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a b s t r a c t

We investigated the effects of adding small amounts of cerium (Ce) to low Ag content Sn solder
(Sn–1.0 wt.%Ag) on melting temperature, microstructure, wettability and mechanical properties using
differential scanning calorimeter, optical microscope, scanning electron microscope, energy dispersive
X-ray spectroscopy, wetting balance tester, Vickers hardness tester and tensile tester assays. The addi-
tion of Ce had little influence on the melting behavior of Sn–1.0Ag solder, but improved its wettability,
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mechanical properties, and microstructure.
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ensile strength

. Introduction

Concern about the environment is leading to increased regula-
ory and consumer pressure on the electronics industry to reduce
r eliminate the use of lead (Pb) in product manufacture [1]. Cur-
ently several Pb-free solder alloys, such as Sn–Ag, Sn–Cu, Sn–In,
n–Bi, Sn–Zn, Sn–Ag–Cu, and Sn–Zn–Bi, have been developed for
se in practical applications. Among these, Sn–Ag and Sn–Ag–Cu
olders are the leading candidates to replace Pb-containing sol-
ers because of their good comprehensive properties [2]. However,
ome problems with Sn–Ag or Sn–Ag–Cu solders remain, such as
he formation of large brittle intermetallic compounds (IMCs) and
hort creep-rupture lifetime in service [3,4]. To meet the demand
or increasingly finer pitch and durability under severe service con-
itions, novel Pb-free solders with better creep and thermal fatigue
erformances are required. It has been proposed that the addition
f a third or fourth element to the alloy would further improve the
erformance of Sn–Ag or Sn–Ag–Cu solders [5].
In recent years, many attempts have been made to add rare earth
RE) elements to Pb-free solder alloys to improve their microstruc-
ures, mechanical properties and wettabilities. RE elements have
een called the “vitamins of metals,” in that minute quantities may
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greatly enhance the properties of metals or alloys [3,6–15]. RE ele-
ments are surface-active elements, which play an important role
in metallurgy, participating in the refinement of microstructure,
alloys, purification of materials and metamorphosis of inclusions
[6]. There are two types of RE elements. One is made up of the light
RE or Ce group of elements that includes La, Ce, Pr, Nd, Pm, Sm, and
Eu. The other group includes the heavy RE or Y group of elements,
such as Er, Y, Sc, Gd, Tb, and Yb. Recent studies on the effects of RE
elements in Pb-free solders generally included light RE elements,
such as La, Ce, or a mixture of both [7,8]. Chen et al. reported that the
addition of a minute amount of RE was an effective way to improve
the high temperature performance of solder alloy [9–11]. Wu et al.
observed that small additions of RE elements into a Sn–9Zn system
improved wettability and tensile strength [12,13]. It was reported
that the addition of RE elements had little influence on melting
behavior of Sn–3.8Ag–0.7Cu solders, but the solder showed better
wettability and mechanical properties, as well as finer microstruc-
tures [14]. With the addition of RE elements, the thickness of the
IMC layer at the solder/Cu interface decreased during soldering and
the growth of IMCs was constrained after high temperature aging
[15].

Recently, the electronics manufacturing field has been inter-

ested in Pb-free solders with low Ag content due to the cost
efficiency and superior drop reliability of the solder alloy [16–18].
Therefore, in this study, the effects of small additions of Ce to low Ag
solder (Sn–1.0 wt.%Ag solder) on melting temperature, microstruc-
ture, wettability and mechanical properties were investigated.
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Table 1
Conditions of the wetting balance test.

Cu specimen size 7.0 mm × 30.0 mm × 0.2 mm
Atmosphere Air
Immersion time 10 s
Immersion depth 5 mm
Immersion speed 10 mm/s
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2.3. XRD analysis
Fig. 1. Schematic presentation of the tensile test specimen.

. Experimental procedures

.1. Solder alloy design and preparation

Pure Sn, Ag and Ce metals with purities of 99.99, 99.99 and 99.0 (in wt.%), respec-
ively, were used as raw materials. Three alloys, Sn–1.0Ag–0.1Ce, Sn–1.0Ag–0.3Ce
nd Sn–1.0Ag–0.5Ce (in wt.%), were manufactured. The pure metals were mixed and
elted in a graphite reactor at 600 ◦C for 30 min in an argon gas atmosphere. The

ower of the induction furnace and gas pressure was 9 kW and 500 Torr, respec-

ively.

