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A B S T R A C T

Plasma electrolytic oxidation (PEO) is a versatile and cost-effective technique to obtain protective oxide coatings in light metals, although its 
intrinsic porosity is a drawback for long-term corrosion resistance. Sol-gel layers are pointed as a useful tool to seal PEO porosity and increase its 
corrosion resistance, although little is known about its influence on the wear performance of PEO coatings. In this study, a PEO coating obtained 
on AA2024 was sealed with a hybrid sol-gel via dip-coating. Two withdrawal speeds were set in order to investigate the influence of the sol-gel 
filling in its sealing ability. Both sol-gel application conditions were able to fill the PEO pores and microcracks and change its wettability. EIS 
results showed samples sealed with sol-gel maintained the protective behavior upon 28 days and increased the resistance of the system by several 
orders of magnitude in comparison to unsealed PEO coatings. Pin-on-disk tests indicate the sol-gel decrease the shear stresses of the coating, 
decreasing its wear rate in 40% compared to the unsealed PEO.   

1. Introduction

Aluminum alloys are extensively used in aerospace, especially the
series 2xxx (with Cu as the main alloying compound). These alloys offer 
improved mechanical properties compared to bare aluminum (AA1050) 
but reduce their localized corrosion resistance [1,2]. Despite their 
improved mechanical properties, AA2024 possesses low wear resis-
tance, requiring surface treatments to ensure its adequate performance 
[3]. 

Plasma electrolytic oxidation (PEO) is an environmentally friendly, 
versatile, and cost-effective electrochemical technique to obtain pro-
tective oxide layers in lightweight metals and alloys [4,5]. PEO coatings 
are formed under a complex mechanism that combines electrochemical 
reactions, plasma reactions, and thermal diffusion [6]. During the 
oxidation, numerous short-lived micro-discharges take place over the 
metal surface. The PEO micro-discharges abruptly increase in the local 
temperature and pressure and provoke the oxide to melt and solidify 
repeatedly, promoting the incorporation of species from the electrolyte 
and allowing the formation of high-temperature oxide phases [7,8]. The 

oxide coating produced by PEO is usually crystalline, has good adhesion 
to the substrate, and high hardness, resulting in a coating that improves 
wear resistance against fretting, abrasion, and erosion in aluminum al-
loys [9–12]. 

In the case of the AA2024 alloy, several works have been devoted to 
understanding the growth mechanism of the PEO layer, with particular 
attention given to the investigation of the influence of the electrical sign 
[13–17] and electrolyte composition [18–20] on the structural proper-
ties of the coating. Electrolytes composed of alkaline solutions with the 
addition of silicates, phosphates, or aluminates are commonly used 
[21–23]. Diluted KOH (or NaOH) increases the electrolyte conductivity, 
and the additives allow the micro-discharges to be formed at lower 
potentials. Components from the electrolyte, such as SiO3

2− , PO4
3− , and 

AlO2
− increase the coating growth rate and can be incorporated on the 

coating composition [24]. 
Similar to PEO coatings in other aluminum alloys, PEO coatings on 

AA2024 improve the surface’s tribological properties, reduce the weight 
loss after wear test, and decrease the friction coefficient and wear rate 
[25–27]. Xue et al. showed AA2024 PEO coatings reduced in three 
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the stability of those layers over time was provided [41]. Bouali et al. 
used an alumina-based xerogel layer as an intermediate treatment to the 
growth of LDH layers on AA2024, the authors showed the xerogel layer 
was able to improve the corrosion resistance of the PEO coating for short 
periods, although the protection was lost after 168 h of immersion in 
0.5% NaCl [42]. To the best of found knowledge there is no report of the 
use of sol-gel layers to increase the barrier resistance of AA2024 PEO 
coatings on the literature. 

In this paper, the sealing ability of a sol-gel layer over a PEO on 
AA2024 is presented. The sol-gel was applied via dip-coating using two 
withdrawal rates to obtain different sol-gel quantities entrained on the 
PEO coating. The influence of the sol-gel filling on the long-term pro-
tective behavior was investigated. The effect of sol-gel sealing on the 
tribological properties of the coating was also assessed. 

