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Abstract

The influence of alloy composition of low-
melting Sn-Bi-Cu lead-free solder alloys on
mechanical properties and solder joint reliabilities
were investigated. The mechanically optimum
alloy composition is Sn-40Bi-0.1Cu (mass%).
The addition of 40mass%Bi improves the
ductility and restrains the fillet-lifting, which are

problems of lead-free solders with Bi. The
addition of copper improves both the ductility and
Cu leaching resistance of Sn-40Bi. The joint
strength and thermal fatigue resistance of the Sn-
40Bi-0.1Cu solder joints are superior to those of
Sn-37Pb.

Lead-free, Tensile strength, Elongation, Shear strength, Thermal fatigue, Super plasticity

=

AWFETIE, BTFE S~ DB RES AR T X
HIKIERSN-Bi-CuBZBaIc 5B L, Bt
F A EEEICKITTESMAROEEIZ DT
Et L7z, Bid A =M 40mass% (11 DSn-Bids &
Sn-Bi-CuF G-tk Zp @ Aon U, ol
#LAE T 8 5 Sn-40Bi-0.1Cu DR DN 25°C T171%,
80°C T516% 2 L, fiEkDSn-37Phd 25584 1-
DI ZEEHTHZ ERbholz, T OB

ﬁ/l:}? U _’

=
=

HEEITE MM B HICERLTEBY, WESn
EENA R B IRIZEY FTe Sn-Bidkdh & 5N Sn-
Bi-Cutb BfEI T < WAEL D Z LIz L v A
Lim+E 2 b5, Sn-40Bi-0.1CulZ kL AT A7
A OEERE, MHEVE 775 MR L O Cul
POIEITEATOSN-37PbIZ A L0 BN TEY,
BEMEOBRWESHNELND Z & B LT,

SIMRTRIE, (RO, EATREE, By, &Pk

R&D Review of Toyota CRDL Vol. 39 No. 2



50

1. Introduction

For global environment conservation, many active
researches on replacing the conventional Sn-Pb
eutectic solder with a Pb-free solder have been
carried out. In Europe, the use of lead will be
banned after July 2007."® In Japan, replacement of
Pb-free solder for Sn-Pb solder has been inescapably
carried on by amendment of the regulations in the
Waste Disposal Law and the implementation of the
Electric Appliance Recycling Law.

Among lead-free solder materials, Sn-Ag alloys
appear to be promising substitutes due to their high
joint reliability. However, Sn-Ag alloys are not
easily applied to some electronic components which
have low-heat-tolerance because of the high melting
temperature of these alloys.

As another alternative, lead-free solders containing
Bi offer a low-melting temperature, which enable a
lower soldering temperature, and have high tensile
strength. These advantages have attracted a great
deal of attention to lead-free solders containing Bi.
Adding Bi to the alloy, however, makes the solder
less ductile,” making it difficult to alleviate the
thermal stress and strain in the joints. In addition, a
joint defect called fillet Iiftings) occurring in the
flow-soldering process has been a serious problem
of these alloys on the joint reliability.

In this paper, we describe the improvement of the
mechanical properties and joint reliability focusing
on low-melting Sn-Bi alloys.”

2. Experimental

2.1 Mechanical properties

The ultimate tensile strength and rapture
elongation of the Sn-Bi alloys (Bi content: 0-62
mass% (hereinafter denoted as %)) were evaluated
by tensile test.

Figure 1 shows the shape of the specimens used in
the tensile test. Three pieces of specimens were
machined from a cast ingot (20x15x60 mm3). The
specimens were annealed at 50°C for 24h to remove
the stress and strain induced by the machining. The
specimens were also tested after aging for a week or
longer at 25°C. The tensile tests were conducted
three times each at the strain rate of 1x107 to 1x10™s™
at 25°C and 80°C.
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2.2 Joint reliability

Joint reliability was evaluated by a shear strength
test and a thermal fatigue test of solder joints. In the
shear test, the shear strength of lap-joint specimen
was measured using Cu plates as shown in Fig. 2.
After the surface of the Cu plates was
electrolytically polished, the joining area (3x3mm2)
was pretinned with a solder. The two plates were
soldered to each other at 230°C, and the thickness of
solder joint was controlled to be 100um. The shear
tests was conducted three times each at the strain
rate of 3x10°s™ at 25°C and 80°C. In addition, the
specimens were heated at 80°C for 1000h to
examine the influence of the heat treatment on the
joint strength.

