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Abstract: The objective of this study was to improve the corrosion resistance of an A535 alloy by
removing intermetallics on the alloy surface by alkaline etching to improve the morphologies and
properties of the anodic film that was sealed with different sealants. It was found that alkaline etching
for 4 min was suitable for dissolving intermetallic particles and simultaneously providing sufficient
roughness for the adhesion of an oxide film to the Al matrix. The effect of alkaline etching revealed
that a decrease in the intermetallic fraction from 21% to 16% after etching for 2 and 4 min, respectively,
corresponded to the increase in the surface roughness, thickness, and consistency of the anodic film. It
was also demonstrated that the surface morphology of the anodic films after stearic acid sealing was
more uniform and compact than that after nickel fluoride sealing. The electrochemical polarization
curves and salt spray test proved that the alloy etched for 4 min and sealed with stearic acid had
better corrosion resistance as compared with the aluminum alloy sealed with nickel fluoride.

Keywords: A535 aluminum alloy; microstructure; intermetallic particles; etching; hardness;
corrosion resistance

1. Introduction

A535 aluminum–magnesium casting alloy is widely used in marine and other corrosive-
prone applications due to excellent resistance to corrosion in seawater, and heat treatment
and natural aging are not required to reach maximum properties [1,2]. Moreover, alu-
minum casting alloys have clear economic advantages over wrought alloys, such as mass
production of net-shape components and no requirement for homogenization [3]. However,
the critical problem of corrosion resistance in Al–Mg cast alloys with more than 3 wt.%
Mg is a number of intermetallic phases, which makes it challenging to enhance corrosion
resistance by the anodizing process. Furthermore, these alloys have increased susceptibility
to corrosion [4,5], which relates to the precipitation of Mg-rich intermetallic compound
(IMC) particles at grain boundaries and the free sample surface [6,7], affecting the stress cor-
rosion cracking [8,9] and the properties of oxide films [10]. Previous work investigated the
corrosion behavior of an Al–Mg alloy (5A06) and found that the Si containing intermetallics
were embedded in the anodic film surface [11]. It was also reported that the active Al3Mg2
intermetallic with a lower corrosion potential of about −1.29 V vs. the saturated calomel
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electrode (SCE), as compared with −0.73 V vs. SCE for the matrix, led to the increased
anodic activity in the corrosive environment [5].

Anodizing is an electrochemical finishing process, forming porous anodic oxide films
consisting of an inner block layer and an outer porous layer, which significantly improves
corrosion resistance of the alloys [3]. It is commonly used to improve corrosion resistance of
aluminum alloys for military and seawater applications [12]. The application of anodizing
to cast alloys (that provides the corrosion resistance without homogenization treatment)
is considered to be more challenging than for wrought aluminum alloys because of the
formation of Al–Mg and Al–Mg–Mn IMCs embedded in the aluminum matrix, which
prevents the formation of a uniform anodic film [12]. It was also reported that anodizing
often resulted in defects around IMC particles [13,14]. As a result, painting is commonly
used instead of anodizing to increase the corrosion resistance of cast products. However,
in this way, the corrosion resistance of aluminum castings is lower than that obtained by
anodizing because anodic films are usually much stronger and better adherent as compared
to paint and metal plating [15,16]. Thus, a better understanding of the anodization on
aluminum castings is necessary to overcome this drawback.

Surface pretreatments can play a significant role in enhancing the corrosion protection
performance through controlling an appropriate surface roughness, which can result in
stronger adhesion between the anodic film and the aluminum substrate [17]. Moreover,
mechanical polishing and electropolishing can reduce surface roughness, assuring the
surface quality for high quality anodic oxide film [18,19]. On the other hand, the formation
of a porous structure on the surface can be due to the removal of intermetallics from the
matrix by surface treatment [11]. Therefore, the anodic oxide films are heterogeneous, and
corrosion resistance can be adversely affected. To obtain a consistent oxide film with good
properties, surface pretreatment must be carefully selected. Different techniques to clean the
natural surface oxides and to reduce the number of intermetallic compounds on the surface
have been suggested [20]. Sealing treatment is a chemical process to reduce the porosity of
oxide layers and improve the corrosion resistance of aluminum alloys [21,22]. In the case
of nickel fluoride cold sealing, the pores are filled with aluminum hydroxide, aluminum
fluoride, and nickel hydroxide on the top of the anodic oxide at low temperature [23,24].
However, the use of nickel or fluoride anions should be avoided due to health and safety
regulations and the management of the wastewater treatment. Therefore, the use of green,
non-toxic acids, such as long-chain organic stearic and isosteric acids, to seal the anodic
oxide layer of anodized aluminum alloys have been developed [25,26]. Recent work
reported that the mixed sealing using modified nickel fluoride in cold sealing decreased
the corrosion current density, which enhanced the corrosion resistance of an anodized
aluminum alloy [27]. In our previous work, we found that the corrosion resistance of an
A535 alloy can be improved using stearic sealing [28]. However, such aluminum alloys
contain high content of magnesium, silicon, and copper as alloying elements, which form
intermetallics that impede anodizing and sealing [29,30]. Thus, there is a need for surface
treatment that can remove intermetallics on the surface.

