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Abstract Electrochemical techniques were used to de-
termine the corrosion rate of pure tin metal as compared
to 80 Sn/20 Hg tin amalgam. X-ray diagrams showed
that this amalgam was a crystalline c2 phase, whereas a
50 Sn/50 Hg amalgam contained liquid alloy embedded
in the same c2 phase. Open circuit potential measure-
ments, combined with narrow range potential scanning
voltammetry, lead to the conclusion that amalgamation
resulted in enhancement of the corrosion current, mainly
by increasing the cathodic electron transfer reaction ki-
netics both in deaerated and in oxygen-saturated NaCl
solution. When maintained at zero current potential in a
solution containing dissolved O2 gas, the samples were
gradually covered with an insulating oxide layer which
was identified by a series of electrochemical impedance
diagrams recorded at different time intervals. The oxide
layer was firmly adherent to the bulk tin metal but was
poor at protecting the amalgam electrode. Finally, at
potential values where the anodic current reached a few
mA/cm2, the pure tin metal surface was suddenly dete-
riorated by the formation of extremely deep pinhole
corrosion pits, while this effect was smoothed down by
amalgamation.

Keywords Electrochemical corrosion Æ Tin Æ
Amalgams Æ Impedance

Introduction

The metallurgy of tin has been known from the earliest
ages of mankind. This metal is very suitable in many

important applications, owing to its main properties
such as low melting point, malleability, good resistance
to corrosion, and its non-toxic nature in the food pro-
cessing industry and environmental regulations. It was
postulated that the extremely low corrosion rate was due
to the presence of a thin, stable passive film that forms
on the metal surface [1]. For this reason, most of the
electrochemical studies dealing with tin surface proper-
ties are devoted to the physical properties of these oxide
layers. Indeed, tin oxides have been shown to behave as
semiconductor materials. Depending on the pH of the
solution and the potential for anodization, the stoi-
chiometric composition of the oxide [2] could vary from
Sn(OH)2 and SnO.xH2O to Sn(OH)4 and SnO2. When
prepared in a phosphate buffer electrolyte, the compo-
sition of the passive film studied by X-ray diffraction
contained Sn3(PO4)2 together with a mixture of SnO and
SnO2 oxides [3]. Several high-performance techniques,
such as X-ray photoelectron spectroscopy, photoelect-
rochemistry [1, 4], photocurrent spectroscopy [5], and
Fourier transform infrared spectroscopy, were used to
characterize these oxides; they are generally described as
amorphous, heavily doped n-type semiconductors whose
growth involves a field-assisted migration of ions
through the oxide [6].

However, although the corrosion kinetics of tin and
tin-plated metals in organic acids, their salts and food
systems containing these acids has been the subject of
considerable work [7], very few prior studies dealing
with the corrosion kinetics of tin in saline solution are
available. Only qualitative data are given [8], indicating
that local corrosion occurs in salt solutions which do not
form insoluble compounds with stannous ions (e.g.
chloride, bromide, sulfate), but is unlikely in solutions
giving stable precipitates (borate, phosphate, carbon-
ate). After a few days, this local dissolution will lead to
pitting corrosion.

In the present study, we investigated the kinetics of tin
corrosion near the open circuit potential (OCP) in NaCl
solutions, either carefully deaerated or oxygen satu-
rated, aiming at obtaining quantitative measurements
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and new insights on the electrochemical reactions which
take place at the metal/electrolyte interface. The main
techniques used in this study were voltammetry and
electrochemical impedance spectrometry (EIS), using a
rotating disc electrode. Moreover, for the first time, the
same investigation was extended to tin amalgam alloys;
the results of this study could lead to a better under-
standing of dealloying processes which are recognized
to occur during ageing of dental amalgams [9] in oral
media. Dealloying of tin amalgams was clearly dem-
onstrated by a remarkable technique of abrasive strip-
ping voltammetry [10], showing two perfectly separated
peaks of Sn and Hg oxidation in the Hg/Sn c2 phase.
On the other hand, the influence of amalgamation on
the electrochemical reactivity of pure metals, for
example amalgamated zinc electrodes in alkaline bat-
teries [11, 12, 13], could be derived from electron
transfer kinetics.

Experimental

Three kinds of samples were used in this study:

1. Pure Sn metal.
2. Solid state Sn amalgam, 80/20 wt%, which corresponds very

closely to the Sn6–7Hg c2 phase [14]. This special structure, dif-
ferent from pure Sn (Fig. 1a), was checked by X-ray diffraction
as shown in Fig. 1b.

