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Abstract: In this study, ceramic coatings were grown on the surface of as-cast aluminum alloys via
plasma electrolytic oxidation (PEO). The effect of the Si- and Ca-alloying elements in aluminum
on the growth process, morphology, composition, mechanical, and corrosion properties of the PEO
coatings was investigated. Uniform coatings with a minimum number of defects were formed on the
surfaces of Al–Ca alloys. Increasing the Si content in Al led to an increase in the bulk and surface
porosity of the coatings. The α-Al2O3 phase mainly formed in the coatings synthesized on pure
Al and Al–Ca alloys, while an increased amount of Si in Al alloys hindered the formation of the
α-Al2O3 phase. The coatings had a microhardness of 660–1180 HV, which was 20–30 times higher
than that of the original as-cast alloy. Moreover, the coating on the Al–Ca alloys had the highest peak
hardness, which was probably caused by the formation of a greater amount of the α-Al2O3 phase.
Electrochemical studies in 3.5% NaCl have shown that PEO coatings reduce the corrosion current
density. Of all PEO-treated alloys, Al and Al1Ca have the lowest corrosion current density and hence
the highest corrosion resistance due to the composition and uniformity of the coating.

Keywords: Al alloys; microstructure; casting alloys; plasma electrolytic oxidation (PEO); coatings;
microhardness; XRD analysis; corrosion resistance

1. Introduction

The Al–Si alloying system is widely used for the production of the most common
aluminum casting alloys. They are characterized by good castability, low hot tearing
tendency, and good corrosion properties [1]. However, the development of Al–Ca eutectic-
based alloys can significantly improve the performance of conventional aluminum alloys.
Due to the relatively large volume fraction of very fine eutectic Al4Ca phase inclusions, new
alloys possess high as-cast strength, thermal stability (due to the high eutectic temperature
(614 ◦C) and extremely low solubility of Ca in aluminum), and processability at deformation,
with high reduction rates [2,3]. Alloys containing various amounts of calcium and alloying
elements such as Fe, Si [4], Mn [5], Cu [6], REM (Ce, La) [3,7], Ni [8], Zn, Mg [9], Sc, and
Zr [10] have been studied with regard to these structural, technological (casting [7,11,12],
deformation treatment [10], and additive manufacturing [13]), and mechanical properties.
This has helped to clarify the influence of the structure and phase composition on the
mechanical and technological properties of aluminum–calcium alloys. Another promising
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area of research is the study of the capability of the coatings to increase the lifetime of
industrial Al–Ca alloys.

Plasma electrolytic oxidation (PEO) is an advanced surface treatment technology
for the formation of protective ceramic coatings on lightweight materials (Al, Mg, and
Ti, etc.) that has excellent properties, such as high hardness and good wear/corrosion
resistance [14–16]. Moreover, the PEO process is environmentally friendly due to the use
of alkaline-water-based electrolytes and ensures high output, enabling the production
of ceramic coatings quickly, e.g., in 30–40 min [15,17,18]. Some good examples of PEO
application are the mass production of PEO-coated aluminum items for the oil and gas
industry [19], and moving mechanisms for marine and aircraft engineering and the auto-
motive industry [20,21].

At the same time, the composition of the substrate used has a significant effect on
the properties of PEO coatings. In this work, a systematic study on the individual effects
of Si [22–24], Cu [25,26], Mg [27], Sn [28], Zn [29], Ce [30], Mn [31], and Ni [32] on the
PEO behavior of binary Al alloys in silicate–alkaline electrolytes is reported. We show
that the main structural components of PEO coatings on aluminum alloys are α-Al2O3, γ-
Al2O3, and silicon oxide (mullite). The ratio of these oxides is determined by the elemental
composition of the substrate. Increasing the number of alloying elements in the binary
aluminum alloys hinders α-Al2O3 formation in PEO coatings, which in turn leads to
a decrease in the hardness and tribological characteristics of the coatings. Furthermore, the
porosity and number of cracks in the coatings tend to grow with an increase in the content
of alloying element ions in the coating.

