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Abstract: Plasma electrolytic oxidation (PEO) coatings were prepared on AI-Mg laminated macro composites (LMCs)
using both unipolar and bipolar waveforms in an appropriate electrolyte for both aluminum and magnesium alloys. The
techniques of FESEM/EDS, grazing incident beam X-ray diffraction (GIXRD), and electrochemical methods of
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) were used to characterize the coatings.
The results revealed that the coatings produced using the bipolar waveform exhibited lower porosity and higher
thickness than those produced using the unipolar one. The corrosion performance of the specimens’ cut edge was
investigated using EIS after 1, 8, and 12 h of immersion in a 3.5 wt.% NaCl solution. It was observed that the coating
produced using the bipolar waveform demonstrated the highest corrosion resistance after 12 h of immersion, with an
estimated corrosion resistance of 5.64 kQ-cm?, which was approximately 3 times higher than that of the unipolar
coating. Notably, no signs of galvanic corrosion were observed in the LMCs, and only minor corrosion attacks were
observed on the magnesium layer in some areas.
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1 Introduction

Because of the advantage of low weight
and attractive mechanical properties, aluminum—
magnesium composites are widely used in various
applications, including in the automotive, ship, and
aerospace industries [1-3]. Reducing the weight in
transportation industries can improve fuel efficiency
and decrease greenhouse gas emissions, ultimately
decreasing environmental problems such as global
warming and air pollution [4]. Unfortunately, by
increasing the content of magnesium in these
alloys, the AlsMg, phase is formed along the grain

boundary. Therefore, the weak corrosion resistance
of Al-Mg laminated macro composites (LMCs) is
the main obstacle to these structures, as it often
leads to galvanic and intergranular corrosion, and
limits their applications [5—7]. To overcome this
limitation, the coating treatments can be considered
an essential strategy. Aluminum and magnesium
alloys are categorized as valve and active metals,
posing a challenge to their electroplating. Electro-
plated coatings are typically more noble than
aluminum and magnesium alloys, thereby
restricting their corrosion resistance mechanism to
the formation of a physical barrier layer [8.,9].
However, such coatings increase the likelihood of
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localized corrosion in areas where the coating has
been compromised. Conventional and traditional
anodizing techniques cannot be employed on
lightweight metal matrix composites due to the
high sensitivity of magnesium layers to acidic
media [9,10]. Plasma electrolytic oxidation (PEO)
is well-known as an environmentally friendly surface
modification technique for improving the corrosion
resistance of light alloys, especially magnesium
alloys [11,12]. In this regard, many investigations
have been conducted to study the microstructure,
corrosion, and wear behavior of these alloys after
the PEO treatment [13—15]. Thus, the PEO process
is expected to be one of the best field-applicable
choices for Al-Mg LMCs. It has been well
established that an ingrown compact layer and an
outgrown porous layer are formed during the PEO
treatment. These layers provide a combination of
high corrosion and wear resistance [15—17].

The selection of the appropriate waveform is
crucial in the PEO process, as it directly affects the
quality and properties of the resulting coatings. The
current mode can be adjusted to control the
thickness of the inner compact layer and the outer
porous layer. Alternating current (AC) or direct
current (DC), and pulsed unipolar current (PUC) or
pulsed bipolar current (PBC) can be used as
waveforms [18]. The DC waveform can only
produce thin and porous coatings, which reduces
the quality of coatings, and is completely contrary
to industrial applications [19]. Although PUC has
its benefits over DC, such as improved corrosion
resistance, its coatings are not satisfactory for
aluminum alloys [20,21]. In recent years, PBC has
emerged as a promising waveform for producing
high-quality coatings compared to PUC, which can
be controlled by adjusting the cathodic-to-anodic
current ratios to reduce the strong and destructive
discharges. The PBC increases polarization on the
electrode by creating charged double layers [22].
Therefore, it is expected that using PBC will result
in thicker and denser coatings.

The hot extrusion bonding (HEB) process is a
severe plastic deformation and a novel solid-state
joining technique for the fabrication of Al-Mg
LMC:s, consisting of at least two different metals or
alloys. Various adjustable parameters in this process
make it suitable and flexible for manufacturing
different macro-composites. Previous studies [23,24]
were published to focus on HEB laminated

composites, but only microstructure and mechanical
characteristics were reported.

