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a b s t r a c t

Protection mechanisms offered to galvanized steel by lanthanide salts in a 0.1 M NaCl solution were
investigated by using electrochemical techniques such as polarization curves, electrochemical impedance
spectroscopy (EIS), scanning vibrating electrode technique (SVET) and surface analysis such as scanning
electron microscope (SEM) and glow discharge optical emission spectrometry (GDOES).

The role of the oxidizing ability of the medium was studied by changing the aeration conditions: aer-
ated, saturated, deaerated and acid deaerated solutions.

In aerated solution, the cerium deposition quickly offers an inhibition of the oxygen reduction. Current
density cartographies (SVET) are consistent with surface analysis and other electrochemical techniques.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Chromate compounds were widely used in surface treatment
industry to improve the corrosion protection of many metallic sub-
strates such as steel, galvanized steel, aluminium and magnesium
alloys. These compounds constituted the main component of acidic
conversion baths for over 50 years and were also largely inserted
as inhibitors in organic coatings to offer self-healing properties to
metallic substrate in case of defect or failure. However, hexavalent
chromium presents very high toxicity and has a bad environmental
impact. For these reasons, an intense research effort was carried
out to replace chromates in conversion and organic coatings by
more environmentally friendly compounds for automotive, build-
ings, aeronautic applications and household appliances. Lantha-
nide compounds are reported as one of numerous alternatives for
the conversion coatings [1–3]. In particular, cerium-based conver-
sion coatings have been tested for a wide range of metals such as
aluminium alloys [4–17], magnesium alloys [18–20], tin [21],
zinc-plated steels [22–28] and carbon steel [29,30].

The salts showing the best performance in terms of conversion
coatings and inhibitive efficiency are the cerium salts. The studied
layers were mainly based on the use of cerium nitrate [10–
14,26,27,30], cerium perchlorate [8,9] and cerium chloride
[4,6,7,11,13,14,27,29]. Many studies concerning formation mecha-
nisms of layers from simple rare earth salt solutions at near-neu-

tral pH [6,13,19–27] or with addition of H2O2 [4,5,9,11–14,29]
were proposed. Without hydrogen peroxide, the dissolved oxygen
is the driving force of the film formation. The reduction of dis-
solved oxygen occurs at the cathodic sites on the metal surface
and is accompanied by simultaneous anodic dissolution of the
metallic substrate. The local increase of pH resulting from the
reduction of oxygen can induce precipitation of cerium hydroxides.
The addition of hydrogen peroxide accelerates the film formation
and induces the oxidation from Ce (III) to Ce (IV).

Despite the numerous studies, the role of species which con-
tribute to the layer formation, kinetics of deposition, effect of
the rare earth oxidation state and its concentration on the pro-
tection performance on the galvanized steel are not well under-
stood. In this paper, the role of oxidizing ability of the medium
was studied by varying the aeration conditions or the pH of the
electrolytic solution. The aim of this study is not to obtain in a
short time a conversion layer but to evaluate the self-healing
properties of low concentration rare earth salt solutions which
frequently are proposed as inhibiting species to be introduced
in the nano-reservoirs of new designed environmentally friendly
coatings.

Considering the corrosion of galvanized steel duplex systems,
two potential failure mechanisms have to be taken into account.
On one hand, a defect or damage in the organic coating may lead
to direct exposure of the zinc surface to the environment and gen-
eralized corrosion may occur. On the other hand, metallic cut edges
exposed when the galvanized steel sheets are cut to size are areas
of particular susceptibility to galvanic corrosion.
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Among the classical electrochemical techniques, potentiody-
namic polarization and EIS measurements are well suited tech-
niques to study the inhibition effect of the lanthanides inhibitors
on the zinc layer corrosion of the HDG steel. The changes observed
in the polarization curves give an indication of the role played by
the inhibitor. Both cathodic and anodic inhibitors reduce the corro-
sion current, shifting negatively (cathodic inhibitor) or positively
(anodic inhibitor) the corrosion potential. Although the obtained
impedance spectra are often difficult to analyze for the longer
immersion times, the low frequency impedance modulus values
give an indication of the corrosion resistance of the system. The
evolution of the time constants also gives valuable information
on the corrosion mechanism.

