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The different rates of thermal expansion of the many materials that make up
an electronic assembly combined with temperature fluctuations are the driver
of the thermal fatigue failure of solder joints. A characteristic of the Sn-Bi
system, which provided the basis for many of the low process temperature
solder alloys that the electronics industry is now adopting, is the very tem-
perature-sensitive solubility of Bi and Sn in the other phase. In this study,
in situ synchrotron powder x-ray diffraction was used to characterize the
temperature dependence of the lattice parameters of the fSn and Bi phases in
Sn-57wt%Bi and Sn-37wt%Bi. The effects of temperature and solute were
separated by comparing with the data from pure fSn and pure Bi and verified

using density functional theory calculations. Furthermore, the coefficients of
thermal expansion of fSn and Bi during heating were also derived to reveal

the thermal expansion behavior.

INTRODUCTION

For the first 100 years of assembling components
into functioning electronic circuitry, the industry
depended on solder alloys based around the Sn-Pb
eutectic system to make the connections. However,
due to concerns surrounding Pb toxicity and envi-
ronmental contamination, legislation has been
implemented to eliminate Pb from electronic assem-
blies. The European Union was the first to take
action with its Directive on the Restriction of
Hazardous Substances,! and the
Sn3.0wt%Ag0.5wt%Cu with the melting point of
220°C became a common substitute alloy for reflow
soldering.? However, due to the need to reduce
energy consumption in electronics manufacturing,
and the need to solder temperature-sensitive com-
ponents and substrates, there is increasing interest
in lead-free solder alloys that can be reflowed at a
peak temperature under 200°C.>~® The solder alloys
attracting the most interest are those based on the
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Sn-Bi system, which has a eutectic at about 57 wt%
Bi with a melting point of 139°C, and there has been
much research on the microstructure and mechan-
ical properties of these alloys.>*"® It has been
shown that the density of the eutectic Sn-Bi alloy
decreases with increasing temperature, and the
thermal expansion characteristics of this alloy have
been characterized.” While the thermal expansion
characteristics of solder alloys are recognized as one
of the factors that affect the reliability of electronic
assemblies in service,'® the coefficients of thermal
expansion (CTE) of eutectic Sn-Bi used in modeling
is typically a single value (e.g., 15 x 10°%/°C).®

In service, the solder joints of electronic circuitry
are exposed to temperature changes from the envi-
ronment in which they operate or because of the
heat generated by the functioning of the circuitry.
Because electronics circuitry is made up of a large
variety of materials with different CTE, any change
in the temperature of the assembly from the tem-
perature at which the solder solidified during the
assembly process results in stress being applied to
the solder joints that connect these different mate-
rials.'>'® The creep deformation, driven by ther-
mally induced stress, is the driver for the thermal
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fatigue that is the most common reason for failure
in electronic devices.'*'% Although not usually the
major factor in the thermal fatigue process, the
thermal expansion characteristics of the solder are
an essential factor in the finite element modeling
that is now being used increasingly in the design of
electronics assemblies and in-service life predic-
tion.'®!” However, the solid solution of Bi in Sn
should not be ignored for Sn-Bi alloys, due to the
fast diffusion and relatively high temperature-de-
pendent variations. In addition, it has been proven
that the presence of Sn as a solute in Bi results in
shrinking of the crystal structure.'®

To the best knowledge of the authors, the thermal
expansion of the different phases in Sn-Bi based
solders has not been thoroughly investigated. To fill
this gap, we investigated the thermal expansion
behavior of the fSn and Bi phases in Sn57Bi and
Sn37Bi (compositions are expressed as weight per-
cent unless otherwise specified) using powder x-ray
diffraction (PXRD) carried out in the Australian
Synchrotron. The results have been analyzed using
density functional theory (DFT) to verify the sepa-
rate effects of temperature and solute level gener-
ating data that will be useful in the interpretation of
reliability testing of these solder alloys and in-
service life prediction modeling.

