Bi) orientations had 73 % of the boundary length
with twin type I as discussed in the previous paragraph, twins involving
orange or green/blue orientations and the minority white/purple ori-
entations, had 55 % of their twin boundary length with twin type IL
Consistent with this preference, note in Fig. 9(c) and (d) that {01T2}(Bi)
twins (type-II) between orientation 1 and ii or iii have lower AMO value
than {1014}y, twins (type-I) between orientation 1 and II or IIL

Next, consider the phase boundary map indicating eutectic orienta-
tion relationships in Fig. 10 (c). OR-1 + 5° (blue) occupies most of the
area and there are also black boundary segments corresponding to
‘other’ OR. Examination of the MO histogram in Fig. 10 (e) shows a
single wide peak centred near the theoretical MO for OR-1 (54.66 °). We
see that the peak is wider than + 5° and, therefore, the black boundary
segments in Fig. 10 (c) are more than 5° away but are still related to OR-
1. This orientation scatter is partly due to some twin variants having a
AMO > 3° in Fig. 9(c) and (d). This can be seen in more detail in the
analysis of a small region at higher magnification in Fig. 6(g) and (1). In
the B-Sn/(Bi) interface maps shown in Fig. 6(g)-i, (g)-ii, (I)-i, and (D)-ii
corresponding to (f)-i, (f)-ii, (k)-i, and (k)-ii, blue lines are interface
segments with OR-1 within a tolerance of + 5° and black lines are
interface segments outside this tolerance limit. The maps are split into
two groups, i and ii, by their different direction along the heat flow
direction, < 1120 > or {1014}y. (Bi) orientations with < 1120 > in the
growth direction have 84 % of their $-Sn/(Bi) interface length with OR-
1 £ 5°, whereas (Bi) with {10T4}N in the growth direction have only
30 % with OR-1 + 5°. Noting that most (Bi) twins in Fig. 6(g) and (1) are
type I twins, this result is consistent with the calculations in Fig. 9(c) and
(d), i.e. the twin variants that maintain < 1120 > in the growth direc-
tion (1 and I in Fig. 9(c)) have AMO =~ 0 and, therefore, maintain OR-1
with B-Sn. The twin variants that do not have < 1120 > in the growth
direction (Il and III in Fig. 9(c)) have AMO > 3° and, therefore, are
somewhat away from OR-1 with p-Sn.
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and 40.82° respectively.
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In summary, in eutectic growth with OR-1, the dominant (Bi) twin
variants are those which simultaneously have < 1120 > in the growth
direction and OR-1 with the surrounding p-Sn. However, the other twin
variants also exist as minority orientations and tend to deviate from OR-
1 by a few degrees.

The (Bi) orientation maps in Fig. 6 also reveal a (Bi) twin micro-
structure that spans multiple length scales from the macro twin domains
visible in Fig. 6(b) to the individual twinned (Bi) lamellae in Fig. 6(f)-i
and (k)-i. Specifically, there were large domains of mostly one twin
variant spanning tens of lamellar widths and, within each domain, some
individual (Bi) lamellae had a different twin variant. For example, the
blue (Bi) lamella in a mostly orange (Bi) domain in Fig. 6(f)-i, and the
orange (Bi) lamella in a mostly green (Bi) domain in Fig. 6(k)-i. This
lamellar length scale depends on the solidification conditions, and the
quantitative relationship between lamellar spacing, growth velocity and
undercooling for the Sn-Bi eutectic has been reported elsewhere [21].
Further work is required to determine if the macro-domains and the
multi scale twin microstructure also varies systematically with solidifi-
cation conditions such as growth velocity. To gain a deeper under-
standing of the 3D microstructure and interfaces, future research could
also consider 3D EBSD and diffraction contrast tomography (DCT)
techniques.

3.3.2. OR-2 and a comparison of the ORs

OR-2 was reported for solid-state (Bi) precipitation by Belyakov et al.
[29] to be {100}, g, || {0112} and < 011> g, [|< 2201> ;). We
find that OR-2 is more precisely two ORs that we name OR-2a and
OR-2b. This can be seen in the EBSD analysis of Sn-Bi eutectic growth in
Fig. 11 from unidirectional solidification at a pulling rate of 2 pm/s. The
ORs are shown using the pole figures in Fig. 11 (c)-(e), with the
near-parallel planes and directions indicated by black circles and
squares. (Bi) regions with OR-2a and OR-2b are separated in Fig. 11
(d)-(e) where they can be distinguished in the pole figures by different
planes in (Bi) aligning nearly parallel to {012} in p-Sn, specifically
{1120} in OR-2a and {1014} in OR-2b as indicated by the black tri-
angles. Applying a tolerance limit of 5°, a p-Sn/(Bi) interface map is
plotted in Fig. 11 (b) revealing that most phase boundary segments have
either OR-2a or OR-2b in this region. These two ORs can be distin-
guished by writing them as:

