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Abstract: Aluminum alloys cannot be used in aggressive corrosion environments application. In this
paper, three different surface coating technologies were used to coat the 6082-T6 aluminum alloy to
increase the corrosion resistance, namely Plasma Electrolytic Oxidation (PEO), Plasma Spray Ceramic
(PSC) and Hard Anodizing (HA). The cross-sectional microstructure analysis revealed that HA
coating was less uniform compared to other coatings. PEO coating was well adhered to the substrate
despite the thinnest layer among all three coatings, while the PSC coating has an additional loose layer
between the coat and the substrate. X-ray diffraction (XRD) analysis revealed crystalline alumina
phases in PEO and PSC coatings while no phase was detected in HA other than an aluminum element.
A series of electrochemistry experiments were used to evaluate the corrosion performances of these
three types of coatings. Generally, all three-coated aluminum showed better corrosion performances.
PEO coating has no charge transfer under all Inductive Coupled Plasma (ICP) tests, while small
amounts of AI** were released for both HA and PSC coatings at 80 °C. The PEO coating showed the
lowest corrosion current density followed by HA and then PSC coatings. The impedance resistance
decreased as the immersion time increased, which indicated that this is due to the degradation
and deterioration of the protective coatings. The results indicate that the PEO coating can offer the
most effective protection to the aluminum substrate as it has the highest enhancement factor under
electrochemistry tests compared to the other two coatings.

Keywords: 6082-T6 aluminum alloy; Plasma Electrolytic Oxidation (PEO); Plasma Spray Ceramic
(PSC); Hard Anodizing (HA); anodic polarization; corrosion resistance

1. Introduction

Aluminum alloy 6082 has the highest strength of the 6000 series alloys and it used in many highly
stressed applications such as aeronautics, trusses, bridges, transport applications, cranes and aerospace
industries [1]. Aluminum is a metal which has a natural corrosion resistance due to the oxide layer
that forms on its surface [1]. This dense layer is formed in a short time when it is exposed to the
environment. However, under aggressive environments, aluminum is subjected to different types of
corrosion such as pitting corrosion [2], intergranular corrosion [3] and stress corrosion cracking [4].
Pitting corrosion usually attacks aluminum surfaces causing localized holes in the protective film
under chloride corrosive environments [5]. Regarding the atmospheric corrosion of aluminum,
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El-Mahdy et al. [6] studied the effects of aluminum corrosion rate under cyclic wet-dry environments.
They found that aluminum corrosion rate can be affected by temperature, surface inclination and
relative humidity. The corrosion rate increases with increasing temperature and decreases by
increasing the angle of inclination [6]. Corrosion plays a significant role in human life and safety.
Corrosion attacks the component and affects its function negatively and consequently, reduces its
service lifetime. The economic costs of corrosion are obviously enormous in many industrial fields [7,8].
As a result, relatively poor corrosion resistance often decreases the lifetime of the aluminum alloy
components. Thus, some surface engineering techniques on aluminum alloys would be indispensable
to their applications.

Extensive researches on surface engineering that enhances the material resistance against
corrosion, specifically, started in the 1980s and became a recognized manufacturing technology in the
1990s [9]. There are two main advantages of using surface treatments. Firstly, surface engineering
techniques can enhance the tribological performances of the component’s surfaces against the
surrounding environments and consequently, increase service lifetime and reduce the cost of
replacement and maintenance [10]. Secondly, they can give a wide range of options for selecting
cheaper substrate materials for certain applications with surface engineering technology [11,12].

Surface engineering technology can be classified based on the change of the surface of the
substrate [13]. The first group can enhance the surface without changing the chemical composition
of the substrate using heat treatments or mechanical working. Enhancing the surface by the second
group through changing the chemical composition of the substrate such as electroplating and thermal
diffusion treatments, oxide coatings, anodizing and sulphur treatments. The third group can enhance
the surface by adding a layer such as welding, laser alloying and thermal spraying [14-16].

