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Abstract: The melting point, spreading property, mechanical properties and microstructures of Sn-3.0Ag-2.8Cu solder alloys added
with micro-variable-Ce were studied by means of optical microscopy, scanning electron microscopy(SEM) and energy dispersive
X-ray(EDX). The results indicate that the melting point of Sn-3.0Ag-2.8Cu solder is enhanced by Ce addition; a small amount of Ce
will remarkably prolong the creep-rupture life of Sn-3.0Ag-2.8Cu solder joint at room temperature, especially when the content of Ce
is 0.1%, the creep-rupture life will be 9 times or more than that of the solder joint without Ce addition; the elongation of
Sn-3.0Ag-2.8Cu solder is also obviously improved even up to 15.7%. In sum, the optimum content of Ce is within 0.05%—0.1 %.
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1 Introduction

Sn-Pb soldering for metal interconnections has a
long history, dating back 2 000 years. These alloys are
the dominant solders used widely in manufacture
because of their unique combination of material
properties, such as easy handling, low melting
temperatures, good workability, ductility and excellent
wetting on Cu and its alloys[1—-3]. It is well known that
conventional Pb- containing solders are harmful to both
people’s health and environment, so the exploration of
lead-free solders as substitute of lead-tin alloys is paid
more attention [4—7].

The lead-free solders used in electronic industry
need to meet a series of standards: good wettability, low
melting point, low cost and adequate strength. At present,
a number of investigations have been carried out on such
promising lead-free solder alloys as Sn-Ag, Sn-Cu,
Sn-Zn, Sn-Bi and Sn-In. Among these alloys, the
Sn-Ag-Cu system solder becomes one of the most future
solders because its excellent wetting and mechanical
properties. However, it also has some disadvantages,
such as poor creep-rupture and low elongation. In order
to deal with these problems, the rare earth(RE) was

added into the Sn-Ag-Cu system. The RE has some
unique properties that
applications in material and metallurgy field. The grain
size of Sn-9Zn eutectic solders can be decreased
obviously with only 0.05% RE added[8], the tensile
properties and anti-fatigue strength of Sn-Ag-Bi solders
can be improved with adding RE[9].

This work aimed to investigate the influence of
various contents of Ce on microstructure and mechanical
properties of Sn-Ag-Cu system solder alloys.

make it have extensive

2 Experimental

2.1 Alloy design and preparation

The raw materials are combined with analytically
pure Sn, Ag, Cu and RE that is simplex Ce (98%). The
compositions of experimental solder alloys are listed in
Table 1. First, the raw material Sn was placed into an
ALO;5 ceramic crucible, and the eutectic salt (m(KCl):
m(LiCl)=3:1) was used over the surface to prevent from
oxidizing[10]. When the furnace temperature reached
580 ‘C, the ceramic crucible was put into furnace to melt
for 5 min. After Sn was melted completely, Ag and Cu
were pushed into the melted-Sn liquid alloy with the help
of a stainless steel facility, 3 min later, the same process
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Table 1 Composition of examined solder alloy

Series Mass fraction of Ce/% Initial alloy

1 0

2 0.025

3 0.050

4 0.100 Sn-3.0Ag-2.8Cu
5 0.250

6 0.500

7 1.000

was used with Ce. After Ce was melted, the melted alloy
was held for 120 min. During the process, a stainless
steel rod was used every 10 min to make the solder alloy
homogenized. At last, the melted solder was chill-cast
into a rod.

2.2 Experimental procedure

1) The testing of melt-temperature

The liquidus and solidus temperatures of the solders
were tested by thermal analysis method.

2) The testing of spreading

The specimen was made into d12 mm, 0.8 g wafer,
and the surface of specimen was made smooth. The
substrates were copper pad with 40 mm X 40 mm X 1 mm,
and the substrates were polished with 400" sandpaper to
ensure a pure surface, then put into HCI for 1 min to
eliminate oil, oxide and other impurity. At the end the
substrates were cleaned with alcohol, and then made dry.
The specimen was placed on the center of copper pad,
then flux was used to cover the specimen and the copper
was put into the resistance stove. The specimen was
maintained at 300 ‘C for 20 min, then taken out and
measured the spreading areas of solders.

