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tution for Sn to lower solder joint processing temperatures has been widely
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1 Introduction

Emerging legislative requirements, from the imple-
mentation of Restriction of Hazardous Substances
(RoHS) in electronic devices and the growth of con-
sumerism requiring smaller and more functional
products, have driven the development of new
unleaded electrical interconnect materials [1]. The
functionality and longevity of solder joints are char-
acterised by their reliability in the field; therefore, the
solder must use optimum physical and chemical
properties to ensure robust interconnections. Despite
having drawbacks like cost and durability consider-
ations, the transition from conventional Sn-Pb
eutectic alloys to Pb-free solder alloys is taking place
at a fast pace. In recent years, considerable efforts
[1-3] have been made to develop Pb-free alloys that
match the operational performance of the traditional
Sn-Pb eutectic solders. Concurrently, there is grow-
ing demand for soldering alloys that can service more
demanding functional requirements in new small
portable devices. The move to a cost-effective alter-
native to these solder systems involves incremental
development of research involving reliable solder
alloy material compositions, industrial process
development, inventory clearance, and product cer-
tification. Different families of non-leaded solders are
now commercially available and most of these are
formulated around eutectic Sn-based systems.

It is of particular importance to understand the
thermal characteristics of candidate alloys to inform
their processing in manufacturing, especially for
mounting and interconnecting of sensitive electronics
[4]. The thermal fatigue reliability of SAC solders
depends on the microstructural constituents. Though
generally, the family of SAC are known to have good
thermal fatigue, the near-eutectic commercial alloys
SAC305 and SAC405 exhibit the best thermal fatigue
properties [5]. Lower Ag content in SAC alloys
results in an increased rate of particle coarsening
during thermal cycling and therefore shorter life-
times. It is found [5] that a higher density of Ag;Sn
precipitates decelerates the microstructural coarsen-
ing effect. To compensate for the loss of strength due
to particle coarsening, alloys that provide solid
solution strengthening and at higher concentration
initiate a eutectic shift to provide the energy potential
for off-eutectic freezing leading to formation of pri-
mary precipitates are considered desirable [6].
Additionally, the particle coarsening mechanism
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which accelerates failure in solder alloys has been
attributed to temperature cycling-induced strain
paired with thermal exposure at the higher end of the
cycle [7]. Considering these critical reliability aspects,
alloys with higher Ag content (> 3%wt) ternary SAC
alloys with a eutectic around Sn-3.5Ag-0.9Cu (wt%)
are selected for this research. These alloys exhibit
melting properties that are considered the most
promising to replace and match the properties of Sn—
Pb solders. Some of the advantages of SAC alloys are
ease of use, comparatively slow creep rate, whilst
showing promising strength and ductility. SAC
alloys show increased performance efficiency under
thermal fatigue testing as the range of thermal cycling
temperature reduces, outperforming Sn-Pb alloys
under less severe cycling conditions [5, 7]. Commer-
cially, they are available in near-eutectic composi-
tions as SAC305 (Sn-3Ag-0.5Cu) and SAC405(Sn-
4Ag-0.5Cu) and other far eutectic compositions with
lower Ag contents to reduce cost. SAC solders have
been documented to exhibit high resistance to
mechanical vibration, impact, and creep at tempera-
tures up to 150 °C, improving upon the thermome-
chanical properties of Sn—Pb [8]. However, eutectic
SAC alloy has a melting point of 217.2 °C [6]
approximately 34 °C higher than Sn-Pb which can
limit their potential for broader application.
Substitution of another element into lead-free sol-
ders is a common method for improving thermal
characteristics and achieving optimal properties. It
has been demonstrated that the addition of Al,O;
nanoparticles to Sn-based Pb-free solder alloys
improved wettability and mechanical properties by
refining the microstructure through the nucleation
effect of the nanoparticles [9]. SAC alloys generally
have better corrosion resistance than lead-containing
solders but recent work [10] suggests that corrosion
properties can be improved by the addition of a
quintenary component as an alloying element or
addition of a small volume proportion of metallic
oxide nanoparticles. Bismuth (Bi) due to its ability to
lower the melting temperature of the solder, low cost
relative to other materials, and low toxicity has
become an attractive choice as an alloying component
in lead-free solders. However, as the solid solubility
limit of Bi in the Sn-Ag-based solder at room tem-
perature is reported to be 4 wt%, higher levels of Bi
could lead to precipitation of a pure Bi-phase [11, 12].
Although recent studies by Hu, et al. [13] suggests the
functional limits of Bi substitution for Sn within SAC
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solders occurs at approximately 3 wt% Bi, our pre-
liminary work [14] indicated that much is left to be
understood about the effects of Bi for more dilute and
higher concentrations of Bi in SAC.