Plasma Electrolytic Oxidation (PEO) is an electrochemical surface treatment that produces a
protective surface coating on metals and alloys [17-19]. This surface coating, which is ceramic,
is produced by passing a modulated electrical current through a path of the electrolyte solution.
The applied electrical potential should be high enough to the plasma discharges and sparks to be
formed and generate oxide films with relatively higher thickness [20-22]. The applied potential exceeds
the breakdown strength of the growing oxide film. The coated surface produced is well adhered to the
substrate and possesses good wear and corrosion resistance, in addition to a good surface barrier for
thermal conductivity [23,24].

The Hard Anodizing (HA) technique is an electrolytic passivation process, which forms a thick
oxide layer on the metal surface. It is considered to be a traditional coating method and it has been
used since 1923 and commercially available since 1940 [25-27]. HA is relatively a cheap process and
does not give good wear resistance due to low hardness. This process can give better surface corrosion
resistance, which varies according to the substrate material, parameters of the process and treatments
conditions [28]. The microstructure of the anodized aluminum is considered amorphous alumina.
This porous layer slightly increases the corrosion resistance of the substrate, however, for significant
corrosion protection, a sealing process is required [29,30].

Plasma Spray Ceramics (PSC) is used to produce a coating in which molten or softened particles are
applied by impacting onto a substrate. It was first introduced by Schoop while studying the production
of metallic particles from a molten metal for coating [31-34]. There are three main stages to form this
coating. Firstly, plasma particles are created as small droplets stream [35]. Secondly, these particles are
subjected to a high temperature using heat source generating thermal energy. The particles’ composition
is changed due to the chemical reaction between the droplet material and the flame. After that,
they are flattened while striking a cold surface at high velocities. A common feature of lamellar grain
microstructure is formed as a result of the rapid solidification and cooling processes [36].

The characteristics of the PEO coating interface on AA1060 aluminum alloy were investigated
by Wang et al., as a function of PEO processing time using scanning electron microscopy and X-ray
diffraction. Hundreds of coatings were detached from the substrate by an electrochemical method
and ground into homogeneous powders [37]. Shifeng et al. [38] investigated the morphology and
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protective properties of the PEO coatings produced on 5754 aluminum alloy in a mixed electrolyte.
The current density on the sample surface increased, the coating grew faster, the thickness increased
and the roughness gradually decreased. The coating corrosion resistance first increased and then
decreased [38]. Cerchier et al. [39] used the Plasma Electrolytic Oxidation coating technique on samples
of 7075 aluminum alloy and they obtained thick and adherent coatings [39]. Abdel-Gawad et al. [40]
studied the corrosion behavior of the hard-anodizing coating formed on different groups of aluminum
alloys in the sulphuric acid electrolyte. The corrosion resistance and the anodized coating layer
are influenced by the type of the alloy and the anodizing conditions such as current density,
acid concentration and time of duration [40]. The influence of the hard-anodizing process parameters
such as H,SO, concentration, electrolyte temperature, A13* concentration and current density for the
AA2011-T3 was evaluated. Higher H,SO, concentration and higher current density have improved
coating hardness and defectiveness, however, potentiodynamic polarizations have revealed that they
do not enhance corrosion resistance [41].

Many authors have evaluated the wear and corrosion behavior of surface coatings and most of
them agreed that these coating materials increased the wear and corrosion resistance as compared
to the uncoated ones [22,23,42,43]. The oxide film can be affected by changing treatment parameters
depending on the purpose of the coating [44]. Also, it was found that as the thickness of the PEO
coating increased, the corrosion resistance increased. For example, Qiu et al. [45] showed that the
corrosion performances of the PEO coating on ZK60 Mg alloy could be improved by increasing the
current density in the PEO process [45].

