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Abstract. This paper presents the development and characterization of ceramic coatings
obtained by Plasma  Electrolytic = Oxidation (PEO) on aluminum alloys.
The electrolyte used is a mixture of sodium metasilicate (Na.SiOs) and sodium hydroxide
(NaOH). The resulting surfaces were characterized using Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (EDX), and tribological testing. Additionally,
correlations between structure and performance were discussed.
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INTRODUCTION

In recent years, Plasma Electrolytic Oxidation (PEO) technology has attracted significant attention due
to its ability to produce hard, adherent, and corrosion- and wear-resistant ceramic coatings on light alloys
such as those based on aluminum and magnesium.

PEO is a complex electrochemical process that combines features of conventional anodizing with
local electrical discharges occurring at high voltages, which promote the formation of thick and porous
oxide layers. The composition of these layers varies depending on the processing conditions. During the
process, several phenomena can be observed: oxide layer formation, gas emissions, and dielectric
breakdowns, which in turn trigger micro-discharges on the surface of the substrate. These micro-
discharges are accompanied by plasma chemical reactions and the emission of visible light, resembling
a spark [1].

The micro-discharges also allow the incorporation of electrolyte species into the oxide layer being
formed, thus supplying the oxygen required for oxide growth. Moreover, micro-discharges play a key
role in producing liquid metal by partially melting the treated material [2].

PEO-synthesized coatings are used in various applications such as anticorrosion, antifriction, and
photoactive layers [3-5].

Aluminum alloys offer an excellent combination of properties such as low density and high corrosion
resistance, making them widely preferred materials in the automotive, aerospace, and electronics
industries, as well as in nuclear engineering, mining, oil and gas production, construction, and other
modern engineering fields [6].

Among the numerous technological parameters that influence the final properties of PEO coatings,
the treatment duration is essential, as it determines the layer thickness, surface morphology, and the
composition of the developed ceramic phases. While many studies have addressed the influence of
electrolyte composition or applied voltage, the effect of oxidation time on the tribological performance
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of PEO coatings remains insufficiently explored.

In this context, the present study aims to investigate the wear behavior of PEO coatings obtained on
an aluminum alloy by varying the treatment duration (2, 4, and 6 minutes), while keeping the processing
voltage constant at 350 V. The samples were characterized using Scanning Electron Microscopy (SEM)
and Energy Dispersive X-ray Spectroscopy (EDX) to highlight morphological and compositional
changes in the coatings. Additionally, wear resistance was evaluated through cyclic tribological tests,
with surface roughness (Ra) being recorded at different stress intervals (initially, after 500, 1000, and
2000 cycles).

The results contribute to a better understanding of how oxidation time influences the tribological
performance of PEO coatings and provide practical guidelines for optimizing this treatment method in
engineering applications involving friction and wear.

MATERIALS AND METHODS

Materials used

In this study, a high-strength aluminum alloy, AA2024-T351, was used. This alloy exhibits the following
properties: a density of 2.78 g/cm?, ultimate tensile strength of 469 MPa, fatigue strength of 138 MPa,
Young's modulus of 73 GPa, and a melting onset at approximately 500 °C.

The chemical composition of the 2024 aluminum alloy is presented in Table 1:

Table 1. The chemical composition of the alloy
The chemical composition of the 2024 aluminum alloy (%)
Al Cu Mg Mn Fe Zn Si Ti Zrx
base 4.4 1.5 0.6 0.14 0.12 0.08 0.05 0.02
The 2024 aluminum alloy is known for its high strength, as copper, magnesium, and manganese
significantly increase the strength of aluminum alloys. It exhibits excellent machinability, good
workability, high strength, and can be fabricated to resist corrosion, making it an optimal choice for
applications in aircraft and vehicle manufacturing.
Before starting the treatments, the samples were polished using SiC abrasive paper (#800 — #1200),
degreased, and cleaned in an ultrasonic bath with ethyl alcohol and distilled water, successively.

PEO Process

The equipment used for Plasma Electrolytic Oxidation (PEO) is similar to that used for conventional
anodizing, but more complex—particularly due to the potential need for higher power and pulse control.