Interfacial reactions between the solder and the
substrate occur during soldering lead to the forma-
tion of intermetallic compounds (IMCs). The forma-
tion of IMCs encourages the binding of the solder
with the substrate. The brittle nature of large IMCs at
the interface tends to be detrimental to the mechan-
ical properties of the joint. This can be particularly
observed in the case of solder alloys containing Bi
which exhibit segregation of Bi at Cu/CusSn inter-
faces when soldered onto Cu substrates. Whilst the
existence of IMCs indicates good wetting character-
istics, the durability of solder devices can be impaired
by excessive intermetallic layer development. It has
been previously reported that 1%wt addition of Bi
into the solder alloy can improve the wetting capa-
bility by inhibiting the excessive formation of IMCs
during soldering and subsequent ageing processes
[15-17]. Substitution of elements in SAC solders can
affect interfacial reactions by altering the rate of
growth of IMCs, creating reactive layers, and
changing the properties of phases formed during
these reactions. The eutectic phases formed during
solidification of SACs are: -Sn and the intermetallic
phases AgsSn and CueSns. These phases commonly
exist in morphologies of Ag;Sn plates, hollow
hexagonal CueSns needles, and non-faceted dendrites
of f-Sn [18]. SAC alloys face difficulty in nucleating
Sn solidification as a pro-eutectic phase due to
exhibiting a high degree of undercooling. However,
reaching a fully eutectic microstructure is difficult
due to the potential for deviation from the equilib-
rium eutectic solidification. For example, during slow
cooling increased undercooling of the SAC joints
promotes the formation of undesirable pro-eutectic
Ags5Sn intermetallic which can coarsen and lead to
embrittlement of the solder joint [19]. This means the
time for cooling and diffusion of Ag and Sn should be
shorter to inhibit the growth of AgsSn. The intermix
of microstructure from near equilibrium to
metastable affects the mechanical properties of the
soldered joint. There is still much to be understood
on the role of Bi addition to SAC and the possible
nanoscale microstructural changes for dilute (< 3%)
Bi substitution in the SAC alloys. Small-angle neutron
scattering and ultra-small-angle neutron scattering
(SANS and USANS) experiments were conducted in
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this research to study the morphology of Bi precipi-
tates in SAC-Bi alloys making it the first time these
techniques were used to study structure across such a
large length scale for SAC alloys with Bi substitution.
This work is therefore aimed at exploring the effects
of modification of SAC alloys with Bi to understand
changes in the functional properties required in
interconnecting of electronic components in new
RoHS compliant devices.

2 Experimental
2.1 Alloy selection

SAC alloys with composition around the eutectic
form the basis of the commercially available
SAC305/405. To study the effects of Bi substitution
on the functional properties it is appropriate to base
our study on the eutectic composition Sn 95.6wt%-
Ag3.5wt%-Cu0.9wt%. Therefore, we study the
eutectic SAC with increasing levels of Bi substitution
for Sn with 0.25% Bi increments up to 3wt%. Beyond
3 wt% Bi, the increments were increased and alloys
containing 4, 7, and 10 wt% Bi were analysed to
enable extrapolation of the changes in thermal and
mechanical characteristics.

2.2 Preparation and casting of SAC-Bi
alloys

Alloy compositions of SAC-Bi were determined pro-
portionally by weight percentage with Bi substitution
for Sn in the eutectic composition SAC-alloy series.
The elemental makeup of each composition was
weighed using granular, high purity Sn-99.99wt%
chemically pure Ag-99.99wt% electrolytic oxygen-
free Cu and Bi-99.99wt%. The alloy components were
weighed into batches of 80 g and loaded into an
alumina crucible. A mixture of LiCl/KCI at a molar
ratio of 41.8/58.2 corresponding to the eutectic of the
LiCl/KCl system as predicted by the thermodynam-
ically calculated Phase diagram [20] was melted at
500 °C and was poured on the cold mixture of alloy
component in the alumina crucible to form a pro-
tective flux on the alloy mixes before melting.

