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Abstract: Al alloys offer excellent physical and mechanical properties, such as a low density,
high specific strength, and good ductility. However, their low corrosion resistance has restricted their
application in corrosive environments. There is a need, therefore, for a novel coating technology that
is capable of improving the corrosion resistance of Al alloys. In the present study, we examined a
steam-based method of forming a corrosion-resistant film on Al alloys. Al-Mg-Si alloy was used as
the substrate. The cleaned substrates were set in an autoclave with ultrapure water as the steam
source and processed using different temperatures and holding times, resulting in the formation
of anticorrosive films on the alloy. FE-SEM images of the film surfaces showed that plate-like
nanocrystals were densely formed over the entire surface. XRD patterns indicated that the film was
composed mainly of AlOOH crystals. The potentiodynamic polarization curves revealed that the
corrosion current density of the film-coated substrates significantly decreased, and that the pitting
corrosion was completely suppressed, indicating that the corrosion resistance of the Al-Mg-Si alloy
was improved by the film formed by means of steam coating.

Keywords: steam coating; aluminum alloy; corrosion resistance; pitting corrosion; potentiodynamic
polarization

1. Introduction

Given the lightness of Al, Al alloys are frequently used as structural materials. The superior
mechanical and physical properties of these alloys make them ideal for use as structural materials.
These properties include a high strength-to-weight ratio, good formability, high thermal conductivity,
and excellent recyclability. Given these properties, Al alloys have found numerous applications in a
wide range of industries, including automobiles, building, and heat-transfer components.

One series of Al alloys, namely, Al-Mg-Si alloy (AA6000 series aluminum alloy), has been utilized
to fabricate lightweight automobile body panels due to its good precipitation-hardening response at
the temperature that was used to cure the paint applied to the vehicle (approximately 170–180 ◦C) [1–6].
Al-Mg-Si alloys are lightweight medium-strength heat-treatable Al alloys with an excellent combination
of cost-effective engineering properties that makes them ideal for a wide range of applications,
from the transportation [7,8] and building industries [9] to high-voltage power transmission [10].
Despite their outstanding advantages as structural materials, however, Al-Mg-Si alloys also have some
disadvantages. Among these is their inadequate corrosion resistance, which occasionally restricts the
environments to which they can be applied. The recent increase in interest in these alloys, particularly
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for automotive panel applications, has led to intense research into means of improving their corrosion
resistance through the development of new coating techniques, and thus enables the use of Al-Mg-Si
alloys as a structural material.

When Al alloy surfaces are not protected by anodizing and/or a suitable coating process,
they develop a protective layer of aluminum oxide. This natural oxide film is extremely thin
(nanometer scale), so may not always be capable of protecting an Al alloy. The thickness of the oxide
depends on the type of the Al alloy, with the thickness of that which forms on an Al-Mg-Si alloy being
reported to be 3–5 nm [11]. This is too thin to protect the alloy from corrosion. Given this background,
various surface treatments have been developed to improve the corrosion resistance of these alloys.
Electroplating [12], anodization [13–15], and chemical conversion treatment [16] are representative
surface treatments used industrially for many types of Al alloy. Recently, several new coating
techniques have been developed for these alloys, including plasma electrolytic oxidation coating
(PEO-coating) although, strictly speaking, this is an anodizing technique [17–19]. A major disadvantage
of these methods is that the liquid waste that they produce requires treatment prior to its disposal,
and incurs a risk of environmental pollution due to the heavy metal ions that are involved. Therefore,
there is a strong demand for an environmentally friendly means of treating Al alloys.

Steam coating technology was originally developed to improve the corrosion resistance of Mg
alloys [20–22]. Steam coating technology produces a dense film on the surface of a metal using steam,
which is produced in a pressure vessel, i.e., an autoclave. The main advantage of steam coating is
that it uses only water, dispensing with the need for chemicals, making it an environmentally friendly
coating technique. Using this method, protective films can be grown directly on a substrate, such that
the film exhibits excellent adhesion to the substrate. Furthermore, the process can be applied to
components with complicated shapes and large substrates. Finally, steam coating does not require
any pre-treatment. Instead, the metal reacts with the steam to produce a hydroxide layer. The type of
metal determines the resulting layer. In the case of AZ31 magnesium alloy, the film which forms on
the substrate as a result of the steam coating consists of Mg(OH)2 and Mg–Al LDH [20,21]. In contrast,
in AZX612 magnesium alloy, AlOOH is simultaneously formed with the Mg(OH)2 and Mg–Al LDH,
due to the different compositions of solute elements in the alloy [23]. Thus, it would be a challenge to
apply steam coating technology to the creation of a corrosion-resistant film on an Al alloy.

