Surface & Coatings Technology 494 (2024) 131510

ELSEVIER

Contents lists available at ScienceDirect
Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

~ SURFACE &
COATINGS
TECHNOLOGY

Breakthrough in aluminum protection: Electrochemical and wear insights
into sol-gel sealed PEO-coated AA2024-T3 and AA2198-T851

Sajjad Akbarzadeh®" ", Rafael Emil Klumpp®, Alexandre Mégret ™", Vedi Olmez°©,

Véronique Vitry ”, Marie-Georges Olivier *

@ Materials Science Department, Faculty of Engineering, University of Mons, 20, Place du Parc, 7000 Mons, Belgium
Y Metallurgy Department, Faculty of Engineering, University of Mons, 20, Place du Parc, 7000 Mons, Belgium

¢ Belgian Ceramic Research Centre (BCRC), Avenue Gouverneur Cornez 4, B-7000 Mons, Belgium

ARTICLE INFO ABSTRACT

Keywords:
Sol-gel sealing
Plasma electrolytic oxidation

In consideration of the intrinsic porosity in layers generated via the plasma electrolytic oxidation (PEO) process,
sol-gel coatings have gained a lot of attention for their environmentally friendly and robust protective qualities
when applied as a post-treatment. The sealing capabilities of the sol-gel layer were scrutinized for the PEO

Corrosion coating applied on AA2024-T3 and AA2198-T851 aluminum alloys. Electrochemical Impedance Spectroscopy
AA2024-T3 . s . . . .

AA2198-T851 (EIS) and Field Emission Scanning Electron Microscopy (FE-SEM) confirmed that for the same operating con-
Wear ditions, the morphological properties of the PEO coating depend on the substrate nature and play a key role in

the corrosion protection given by such duplex coatings. Furthermore, the findings indicated that the use of a sol-
gel enhances the wear resistance compared to the blank substrates and the PEO coatings.

1. Introduction

Widely employed in the aerospace sector, the 2xxx aluminum alloys
are recognized for their high strength [1,2]. In these alloys, during the
solidification process, insoluble intermetallic particles (IM) are gener-
ated [3]. In AA2024-T3 alloy, two primary types of particles emerge
including the S-phase, consisting of Al,CuMg, and particles containing
Fe, Cu, Al, and Mn expressed as Alg(Cu, Mn, Fe). These particles serve as
vital initiation sites for localized corrosion. Specifically, in chloride-
containing environments, a preferential dissolution of aluminum and
magnesium occurs, resulting in the enrichment of copper within the IM
particles [4-7]. Incorporating 1 wt% of lithium into the aluminum alloy
results in a notable enhancement of its elasticity modulus with a density
reduction of approximately 3 % [8,9]. The AA2198-T851 alloy stands as
a representative of third-generation aluminum alloys, characterized by
its composition comprising elements such as Al, Cu, and Li, alongside
traces of Mg, Ag, and Zn [10]. The introduction of lithium induces
precipitation hardening through the development of diverse strength-
ening precipitates, including 8" (AlsLi), 0 (AlyCu), and T1 (AlyCuLi)
[11]. On the other hand, this alloy exhibits a high vulnerability to
localized corrosion, primarily marked by the preferential attack on
specific grains and grain boundaries [12].

To overcome the localized corrosion in such alloys, some strategies
have been reported in which surface treatment plays an important role
[13]. Conversion coatings [14], chemical vapor deposition (CVD) [15],
physical vapor deposition (PVD) [16], thermal spraying [17], ion im-
plantation [18], diffusion treatment [19], anodization [20], and PEO
[21] are suggested as some surface modification techniques. PEO plays a
crucial role in various processes owing to its environmentally friendly
properties and its capability to produce dense ceramic coatings on
lightweight metals [22]. When it comes to applications that demand
wear resistance, PEO coatings demonstrate greater benefits than both
hard-chrome plating and hard anodizing [23].

Utilized as an efficient and cost-effective surface treatment, PEO has
been applied to different light alloys, including Al [24], Mg [25], and Ti
[26]. In contrast to anodizing, this technique involves higher voltage,
leading to species diffusion, plasma reactions, and electrochemical re-
actions. The PEO process typically employs an alkaline aqueous elec-
trolyte, making it a more ecologically sustainable alternative compared
to anodizing technology [27,28]. Throughout the PEO process,
numerous transient micro-arcs spontaneously emerge on the surface,
significantly elevating the pressure and temperature in localized areas.
As sparks occur across the working electrode, the oxide layer is inclined
to undergo repeated melting and solidification, facilitating its
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Fig. 1. Voltage-time curves for PEO-A24 and PEO-A98 during the PEO process.
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Fig. 2. GIXRD outcome for PEO-A24 and PEO-A24-S (a) as well as PEO-A98 and PEO-A98-S (b).
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Fig. 3. Planar FE-SEM images (in two magnifications) as well as the proportion of the porosity assessment area of PEO samples corresponded to PEO-A24 (a; and ay),

PEO-A98 (b; and by), PEO-A24-S (c; and c5), and PEO-A98-S (d; and d»).

integration with the constituents of the electrolyte, and developing high-
temperature phases [29,30]. Therefore, a coating with improved
corrosion protection properties, wear resistance, and hardness is
created. Specifically, the PEO layer applied on aluminum alloys com-
prises a dense layer and a porous layer, with the presence of pores and
cracks in the latter being viewed as a limitation for applications
requiring long-term protection [31].