The alloy mixes covered by molten salt were finally
fired to 600 °C in a mulffle furnace during which the
elemental component melted and the molten salt
mixture formed a protective flux layer over the
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molten alloy. The sequence of casting is illustrated in
Fig. 1. The mixture was left in the furnace to equili-
brate at 600 °C during which the molten salt flux
protected the metallic melt from oxidation, as shown
in Fig. 1. The melt was then stirred using a borosili-
cate glass rod to ensure uniformity in concentration
and was given time to attain enough superheating
before the casting procedure.

The crucible was then removed from the muffle
furnace whilst the superheat kept both the alloy and
salt mixtures molten during the casting process. The
alloys were cast into 8 mm rods by vacuum action
that sucked the molten alloy into borosilicate tubing,
as illustrated in Fig. 1. The salt was eventually
washed off under running water. The castings came
out as rods attached to the remnant pool as illustrated
in Fig. 2. All of the rods and the remnant melt pool
came out with a metallic lustre finish (Fig. 2)
demonstrating the effectiveness of the protective
action of the molten salt mixture. The rods were then
sectioned into samples for tensile testing, observation
by scanning electron microscopy (SEM), and thermal
analyses.

2.3 Thermal properties

The thermal characteristics were monitored for each
sample followed by a NETZSCH 449 F3 Jupiter
simultaneous thermal analyser (STA), using the

2] ]
T
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VaCUlun

Cast ingot

Fig. 1 Illustrative sketch of alloy making, and casting a Flux
protection of element mix, b Molten alloy with flux protection,
¢ Vacuum casting into borosilicate tubbing
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Fig. 2 As-cast alloy profile and sectioning for tests

differential scanning calorimeter (DSC) mode. Sam-
ples for DSC were weighed on an electronic balance
with sensitivity £0.1 0 mg. About 40 mg sample of
each composition is loaded onto an alumina pan and
subjected to thermal balance following the power
energy difference to maintain the temperature of a
sample and reference in an inert atmosphere of
sweeping argon gas. The sample was subjected to a
thermal program to heat slowly at 1 °C/min from
room temperature to 400 °C and cooled to room
temperature with the instrument fan-forced cooling.
The melting observed in the heating cycle is used to
characterise the thermal properties. The thermo-
grams for heating and cooling cycles were compared
to follow the extent of undercooling. The DSC
instrument was programmed to normalise the effect
of mass to present the DSC signal output in W/mg.

2.4 Tensile testing

Tensile testing was performed on the SAC-Bi series of
alloys using samples obtained from the 8 mm diam-
eter rod castings. Test samples were machined into a
dog-bone profile, and the specific dimensions as
illustrated in Fig. 3. The tensile tests were conducted
on a Shimadzu UTM, where the test samples were
pneumatically gripped at the jaws of the machine.

85

.
L -

[ 60

Fig. 3 Engineering drawing showing the dimensions in mm of

tensile test samples
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The tests were performed at a crosshead speed of
1 mm/min with load applied via a 100kN load cell.
The tensile test data were collected via a physically
attached extensometer with a gauge length of 50 mm.
The raw data were collected as force-displacement
data and were processed using spreadsheeting soft-
ware into stress—strain data.

2.5 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was carried out
on JEOL JSM-TT 100 operated with an accelerating
voltage of 20 keV. The as-cast samples were sectioned
and polished to 1um finish and etched with alcoholic
ferric chloride. Microstructural images were acquired
with secondary electron images. For fracture sections,
tensile fracture sections were washed in ethanol in an
ultrasonic bath. The true fracture area of fractured
samples were obtained with measurement tools on
the SEM software. Energy-dispersive X-ray spec-
troscopy (EDS) attached to the microscope was used
to identify microstructural components.