In the present study, steam coating was applied to an Al-Mg-Si alloy, and the resultant film was
characterized and evaluated by electrochemical measurements. In particular, pitting corrosion behavior
was investigated because this property of the alloys is particularly significant when they are applied as
structural materials. The objective of the present study is to develop a new coating technology that is
environmentally friendly, and thus contributes to the creation of a sustainable society.

2. Materials and Methods

2.1. Substrate

An Al-Mg-Si alloy with a size of 20 mm × 20 mm was used as the substrate. The chemical
composition of the alloy is listed in Table 1. The chemical composition is the same as that of AA6022.
The alloy was supplied as 1.0-mm cold-rolled sheets.

Table 1. Chemical composition of alloy used in the present study (wt %).

Mg Si Cu Mn Fe Cr Zn Ti Al

0.59 0.96 0.01 0.05 0.18 0.04 0.01 0.02 Bal.

2.2. Steam Coating

The substrates were ultrasonically cleaned in absolute ethanol for 10 min. The cleaned specimens
were then set in an industrial autoclave. The steam coating was performed using a horizontal autoclave



Coatings 2018, 8, 23 3 of 11

made of stainless steel with a volume of 10 m3. The autoclave was a cylindrical with a diameter
of 1.5 m and the length of 2.7 m. Ion-exchanged water was used as the steam source. A flow
of temperature-controlled steam between 160 ◦C and 180 ◦C was introduced into the autoclave.
The pressure was also set to 0.6 MPa at 160 ◦C, 0.75 MPa at 170 ◦C, and 0.95 MPa at 180 ◦C. The steam
coating process was conducted for 0.5–1 h. Once the required holding time had elapsed, the autoclave
was allowed to cool naturally to room temperature, resulting in the formation of an anticorrosive film
on the Al alloys. A schematic illustration of the steam coating technology is shown in Figure 1.
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Figure 1. Schematic of proposed steam coating technique.

2.3. Film Characterizations

The resultant films were characterized as follows. The surface morphologies of the anticorrosive
films on the Al-Mg-Si alloy substrates were observed using a field emission scanning electron
microscope (FE-SEM; JSM-7610F, JEOL Ltd., Tokyo, Japan), operating at 15 kV. The crystal phase
of the obtained film was identified using glancing-angle X-ray diffraction (GAXRD; Ultima IV, Rigaku,
Tokyo, Japan), at a glancing angle of 1◦ with Cu Kα radiation (40 kV, 40 mA) within a range of 5◦–80◦

and at a scanning rate of 2θ = 4◦ min−1.
The corrosion resistance was estimated by electrochemical measurements. All of the

electrochemical measurements were performed using a 5.0 wt % NaCl aqueous solution and
a computer-controlled potentiostat (VersaSTAT4, Princeton Applied Research). The film-coated
Al-Mg-Si alloy and a platinum mesh were used as a working and counter electrode, respectively.
Saturated Ag/AgCl was used as the reference electrode. The specimens were immersed in a NaCl
solution for 30 min at room temperature with removing oxygen prior to testing to allow for the
system to stabilize, and then potentiodynamic polarization curves were obtained with respect to the
open circuit potential (OCP) at a scanning rate of 10 mV·s−1, from −100 mV to +800 mV. The total
exposed surface area was 1 cm2. The corrosion potential, Ecorr, and corrosion current density,
icorr, values were determined from the experimental potentiodynamic curves using the CorrView
program to obtain the fitting parameters. An immersion corrosion test was conducted to evaluate the
corrosion resistance of the specimens that were subjected to the steam coating. The sample surface,
measuring 20 mm × 20 mm × 1.0 mm, was exposed to a 5.0 wt % NaCl solution. The remaining surface
was sealed with Teflon tape. The temperature of the NaCl solution was held at 35 ◦C. The specimens
were immersed in the NaCl solution for up to 48 h. The solution was renewed every 12 h. After the
immersion corrosion test, the appearance of the surface was observed, followed by the surface
morphologies and the crystal structure was analyzed using FE-SEM and XRD, respectively.