Various post-treatments, such as hydrothermal treatments and con-
version coatings, might precipitate low-soluble compounds, which can
block the intrinsic pores of a PEO layer [32-34]. Application of a sol-gel
coating has emerged as a viable technique among surface post-
treatments because of its flexible processing, ease of production, and
environmental friendliness [35-39]. Sol-gel characteristics are influ-
enced by various factors, including sol-gel precursor, solvent type, so-
lution pH, and aging [40-42]. Nevertheless, the sublayer properties and
surface topography are of great importance for the performance of such
coatings. Any sol-gel coatings adsorb either chemically or physically to
the substrate [43]. In chemical adsorption, covalent bonds are formed
by condensation reactions between the hydroxyl groups of surface and
hydrolyzed sol-gel molecules [44]. On the other hand, physical
adsorption deals with mechanical interlocking, improving adherence
between the substrate and the sol-gel coating. As it is well-documented,
the PEO porosity is a crucial factor influencing the characteristics and
effectiveness of duplex coatings, such as the PEO/sol-gel coating system.
[45]. Pezzato et al. [46] confirmed the dissimilar deposition of the sol-
gel layer as a post-treatment for PEO coatings on two alloys (AA7020
and AZ80), caused by the distinct morphology of the PEO coatings.

This study aims to investigate how the substrate and corresponding
PEO morphology impact the sealing effectiveness of a specific sol-gel top
layer. PEO coatings were applied to both AA2198-T851 and AA2024-T3
aluminum alloys, using identical electrical parameters and electrolyte
composition. To the best of the authors' knowledge, no prior research

has focused on producing PEO coatings on the AA2198-T851 alloy. The
presence of lithium in the AA2198-T851 alloy significantly influences
the development of the PEO coating, which is discussed in this investi-
gation. Subsequently, PEO coatings on both aluminum alloys were
coated with a sol-gel layer to examine how the PEO morphology as well
as the substrate affect the properties of the PEO/sol-gel duplex coating
system. The sol-gel precursors were tetraethyl orthosilicate (TEOS) and
3-glycidoxypropyltrimethoxysilane (GPTMS) in which the TEOS moiety
plays a pivotal role in the creation of sol-gel networks due to its four
hydrolyzable bonds. When combined with the GPTMS molecule,
featuring one epoxide end group and three hydrolyzable branches, it
facilitates effective pore-filling capabilities in the network [47]. Various
characterization techniques such as Field Emission Scanning Electron
Microscopy (FE-SEM) and Grazing Incidence X-ray diffraction (GIXRD)
were conducted to scrutinize the PEO coatings in the presence/absence
of sol-gel sealing. Moreover, the corrosion resistance properties as well
as the mechanical features like tribological properties were examined.

2. Materials and methods

Two grades 2xxx aluminum alloys, AA2024-T3 (4.5 % Cu, 1.41 %
Mg, 0.61 % Mn, 0.12 % Fe, 0.03 % Zn, and Al balance (wt%)) and
AA2198-T851 (3.31 % Cu, 0.96 % Li, 0.31 % Mg, 0.03 % Si, 0.04 % Fe,
0.25 % Ag, 0.4 % Zr, 0.01 % Zn (wt%)), were used as substrates. Before
conducting the PEO process, the substrates underwent an ultrasonic
bath treatment with acetone for 10 min. Subsequently, an alkaline
etching in a 10 % wt./wt. NaOH solution for 30 s at 40 °C was done
followed by an acid pickling in a 30 % wt./wt. HNOj3 solution at ambient
temperature [48].

To produce PEO coating, a bipolar power supply from Micronics
Systems was utilized to produce a square pulse pattern at a frequency of
100 Hz, a duty cycle of 30 %, and an anodic current of 5 A for 30 min.
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Fig. 4. Cross-sectional view as well as EDS maps of PEO coated samples before and after sol-gel sealing obtained by FE-SEM technique.

The exposed surface area was 9 cm?, resulting in an applied current
density of 0.556 A/cm?. The proportion of positive to negative charge
quantities (Qp /Qy) over one period of the current pulse is denoted as the
RCQ parameter, adjusted at 0.9. The PEO electrolyte consisted of
NaySiOs (1.65 g/L) and KOH (1 g/L), placed in a container that was
attached to a cooling system in order to keep the temperature lower than
40 °C [48]. The abbreviation of PEO-A24 and PEO-A98 were employed
for the PEO layer over the AA2024-T3 and AA2198-T851 substrates,
respectively.

The sol-gel solution as a topcoat over the PEO samples was obtained
by mixing TEOS and GPTMS sol-gel precursors with concentrations of
20 % V/V and 10 % V/V, respectively, for a day in a medium containing
10 % V/V ethanol as well as 60 % V/V distilled water whose pH was
adjusted at 3 by acetic acid. The sol-gel layer was fabricated by dip-
coating method with a 100 mm/min withdrawal rate, then cured for
1 hat 150 °C [49]. Abbreviations of PEO-A24-S and PEO-A98-S denoted
PEO-A24 and PEO-A98 samples after fabrication of sol-gel coating,
respectively.