2.6 Small-angle neutron scattering (SANS)
and ultra-small-angle neutron
scattering (USANS) investigation

Both SANS and USANS experiments were conducted
with the OPAL reactor at the Australian Nuclear
Science and Technology Organisation (ANSTO),
Australia. SANS experiments were carried out in the
instrument named QUOKKA [21] which is a 40 m
monochromatic pinhole SANS instrument. Three
detector distances 1.3 m (with 300 mm offset and
12 m collimation), 12 m (with 12 m collimation), and
20 m (with lens optics 20 m collimation) were used
with two different incident neutron beam wave-
lengths of 5 A and 8.1 A (only for 20 m lens optics).
The scattering vector (Q) is measured as a function of
scattering angle (0) and the wavelength (L) as per the
following equation:

__Amsin 0
A

The range of scattering vector was 7 x 107* Alto
0.7 A~". The appropriate instrument background and
sample background was subtracted from the raw
data and then data were converted to absolute scale
using an empty beam flux as a standard. USANS
experiments were conducted at the instrument called
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KOOKABURRA [22] which extended the Q range up
to 2.78 x 10 A~! for the wavelength of 2.37 A with
a resolution (AL/2) of 4%. The data were de-smeared
using NIST macros. SANS and USANS data were
then combined using IGOR macros [23].

3 Results and discussions
3.1 Thermal and microstructural analysis

To follow the effect of Bi on the thermal behaviour of
the solder alloy, DSC was conducted. The melting
temperature is critical to the selection of the solder
alloy and a vital consideration for improving solder
properties. The thermograms obtained from DSC
were analysed using a linear baseline to determine
the onset of melting during the heating cycle. This
allowed the observation of the effect of Bi concen-
trations on the thermal properties of the Bi-contain-
ing SAC series. Figure 4 shows the general effect of Bi
substitution on the DSC melting curve. It is seen that
for the Bi-free eutectic alloy the melting onset was
about 220 °C which is consistent with other pub-
lished results [24, 25] which reported an equilibrium
melting temperature of 217 °C. The slight departure
of 2°C is the result of heating rate dependent
superheating under the dynamic DSC heating.

The heating curve was altered by the Bi additions
resulting in a widening of the melting peaks and
reduced onset temperatures. The use of Bi to reduce
the melting temperature has been widely reported
[2, 3]. The thermal curve for the eutectic alloy repre-
sents freezing into a 3-phase eutectic microstructure.
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Fig. 4 The effects of Bi substitution for Sn on DSC melting
thermograms in the SAC alloy
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The dynamic nature of the DSC heating imposes
some broadening on the phase changes, however,
increases in the broadening of DSC peaks with
increasing Bi concentration may be associated with
off-eutectic melting. The melting characteristics can
be monitored by following the shape of the thermal
curves in Fig. 4 for changes that signify changes in
the solidification sequence associated with off-eutec-
tic solidification in the Bi-containing alloys. The trend
for the reduction in onset temperature with increas-
ing Bi is shown in Fig. 5. The melting range gives
further information on the alloy solidification paths.

In the case of eutectic SAC with Bi additions,
endothermic peak broadening is observed to remain
relatively low (10 — 12 °C) over the Bi concentration
range of 0.8-3.0 wt%. Figure 6 shows the changes in
peak broadening indicated as DTg. The small chan-
ges in DTR observed at the concentration range of
0.8-3.0 wt% Bi are thought to be due to the solidifi-
cation reaction close to the eutectic with the Bi held in
solid solution in the b-Sn matrix phase. The broad-
ening of the curve is also followed by examining the
full width half maximum (FWHM) per weight for the
melting reaction in Fig. 7. A typical ternary eutectic
microstructure is shown in Fig. 8 and a schematic
depiction of the phase morphologies is presented in
Fig. 9. The microstructure consists primarily of b-Sn
containing intermetallic phases of Ag;Sn and CueSns.
Previously, it was shown [14] by XRD that estab-
lished primary Bi precipitates can only be detected at
Bi concentrations greater than 3%, hence SEM
examinations of SAC with lower Bi content present
similar microstructures to that of the eutectic. How-
ever, beyond the Bi solubility limit further broaden-
ing of the DSC melting peaks can be attributed to the
formation of a pro-eutectic primary phase of Bi which

Temperature (°C)

190

wt% Bi

Fig. 5 Onset melting temperature of eutectic SAC-Bi (0-10%wt)
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Fig. 6 Effect of Bi substitution (0—10 wt% Bi) on DSC melting
range ATR °C

14 — —

near eutectic | off eutectic
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o

N}
N o ————

wt%Bi

Fig. 7 Full width half maximum (FWHM) per weight for the
melting reaction (0—-10 wt% Bi)

is well distributed throughout the matrix phase as
fine precipitates during solidification [26]. The large
DTr observed for alloys with greater than 3% Bi
clearly indicates off-eutectic melting in conjunction
with the well-established formation of the primary
Bi-phase in the microstructure.