Thus, this research aims to study the effect of intermetallic removal by alkaline etching
in a pretreatment process on the anodic oxide layer and to compare the effects of nickel
fluoride and steric acid sealing on the properties of the anodic oxide layer and, eventually,
on the corrosion resistance of an anodized A535 alloy. The alloy was anodized in a sulfuric–
oxalic mixed acid modified with aluminum sulfate addition as a corrosion inhibitor and
sealed in nickel fluoride or stearic acid. Morphologies of the etched surface and anodic
oxide films were observed by scanning electron microscopy (SEM). Anodic oxide film
hardness tests were conducted using a micro-Vickers hardness tester. Salt spray and
electrochemical tests were used to characterize the corrosion resistance of the oxide film
with respect to the alkaline etching and sealing treatment.
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2. Materials and Methods
2.1. Materials

An AlMag35 or A535 aluminum-magnesium casting alloy was used in this study. The
experimental alloy was prepared in a silicon carbide crucible in an induction furnace at a
temperature of 750 ◦C from 99.9 wt.% pure Al, 99.5 wt.% pure Mg, 100 wt.% pure crystal Si,
Al-20 wt.% Mn, Al-10 wt.% Ti, and Al-20 wt.% Fe master alloys. To minimize gas porosity
and clean the liquid metal of entrained oxides, argon bubble technique and cover fluxes
were used to trap the oxides in the molten alloy dross, which was removed before casting.
Next, the alloy melt was poured into a cylindrical copper mold (30 mm diameter, 40 mm
height), which permitted a uniform cooling rate. The pouring temperature was kept at
650 ◦C. The chemical composition of the alloy was inspected using an optical emission
spectrometer (OES), and the results are shown in Table 1. Microstructure of the as-cast alloy
was observed by optical microscope (Zeiss model Axiolab 5)

Table 1. Chemical composition of an A535 Al-Mg casting alloy (wt.%).

Element Al Si Mg Fe Mn Ti Cr Cu

Balance 0.2 7.03 0.15 0.17 0.13 <0.01 <0.01

2.2. Surface Preparation

The cast cylinder was cut into several discs. Each disc had dimensions of 30 mm
diameter and 5 mm thickness. The discs were used as samples in this study. Surfaces of each
disc were mechanically–chemically treated as follows. First, samples were polished with
silicon carbide (SiC) abrasive papers of decreasing granulometry. Next, the microstructure
was observed in the center of the specimen to avoid a chill zone effect using an optical
microscope. Subsequently, the specimens were etched (alkaline etching) by immersion in
sodium hydroxide 5% weight by volume in aqueous solution at 45–50 ◦C with various
durations of the etching from 1 to 4 min before desmutting by immersion in 25 vol.% nitric
acid for 2 min and DI water for 30 s.

The samples were cleaned with DI water in order to determine effects of alkaline
etching on the anodic oxide film. An average surface roughness (Ra) of the samples was
determined by a surface roughness tester (Taly Surf Series 2, Taylor-Hobson, Leicester,
England). Five measurements of Ra were obtained for each sample to reflect the amount
of intermetallic compound remaining at the surface after alkaline pretreatment. The area
fraction of intermetallic on the surface after alkaline etching was also determined by image
analysis (ImageJ software 1.53k, Wayne Rasband and contributors, National Institutes of
Health, Bethesda, MD, USA).

2.3. Anodizing and Sealing Treatment

Individual samples were anodized in a mixed electrolyte of 175 g/L sulfuric acid,
0.16 mol/l aluminum sulfate, and 30 g/L of oxalic acid. Temperature of the solution was
controlled in the range of 18–20 ◦C, using a constant current density of 0.1 A/cm2 with
potential ranges of 15 to 20 voltage for 30 min. Temperature of the solutions was maintained
by a bath chiller with a temperature controller. The current was served by a direct current
(DC) stabilized power supply (PSP-603, Good will instrument, New Taipei city, Taiwan),
and a pure aluminum electrode was used as a cathode. After anodizing, all samples were
sealed, rinsed in ethyl alcohol, and dried in warm air. The anodized samples were sealed
with two different sealants: nickel fluoride (cold sealing) and stearic acid (hydrothermal
sealing). The processing parameters of the sealing treatment are shown in Table 2. Table 3
shows the list of the experiment conditions for this investigation.
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Table 2. Process parameters of sealing techniques applied to anodic oxide films (based on ref. [22]).

