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Abstract In this paper, the wettability of lead-free sold-
ers on substrates with fluxes was studied based on reflow
process and Taguchi method. Effects of different control
factors, including solder materials, fluxes, substrate mate-
rials and atmosphere on the wettability of the lead-free
solder joints were examined and calculated. Moreover, the
effect of rare earth Eu on the wetting of SnAgCu solder
was investigated, the effect mechanism was analyzed too.
The wettability optimal design in the lead-free solders
system has the combination of the SnAgCu-0.04Eu solder,
RMA flux, Au/Ni/Cu substrate, and vacuum atmosphere.
Moreover, the flux is the most important factor among the
control factors in the wettability system.

1 Introduction

Due to the toxicity of Pb, the restriction of Pb use in the
industrial fields has been strongly promoted because of the
environmental protection on water resources [1, 2], which
has stimulated substantial research and development efforts
to discover substitute, lead-free solders for electronic
applications [3]. These years, the investigation of lead-free
solders has become an important research aspect in elec-
tronic industry, SnAgCu, SnAg, SnZn, SnCu etc. have been
studied to replace the SnPb solder, moreover, the SnAgCu
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solder have be proposed as the most promising alternative
[4], because of its good soldering and wetting behavior on
several substrate materials such as Cu, Ag, Au, Ni and
respective alloys [5]. However, the poor wettability of
SnAgCu solders can be found comparing with traditional
SnPb solder used in electronic device [6].

In order to improve the wettability of SnAgCu solders,
rare earth elements were selected by many researchers to
enhance the wettability [7-9], and it is demonstrated that
the addition of rare earth is an effective way. Gao et al. [10]
found that the wettability was improved by adding small
amount of rare earth Nd, and an optimal wettability was
achieved when the Nd content is 0.05 wt%. Shi et al. [11]
reported that when Er content was less than 0.25 wt%, the
spreading area of SnAgCu increased as Er increase. The
spreading area of SnAgCu solder given a 13.3 % increase
after soldering when the content of Yb was 0.05 wt% [12].
The wettability of SnAgCu shows obvious relationship
with additives, however, the atmospheres, fluxes and sub-
strates can also influence the wettability of lead-free sold-
ers. Until now, no literature reported the influence order of
these control factors.

Taguchi method was proposed as an effective way to
optimize the parameters of electronic packaging. Lau [13]
used the gray-based Taguchi method to optimize the ther-
mal stress of a solder joint and cooling rate of a ball grid
array package, and found that the approach can greatly
improve in reducing soldering defects and enhances solu-
tions to lead-free reliability issues. Wei finds [14] that the
fatigue life after optimal design by Taguchi method has
3.43 folds on the fatigue life over the original design in
QFN device. Zhang [15] researches the thermo-mechanical
reliability of lead-free solder joints in WLCSP assembly
subjected to an accelerated thermal cyclic loading based on
finite element simulation and Taguchi method, and the
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solder materials was demonstrated to be the most important
factor among the control factors in the WLCSP assembly.

In this paper, Taguchi method was utilized to analyze
the effect of control factors on the wettability of lead-free
solders. Four control factors contains solder materials,
fluxes, substrates and atmospheres of soldering. Moreover,
the effect mechanism of rare earth Eu on the wettability of
SnAgCu was discussed.

2 Experimental

The SnAgCu, SnAgCu-0.04Eu and SnAgCu-0.1Eu solders
were prepared from the pure Sn, Sn-Cu alloy, Sn-Ag alloy,
and Sn-Eu alloys. All the raw materials for SnAgCu base
solders were melted in a ceramic crucible, and melted at
550 £ 1 °C for 40 min. And the mechanical stirring was
needed to homogenize the solder alloy. In order to protect
the solder for oxidation during the melting, KCI 4 LiCl
(1.3:1) were used over the surface of liquid solder. Then
the molten alloys were chilled and cast ingots in a mold
and solidified by nominally air-cooling. At last for stabi-
lizing the microstructure of the solder alloys, all solder
specimens were heated and treated at 125 °C for an hour.

0.2 g solder was placed on substrates (4 x 4 x 1 mm)
with fluxes, and then was heated with 245 °C reflow sol-
dering process. And all the samples were cooled in the
furnace. Figure 1 shows a schematic drawing of the mea-
sured spreading area of the SnAgCu solders on substrate.
The spreading area can be used to analyze the wettibility of
lead-free solders. The parameter can be measured by
Image] software, and the data was estimated with five
samples.

3 Results and discussion

In order to optimize the control factors of the wettability of
lead-free solders, the Taguchi method was utilized in the
optimization. In 1980, Taguchi’s introduction of robust
design to several major American industries, including AT
& T, Ford and Xerox, resulted in significant quality im-
provements in product and manufacturing process design

Substrate

Solder

Fig. 1 Schematic illustration of wettability behavior
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[16]. Taguchi method uses two effective tools, which are
orthogonal array and S/N ration [17]. The idea of ortho-
gonal arrays is to get the statistic information and robust
process conditions during shorter time by using fewer
analyses. With the consideration of control factors and their
levels, the Lo (3*) orthogonal array is to be applied in
wettability testing of spreading area (s). The smaller-the-
better is one of the three quality characteristic types
(Nominal-the-best, smaller-the better, and larger-the-bet-
ter), and used to analyze the data of the wettability, where
the smaller quality characteristic is the better; in other
words, the value of its optimum function is zero. A metric
which identifies conditions to help minimize variation has
to be implemented, for this purpose, the signal-to-noise
ratio (S/N ratio) measured with dB is used [18]. The signal-
to-noise (S/N) objective function for the quality charac-
teristic of smaller-the-better type was computed as shown
in Eq. (1):

S/N = —1010g<L1y’2) (1)

r

where r is the total number of measurements, y; is the ith
measurement data, and S/N is the signal-to-noise ration in
decibel.