The solidification behaviour of the solder and its
microstructure is affected by the degree of under-
cooling which is characterised as AT = Ty, — Ts, where
Tp is the temperature during the heating stage at
which the melting starts, and TS is the temperature
during the cooling stage at which solidification
occurs. The degree of undercooling can therefore be
determined by comparing the difference between
each onset temperature in the heating and cooling
curve. Alloying elements into solder alloys provide
additional nucleation sites which promote the solid-
ification process [26]. To achieve refinement in the
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Fig. 8 Typical microstructure of SAC with 3-phase eutectic of B-Sn, Ag3Sn, and Cu6Sn5 (left); and EDS spectra identifying Cu6Sn5 and
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Fig. 9 Schematic illustration

microstructure and better heterogeneous nucleation
of solidified phases a reduction in undercooling is
desired. As shown in Fig. 10 the addition of bismuth
to the SAC solder reduces the degree of undercooling
which can lead to improvement through refining the
microstructure of the solder alloy. The lower degree
of undercooling favours better nucleation of solidi-
fied phases through heterogeneous nucleation at Bi

particles [27]. The finer microstructure is attributed to
a faster solidification rate for the Ags;Sn and B-Sn
phases which leads to an increase in the availability
of heterogeneous nucleation sites for the primary
IMCs [26-28]. The evolution of microstructure that is
associated with the solidification path is expected to
influence on the mechanical properties of the differ-
ent solder compositions.

3.2 Mechanical properties

The mechanical properties of the Bi-containing SAC
alloys were evaluated using standard tensile tests.
The stress—strain curves typifying the effects of Bi on
the mechanical properties of the SAC alloy is shown
in Fig. 11. The ultimate tensile strength (s,) was
50 MPa for ternary SAC and increases with Bi to a
maximum of 90 MPa for 10% Bi substitution. The
modulus of elasticity (E) obtained from tensile test
results was 48 — 50GPa and did not follow any clear
trend with Bi content. The non-varying trend in E
with %Bi is because the elastic property is funda-
mentally related to metallic bonding offered by the 3
Sn and this is not a microstructure sensitive property.
It is evident that there was a reduction in ductility
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Fig. 11 Effects of Bi substitution in SAC on the stress—strain data
obtained from tensile tests

with increasing levels of Bi substitution as shown in
Fig. 12 which presents the derived mechanical
properties from the stress—strain curves as a function
%Bi in SAC. The fracture strain was about 17% for
SAC and drastically dropped to less than 10% for
concentrations with more than 1% Bi. Figure 13
shows the difference in reduction in the area with
varying compositions of Bi. The observed reductions
in ductility with increasing Bi are highlighted by the
clear difference in reduction in the area after fracture,
in Fig. 14, for the SAC alloy containing 7 wt% Bi
versus the Bi-free alloy.
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Ismuth is intrinsically brittle and the SAC with
high Bi concentrations forms Bi precipitates in the -
Sn matrix by proeutectic reaction which lead to
reduced ductility. At lower Bi levels (less than 5 wt%)
growth of intermetallic compounds is limited, and
fine precipitates of Bi form during cooling in the Sn
solid solution which increases the strength of the
solder matrix. These fine precipitates have
stable chemical bonding and impede dislocation
movement causing increases in strength and a
decrease in ductility of the alloy [26]. The ultimate
tensile strength (s,) and yield strength (s,) obtained
from the 0.2% offset method as a function of %Bi in
SAC can be observed in Fig. 12. Both s, and s,, follow
the same trend. It is seen that s, increased from 50 to
60 MPa at dilute concentration of Bi in SAC up to 1.8
wt% Bi without drastic loss in ductility indicated by
elongation at fracture. The effect of Bi in increasing
strength plateaued at 60 MPa between Bi concentra-
tions of 1.8 — 2 wt% Bi and in this concentration range
there was a dramatic drop (approximate 50%) in
ductility to 10 — 15% in elongation at fracture. The
initial effect of Bi in increasing the strength at the low
Bi content (< 2% Bi) can be attributed to solid solu-
tion strengthening. This is in accordance with results
from DSC thermal analyses (Figs. 4, 5, 6) that sup-
ports that SAC-Bi in this concentration range under-
goes near-eutectic melting/solidification for which