Sealing Method Condition

Cold sealing with nickel fluoride (NiF2) 1.2 g L−1, pH 5.5–6.5, 25 ◦C, 20 min.
Post treatment, deionized water, pH 5.5–6.5, 60 ◦C, 15 min.

Hydrothermal sealing with stearic acid (C17H35CO2H) 100 wt.% stearic acid, 100 ◦C, 30 min, air dry

Table 3. Notations of samples with different pretreatments and sealing methods.

Samples Alkaline Etching Time (min) Anodizing Sealing Method

As cast - - -
2-A 2 X -
4-A 4 X -
2-N 2 X NiF2
4-N 4 X NiF2
2-S 2 X Stearic acid
4-S 4 X Stearic acid

2.4. Characterization of Anodic Oxide Films

The surface morphology of the anodic oxide films after sealing was examined with a
scanning electron microscope (SEM, JSM-6610 LV, JEOL, Tokyo, Japan). The samples were
coated with a 1-nm thick layer of gold to reduce the charging effect on the surface and thus
to improve the image quality. The area fraction of voids on the anodic oxide films were
examined by SEM micrograph and quantified with ImageJ software using three positions
on three independent images.

The average thickness of the anodic oxide film was measured according to ASTM B487
by using cross-section SEM micrographs.

X-ray diffraction patterns of both oxide deposited films were investigated at room
temperature using a Rigaku model smartlab operating with CuKα radiation (1.541874 Å).
The intensities were recorded within 2θ from 10 to 90 at a step size of 12 degree/min with
current 30 mA and voltage 40 kV.

2.5. Vickers Microhardness

Measurement of microhardness was performed under a load of 300 g for 15 s using a
Vickers microhardness tester (FM-700e, FUTURE-TECH, Tokyo, Japan). The microhardness
was measured at five points for each specimen, and the mean value of these measurements
was accepted as the microhardness value of the anodic film.

2.6. Corrosion Testing

A salt spray test was performed to investigate the appearance of corrosion products
on the surface after exposure to a corrosive environment. It was conducted according to
ASTM B117. A solution of 5 wt.% NaCl was sprayed during 336 h on the specimens in a
closed chamber (PT2070, PERFECT, Taipei, Taiwan) with temperature maintained at 37 ◦C.
The appearance of corroded samples was assessed through macro- and microstructure by
OM and SEM.

Electrochemical corrosion tests were performed in a 5 wt.% NaCl aqueous solution
at room temperature in a three-electrode system using Potentiostat–Galvanostat model
Autolab P302N. The specimen was treated as a working electrode with an evaluated area of
1 cm2, a platinum wire was used as a counter electrode, and a saturated calomel was used
as a reference electrode. The specimens were exposed in the electrolyte until the reaction
reached a stable open circuit potential (OCP) value before the electrochemical tests. The
measurements were done at a scan rate of 0.033 V/s. To ensure the repeatability of the
measurements, the test was done on three replicates.
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The polarization curves were recorded with an Auto lab potentiostat, and the corrosion
current density (Icorr) data were determined at the intersection of rectilinear sections of
the anode and cathode from a Tafel plot by extrapolating the linear portion of the curve
to ECORR using Nova Autolab software (version 1.11.2, Metrohm, Herisau, Switzerland).
However, we use adjacent averaging method, which takes the average of a user-specified
number of data points around each point in the data, and replaces that point with the new
average value to smooth the data before fitting the slope for calculation of the polarization
parameters as well as the current density (Icorr).

3. Results and Discussion
3.1. Surface Pretreatment Characterization

Figure 1 shows the microstructure of an as-cast A535 alloy comprising dendrites of
the aluminum solid solution and eutectic Al3Mg2 IMC at the grain boundaries. These
intermetallics are formed at the boundaries of Al dendrites as a divorced eutectic in alloys
containing above 3 wt.% Mg and may lead to the corrosion of the alloy [7]. Some other
intermetallics formed by Mn, Fe, and Si (e.g., Mg2Si) are also formed but are present in
much less quantity.
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Figure 1. Microstructure of an as-cast A535 alloy, optical microscopy.

