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Influence of Corrosion Properties on Electrochemical Migration 
Susceptibility of SnPb Solders for PCBs
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Electrochemical migration is caused by the adsorption of water and the bias voltages between the electrodes
or pads which form an electric circuit or in the solders used to connect the parts. This work focused on
the elucidation of the mechanisms of electrochemical migration of pure Sn, Sn37Pb, and Sn55Pb solders
in electronics. The electrochemical migration behavior was discussed on the basis of the polarization behavior
of SnPb solders. After the water drop test, the time to failure decreased with increasing Pb content in Cl−
solution and increased with increasing Pb content in SO4

2− solution. In the case of the SnPb solder alloys,
the pitting potential, the passive current density, the cathodic current density and the efficiency of cathodic
deposition of the alloying elements were closely related to the resistance of the electrochemical migration.
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1. INTRODUCTION 

Some applications of solder joints entail the use of metal
structures that are subjected to electrical voltages. Under
such circumstances, the corrosion process may be affected
by the voltage. The voltage actually alters the “natural” cor-
rosion (charge) potential required for the initiation of half-
reactions between the cathode and anode materials. This sit-
uation is termed voltage-assisted corrosion and is sometimes
superimposed on galvanic corrosion. However, the effect of
the applied voltage depends upon its magnitude, the selec-
tion of materials to receive the “+” and “−” terminals of the
DC source and the difference in the corrosion potentials
between the two materials. The applied voltage can be used
to alter the relative corrosion potential between the two
metal members, even to the point of switching the anode
(corrosion) from one material to the other [1].

An important consequence that is often observed with volt-
age-assisted corrosion is electrochemical migration [2-9]. Two
metal pads having the same composition are located on top
of an insulating material. These two pads are connected to
the terminals of a DC voltage supply [10,11]. An electrolyte
is deposited across the two pads. The metal strip that is con-
nected to the negative terminal forms the cathode and sup-
ports the reduction half-reaction. The pad connected to the
positive terminal forms the anode and supports the oxidation

reaction. Metal ions are created at the surface of the anode
pad as corrosion by-products. These ions can then travel
through the electrolyte and reach the cathode. They are sub-
sequently reduced to neutral atoms and will build up on the
surface of the pad. The transfer of metal from the anode to
the cathode under the applied voltage constitutes the process
of electrochemical migration. The accumulation of anodic
material will continues until either the anode material is
completely consumed or the material built up from the cath-
ode forms a ligament that reaches the anode and causes a
short circuit.

The conductive ligament formed by electrochemical
migration is typically short-lived. The path is vaporized by
Joule heating almost immediately upon the passage of a cur-
rent. The vaporization of the corrosion product often erases
the evidence of its existence, thereby hindering failure anal-
ysis. This phenomenon has most often been observed in
electronic circuit board applications. The momentary short-
circuit induced by such a filament can damage sensitive
electronic components or cause intermittent failures of elec-
tronic circuitry as the paths are created and destroyed. Nev-
ertheless, electrochemical migration can be scaled up as a
function of the applied voltage and electrolyte strength, caus-
ing a concern for larger structural members subjected to
higher electrical voltages (for example, power distribution
facilities). Electrochemical migration is sometimes the source
of persistent “grounding problems” in both small-scale and
large-scale electrical circuitry [2].*Corresponding author: yikim@andong.ac.kr
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Corrosion mechanisms in electronic components have
been extensively studied. Since electronic products are
mainly used indoors or within enclosures, the troubles lead-
ing to corrosion problems are not easily defined. Problems
can arise due to the fact that these systems are fabricated by a
number of different processes and consist of a variety of dis-
similar materials. Miniaturization and the requirement for a
high component density have resulted in smaller compo-
nents, closer spacing, and thinner metallic paths. Thus, the
effect of the bias potentials and small defects is magnified
[12]. Corrosion in electronic products manifests itself in sev-
eral ways. Computers, integrated circuits, and microchips
are now an integral part of all technology-intensive industry
products, ranging from aerospace and automotive applica-
tions to medical equipment and consumer products, and are
therefore exposed to a wide variety of corrosive environ-
mental conditions. Corrosion in electronic components is
insidious and cannot be readily detected. Therefore, when
corrosion failure occurs, it is often treated as a simple failure
and the part or component is replaced [13]. 