] Mater Sci: Mater Electron (2021) 32:22155-22167

| 22163

Fig. 12 Mechanical properties 100 I I 60
derived from tensile tests — > >« it >
o A 1B c ¢
50
80 I 1
|
7 : | } 40
= =}
)
£ 60 ' 3 ¢ ¢ ¥
= 43 S
~ 50 i ¢ 30 £
2 %% S
= 1 H
£ 40958 | :
e | 1 20
30 I |
] | @
20 1 18
lo ®
10 —*
0 0
0 1 2 3 4 5 6 7 8 9 10
wt% Bi
A: Solid solution hardening
® oy (MPa) © oy (MPa) @ % Elongation B: Bi Clustering
C: Precipitate strengthening
80
70
<
g 60
& 50
=1
-2 40
3
S 30
=4
<20
10
0
0 2 4 6 8 10
%wt Bi

Fig. 13 Effects of Bi substitution in SAC on the reduction in area
obtained from tensile tests

there were no hardening effects from a primary pro-
eutectic Bi-phase. However, the rapid loss of ductility
observed at concentration range 1.5-2 wt% Bi sug-
gests the possibility of a fine-scale, i.e. below the
resolution able to be observed under SEM,
microstructural event which has led to the embrit-
tlement. The EDS results (Fig. 8) confirmed the exis-
tence of established primary Bi precipitates at 3 wt%
Bi in eutectic SAC. However, evidence from both
mechanical and thermal analyses suggest that the
limit of solid solubility lies at a more dilute Bi con-
centration. This was further investigated with Neu-
tron Scattering methods using Small angle and Ultra-

Fig. 14 Fractographic images of a Eutectic SAC with large
reduction in area, b SAC-Eu-7%wt Bi
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small angle (SANS and USANS) in the following
section.

The strength of alloys containing 2 wt% Bi was
80 MPa and increased gradually reaching 90 MPa at
10% Bi. There was no further deterioration in duc-
tility with higher Bi contents. The effects observed for
SAC-Bi with more than 2% Bi can be attributed to the
precipitate hardening arising from the effects of
established primary Bi precipitates. This is consistent
with thermal analyses that support the off-eutectic
behaviour of alloys in this Bi concentration range.

3.3 Small-angle neutron scattering (SANS)
and ultra-small-angle neutron
scattering (USANS)

For the SAC-Bi compositions in the range of 0.8-2.0
wt% Bi near the limits of the Bi solid solubility, due to
the observed mechanical behaviour where there was
a loss of ductility in conjunction with differences
detected via thermal analyses, samples around this
compositional range were subjected to (ultra) small-
angle neutron scattering experiments. The data for
scattering were obtained using separate instruments
for SANS and USANS to obtain scattering data for a
wide range of scattering factor Q from
2.78 x 10° A~ t0 0.7 A~". The scattering factors (Q)
for SAC-Bi of 0.8-2.75 wt% Bi are presented in

J] Mater Sci: Mater Electron (2021) 32:22155-22167

10° — 107247, some changes can be observed at 5 x
10247 corresponding to a length scale of 12.5 nm.

However, from Q slightly below 10 247", for the 0.8
wt% Bi concentration the scattering intensity is sig-
nificantly lower than for the other compositions as we

approach a scattering factor around 10*A™". The
scattering for the 0.8 and 1.5 wt% Bi samples were
distinct from that of the higher Bi (2 and 2.75 wt% Bi
concentrations) which were coincident. The changes
in the scattering behaviour indicate that a nano-scale
microstructural clustering phenomenon occurs in the
composition range of 1.5-2 wt% Bi which is likely the
cause of the observed loss in ductility as well as the
differing thermal behaviours for these compositions.

The Q value of 10724, where this change in scat-
tering becomes evident translate to a length scale of
10 to 100 nm. Since for higher concentrations of Bi
(> 2 wt% Bi), the existence of established Bi precipi-
tates which contribute to hardening is not in doubt, it
is proposed that the nanometric length scale differ-
ences in scattering could be due to the presence of
precursor Bi clusters that were responsible for
observed embrittlement in the concentration range
beyond the solid solubility limit (1.5 wt% Bi) and up
to the concentration when distinct Bi precipitates
form (2 wt% Bi).

