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Micro-arc oxidation (MAO) is an attractive process for the fabrication of protective coatings on aluminum alloys used in many
industrial applications, such as automotive, structural and aerospace. However, improvements in the corrosion resistance of
aluminum alloys upon covering their surfaces with MAO coating may not be sufficient for extending the service life of the
components utilized in harsh environments. In the present study, the MAO coating formed on a 6061 aluminum alloy was sealed
using a stearic acid treatment. In the scope of the present study, the surface and cross-sectional microstructures and the phases of
the MAO coatings were analyzed using scanning electron microscopy (SEM) and X-ray diffraction (XRD) techniques,
respectively. The wettability and surface roughness of the samples were measured by goniometer and profilometer, respectively.
The corrosion resistance was assessed by long-term immersion in 3.5 % of mass fractions NaCl solution. Finally, it is concluded
that sealing of the MAO coating by stearic acid treatment significantly improved the corrosion resistance of the 6061 quality
aluminum alloy as compared to the untreated state and the unsealed MAO state.
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Oksidacija v mikroobloku (MAO) je zanimiv postopek za izdelavo zaS¢itnih nanosov na aluminijevih zlitinah, ki se jih uporablja
v Stevilnih industrijah, kot je avtomobilska, gradbeniStvo in letalstvo. Vendar pa izboljSanje korozijske odpornosti aluminijevih
zlitin po prekritju z MAO nanosom ni dovolj veliko za podalj$anje zdrzljivosti komponent, ki se jih uporablja v kislih okoljih. V
Studiji je bila plast MAO, ki je nastala na zlitini aluminija 6061, zatesnjena z obdelavo s stearinsko kislino. V okviru te Studije,
so bile analizirane povrSine in mikrostrukture preseka in faze v MAO nanosu, s pomocjo elektronske vrsticne mikroskopije
(SEM) in z rentgensko difrakcijo (XRD). Omocljivost in hrapavost povrSine vzorcev sta bili izmerjeni z goniometrom in s
profilometrom. Korozijska odpornost je bila dolo¢ena z dolgotrajnim namakanjem v 3,5 % raztopini NaCl. Ugotovljeno je bilo,
da tesnjenje MAO nanosa z obdelavo v stearinski kislini, moc¢no izbolj$a korozijsko odpornost aluminijeve zlitine 6061 v

primerjavi z neobdelanim stanjem ali z nezatesnjenim MAO.

Kljucne besede: aluminijeva zlitina, oksidacija v mikroobloku, kerami¢en nanos, tesnjenje, korozija

1 INTRODUCTION

Aluminum alloys are the most commonly used
weight-saving materials and preferred especially in the
automotive, aerospace, military, marine and rail indus-
tries owing to their excellent mechanical properties, such
as a high strength/weight ratio, resilience under static
and dynamic loading, and good formability.!> Aluminum
alloys are known for their good corrosion resistance due
to the natural oxide film on their surface, consisting of
oxyhydroxides (a¢-AlOOH, diaspore; y-AIOOH,
boehmite or pseudo-boehmite) or aluminum hydroxides
(Al(OH)s, gibbsite bayerite) with a thickness of 4-10
nm. The oxide film is formed at any temperature when
the aluminum alloy contacts with air or an oxidizing
medium.’ However, this natural oxide layer is not
sufficiently protective against chloride-containing media.
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The high solubility of the natural oxide film in the chlo-
ride ions containing media leads to severe corrosion after
a relatively short service life.® Chloride ions are greatly
absorbed on the natural oxide film and cause deep rup-
tures into the surface.” The generation of these ruptures
and the dissolution of the oxide phases disrupt the film
continuity and cause the propagation of corrosion. To
overcome the corrosion-related problems, the interaction
of the surface and corrosive environment must be discon-
nected. Therefore, the studies were concentrated on sur-
face modification such as micro-arc oxidation (MAO),
hard anodizing, physical vapor deposition (PVD), laser
surface treatment, cold spraying (CS) and sol-gel.>!!
MAO is a technique that can be used to fabricate
ceramic coatings on the surface by the plasma-assisted
electrochemical conversion of aluminum. The ceramic
coating consists mainly of a multi-layer structure which
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is comprised of a relatively dense polycrystalline layer of
alpha-alumina (a-Al,O;) as the inner layer, and a more
porous gamma-alumina (y-Al,Os) layer as the outer
layer. In the scope of wear and corrosion resistance,
alumina coatings exhibit better surface properties than an
aluminum substrate.!> Although previous studies have
shown that the MAO treatment remarkably enhances the
corrosion resistance of the aluminum alloys, the corro-
sion protection of the coating may fail under highly con-
centrated corrosive media and/or longer periods of inte-
raction between the corrosive media and the coating.
Moreover, the MAO coatings have micro-pores on the
surface and cracks due to the nature of the oxide-forming
mechanism and the thermal stresses generated by rapid
cooling. Unfortunately, corrosive media can move along
the cavities of the alumina coating and reach the alumi-
num substrate, which causes the generation of corrosion
under the coating.!3-1

