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Abstract

Original scientific paper
This study aims to investigate the effects of bismuth addition on the corrosion behaviour of Sn—3.0Ag—0.5Cu (SAC 305) solder alloy in
IM HCI acid solution under potentiodynamic polarization. After electrochemical tests, scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) were used to examine and characterize the properties of the samples. Polarization studies indicate
that the addition of 0.5, 1, and 2 wt.% Bi in the SAC305 solder alloy does not significantly change the corrosion potentials. Instead of a
true passivation region, a pseudo-passivation region is observed in which currents are nearly constant (though high). This pseudo-passive
region does not include a reactivation point within the scanning interval. On the other hand, the corrosion rates follow a pattern in which 1
wt.% bismuth replacement of silver causes a decrement in corrosion rate. However, the corrosion rate increases with the further replacement
of silver with bismuth. Microstructure analysis reveals the existence of gaps and porosities which introduce limits on the formation and

stability of protective passive corrosion products.
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1 Introduction

Solder alloys are used to provide mechanical
integration and electrical connection of electrical circuit
elements in the electronics industry [1]. Lead (Pb)
containing solder alloys have been widely used
commercially for many years in electronics applications
[2]. Sn-Pb soldering alloys have been accepted as the most
reliable product as interconnection material in electrical
and electronic devices. The low melting temperature,
eutectic structure, affordable cost, high wetting ability,
and good mechanical properties make this alloy an
excellent interconnection material [3].

However, due to increasing health and environmental
concerns regarding the element of Pb, many countries and
organizations around the world have legislated laws to
limit the use of Pb in electronic applications [4]. In
electronic devices and other products containing solder,
the Restriction of Hazardous Substances (RoHS) directive
of the European Union limits the use of heavy metals and
hazardous substances [5].

For this reason, the search for lead-free solder alloys,
which can be an alternative to Pb-containing solder alloys,
has become an important research topic in the electronics
industry. In this context, various Sn-based unleaded solder
alloys such as Sn-Ag, Sn-Cu, Sn-Zn, Sn-Bi, Sn-In, and
Sn-Ag-Cu (SAC) have been developed [4]. SAC alloys
are candidates that can be an alternative to Sn-Pb solder
alloys due to their relatively lower cost, low melting
temperature, and superior mechanical properties among
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the types of Pb-free solder alloys [6]. The reliability of
high-performance connection materials is very important
for the long-lasting use of electronic devices. Compared
to other ternary Pb-free soldering alloys, SAC305 alloy
has started widespread use as an electrical conduction
material in the microelectronics industry and in the
connection of devices, due to its lower melting
temperature, high wetting ability, and higher mechanical
durability [7,8].

In recent years, there have been studies on the
corrosion behavior of Pb-free solder alloys, especially
SAC305 alloys [9]. Such as Wang et al. have investigated
the corrosion behavior of SAC305 solder alloy using 5%
sodium chloride (NaCl) solution by weight. They noted
that the SAC305 solder joint acts as an anode by itself and
has less corrosion potential than that of Cu, which acts as
cathode [10]. Nurwahida et al. examined the effect of 1 M
hydrochloric acid (HCI) solution on the corrosion
performance of SAC305 and compared its corrosion
properties with 3.5% NaCl solution by weight.
Meanwhile, they revealed that the dispersion of small and
homogeneous AgsSn intermetallic particles in the rich Sn
matrix plays an important role in corrosion resistance, as
it can determine the corrosion performance of SAC305
[11]. So far, NaCl [12,13] solution has been used in
various studies on the corrosion properties of SAC305.
However, such studies are limited to low pH HCI
environment, which is known as highly aggressive
environment for metallic alloys.
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Effect of Bismuth Addition on the Corrosion Dynamics of Sn—3Ag-0.5Cu Solder Alloy in Hydrochloric Acid Solution

The purpose of this work is to determine the effect of
Bi on the corrosion dynamics of Sn—(3-x) Ag—0.5Cu—xBi
(where x=0, 0.5, 1, and 2) in 1 M HCI acid solution.
Corrosion tests have been performed in HCI solution by
potentiodynamic  polarization. ~ Scanning  electron
microscope (SEM) coupled with energy dispersive X-ray
analysis (EDX) were used to determine compositions of
the corrosion products.

2 Experimental

In the present work, we study the corrosion properties
of the new low-Ag-content quaternary Pb-free solder
alloys produced by adding xBi (x = 0.5, 1 and 2%) to the
SAC305 alloy in our previous study [14]. The chemical
compositions of the samples are given in Table 1.