This paper aims to investigate the properties of
PEO-coated AlI-Mg LMCs, with a particular focus
on the effect of unipolar and bipolar waveforms on
the characteristics and corrosion resistance of the
coatings. To the best of our knowledge, no
published study has evaluated the performance of
PEO-coated Al-Mg HEB composites. Therefore,
the PEO process was performed in an electrolyte
that is suitable for both magnesium and aluminum
alloys, allowing for the production of a uniform
coating on both alloys. The impact of the waveform
on the response of cell current density was analyzed,
and the phase composition and surface morphology
were investigated using X-ray diffraction (XRD)
and field emission scanning electron microscopy
(FESEM), respectively. The corrosion performance
of the coatings was evaluated using potentio-
dynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS) after immersion in a
3.5 wt.% NaCl solution for 1, 8, and 12 h. Notably,
this study found that the coating produced using
the bipolar waveform exhibited lower porosity
and higher thickness than the unipolar one. The
estimated corrosion resistance of the bipolar
coating was 5.64 kQ-cm? after 12 h of immersion,
approximately three times higher than that of the
unipolar coating. Furthermore, no signs of galvanic
corrosion were observed in the LMCs, and only
minor corrosion attacks were observed on the
magnesium layer in some areas.

2 Experimental

2.1 Specimen preparation

To fabricate AI-Mg LMCs, rolled sheets of
1050 aluminum alloy and AZ31B magnesium alloy
were cut in parallel to the initial rolling direction
(with dimensions of 50 mm x 50 mm X 5 mm).
The chemical compositions of aluminum and
magnesium alloys are presented in Table 1. The
HEB process was performed using a container
made of hot work heat-resistant tool steel, a punch
and a holder made of tool steel, and an extrusion die
made of heat-treated H13 hot work steel.

The surfaces in contact with the specimen
were coated with a mixture of high-temperature
lubricant and graphite powder. Before the HEB
process, the samples were cleaned with ethyl alcohol
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Table 1 Chemical compositions of 1050 Al and AZ31B
Mg alloys used in bimetallic macro composite (wt.%)

Alloy Mg Al Cu Mn Zn Ti Si Fe
1050 Al  0.05 Bal. 0.48 0.05 0.07 0.04 0.22 0.38
AZ31B Mg Bal. 3.10 0.02 0.44 0.84 - - -

to remove any grease and pollution, ground using
SiC abrasive papers to remove the oxide layer, and
washed again with acetone. The HEB process was
carried out using a 250 t hydraulic press machine at
a temperature of 400 °C using heating elements for
better bonding and flow during extrusion, as
illustrated schematically in Fig. 1(a). The final
arrangement of metallic layers in multi-layered
macro composites comprised three layers of 1050
aluminum alloy and two layers of AZ31 magnesium
alloy all with a thickness of about 1 mm.

Al
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Macro composite

1.3 mm

(b)

———!
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$
K
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Fig. 1 Schematics of HEB process (a) and AlI-Mg LMCs
as substrate (b)

To prepare the specimens for PEO, they were
cut using a wire cutter with dimensions of 10 mm X
10 mm x 5 mm. A hole with a diameter of 1.3 mm
was drilled at the top of each specimen to connect
the copper wire for use as a contact in the PEO
process, as depicted schematically in Fig. 1(b).

Before PEO treatment, the cut edges of the
specimens underwent grinding using SiC abrasive
papers (320-2400%), followed by cleaning with
ethyl alcohol to remove contaminants and grease.

2.2 PEO process

The PEO treatment was carried out using a
silicate-based electrolyte with a composition of
6 g/L NaySiOs, 4 g/L KF, and 8 g/LL KOH in a volume
of 7 L, as illustrated in Fig. 2. This composition was
deemed suitable for coating both aluminum and
magnesium alloys, particularly while they were in
contact with each other metallurgically.

Power source

Copper
wire  Electrolyte

bath (7L)

Anode
L (specimen)

Container
as counter
electrode
(316L St.St.)

g-zs

tirrer
Fig. 2 Schematic of PEO process

The electrolyte had a conductivity of
11.79 mS/cm and a pH value of 12.97. A stainless
steel container (316 L stainless steel (St. St.)) was
employed as a counter electrode for the PEO
coating process. A switching power supply
equipped with an isolated gate bipolar transistor
(IGBT) based pulser capable of delivering potential
up to 750 V and current up to 30 A served as the
current source.