Electrochemical migration is caused by the adsorption of
water and the bias voltages between the electrodes or pads
which form an electric circuit or in the solders used to con-
nect the parts. SnPb solders, which have been widely used to
connect the outside leads of packaging, should be replaced
because of environmental concerns. However, up until now,
all electronic products in the world have used SnPb solders
because of their long life-span. Thus, this work focused on
the elucidation of the mechanisms of electrochemical migra-
tion of SnPb solders in electronics. The corrosion resistance
of SnPb solder in aqueous and gaseous environments is a
function of the alloy composition [14]. It improves signifi-
cantly when the tin content is increased above 2 wt.% [15].
Lead forms unstable oxides, which easily react with chlo-
rides, borates, and sulfates [16]. The standard potentials for
the dissolution of Sn and Pb are −0.136 and −0.125 V (SHE)
at room temperature, respectively [17].

In this work, the electrochemical migration susceptibility
of pure Sn, 63 wt.% Sn-37 wt.%Pb (Sn37Pb), and 45 wt.%Sn-
55 wt.%Pb (Sn55Pb) solders was determined by the water
drop test (WDT) in chloride and sulfate solutions. The elec-
trochemical migration behavior is discussed on the basis of
the polarization behavior of SnPb solders.

2. EXPERIMENTAL PROCEDURES

2.1. Water drop test (WDT)
To evaluate the resistance to electrochemical migration,

we used the WDT. The specimen used for the WDT was
made on a Si wafer substrate. On the Si wafer substrate, a Ni
under bump metallurgy (UBM) layer was sputtered (to a
thickness of 3000 Å). A pad with a 300 µm space pattern
was made by using the photo-resist and screen printing meth-

ods. Solder pastes were reflowed on the Ni UBM in a reflow
oven and, after the reflow, the specimen was annealed for 5 h
at 150 oC to minimize the phase transformation between the
Ni UBM and solder alloy. Then, the reflowed pad patterned
solder was polished to a thickness of 10 µm.

The WDT was performed to understand the failure mech-
anism in the pad patterned solder alloy in NaCl and Na2SO4

solutions at room temperature. First, we dropped 3 µl of the
test solution between the pad patterned solders with a
microsyringe and then applied a DC voltage of 3 V by using
a potentiostat (EG&G, model 273 A). The current was mea-
sured and continuous images of the migration process were
recorded with a video-microscope.

2.2. Polarization test
The specimen used for the polarization test was made on a

Ni-electroplated copper plate, which plate was cut into 1×1
cm specimens. The solder pastes were reflowed then
annealed for 5 h at 150 oC. After polishing the specimens
with 0.05 µm of alumina paste, we connected a coated lead
wire to the specimens and sealed the surface with epoxy
resin (exposure area: 0.09 cm2). Anodic and cathodic polar-
ization tests were performed in deaerated NaCl and Na2SO4

solutions at 25 by using a potentiostat (Gamry, model DC105).
The solution was deaerated with N2 gas for 30 min at 100 ml/min.
A saturated calomel electrode (SCE) was used as a reference
electrode and a high-density graphite rod was used as a
counter electrode. The scanning rate was 1 mV/s.

2.3. Anodic dissolution and ion analysis
To analyze the dissolved species and their concentration,

we performed an anodic dissolution test and ion analysis.
The test specimens for the anodic dissolution test were made
as follows: to prepare the UBM, we deposited Ni thin film
on a Cu substrate by electroplating; we then reflowed the
SnPb solder on the Ni UBM in a reflow oven. The anodic
dissolution test was performed by using a potentiostat (Gamry,
model DC105) in deaerated 0.001 wt.%NaCl and 0.001
wt.%Na2SO4 solutions at room temperature. A dissolution
potential was applied to the specimen for 1 h and obtained
the anolyte. We used an ICP/AES (Spectro, model Flame
Modula S) to analyze the ionic species and concentration.

