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Abstract: The fabrication of a ceramic coating on the metallic substrate is usually applied to achieve
the improved performance of the material. Plasma electrolytic oxidation (PEO) is one of the most
promising methods to reach this performance, mostly wear and corrosion resistance. Traditional
PEO is carried out in an aqueous electrolyte. However, the current work showed the fabrication and
characterization of a ceramic coating using PEO in molten salt which was used to avoid disadvantages
in system heating-up and the formation of undesired elements in the coating. Aluminum 7075 alloy
was subjected to the surface treatment using PEO in molten nitrate salt. Various current frequencies
were applied in the process. Coating investigations revealed its surface porous structure and the
presence of two oxide layers, x-Al;O3 and y-Al,Os. Microhardness measurements and chemical and
phase examinations confirmed these results. Potentiodynamic polarization tests and electrochemical
impedance spectroscopy revealed the greater corrosion resistance for the coated alloy. Moreover, the
corrosion resistance was increased with the current frequency of the PEO process.

Keywords: plasma electrolytic oxidation (PEO); Al7075 alloy; aluminum oxide; molten salt;
microhardness; corrosion resistance

1. Introduction

Modern industry widely applies the fabrication of different ceramic coatings on metallic substrates
to obtain required properties. Usually, metals are implemented for wear and corrosion resistance.
Nowadays, aluminum is the most promising metal since it is a main candidate to replace iron-based
materials in various industrial applications. Among aluminum alloys, Al7075 alloy is a high strength
alloy whose mechanical properties are comparable to many types of steel. Al7075 is applicable as
aircraft fittings, shafts, and gears, valve components, and many other structural parts. However, this
alloy has lower corrosion resistance than other aluminum alloys. This problem may be overcome by
the development of a ceramic oxide coating on the Al substrate.

Plasma electrolytic oxidation (PEO) is one of the most promising environmentally friendly surface
treatment processes to achieve the ceramic oxide coating on valve metals as Al, Mg, and Ti [1-6].
In PEO, a target metal is subjected to a high voltage which leads to the discharge appearance on
the surface with the extremely high temperature and pressure that both provide oxidation of the
surface. Usually, PEO treatment is conducted in an aqueous electrolyte made of silicates, phosphates,
aluminates, fluorides, and other [7-12]. Recently, we have showed a possible implementation of the
electrolyte of the molten salt in the PEO process [13-15]. Results of these works evaluated the formation
of a denser coating free of any contaminants in comparison with a traditional method, which is usually
obtained in an aqueous electrolyte.
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Several works on the application of the PEO process on Al7075 alloy were recently published.
Wang et al. investigated the corrosion resistance of scratched oxide and reported that scratches have
reduced impedance and increased the corrosion current density [16]. Bahramian et al. reported
the effect of TiO, nanoparticles addition to a PEO silicate-based electrolyte in Al7075 alloy [17].
The authors showed that the fabricated composite coating demonstrated improved corrosion resistance
and mechanical properties due to the lower porosity content. Arunnellaiappan et al. investigated the
effect of Al,O3 and ZrO, additions to an aqueous electrolyte on the coating formation. The authors
showed improvement of a corrosion resistance of the fabricated coated alloy obtained in electrolyte
with nanoparticles [18].

The aim of the current work is to fabricate and to characterize a newly formed oxide coating
on Al7075 alloy using PEO in molten salt. The influence of the process current frequency on the
structure and properties of the formed coatings was also analyzed. Morphology examinations
and chemical composition were investigated by scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS). Phase composition was determined by X-ray diffraction (XRD) analysis.
The corrosion resistance of the obtained coatings was studied by potentiodynamic polarization tests
and electrochemical impedance spectroscopy (EIS).

2. Materials and Methods

Aluminum 7075-6 temper alloy (Scope Metal Group Ltd., Bnei Ayish, Israel) with chemical
composition listed in Table 1 was used as the substrate for the PEO treatment. Investigated samples
were of rectangle shape with 45 x 25 mm? and the thickness of 2 mm. Prior to PEO treatment, all
specimens were ground using 400-1200 grit sandpapers, followed by ethanol cleaning and rinsing
with distilled water.

