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SnPb solders have been widely used in many fields because of their excellent solderability. To respond to
environmental and health concerns regarding SnPb solders, it is necessary to develop lead-free solder for
electronic assembly. In this paper, the resistance to the electrochemical migration of eutectic SnPb and SnBi
solder alloys was evaluated and analyzed to detect the difference in the electrochemical migration behavior
between these solders by their electrochemical properties. Pb and Bi additions to a Sn-base solder improved
the resistance to electrochemical migration because of enhanced polarization properties. The resistance was
closely related to the cathodic deposition efficiency and the anodic dissolution behavior. In addition, the com-
position of the dendrite formed by the electrochemical migration was related to the standard electrode potential
of the alloying element. 
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1. INTRODUCTION 

SnPb eutectic solder has been used as solder materials for

electronics and packages. However, recently, due to the

harmful impact of Pb toxicity on the environment and

human health, there has been a growing demand to reduce

the pollution caused by Pb in solder alloys used to assemble

compounds and devices in electronic products. Many efforts

to replace SnPb solder have been attempted [1,2].

Though more study is needed, the industry, regulators,

and consumers are moving ahead with these efforts [3]. Var-

ious Pb-free alloys have been tested and used for electronic

components and assemblies. Although there is no single

replacement for Sn-Pb solders, Sn-based solders with alloys

such as Ag, Cu, and Bi are being used for production pur-

poses. At issue is not the Pb in electronic products, but the

cumulative effects of Pb in the waste system. Among the

alternatives being considered and being applied to the sol-

dering process in electronics are Sn-3.5Ag or Sn-3Ag-

0.5Cu alloys because these solders have high wettability

and thermo-mechanical reliability. However, they have a

higher melting point than that of eutectic SnPb solder [4].

With a lower melting point and coefficient of thermal

expansion, the eutectic SnBi solder alloy (Sn–58 wt.% Bi)

has the most potential as a replacement and is primarily rec-

ommended to be used in the temperature-sensitive processes

[5,6]. Sn-58Bi solder can be used for low temperature appli-

cations because its melting point is 138 °C [3].

Electromigration can induce atomic migration along the

direction of electron flow and causes significant microstruc-

tural changes [7-13]. In the eutectic SnPb solder, the Pb atoms

were found to migrate toward the anode side during elec-

tromigration [10]. On the other hand, the Sn atoms moved

in the opposite direction. As a result, phase segregation took

place. The eutectic SnBi solder also exhibited a similar elec-

tromigration behavior. The Bi atoms migrated toward the

anode side but the Sn atoms segregated toward the cathode

side [13]. However, there have been no reports on the resis-

tance to electrochemical migration of eutectic SnBi solder. 

The smaller size and higher integration of electronic com-

ponents results in smaller gaps between the metal conduct-

ing layer in an electronic package and the printed circuit

board (PCB). In an the environment with high temperature
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and humidity, electronic components respond to ionization
of metals by applied voltages, and forming a conductive
anode filament at the anode and dendrite at the cathode,
which leads to short-circuit failure of an electronic compo-
nent. This is known as electrochemical migration (ECM)
[14-21,28].

This paper deals with the evaluation of the resistance to
electrochemical migration of eutectic SnPb and SnBi solder
alloys, and the difference of electrochemical migration behav-
ior between these solders was analyzed on the base of elec-
trochemical properties. 

2. EXPERIMENTAL PROCEDURE

2.1. Water drop test (WDT)

To evaluate the resistance to electrochemical migration,
the WDT [20,22-24] was used. The specimen used for the
WDT was made on a Si wafer substrate. On the Si wafer
substrate, a Ni under bump metallurgy (UBM) was sput-
tered (thickness 3000 Å). A pad with a 300 µm space pat-
tern was made by using photo-resist and screen printing
methods. Solder pastes (ECO-M00-5333A, DELTA-691A,
DELTA-693) were reflowed on the Ni UBM in a reflow
oven. After reflow, the specimen was annealed for 5 hours
at 150 °C to minimize the phase transformation between the
Ni UBM and solder alloy. 