2.4. Surface analysis
After the WDT, the pad patterned specimens were allowed

to dry naturally and then the specimen was transferred to a
SEM chamber. The images and composition of the pad and
dendrite were observed using SEM-EDS (JEOL, model JSM-
6300).

3. RESULTS

The WDT was performed to evaluate how the Pb content
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affects the electrochemical migration behavior in chloride
and sulfates solutions. The test materials were pure Sn,
Sn37Pb, and Sn55Pb solders. We used a 0.3 mm spaced pad-
type specimen and applied a voltage of 3 V between the
anode and cathode. Whenever a bias voltage was applied
between them, the metals were ionized from the anode and
hydrogen gases were evolved. During the application of the
bias voltage, the current abruptly increased after a certain
incubation time and then a dendrite grew from the cathode to
the anode and, thereby breaking the insulation between the
cathode and the anode. We defined the time to failure as the
time required to connect the dendrite between the cathode
and the anode, as determined using an in-situ monitoring
method. 

Figure 1 shows the effects of the Pb content and concen-
tration on the time to failure of the solders determined by the
WDT under a bias voltage of 3 V at room temperature. In
0.001 wt.%NaCl solution, the time to failure is reduced as
the Pb content increases. However, in 0.001 wt.%Na2SO4

solution, the time to failure increases as the Pb content
increases and, moreover, in 0.1 wt.%Na2SO4 solution, the
time to failure was greatly increased by increasing the Pb
content. This behavior means that electrochemical migration
is closely related to the corrosion environment. 

Dendrite was allowed to grow from the cathode to the
anode by means of the WDT, and SEM-EDS analysis was
used to investigate the composition of the dendrite. Figure 2
shows the image and composition of the dendrite formed by
the WDT for the Sn55Pb solder in 0.001 %NaCl. Figure 2(a)
shows the SEM image of the dendrite that grew from the
cathode to the anode. Figure 2(b) shows the composition of
the Sn and Pb elements at each point along the dendrite. At
point ①, the Sn content was 36.0 % and the Pb content was
64.0 %. At point ②, the Sn content was 10.9 % and the Pb

content was 89.1 %. At point ③, the Sn content was 13.4 %
and the Pb content was 83.7 %. At every point, the Pb con-
tent was larger than the Sn content. 

Figure 3 shows the image and composition of the dendrite
formed by the WDT for the Sn55Pb solder in 0.001 %Na2SO4.
Figure 3(a) shows the SEM image of the dendrite which
grew from the cathode to the anode. Figure 3(b) shows the
composition of the Sn and Pb elements at each point. At
point ①, the Sn content was 17.5 % and the Pb content was
82.5 %. At point ②, the Sn content was 26.0 % and the Pb
content was 74.0 %. At point ③, the Sn content was 28.5 %
and the Pb content was 71.5 %. At every point, the Pb con-
tent was larger than the Sn content, as in the experiment with
0.001 wt.%NaCl. This tendency is due to the efficiency of
the cathodic deposition of the alloying elements [18]. In neu-
tral solution, since the efficiency of Pb reduction is higher

Fig. 1. Effect of Pb contents and concentration on the time to failure
determined by WDT in test solutions at room temperature (applied
voltage: 3 V).

Fig. 2. SEM and BSE images of the dendrite formed after WDT of
Sn55Pb solder alloy in 0.001 wt.%NaCl, (a) SEM image of the den-
drite (b) Sn/Pb composition as determined by EDS analysis for the
dendrite formed after WDT.

Fig. 3. SEM-EDS results for the dendrite formed after WDT of
Sn55Pb solder alloy in 0.001 wt.%Na2SO4, (a) SEM image of the den-
drite (b) Sn/Pb composition determined by EDS analysis for the den-
drite formed after WDT.
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than that of Sn reduction, the dendrite would be expected to
be composed mainly of Pb mixed with Sn. The detailed
mechanism was described elsewhere [18]. 