2. Experimental procedures

AA2024 alloy with the nominal composition of 3.8–4.9% Cu,
1.2–1.8% Mg, 0.3–0.9% Mn, ≤0.5% Fe, ≤0.5% Si, ≤0.25% Zn, ≤0.15% 
Ni, ≤0.15% Ti, and Al balance, was used as the substrate in the present 
study. Before the PEO, AA2024 specimens (30 mm × 30 mm × 1.6 mm) 
were ultrasonically cleaned in acetone for 10 min. The samples were 
then etched in alkaline solution (NaOH at 40 ◦C for 30 s) followed by a 
bath in an acid dismutting solution (HNO3 at room temperature for 30 
s). 

The PEO process was carried out by utilizing a bipolar power supply 
(PowerPulse - Micronics, France) using a squared pulsed regime with 5 A 
of anodic current, 30% duty cycle and 100 Hz for 30 min. The oxidation 
was performed in a 3 litters double jacketed cell connected to a cryostat. 
The electrolyte temperature was controlled to be below 40 ◦C. A 
stainless-steel plate (360 cm2) was used as a counter electrode, and an 
aqueous solution containing 1 g/L KOH and 1.65 g/L Na2SiO3 was used 
as the electrolyte. 

The sol-gel composition was selected by its performance on sealing 
anodized aluminum alloys [43]. Briefly, the sol-gel was composed by 
10% v/v of 3-glycidyloxypropyl-trimethoxysilane (GPTMS, Alfa Aesar) 
and 20% v/v of tetraethoxysilane (TEOS, VWR), in a solution of ethanol 
and distilled water. For the acid-catalysis process acetic acid was used to 
adjust the pH to 2.3–2.5. After 2 h of hydrolysis under agitation, the sol 
gel was applied via dip-coating and cured at 150 ◦C for 1 h. In order to 
evaluate the influence of the sol-gel sealing ability over the PEO coat-
ings, the application was performed using two different withdraw 
speeds, 100 and 200 mm/min. Samples were named PEO, PEO SG 100 
(sol-gel applied at 100 mm/min), and PEO SG 200 (sol-gel applied at 
200 mm/min). 

The coating’s morphology and chemical composition were analyzed 
by scanning electron microscopy (SEM) equipped with an energy 
dispersive X-ray spectroscopy (EDX) module (Hitachi SU8020 - Hitachi, 
Japan and JEOL JSM-7800F LV, Japan). Sample cross-sections were 
observed by SEM on samples mounted in resin and abraded (#800, 
#1200 SiC paper) and polished with diamond paste (1 μm). The crys-
talline structure of the PEO coatings was analyzed by grazing incidence 
X-ray diffraction (GIXRD) with an incident angle of 0.5◦, a step size of
0.05◦, and a counting time of 11 s (Panalytical Empyrean - Malvern
Panalytical, UK). The coatings wettability was assessed by sessile-drop
goniometry using 1 μL of deionized water in a contact angle goniom-
eter. Five measurements were done for each group of samples.

Wear resistance of the PEO coatings was evaluated by using a pin on 
disk tribometer (TRIBOtechnics, France) under dry conditions at room 
temperature. A 6 mm alumina ball was used as counterbody. The normal 
load, the track radius, the sliding speed and the sliding distance were 
equal to 1 N, 3 mm, 50 mm.s− 1 and 4000 m, respectively. Before testing, 
the counterbody was cleaned with alcohol and the contact surface of the 
alumina ball was renewed. The tangential forces were measured to 
calculate the friction coefficients. Three tests were carried out for each 
specimen. The first two tests were stopped at 750 m and the third one 

orders of magnitude the wear rate in comparison to the bare substrate. 
The authors also showed the friction coefficient varies according to the 
coating’s depth, depending on the crystalline structure and the layer’s 
porosity [28]. 