After manufacturing of the solder alloy, inductively coupled plasma-optical
mission spectrometer (ICP-OES) analysis was performed for the three parts of each
older alloy to identify the composition.

Fig. 2. OM and SEM images of the Sn–1.0Ag–xCe solder alloys: (a, b) Sn
Fig. 3. XRD patterns for the Sn–1.0Ag–xCe solders.

2.2. Melting temperature of the solder alloys

The melting temperatures of the solder alloys were measured with a differen-
tial scanning calorimeter (DSC). Approximately 10 mg of solder was placed into an
aluminum cell for DSC analysis. The scanning temperature range was set from 25 to
300 ◦C at a heating and cooling rate of 10 ◦C/min under nitrogen atmosphere.
To analysis phases of the solder alloys, X-ray diffraction (XRD) analysis was
performed. The XRD patterns were recorded at room temperature using a Rigaku
(Japan) diffractometer. The filament voltage and current were set to 30 kV and

–1.0Ag–0.1Ce, (c, d) Sn–1.0Ag–0.3Ce and (e, f) Sn–1.0Ag–0.5Ce.



156 B.-I. Noh et al. / Journal of Alloys and Compounds 499 (2010) 154–159

F
(

1
4

2

t
f
m
(
w
c
v
t
m
t
m
a
a

2

b
m
e
o
o
t

2

e

ig. 4. Mechanical properties for the various solder alloys: (a) Vickers hardness and
b) tensile strength.

00 mA, respectively. The sample was scanned between 20◦ and 80◦ at a rate of
◦/min.

.4. Wettability

The solderability of the solder alloys on a Cu substrate was measured by a wet-
ing balance tester (SAT-5100, Rhesca Co. Ltd., Japan). This system is widely used
or controlling the soldering process and assessing and improving soldering perfor-

ance as it provides an assessing function developed on the basis meniscography
MIL-STD-883D) as a standard accessory. Cu coupons (7 mm × 30 mm × 0.2 mm)
ere etched in a 10% H2SO4 + 90% CH3OH solution to remove surface oxides and

ontaminations. Prior to the test, each Cu coupon was dipped in rosin mildly acti-
ated (RMA)-type flux. Table 1 summarizes the conditions of the wetting balance
est used in this study. The wetting temperature range was 240–280 ◦C. The same

easurement conditions were used for all samples for a reliable comparison of
heir solderabilities. Ten measurements were made for each condition. The com-

on attributes in the wetting force measurements, maximum wetting force (Fmax)
nd zero crossing time (Tzero), were used to assess the wetting behavior of the solder
lloys.

.5. Microstructure

The microstructures of the solder alloys and IMCs formed at the interface
etween the solder and substrates in the wetting test were investigated by optical
icroscopy (OM), scanning electron microscopy (SEM, S-3000H, Hitachi, Japan) and

nergy dispersive X-ray spectroscopy (EDS). The common metallographic practices
f grinding and polishing were used to prepare the samples. An etchant consisting
f 95% C2H5OH–4% HNO3–1% HCl was used to reveal the cross-sectional microstruc-

ure.

.6. Mechanical properties

The hardness and tensile strength of the solder alloys were investigated by Vick-
rs hardness and tensile tests, respectively. The loading condition of the hardness
Fig. 5. Comparison of wettability for Sn–1.0Ag–xCe solder alloys: (a) wetting force
and (b) wetting time.

test and tensile speed were 200 gf and 2 mm/min, respectively. Fig. 1 shows the
schematic presentation of the tensile test specimen.

3. Results and discussion

Melting temperature is a crucial physical property and is impor-
tant influence on the quality of solder alloys. In this study, melting
temperatures were evaluated by DSC measurement of enthalpy
variation during the melting process. The onset point of the DSC
heating curve is related to the solidus temperature and the peak
point is recognized as the liquidus temperature of solder alloys [19].
Additionally, undercooling is defined as the temperature difference
between the melting temperature of a solder alloy during heating
and the solidification temperature during cooling. One of the dis-
tinct properties of Sn-rich solders is a propensity for a large amount
of undercooling of the �-Sn phase during solidification. Since the
undercooling phenomenon is related to the difficulty of nucleat-
ing a solid phase in a liquid state, it can be influenced by many
metallurgical parameters, such as solder composition, solder vol-
ume, and impurity level. It was reported that the addition of minor
alloying elements, such as Zn, Fe, Co, Ni, Bi and others could reduce
the amount of undercooling of �-Sn [20,21]. In addition, the large

undercooling can also affect the microstructures of Sn-rich solder
alloys as well as their mechanical properties.