Despite the importance of the classical electrochemical tech-
niques, the obtained results refer to the whole area of the working
electrode but do not give information on the currents distribution
on the surface. In recent years, several techniques have been devel-
oped which give valuable information on the behaviour of a cor-
roding system at a microscopic level [31–34]. The SVET
technique has been successfully used for monitoring many corro-
sion situations [32–36]. In the present study, the efficiency of cor-
rosion inhibition on zinc surface of HDG steel sample when a low
concentration in chloride cerium is added to a sodium chloride
solution is investigated by the SVET technique. The SVET technique
is based on the measurement of small potential variation due to
the fluxes of ionic currents originated by the electrochemical reac-
tions that occur on the active surface. Ions are formed and distrib-
uted in solution with concentration gradients that create electric
fields. These gradients can be detected by a probe vibrating over
the corroding surface and can be converted in current densities
using Ohm’s law.

In order to obtain more information concerning the morpho-
logical structure of the cerium layers, GDOES profiles, SEM and
profilometric measurements are performed on the galvanized
steel after 24 h of immersion in the electrolytic solution contain-
ing the same concentration in inhibitors species but changing the
oxidizing ability of the medium (dissolved oxygen concentration
and pH).

2. Materials and methods

The specimens were cut from continuous hot-dip galvanized
(HDG) steel sheets supplied by ArcelorMittal (�0.25 wt.% Al). In
this process, the HDG steels were submitted to a skin pass after
cooling and galvanization. The steel width was about 0.8 mm and
the thickness of the zinc coating was in the range of 7–10 lm.

Before measurements, the samples were degreased using an
alkaline solution at pH = 9.5 and 60 �C (Gardoclean S5080 from
Chemetall, concentration = 10 g/l) and thoroughly rinsed with
deionised water. Directly after surface cleaning, the samples were
immersed in chosen electrolytes. The immersed area of samples
was 4.5 cm2.

The electrolytic solutions were prepared using analytical grade
NaCl and consisted of aerated solution ([dissolved O2] = 8 ppm by
mass), saturated solution ([dissolved O2] = 40 ppm by mass) and
deaerated solution (less than 2 ppm by mass of oxygen) of 0.1 M
NaCl with and without inhibitive species. The different oxygena-
tion ratios were obtained at 23 ± 1 �C by bubbling oxygen (satu-
rated) or nitrogen (deaerated) at low flow into the solutions or
by exposition to atmospheric conditions (aerated) and evaluated
by means of a Consort Z621 oximeter. The rare earth salts used
as inhibitors were CeCl3�7H2O, YCl3�6H2O and LaCl3�7H2O. The salts
were introduced in the electrolytic solution at a concentration of
2.5 mM. This concentration was chosen following previous results
[27].

The corrosion behaviour of HDG in the different electrolytic
solutions was studied by means of potentiodynamic polarization
and EIS. A conventional three-electrode cell which consists of the
sample as the working electrode, a platinum sheet as the
counter electrode and an Ag/AgCl/KCl(sat) electrode as the refer-
ence electrode is used. All the measurements were carried
out inside a Faraday cage in order to minimize external inter-
ference.

The polarization measurements were performed using a 283
EG&G potentiostat after immersion of the HDG samples in electro-
lytic solutions with and without inhibitor. Different specimens
were employed for the potentiodynamic polarization measure-
ments in the anodic and cathodic directions. The cathodic and ano-
dic curves were recorded at a scan rate of 100 mV/min starting
from the open circuit potential.

For EIS measurements, the M398 software is used to control the
EG&G PAR 283 potentiostat connected to a 1025 frequency re-
sponse analyzer. The swept frequency range varies from 100 kHz
to 10 mHz. A sinusoidal signal of 5 mV (rms) in amplitude is super-
imposed to the open circuit potential.