3. Results

3.1. Characterization of Film

The appearances of the films prepared by steam coating at 160 ◦C, 170 ◦C, and 180 ◦C for 1 h
are shown in Figure 2. When compared to the appearance of the as-received, uncoated material,
the surface was uniformly covered with a matt film, which had been successfully formed on the
Al-Mg-Si alloy substrate. In general, if a surface treatment is effective for pure Al, it will often fail
to work with Al alloys, because some components of the Al alloys suppress the formation of the
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films [24,25]. Non-uniform microstructures, such as the second-phase particles in an aluminum alloy,
play a major role in the passivity breakdown and pit morphology of aluminum alloys in seawater [26,27].
In addition, Idrac et al. [28] indicated that non-uniform microstructures in an Al-Cu alloy resulted in
pitting susceptibility in galvanic corrosion.

The difficulties associated with surface treatment usually depend on the type of the Al alloy,
with multi-component alloys, such as Al-Mg-Si and Al-Zn-Mg, being the most problematic. The film
formed on those substrates treated at 180 ◦C was much more uniform than that formed at
lower temperatures.
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SEM images showing the surfaces of the specimens subjected to steam coating at 160 ◦C, 170 ◦C,
and 180 ◦C, for various durations, are shown in Figure 3. Needle or lath-like crystals were clearly
observed on the surfaces of all the specimens. The crystals completely covered the surface, and the
distribution of the crystal size was small, regardless of the process conditions. The typical length of the
crystals was 50–300 nm, while their width was 14–20 nm. Both the length and width increased slightly
with the treatment temperature and holding time. A cross-sectional view of the vicinity of the interface
between the film and substrate is shown in Figure 4. The film was found to be perfectly dense and the
thickness of the film was approximately 1.2 µm. No minute pores were observed in either the film or
the interface. There were no compounds at the interface, suggesting that the adhesion between the
film and substrate is superior. Such a dense film should be resistant to corrosion.

Figure 5 shows the XRD profiles of the films prepared at 160–180 ◦C for up to 1 h. Several peaks
corresponding to aluminum hydroxide, i.e., Boehmite, γ-AlOOH were observed for all of the specimens.
In contrast, the peak corresponding to AlOOH was not observed for the as-received specimen. Two sets
of peaks corresponding to Mg2Si, Al-Fe-Si were also observed for all of the specimens, including the
as-received specimen. Those compounds could be derived from the substrate, which forms in the
alloy prior to the steam coating. All of the films consisted of aluminum hydroxide, regardless of the
treatment temperature and duration.
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The thermodynamics of aluminum–water reactions were considered to discuss the chemical
reactions that occur during steam coating. The following reactions between the aluminum and water
could occur between room temperature and the melting point of aluminum (660 ◦C):

2Al + 6H2O = 2Al(OH)3 + 3H2 (1)

2Al + 4H2O = 2AlO(OH) + 3H2 (2)

2Al + 3H2O = Al2O3 + 3H2 (3)

The first reaction forms the aluminum hydroxide known as gibbsite (Al(OH)3) and hydrogen,
the second reaction forms the aluminum hydroxide, known as boehmite (AlOOH) and hydrogen,
while the third reaction forms aluminum oxide and hydrogen. All of these reactions are
thermodynamically favorable from room temperature to a point beyond the melting point of aluminum.
They are all highly exothermic. From room temperature to 280 ◦C, the Al(OH)3 is the most stable,
while AlOOH is the most stable from 280 ◦C to 480 ◦C. Above 480 ◦C, Al2O3 is the most
stable [29]. The steam coating was performed between 160 ◦C and 180 ◦C, which is lower than
the temperature at which AlOOH forms, given the change in the energy required for formation in the
pressurized autoclave. The state of the water, including the liquid and gas phases, is summarized in a
general pressure–temperature diagram for water. The reaction field is regarded as being a balanced
field of subcritical water as the liquid phase and saturated steam as the gas phase. The subcritical
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water exists at temperatures between the atmospheric boiling point and the critical temperature of
water (374 ◦C). Thus, the most significant chemical reaction occurring during the steam coating process
was that defined by Equation (2).

