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Abstract Sn–Pb solders, particularly Sn–37 %Pb eutec-

tic alloy, have been widely used as low temperature joining

alloys for some time. However, the restriction of Pb use in

industry has been strongly promoted to protect the envi-

ronment and establishing a Pb-free solder has become a

critical issue and an important task for material engineers.

New solders must fulfil several requirements; in particular

they must be corrosion resistant. In the present work, the

corrosion behaviour of five Pb-free solders was studied in a

0.1 M NaCl aqueous solution by means of polarization

measurements (corrosion potential measurements, poten-

tiodynamic polarization curves and linear polarization

resistance tests), and compare to that of a conventional Sn–

37 %Pb solder alloy and pure Sn. The results show that the

Sn–3.5 %Ag–0.9 %Cu, Sn–3.5 %Ag and Sn–0.7 %Cu

solders have the best resistance to localized as well as to

general corrosion, similar to that obtained for the Sn–

37 %Pb solder and pure Sn. The Sn–57 %Bi solder has

poorer corrosion properties but its behaviour is still

acceptable, because it passivates and shows a relatively low

corrosion rate. In all these cases the corrosion resistance is

good due to the content of noble elements (Ag, Cu, Pb and

Bi) in the alloys. On the other hand, the Sn–9 %Zn is

definitely the one that exhibits the worst behaviour, not

only to localize but also to general corrosion, due to the

addition of a less noble material to the Sn matrix.

1 Introduction

In the modern electronics industry, soldering is the most

important technique to connecting the electronic devices

and substrates. As a joining material, solder provides

electrical contacts and facilitate thermal paths for heat

dissipation, as well as mechanical integrity in electronic

assemblies [1–3]. Sn–Pb solders, particularly Sn–37 %Pb

eutectic alloys, have been widely used as low temperature

joining alloys for some time due to their low cost, good

solderability, low melting temperature and satisfactory

mechanical properties. However, concerns about Pb tox-

icity have resulted in the ban of Pb-containing solders for

use in water piping, food and beverage cans, and auto-

motive applications. In the electronics industry, the main

concern regarding Pb-containing solders arises from the

ultimate disposal of solder-containing devices in landfills

when the recycling of electronics components is not

properly practiced. The restriction of Pb use in industry has

been strongly promoted to protect the environment [4, 5]

and establishing a lead free solder (LFS) has become a

critical issue. In fact, many studies of new solders have

been reported in the last decade [6]. New solders must fulfil

several requirements both from economic and physical/

chemical points of view. For example, the melting tem-

perature must be in the same range as that for conventional

solders (177 �C for the conventional Sn–Pb alloy), strength

and integrity must be similar or superior to conventional
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Nacional de Investigaciones Cientı́ficas y Técnicas (CONICET),

Univ. de Gral. San Martı́n (UNSAM), Av. Gral Paz 1499 (1650),

San Martı́n, Argentina

e-mail: farina@cnea.gov.ar

C. Morando

Centro de Investigaciones en Fı́sica e Ingenierı́a del Centro de la

Provincia de Buenos Aires (CIFICEN-UNCPBA), Instituto de

Fı́sica de Materiales Tandil (IFIMAT-UNCPBA, CICPBA, MT),

Pinto 399, B7000GHG Tandil, Argentina

123

J Mater Sci: Mater Electron

DOI 10.1007/s10854-014-2422-0

Author's personal copy



solders, supply must be adequate for the required uses, and

prices must be competitive.

The ideal LFS alloy would be eutectic or near-eutectic,

with a liquidus temperature low enough to avoid damaging

components and a solidus temperature high enough to

maintain joint reliability during thermomechanical fatigue.

There are several candidate Sn-based alloys such as Sn–

Ag, Sn–Cu, Sn–Zn, Sn–Bi. In particular, alloys of Sn–Ag–

Cu (SAC alloys), have considerably attracted attention

especially for automotive, industrial and electronic appli-

cations. Two of the main benefits of this system are its low

melting temperature (214 �C) compared with the Sn–Ag

binary eutectic alloy (218 �C) and its distinguished wetting

behaviour without losing strength. Also, the SAC solder-

joint electrical properties appear to be attractive for both

surface-mount and ball-grid-array assembly methods.