Table 1. Chemical composition of the Al7075 alloy.

Chemical Element, wt.%
Zn Cu Mg Cr Si Mn Ti Al
5.1-6.1 1.2-2.0 2.1-29 0.18-0.35 <0.4 <0.3 <0.2  balance

The PEO treatment was carried out in a cylindrical furnace at a constant temperature of 280 °C in
molten salt electrolyte with a eutectic composition of KNO3-NaNOj (Sigma-Aldrich, St. Louis, MO,
USA). The electrolyte was charged in a nickel crucible, which also acted as a counter electrode, while
the Al alloy sample acted as a working electrode. The process was controlled by a MP2-AS 35 power
supply (Magpulls, Sinzheim, Germany) with the electrical parameters: Imax =5 A, Umax = 1000 V.
Electrical parameters were pulsed at a frequency of 200 Hz (Sam-200 Hz), 300 Hz (Sam-300 Hz), and
400 Hz (Sam-400 Hz) with a duty cycle of 50% and recorded by Scope Meter 199C (Fluke, Everett, WA,
USA). The process time was 30 min. After the treatment, all samples were washed with distilled water
and dried in warm air.

The surface and the cross-section morphologies of the fabricated coatings were studied with SEM
(MAIA3 TESCAN, Brno, Czech Republic). The elemental composition of the coatings was analyzed by
EDS X-Max" (Oxford Instruments plc, Abingdon, UK) detector in conjunction with the mentioned
SEM. The phase analysis was determined by the X'Pert Pro diffractometer (PANalytical B.V., Almelo,
the Netherlands) with Cu « radiation (A = 1.542 A) at the grazing incidence angle of 3° with a 26 range
from 20° to 90° (step size of 0.03°) at 40 kV and 40 mA.

The microhardness measurements were performed on cross-sections of the obtained coatings
using a micro-hardness tester, Buehler Micrometer 2103 (Lake Bluff, IL, USA) under a load of 10 g.
The average of five measurements for each oxide layer was presented in the results.

The corrosion resistance examination performed with a PARSTAT 4000A potentiostat (Princeton
Applied Research, Oak Ridge, TN, USA). The potentiodynamic polarization test evaluated in 3.5 wt.%
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NaCl (Sigma-Aldrich, St. Louis, MO, USA) solution at pH 7 using a three-electrode cell configuration
wherein a Pt acted as a counter electrode and a saturated Ag/AgCl (Metrohm Autolab B.V., Utrecht,
The Netherlands) acted as a reference electrode. The polarization resistance was detected at the range
of + 250 mV with the respect to the recorded corrosion potential at a scan rate of 0.1 mV/s. Prior to
the test, all samples were kept in the solution of 3.5 wt.% NaCl for 30 min to reach the open-circuit
potential (OCP) of a working electrode. The EIS measurements were performed at the OCP over a
frequency range of 100 kHz to 1 mHz using a 5mV amplitude of sinusoidal voltage. The analysis of
obtained spectra was made with the EC-Lab®software V11.10 fitting program.

3. Results and Discussion

3.1. PEO Processing

The PEO treatment is an electrochemical process which electrical parameters are shown in Figure 1.
The electrical behavior shown on plots are almost the same for all three examined current densities.
The received voltage, and the current, time behavior plots are typical plots for the unipolar PEO
process. During the initial stage, for the first 50 s, the amorphous aluminum oxide coating was formed
as the result of Al oxidation. This is clearly expressed on the plot where the current grew extremely.
A further increase in the oxide coating led to the growth of the resistance in the substrate/electrolyte
interface that resulted in current drop, as seen in the plot for 50-150 s. In the same period, the voltage
increased up to 62 V. From this point of time (150 s), the formed amorphous coating transformed to
crystalline, as expressed by a low current decrease and low voltage increase. The waveform of the
process is expressed by a typical unipolar behavior where 7,4 markup refers to the period when the
current is not supplied and Ton markup refers to the period when the current is supplied.
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Figure 1. Plots of the PEO treatment of Al7075 alloy in molten salt: (a) voltage—-and current-time
behaviors, (b) waveform.
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Surface morphology of the fabricated coatings for Sam-200 Hz, Sam-300 Hz and Sam-400 Hz are
illustrated in Figure 2. Sam-200 Hz has a random-porous microstructure with sub-micron and micron
pores. With the increase in the current frequency of the PEO, the microstructure changes, it contains
only micron pores, which are more equal, and their size is larger. These changes are observed in a
comparison of Sam-200 Hz with Sam-400 Hz microstructures (Figure 2a,c).

