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Corrosion behavior of Sn�9Zn-xBi alloys (x=0; 0.5 and 3 wt%) were stud-

ied in NaCl 3% solution using open circuit potential, polarization curves,
weight loss measurements and surface analysis. The obtained results re-
vealed the corrosion resistance depends on the percentage of bismuth.
The Sn-9Zn-3Bi has the lowest values of corrosion current density. The
corrosion potential shift toward more negative values with more bismuth
addition. XRD analysis of the corrosion products formed after 168 hours
of immersion in NaCl 3% solution indicated the zinc dissolution.
 2015 Trade Science Inc. - INDIA

INTRODUCTION

The binary Sn�Pb alloys have long been used in

the microelectronic packaging industry. However,
for the lead toxicity and his serious effects on the
environment and human health, it has been prohib-
ited in all are[1]. Many Sn-based alloy systems (Pb-
free solder alloy) with different alloying elements,
such as Ag, In, Cu, Zn, Bi and Sb have been devel-
oped and their microstructures, mechanical proper-
ties and solderability have been reported[2-13]. Among
this alloys, the Sn�9Zn (in wt%) alloy is considered

as a potential candidate and has attracted great at-
tentions because of its low cost and good mechani-
cal properties. Indeed, it has a melting point (198.5
°C) very close to conventional Sn�37 wt% Pb alloy

(183 °C)[14, 15]. Despite these advantages, Sn�Zn al-

loys suffer from low oxidation resistance[1] and poor
wettability[1, 16]. Bismuth has been added to the bi-
nary Sn�Zn alloy to form the ternary eutectic Sn�

8Zn�3Bi, with improved wettability[17, 18], lower
melting point of 188°C[19] and better mechanical prop-
erties[20].

However, there is a lack of information about
electrochemical behavior of Sn-9Zn-xBi in NaCl so-
lution. The objectives of this study is to investigate
the effect of the addition of small amounts of Bi (x=0;
0.5 and 3 wt%) to Sn-9Zn alloy on its corrosion
resistance in NaCl 3wt% solution using electro-
chemical methods such as potentiodynamic
polarisation techniques and weight loss measure-
ments. Finally, the mechanism of corrosion will be
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discussed from electrochemical results and XRD
analysis.

EXPERIMENTAL PROCEDURE

Materials preparation

The alloys were prepared from high-purity 5N
metals. For each alloy, the metals (Sn, Zn and Bi)
were weighted and sealed into Pyrex capsules under
vacuum and melted together at 350 °C. After several

days of heat treatment, the alloys were quenched in
ice water and used for our experiments. Chemical
compositions of samples are given in TABLE 1.

Electrochemical investigation

The measurements were carried out in a con-
ventional three electrode cylindrical glass cell, con-
taining 100 mL of NaCl 3% solution at room tem-
perature. Platinum electrode was used as a counter
electrode, a saturated calomel electrode (SCE) as
the reference electrode and the working electrode
was Sn-9Zn-xBi alloy. All potentials are reported
vs. SCE. For polarization measurements, a
potentiostat Voltalab 301 PGZ monitored by a PC
computer and Voltamaster 4.0 software were used

Alloy Sn Zn Bi 

Sn-9Zn 91 9 - 

Sn-9Zn-0.5Bi 90.5 9 0.5 

Sn-9Zn-3Bi 88 9 3 

 

TABLE 1 : Chemical compositions of the studied lead-free solder alloys (wt.%)

Figure 1 : OCP curves of the three studied alloys after an hour of immersion in NaCl 3% solution

for run the tests, collect and evaluate the experimen-
tal data. During each experiment, the test solution
was mixed with a magnetic stirrer.

Before every run, the surface of the electrode
was polished using 600�1000 SiC paper grade,

degreased with ethanol, washed in distilled water.
The specimen was then dried in hot air and placed
in the test cell. The tested solution was mixed with a
magnetic stirrer. Before each Tafel experiment, the
working electrode was allowed to corrode freely
and its open circuit potential (OCP) was recorded
as a function of time up to 1 h. After this time, a
steady-state OCP, corresponding to the corrosion
potential (Ecorr) of the working electrode, was ob-
tained. The polarisation curves of alloys were re-
corded in the anodic direction from �2000 to +1000

mV at a scan rate of 2 mV/s.

RESULTS AND DISCUSSION

Electrochemical behavior

The open circuit potential (OCP) against time
(Eocp � t) curves of the studied Pb-free solder al-

loys measured in NaCl 3 wt.% solution are shown
in Figure 1.
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The OCP of Sn�9Zn decrease quickly and then,

an approximate constant values of E
OCP

 was obtained.
The initial decrease of the OCP can be attributed to
the strong removal of the natural oxide layer on the
alloy surface. The OCP of Sn-9Zn-0.5Bi and Sn�
9Zn�3Bi increases until to reach stationary state,

which corresponds respectively to a value of -962
and�1009 mV/SCE. Such curves appearance is at-

tributed to the ennoblement of the potential of the
two electrodes. The existence of a plateau region
for the OCP suggests that the alloys surfaces are com-
pletely covered by the corrosion product after about
500 s of immersion. The constant E

OCP
 obtained are

very negative and reveal that the corrosive behav-
ior of the three solder alloys is very similar to that

of pure Zn[21, 22]. The OCP curves of the three ele-
ments constituent of Pb-free solders Figure 2, tested
in the same previous conditions, show that potential
field of pure zinc correspond approximately to the
potential range of the three alloys seen in Figure 1.