A detailed study of PEO coatings on conventional Al–Si alloys showed that the proper-
ties of the coatings largely depend on the particle size of the silicon eutectic phase [23,33–37].
The presence of Si particles produces local current shielding during the PEO process since
Si oxidation requires a higher voltage than Al oxidation. This effect leads to the formation
of an uneven coating in the eutectic region. The latter issue can be solved by reducing the
size of the eutectic particles. For example, strontium-modified eutectic silicon particles with
lengths of 5–8 microns and widths of about 0.5–1 microns contribute to the formation of
more homogeneous and dense coatings with higher corrosion resistance [23]. Meanwhile,
the results of studies of PEO coatings on aluminum alloys obtained using additive technolo-
gies (AT) also demonstrate the above-described trend. A distinctive feature of the materials
obtained with AT is the ultra-fine structure of the eutectic formed at elevated cooling rates
during selective laser melting [33]. The thickness and porosity of the coatings increase
with the Si content in the substrate. Coatings formed on Al–Si alloys with a silicon content
of up to 2 wt.% consist mainly of α-Al2O3, while further increases in the Si content led
to significant changes in the α-Al2O3/γ-Al2O3 ratio, with the γ-Al2O3fraction becoming
predominant [18]. This change in the phase composition leads to a decrease in the average
microhardness of the coatings.

However, to the best of our knowledge, there have been no studies dealing with
the specific features of the growth of PEO coatings on Al–Ca-based alloys. In this work,
a comprehensive study of the structure, phase composition, and mechanical properties of
PEO coatings built up on a base binary Al1Ca alloy was carried out, and a comparison was
made with coatings on a binary Al4Si alloy and pure aluminum. The model Al1Ca alloy
was chosen due to the fact that the calcium concentration in this alloy is universal, i.e., it can
act as a small additive for improving the manufacturability and properties of Al–Zn–Mg-
system alloys [9] or as the base composition for the development of new aluminum–calcium
alloys [7,12]. The Al4Si alloy composition was chosen because its eutectic phase makes
up almost the same proportion as that of the Al1Ca alloy. It is also of particular interest
to compare the effect of alloying elements (Si and Ca) and PEO coatings on the corrosion
behavior of aluminum alloys.
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2. Materials and Methods

Three model alloys, i.e., Al (purity 99.9%), Al4Si, and Al1Ca, were selected for
a comparison of coatings formed by plasma electrolytic oxidation. The alloys were pre-
pared from high purity aluminum (99.99%) in a resistance furnace with a graphite crucible.
The selected compositions were prepared from an Al-10% Ca binary master alloy and
pure Si. After the melting of the basic components, the melt was held for 5–10 min for
homogenization and slag removal, and the metal was then cast into a graphite mold with
a working cavity of 10 × 40 × 180 mm at 780–800 ◦C.

The coatings were formed using a PEO installation with a 250 kW high-frequency high-
voltage switching power supply unit. The PEO process was conducted in a silicate-alkaline
electrolyte containing 2 g/L KOH, 6 g/L Na2SiO3, and 1 g/L H3BO3 in distilled water.
The electrolyte was homogenized by stirring, and its temperature near the electrolyte cell
was kept at 15–20 ◦C during PEO coating deposition. The following electrical parameters
were maintained during coating formation: anode voltage Ua = 1000 V; cathode voltage
Uk = 300 V; current density 25 A/dm2; and pulse frequency f = 3 kHz. The PEO process
durations were 10, 20, 30, and 40 min.

The thickness of the PEO coatings was measured at 20 randomly selected points using
Elcometer 456, and the average values were calculated.

The microstructure of the castings was examined by means of optical microscopy (OM).
The morphology and elemental compositions of the surfaces and cross-sections of the PEO
coatings were examined using scanning electron microscopy (SEM, TESCAN VEGA 3,
Brno, Czech Republic) and electron microprobe analysis (EMPA, OXFORD AZtec). X-ray
diffraction (XRD) data were obtained at room temperature using a DRON-4 diffractometer
in Co Kα radiation and analyzed with a software package [38]. XRD profiles were taken in
a 2θ range of 10 to 130 deg with a 0.1 deg step and a 3 s exposure.

The sizes of pores in the external PEO layers were estimated using an Alpha-Step 200
stylus-based surface profiler (Tencor Instruments, Milpitas, CA, USA).

Microhardness measurements were conducted using DUROLINE MH-6 (Metkon,
Bursa, Turkey). The Vickers indentation loads were 50 g, and the dwell time was 5 s.