This work has investigated the enhancements of the three coatings; plasma electrolytic oxidation,
plasma spray ceramic and hard anodizing on the performances of 6082 aluminum alloy surface against
different corrosion experiments. The microstructure of the coating layer was detailed investigated and
the comprehensive results are presented. In addition, the corrosion behavior of the coating layers was
evaluated. The results are followed with the discussion of such behavior.

2. Materials and Methods

The substrate used in this study was 6082-T6 aluminum alloy with chemical composition listed
in Table 1. T6 refers to the temper number which means solution heat-treated and artificially aged.
The substrates were cut into discs with a diameter of 25.40 mm and a thickness of 10 + 0.01 mm
to be fitted in the holder for electrochemistry experiments suitable for the rig available in the lab.
Three types of materials coatings were formed on the substrate, that is, Plasma Electrolytic Oxidation
(PEO) and Plasma Spray Ceramic (PSC) and Hard Anodizing (HA). For PEO samples, a 3 mm diameter
hole was drilled in the aluminum substrates for the anode to be inserted in the sample to allow
for the anodization process and sent to Keronite International Ltd., Haverhill Suffolk, UK. For PSC
samples, the aluminum substrate was sent to Bodycote Plc., Cheshire, UK where the Metco®101NS
Grey Alumina Powder was used. The HA samples, coatings were provided by MP Eastern Ltd.,
Suffolk, UK.

Table 1. Chemical compositions of the 6082-T6 aluminum alloy; wt%.

Si Mg Mn Fe Cr Cu Zn Ti Al
0.957  0.836 0.634 0.55 0.25 0.12 0.24 0.13  Balance

A special sample holder for electrochemistry tests has been designed to allow testing the materials
in a more convenient way as shown in Figure 1. This holder allows both faces of the sample to be
tested without using resin. An Inductively Coupled Plasma (ICP) test was performed on all the coated
samples together with the aluminum substrate to assess the number of ions (A13*) released to the 3.5%
NaCl solution after 24 h of immersing the samples into the solution at different test conditions. Then,
the samples were polarized up to 400 mV against the reference electrode for another 24 h. A series
of electrochemistry experiments was used to evaluate the corrosion performances of three types of
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coatings deposited on 6082 aluminum alloy in the electrolyte of 3.5% NaCl solution. The reference
electrode is sliver/sliver chloride (Ag/AgCl). The first experiment was Open Circuit Potential (OCP)
tests where the potential (in Volts) was recorded against time (in seconds) for 24 h. The second
experiment was direct current (DC) anodic polarization measurements which involve changing the
electrode potential from its OCP in a certain direction and a given scan rate. Anodic Polarization (AP)
tests are involved in measuring the scan from OCP to more positive voltages (up to 1 V from OCP)
to reveal more information about the kinetics of the corrosion and its type. The determination of the
corrosion current density i will be done graphically from the plot of E. versus Log i, which is the
intersection point of two lines. The third experiment was the AC impedance test which applied to the
materials using an electrochemical measurement unit called Solarton (SI 1280B). The amplitude of the
sinusoidal voltage was 10 mV which was selected to keep the system linear. The measurements were
performed at frequencies ranging from the high value of 20 kHz to low-frequency value of 0.1 kHz to
minimize the sample perturbation.

The microstructures of the coated layers and substrates were investigated using Leica optical
microscope and Scanning electron microscope (Philips XL30 ESEM environmental SEM, Leeds, UK)
equipped with Oxford Instruments INCA 250 EDX system analyzer after standard methods of
metallography. The substrate and the coated layers were analyzed by X-ray diffractometer, (XRD,
D8 Discover with GADDS system, 35 kV, 80mA, MoK« radiation, Leeds, UK) to identify the phases.

Figure 1. Designed sample holder for electrochemistry tests.

3. Results and Discussion

3.1. Macrol Microstructure Analysis

Figure 2 shows the microstructure of the substrate 6082-T6 aluminum alloy in polished and
etched conditions. The micrographs revealed particles of different sizes distributed within the Al
matrix. These particles may be the well-known intermetallics (3-AlsFeSi, Mg,Si, AlyMn3Si, Mg»Si,
a-Al(FeMn)Si) shown in this type of Al alloy [46,47]. These intermetallics support and strengthen the
matrix. For that, the alloy 6082 is considered one of the highest strength of the aluminum alloys.

