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A B S T R A C T

Magnesium alloys are considered for industrial applications due to their low density and high specific strength. 
However, their high corrosion susceptibility remains a limitation, necessitating the development of effective 
surface protection strategies. In this study, AZ31 alloy was modified using hybrid zirconium-silicon sol-gel 
coatings (ZTP), plasma electrolytic oxidation (PEO) layers produced under arc (PEO-AR) and soft (PEO-SR) 
regimes, and combined PEO/ZTP duplex systems. The coatings were characterized in terms of morphology, 
composition, and mechanical behaviour. FTIR analysis confirmed the formation of an inorganic-organic hybrid 
network based on Zr–O–Si, Si–O–Si and Zr–O–Zr linkages, whereas rheological measurements revealed constant 
behaviour with ageing time (~11.8 mPa⋅s), favouring controlled pore infiltration. SEM/EDS analyses confirmed 
the formation of porous PEO layers and the deposition of a uniform sol-gel coating on AZ31, while the duplex 
systems displayed different structural architectures. The PEO-AR/ZTP coating reached 11.41 μm, reflecting 
extensive sol-gel penetration into the large, open pores of the oxide layer. While, the PEO-SR/ZTP coating 
exhibited a thicker duplex structure (28.4 μm), but sol-gel infiltration remained largely superficial due to the 
finer and more compact pore network of the PEO layer. Tribological testing revealed that the PEO-AR/ZTP 
coating achieved the lowest coefficient of friction (~0.35) and superior wear resistance, whereas the PEO-SR/ 
ZTP coating exhibited partial layer detachment and progressive degradation during sliding. These show that 
sol-gel infiltration depth and PEO pore architecture are key to the mechanical integrity and durability of duplex 
coatings, providing a framework for the design of hybrid protective systems for magnesium alloys.

1. Introduction

Magnesium and its alloys have attracted increasing attention as 
strategic materials for lightweight structural applications, particularly in 
the transportation, aerospace, and energy sectors. Their exceptionally 
low density (~1.74 g/cm3), combined with high specific strength (up to 
350 MPa) and stiffness, make them promising alternatives to aluminium 
and steel for reducing component weight and improving fuel efficiency 
[1,2]. These properties are especially relevant for automotive and 
aerospace design, where weight reduction directly contributes to lower 
energy consumption and reduced CO2 emissions by up to 15-20% 
compared to conventional materials [3–5]. Moreover, magnesium alloys 
possess superior damping capacity (5-10 times higher than aluminium), 
excellent machinability, and good electromagnetic shielding properties, 
further extending their potential in advanced engineering applications 

[6]. However, despite these advantages, their high chemical reactivity 
and poor corrosion resistance in humid or saline environments with 
corrosion rates reaching 10-50 mm/year in marine conditions remain 
major obstacles to widespread adoption [7–9].

Surface protection is therefore critical to stabilizing magnesium al
loys under service conditions. Among the various surface modification 
techniques proposed, including anodising, conversion coatings, physical 
vapour deposition, and thermal oxidation; plasma electrolytic oxidation 
(PEO) has emerged as one of the most effective and environmentally 
sustainable methods for improving corrosion and wear resistance [10]. 
PEO, also known as micro-arc oxidation (MAO), is an electrochemical 
process conducted at high voltages (typically 150-800 V) and current 
densities (1-50 A/dm2), during which intense plasma discharges occur at 
the metal/electrolyte interface [11]. These discharges locally heat the 
surface to temperatures exceeding 2000-4000 ◦C, promoting in situ 
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oxidation and the formation of a hard, adherent ceramic coating with 
thickness ranging from 5 to 200 μm [12]. The resulting layer typically 
presents a duplex structure: a dense inner barrier layer (1-10 μm) that 
provides corrosion resistance and an outer porous region (10-100 μm) 
that improves mechanical interlocking and allows for secondary func
tionalization [13]. ⋅Unlike conventional anodising, PEO uses environ
mentally alkaline electrolytes and can incorporate species such as Si, Zr, 
P, or Ca directly from the electrolyte into the growing oxide film, 
enhancing both corrosion resistance and mechanical properties.

The microstructure and performance of PEO coatings strongly 
depend on the electrical regime applied during processing. The con
ventional arc regime involves strong plasma discharges that generate 
large molten pools and result in relatively thick but rough coatings, with 
heterogeneous pore distribution, surface roughness (Ra = 2-8 μm), and 
open porosity (10-30%) that may compromise long-term protection. In 
contrast, the soft-sparking regime operates under lower current densities 
(typically <10 A/dm2) or controlled current waveforms that moderate 
plasma energy, producing finer discharges and coatings with reduced 
surface roughness (Ra = 0.5-2 μm) and porosity (5-15%) [14,15]. Recent 
studies have shown that soft-sparking conditions promote more uniform 
discharge activity, and improved oxide-layer compactness, resulting in 
better adhesion and enhanced corrosion-barrier performance [16].