Thus, Sn–Ag–Cu alloys are considered one of the most

favourable systems as a Lead-free standard alloy replace-

ment [7–11]. However, the properties of these LFS alloys

in corrosive environments have not been widely reported,

though it is of importance in many automotive, aerospace,

maritime and defence applications. Sn–Zn alloys are also a

possible alternative for Sn–Pb solders as they cost less and

show good mechanical properties. The melting temperature

of the Sn–9 %Zn eutectic alloy is close to that of a Sn–Pb

eutectic alloy (197 �C). However, as Zn is an active metal,

the presence of this component in the alloy may decrease

substantially the corrosion resistance. Finally, the eutectic

Sn–57 %Bi solder (melting temperature equal to 134 �C) is

already in use as replacement of the Sn–Pb eutectic solder

for low temperature applications [12, 13].

Though some of these alloys are currently being used in

different industries, a comparative study of their corrosion

resistance is lacking. Thus, the aim of the present work is to

evaluate and compare the corrosion susceptibility of dif-

ferent tin alloys in a unique medium, using the same

techniques. To this purpose the corrosion properties of Sn–

Ag, Sn–Cu, Sn–Ag–Cu, Sn–Zn and Sn–Bi solders were

investigated and the results were compared with those of

the eutectic Sn–Pb solder and pure Sn. These materials

may undergo atmospheric corrosion in the presence of air

and moisture at high temperatures [14, 15], and electro-

chemical corrosion in aqueous solutions containing certain

acids [16, 17] or particularly aggressive species, such as

chloride ions. In fact, aqueous chloride solutions are the

most studied ones not only for their aggressiveness but also

for being chloride one of the most abundant species in

nature [17–29]. The chloride concentration in seawater

corresponds to NaCl 3.5 wt%, which is approximately

equal to a 0.6 M NaCl solution. Taking into account that

this chloride concentration is relatively high and, in con-

sequence, not very probable to find in practical conditions

for a solder alloy, in the present work the corrosion

susceptibility of the materials was evaluated in a 0.1 M

NaCl solution.

2 Experimental

To evaluate the corrosion resistance of the alloys under

study, potentiodynamic polarization measurements were

carried out in a conventional three-electrode cell using a

saturated calomel electrode (SCE) as a reference, a plati-

num electrode as counter and a solder sample as the

working electrode. Six different Sn alloys with Ag, Cu, Bi,

Zn and Pb were prepared from pure elements. The alloys

used in this study were obtained starting from 99.99 %

analytical purity Sn, Ag, Cu, Zn, Bi and Pb elements.

These were melted in a SiC crucible coated internally by

ceramic protective coating, and heated in an electric

resistance furnace under argon gas flow, cast in a graphite

mold and cooled in air. The solidified samples were pol-

ished for microstructural observations. Both optical

microscopy (OM) and scanning electron microscopy

(SEM) were used to characterize the microstructure.

Energy dispersive X-ray microanalysis (EDX) was used to

characterize the compositions. Microstructural analysis

was performed on metallographic specimens that were

polished following standard metallographic procedures,

etched with 2 % HCl in alcohol and electrolytically pol-

ished with butylcellosolve 80 cc, 10 cc glycerin and 10 cc

perchloric acid. Table 1 shows the composition of each

alloy and the notation used in the figures for their identi-

fication. Samples of pure Sn were also tested for compar-

ison. An analysis of the solidification process of these

alloys was carried out in a previous work [30].

Prior to each experiment the samples, 10 9 10 9 2 mm

in size, were manually ground sequentially with waterproof

emery paper from 220 to 600 grit, then mechanically pol-

ished using 6 lm Al2O3 powder followed by washing with

distilled water and acetone. The surface area of the sample

exposed to the test solution was 0.6 cm2. All the experi-

ments were performed in aerated 0.1 M NaCl solution at

room temperature.