The reaction field existing during steam coating is unique, in that two phases, steam and
subcritical water coexist. The two phases are gas and liquid. With this unique reaction field,
AlOOH crystals formed. Furthermore, the nucleation frequency of AlOOH crystals increased as
a result of restricting the supply of OH− ions, which is necessary to form AlOOH. Thus, a dense
corrosion-resistant film is successfully formed, thus improving the corrosion resistance of the Al alloys.

3.2. Evaluation of Corrosion Resistance

The steam-coated film on the Al-Mg-Si alloy was characterized from the viewpoints of appearance,
crystal structure, and surface morphology. The corrosion resistance of the film was evaluated by
electrochemical measurements. The following is an example of the evaluation of the corrosion
resistance of the film-coated Al alloys, as determined by electrochemical measurements.

The corrosion resistance of the film formed on Al-Mg-Si was determined from potentiodynamic
polarization curve measurements. The potentiodynamic polarization curves of those specimens
subjected to steam coating at 160 ◦C and 180 ◦C for 1 h are shown in Figure 6. As a control,
the potentiodynamic polarization curve of untreated Al-Mg-Si alloy is also shown in Figure 6a.
The corrosion potentials (Ecorr) and corrosion current densities (icorr) of the as-received Al-Mg-Si alloy
and the samples prepared by steam coating under various conditions, as obtained from the Tafel
slopes of the polarization curve, are listed in Table 2. The Ecorr and icorr values of the sample that
were treated at 180 ◦C for 1 h were estimated to be −0.75 V and 4.8 × 10−8 A/cm2, respectively.
The corrosion current density value, icorr, of the film-coated Al-Mg-Si alloy decreased by more than one
order of magnitude, relative to the uncoated Al-Mg-Si alloy, while the corrosion potential values, Ecorr,
exhibited no obvious differences. Furthermore, pitting corrosion was not observed in the film-coated
Al-Mg-Si alloy only when the steam coating was conducted at the higher temperature, that is, 180 ◦C.
The steam-coated samples of the Al-Mg-Si alloy were found to have a positive potential and a lower
current density than the uncoated sample, indicating that the steam-coated sample offered better
corrosion resistance. Thus, a novel method of preparing an AlOOH film on an Al alloy by steam
coating was successfully established. The corrosion resistance of the film-coated Al-Mg-Si alloy was
thus superior to that of bare alloy, due to the formation of the composite film by steam coating.
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Table 2. Fitting results of potentiodynamic polarization curves of as-received and film-coated specimens
immersed in NaCl solution.

Specimen Ecorr (V vs. Ag/AgCl) icorr (A cm−2)

As-received −0.88 2.6 × 10−7

Steam coating (160 ◦C, 1 h) −0.72 8.7 × 10−8

Steam coating (180 ◦C, 1 h) −0.75 4.8 × 10−8

3.3. Evaluation of Anticorrosive Film by Immersion Corrosion Test

An immersion corrosion test was performed to evaluate the pitting corrosion properties of the
bare Al-Mg-Si alloy and the film-coated Al-Mg-Si alloy. The appearance of the surfaces of the uncoated
specimen and that subjected to steam coating at 180 ◦C for 1 h, after an immersion test in salt water
for various durations, are shown in Figure 7. Low-magnification and high-magnification SEM images
showing the surface morphologies of (a) the uncoated specimen and (b) the specimen subjected to
steam coating at 180 ◦C for 1 h, after immersion in salt water for various durations, are shown in
Figures 8 and 9, respectively. The appearance of the surface of the specimen that was subjected to
steam coating at 180 ◦C for 1 h exhibited no damage at all, even after saltwater immersion for 48 h.
In contrast, considerable pitting corrosion was observed on the as-received specimen, even after
only 6 h of saltwater immersion. The natural oxide film had failed, revealing the bare Al substrate,
as shown in Figure 8a. The number of cracks increased with the immersion time. At the same time,
the width of the cracks increased with the immersion time in the case of the uncoated specimen.
On the other hand, the surface of the specimen with the anticorrosive film remained totally covered
with AlOOH nanocrystals, as shown in Figure 8b, while the size of the AlOOH nanocrystals was
quite uniform, as shown in Figure 9b.
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Figure 9. High-magnification SEM images showing surface morphologies of (a) uncoated specimen
and (b) specimen subjected to steam coating at 180 ◦C for 1 h, after saltwater immersion for up to 48 h.