Figure 2 shows the relationship between the average roughness (Ra) and duration of
etching time. An average roughness of the samples increased from 0.098 ± 0.025 µm at the
beginning of etching to 0.744 ± 0.021 µm after 5 min of etching due to the surface chemical
attack. This agrees well with previously reported increases in roughness with the etching
time due to dissolution of Si on the surface of Al–Si alloys [31].

Figure 3a,c show the surface of the specimens that had been alkaline etched for 2 and
4 min, respectively. One can see a typical porosity with irregular pore shape on the surface
after etching for 2 min due to the chemical attack onto the Al matrix (Figure 3a). The
dissolution of the surface was relatively uniform, as demonstrated in Figure 3b. After 4 min
alkaline etching, round-shaped pores appeared in addition to irregular grain boundary
pores (Figure 3c). At this stage, the surface acquired pronounced roughness, as revealed
by cross-sectional characterization in Figure 3d, caused by the slower dissolution of the
intermetallic particles as compared to that of the Al matrix. This resulted in the formation
of trench or IMC groove shapes due to the preferential dissolution of the Al matrix at the
periphery of IMC particles during etching and desmutting. Consequently, the particles
fell off the matrix, resulting in the scallops, which subsequently expanded to larger pores
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as etching continued. With increased etching time, the diameter of pores significantly
increased due to the higher reactivity of the aluminum matrix with the alkaline solution [32].
Similar observations were reported for the behavior of Mg2Si particles in an AA5052
alloy [33]. Based on these results, we selected alkaline etching pretreatments of 2 and 4 min
to investigate the formation and properties of the oxide film. The result showed that the
decrease in the percentage of the fraction of IMC after being alkaline etched for 4 min,
which corresponded to previous research [34].
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3.2. Characterization of Anodic Oxide Film on a Cast A535 Alloy
3.2.1. Surface Morphology of Anodic Oxide Films

SEM micrographs of the anodic oxide film surface are shown in Figure 4. The anodic
oxide film of unsealed samples 2-A and 4-A demonstrates the remains of IMC on the
surface, and the oxide film appears to be discontinuous. After just 2 min of anodizing,
there are still clearly visible IMC with retained morphology (Figure 4a), whereas after
4-min anodizing, the IMC are largely dissolved with only voids and grooves remaining
(Figure 4d). This can be explained by the removal of particles by prolonged alkaline etching.
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Figure 4. Surface micrographs of anodic oxide films with different pretreatment and sealing methods:
(a) 2-A, (b) 2-N, (c) 2-S, (d) 4-A, (e) 4-N, and (f) 4-S (SEM).

When the particles remain on the surface, the voids cannot be sealed completely either
by NiF2 or stearic acid (Figure 4b,c). However, when the intermetallics fall off during
longer etching, these voids can be covered by sealants, which results in the anodic oxide
film being more uniform, as demonstrated in Figure 4e,f. Apparently, the intermetallics
inhibit the oxide film growth, as evidenced by the EDS element mapping of oxide film
surface in Figure 5 that shows that the layer of oxide is discontinuous. This confirms the
harmful role of intermetallics in the formation of a uniform oxide film and the necessity of
a proper pretreatment time, as reported previously for other Al–Mg–Si alloys [35].
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These observations are confirmed by the quantitative analysis of void area fraction on
the surface in Figure 6. Sample 4-A etched for 4 min shows a larger portion of voids on
the surface due to the removal of IMC; the area fraction is 4.48%. After sealing, the area
fraction of pores decreases significantly, especially after sealing with stearic acid (specimen
4-S), when it comes down to 4.25%. The area fraction of pores is as low as the plasma
electrolytic oxidation coating that formed on the surface of the Al–Mg–Si alloy [36]. The
nature of these voids is related to the formation of grooves in place of intermetallics on
the surface as a result of alkaline etching. Longer etching produces more voids and also
accelerates the growth of the anodic oxide film [35]. The results also show that the alloy
etched for 4 min and sealed with nickel fluoride still has more voids left on the surface as
compared to the stearic acid sealant. This may be caused by the formation of Ni (OH)2
during the chemical reaction. Ni(OH)2 deposit is formed due to hydrolysis of Ni2+ ions,
with alumina mainly converted to aluminum hydroxide and F− ions reacting with alumina
and AlF3 [37]. These products form within the pores of anodic films and block the pores,
as can be seen in the element mapping of oxygen and nickel in the particles on the oxide
film in the inset in Figure 7a. Therefore, nickel fluoride cannot penetrate the pores beneath
the substrate, which causes incomplete coverage of the surface. Stearic acid does not have
these byproducts, as the stearic solution can react with the aluminum hydroxide of sealed
anodic layers to transform a layer of long chain fatty soap film with alumina by chemical
reaction. It was reported that these films have strong hydrophobic properties [24], as we
can see from the sealing film between voids in our results. Consequently, the voids of
anodic film layer were sealed entirely, as shown in Figure 7b,c.
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Figure 6. Area fraction of voids on anodic oxide films with different pretreatment and sealing methods.