Various waveforms of unipolar (UP) and
bipolar (BP) were used with an anodic and a
cathodic duty cycle of 10% and a frequency (f) of
1 kHz. The duration of the applied waveforms was
20 min, with an average anodic (positive) current
density of 5.6 A/dm?>. The type of waveforms,
waveform plots and electrical parameters utilized in
this process are presented in Table 2.

2.3 Coating characterization

The microstructure and morphology of the
coated specimens were investigated using a field
emission scanning electron microscope (FESEM,
FEI model Quanta FEG 450). The chemical
composition and elemental maps were evaluated



Mohsen RASTEGARI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1424—-1439 1427

using an energy-dispersive spectrometer (EDS,
EDAX Octane Elite). Elemental analysis of the UP
and BP specimens was conducted in two regions on
the aluminum and magnesium layers on the cut
edges of the LMC specimens. The average thickness
and the porosity of the coatings were determined
using Image J software and metallurgical image
processing MIP-student software, respectively. The
phase composition of the coated specimens was
studied using a grazing incident beam X-ray
diffraction (GIXRD, PANalytical (XPert Pro
MPD)). The XRD scan was conducted over a 26
between 10° and 80° by Cu K, (1=1.54 A) radiation
produced at 30 mA and 40 kV. The step size and
time per step were set at 0.02° and 48s,
respectively, while the incident beam angle was 5°.
The XRD patterns were analyzed using X’Pert high
score plus software with PDF2 (Powder Diffraction
File for inorganic materials) database.

Table 2 Type of waveforms, electrical parameters, and
specimen codes

Electrical parameter

Waveform - T - -
Waveform plot fo/  tott/  ton/ tott/  f]
o w00
——
BP S| ka 100400 100 4001
R

fon, Toff, fon, and fofr are the positive pulse duration, the off-duration
time after positive pulse, the negative pulse duration, and the
off-duration time after negative pulse, respectively

2.4 Corrosion tests

The corrosion behavior of the coatings was
assessed using an AMETEK potentiostat/
galvanostat (model PARSTAT 2273, AT 2273, Oak
Ridge). A three-electrode electrochemical cell was
employed for corrosion evaluations. The surface
area of the PEO specimens with 2 cm? was selected
as the working electrode. On the other side, a
platinum wire served as the counter electrode,
while a saturated Ag/AgCl electrode functioned
as the reference electrode. All electrochemical
measurements were conducted at room temperature
in a 3.5 wt.% NaCl solution with a pH of (6.8+0.1).
Prior to potentiodynamic polarization tests, the

coated specimens were immersed in the electrolyte
for 30 min to achieve a stable open circuit potential
(OCP). The PDP test was performed from —250 to
1000 mV (vs OCP) at a scan rate of 1 mV/s. The
EIS test was carried out after immersion in an
aggressive solution for 1, 8, and 12 h. The EIS
tests covered a frequency range from 100 kHz to
100 mHz with a peak-to-peak voltage amplitude of
+10 mV relative to the open circuit potential (OCP).
The EIS data were extracted from simulated and
fitted tests using Zview software, and the results
were presented in Nyquist and Bode-phase plots. To
ensure reproducibility, all corrosion tests were
repeated twice.

3 Results and discussion

3.1 Voltage—time responses during PEO treatment

Figure 3 shows the variation of voltage versus
time using different current modes. It is obvious
that relatively similar voltage—time responses are
observed for both waveforms. The same trend has
been reported in Refs.[19,20,25]. As shown in
Fig. 3, the voltage—time diagram has three main
stages. The first stage is the conventional and
sparking anodization process, which is associated
with the fast formation of a primary insulating
oxide film. The second one begins with a slight
decrease in the voltage rate. At the end of this stage,
voltage achieves the dielectric breakdown voltage,
and many sparks quickly appear on the surface of
the sample, which is strong evidence for the
beginning of the oxide layer decomposition. Finally,
in the third stage, the potential value remains almost
constant [26].
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Fig. 3 Responses of cell voltage versus time during PEO
process
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The noteworthy points in this chart are the
breakdown and final voltages. As can be seen, there
is a clear difference between the breakdown
voltages for the UP and BP. In order to justify this
difference, and according to the use of two metals
as substrates, it is necessary to investigate the effect
of substrate composition on the characteristics of
the voltage—time diagrams. It has been reported that
substrate composition has a significant effect on
ultimate and breakdown voltages. For example, the
voltage rises with increasing aluminum content in
two-phase alloys, and aluminum prevents high
currents caused by substrate dissolution and gas
evolution [27]. As seen in Fig. 3, the breakdown
voltages for the UP and BP were 338 and 354V,
respectively. It can be concluded that the
breakdown voltage of the BP sample was more
affected by the current reduction effect of aluminum,
which can be explained by the high passivation
ability of aluminum in the AI-Mg LMCs. Therefore,
voltage rises to accelerate the gas evolution in the
second stage. This effect increases the electrical
resistance, and the voltage increases according to
Ohm’s law [20,27]. Other important points are the
final voltages, which were 435 and 440 V for the
UP and BP samples, respectively. However, the BP
sample has a slightly higher final voltage of 5V
compared to the UP sample. The unipolar coating
has a higher increasing trend from the breakdown
voltage to the final voltage at the end of the process.
The slow growth rate causes the coating thickness,
and the subsequent final voltage of UP coating
to be lower [20]. On the other hand, changing
the waveform from unipolar to bipolar affects
aluminum substrate more than magnesium [20,22].
As a result, the BP coating becomes thicker, and has
a higher final voltage. Most of the growth occurs in
the early stages because the difference between the
breakdown voltage and final voltage is small, and
the voltage increases slowly.

