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Abstract: In the present investigation, the plasma electrolytic oxidation (PEO) process was employed
to form aluminum oxide coating layers to enhance corrosion resistance properties of high-strength
aluminum alloys. The formed protective coating layers were examined by means of scanning
electron microscopy (SEM) and characterized by several electrochemical techniques, including open
circuit potential (OCP), linear potentiodynamic polarization (LP) and electrochemical impedance
spectroscopy (EIS). The results were reported in comparison with the bare 6061-O aluminum alloy
to determine the corrosion performance of the coated 6061-O alloy. The PEO-treated aluminum
alloy showed substantially higher corrosion resistance in comparison with the untreated substrate
material. A relationship was found between the coating formation stage, process parameters and
the thickness of the oxide-formed layers, which has a measurable influence on enhancing corrosion
resistance properties. This study demonstrates promising results of utilizing PEO process to enhance
corrosion resistance properties of high-strength aluminum alloys and could be recommended as a
method used in industrial applications.
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1. Introduction
Aluminum-based alloys have received increasing attention due to their advantages
of high strength to weight ratio and proper corrosion resistance. Corrosion resistance
of aluminum is excellent under many corrosive conditions, for instance unalloyed aluminum performs better than other coated metals. High-strength 6xxx series aluminum
alloys are usually used in aircraft, defense, automotive and marine areas of industrial
applications [1]. Nevertheless, high-strength aluminum alloys where the precipitation
hardening phenomena can increase mechanical properties can be affected by different
corrosion forms [2–5]. Among others, AA6061 (AD-33) alloy possesses the intermetallic
for example, CuAl2 , Mg2 Si, MgZn2 compounds, to drive a precipitation hardening [1].
The metal oxidation being initiated by cathodic—anodic actions to the aluminum alloy
base, where corrosion primarily occurs and progresses at the phases surface interfaces.
Whereas new and better high-strength 6xxx series alloys are continuously developed,
the presence of intermetallic compounds makes it susceptible to the attack of localized
corrosion. Most severely, high-strength aluminum alloys are vulnerable to pitting and
stress-assisted corrosion where the variation from spot to spot may be enormous [6,7].
At least three forms of attack on aluminum alloys are particularly serious under Federal
Aviation Administration Advisory Circular corrosion control: (1) the penetrating pit-type
corrosion through the aluminum walls, (2) stress corrosion involving cracking of materials under sustained stress and (3) intergranular corrosion, characteristic of particular
improperly heat-treated aluminum alloys.
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Protective coatings must be used to preserve aluminum alloys from different corrosion forms. The primary coating layers function being to isolate structural reactive
elements from environmental corrosives, therefore any factor that tends to improve the
insulating ability of the protective coating enhances the corrosion resistance of aluminum
alloys [8]. Commonly used hard anodizing of aluminum alloys with high Mg-, Si- and Cucontent represents a considerable challenge specify a thin anodized layer tends to be highly
porous [9]. Among other standard conventional protection methods for high-strength
aluminum alloys, such as cladding, priming and cold spraying [8–10], there was recent
attention given to emerging Plasma Electrolytic Oxidation (PEO) technology. PEO is considered an environmentally-friendly process that offers versatility in coating most aluminum
alloys, including Mg-, Si- and Cu-containing alloys and aluminum-based metal matrix
composites [11]. Nowadays, with the development of a state of the art power supply systems and environmental requirements addressed to anodizing technology, PEO technology
has been attracting a lot of attention with a promising potential in different industrial
applications [12].
The PEO process is based on the plasma-assisted electrochemical conversion of a metal