Figure 2. Microstructure of the substrate 6082-T6 aluminum alloy in (a) SEM polished micrograph and
(b) Optical micrograph of the etched conditions.
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The cross-sectional macrostructures of the coatings are shown in Figure 3. For all the three
coatings, two main distinct layers can be seen in the cross-sectional view of the coating which is inner
and outer layers. For HA (Figure 3a) the inner layer is dense and is composed of a thickness of 50 pm
while the outer one is more porous with 10 um in thickness. It can be shown that HA coating is less
uniform and had more porosity compared with PEO coatings (Figure 3b). For PEO coating, the inner
interface layer which is dense and well adhered to the substrate. This layer composes the major part of
the coatings and it has a thickness of approximately 40 um (Figure 3b). This interface coating layer
has a uniform distribution with the substrate for both of them. From Figure 3¢,d, PSC coating has the
largest coating thickness of about 350 pm starting with a loose layer in the interface region of 85 um.
This layer is followed with the intermediate layer of approximately 250 um and finally the top porous
layer of 55 um. The intermediate layer contains many laminar structures with white colors which
could be the aluminum substrate. The dark layer (gap) at the interface is probably due to debonding
of the PSC coating from the substrate. Although the deboning can be attributed to the metallographic
preparation (sectioning/polishing); it also indicates a weaker bond with the substrate.
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Length : 12.1 um) Length : 8.8 um) Length : 42.9 um)
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Figure 3. Optical cross-sectional micrographs of coating layers after polarization tests for (a) Hard
Anodizing (HA), (b) Plasma Electrolytic Oxidation (PEO), (c) Plasma Spray Ceramic (PSC) and (d)
SEM image of PSC.

The EDX spectra of hard anodizing reveal that the main element is oxygen followed with
aluminum and sulphur which is due to the sulfuric acid (H,SO,) used in the electrolyte chemical
composition during the HA process [48,49]. For PEO coatings, the main elements are aluminum,
oxygen, manganese and magnesium as detected from the EDX analysis. These elements are due to
the inclusion of the aluminum alloy elements. In addition, the EDX spectra showed titanium for PSC
coating. The PSC coating was prepared using grey alumina powder (PSC Metco®101NS, Cheshire,
UK) which contains 2.5% of titanium dioxide according to the supplier [50].

For the XRD analysis, there are no phases detected for HA in XRD apart from aluminum element
as shown in Figure 4 a,b. That is because the HA coating is amorphous in nature and is believed to
be due to oxide hydration [51]. The main phases detected in the PEO coating are alumina phases
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(0-Alp O3, v-AlyO3) as is shown in Figure 4c. This result is consistent with the literature where «x-Al,O3
was formed on the PEO applied on aluminum alloy on the inner layer of the coating due to the high
temperature during the discharge stage of the PEO process. Also, the amorphous y-Al,O3 alumina is
abundant in the outer layer which is formed during the cooling stages because of the contact between
the molten alumina and the electrolyte. Similar to PEO coatings, PSC coating has «-Al,O3 and y-Al,O3
phases but with lower intensity peaks (Figure 4d).

3,000,000 100,000
A A Al 90,000
2,500,000 A 80,000 AAl
2,000,000 70,000
2 60,000
% 1,600,000 g‘ 50,000
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0 1} . ° :
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Figure 4. XRD spectra for coating layer of (a) HA, for highlighting lower peaks zoomed XRD spectra
for (b) HA, (c) PEO and (d) PSC.