3.2 Characteristics of coatings
3.2.1 Surface morphology

Figure 4 shows the morphologies of the
surface and interface of the coatings created on the
two-layer alloy using both waveforms at two
different magnifications. The FESEM images
demonstrate that the morphology of the coatings
significantly depends on the type of waveform,
micro-discharges that occurred during the PEO

process, and the type of substrate. Specifically, it
has been reported [20,21] that the waveform has a
considerable effect on the morphology of the
coatings created on aluminum alloys (Figs. 4(c) and
(). In the bipolar waveform compared to the
unipolar one, the morphology of the finer and
smoother structure has been obtained, which
indicates a decrease in the density and intensity of
micro-discharges during the coating process [22].
The resulting micro pores in this waveform are
smaller. Also, the amount of small and dispersed
crater-like structures and oxide granules is more
than that of the pancake structure with micro-cracks.
The oxide granules were formed by A- and C-type
discharges, and a crater-like morphology was
created by the rapid solidification of the oxide melt.
By comparing Figs. 4(a) and (d), it can be stated
that the morphology appears slightly different in
both waveforms. The coating formed on the
magnesium layer of the macro composite exhibits
the net-like morphology. This morphology typically
forms on the magnesium alloys treated in
silicate-based electrolytes independent of the
waveform [28,29]. In the coating obtained with a
unipolar waveform, coarser oxide granules with
larger micropores, caused the network structure to
appear less. As shown in Fig. 4(a), micro-cracks
usually appear during the rapid solidification of
molten oxide. The main reason for the micro-
cracks formation is the thermal stresses owing to
different thermal coefficients between coating and
substrate [30].
3.2.2 Cross-sectional morphology, porosity, and

chemical composition of coatings

Figure 5 shows cross-sectional morphology
images of coated specimens with both unipolar and
bipolar waveforms on the Al and Mg layers of the
macro composite. These images reveal that the
coatings generally consist of two distinct layers,
namely the porous outer layer and the compact
inner layer, as previously reported [20,22,31]. The
coatings also exhibit micro-cracks and micro-pores,
which are typically attributed to thermal stresses
and different types of discharges [32]. The type of
discharge is a crucial factor that influences the
morphology of PEO coatings [33]. Five types of
electrical discharge have been identified for PEO
treatment. A-type discharge originates from the
oxide/electrolyte interface and the entrapment
of gas bubbles, while B-type discharge arises from
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Fig. 4 Surface morphologies using SEM images: (a) UP-Mg; (b) UP-interface; (c) UP-Al; (d) BP-Mg; (e) BP-interface;
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Fig. 5 FESEM images showing cross-sectional morphology: (a) UP-Mg; (b) UP-interface; (c) UP-Al; (d) BP-Mg;

(e) BP-interface; (f) BP-Al

the substrate/coating interface, resulting in a deep
channel that extends to the substrate. C-type
discharge leads to the formation of pores and cracks
at the oxide/electrolyte interface (Figs. 5(d) and (f)),
whereas D-type discharge typically occurs at the
inner/outer oxide layer interface inside large pores,
as observed in all samples. The formation of deep
channels close to the interface of the inner/outer
oxide layer can be attributed to the formation of
E-type discharge, as shown in Fig. 5(d). In fact, the

E-type discharges are very similar to the B-type
discharges, with a difference that they do not lead to
the substrate, and instead are connected to the large
internal pores, and are the cause of the pancake
structure on the surface of PEO coatings [30,34].