The GIXRD examinations were conducted utilizing a Malvern Pan-
alytical Empyrean X-ray diffractometer, employing 6-6 geometry and
CuKal radiation (A = 0.1540598 nm). Scans were captured within the
range of 10° to 70°, with an incremental interval of 0.026° and a one-
second duration per step. The surface topography and cross-sectional
observation of the PEO-coated coupons before and after immersion in
0.1 M NaCl solution were obtained by the FE-SEM technique, utilizing a
Hitachi SU5000 instrument. The porosity evaluation was performed by
using ImageJ software, and at least two computations were performed
for every sample at 100x magnification. By changing the threshold

values, the automated threshold was employed, verifying that the
porosity results consistently fell within an acceptable range. After
repeating measurements on several photos and computing statistical
factors like standard deviation, the measurement error was determined.
Roughness measurements have been achieved with a Hirox KH-8700
digital microscope (average of five measurements).

The protective properties of various PEO samples as well as sealing
qualities were inspected by the EIS technique upon two-week immersion
in the saline electrolyte. The standard three-electrode setup was utilized,
with Ag/AgCl/KCl (+197mV/SHE) acting as the reference electrode,
platinum serving as the auxiliary electrode, and coated panels employed
as working electrodes. EIS results were obtained by applying a sine wave
modulation with a 10-mV peak-to-peak amplitude across the frequency
domain of 100kHz to 100 mHz. The coupons were subjected to the
aggressive solution with an exposed surface area of 1.0cm?. To ensure
the accuracy of the electrochemical measurements, each set of samples
underwent a minimum of two measurements during every immersion
time. In order to capture electrochemical factors relevant to the corro-
sion occurrence, the electrochemical findings were subjected to a curve
fitting. This was accomplished by employing the most appropriate
electrical equivalent circuit (EEC) within the ZView software.

The coefficients of friction (COFs) were measured with a Bruker UMT
tribolab reciprocal sliding device. The total sliding distance (100 m) was
calculated with the use of a frequency of 2 Hz, a stroke length of 10 mm,
and a sliding time of 2500 s. The applied load was set at 2 N with
alumina balls as counterparts. The test was reproduced for each sample
three times. COFs were recorded and treated by dedicated Bruker soft-
ware. After sliding tests, wear volumes were measured by Hirox KH-
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Fig. 5. Top-view observation of PEO samples related to PEO-A24(a), PEO-A98 (b), PEO-A24-S(c), and PEO-A98-S (d) after two weeks of immersion in 0.1 M NaCl

electrolyte.

8700 digital microscope assuming that there is no wear on the alumina
ball and by measuring the geometry of the worn tracks [50]. Wear
mechanisms were characterized by FE-SEM equipped with EDS analysis.

3. Results and discussion
3.1. Average voltage-time diagram

The average voltage time response during the PEO process for
AA2024-T3 and AA2198-T851 substrates is depicted in Fig. 1. Similar to
other investigations [25,51], three steps are identified in both curves.
During the initial phase, identical to the anodizing procedure, the
average voltage exhibited a direct correlation with time, resulting in the
gradual formation of a slim oxide film layer in the alkaline silicate
electrolyte. In the second phase, elevating the voltage until exceeding
the breakdown voltage (Vp) led to a dielectric breakdown in certain
vulnerable and dispersed areas across the insulating film, accompanied
by spark discharges. During the third stage, identified as the micro-
discharge step, the average voltage changed at a plodding pace over
time and stabilized at a constant value.

Apart from these similar stages taking place for both PEO coatings,
some differences are noticed, namely the slope of region I as well as V.
By comparison between PEO-A24 and PEO-A98, it is found that the Vg of
PEO-A24 is lower than PEO-A98. Moreover, in our previous study, it was
shown that the quantity and distribution of intermetallic particles in
AA2024-T3 are significantly higher than in AA2198-T851. Therefore,
one could expect that the higher the density of the intermetallic parti-
cles, the higher the nucleation sites for the PEO process, leading to
obtaining a more porous structure in PEO-A24 than in PEO-A98. Moreno

et al. revealed that the Zn-rich intermetallic particles could affect the
PEO coating morphology on magnesium alloy, forming larger voids in
the vicinity of Zn-rich sites [52]. In another study committed to com-
prehending the impact of Cu-rich intermetallic compounds on the for-
mation of layered double hydroxide (LDH) conversion coating,
researchers found that the presence of copper-rich intermetallic parti-
cles caused the Al matrix dissolution, creating cavities/voids at their
interface and matrix [53]. They pointed out that the presence of Mg
makes the S-phase particles more active than the rest of the copper-
based intermetallic particles; nevertheless, the nearby matrix dissolves
in all intermetallic particles due to the local nano-galvanic effect.
Consequently, despite the same shape of the voltage-time curves, the
difference in slope in zone II can be associated with a greater amount
and distribution of intermetallic particles in AA2024-T3 leading to a
more porous layer. Furthermore, the presence of lithium in AA2198-
T851 can contribute to the growth of oxide phases with enhanced pro-
tective properties [54], requiring a higher voltage to start stage II.