3.2. Electrochemistry

3.2.1. Inductive Coupled Plasma (ICP) Test

The amounts of aluminum ions (AI>*) detected from the 3.5% NaCl solutions using ICP technique
after each test condition for the three coated samples are presented in Table 2. It can be seen that no
ions were found in the absence of any potential applied, except at high temperature for PSC sample
only. After the 80 °C free corrosion tests, the samples were immersed in the solution for another 24 h
and very small amounts of AI** were released for both HA and PSC coatings. However, PEO coating
has no charge transfer under all test conditions.

Table 2. AI** (in grams) detected from 3.5% NaCl solution after 24 h free corrosion test.

Test Condition HA PEO PSC

Free Corrosion at 20 °C 0.000 0.000 0.000

Free Corrosion at 80 °C 0.000 0.000 0.590

Free Corrosion at 20 °C after 80 °C 0.008 0.000 0.077

3.2.2. Mass Loss (Al3*) from Polarization Tests

The amount of aluminum alloys released after polarizing the samples up to 400 mV from the OCP
in 3.5% NaCl solution for 24 h are determined using the ICP method. Figure 5 shows the potential
current versus time plots to calculate charge transfer at 400 mV for HA, PEO and PSC. There was
a sharp increase in the current for the first 1200 s for HA then the current stabilized and steadily
increased with some fluctuation in the rest of the test period. However, the PEO coating showed a
gradual increase in current density throughout the test period without any sudden increase of the
current which indicates a low rate of ion transfer through the coating. Also, the current values were
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an order of magnitude lower. There was no stability of the current in the case of the PSC sample as a
high variation of the curve occurred during the 24 h polarization test and the current was significantly
high compared to the other two coatings. The first increase of the current occurred at about 1000 s
from 1.5 x 1072 A/cm? t0 3.0 x 10~2 A/cm? which could be attributed to high movements of AR
movement through the coating due to its high porosity. However, the current increased from about
2.5 x 1072 A/cm? to 5.0 x 1072 A/cm? around 7000 s where it is expected that the PSC coating has
completely removed from the substrate. The current fluctuation on the polarization curves for all
coatings could be attributed for electrochemical activities taking place on the surfaces such as localized
pitting corrosion in the substrate/coating interface region.
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Figure 5. Current density versus time plots to calculate charge transfer for coating by (a) HA, (b) PEO
and (c) PSC at +400 mV (Ag/AgCl).

3.2.3. Open Circuit Potential (OCP) Measurements

The Open Circuit Potential (OCP) measurements were carried out for the 30 s to find the starting
OCP values for all the three coating. Many measurements were made and the average values are
presented in Figure 6 for all the samples. This represented the initial OCP measurements when the
samples were immersed in 3.5% NaCl without applying any potential. Firstly, it can be seen that the
PSC sample has the most negative OCP value of about —0.76 V followed with the Al substrate with
—0.69 V. It is expected that Al has a low negative value of Ey, since it can release three electrons
per atom and consequently make the Al to be used as an anode in power sources applications.
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Also, it has been reported that in chloride solutions it has an E.y,, value of —0.75 V/SCE [52].
However, PEO coating has the highest starting OCP value with —0.048 nV while HA has around
—0.4 V. According to [53], a high OCP value refers to better corrosion protection, which indicates the
enhancements of these two coatings in the anticorrosion performances.

Potential (V, Ag/AgCl)

-0.9

Time (s)

Figure 6. Initial Open Circuit Potential (OCP) measurements of the coating materials versus the
Ag/AgCl reference electrode.

The OCP measurements have been extended for 5000 s, as shown in Figure 7 and it has been
observed that the OCP value for the PEO sample dropped to the OCP value for the substrate after about
650 s. This sudden change in the OCP curve can indicate a rapid movement of ions through the coating
part (insulator). However, the HA coating continued until approximately 3350 s then it decreased
sharply to the OCP value for Al. The rapid decrease of the OCP value for PEO coating compared with
the HA coating could be due to the difference in coating thickness where HA (42 pm) is higher than
PEO (34 um) which increase the resistance of AI>* ions to penetrate through the coating [54]. However,
the OCP value of the PSC coating keeps constant at a lower value than the OCP of the aluminum
throughout the time of immersion.