Table 2 shows the results of DSC analysis for various solder
alloys. For each solder, the onset and peak temperatures of the DSC
curve were recorded. The onset temperature of the solder alloys
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Table 2
DSC results for the solder alloys.

Solder Heating Cooling Undercooling (◦C)

Onset temp. (◦C) Peak temp. (◦C) Onset temp. (◦C) Peak temp. (◦C)

Sn–1.0Ag–0.1Ce 217.5 230.0
Sn–1.0Ag–0.3Ce 218.1 230.6
Sn–1.0Ag–0.5Ce 218.5 230.8

F
2

i
i
t
r
C
f

ig. 6. Wetting curves of the Sn–1.0Ag–xCe solder alloys (wetting temperature:
50 ◦C).

ncreased slightly from 217.5 to 218.5 ◦C with increasing Ce dur-

ng heating, while the onset temperature decreased from 226.1
o 223.7 ◦C during cooling. The peak temperature of the heating
eaction increased slightly from 230 to 230.8 ◦C with increasing
e, while the peak temperature of the cooling reaction decreased

rom 223.1 to 222.4 ◦C. From these results, the temperature in

Fig. 7. Cross-sectional SEM images of the Sn–1.0Ag–0.3Ce solder alloy
226.1 223.1 3.9
225.1 222.7 5.5
223.7 222.4 7.1

the heating reaction was seen to increase slightly with increas-
ing Ce, while the temperature in the cooling reaction was slightly
decreased. Additionally, the undercooling increased from 3.9 to
7.1 ◦C with increasing Ce in the Sn–1.0Ag–xCe solder alloy. Although
a small addition of Ce to the Sn–1.0Ag solder slightly increased
the melting temperature, this change was not significant. Thus,
the use of Sn–Ag solder containing a small amount of Ce did not
alter the heating conditions in the reflow processing of the Sn–Ag
solder.

Fig. 2 shows the microstructures of solder alloys with different
Ce content. Ce was observed to affect the microstructure of solder
alloy. The microstructure of the Sn–1.0Ag–xCe solder alloys con-
sisted of �-Sn and Ag3Sn phases, and the microstructure became
finer with greater Ce content. Zhao et al. also reported that the
microstructure of Sn–Ag–Cu solders became finer and the distribu-
tion was more homogenous as the content of Ce increased [22]. Xia
reported that a small amount of Ce was absorbed by the bound-

aries of IMCs and provided an inhomogeneous center of nucleation
that changed the crystal growth velocities along with various crys-
talline directions [23]. From these results, we anticipated that the
microstructural change would affect the mechanical properties of
the solder alloy.

s after wetting at (a) 240, (b) 250, (c) 260, (d) 270 and (e) 280 ◦C.
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Fig. 8. EPMA mapping analysis r

The XRD patterns of the solder alloys are shown in Fig. 3. The XRD

atterns revealed that the Sn–1.0Ag–xCe solders were consisted
f �-Sn and Ag3Sn phases. XRD analysis confirmed that no Ce-
ontaining phase or Ce element was detected in the solder matrix.

hen comparing the three kinds of solder joints, no significant
ifference was observed.

ig. 9. Comparison of wettability for various solder alloys: (a) wetting force and (b)
etting time.
of the Sn–1.0Ag–0.5Ce/Cu joint.

Fig. 4 shows the results of mechanical tests for various sol-
der alloys. The Vickers hardness of the Sn–1.0Ag–xCe solders
was nearly the same (or slightly increased), however, the tensile
strength of the solder alloy increased with increasing Ce content.
The Vickers hardness values of the Sn–1.0Ag–xCe solders with
0.1 wt.% Ce, 0.3 wt.% Ce, and 0.5 wt.% Ce were 10.11, 10.19, and
10.22 Hv, respectively. On the other hand, the values of the ten-
sile strength of the Sn–1.0Ag–xCe solders with 0.1 wt.% Ce, 0.3 wt.%
Ce, and 0.5 wt.% Ce were 21.99, 24.81, and 26.08 MPa, respectively.
These results were affected by the finer microstructures obtained
with higher Ce content. RE elements tend to be absorbed at the
grain boundary and decrease boundary movement. In addition, the
strain field of large RE atoms and dislocations interact and restrain
the movement of dislocations, thus increasing the tensile strength
of a solder joint [3]. Therefore, the mechanical properties of the
Sn–Ag–Ce alloys were improved by the addition of 0.1–0.5 wt.% Ce
to the Sn–1.0Ag solder alloy.

