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1. Introduction  

Hexavalent chromium compounds (Cr(VI)) have been 
effectively applied for corrosion protection of aluminum 
alloy in various processes such as conversion coating, 
sealing or rinsing for anodization and in the primer laye
r… [1-3]. Nevertheless, their cancerous risk and their tox-
icity for environment required to restrict or eliminate their 
future use. Significant efforts have been proceeded in last 
decade to find environmentally friendly alternative in-
hibitors [4]. Among them, the organic compounds, includ-
ing the heterocyclic compounds, organic phosphates or 
carboxylates… and sometimes the synergistic combina-
tions of organic inhibitors have exhibited the high corro-
sion inhibition effect for the aluminum alloy 2024-T3 sur-
face [5-8]. This effectiveness is based on the formation 
of a protective barrier film on the surface to avoid the 

diffusion of oxygen and aggressive species at the metallic 
surface. The formed film is on the basis of the electrostatic 
and chemical adsorption of organic molecules on the met-
allic surface. However, suffer from the fact that this film 
is normal unstable caused by the highly reversible adsorp-
tion of organic inhibitor, limiting the long- term protection 
for the metal [9]. 

The inhibition behavior of inorganic substances such as 
metal cations toward to the corrosion of aluminum alloys 
has been variously studied. The lanthanides cations (La, 
Ce, Y, Pr, Nd, Pm…) have been interested from the 1990s. 
It was shown that the presence of lanthanum or cerium 
on the aluminum surface hinder the anodic and cathodic 
processes [10,11]. The cerium cations gave a highest in-
hibition effect in comparison with other elements, this is 
due to the formation of the insoluble cerium hydroxide 
or cerium oxide film resulted by the reaction with the 
OH- group during the cathodic process. However, in the 
chloride medium, composing with the mixture of Ce(OH)3, 
Al(OH)3 and Ce(OH)xCl3-x is relative thin for corrosion 
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protection at long time [12-14].
Some transition metal cations like as Mn, Cd, Ni, Co…

have been investigated for corrosion protection of alumi-
num alloys [15-17]. Among them, cobalt has shown an 
effective potential for inhibiting the corrosion process of 
metals such as galvanized steel or aluminum alloy [18-22]. 
Like as chrome, cobalt has multi-valency states and could 
be easily oxidized. Their corrosion inhibition effect for 
aluminum and galvanized steel has been investigated. In 
the alkaline media, it activates as cathodic inhibitor by 
the formation of Co(OH)2 precipitation on the metal 
surface. Co + Ni combination has been used in the bath 
for sealing during anodization process [23]. Some cobalt 
salts such as cobalt aluminate (CoAl2O4) or cobalt ferrite 
CoFe2O4 were incorporated in the coating for corrosion 
protection of aluminum alloy and carbon steel respectively 
[22,24,25]. It was shown that, Co2+ could be liberated 
from the coating matrix to reach the coating/metal inter-
face to form a protective deposition. However, these co-
balt salts have not served as expect due to its low sol-
ubility in the aqueous solution [24].

In the present work, the efficiency and the inhibition 
mechanisms of cobalt cations (cobalt nitrate and cobalt-ex-
change silica Co/Si) for the corrosion protection of 
AA2024 were investigated in a neutral aqueous solution 
by using electrochemical impedance spectroscopy (EIS) 
and polarisation curves. The aim was to better understand 
the influence of cobalt salts on the corrosion protection 
and as a consequence, on the leaching process when the 
salts were incorporated into a coating, which is an im-
portant process for the corrosion protection.

In this study, cobalt-exchange silica salt was laboratory 
synthesized and applied as protective pigment in the wa-
ter-based epoxy resin for corrosion protection of alumi-
num alloy 2024.

2. Experiments

2.1 Materials

2024 aluminum alloy (AA2024) is supplied by Sonaca 
company, Belgium. For the corrosion inhibition measure-
ments in the solution, a rod with naked 1 cm2 area surface 
is carefully polished by SiC paper from 80 to 1200 grade, 
rinsed by absolute ethanol, quickly dried and immediately 
immersed in the studied solution. The coatings were ap-
plied on the AA2024 panel with 4 × 6 × 0.1 cm dimension, 
before painting the AA2024 samples were cleaned by ab-
solute ethanol and completely dried.

The binder is water-based epoxy resin, comprising 
YD828 as resin and Epicure 8537 as curing agents. 
The epoxy coating was deposited on the AA2024 sur-

face by Filmfuge Paint Spinner Ref 110N (Sheen, 
United Kingdom) equipment.