When in contact with an aggressive medium, the PEO porosity is a 
drawback to the coating’s corrosion resistance. PEO coatings on AA2024 
grant limited corrosion resistance after short periods of contact with 
corrosive species. Fattah-alhosseini et al. showed AA2024 PEO coatings 
obtained with small amounts of sodium phosphate presented a corrosion 
resistance 48 times higher than the uncoated substrate after 2 h of im-
mersion in 3.5 wt% NaCl [18]. After extended exposure to an aggressive 
medium, the electrolyte can penetrate through the PEO micro-cracks 
and porosity and initiate the corrosion process on the interface 
coating/substrate. Wen et al. investigated the corrosion process of an 
AA2024 PEO coating and observed a modulus of the impedance at low 
frequency 10 times higher in coated samples in comparison to the bare 
substrate on the first 6 h of immersion in 3.5 wt% NaCl [29]. However, 
after 24 h of immersion EIS results show the start of localized corrosion 
due to the electrolyte penetration on the cracks, pores, and coating de-
fects. After immersion for 96 h, corrosion products were observed. The 
degradation of the corrosion resistance of AA2024 PEO coatings, after 
extended periods in contact with aggressive media was also observed by 
Del Olmo et al. [22]. The authors showed the possibility of incorporating 
corrosion inhibitors during flash-PEO and observed an increase of the 
corrosion resistance at short immersion periods. Although, after 28 days 
of immersion, the corrosion resistance of the PEO with and without 
corrosion inhibitors decreased due to the penetration of the electrolyte 
into the pores and the degradation of the outer porous layer. 

Different post-treatments are employed to seal PEO’s micro-cracks 
and pores to avoid the penetration of aggressive species and increase 
its corrosion resistance [16,30,31]. Hydrothermal treatments and rare- 
earth conversion coatings seal the PEO pores by the precipitation of 
products with low solubility [32–34]. Although, the precipitated prod-
ucts are prone to detachment and redissolution over time, impairing 
permanent corrosion protection. 

Sol-gel coatings are pointed as a versatile sealing layer for PEO 
coatings considering the ease of fabrication, low environmental impact, 
and flexibility of the process. During the application, the sol-gel solution 
can penetrate into the cracks and pores of the PEO coating and provide a 
homogeneous protective layer over the entire PEO surface. The sealing 
performance of sol-gel layers on PEO coatings is well described, espe-
cially for magnesium and titanium alloys [35,36]. Farshid and Khar-
aziha reviewed the use of PEO/sol-gel coatings over different 
magnesium alloys and showed sol-gel based on different precursors 
(such as TiO2, SiO2, ZrO2) were able to improve the corrosion resistance 
of distinct PEO coatings by filling their pores and micro-cracks [37]. 
Toorani and Aliofkhazraei summarized the results of sol-gel applied by 
different methods on magnesium PEO coatings and showed controver-
sial findings related to the optimal sol-gel thickness for corrosion pro-
tection [36]. The authors stated multilayers, and thick sol-gel coatings 
tend to present microcracks due to thermal stress during the curing step; 
therefore, thin sol-gel layers are expected to have better sealing abilities. 
Contrarily, Duan et al. suggest applying multiple sol-gel layers could 
avoid structural defects caused by inadequate solvent evaporation and 
inadequate filling of the PEO pores [38]. Additionally, the sol-gel 
application under low pressure could avoid defects caused by residual 
air trapped in the PEO pores. Shang et al. showed the use of high hu-
midity gelation conditions and the presence of ZrO2 on the sol-gel 
composition reduces the presence of cracks caused by the thermal 
stress during the curing step [39]. 

Despite the extensive description of the use of sol-gel as a sealant 
layers for PEO coatings, scarce studies are found for its application on 
aluminum alloys. Pezzato et al. showed silica sol-gel layers decrease the 
wettability and increase the corrosion resistance of PEO coatings ob-
tained on AA7020 alloys [40]. Zeng et al. showed the protective nature 
of sol-gel layer over an Al-Zn-Mg-Cu alloy, although no description of 
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was ended at 4000 m to measure the wear volume, since 750 m sliding 
distance was not long enough to quantify accurately the wear volumes. 

