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Corrosion and leaching behaviors of Sn-based alloy in simulated soil solutions
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Abstract: The corrosion and leaching behaviors of Sn—0.75Cu solders and joints in NaCl-Na,SO4 and NaCl-Na,SO,~Na,CO;
simulated soil solutions were investigated compared with those in NaCl solution, aiming to assess the potential risk from the
electronic-waste disposed in soil. The leaching kinetics of Sn reveals that the leaching amount of Sn increases with increasing the
time. The amount of Sn leached from the joint is the largest in NaCl solution. SOi' and COj3~ inhibit the leaching of Sn from the
joints, but accelerate that from the solders. Meanwhile, the corrosion layer of the joint in NaCl solution is more porous, and those
immersed in NaCl-Na,SO, and NaCl-Na,SO,—Na,CO; solutions are compact. The XRD results indicate that the main corrosion
products on the solders and joints surfaces are comprised of tin oxide, tin chloride and tin chloride hydroxide. The potentiodynamic

polarization measurements for the solders were discussed in the simulated soil solutions.
Key words: Sn—0.75Cu alloy; corrosion; leaching; simulated soil solutions

1 Introduction

The environmental negative effects of the electronic
waste (E-waste) are drawing increasing attention. With
the implementation of waste electrical and electronic
equipment (WEEE) directive and the restriction of
hazardous substances (RoHS) directive [1-3], the
lead-free solders have gradually replaced the traditional
lead solder to reduce the pollution of heavy metals. The
most widely used lead-free solder mainly consists of tin
with the addition of other elements such as copper and
silver [4].

There are many researches on recovering the waste
solders, for example, YANG et al [5] carried out the
recycle of waste Sn-based alloys by the industrial
experiments of vacuum distillation. However, nowadays
most of E-wastes with solders are finally disposed in
landfill instead of recovered. The heavy metals of the
solder from the E-waste can enter soil and aquatic
systems via leaching from dumpsites. Therefore, it can
cause severe damage to the environment and threaten
human health without any control of E-waste [6—8]. It is

essential to assess the environment risk of the waste
lead-free solders. However, SnCu has the lowest impact
in environment risk assessment than SnAgCu and SnPb
according to Ref. [9]. A number of investigations focused
on the corrosion behavior of SnCu solder in NaCl
solution. OSORIO et al [10] discussed the dependence of
the scale of microstructure of Sn—0.7Cu solder on the
electrochemical corrosion behavior which performed in
3.5% NaCl solution at room temperature. GAO et al [11]
reported the corrosion behaviors of Sn—0.75Cu solder
and joint in 3.5% NaCl solution by potentiodynamic
polarization tests. FARINA and MORANDO [12] found
that Sn—0.7Cu solder has better resistance to localized
corrosion as well as to general corrosion in 0.6% NaCl
solution.

However, there is a lack of studies on the
dependence of corrosion characteristic of the solder on
the leaching behavior of heavy metals in simulated soil
solutions. In our previous researches [4], the corrosion
and leaching behaviors of heavy metal elements from
SnAgCu, SnZn and SnPb solders have been investigated
in typical solutions with different pH values. The results
showed that significant amounts of Sn were leached from
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the solders into the solutions. SMITH and SWANGER
[13] also reported the presence of Sn on the leaching
toxicity of seven lead-free solders. Sn can make the liver
and renal tubular degenerate, and damage the central
nervous system [14]. However, further research is also
required to investigate the corrosion and leaching
behaviors of lead-free solder in the soil. In the present
research, the simulated soil solutions were employed,
aiming to assess the environment risk from the lead-free
solder of E-waste disposed in the soil.

2 Experimental

2.1 Simulated soil solutions

The soluble salt ions of soil, such as CI”, C0?},
S03~ and Na', were considered as the major factors
associated with the corrosion performance of soils.
Therefore, 2%NaCl-0.6%Na,SO; and 1%NaCl—
0.6%Na,S0,—3%Na,CO; mixed solutions were
employed to simulate the soil solutions, respectively, and
3.5% NaCl solution was employed for comparison. The
3.5% NaCl solution was prepared by dissolving 10.8 g
NaCl directly into 300 mL de-ionized water. The same
method was employed to prepare 2%NaCl—0.6%Na,SO,
(NaCl-Na,S0O4) and 1%NaCl—0.6%Na,S04—3%Na,CO4
(NaCl—Na,S0,—Na,CO3) solutions.