However, despite these advances in understanding PEO formation 
mechanisms, significant challenges remain. Recent work by Pietrzyk 
et al., on soft-sparking mechanisms revealed that it represents a dynamic 
equilibrium state that remains ambiguous in terms of its role in oxide- 
layer formation, particularly for magnesium substrates where the phe
nomenon is less well-characterized compared to aluminium alloys [17]. 
Furthermore, the relationship between processing parameters and 
coating microstructure remains unclear, especially for complex, 
multi-step processes. The authors emphasise that the impact of different 
parameters on the formation and properties of PEO coatings requires 
more systematic research [18]. Despite the benefits of compact coatings 
obtained in soft regimes, both arc and soft processes are still affected by 
the intrinsic presence of interconnected microdefects, which allow 
electrolyte ingress during operation. This ultimately leads to the 
degradation of the protective barrier and substrate corrosion, with 
impedance values typically in the range of 103-105 Ω⋅cm2 [19,20]. 
Therefore, although PEO coatings offer significantly greater protection 
than untreated surfaces, they remain susceptible to deterioration when 
exposed to aggressive environmental conditions over the long term.

In order to solve these limitations, considerable research efforts have 
been directed towards the development of post-treatment strategies 
aimed at sealing the intrinsic porosity of PEO coatings [21]. Current 
approaches involve the infiltration of the porous PEO layer with 
different functional materials, including polymers, corrosion inhibitors, 
nanoparticles, and inorganic, organics, or hybrid coatings [22–25]. 
These treatments are designed to block interconnected pores and 
microcracks, reduce electrolyte penetration, and improve the overall 
barrier performance of the coating system. Among the various strategies 
reported in the literature, hybrid organic-inorganic layers have shown 
promising results in enhancing corrosion resistance by forming addi
tional barrier layers within the porous PEO structure. Among these ap
proaches, sol-gel-based sealing treatments have attracted particular 
attention due to their ability to infiltrate fine pore networks and form 
dense inorganic or hybrid oxide layers that strongly adhere to the PEO 
substrate.

Sol-gel sealing treatments have been widely investigated as a post- 
processing strategy to enhance the protective performance of PEO 
coatings [26,27]. Sol-gel technology involves the hydrolysis and 
condensation of metal alkoxides or hybrid inorganic-organic precursors 
to form dense, amorphous oxide networks with tuneable porosity and 
controllable thickness (1-20 μm) [28–31]. The process can be carried out 
at low temperatures, ensuring excellent compatibility with pre-existing 
oxide films and minimal thermal stress. When applied over PEO coat
ings, sol-gel layers infiltrate and seal surface pores and microcracks, 

improving interfacial cohesion and reducing ionic permeability by 2-3 
orders of magnitude. This duplex configuration, constituted by a me
chanically robust PEO layer and a sol-gel top-coat with superior barrier 
properties, has been shown to significantly increase impedance values 
(reaching 106-107 Ω⋅cm2) and markedly reduce corrosion rates in saline 
or humid environments, with protection efficiencies frequently 
exceeding 95% [13,28,32].

Despite the extensive literature on PEO/sol-gel duplex systems, 
several critical knowledge gaps remain unaddressed, hindering the 
optimization of these promising protective strategies [28–35]. Most 
studies have relied exclusively on conventional (arc) PEO coatings as the 
base layer, neglecting the potential influence of the electrical regime on 
sol-gel infiltration behaviour and interfacial bonding. Although PEO has 
attracted considerable attention for its ability to generate thick, 
adherent oxide layers with improved hardness and wear resistance, 
systematic comparisons between different discharge regimes and their 
subsequent interaction with sealing or functional sol-gel layers remain 
limited. In particular, the role of discharge regime in controlling pore 
architecture and its subsequent influence on sol-gel infiltration, adhe
sion, and mechanical stability has not been systematically addressed for 
magnesium alloys [36,37]. This represents a fundamental limitation in 
understanding how PEO processing parameters influence the perfor
mance of the overlying sol-gel. The morphology, roughness and pore 
size distribution of PEO coatings are known to govern the extent of 
sol-gel penetration, mechanical interlocking and crack filling. In 
arc-regime coatings, large open pores can promote deeper infiltration of 
the sol-gel network, whereas in soft-sparking regimes the smaller and 
more uniformly distributed pores tend to confine infiltration to a thinner 
near-surface region but enable more homogeneous coverage [38,39]. 
However, the consequences of these pore architectures on the durability 
and tribological behaviour of hybrid PEO/sol-gel systems remain largely 
unexplored. This interplay between discharge regime and sol-gel infil
tration is expected to strongly affect mechanical stability, adhesion 
strength and long-term corrosion performance of the duplex system on 
magnesium alloys [13]. A few recent studies on magnesium alloys have 
quantified the adhesion of PEO/sol-gel systems, reporting pull-off 
strengths in the order of 10-50 MPa (for well-bonded systems) 
[40–43], yet these works typically consider a single PEO condition and 
do not explore the effect of varying the discharge regime. In contrast, 
both soft sparking behaviour and its interaction with sol-gel sealing have 
been addressed by a broader body of work for aluminium substrates, 
including the impact on stiffness, wear resistance and interfacial cohe
sion [28,35]. A comparable and systematic framework for magnesium 
alloys is therefore still lacking.