surface into an oxide ceramic layer. Therefore, it provides several advantages and offers
a dense fused structure of the oxide coating with excellent corrosion performance over
superior commercial chromate conversion coatings [13]. Moreover, by adjusting process
parameters, there is the possibility of precisely controlling the coating layer thickness and
surface morphology, consequently forming coatings on complex shapes with a higher
growth rate than conventional anodizing methods. Therefore, PEO-based surface engineering is a promising process for creating corrosion protection coatings not only on aluminum
but also on magnesium-, titanium- and zirconium-based alloy substrates, including hybrid
coatings [14,15].
Typically, PEO treatment for aluminum-based alloys is carried out in alkaline solutions
containing metasilicate anions, which is environmentally-friendly and most widely used in
research and industrial applications. Commonly, alkaline solutions containing metasilicate
poses development of exceptionally foamy- like coating structure of PEO treated materials
where it is hard to expect superior behavior in corrosion environment [14]. Though, it has
been established that the addition of Na2 SiF6 affects the surface roughness, where diameters of the discharging channels decrease and promote the formation of a dense coating
layer [16]. The fluoride ions are characterized to exhibit a complex behavior with a wide
interval of passivation [17], therefore providing the ability to control the PEO’s coating
layer densification process by dispersing the Aluminum Fluoride phase formation [18].
Despite the fact that Na2 SiF6 effectively enhanced the growth ability and densification of
the ceramic layers during the PEO process, it is a well-known fact that sodium hexafluorosilicate and sodium fluorosilicate are hazardous products for human health and the
aquatic environment due to its ionizing fluorine. In cases of decomposition, it releases toxic
hydrogen fluoride. It is also essential to remember that when aluminum comes in contact
with water, the corresponding metal hydroxide and hydrogen are formed. Such a reaction
only proceeds with aluminum in the presence of alkaline compounds, such as NaOH or
KOH. The type of alkali solution typically acts as a catalyst in the production reaction of
metal hydroxide and hydrogen evolution. NaOH commonly promotes faster responses
and higher real yields of metal hydroxides than KOH. On the other hand, NaOH leads to
the generation of foamy-like structures during the PEO process, leading to the degradation
of corrosion protection properties.
In recent years, the effect of power mode—including frequency, duty cycle and current
density has gained a lot of attention as critical processing parameters affecting corrosion
behavior of PEO coating layers [19]. A substantial amount of published papers on PEO
coatings on aluminum report how the process parameters affect the physical, mechanical and tribological properties [20–23]. However, there are limited systematic attempts to
analyze PEO coating layers related to corrosion resistance or identify the best treatment
parameters and electrolyte composition to confirm the best carrion protection properties.
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In this work, the PEO technique has been employed to form protection coatings
intending to promote corrosion resistance properties of high-strength aluminum alloy.
This study evaluates the coating layer structural features and attempts to understand the
corrosion resistance behavior of PEO-treated 6061-O aluminum alloy by analyzing the
electrochemical properties. Moreover, given the processing parameters and electrolyte
composition, the present study attempts to find the optimum combination of technological
parameters to achieve dense coating layers, ensuring the best corrosion resistance.
2. Materials and Methods
2.1. Materials
The substrate material selected in the present investigation was the 6061-O aluminum
alloy with a nominal chemical composition presented in Table 1. All specimens used in
this study and subject to PEO treatment were in the rectangular shape of 23 mm × 60 mm
and 1 mm thickness with a total treated area of 2900 mm2 .
Table 1. Chemical composition of the 6061-O aluminum alloy (wt.%).
Al