All the classical electrochemical experiments were carried out
at least in triplicate.

A commercial SVET system (Perkin Elmer SVP 100) from Ame-
tek was used in this work.

Before measurement, calibration of the SVET is achieved by
employing a PIS (point in space) electrode. A known current is in-
jected into a gold wire of 100 lm radius and is correlated with the
SVET output signal.

Local electrochemical measurements were carried out with the
electrode vibrating at 100 lm above the surface of the sample with
30 lm of amplitude. The SVET was used in sweep scan mode with
a sweep rate of 1000 lm/s. The scan area was typically 4000 �
3000 lm along the flat sample. The duration of a scan is approxi-
mately 20 min.

In order to maintain the same chloride concentration and con-
ductivity, the surface of galvanized steel samples were exposed
to solutions containing 2.5 mM NaCl (v = 320 lS/cm) and 1.75
mM NaCl + 0.25 mM CeCl3 (v = 292 lS/cm). Repetitive scans were
taken up to 24 h of immersion.

The GDOES analysis was carried out using a JY RF-GD PROFILER
HR instrument, manufactured by Horiba Jobin-Yvon, Longjumeau,
France. The instrument is equipped with a standard 4 mm diame-
ter anode, a polychromator with 28 acquiring channels and a
Quantum XP software. The source conditions, employed for the
analysis, were Ar pressure of 650 Pa and 30 W applied power.
These conditions are necessary to have a flat crater in order to in-
crease the depth resolution. All results shown were obtained with
the same source conditions and with the same calibration method.
The calibration was performed with 30 samples selected among
SUS and CRM’s.

The mechanical profilometer used for analysis is a Dektak 150
manufactured by Veeco. This instrument is equipped with a stylus
with tip radius of 12.5 lm. The stylus is mechanically coupled with
a linear variable differential transformer and the maximum step
for profile acquisition is 1 mm. Information about 3D maps and lin-
ear analysis are computed by Dektak software for data acquisition
and for operating the profilometer. The Vision software is em-
ployed to elaborate and view 3D maps.

The area analyzed was 2 mm � 1 mm with a scan resolution of
0.333 points/lm and lateral resolution of 1 line/2 lm. A low pass
filter was used to reduce abnormal spikes on surface for some
pictures.

A Philips XL 20 scanning electron microscope equipped with an
EDAX energy dispersive X-ray spectrometer was used. For SEM
observations and EDX analysis, flat samples of HDG steel (before
and after inhibitive treatment) were used.
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3. Results

3.1. Classical electrochemical techniques

The kinetic effect of the different compounds on the generalized
corrosion of HDG steel is investigated by recording polarization
curves and impedance spectra after different immersion times.
Corrosion of zinc in a near neutral oxygenated solution occurs by
combination of the zinc anodic dissolution (1) and the cathodic
oxygen reduction (2):

Zn! Zn2þ þ 2e� ð1Þ
O2 þ 2H2Oþ 4e� ! 4OH� ð2Þ

Because of the low solubility of zinc hydroxide (Ks[Zn(OH)2] =
3 � 10�17), the HDG steel samples are probably initially covered
with an (hydr)oxide layer which offers a slight protection to the
generalized corrosion of zinc. In presence of chloride, this layer
evolves to form soluble hydroxychloride complexes allowing corro-
sion onset.

The presence of an inhibitor can produce a potential shift to-
wards more positive values indicating a decrease of the oxidation
rate. On the other hand, a negative potential shift means that the
cathodic reaction is inhibited. The measurement of the mixed po-
tential with immersion time in the different electrolyte solutions
is shown in Fig. 1 and is useful to determine the time needed to ob-
tain a stabilized system before polarization curve measurements.

After 2 h of immersion in aerated solution, the values of mixed
electrode potential, for each solution containing an inhibitor, is al-
most stable. Yttrium chloride showed a cathodic inhibition effect
with a marked decrease of OCP value compared to the value
obtained without inhibitor. Cerium and lanthanum salts do not in-
duce a shift of the OCP value. This behaviour can be explained by a
simultaneous decrease of the cathodic reaction rate and the forma-
tion of a rare earth oxide layer.

