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Summary: Anodic coatings on light metals have a great potential to be an alternative to toxic chromium treatments. This
electrochemical oxidation process is an effective method to improve the corrosion resistance of Mg, Al and their alloys
by forming a protective, typically 1-150 μm-thick layer on their surface. It is possible to conduct anodizing process by
two different approaches: below (typically in acidic solutions) and above breakdown potential (in basic solutions), the
latter known as Plasma Electrolytic Oxidation (PEO) process. The different mechanisms of anodic layer formation lead
to varied morphology of obtained coating. Both types of anodizing have a greater variety of factors that can be easily
modified and affect the final composition and structure of the obtained coatings and their anticorrosive properties.
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1. INTRODUCTION.
Since fossil fuels energy sources are being fast
depleted, the further reduction of their utilization in the
transport and aeronautic industry is a burning topic. One
of the strategies to achieve this goal is a reduction the
weight of the vehicles through the use of light metal
alloys such as aluminium and magnesium.
Al and Mg alloys are very commonly used
lightweight materials because of their unique physical
and chemical properties. Mg is the lightest of the metals
that can be applied in the vehicles engineering, having a
density of 1.74 g/cm3. It is 35% lighter than aluminium
(2.7 g/cm3) and about four times lighter than steel (7.86
g/cm3). Both metals are active elements with low
corrosion resistance predetermined by its atomic
properties and its standard potentials: E˚ = -2.37 VSHE for
Mg, and E˚ = −1.66 VSHE for Al. This makes those metals
highly susceptible to atmospheric and galvanic corrosion,
the latter caused by presence of intermetallic particles in
the alloys. In the presence of humidity and some ions like
Cl- from sea-water, micro-galvanic couplings are formed
between the metal matrix and intermetallic particles
which fast leads to initiation of the corrosion process. The
typical and the most effective way to prevent corrosion
of metal surface is to isolate it from the corrosive
environment by creating a barrier layer.
For a very long time, since 1920’s, the majority of
corrosion protection surface treatments for metals
employed products containing hexavalent chromium as
they possess high efficiency; unfortunately Cr(VI) it is
very harmful for humans and environment. According to
REACH (EC 1907/2006) regulation it is required to
abandon using these compounds by September 2017. The
urgency for their replacement is the main motivation for
our studies. The challenge of such a replacement consists
in meeting the combined requirements of excellent
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corrosion resistance, fatigue performance, adhesion to
paints and primers and of being economically reasonable.
One of the approaches to provide the corrosion
protection of metal surface consists in its electrochemical
treatment in electrolyte, called anodizing. This
electrochemical oxidation process is an effective method
to improve the corrosion resistance of Mg, Al and their
alloys by forming a protective, typically 1-150 μm-thick
layer on their surface. The formed coating is
characterized by good adhesion to the substrate and
comprise a barrier layer that isolates the base material
from aggressive environmental agents. In general, it is
possible to conduct anodizing process by two different
approaches: below (typically in acidic solutions) and
above breakdown potential (in basic solutions). Classical
method of anodizing in a low potentials region and acidic
solution is well applicable for Al alloys but not very
suitable for Mg alloy. It is because the value of PillingBedworth ratio (molar Vox/Vm) for MgO/Mg system is
only 0.81 which leads to a strong cracking of the oxide
coating. Therefore, it is necessary to introduce into Mg
oxide layer other types of chemical species, preferably
with big volume and corrosion resistance, which is
possible only if anodizing is carried out above breakdown
potential by plasma electrolytic oxidation process (PEO).
2. NEW TRENDS ON ANODIZING OF
ALUMINIUM ALLOYS FOR CORROSION
PROTECTION.
As an environmentally friendly alternative to chromic
acid anodizing (CAA) different processes have been
developed based on phosphoric acid anodizing (PAA),
sulfuric acid anodizing (SAA) and mixed electrolytes
such as boric-sulfuric acid anodizing (BSA), phosphoricsulfuric anodizing (PSA), phosphoric-sulfuric-boric acid
anodizing (PSB) or tartaric-sulfuric acid anodizing
(TSA)[1-4].
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The anodized film is normally characterized by a
duplex structure, composed of an inner thin barrier layer
and an outer thicker porous layer. The microstructure
depends on the substrate composition and the anodizing
conditions, ranging from linear porosity, typical of pure
aluminium, to a sponge-like porosity on coppercontaining alloys [5].
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(Figure 2). It is important to notice that microdischarges
can be better controlled using alternating current and
complex waveform designs [10].