The PEO installation used for the treatments was built at the University of Pitesti. It consists of an
electrolytic cell made of stainless steel with a stirrer and a pulsed DC bipolar power supply. The

aluminum alloy sample was used as the anode, while the stlai{lless-steell cell served as the cathode.
% |

Figure 1. The PEO installation



In PEO treatments, alkaline electrolytes are the most commonly used, as they are more environmentally
friendly than the acidic electrolytes employed in conventional anodizing. The most widely used PEO
electrolytes are silicates, phosphates, tungstates, and aluminates, known as inorganic polymers [7-9].
For this study, an aqueous solution consisting of 0.2 mol/L of sodium metasilicate (Na2SiO:) and 0.2
mol/L of sodium hydroxide (NaOH) dissolved in distilled water was used.
PEO coatings were performed at a voltage of 350 V for treatment durations of 2, 4, and 6 minutes.
After each treatment, the samples were rinsed with distilled water and dried at room temperature.

Microstructural and Compositional Characterization

SEM — Scanning Electron Microscopy

The surface morphology of the treated samples was observed using a scanning electron microscope
(SEM, Hitachi SU5000). The SEM was operated at an accelerating voltage of 25 kV.

EDX — Energy Dispersive X-ray Spectroscopy

The elemental composition was analyzed using an energy dispersive X-ray spectrometer (EDX)
integrated into the SEM. EDX analysis was conducted at an acceleration voltage of 20 kV.

2.4. Tribological Testing
Test Type Used

To evaluate the wear behavior of the coatings obtained through plasma electrolytic oxidation
(PEO), tribological tests were carried out using a plane-on-cylinder configuration on a
custom-designed laboratory device.

This configuration involves direct contact between a flat surface (the PEO-treated sample) and a
rotating cylindrical surface, generating controlled dry friction conditions.

The cylindrical surface was fabricated by 3D printing and then covered with P600 grit abrasive paper,
in order to simulate a uniform and reproducible abrasive interaction.

The samples were held in fixed contact with the rotating cylinder under a constant vertical load.

Figure 2. The wear tesﬁng rig used for the cyclic wear tests

Loading Parameters

The tribological tests were conducted under identical conditions for all three samples, with the following
specifications:

e Configuration: plane-on-cylinder, dry friction;

e Cylinder material: 3D-printed (PLA), covered with P600 grit abrasive paper;

e Applied normal force: constant, 0.3 N;

e Relative motion: rotation of the cylinder under load,;

e Number of loading cycles: 500, 1000, and 2000 cycles;

e Ambient conditions: temperature 23 =+ 1°C, relative humidity 50 + 5%.



This method allowed for a comparative evaluation of the wear behavior of the ceramic layers obtained
through PEO with treatment durations of 2, 4, and 6 minutes, under strictly controlled conditions.

Roughness (Ra) Measurement Methodology

The surface topography changes resulting from the wear test were evaluated by measuring the arithmetic
roughness Ra [um], using a contact profilometer (Mitutoyo SJ-210). Measurements were carried out at
four distinct points for each sample:

e Initial Ra: before testing;

e Ra 500c: after 500 cycles;

e Ra 1000c: after 1000 cycles;

e Ra2000c: after 2000 cycles.

Figure 3. Surface roughness measurement of the sample

For each measurement, three different areas of the worn surface were selected, and the average value
was considered representative. The evaluation length was 4 mm, with a measurement step of 0.25 mm,
in accordance with ISO 4287. A Gaussian filter was applied to eliminate high-frequency noise, ensuring
high accuracy of the results.

Figure 4. Surface of the sample before wear Figure 5. Surface of the sample after applying the
wear cycles
The data obtained are presented in Section 3.3, where the trends in roughness evolution and their
implications on the wear resistance of PEO coatings are discussed, as a function of treatment duration.

RESULTS AND DISCUSSION
Surface Morphology of PEO Coatings

Figure 6 (a, b, and c) shows SEM images of the layers deposited on the AA2024 aluminum alloy using
the PEO technique.
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Figure 6. SEM micrographs of oxide layers obtained by PEO on an AA2024 aluminum alloy at
treatment durations of: a. 2 minutes, b. 4 minutes, ¢. 6 minutes

The surface morphology of the layers obtained through PEO reveals a significant amount of porosity,
which may be caused by gas trapped in bubbles generated during the conversion process. PEO employs
small air bubbles to increase turbulence in the electrolyte, enabling a more homogeneous coating growth.
The molten ceramic components rapidly cool upon contact with the electrolyte, while the air and vapors
dissolved in the solution become trapped during coating formation [6].