3. Solid state Sn amalgam, 50/50 wt%. The X-ray diagram shown
in Fig. 1c contains the same lines as in Fig. 1b, surrounded by a
wide background characteristic of an amorphous phase. The
examination of the mechanic properties of this alloy seems to
indicate the presence of microparticles of liquid tin amalgam
embedded in the matrix of the c2 phase.

All the measurements were undertaken following a classical
procedure. The metal samples were prepared by melting under
vacuum, in a glass tube, and then cast in a mould to form a cy-
lindrical piece 4 mm in diameter. These samples, pure Sn or solid
state Sn/Hg alloys (80/20 and 50/50 wt%), were inserted in a Teflon
tip, the surface being then polished before each experiment, to form
a rotating disk electrode (Fig. 2). The surface was finished with a
wet plastic film covered with 0.3 lm alumina particles. The rotating
device was an EDI 101T driven by a controlled speed generator
(CTV 101T, Radiometer Analytical). Most generally, the rotation
speed was fixed to 3000 rpm, for which the usually adopted limiting
diffusion layer is 10 lm thick. The experiments were carried at
room temperature, which was checked to be quite stable at
21.0±0.2 �C.

All chemicals, NaCl, Sn, and Hg, were of high purity, produced
by Johnson-Matthey. The solutions were prepared with ultrapure
deionized water (UPW) of 18.2 MW resistivity. Depending on the
experimental conditions, the solution was deoxygenated before-
hand by bubbling pure argon gas (N60 grade, L’Air Liquide),
containing less than 0.1 ppm residual oxygen, for at least 1 h. Al-
ternatively, in order to examine the influence of dissolved O2 under
repeatable conditions, another series of experiments was under-
taken using NaCl solutions saturated (40 ppm) with pure oxygen
gas (N55 grade) at atmospheric pressure. In these conditions the
composition of the electrolyte was perfectly defined. The pH value
of the solution was carefully checked and found equal to
5.90±0.10.

The experiments were carried out in a glass electrochemical cell,
using a platinum counter electrode and a saturated calomel refer-
ence electrode. The whole cell was roughly protected against room
light, although preliminary experiments proved that there was a

quite negligible effect of light despite the semiconducting properties
of the oxide layer [5]. Electrochemical parameters obtained by
linear voltammetry were determined with a Tacussel Radiometer
Analytical PGS 201T potentiostat. This device was driven by an
IBM PC computer using Voltamaster software, which includes
several electrochemical programs such as zero current open circuit
potential, chronoamperometry at constant voltage, polarization
resistance, and cyclic voltammetry. For each run, numerical data
were recorded in memory files in the same computer, and used

Fig. 1 a Tin metal X-ray diffraction diagram. b Sn 80/Hg 20
c2-phase amalgam diffraction diagram. c Sn 50/Hg 50 tin amalgam
diffraction diagram
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either for drawing the corresponding graphs or for a mathematical
simulation leading to an interpretation model.

The electrochemical impedance parameters were obtained
using an EG&G PAR model 273A potentiostat connected to a
vectorial impedance analyser (Solartron 1260). Depending on the
interface properties, the frequency range was scanned from 105 to
10–3 Hz. However, in some experiments, in order to follow the
impedance variation versus time, the frequency range was chosen
so as to record a full impedance diagram within 2 min, typically
from 40 to 10–2 Hz, a procedure which was checked beforehand
to correspond to the main RC loop. Again, numerical data were
recorded in a memory file within the driving IBM PC. The
equivalent circuits were modelled by a series of resistance and
constant phase element (CPE) loops whose values were obtained
either by the software Zplot included in the impedance Solartron
equipment or using the Boukamp [19] software recorded in a
separate computer.

Results and discussion

Before each potential scanning experiment, the OCP of
Sn and Hg/Sn alloys in the solution was recorded during
10–20 min to check the stability and reliability of the
initial surface state of the metal sample. Measurements
in both deaerated or oxygen saturated NaCl solutions
were quite reproducible; the obtained values are pre-
sented in Table 1.