The insulation breakdown phenomena caused by electro-
chemical migration can be caused by the deposition of the
metallic ions formed when metals are ionized and dissolved.
This phenomenon is based on the electrochemical process of
metallic materials. This phenomenon should be analyzed
with scientific methods of evaluating corrosion as well as
anodic and cathodic polarization. 

4. DISCUSSION

Figure 4 shows the (a) anodic and (b) cathodic polarization
curves in 0.001 wt.% NaCl at 25 oC. As shown in Fig. 4(a),
when the content of Pb of the alloy increases, the corrosion
potential is increased, but the pitting potential is decreased
and the passive range is also decreased. As shown in Fig. 4(b),
the cathodic current increased in 2 steps by cathodic polar-

ization. The cathodic polarization behavior is mainly due to
Eqs. 1 and 2. Other reactions including the reduction of cat-
ions in the solution can also occur. The order of the cathodic
current is Sn55Pb> pure Sn > Sn37Pb, and the reactions can
be expressed as follows [19];

1/2O2 + H2O + 2e → 2OH- (1)
2H2O + 2e → H2 + 2OH− (2)

Figure 5 shows the (a) anodic and (b) cathodic polarization
curves in 0.001 wt.%Na2SO4 at 25 oC. As shown in Fig. 5(a), as
the content of Pb of the alloy increases, the corrosion poten-
tial and passivation behavior became similar to each other.
As shown in Fig. 5(b), the cathodic current increased in 2
steps by cathodic polarization as in the experiment using
0.001 wt.%NaCl. The first and second steps were mainly
due to Eqs. 1 and 2, respectively. Other reactions including
the reduction of the cations in the solution can also occur.
However, as the content of Pb of the solders increases, the

Fig. 4. Effect of Pb content on the anodic polarization behavior of
SnPb solder alloys in deaerated 0.001 wt.%NaCl at 25 oC: (a) the
anodic polarization curves and (b) the cathodic polarization curves.

Fig. 5. Effect of Pb content on anodic polarization behavior of SnPb
solder alloys in deaerated 0.001 wt.%Na2SO4 at 25 oC: (a) the anodic
polarization curves and (b) the cathodic polarization curves.
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pitting potential increases and the passive range is extended
more in Na2SO4 than in NaCl. This tendency becomes clearer
in 0.1 wt.%Na2SO4. Figure 6 shows the effect of the Pb con-
tent on the anodic polarization behavior of the SnPb solder
alloys in 0.1 wt.% Na2SO4 at 25 oC. As the Pb content increases,
the passive range is increased and no pitting corrosion occurs
in the Sn55Pb solder. 

We analyzed the how several factors obtained from the
polarization curves affect the time to failure as determined
by the WDTs of the solders. First, we discussed the behavior
in chloride containing solution on the basis of the polariza-
tion indices. Figure 7 shows how the Pb content affects the
relation between the corrosion potential and the time to fail-
ure in 0.001 wt.%NaCl at 25 oC. There was no clear relation-
ship between them. This was due to the applied voltage; the
WDT was conducted under an applied voltage of 3 V, thus,
the potential of the anode did not attain the corrosion poten-
tial. Therefore, the potentials of the anode and cathode were

measured when 3 V was applied. Figure 8 shows the config-
uration of the potential measurement. The reference elec-
trode used herein was a Pt wire electrode. The real potential
of the anode was about +0.5 V(SCE) and the potential of the
cathode was about −2.5 V(SCE) when 3 V was applied between
the anode and cathode. The measured potential for the three
kinds of the solders in several environments were similar. 