SEM v WD: 5.80 mm SEM HV: 10.0 kv WD: 5,80 mm SEM HV: 10.0 kv WD: 5.83 mm
SEM MAG: 2.00 kx Det: BSE 50 pm SEM MAG: 2.00 kx Det: BSE SEM MAG: 2.00 kx Det: BSE

Figure 2. Surface morphologies of the Al7075 alloy after PEO treatment obtained by SEM: (a) Sam-200 Hz,
(b) Sam-300 Hz, (c) Sam-400 Hz.

Almost the same thickness of the coating, around 25 um, was revealed in cross-section images in
Figure 3. Evaluation of these images revealed a double-layered coating structure which consists of the
internal dense layer and the external porous layer. These layers are attributed to two different phases
of aluminum oxide, a-Al,O3 and y-Al,O3 that to be discussed in Section 3.3. Observation of these
images also revealed that the coating of the Sam-400 Hz is denser and less porous, which is correlated
to the morphology observation discussed before. These structural changes may be attributed to the
energy impact of PEO treatment. With the current frequency increase, the time duration of each single
current pulse decreases that leads to the reduction in the transferred energy. Hence, the volume of the
locally re-melted coating decreased, and thereby it became denser.
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Figure 3. Cross-section images of the Al7075 alloy after PEO treatment obtained by SEM: (a) Sam-200 Hz,
(b) Sam-300 Hz, (c) Sam-400 Hz.

3.2. Phase and Chemical Composition Characterization

XRD analysis was performed to evaluate phase composition of the fabricated coatings; its patterns
are shown in Figure 4. The following phases were detected in three examined coatings: x-Al,O3,
v-Al; O3, and metallic aluminum which also corresponds with [19,20]. Minor changes in peak intensities
were observed due to the different absorbance of the X-ray radiation that may be attributed to a
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non-uniform fabricated surface. As expected, two phases of aluminum oxide were detected, and they
are referred to as the internal and the external layers of the coating. Metallic aluminum phase was
identified from the substrate due to the high penetration depth of the X-rays. Furthermore, no other
phases were found, which points to the formation of a pure oxide coating with no impurities which
usually originates from the electrolyte decomposition.
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Figure 4. XRD patterns of the Al7075 alloy surfaces after PEO treatment of Sam-200 Hz, Sam-300 Hz
and Sam—400 Hz.

EDS analysis evaluated presence of mostly aluminum and oxygen elements and tiny amount of
magnesium and zinc as shown in Figure 5. As expected, Al and O are the main components of the
Al,O5 coating, Mg and Zn are components originated from the Al7075 alloy substrate. EDS mapping
images pointed on the high O content which is favorably located in the coating (dark red color in the
coating). Observation of a metallic substrate revealed presence of mostly Al, Zn, and Mg elements
(darker colors for these three elements in the substrate). These observations are well correlated with
the XRD patterns and point to the formation of the oxide coating free of any contaminates. These
undesired components are usually originated in the decomposition of an aqueous electrolyte.
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Figure 5. SEM image of the Sam-400 Hz after PEO treatment: (a) cross-section and EDS elements
mapping, (b) EDS analysis.
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3.3. Coating Characterization

Microhardness measurements results are illustrated in Figure 6. These results exhibit increase of
the coating microhardness with the current frequency increase. Additionally, the external layers show
higher values in comparison with the internal. The measured values for the internal layer were 473.08,
490.30, and 588.67 HV for Sam-200 Hz, Sam-300 Hz, and Sam-400 Hz, respectively. The measured
values for the external layer were 847.60, 967.77 and 1112.93 HV for Sam-200 Hz, Sam-300 Hz and
Sam-400 Hz, respectively. The microhardness measurements jointly with the XRD results may indicate
locations of the formed oxide layers. As reported by Brabec et al. and Sobolev et al. [15,21], the external
layer is referred to as the «-Al,Oj3 since it is harder than the y-Al,Os.