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

balance

0.40–0.80

Max 0.70

0.15–0.40

0.15

0.80–1.20

0.04–0.35

0.25

0.15

2.2. Coatings Preparation and Process Parameters
Prior to PEO treatment, the main sample surfaces of 6061-O aluminum alloy were
ground using #800 abrasive paper and cleaned with ethyl alcohol, rinsed with distilled
water and dried. The samples were PEO-treated in 5 L of electrolyte solution containing
5 g·L−1 sodium metasilicate pentahydrate (Na2 SiO3 ·5H2 O) and 2 g·L−1 potassium hydroxide (KOH), with specific attention given to maintaining the electrolyte temperature at
about 23 ◦ C during PEO treatment time. The conductivity of the prepared solution was
measured at 19.5 mS·cm−1 . In this study, a unipolar two-stage current regime has been
used. At the first stage, a potentiostatic polarization at U(+) = 200 VDC was applied for 15 s
enabling the formation of uniform primary oxide film on the surface of aluminum alloy,
this was followed by galvanostatic polarization using unipolar current mode at the current
density of i(+) equal to 5.16 A·dm−2 . It is worth mentioning that to improve the sealing
characteristics, the applied i(+) current was gradually reduced during the last minute
of the treatment process, ensuring a change of the current mode from unipolar to the
soft-sparking unipolar regime. The main PEO process parameters and sample designation
are presented in Table 2.
Table 2. Plasma electrolytic oxidation (PEO) process parameters and specimen designation.
Specimen
Designation

ton
(µs)

toff
(µs)

Treatment Time
(min)

Actual Current *
(A)

Voltage Reached
(V)

AA-4
AA-8
AA-12

400
400
400

200
200
200

15
30
45

1.5
1.5
1.5

435
450
470

* Unipolar pulse current mode followed by soft-sparking regime.

2.3. Coatings Characterization Methods
The corrosion resistance of PEO-treated and bare 6061-O aluminum alloy substrates
was evaluated by employing electrochemical measurements in the N2 aerated 1 M NaCl
test solution. The electrochemical behavior of the specimens was examined using galvanostat/potentiostat Biologic SP-150 system with a typical three-electrode cell consisting of
(1) the studied sample with an exposed surface area of 3 cm2 as the working electrode, (2) a
graphite rod as the counter electrode and (3) the Ag/AgCl (3.5 M KCl) as the reference
electrode. The following techniques were employed in this study: (i) Open circuit potential
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(OCP) measurements. OCP test was performed during the immersion test, where the samples were suspended in the test solution and the potential was recorded every 30 s over the
period of 2 h. (ii) DC polarization tests were implemented after 1 h of rest potential under
open-circuit conditions (working electrode is not polarized). The DC linear polarization
measurements consisted of sample polarization from the cathodic potential of −250 mV vs.
OCP to the highest potential of +1000 mV vs. OCP at a constant sweep rate dE/dt equal
to 1 mV·s−1 . Within this range of potentials and depending on the quality of the surface
oxide film, it is determined whether a material exhibits passive behavior. Tafel extrapolation, as a mathematical technique, was used to determine the values of corrosion current
density and corrosion potential. (iii) The surface oxide layer behavior was also studied by
electrochemical impedance spectroscopy (EIS). Experiments were carried out by an AC
amplitude of 10 mV around OCP over the frequency range of 0.1–105 Hz. The impedance
behavior of a corrosion system was expressed in Bode plots of impedance modulus |Z|,
phase angle ψ as a function of frequency and in complex plots of Z” (ω) as a function of
Z’(ω), where ω is the angular frequency of the perturbation. The data were collected and
analyzed using build-in analysis tools available at EC-Lab software (veriosn 11.33).
Coating thickness was measured utilizing eddy current probe, as averaged by 5 measurements and later confirmed by image analysis of cross-sectional planes. Special precautions have been taken to ensure that the coating layer is not affected by the sample
cross-section preparation procedure. Microstructure and surface morphology characterization of PEO-treated coatings was performed by field emission scanning electron microscopy
according to ASTM E1588 [24] using ThermoScientific Quattro ESEM (Waltham, MA, USA)
with Bruker XFlash6160 (Billerica, MA, USA).
3. Results and Discussion
3.1. Visual Surface Appearance and Microstructure Characteristic Features
Figure 1 shows typical SEM microphotographs of the surface morphology of PEOtreated specimens. The presence of many small holes/cracks/pores with an average pore
size ranging from 0.5 to 4 µm corresponded to plasma discharge channels, as depicted
in Figure 1d–f. Shrinkage cracks of larger pancake-shaped particles are not visible from
the surfaces. Thereby a uniformly distributed porous structure with a relatively smooth
surrounding area near the pores poses a characteristic of the dense oxide layers grown by
PEO processes utilizing the unipolar DC electrical mode [17]. The intensity of the surface
pores depends on the PEO treatment parameters, coating roughness and the pores size
diameters increasing with a greater current density of applied potential, similar to Chiesa’s
findings [25]. Figure 1 shows that the pore shape was mostly round and most pores were
found to be not connected.
Typical cross-sectional images of the formed coatings subject to evaluation in this
study are depicted in Figure 1g–i. It can be seen that the coating thickness is about 4 microns
for AA-4 and 8 µm of AA-8, whereas this reaches 12 µm for AA-12 with a highly dense
structure. The evolution of micro-cracks and micropores distributed through the coating
layer is clearly observed suggesting that the PEO treatment time plays a critical role in
the formation of dense oxide layers. Also, as can be observed, the micropores formed at
the substrate interface caused by gas bubbles at the micro-discharge channels Figure 1i,
suggesting a presence of the voltage threshold. The dense oxide layer integrated firmly
into the aluminum substrate should be considered as the main feature enhancing the
corrosion resistance properties of PEO-treated 6061-O aluminum alloy. This fact was
reported previously in the other studies, whereas the interface between the oxide layer
and the aluminum substrate does not have any discontinuity [26]. This is a reference to a
viewpoint discussed and supported by the electrochemical tests described below.
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suggesting that the thermodynamic tendency of corrosion is increased. It is possible that
electrical charges accumulate locally and the electrons become trapped at the oxide film
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Table 3. Compiled results for investigated specimens.
Specimen Designation
AA6061-O
AA-4
AA-8
AA-12