In general, anodic areas are, at least in the early stages, much smaller than cathodic areas. So,
in the early stages, the corrosion potential is more positive. However, with an increase in anodic sites
during immersion, the corrosion potential becomes more negative.

01 e AL — HA ----PEO ----PSC

0 ‘ . ; ; ;
o ) 1,000 2,000 3,000 4,000 5,000
0.2 -

Potential (V, Ag/AgCl)

Time (s)

Figure 7. OCP measurements of the coating materials for 5000 s in Ag/AgCl reference electrode.
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3.2.4. Anodic Polarization (AP) Resistance

The results of the AP resistance for all materials Al, HA, PEO and PSC samples are shown in
Figure 8. The breakdown potential (E;) is the potential where the passive film of the surface breaks
down. It is expected that the coatings would decrease the possibility of breaking down the aluminum
passive film and consequently decrease the current density and improve the corrosion resistance. Ej, can
be obtained from the AP curve (E. vs. i) where the current density increases sharply after this point.
If there is no crevice corrosion, Ej refers to the pitting corrosion. However, E;, for the ceramic materials
indicates the penetration of the electrolyte ions through the coating defects to the substrate metal. As a
result, material’s failure can be formed as localized pitting corrosion. When the potential reaches a
voltage of £1000 mV from OCP or reaching a given magnitude of current density (referred to as the
threshold current), the potential decreased towards the OCP value. The breakdown voltages for all the
materials systems can be determined from the anodic polarization curves at the potential value where
the current increased rapidly and deviated from the initial growing rate. The values of the breakdown
potentials of the materials were determined from the plots and the red lines in these graphs are just to
show the method and not indicating the exact Ej, values. These values are summarized in Figure 9.
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Figure 8. AP Measurements for (a) Al substrate, (b) HA, (c) PEO and (d) PSC coatings.
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Figure 9. Comparison of breakdown potential from AP measurements for the tested materials against
the Ag/AgCl reference electrode.
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3.2.5. Corrosion Current Density

The corrosion current densities for the materials tested in this study were determined from the
logarithmic scale of the current density in the anodic polarization curves as shown in Figure 10.
The potential was shifted from the OCP value of the material to 250 mV in the opposite direction to
ensure that the cathodic and anodic currents are different to measure the corrosion current density
on the sample by extrapolating the anodic branch line from OCP value. Also, a comparison of the
corrosion current density (icorr) between all the coated materials is shown in Figure 11. The result of Al
substrate was not included due to the huge difference values of ic;r between the aluminum substrate
and other coatings. It is clear form this comparison chart that the PEO coating showed the lowest
corrosion current density followed by HA and then PSC coatings.
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Figure 10. Determination of corrosion current density for (a) Al substrate, (b) HA, (c) PEO and (d)
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Figure 11. Comparison of corrosion current density values from AP measurements for the coated
test specimens.
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3.2.6. Optical Images of the Surfaces after Polarization tests

Figure 12 shows the surface behavior of the tested materials after Polarization scan in 3.5%
NaCl solution. The aluminum surface (Figure 12a) has wide corrosion attack in the form of pits (see
arrows). However, HA and PEO samples (Figure 12b,c, respectively) have fewer corrosion defects on
the exposed surfaces. Regarding the PSC sample, a significant number of white spots (Figure 12d)
on its surface can be seen which correspond to the aluminum substrate. From all these figures,
the aluminum surface had more corrosion products as large-scale pits were initiated on its surface
after the polarization test.

Table 3 summarizes the main corrosion parameters of the materials that were determined by the
DC electrochemistry plots (anodic polarization curves). Therefore, PEO coating has lower corrosion
current density (1.7 x 1078 A/cm?) than the HA coating (3.5 x 107 A/cm?) and PSC coating
(2.6 x 10~7 A/cm?) under static anodic polarization tests.