3.2. GIXRD analysis

The GIXRD outcome of the PEO layer created on AA2024-T3 and
AA2198-T851 are displayed in Fig. 2. PEO coatings on aluminum alloys
are often composed of a-AlO3 and y-Al,O3; however, amorphous
alumina PEO layers have also been reported in another research [55].
Anodic oxidation and the oxide-forming process that occurs in the early
stage of PEO are similar processes. When micro-arcing commences, the
temperature rises rapidly due to the formation of plasma channels,
triggering the primary oxide layer to transform into the metastable
v-Aly03 [56]. It is interesting to note that y-AlyOs can change into
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Fig. 6. Cross-sectional view as well as EDS maps of PEO coated with/without sol-gel sealing after two weeks of immersion in the saline electrolyte.

a-Al,O3 at higher current densities or for longer oxidation durations
[57,58]. Fig. 2a and b show some intense peaks assigned to y-Al;O3 as
well as some shoulders related to the aluminum alloy. There is very little
a-Al,03 present in both PEO coatings. One possible explanation for this
is that the phase transition from y-Al,O3 to a-Al,O3 (which begins at
about 1000 °C) could not be initiated by the applied current density and
subsequent discharge voltage [51,59]. The GIXRD test was also carried
out after the fabrication of the sol-gel coating in both PEO cases. Not
much difference could be detected in the GIXRD spectra of PEO-A24 and
PEO-A24-S. As it is well-documented, this type of sol-gel sealing is able
to diffuse and fill the PEO pores and defects [24,42,45] on AA2024-T3.
On the other hand, by comparison to the GIXRD outcome of PEO-A98
and PEO-A98-S, almost all characteristic peaks of PEO-A98 dis-
appeared after the fabrication of the sol-gel. It is reasonable to assume
that the sol-gel presents mainly over the PEO pores, forming a layer that
may absorb or scatter the X-rays before reaching the PEO layer, leading
to a reduced signal in the GIXRD pattern.

3.3. FE-SEM observations

3.3.1. Before immersion into the aggressive solution

The FE-SEM images in Fig. 3 depict the surface morphology and the
mean porosity (denoting the proportion of the entire surface area
exhibiting porosity) of the coated samples. The PEO process, conducted

in a solution containing silicates, results in the formation of character-
istic porous structures on aluminum alloys due to the recurrent oxide
film melting and solidification. The dielectric breakdown, along with
plasma reactions and scattered spark generation, leads to the formation
of numerous pores and cracks scattered randomly across the surface.
Comparison between the surface topography of PEO-A24 and PEO-A98
shows that the porosity of the surface is lower in PEO-A98. In other
words, the surface of PEO-A98 seems to be smoother and to present
smaller pores. The average diameter of pores in PEO-A24 and PEO-A98
is evaluated as 9.94 + 1.3 pm and 6.29 + 0.95 pm, respectively.
Moreover, the average roughness (R,) for PEO-A24 and PEO-A98 is 0.74
+ 0.15 pm and 0.44 + 0.10 pm, respectively. In another study, it was
discovered that the passive layer of the Al-Cu-Li has higher resistivity to
breakdown than Al—Cu alloy, suggesting that by utilizing identical
parameters, the porosity and pore diameter are comparatively lower in
AA2198-T851 alloy [12]. Following the implementation of sol-gel for
both PEO layers, a significant portion of the pores were successfully
sealed; however, a few corresponding large ones remained visible.

Fig. 4 presents FE-SEM images and EDS maps obtained on the cross-
section of the PEO coatings. In the PEO coatings, one would expect the
emergence of silicon (Si), oxygen (O), and aluminum (Al) elements due
to the oxidation process that occurs in the silicate solution. Notably, the
PEO-A24 coating exhibits relatively larger pores, while the PEO-A98
coating displays a higher prevalence of cracks. By looking at the EDS
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Fig. 7. Nyquist plots of PEO-coated coupons, referring to PEO-A24 (a), PEO-A98 (b), PEO-A24-S (c), and PEO-A98-S (d), for 2 weeks immersion in 0.1 M NaCl

electrolyte.

maps, it could be noticed that the Si distribution in PEO-A98 is more
pronounced in the crack area. It is most probably because of the fewer
nucleation sites for the PEO growth and higher breakdown voltage,
leading to the higher temperature at sparks. The higher temperature at
sparks happening upon the PEO process resulted in the higher content of
the electrolyte composition in the passive layer, particularly in the crack
zone [60]. Consequently, the fewer and more intense nucleation sites
facilitate the migration of Si from the electrolyte to the coating, resulting
in a less homogeneous distribution of Si in the PEO-A98 coating
compared to the original PEO-A98. However, it is noteworthy that the
thickness of PEO-A24 and PEO-A98 is 11.94 + 4.7 ym and 11.38 + 4.6
pm, respectively, indicating minimal differences in their thickness.
Consequently, these distinct structural morphologies result in the
observation of dissimilar sol-gel sealing behaviors. In the case of PEO-
A24-S, the sol-gel effectively diffuses through the pores and fills them,
as visually indicated by the Si elemental map. Conversely, in the PEO-
A98 coating, the sol-gel material prefers to deposit on the PEO layer
instead of penetrating through it. This is likely attributed to the presence
of available spaces in the PEO-A24 coating, allowing the sol-gel to pass
through, whereas the presence of cracks in the PEO-A98 coating likely
induces a capillary effect, causing the sol-gel to precipitate at the top
surface. The Si elemental map clearly demonstrates the presence of an
unsealed crack, marked in the corresponding figure, which highlights

the inadequate pore-filling ability of the sol-gel coating for PEO-A98.