Cobalt-exchange silica (Co/Si) was laboratory synthe-
sized by protocol following: 

Sodium silicate (Sigma Aldrich, 99%) was diluted in 
mixture H2O/C2H5OH, then mixed drop-by-drop into 2 M 
H2SO4 solution. After mixing, solution was stirred for 24 
h at room temperature then aged at 80 oC for 6 h into 
a reflux system. This step allowed to produce silica gel. 
Precipitates (Si) were washed with distilled water by cen-
trifugation at the speed of 8000 rpm/min till eliminated 
totally excessive acid, then dried at 70 oC for 24 h.

For cobalt doping, silica particle (Si) was firstly stirred 
at room temperature in 1 M Co(NO3)2 solution (prepared 
from Co(NO3)2.6H2O (Merck, 99%)) for 24 h, then moved 
to an auto-cooling system at 80 oC for 6 h, followed by 
centrifugation and drying at 70 oC for 24 h to obtain co-
balt-exchange silica particles (Co/Si). 

The Co/Si synthesized was incorporated in the epoxy 
at 3, 5 and 7 wt% concentration. Co/Si particles were 
mechanically dispersed in hardener in 1 h before added 
into epoxy resin. The mixture was continuously stirred 
for 30 min and sonicated 30 min to assure the completely 
dispersion of Co/Si before scattering on pre-cleaned alu-
minum sheets (40 × 60 × 1 mm) with the rotating rate 
of 500 rpm for 20 s. The film thickness was approximate 
30 ± 4 μm.

2.2 Analytical characterizations 

The microstructure of synthesized Co/Si was analyzed 
by FESEM and XRD (not presented in this paper), the 
particle size is 100 – 200 nm. The Co content is about 
13 wt% (determined by ICP-MS (Inductively Coupled 
Plasma – Mass Spectroscopy) equipment.

The release of the cobalt cations from Co/Si particles 
was calculated from the Co concentration of the filtrate 
during immersion of Co/Si in the electrolyte solution by 
using UV-vis spectroscopy (GBC Cintra 40).

2.3 Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) meas-
urements were performed using classical three electrodes: 
the working electrode is the rod of AA2024 or AA2024 
panel, an Ag/AgCl/KCl saturated was served as reference 
and platin grid as counter electrode. The EIS measure-
ments were plotted at the frequency range from 100 kHz 
to 10mHz at open circuit potential (OCP) with amplitude 
of 5 mV. 

Polarization curves were obtained in the rate of 0.167 
mV/s, ± 300 mV from OCP. The electrolyte solution was 
aqueous solution of 0.05 M NaCl + 0.1 M Na2SO4.
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The electrochemical tests were operated with a Biologic 
SP-300 equipment. The measurements were realized at 
least three times for each sample for assuring the reprodu-
cibility of measurement. 

Salt spray test was performed according to ASTM B117 
standard. The samples covered by epoxy coating were 
cross-scratched through the coating using a cutting blade 
and placed in a salt fog chamber for about 500 h.

3. Results and Discussion

3.1 Corrosion inhibition of cobalt cation for AA2024 
surface

The inhibition property of cobalt cation for corrosion 
of AA2024 surface was firstly characterized by EIS 
measurements. The EIS results after 2 h of immersion 
in the solution containing Co2+ at different concentration 
were shown in Fig. 1. A blank sample without cobalt was 
displayed as reference. In the reference solution, the Bode 
diagrams of AA2024 have two-time constants, the first 
around 5 Hz is attributed to the charge transfer occurred 
on the AA2024 surface during corrosion processes while 
the second one located in the low frequency domain prob-
ably characterizes the diffusion of oxygen [26].

In the presence of cobalt at low concentration (0.001 
M), the impedance spectrum has only one time constant 
in the medium frequency range, characterizing the passive 
film/electrolyte interface at the A2024 surface. An in-
crease of polarization resistance value was observed when 
the Co2+ concentration increases, at 0.01 M concentration 
of Co2+, it rises by almost a decade compared to the 
reference. In fact, after 20 h immersed, electrode surface 
is strongly attacked while any corrosion products were 
observed on the surface exposed in the electrolyte solution 
containing 0.005 M of cobalt nitrate (Fig. 2).

For better understanding the inhibition mechanism of 
Co2+ cation, Fig. 3 shows the polarization curves of 
AA2024 electrode after 20 h exposure in studied solutions. 
In comparison with the reference sample, whatever the 
concentration of Co2+ in the solution, a drop of current 
density in the cathodic branch was clearly identified (Fig. 
3a, 3c) while the higher the concentration gave the smaller 
of the current density in the anodic range (Fig. 3b, 3d). 
This indicates that the Co2+ cation acts as a cathodic 
inhibitor. This is attributed to the precipitation of Co(OH)2 
in the cathodic site for the formation of an oxide/hydrox-
ide film as mentioned in the literatures [18,19]. 