3D topographic analysis of the surfaces of the specimens before wear 
tests and of the wear tracks profiles were carried out by confocal mi-
croscopy with a LEICA DCM 3D confocal microscope (Germany). Surface 
roughness was measured according to ISO 4287 standard procedure. 
The wear volume loss was calculated from the profiles of the wear 
tracks. Eight profiles were analyzed on the three circular wear tracks for 
each specimen. The average hollow value extracted from the profiles 
was multiplied by the circumference of the wear tracks to calculate the 

wear loss. 
The specific wear rate was then calculated according to the following 

relation (Eq. (1)): 

K =
V

F.s
(1)  

where V is the volume loss in mm3, F the normal load in N and s the total 
sliding distance in m. 

The corrosion protection performance of the coatings was assessed 
by electrochemical impedance spectroscopy (EIS) using a three- 
electrode cell inside of a faraday cage. The samples were placed as the 
working electrode along with an Ag/AgCl/KCl (+197 mV/SHE) refer-
ence electrode and a platinum counter electrode. A rounded area of 1 
cm2 of the working electrode was exposed to the electrolytic solution 
(0.1 M Na2SO4). This electrolyte was chosen to limit the corrosion attack 
at the aluminum interface and to highlight the barrier properties of the 
duplex coating. Before the EIS measurement the open circuit potential 
was recorded for 30 min. The EIS was performed using a BioLogic SP- 
300, from 105 Hz to 10− 1 Hz, with 10 mV of amplitude signal voltage, 
and 10 points recorded per decade. The experimental data were fitted to 
electrical equivalent circuits (EEC) using ZView electrochemical 

Fig. 1. Top-view SEM images of the unsealed PEO coating (a), PEO coating sealed with sol-gel applied at 100 mm/min (b) and 200 mm/min (c). The insert shows the 
contact angle measurements. 

Table 1 
Chemical composition of the coatings assessed by EDX.  

Sample Composition (% at.) 

Al O Mg Cu Si Na K 

PEO 32.0 ±
0.4 

61.0 ±
0.9 

0.5 ±
0.1 

0.5 ±
0.2 

3.6 ±
0.1 

0.5 ±
0.1 

0.5 ±
0.1 

PEO SG 
100 

28.9 ±
0.3 

59.9 ±
0.9 

0.5 ±
0.1 

0.4 ±
0.2 

4.9 ±
0.2 

0.2 ±
0.1 

0.3 ±
0.1 

PEO SG 
200 

16.7 ±
0.3 

54.3 ±
0.9 

0.4 ±
0.1 

0.2 ±
0.2 

12.7 ±
0.2 

0.3 ±
0.1 

0.3 ±
0.1  

Fig. 2. Cross-section SEM images and EDX mapping of PEO coating, and PEO coatings sealed with sol-gel applied at 100 mm/min (PEO SG 100) and 200 mm/min 
(PEO SG 200). 
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analysis software. In order to check results reproducibility, at least two 
measurements were done for each sample group. 

3. Results

SEM top-view images of the coatings are shown in Fig. 1. The PEO
coating surface presents features typical from aluminum alloys oxidized 
in silicate-containing electrolytes, Fig. 1a [44–46]. Innumerous pores 
ranging from 1 to 10 μm of diameter, randomly distributed on the sur-
face, are present due to the formation of plasma channels during the PEO 
process. It is also possible to observe microcracks radially oriented in 
respect to the pores, originated from thermal stress due to the contin-
uous melting/solidifying process during the coating growth [46]. The 
sol-gel applied at 100 mm/min covered the PEO features, although it is 
still possible to observe some large pores and microcracks, Fig. 1b. The 
pores and features become less evident on the samples that received the 
sol-gel applied at 200 mm/min, Fig. 1c. The sol-gel coating decreased 
the surface’s wettability as shown in the inserts of Fig. 1. The sol-gel 

deposition increased the contact angle from 11◦ to 86 and 78◦ for the 
sol-gel applied at 100 and 200 mm/min, respectively. The increased 
hydrophobicity of the sample that received the sol-gel applied at 100 
mm/min indicates despite the porosity is still visible, the sol-gel was 
able to penetrate the pores. Similar results were described by Pezzato 
et al., that observed an increase in the contact angle for uniform sol-gel 
layers applied in highly porous PEO coatings on magnesium alloys [40]. 