In this context, the present study investigates the influence of PEO 
electrical regimes (arc and soft-sparking) on the infiltration behaviour 
and tribological performance of hybrid PEO/sol-gel coating systems 
developed on AZ31 alloy. Hybrid sol-gel coatings based on tetraethyl 
orthosilicate (TEOS), 3-(trimethoxysilyl)propyl methacrylate 
(MAPTMS), methacrylic acid (MAA), and zirconium tetrapropoxide 
(ZTP) were deposited by dip-coating onto PEO layers produced under 
both discharge regimes using optimized synthesis conditions that 
minimize substrate attack during processing. By directly comparing 
these two PEO architectures as substrates for sol-gel sealing, the study 
aims to clarify how discharge-controlled pore structures govern sol-gel 
infiltration, interfacial adhesion, and tribological behaviour in duplex 
coating systems. The interaction between coating morphology, wetta
bility and tribological response is analysed through a comprehensive 
combination of morphological, structural and chemical characterisation 
and dry sliding wear testing, providing useful information for the design 
of more durable protection systems for magnesium alloys in aerospace 
and automotive applications.

2. Materials and methods

- Materials
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The AZ31 alloy is constituted by (wt.%): 2.5-3.5 Al, 0.7-1.3 Zn, 0.2 
Mn, 0.05 Si, 0.05 Cu, 0.04 Ca, 0.005 Fe, 0.1 Ni and balanced Mg, which 
was supplied by KG Fridman AB (SWEDEN). In order to prepare the 
substrate for the PEO process (dimensions of the samples: 6 cm × 6 cm x 
0.5 cm). First, the substrate was immersed in a concentrated solution of 
2 M HNO3 for 40 s, then in a diluted solution of 0.25 M HNO3 for 30 s in 
order to remove surface oxides and contaminants. Finally, they were 
dried with compressed air.

The following chemicals were used for the synthesis of the sols: 3- 
(trimethoxysilyl)propyl methacrylate (MAPTMS, 98.0%, Sigma- 
Aldrich), tetraethyl orthosilicate (TEOS, 99.0%, Sigma-Aldrich), zirco
nium tetrapropoxide (ZTP, 70%, Sigma-Aldrich), methacrylic acid 
(MAA, 99.0%, Sigma-Aldrich), 1-propanol (Sigma-Aldrich) and hydro
chloric acid (HCl, 37%, AppliChem). 

- PEO treatment

A square pulsed bipolar pulsed DC generator (Micronics Systems, 
France) was used as a power supply to control the amount of charge ratio 
(RCQ), defined as the ratio of positive to negative charge. The AZ31 
alloy (6 cm × 4 cm x 0.5 cm) was used as the working electrode, with a 
semicircular stainless steel sheet (20 cm × 22 cm x 0.1 cm) serving as the 
counter electrode. Two RCQ values of 0.98 (soft regime) and 1.33 (arc 
regime) were used to produce the ceramic coatings, whose the param
eters employed are described in the previous work [16], using a duty 
cycle at a frequency of 66.7 Hz and a process time of 30 min. The PEO 
bath was constituted by an electrolyte of 8.4 g/L KOH, 10.5 g/L Na2SiO3, 
and 1.7 g/L NaF in deionized water. It was placed in a double-walled 
vessel of 3 L capacity (Lenz LF150) and kept at a temperature below 
20 ◦C by a cooler machine (VWR MX 7L R-20). 

- Sol-gel treatment

The sol-gel composition, previously described by Peter et al. [44], 
consists of two sol solutions. The first solution (sol 1) was composed of 
TEOS (0.18 mol) and MAPTMS (1 mol) precursors whose hydrolysis and 
condensation reactions were initiated by dropwise addition of distilled 
water (2.075 mol) and hydrochloric acid (0.001 mol), stirring for 2 h. 
Sol 2 containing ZTP (0.12 mol), MAA (0.12 mol) and 1-propanol 
alcohol (0.4 mol) was stirred for 30 min. Then, after 2 h and 30 min 
of total stirring, sol 1 was added drop by drop over sol 2 and stirred for 
24 h to ensure the development of the hydrolysis and condensation re
actions. After that, the AZ31 alloy and the PEO coated samples were 
dip-coated in the sol-gel solution for 1 min with a withdrawal speed of 
100 mm/min and then cured at 100 ◦C for 1h. The nomenclature for 
each sample is represented in the following Table 1. 

- Surface characterization

The composition and morphology of all the samples were analysed 
using a scanning electron microscope (SEM, Hitachi SU8020) fitted with 
a X-ray energy dispersive system (EDX, Thermo Scientific Noran System 
7). The cross-section of the samples was prepared by grinding them with 
SiC abrasive sheets ranging in grit from P240 to P1200 and then pol
ishing them with diamond paste from 3 to 1 μm.

The thickness of the coatings was determined by ten independent 

measurements taken from cross-sectional micrographs. The average of 
pore size was determined by evaluating three representative images of 
the surface, obtained at 1000 × magnification. The image analysis was 
performed using ImageJ software (National Institutes of Health, USA). 
Roughness measurements have been achieved by means of the Hirox 
KH-8700 digital microscope, the mean of five measurements being 
reported.

The wetting behaviour of the samples was evaluated through sol-gel 
contact angle measurements using the ZTP precursor solution and a 
DSA10-MK2 KRÜSS apparatus. Three measurements were performed for 
each sample to ensure reproducibility. This parameter reflects the sol's 
affinity for the coating surface, indicating the ease of spreading during 
deposition. 

- Fourier transform infrared spectroscopy (FTIR)

In order to obtain a clearer picture of the chemical composition of the 
sol-gel coatings, the final drops of the solution were dried in an oven at 
120 ◦C and then converted into powder for FTIR analysis using an 
IRTracer-100 device (Shimadzu Co.), within the wavelength range of 
600 to 4000 cm− 1. 

