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Thermal and Mechanical Properties of Sn-8Zn-3Bi Solder Alloy
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Abstract

Thermal and mechanical properties of Sn-8Zn-3Bi solder alloy on copper substrate were evaluated via
measuring the melting temperature, the coefficient of thermal expansion (CTE), the tensile and shear strength
of the solder joint. The measured properties of the alloy were then compared to the properties of the traditional
and widely used eutectic Sn-37Pb solder alloy. The results show that the melting (liquidus) temperature of
Sn-8Zn-3Bi was 195 °C, the CTE of Sn-8Zn-3Bi was 22.2x10¢ K! in the temperature range of 30-130 °C. At
the same testing condition, both tensile and shear strength of Sn-8Zn-3Bi joints were higher than those of
Sn-37Pb. The stress-strain curve indicated that the Sn-8Zn-3Bi joints were brittle whilst the Sn-37Pb joints
were ductile.
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Tém tat

Bai bao trinh bay két qua kiém tra mot sé tinh chét cia hop kim han khéng djc Sn-8Zn-3Bi dé danh gia kha
nang st dung hop kim nay thay thé cho hop kim han truyen théng Sn-37Pb. Céc tinh chét duwoc xac dinh bao
gém nhiét d6 néng chady, hé sé gidn né nhiét, giéi han bén kéo va giéi han bén cét ciia mbi han hop kim. Két
qua cho théy trong khodng nhiét dé lam viéc tir 30-130 °C, hop kim han Sn-8Zn-3Bi c6 hé sb gidn né nhiét Ia
22,2x10 K'. Nhiét do .nong chay hoan toan (nhiét d6 Iéng) cia hop kim Sn-8Zn-3Bi la 195 <C. C4 gi6i han
bén kéo va giéi han ben cét cia Sn-8Zn-3Bi déu cao hon cta Sn-37Pb. Pudng cong tng suét - bién dang

cho thdy phéa hdy ctia méi han st dung hop kim Sn-8Zn-3Bi Ia phé hdy gion so véi phé hiy déo ctia mdi han
st dung Sn-37Pb.

Tw khéa: Hop kim han, tinh chét nhiét, tinh chat co hoc

1. Introduction

Legislation is driving major changes in the
manufacture of electrical and electronics equipment.
The most significant change is the elimination of lead
from solder joints [ 1-3]. With the requirement to install
lead-free solder processes, companies have a choice of
alloys. As the selection process does not have any
detailed requirement on the alloy’s property (only
reliability test included), some solder alloys are being
used without fundamental knowledge of the alloys [4].
Consequently, some lead-free  solders are
commercially available but have not yet been fully
characterized. Therefore, further study on such alloys
remains an important issue.

When trying to identify an alternative to the
current Pb-Sn solders that are widely used, it is
important to ensure that the properties of the
replacement solder are comparable to or superior to
Pb-Sn solders. The major performance characteristics
of solders that are of importance for packaging
applications are manufacturability and reliability.
Manufacturability describes how well a Pb-free solder
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fits into current packaging practices without requiring
significant changes. Manufacturability involves most
of the physical properties of a solder alloy relevant to
soldering such as melting temperature, solderability,
viscosity, density, thermal and electrical properties,
corrosion and oxidation behavior, surface tension,
rework-ability, and cost [5-9]. The reliability of a
solder alloy for packaging is mainly dependent on the
coefficient of thermal expansion, elastic modulus,
yield strength, shear strength, fatigue, and creep
behavior of the alloy [10-14].

The Sn-8Zn-3Bi was a commercially available
solder alloy that has been used for some time. Initially,
the Sn-9Zn alloy was proposed due to its safety (lead-
free), availability, and low cost. The eutectic Sn-9Zn
also has a low melting point suitable for use as a solder
alloy in electric and electronic equipment. It also
possesses the advantages of high strength, good creep
resistance, and high thermal fatigue resistance [15].
However, poor wetting and non-wetting were
observed in Sn-9Zn during soldering due to the poor
oxidation resistance of the alloy [16]. By adding Bi
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into Sn-Zn solders, the wettability and corrosion
performance of Sn-Zn solders could be improved [15].

The wettability of Sn-8Zn-3Bi on copper was
evaluated via measuring the contact angle of the solder
alloy on the copper substrate [17]. In this work, other
important properties of Sn-8Zn-3Bi alloy such as
melting temperature, coefficient of thermal expansion,
tensile and shear strength of the solder joint were
evaluated.

2. Experiment

The copper substrate used in this study was the
commercial copper foil of 1.5 mm in thickness and has
a purity of 99.9%. The solder alloys used were
commercially available Sn-8Zn-3Bi and Sn-37Pb.

Sn-8Zn-3Bi samples used in CTE experiment
were cut from the Sn-8Zn-3Bi solder bar. It was
polished to the dimension of 20 mm in length, 3 mm
in width and 3 mm in thickness. CTE of samples was
measured by using a Dilatometer.

Tensile and shear specimen were prepared with
the copper substrate as shown in Fig. 1.