Table 1 Sn alloys used in the

present study
Notation Alloy composition

(mass %)

T Sn–3.5 %Ag–

0.9 %Cu

A Sn–3.5 %Ag

C Sn–0.7 %Cu

S Pure Sn

P Sn–37 %Pb

B Sn–57 %Bi

Z Sn–9 %Zn
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The samples were placed inside the cell and a stable

open circuit potential was allowed to developed. This

steady-state open circuit potential was obtained after a

period of half an hour. Then, potentiodynamic polarization

curves were recorded at a scan rate of 0.5 mV s-1 in the

anodic direction, from a potential approximately 200 mV

lower than the open circuit potential up to 0 VSCE (which

occurred in most cases when the current density was of the

order of 10 mA cm-2). Duplicate/triplicate tests were

carried out with each alloy, using a new sample and fresh

solution in each test.

In another set of experiments the corrosion process was

followed by means of linear polarization resistance (LPR)

measurements. The LPR method is based on the observa-

tion that the polarization curve close to the open circuit

potential is linear, and the slope DE/DI (DE being a step in

potential and DI the resulting current change) in that region

is defined as the polarization resistance, Rp. The Rp value is

related to the corrosion current density (Icorr) by the

formula:

Icorr ¼ B=Rp

where B is a constant. The calculation of a corrosion rate

from Rp measurements is straightforward (should the

B values are known) and correct only for general corrosion

attack. In these tests, the potential of the samples was

varied ±10 mV from the open circuit potential at a

0.5 mV s-1 scan rate. All measurements were performed

employing an Autolab PGSTAT 30 potentiostat controlled

by a personal computer. SEM was used to investigate the

morphology of the alloy surface after the electrochemical

tests. The SEM images were compared to the OM images

of the original microstructures.

3 Results and discussion

Repetitive results were obtained and representative curves

are shown in this section. Figure 1 shows the evolution of

the open circuit potential (Eoc) as a function of time for

each material tested. In most cases the Eoc decreases

quickly after immersion in the solution and, after a period

of approximately half an hour, a constant value is obtained.

This initial decrease of the Eoc can be attributed to the

formation of a layer of corrosion products that finally

completely covered the material surface. The Sn–Zn alloy

Eoc slightly increases with time. Three groups of results can

be identified: the Sn–Bi alloy, which is the one with the

most noble Eoc; the Sn–Ag, Sn–Cu, Sn–Ag–Cu and Sn–Pb

alloys and the pure Sn, that show a Eoc of intermediate

value; and the Sn–Zn alloy that shows the lowest Eoc.

Taking into account that the higher the Eoc, the more noble

the material from the corrosion point of view, it can be

concluded that the best behaviour is obtained for the Sn–Bi

alloy, and the worst for the Sn–Zn alloy. An intermediate

and similar behaviour is obtained for the rest of the alloys

and pure Sn. However, it can be noticed that, among the

materials included in the second group, the Sn–Pb alloy is

more noble than the other alloys of the group.

The oxidation potentials decrease in the order

Zn [ Sn [ Pb [ Bi [ Cu [ Ag. The results of the Eoc

measurements can be explained in terms of the galvanic

series. Then, the large concentration of Bi in the Sn–Bi

alloy (57 % in mass) is responsible of its high Eoc, compare

to the Sn–Ag, Sn–Ag–Cu and Sn–Cu alloys that, even

though they have noble metals in their composition (Ag

and Cu), their concentration is much lower. In fact, the Sn–

Ag, Sn–Ag–Cu and Sn–Cu alloys show a similar Eoc to

pure Sn, indicating that the Eoc value is dominated by Sn

and the small quantities of Ag and Cu are not enough to

modify the Eoc value. In the same way, and accordingly to

the oxidation potential sequence, the Pb content in the Sn–

Pb alloy shifts the Eoc to higher values than those of Sn;

and the Zn content in the Sn–Zn alloy lowers the Eoc with

respect to that of pure Sn.