Figs. 15 and 16. For high Q ranging from
Fig. 15 SANS and USANS 1073 -
i 0.80% Bi.ABS
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Fig. 16 SANS and USANS 1e9
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4 Outlook for application of Bi-
containing SAC solders

The development of Pb-free solders which mimic the
operational properties of classic SnPb eutectic solders
is becoming increasingly vital for the microelectron-
ics industry. However, forming effective Pb-free sol-
ders is challenging and further metallurgical insight
to advance the current understanding of ternary and
quaternary Pb-free solder systems is required until
the technology can fully step away from the binary
SnPb solder of the past. Due to their resemblance to
SnPb solders and high electrical and mechanical
performance, SAC eutectic (5n3.5Ag0.9Cu) and near-
eutectic (SAC305/405) alloys are perhaps the leading
alternatives. Extensive research on SAC solders with
varying compositions of Ag pertains to reducing the
contents of the high-cost Ag component and hence
improve overall solder affordability. SAC solders
with low Ag content (<3 wt%) which have been
alloyed with traces of Rare Earth elements like Pr, Ga,
Ce, Nd, and Dy have proven effective in enhancing
wettability and mechanical properties but show
deterioration in properties with increasing concen-
trations. [28-31] The alloying elements in the solder
alloy lower the diffusion coefficient resulting in the
formation of thinner IMCs which results in a stronger
joint [32]. In recent literature SAC (257) solder with
the addition of Bi in weight percentages up to 5 wt%

10! 10°

showed that Bi greatly affects the mechanism of for-
mation of IMCs in the solder during solidification
hence refining the microstructure whilst imparting
strength to the alloy and lowering the melting tem-
perature [33]. In other work, SAC (157) with the
addition of 3 wt% Bi has shown higher creep resis-
tance and improved creep lifetime compared with the
base solder [26]. Bi has been reported to restrict tin
whisker growth in SAC-Bi alloy [1].

Our preliminary research [14] indicated that the
maximum Bi content for lowering the processing
temperature of eutectic SAC alloys should be below 2
wt% but there was still a need to develop further
understanding on the role of Bi on the solder prop-
erties and also on the impacts of higher levels of Bi
which has motivated this research. Building on this
prior work, we have observed that Bi clustering in the
1.5-2 wt% Bi composition range, which is below the
concentration at which discrete Bi precipitates have
been detected to form, causes embrittlement of the
alloy. This hitherto undetected phenomenon has
important implications for the formulation of robust
and long-lasting SAC-Bi solder joints. Additionally,
increasing Bi contents in SAC-Bi solder beyond 2
wt% promoted increases in strength peaking at 7 wt%
Bi at 93 MPa, nearly twice that of eutectic SAC alloy
whilst still maintaining substantial (> 10%) ductility.
Despite the reduced ductility at this higher Bi con-
tent, the alloy has superior strength which will serve
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for more efficient component handling, logistics, and
durability. The findings of this research indicate that
there is substantial potential to further understand
the full effect of Bi in solder applications, particularly
for targeted applications. Therefore, the opportunity
to study and compare creep models, wettability and
biomedical behaviour of eutectic SAC alloy with
varying Bi concentrations is presented.

5 Conclusion

In this study substitution of Bi for Sn in a eutectic
SAC solder was investigated. The Bi was shown to
alter the solidification path and mechanical proper-
ties of SAC related to its influence on the eutectic
reaction. Generally, the onset for melting decreases
with increasing Bi concentrations dropping from
217 °C to around 193 °C for 10% Bi substitution. The
tensile strength for ternary SAC is 50 MPa and
increases with Bi content to 60 MPa plateauing at
between 1.4 and 1.8 wt% Bi. The increase was asso-
ciated with solid solution strengthening imparted by
Bi to the B-Sn matrix. Tensile tests indicated that at
between 1.4 and 2 wt% Bi samples became brittle
with a smaller reduction in area and substantially
reduced strain at fracture. Neutron scattering exper-
iments suggested that in this concentration range,
there was evidence of atomic (Bi) clustering at a scale
in the range of 10-100 nm. The DSC studies indicated
that off-eutectic reaction led to the formation of pri-
mary Bi precipitates at concentrations higher than 2
wt%. The outcome of this work suggests that the use
of Bi modification of SAC as an electrical interconnect
material provided increased joint strength and a
lower processing temperature. The increased
strength and lower melting temperatures must be
balanced against the loss of ductility and this work
should inform practice in designing SAC alloys to
suit various functional requirements in electronic
devices designed to meet RoHS compliance.
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