Electrochemical characterization included polarization curve measurements with
an IPC-Pro electronic potentiostat. The test medium was a 3.5% NaCl solution. The
samples were polarized from the cathodic region to the anodic one at a potential sweep rate
of 1 mV/s. The reference electrode was saturated Ag/AgCl2, and the auxiliary electrode
was platinum. The polarization experiments were conducted three times for different
samples and showed them to be similar.

3. Results

The as-cast Al, Al4Si, and Al1Ca alloys were treated using PEO technology. The
hypoeutectic Al4Si and Al1Ca alloys (Figure 1) consisted of α-Al dendritic cells surrounded
by eutectic structures (((Al) + (Si)) and ((Al) + Al4Ca), respectively). However, the dendritic
cells of the Al–Ca alloy had smaller sizes. The actual chemical compositions of the alloys
summarized in Table 1 were quite close to the nominal one. The microstructures of those
alloys contained similar volume fractions of the eutectic phases formed during solidification,
i.e., about 3 vol.%. Moreover, it is worth mentioning that a comparable volume fraction of
the second phase in the Al–Ca alloy was achieved at a significantly lower concentration of
the main alloying component.

As noted above, surface treatment of the Al–Si alloys remains a difficult task since
silicon-rich phases can hinder the homogeneous growth of oxide layers. Thus, it is of
particular interest to compare the PEO process for alloys of the Al–Ca and Al–Si systems
and to clarify the basic mechanisms of the influence of Ca as a new alloying element on the
PEO process.
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Figure 1. Microstructure of (a) Al4Si and (b) Al1Ca as-cast alloys.

Table 1. Actual chemical composition (wt.%), calculated eutectic fraction (Q, wt.%, (vol.%)), and
Vickers hardness (HV) of the alloys.

No. Alloy
Actual Chemical Composition, wt.% Q, wt.%

(Vol. %) HV
Al Si Ca

1 Al 99.99 - - - 17

2 Al4Si 95.80 4.20 - 2.70 (3.10) 43

3 Al1Ca 99.10 - 0.80 2.95 (3.44) 27

3.1. Kinetics of PEO Coatings Formation

Figure 2 shows the thicknesses of coatings on pure aluminum and the eutectic Al–Si
and Al–Ca alloys for different PEO treatment durations. Both the Al and Al–Ca samples
exhibited similar coating growth rates within the first 30 min, and then the growth rates
decreased. Similar behavior was observed for the Al–Si system alloy. However, a character-
istic feature of the Al–Si alloy is a low PEO coating growth rate in the first 10 min of the
process. The coatings grew to almost similar thicknesses of about 39–42 µm after 30 min
PEO treatment for all the samples.
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For a better understanding of the processes accompanying PEO treatment, the surface
and cross-sectional microstructures of the coatings obtained after 30 min PEO treatment
(Figure 3) were studied.
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Figure 3. (a) Appearance of aluminum substrates with PEO coatings synthesized in the base elec-
trolyte during 30 min; micrographs of the loose outer layer of the PEO coating (SEM): (b,e) Al,
(c,f) Al4Si, (d,g) Al1Ca; and typical defects of the PEO coatings synthesized on the Al4Si alloy
(cross-section view) (h,i).
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3.2. Surface and Cross-Sectional Microstructure of PEO Coatings

The appearance of the coatings on the aluminum substrates after 30 min of PEO
treatment is shown in Figure 3a. Figure 3b–g shows typical top-view micrographs of the
outer coating layer. The coatings grown on pure aluminum and the Al1Ca alloy had the
highest uniformity. As for the Al–Si system alloy, the morphology of the as-grown coating
appeared to be coarser. Figure 3c shows that the “crater-like” pores in the coating formed
on the Al–Si alloy can be as large as 200 microns. Stylus-based surface profiling of pores
in the external PEO layers of the Al–Si alloy showed that the average depth of the pores
was 23 to 33 µm, with their diameter being about 200 µm. Typical defects (cracks and
“crater-like” pores) of the PEO coatings synthesized on the Al4Si alloy (cross-section view)
are shown in Figure 3h,i.

Thus, uniform coatings with small numbers of defects were formed on the surface of
pure aluminum and the Al–Ca alloy. Increasing the amount of Si in Al led to the formation
of multiple pores on the coating surface.