The WDT was performed to understand the failure mech-
anism in the pad patterned solder alloy in 0.001 wt.% NaCl
and 0.001 wt.% Na2SO4 solutions at room temperature. 2 µl
of test solution was dropped between the pad patterned sol-
ders using a micro syringe and then a DC voltage of 2 V
was applied using a potentiostat (EG&G, model 273 A) as a
DC power source. The current was measured and continu-
ous images of the migration process were recorded using a
video-microscope [21].

2.2. Surface analysis

After the WDT, the pad patterned specimens were allowed
to dry naturally and then the specimen was transferred to a
SEM (Scanning Electron Microscope) chamber. The images
and composition of the anodic electrode and dendrite were
observed using SEM-EDS (Energy Dispersive X-ray Spec-
trometer) and BSE (Back-scattered electron) mode (JEOL,
model JSM-6300). 

2.3. Polarization test

The specimen used for the anodic polarization test was
made on a Ni-electroplated copper plate. The Ni-electroplated
copper plate was cut into 1 cm × 1 cm specimens, and the
solder pastes were reflowed and annealed for 5 hours at
150 °C. The specimens were polished using a 0.05 µm alu-
mina paste. A coated lead wire was connected to the speci-
mens and the polished reflowed surface was sealed with

epoxy resin (exposure area: 0.09 cm2). Anodic and cathodic
polarization tests were performed in deaerated NaCl solu-
tion at 25 using a Potentiostat (Gamry, model DC105). The
solution was deaerated using N2 gas for 30 min at 100 ml/
min. An SCE (saturated calomel electrode) 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.

2.4. Anodic dissolution and ion analysis

To analyze the dissolved species and their concentration,
an anodic dissolution test and ion analysis were performed.
The test specimens used for the anodic dissolution test were
made as follows; to prepare the UBM, Ni thin film was
deposited on a Cu substrate by electroplating and then SnPb
solder was reflowed on the Ni UBM in a reflow oven. The
anodic dissolution test was performed using a potentiostat
(Gamry, model DC105) in deaerated 0.001 wt.% NaCl and
0.001 wt.% Na2SO4 solutions at room temperature. A disso-
lution potential (+0V(SCE)) was applied to the specimen
for 1 hour and the anolyte was obtained. The ionic species
and concentration were analyzed using ICP/AES (Induc-
tively Coupled Plasma - Atomic Emission Spectrometer,
Spectro, model Flame Modula S).

3. RESULTS AND DISCUSSION

The representative commercial Pb-free solders include
SnBi alloys. The Sn58Bi solder shows a low melting tem-
perature and its microstructure was a eutectic composition
similar to that of Sn37Pb.

Both the Sn37Pb and Sn58Bi solders have a eutectic
microstructure, but the standard electrode potential of these
alloying elements is quite different. That is, ESn = −0.138V
(SHE), EPb = −0.126V(SHE), and EBi = +0.317V(SHE) [25].
In the case of a SnPb solder, there is no difference in poten-
tial between the two elements, i.e. ∆E≒0. However, in the
case of a SnBi solder, the difference in potential, ∆E, is
greater than 0, because of the noble potential of Bi. This
may arise from the difference in the electrochemical migra-
tion susceptibility between the Sn37Pb and Sn58Bi solders.

Figure 1 shows the effect of the additions of Pb and Bi on
the time to failure with the WDT in 0.001 wt.% NaCl and
0.001 wt.% Na2SO4. The test solution was 2 µl and five
tests were performed. The time to failure was averaged and
the error bar also was plotted in the figure. As shown in this
figure, the resistance to electrochemical migration was in
the order of Sn58Bi > Sn37Pb > pure Sn, regardless of the
corrosion environment.

Figure 2 shows the morphology and composition of the
dendrite formed with the WDT for Sn37Pb in 0.001 wt.%
NaCl. The dendrite was composed of a Pb-rich phase along
with Sn. However, in Figure 3, which shows the morphol-
ogy and composition of the dendrite formed by the WDT
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for Sn58Bi in 0.001 wt.% NaCl, the composition of the den-

drite was Sn only. Figure 4 shows the morphology and com-

position of the dendrite formed by the WDT for Sn37Pb in

0.001 wt.% Na2SO4. The dendrite was composed of a Pb-

rich phase along with Sn. In this sulfate environment, as

shown in Fig. 5, which displays the morphology and com-

position of the dendrite formed by the WDT for Sn58Bi in

0.001 wt.% Na2SO4, the composition of the dendrite was Sn

only. In summary, regardless of the corrosion environment,

the composition of the dendrite is Sn mixed with Pb for the

SnPb solder and Sn only for the Sn58Bi solder. 