Fig. 2a shows the anodic and cathodic polarization curves
obtained for each inhibitor after 2 h of immersion in the aerated
electrolyte solution containing the inhibitor. An important
decrease of the oxygen reduction rate can be observed on the
cathodic side. This behaviour is mainly marked for lanthanum. In
anodic polarization curves, a small inflection of the curves for small
overvoltage can be detected in presence of each inhibitor. This
inflection is slightly more pronounced for yttrium, even tough its
anodic current density is higher. However, a significant decrease
of the corrosion current due to the inhibitor efficiency after a short

immersion time can be mentioned for each compound in aerated
medium.

After 24 h of immersion in aerated medium (Fig. 2b), oxygen
reduction is even more inhibited for each inhibitor (apart from
yttrium) and more clearly presents two reduction waves. The oxy-
gen reduction seems to occur in two steps:

O2 þ 2H2Oþ 2e� ! H2O2 þ 2OH� ð3Þ
2H2O2 þ 2e� ! 2OH� ð4Þ

The first wave could correspond to the formation of hydrogen per-
oxide [28,29].

The anodic inhibition is clearly visible for lanthanum and cer-
ium salts with apparition of a large passivity range (about
130 mV) probably due to the precipitation of a homogeneous pro-
tective oxide layer. The corrosion current decreases significantly
with immersion time for each inhibitor. The lowest value of the
corrosion current was obtained for the cerium. For this reason, this
inhibitor was chosen to study the influence of the oxidizing ability
of the medium on formation of the protective layers.

In order to evaluate the protective performances with immer-
sion time and the oxidizing ability of medium, HDG samples were
immersed in aerated solution ([dissolved O2] = 8 ppm by mass),
saturated solution ([dissolved O2] = 40 ppm by mass) and deaer-
ated solution (less than 2 ppm by mass of oxygen) with 0.1 M NaCl
and 2.5 mM CeCl3, respectively. After different immersion times,

Fig. 1. Mixed potential versus time in 0.1 M NaCl solution without inhibitor, with
2.5 mM CeCl3, 2.5 mM YCl3 and 2.5 mM LaCl3.

Fig. 2. Anodic and cathodic polarization curves of HDG samples in 0.1 M NaCl
solution without inhibitor, with 2.5 mM CeCl3, 2.5 mM YCl3 and 2.5 mM LaCl3 after
2 h (a) and 24 h (b) of immersion.
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the samples were analyzed by electrochemical impedance mea-
surement in 0.1 M NaCl aerated electrolyte with or without
inhibitor.

The low frequency impedance modulus values obtained at
0.01 Hz (|Z|0.01 Hz) can be used to estimate the total resistance of
the system and can be considered as an approximation of the re-
verse of its corrosion rate.

In the aerated solution, after 1 h of immersion, the Bode-modu-
lus diagrams (Fig. 3) show a markedly increase of the corrosion
resistance of the system in presence of cerium chloride since the
|Z|0.01 Hz values are increased by more than one order of magnitude
(29.05 kX cm2) compared to the HDG in sodium chloride solution
without any inhibitor (0.95 kX cm2). The spectrum obtained for
bare HDG samples is complex due to the different phenomena
occurring at the metal/solution interface such as corrosion and
porous corrosion products formation. For the samples immersed
in the electrolyte containing the lanthanide inhibitor, after 24 h
of immersion only one time constant, present in a large range of
frequencies is clearly visible which may be attributed to the forma-
tion of a protective layer at the HDG steel surface.

For longer exposure times, low frequency impedance modulus
value progressively increases and after 1 day, the |Z|0.01 Hz obtained
on the HDG samples reaches a magnitude order of 110 kX cm2. At

the end of the test the surface of the HDG steels samples showed
no sign of corrosion activity. These results are in good agreement
with the polarization curves obtained for the same immersion
time.