Simultaneously to the acquisition of SEM top-view images, the EDX 
elemental composition spectra were collected, Table 1. It can be noted 
the presence of elements from the substrate (Al, Mg and Cu), as well as 
elements from the electrolyte (Si, Na and K) that were incorporated in 
the coating during the oxidation. In good agreement with the SEM im-
ages, PEO samples sealed with sol-gel presented a higher amount of Si 
and a smaller amount of Al, due to the change in the interaction depth of 
EDX. 

Fig. 2 presents the cross-section images of the samples along with the 
EDX mapping results. The PEO coating varies in thickness (18.9 ± 9.0 
μm) and contains an interconnected network of pores that include voids 
between the external and internal layers, in good agreement with the 
literature [47,48]. The EDX map of the PEO layer shows the presence of 
a silicon-rich layer on the surface of the coating, characteristic of PEO 
coatings obtained in dilute alkaline-silicate electrolytes [49]. The EDX 
mapping of the PEO coatings sealed with sol-gel shows a higher presence 
of silicon and oxygen inside the pores, indicating the sol-gel covered the 
surface and infiltrated into the pores network, internally filling the pores 
and the microcracks. 

The grazing incidence XRD patterns of the AA2024 substrate and 
PEO coating are shown in Fig. 3. PEO coatings obtained on aluminum 
alloys are usually mainly composed of α-Al2O3 and γ-Al2O3, although 
some researchers have described amorphous alumina PEO layers 
[28,50]. During the first stages of PEO, the oxide growing mechanism is 
analogous to the anodic oxidation. When the micro arcing starts to 
occur, the temperature increases abruptly due to the formation of 
plasma channels, reaching 10,000 K [51]. The high temperature allows 
the initial oxide layer to be transformed into the metastable γ-Al2O3 
phase. Extended oxidation periods or higher current densities, allowing 
the transformation of γ-Al2O3 into α-Al2O3 [52,53]. The PEO XRD 
pattern in Fig. 3 shows the sole presence of peaks ascribed to the phase 
γ-Al2O3 [54]. Peaks from the aluminum cannot be observed since the 
grazing X-ray did not reach the substrate. 

3D topographic analysis results and coating thicknesses are shown in 
Table 2. Sz parameter corresponds to the sum of the maximum peak 
height and the maximum valley depth. The Sku parameter also called 
Kurtosis value is a measure of the sharpness of the roughness profile 
[55]. High value of Sku means sharper roughness profiles (Gaussian 
profile corresponds to Sku = 3). The results in Table 2 show high values 
of Sku indicating predominance of non-Gaussian distribution of high 
peaks and deep valleys. Moreover, the significant decrease of the Sz and 

Fig. 3. XRD patterns of the substrate (AA2024) and the PEO coating.  

Table 2 
Sol-gel thickness and 3D topographic results.  

Sample Sz (μm) Sku Sol-gel thickness (nm) 

PEO  71.0  29.4 – 
PEO SG 100  41.6  6.9 438 ± 21 
PEO SG 200  44.6  9.4 696 ± 192  

Fig. 4. Friction Coefficient for PEO specimens and substrate against 
sliding distance. 
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Sku parameters in the case of PEO SG coatings is probably related to 
filling of the hollows with the sol-gel. 

The sol-gel thickness was measured by cross-section SEM images 
along with EDX maps. During dip-coating, the withdrawal speed sets the 
sol-gel thickness, where higher speeds result in thicker coatings [56]. To 
this extent, the thicknesses of the sol-gel applied at 100 and 200 mm/ 
min are in good agreement with the theory, although the sol-gel coating 
obtained at 200 mm/min presented a heterogeneous thickness as shown 
by the high standard deviation value. 