In this respect, a post-treatment is required to impro-
ve and extend the corrosion resistance of the MAO coat-
ing on an aluminum alloy. The sealing is a cost-effective
and simple post-treatment that provides the closure of
micro pores and micro cracks in order to hinder the mi-
gration of the corrosive media through the alumina coat-
ing.!6-20

The present study is aimed at improving the corro-
sion resistance of MAO formed alumina coating by a
simple sealing post-treatment. The sealing treatment was
performed by immersion in a hot stearic-acid-containing
solution. After the microstructural and compositional
analyses, the influence of the sealing treatment on the
wettability and corrosion resistance of the MAO coating
was investigated.

2 EXPERIMENTAL PART

The samples were cut to a size of 15 mm x 15 mm
from 6061 aluminum alloy and ground by SiC abrasive
papers up to #2500. A 30-kW DC power supply with a
stainless-steel container serving as the cathode was used
in the MAO process. The samples treated in an electro-
lyte containing 20 g/L. sodium aluminate (VWR Inter-
national LL.C) and 3 g/L potassium hydroxide (VWR
International LLC) for 5 min with an applied voltage of
450 V in the positive half cycle and 60 V in the negative
half cycle. The pulse frequency and duty cycle were 588
Hz and 60 %, respectively. During the process, the tem-
perature of the electrolyte was below 30 °C using an
external cooling system. After the MAO treatment, sam-
ples were washed with ethanol, distilled water and dried
in air at room temperature. For the sealing treatment, the
samples were immersed in an ethanol solution of
0.1 mol/L stearic acid at 65 °C for 1 h and then dried at
60 °C for 2 h. The untreated alloy, sealed alloy, MAO
treated and sealed MAO treated samples will be coded as
Al-6061, Al-6061+S, MAO, and MAO+S, respectively.

The surface morphology and cross-sectional micro-
structure of the MAO coating were examined with a
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scanning electron microscope (SEM, Hitachi TM-1000).
The phase composition of the MAO coating was iden-
tified by an X-ray diffractometer (XRD, Bruker D8
Advanced) using Cu-Ka radiation (A = 0.154 nm) at
40 kV and 30 mA with a scan range of 20-90°. Contact
angle measurements were performed using a goniometer
(KSV CAM 200). Distilled water was used for the test
and the drop volume was 5 pL. Five measurements were
performed for each sample at room temperature.

The samples were immersed in 3.5 % of mass frac-
tions of NaCl solution for (2, 4, 6 and 14) d to evaluate
the corrosion-resistant performance of the samples. The
samples were removed from the 3.5 % of mass fractions
of NaCl solution, cleaned in deionized water and sub-
sequently in ethanol to remove the remaining NaCl
residues and dried at ambient temperature. The samples
were weighed using an electronic balance with an
accuracy of 0.1 mg before and after the corrosion tests.
The corrosion products were investigated using an ener-
gy-dispersive spectrometer (EDS, Oxford Instruments)
in a Hitachi TM-1000 SEM. The corroded surfaces were
observed by macro photography.
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Figure 1: a) Surface and b) cross-sectional SEM images of the MAO
sample

Slika 1: a) Povrsina in b) SEM-posnetek precnega prereza vzorca
MAO
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3 RESULTS AND DISCUSSION

The surface and cross-section SEM micrograph of
the MAO sample are shown in Figure 1. The coating
showed the typical surface appearance of MAO process.
The surface was covered with a coating containing sphe-
rical micro pores, micro cracks, crater-shaped structures
as the result of the formation of discharge channels
during the MAO process. Micro-cracking of the MAO
coating is mainly associated with the thermal stress
initiated during rapid solidification of the alumina
melted in the discharge tunnel.?’ The micro-pores were
mainly ranged from about 1 um to 3 pm in diameter. The
thickness of the MAO coating was about 12 pm. Cross-
section examinations revealed that the inner section of
the MAO coating was denser than the outer section and
showed a good bonding with the underlying substrate
without any delamination and/or separation.

The XRD spectrum of the MAO-coated sample is
presented in Figure 2. The MAO coating consisted of
aluminum oxides in the form of ¢-alumina (a-Al,O3) and
y-alumina (y-Al,Os). The aluminum peak appeared due
to the penetration of X-ray into the substrate. It is
suggested that the outer sections of the MAO coating
were primarily dominated by y-AlLOs; owing to the
higher cooling rate, while the inner section was mainly
comprised of a- ALOs as a result of more heat input
gained during the MAO process.!>?!