The experimental conditions, a narrow range of po-
tentials around the OCP, are such that the anodic charge
transfer reaction should be:

Snþ 2H2O ! Sn OHð Þ2þ2Hþ þ 2e� ð1Þ

whose standard thermodynamic potential is [15]:

E�Sn=Sn OHð Þ2 ¼ �0:091� 0:059 pH V=SHE ð2Þ

i.e. E�Sn=Sn OHð Þ2
¼ �0:680 V=SCE at pH 5:9.

The deviation of the experimental values from the
thermodynamic data concerning pure Sn is rather small
and must be assigned to kinetic parameters involved in
the corrosion process. This behaviour is characteristic of
a mixed potential where the kinetics rate constant k0 of
the anodic reaction is much more rapid than that of the
cathodic process. When Sn is amalgamated the potential
is expected to be more positive, but the order of mag-
nitude of the shift, from a thermodynamics prediction,
should be –RT/2F ln x, i.e. less than 10 mV, whereas
experimental data indicate +60 mV. The effect is quite
clear for experiments carried in oxygen-saturated solu-
tions, where all values of the OCP are shifted towards
positive values. Indeed, in this case, the extremely small
exchange current due to electrochemical reaction (1) is
compensated by the reduction reaction of dissolved
oxygen:

1=2 O2 þH2Oþ 2e� ! 2OH� E�O2=OH�

¼ 1:23� 0:059 pH V=SHE ð3Þ

Then the OCP mixed potential Er, derived from the
steady regime of the anodic and cathodic corrosion
currents, is given by the expression:

Er ¼
aAE�Sn=SnðOHÞ2

þ aCE�O2=OH�

aA þ aC
þ RT

aA þ aCð Þ ln
i�O2

i�Sn
ð4Þ

where aA and aC are the transfer coefficients for anodic
and cathodic electron transfer, and i�Sn and i�O2

are the
exchange current densities for the anodic and cathodic
processes.

In other respects, a deep analysis of the parameters
should include the possible variation of the local pH at
the interface. However, in general, at OCP, i.e. zero
current potential, the local lowering of the pH associated
with the tin ionization (Eq. 1) is exactly compensated by
the associated cathodic reaction, proton reduction in
deaerated solution, or OH– generation in oxygenated
solution. Nevertheless, this effect must be taken into
account in voltammetry, when a net anodic current is
observed.

The interpretation based on the electrochemical re-
action rates is well illustrated by a study of the vol-
tammograms in a rather large potential range in order to
obtain the linear variation of the current density in the
log scale and to derive the values of i� corresponding to
anodic and cathodic site electron transfer. Figure 3
shows the Tafel diagrams obtained in a deaerated NaCl
solution for pure tin metal and for the c2 phase amal-
gam, respectively. Results with 50/50 amalgam are not
presented because we obtained scattered graphs which
were attributed to the inhomogeneous structure of this
alloy. From the diagrams of Fig. 3, the Tafel slope of the
cathodic branch on both samples indicates that the

Fig. 2 Rotating disk electrode tip: a, metal sample; b, polymerized
epoxide resin; c, Teflon tip; d, electrical contact to EDI 101T
rotating device

Table 1 Open circuit potentials of Sn and Sn amalgams; mV versus
SCE

Sample Deaerated solution Oxygen-saturated
solution

Pure Sn –605±5 –450±10
Sn/Hg (80/20 wt%) –540±10 –460±10
Sn/Hg (50/50 wt%) –535±20 –485±20
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charge transfer reaction is controlled by an activation
step. Moreover, it is readily demonstrated that the ca-
thodic current intensity on the amalgam is much higher
than on the pure metal. This conclusion is inconsistent
with the general assumption that metal amalgamation
should inhibit the cathodic hydrogen evolution reaction
[12].

In a second step, the corrosion current density was
evaluated from a series of polarization resistances de-
rived from the slope of the graphs obtained by a narrow
voltammetry range near the zero current potential. In
this case the samples were polished to produce a new
fresh surface just before the measurement.

Comparison of the experimental data obtained with
pure Sn and Sn amalgams led to a surprising new result,
as indicated in Table 2. In fact, from these data it is
clearly shown that the polarization resistance, Rp(@E/
@i)i=0, decreases in the order pure Sn, 80/20 Sn amal-
gam, 50/50 Sn amalgam. The values of the corrosion
current, icorr, derived from the relation:

icorr ¼ iSn ¼ i�Sn exp
aAF Er�E�Sn=SnðOHÞ2

� �

RT

0
@

1
A

¼ RT
aAþ aCð ÞFRp

ð5Þ

are listed in Table 2.
In a series of preliminary experiments it was readily

recognized that the results for both the OCP and the
corrosion current density were dependent on the disc

electrode rotation, although we could expect that the
formation of an insoluble oxide layer should be inde-
pendent of the hydrodynamic conditions. In fact the
main effect was linked to the adhesion of this oxide on
the metal substrate surface, and this is now developed
hereafter.