- Rheological measurement

The flow properties of the sol-gel solution were evaluated at a tem
perature of 25 ± 0.1 ◦C using an Anton Paar MCR 302 rheometer with 
double-space cylinders (in accordance with ISO/WD 3219-2 standards). 
The evolution of viscosity versus shear rate of 0-200 s− 1 was previously 
determined to verify the Newtonian behavior of the ZTP solution. The 
final solution was then left to age without stirring, and each test was 
performed twice in order to obtain accurate results. 

- Mechanical tests

Tribological tests were performed using a Bruker TriboLab trib
ometer designed for reciprocal wear, which had an alumina counter
weight with a diameter of 4.8 mm. During the tests, a normal load of 2 N 
was applied at room temperature. The total sliding distance was calcu
lated according to equation L = 2 l⋅f⋅t, where the stroke length (l) is 10 
mm, frequency (f) is 2 Hz and the time (t) is adjusted to reach 100 m. The 
coefficients of friction (COF), determined by the ratio between Ft and Fn, 
were recorded every 0.1 s (where Ft represents the friction force and Fn 
the normal force).

3. Results and discussion

3.1. Characterization of the ZTP sol-gel precursor by FTIR and rheology

Fig. 1 (a) presents the FTIR spectrum of the ZTP-based hybrid sol-gel 
coating, organized from high to low wavenumbers to facilitate inter
pretation of the network structure. In the 3600-3200 cm− 1 region, a 
broad absorption band is observed, assigned to –OH stretching vibra
tions of silanol groups and physiosorbed water, typical intermediates 
during sol-gel hydrolysis [28,45]. The intensity of this band is indicative 
of the degree of condensation, with a decrease corresponding to the 
progressive formation of Si–O–Si and Zr–O–Si bridges within the 
developing network. The 2950-2890 cm− 1 bands correspond to asym
metric and symmetric C–H stretching vibrations of the methacrylate 
groups in MAPTMS and MAA. Their presence confirms the retention of 
organic functionalities during condensation, which contribute to flexi
bility and crack mitigation. Simultaneously, the methoxysilane groups 
participate in hydrolysis-condensation reactions, establishing covalent 
Si–O–C and Si–C–C linkages that integrate the organic and inorganic 
domains into a cohesive hybrid matrix. In the 1200-1000 cm− 1 finger
print region, characteristic Si–O–Si stretching vibrations dominate [46,
47]. A primary band at 1010 cm− 1, accompanied by a shoulder near 

Table 1 
Nomenclature for the samples studied.

Designation Description of PEO process

Mg/ZTP -
PEO-AR Arc PEO regime
PEO-SR Soft PEO regime
PEO-AR/ZTP Arc PEO regime + sol-gel
PEO-SR/ZTP Soft PEO regime + sol-gel
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1060-1080 cm− 1, indicates the coexistence of ladder-like and cage-like 
siloxane structures. Ladder-type motifs correspond to linear or cyclic 
oligomers formed during early condensation stages, whereas cage-like 
structures result from extensive cross-condensation, generating a 
denser and more rigid network [48]. The simultaneous presence of both 
motifs demonstrates the formation of a partially crosslinked inorganic 
network, consistent with a three-dimensional hybrid architecture. 
Additionally, bands at 1150-1160 cm− 1 and near 800 cm− 1 are attrib
uted to Si–O–Zr hetero-condensation, providing evidence of zirconium 
integration into the silicate network. This chemical incorporation en
sures a uniform co-hybrid structure rather than phase-segregated ZrO2- 
or SiO2-rich domains and contributes to enhanced crosslinking density, 
thermal and chemical stability, and barrier properties of the final 

coating. A weaker absorption near 620-660 cm− 1 is attributed to 
Zr–O–Zr linkages, thereby confirming partial self-condensation of zir
conium species [49].

Overall, the presence of Si–O–Si, Si–O–Zr and Zr–O–Zr bands con
firms the formation of a mixed Zr–Si hybrid network rather than sepa
rated ZrO2 or SiO2 phases, in agreement with previous reports on Zr–Si 
sol-gel coatings [28,45,50]. The combination of inorganic 
(Zr–O–Si/Si–O–Si/Zr–O–Zr) and organic (C–H, Si–O–C) signatures in
dicates an interpenetrated hybrid architecture that is expected to in
fluence both mechanical compliance and adhesion to the underlying 
PEO layer.

Another critical factor determining the infiltration and sealing effi
ciency of sol-gel coatings on PEO-treated AZ31 is the viscosity and 

Fig. 1. (a) FTIR spectra and (b) evolution of viscosity as function of ageing time of ZTP solution.

Fig. 2. (a-e) Plan view and (f-j) cross-section of (a, b, f, g) PEO and (c-e, h-j) sol-gel systems in the (a, f, d, i) arc and (b, g, e, j) soft regimes on the AZ31 alloy. EDS 
mapping illustrations of the samples studied.
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evaporation dynamics of the sol-gel precursor [28,45]. Fig. 1 (b) dis
plays the evolution of the ZTP solution as function of ageing time. The 
viscosity remains nearly constant during the ageing process, with values 
around ~11.4-12.1 mPa⋅s at 25 ◦C, suggesting stable 
hydrolysis-condensation reactions in the sol that prevent significant 
changes in the degree of polymerisation. These viscosity values are 
sufficiently low to allow good wetting and spreading on the PEO-coated 
surface while still enabling the formation of a continuous sol-gel film 
[51]. Such values are consistent with partially hydrolysed Zr–Si sol-gel 
systems reported in the literature [28,45,48]. In duplex PEO/sol-gel 
coatings, In duplex PEO/sol-gel coatings, this rheological behaviour is 
important because it governs the balance between surface sealing and 
pore infiltration within the PEO structure.