(a)

Fig. 1. a) Tensile specimen and b) Shear specimen

Copper sheet of 1.5 mm in thickness was cut in
rectangular of 50 mm in length and 10 mm with. After
that, the substrate was cleaned with abrasive paper and
compressed air. To perform the solder joint, solder
paste was loaded between two copper coupons then
heated over the melting temperature of solder alloy by
an electronic heater. After the solder alloy melted and
spread between two copper coupons, The system is
then cooled in air. The specimens obtained were
cleaned to form the testing samples.

3. Results and Discussions
3.1. Melting Temperature

Fig. 2 shows the Differential Scanning
Calorimetry (DSC) curve obtained from Sn-8Zn-3Bi
specimen. A simple curve that shows no phase
transformation of the alloy from room temperature
until the melting temperature. The alloy started
melting at a temperature of approx. 190 °C. The onset
temperature was approx. 195 ©°C. The onset
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temperature of DSC curve can be admitted as the
liquidus temperature of sample alloy [18]. Thus, the
alloy’s melting range was from 190 to 195 °C.

An advantage of low melting temperature solder
alloy is the prevalent usage of thermoset polymers in
microelectronics packaging. Epoxy resins are used for
encapsulation, substrates, and attaching the silicon die
to carriers or substrates, i.c., the die attach material.
Currently, the highest temperatures that these
polymeric materials are exposed to is approximately
230 °C for 90 s [4], during board-level assembly and/or
the reflow of solder balls and solder bumps. The Sn-
8Zn-3Bi which has a melting temp of 195 °C, close to
the melting temperature of the traditional Sn-37Pb
(183 °C) could be used as an alternative alloy in actual
soldering without any change of equipment.

3.2. Coefficient of Thermal Expansion

The coefficient of thermal expansion (CTE) of
Sn-8Zn-3Bi measured when temperature varies from
30 °C up to 130 °C is shown in Fig. 3.
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Fig. 3. Expansion of specimen (Delta L) and CTE of
Sn-8Zn-3Bi

As can be seen, CTE of Sn-8Zn-3Bi alloy
increased as the temperature increases up to 130 °C.
Firstly, the CTE increases quite rapidly, 7.51x10¢ K!
up to 12.53x10° K'!. However, the change of CTE
becomes slow at a higher temperature. The increase in
sample length is almost linear up to 140 °C. In order to
compare with the eutectic Sn-37Pb solder alloy, the
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CTE experiment is also carried out with the traditional
eutectic alloy, the obtained results are shown in Fig. 4
and Fig. 5.
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Fig. 5. CTEs of Sn-8Zn-3Bi and Sn-37Pb

The expansions in both solders are very similar
up to 80 °C. However, a significant difference started
at 90 °C where AL of Sn-8Zn-3Bi was 28.26 um while
it was 24.86 um in Sn-37Pb. The difference of AL at
90 °C was 3.4 um and it increased when temperature
increases. At 110 °C (ended temperature of Sn-37Pb
sample), AL of Sn-8Zn-3Bi sample was 38.14 um and
it was 27.56 um in Sn-37Pb. The difference was
increased to 10.58 pum.

The comparison of CTEs also shows the
similarity between Sn-8Zn-3Bi and Sn-37Pb up to
80 °C (Fig. 5). Above 80 °C, the CTE of Sn-8Zn-3Bi
was continued to increase as temperature increased but
it was reduced in Sn-37Pb. The maximum value of
CTE of Sn-37Pb was 18.07x10° K! at 80 °C and it
reduced to 17.57x10° K- at 90 °C and 15.16x10° K!
at 110 °C. Conversely, CTE of Sn-8Zn-3Bi kept
increasing and reaches 27.41x10% K at the ended
temperature of 130 °C. CTEs of Sn-8Zn-3Bi and
Sn-37Pb solder alloys are in the same range, which is
close to CTE value of copper, 16-18x10°K-! [4].

As can be seen in Fig. 3, AL of Sn-8Zn-3Bi
increased almost linear fit with the increasing of
temperature. If we assume that the increase of AL is
linear fit, an average value, oz, of CTE can be
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calculated and can be applied through the range of
temperature.

The expansion of the sample at a certain
temperature can be expressed as follows:

AL =a,L,AT (1
where Ly is the length of the sample at 7.

From the obtained values, the equations of the
linear-fit lines have been calculated:

AL =0.444x10°AT
From (1), (2), and Ly = 20 mm we have:

2

0.444x10°°

a, = ——=22.2x10"° K!
20x10

These average values of CTE were used to
recalculate AL. Results are shown in Fig. 6. As can be
seen, the line of calculated values is very close to the
line of measured values for Sn-8Zn-3Bi. Therefore, at
the range of temperature and for engineering purposes,
we can take the value 22.2x10% K! as CTE of
Sn-8Zn-3Bi.
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Fig. 6. ALmcasured and ALeproduced 0f Sn-8Zn-3Bi
3.3 Tensile Strength of the Solder Joint

Tensile strength of solder joint depends on
various factors, including cooling rate [19], strain rate
[20], etc... Therefore, it is difficult to have a
meaningful value of tensile strength of solder alloys.
For comparison, the tensile strength of Sn-8Zn-3Bi
and Sn-37Pb under the same experimental conditions
were measured. Results are shown in Fig. 7.