{101}, g, || {0112} ;) and < 010 >p_g, ||< 2201>(g;) OR-2a

{101} g, || {1012} and < 010 >p s, ||< 2201> ;) OR-2b

Journal of Alloys and Compounds 1035 (2025) 181339

Note that while these (Bi) planes and directions are from the same
families, they result in different ORs because they cause inequivalent
plane families in (Bi) to be parallel to one plane family in p-Sn. For
example, {1120} is near-parallel with {012} in OR-2a while {1014} is
near-parallel with {012} in OR-2b. This is related to the relatively small
rhombohedral distortion of (Bi), a = 87.6 ° in the FCR unit cell in Fig. 1
(c) and Table 1, where {1120} and {1014} correspond to {110} and
{110} respectively in FCR indices which would both belong to one plane
family if there was no rhombohedral distortion, i.e. if (Bi) was simple
cubic in Fig. 1(c). Fig. 12 (a) visualises OR-2a and OR-2b using unit cells
and compares them with OR-1. The ORs can be distinguished by an
{0112} ;) being parallel to {101}p.s, in OR-2a and OR-2b, whereas
{01T2}(Bi) is only parallel to {100}, in OR-1. The ORs can also be
distinguished by the rotation angle between f-Sn and (Bi). The misori-
entation (MO) = 54.66° in OR-1, MO = 77.92° in OR-2a and MO
= 40.82° in OR-2b for the lattice parameters in Table 1.

In the more regular eutectic regions, the main B-Sn/(Bi) interface
planes were the same in OR-2a and OR-2b as overviewed in Fig. 11.
From the BSE image in Fig. 11 (a), we see that eutectic growth with OR-
2a and OR-2b both involved one main interface alignment as marked by
the annotated dashed green line which marks the projection of this
interface plane normal in the cross-section. A similar dashed green line is
plotted as a perpendicular bisector in the pole figures in Fig. 11 (c)-(e),
demonstrating that the main interface is consistent with {101} of $-Sn
and {0112} of (Bi) for both OR-2a and OR-2b. {101}, , || {0112} 4 is
a logical interface plane for OR-2a and OR-2b since it has a much lower
planar atomic disregistry compared to other near-parallel planes in OR-
2a OR-2b,  including {100}, g, || {0112},  with
< 011>p g [I< 2201 > (gi), using a Bramfitt approach [48,49] as shown
in Table 4.

For all the orientation relationships, OR-1, OR-2a and OR-2b, the
{0112} of (Bi) forms the largest interface with f-Sn in regions with a
locally regular eutectic microstructure. {0112} in hexagonal indices
corresponds to the {100} faces of the FCR unit cell in Fig. 1(c) and are
the closest packed planes in (Bi). For the p-Sn phase, the main interface
is {100} in OR-1 and {101} in OR-2a and OR-2b. We note that other
studies on solidification ORs involving p-Sn also report multiple ORs,
where {100}.5, in one OR and {101}, in another OR are both parallel
to one plane in the other phase. For example, this is reported in ORs
between $-Sn and NiSn4 [50], TipSng [51], and AgsSn [52] and is the
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Fig. 11. Eutectic OR-2 in Sn-58wt%Bi unidirectionally solidified at 2 ym/s in longitudinal section (growth is from right to left). (a) BSE-SEM image. (b) $-Sn/(Bi)
interface map showing segments within + 5° of each OR. (c) EBSD orientation map (IPF-Z) of the B-Sn phase. (d) and (e) EBSD orientation maps (IPF-Z) of the (Bi)
phase, splitting the four (Bi) orientations into two groups based on their different planes near-overlapping with {012} in $-Sn. Black circles and squares in the pole
figures indicate parallel planes and directions in OR-2. Black triangles in the pole figures are to distinguish OR-2a and OR-2b.
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Fig. 12. Atomic models of the eutectic ORs. (a) (Bi) and B-Sn unit cells oriented according to OR-1, OR-2a and OR-2b. (Bi) is plotted with both hexagonal (red) and
FCR (black) unit cells. Blue {0112} || {100} planes are the main interface planes in OR-1. Grey {0112} || {101} planes are the main interface planes in OR-2a and OR-
2b. Note that the yellow {1120}-type (Bi) plane in OR-2a is near-parallel with the green {1014}-type Bi plane in OR-2b. These correspond to {110} and {110} of (Bi)
in FCR indices. (b) Atoms in the {0112}-type interface planes of (Bi) compared with {100} and {101} of p-Sn.