Figure 2. Modes of PEO processing.
Figure 1. Schematic diagram of an anodized aluminium
cross-section.
Recent advances in anodizing of aluminium and its alloys
for corrosion protection involve different strategies that
can be summarized as follows [6-9]:
i)
In situ doping: allows the incorporation of
compounds into the anodic oxide film during the
treatment, improving the coating properties. Different
additives have been used for this purpose including:
Ce(SO4)2, Na2MoO4, KMnO4 and adipic acid, Na2MoO4,
KMnO4 and LiNO3.
ii)
Pulse anodizing: non-constant voltage regimes
influence the final oxide morphology and therefore its
properties. Optimization of pulse voltage/current has
been reported to improve significantly the corrosion
properties.
iii)
Post-treatments with inhibitors: this strategy
combines the anodic film passive protection with active
protection provided by the corrosion inhibitors. In
contrasts to base coatings which isolate the whole metal
surface from corrosive media, inhibitors are able to target
specific regions of the metal surface, interact with metal
surface in corrosive media and precipitate in form of an
insoluble compound in the place of coating damage. The
porous structure of the anodic films can be used as
reservoir for the corrosion inhibitors and can be an
excellent base for adhesion of paint and primers which is
a crucial parameter for industrial applications.

3. ADVANCED ANODIZING FOR Mg AND Al:
PLASMA ELECTROLYTIC OXIDATION.
Plasma electrolytic oxidation (PEO), also known as
micro-arc oxidation or spark anodizing, is a surface
modification technique used to produce ceramic-like
coatings on aluminium, magnesium, titanium and other
valve metals. The technique involves the polarization of
the alloy under high voltage causing the dielectric
breakdown, which generates short-lived plasma
microdischarges across the growing oxide. Different
electrical regimes can be used for PEO processes
including DC, AC, unipolar or bipolar pulsed regimes
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The mechanism of formation of PEO coatings is a
complex process including chemical, electrochemical,
thermodynamic and plasma-chemical reactions that has
been described using different models, e.g. dielectric
breakdown, discharge-in-pore, and contact glow
electrolysis [11].
The most common electrolytes are based on silicate,
phosphate, aluminate and fluoride compounds, or
mixtures of thereof and their composition is important for
tailoring the final coating in terms of composition and
morphology [12].
Oxide layers can be developed in a range of 5-150
μm-thick and usually contain crystalline and amorphous
phases with species originating from the substrate and the
electrolyte [10,12]. The coatings generally show 2-3
different layers that can be divided into a dense barrier
layer in the interface substrate/coating, followed by a
intermediate layer with low porosity and a more porous
outer layer (Figure 3 and 4).

Figure 3. Schematic diagram of a 2-layer PEO crosssection.
It is well known that PEO coatings improve the
corrosion and wear behavior of the Mg and Al based
materials acting as a passive barrier. Novel trends for
corrosion protection are focused on the possibility to
grow PEO coatings with a <5 μm thickness fast (socalled "flash-PEO") and offer a “self-healing”
functionality to defects arising during service. Up to day
this is still a challenge, but promising results have been
recently reported. In particular, it is worth to notice the
improved corrosion properties obtained for PEO coatings
on Al alloys with nanocontainers based on Layered
Double Hydroxides (LDHs). LDHs consist of layers of
mixed metal hydroxides separated by layers of anions
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and water and their protective mechanism involves both
the absorption of chloride anions from the corrosive
environment by ion-exchange mechanism and release of
incorporated ionic inhibitors triggered by this process
[14-17].

Figure 4: SEM cross-section of a 3-layer PEO coating on
AA6082 developed in silicate electrolyte

4. OUTLOOK.
Literature analysis shows wide interest in anodic
and/or plasma electrolytic oxidation coatings on Mg and
Al as an alternative to toxic chromium (VI)-based
treatments. Different approaches to improve the
performance of anodic/PEO coatings are currently under
investigation and the most novel trends are focused on
the functionalization of surfaces using inhibitors.