Table 1. The chemical composition of alloys tested (wt%).

Alloys Sn Ag Cu Bi Mg Al Fe
SAC-0.5Bi  96.2206 2.6841 0.5029 0.4554 0.0574 0.0504 0.0212
SAC-1Bi 96.4083 2.0100 0.4967 0.9912 0.0283 0.0491 0.0164
SAC-2Bi 96.4655 1.0252  0.4787 1.9832 0.0000 0.0249 0.0225
SAC305 96.5000 2.9800 0.4900 0.0000 0.0120 0.0000 0.0180

In order to determine individual phases (crystal
structures) and corresponding diffraction planes formed in
the microstructure of SAC305 and SAC-xBi (0.5, 1 and 2
wt.%) Pb-free alloys, we applied an X-ray diffraction
(XRD) analysis using a "RIGAKU - ULTIMA IV"
machine. Microstructural analysis was examined before
and after corrosion measurements by using "CARL ZEISS
ULTRA PLUS GEMINI FESEM" and "QI150R
ROTARY-PUMPED SPUTTER COATER / CARBON
COATER" model SEM device [15].

Specimens of working electrodes are polished with
SiC papers of mesh sizes starting with 400 and ending
with 1200. As a last step of polishing, we used a solution
of AlOs; microparticles on a smooth napless cloth.
Polished specimens were cleaned with alcohol and dried
immediately. Before polarizations, an open circuit
monitoring was held for 10 minutes to ensure
potentiostatic stabilization of working electrode surfaces.
We used Ag/AgCl reference electrode with a pair of
graphite rods as the counter electrode with specimens as
the working electrodes of the usual three-electrode setup.
A 1M HCl acid solution was chosen as a highly aggressive
environment for our specimens to determine the lowest
limits of corrosion resistance. We scanned potentials
between -1.0V vs. Ag/AgCl and +1.0V vs. Ag/AgCl to
ensure to locate possible passivation and de-passivation
regions. The scanning rate was 1 mV /s.

3 Results and discussion
3.1 Solder characterization

Figure 1 presents the microstructures of SAC305 and
SAC-xBi (0.5, 1 and 2 wt.%) alloys. The hollow structures
seen in the SEM analysis show the 3-Sn matrix which are
Sn rich areas. CueSns is the large particles of Sn-Cu
intermetallics, while the structures consisting of small
particles are Ag;Sn intermetallic particles. Meanwhile it
is also seen that Ag;Sn and CuesSns phases dispersed in -
Sn matrix contain full eutectic structure [16,17]. As can
be seen from the tin-bismuth equilibrium diagram in the
literature [18,19], it forms up to 2% Bi solid solution at
room temperature. Therefore, the secondary phases
associated with Bi do not appear in Fig. 1.

Fig. 2 shows the XRD results of the solder alloy
samples under consideration. In accordance with the
microstructure results mentioned above, the peaks are

associated with the Sn-rich phases for all specimens, with
the presence of AgizSn and CueSns intermetallics for the
Sn-Ag and Sn-Cu alloys, respectively [20].

P SAC-2Bi

Figure 1. SEM images for the as-prepared SAC305 and SAC-xBi
(0.5, 1 and 2 wt.%).
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Figure 2. XRD analysis of SAC305 and SAC-xBi (0.5, 1 and 2 wt.%).

3.2 Potentiodynamic Polarization Analysis

Plots of potentiodynamic polarization scanning are
given in Fig. 3. The absence of passivation regions is
clear. In a passivation region, the current density should
change its course at some specific potential of anodic
polarization and accept very low values compared to
values observed just before entering the region. Instead,
SAC305 and SAC-xBi (0.5, 1 and 2 wt.%) have only a
pseudo-passivation region in which current densities are
constant and do not react to changes in scanning potentials
from about +0.1 V to the end of the scanning region (+1.0
V). All bismuth-containing sub-alloys enter this pseudo-
passivation region slightly later (with 0.1 V difference)
than SAC305. Note that the current density in pseudo-
passivation regions is much higher than one can have with
NaCl solution [21]. This should be expected because of
the extreme acidity of the 1M HCI environment. Another
interesting point is that the lack of a reactivation point at
which the pseudo-passivation region ends. As one can
casily see from Fig. 3, even at the end of the scanning
region (+1.0 V) pseudo-passivation region holds. This is
different from the observed behavior reported by other
studies which mainly used NaCl-based solutions [22,23].
The quantitative results of potentiodynamic polarization
measurements are given in Table 2. We observed similar
corrosion potentials for all the alloys within this study.