In the wettability testing, the r = 5 and y = 1/s, so the

,
2
Zi:l i

-
as

S/N = —101log <L‘ ;1/ s")2> (2)

The four selected control factors and their levels applied
in this study are tabulated in Table 1. These control factors
contain solder materials, fluxes, substrates and atmospheres.
And the control factors all show three levels. SnAgCu,
SnAgCu-0.04Eu and SnAgCu-0.1Eu solder materials were
selected in this paper, which can be used to analyze the effect
of rare earth Eu on the wettability of SnAgCu solder.

In order to obtain the optimal parameters of the wett-
ability of lead-free solders, the main experiment is carried
out to analyze the control factors and levels. Table 2 shows
the 1/s (spreading areas: s) and the S/N ration for each
experiment cells on the Lo(3%) orthogonal array. It is found
that with the variation of solder materials, fluxes, substrates
and atmospheres, the 1/s and S/N ratio change significantly.
The smaller value of 1/s demonstrated the better wettability
of lead-free solders. And the evaluation of lead-free solders
is based on the quality factor 1/s.

The S/N ratio response diagram of the four control
factors is shown in Fig. 2, magnitudes of the control factors
response and ranks are summarized in Table 3. According
to the S/N response diagram, the effect of four factors is

5 2
_ Z,-:ls(l/ ") , therefore, the Eq. (1) can be described
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Table 1 Control factors and Control factors Level 1 Level 2 Level 3
levels
A Solder materials SnAgCu SnAgCu-0.04Eu SnAgCu-0.1Eu
B Fluxes R RA RMA
C Substrate Cu SnBi/Cu Au/Ni/Cu
D Atmosphere Air N, Vacuum
Table 2 Main experiment EXP.  Factor and level (1/s)% (1072) (unit(s;): mm®) S/IN
A B C D 1 2 3 4 5

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1
Average

0.1451589  0.1417234  0.1487210  0.1562500  0.1384083  38.35
0.0889996  0.0907029  0.0873439  0.0841680  0.0857339  40.59
0.0718184  0.0671862 0.0730514  0.0694444  0.0660982  41.58
0.0783147  0.0811622  0.0797194  0.0826446  0.0826446  40.92
0.0769468  0.0756144  0.0783147  0.0826446  0.0783147  41.06
0.0718184  0.0694444  0.0694444  0.0706165 0.0683013  41.55
0.0907029  0.0924556  0.0889996  0.0924556  0.0889996  40.42
0.0907029  0.0889996  0.0889996  0.0907029  0.0889996  40.47
0.0924556  0.0907029  0.0889996  0.0889996  0.0924556  40.42

40.60

42

S/N /dB

39
Al

Fig. 2 S/N response diagram

Table 3 S/N response and rank

A2 A3 Bl B2B3 C1 C2 C3 DI D2 D3

Factor and level

A B C D
Level 1 40.17 39.91 40.12 39.94
Level 2 41.18 40.71 40.64 40.85
Level 3 40.44 41.18 41.02 40.99
Effect 1.01 1.27 0.9 1.05
Rank 3 1 4 2

different, the contribution degree of the four factors is
Factor B(fluxes) > Factor D (Atmospheres) > Factor A
(solder materials) > Factor C (Substrates), the most
important factor is the fluxes, which demonstrates that the
wettability of the lead-free solders in the system can be
influenced by many factor, not only solder materials, we
should enhance the wettability of lead-free solders based
on the optimal design. In this analysis, the optimization of
fluxes can prevent the oxidation of solder, and boost the
liquidity. Cheng et al. [19] and Wang et al. [20] also
demonstrated the active effect of fluxes. And the optimal
parameters match is A2B3C3D3, namely the optimal
design in the wettability of lead-free solder system has the
combination of the SnAgCu-0.04Eu, RMA flux, Au/Ni/Cu
substrate, and vacuum atmosphere. Moreover, it is
imperative to illustrate that when the levels are varied, the
optimal set of the control factors and rank then change
obviously. Wang [21, 22] also found the superiority of Au/
Ni/Cu substrate, and demonstrated that the wettability of
solder on Au/Ni/Cu substrates can improved obviously in
laser soldering.

With the analyze of wettability optimization design, it is
found that the wettability of lead-free solders can be con-
trolled with many factors, so in the application of lead-free
solders in electronic packaging field, many factors should
be taken into consideration to improve the wettability of
solders. Moreover, it is found 0.04 wt%Eu can improve the
wettability of SnAgCu solder, which can be attributed to
the higher affinity Sn of rare earths [23], Eu can react with
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Sn to form EuSnj; particles, and precipitate form the molten
solder, especially for the nucleation of particles at the triple
point of gay-liquid—solid system, when the particles exist at
the triple point, the balance among the gas, liquid and solid
will be broken, the fluidity of solders will be improved,
therefore, the wettability can be enhanced obviously.

4 Conclusion

An L9(34) orthogonal array with Taguchi method was used
to analyze the wettability optimization, It is found that the
flux is the most important factor among all control factors,
and the optimal design in the wettability system has the
combination of the SnAgCu-0.04Eu solder, RMA flux, Au/
Ni/Cu substrate, and vacuum atmosphere.
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