Figure 2 shows representative polarization curves for

each material tested in 0.1 M NaCl solution. Such curves

are characterized by the existence of a corrosion potential

(Ecorr), that is the potential value for which the current

density is zero; the existence of a potential range in which

the current density is relatively low (of the order of

lA cm-2); and the existence of a potential at which the

current density increases abruptly, denoted breakdown

potential (Eb). In the potential range in which the current

density is low, the material dissolves at a very low rate and

it is said that it is passivated. The value of this current

density is known as passive current (ipass). For potentials

higher than Eb, the material loses its passivity and

Fig. 1 Evolution of the open circuit potential as a function of time

for the different alloys tested in 0.1 M NaCl solution. T: Sn–Ag–Cu;

A: Sn–Ag; C: Sn–Cu; S: pure Sn; P: Sn–Pb; B: Sn–Bi; Z: Sn–Zn
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corrosion increases notably. The type of corrosion

observed at potentials higher than Eb is generally localized,

in the form of pits of different sizes.

Again, three groups of results can be identified. The Sn–

Bi alloy is the one with the highest Ecorr, the ipass is

approximately 3 lm cm-2 and the Eb is also the highest. A

second group is composed of the Sn–Ag, Sn–Cu, Sn–Ag–

Cu and Sn–Pb alloys, and pure Sn. In these cases the Ecorr

values are intermediate (from -0.78 to -0.69 VSCE). The

ipass densities are of the order of 1–4 lm cm-2 and the Eb

values are similar. Finally, a third group corresponds to the

Sn–Zn alloy, that shows the lowest Ecorr. In this case there

is no passive region, but the current density increases

abruptly when the potential is higher than Ecorr, reaching

values close to 10 mA cm-2. Then, the current density

stabilizes and remains almost constant as the potential

increases, showing what it could be considered as a

‘‘pseudopassivation’’. However, being the current densities

so high, the material undergoes an intense corrosion attack

in this potential range. Then, another increase in the current

density is observed, at a lower Eb than in the previous

cases. In Fig. 3 the mean values of the measured parame-

ters (Eoc, Ecorr, Eb and ipass) are shown for each of the

alloys.

Taking into account that the most desirable situation,

from the corrosion point of view, is that the Eoc and the Eb

are as high as possible (more noble materials and difficult

to be depassivated), the Sn–Bi alloy would be the one with

the best corrosion resistance. However, if the difference

between both potentials (Eoc and Eb) is considered, the Sn–

Bi alloy shows a little difference compared to that of the

Sn–Ag, Sn–Cu, Sn–Ag–Cu and Sn–Pb alloys, and pure Sn.

The difference between Eoc and Eb, called passivation

domain, is showed in Fig. 4. A large passivation domain is

desirable, as the system is naturally at the Eoc and the

depassivation or rupture of the passive layer may occur

only if, due to some special circumstance, the potential

exceeds the Eb. In this context, the Sn–Ag, Sn–Cu and Sn–

Ag–Cu alloys, and pure Sn are the most corrosion resistant

ones. The Sn–Pb alloy follows the sequence and the Sn–Bi

alloy is even more less corrosion resistant. In the case of

the Sn–Zn alloy, no passive zone is observed as the current

density is high just close to the Ecorr, and then it is the most

corrosion prone one.

Finally, the resistance to a uniform type of corrosion

attack was investigated through LPR measurements. Fig-

ure 5 shows the mean values and the deviation of the Rp

obtained for each material. Taking into account that the

higher the Rp value the lower the corrosion current density,

and thus the corrosion rate, the Sn–Ag–Cu, Sn–Ag and

Fig. 2 Polarization curves for the different alloys tested in 0.1 M

NaCl solution. T: Sn–Ag–Cu; A: Sn–Ag; C: Sn–Cu; S: pure Sn; P:

Sn–Pb; B: Sn–Bi; Z: Sn–Zn

Fig. 3 Open circuit, corrosion and breakdown potentials for each of

the alloys tested. Passive current densities and ‘‘pseudopassive’’

current density, in the case of alloy Z. T: Sn–Ag–Cu; A: Sn–Ag; C:

Sn–Cu; S: pure Sn; P: Sn–Pb; B: Sn–Bi; Z: Sn–Zn

Fig. 4 Passivation domain for each of the alloys tested. T: Sn–Ag–

Cu; A: Sn–Ag; C: Sn–Cu; S: pure Sn; P: Sn–Pb; B: Sn–Bi; Z: Sn–Zn
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Sn–Pb alloys, and pure Sn are the most resistant ones. The

Sn–Cu alloy is slightly less resistant, and the sequence

continues with the Sn–Bi alloy and finally the Sn–Zn alloy,

which is the least corrosion resistant one. Data obtained

from literature [17] is also shown in the same figure for

comparison. Rp values reported are similar to those

obtained in the present work, though slightly lower, prob-

ably due to the fact that Wu et al. [17] used a more con-

centrated chloride solution (3.5 wt% NaCl).

To convert Rp values into Icorr values, the B value must

be known. This value depends on the characteristics of the

anodic and cathodic slopes in the polarization curves, and

is usually in the range 10–100 mV. In fact, B values

obtained from literature are found between 16 and 26 mV

according to Wu et al. [17], and between 96 and 100 mV

according to Mohanty et al. [21–24]. Considering the

results obtained in the present work, B values were cal-

culated assuming that the anodic parts of the polarization

curves were dominated by passive behaviors, and then the

B values are computed as bc/2.303 (as ba tends to infinite),

where bc and ba are the corresponding cathodic and anodic

Tafel slopes, respectively. In this way, B values close to

100 mV were obtained in all systems. Then, considering

that B may vary from 10 to 100 mV, a minimum and a

maximum Icorr can be estimated. Moreover, if the valence

of the metallic ion is known (n), the Icorr in A.cm-2 can be

converted into corrosion rate (Cr) in mm.year-1 by Fara-

daýs Law:

Cr ¼ 3; 15� 108 � Icorr �M=d� F � n

where M is the molecular weight in g mol-1, d is the

density in g cm-3, and F is the Faraday’s constant

(96,500 C mol-1). In this way a minimum and a maximum

Cr was estimated for each material, and the results obtained

are shown in Fig. 6. The Sn–Ag–Cu, Sn–Ag, Sn-Cu and

Sn–Pb alloys, and pure Sn show similar corrosion rate

values of approximately 10-2–10-1 mm year-1. The Sn–

Bi alloy shows higher corrosion rates (one order of mag-

nitude higher), and the Sn–Zn alloy shows the highest

corrosion rates (between 0.2 and 2 mm year-1). Taking

into account the use for which these alloys are developed

(mostly solders in electronic devices), it could be consid-

ered that a corrosion rate of less than 0.1 mm year-1 is

acceptable, while corrosion rates higher than this value

should be avoided in order to guarantee the service life of

components and devices. In this context, the Sn–Zn alloy is

not a recommendable solder choice, the Sn–Bi alloy

exhibits acceptable corrosion properties, and the Sn–Ag–

Cu, Sn–Ag, Sn–Cu and Sn–Pb alloys, and pure Sn are the

best ones from the corrosion point of view.

Figures 7, 8, 9, 10 and 11 show pictures of the original

microstructures (Sn–Ag–Cu alloy is not shown because it is

very similar to Sn–Ag or Sn–Cu alloys) and the surfaces

observed by SEM after polarization in the saline solution.

The original microstructure of the Sn–Ag and Sn–Cu

alloys is characterized by large dendritic Sn phase grains

(bright phase) surrounded by an eutectic microstructure

composed by a Sn-rich phase and intermetallic sheets of

Ag3Sn or Cu6Sn5 (dark phase), respectively (Figs. 7a and

8a). In both cases it can be observed that the Sn-rich phase

(bright phase) corrodes selectively in the chloride solution

(Figs. 7b and 8b). The intermetallic particles are nobler

than the Sn-rich phase and act as cathode zones. The

microstructure of the ternary eutectic Sn–Ag–Cu alloy (not

shown) consists of a b-Sn phase, and a binary Sn–Ag

eutectic surrounded by ternary Sn–Ag–Cu eutectic of very

fine structure. Again, the Sn-rich phase corrodes selec-

tively. The microstructure of the Sn–Pb alloy corresponds

Fig. 5 Polarization resistance of each of the alloys tested in 0.1 M

NaCl solution. T: Sn–Ag–Cu; A: Sn–Ag; C: Sn–Cu; S: pure Sn; P:

Sn–Pb; B: Sn–Bi; Z: Sn–Zn

Fig. 6 Corrosion rates of the different materials tested in 0.1 M NaCl

solution. T: Sn–Ag–Cu; A: Sn–Ag; C: Sn–Cu; S: pure Sn; P: Sn–Pb;

B: Sn–Bi; Z: Sn–Zn
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to a laminar eutectic in which a Pb-rich phase (dark phase)

and a Sn-rich phase (bright phase) coexist evenly (Fig. 9a).

Again, the Sn-rich phase corrodes selectively, as Pb is

nobler than Sn (Fig. 9b). The microstructure of the Sn–Bi

alloy (Fig. 10a) is a mixture of Bi-rich crystals in an

eutectic matrix composed of Sn (bright phase) and Bi (dark

phase). The SEM image (Fig. 10b) shows a selective

attack, presumably in the Sn-rich phase that is less noble

than the Bi phase. The microstructure of the Sn–Zn alloy is

characterized by an acicular structure of Sn crystals with a

very fine eutectic phase composed of Zn-rich and Sn-rich

solid solutions (Fig. 11a). This very fine microstructure

Fig. 7 Sn–Ag alloy: OM image of the original microstructure (a) and SEM image after polarization (b)

Fig. 8 Sn–Cu alloy: OM image of the original microstructure (a) and SEM image after polarization (b)

Fig. 9 Sn–Pb alloy: OM image of the original microstructure (a) and SEM image after polarization (b)
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seems to corrode uniformly (Fig. 11b) and this fact is

consistent with the findings of Wu et al. [17] who reported

that complex hydrated chlorides of Sn and Zn (Sn3

O(OH)2Cl2 and Zn5(OH)6Cl2H2O) are found on the

surface.

Finally, a sample of pure Sn was polarized up to 1 VSCE,

allowing in this way that a thick corrosion layer developed

on the sample surface. Then, the corroded surface was

observed under SEM (Fig. 12). The corrosion products

found are crystals in the form of fine plates distributed on

the surface with different orientations. Similar corrosion

products were found by other authors [21, 24], who con-

firmed the presence of high amounts of Sn and Cl by EDX

and assumed that the corrosion product was SnCl2. In

Fig. 10 Sn–Bi alloy: OM image of the original microstructure (a) and SEM image after polarization (b)

Fig. 11 Sn–Zn alloy: OM image of the original microstructure (a) and SEM image after polarization (b)

Fig. 12 SEM images of the

pure Sn sample after

polarization in the saline

solution
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another work [22], EDX analysis revealed the presence of

Sn, Cl and O in the specimen, and the authors presumed

that the tin chloride formed might react with oxygen to

form tin oxychlorides.

4 Conclusions

The corrosion behaviour of five Pb-free solders was studied

in a saline solution by means of polarization measurements,

and compared to that of a conventional Sn–Pb solder and

pure Sn. The results show that the Sn–3.5 %Ag–0.9 %Cu,

Sn–3.5 %Ag and Sn–0.7 %Cu solders have the best resis-

tance to localized as well as to general corrosion, similar to

that obtained for the Sn–37 %Pb solder and pure Sn (cor-

rosion rates in the range 0.1–0.01 mm year-1). Their use is

possible, even in the presence of high contamination with

chloride ions because corrosion rates are low

(\0.1 mm year-1). The Sn–57 %Bi solder has poorer

corrosion properties but its behaviour is still acceptable,

because it passivates and shows a relatively low corrosion

rate. In all these cases the corrosion resistance is good due

to the content of noble elements (Ag, Cu, Pb and Bi) in the

alloys. On the other hand, the Sn–9 %Zn is found to be the

one that exhibits the worst behaviour, not only to localized

but also to general corrosion, due to the addition of a less

noble material to the Sn matrix.
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