As seen in Figs. 5(b) and (e), a higher coating
thickness was observed for the BP on the Mg layer.
According to the obtained results, it is clear that, by
changing the waveform from unipolar to bipolar,
the average thickness increases for both metals
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because the cathodic pulse leads to an increase in
the thickness with a repair effect [20,22]. Cathodic
pulse has a very significant reparative influence on
the defects, also it can lead to the sealing of the
pores to produce high-quality coatings, which helps
the coatings to become thick and compact [35,36].

In addition, the average thickness of the
coatings formed on the magnesium was higher than
that on aluminum. This case could be due to
different coating growth rates of the alloys, also a
lower required voltage is needed for magnesium
alloys than for aluminum alloys. The applied
voltage (435V) 1is optimal for magnesium
considering the electrolyte and other conditions,
while it is definitely low for aluminum, which is at
a small distance from the breakdown voltage, and
hence it is low to create a thick coating in
accordance with Refs. [34,37].

The porosity of the coatings was estimated
using MIP software, and the corresponding results
are presented in Fig. 5. The coated specimen with
the BP waveform exhibited lower porosity
compared to UP coating, which is directly attributed
to the electrical discharges that occur during the
coating process. Figure 5 demonstrates an increase
in surface micro-discharges (A- and C-type) for the
BP specimen, while deep and destructive micro-
discharges (B- and E-type) decrease with this
waveform. Additionally, the BP waveform contributes
to the reduction and sealing of porosities during the
cathodic half-cycle, which leads to an improvement
in defects [35]. The disparity in porosity between
magnesium and aluminum layers suggests that the
voltage applied to the aluminum substrates is below
the threshold for strong micro-discharges [22,38].

Figure 6 displays the elemental maps obtained
from cross-sections for both waveforms on the Al
and Mg layers. The principal elements observed are
Mg, Al, O, Si, and F, demonstrating the interaction
of elements from both the substrate and electrolyte
in the coatings. In addition, Si is uniformly
distributed throughout the coatings, with a higher
incorporation on the magnesium layer compared
to the aluminum layer. This can be attributed to
the tendency to form silicate compounds with
magnesium, which have a lower melting point
(MgsSiO4 at 1910 °C), as opposed to magnesium
oxide (2852 °C).

The F element is uniformly distributed in small
amounts across each bilayer, regardless of the

applied waveform [39]. The distribution maps of
the O element for the Al layer indicate that
aluminum can form more oxide compounds
compared to magnesium due to the lower melting
point of Al,Os (2072 °C) in comparison to MgO
(2852 °C). Consequently, aluminum oxides can be
sintered more easily in the micro-discharge
channels [40].

Table 3 presents the molar fraction obtained
from the cross-section analysis of the coatings on
the Al and Mg layers, which confirms the higher Si
content in the coating of the magnesium layer
compared to the aluminum layer, as shown in Fig. 6.
It can be clearly seen that almost similar values of
Si have been detected on the magnesium when
transitioning from the UP waveform to the BP
waveform, which shows that the participation of Si
is completely independent of the type of waveform
for magnesium. However, it significantly increases
when using the BP waveform on the aluminum
layer coating, and it indicates that the BP waveform
is an effective motivation for Si contribution.
Furthermore, the F content is higher in the UP
waveform compared to the BP waveform, which is
attributed to the migration and participation of
fluoride ions in anodic pulses under a strong
electric field [22].

Consequently, another influential factor in
increasing the thickness of the Mg layer is the
greater participation of the F element and the
formation of MgF, compound with a higher
Pilling—Bedworth ratio (RPB) of approximately 1.4
compared to MgO (RPB: ~0.8) and Al,Os (RPB:
~1.3) [41-44].