Fig. 4 shows the variations of the friction coefficients as a function of 
the sliding distance for the PEO specimens and for the substrate during 
the longest tests (4000 m sliding distance). The variations of the friction 
coefficients for the shorter tests (750 m sliding distance) are not depicted 
in Fig. 4. but are similar. The friction coefficient against the bare sub-
strate is lower than that of the PEO and PEO SG coatings at the beginning 
of the wear test but increases rapidly to 0.9. During this first period, 
stick-slip phenomena are observed corresponding to detachment of as-
perities and probably adhesion on alumina counterbody. During the 

second period (when sliding distance exceeds 200 m), ploughing in the 
aluminum is highlighted resulting in a high friction coefficient. Nie et al. 
measured similar friction coefficients for steel and WC-Co against 
aluminum alloy when the wear mechanism is defined as ploughing [57]. 
It can be observed that the friction coefficients increase at the beginning 
of the tests and then decrease. Then the friction coefficients remain 
almost constant for PEO SG samples between 0.6 and 0.65 contrary to 
the PEO sample for which variations can be observed at upper level 
between 0.65 and 0.75 which is similar to the results obtained by Li et al. 
[58]. It is worth to mentioning that the friction coefficient for the PEO 
SG 200 specimen is higher than that of the PEO SG 100 specimen despite 
its higher sol-gel thickness. We can explain this result to the higher 
topographic parameters and to the more heterogeneous thickness 
(Table 2) resulting in an uneven surface. In all cases, the friction coef-
ficient is lower than that of the aluminum substrate (0.9 when sliding 
distance exceeds 200 m). Therefore, the sol-gel seems to be able to 
decrease the shear stresses in the coatings which improves wear resis-
tance of PEO SG coatings. 

Fig. 5. Wear tracks obtained by SEM and wear 3D topographic surfaces obtained by confocal microscopy for PEO specimen. (a) and (b) flattering zone. (c) and (d) 
delamination zone. (e) magnification of the delamination zone. 
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Analysis of the wear tracks morphologies are presented in Fig. 5 for 
PEO coating and Fig. 6 for PEO coatings sealed with sol-gel. Wear tracks 
observed by SEM show the absence of parallel lines meaning that no 
abrasion mechanism occurs in the contact. However, an even flattening 
of the roughness was observed resulting from interfacial shearing 
without or probably with very few removal or pullout of material for 
PEO SG samples. The same kind of surface morphology of wear tracks 
was obtained by Javidi & Fadaee [59] for PEO coatings on AA2024. The 
superficial layer, also called third body, acts as accommodation mech-
anism for the relative displacement between the coating and the 

Fig. 6. Wear tracks obtained by SEM and wear 3D topographic surfaces obtained by confocal microscopy for PEO SG specimens. (a) and (b) PE0 SG 100. (c) and (d) 
PEO SG 200. 

Fig. 7. SEM image of the wear track on the unsealed PEO sample and the 
respective EDX analysis zones. 

Table 3 
Chemical composition of the wear track by EDX analysis.  

Analysis zone Composition (% at.) 

Al O Mg Cu Si Ca K Mn 

1  32.54  61.69  0.55  0.63  4.06  0.13  0.40  
2  32.39  65.05  0.54  0.30  1.60    0.12 
3  37.22  60.61  0.48   1.50   0.19   

Fig. 8. Specific wear for PEO and PEO SG specimens.  
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(Fig. 9b and c). At low frequencies (10− 1 Hz), the PEO sample presents 
an increase of the impedance value of just one order of magnitude 
compared to the bare AA2024 substrate: 106 Ω.cm2 in comparison to 
105 Ω.cm2. The samples sealed with sol-gel presented a significantly 
higher impedance value: around 108 Ω.cm2 at this frequency. On the 
phase diagram, the bare AA2024 presents just a one-time constant 
associated with the passive layer on the aluminum surface, around 10 
Hz. The PEO coated sample presents two-time constants, one at 10 Hz 
and another at higher frequencies, associated with the thicker PEO oxide 
coating. The samples sealed with sol-gel presented a one-time constant 
at higher frequencies, denoting the sol-gel layer’s barrier property which 
is more specifically related to the impregnation of the PEO layer porosity 
by the sol-gel solution before curing. It is well known that barrier 
coatings prevent aggressive species from reaching the underneath sub-
strate and initiating the corrosion process [61]. 