In order to evaluate the layer performance, the HDG steel sam-
ples were immersed during different times in the inhibitive solu-
tions having different aeration conditions and analyzed by EIS
after these times in the inhibitive aerated aggressive solution. For
the samples immersed in the inhibitive oxygen saturated solution
(Fig. 4) for 1 h the low frequencies modulus (|Z|0.1 Hz) increases and
reaches 7.1 kX cm2 compared to 16.6 kX cm2 for the samples im-
mersed in an aerated solution.

The |Z|0.1 Hz significantly increases after the first hour of immer-
sion due to the film formation. Nevertheless, the curve obtained for
samples immersed for 6 h in saturated oxygen solutions shows a
completely different behaviour either in magnitude or in phase
and reveals diffusion control. After 6 h of immersion, the presence
of a thick, yellow coloured and non homogeneous oxide layer is
observed.

Corrosion morphology observation of this type of samples fre-
quently evidences the formation of pits which were analyzed by
SEM element mapping (Fig. 5). Cerium oxide compounds are
mainly located around the pit (Fig. 5c) under large crystals form

Fig. 3. Bode’s diagrams in modulus (a) and phase (b) obtained for HDG samples
immersed in an aerated 0.1 M NaCl solution after 1 h and aerated 0.1 M
NaCl + 2.5 mM CeCl3 after 1 h, 6 h and 24 h, respectively. The electrolyte used for
the measurement is the electrolyte used during immersion.

Fig. 4. Bode’s diagrams in modulus (a) and phase (b) obtained for HDG samples
immersed in an aerated 0.1 M NaCl + 2.5 mM CeCl3 solution after 1 h and 6 h, and in
an oxygen saturated 0.1 M NaCl + 2.5 mM CeCl3 solution after 1 h and 6 h. The
electrolyte used for measurement is an aerated 0.1 M NaCl solution with inhibitor.
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but also inside the pit. Moreover, after 6 h of immersion, the pits
reach the steel substrate (Fig. 5d).

Probably during the first hours of immersion, cerium oxides are
deposited on whole zinc surface due to the production of hydrox-
ides ions coming from the oxygen reduction all over the surface.
Due to formation of a thick, porous and heterogeneous layer, some
localized anodic areas can be formed accelerating the cerium depo-
sition around the pit corresponding to most active cathodic region.
When pits reach the steel substrate, zinc becomes anode and steel
is the cathode. This new galvanic cell inverses the polarities and
provokes the cerium oxides deposition in the pit too.

In the deaerated solution (Fig. 6), a slight increase of the |Z|0.1 Hz,
with respect to the not inhibited solution, can be observed
(5.6 kX cm2) after 1 h of immersion and no improvement can be
seen after 6 h. These values are significantly lower than those ob-
tained after immersion in an aerated solution in the same operat-
ing conditions. This behaviour may be explained by a too low
oxygen concentration which does not allow the formation of an

efficient protective layer during immersion. These results are con-
firmed by the presence of a second time constant in the Bode phase
spectra. The time constant at low frequencies is usually associated
to the corrosion process at the metal/solution interface after con-
tact with an aerated aggressive solution.

3.2. Surface analysis

In order to obtain more information concerning the effect of
the oxidizing power of the medium on cerium film formation, sur-
face topography and GDOES profiles were performed on the bare
HDG sample and on the HDG samples immersed for 24 h in an
aerated solution, in an oxygen saturated one and in a deaerated
solution (at pH = 6 and pH = 4) containing 0.1 M NaCl with
2.5 mM CeCl3.

The surface topography of the bare skin passed HDG sample is
clearly observed by using profilometry (Fig. 7). The sample showed
the regular structure produced by a skin pass process, with

Fig. 5. SEM element mapping on a sample immersed in saturated oxygen solution containing cerium salt after 6 h of immersion.
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hollowed areas surrounding the protruding ones. The mean rough-
ness of the sample is about 6 lm.