Figure 8 shows the surface morphology of unsealed and sealed anodic oxide layers.
The anodizing process without sealing induces an uneven oxide layer without a superficial
film, as can be seen in Figure 8a,d. After sealing in nickel fluoride solution or stearic acid,
the surface is covered by a sealing film. In the specific case of nickel fluoride sealing, as
can be seen in Figure 8b,e, the sealing surface is uniform, and the morphology of this
overlayer looks like a hydroxide sheet that is formed by the conversion of porous alumina
into Al(OH)3 and Ni(OH)2 that was also deposited on the oxide film surface, similar to that
reported elsewhere [27,38]. These oxides were investigated and confirmed by XRD results.
Figure 8g shows the XRD spectra of the sample 4-N; the XRD profile reveals that the peaks
of Al(OH)3 and Ni(OH)2 were detected.
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Figure 8. Magnified images of the anodized sample surface with each alkaline etching for (a–c) 2 min
and (d–f) 4 min: (a,d) without sealing; (b,e) sealed with nickel fluoride and (c,f) sealed with stearic
acid (SEM); and (g) XRD result of Al(OH)3 and Ni(OH)2 oxides of 4-N specimen.
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On the other hand, the sample sealed with stearic acid exhibits layers of rose petal-
shaped formations covering the entire surface, as can be seen in Figure 8c,f. These forma-
tions represent the inorganic salt of Al(OH)3 occurring during the sealing reaction when
liquid acid spreads onto the surface [39]. These formations in Al–Si and some other alloys
have been reported before [27] and are known to be indicative of a Cassie impregnating
wetting regime when the liquid, but not the wetting the surface, remains on it due to the
special interaction with the surface roughness. Such surfaces are expected to exhibit high
adhesive bond strength between the substrate and the oxide film [40].

3.2.2. Thickness and Hardness of the Anodic Oxide Film on an A535 Alloy

Figure 9 demonstrates cross-sections of anodic oxide films without the sealing process
after etching for 2 and 4 min (Figure 9a,d) in alkaline solution and after sealing with NiF2
(Figure 9b,e) and stearic acid ((Figure 9c,f). It can be observed that the oxide films without
sealing show non-uniform growth disturbed by intermetallics while exhibiting flaws and
voids on the surface of oxide films: the more, the longer the etching is, as indicated in
Figure 9a,d.
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Figure 9. Cross-section micrographs of anodic oxide films on different anodized samples (white
dashed lines show oxide film boundaries): (a) 2-A, (b) 2-N, (c) 2-S, (d) 4-A, (e) 4-N, and (f) 4-S.

After exposure to NiF2 and stearic acid, the anodic oxide film appears to be more
uniform, with flaws sealed, as can be seen in Figure 9b,c,e,f. Specifically, the samples etched
for 4 min and then sealed exhibit a smooth oxide film. This may result from the greater
roughness, as reported in Figure 2, that increases the adhesion between the anodic film and
the aluminum substrate [17].

The thickness of the anodic film was also measured. The results in Figure 10 show
that the anodic layer thickens with increasing the alkaline etching time to 4 min due to
the removal of intermetallics and increased growth rate of anodic film [35]. The average
thickness increases from 40 µm up to about 70 µm, depending on the type of sealants. In
addition, the type of sealant also affects the hardness of the oxide film layer. Interestingly,
the maximum thickness of the film in the sample that is sealed by nickel fluoride does not
provide the highest hardness. The maximum hardness of about 550 HV is demonstrated by
a thinner film (approx. 60 µm) on the sample sealed with stearic acid. This is because the
hardness of an oxide film depends both on the homogeneity and the thickness of the anodic
oxide layer [41]. As we demonstrated in Figure 4, there are some voids remaining on the
surface because NiF2 cannot seal voids completely, which also agrees with the previous
study on an AA5052 alloy [42]. The porosity of the surface layer decreases its hardness [43].
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It can be seen that the film thickness of the 4-S sample that was treated for a longer
time with alkaline etching (4 min) and sealed with stearic acid is not much different with
NiF2 sealing, but the hardness of oxide film is significantly increased. This may be a result
of the stearic solution reacting with the aluminum hydroxide of the sealed anodic layers
to transform a layer of long chain fatty soaps film with alumina by chemical reaction. It
was reported that these films have strong hydrophobic properties and improved surface
hardness and corrosion resistance [24,44,45].