2.2 Solder and joint preparation

Sn—0.75Cu solder was prepared by high-purity tin
and copper in mass fraction. The mixtures of pure
elements were melted at 600 °C in a vacuum furnace.
The prepared solders were machined to pieces with
6 mm in diameter and 1.5 mm in thickness. All the pieces
were polished with silicon carbide emery paper of grade
400 to simulate the roughness of the actual solder and
joint in electronic equipment, and then cleaned with
acetone, followed by rinsing with de-ionized water and
drying with air drier. Subsequently, the solders were
welded with Cu substrate to form the joints by desktop
lead-free reflow oven at 250 °C for 60 s.

2.3 Leaching procedure

A schematic diagram of the leaching apparatus is
illustrated in Fig. 1. The samples pasted on the end of
glass rods were immersed in the reaction tubes with
15 mL simulated soil solutions, respectively. The
non-working surface of the specimen was sealed with
epoxy resin. All the reaction tubes were placed in the
water bath at (45£3) °C to simulate the extremely high
temperature of land surface of south area in summer and
accelerate the leaching process. Simultaneously, the
oxygen was introduced into the test solutions at a rate of
0.77 mL/s for 300 s every 3 d to maintain saturated

oxygen concentration. The corresponding fresh
solutions were regularly added into the tubes to keep the
volume of simulated solutions as 15 mL. The
experiments were conducted for 15, 30, 45 and 60 d,

respectively.

0,

Water bath

Solder Solution Joint

Fig. 1 Schematic diagram of leaching apparatus [4]

After the experiments, the simulated solutions were
diluted into a 50 mL volumetric flask with de-ionized
water. To avoid Sn dissolving into the solution to form
Sn precipitate, the solutions removed from the tubes
should be detected immediately. If the precipitate
appears in the solutions, sodium phosphate (Na;POy)
solution could be added to dissolve them before analysis,
and then the concentration of Sn was detected by atomic
absorption spectrophotometer (AAS SOLAN969) with a
detection limit at 100 pg/L. The leaching amounts of Sn
per unit area of samples were calculated to investigate
the leaching kinetics of Sn. The surface morphologies of
solders and joints after immersing into different solutions
were observed by scanning electron microscopy (SEM
JSM5600). The corrosion products were detected by
X-ray diffraction (XRD DMAX-2400).

2.4 Electrochemical measurements

The potentiodynamic polarization tests were
performed in the simulated soil solutions
conventional three-electrode cell, using a platinum plate
as the counter electrode, a saturated calomel electrode
(SCE) as the reference electrode and the solder as the
working electrode. All the specimens were polished from
400-grade silicon carbide emery paper up to 1500-grade,
rinsed and dried. Before the tests, the oxygen was
introduced into the electrolyte for 50 min. The apparatus
was placed in the water bath at (45£3) °C to correspond
with the leaching procedure. The measurement was
conducted with a scan rate of 1 mV/s from —0.8 to 1.8 V
after the open-circuit-potential (OCP) reached a
relatively steady state.

in a
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3 Results and discussion

3.1 Leaching behavior

Figure 2 illustrates the amounts of Sn leached from
Sn—0.75Cu solders and their joints after immersion in
different simulated solutions for 45 d. The dramatic
amounts of Sn leached from the specimens are detected.
CHENG et al [4] observed the significant amounts of Sn
leached from the solders and joints immersing in H,SOy,
NaOH and NaCl solutions. MORI et al [15] reported the
dissolution of Sn from the lead-free solders in H,SO, and
HNO; solutions, respectively. BRENNEN et al [16]
found that significant amounts of Sn were leached from
the Sn-based solder into tap water and well water. The
leaching of Sn from Sn-based solder induced by
corrosion should not be neglected due to the potential
pollution.

7
= Solder
6r B Joint

Leaching amount of Sn/(mg-cm™?)