According to the EDS results (Figure 4), the coatings synthesized in the silicate-alkaline
electrolyte were saturated with silicon atoms which were distributed over the whole coating
surface. Moreover, the formation of Ca-rich regions in the outer layers was observed for
the Al–Ca alloy. One can assume that they were caused by a specific Si distribution.
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According to the element distribution map (Figure 5), Si was preferentially located
in the top parts of the coatings. Probably, it was in the form of silicon dioxide formed as
a result of the thermochemical treatment, during which the electrolyte surrounded the
working electrode. According to the experimental results, the Si-containing region in the
Al4Si specimen was significantly thicker than those for the Al and Al1Ca PEO coatings,
due to the incorporation of Si-rich electrolyte species. A specific feature of the coating
formed on the Al–Ca sample was the presence of a thin calcium-containing region in its
top part.
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substrates: (a) Al, (b) Al4Si, and (c) Al1Ca.

Figure 6 shows the distributions of the main elements between the substrate and the
PEO coating over the entire thickness of the layers. One can see that the distributions of
aluminum migrating from the substrate and oxygen were relatively stable in the bulk of the
PEO layers. However, the aluminum content decreased and the silicon content increased
significantly near the coating surface. A significant growth in the calcium peak for the
coating on aluminum-calcium alloys can be observed for the Al–Ca alloy.

SEM cross-sectional data for the PEO coatings show that the inner structures of the
coatings formed on pure aluminum and Al1Ca are distinguished by a relative density
and the smallest number of defects (Figure 6). The coating formed on the Al4Si alloy had
a well-developed pore system in the inner layer. Such an inhomogeneous structure can be
associated with a layer-by-layer change in the chemical composition in the depth of the
PEO coating.

It is worth mentioning that the surfaces of the coatings formed on pure aluminum
and the Al–Ca alloy were quite uniform. For example, in the presence of the Al–Si eutectic
phase the interfaces between the oxide layer and the base metal became wave-like.

3.3. X-ray Diffraction Analysis

Based on the XRD data (Figure 7, Table 2), the PEO coatings on Al and the Al–Ca alloy
mainly consisted of high-temperature α-Al2O3 modification and γ-Al2O3. The volume
fractions of α-Al2O3 and γ-Al2O3 were about 60 and 30%, respectively. However, the
elements migrating from the substrate had a great influence on the α-Al2O3/γ-Al2O3 ratio.
For example, the coating formed on the Al4Si alloy consisted almost entirely of γ-Al2O3.
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Table 2. XRD data of PEO coatings grown on various aluminum substrates.

No Alloy,
wt.% Phase

Pearson
Symbol

Volume
Fraction, %

Lattice
Parameters, Å

a c

1 Al (purity 99.9%)
Al cF4/1 2.7 ± 0.1 4.049 -
α-Al2O3 hR10/1 60.1 ± 0.3 4.758 12.997
γ-Al2O3 cF120/4 37.1 ± 0.3 7.903 -

2 Al4Si
Al cF4/1 21.1 ± 0.2 4.047 -
α-Al2O3 hR10/1 1.4 ± 0.1 - -
γ-Al2O3 cF120/4 77.5 ± 0.2 7.896 -

3 Al1Ca
Al cF4/1 7.6 ± 0.1 4.050 -
α-Al2O3 hR10/1 62.3 ± 0.3 4.759 12.994
γ-Al2O3 cF120/4 30.1 ± 0.3 7.904 -

3.4. Microhardness of PEO Coatings

Microhardness measurements were carried out for polished coating cross-section sam-
ples. The central parts of the coatings were analyzed (Figure 8). The average microhardness
values of the coatings formed on the pure aluminum and Al–Ca alloy substrates were
955 (740–1180 HV range) and 991 (840–1150 HV), respectively (Table 3). The coatings
formed on the silicon-containing substrates exhibited a decrease in the average hardness to
843 HV. The microhardness distribution histograms based on twenty measurements sug-
gest that the Al–Si cast alloy contained a greater number of softer regions with a hardness of
660–1030 HV. However, despite the significant influence of the substrates on the hardness
of the coatings, their formation on the surfaces of aluminum alloys can significantly increase
the microhardness of the alloy surfaces. The initial microhardness values of the Al, Al1Ca,
and Al4Si alloys were about 17, 27, and 43 HV, respectively.

Table 3. Average microhardness (min–max) in the middle of the coatings.