3) Microstructure observation

The specimens were made by general method, then
etched with corrosive solution (V(CH,):(HNO;):
V(HC1)=93:5:2). The microstructure of specimen was
observed by XJL—-03 optical microscopy (OM). The
components were analyzed with AMRAY-100B scanning
electron microscopy(SEM) and energy dispersive X-ray
(EDX).

4) Creep-rupture life test

The single-lap shear joint areas are 2 mm X2 mm,
and the substrate is copper sheet. The fabrication on Cu
substrate was cleaned with a solution of 50% HNO; and
50% CH3;H,OH. Solder mask IF710 was spread upon the
surface of the narrow end of the Cu substrate to obtain a
4 mm” cross-sectional area. The lamellas of solders were
cut into a quadrate (2 mm X2 mm), and then the rosin
flux was covered with each cross-sectional area. A thin
solder, whose area is 4 mm’, was sandwiched between
two Cu sheets, then this solders was performed and put
into the stove, held at 300 ‘C for 10 min. The specimen
was cooled at room temperature. The creep-rupture life

test was performed in the DL302 box that can control the
temperature and wet with a dead loading of 8.75 MPa at
25 °C, and the fracture time was recorded automatically.
The microstructure of solder section was examined by
AMRAY—1000B scanning electron microscope(SEM).

5) The tensile test

Tensile tests were carried out on d8 mm specimens
and the length of the gauge is 40 mm. The specimens
were annealed at 100 C for 1 h to prevent it from
creeping deformation before test. The tests were carried
out on an Instron tensile test machine at a strain rate of
1.0X107%s ™" at room temperature. The microstructure of
specimen was examined by AMRAY—1000B scanning
electron microscope(SEM).

3 Results and analysis

3.1 Melting characteristics analysis

The solidus temperature and liquidus temperature of
alloy were tested by thermal analysis method. According
to the solid point and liquid point, the curves are shown
in Fig.1. As shown in Fig.1, the addition of mirco-Ce has
a trifling effect on the melting temperature of
Sn-3.0Ag-2.8Cu.The liquidus temperature is within
212-220 °C. This small amount of RE makes the
temperature of liquidus and solidus upward. Because the
melting temperature of Ce is 3—4 times as high as that of
SnAgCu sample, the melting temperature of the alloy
rises slightly after adding Ce.
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Fig.1 Melting temperature of Sn-3.0Ag-2.8Cu-Ce solder alloys

3.2 Spreading analysis

To some degree, the spreading property of solder is
up to its wettability under a certain environment. The
spreading areas of Sn-3.0Ag-2.8Cu with different
contents of Ce are listed in Table 2.

It is obvious that the spreading area of the specimen
4" is the largest in Table 2. When the content of Ce is less
than 0.1%, the spreading area of Sn-3.0Ag-2.8Cu-Ce
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Table 2 Spreading areas of Sn-3.0Ag-2.8Cu-Ce solder alloys

Alloy  Spreading area/mm®| Alloy Spreading area/mm?>
1 182.56 5 239.60
2 200.08 6 230.80
3 235.98 7 188.54
4 242.80

increases gradually with the addition of Ce. When the
content of Ce is over 0.1%, there is a tendency for the
spreading area to decrease.

Two reasons lead to the result: on one hand, RE is a
surface-active element that can lower the surface tension

of liquid solder to favor the wetting of the solder on the
substrate[11]; on the other hand, RE is easy to be
oxidated, so the formation of oxide residue during
soldering will lessen the wettability of the solder, thereby
affect the spreading properties. The effect is more and
more obvious with the increase of RE and exceeds the
favorable aspect of RE. To sum up, the content of Ce
should not exceed 0.1% when adding Ce into the
Sn-3.0Ag-2.8Cu solders.