3.2.3 XRD patterns

Figure 7 illustrates the GIXRD results of the
coatings grown by UP and BP waveforms. The
main phase of the coatings formed on aluminum is
AlLbO; (ICDD PDF No. 01-073-2294), which is
common for the PEO coatings grown on aluminum
alloys. The Al;70,35Si0.is phase (ICDD PDF
No. 29-0086) was identified as an alumina—silicate
phase. However, the mullite (AlsSi»O13) phase was
not detected in the XRD pattern for both waveforms
owing to the low incorporation of the silicon
element in coatings and the lack of coating
condition in terms of current density for the
stoichiometric formation of this phase [38]. As
can be seen in Fig. 7, the peak associated with MgO
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Fig. 6 Elemental maps on cross-sections of coatings: (a) UP-Mg; (b) UP-Al; (c) BP-Mg; (d) BP-Al
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Table 3 Elemental compositions of coatings from EDS
tests (at.%)

Coating Mg Al O Si F Na K

UP-Mg 349 24 392 163 58 06 038
UP-Al - 478 463 41 15 0.1 02
BP-Mg 515 35 264 153 13 1.1 09
BP-Al - 568 322 98 0.1 02 09

MgAl, O,
A ALO,
e Al;Mg,
* Mg,Si0,
* AlyssMgo.4
® Al 7055551015

20 36 4IO 56 6IO 7IO 80
200(°)
Fig. 7 XRD patterns of coatings formed using UP and BP
waveforms

was not detected as a common phase for the Mg
coatings in the diffraction pattern, which can be
justified by the fact that the sharp decrease in the
value of MgO is due to the presence of large
amounts of aluminum in the macro composite [45].
The significant decrease in MgO is a very strong
reason for increasing the amount of Mg;SiO,4
(ICDD PDF No. 01-1290) as the dominant phase
for the Mg in the outer porous layer, which
increases using the BP waveform for coating. As
can be seen, the intensity of peaks related to the
MgAl,O4 phase increases strongly for the BP
waveform compared to the UP waveform. It has
been proven that the MgAl,O4 is formed in the
compact inner layer as the main insulating barrier
against corrosion [45]. In fact, the BP waveform has
a significant effect on the formation of this phase
compared to the UP one; therefore, it can be a
convincing reason for the high corrosion resistance
of BP coatings.

Detecting the intermetallic  compounds
(stoichiometrically and non-stoichiometrically) in
the XRD patterns is very likely due to the presence
of two metals. As the temperature increases
owing to sparking during the PEO treatment, and
according to the Al-Mg phase diagram when both

metals are heated together, AlsMg, (ICDD PDF
No. 01-1 132) and Alo,nggo_42 (ICDD PDF
No. 44-1154) are formed as the intermetallic
compounds, which can significantly reduce the
corrosion resistance of coatings due to galvanic and
intergranular corrosion. Generally, the intensity of
peaks related to the coatings increases in the BP
sample because of the greater thickness and lower
porosity percentage [20].

3.3 Corrosion behavior
3.3.1 PDP curves

In order to assess the effectiveness of the
coatings in preventing corrosion, the polarization
curves of the specimens were analyzed. These
curves obtained after immersing the
specimens in a 3.5 wt.% NaCl solution for 30 min
to ensure the establishment of stable OCP
conditions. Figure 8 illustrates the observed
polarization curves. As expected, the substrate
exhibited the most negative potential and the
highest current density, indicating the lowest
corrosion resistance. This can be attributed to both
galvanic corrosion between the
magnesium LMCs, and intergranular corrosion
caused by the presence of intermetallic compounds.
On the other hand, the Tafel polarization plots of
the coated specimens were shifted towards positive
potentials, and exhibited lower current densities,
indicating an enhanced corrosion resistance due to
the presence of the PEO coatings. These coatings
not only increased the corrosion performance but
also reduced the mobility of charge carriers
at the interface between the electrolyte and the
substrate [46]. The change in the waveform from
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04r Macro composite
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Fig. 8 Potentiodynamic polarization plots for coated
specimens and AI-Mg LMCs substrate as reference
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the UP to the BP resulted in a slight leftward shift
of the curve in Fig. 8, albeit with a negligible
negative potential shift. Consequently, the BP
specimen demonstrated a higher corrosion
performance compared to the UP one. DEHNAVI
et al [47] have shown that the coating morphology
will have a more considerable effect on the
corrosion behavior than the phase composition and
thickness. Also, in many references, the porosity of
coatings acts as an essential factor in corrosion
resistance [22,32,48].

In addition, micro-crack and micro-pores, as
well as other factors related to corrosion resistance
facilitate the movement of aggressive ions into the
substrate [40]. As can be seen, the BP coating
shows the transpassive region, which can be strong
evidence for the relatively low porosity of this
coating compared to the UP sample.