Eb
Specimen
(V)
Designation
−0.66
AA6061-O
−AA-4
0.64
−AA-8
0.62
−
0.65
AA-12

Ecorr
Eb
(V)
(V)
−−0.66
0.67
−−0.64
0.68
−−0.62
0.68
−−0.65
0.72

EcorrIcorr 2 Icorr OCP
OCP
(µA/cm )
(V)
(V)
(µA/cm2)
(V)
−0.670.23 0.23 −0.70
−0.70
−0.680.06 0.06 −0.70
−0.70
−0.680.29 0.29 −0.71
−0.71
−0.720.44 0.44 −0.75
−0.75

Roughness, R
Raa
Roughness,
(µm)
(µm)
0.44
0.44
0.86
0.86
1.08
1.08
1.09
1.09

Coating
Thickness
Coating
Thickness
* *
(µm)
(µm)
N/A
N/A
4 ±41 ± 1
8 ±81 ± 1
121 ± 1
12 ±

measuredprobe.
by eddy current probe.
* measured by eddy*current

Analysis of results comparison shows the effect of the corrosion potential (Ecorr )
Analysis with
of results
comparison
shows
the effect
the corrosion
potential
(Ecorr) dedecreases
an increase
of coating
thicknesses
andofroughness,
whereas
a corrosion
creases
with an
coating
thicknesses
and roughness,
corrosion
potenpotential
didincrease
not showofmany
differences
with OCP
values. Thiswhereas
is mainlyadue
to the low
scanning rate employed in this study. The Ecorr is poised at −670 mV for the bare 6061-O
alloy, whereas it is around −680 mV for the AA-4 and AA-8 coatings, in agreement with
previously reported data [3,28]. For the AA-12 coating layer with a thickness of 12 µm,
the corrosion potential starts to decrease and is controlled at −720 mV. This behavior is
intimately associated with the resulting coating microstructure array (Figure 1g–i) in the
course of the applied PEO process parameters route, suggesting optimization in PEO
treatment time.
Despite the fact that more negative corrosion potential represents greater susceptibility
to corrosion attack, there is a need to consider changes in corrosion current (Icorr ) while assessing corrosion resistance in totality. Significantly measurable differences in the corrosion
current were observed for all specimens involved during corrosion tests. It was previously
reported [29] that, during linear polarization and in the presence of chloride ions within the
test solution, anodic current induces localized rupture of aluminum protection oxide film
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and promotes the formation of the corrosion product in the form of aluminum chloride
film. In the present study, similar behavior was found in the case of the bare 6061-O alloy,
whereas PEO treated AA-4 specimen shows a significant decrease of Icorr over the polarization interval. This is characteristic of a more passivated system. The other key characteristic
of protection behavior against corrosion is a breakdown potential (Eb ), while the closer Eb is
to Ecorr , the greater the probability is of localized pitting take place. The polarization curves
of all examined specimens exhibit thermodynamic quantities, with Eb values of −660 mV
for the bare 6061-O alloy, where the current rapidly increases over the rise of polarization
potential, indicating a threshold of rapid corrosion rate. Furthermore, the·presence of
another breakdown potential at 100 mV for the bare 6061-O alloy suggests intensive pitting
formation caused by damage of the passive layer.
On the other hand, for all PEO-treated 6061-O alloy specimens, a stable, protective passive film was formed on the aluminum alloy surface. The presence of a constant current
region and a more positive value of breakdown potential indicates improved resistance
to corrosion attack. Nevertheless, there were spikes observed in anodic current over the
polarization of the AA-4 specimen, which clearly indicates a lack of dense and compact
oxide film formation during PEO treatment. This variation in anodic current density
indicates semi-passivation actions, where the corrosion products are filling up the pores
and cracks within the protective layer, alike to previously reported studies [30]. Thereby,
the corrosion protection efficiency during the linear polarization study was found to be
different for all investigated specimens, where AA-8 exhibits improved properties out of
all tested specimens.
3.2.3. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) analysis was carried out in addition
to linear DC polarization studies to attain a more detailed examination of the corrosion
susceptibility and protection properties of PEO-formed coatings. The characteristic EIS
spectra of the specimens investigated in the present study are presented in Figures 4 and 5.
The bare 6061-O alloy exhibited much lower impedance magnitude in the high-frequency
domain (>102 Hz) compared with the PEO-treated 6061-O alloy, regardless of the coating