NaCl NaCl-Na,SO, NaCl-Na,SO,~
Na,CO;4

Fig. 2 Leaching amount of Sn from Sn—0.75Cu solders and
joints in simulated soil solutions for 45 d

In Fig. 2, the amount of Sn leached from the solder
in NaCl solution almost equals that in NaCl-Na,SO,
solution, however, the amount of Sn is the highest in
NaCl—-Na,SO,—Na,CO; solution. On the contrary, the
amount of Sn leached from the joint in NaCl is the
highest, but moderate amount is present in NaCl-Na,SO,
solution and less amount in NaCl-Na,SO4,~Na,CO;
solution. The amounts of Sn from the solders in NaCl
and NaCl-Na,SO, solution are significantly lower than
those from the joints; by contrast, the amount of Sn
leached from the solder is higher than that leached from
the joint in NaCl-Na,SO4—Na,CO; solution.

The leaching performance of solders and joints is
influenced apparently by the presence of CI", CO3~ and
SO3~ ions. These results reveal that the addition of CI”
ions promotes the leaching amounts of Sn from the joints,
whereas the additions of SO and COj  ions into
NaCl solution inhibit the dissolution of Sn, but the
performance of the solders is quite opposite to that of the
joints.

3.2 Leaching kinetics

Figure 3 illustrates the correlation between the
leaching amounts of Sn from Sn—0.75Cu solders and
joints and exposure time in three solutions.

The leaching amounts of Sn from the solder in NaCl
solution increase slowly with increasing the exposure
time, and a similar leaching characteristic is observed for
the solder in NaCl-Na,SO, solution. Meanwhile, the
amounts of Sn leached from the solder in NaCl-
Na,S0O,—Na,CO; solution increase gradually during the
exposure time, and are significantly higher than those in
other two solutions.

20

= — Solder in NaCl

¢ — Solder in NaCl-Na,SO,

4 — Solder in
NaCl-Na,S0,~Na,CO,

o — Joint in NaCl

12+ ©— Joint in NaCl-Na,SO,

4 — Joint in
NaCl-Na,S0,-Na,CO,

16

Leaching amount of Sn/(mg-cm)

0 10 20 30 40 50 60
Time/d

Fig. 3 Leaching kinetics of Sn from Sn—0.75Cu solders and
joints in simulated soil solutions

The amount of Sn leached from the joint in NaCl
solution increases significantly with increasing the
immersion time, and is the highest among those leached
from the solder and joint in different solutions. The
amount of Sn released from the joint in NaCl-Na,SO,
solution increases steadily, while the amount of Sn
increases slowly in NaCl-Na,SO,—Na,COj; solution.

A similar leaching characteristic is observed for the
solders compared with the joints. The leaching amounts
of Sn increase obviously with increasing the exposure
time for the solders and joints. The results indicate that
the presence of SO; and CO;~ inhibits the dissolution
of Sn from the joints, but facilitates that from the solders.

3.3 Surface morphology

The surfaces of solders and joints immersed in
different simulated soil solutions for 45 d were observed
by SEM. The typical images clearly reveal that the
surfaces of solders and joints are covered by a layer of
corrosion products, as shown in Fig. 4.

In NaCl solution, the surface of solder is covered
apparently by a corrosion layer with small cracks in
Fig. 4(a). Meanwhile, the surface of the joint is not
compact and appears some cracks, indicating that the
corrosion product can be peeled off from the substrate, as



584 Xiao-dong LAO, et al/Trans. Nonferrous Met. Soc. China 26(2016) 581—-588

o)
% . & ) R

shown in Fig. 4(b). The corrosion layer formed on the
solder surface shows a shielding effect on the Sn ion
transport of the solder and solution. By contrast, the
loose layer on the joint surface shows the opposite result,
in this case, the corrosion products would no longer
protect the substrate [17], resulting in plenty of leaching
amount of Sn from the solder. The results correspond
well to the leaching amounts of Sn from solders and
joints, as presented in Fig. 2.