In the thermal fatigue test, the thermal fatigue
resistance of the solder joint was evaluated by a
thermal cycling test. Samples were prepared, using
a reflow-soldering technique with sheet solder on a
hot plate, by joining a ceramic chip resistor
(dimensions: 4.5%3.2x0.6mm?, surface finish of
electrode: 95Sn-5Pb, number of pieces mounted on a
board: 5) to an FR-4 printed wiring board (PWB.
thickness: 1.6mm, Cu electrode surface: without
surface coating). During the reflow soldering, the
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Fig. 1 Schematic illustration of the tensile test

specimen.
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Fig. 2 Schematic illustration of the shearing test
specimen.



sample was heated at a temperature higher than the
solidus temperature for 30s, and up to the
temperature 40°C to 45°C higher than the liquidus
temperature. The thermal cycle test conditions
employed were from -30°C to 80°C (the specimens
were held at each temperature for 30 min) up to
3000 cycles, and -40°C to 125°C (30 min each) up to
1000 cycles.

In addition, Cu content in the solder joints was
analyzed by EPMA (electron probe microanalysis)
using the specimens for the thermal fatigue test to
examine the amount of Cu leached from the Cu
electrode on PWB into the solder.

2. 3 Characterization

Microstructures of the solder alloy and solder joint
were analyzed by an optical microscope, SEM
(scanning electron microscopy) and EPMA. The
constituent phases in the solder alloy were identified
by XRD (X-ray diffractometry).

3. Results and discussion

3.1 Mechanical properties at 25°C

Tensile properties of Sn-Bi alloys and the
influence of the addition of Cu on them were
investigated. Figure 3 shows appearances of the Sn-
40Bi-0.1Cu and Sn-37Pb, before and after tensile
tests, conducted at a strain rate of 1x10™ s™ and
temperatures of 25°C and 80°C.

80°C B ( j,‘
(8) Sn-40Bi-0.1Cu  10mm
before
e [l—€
o [
o [l <

(b) Sn-37Pb 10mm
Fig. 3 Appearance of the specimen before and after the

tensile test at 25°C and 80°C : (a) Sn-40Bi-0.1Cu
and (b) Sn-37Pb.
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Figure 4 shows the tensile properties of Sn-Bi
alloys (Bi content: 0-62%). For comparison, the
properties of 63%Sn-37%Pb (abbreviated as Sn-
37Pb) were also shown.

The tensile strength increased with an increase in
the Bi content up to approximately 10%, so that the
tensile strength of Sn-10Bi (¢ : 76MPa) became
seven times as large as pure Sn (o : 11MPa).
Although the tensile strength decreases gradually
with an increase in the Bi content over 10%, the
tensile strengths of the alloys containing 40% to
62%Bi are still approximately five times as large as
that of pure Sn.

On the other hand, elongation decreases rapidly
with an increase in the Bi content up to 10%. Above
that Bi content, however, the elongation increases
with an increase in the Bi content and reaches the
maximum value, 100-120%, between 30%Bi and
45%Bi, which are three to four times as large as that
of pure Sn.

Figure 4 shows that low ductility, which has been
known as a disadvantage of Bi-containing tin-based
alloys caused by the solid solution hardening
effect,” can be avoided if the Bi content is 30 to
45%. We previously reported that, by increasing the
Bi content to 40% or more, fillet-lifting, another
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Fig. 4 Influence of Bi content on tensile properties of
Sn-Bi alloys at 25°C : (a) ultimate tensile
strength and (b) elongation. ---- : Sn-37Pb.

The tensile strength and elongation were
measured as the ultimate tensile strength and the
total elongation to failure, respectively.
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critical issue in bismuth-containing aIons,” can be
restrained as shown in Fig. 5. Consequently, the
optimal Bi content in the mechanical point of view
in Sn-Bi alloy is 40 to 45%.

Figure 6 shows the influence of Cu content on the
tensile properties of Sn-40Bi-Cu alloys. For
comparison, the properties of Sn-37Pb were also
shown. The tensile strength increases gradually as
the copper content increases. In contrast, the
elongation reaches the maximum value at 0.1%Cu,
and subsequently decreases as the copper content
increases. The elongation of the alloy containing
0.1%Cu is 171%, which is 1.4 times that of the alloy
without Cu.