Table 4
Atomic matching across the interface for OR-1 and OR-2 summarizing the planar
disregistry using Bramfitt method. Further details are in SI-Fig. 4.

(1702)[2021]

(001)[010] 10.7 %
(301)[010] 12.5 %

(1012)[2201]

(100)[001] 6.6 %
(101)[010] 5.2 %

(0172)[2021]

(010)[001] 6.6 %
(010) [101] 14.4 %

OR-1
OR-2

case for (Bi) in Fig. 12 (a). This repeated result seems to be due to the
relative similarity in the atomic positions in the {100} and {101} of f-Sn
as can be seen in Fig. 12 (b). Examining Table 4, note that {101} in OR-2
has a slightly better atomic match to {OlTZ} of (Bi) than {100} does in
OR-1. However, OR-2 has worse atomic matching to the other {0112}
planes in (Bi) which form as the minor interfaces.

3.4. Competition between the eutectic ORs

In unidirectional solidification experiments, all three eutectic ORs
were typically present near the start of growth and OR-1 then became
the dominant OR during competitive growth. For example, Fig. 13
overviews EBSD analysis of a sample where the pulling rate was 0.5 pm/
s and growth was from left to right. Fig. 13 (a)-(d) includes three regions
at different growth distances from the start of growth. The left region
spans from 0 — 1.9 mm of growth, the middle region from 4.4 — 4.8 mm
and the right region spans from 35.2 — 36.5 mm of steady-state growth.
The boundary segments between the two phases have been coloured
blue, pink and yellow for OR-1, OR-2a and OR-2b respectively in Fig. 13
(d). Here a tolerance limit of 10 degrees was set for each OR. In Fig. 13
(d), we see that OR-1, OR-2a and OR-2b were all present at the start of
growth (0 mm) and that OR-1 gradually became dominant during

12

growth. The pie charts in Fig. 13 (e) quantify the proportions of OR-1,
OR-2a and OR-2b phase boundary length in the five regions (i-v), indi-
cated by white vertical dashed lines in Fig. 13 (c). OR-1 increases from
34 % near the start of growth to 88 % during steady-state growth in
region v, and the proportions of OR-2a and OR-2b fall to essentially zero.

Note in the EBSD IPF-X maps in Fig. 13 (b) and (c), that multiple
grain orientations are present near the start of growth and competitive
growth resulted in a dark blue $-Sn grain being selected (Fig. 13 (b))
where dark blue corresponds to < 110 > in the growth direction (X),
similar to in Fig. 6. The multiple (Bi) orientations towards the end of
growth in Fig. 13 (c) are the four main twinned (Bi) orientations with
OR-1 to the main p-Sn orientation presented earlier.

14 unidirectional solidification samples were investigated, with
pulling rates from 0.5 to 40 pm/s. In 13 samples, OR-1 prevailed over
OR-2, becoming the dominant eutectic orientation relationship in
steady-state growth. In the one exception, OR-2 overgrew OR-1 early
during growth such that OR-1 was absent and not part of competitive
growth by the time that steady state was reached.

The preference for OR-1 during unidirectional solidification seems to
arise because it allows all {01T2} of (Bi) to have a reasonable atomic
match to the {100} and {001} of p-Sn which does not occur between
{0112} of (Bi) and all relevant planes of f-Sn in OR-2 (Table 4). Addi-
tionally, OR-1 allows the preferred growth direction of each phase,
<110 >pspand < 11§O>(Bi), to be simultaneously parallel with the heat
flow direction. Thus, OR-1 offers a lower total interfacial energy and a
growth advantage over OR-2 during unidirectional growth.

A similar analysis was applied to 32 Sn-58Bi solder balls that solid-
ified in the DSC with different undercoolings. An example of a DSC
thermogram defining the melt undercooling, ATy, is given in Fig. 14 (b).
Fig. 14 (a) plots the phase boundary segments according to their OR in
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orientation maps (EBSD IPF-X); (d) phase boundaries coloured by eutectic orientation relationship: blue = OR-1, pink = OR-2a, yellow = OR-2b. Longitudinal section
with growth direction to the right. Growth started near the left side of the leftmost image/map.