Fig. 5 shows the results of wetting tests for the Sn–1.0Ag–xCe
solder alloys. The wetting force increased with increasing wetting
temperature, while the wetting time decreased, irrespective of the
kind of solder alloy. We anticipated that the high wetting tempera-
ture decreased the surface tension between the molten solder and
substrate or between the molten solder and flux, and therefore the
wettability was improved. The wetting force of the Sn–1.0Ag–xCe
solder alloys increased up to 0.3 wt.% Ce, and decreased above
0.3 wt.% Ce. In contrast, the wetting time of the Sn–1.0Ag–xCe sol-
der alloys decreased up to 0.3 wt.% Ce, and slightly increased above
0.3 wt.% Ce. Fig. 6 shows the wetting curves of the Sn–1.0Ag–xCe
solder alloys at 250 ◦C. In comparing the 0.1–0.5 wt.% Ce, the wet-
ting force and wetting time of the solder alloy with 0.5 wt.% Ce were
greater and shorter than that with 0.1 wt.% Ce, respectively. Gener-
ally, RE is a surface-active element, which can decrease the surface
tension of liquid solder and enhance the wetting of a substrate.
However, RE is liable to oxidation [24]. The formation of an oxide
residue during soldering may deteriorate the wettability of the sol-
der. As a result, the disadvantages of the oxide residue may exceed
the favorable aspects. Therefore, it is suggested that the appropriate
range of Ce should be 0.3 wt.% for optimum wettability with high
wetting force and short wetting time of the Sn–1.0Ag–xCe solder
alloy.
Fig. 7 shows the cross-sectional SEM images of the
Sn–1.0Ag–0.3Ce/Cu interfaces after wetting tests at different
temperatures. The solder/substrate interfaces were very uniform,
a Cu6Sn5 IMC formed at the interface between the solder and
Cu substrate, and the Ag3Sn phases are evenly distributed in the
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older region. EPMA mapping analysis was performed and the cor-
esponding result was shown in Fig. 8. The highest Ce-containing
n–1.0Ag–0.5Ce solder was used in the EMPA analysis to inves-
igate the behavior of Ce element. The EPMA mapping result
evealed that the solder matrix was composed of the �-Sn, Cu6Sn5,
nd Ag3Sn. In addition, the Ce elements are evenly distributed in
he solder region and no Ce-containing IMCs were detected in the
older matrix.

Fig. 9 shows the comparison results of wettability for vari-
us solder alloys. The flux was different from that used in Fig. 5.
ompared to the Sn–1.0Ag solder alloy, the wetting force of the
n–1.0Ag–0.3Ce solder alloy was greater, while the wetting time
as shorter, suggesting that the addition of 0.3 wt.% Ce improved

he wettability of the Sn–1.0Ag solder alloy. Although the wet-
ing temperature ranges of the Sn–37Pb and Sn–1.0Ag–0.3Ce solder
lloys are different due to their different melting temperatures, the
etting force of the Sn–1.0Ag–0.3Ce solder was greater, while the
etting time for the two solder alloys was similar. To this end, the

n–1.0Ag–0.3Ce solder alloy can replace the conventional Sn–37Pb
r Sn–1Ag solder alloy because of the superior wettability and
echanical properties of the solder.

. Conclusions

We investigated the effects of small additions of Ce to low
g containing Sn–1.0 wt.%Ag solder on melting temperature,
icrostructure, wettability and mechanical properties. Although

he addition of a small amount of Ce to Sn–1.0Ag solder slightly
ncreased its melting temperature, there was no significant change
n the melting temperature of the solder alloys. The microstructure
f the Sn–1.0Ag–xCe solder alloys became finer with increasing Ce.
n the mechanical tests, the Vickers hardness of the Sn–1.0Ag–xCe
olders was nearly the same, however, the tensile strength of

he solder alloy increased with increasing Ce. The wettability
ncreased in the following order: Sn–1.0Ag–0.3Ce, Sn–1.0Ag–0.5Ce
nd Sn–1.0Ag–0.1Ce. In conclusion, the addition of Ce had little
nfluence on melting behavior, however, the resulting solder alloy
howed better wettability and mechanical properties. Therefore,

[

[
[
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Sn–1.0Ag–0.3Ce solder alloy may be a suitable substitute for con-
ventional Sn–37Pb or Sn–1Ag solder alloy because of its superior
wettability and mechanical properties.
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