Figure 3 present the polarization curves of the
three alloys tested in NaCl 3% solution between -
2000 and 1000 mV/ECS.

The three Pb-free solder alloys indicate similar
profiles, which exhibit two pseudo passivity plat-
forms at anodic regions. Those curves show that the
corrosion potential (E

corr
) shift toward more nega-

tive values after addition of a small amount of bis-
muth (x=0.5 and 3 wt.%) to the eutectic Sn-9Zn. We
can also declare that the progressive addition of bis-

Figure 2 : OCP curves of pure tin, zinc and bismuth after an hour of immersion in NaCl 3% solution

Figure 3 : Polarization curves of the studied solder alloys in NaCl 3 wt.% solution
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muth induce a reduction the corrosion current den-
sity (I

corr
) as shown in TABLE 2.

The cathodic reaction (region AB) may corre-
spond to the reduction of oxygen in water resulting
in the formation of hydroxyl ion.
2H

2
O + O

2
 + 4e-  4 OH- (1)

The anodic polarization part consists of several
regions, named BC, CD, DE, and EF, respectively.
At region BC, with increasing potential in the an-
odic direction, zinc dissolution occurs according to
Eq. (2)[23].
Zn + 2OH-  Zn(OH)

2
  ZnO + H

2
O (2)

The first oxidation reaction produces Zn(OH)
2
,

and the second oxidation reaction transforms
Zn(OH)

2
 into ZnO. For Sn-9Zn-3Bi solder, active

dissolution of zinc continues with increasing poten-
tial until the zincate concentration reaches a critical
value (at point C). These insoluble zincate salts
cover the surface of the corroded samples and cre-
ate a plateau region (CD) where the current density
is found to be independent of potential over a range
of about 550 mV. This plateau can only be observed
for the Sn-9Zn and Sn-9Zn-3Bi solder. The zinc oxi-
dation film formed in region CD is not a passivation
film; it cannot protect the solder from further corro-
sion[24]. Now it is generally accepted that the forma-
tion of the passivation film begins with precipita-
tion of Zn(OH)

2
 on the surface. After further corro-

sion, Zn(OH)
2
 may transform into ZnO according to

Eq. (2). ZnO is considered to be a semiconductor; it
may degrade the corrosion resistance[25]. Thus, ZnO
is harmful to the formation of the passivation film.
The polarization curve of Sn-9Zn-0.5Bi shows that
the current density does not remain constant in re-
gion CD. The formation of the passivation film on
the solder starts at point C, where the current den-
sity drops as the potential increases. Region CD rep-
resents the passivation process of the solder. In this
situation, the corrosion rates of the solders declined.

A sharp increase in current density is observed
at point D on increasing the potential, indicating that
the passivation film is broken. The breakdown of
the passivation film can be caused both by the exist-
ence of Cl- absorbed by the corrosion products and
by the oxygen evolution reaction described above.
From Eq. (1) the solution is alkaline during the test.
It is difficult for metal to form a passivation film in
alkaline solution. Furthermore, halogen, especially
Cl-, can restrict passivation film formation. Chlo-
ride ions penetrate into the oxide film and form solid
metal chloride, which causes mechanical breakdown
of the film[26]. Halide ions stimulate active dissolu-
tion of zinc and result in breakdown of the passiva-
tion film[27]. SnCl

2
 is able to absorb O

2
 from air to

form insoluble oxychloride, which is also harmful
to the passivation film[28]. At point E, the curves line
shift toward lower values until point F, which may
represent a new process of passivation.

We have studied the polarization curves of the
three elements constituent of alloy (Tin, Zinc and
Bismuth) taking separately to give us an interpreta-
tion to the corrosion parameters of our alloys tested,
as seen in Figure 4. We notice that the lowest and
highest values correspond respectively to the cor-
rosion potential and corrosion current density of Zinc
(TABLE. 3), which are relatively compatible with
the results obtained in TABLE. 2. TABLE. 3 inform
us that Tin have the best corrosion resistant in NaCl
3%.