five solder balls that solidified at different melt undercoolings. Note that
Fig. 14 (a) is arranged by undercooling, with the ball with smallest
undercooling at the top and deepest undercooling at the bottom. It is
evident in these five examples that, at the smallest undercooling, the
eutectic OR was predominantly OR-1 and, as the melt undercooling
became deeper, the proportion of the eutectic microstructure with OR-2
increased. To present statistically significant results, the phase boundary
length fractions of the ORs in the EBSD maps of 32 solder balls are
combined in a stacked column chart in Fig. 14(d), separated into bins of
different melt undercooling. This confirms the increasing proportion of
OR-2 and decreasing proportion of OR-1 as the melt undercooling
became deeper. We also see in Fig. 14 (b) that the ratio between OR-2a
and OR-2b is broadly similar in each bin, indicating that the ‘a’ and ‘b’
versions of OR-2 exhibited no preference. It can also be seen in the phase
boundary maps in Fig. 14(a) that regions with OR-1 usually formed large
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contiguous blue regions but, when OR-2a and OR-2b were present, they
tended to form as interwoven pink and yellow regions. This occurred
because growth twinning of (Bi) in a region with OR-2a can result in a
switching from OR-2a to OR-2b and vice versa, whereas twinning of (Bi)
in aregion of OR-1 maintains OR-1. For example, looking back at Fig. 11
on OR-2, there is one $-Sn orientation and two (Bi) orientations that are
twinned, and the (Bi) twinning results in a change from OR-2a to OR-2b.

Past work on near-eutectic Sn-Bi alloys has shown that fully eutectic
microstructures are promoted by low growth rates [22,53] and small
undercoolings [24] and that p-Sn dendrites are promoted by higher
growth rates [22] and deeper undercoolings [24], because the eutectic
coupled zone is skewed to the side of the faceted (Bi) phase as is common
in nonfaceted-faceted (nf-f) eutectics [53], including for solidification in
an undercooled melt [24,54] taking into account kinetic undercooling
effects [55,56]. Consistent with this, in this work, the fraction of $-Sn
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dendrites in Sn-58Bi increased with deepening melt undercooling in DSC
experiments as can be seen in the BSE images on the left of Fig. 14 (a)
and is quantified in Fig. 14 (c). p-Sn nucleation typically occurred
at/near the free surface as is common in droplet solidification when
surface modification is not applied [57]. Thus, dendrites often grew
inwards from the solder ball surface.

The effects of undercooling and prior $-Sn dendrite growth on the
eutectic microstructure are examined in more detail in Fig. 15.
Comparing the microstructures at AT, =10 K with negligible $-Sn
dendrites in Fig. 15 (a)-(e), versus at AT, = 11.95 K with clear $-Sn
dendrites in Fig. 15 (g)-(1), multiple effects on eutectic growth are
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evident. B-Sn dendrites increased the fraction of (Bi) phase in the
eutectic mixture, here from 49.4 area % (Bi) in Fig. 15 (a) to 53.8 area %
in Fig. 15 (g), because dendrite growth enriches the remaining liquid in
Bi solute. This change in eutectic phase fractions then impacts the phase
interconnectivity: In (a), we see that p-Sn (the dark phase) is the more
interconnected phase and can be considered the matrix of the eutectic
whereas, in (g), the (Bi) phase is more interconnected. The pre-existing
B-Sn dendrites also require the eutectic to continually change growth
direction to grow around obstacles, and the eutectic interface velocity
increases with deepening undercooling [56]. All four of these factors
may influence the change in eutectic growth OR with deepening
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undercooling and a dedicated study is required to explore this in detail.

The eutectic was generally less regular in solder balls that solidified
in an undercooled melt than in unidirectional solidification into a pos-
itive temperature gradient. For example, comparing Fig. 15(a) and (g)
with Fig. 10(a), there are fewer local areas with a regular fishbone
structure in solder balls. Despite the less regular microstructure, there
was only a slightly lower length fraction of p-Sn/(Bi) interfaces with an
OR in solder balls (Fig. 14(d)) than in unidirectionally solidified samples
(Fig. 13(e)). This shows that eutectic ORs were an important part of
eutectic growth in undercooled solder balls, even when eutectic growth
had to occur around pre-existing dendrites. Past work [58] on anoma-
lous eutectic growth has shown that eutectic orientation relationships

15

can be destroyed during solidification in undercooled melts, for example
due to partial remelting during recalescence. In our work, eutectic ORs
in Sn-Bi alloys were maintained at all undercoolings studied. However,
since the undercoolings in this work were < 25K, further work is
required to test if ORs are destroyed at deeper undercooling.