EXPERIMENTAL
Preparation of Samples

SnxBi (x = 37wt%, 57wt%) alloys were cast from
pure Sn and Bi. The reason for choosing these two
compositions is because the eutectic alloy Sn57Bi is
most widely researched due to its lowest melting
point in the Sn-Bi system, and hypoeutectic Sn37Bi
is an alternative option that contains significantly
more of the ductile Sn phase, while still having a
liquidus temperature suitable for low-temperature
applications. Sn and Bi ingots were melted in a
ceramic crucible at 450°C in a cantilevered box
furnace for 1 h with frequent stirring to make the
alloys homogenous, and the dross on the surface of
the metal liquid was removed before casting into a
preheated ingot mold. Chemical analysis of the
alloys is shown in Table S-I in the Supplementary
Material (refer to online supplementary material).
The samples were cut using a saw, and the swarf
was crushed in an agate mortar to make a fine
powder to be put into a capillary for the synchrotron
PXRD experiments.

Microstructure Characterization

The microstructures of Sn57Bi and Sn37Bi alloys
were analyzed using scanning electron microscopy
(SEM). Samples from the Sn57Bi and Sn37Bi as-
cast ingots were cold-mounted in epoxy resin and
ground with #320, #600, #1200 and #4000 silicon
carbide grinding paper, and polished to a 0.25-um
finish, before being coated with a 100 A gold layer,
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and SEM image data were acquired using backscat-
ter electron (BSE) mode at an accelerating voltage
of 15 kV on a Hitachi TM3030 SEM.

In Situ Heating Powder x-ray Diffraction

The in situ synchrotron powder diffraction exper-
iments were conducted at the Powder Diffraction
beamline at the Australian Synchrotron. The fine
powder samples were diluted with ground quartz
capillary powder to decrease the x-ray attenuation
due to the high mass energy-absorbing Bi. The
mixed powder sample was placed in a quartz
capillary of 500 ym internal diameter and fixed on
the rotary holder above the hot air blower. PXRD
patterns were taken every 10°C from 30°C to 200°C
under atmospheric pressure (Fig. 1a). The 21-keV
monochromatic incident beam was calibrated by a
standard LaBg sample (NIST660b, a = 4.15689 A,
Pm3m) at room temperature, giving a wavelength of
0.5899 A. The heating rate was controlled to 30°C/
min. The diffracted x-ray pattern was recorded in
transmission mode using a Mythen strip detector at
two positions within 0.5°, and the measurement
time for each position was 2 min.

The in situ synchrotron PXRD makes it is possible
to obtain the data within short timeframes, which
are relevant to practical applications of solder
alloys. As the time required for the alloys to reach
an equilibration state at each temperature step with
respect to solute diffusion can be long,'® it is
desirable to know how close to equilibrium the
alloys were before beginning the measurements. As
such, in situ laboratory PXRD for Sn57Bi was also
performed using a Rigaku Smartlab Thin Film x-
Ray Diffractometer for comparative purposes. The
system is equipped with a 9-kW Cu rotating anode
and a HyPix 3000(H) detector. Undiluted powder
samples were packed in a sample holder, as shown
in Fig. 1b, and PXRD data were collected in Bragg—
Brentano geometry at 30°C before holding at 80°C
for 5 min to collect the second set of data. The
sample was then held at 80°C for another 30 min
before collecting the final set of data.

Due to the lack of available data in the literature,
in situ laboratory PXRD for pure Bi was also
conducted to compare the lattice parameters of the
Bi phase in Sn-Bi alloys with pure Bi. The PXRD
data were collected from 30°C to 250°C with 20°C
intervals, as depicted in Fig. lc.

Phase identification, the lattice parameters, and
temperature-dependent d-spacings obtained from
both synchrotron and laboratory PXRD were
derived from the Rietveld refinement to the full
pattern of each sample using TOPAS Academic V6
(Bruker-AXS, Germany), as shown in Fig. 3a, and
the results can be found in the supplementary
material. The coefficient of thermal expansion was
derived by the Coefficient of Thermal Expansion
Analysis Suite (CTEAS) package using a tensor
method. The lattice parameters and d-spacings for
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Fig. 1. Temperature profiles of (a) in situ synchrotron PXRD for Sn-Bi alloy samples, (b) laboratory PXRD for Sn57Bi, and (c) laboratory PXRD

for Bi

each temperature obtained from the Rietveld refine-
ment could be used as inputs for the CTEAS, and
then a thermal expansion tensor could be calculated
based on the crystal structure, which enables the
CTEAS to calculate the three-dimensional thermal
expansion.