Fig. 1. Effect of Pb and Bi additions on the time to failure by WDT in
0.001 wt.% NaCl and 0.001 wt.% Na2SO4.

Fig. 2. Morphology and composition of the dendrite formed by WDT
for Sn37Pb in 0.001 wt.% NaCl.

Fig. 3. Morphology and composition of the dendrite formed by WDT
for Sn58Bi in 0.001wt.% NaCl.

Fig. 4. Morphology and composition of the dendrite formed by WDT
for Sn37Pb in 0.001 wt.% Na2SO4.
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To analyze the difference in the dendrite’s composition

formed by the WDT between the SnPb and SnBi solders,

the dissolution behavior at the anode was observed using a

SEM-BSE mode. Figure 6 shows the morphology of the

dissolved site in the anode of (a) Sn37Pb and (b) Sn58Bi by

the WDT. In Fig. 6(a), Pb in addition to Sn, both have a sim-

ilar standard electrode potential, dissolved from the anode.

However, as shown in Fig. 6(b), which is the morphology of

the dissolved site in the anode of Sn58Bi by the the WDT,

only Sn (dark phase), which has a more active potential than

that of Bi, dissolved from the anode. In other words, the rea-

son for the different composition of the dendrites, even if

both the alloys have the same eutectic microstructure, is that

the anodic dissolution behavior caused by the standard elec-

trode potentials difference between the alloying elements of

the solders was different. 

The difference of the dendrite’s composition formed by

the WDT between SnPb and SnBi solders can be explained

by the difference of standard electrode potential of the

alloying elements. However, the resistance to electrochemi-

cal migration can’t be explained by its potential difference.

Thus, an anodic polarization test was performed to evaluate

the electrochemical properties.

Figure 7 shows the anodic polarization behavior of Sn,

Sn37Pb and Sn58Bi solders. (a) is for deaerated 0.001 wt.%

NaCl at 25 °C, (b) is for deaerated 0.001 wt.% Na2SO4 at

25 °C. Regardless of the corrosion environment, the anodic

polarization behavior of the Sn37Pb and Sn58Bi solders

was better than that of pure Sn. The relationship between

time to failure and the important factors in the polarization

curves was analyzed in Fig. 8. Figure 8 shows the relation-

ship between time to failure and (a) corrosion potential, (b)

corrosion rate, (c) pitting or transpassive potential and (d)

passive current density. The test solutions are deaerated

0.001 wt.% NaCl and 0.001 wt.% Na2SO4 at 25 °C. Regard-

ess of corrosion environments, time to failure shows a linear

relationship with corrosion potential and pitting or transpas-

sive potential, but it was weakly related to corrosion rate

and passive current density. However, it is very difficult to

elucidate the relationship between ECM resistance and

these factors. In general, when corrosion potential or trans-

passve potential were high and the corrosion rate or passive

current density were small, the corrosion resistance was bet-

ter. Therefore, we performed an accelerated dissolution test

and tried to find the relationship between the ECM resis-

tance and corrosion properties. 

Anodic accelerated dissolution of solders in two corrosion

environments was performed and the anolytes were evalu-

ated using ICP/AES. Figure 9 shows the effect of the addi-

tions of Pb and Bi on the time to failure by the WDT and the

Fig. 5. Morphology and composition of the dendrite formed by WDT
for Sn58Bi in 0.001wt.% Na2SO4.

Fig. 6. Morphology of dissolved site in the anode of (a) Sn37Pb and
(b) Sn58Bi by WDT.
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Fig. 7. Anodic polarization behavior of Sn, Sn37Pb and Sn58Bi; (a) deaerated 0.001 wt.% NaCl at 25 
o
C and (b) deaerated 0.001 wt.% Na2SO4 at

25 °C.