3.3 Microstructure analysis
Fig.2 shows the microstructure of the solder with

Fig.2 Microstructures of alloy specimens:
(a) Sn-3.0Ag-2.8Cu; (b) Sn-3.0Ag-2.8Cu-
0.025Ce; (c) Sn-3.0Ag-2.8Cu-0.05Ce;
(d) Sn-3.0Ag-2.8Cu-0.10Ce; (e) Sn-
3.0Ag-2.8Cu-0.025Ce; (f) Sn-3.0Ag-
2.8Cu-0.50Ce; (g) Sn-3.0Ag-2.8Cu-1.0Ce
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different contents of Ce. As shown in Fig2, the
microstructure of solders becomes finer and finer, and its
distribution becomes more and more homogeneous as the
content of Ce increasing. Small amount of Ce is
absorbed by the boundary of intermetallic
compound(IMC) and provides inhomogeneous center of
nucleation, then change the growth velocities of crystal
along with various crystalline directions[12]. Fig.2(a)
shows that the microstructure of Sn-3.0Ag-2.8Cu under
the OM is irregular block-like. When the content of Ce is
0.025%, the crystal grain in Fig.2(b) is much finer than
that in Fig.2(a). When the content of Ce is up to 0.05%,
the is shaped bar-like or short rod-like as in Fig.2(c).
With the content of Ce increasing, the microstructure
becomes finer and finer. When the content of Ce is up to
0.1%, the microstructure becomes eutectic structure and
more homogeneous, as shown in Fig.2(d).

Figs.2(e), (f) and (g) show that the black new phase
begins to appear in the microstructure with Ce increasing.
With the content of Ce increasing, the new black phase
increases evidently, and the shape of RE phase takes on a
block-like, snow-like or fishbone-like as shown in Fig.3.
The microstructure is composed of a Sn-rich phase,
rod-like CugSns and grain Ag;Sn by SEM and EDX
analysis. The results show that black new phase is RE
compound phase, the white around is ternary eutectic
structure of SnAgCu and the dark in the middle is Sn-Ce
phase. As shown in Fig.3, although Sn, Ag, Cu and Ce all
can form IMC, the reaction temperature of Sn-Ce is
lower than 300 C and those of Ce-Ag and Sn-Cu are
more than 300 C, so Ce and Sn can form IMC easier[7].
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Fig.3 Microstructure of fish-bone shape RE phase

The finer and more homogeneous microstructure
can have a favorable effect on the mechanical properties
of the alloy, but the phases of RE compound have an
adverse effect on them.

3.4 Creep-rupture life analysis
The structure of the alloy is improved noticeable by
the minute amount of RE added, so creep-rupture time of

specimen is one of the important mechanical properties
of solders. The authors believe that the mechanical
properties of alloy should be improved likewise. Fig.4
shows the creep-rupture life of solder with different
contents of Ce.
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Fig.4 Effect of Ce content on creep-rupture life of Sn-3.0Ag-
2.8Cu solder joint

Fig.4 shows that Ce can prolong markedly the
creep-rupture life of Sn-3.0Ag-2.8Cu of solder joint at
room temperature. When the content of Ce is 0.1%, the
creep-rupture life is the longest, up to 9 times more than
Sn-3.0Ag-2.8Cu. Because a minute amount of Ce can
make the structure homogeneous and fine, and decrease
the strain around the crystal boundary, then prevent the
nucleation of hole[13—14], therefore the creep-rupture
life is enhanced.

When the content of Ce exceeds 0.1%, the
creep-rupture life of joint shows decline tendency.
Especially, when Ce is up to 1.0%, the creep-rupture life
of joint is even lower than that of Sn-3.0Ag-2.8Cu.The
reason is that, as the content of Ce increases, the hard
brittle RE compound phase also increases, then the
creep-rupture life of solders decreases. So the content of
Ce should be less than 0.1% in the alloy of Sn-3.0Ag-
2.8Cu.