In fact, the BP specimen provides a key factor
in enhancing the corrosion resistance of the coating,
which is clearly displayed in the polarization
diagram. Here, pitting corrosion is reduced and
delayed as a main destructive agent in the BP
sample [27]. On the other hand, the high corrosion
resistance of the BP sample can be associated with
the formation of MgAl,Os4, which can provide a
significant protective effect due to the creation
of a more compact coating [45]. As a result, the
penetration of aggressive chloride ions becomes
very slow compared to the UP coating.

3.3.2 Short-term EIS data

The EIS technique was employed to evaluate
the corrosion efficiency of the specimens after
short-term immersion in a 3.5 wt.% NaCl solution
for 1, 8, and 12 h. The Nyquist and Bode-phase
plots corresponding to the UP and BP coatings are
depicted in Fig. 9. As shown in the inset of Fig. 9,
the AI-Mg macro composite substrate displayed the
lowest corrosion resistance after 1 h of immersion.
At low frequencies, an inductive loop is observed,
indicating that the aggressive solution interacts with
the magnesium substrate and the interface layers.
This inductive behavior can be attributed to
hydrogen (H») evolution occurring on the surfaces
of magnesium and at the interface between the
magnesium and aluminum alloy layers. This finding
highlights the occurrence of galvanic corrosion
between the aluminum and magnesium alloys,
suggesting that the substrate is highly susceptible to
corrosion. Therefore, it can be concluded that the

macro composite is not safe for prolonged immersion.
As previously mentioned, the PEO coating
comprises two distinct layers, namely an outer
porous layer and an inner compact layer, which is
often referred to as the “barrier layer” [18,32]. The
outer porous layer exhibits lower mechanical and
electrochemical performance, while the dense
compact inner layer known as the “functional layer”
serves the primary purpose of protecting the metal
against wear and corrosion [49]. In the Nyquist
plots, the two layers of the PEO coatings are
evident as two capacitive loops corresponding to
high and low frequencies, representing the porous
and dense layers, respectively.

Figure 9(a’) illustrates the Bode-phase plots,
which reveal the presence of the two distinct layers
of the PEO coatings as two humps denoting two
time constants. After 1 h of immersion, the BP
specimen demonstrates a larger diameter in the
Nyquist curve compared to the UP sample,
indicating higher corrosion resistance for the BP
coating. However, for the UP one, an inductive loop
is observed in the low-frequency range, suggesting
that the substrate is susceptible to attack by the
corrosive solution [22].

Upon examining Fig. 9(b’), it is noticeable that
after 8 h of immersion, the humps in the Bode-
phase plots for the BP coating merge, and an
inductive behavior becomes apparent. This
inductive behavior suggests the progression of H»
evolution on the uncoated surfaces, particularly on
the Mg substrate, implying a loss of the coating’s
ability to protect certain regions of the substrate. An
increase in immersion time up to 12 h resulted in
the removal of the time constant associated with the
porous layer in the UP sample, providing strong
evidence for the degradation of the outer porous
layer at this specific immersion time. Furthermore,
the inner layer exhibited notably weak resistance.

To analyze the impedance data, the equivalent
electrical circuits (ECs), as depicted in Fig. 10, were
utilized, where R; represents the uncompensated
solution resistance. The CPEqy and Rou, and CPEi,
and Ri, elements denote constant phase elements,
and resistances for time constants at high and low
frequencies, respectively [28,42]. The adoption of
constant phase eclements (CPEs) in place of
capacitors accounts for electric double-layer
non-homogeneity, as well as the presence of
micro-cracks and micro-pores within the coatings.
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Additionally, L and Ry represent the inductance and
inductive resistance, respectively, if applicable [50].
In Fig. 9, the continuous lines represent the fitting
results, which yield the most accurate values
(¥*<0.003), as reported in Table 4.

After 1 h of immersion, the fitting analysis
yielded Ri, values of 14.19 and 41.87 kQ-cm? for
the UP and BP specimens, respectively. This
considerable difference indicates that the BP
coating exhibits 2.9 times higher resistance
compared to the UP coating. As depicted in
Fig. 9(a), the BP specimen does not exhibit an
inductive loop associated with substrate corrosion,
which can be attributed to the influence of porosity
and thickness on the long-term corrosion resistance
of the coatings [22]. Consequently, the corrosion
resistance of the BP coating surpasses that of the
UP specimen by about 3 times after an immersion
period of 12 h.