3.2. Characterization of the samples

Fig. 2 presents the surface (a-e), cross-sectional (f-j) morphologies 
and the elemental distribution maps of the bare PEO layers obtained 
under arc and soft regimes (a, b, f, g), sol-gel deposited directly on 
magnesium (c, h), and the duplex systems PEO-AR/ZTP (d, i) and PEO- 
SR/ZTP (e, j). Distinct morphological and structural features are evident 
between the different treatments, reflecting the influence of the elec
trical regime and subsequent sol-gel sealing. 

- Morphology and structure of the PEO coating

In Fig. 2 (a, b), the PEO coatings produced under the arc (PEO-AR) 
and soft (PEO-SR) regimes show notable microstructural differences. 
The PEO-AR surface exhibits large, irregular discharge pores (average 
diameter ≈ 2.9 ± 0.6 μm) and higher roughness (Ra = 1.28 ± 0.03 μm), 
indicative of strong plasma activity and localized melting-solidification 
events. In contrast, the PEO-SR coating displays smaller and more uni
formly distributed pores (average diameter ≈ 2.1 ± 0.2 μm) and a 
significantly smoother surface (Ra = 0.72 ± 0.01 μm), characteristic of 
controlled micro-discharges typical of the soft regime. These results 
align with previous studies reporting that soft regimes produce denser, 
finer-grained oxide layers with up to 40-50 % lower porosity compared 
to conventional arc regimes [52]. Cross-sectional analysis (Fig. 2 (f and 
g)) confirms the presence of a typical three-layer structure comprising a 
dense inner barrier layer, an intermediate transition zone, and an outer 
porous region. The PEO coating thicknesses were approximately 15.31 
± 3.0 μm (PEO-AR) and 13.14 ± 1.60 μm (PEO-SR), consistent with the 
lower voltage and discharge energy of the soft regime, which leads to 
less intense plasma micro-arcs and slower oxide growth [53–55]. 

- Morphology of sol-gel coated samples

In the case of the sol-gel coated samples, morphological changes 
become evident (Fig. 2 (c–e)). For the Mg/ZTP sample (Fig. 2 (c)), a flat 
sol-gel layer is observed on the surface, with some particles trapped 
beneath the layer, possibly associated with the formation of silica par
ticles. Silica particles could be formed in situ during the sol-gel process 
through the hydrolysis and condensation of silanol derived from TEOS. 
These reactions generated Si–O–Si bonds, leading to the nucleation and 
growth of colloidal silica agglomerates. As gelation progressed, the 
nanoparticles became trapped and integrated into the continuous sol-gel 
network [56]. According to the cross-sectional of Fig. 2 (h) reveals a 
homogeneous sol-gel film of 20.96 ± 1.50 μm thickness. However, 
initial signs of corrosion can be seen in some areas of the substrate, 
attributed to the acidic nature (pH ≈ 2-3) of the precursor solution 
accelerating Mg dissolution during deposition, as also reported in pre
vious work [57].

In duplex systems (PEO-AR/ZTP and PEO-SR/ZTP, Fig. 2 (d and e)), 
the sol-gel layer covers both PEO coatings, producing a smooth, uni
formly flat surface in both cases. Additionally, particles embedded in 
certain regions of the sol-gel matrix have been observed, similar to those 

in the Mg/ZTP sample. The principal distinctions between the systems 
are related to the extent of sol-gel infiltration. In PEO-AR/ZTP (Fig. 2 
(i)), the sol-gel layer reaches 11.41 ± 2.17 μm, indicating substantial 
sol-gel penetration into the larger pores and interconnected microcraters 
that are characteristic of the PEO structure of the arc regime. 
Conversely, the PEO-SR/ZTP system (Fig. 2 (j)) exhibits a thicker sol-gel 
coating (28.42 ± 3.80 μm), yet the sol-gel remains predominantly su
perficial due to the finer and more compact pore network of the soft 
regime layer, which limits deeper infiltration. These results partially 
align with literature reports showing duplex PEO/sol-gel coatings on 
AZ31 in the range of 25-30 μm, although variations in coating thickness 
are strongly dependent on sol formulation and deposition kinetics. For 
example, Merino et al. observed hybrid layers of 25-30 μm on AZ31B, 
while Liu et al. reported 15-20 μm for systems produced using alterna
tive sol-gel formulations [33,34]. The lower thickness measured for the 
PEO-AR/ZTP sample can be rationalised by considering both the effects 
of pore morphology and the rheological behaviour of the ZTP solution. 
The higher porosity and larger discharge pores (>2 μm) characteristic of 
the arc regime provide open capillary pathways that, which, combined 
with the moderate viscosity of the ZTP solution (~11.4-12.1 mPa⋅s), 
favour deep capillary-driven infiltration rather than simple build-up at 
the surface. As a result, a significant fraction of the sol penetrates into 
the porous PEO-AR structure, enhancing mechanical interlocking 
without greatly increasing the external coating thickness. In contrast, 
the finer and denser pore network of the PEO-SR layer limits capillary 
penetration under identical rheological conditions, leading to a more 
superficial hybrid layer. This behaviour is consistent with previous 
studies by Pezzato et al. and Toorani and Aliofkhazraei, who demon
strated that incomplete sealing of fine-pore PEO coatings leaves residual 
channels that can act as preferential corrosion paths [26,58]. Contact 
angle measurements performed with the ZTP sol showed similar values 
for the PEO-AR and PEO-SR surfaces (~15 ◦), indicating comparable 
wettability of both coatings. Therefore, the capillary infiltration of the 
sol-gel solution is not primarily governed by differences in surface 
wettability but rather by the pore size and connectivity of the PEO 
layers.