3.3.2. After immersion into the aggressive solution

The planar FE-SEM images of the coupons after 14 days of dipping
into the 0.1 M NaCl are presented in Fig. 5. The distinct feature of the
PEO coating can still be observable, while the amount of corrosion
product differs from one to another. In PEO-A24 and PEO-A98, corro-
sion products formed all over the surface in a way that some open pores
in PEO-A24 are noticed while the corrosion products block the pores in
PEO-A98. It originates from the topography of the porous layer in which
PEO-A24 is accompanied by pores whereas PEO-A98 is along with
cracks. After application of the sol-gel, although somehow degradation
of the sol-gel layer is disclosed, the PEO-A24-S has undergone the
minimum corrosion attack.

To obtain a clearer discernment of what has become of the PEO-
coated samples after two weeks of immersion, the cross-sectional im-
ages and EDS maps are shown in Fig. 6. In PEO-A24 and PEO-A98, the
presence of pores and cracks provide diffusion pathways for the
aggressive electrolyte which is why a severe deterioration took place. A
darkened area, most probably showing the delimitation of the coating
from the substrate caused by the electrolyte ingress, is noticed in both
unsealed PEO coatings. It is worthwhile mentioning that the
morphology of PEO-A98 before the immersion contained cracks;
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Fig. 8. Bode results of PEO-coated coupons for 2 weeks immersion in 0.1 M NacCl electrolyte, related to PEO-A24 (a), PEO-A98 (b), PEO-A24-S (c), and PEO-A98-S

(d) samples.

(b)

(©)

CPEg,

(d)

Fig. 9. Various EECs for fitting the EIS data upon immersion for two weeks in saline solution.

however, the dissolution of the substrate and corrosion reactions created
some pores. The trace of the sol-gel sealing is determined by Si and O
elements in the PEO-A24-S, illustrating the reliable barrier properties of
the coating to sustain for two weeks in the pores. For PEO-A98-S, like-
wise to the images before the immersion, sol-gel remains over the PEO
coating; however, the insufficient pore-filling properties caused the

CPEg.

(e)

diffusion of the aggressive electrolyte in which an unsealed pore sug-
gested the dissolving of the oxide layer upon the immersion time.

In both PEO cases, a notably higher content of Si is observed on the
top surface after immersion. It is worth mentioning that, prior to the
exposure, a uniform distribution of Si was documented in the EDS maps.
It appears that the Si within the PEO coating was directed outward from



S. Akbarzadeh et al.

Surface & Coatings Technology 494 (2024) 131510

Table 1
The summary of electrochemical parameters after fitting with different EECs.
Sample Immersion time in an EEC Rsg (kQ CPEsg Rnmix O Ry, CPE,ix or CPEp R (kQ CPEg4 Ry (kQ
hour (h) and week (w) cm?) (kQ cm?) cm?) cm?)
Yo (n(f1 n Yo (nQ’1 n Yo (n(f1 n -
em 25 ™) em2s™) em 25 ™
PEO- 6h a - - - 75 3593 0.79 293.00 16,051.00 0.96 -
A24 24 h b - - - 36 72,787 0.64 20.00 8757.00 0.91 -
48 h b - - - 37 49,143 0.79 10.00 21,241.00 0.90 -
72 h b - - - 23 64,442 0.89 7.00 33,149.00 0.92 -
1w b - - - 41 119,420 0.91 5.00 66,165.00 0.90 -
2w b - - - 32 149,470 0.97 6.00 86,905.00 0.91 -
PEO- 6h c - - - 42 3844 0.95 0.42 5200.70 0.54 98.46
A98 24h c - - - 34 6930 0.96 0.46 7052.90 0.52 95.61
48 h c - - - 8 14,032 0.95 0.03 9358.10 0.49 35.95
72h c - - - 3 27,592 0.98 0.07 56,303.00 0.81 14.52
1w c - - - 6 47,954 0.95 0.09 87,412.00 0.83 23.83
2w c - - - 10 67,396 0.97 0.20 71,382.00 0.82 119.61
PEO- 6h d 679.29 2.18 0.96 36,584 31.16 0.44 153,600 2.90 0.82 -
A24-S 24 h d 312.65 2.43 0.96 2912 56.91 0.43 34,614 4.02 0.97 -
48 h d 294.10 2.52 0.95 2313 51.11 0.44 45,228 9.33 0.94 -
72h d 276.12 2.53 0.96 4088 55.39 0.51 20,966 15.57 0.93 -
1w d 448.51 3.87 0.94 4412 22.75 0.74 25,744 198.94 0.52 -
2w d 59.61 5.04 0.92 4021 32.62 0.84 23,820 200.65 0.70 -
PEO- 6h d 557.22 2.64 0.94 10,820 39.31 0.51 6601 282.60 0.95 -
A98-S 24 h d 283.45 2.90 0.94 1556 21.32 0.60 6526 202.93 0.66 -
48 h d 183.15 4.28 0.91 1096 415.49 0.30 7633 76.66 0.98 -
72h d 99.90 4.11 0.92 1012 305.63 0.48 5627 41.26 0.89 -
1w e 101.31 7.89 0.88 1120 61.22 0.74 2045 879.79 0.70 8118.40
2w e 135.26 8.20 0.88 1456 47.88 0.79 2021 781.78 0.68 9383.60
H6h E24h E448h H72h Hlw H2w
8 T g g
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~ 71 I I
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Fig. 10. The evolution of impedance modulus at 100mHz for different samples during exposure to the aggressive electrolyte.