The stability of the corrosion resistance of the coatings was assessed 
up to 28 days of immersion in 0.1 M Na2SO4 (Fig. 10). For the unsealed 
PEO coating, the time evolution of modulus and phase angle (Fig. 10a 
and b) shows a change in behavior during the 14 first days. After seven 
days of immersion, the impedance decreases significantly, followed by a 
decrease in the phase of the time constant around 10 Hz. After 14 days, 
the impedance at low frequency (10− 1 Hz) becomes comparable to the 
one of the bare AA2024 substrate. The time constant at higher fre-
quencies is depressed but still observable. For the sol-gel coated samples 
(Fig. 10c–f), the same trend is observed. A decrease in the impedance 
and overall values of phase are observed only on the first seven days of 
immersion. After 28 days of immersion, the sol-gel layer’s impedance 
values applied at 100 mm/min (Fig. 10c and d) are slightly superior to 
the ones from the sol-gel layer applied at 200 mm/min (Fig. 10e and f). 
The experimental data were fitted to electrical equivalent circuits (EEC), 
as shown in Fig. 9d and e, where RSol is the solution resistance, CPEOut is 
the constant phase element from the outmost coating layer, ROut is the 
resistance of the outmost coating layer, CPEInt is the constant phase 
element from the internal coating layer, RInt is the resistance of the in-
ternal coating layer, CPEInner is the constant phase element related to the 
electrical double-layer, and RInner is the charge transfer resistance. In the 
EEC fitting procedure, all the capacitances were replaced by constant 
phase elements (CPE) to consider the non-ideality of the system. Eq. (2) 
is used for the impedance of a constant phase element [62]. 

Fig. 9. Nyquist (a) and Bode (b, c) plots of the coatings after 1 h of immersion in 0.1 M Na2SO4. Equivalent electric circuits used for fitting the experimental EIS data 
(d, e). 

counterbody. In the case of PEO coatings, again we observed flattening 
of the roughness (Fig. 5a, b) but also many delamination areas (Fig. 5c, 
d and e). 

A magnification of the delamination zone is shown in Fig. 7, and the 
respective EDX analysis are shown in Table 3. It is obvious that the third 
body disbonding can be attributed to cracking of the PEO layer resulting 
in pullout of debris. The chemical analysis in the zone 1, outside of the 
wear track, is identical to the results obtained in the surface analysis. 
Moreover, the results have shown that the elemental distribution inside 
the delamination zones, on the flattened zone and outside of the wear 
tracks are close to alumina, meaning that alumina remains inside the 
delamination zone and so only the third body was pulled out and ejected 
from the contact. The latter element highlights the good adhesion of the 
PEO coating on the substrate. 

The specific wear rates for the substrate and the coated materials are 
summarized in Fig. 8. In the case of PEO samples, the calculation of the 
wear volume takes into account the two different areas, i.e. flattening 
zones and delamination zones. Specific wear rates for coated specimens 
varying between 1.66 × 10−  6 and 3.05 × 10−  6 mm3.N−  1.m−  1 are very 
low compared to the substrate (5.7 × 10−  4 mm3.N−  1.m−  1). Also, we can 
notice a benefit of sol-gel filling as the specific wear rate decreased by 
about 40% for PEO SG coatings compared to the PEO coating. J. A. 
Curran and T. H. Clyne have studied the influence of the porosity and of 
the microcracks on the stiffness and the hardness of PEO alumina 
coatings [46,60]. They have shown that the porosities and the micro-
cracks inside the alumina are the cause of a reduction in stiffness by an 
order of magnitude compared to a fully dense alumina. The sol-gel layer 
fills the porosities and microcracks and likely acts as a cement that 
strengthens the coating. Therefore, these data demonstrate that the sol- 
gel filling improves the mechanical resistance of the PEO coatings. We 
can also attribute the improved wear resistance for PEO SG coatings to 
the decrease of the shear stresses in the coating due to the pores filling. 