The similarities between the ORs and interfaces in the undercooled
solder balls and the unidirectionally solidified samples presented in
Section 3.3 can be seen by comparing Fig. 15 (a)-(f) with Fig. 10, and
more detailed examples are overviewed in Fig. 16. A subregion of the
ball in Fig. 14(a) with AT, = 10 K is given in Fig. 16(a)-(e). There is a
single p-Sn orientation and three main (Bi) orientations that are twin-
ned, and all phase boundaries have OR-1, even though many parts of the
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images. (b), (g) phase boundary maps plotted with colours indicating the OR (or no OR) within + 10°. (¢), (h) EBSD orientation maps of the p-Sn phase. (d), (i) EBSD
orientation maps of the (Bi) phase. (e),(j) are selected pole figures for p-Sn (top) and (Bi) (bottom). Black circles indicate parallel planes. Black squares indicate
parallel directions. Cyan lines in (e) indicate the interface plane normals annotated in cyan in (a).

boundaries are curved. In regions with relatively straight interfaces,
these are often consistent with {01T2}<Bi) [ {100};_g,. This can be

confirmed from the annotated cyan arrow in Fig. 16(a) which indicates
the projected interface plane normal, and the dashed cyan lines plotted
as perpendicular bisectors on the pole figures in Fig. 16(e). A subregion
of the ball in Fig. 14(c) with AT, = 11.95 Kis given in Fig. 16(f)-(j). This
eutectic region contains two f-Sn orientations (Fig. 16(h) and (j)). The
top-left B-Sn orientation (yellow) has OR-1 to the cyan and pink (Bi)
orientations (Fig. 16(g)-(j)). The bottom-right $-Sn orientation (pink)
has OR-2a to the green and cream (Bi) orientations, and OR-2b to the
orange (Bi) orientation (Fig. 16(g)-(j)). Fig. 16 confirms that the details
of the ORs and interfaces in the undercooled solder balls were highly
similar to the unidirectionally solidified samples presented in Section
3.3. This occurred despite the large differences in the solidification
conditions in the two techniques including the well-controlled steady
conditions in unidirectional solidification contrasting with the transient
conditions in solder balls where the undercooling and gradients change
during growth due to latent heat release in the undercooled melt.

The finding in Fig. 14 that the proportion of OR-2 increased as the
melt undercooling became deeper suggests a potential method to control
the eutectic OR and, therefore, the interfaces between p-Sn and (Bi) in
Sn-58Bi solder joints. Past work on Sn-Ag-Cu solders has identified
various methods to control undercooling during solder ball solidification
(e.g. [48,59-62]) and future work could extend this to Sn-58Bi solder.
Since the crack path in thermal fatigue is typically along p-Sn/(Bi) in-
terfaces [18], future work could explore whether there are significant
differences in the fracture behaviour when the $-Sn interface plane in
the eutectic is {100} versus {101}, and undercooling control could
potentially be used to tailor the interfaces via the eutectic ORs.
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4. Conclusions

This study conducted a comprehensive analysis of eutectic orienta-
tion relationships between p-Sn and (Bi) in Sn-58Bi solder in two so-
lidification conditions: 500 + 15 pym diameter balls cooled in a DSC at
20 K/min with melt undercoolings in the range 8.8 < AT < 22K, and
unidirectional solidification of large samples at pulling rates from 0.5 —
40 pm/s. SEM-based and TEM-based diffraction techniques have been
combined with crystallographic analyses to extract new insights into the
crystallography of eutectic growth and the competition between
different eutectic orientation relationships. The following conclusions
can be drawn:

1. It has been found that eutectic (Bi) is often twinned with two twin
types involving {1014} and {0112} twin planes.

2. Three reproducible p-Sn+ (Bi) eutectic orientation relationships
have been identified that extend the original findings of Belyakov
et al. [29]:

OR-1: {100}, g, || {0112} ;) & < 001 >p s [|< 2201> ;) with
the preferred direction < 110 > and < 1120 >in the heat flow di-
rection.

OR-2a: {101} g, || {0112} ;) & < 010>p sy [|< 2201> )

OR-2b: {101} g, || {1012} ;) & < 010>p sn ||< 2201> ;)

Each orientation relationship involved multiple orientations of
(Bi), resulting from the growth twinning of (Bi), each of which
approximately had the OR to a single p-Sn orientation.

3. OR-1 was usually the dominant OR at steady-state in unidirectional
solidification and in solder balls with small undercooling (< 10 K).
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4. Deepening the melt undercooling has been found to increase the
proportion of OR-2 and may offer a pathway to control the eutectic
OR and, therefore, the -Sn/(Bi) interfaces in electronic solder joints.
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