3.3. Corrosion Resistance
3.3.1. Corrosion under Salt Spray Exposure

Corrosion resistance is the ultimate purpose of the treatment. An ability to resist
corrosion depends upon properties of the alloy as well as how the alloy is treated. Figure 11
presents the appearance of the as-cast alloy and the alloys anodized and sealed with nickel
fluoride (2-N, 4-N samples) and stearic acid (2-S, 4-S samples) before and after corrosion
for 336 h in a salt spray test. The results show a significant enhancement of salt spray
resistance after anodizing and sealing as compared to the as-cast alloy. For the as-cast A535
alloy, the corrosion products can be observed in Figure 11(a-2), with general darkening
of the surface from the very early stages of the tests. In the case of the anodized and
sealed samples, the 2-N test sample exhibits shallow local corrosion, as can be seen in
Figure 11(b-2). This might be the result of the chemical attack due to insufficiently long
alkaline etching (2 min) that failed to provide the required adhesion strength for the oxide
film due to remaining IMCs and lesser surface roughness. For other treatments conditions,
the overall corrosion resistance was good. It is known that the corrosion resistance under
salt spray tests depends on the surface quality as well as the distribution and characteristics
of the corrosion products that play a stabilization role [46].

Figure 12 shows SEM images of the surface of the sample etched by alkaline solution
for 2 min and sealed with NiF2 after exposure in 5 wt.% NaCl for 336 h. Obviously, the
oxide film is cracked, and shallow local corrosion occurs in the places where the oxide layer
is severely damaged or chipped off. This damage can be facilitated by infiltration of the
nickel fluoride sealant that reacts with the Al-matrix substrate, forming corrosive products
of Al(OH)3, Ni(OH)2, and AlF3 [37] (see Figure 11a). These products deposit on the surface
after corrosion reaction.
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Figure 11. Appearances of the alloys, anodized and sealed before salt spray testing after 14 days:
(a-1) and (a-2) as-cast A535 alloy; (b-1) and (b-2) 2-N; (c-1) and (c-2) 4-N; (d-1) and (d-2) 2-S; and (e-1)
and (e-2) 4-S (optical microscopy).
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Figure 12. Corroded area of a 2-N sample after salt spray testing: SEM images in (a,b) from the inset
in the optical micrograph in (c).

The difference between different sealants is illustrated in Figure 13. It shows the
surface morphology of the anodized and sealed samples after the salt spray test. In the
case of a 2-N sample shown in Figure 13a, it reveals the cracked oxide film, and there are
corrosion products deposited on the surface. This may be caused by the pitting corrosion
after the oxide film broke and the chloride solution reacted with the Al substrate and
formed Al(OH)3 [47]. It was reported that the chlorine ions absorbed on the surface
and corroded the films, and the dissolution on the surface caused the corrosion pits and
immediately decreased the hardness of the oxide film [48]. In addition, the oxide film of
a 4-N sample was destroyed but there are no corrosion products, which indicates that,
although the anodic oxide film has been damaged, it still prevents the chemical reaction
with Al matrix (Figure 13b). However, it was found that the alloy etched for 2 min and
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sealed with stearic acid had a better surface after exposure to chloride solution, as can be
seen in Figure 13c. This may be explained from the propagation of the petal shaped sealing
film, which can reduce the corrosion. On the other hand, the oxide layer on a 4-S sample
showed the corroded area on the petal shaped sealing film in Figure 13d. Moreover, it can
be seen the petal shaped pattern still covers the anodic oxide film. This may be caused
by a higher thickness layer of sealing film in the 4-S sample, as shown in Figure 8f. The
higher thickness of the sealing layer can be also related to the pretreatment surface that
had less intermetallics and more groove area on the surface after etching for 4 min. These
data suggest that the stearic sealing improves the general corrosion resistance. The initially
hydrophobic film formed by stearic acid can be transformed to a layer of fatty soaps by a
chemical reaction with alumina, facilitating the access of the stearic acid to the oxide film
and sealing of the surface irregularities [22,49], which agrees well with our data in Figure 5,
which shows a lower pore fraction in 4-S samples.
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Figure 13. Surface morphology of the anodized and sealed samples after salt spray test: (a) 2-N;
(b) 4-N; (c) 2-S; and (d) 4-S (SEM).