The electrochemical response of pure tin metal in
voltammetry shows the reversibility of the redox reac-
tion leading to stannous oxide, provided the scanning of
potential is carried on under strictly defined conditions:

1. The potential scanning must be not too slow in order
to hinder a gradual growth of the insulating layer
which contributes to smoothen the oxidation peak. In
Fig. 4 the scan rate was 1 V/min.

2. Another important parameter is that the anodic
limit of the scan must be strictly defined. Even a few
millivolts more positive value leads to pitting cor-
rosion following the mechanism of local acidifica-
tion [16]:

Sn! Sn2þ þ 2e� ð6Þ

Sn2þ þ 4H2O ! SnðOHÞ2 þ 2H3O
þ Ks ¼ 3� 10�27

ð7Þ

The generated pH gradient can be estimated from the
relation:

i ¼ 2FDH3O
þgradCH3O

þ ð8Þ

Owing to the extremely low solubility product of
Sn(OH)2, the local pH at the metal interface can reach
values as low as pH 2, a solution in which Sn2+ ions are
readily soluble. In the case of pure Sn metal, we ob-
served the appearance of extremely thin and deep pin-
hole pits only visible with a metallographic microscope.
In this situation, the graph shown in Figs. 3 and 4
cannot be reproduced.

The growth of the protecting oxide layer was sub-
sequently studied by a series of potential scans in a

Fig. 3 Tafel diagrams for voltammetry in deaerated NaCl solu-
tion: a pure tin metal; b c2 phase tin amalgam

Table 2 Corrosion current density of Sn and Sn/Hg alloys in NaCl
solutions

Sample Deaerated solution
(A/cm2)

Oxygen-saturated
solution (A/cm2)

Pure Sn 1.04·10–7 2.28·10–7
Sn/Hg (80/20 wt%) 4.64·10–7 6.16·10–7
Sn/Hg (50/50 wt%) 9.1·10–7 11.9·10–7 Fig. 4 Cyclic voltammetry of Sn in deaerated NaCl solution; scan

rate 1 V/min
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narrow range of ±30 mV around the OCP during 24 h.
The experiment was carried on in the same NaCl solu-
tion saturated with O2 gas, which contributed to stabi-
lize the SnO by transformation into SnO2. The
remarkable results obtained in this experiment are
summarized in Fig. 5, showing clearly a gradual shift of
the OCP towards more positive values, with a simulta-
neous decrease of the slope Di/DE, thus characterizing a
corresponding increase of the oxide resistivity.

A more precise evaluation of this oxide growth was
obtained by EIS in a series of diagrams recorded at the
OCP. Figure 6 shows the variation of Nyquist imped-
ance diagrams obtained with pure tin metal, in an
O2-saturated NaCl solution, as a function of time at
intervals of about 1 h each. The main general feature is
that we observe a net increase of the overall impedance
versus time. Such a series of semi-circular diagrams is
typical of a growing surface oxide protecting layer [17].
For a better analysis of the contributions of the involved
components, we used a rather simplified model generally

considered as well adapted to corrosion processes [18],
such as is given in Fig. 7. The overall impedance can be
written [18]:

Z xð Þ ¼ Rs þ 1= jxCd xð Þ þ 1= RT þ ZW xð Þð Þ½ � ð9Þ

In this expression, Rs represents the series resistance due
mainly to the electrolyte solution, Cd(x) is the double
layer capacitance, which is generally observed, in cor-
roding systems, as being a CPE whose impedance is
expressed as:

ZCPE ¼ Q jxð Þ�n ð10Þ

where Q is equivalent to the reciprocal of a capacitance,
and n a parameter indicating the deviation from a per-
fect capacitor (n = 1 represents a pure capacitance).
Generally, n £ 1 was considered as reflecting the
roughness of the electrode surface. More recently [18]
the effect was assigned to a frequency dependence
obeying a Debye-type dispersion. In this classical model,
RT designates the transfer resistance and ZW the War-
burg impedance including the transport of electroactive
species.