the substrate and subsequently accumulated over the PEO surface. To
answer this matter, first look at Al reactions when it is exposed to the
studied saline solution (0.1 M NaCl, pH 6.5) [61]:

Al(s)—>AIP" (aq) + 3e” @

A" (aq) 4+ 3H,0 (1)-Al(OH), (s) + 3H" (aq) 2)

At the same time, PEO degradation occurs, resulting in the release of
Si in the form of silicic acid (Si(OH)4). Most probably the migration of
produced silicic acid to the PEO/electrolyte interface took place,
condensed, and precipitated on the PEO layer when it met the electro-
lyte. It probably could bring about the formation of amorphous silica
particles over the PEO layer [62]. Furthermore, it could react with Al
(OH)3, resulting in the formation of amorphous aluminosilicate which

could also serve as a barrier layer, as illustrated by the following reac-
tion [63,64]:

Al(OH), (s) + Si(OH), (aq)—(HO),Al-O-Si (OH), (s) + H,0 (1) 3

3.4. EIS assessment

The assessment of corrosion resistance for different PEO and PEO/
sol-gel coatings was conducted utilizing EIS over two weeks immersed
ina 0.1 M NaCl solution. The EIS data is visually represented through the
Nyquist and Bode graphs in Fig. 7 and Fig. 8, respectively. Additionally,
to analyze the EIS results, a set of distinct electrical equivalent circuits
(EEQ) is introduced in Fig. 9. The electrochemical variables, specifically
R, (PEO layer resistance), Rsg (sol-gel coating resistance), and Re
(charge transfer resistance) were extracted and summarized in Table 1.
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Fig. 11. The advancement of R;, and Ceg, , for PEO-A24 and PEO-A98 (a and b) along with PEO-A24-S and PEO-A98-S (c and d), respectively.

The EIS spectra display the fitting and experimental data as solid lines
and markers, respectively. Surface irregularities and non-uniformity are
intrinsic characteristics of any interface, leading to the consideration of
the constant phase element (CPE) rather than an ideal capacitor to
interpret the EIS findings. The impedance of CPE is quantified using the
formula as follows [65]:

1

ZCPE =

where Y is the CPE admittance and n is the frequency dispersion factor,
taking values between 0 and 1, signifying the shift from pure resistance
to pure capacitance. The abbreviations of CPEg, CPE,, CPEgg, and
CPEpix (also Rpiy) are attributed to the presence of double-layer, PEO
layer, sol-gel coating, and the PEO/sol-gel mixed region, respectively.
Two distinguishing layers (inner and outer layers) generally define the
PEO process [66]. Since the porous layer provides diffusion routes for
the corrosive medium to reach the substrate, its presence is considered a
shortcoming for long-term performance.

For the PEO-A24, these two layers could be differentiated after 6 h
immersion as the inner layer resistance is significantly higher than outer
resistance (R¢c and R, after 6 h referred to the resistance of inner and
outer layers), indicating that the dense inner layer is primarily
accountable for the short-term protection [67]. The degradation of the
coating initiates after 24 h, which is why the time constants were
adjusted to take into account both the substrate reaction and the whole
coating (both inner and porous layers). Actually, some pores extended or
developed, opening up routes for the corrosive medium to diffuse [68].
As a result, the utilized EEC was modified from Fig. 9a to b. The PEO
layer is represented by R, and CPE,, while the substrate response is
denoted by CPEq4 and Ry, according to the EEC in Fig. 9b. This indicates
that certain holes that are deep enough to reach the substrate developed
as a result of a decrease in barrier properties after 24 h of immersion.
After that, the PEO-A24 sample continues to display this electrochemical
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activity for the full two-week immersion period.

For the PEO-A98 sample exposed for two weeks in the aggressive
electrolyte, a dissimilar kind of electrochemical activity was found based
on the employed EEC (Fig. 9¢). As it was visualized by the FE-SEM im-
ages, the morphology of PEO-A98 is along with more cracks and less
porosity as compared to the PEO-A24, leading to the diffusion control of
aggressive elements ingress. This hypothesis was validated by the
employed EEC in which the Warburg element denotes that the redox
reactions are limited by diffusion of aggressive ions or oxygen [69]. The
distinct structure of PEO-A98 made it have better barrier performance
than PEO-A24 in short immersion (after one day); however, the corro-
sion resistance properties dropped from then on along with some flaws
and cracks. Following the sol-gel coating application, even though an
increment in corrosion resistance took place for both PEO-A24 and PEO-
A98, different protection performance was noticed.

For the PEO-A24-S, the distinctive EEC (Fig. 9d) revealed that the
sol-gel coating was predominant at high frequencies, while the inter-
mediate frequency response indicated a coexistence of the PEO and sol-
gel layers. Notably, the formation of Rgg was observed, determining the
effective permeation of sol-gel into the porous PEO layer when
comparing the Ry;x and R, amounts in the PEO-A24-S sample. However,
it is noteworthy that the gradual decrease of Rgg and the consequent
increase in the admittance element of CPEgg signify a degradation in the
protection qualities of the sol-gel layer when exposed to the aggressive
electrolyte.