After immersion under aerated conditions, the optical observa-
tion reveals the presence of an almost homogeneous light blue and
yellow pigmentation on the whole area; moreover the skin pass
morphology of the zinc surface is still clearly visible after surface
topography measurements (Fig. 8a).

The GDOES profiles (Fig. 8b) show that zinc alloy thickness is in
the range of 7–10 lm with the presence of a very large zinc–iron
inter-diffused layer. Only the upper part of the coating (about
3 lm) is composed by almost pure zinc (g phase). Moreover, high
cerium and oxygen concentrations are evident at the top of the sur-
face (about 30–35% and 60%, respectively). The cerium concentra-
tion remains higher than 1% up to 0.65 lm, whereas an important
increase of the zinc concentration is only observed after 0.15 lm.
Although the sample surface is quite rough, the sharp peak of the
cerium signal on top surface reveals that this layer is homoge-
neously distributed on the skin-passed morphology.

After immersion in the inhibitive oxygen saturated solution, the
optical observation shows a dark yellow–orange cerium deposit
which seems to be thick, heterogeneous and mainly deposited in
the hollowed areas. This is confirmed by the surface topography
measurements (Fig. 9a) which reveal that the skin pass treatment
structure is almost disappeared.

GDOES profiles (Fig. 9b) collected on these samples are highly
disturbed by the lateral heterogeneous composition of the surface
which is composed by cerium, oxygen and zinc. The cerium layer
seems to be very thick, nevertheless, due to zinc corrosion; the
top of the layer also contains zinc and oxygen up to 0.04 lm. Later
on, the zinc concentration decreases (from 70% to 40%) and an in-
crease of the cerium (6%) and oxygen is observed. For deeper ero-
sion, the zinc concentration increases again but the cerium signal is
detected in the wide depth range (8 lm). The zinc attack in this
inhibitive solution seems to be important due to the high oxygen
concentration and the porosity and defective structure of the cer-
ium layer. The remarkable zinc dissolution is even confirmed by
the iron signal which can be detected already after 2 lm depth
suggesting a strong dissolution of the g phase.

When the HDG sample is immersed in the deaerated solution
containing the cerium salt (at pH = 6), a slight iridescence appears
but not exactly the typical yellow colour of the Ce (IV) hydroxides.

Fig. 6. Bode’s diagrams in modulus (a) and phase (b) obtained for HDG samples
immersed in an aerated 0.1 M NaCl + 2.5 mM CeCl3 solution after 1 h and 6 h, and in
a deaerated 0.1 M NaCl + 2.5 mM CeCl3 solution after 1 h and 6 h. The electrolyte
used for measurement is an aerated 0.1 M NaCl solution with inhibitor.

Fig. 7. Profilometry measurement of bare skin passed HDG sample.
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The skin pass surface morphology is still clearly evident (Fig. 10a),
but surface topography suggests the presence of a mild surface at-
tack of the upper zinc areas.

GDOES profiles are very similar to those acquired on samples
immersed in the aerated solution and reveal that a very thin,
homogeneous and reproducible layer is formed (Fig. 10b). Cerium
concentration of the surface is 30% with a high presence of oxygen
(50%). The zinc concentration is less than 1% at 0.03 lm but
strongly increases from this depth. The layer is probably formed
by cerium hydroxides produced by the water reduction.

In order to compare the different aeration conditions the results
are presented in terms of the cerium/zinc ratio calculated on the
whole zinc layer after 24 h of immersion in each inhibitive solu-
tions (Fig. 11).

The highest value is obtained for the oxygen saturated one due
to the important cerium hydroxides deposition induced by the
important local pH increase but also due to the strong zinc disso-
lution. In the aerated solution, the cerium deposition is also very
important but the uniform layer deposition allows avoiding signif-
icant zinc dissolution. In nitrogen saturated medium, the water
reduction induces the formation of a uniform but very thin inhib-
itive layer at pH = 6. In the same immersion conditions but at
pH = 4, the cerium layer is still much thinner. Under these condi-
tions, the local increase of pH due to protons reduction is proba-
bly not sufficient to allow the cerium hydroxide precipitation.
These results confirm that oxygen concentration is the most
important driving force to induce the formation of a protective
cerium layer.