Density Functional Theory (DFT)
Calculations

The first-principle calculation for the optimization
of crystal structure was performed using the Vienna
ab initio software package (VASP, v.5.4.4) assisted
by VESTA.%® The exchange—correlation functional
for the calculation was based consistently on the
generalized gradient approximations, as parame-
terized in the Perdew—Burke—Ernzerhof func-
tional, and the projector augmented wave method
was used for the calculations. The valence electrons
for Sn and Bi were 5s%5p? and 6s® 6p®, respectively.
To simulate the diffusion of Bi in Sn, a 2 x 2 x 2
supercell (Sn32) of fSn (unit cell space group 141/
amd, a=11.6634 A, c = 6.3636 A) was prepared, and
models for the replacement of one atom and two
atoms of Sn by Bi were established corresponding to
3.125 at.% and 6.25 at.% solution concentrations of
Bi in Sn, which correspond to maximum equilibrium
solubilities of around 60°C and 93°C, respectively.?!
The integration of the Brillouin zone was performed
using the Monkhorst—Pack grid, and the KPOINTS
mesh was set as x x x x (x + 2) to examine the
convergence of total energy (Ei.). The KPOINTS
over 3 x 3 x 5 and the cut-off energy of 500 eV were
used in all the calculations to ensure the E..; could
converge within 1 meV/atom.

RESULTS AND DISCUSSION
Microstructure

The SEM images in Fig. 2 show the microstruc-
ture of the Sn57Bi and Sn37Bi, in which the dark
areas are ffSn, the light areas are Bi, and the areas
of an intermediate shade of gray (Fig. 2¢) are Bi that
has precipitated on the surface of the samples. The
Sn57Bi alloy has the lamella structure of alternat-
ing layers of fSn and Bi characteristic of the coupled

growth of a eutectic. In the hypoeutectic Sn37Bi, the
eutectic phase occupies the spaces between the
primary Sn dendrites. As the solid solubility of Bi
in fSn decreases with decreasing temperature, it
precipitates out of solution. In the primary SSn
dendrites of the Sn37Bi, the Bi precipitates within
the fSn phase, and in Fig. 2 can be seen as fine
spherical and rod-shaped particles. However, in the
Snb57Bi, because the diffusion distance is short, the
Bi can precipitate at the interface, with the eutectic
Bi phase coarsening the eutectic Bi lamellae. The
microstructure is also affected by the cooling rate
after solidification is complete. At a slower cooling
rate, there would be more time for the Bi to
precizgitate, so that there would be more Bi in the
fSn.

Thermal Expansion Behavior of fSn
Lattice Parameters of fSn

Based on the comparison of the results from
in situ laboratory PXRD and synchrotron PXRD
data for Sn57Bi, it was verified that the longer time
used in the laboratory PXRD does not significantly
affect the lattice parameters for a given tempera-
ture. This means that the diffusion of Bi in Sn is
relatively fast in the first few minutes, so that the
time intervals used for measurements in the syn-
chrotron PXRD experiments were sufficient to
ensure that the microstructure had stabilized to
the same extent as was achieved in the 5-90 min
used in the laboratory PXRD (details are presented
in the supplementary material). It can be seen from
Fig. 3c and d that the lattice parameters of fSn in
Sn-Bi alloys are larger than those of pure fSn
throughout the temperature profile, and, in the
presence of Bi there is a non-linear increase in these
lattice parameters during the heating process below
the eutectic temperature, which is in contrast to the
nearly linear increase in the lattice parameters of
pure fSn with increasing temperature.?® Similarly,
the lattice parameters of Sn in Sn-0.7Cu and Sn-
0.7Cu-1.5Bi also increase linearly with tempera-
ture.?* After increasing the temperature beyond the
eutectic temperature, the lattice parameters
decrease as the temperature rises for the Sn37Bi
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Fig. 2. SEM-BSE images of (a) and (c) Sn57Bi, (b) and (d) Sn37Bi.

alloy (it is noted that the Sn phase in the Sn57Bi
alloy melts above the eutectic temperature).