The anodic polarization of pure zinc was con-
ducted to better understand the corrosion behavior
of deposits in 3% NaCl solution. A typical anodic
polarization curve part for pure zinc is shown in
Figure 4. This curve has two regions. The first con-
sists of active dissolution (from Ecorr to point A) of
zinc and zinc dissolution continues with increasing
potential until zinc hydroxy-chloride (ZHC) forms
and covers the surface (point A). Many authors have

Alloys Ecorr (mV/ECS) Ico rr (µA/cm²) 

Sn-9Zn -984 262 
Sn-9Zn-0.5Bi -1041 66 

Sn-9Zn-3Bi -1229 61 

 

TABLE 2 : Corrosion parameters obtained from electrochemical measurements (polarization curves) of solder
alloys in NaCl 3 wt.% solution at room temperature
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reported that ZHC can be formed on the zinc surface
during immersion in NaCl solution[29, 30, 31]. The ZHC
layer formed in NaCl solution at pH<7 (acidic me-
dia) was porous[32], the ZHC layer can be classified
as a pseudo-passive layer[33]. From point A, the
pseudo-passive layer (ZHC) is formed on the zinc
surface and the zinc dissolution continues, but the
rate decreases[34].

When metal passivation occurs, the current den-
sity drops, as the potential increases[35]. Although
there is an increase in potential, shown in Figure 4,
the current density does not drop. The same behav-
ior was observed of pure zinc in a 0.5 mol dm3 NaCl
solution[36]. It is evident that in NaCl solution, a pas-
sive layer does not form, but it forms a zinc hydroxy-
chloride, which is a pseudo-passive layer. When the
whole sample surface is covered by this layer the
rate of zinc dissolution decreases.

Weight loss measurement and surface analysis

The corrosion rates and surface analysis of the
studied alloys after an immersion in NaCl 3wt.%

Figure 4 : Polarization curves of the studied solder alloys in NaCl 3 wt.% solution

Pure metal Ecorr (mV/ECS) Icorr (µA/cm²) 

Tin -567 31.64 
Zinc -1033 136 

Bismuth -348 121 

 

TABLE 3 : Corrosion parameters obtained from electrochemical measurements (polarization curves) of pure metal
in NaCl 3 wt.% solution

solution at room temperature for 168H are respec-
tively shown in TABLE 4 and Figure 5. XRD analy-
sis allows to determinate the probable corrosion
products formed on the surface of each alloy (Fig-
ure 5), which point out a Zinc dissolution and the
formation of ZnO and Zn

5
(OH)

8
Cl

2
H

2
O.

The corrosion behavior of Zinc in NaCl solu-
tion have been reported in several studies[37, 38, 39].
Corrosion of zinc begins with the oxidation of zinc
at anodic sites (3)
Zn(s)  Zn2+ + 2e- (3)

Zinc oxidation is balanced by a reduction reac-
tion at cathodic sites; in aqueous corrosion environ-
ments typically the reduction of dissolved oxygen
(4)
½ O

2
 + H

2
O +  2e-  2OH- (4)

It can be expected that the zinc cation and hy-
droxide anion react to produce zinc hydroxide or
zinc oxide. The overall reaction is given by (5)
Zn2+ + ½ O

2
  + H

2
O  Zn(OH)

2
 (s)

 ZnO(s) + H
2
O (5)
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Zinc oxide can precipitate from slightly acidic
to alkaline conditions[40] i.e. it is thermodynamically
stable in the general corrosive environment encoun-
tered in this work. The pH may be high enough at
very active cathodic sites for zincate ions, Zn(OH)

4
2-

, to form according to (6)

ZnO(s)  2OH- + H
2
O  Zn(OH)

4
2- (6)

Zincate may play some role in keeping the zinc
surface accessible for further oxygen reduction,
thereby perpetuating corrosion. It is also possible
that zinc oxide itself is sufficient catalyst for oxygen
reduction due to its semi-conducting nature[41, 42].

In the presence of sodium chloride, chloride ions

(Cl-) migrate to anodic sites[43] where simonkolleite
was formed according to (7)[44]:
5ZnO(s) + 2Cl- + þ6H

2
O 

Zn
5
(OH)

8
Cl

2
.H

2
O + 2OH- (7)

Reaction (7) shows that formation of
simonkolleite releases hydroxide ions. Simonkolleite
is not stable under alkaline conditions (requires pH
range 6�8[43, 45]. The alkalinity associated with
simonkolleite formation must be either neutralized
or produced remotely from the simonkolleite. For
example, alkalinity produced by simonkolleite for-
mation at anodes can be neutralized by cathodic ac-
tivity according to (6).

 Weight loss (g) Surface (cm²) Immersion times (h) Corrosion rates (g/cm².h) 

Sn-9Zn 0.00006 0.556 168 0.64.10-6 

Sn-9Zn-0.5Bi 0.00008 0.35 168 1.36.10-6 

Sn-9Zn-3Bi 0.00013 0.47 168 1.64.10-6 

 

TABLE 4 : Corrosion rates measures of the three alloys after an immersion in NaCl 3% for 168 hours

Figure 5 : XRD spectra of our alloys after a week of immersion in NaCl 3 wt.% solution
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CONCLUSION

The corrosion current density (Icorr) decreases
and the corrosion potential (Ecorr) increases with
the Bi content in the solder from 0.5 wt.% to 3 wt.%.
The addition of Bi has an important effect on the
corrosion rate of Sn�9Zn. The elements of corro-

sion products seem provide from dissolution of zinc
with formation of two compounds: ZnO and
Zn

5
(OH)

8
Cl

2
H

2
O in the three alloys tested.
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