EDS elemental mapping revealed that the PEO coatings are mainly 
composed of Mg, O, and Si, with a lower presence of Al homogeneously 
distributed across the surface. These elements originate from the AZ31 
substrate and the silicate-based electrolyte used during the PEO process. 
The phase composition of similar coatings produced under soft and arc 
regimes has been previously reported by our group [16]. X-ray diffrac
tion analysis showed that the coatings mainly consist of Mg, MgO, and 
Mg2SiO4 phases, while no distinct Al-containing phases were detected 
due to their low concentration. The presence of Mg peaks was attributed 
to X-ray penetration through the thin and porous coatings, and a slightly 
higher intensity of Mg2SiO4 peaks was observed for the spark regime, 
likely due to the higher discharge energy and local temperatures pro
moting increased crystallinity and formation of Mg2SiO4. In the case of 
ZTP-coated systems, the detection of Si, O, Zr and Al across the outer 
layer confirms the presence of a Zr–Si hybrid film, in agreement with the 
Zr–O–Si, Si–O–Si and Zr–O–Zr bands identified in the FTIR spectrum 
(Fig. 1 (a)). SEM-EDS mapping further shows that Zr and Si partially 
infiltrate the PEO-AR layer, whereas in PEO-SR/ZTP some pores remain 
free of Zr and Si, consistent with the limited penetration expected from 
the pore size distribution and sol viscosity. This compositional hetero
geneity, already anticipated from the FTIR and rheological character
ization, provides a structural basis for the mechanical response that will 
be discussed in the following section.

3.3. Mechanical properties

The coefficient of friction was measured to evaluate the tribological 
performance of the PEO coatings, both unsealed (PEO-AR and PEO-SR) 
and sealed with a sol-gel layer (AZ31/ZTP, PEO-AR/ZTP and PEO-SR/ 
ZTP). Fig. 3 shows the evolution of the friction coefficient (COF) as a 
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function of sliding distance.
For the PEO coatings (PEO-AR, red and filled circles, and PEO-SR, 

blue and filled triangles), a gradual increase in the friction coefficient 
is observed, stabilizing at approximately 1.35 for PEO-AR and 0.65 for 
PEO-SR after 75 m of sliding distance. The lower friction of the PEO-SR 
coating can be attributed to surface morphology of the PEO coating, 
which has smoother surface and reduced porosity, while the rougher 
morphology and presence of more hard MgO and Mg2SiO4 phases (as 
seen in this work [16]) in the PEO-AR layer promote abrasive in
teractions and higher friction. Despite these differences, neither coating 
exhibited delamination during testing, as indicated by the absence of 
sudden oscillations in the friction curves. This signifies stable tribolog
ical contact without substrate exposure, which is consistent with pre
vious report [16].

After application of the sol-gel layer on the bare Mg substrate (Mg/ 
ZTP, black and square symbols), an initial increase in friction coefficient 
is observed due to the presence of the top coating. However, after a short 
sliding distance of 1.5 m, the friction coefficient drops sharply from 0.5 
to 0.35 because the sol-gel layer detaches from the substrate. This is 
followed by an unstable regime with large oscillations (COF: 0.75) that 
persists until the end of the test, probably as a result of friction between 
the alumina ball and the exposed substrate, as seen in our previous work 
(COF ~ 0.75 for PEO-SR and PEO-AR after reaching the substrate) [16]. 
In contrast, the duplex PEO coatings sealed with ZTP sol-gel 
(PEO-AR/ZTP, red and unfilled circles, and PEO-SR/ZTP, blue and un
filled triangles) exhibit significantly improved wear resistance 
compared to their unsealed counterparts. Two distinct trends are 
observed in the PEO-SR/ZTP and PEO-AR/ZTP systems: at the beginning 
of the test the friction coefficient gradually increases, followed by a 
sharp drop from 0.65 and 0.75 to 0.35 and 0.5 for PEO-AR/ZTP and 
PEO-SR/ZTP, respectively, similar to the behaviour observed in the 
Mg/ZTP system. After this drop, the PEO-AR/ZTP system maintains a 
stable friction value around 0.35 until the end of the test, while for the 
PEO-SR/ZTP system, a gradual increase of the friction coefficient from 
0.5 to 0.8 is observed, closely resembling the behaviour of the PEO-SR 
sample.