Figure 12. Optical images of coating surfaces after polarization tests for (a) Al, (b) HA, (c¢) PEO and (d)

PSC coatings.
Table 3. Summary of corrosion parameters of the materials.
Corrosion Parameter PEO HA PSC Al
Open circuit potential (OCP) (V) ~ —0.054+0.00246  —0.40 +0.01375  —0.76 £ 0.05542 —0.7 £ 0.005
Breaking down potential (Ep) (V) 1.07 £ 0.1 1.11 + 0.05 1.12 + 0.04 02+0.1

Corrosion current density (icorr)

-8 -7 -7 -5
(A/cm?) from AP Curve 1.7 x 10 35 x10 2.6 x 10 1.2 x 10

3.2.7. AC Impedance Test

The Nyquist plots for all materials are presented (Figures 13 and 14) for 10 days of immersion the
samples in 3.5% NaCl solution to study the stability of the materials (aluminum passive film of the
substrate and coating part of the other materials) and observe the change in the total resistance during
the long exposure period. Also, the impedance data of the materials were fitted with equivalent circuit
models using ZView software (Ametrek, NC, USA).
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Figure 13. Nyquist plots for (a) Al substrate, (b) HA, (c) PEO and (d) PSC coatings at different
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Figure 14. Bode plots for (a) Al substrate, (b) HA, (c) PEO and (d) PSC coatings at different

immersion times.

The impedance of all spectra from Day 0 and Day 10 of the Al substrate exhibits a capacitive
behavior pattern (single semicircle) as shown in Figure 13a. At initial immersion, the aluminum has
the highest value of the total resistance (Riot) which is corresponding to the large difference in the
imaginary impedance after 24 h of immersion. The charge transfer resistance seems to increase as the
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exposure time increases and the maximum Ryt (maximum radius) is observed at day 10 (Figure 13a).
Also, the highest peak in the Bode diagram is recorded on the last day as in Figure 14a. Therefore, it is
consistent with the increase in the radius in Nyquist plots over the entire period. Many cavities with
different sizes, some of them can be seen by eyes (Figure 15a), were formed on the passive aluminum
surface due to the contact of the corrosive aqueous media (3.5% NaCl). Although the mechanism of
the pitting corrosion is not fully understood, it can be explained by two consequent stages. Firstly,
the pits are developed due to the adsorption of chloride ions C1~ on the oxide film which cracks at
weak areas causing micro-cracks and these pits get re-passivated as in Figure 15b. The intermetallic
phases under the oxide layer have a low oxygen level driving the aluminum to by highly oxidized at
the film broken sites. Secondly, the pits propagate due to the oxidation at the anode site (inside the pit)
and the reduction at the cathode suite (outside the pits).

The AC Nyquist spectra for HA for all the period exhibited capacitive behavior (Figure 13b). Also,
the stability of the capacitive behavior of HA is related to the high corrosion resistance of the HA
coating. However, the slight decrease of the capacitive response at Day 10 (Figure 14b) could indicate
the dissolution of the coating thickness or high porous coating was formed to allow electrolyte ions
movements through the coated part [54]. For the surface behavior of HA sample after AC impedance
test, different sizes of pits have been initiated on HA surface after 10 days of immersion the sample
in 3.5% NaCl as shown in Figure 16. Similar pits were found in an anodized aluminum surface after
a polarization test in 0.5 M NaCl solution performed by Ren et al. [55], which indicates penetration
defect in the anodic film.

Figure 15. Optical images of aluminum surface after 10 days of immersion in 3.5% NaCl solution at (a)
low magnification, (b) enlarged magnification.