Fig. 8. Profilometry measurement (a), GDOES profiles (b) of a sample immersed for 24 h in the inhibitive aerated solution.
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3.3. SVET measurements

The investigation of the corrosion inhibition properties offered
by the cerium chloride in diluted NaCl solution was carried out
on the zinc surface of HDG samples. The electrolyte solution em-
ployed was an aerated one where the cerium salt exhibited the
highest inhibition efficiency. This method is an electrochemical
mapping technique that resolves and quantifies localized corro-
sion. It was used to investigate pitting and corrosion phenomena
like corrosion at cut edges and zinc dissolution [35,36]. These mea-
surements were performed using a more diluted concentration of
the inhibitor with respect to the previous tests.

On the zinc surface of the HDG steel sample, two kinds of
experiments were carried out. In the first one, the sample was
put in contact with the aggressive sodium chloride solution
and scanned for 1 h 30 min. After this time, the electrolyte solu-

tion was replaced by a solution having the same conductivity
but containing cerium salt. In the second experiment, the sample
was directly immersed in the solution containing the cerium
salt.

The SVET maps were obtained periodically during immersion in
solution as depicted in Fig. 12. In sodium chloride solution without
any inhibitor, the pitting corrosion of the zinc surface is already
visible after 30 min of immersion (anodic activity corresponding
to a current density of 200 lA/cm2) and becomes more active with
immersion time (400 lA/cm2 and 800 lA/cm2 after 60 and 90 min,
respectively). After replacement of the sodium chloride solution by
the solution containing cerium chloride, the anodic activity signif-
icantly decreases and localized corrosion seems to disappear. Nev-
ertheless, a pitting attack appears again after 2 h. Due to the low
concentration of cerium and the intense initial anodic activity is
not able to completely inhibit a pitting corrosion.

Fig. 9. Profilometry measurement (a) and GDOES profiles (b) of a sample immersed for 24 h in the inhibitive oxygen saturated solution.
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For the second experiment, when the sample is directly put in
contact with the solution containing cerium salt, the maps do
not show development of anodic and cathodic activities even after
6 h of immersion (Fig. 13). This result means that either uniform
corrosion is present on the zinc surface or the efficiency of cerium
salts allows the formation of a protective layer preventing corro-
sion phenomenon and pitting corrosion. After 6 h of immersion,
no white rust was observed on the surface which showed the typ-
ical light-yellow colour of the cerium hydroxides present on whole
surface. These results seem to confirm the good efficiency of the
cerium salts in aerated solution.

4. Discussion

From a thermodynamical point of view [37], the formation of
the trivalent cerium hydroxides from an aqueous solution contain-

Fig. 10. Profilometry measurement (a) and GDOES profiles (b) of a sample immersed for 24 h in the inhibitive deaerated solution at pH = 6.

Fig. 11. Comparison of the different aeration conditions in terms of cerium/zinc ratio.
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ing the trivalent salt is only depending on the pH. For a 2.5 mM
CeCl3, this pH is about 8.25 if all cerium ions in solution are hydro-
lyzed. Without any convection, it was shown by Arenas et al. [28]
that the local pH can reach values between 10.39 and 10.6 follow-
ing the number of exchanged electrons by the cathodic reaction
and thus, this value is sufficient to allow the formation of trivalent
hydroxide cerium layer. The formation of a layer containing tetra-
valent cerium oxides is due to oxidation from Ce (III) to Ce (IV) and

a pH reaching the critical value for precipitation of the correspond-
ing oxide.