These results exhibited that tensile properties of
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Fig. 5 Relationship between Bi content and the fillet-
lifting occurrence rate in Sn-Bi alloys.”
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Fig. 6 Influence of Cu content on tensile properties of
Sn-40Bi-Cu alloy at 25°C : (a) ultimate tensile
strength and (b) elongation. ---- : Sn-37Pb
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Sn-Bi based alloy can surpass those of Sn-37Pb (G :
28MPa, elongation: 64%) by the optimization of Bi
content and the addition of Cu. The Sn-40Bi-0.1Cu,
which is the optimum composition, has double the
tensile strength (¢ : 53MPa) and 2.5 times the
elongation (elongation:171%) of Sn-37Pb. In
addition, the addition of Cu does not affect the
restraining effect for fillet-lifting of Sn-Bi alloy.

Figure 7 shows the relationship between the
tensile properties and strain rate for Sn-40Bi-0.1Cu,
at a strain rate of 1x10“ to 1x107s™ and 25°C. For
comparison, in Fig. 7, those for Sn-37Pb, Sn-57Bi
which is typical low-melting lead-free solder, and
Sn-57Bi-1Ag in which Ag is added to improve the
ductility of Sn-57Bi® ¥ are shown.

As shown in Fig. 7, for all the low-melting solders,
the tensile strength increases and the elongation
decreases as the strain rate increases. On the other
hand, for Sn-37Pb, the tensile strength increases as
the strain rate increases, while there is no remarkable
change in the elongations as the strain rate change.

At the stain rate of 1x10° s and below, which
corresponds to the strain rate under thermal fatigue,
the elongation of Sn-40Bi-0.1Cu is larger than that
of Sn-37Pb. Sn-57Bi-1Ag has a larger ductility than
Sn-37Pb at a strain rate of 1x10™ s, while its
elongation is smaller than Sn-37Pb at a strain rate of
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Fig. 7 Influence of strain rate on tensile properties of
the alloys at 25°C : (a) ultimate tensile strength
and (b) elongation. © : Sn-40Bi-0.1Cu, A : Sn-
57Bi-1.0Ag, V : Sn-57Bi and O : Sn-37Pb



1x10°s™ and more.

3.2 Mechanical properties at 80°C

As shown in Fig. 3 at 80°C, the elongation of Sn-
40Bi-Cu alloys reaches above 500%, which is three
times of that at 25°C and 10 times of that of Sn-37Pb
(elongation: 54%) at 80°C, although the tensile
strength of Sn-40Bi-0.1Cu (o : 17MPa) at 80°C is
smaller than that at 25°C, and close to that of Sn-
37Pb (o : 16MPa). These results show that the Sn-
40Bi-Cu alloys have super plasticity at the high
temperature, which have been reported for the
extruded Sn-57Bi eutectic alloy'® but not for the
casted material.

3. 3 Mechanism of tensile deformation

Figures 8 shows the microstructure of Sn-40Bi
and Sn-40Bi-0.1Cu before tensile test. The Sn-40Bi
(Fig. 8(a)) consists of a Sn phase (the white area) of
several dozen microns in size and a network
structured Sn-Bi coexistence phase (the gray area)
surrounding the Sn phase. According to the Sn-Bi
binary phase diagram,™ which shows the
solidification process in which Sn-Bi eutectics
crystallize after the primary crystallization of Sn, the
large Sn phase is the primary crystallized Sn, and the
network of Sn-Bi coexistence phase is Sn-Bi
eutectics.

While Sn-40Bi-0.1Cu (Fig. 8(b)) has a similar
structure with Sn-40Bi (Fig. 8(a)), the added Cu, as
shown in Fig. 9, distributes mainly as fine particles

Sn-Bi-
eutectic

Prim. I
crysta;PI/i zed Sn
(a) Sn-40Bi

7 CUGSns

(b) Sn-40Bi-0.1Cu  Soum

Fig. 8 Optical micrographs of the tensile test specimens
before the test : (a) Sn-40Bi and (b) Sn-40Bi-
0.1Cu.
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of submicron in size and partly as particles of a few
microns in size in the Sn-Bi eutectics. Both the Cu-
containing particles were identified as CugSns by
XRD. Thus, the CugSns particle forms a ternary
eutectic phase in the Sn-40Bi-0.1Cu, as suggested
from the facts that both Sn-Bi and Sn-Cu are eutectic
systems (eutectic composition: Sn-57Bi and Sn-
0.7Cu).