The surface images of the solder and joint after
immersion in NaCl-Na,SO, solution are illustrated in
Figs. 4(c) and (d), respectively. The surface films are not
uniform in thickness although both the solder and joint
are covered by a corrosion layer. However, the surface of
joint is much more micro-cracked, indicating that the
corrosion layer presents less protective properties
compared with that on the solder [18], it is the reason

Fig. 4 Microstructures of Sn—0.75Cu solders and joints immersed in simulated soil solutions for 45 d: (a) Solder in NaCl; (b) Joint in
NaCl; (c) Solder in NaCl—Na,SOy; (d) Joint in NaCl-Na,SOy; (e) Solder in NaCl-Na,SO4,—Na,CO;; (f) Joint in NaCl-Na,SO4—
N32C03

o £

that the leaching amount of Sn from the joint is higher
than that from the solder, as shown in Fig. 2.

In Figs. 4(e) and (f), the surfaces of solder and joint
are observed after immersion in NaCl-Na,SO,4,—Na,CO;
solution. The surface of solder appears with larger
granules and many apparent cracks which are attributed
to the leaching of Sn from the solder. However, the
surface of joint is so uniform and compact that the
leaching amount of Sn reduces, as shown in Fig. 2.

The cross-section images of corrosion layers for the
solder and joint after tested in NaCl-Na,SO;,—Na,CO;
solution for 45 d are illustrated in Fig. 5. It clearly
reveals that the solder surface is well covered by a layer
of corrosion products with a thickness of 20—40 um, as
shown in Fig. 5(a). Apparently, the loose corrosion layer
appears many cracks extending from the surface of the
corrosion film towards the film/solder interface, resulting
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in the dramatic leaching amount of Sn from the solder.
As shown in Fig. 5(b), the corrosion layer of the joint is
thinner than that of the solder, but is more compact. It
inhibits the dissolution of Sn from the joint.

(2)

Fig. 5 Cross-section images of corrosion products of
Sn—0.75Cu solder (a) and joint (b) after leaching tests in
NaCl-Na,SO,—Na,COj solution for 45 d

3.4 Surface corrosion products

Figure 6 and Table 1 show the XRD results of
corrosion products of the solders after immersion in three
solutions for 45 d. In NaCl solution, the corresponding
peaks of tin oxide (SnO) and tin chloride (SnCl,) are
detected in the corrosion layer. Meanwhile, the existence
of tin oxide (SnO) is observed in NaCl-Na,SO, solution
due to the thin corrosion layer. The corrosion layer in

*— Sn = — SnCl,
* — SnO + — Sn,(OH)(Cl,

L
[ ]
:N* . @ NaCl
La..,.A...AJ' *L.. P e * )
[ )

ﬂ s B . NaCl-Na,S0,

) 2

NaCl-Na,S0,~Na,CO,
[ ]

*.' (] .

. [ ]
S P 0 WY
20 30 40 50 60 70 8 90 100

20/(°)

Fig. 6 XRD patterns of surface products on Sn—0.75Cu solders
immersed in simulated soil solutions for 45 d

Table 1 Surface corrosion products on Sn—0.75Cu solders and
joints immersed in simulated soil solutions for 45 d

Sample NacCl NaCl-Na,SO; NaCl-Na,SO;,~Na,CO;
SnO, SnCl, SnO SnO, SnCly,
Sn4(OH)6C12

Solder

. SnClz, SIIOz,
Joint
Sny(OH)¢Cl, Sny(OH)(Cl,

NaCl-Na,SO,—Na,CO; solution is composed of tin
oxide (SnO), tin chloride (SnCly) and tin chloride
hydroxide (Sns(OH)¢Cl,). The presence of tin chloride
hydroxide as corrosion product of lead-free solder has
been reported by CHENG et al [4] and ROSALBINO
etal [19].