The FESEM micrographs of the samples after 20 h ex-
posure are shown in Fig. 4. The reference surface has 
a thick layer of corrosion products (Fig. 4a). In the pres-
ence of 0.01 M of cobalt nitrate, the surface is covered 

by a uniform flake-like morphology (Fig. 4b). This petal 
structure is a typical-hydroxide layer on the AA2024 sur-
face [27]. This hydroxide film formation is activated by 
Co2+ cation, due to the reaction of the Co2+ with the hy-
droxyl generation in the cathodic process. Furthermore, 
the presence of cobalt in the oxide/ hydroxide layer is 
clearly shown in the EDS analyses (Fig. 4c). The film 
formed on the AA2024 surface may act as a diffusion 
barrier for corrosive species in solution, caused to a de-
crease of the current density in the anodic range when 
the cobalt concentration increases from 0.001 to 0.01 M 

Fig. 1 Impedance diagrams of AA2024 electrode after 2 h 
exposure in the electrolyte solution and with cobalt nitrate at
different concentration.

 

Fig. 2 AA2024 electrode appearance after 20 h of immersion
in the electrolyte solution (a) and in the electrolyte solution
with 0.005 M Co(NO3)2 (b).
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(Fig. 3). In accordance with this observation, previous 
studies [28,29] have demonstrated the possibility of the 
formation of a permeation barrier over the surface by the 
chemical reaction or adsorption of Co2+ ions during the 
oxygen reduction reaction, that generated OH- at cathodic 
site. This is effective to reduce the rate of oxygen reduc-
tion reaction on AA2024 surface.

3.2 Characterization of the corrosion protection of epoxy 
coating containing cobalt-exchange silica on the AA2024 
surface.

The corrosion protection of epoxy coating containing 
cobalt-exchange silica (Co/Si) at different concentration 
was characterized by EIS method. Fig. 5 displays Bode 
diagrams of the sample covered by epoxy coating in the 
absence of the Co/Si at different immersion time in the 
0.1 M NaCl solution. Regarding different curves, the sys-
tem evolves with the immersion time. Two time-constants 
are well observed on the phase of the impedance diagram. 
The first one located in the high frequency range corre-
sponds to the coating and the second at low frequency 
relates to the corrosion process on the AA2024 surface 
[30]. The modulus of the impedance associated with both 
those time-constants is continuously dropped during 
immersion. This behavior indicates that the coating de-
grades rapidly in contact with the electrolyte. It is shown 

Fig. 4 SEM micrographs on the AA2024 surface after 20 h 
of exposure in the electrolyte solution (a) and in the electrolyte
solution with 0.01 M Co(NO3)2 (b) and EDS data of the sample
immerged in the solution containing Co2+ (c).

        

        

Fig. 3 Polarization curves of AA2024 electrode after 20 h exposure in the electrolyte solution without and with cobalt nitrate 
at different concentration.
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in the phase diagram, the second time-constant appeared 
as soon as 1 day immersed.

Fig. 6 summarizes the Bode diagrams of the samples 
coated by epoxy coating loading with Co/Si at concen-
tration of 3 wt% (Fig. 6a, b), 5 wt% (Fig. 6c, d) and 
7 wt% (Fig. 6e, f) during immersion time. The impedance 
curves present one time-constant at high frequency, the 
behavior at low frequency is not well defined for the sys-
tem loading Co/Si. It seems that the corrosion process 
has been slowed down at the AA2024 surface beneath 
the coating containing Co/Si. At low content of the Co/Si 
(3 wt%), the progressive decrease of the impedance mod-
ulus is observed but at higher concentration, the im-
pedance sharp and the impedance modulus are not modi-
fied with immersion time, this is more remarkable at con-
centration of 7 wt%. 

For better comparison, the film resistance values (Rf) 
were graphically calculated and the evolution of the Rf 
and the modules values at low frequency (ǀZǀ26.8mHz) during 
immersion times are reported in Fig. 7. The Rf value of 
the coating without Co/Si at the beginning of immersion 
is higher in comparison with the coating with Co/Si, this 
is due to the porosity of the coating in presence of the 
additive (Fig. 7a). However, for 7 days of immersion, it 
drastically decreases to reach the Rf value lower than in 
the system loading Co/Si. The Rf values of the coating 

Fig. 5 Bode diagrams obtained for AA2024 surface covered 
by the epoxy coating (reference sample) during immersion time
in the NaCl 0.1 M solution.