According to Table 4, the performance of the
inner layer weakens with prolonged immersion
time, leading to intensive substrate corrosion.
However, the R, values for the UP and BP
coatings are quite similar after 1 h of immersion
(10.34 and 10.48 kQ-cm?, respectively). After 8 h
of immersion, the R.. value for the UP coating
experiences a substantial decrease, ultimately
resulting in a complete loss of corrosion
performance after 12 h. For the BP specimen, the
decline in Roy occurs at a slower rate compared to
the UP specimen after 8 h of immersion. However,
a sharp reduction in Rox is observed after 12 h,
indicating a significant decrease in the protective
performance of this layer against corrosion. It is
worth noting that the Rj, values obtained from the
fitting results are considerably higher than the Rou
values, as expected. Consequently, the corrosion
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behavior of the PEO coatings is evaluated by
considering the resistance of the inner layer. In
order to gain deeper insights into the corrosion
behavior of the coatings, and to analyze the results
of the EIS tests following a 12 h immersion period,
cross-sectional images of the corroded specimens
were examined. Figure 11 shows surface pits
observed through field emission scanning electron
microscopy (FESEM). These pits serve as
indicators of weak areas in the coatings, exhibiting
very low corrosion resistance and facilitating
direct exposure of the substrate to the aggressive
solution [28,50,51]. Specifically, Figures 11(a) and
(b) display degradation and prominent pits in
the UP coating near the magnesium and aluminum
regions, which are attributable to galvanic corrosion
occurring between the two metals. Moreover, the
phenomenon of pitting corrosion resulting from the
attack of aggressive chloride ions on the substrate is
evident for both alloys within the UP specimen
(Fig. 11(b)).

The simultaneous investigation of the two
metals in this study emphasizes the significance of
galvanic corrosion as a detrimental factor. The UP
coating characterized by low thickness and high
porosity exhibits strong discharge traces and the
formation of deep channels. Consequently, the
aggressive solution can swiftly penetrate the Al/Mg
alloy interface. However, the compact structure and
low porosity of the BP coating hinder the ingress of
aggressive ions, providing enhanced corrosion
resistance compared to the UP coating. Pitting
corrosion is observed solely on the Mg substrate,
which is depicted in Fig. 11(c) for the BP coating.
In conclusion, it is evident that porosity plays a
crucial role in influencing the corrosion resistance
of the coatings.

Table 4 Electrical elements obtained after fitting EIS data using Zview software for UP and BP coatings

Outer layer

Inner layer Inductive response

Coating Imgfs/lon CPEou/ Roud CPEy/ R R L
(WF-em2-Sy "™ (kQ-em?)  (uF-em S "™ (kQ-em?) (kQ-ecm?) (kH-cm?)

1 1.57 070 10.34 13.58 034  14.19 9.6 0.94

UP 8 0.75 072 0.99 14.09 053  4.99 11.42 2.62
12 - - - 4.89 052 165 6.14 1.78

1 0.04 0.80  10.48 0.007 084  41.87 - -

BP 8 1.79 069 850 30.34 013  12.89 5.15 1.89
12 0.70 073 0.4 10.55 0.58  5.40 11.15 2.18
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Fig. 11 Cross-sectional morphologies of coated samples
after 12h of immersion in 3.5 wt.% NaCl solution:
(a, b) UP; (c) BP

4 Conclusions

(1) The transition from UP to BP waveforms
resulted in a notable change in coating morphology,
transitioning from pancake-like structures with
micro-cracks to a combination of crater-like
structures with an increased presence of oxide
granules.

(2) The BP coating showed a higher coating
growth rate due to the reparative effect of the
cathodic pulse on the defects. Additionally, the
average thickness of the coatings on Mg alloy is
higher than that on Al alloy because of the lower
required voltage for oxidation and higher fluoride

content.

(3) The coatings contain Al,O3, Alj702.55510.15,
MgO, Mg;Si0s4, and MgAlO4 phases, also Al:sMg»
and AlossMgo4, are formed as
compounds because the process is carried out on
Al-Mg alloys, and the increase in temperature of
micro-sparks causes the formation of these
compounds.

(4) The coated specimens were shifted towards
positive potentials and exhibited lower current
densities, especially the BP, indicating an enhanced
corrosion resistance. In addition, the BP coating
showed the passivation and transpassivation region
that can be attributed to low porosity and greater
thickness.

(5) EIS tests demonstrated an enhanced
corrosion resistance of 5.64 kQ-cm® after 12 h
immersion time for the inner layer of the BP
coating (approximately 3 times higher than that
of the UP sample), highlighting the considerable
impact of the waveform on corrosion resistance.
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