Figure 16. Optical images of HA coating surface after 10 days of immersion in 3.5% NaCl solution (a)
low magnification, (b) enlarged magnification.
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Regarding the AC impedance of the PEO coating, as shown in Figures 13 and 14, there is an arc at
the high frequency side with a change to a diffusion tail at the low frequency side. The starting peaks
of the impedance in the Bode magnitude plot is the highest for PEO sample in the initial immersion
time. The drop of the starting peak after 10 days of the immersion (Figure 14c) indicates a change in the
corrosion process taking place in the interface layer between the Al substrate and PEO coating during
this period. The surface behavior of PEO coating after AC tests is shown in Figure 17. General corrosion
products on the PEO surface is shown in Figure 17a while some materials degradation take place as
shown in the magnified image in Figure 17b.

Figure 17. Optical images of PEO coating surface after 10 days of immersion in 3.5% NaCl solution (a)
low magnification, (b) enlarged magnification.

The arc radius in the Nyquist plot of PSC coating was slightly increased after the full period of
immersion test (Figure 13d). This corresponds to the minimal change in the total resistance from the
Bode plot shown in Figure 14d. The aluminum substrate can be seen after the corrosion test (Figure 18)
which indicates that a relatively high amount of PSC coating degradation has occurred due to this
chemical reaction.

Figure 18. Optical images of PSC coating surface after 10 days of immersion in 3.5% NaCl solution (a)
low magnification, (b) higher magnification.

The Nyquist and Bode curves for all tested materials have been combined in one plot to compare
their AC impedance spectra. The Nyquist and Bode plots for all materials at the initial and after
10 days measurements are shown in Figures 19 and 20, respectively. It can be seen that both Al and PSC
have depressed one semicircle, which means that only one-time constant has occurred in the system
for both of them. This corresponds to one single peak in the Bode plot for Al and PSC. On the other
hand, the PEO sample has two-time constants while HA has an infinite curve which is the behavior of
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a capacitive response. This capacitive form of HA indicates the stability of the coating passive film.
After 10 days of immersion, the samples in the 3.5% NaCl solution, the Nyquist and Bode plots were
obtained; and they are represented in Figures 19 and 20, respectively.

From the Bode magnitude plots, it can be seen that for all the material systems, the impedance
resistance | Z| decreases as the immersion time increases; this indicates that material degradation is
taking place in the protective nature of the coatings. This decrease makes the response less capacitive
behavior which indicates that the solution ions penetrated through the pores in the coating to the
substrate as the time of the immersion increased [54]. The sudden alteration of the | Z| versus
frequency curve (Bode plot) is related to the coating degradation and significant changes in coating
capacitance Cc and coating resistance Rc are noticed. The coating resistance slowly decreases when
coating capacitance increases. This can be attributed to the higher porosity of the coating, which then
creates heterogeneities in the coating and makes the water maneuver easier.
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Figure 19. Nyquist plots for the materials after (a) 0 day and (b) 10 days.
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Figure 20. Bode plots for the materials after (a) 0 day and (b) 10 days.
4. Conclusions

This research has investigated the enhancements of different ceramic coatings (Plasma Electrolytic
Oxidation (PEO), Plasma Spray Ceramic (PSC) and Hard Anodizing (HA)) on the performances of
6082-T6 aluminum alloy surface against corrosion environments. Coatings properties have been
characterized using various metallurgical tools. A series of electrochemistry experiments were used
to evaluate the corrosion performances of the three types of coatings. It has been shown that the
corrosion performances of aluminum alloy can be highly increased using different surface treatments.
PEO coating gives a higher level of corrosion resistance compared to the HA and the PSC coatings.
The findings are summarized as follows:
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e  PEO coatings are denser, more uniform and well adhered to the substrate compared to the HA
and the PSC coatings and show crystalline alumina phases (x-Al,O3, y-Al,O3) structure.

e The PEO coating has the lowest amount of aluminum ions (AI**) released from the coating
samples after immersion in 3.5% NaCl solution for 24 h followed with HA then PSC samples.

e The impedance decreases as the immersion time increases. It is concluded that this is due to the
degradation and deterioration of the protective coatings.

e All the three coatings (PEO, HA and PSC) have better corrosion resistance than the
aluminum substrate.
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