Fig.5 shows the microstructure of creep-rupture.
The shape and denseness distribution of dimple can be
clearly With Ce addition, the fractured
microstructure is the mixture of dimple and cleavage,
which shows that the ductile is worse. Just as shown in
Fig.5(a), the distribution of dimple is unhomogeneous.

The distribution of dimple is improved clearly by
RE Adding, as shown in Fig.5(b). When the content of
Ce is 0.1%, the fracture of specimen is pure dimple.
Because after adding Ce, the structure becomes finer and
more homogeneous, thereby the creep-rupture life is
improved obviously.

seen.
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Fig.5 Microstructures of creep-rupture samples: (a) Sn-3.0Ag-
2.8Cu; (b) Sn-3.0Ag-2.8Cu-0.1Ce

3.5 Tensile property

Table 3 lists the relationship between the content of
Ce and tensile strength. It is easily seen that Ce has some
effect on mechanical properties of Sn-3.0Ag-2.8Cu
solders, which enhances the tensile strength and
improves the elongation obviously. When the content of
Ce is 0.1%, the elongation is up to 15.7%, which
indicates that Ce can improve the ductile of alloy solders.
When Ce exceeds 0.1%, the elongation deceases
gradually with the increase of Ce. According to Hall-
Petch relationship o,=o;+k,d '*, when the grain size
decreases, the ratio between the grain surface and
volume increases, thus the function between interface
energy and grain around strengthens. Interface energy
can make the lattice near the surface layer of grain
distortional. Interaction of the grain around also causes
lattice that lies on the surface layer of grain distort. Due
to the affection of interface energy, there appears a
district that hinders crystal from deformation near the
grain boundary. The finer the grain, the wider the district
of difficult deformation [15—16]. More strength is
needed to make it slip, that is to say, the strength resistant
of deformation increases. The increase of resistant of
deformation means the increase of strength.

The microstructures of tensile specimens are shown
in Fig.6. The tensile fracture-surface of Sn-3.0Ag-2.8Cu

Table 3 Results of tensile tests of examined Sn-3Ag-2.8Cu-Ce

solder alloys

Alloy Tensile strength/MPa  Elongation/%
1 1792.11 9.6
2 1 862.05 11.3
3 1853.72 13.6
4 2039.50 15.7
5 2105.71 14.5
6 2197.36 13.1
7 2258.74 12.0

Fig.6 Microstructures of tensile specimens: (a) Sn-3.0Ag-
2.8Cu; (b) Sn-3.0Ag-2.8Cu-0.1Ce; (¢) Sn-3.0Ag- 2.8Cu-0.5Ce

is smooth and light obviously, and shows a brittle
fracture as shown in Fig.6(a). When adding 0.1% Ce, the
fracture-surface is dark and not very smooth and has a
with fibrous shape as shown in Fig.6(b). When Ce
addition exceeds 0.1% as shown in Fig.6(c), it changes
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into hard brittle fracture evidently. This is because of the
appearance of the hard brittle RE compound in the
solders. As Ce addition increases, the content of RE
compound increases obviously, and the dimple in the
fracture-surface deceases sharply, so the elongation of
solders reduces distinctly.

4 Conclusions

1) A minute amount of single Ce will ratherish
elevate the liquidus temperature and solidus temperature
of Sn-3Ag-2.8Cu.

2) The maximum spreading area appears when the
content of Ce is 0.1%, and the spreading area decreases
when the content of Ce exceeds 1.0%.

3) The addition of Ce can obviously prolong the
creep-rupture life of solder joint at room temperature.
When the content of Ce is 0.1%, the creep-rupture life is
9 times or more than that of Sn-3.0Ag-2.8Cu without Ce.
However, when the content of Ce exceeds 0.1%, the
creep-rupture life of solders joint decreases.

4) The addition of Ce can obviously improve the
elongation of Sn-3.0Ag-2.8Cu solder to 15.7% and the
tensile strength is also improved.
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