Alloy Microhardness, HV

Al (purity 99.9%) 955 (740–1180)

Al4Si 843 (660–1030)

Al1Ca 991 (840–1150)



Metals 2023, 13, 1509 10 of 15Metals 2023, 13, x FOR PEER REVIEW 11 of 16 
 

 

  
(a) (b) 

Figure 8. (a) Average microhardness of alloys and PEO coating; (b) hardness distribution histogram 
at half-thickness of PEO coating. 

Table 3. Average microhardness (min–max) in the middle of the coatings. 

Alloy Microhardness, HV 
Al (purity 99.9%) 955 (740–1180) 

Al4Si 843 (660–1030) 
Al1Ca 991 (840–1150) 

3.5. Electrochemical Behavior of PEO Coatings 
Figure 9 shows the polarization diagrams of the test Al alloys. For a quantitative anal-

ysis and comparison of the effect of alloying elements (Si and Ca) on the corrosion re-
sistance of the PEO coatings, the corrosion current densities (Icorr) were determined using 
polarization curve extrapolation and corrosion potential (Ecorr) measurements [39]. In all 
cases, the cathodic branches had significant slopes (bottom curves), suggesting a cathodic-con-
trolled corrosion reaction [40]. Table 4 summarizes Icorr and Ecorr for the test samples. It can be 
seen that the addition of 4% Si to pure Al led to an increase in the corrosion current density 
(Icorr) compared to that of pure Al (18.3 × 10−3and 8.2 × 10−3 mA/cm2, respectively). Ca addition 
to pure Al caused the formation of micro-galvanic pairs between Al and Al4Ca, which in 
turn led to the facilitation of both the cathodic and anodic processes, with a corresponding 
increase in the corrosion current density of the Al1Ca alloy in comparison with that of 
pure Al (pure Al: 8.2 × 10−3, Al1Ca: 10.1 × 10−3 mA/cm2). 

The polarization curves (Figure 9) show that the PEO coatings shifted the steady-
state electrode potential to the positive potential area in all cases. The currents of all the 
cathodic and anodic polarization curves for the PEO-coated samples (Table 4) were lower 
than those for the uncoated aluminum alloy, suggesting that the coatings have protective 
properties. Of all the test PEO-treated alloys, the Al4Si alloy had the highest corrosion 
current density (4.2 × 10−3 mA/cm2) and therefore the lowest corrosion resistance, followed 
by Al1Ca (1.9 × 10−3 mA/cm2) and Al, which had the lowest corrosion current density (1.56 
× 10−3 mA/cm2). 

Figure 8. (a) Average microhardness of alloys and PEO coating; (b) hardness distribution histogram
at half-thickness of PEO coating.

3.5. Electrochemical Behavior of PEO Coatings

Figure 9 shows the polarization diagrams of the test Al alloys. For a quantitative analy-
sis and comparison of the effect of alloying elements (Si and Ca) on the corrosion resistance
of the PEO coatings, the corrosion current densities (Icorr) were determined using polariza-
tion curve extrapolation and corrosion potential (Ecorr) measurements [39]. In all cases, the
cathodic branches had significant slopes (bottom curves), suggesting a cathodic-controlled
corrosion reaction [40]. Table 4 summarizes Icorr and Ecorr for the test samples. It can
be seen that the addition of 4% Si to pure Al led to an increase in the corrosion current
density (Icorr) compared to that of pure Al (18.3 × 10−3and 8.2 × 10−3 mA/cm2, respec-
tively). Ca addition to pure Al caused the formation of micro-galvanic pairs between Al and
Al4Ca, which in turn led to the facilitation of both the cathodic and anodic processes, with
a corresponding increase in the corrosion current density of the Al1Ca alloy in comparison
with that of pure Al (pure Al: 8.2 × 10−3, Al1Ca: 10.1 × 10−3 mA/cm2).

Table 4. Results of potentiodynamic corrosion tests in 3.5% NaCl solution for uncoated alloys and
PEO-coated alloys.

Sample Corrosion Potential,
Ecorr. (mV)

Corrosion Current Density,
icorr. (mA/cm2)

Al (purity 99.9%) −625 8.2 × 10−3

Al (purity 99.9%) + PEO −506 1.56 × 10−3

Al4Si −570 18.3 × 10−3

Al4Si + PEO −258 4.2 × 10−3

Al1Ca −745 10.1 × 10−3

Al1Ca + PEO −203 1.9 × 10−3
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(Ag/AgCl).