Fig. 6 Bode diagrams obtained for AA2024 surface covered by the coating loaded 3, 5 and 7 wt% Co/Si during immersion time
in the NaCl 0.1 M solution.
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with Co/Si are lower than the neat epoxy coating in the 
first day but remain relatively stable with immersion time. 
After 56 days of immersion, the approximate Rf value 
is around 5.10-5 Ω.cm2, five times higher than the neat 
epoxy for all studied concentrations. The variation of mod-
ulus value at low frequency (ǀZǀ26.8mHz) (Fig. 7b) has the 
same trend with the evolution of the Rf value. The refer-
ence sample rapidly degraded while the sample loading 
gave the low ǀZǀ26.8mHz value at beginning but remained 
high for long time of immersion. This shows the pro-
tection property of the coating in presence of the Co/Si, 
but it is remarked that the high content of the Co/Si (7 
wt%) provides a lower protection in compared with the 
other concentration (3 and 5 wt%). 

In order to understand the activity of Co2+ cations in 
the coating, the release of Co2+ cations from Co/Si par-
ticles has been measured. Fig. 8 presents the UV-vis spec-
tra of different concentration of cobalt ions in the electro-
lyte (Fig. 8a) and the release of cobalt cations from Co/Si 
particles versus immersion time in the electrolyte solution 
(Fig. 8b). It is clearly seen in Fig. 8b, Co2+ cations were 
massively liberated to the electrolyte solution. This ob-
servation reflects the fact that the Co2+ cations may be 
released as soon as the penetration of the electrolyte 

through the epoxy coating to coating/AA2024 interface. 
By the fast leaching of the Co2+ cations, for only 1 day 
immersed, the film resistance of three samples loaded 
Co/Si showed the values lower in compared with the refer-
ence without Co/Si as observed in Fig. 8. In the other 
hand, the Co2+ cations leaching at corrosion sites could 
lead to cathodic inhibition which would limit the local 
responsiveness. In addition, associating with the formation 
of the hydroxide/oxide products, the film resistance is 
maintained for long immersion (56 days). This phenomen-
on is clearly observed for the high loading content of 
Co/Si (7 wt%), the film resistance increases with im-
mersion time. This increase of Rf is attributed to the mas-
sive liberation of the Co2+ cations, reacting to form the 
oxide/hydroxide deposition on the interface and sealing 
the suitable bottom pores of the coating. 

Salt spray method was performed as accelerated test for 
the AA2024 panel coated by epoxy coating pigmented 
with Co/Si salt at 5 wt% concentration. SEM micrographs 
of the specimen for 500 h of exposure were presented 
in Fig. 9, a blank sample without Co/Si was shown as 
reference. No blister was observed around scratches for 
both sample with and without Co/Si, demonstrating a good 
adherence of epoxy coating. The corrosion products were 

Fig. 7 Evolution of the Rf value (a) and impedance modulus 
value |Z|26.8 mHz (b) during immersion time.

Fig. 8 UV-vis spectra of Co (II) ions determined in 0.1 M NaCl
and release of cobalt cations from Si/Co in function of stirring
time.
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entirely filled inside the scratches for the reference (Fig. 
9a) while a few products appeared underneath the scratch-
es for the sample with Co/Si (Fig. 9c). This observation 
is evident in the higher magnification, an accumulation 
of the corrosion products can be seen in the blank sample 
(Fig. 9b). A thin film associated with the traces of cobalt 
detected in Fig. 9e indicates that the corrosion process 
is limited in the bottom of the scribed area for the sample 
containing Co/Si. This is due to the inhibition effect of 
the cobalt cations, which were leached from the coating 
during the test.

The EIS measurements and salt spray tests reveal that 
in the coating, the presence of Co/Si salt could reinforce 
the coating/AA2024 interface and maintain the corrosion 
protection of the coating. However, it would be better to 
control the release of cobalt cations for the leaching and 
inhibiting on demand of the cations in the coating.

4. Conclusions 

In the electrolyte solution, Co2+ cations limit the corro-
sion process of aluminum alloy 2024 mainly in the local 
alkaline cathodic site for reinforcing the hydroxide/oxide 
layer on the AA2024 surface even in low concentration 

(0.001 M). This action of Co ions based on the reduction 
of mass-transfer-limited current densities linked with oxy-
gen reduction at cathodic reaction. On the other hand, due 
to the adsorption ability with oxide metal, Co2+ ions can 
reinforce passive barrier layer with Al, O2 formed at sur-
face metallic. By the improvement of surface deposit lay-
er, the anodic current decreases at high concentration of 
cobalt.

The Co2+ cations could rapidly leach from the co-
balt-exchange silica (Co/Si) to electrolyte solution. By 
the way, in the coating, it releases as soon as the pene-
tration of the electrolyte solution to reach the coat-
ing/metal interface. The reaction of the Co2+ cations in 
the interface could improve the hydroxide/oxide layer on 
the AA2024 surface and then clog the bottom pores in 
the coating to maintain the barrier effect during the test. 
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