Figure 10 shows the microstructure of the Sn-

(b) Cu distribution image

Fig. 9 Microstructure of Sn-40Bi-0.1Cu:
(a) BEI (backscattered electron image)
and (b) Cu distribution image by EPMA.
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Fig. 10 Optical micrographs of the tensile test specimens
after the test for Sn-40Bi-0.1Cu: (a) 25°C and (b)
80°C. upper: uniformly elongated and below:
ruptured portion. The microstructure of Sn-40Bi
after tensile test was similar to Sn-40Bi-0.1Cu,
and therefore is not shown.
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40Bi-0.1Cu (optical micrographs) after tensile test.
While the region with the uniform elongation (the
upper in Fig. 10(a)) preserves its original
microstructure after the tensile test, in the ruptured
portion (the bottom in Fig. 10(a)) at 25°C, a
microstructure extends along the tensile direction
due to necking. On the other hand, in the specimen
tested at 80°C (Fig. 10(b). elongation: 516%), even
in the ruptured portion, the original microstructure is
preserved.

Figure 11 shows a schematic illustration of the
two modes of deformation: grain change mode and
grain boundary sliding mode."® 1t is known that, the
polycrystalline materials usually deform with the
first mode as shown in Fig. 11(b), in which the
crystal grains elongates along the tensile direction
without changing the geometry between adjacent
grains. In some cases, however, deformation occurs
with the second mode, in which sliding occurs at
grain boundaries without deformation of crystal
grains as shown in Fig. 11(c). In this case, super
plastic deformation is known to occur.

The microstructure observation in Fig. 10 clearly
shows that the super plastic behavior of Sn-Bi and
Sn-Bi-Cu alloys is induced by this mechanism; the
deformation occurs by sliding between the primary
crystallized Sn phase and the Sn-Bi or Sn-Bi-Cu
eutectic phase. This deformation mechanism can be
rationally elucidated by the mechanical properties of
these two phases. The primary crystallized Sn phase
is unlikely to deform due to the solid solution
hardening effect by Bi (Sn-10Bi tensile strength: 75
MPa, elongation: 7%). In contrast, the Sn-Bi and

S

(b) with the grain
shape change

—

(a) before
deformation

(c) without the grain
shape change

Fig. 11 Schematic illustration of the mode of grain
boundary sliding in the tensile deformation:
(a) before deformation, (b) and (c) after
deformation.
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Sn-Bi-Cu eutectics (Sn-57Bi tensile strength: 54
MPa, elongation: 50%) can deform easily.

The super plasticity due to grain boundary sliding
has been known only in a microstructure consisting
of fine crystal grains of less than a few microns.'?
The super plasticity in the Sn-57Bi eutectic alloy™”
mentioned above is also due to a fine microstructure
formed by the extrusion. In this study, however, it
should be noted that the super plasticity arises even
in a microstructure constructing of large crystal
grains on the order of tens of microns.

Besides, the improvement in ductility by the
addition of trace amounts of copper is likely to result
from the fine distribution of CugSns particles in the
Sn-Bi-Cu eutectic phase.

3. 3 Reliability of solder joints

Figure 12 shows the shear strength for the lap-
joint test specimens joined with Sn-40Bi-0.1Cu and
Sn-37Pb solders. The strength of as-soldered Sn-
40Bi-0.1Cu joint (initial strength) is 36MPa at
25°C and 19MPa at 80°C. Even after the heat
treatment (80°C, 1000h), the strength is the same as
that of as-soldered joint at either test temperature. In
contrast, the strength of as-soldered Sn-37Pb joint
(initial strength) considerably decreases after the
heat treatment.

From these results, it is safely concluded that the
shear strength of the Sn-40Bi-0.1Cu solder joint is
always, at 25°C and 80°C, initially or after the heat
treatment, higher than that of the Sn-37Pb solder
joint.

Figures 13 show the optical micrographs of solder
joint cross-sections, before and after the thermal

50
— [1: as-soldered
E 40+ [ after 80T,
= = 1000h
:% 30
= 201
8 10
’ Hlik

0 2t 8T 25C 80t

Sn-40Bi-0.1Cu Sn-37Pb

Fig. 12 Influence of the annealing at 80°C on the shear
strength of Sn-40Bi-0.1Cu and Sn-37Pb solder
joints at 25 and 80°C.



cycling test (-30°C to 80°C, 3000 cycles), for the
resistors that were mounted using Sn-40Bi-0.1Cu
and Sn-37Pb. The crack propagation ratio which is
defined as 100% when a crack penetrates a solder
joint thoroughly is additionally written in Fig. 13.