The results indicate that expansion of the lattice
due to temperature alone is not the only factor
causing the change of the crystal structure. Indeed,
it is clear that the lattice parameters follow a trend
that can be rationally interpreted with respect to
the shape of the solvus in the Sn-Bi equilibrium
phase diagram shown in Fig. 3b. At temperatures
below the eutectic temperature, as the temperature
increases, the concentration of Bi that can be
dissolved into Sn is increasing, and the lattice
parameters increase in magnitude during heating,
beyond what is expected from the literature data on
pure BSn. This is expected as Bi atoms (atomic
radius = 160 pm?®) are larger than Sn atoms (atomic
radius = 145 pm?®), and the Bi is likely to substitute
Sn atoms resulting in the lattice expansion. Simi-
larly, after the eutectic temperature is exceeded (in
the Sn37Bi), there is a decrease in the amount of Bi
that can be dissolved into Sn and an accompanying
decrease in the lattice parameters as the tempera-
ture increases, as shown in Fig. 3c, d and e.
Therefore, it is reasonable that the lattice param-
eters in Sn-Bi alloys are influenced by both the
temperature and the concentration of Bi in the
alloy. Figure 3f shows the lattice parameter ratio of
c/a in Sn-Bi alloys and pure fSn, from which it is
clear that this has a complex behavior with an
initial increase with temperature followed by a
decrease from around 70°C. This might be because,
when the concentration of Bi in fSn is low, the
distribution is nearly homogeneous, and the lattice

parameter in the ¢ direction is smaller than that in
the a direction, thus a change of the same magni-
tude will result in a larger ratio. However, as the Bi
concentration increases, the Bi-rich layers tend to
form parallel to the (001) planes, as lower energy
results from Bi atoms staying as far away as
possible, so that they do not distribute homoge-
neously in the shorter ¢ direction, which will cause a
larger expansion in the a-axis compared to the c-
axis.

Directional CTE Determination of pSn

Based on the temperature-dependent d-spacings
derived from the refinement of the diffraction
patterns, the directional CTE of fSn in Sn57Bi
and Sn37Bi were analyzed wusing a tensor
method.?%?” According to the results of Sn57Bi
shown in Fig. 4, the CTE along the a direction at low
temperature is lower than the CTE in the ¢ direc-
tion. However, the CTE along the a direction
increases faster, and Fig. 4b showing the CTE in
the a, b, and c¢ directions versus temperature
indicates the CTE along the a direction surpasses
the CTE in the ¢ direction at around 70°C, which is
also evident in the pattern of the c/a ratio in Fig. 3f.
Figure 4c and d shows that the CTE of the Sn
phase is anisotropic at low temperature and
becomes more isotropic as the temperature
increases. This behaves differently from the aniso-
tropic CTE of pure fSn at high temperature,
which might also be the result of diffusion of Bi into
pSn influencing the a direction more than ¢
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Fig. 3. (a) Rietveld refinement of the synchrotron PXRD pattern for Sn37Bi at 30°C, (b) phase diagram for binary Sn-Bi,?" lattice parameters of
ASn in Sn57Bi, Sn37Bi and lattice parameters for pure fSn,?® (c) cell size, a, (d) cell size, ¢, (e) cell volume, V, (f) c/a ratio



1744

Thermal expansion (1/°C) x 10

i 200 100 0 100 200—
Thermal Expansion (1/°C) x 10®

(c) T=40°C
20 <//

&15

%10

e

= 5

50

2

€ 5

3

o 10

E154z

s

i—20‘ X
20?«’"’;

20
20 10 0 19

20

Hao, Tan, Gu, Sweatman, McDonald, and Nogita

(b)

26
o 24 .
S22} [=—CIEc »
x o9 [ |—*—CTE-a=CTE-b Vi
— /o M
18t e
%16 F ‘/'/./'
14l "
212} o
© .;.
210 - u
s of /
o
g 6
t 7
% 4t A0
= oL l/./.