These results suggest that the PEO-AR/ZTP system offers better wear 
resistance than PEO-SR/ZTP, which contrasts with the trend observed in 
the unsealed PEO coatings. This difference can be attributed to the 
combined effects of pore morphology and sol-gel rheology. The higher 
porosity and larger discharge pores (>2 μm) characteristic of the arc- 
regime PEO layer, together with the viscosity of the ZTP sol (~11.4- 
12.1 mPa⋅s), facilitate deeper penetration of the sol-gel into pores and 
defects. This promotes stronger mechanical interlocking and improved 

load distribution during sliding. Similar findings have been reported in 
the literature on AA2024, where sol-gel layers seal PEO-generated 
porosity, resulting in improved wear performance and lower friction 
coefficients due to enhanced mechanical interlocking and surface 
smoothness [59]. In contrast, the finer and denser pore network of the 
soft-regime PEO layer, as shown in Fig. 2 (j), restricts sol–gel infiltration. 
As a result, in the PEO-SR/ZTP system the sol-gel remains mainly on the 
surface, resulting in weaker mechanical interlocking and lower adhe
sion. Once the sol-gel layer peels off or wears away, the underlying PEO 
could be exposed and begin to wear away, causing a progressive increase 
in the coefficient of friction. These results coincide with the conclusions 
of Sopchenski et al., who observed a 40% reduction in the wear rate of 
sol-gel sealed PEO coatings on AA2024 when effective pore filling 
occurred [27]. Similarly, Akbarzadeh et al. demonstrated that the 
effectiveness of sol-gel sealing depends mainly on the depth of pene
tration, and that sealing only on the surface offers limited tribological 
advantages [28]. The mechanical interlocking mechanism proposed for 
PEO-AR/ZTP is supported by the work of Curran and Clyne, who 
demonstrated that porosity and microcracks in PEO coatings reduce 
stiffness by an order of magnitude, but that effective filling with 
compatible materials can still achieve mechanical integrity [60].

Fig. 4 presents the SEM images of the samples after the wear test. In 
the PEO-AR sample (Fig. 4 (a)), the wear track is characterized by a 
broad appearance and a smoother morphology relative to the sur
rounding surface, indicative of abrasive wear. This finding is consistent 
with the higher coefficient of friction (COF = 1.35) previously observed 
and is corroborated by EDS analysis showing elevated Mg, O, and Si 
concentrations (Table 2, point 1-3), thus could confirming the presence 
of ceramic phases such as MgO and Mg2SiO4. These phases may act as 
lubricants, but simultaneously promote abrasive interactions, thereby 
increasing both friction and material loss. In contrast, the PEO-SR 
sample (Fig. 4 (c)), displays a more constricted and less well-defined 
wear track, indicating a reduced wear volume. This finding is consis
tent with the lower COF (0.65) and it is supported by EDS analysis 
revealing a more homogeneous composition with lower Si content 
(Table 2, points 4-6), which suggests reduced abrasion and more stable 
sliding conditions. In addition, small amounts of Mg and Si are detected 
in the alumina ball (point 3 and 6, Table 2) of both PEO-coated samples, 
which is characteristic of adhesion wear. The absence of significant 
delamination or microcracks further suggests that there is robust me
chanical integrity under tribological loading. The results of this study 
corroborate the hypothesis that the PEO-SR coating exhibits superior 
wear resistance compared to the PEO-AR coating. This phenomenon can 
be attributed to the smoother, less porous morphology and thinner 
structure of the PEO-SR coating, which minimize mechanical inter
locking between the sample and the alumina ball, thereby reducing 
friction forces.

In the case of the sealed samples, the presence of the sol-gel layer 
(ZTP) significantly influences wear morphology and tribological per
formance in comparison to unsealed coatings. In the Mg/ZTP sample 
(Fig. 4 (e, f) and points 7-11 in Table 2), the wear track exhibits deep 
grooves, sharp boundaries, and pronounced debris accumulation, indi
cating substantial material loss. The debris (Table 2, point 8) are 
composed of oxygen, meaning that the substrate underwent oxidation 
due to the temperature increase occurring during the dry sliding wear 
test. Moreover, magnesium is observed in the alumina ball due to the 
adhesion of the substrate on the Al2O3 counterbody, corroborating the 
removal of the sol-gel layer. The observed wear mechanisms are 
attributable to direct substrate/alumina ball contact following the rapid 
degradation of the sol-gel layer, which provides minimal protection. 
This is consistent with the observed reduction in friction during the 
testing process, which was subsequently followed by a period of insta
bility resulting from progressive exposure to the Mg substrate. In 
contrast, the PEO-AR/ZTP system (Fig. 4 (g, h) and points 12-14 in 
Table 2) demonstrates a more stable and narrower wear track than that 
of the Mg/ZTP sample, with reduced material accumulation (Fig. 4 (g), 

Fig. 3. Friction coefficients after dry sliding wear of treated systems.
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point 13 in Table 2) corresponding to the accumulation of the sol-gel 
coating. This behaviour can be attributed to the higher porosity and 
larger discharge pores of the arc-regime PEO coating, which promote 
deeper infiltration of the sol-gel into the oxide structure. The penetration 
of the ZTP sol into these interconnected pores enhances mechanical 
interlocking and improves the interfacial adhesion between the sealing 
layer and the PEO substrate. As a result, the load applied during sliding 
can be more effectively distributed within the hybrid PEO/sol-gel 
structure, leading to enhanced wear resistance and a lower, more sta
ble coefficient of friction (~0.35), compared with the higher friction 
observed for the unsealed PEO-AR coating (~1.35). In addition, partial 
pore filling and surface smoothing reduce the abrasive character of the 
PEO topography by sealing micro-defects and reinforcing the structural 
integrity of the coating.