The polarization curves (Figure 9) show that the PEO coatings shifted the steady-state
electrode potential to the positive potential area in all cases. The currents of all the ca-
thodic and anodic polarization curves for the PEO-coated samples (Table 4) were lower
than those for the uncoated aluminum alloy, suggesting that the coatings have protective
properties. Of all the test PEO-treated alloys, the Al4Si alloy had the highest corrosion cur-
rent density (4.2 × 10−3 mA/cm2) and therefore the lowest corrosion resistance, followed
by Al1Ca (1.9 × 10−3 mA/cm2) and Al, which had the lowest corrosion current density
(1.56 × 10−3 mA/cm2).

4. Discussion

The test Al4Si and Al1Ca eutectic alloys with equal extra phase volume fractions
proved to have fundamental differences in the formation and final properties of the obtained
coatings. It should be noted that the surfaces of the coatings forming on pure aluminum
and the Al–Ca alloy were quite uniform. However, a different situation was observed
for the Al–Si alloy. The growth of the oxide layer seemed to be more controlled by the
microstructure of the substrate. For example, in the presence of the Si eutectic phase, the
interface between the oxide layer and the base metal became wave-like [22]. This was
probably caused by coating growth around the eutectic phase, leading to local thinning of
the coating. This is in agreement with the coating growth kinetic curves, which suggest
a decrease in the growth rate of the coatings in the first minutes of the process. The
highly uniform coatings formed in the inner and outer layers of pure aluminum and the
Al1Ca alloy contained the smallest numbers of defects. However, it was the contrary for
the coatings grown on the Al–Si alloy. The outer layers of the Al4Si samples contained
numerous “crater-like” pores with diameters of 100–200 µm and an average depth of 23 to
33 µm, significantly violating the uniformity of the coatings. An increase in the Si content
led to the formation of a well-developed pore system in the inner layer. The parameters of



Metals 2023, 13, 1509 12 of 15

the coatings formed on the Al–Si alloys and possible mechanisms of defect formation in
the coatings have been analyzed in detail [22].

A detailed analysis of the XRD and cross-sectional SEM and SEM–EDS results revealed
that the presence of Si and Ca in the substrates influences both the coating formation
processes and the content of those elements in the coatings. It should be noted that,
the second phase volume fraction being comparable, the effect of silicon on the phase
composition of the coatings is significant. Earlier studies [22] showed that Si can suppress
the formation of α-Al2O3, which is confirmed by the results reported in this work. The
coating formed on the Al4Si alloy consisted almost completely of γ-Al2O3, whereas the
coatings formed on pure aluminum and the Al1Ca alloy had almost equal α-Al2O3/γ-
Al2O3 ratios. The volume fraction of α-Al2O3 was the highest; the volume fractions of
α-Al2O3 and γ-Al2O3 were about 60 and 30%, respectively. Along with the oxidation of
Al, Si could also oxidize to form SiO2 in the high-temperature environment of molten
Al during the PEO process [34]. However, no SiO2 peak was found in the XRD pattern.
Probably, the low concentration of Si-containing oxide or its low crystallinity does not allow
it to be detected by XRD. Obviously, diffuse scattering in the 25 to 40 deg range shown
in Figure 7 indicates the presence of an amorphous phase, most likely SiO2. The same
situation is observed for calcium.

The revealed changes in the phase composition of the coatings had a significant effect
on their mechanical properties. However, the average microhardness values of the coatings
formed on Al and Al1Ca were almost the same (955 and 991, respectively). The higher
γ-Al2O3 volume fraction in the Al4Si alloy coating contributed to the reduction in its
microhardness to 843 HV.