0 A/ 1 1 1 1

40 60 80 100 120
Temperature (°C)
(d) T=120°C

Thermal expansion (1/°C) x 10

Sn@

Fig. 4. CTE for fSn in Sn57Bi alloys (a) Sn (010) CTE eigenvectors showing expansion from 40°C to 120°C calculated by the tensor method, (b)
Sn CTE in the a, b, and c direction versus temperature, (c) Sn CTE ellipsoid at 40°C in the Cartesian coordinate system, and (d) Sn CTE ellipsoid
at 120°C in the Cartesian coordinate system relative to the tetragonal unit cell (blue wireframe)

direction when the concentration of Bi is high. The
CTE of Sn37Bi showed a similar trend to that of
Sn57Bi.

Crystal Structure Variation Calculated by Density
Functional Theory

The models prepared for DFT calculations are
shown in Fig. 5a—f. For the model involving one
replacement Bi atom, the position for replacement
does not matter due to the universal symmetry of
the crystal structure. For the model involving two
Bi atoms, the models in Fig. 5¢, d, e and f were
chosen for the experiments because the positions in
these four structures show high symmetry, and the
distance between the two Bi atoms is larger than in
other situations, which could help balance the
interaction energy between the atomic nuclei and
minimize the total free energy.

The convergence of KPOINTS was tested using
the one Bi atom replacement model (Fig. 5b). The
total free energy (E(.t) changed little when the
KPOINTS mesh was 2 x 2 x 4 or larger (details can
be found in the supplementary material). Therefore,
the mesh points chosen for DFT calculation for the
experiments were 3 x 3 x 5.

The optimization of the crystal structure using
DFT shows that, if the model of Fig. 5¢ or (e) was
adopted, the crystal structure would change to
the orthorhombic structure, which does not coin-
cide with the PXRD results. For the models (d)
and (f), the formation enthalpy (AH) equation is
used to evaluate the stability of these two
structures:

AH = L {Esy32-0Bix) +*Esn (1)
—[Esns2 + xEg;i]}

where Eg,32_4)Bi(x) and Eg,3z are the total energy of
the 2 x 2 x 2 supercells corresponding to fSn with
and without Bi, respectively, and Eg, and Ep; are
the total energy per atom of each constituent
element in its pure crystal state, respectively.

The formation enthalpy of model (d) is derived as
0.01549 eV/atom, which is slightly lower than model
£(0.01551eV/atom), therefore model (d) is chosen for
the crystal structure prediction in the DFT calcula-
tion. This also supports the hypothesis that the Bi-
rich plane tends to form parallel to the (001) plane.
The calculated unit cell volume for different con-
centrations of Bi is shown in Fig. 5g. The volume of
the unit cell increases while the concentration of Bi
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the PXRD measurements

rises, which agrees with the results of the PXRD
data.

The change of unit cell volume versus tempera-
ture for pure fSn was derived from the lattice
parameter data in the literature, and it shows a
linear relationship between volume and tempera-
ture, as shown in Fig. 5h.?® The volume increase of
the fSn phase expected by a change in temperature
alone can be calculated based on the equation of best
fit shown in this figure, which is 0.26%. Similarly,
we can get the unit cell volume at 60°C and 93°C for
pSn in the Sn57Bi from the in situ synchrotron
PXRD data (Fig. 5h) and calculate the volume
change across these two temperatures, which is

1.09%. The unit volume change expected from a
change in solubility is estimated from the DFT
calculation results as 0.81%.

To analyze how the combination of solute concen-
tration and temperature impact thermal expansion,
assumptions could be made as below:

1. Temperature has a direct effect on expansion
and an indirect effect through changing the
solubility limits and subsequent diffusion.

2. The total impact is assumed as the multiplica-

tion of the effect of temperature and diffusion.