1400 A
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1200 A M External layer
1000 -
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400 A

Microhardness [HV ]

200 A

0
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Frequency [Hz]

Figure 6. Microhardness measurements of internal and external layers of the Al7075 alloy coatings
after PEO treatment of Sam-200 Hz, Sam-300 Hz and Sam-400 Hz.

The fabricated oxide coating provides a high corrosion protection [22-24]. Two methods of
corrosion resistance evaluation were conducted, the potentiodynamic polarization method and the EIS.

Potentiodynamic polarization curves for three coated samples and the original alloy are illustrated
in Figure 7 and the obtained values are listed in Tables 2 and 3.
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Figure 7. Potentiodynamic polarization curves of Sam-200 Hz, Sam-300 Hz, Sam-400 Hz and an original
Al7075 alloy. Examination was conducted in the 3.5 wt.% NaCl solution.
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Table 2. Mean of electrochemical parameters obtained from the potentiodynamic polarization curves
for the fabricated and original alloys.

Ecorr VS.
. —7 . -2 corr
Samples icorr X 1077 (A-cm~2) Ag/AgClaa (mV) Ba (mV/dec) Bc (mV/dec)
Original 248.5 -701.2 17 -324
Sam-200 Hz 8.9 —654.7 199 -164
Sam-300 Hz 7.6 —605.9 207 -222
Sam-400 Hz 2.3 -560.6 76 —457

Table 3. Calculated values of the resistance and the corrosion rate from the potentiodynamic polarization
test for the fabricated and original alloys.

Samples Rp (kQ cm?)  CR (mm/Year)

Original 15 0.3192
Sam-200 Hz 437 0.0092
Sam-300 Hz 61.4 0.0083
Sam-400 Hz 122.9 0.0026

Potentiodynamic results evaluated that all coated alloys exhibit greater corrosion resistance than
the original alloy. Thus, the polarization curves were shifted to lower current densities as observed in
Figure 7. Moreover, evaluation of the curves revealed that the current density shift was increased with
the increase in current frequency of PEO process. In other words, the oxide surface can effectively
prevent the penetration of corrosive solution. The obtained values for the corrosion potential (icorr)
presented in Table 2 were determined from the Tafel plots in Figure 7, while other values in Table 3
were determined from the Stern-Geary equation:

o E’a X Bc
o= 2.3 X icorr(Bg + Be) M

where Ry, refers to the polarization resistance, 3, and {3, refer to the anodic and cathodic Tafel slopes,
respectively, and icorr refers to the corrosion current density.
The corrosion rate (CR in mm/year) was calculated from the following equation:

_ ky Xicorr X EW

R
c pxA

@)
where k; the corrosion rate constant (3272 mm/(A-cm-year)), icorr is the corrosion current in amperes,
EW is the equivalent weight in g/equivalent, p is density in g/cm3, and A is the area of the sample
in cm?.

The corrosion resistance values in Table 3 revealed the greater corrosion resistance for treated
alloys using PEO in molten salt. Additionally, the effect of the PEO current frequency on the corrosion
resistance was also revealed. It was determined that the increase in current frequency of the process
caused to the increase in corrosion resistance; the current density reduced from 8.9 x 10’ A-cm? for
Sam-200 Hz to 2.3 x 107 A-cm™ for Sam-400 Hz. The same tendency was also found for the corrosion
potential which was increased from —654.7 to -560.6 mV, while the original alloy corrosion potential was
—701.2 mV. The calculated corrosion resistance rates of the coated alloys are higher than the rate of the
original alloy. Hence, the calculated corrosion rate of the original alloy was 0.3192 mm/year while the
coated alloys exhibited corrosion rates of 0.0092, 0.0083, and 0.0026 for Sam-200 Hz, Sam-300 Hz, and
Sam-400 Hz, respectively. Experimental results of the present work have also revealed that the obtained
corrosion resistance in PEO conducted in molten salt is much higher than the identical alloy treated
using PEO in aqueous solution [25]. This behavior is attributed to the surface morphology where
substrate/coating interface characterized by the electric double layer with a specific ion adsorption.
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The corrosion process in a chloride-based solution was extensively shown elsewhere [26-29].
These works described the activation effect of ions of Cl™ in the anodic dissolution of aluminum and
aluminum oxide. Lv et al. [30] and Zhang et al. [31] reported the following corrosion reactions which
can be also adopted to the present investigation:

The anodic reaction:

Al > AP* 4+ 3e” 3)
with the possible subsequent reactions
AP + 3H,0 — AI(OH); + 3H* (4)
Al(OH); + CI™ — Al(OH),Cl + OH™ ®)
Al(OH),Cl + CI” — Al (OH)Cl, + OH™ 6)
Al(OH)Cl, + CI™ — AICl; + OH™ (7)

The cathodic oxygen depolarization reaction:
O, +4e” +2H,0 — 40OH™ ®)

It may be assumed that the cathodic slope of the Tafel plot indicates the diffusion control for the
reaction of the oxygen reduction (reaction 8). Meanwhile, the anodic slope of the Tafel plot indicates
the activation-controlled process of the charge transfer through the interphase. Based on the theory,
a one-electron process is the most preferrable, as shown in reactions (5)—(7). It is worth to add that
the anodic dissolution of the original alloy occurs uniformly, without pitting corrosion. However,
dissolution of the coated alloys occurs with the local pitting corrosion. Different slopes of the 3a for
the coated alloys are attributed to the different overpotentials obtained at a certain current decade and
they determine the corrosion rate of the process (Equation (2)).

EIS analysis revealed the effect of the PEO current frequency on the surface morphology formation.
EIS presents Nyquist plots in Figure 8, Bode plots in Figure 9, and equivalent electrical circuits in
Figure 10 and Table 4 which provide the fitting between the experimental and theoretical results.
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Figure 8. Nyquist plots of Sam-00 Hz, Sam-300 Hz, Sam-400 Hz and an original Al7075 alloy: (a) curves
for full impedance range, (b) enlarged area of the curves. The symbols represent experimental values
and the solid lines represent fitted data. Examination was conducted in the 3.5 wt.% NaCl solution.
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Figure 9. Bode plots of Sam—200 Hz, Sam-300 Hz, Sam—400 Hz and an original Al7075 alloy:
(a) impedance modulus, (b) phase angle. The symbols represent the experimental values and the solid
lines represent fitted data. Examination was conducted in the 3.5 wt.% NaCl solution.

CPE,

(@)

(b)

Figure 10. Equivalent electrical circuits used for the EIS spectra fitting for: (a) original Al7075 alloy,
(b) Al alloys treated by PEO in molten salt.

Table 4. Fitting values of electrical parameters obtained from the equivalent electrical circuits for the
fabricated and original alloys.

Samples Original Sam-200 Hz Sam-300 Hz Sam-400 Hz

Rs (Qr-cm?) 3.72 0.56 0.33 0.79

CPE; (F-em™2.s"1) - 1.35 x 100 1.55 x 10 1.86 x 100
n - 0.63 0.61 0.63

Ry (Qr-em?) - 1.21 x 102 1.52 x 102 2.56 x 102

CPE, (F-em™2:s""1) 427 x 10° 5.84 x 107 1.05 x 108 1.62 x 108
1y 0.90 0.88 0.61 0.57