The respective reactions are given by [17]:

Ce3þ þ 2H2O! CeðOHÞ2þ2 þ 2Hþ þ e� ð5Þ
CeðOHÞ2þ2 ! CeO2 þ 2Hþ ð6Þ

The values of the redox potential and solubility are described by:

Fig. 12. SVET mapping of the HDG steel surface after different immersion times in NaCl 2.5 � 10�4 M. The initial solution was removed by NaCl 1.75 mM + CeCl3 0.25 mM
after 90 min.
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E0 ¼ 1:731� 0:1182pHþ 0:0591 log CeðOHÞ2þ2

h i� .
Ce3þ
h i�

ð7Þ

log½CeðOHÞ2þ2 � ¼ 19:22� 2pH ð8Þ

These potential and pH values will only be reached if the oxidizing
power of the medium and the pH are high. In a deaerated medium
whatever the pH, these conditions are not reached and the hydrox-
ide layer contains only trivalent cerium hydroxides. When the ini-
tial pH of the deaerated medium is low, the zinc is oxidized and
the protons are reduced. This reduction induces a local increase of
pH and the trivalent cerium hydroxide layer is only formed if the lo-
cal pH value can reach 8.25. This condition cannot be easily re-
spected for an initial pH of 4. In that case, the layer is very thin
and not protective enough.

In an aerated medium, the main cathodic reaction is the oxygen
reduction which is depending on the nature of the zinc surface. As
shown in the cathodic polarization curves (Fig. 2), without inhibi-
tive species the oxygen reaction corresponds to the transfer of four
electrons respecting Eq. (2). With the increase of immersion time
in an aerated solution containing the trivalent cerium salt, the
modification of the zinc surface induces a change in kinetics of
oxygen reduction. Two reduction waves become clearly visible
and can be attributed to reactions (3) and (4). The first reaction al-
lows the formation of hydrogen peroxide whose oxidizing ability is
high and able to oxidize a part of trivalent cerium [17,28,29].

E0 ¼ 1:776� 0:0591pHþ 0:0295 log½H2O2� ð9Þ

In this medium, the layer is passivating, deposited on whole surface
and composed of a mixture of Ce (III)/Ce (IV) oxides and hydroxides
as shown by classical electrochemical, SVET and surface analysis.

In the oxygen saturated medium, the layer becomes thicker, or-
ange due to the high concentration in Ce (IV) and is heterogeneous.
The higher oxygen concentration facilitates the oxidation of cer-
ium, formation of hydrogen peroxide and pH increase. Neverthe-
less, the corrosion products formed are more porous, not
protective and cannot avoid the zinc oxidation and the apparition
of pits reaching the steel substrate. The layer consists of a mixture
of zinc and cerium (III)/(IV) hydroxides.

5. Conclusion

The inhibition offered by different lanthanide compounds and
the influence of the oxidizing ability of the medium were studied
in a sodium chloride solution.

In agreement with some previous studies, the best performance
is obtained for the cerium salts in an aerated solution. In these con-
ditions, the cerium deposition quickly offers an inhibition of the
oxygen reduction. After a longer immersion time, an anodic inhibi-
tion is also clearly observed. A thin and transparent cerium layer is
formed and induces a passive behaviour to the galvanized steel

Fig. 13. SVET mapping of the HDG steel surface after different immersion times in NaCl 1.75 mM + CeCl3 0.25 mM.
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substrate. The results obtained by polarization curves and EIS mea-
surements confirm this protective behaviour.

When the solution is saturated in oxygen, the cerium layer is
heterogeneous, partially yellow Ce (IV) and locally pitted. A huge
amount of cerium compounds around the pits is detected confirm-
ing an easier precipitation of cerium in cathodic areas. When the
pits reach the steel, the local cathodic area becomes anodic and
the steel substrate becomes the main cathode allowing cerium pre-
cipitation in these areas.

The best inhibitive efficiency of the cerium layer on galvanized
steel is obtained in aerated medium where the main cathodic reac-
tion is the oxygen reduction which is limited by diffusion transport
with a low oxidation ratio from Ce (III) to Ce (IV) and in absence of
intense galvanic couple which facilitates the formation of porous
but not protective deposits on the cathodic areas.
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