For all the test alloys, silicon and calcium additions to pure aluminum reduced
their corrosion resistance. The addition of 4% Si to pure Al led to an increase in the
corrosion current density (Icorr) in comparison with that for pure Al (18.3 × 10−3 and
8.2 × 10−3 mA/cm2, respectively). This behavior originates from the fact that Si acts as
a cathodic structural component in the Al–Si alloys and formed numerous micro-galvanic
couples with Al. Indeed, Si facilitates the cathodic process (by lowering its overvoltage),
which in turn accelerates the anodic dissolution of Al and the related decrease in the
corrosion resistance of the alloy [41,42]. It should be noted that the cathodic structural
components shifted the corrosion potential (Ecorr) towards positive values from −625 mV
for pure Al to −570 mV for Al4Si due to the more positive standard potential of Si. One
should also bear in mind that the corrosion resistance of the Al1Ca alloy was significantly
higher than that of the Al4Si alloy. It was reported [2,43] that the Al1Ca alloy contains the
Al + Al4Ca eutectic phase. Due to the very low standard potential of Ca (approx. −2.76 V),
the Al4Ca phase inclusions acted as anodic regions, which shifted the corrosion potential
towards negative values (pure Al: 625 mV, Al1Ca: 745 mV). Ca addition to pure Al led
to the formation of micro-galvanic pairs between Al and Al4Ca, which in turn facilitated
the cathodic and anodic processes, and hence increased the corrosion current density
of the Al1Ca alloy in comparison with that for pure Al (pure Al: 8.2 × 10−3 mA/cm2,
Al1Ca: 10.1 × 10−3 mA/cm2). However, one should take into account that the corrosion
resistance of the Al1Ca alloy was significantly higher than that of the conventional Al4Si
casting alloys.

It was observed for all the samples that PEO treatment effectively increased the cor-
rosion resistance, mainly showing itself in a decrease in the corrosion current density
and an increase in the corrosion potential. This behavior originated from the barrier
effect of the coating layer, which prevented the interaction between the electrolyte and
the alloy [38]. Of all the test PEO-treated alloys, the Al4Si alloy had the highest corro-
sion current density (4.2 × 10−3 mA/cm2) and hence the lowest corrosion resistance,
followed by Al1Ca (1.9 × 10−3 mA/cm2) and Al, with the lowest corrosion current density
(1.56 × 10−3 mA/cm2). The main cause of this behavior was the fact that the PEO coating
on the Al4Si alloy contained more pores. According to earlier data [44,45], the volume
fraction of pores could influence the corrosion properties of alloys. Indeed, the subsequent
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decrease in the porosity of Al1Ca and Al led to a decrease in the current densities of these
materials to 1.9 × 10−3 and 1.56 × 10−3, respectively. However, the phase composition and
the presence of Ca in the coatings (Figures 5 and 6) could further increase the corrosion
resistance [21] of the coatings formed on Al and the Al–Ca alloys.

5. Conclusions

The surfaces of Al and the Al4Si and Al1Ca eutectic alloys were treated with PEO.
The coating formation process was studied using growth kinetics monitoring and the
characterization of the final coatings (appearance, phase analysis, elemental distribution,
microhardness, and electrochemical behavior). The results were as follows.

(1) The manufacturability of the Al–Ca alloy in terms of the formation of oxide coatings
on their surface was confirmed. The presence of Al4Ca eutectic colonies did not affect
the kinetics of coating growth in comparison with pure aluminum.

(2) Despite the comparable volume fractions of the eutectic phases in the Al4Si and
Al1Ca alloys, there were noticeable differences in the porosity, phase composition, and
mechanical properties of the coatings. Increasing the amount of Si in Al led to higher
internal and surface porosity of the coatings. Uniform coatings with the smallest
number of defects were formed on the surface of pure aluminum and the Al–Ca alloy.
The phase composition and mechanical properties of the coating on the Al–Ca alloy
were close to those for pure aluminum.

(3) The α-Al2O3 phase was predominant in the coatings on pure Al and the Al–Ca alloy,
while Si addition to pure Al hindered the formation of the α-Al2O3 phase.

(4) The microhardness of the coatings varied in the 660–1180 HV range, which was
20–30 times higher than that for the uncoated base alloys. The coating on the Al–Ca
alloy exhibited the highest peak hardness due to the formation of a greater fraction of
the α-Al2O3 phase.

(5) Electrochemical studies showed that silicon and calcium additions to pure aluminum
led to an increase in the corrosion activity, but Al1Ca exhibited a greater corrosion
resistance than the conventional Al4Si casting alloys. It was found that PEO coat-
ings significantly increased the corrosion resistance of all the studied alloys, mainly
showing itself in a decrease in the corrosion current density and an increase in the
corrosion potential. Of all the PEO-treated alloys studied, Al and Al1Ca had the
lowest corrosion current density and hence the highest corrosion resistance due to the
composition and uniformity of the coating.
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