This is expected as the ratios of bismuth within these
alloys are not high enough to trigger a significant change.
Using Tafel extrapolations, we obtain corrosion current
densities with corresponding corrosion rates of each alloy.
It seems that overall corrosion rates follow a pattern in
which %1.0 bismuth replacement of silver causes a drop-
in corrosion rate. With the further replacement of silver
with bismuth, however, the corrosion rate increases.
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Figure 3. Potentiodynamic polarization curves of SAC305 and SAC-xBi
(0.5, 1 and 2 wt.%).

Table 2. Corrosion parameters of SAC305 and SAC-xBi (0.5, 1 and 2
wt.%) in 1M HCl acid solution.

Specimen icor (MA/cm?) | CR (mm/ year) | Ecorr (V)

SAC-0.5Bi 17.286 0.466 -0.527
SAC-1Bi 11.063 0.298 -0.528
SAC-2Bi 14.056 0.379 -0.530
SAC305 18.095 0.488 -0.525

The low Corrosion Current Density (icorr) value means
that the corrosion rate is low, and the higher the current
density the higher the corrosion rate. Up to 1% Bi addition
to the SAC305 solder alloy, the icorr values decrease. It
tends to increase again after this value. However, the icor
values are still lower than the SAC305 solder alloy. When
the corrosion rate is examined, it can be said that the SAC-
1Bi alloy with the lowest rate is more resistant to
corrosion than the SAC305 alloy.

3.3 Post-corrosion characterizations

In Figure 4, the SEM views of the analysed solder
alloys are given after potentiodynamic testing. With the
increase of Bi addition to SAC305 solder alloy, it is seen
that the oxide film formed as a corrosion product
gradually becomes coarse and it finally becomes spherical
at 2% Bi addition. As can be seen from EDX analysis of
corrosion products as given in Table 3, it is observed that
corrosion products have larger Ag content by weight up to
1% Bi addition. In case of adding more Bi (i.e. 2% Bi
addition), the regions containing large spherical Cu
increase.

The occurrence of copper-rich corrosion products
yields reduced corrosion resistance. This is due to the
formation of the CuesSns phase (Fig. 1), which is
distributed along the grain boundaries in microstructure
studies.
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Figure 4. SEM analysis of SAC305 and SAC-xBi (0.5, 1 and 2 .%)
solder alloys after immersion in 1M HCI solution.

Table 3. EDX analysis of (a) SAC305, (b) SAC-0.5Bi, (c) SAC-1Bi
and (d) SAC-2Bi solder alloys after immersion in 1M HCI solution.

Mass Percent (%) (a)
Spectrum Cu Ag Sn

1 9.3375 17.4275 73.235
2 5.2767 6.2467 88.4767
3 8.57 7.38 84.055
Mean value 7.728 10.3514 81,923
Mass Percent (%) (b)
Spectrum Cu Ag Sn Bi

1 0.61 63.26 25.45 10.68
2 35.455 21.33 38.38 4.835
3 2.98 4.16 92.17 0.69
Mean value | 13.015 29.583 52 5.403
Mass Percent (%) (c)
Spectrum Cu Ag Sn Bi

1 1.335 15.355 9.37 73.95

2 2.3725 56.75 13.4875 27.3925
3 0.74 34.43 10.16 54.67
Mean value | 1.4825 | 35.512 11.0058 52.0042
Mass Percent (%) (d)
Spectrum Cu Ag Sn Bi

1 6.39 3,83 17.565 72.215
2 24.30 2.30 23.36 50.04
3 6.8625 37.945 21.29 33.91
Mean value | 12.5175 | 14.6917 20.7383 52.055

4 Conclusion

In this work, the corrosion behaviours of SAC305 and
SAC-xBi (0.5, 1 and 2 wt.%) alloys were investigated in
1 M HCl acidic solution (pH =0). It was found that similar
Ecorr and icorr for all alloys. This is expected, since the
ratios of bismuth within these alloys are not high enough
to trigger a significant change. It seems that overall
corrosion rates follow a pattern in which %1.0 bismuth
replacement of silver causes a drop-in corrosion rate. With
the further replacement of silver with bismuth, however,
the corrosion rate increases.
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