thicknesses when considering the fact that the high-frequency impedance usually reflects
the resistance of the coating [31]. Similar behavior was found in the low-frequency region (0.1–1 Hz), where the AA-8 specimen presented a higher impedance modulus in
comparison to other investigated specimens and the phase shift at high frequency is due
to the capacitive properties of the PEO-formed coatings (Figure 4b). On the other hand,
as observed, the impedance at the low-frequency region represents the corrosion resistance
of the coatings (Figure 4a). By comparing the EIS spectra of each tested specimen, it could
be concluded that the PEO treatment has a significant effect in improving susceptibility to
corrosion of aluminum alloys. As previously confirmed, the protection ability of the AA-8
coating deteriorated in line with an increase of PEO treatment time. However, it is best in
comparison to AA-4 and AA-12.
The kinetic processes involved during the electrochemical impedance test remained
the same for all coated specimens in the test solution, as reflected by its impedance spectra
(Figure 5). For example, the complex plots featured one depressed semi-circle associated
with the dispersive capacitive behavior of the PEO coatings in the high-frequency region,
followed by a diffusional process in the low-frequency region. Such impedance spectra
behavior suggested that two kinetic processes with different time constants were involved
during the immersion of the PEO-coated sample. The first indicated semi-passivation
actions, where the corrosion products find a diffusion path inside the PEO coating by filling
up the pores and cracks, similarly to the above reported finding during an analysis of
OCP and linear polarization results. The second stage is associated with the repassivation
process through the loose coating layer. This feature is not associated with a typical resistivecapacitive (R-C) behavior, featuring almost constant phase angle, whereas a change of a
phase angle over a wide frequency range (0.1–100 Hz) (Figure 4b) suggests the presence
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characteristic constant from the diffusion impedance expression. This parameter controls
the reaction rate through the influence of the diffusion of oxidizing and reducing species
to and from the metal substrate. It should also be mentioned here that the diffusional elements could be verified by the associated Bode plots, where the phase angles in the low
frequency deviated from the theoretical value of −45° for the ideal Warburg element.10This
of 13
might result from a non-linear diffusion process originating from the non-ideal geometry
of the diffusion layers inside PEO-formed coating [32].
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defect passages filled with the test solution of low resistance, indicating a decrease in corelementproperties.
values, in accordance with the designed circuits (Figure 6) used to fit the
rosionThe
protection
EIS data, are listed in Table 3. In addition, the fitting results are presented in Figures 4 and 5
by the solid lines. Analysis of the equivalent circuit values demonstrates a variation in
R1 solution resistance, suggesting the difference in coating morphology and therefore
associated with changing electrolyte reactivity towards surface charge and double layer
formation. The chi-square values (χ2 ) on the orders of 10−3 to 10−2 indicate sufficient
fitting goodness of the proposed model and experimental values.
Considering the total resistance (Rtotal ) of all investigated specimens as a sum of
coating layer resistances R2 and charge transfer resistance R3, it could be concluded
that the PEO coating provides corrosion protection (Table 4). However, total resistance
deteriorated significantly for AA-12 coating; this is possibly due to the formation of larger
layer defect passages filled with the test solution of low resistance, indicating a decrease in
corrosion protection properties.
Analysis of EIS experimental data and results of the proposed equivalent circuit
modeling confirms previously discussed findings and suggests diffusion-precipitation
of amorphous corrosion product phases as a mechanism of coating micro-sized defects
sealing, mainly responsible for corrosion protection stability of PEO coatings. The PEO
coating thickness of 8 µm is found to fit the best in resistance to corrosion.
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Table 4. The values of the equivalent circuit elements for investigated PEO-coated specimens.
CPE1
Sample Designation