Ry (Q-cm?) 1.75 x 10* 5.11 x 10% 5.30 x 10% 1.07 x 10°

X2 1.01 x 10% 1.12 x 10° 1.42 x 103 1.25 x 10%

The Nyquist plots illustrated in Figure 8 represent differences between behavior of the coated
samples and the original alloy. The symbols in the plot are attributed to the experimental values while
the solid lines are the fitted data presented in Table 4. The Nyquist plot for the original alloy has a
one capacitive loop which is referred to as the natural aluminum oxide layer. However, treated alloys
using PEO have two capacitive loops, the first one is located at the high-frequency range and referred
to the external outer layer. The second capacitive loop is located at the medium and low-frequency
ranges, and referred to as the internal oxide layer.
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Fitting of the EIS spectra was made by equivalent electrical circuits given in Figure 10. Here, R
is the charge transfer resistance and CPE is the constant phase element of the electric double-layer
capacitance determined using the follows equation:

1
(Qjw)"

where Zcpr refers to the impedance of the CPE, Q refers to the proportional factor of the CPE, j is the
imaginary unit, @ is the angular frequency, and 7 is a dimensionless parameter. When n = 0, the CPE
acts as a resistor. When n = 1, the CPE acts as a capacitor.

The investigation of the natural aluminum oxide layer on the original alloy was performed by the
equivalent circuit Rs + CPEy/R; which is illustrated in Figure 10a. Rs is the resistance of the electrolyte,
Ry is the charge transfer resistance, and CPE, is the electric double-layer capacitance. The investigation
of the treated alloys using PEO was performed by the equivalent circuit Rs + CPE1/(R; + CPE3/Ry)
which illustrated in Figure 10b. R; is the resistance to the charge transfer of the external porous layer,
CPE; is the electric double-layer capacitance of the porous external layer, R; is the resistance to the

©)

Zcpg =

charge transfer of the internal dense layer, and CPE, is the electric double-layer capacitance of the
internal dense layer.

An evaluation of Bode plots in Figure 9 revealed presence of two bends on the curves of the
treated alloys that may be attributed to the internal- external- layered oxide structure. Similar to the
description of capacitive loops in Nyquist plots, in Bode plots, the curve at the high- frequency range
is referred to as the external outer layer and that at the medium- and low-frequency ranges are referred
to as the internal layer.

An electrical parameters analysis in Table 4 revealed that values of R, are much greater in
comparison with the values of R; that may be attributed to the greater corrosion resistance, preferable
provide by the internal layer. For Sample-400 Hz, R, reaches 107 kQ-cm? while the value of the R; for
the same sample is 256 O)-cm?. The same trend was also observed for Sam-200 Hz and Sam-300 Hz.
Thus, Sam-200 Hz exhibits values of 51.1 kQ-cm? and 121 Q-cm? for R, and Ry, respectively. Sam-300 Hz
exhibits values of 53.0 kQ-cm? and 152 Q-cm? for Ry and Ry, respectively. These results point to the
high corrosion-resistance performance of the internal dense oxide layer which is located closer to the
substrate and acts as a barrier for the electrolyte penetration towards the metallic substrate. Values for
the external layer are referred to as the porous surface morphology and correspond with observations
in Figure 3. Sam-200 Hz and Sam-300 Hz demonstrate almost the same porosity while Sam-400 Hz has
lower porosity as determined in SEM images and fitted values of the electrical parameters.

The calculated values for n varied from 0.57 to 0.88 for the treated alloys due to the non-uniform
coating structure. The value of n for the original alloy is 0.9, closer to the capacitor behavior.

4. Conclusions

This work focuses on an investigation of the PEO process carried out in molten salt. Here, the
ceramic coating on Al7075 alloy was fabricated and characterized. SEM observation revealed a porous
surface which changes from the random sub-micron and micron porosity to a more equal micron
porosity with the increase in current frequency of the process. The thickness of the coatings was
around 25 um and it contained two oxide layers. Based on XRD and EDS analysis and microhardness
measurements, the external layer was detected as «-Al,O3 and the internal as y-Al;O3. The corrosion
resistance of the original and coated alloys was examined by a potentiodynamic polarization approach
and EIS. Both methods revealed the greater corrosion resistance for the coated alloy than the original
one. Additionally, it was determined that the PEO current frequency affects morphology, and as a
result, its corrosion resistance. Thus, the higher the current frequency of the PEO process, the greater
the corrosion resistance of the alloy.
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