3.3.2. Electrochemical Corrosion Behavior

Figure 14 shows the potentiodynamic polarization curves of specimens that were
prepared with different pretreatment etching time (2 min and 4 min) and sealed with
nickel fluoride and steric acid after anodic film coating. The quantitative results of the
potentiodynamic tests are summarized in Table 4. Technically, the more positive the
electrochemical corrosion potential (Ecorr) and the smaller the corrosion current density
(Icorr), the better the material corrosion resistance. The corrosion potential (Ecorr) of the
substrate sealed by NiF2 has a lower value (Ecorr = −0.58V) for the 2-N condition as
compared to the stearic acid sealing (Ecorr = −0.53V). At the same time, the Icorr for this
condition is significantly higher (Icorr = 9.40 × 10−7 mA/cm2) than for the samples sealed
with stearic acid (Icorr = 8.15 × 10−9 mA/cm2). This increase of the corrosion current
density can be attributed to the presence of intermetallic particles on the alkaline etched
surface [50], as we observed in Figure 3.
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Table 4. Corrosion parameters of anodic coefficient (βa), cathodic coefficient (βc), potential (Ecorr),
and corrosion current density (Icorr) of the tested samples obtained from a Tafel curve.

Specimens βa (V/dec) βc (V/dec) Ecorr, Obs (V) Icorr (mA/cm2)

2-N 0.57982 −1.55570 −0.58 9.40 × 10−7

4-N 0.47716 −0.83352 −0.85 6.53 × 10−7

2-S 0.24037 −0.62977 −0.53 8.15 × 10−9

4-S 0.35701 −1.06010 −0.35 5.89 × 10−9

Moreover, the polarization curve instability of the oxide film can be clearly seen, as
we discussed in relation to Figures 13 and 14. It shows the onset of localized corrosion.
The pitting potential is determined in the anodic branch of the polarization curve with
the Epit value of 0.5 V in Figure 14, which corresponds to the potential associated with the
dissolution of the passive film, formed by oxides or even by corrosion products. Breakdown
of oxide film is indicated by the localized corrosion in Figure 15a. This may be caused
by the remaining intermetallics present on surface; when the passive oxide cracks, these
intermetallics can react with the solution and then increase the positive charges in the
electrolyte concentration [51]. Similar corrosion behavior was reported when the potential
value changed to positive after the passivation region in an aluminum alloy, which was
associated with the electrolyte concentration and corrosive environment that accompanied
localized corrosion [51–53].
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Figure 15. SEM micrographs of A535 specimens after the electrochemical corrosion testing in 5 wt.%
NaCl solution: (a) 2-N, (b) 4-N, (c) 2-S, and (d) 4-S.

The intermetallics in question are most likely the remaining Al3Mg2 intermetallics
in the alloy that was alkaline etched for only 2 min, as these intermetallics have a low
corrosion potential of about (−1.5 V) to (−1.3 V) vs. the saturated calomel electrode (SCE)
that commonly acts as an active cathodic electrode [5,7]. As the corrosion reaction goes, the
oxide film degrades, and the oxidation reaction of the active intermetallic Al3Mg2 takes
place with the electrolytic solution. However, the detrimental effect of intermetallics can
be alleviated by alkaline etching for 4 min and sealing with stearic acid, as can be seen in
Figure 14. It is clear that the alloy alkaline etched for 4 min and sealed with stearic acid has
a higher corrosion potential (Ecorr = −0.35 V) as compared to the alloy that was etched for
4 min sealed by NiF2 that has Ecorr of −0.85 V, which indicates that the metal oxidation is
low at the stage of corrosion reaction. It was reported that the corrosion potential of the
alloy depends on the type of the active intermetallic [7] and the type of sealants, and it
was shown that these films had strong hydrophobic properties and improved the surface
hardness [24,37,44].

The morphology of the oxide film formed after different etching times and sealing
after the electrochemical corrosion in 5 wt.% NaCl solution are shown in Figure 15. After
2 min of alkaline etching and sealing with either of the two sealants, the corroded surface
shows voids similar to corrosion pits (Figure 15a,b). In contrast, the exposed surface of
a sample subjected to 4-min alkaline etching and sealed with stearic acid (Figure 15d) is
pore-free and appears to be more uniform that that for the 4-N sample (Figure 15b). This
observation is further confirmed by a closer observation of the surface in Figure 16. It shows
that the corrosion pits on the oxide film sealed with NiF2 are about 5–10 µm, whereas the
alloy sealed with stearic acid still has a petal-shape layer on the surface, which is beneficial
for the corrosion resistance.



Metals 2022, 12, 1140 16 of 19Metals 2022, 12, x FOR PEER REVIEW 17 of 20 
 

 

. 