5. ACKNOWLEDGNENTS.
EC funding of ALMAGIC 755515 project, "Aluminium
and Magnesium Alloys Green Innovative Coatings",
through Clean Sky 2, H2020-CS2-CFP04-2016-02 is
gratefully acknowledged.
7. REFERENCES.
[1]
M.Z. Mubarok, Wahab, Sutarno, S. Wahyudi,
Effects of Anodizing Parameters in Tartaric-Sulphuric
Acid on Coating Thickness and Corrosion Resistance of
Al 2024 T3 Alloy, J Minerals and Materials
Characterization and Engineering, 3 (2015) 154-163.
[2]
N. Hu, X. Dong, X. He, J.F. Browning, D.W.
Schaefer, Effect of sealing on the morphology of
anodized aluminum oxide, Corros Sci, 97 (2015) 17-24.
[3]
G. Yoganandan, J.N. Balaraju, Synergistic
effect of V and Mn oxyanions for the corrosion
protection of anodized aerospace aluminum alloy, Surf
Coat Technol, 252 (2014) 35-47.
[4]
G. Yoganandan, J.N. Balaraju, C.H.C. Low, G.
Qi, Z. Chen, Electrochemical and long term corrosion
behavior of Mn and Mo oxyanions sealed anodic oxide
surface developed on aerospace aluminum alloy
(AA2024), Surf Coat Technol, 288 (2016) 115-125.
[5]
R. Elaish, M. Curioni, K. Gowers, A. Kasuga,
H. Habazaki, T. Hashimoto, P. Skeldon, Effect of
fluorozirconic acid on anodizing of aluminium and AA

Material-ES 2019:3(2);16-18

www.sociemat.es/Material-ES
2024-T3 alloy in sulphuric and tartaric-sulphuric acids,
Surface and Coatings Technology, 342 (2018) 233-243.
[6]
F. Mansfeld, C. Chen, C. Breslin, D. Hull,
Sealing of Anodised Aluminium Alloys with Rare Earth
Metal Salt Solutions, 1998.
[7]
F. Mansfeld, Use of rare earth metal salt
solutions for corrosion protection of aluminum alloys and
mild steel, Russian Journal of Electrochemistry, 36
(2000) 1063-1071.
[8]
Y. Chen, A. Santos, D. Ho, Y. Wang, T.
Kumeria, J. Li, C. Wang, D. Losic, On The Generation
of Interferometric Colors in High Purity and Technical
Grade Aluminum: An Alternative Green Process for
Metal Finishing Industry, Electrochimica Acta, 174
(2015) 672-681.
[9]
M. Bononi, R. Giovanardi, A. Bozza, P.
Mattioli, Pulsed current effect on hard anodizing process
of 2024-T3 aluminium alloy, Surf Coat Technol, 289
(2016) 110-117.
[10]
M. Mohedano, X. Lu, E. Matykina, C. Blawert,
R. Arrabal, M.L. Zheludkevich, Plasma Electrolytic
Oxidation (PEO) of Metals and Alloys, Encyclopedia of
Interfacial Chemistry, Surf Sci Electrochem (2018) 423438.
[11]
X. Yua, C. Cao, Electrochemical study of the
corrosion behavior of Ce sealing of anodized 2024
aluminum alloy, Thin Solid Films, 423 (2003) 252-256.
[12]
E.V. Parfenov, A.Yerokhin, R. Nevyantseva,
M.V.Gorbatkov, C.-J.Liang, A. Matthews, Towards
smart electrolytic plasma technologies: An overview of
methodological approaches to process modelling, Surf
Coat Technol, 269 (2015) 2-22.
[13]
A.L.Yerokhin, X. Nie, A. Leyland, A.
Matthews, S.J.Dowey, Plasma electrolysis for surface
engineering, Surf Coat Technol, 122 (1999) 73-93.
[14]
M. Serdechnova, A.N. Salak, F.S. Barbosa,
D.E.L. Vieira, J. Tedim, M.L, Zheludkevich, M.G.S.
Ferreira, Interlayer intercalation and arrangement of 2
mercaptobenzothiazolate and 1,2,3-benzotriazolate
anions in layered double hydroxides: In situ X-ray
diffraction study, J Solid State Chem, 233 (2016) 158165.
[15]
M.L. Zheludkevich, J. Tedim, M.G.S. Ferreira,
“Smart” coatings for active corrosion protection based on
multi-functional
micro
and
nanocontainers,
Electrochimica Acta, 82 (2012) 314-323.
[16]
M. Serdechnova, M. Mohedano, B. Kuznetsov,
C. Mendis, M. Starykevich, S. Karpushenkov, J. Tedim,
M. Ferreira, C. Blawert, M. Zheludkevich, PEO Coatings
with Active Protection Based on In-Situ Formed LDHNanocontainers, J Electrochem Soc, 164 (2017) C36C45.
[17]
M. Mohedano, M. Serdechnova, M.
Starykevich, S. Karpushenkov, A.C. Bouali, M.G.S.
Ferreira, M.L. Zheludkevich, Active protective PEO
coatings on AA2024: Role of voltage on in-situ LDH
growth, Materials & Design, 120 (2017) 36-46.

18