The corrosion behavior of the PEO with and without sol-gel coatings 
is shown in Fig. 9 after 1 h of immersion in 0.1 M Na2SO4. The corrosion 
behavior of the bare substrate is also shown for comparison reasons. 

The difference in the size of the semi-circle diameter on the Nyquist 
plot denotes the higher corrosion resistance of the PEO coating sealed 
with sol-gel compared to the unsealed PEO coating and the bare AA2024 
substrate (Fig. 9a). On the Bode plot, it is possible to see significant 
differences in the modulus and phase diagrams among the samples 
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ZCPE =
1

Y0(iw)n (2) 

The parameter n is the frequency dispersion factor and takes values 
between 0 and 1. When n = 1, the CPE is a pure capacitance and cor-
responds to a pure resistance when n = 0 [62]. The EEC from Fig. 9d was 
used to fit the data from PEO samples at day 0. Since the corrosion 
medium has not yet completely penetrated the coating porous, the EEC 
resembles a circuit with two-time constants where CPEInner is not yet 
considered. From 7 to 28 days of immersion, the data from the unsealed 
PEO sample was fitted using the EEC from Fig. 9e, in good agreement 
with the literature [63]. For extended immersion times the electrolyte 
can easily penetrate to the aluminum coating and easily reach the 
metallic interface, creating a short-circuit pathway, precluding the 

determination of ROut and RInt [64] which become negligible. The 
experimental data from the samples sealed with sol-gel were fitted using 
the EEC from Fig. 9d. Similar to the unsealed PEO samples at day 0, the 
resistor and the constant phase element related to the inner parts of layer 
were not considered due to insufficient electrolyte penetration. Table 4 
presents the EIS fitted parameters. The increased values of ROut and RInt 
on samples with sol-gel, along with the smaller values of CPE, are in 
good agreement with the trends observed in the EIS plots. Moreover, the 
evolution of the values of ROut and RInt during the immersion time revels 
the protective nature of the sol-gel layers. These values are several or-
ders of magnitude higher than for the PEO coatings confirming that the 
sol-gel layer is able to fill in the pores of the PEO coating and to increase 
the barrier properties of the duplex coating layer. Due to the specific and 

Fig. 10. EIS bode plots of the PEO (a, b), PEO sealed with sol-gel applied at 100 mm/min (c, d) and PEO sealed with sol-gel applied at 200 mm/min (e, f), until 28 
days of immersion in 0.1 M Na2SO4. 
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gradual porosity of the PEO layer, different time constants need to be 
used to describe the equivalent electrical circuit of the layer. It is worth 
to mentioning that in the case of the PEO-SG layers, the values of the 
Rinner are no more useful to describe the electrical behavior. The n values 
of the internal and inner layer CPE are close to 0.5. Such value is often 
associated with a diffusion-controlled process but based on the literature 
investigating the EIS behavior of sealed classical anodic porous layer, 
this low value can also be related to the complex nature of the layer 
showing a porous structure that could be represented by a transmission 
line element [65]. 

4. Conclusions

The sealing ability of two sol-gel layers on AA2024 PEO coatings
were investigated. The sol-gel ability to fill PEO pores and micro-cracks 
is independent of the withdrawal rate used on the application, although 
a more homogeneous coverage is observed on layers applied with lower 
withdrawal rates. EIS results show the uncoated PEO coating fails to 
ensure a long-term barrier property, while the sol-gel sealed PEO layers 
sustained the protective behavior upon 28 days of immersion and 
increased the resistance of the system by several orders of magnitude in 
comparison to unsealed PEO coatings. The sol-gel layer filled the PEO 
porosities and microcracks and acted as a cement, decreasing the shear 
stresses of the coating and improving its tribological properties. A 
decrease of 40% in the wear rate was observed in PEO coatings sealed 
with sol-gel compared to unsealed PEO. Those results show the viability 
of using sol-gel layers to seal PEO coatings obtained in AA2024, 
increasing its corrosion resistance along with improving its tribological 
properties. 
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