However, in the case of the PEO-SR/ZTP sample (Fig. 4 (i, j), points 
16-19 in Table 2), a greater and more degraded wear track was observed 
than in the unsealed PEO-SR coating, with clear signs of surface alter
ation and the presence of wear material (Fig. 4 (j), point 16 vs. 17 in 
Table 2) corresponding to the accumulation of high Mg, Zr, and Si 
content at the scratch edges, which corresponds to the accumulation of 
the PEO and sol-gel coating. The progressive increase in the friction 
coefficient from approximately 0.6 to 0.8, as observed in this soft regime 
system, indicates that the sol-gel layer, although initially present, offers 

limited long-term protection. This behaviour can be related to the finer 
and more compact pore network characteristic of the soft-sparking PEO 
coating. The reduced pore size restricts sol-gel infiltration and limits the 
formation of strong mechanical interlocking within the oxide layer. 
Consequently, the sol-gel remains predominantly as a superficial film, 
which is more susceptible to delamination during sliding. This inter
pretation is supported by the higher Si and Zr content detected on the 
alumina ball (point 17 in Table 2) for the PEO-SR/ZTP system compared 
with PEO-AR/ZTP (Si: 13.2 vs 0.8 at.% and Zr: 1.2 vs 0.3 at.%), indi
cating greater removal of the sol-gel layer during wear.

Overall, the results indicate that the arc regime (PEO-AR) promotes 
more effective sol-gel infiltration into the porous oxide structure due to 
its coarser pore network (>2 μm channels). This enhanced infiltration 
improves the mechanical interlocking between the PEO layer and the 
sol-gel coating, contributing to smoother wear tracks and more stable 
friction behaviour despite moderately higher wear rates. These findings 
highlight the importance of the initial PEO pore architecture in con
trolling the performance of hybrid PEO/sol-gel duplex coatings.

4. Conclusions

The results demonstrate that the microstructural and morphological 
characteristics of the PEO layers, determined by the electrical deposition 

Fig. 4. SEM of (a, c) PEO system and (e, g, i) sol-gel systems after wear test. (b,d,f,h,j) SEM pictures of the alumina counter-body ball.

Table 2 
EDS (at.%) analysis of the samples after wear test.

Sample Location C O F Na Mg Al Si Zr

PEO-AR 1 1.6 55.0 0.7 0.5 30.8 1.6 9.9 -
2 1.6 51.4 0.3 1.1 33.5 1.3 11.0 -
3 3.8 39.6 - - 51.3 4.9 - -

PEO-SR 4 1.4 55.1 0.5 0.8 30.8 1.6 9.0 -
5 2.3 51.8 0.8 0.8 31.4 1.3 10.9 -
6 6.5 56.5 - - - 36.7 - -

AZ31/ZTP 7 1.3 20.1 - - 76.3 2.3 - -
8 1.5 43.0 - - 53.7 1.8 - -
9 28.6 46.3 - - 8.0 - 15.8 1.3

10 34.6 46.6 - - 0.4 - 17.0 1.5
11 7.6 61.6 - - 30.1 0.4 0.9 0.7

PEO-AR/ZTP 12 3.2 54.6 0.5 - 29.6 1.8 10.3 -
13 12.3 57.0 - - 15.8 2.3 11.9 0.7
14 36.4 44.8 - - 0.7 - 16.7 1.4
15 4.2 58.8 - - 1.9 33.9 0.8 0.3

PEO-SR/ZTP 16 12.0 45.3 - - 32.1 1.2 9.5 -
17 1.8 19.4 - - 65.7 1.9 10.4 -
18 36.4 45.6 - - 0.3 - 16.3 1.4
19 27.3 41.7 - - 15.1 1.5 13.2 1.2
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regime, play a decisive role in the infiltration of the sol-gel coating and 
therefore in the mechanical performance of the PEO/sol-gel duplex 
coatings. PEO coatings formed under the arc regime exhibited larger 
pores and higher surface roughness, whereas those obtained under the 
soft regime developed denser and smoother oxide structures. FTIR 
confirmed the formation of a hybrid Zr–Si network composed of 
Zr–O–Si, Si–O–Si, and Zr–O–Zr linkages, while rheological measure
ments revealed a nearly constant response with moderate viscosity, 
favouring infiltration into porous ceramic architectures. These chemical 
and rheological characteristics were essential in governing the extent of 
pore filling and interfacial bonding. In the duplex configurations, the 
sol-gel effectively sealed the porous PEO architecture, with deeper 
infiltration in the PEO-AR coatings leading to improved wear resistance, 
better load distribution, and higher interfacial cohesion. The PEO-AR/ 
ZTP system demonstrated the most stable and lowest friction coeffi
cient (~0.35) and exhibited minimal wear track damage, thus con
firming the mechanical advantages of efficient sol-gel interlocking and 
network reinforcement. In contrast, the PEO-SR/ZTP coatings exhibited 
minimal sol-gel penetration and progressive degradation under sliding, 
suggesting reduced long-term stability. These findings emphasise the 
significance of optimising the relationship between PEO microstructure, 
sol-gel viscosity, and infiltration kinetics to customise the tribological 
response of duplex coatings. The results obtained provide a compre
hensive understanding of how coating architecture and interfacial 
bonding govern performance, thus offering a foundation for the rational 
design of advanced hybrid protective systems.
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