The tensile strength of Sn-8Zn-3Bi lead-free
solder is higher than that of Sn-37Pb eutectic solder.
The measurements at two crosshead speeds of
0.1 mm/min and 1 mm/min are shown similar results.
At the first crosshead speed, 0.1 mm/min, UTS of Sn-
8Zn-3Bi has a value of 36.8 MPa, 3.3 MPa higher than
that of Sn-37Pb. UTS increased when crosshead speed
increased, it was 47.8 MPa at a crosshead speed of
1 mm/min, 5.6 MPa higher than Sn-37Pb.

The stress-strain curve (Fig. 8) shows that the
stress in Sn-8Zn-3Bi sample increased almost linearly



JST: Engineering and Technology for Sustainable Development
Vol. 31, Issue 5, November 2021, 075-080

up to 35 MPa. The linear fit part of Sn-37Pb curve is
just up to around 20 MPa. However, the Young
Module (Elastic Module) of Sn-8Zn-3Bi is somewhat
lower than that of Sn-37Pb.

An SEM image of the fracture surface of the
Sn-8Zn-3Bi tensile specimen is shown in Fig. 9. The
fracture surface can be divided into two areas, the
brittle area at the edge of the specimen and the dimple
pattern typical in overstress fracture of ductile material
in the center of the specimen.

The result indicates that the failure is in brittle
manner at the edge while it is ductile in the center of
the solder joint. There is no significant plastic
deformation before failure as the stress in the stress-
strain curve reduced vertically when the Sn-8Zn-3Bi
sample break (Fig. 8). Brittle failure was the principal
failure of the Sn-8Zn-3Bi sample. Since the testing
specimen was allowed to cool in the air, a fast cooling
rate at the outer side of the specimen might have
caused the embrittlement. Reducing the cooling rate
could have eliminated the brittle phenomena of the
joint.

50

40

30 1 W Sn-8Zn-3Bi

® Sn-37Pb

20

10 A

Tensile strength (MPa)

0 -

0.1 1
Crosshead speed (mm/min)

Fig. 7. Tensile strengths of solder alloys

Sn-87n-3Bi

Sn-37Pb

T T T
02 06 os

Fig. 8. Stress-Strain curves of solder alloys
The macro image of the broken specimens is
shown in Fig. 10.

It can be seen that the solder-substrate joint was
broken right at the interface and there is no significant
plastic deformation was detected before failure.
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Fig. 10. Broken specimens after tensile testing
3.4 Shear Strength of the Solder Joint

Fig. 11 shows the shear strength of Sn-8Zn-3Bi
solder joint in comparison with the Sn-37Pb. The shear
strength of the Sn-8Zn-3Bi was found somewhat
higher than that of Sn-37Pb. The shear strength of
solder alloys was also increased as crosshead speed
increased. At 0.1 mm/s of crosshead speed, the shear
strength of Sn-8Zn-3Bi was 29.3 MPa and it increased
up to 33.6 MPa at a crosshead speed of 1 mm/s. The
shear strength of Sn-8Zn-3Bi remains a little higher
than Sn-37Pb when crosshead speed changes.

It has been reported that the shear strength of
Sn-8Zn-3Bi solder joint was higher than that of
Sn-37Pb, the shear strength of Sn-8Zn-3Bi solder joint
was as high as 68 MPa [21]. It also reported that the
shear strength of the joint is decreasing as the thickness
of solder layer increases. The value of 68 MPa was for
the joint with the thickness of solder layer is
20 pm [21]. In this work, the thickness of solder layer
was around 1 mm, almost 5 times the thickness
reported, and thus, resulted in lower shear strength of
the solder joint.
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4. Conclusion

Thermal and mechanical properties of the
Sn-8Zn-3Bi solder alloy and the Sn-8Zn-3Bi joints
were investigated in order to evaluate the workability
of the alloy in comparison with the traditional
Sn-37Pb.

The results show that the melting (liquidus)
temperature of Sn-8Zn-3Bi was 195 °C, the CTE of
Sn-8Zn-3Bi was 22.2x10°° K! in the temperature
range of 30 - 130 °C. At the same testing condition,
both tensile and shear strength of Sn-8Zn-3Bi joints
were higher than those of Sn-37Pb. The stress-strain
curve indicated that the Sn-8Zn-3Bi joints were brittle
whilst the Sn-37Pb joints were ductile. The results
indicated that the gaps between their melting
temperature were relatively small, the melting
temperature of Sn-8Zn-3Bi was just approx. 12 °C
higher. Such a small gap could be easily overridden in
the soldering process and thus, easing the process of
replacing Sn-37Pb with Sn-8Zn-3Bi. The Sn-8Zn-3Bi
also possesses higher mechanical properties, this is an
important factor ensuring the strength of the solder
joint. The CTE mismatch between Sn-8Zn-3Bi and
Sn-37Pb was also small, this is another factor ensuring
the reliability of the joints.
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