The GAXRD profiles of the uncoated specimen and the specimen subjected to steam coating
at 180 ◦C for 1 h are shown in Figure 10. Figure 10a,c are the profiles of the specimens before the
immersion corrosion test, while Figure 10b,d are the profiles for the specimens after the saltwater
immersion test at 35 ◦C for 48 h. No significant change was observed in either the uncoated or
film-coated Al-Mg-Si alloys. The oxidation of the aluminum produces Al(OH)3, which is insoluble in
water and precipitates as a white gel [30]. In the XRD profiles for the specimen after the immersion
corrosion test, the reflection corresponding to Al(OH)3 was not observed for either the uncoated or
film-coated Al-Mg-Si alloys.
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Figure 10. Glancing-angle X-ray diffraction (GAXRD) profiles of (a,b) uncoated specimen and
(c,d) specimen subjected to steam coating at 180 ◦C for 1 h. (a,c) before the saltwater immersion
test and (b,d) after the saltwater immersion test at 35 ◦C for 48 h.

The polarization curves of the as-received specimen and that subjected to steam coating at 180 ◦C
for 1 h after saltwater immersion for 48 h are shown in Figure 11a. The appearance of the surface of the
as-received specimen and that subjected to steam coating at 180 ◦C for 1 h, both before and after the
saltwater immersion test for 48 h, are also shown in Figure 11b. The microcorrosion was observed at a
potential of −0.99 V. The pitting corrosion continued to be suppressed by the steam coating even after
saltwater immersion for 48 h. On the other hand, the dissolution of aluminum was frequently observed
on the anode branch in the case of the uncoated specimen. The Tafel slopes (ba: anodic Tafel constant;
bc: cathodic Tafel constant) obtained from the polarization curve for both specimens are shown in
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Table 3. The Ecorr and icorr values for the anticorrosive-film-coated Al-Mg-Si alloy were estimated to be
−1.16 V vs. Ag/AgCl and 8.2 × 10−8 A cm−2, respectively. These results were interpreted as implying,
in the case of the uncoated specimen, that the dominant reaction was the dissolution of the aluminum
because the pitting already existed due to the saltwater immersion for 48 h. On the other hand, in the
case of the film-coated specimen, the film prevents the dissolution of the aluminum when compared
with the bare specimen, such that a corrosion reaction is suppressed by the applying the steam coating
for the alloy.
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Table 3. Tafel plot measurement of potentiodynamic polarization curves of as-received and film-coated
specimens after immersion in NaCl solution for 48 h.

Specimen Ecorr (V vs. Ag/AgCl) icorr (A cm−2) ba (V/Decade) bc (V/Decade)

Steam coating (180 ◦C, 1 h) −1.16 8.2 × 10−8 0.069 0.104

4. Conclusions

The preparation of a corrosion-resistant AlOOH film on Al alloys was considered.
A steam-coating technology was successfully established for preparing an anticorrosive film on
Al-Mg-Si alloys. The film prepared on these alloys consisted mainly of aluminum hydroxide,
AlOOH. The potentiodynamic polarization curves of the film-coated and uncoated Al-Mg-Si alloy,
after immersion in a 5 wt % NaCl aqueous solution for 1 h, revealed that the corrosion current
density values, icorr, of the film-coated Al-Mg-Si alloy decreased by approximately one fifth relative to
the uncoated Al-Mg-Si alloy. The corrosion current density values, icorr, of the film-coated Al-Mg-Si
alloy changed with the steam-coating conditions. In contrast, the corrosion potential values, Ecorr,
exhibited no obvious differences. Furthermore, no pitting corrosion occurred in the film-coated
Al-Mg-Si alloy. Thus, a novel means of preparing an AlOOH film on an Al alloy by steam coating was
successfully established. The corrosion resistance of the film-coated Al-Mg-Si alloy was improved when
compared to that of the bare alloy due to the formation of the AlOOH-based film via steam coating.
Even after immersion in a NaCl solution for 48 h, the pitting corrosion did not occur on the Al-Mg-Si
alloy that had been film coated using the steam coating method. The improvement in the corrosion
resistance of the film-coated Al-Mg-Si alloy was considered to be due to the formation of a dense film
without a release of the anticorrosive film from the substrate. Surface modification by controlling the
chemical reaction during the steam process improved the corrosion resistance of the Al-Mg-Si alloy
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and also suppressed the pitting corrosion. This would enable the wider application of the alloy in
the automotive, building, power transmission, and heat transfer industries.
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