Figure 16. SEM micrographs of anodized samples after electrochemical corrosion testing in 5 wt.% 
NaCl solution: (a) 4-N sample-anodized sealed with NiF2 and (b) 4-S sample-anodized sealed with 
stearic acid. 

4. Conclusions 
The surface of as-cast A535 alloy samples after different alkaline etching times and 

anodizing and sealing with either nickel fluoride (NiF2) or stearic acid was studied, and 
its effect on the corrosion performance of the anodic oxide film was evaluated through 
salt spray and electrochemical testing. The key conclusions are drawn as follows: 
• A suitable alkaline etching time of 4 min can effectively remove intermetallic particles 

from the matrix surface, providing the grooved surface with higher roughness for 
anodic oxide film growth. In addition, at a lower etching time, the corroded surface 
showed local pitting, which resulted from the remaining intermetallics that reacted 
with the electrolyte and increased the positive charges in the corroded area. 

• Etching the surface of the alloy for 4 min assured lower porosity and more uniform 
anodic film with a sufficiently large thickness of up to 70 μm, with the maximum 
hardness of 550 HV. 

• The corrosion resistance of an A535 alloy can be improved by sealing with stearic 
acid, which provided better quality of the sealed layer than NiF2 due to the fewer 
reaction products and improved wettability. 

• After a salt spray test for 336 h, the samples sealed with stearic did not show pitting 
sites and corrosion products. 

• The corrosion behavior evaluated by polarization fitting curves revealed that the an-
odic oxide film sealed with stearic had better corrosion resistance compared to the 
anodic oxide film sealed with NiF2, which was quantified by the lower corrosion cur-
rent density (Icorr). 

Highlights 
• Alkaline etching can remove intermetallic particles at the surface of an A535 alloy. 
• Remaining intermetallic phase on the alkaline etched surface was responsible for the 

current density changing, which lead to pitting corrosion. 
• Etching for 4 min produces better surface adhesion of the anodic film and fewer 

voids. 
• An anodized A535 alloy sealed by stearic acid has better corrosion resistance. 

Author Contributions: S.C.: formal analysis, writing—original draft preparation; D.E.: supervision, 
writing—reviewing and editing; C.L.: funding acquisition, writing—reviewing and editing; N.K.: 
formal analysis, investigation, and resources; O.D.: conceptualization, formal analysis, data cura-
tion, and writing—reviewing and editing. All authors have read and agreed to the published ver-
sion of the manuscript. 

Funding: This work was supported by the Research Strengthening of academic year 2563, the Pro-
ject of Faculty of Engineering, King Mongkut University of Technology Thonburi year 2020. 

Figure 16. SEM micrographs of anodized samples after electrochemical corrosion testing in 5 wt.%
NaCl solution: (a) 4-N sample-anodized sealed with NiF2 and (b) 4-S sample-anodized sealed with
stearic acid.

4. Conclusions

The surface of as-cast A535 alloy samples after different alkaline etching times and
anodizing and sealing with either nickel fluoride (NiF2) or stearic acid was studied, and its
effect on the corrosion performance of the anodic oxide film was evaluated through salt
spray and electrochemical testing. The key conclusions are drawn as follows:

• A suitable alkaline etching time of 4 min can effectively remove intermetallic particles
from the matrix surface, providing the grooved surface with higher roughness for
anodic oxide film growth. In addition, at a lower etching time, the corroded surface
showed local pitting, which resulted from the remaining intermetallics that reacted
with the electrolyte and increased the positive charges in the corroded area.

• Etching the surface of the alloy for 4 min assured lower porosity and more uniform
anodic film with a sufficiently large thickness of up to 70 µm, with the maximum
hardness of 550 HV.

• The corrosion resistance of an A535 alloy can be improved by sealing with stearic acid,
which provided better quality of the sealed layer than NiF2 due to the fewer reaction
products and improved wettability.

• After a salt spray test for 336 h, the samples sealed with stearic did not show pitting
sites and corrosion products.

• The corrosion behavior evaluated by polarization fitting curves revealed that the
anodic oxide film sealed with stearic had better corrosion resistance compared to the
anodic oxide film sealed with NiF2, which was quantified by the lower corrosion
current density (Icorr).

Highlights

• Alkaline etching can remove intermetallic particles at the surface of an A535 alloy.
• Remaining intermetallic phase on the alkaline etched surface was responsible for the

current density changing, which lead to pitting corrosion.
• Etching for 4 min produces better surface adhesion of the anodic film and fewer voids.
• An anodized A535 alloy sealed by stearic acid has better corrosion resistance.
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