In the Sn-40Bi-0.1Cu joints after the thermal
cycling test between -30°C and 80°C, as shown in
Fig. 13(a), only a few small cracks are observed
underneath and on the top of the resistor. The
average crack propagation ratio is 3.5%, and its
maximum value is 5%. In contrast, in the Sn-37Pb
solder joint, as shown in Fig. 13(b), large cracks are
clearly observed underneath and in the upper part of
the resistor, and the crack propagation ratio reaches
50% or higher (average value: 64%).

Figure 14 shows the optical micrographs of the
Sn-40Bi-0.1Cu solder joint cross-section after the
1000 cycles larger-temperature-range thermal
cycling test between -40°C and 125°C. Although the
surface of solder joint after the test became wholly
rugged and the microstructure is coarsened, no crack
is observed. In the Sn-37Pb joints, contrarily, the
average crack propagation ratio reaches 44% under
the same condition.

The reason that no crack occurred in the Sn-40Bi-
0.1Cu joints is thought that the ductility of the alloy
was further increased during the tests because the
upper temperature, 125°C, was close to the solidus
temperature (138°C) of Sn-40Bi-0.1Cu.
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Table 1 shows the Cu content in the Sn-40Bi-
0.1Cu and Sn-37Pb solder joint and thier increases
from the original solder. The increase, which must
be the leached Cu content from the PWB electrode
into the molten solder, is significantly lower in the
case of Sn-40Bi-0.1Cu than Sn-37Pb. This result
shows that Sn-40Bi-0.1Cu restrains the dissolution
of Cu during soldering.

4. Summary

We investigated the improvement effects of
alloying in Sn-Bi on the mechanical properties and
joint reliability. The following conclusions are
derived from the present study.

(1) Optimization of the composition of Sn-Bi-Cu
alloys, can improve the ductility and restrain
fillet-lifting, simultaneously.

(2) Sn-Bi and Sn-Bi-Cu alloys containing about
40%Bi have super plasticity. The elongations
of Sn-40Bi-0.1Cu are 171% at 25°C and 516%
at 80°C, which are more than 2.5 times the
ductility of the conventional Sn-37Pb solder
alloy.

Table 1 Cu content and leached-Cu content from PWB.

Alloy Cu content in the  Leached-Cu
composition as-soldered joints  content from PWB
Sn-40Bi-0.1Cu 0.19 0.09
Sn-37Pb 0.48 0.48
(mass%)

Culand
before test

crack propagation : av. 3.5%
after 3000 cycles

(a) Sn-40Bi-0.1Cu

Fig. 13 Optical micrographs of the solder joint cross section for
4532 resistors before and after the thermal cycling test
to 3000 cycles at -30 to 80°C : (a) Sn-40Bi-0.1Cu and

(b) Sn-37Pb.

upper side: before the test, bottom side: after the test.

crack propagation : av. 64%
after 3000 cycles

(b) SN-37Pb

50um
Enlargement of A

crack propagation : av. 0%

Enlargement of B

Fig. 14 Optical micrographs of the Sn-40Bi-0.1Cu solder
joint cross section for 4532 resistor after the
thermal cycling test to 1000 cycles at -40 to 125°C.
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(3) The super plasticity in Sn-Bi and Sn-Bi-Cu

alloys is attributed to the sliding between the
primary crystallzed Sn phase and the Sn-Bi or
Sn-Bi-Cu eutectic phase surrounding the Sn
phase.

(4) The joint strength, the thermal fatigue

resistance, and the Cu leaching resistance of
soldered joints using Sn-40Bi-0.1Cu alloy are
superior to those using Sn-37Pb alloy.

Table 2 shows the summary of the soldering
properties of the newly developed Sn-40Bi-0.1Cu,
compared to those of the conventional Sn-37Pb.

Table 2  Properties of Sn-40Bi-0.1Cu and Sn-37Pb.

Solderi Solder Alloy
oldering property Sn-40Bi-0.1Cu  Sn-37Pb
Melting temperature (°C) 138-170 183
Melting range (°C) 32 0
Spreading factor (%) 84 (250°C) 95 (250°C)
0
Ultimate tensile 25C 53 28
strength (MPa) 80°C 17 16
_ 25°C 17 64
Elongation (%) ;
80°C 516 54
Coefficient of linear 13.9 % 10° 26.5 X 10

expansion (°C™ at 25-120°C)

Fillet-lifting not occurred  not occurred
Cu leaching resistance @ O
-30 to 80°C,
Thermal 3000 cycles © O
fatigue 5
resistance -40 t0 125°C, © O
1000 cycles
Migration resistance O O

1)

2)

3)

©@: Good and O Fair
Migration test : 85°C, relative humidity 85%,
condition 16V applied during 1000h
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