Interestingly the same type of sol-gel coating exhibited dissimilar
protection performance in the PEO-A98-S sample. Despite employing an
identical EEC model for fitting experimental data during 72 h of expo-
sure to the aggressive electrolyte, the corrosion protection characteris-
tics were notably weaker in PEO-A98-S than in PEO-A24-S. After one
week of immersion, the utilized EEC switched from Fig. 9d to Fig. e,
indicative of a shift towards diffusion-controlled redox reactions. As was
demonstrated in the cross-section images, the sol-gel intended to
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Fig. 12. COF as a function of the total sliding distance for AA2024-T3, PEO-A24, and PEO-A24-S(a) as well as AA2198-T851, PEO-A98, and PEO-A98-S (b).

precipitate dominantly over the PEO-A98 layer rather than pore-filling,
forming a barrier layer against the ingress of aggressive elements into
the PEO-A98 flaws. Upon immersion, the protective features of the sol-
gel decreased little by little so that like what was reported for the PEO-
A98, most probably the penetration of oxygen and ions was limited by
diffusion control phenomenon.

The impedance modulus at low frequency of each sample during the
entire immersion period was compared and exhibited in Fig. 10. The
first impression could be the higher values of both PEO coatings after
application of the sol-gel, no matter whether the sol-gel acts as pore-
filling or layer formation over the PEO porous layer. By comparing
PEO-A24 and PEO-A98 it could be noticed that in the short immersion
time (up to one day), PEO-A98 had higher corrosion resistance prop-
erties than PEO-A24; however, its properties dropped significantly from
then on and were lower than PEO-A24 up to 72 h immersion time. It
most probably stands to reason that the distinct morphology of PEO-
A98, in the beginning, hindered the diffusion of aggressive elements
more than PEO-A24, but the electrolyte found pathways to access the
substrate. This explanation could also be validated by the values of Ry,
Re, and Ry, summarized in Table 1. After 72 h of immersion, the
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corrosion protection of PEO-A98 enhanced gradually and continued the
increasing trend till the end of the exposure. In fact, the linear increase
in impedance and the noticeable time constant at the lowest frequencies
after one and two weeks of immersion were likely brought on by the
corrosion product creation, leading to the blocking of pathways and
diffusion routes [70]. Following the sol-gel application, the low-
frequency impedance indicated a higher corrosion resistance of PEO-
A24-S than PEO-A98-S in every single immersion time. As pore-filling
is the main corrosion protection mechanism in PS, the emergence of
the sol-gel is like cement inside the pores, hindering the diffusion of the
electrolyte. While the sol-gel was not able to penetrate through the PEO-
A98 pores to fill, it only created a layer over the pores so that a sort of
free volumetric region exists behind the sol-gel. It is why after one week
of immersion, the Warburg element appeared, illustrating that the per-
formance qualities of the sol-gel layer declined, and the aggressive
electrolyte must undergo diffusion control to reach the substrate. This
hypothesis can also be confirmed by having the lowest values for Rgg
and Rpx after 72 h of immersion. Moreover, some ups and downs in the
PEO-A98-S sample which are most probably due to the corrosion
product formation align with the hypothesis [71].
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To get a better comparison between PEO-A24 and PEO-A98 with/
without sol-gel sealing, Fig. 11 reported the advancement of Ry, Ryix,
Cefr, p, and Cef, mix upon two weeks of exposure time. The following
equation was used to determine the effective capacitance [72]:

Coix = Yo/mix Rinie™ " )

0.mix ~‘mix

Fig. 11a demonstrated that the protective qualities of only the PEO
layer (not the whole coating plus substrate response) in PEO-A24 are
higher than in PEO-A98. It is worthwhile to mention that the low-
frequency impedance stated the superior properties of PEO-A98 at 24
h immersion time for instance while its R}, value is lower than PEO-A24.
In Fig. 11b, the effective capacitance of PEO-A98 is lower than PEO-A24.
Considering that the thickness of PEO coatings is nearly comparable, it is
important to note that the higher the effective capacitance, the greater
the permittivity of the coating. This increase in permittivity is attributed
to water ingress into the coating. So, one could include that the water
ingress in PEO-A98 was lower than PEO-A24 even though its R, was
lower. Larger holes in the PEO-A24 allow for regulated water diffusion
which may have an impact on its capacitance and dielectric character-
istics, while PEO-A98 on the other hand, could have a lower capacitance
because of its diffusion-controlled behavior that prevents the ingress of
water.

After application of the sol-gel, as it was mentioned earlier about the
pore-filling ability in PEO-A24-S, the Ry,ix value of PEO-A24-S is higher
than PEO-A98-S, illustrating the better sealing ability of the sol-gel for
PEO-A24-S. As was depicted in the cross-section observation, the sol-gel
could not penetrate the PEO-A98 cracks, making some available areas
for water diffusion. Accordingly, the effective capacitance went up to 72
h of immersion because of the electrolyte diffusion followed by decre-
ment due to diffusion-controlled behavior along with corrosion product
formation.