In the frame of this model, the results of Fig. 6
showing a gradual increase of the overall impedance can
be interpreted as follows. As a rather insulating oxide
layer is thickening, the double layer capacitance is
modified by a series capacitor formed by the metal/ox-
ide/electrolyte (MOE) junction. Then the observed ca-
pacitance decreases with time. On the other hand, the
term RT is increased by the resistive properties of this
oxide as a result of the hindered transport of electroac-
tive species. This oxide layer growth is faster in oxygen-
saturated solutions and contributes to limit the increase
of the corrosion rate in this solution. Finally, the ZW

term is only visible at low frequency values, just at the
beginning of the experiment (curve a) when the RT value
is small enough. As RT increases with time, the term ZW

tends to be negligible. This interpretation was checked
by the quantitative determination of the main compo-
nents of the equivalent circuit, using the Boukamp [19]
software. The adjusted parameters (Table 3) fitted
the experimental data with a significance test v2�10–3,
the term Rs being almost constant as predicted by the
model.

Figure 8 shows that similar results were also obtained
with a non-rotating (80 Sn/20 Hg) tin amalgam elec-
trode, but the impedance values were half that obtained
with pure tin metal. Moreover, we observed that the

Fig. 5 Successive narrow range (60 mV) potential scans for Sn in
oxygen-saturated NaCl solution: a, first scan; b–g, subsequent
scans at about 1 h intervals

Fig. 6 Successive Nyquist impedance diagrams for pure Sn in
oxygen-saturated NaCl solution: a, first diagram; b–f, subsequent
diagrams at about 1 h intervals

Fig. 7 Equivalent circuit used to model the corroding metal/
solution interface
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oxide layer was much less adherent to the amalgam
substrate than to the pure metal; indeed, the oxide
protecting layer was easily detached from the amalgam
by rotating the disc electrode at 3000 rpm. In other
words, the lesser electrochemical reactivity of the bulk
pure Sn metal than in the amalgam could be assigned to
the more adherent and compact oxide layer on the pure
solid tin metal.

Conclusion

This study of the corrosion rate of tin metal and the
comparison with the solid state c2-phase tin amalgam
lead to a better understanding of the change of elec-
trochemical properties induced by metal amalgamation.
One first result was the observed shift of the OCP to-
wards more positive values following an increased rate
constant of the cathodic electron transfer on the
amalgam surface, a quite unexpected result since Hg
metal is postulated to inhibit electrochemical reactions.
Moreover the Sn oxidation current was not decreased
by the concentration reduction induced by the amal-
gam dealloying process. The effect is related to the
generation of a surface thin layer of liquid mercury
nearly 0.1 lm thick. Then, knowing the diffusion co-
efficient [20] of Sn equal to 1.68 cm2 s–1 in mercury, the
limiting diffusion oxidation current could reach a value
as high as 0.1 A cm–2, a value higher than the experi-
mental current density (generally a few lA cm–2) by
several orders of magnitude. A similar behaviour, al-
most equal to the rate constant, was observed in the
comparison of the electrochemical properties of Zn

metal and Zn amalgam [21]. As a consequence, we can
easily understand that the intensity of the corrosion
current is much higher for tin amalgam than for the
bulk pure metal. On the other hand, the build-up of a
compact oxide layer, identified by the gradual growth
of the surface impedance, will contribute to protect the
metal substrate and amplify the difference in the cor-
rosion rate between the amalgam and the pure metal.
These factors are quite consistent with the well-docu-
mented resistance to corrosion of tin metal. However,
when the tin electrode potential is such that the anodic
current density reaches values near 1 mA cm–2, a pH
gradient is set up at the interface and leads to the
initiation of pits. The acid properties being maximum
at the bottom of the pits, we observed the appearance
of narrow extremely deep pinholes which result in a
sudden rise of the corrosion process. In the case of
amalgamated metal, this deleterious effect was signifi-
cantly smoothed out by the transient generation of an
extremely thin mercury layer.
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Table 3 Values of the impedance components of the equivalent
circuit (Fig. 6)

Time (h) Rs (W) RT (kW) 1/Q (lF) N

�0.5 92.1 153 13.5 0.81
4 91.6 631 9.1 0.83
10 89.4 913 6.55 0.84

Fig. 8 Successive Nyquist impedance diagrams for c2 tin amalgam.
Conditions similar to those of Fig. 6
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