Figure 9 shows a comparison between the time to fail-
ure and the anodic current and cathodic current obtained
from the polarization curves in 0.001 wt.% NaCl at 25 oC.
Figure 9(a) shows how the Pb content affects the anodic cur-
rent density at +0.5 V(SCE) in the curves. As the Pb content
increased, the time to failure was decreased, but the anodic
current was only slightly changed. Since the corrosivity of
the test condition was too severe for the solders, a similar
anodic current was obtained. Figure 9(b) shows the effect of
the Pb content on the cathodic current density at −2.5 V(SCE)
in the curves. As the Pb content increased, the time to failure
was decreased and the cathodic current was greatly changed.
In this figure, two different behavior are observed; that is,
those of the pure Sn and SnPb solders. In the case of the
SnPb solders, as the cathodic current density increased, the
time to failure was decreased. This is in agreement with the
results previously reported by our group. We reported that
the efficiency of cathodic deposition plays an important role
in electrochemical migration. Thus, if the cathodic current
density increases, the time to failure will decrease. On the
other hand, in the case of pure Sn, even though the cathodic
current density was high, the time to failure was relatively
longer than those of the SnPb solders. This result is due to
the fact that the cathodic deposition of pure Sn is less effi-
cient than that of the SnPb solders [18]. 

The electrochemical migration susceptibility is discussed
on the basis of the pitting potential and passive current den-
sity. Figure 10 shows the relation between the time to failure

Fig. 6. Effect of Pb content on the anodic polarization behavior of
SnPb solder alloys in deaerated 0.1 wt.%Na2SO4 at 25 oC.

Fig. 7. Relation between the time to failure and the corrosion potential
of SnPb solder alloys in deaerated 0.001 wt.%NaCl solution at 25 oC.

Fig. 8. Configuration of electrodes used to measure the potential of
the anode and cathode during the electrochemical migration process.
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and pitting potential of the solders obtained in 0.001 wt.%NaCl
at 25 oC. As the pitting potential decreased, the time to fail-
ure was decreased. It is obvious that the pitting potential of
the solder affects its electrochemical migration susceptibility.
As the Pb content increased, the time to failure was decreased
and the passive current density was changed, as shown in
Fig. 11. We defined the passive current density as the current
density at the pitting potential. However, in this figure, two
different behavior are observed; that is, those of the pure Sn
and SnPb solders. In the case of the SnPb solders, as the pas-
sive current density increases, the time to failure decreases.
On the other hand, in the case of pure Sn, even though the
passive current density was relatively high, the time to fail-
ure was longer than those of the SnPb solders. This result is
also related to the fact the cathodic deposition of pure Sn is
less efficient than that of SnPb solders [18]. 

The electrochemical migration behavior was caused by the
dissolution of ions at high humidity and temperature when a
voltage was applied to the electrodes and the dendrite grew
and caused the breakdown of the insulation. Therefore, the
ion dissolution tendency should be evaluated in chloride and
sulfate solutions. Figure 12 shows the relation between the
time to failure and dissolved ions obtained by dissolution for
1 h under conditions of +0.5 V(SCE) in 0.001 wt.%NaCl at
25 oC. Figure 12(a) shows how the Pb content affects the
time to failure and the total dissolved ion content. As shown
in this figure, the time to failure was not affected by the total
dissolved ion content. Figure 12(b) shows the relation between
the time to failure and dissolution-to-composition ratios of
Pb and Sn. As the Pb content of the solder increases, the dis-
solution of Pb became greater than that of Sn and, thus, the
time to failure decreases. Moreover, as shown in Fig. 2(b),
the main composition of the dendrite was Pb and these two

Fig. 9. Effect of the Pb content on the relation between the polariza-
tion results and the time to failure of SnPb solder alloys in deaerated
0.001 wt.%NaCl at 25 : (a) the time to failure vs. the anodic current at
+0.5 V(SCE) and (b) the time to failure vs. the cathodic current at
−2.5 V(SCE).

Fig. 10. Relation between the time to failure and the pitting potential
of SnPb solder alloys in deaerated 0.001 wt.%NaCl solution at 25 oC.