The XRD results obtained from the joints are also
shown in Fig. 7 for comparison. The corrosion products
on the joint in NaCl solution expose the peaks of tin

chloride (SnCl,) and tin chloride hydroxide
(Sny(OH)¢Cl,). The corrosion products are comprised of
tin oxide (SnO,) and tin chloride hydroxide

(Sny(OH)4Cl,) in NaCl—Na,SOy solution, while the peaks
of substrate are not strong because of much thicker
corrosion layer. The corrosion product in NaCl-Na,SO,—
Na,yCO; solution is not shown in Fig. 7, because the
corrosion layer is so thin that the corresponding peaks
are not observed except the substrate.

e *—Sn  4+— SnCl,
o— Sn0O, *— Sn,(OH)Cl,

NaCl

~1A‘IJJ A

i NaCl-Na,SO,

20 30 40 50 60 70 80 90 100
20/(°)
Fig. 7 XRD patterns of surface products on Sn—0.75Cu joints
immersed in simulated soil solutions for 45 d

3.5 Discussion
3.5.1 Effect of solution components on solder

The potentiodynamic polarization curves of
Sn—0.75Cu solder alloys in the simulated soil solutions
are shown in Fig. 8. The corrosion current density (Jeox)
and potential (p.) are obtained using both the cathodic
and anodic branches of Tafel’s extrapolation, as
summarized in Table 2. The polarization curves with
similar shapes for the solders in NaCl and NaCl—Na,SO,
solutions are observed. The corrosion current density of
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solder in NaCl solution is nearly the same as that in
NaCl—Na,S0O, solution. The corrosion current density of
solder in NaCl-Na,SO,—Na,CO; solution shows a
significant shift towards more positive than those in
NaCl and NaCl—Na,SO, solutions. The solders immersed
in NaCl and NaCl-Na,SO, solutions exhibit better
corrosion resistance than that in NaCl-Na,SO,—Na,CO;
solution, due to lower corrosion current density and more
stable corrosion films on the surfaces [17]. This seems to
explain why the leaching amount of Sn from the solders
in NaCl solution is similar with that in NaCl-Na,SO,
solution, and lower than that in NaCl-Na,SO,—Na,CO;
solution (Figs. 2 and 3).

2.0

1.5f
1.0k NaCl-Na,SO,

0.5 NaCl-Na,SO,-Na,CO,

o/V

1g[J/(A+-cm™?)]
Fig. 8 Potentiodynamic polarization curves of Sn—0.75Cu
solder alloys in simulated soil solutions

Table 2 Electrochemical properties of solder alloys in
simulated soil solutions after polarization test

Solution Peor/mMV  Joon/(A-cm ?)
NaCl -448.8 1.02x107*
NaCl-Na,SO, —458.2 1.06x107*
NaCl-Na,S0,~Na,CO; —824.1 2.98x107*

The cathode regions of polarization
correspond with the reduction reaction of dissolved
oxygen to produce hydroxyl ions [20], which is
expressed as follows:

0,+2H,0+4e=40H" (1)

curves

The active dissolution of solder continues with
increasing the potential until the current density reaches
a critical value (0.1 A/cm?®) in anode region in NaCl and
NaCl—-Na,SO, solutions. Several studies on the corrosion
behavior of lead-free solder have been reported in
Refs. [4,21-23] to explain the dissolution process of Sn
which is easily dissolved to form Sn*" and Sn*' by the
following processes:

Sn=Sn*"+2e )
Sn?*=Sn*"+2e (3)

Then, the passivation starts at the critical point
where the current density decreases with increasing the
potential [24]. There is a passive process for the solders
in NaCl and NaCl—Na,SO, solutions beginning at 7 mV
and =51 mV, respectively.

SnCl, is observed on the surface of joint in NaCl
solution, and SnO, is observed in NaCl-Na,SO, solution
as listed in Table 1. However, tin chloride hydroxide
(Sny(OH)4Cl,) is also detected on the surface of joints in
NaCl and NaCl-Na,SO, solutions. In this case, the
formation of tin chloride hydroxide is given by the
following process [25,26]:

4Sn+2C1 +60H —8e=Sn,(OH)CL, ()

The polarization of solder in NaCl-Na,SO4—
Na,CO; solution is different with those in NaCl and
NaCl-Na,SO, solutions. The current density increases
until 0.5 mA/cm® in active dissolution region in NaCl—
Na,SO,—Na,CO; solution with increasing the potential
from —800 to —630 mV. Beyond this point, the current
density decreases, and the formation of tin compounds is
contributed to this decrease corresponding to the
passivation region. Then, the sharp increase of current
density may be attributed to the breakdown of
passivation film.