Fig. 8. Effect of polarization factors on the time to failure by WDT at 25 °C in 0.001 wt.% NaCl and Na2SO4; (a) corrosion potential (ER) vs. time
to failure, (b) corrosion rate vs. time to failure, (c) pitting or transpassive potential (EP) vs. time to failure, (d) passive current density vs. time to
failure.
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total dissolved ions at 25 °C in 0.001 wt.% NaCl and 0.001

wt.% Na2SO4. The solders were anodically dissolved at 0

V(SCE) for 1 h. In Fig. 9(a), when the total dissolved ions

decreased, the time to failure increased. Also, Figure 9(b)

shows the effect of the additions of Pb and Bi on the time to

failure by the WDT and the total dissolved ions in 0.001

wt.% Na2SO4. When the total dissolved ions were reduced,

the time to failure increased, except in the comparison of

Sn37Pb to Sn58Bi.

Figure 10 shows the total dissolved ions and dissolution

percent/composition percent ratio of the pure Sn, Sn37Pb,

and Sn58Bi solders at 25 °C in deaerated 0.001 wt.% NaCl

and 0.001 wt.% Na2SO4 (anodic dissolution potential; 0V

(SCE), 1 h). Regardless of the corrosion environment, the

dissolution tendency of Sn increased in the order of Sn58Bi

> Sn37Pb > pure Sn, even though the total dissolved ions

decreased. In the case of the Sn58Bi solder, the dissolution

ratio of Sn was very high. This may be caused by the differ-

ence in potential between Bi and Sn and the galvanic effect.

However, in the case of the Sn37Pb and Sn58Bi solders,

the total dissolved ions from the Sn58Bi solder was larger

than that from Sn37Pb, but the time to failure was longer

than that of the Sn37Pb solder. This means that the dissolu-

tion of the anode scarcely affected the resistance to electro-

chemical migration. This behavior can be explained on the

basis of the cathodic deposition efficiency [26,27]. The

authors reported that the electrochemical migration suscep-

tibility of SnPb solder alloys was affected by the corrosion

species (chloride and sulfate ions) in the environment. The

dissolution of metal from the anode influenced the time to

failure but had little effect on the composition of the den-

Fig. 9. Effect of Pb and Bi additions on the averaged time to failure by
WDT and total dissolved ion; (a) at 25 °C in 0.001 wt.% NaCl, (b) at
25 °C in 0.001 wt.% Na2SO4 (anodic dissolution potential; 0V(SCE),
1 h).

Fig. 10. Total dissolved ions and dissolution/composition ratio of pure
Sn, Sn37Pb and Sn58Bi solders; (a) at 25 °C in deaerated 0.001 wt.%
NaCl, (b) at 25 °C in 0.001 wt.% Na2SO4 (anodic dissolution poten-
tial; 0V(SCE), 1 h).
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drite originating from the cathode. In addition the relation-

ship between the electrochemical migration susceptibility of

SnPb solders and the composition of the dendrite proved to

be closely related to the cathodic deposition efficiency of

dissolved ions from the anode. They proposed that this effi-

ciency was an important factor in the dendrite formation by

electrochemical migration [27]. In the case of the Sn37Pb

solder, the dissolved ions consisted of Pb in addition to Sn,

even though the total ions content was small. Since the

cathodic deposition efficiency of Pb is higher than that of

Sn, the time to failure of the Sn37Pb solder was shorter than

that of the Sn58Bi solder.

4. CONCLUSIONS

(1) The resistance to electrochemical migration was in the

order of Sn58Bi > Sn37Pb > pure Sn, regardless of the cor-

rosion environment. The dendrite formed by ECM of Sn37Pb

was composed of Sn+Pb because Sn and Pb dissolved

together at the anode. The dendrite formed by ECM of Sn58Bi

was composed of Sn because only the Sn dissolved. This

behavior was caused by the standard electrode potential dif-

ference between the alloying elements of the solders.

(2) Pb and Bi additions improved the resistance of Sn to

electrochemical migration because of enhanced polarization

properties. Regardless of the corrosion environments, time

to failure showed a liner relationship with corrosion poten-

tial and pitting potential, but it was not related to the corro-

sion rate or passive current density. Our study revealed that

the resistance to electrochemical migration of the solders

was closely related to cathodic deposition efficiency in

addition to anodic dissolution behavior. 
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