In Figure 3 contact angles measured on the as-re-
ceived alloy (Al-6061), micro-arc oxidized alloy (MAO),
sealed as-received alloy (Al-6061+S) and sealed MAO
applied alloy (MAO+S) are presented. The as-received
6061 aluminum alloy and MAO samples exhibited low
contact angles, as indicated by the high hydrophilicity
and patelliform shape. The three times increase in the
contact angle and the spherical shape of droplets showed
that the stearic acid sealing treatment modified the sur-
face to be more hydrophobic. Earlier studies have re-
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Figure 2: XRD spectrum of the MAO sample
Slika 2: Rentgenogram vzorca MAO
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Figure 3: Contact-angle values of the samples and corresponding
droplet images

Slika 3: Vrednosti kontaktnih kotov vzorcev in ustrezen posnetek
kapljice

ported that hydrophobic surfaces provide relatively better
corrosion protection in liquid media as compared to
hydrophilic surfaces.?>->

The results of the corrosion tests are presented in
Figure 4 as the weight gain of the samples with respect
to the immersion time in 3.5 % of mass fractions NaCl
solution. As a general trend, the weight gain of the sam-
ples increased with an increasing duration time in the
3.5 % of mass fractions of NaCl solution and the highest
weight gain values were obtained from the samples
coded as Al-6061 and Al-6061+S after the immersion
time of 14 d. In order to understand the reason for the
weight gain, the Al-6061 sample immersed in the 3.5 %
of mass fractions of NaCl solution was subjected to SEM
examinations. As can be seen in Figure 5, the surround-
ings of the pits were enriched by chloride species, as
reported previously.’
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Figure 4: Corrosion weight gain — immersion duration plot of the
samples

Slika 4: Pridobivanje teZe zaradi korozije v odvisnosti od trajanja
namakanja vzorcev
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Element wt.%
Magnesium 0.8
Aluminum 95.0

Chlorine

Figure 5: SEM micrograph and corresponding EDS analysis of
Al-6061 sample after immersion in 3.5 % of mass fractions of NaCl
solution for 14 days

Slika 5: SEM posnetek in ustrezna EDS analiza vzorca Al-6061 po
namakanju 14 dni v raztopini 3,5 % NaCl

As the results of following reactions listed below, va-
rious pitting corrosion products such as complex alumi-
num chloride (AICly), aluminum hydroxide (AI(OH)s)
developed on the surface.’

Al > Al + 3¢ (1)
Cl->Cl +e 2)

Al + 4CI - AICI, A3)

Al + 3H,0 - AI(OH), + 3H* )

Among the examined samples, lowest weight gain
was measured for the MAO and MAO+S samples, indi-

cating the good corrosion-protection characteristics of
MAO coatings. The sealing treatment enormously en-
hanced the corrosion resistance of the MAO coating so
that the weight gain of the MAO+S sample was about
five times lower than the MAO sample.

Macro images of the samples after immersion in
3.5 % of mass fractions of NaCl solution for different
durations are depicted in Figure 6. Even after a short
immersion duration in the corrosion media (2 d), the
surface of the as-received 6061 aluminum sample turned
to a dark color and contained many deep and wide pits.
In general, the surface appearance of the sealed sample
(A1-6061+S) exhibited similar features to that of the
prior state of the corrosion test. The prolonged duration
of the immersion also led the progress of corrosion on
the surface of Al-6061+S sample completely. Unlike the
Al-6061 and Al-6061+S samples, there was no severe
pitting or deterioration as the indications of corrosion
progress on the surfaces of MAO and MAO+S samples.
Only a slight darkening and some small pits were ob-
served on the surface of the MAO sample after 14 days
of immersion in 3.5 % of mass fractions of NaCl solu-
tion.

It is obvious that the corrosive media were restricted
to penetrate into the vicinities of the MAO coating by
utilizing a stearic-acid -sealing treatment. Although the
present approach showed a promising solution for corro-

Al-6061 MAO

Al-60614+S

2 days

MAO+S

4 days

6 days

14 days

Figure 6: Macro images of the samples after immersion in 3.5 % of mass fractions of NaCl solution for different immersion times
Slika 6: Makroposnetek vzorca po razli¢no dolgem namakanju v 3,5 % raztopini NaCl
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sion protection of aluminum alloys, further studies are
needed to be performed for understanding sealing me-
chanism and characterizing the modified MAO coating
in more detailed.

4 CONCLUSIONS

The combination of MAO and sealing treatment with
stearic acid was successfully applied to a 6061 aluminum
alloy. The results demonstrated that when MAO or
sealing treatments are separately applied the corrosion
resistance of the examined aluminum alloy slightly im-
proved. The sequential application of the MAO and the
sealing treatment (MAO+S sample) provided the best
corrosion resistance for the longest period (14 d) of
immersion in 3.5 % of mass fractions of a NaCl solution.
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