3.5.2 Effect of solution components on joint

The potentiodynamic polarization curves of Cu are
compared with those of solders in the simulated soil
solutions, as shown in Fig. 9. The electrochemical
properties are summarized in Table 3. The current
density of joint in NaCl solution is similar to that in
NaCl—Na,SO, solution (Figs. 9 (a) and (b)). The current
density of the joint is almost two folds higher than that of
the solder (Table 3). The cathodic branch of Cu intersects
the active region of the anodic branch of solder. The
galvanic cell accelerates the leaching amount of Sn from
the joint, due to higher galvanic corrosion current density
of joint compared with that of solder [27]. The oxidation
potentials of Cu/Cu®* and Sn/Sn’" are 0.345 V (vs SHE)
and —0.136 V (vs SHE), respectively [28]. As a result, Sn
acting as an anode with lower corrosion potential will be
corroded preferentially in the joint which is comprised of
solder and copper as the galvanic cell. Consequently, the
corrosion process of joint can be accelerated. Copper as
the other solder constituent does not affect the corrosion
reaction significantly according to the mass of Cu in the
solder and the experimental results [15,28].

However, the cathodic branch of Cu intersects the
passive region of solder in NaCl-Na,SO,—Na,CO;
solution (Fig. 9 (c)), where the galvanic corrosion current
density of joint is 3/10 of that of solder (Table 3),
indicating that the corrosion reaction is inhibited, and
consequently the growth of corrosion product is slowed
down [28], thus the dissolution of Sn is greatly
suppressed, as shown in Fig. 2.
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Fig. 9 Potentiodynamic polarization curves of Sn—0.75Cu
solder alloys and Cu in simulated soil solutions: (a) NaCl;
(b) NaCl—Na,S0y; (c) NaCl-Na,SO4,~Na,CO3

Table 3 Electrochemical properties of joints in simulated soil
solutions after polarization test

. ¢corr—Cu/ (ﬂcorr-solder/ A(/)cotr/ Jcotr—joint/ Jcorr—joint/
Solution 5
mV mV mV (ACI‘H ) Jcorr—soldcr
NaCl -198.0 —448.8 250.8 2.73x107* 2.7
Nale —4
-169.4  —458.2 288.8 2.36x10 2.2
Nast4
NaCl—
Na,SO,— —142.0 —824.1 682.1 8.74x107° 0.3
N32CO3

Meanwhile, the solution components attribute to the
corrosion behavior of joints. The leaching amounts of Sn
from joints are generally higher than those from solders
except in NaCl-Na,SO,—Na,CO; solution. On the
surfaces of joints in NaCl and NaCl—-Na,SO, solutions,
the corrosion product layers are so loose and porous that
the layers do not play a role in protection (Figs. 4(b) and
(d)), leading to the acceleration of the leaching of Sn.
However, insignificant amounts of Sn are leached from
the joints in NaCl-Na,SO,—Na,CO; solution, because
the corrosion layer formed on the surface is more stable
and compact (Fig. 4(f)) than that in other solutions. In
addition, the corrosion layer of joint in NaCl-Na,SO,—
Na,CO; solution acts as a barrier layer to inhibit further
leaching of Sn during the test period [18].

4 Conclusions

1) The leaching amount of Sn gradually increases
with increasing the exposure time in the simulated soil
solutions. Under the influence of NaCl and
NaCl-Na,SO, solutions, the corrosion product layers of
the joints are so loose and porous that they do not play a
role in protection, and then accelerate the leaching of Sn.
The presence of NaCl-Na,SO,—Na,CO; solution
contributes to the compact corrosion layer of the joint,
resulting in the decrease of leaching amount of Sn.

2) The major corrosion products are comprised of
tin oxide, tin chloride and tin chloride hydroxide on the
surface after immersion in the test solutions for 45 d.

3) The potentiodynamic polarization curves of
solder and Cu correspond with the leaching behaviors of
Sn from the solders and joints.
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