Fig. 11. Relation between the time to failure and the passive current
density of SnPb solder alloys in deaerated 0.001 wt.%NaCl solution at
25 oC. 
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results were coincident with each other. Figure 13, which
show how the Pb content affects the relation between the
corrosion potential and time to failure in 0.001 wt.%Na2SO4

at 25 oC. There was little relation between them. This was
similar to the result obtained in chloride solution, as shown
in Fig. 7. Figure 14 shows a comparison between the time to
failure and the anodic and cathodic currents obtained from
the polarization curves in 0.001 wt.%Na2SO4 at 25 oC. Figure
14(a) shows the effect of the Pb content on the anodic cur-
rent density at +0.5 V(SCE) in the curves. As the Pb content
increased, the time to failure was increased, but the anodic
current was only slightly changed. As shown in Fig. 14(b),
as the Pb content increased, the time to failure was increased
and the cathodic current was greatly changed. In these fig-
ures, two behavior are observed; that is, those of the pure Sn
and SnPb solders. In the case of the SnPb solders, as the
anodic and cathodic current densities decrease, the time to

Fig. 12. Effect of Pb content on the dissolved ions of SnPb solder
alloys in deaerated 0.001 wt.%NaCl: (a) the time to failure vs. the total
dissolved ions and (b) the total dissolved ions vs. the dissolution-to-
composition ratio. 

Fig. 13. Relation between the time to failure and the corrosion poten-
tial of SnPb solder alloys in deaerated 0.001 wt.% Na2SO4 solutions at
25 oC. 

Fig. 14. Effect of the Pb content on the relation between the polariza-
tion results and the time to failure of SnPb solder alloys in deaerated
0.001 wt.%Na2SO4 at 25 oC: (a) the time to failure vs. the anodic cur-
rent at +0.5 V(SCE) and (b) the time to failure vs. the cathodic current
at −2.5 V(SCE).
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failure increases. On the other hand, in the case of pure Sn,
the relation between them differs from that observed in the
case of the SnPb solders. The electrochemical migration sus-
ceptibility seems to be related to the difference in the deposi-
tion efficiency [18]. 

Figure 15(a) shows the relation between the time to failure
and the pitting potential of the solders obtained in 0.001
wt.%Na2SO4 at 25 oC. In this figure, the relation between the
time to failure and pitting potential was not easy to define.
However, as shown in Fig. 15(b), in the case of 0.1 wt.%
Na2SO4, as the pitting potential increased, the time to failure
was also increased. It is obvious that the pitting potential of
the solder affects its electrochemical migration susceptibility,
as it does in chloride solution. As shown in Fig. 16, as the Pb
content increases, the time to failure increases and the pas-
sive current density changes greatly. We defined the passive
current density as the current density at the pitting potential.
However, in this figure, two different behavior were observed;

Fig. 15. Relation between the time to failure and the pitting potential
of SnPb solder alloys in Na2SO4 solutions at 25 oC: (a) deaerated
0.001 wt.%Na2SO4 and (b) deaerated 0.1 wt.%Na2SO4.

Fig. 16. Relation between the time to failure and the passive current
density of SnPb solder alloys in deaerated 0.001 wt.%Na2SO4 solu-
tions at 25 oC. 

Fig. 17. Effect of Pb content on the dissolved ions of SnPb solder
alloys in deaerated 0.001 wt.%Na2SO4 at 25 oC: (a) the time to failure
vs. the total dissolved ions and (b) the total dissolved ions vs. the dis-
solution-to-composition ratio.
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that is, those of the pure Sn and SnPb solders. In the case of
the SnPb solders, as the passive current density decreased,
the time to failure was increased. On the other hand, in the
case of pure Sn, even though the passive current density was
relatively low, the time to failure was shorter than those of
the SnPb solders. This result is also related to the fact that the
cathodic deposition of pure Sn is less efficient than that of
the SnPb solders [18]. Figure 17 reveals the relation between
the time to failure and dissolved ions obtained by dissolution
for 1 h under conditions of +0.5 V(SCE) in 0.001 wt.%Na2SO4

at 25 oC. Figure 17(a) shows the effect of the Pb content on
the time to failure and total dissolved ion content. As shown
in this figure, the time to failure was affected by the total dis-
solved ion content. Figure 17(b) shows the relation between
the time to failure and dissolution-to-composition ratios of
Pb and Sn. As the Pb content of the solder increased, the dis-
solution of Pb became lower than that of Sn, but the time to
failure was increased. Moreover, as shown in Figs. 3(b) and
17(b), the main composition of the dendrite was Pb and
these two results were not coincident with each other. This
result reveals that the main composition of the dendrite was
affected by the deposition efficiency, not by the dissolution
content.