Thus, the total volume change caused by tempera-
ture and diffusion could be calculated using:
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Ciot = (]. =+ CT) X (1 + CD) -1 (2)

where ¢, is percentage of the total volume change
of the unit cell, ¢y is percentage of the volume
change caused by temperature, and cp is percentage
of the volume change caused by diffusion.
Substituting the data derived into Eq. 2, the ¢ is
calculated as 1.08%, which is close to the experi-
mental result of 1.09%. The calculated results also
indicate that the change due to the variation of
maximum solubility and diffusion of Bi is more
significant compared to that caused by temperature,
which is consistent with the synchrotron PXRD
results shown in Fig. 3. The results of the DFT
apply to the assumption of equilibrium and, as per
the discussion above, this would take a significant
time to be achieved;'® nevertheless, the results of
the DFT calculations provide a detailed insight into
the diffusion effects of Bi in Sn and the change of the
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Thermal Expansion Behavior of Bi
Detectable Bi During Heating up

Changes in the Bi phase in the Sn-Bi alloys were
also investigated. Figure 6. shows the PXRD pat-
terns for Sn37Bi and Sn57Bi at different tempera-
tures. From the phase diagram in Fig. 3b, the
eutectic point is around 139°C.*® Therefore, if the
temperature is higher than this eutectic tempera-
ture, the eutectic phases in the alloys should not be
present and a homogeneous liquid should be pre-
sent. Therefore, in the Sn-rich hypoeutectic alloy,
only the primary Sn phase is expected to remain as
a solid and the Bi phase should not be detected in
the PXRD pattern. However, Fig. 6 indicates that
the Bi phase is detectable after the eutectic point,
and, although the signal of Bi decreases signifi-
cantly around the eutectic point, it is still strong in
the Sn-37Bi alloys. Furthermore, for both Sn37Bi
and Sn57Bi, whose melting points are around 172°C
and 139°C, respectively, the Bi phase is still
detectable after the alloys fully melt.
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The Bi signals indicate that the Bi exists as a solid
even above the liquidus temperature in the Sn-Bi
alloys. It seems that some residual Bi particles do
not melt during the whole heating process. We can
also see much Bi segregation within the primary
fpSn phase in Fig. 2a and b. This unmelted Bi might
be a major contributor to the signal detected after
the eutectic point, and, on the basis of the discussion
in Sect. 3.2, the Bi will precipitate from the Sn
phase after the eutectic point, which might also
contribute to the intensity of the Bi peaks.

Lattice Parameters of Bi

The lattice parameters of the Bi phase in Sn57Bi,
Sn37Bi, and pure Bi versus temperature derived
from the PXRD patterns are shown in Fig. 7. For the
Bi phase, the lattice parameters of a in Sn-Bi alloys
shown in Fig. 7a are lower than that in pure Bi, and
the lattice parameter ¢ in Fig. 7b is similar. The
total volume of the unit cell of Bi phase in Sn57Bi
and Sn37Bi is lower than that of pure Bi. As the
temperature increases, the lattice parameters show
an increasing trend. It is noticed that in the Sn37Bi
alloy there is an inflection in the graph in the
vicinity of the eutectic temperature at 140°C.
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Furthermore, compared with the pure Bi, the ratio
of ¢/a in Sn57Bi and Sn37Bi is more stable.

The data in Fig. 7 show that the change of lattice
parameters of Bi depends mainly on the tempera-
ture. However, the lower parameters of ¢ and unit
volume in the pure Bi also indicate that the
diffusion of Sn in Bi has a notable effect, even
though the Bi-rich phase is nearly pure, and the
maximum solubility of Sn in Bi is reportedly
low.2%3° The inflection in the lattice parameter data
for Sn37Bi before and after the eutectic point may
indicate an effect associated with changing solubil-
ity of Sn in the Bi phase. It could be predicted from
the results above that the presence of Sn atoms in
the Bi phase results in a contraction of the unit cell.
If this change of crystal structure is caused by
interstitial atoms, the unit volume should increase,
which does not align with the results. Thus, it is
likely that the substitution of the Bi atoms by Sn
atoms in the crystal structure leads to a shrinking of
the unit cell. The inflection near the eutectic point
may be associated with Sn precipitating from the Bi
phase as the temperature continually increases, and
the unit cell may expand due to both the releasing of
Sn atoms and the increased temperature. Due to
this phenomenon, the increase with temperature of
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the lattice parameter of a for Bi phase in Sn-Bi is
suppressed by the diffusion of Sn in the Bi phase as
the temperature increases before the eutectic point,
making the c/a ratio more stable compared with
pure Bi.