R1
(Ω·cm2 )

AA-4
AA-8
AA-12

2.48
1.56
1.25

CPE2

Q1
(F·sa1 ·cm−2 )

a1

R2
(Ω·cm2 )

1.43 × 10−7
2.18 × 10−7
2.05 × 10−7

0.88
0.86
086

21,059
34,245
14,410

Q2
(F·sa2 ·cm−2 )

a2

R3
(Ω·cm2 )

W3
(Ω·s−1/2 ·cm−2 )

Rtotal
(Ω·cm2 )

1.91 × 10−6
2.19 × 10−6
7.36 × 10−6

0.57
0.71
0.77

274,766
425,000
51,568

−24,656
−32,954
−5993

295,825
459,245
65,996
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4. Conclusions
This study demonstrates the effectiveness of Plasma Electrolytic Oxidation surface
treatment in producing coating layers intended to enhance corrosion-protection properties
of high-strength aluminum alloys, where the KOH is suggested as a solution for coating
densification. Though it has been determined that KOH results in a low coating growth
rate, continued work should be conducted to increase the coating growth rate, for instance,
the addition of NaAl(OH)4 to the alkaline silicate electrolyte could be considered as the
compound to replace NaOH by NaAlO2 .
In conformity to potentiodynamic polarization and EIS test findings, the repassivation process at the coating defects, accompanied by diffusion-precipitation of amorphous
corrosion product phases due to soft-sparking unipolar regime and proposed as a mechanism of coating micro-sized defects sealing, mainly responsible for the stability against
localized corrosion.
As reported, the coating thickness of 8 µm possesses higher resistance in respect to
all tested specimens in the present study and is recommended to provide an effective
barrier against corrosion attacks in chloride environments. Nonetheless, there is a need to
answer the questions related to susceptibility to hydrogen embrittlement and long-term
corrosion behavior.
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