5. CONCLUSIONS
 
The important factors that determine electrochemical migra-

tion susceptibility and corrosion properties as a function of
the Pb content in SnPb solder alloys in test solutions were as
follows:

1) The time to failure caused by electrochemical migration
decreased with increasing Pb content in Cl− solution, whereas it
increased with increasing Pb content in SO4

2− solution.
2) The corrosion potential and anodic current density are

not related significantly to the electrochemical migration
susceptibility. In contrast, the pitting potential, the passive
current density, the cathodic current density, and the effi-
ciency of the cathodic deposition of the alloying elements
are all closely related to electrochemical migration suscepti-
bility. However, the pure Sn and SnPb experimental solder
alloys exhibit different types of behavior. This difference in
behavior is due to the different levels of efficiency in the
cathodic deposition of pure Sn and SnPb solders.

ACKNOWLEDGMENTS

This work was supported by the Nano-Precision Technol-
ogy Education Center, New University for Regional Innova-

tion Project, Andong National University. We would also
like to express our appreciation for the assistance of J. Y.
Jung and Professor Y. B. Park of Andong National Univer-
sity and S. B. Lee and Professor Y. C. Joo of Seoul National
University. The ion analysis was conducted by the Korea
Basic Science Institute at Busan.

REFERENCES

1. P. T. Vianco, Welding Journal 78, 39 (1999).
2. R. Gehman, Int. J. Hybrid Microelect. 6, 239 (1983).
3. G. T. Kohman, H. W. Hermance, and G. H. Downes, Bell

System Technical Journal 24, 1115 (1955).
4. G. Harsanyi, IEEE Trans. Comp., Package, Manuf. Technol.

A 18, 602 (1995).
5. D. Q. Yu, W. Jillek, and E. Schmitt, J. Mater. Sci.: Mater.

Electron. 17, 219 (2006).
6. W. J. Ready, L. J. Turbini, R. Nickel, and J. Fischer, J. Elec-

tron. Mater. 28, 1158 (1999).
7. W. J. Ready and L. J. Turbini, IEEE Transaction on Advanced

Packaging 23, 285 (2000).
8. W. Engelmeier and L. J. Turbini, Surface Mount Interna-

tional, Proceedings of the Technical Program, p. 844 (1995).
9. S. J. Krumbein, IEEE Trans. Comp. Hybrids Manufact. Tech-

nol. 11, 5 (1988).
10. S. B. Lee, Y. R. Yoo, J. Y. Jung, Y. B. Park, Y. S. Kim, and Y.

C. Joo, IEEE Electronic Components and Technology Con-
ference, p. 621 (2006).

11. S. B. Lee, Y. R. Yoo, J. Y. Jung, Y. B. Park, Y. S. Kim, and
Y. C. Joo, Thin Solid Films 504, 294 (2006).

12. R. P. Frankenthal, Uhlig’s Corrosion Handbook, 2nd Edition,
John Wiley and Sons (2000).

13. Corrosion Doctors’ Site Map, Corrosion of Electronics, http://
www.corrosion-doctors.org.

14. V. Brusic, D. D. Dimilia, and R. D. Maclnnes, Proceedings
of ASM International 3rd electronic materials and process-
ing, p. 261 (1990).

15. M. Pecht, IEEE transactions on components, hybrids and
manufacturing technology 13, 383 (1990).

16. G. S. Frankel, Corrosion Technology, New York, United States
(1995).

17. A. J. Bard, R. Parsons, and J. Jordan, Standard Potentials
in Aqueous Solution, IUPCA, New York and Basel. Marcel
Dekker Inc. (1985).

18. Y. R. Yoo and Y. S. Kim, Microelectronics Reliability (sub-
mitted, January, 2007).

19. M. Pourbaix, Atlas of Electrochemical Equilibria in Aque-
ous Solution, National Association of corrosion Engineers,
Houston, Texas, USA (1974).