3.5. Mechanical examination

The friction coefficients of the different coatings were compared to
those of the substrates (Fig. 12). COFs of both substrates are noisy due to
the roughness of the aluminum. However, the average coefficients of
friction are quite stable with the sliding distance between 0.6 and 0.8.
AA2024-T3 with PEO coating (PEO-A24) shows higher COF until 80 m
of analysis before a decrease to a value of 0.7. On the other hand, the
COF of the AA2198-T851 with PEO (PEO-A98) is more constant with the
sliding distance. The difference between both parts is related to the
surface roughness of the coating and the pore size distribution: as the
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average roughness of the PEO-A24 is higher than the PEO-A98, the COF
is higher. Indeed, longer distances are needed to eliminate the surface
roughness. Fig. 12a shows a decrease in the COF of part PEO-A24 after
70 m of analysis, meaning that the roughness has been eliminated and
the tribology measurement is going into steady-state conditions. In
addition, larger pores imply an increase in COF due to the formation of a
virtual roughness (given by the pore size distribution and not by the
surface texture of the parts). The substrates were reached once for PEO-
A24 and twice for PEO-A98, meaning that the chosen sliding parameters
could be sufficient to remove entirely the PEO coating. After the appli-
cation of sol-gel, both substrates exhibit excellent wear resistance, with
low COF, around 0.5 for PS and 0.6 for PEO-A98-S. Two different be-
haviors are observed between PEO-A24-S and PEO-A98-S. Pores were
sealed by the sol-gel; however, the sol-gel deposited over the PEO-A98
and could not sufficiently seal it. Eventually, the COF became lower in
PEO-A24-S than PEO-A24 (following the sol-gel fabrication over the
PEO-A24), while it remained almost unchanged in PEO-A98 once sol-gel
was applied (PEO-A98-S). The wear of the parts is thus sensible to the
pores, which act as defects against wear resistance.

The wear volumes are depicted in Fig. 13. The two substrates without
any coating show important wear volumes of around 500 pm® of matter
that is eliminated by the sliding test. As mentioned before, the use of a
PEO coating improves the wear properties, but the results are scattered
due to the presence of pores on the surface coating. Standard deviations
are thus important since the aluminum substrates were reached for some
of the experiments, which induced higher wear. The use of a sol-gel
provides low wear volumes (5 to 8 pm3). The substrates were not
reached, meaning that the sealing with sol-gel is effective for wear
protection.

FE-SEM images of the worn tracks for substrate AA2024-T3
(Fig. 14a; and ay) and substrate AA2198-T851 (Fig. 14b) show
grooves and scratches, meaning that abrasion is one of the main wear
mechanisms. The results are consistent with those of Javidi and Fadaee
[73] and Rahmati et al. [74]. The number of debris is important in the
tracks. Their chemical composition shows high oxygen content (> 20 wt
%), meaning that oxidation occurred during the tribology test. In the
abrasion grooves, the oxygen content is lower. In Fig. 14a,, small cracks
are observed perpendicular to the sliding direction, meaning that
delamination occurred for AA2024-T3 [75]. The analysis of the alumina
counter bodies shows adhesion of the aluminum substrates thanks to the
detection of copper and magnesium on the surface of the balls. The wear
mechanism is thus a combination of abrasion, adhesion, oxidation, and
delamination.

Fig. 15 shows the worn tracks after the dry sliding test for PEO and
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PEO/sol-gel coating on both aluminum substrates. Very few grooves
parallel to the sliding direction are observed on the four parts, meaning
that abrasion is not the main wear mechanism. Flattening of the surface
(elimination of the surface roughness) and delamination areas are
observed on the worn tracks [48,73]. The debris is of the same
composition as the PEO coating and is thus matter that has been pulled
out of the track. The third body rolling mechanism is responsible for the

production of the debris [76]. However, those results must be taken with
care since some of the experiments have shown that the PEO coatings
were removed during the tribotest (PEO-A24 and PEO-A98 parts). One
explanation could be the tendency of the PEO coating to crack with the
action of the ambient humidity. If cracks are present at the surface the
resistance of the coating against wear is reduced. The counter alumina
balls show some adhesion on their surface with the presence of Cu, Si,
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and Mg for PEO coatings (PEO-A24 and PEO-A98 parts). The PEO/sol-
gel shows high wear resistance with only flattening of the surface and
pulling out of the debris outside the track. The use of sol-gel inhibits the
cracking of the PEO coating due to the humidity. Moreover, the counter
alumina balls show only limited Si content (< 2 wt%) on their surface,
meaning that some adhesion occurred. Similar results have been
observed by Khalid et al. [21] on sol-gel sealed PEO coating on AA2024-
T3.

4. Conclusion

PEO coatings were created on AA2024-T3 and AA2198-T851 sub-
strates using identical conditions, including electrolyte composition
and electrical parameters. Both coatings exhibited inherent porous
structures; thus, a sol-gel layer was synthesized and applied to
enhance their electrochemical and wear properties.

Due to the different chemical compositions and microstructures of
the two aluminum alloys, the resulting PEO coatings had distinct
morphologies, leading to differences in sol-gel sealing, wear prop-
erties, and corrosion resistance.

e The PEO coating on AA2024-T3 exhibited more porosity compared
to AA2198-T851; however, AA2198-T851 showed more cracks. FE-
SEM images revealed that the sol-gel top-coat filled the porous
structure of PEO-A24, whereas mainly precipitation was observed on
PEO-A98.

EIS results indicated superior short-term corrosion behavior for PEO-
A98 compared to PEO-A24; however, after sol-gel sealing, PEO-A24-
S demonstrated higher protective performance due to better sealing.
Sol-gel sealing significantly improved the performance of both PEO
coatings, as confirmed by the wear test results. The wear evaluation
aligned with the corrosion tests, showing a lower COF for PEO-A24-S
compared to PEO-A98-S, attributed to the different sealing charac-
teristics of the sol-gel.
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