Directional CTE Determination of Bi

Figure 8 shows the directional CTE of the Bi
phase for pure Bi, Sn37Bi, and Sn57Bi alloys. The
pure Bi has a larger CTE than the Bi phase in the
Sn-Bi alloys, and it increases with temperature in
every direction. However, with the addition of Sn,
the CTE behavior becomes more complicated. Espe-
cially in the Sn37Bi alloy, it can be seen from both
the CTE in the a, b, and ¢ directions and the CTE
cross-sections in Fig. 8b and e that the CTE in the a
direction increases with temperature but the CTE
along the c direction decreases. As the temperature
increases, the difference of CTE becomes less,
indicating a more isotropic thermal expansion of
the Bi phase, which can be clearly seen by compar-
ing the Bi CTE ellipsoid at 40°C (Fig. 8g) with that
at 120°C (Fig. 8h). While the CTE of Bi in Sn57Bi
shown in Fig. 8c and findicate that the CTE in the a
direction does not change much, the CTE in the ¢
direction increases with temperature. Thus, the
addition of the Sn could affect the thermal expan-
sion behavior of the Bi phase in both magnitude and
direction, even though the solution of Sn in Bi is
limited.

CONCLUSION

The individual Sn and Bi phases in Sn-57Bi and
Sn-37Bi alloys have been found to have different
thermal expansion behaviors compared with pure
Sn or pure Bi, which are dependent on both atomic
diffusion in response to solubility limits as well as
the direct effect of temperature.

In terms of the fSn phase, the lattice parameters
of fSn in Sn-Bi alloys are larger than pure fSn, and
show a thermal expansion trend that can be inter-
preted with respect to the shape of the solvus of the
Sn-Bi equilibrium phase diagram. It has been
shown that, while diffusion and temperature impact
the crystal structure together for Sn-Bi alloys, the
former has the more significant influence compared
to the latter. The results and DFT calculations also
indicate that the formation of Bi-rich planes in the
pSn crystal structure tends to be parallel to the
(001) planes, which results in a larger influence on
lattice parameters in the a and b directions than in
the ¢ direction. The directional CTE derived from
the lattice parameters shows anisotropic expansion
for fSn in Sn57Bi, and the CTE along the a
direction becomes larger than that in the ¢ direction
as the temperature increases.

For the Bi phase, which exists both as a eutectic
phase and as dispersed precipitates within the
primary Sn phase, the lattice parameters increase
during heating with an inflection near the eutectic

temperature, which may be caused by the precipi-
tation of Sn from Bi. Compared with pure Bi, the
unit cell is reduced in volume for the Bi phase in the
Sn-Bi alloys, and the ratio of the c/a change is
smaller than in pure Bi. The diffusion of Sn in Bi
also influences the CTE of the Bi phase, while, in
Sn37Bi, expansion became more isotropic as the
temperature increases.

This paper concludes that, in the Sn-Bi system,
the diffusion or precipitation of atoms influences the
lattice parameters and CTE, which, due to the large
changes in solubility with temperature in this
system, should not be neglected in service life
prediction modeling. This research provides funda-
mental information for the application of Sn-Bi-
based low-temperature solders, and should help
better understand the morphology and properties of
the solder alloys under thermal cycling. In the
future, we plan to find the specific concentration of
Bi in the fSn phase at different temperatures in Sn-
Bi alloys to better quantify the relationship between
thermal expansion behavior and composition, and
are also interested in investigating how additional
elements diffused from substrates in a solder joint
influence this behavior.
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