The formation of pores in the resulting coatings is inevitable and depends on the discharge parameters.
Pore formation phenomena during oxide layer growth occur after the initial formation of the oxide film.
Pores may form rapidly in the early stages, then grow in size, followed by a reduction due to prolonged
oxidation time [10].

The layer obtained after 6 minutes of PEO treatment contains a higher proportion of pores and
microcracks, formed as a result of localized fusion caused by dielectric breakdown, as also reported in
other scientific studies [11-13].

Chemical Composition

Figure 7 presents the EDX spectra for coatings obtained at 350 V and treatment durations of 2, 4, and 6
minutes.

It can be observed that the coatings are composed of Al, O, Si, and Na, in agreement with the
chemical composition of the substrate (AA2024 aluminum alloy) and the electrolyte solution, which
contains silicates. Undesirable components generally originate from the decomposition of the aqueous
electrolyte.



Figure 7. EDX spectra of PEO coatings obtained at 350 V for different treatment durations: (a) 2 min, (b) 4 min,
(c) 6 min
The relative content of Al, O, Si, and Na on the surface of the PEO-treated samples is presented in
Table 2.
Table 2. Relative surface content of Al, O, Si, and Na in the PEO coatings

Sample Relative content
Al (at.%) O (at.%) Si (at.%) Na(at.%)
350V, 2 min 24 .31 49,60 24,88 0,91
350V, 4 min 24 .89 49 47 24,30 1,00
350V, 6 min 23.47 50,15 25,08 0,98

The chemical composition analysis indicates the presence of key components for oxide formation
(Al and O), as well as elements originating from the electrolyte (Na and Si). It can be observed that the
distribution of Al and O across each coating was relatively uniform.

At the grain boundaries, numerous small pores are uniformly distributed, formed as a result of gas
migration during plasma discharge. The coating formation mechanism of PEO on aluminum alloys has
been described in prior publications [14—15].



Tribological Behavior

The tribological behavior of the coatings obtained by Plasma Electrolytic Oxidation (PEO) was
evaluated by monitoring the arithmetic surface roughness, Ra [pum], measured before and after applying

500, 1000, and 2000 loading cycles in a plane-on-cylinder configuration.
The resulting values are presented in Table 3.

Table 3. Evolution of surface roughness (Ra) with increasing number of wear cycles

Salfg_’le Dﬁéﬁﬁj’n Initial Ra[um] | Ra 500c [um] | Ra_ 1000c [1m] Ra[—jn(l(])oc
1. P 5.79 415 3.05 233
2. 4 5.86 437 411 2.87
3. 6 8.08 5.12 4.03 2.95

The results highlight a progressive decrease in surface roughness for all three samples as the number
of wear cycles increases. This behavior contrasts with that commonly observed in untreated metallic
materials, where roughness tends to increase due to the onset of abrasive wear.

In the case of the PEO-treated samples, this phenomenon can be explained by a progressive
compaction and localized smoothing of the ceramic layer, caused by repeated friction on an abrasive
surface with controlled grain size. Under the applied load, the prominent asperities of the oxide layer
are gradually worn down without compromising the overall integrity of the coating, resulting in a
decrease in Ra.

Sample 1, treated for 2 minutes, shows the greatest Ra variation, from 5.79 um to 2.33 pm, suggesting
a more porous and less durable surface, with a pronounced tendency for mechanical smoothing.

Sample 2, treated for 4 minutes, exhibits a slower decrease in roughness, and the values recorded at
1000 and 2000 cycles are higher than those of sample 1, indicating better stability of the oxide
microstructure.

Sample 3, treated for 6 minutes, starts with the highest initial roughness (8.08 pm), reflecting a more
developed PEO morphology. However, after 2000 cycles, the Ra drops to 2.95 um, similar to the other
two samples, suggesting a thicker coating with higher resistance to disintegration, though still subject
to significant smoothing over time.

Interpretation of Wear Behavior as a Function of PEO Duration

The data indicate a clear correlation between oxidation time and tribological performance:

e Short time (2 min): thinner layer, accelerated wear, and steep Ra reduction;

e Medium time (4 min): more stable behavior with a controlled decrease in roughness;

e Long time (6 min): high initial roughness but superior mechanical resilience and balanced cyclic

behavior.

This evolution is consistent with findings in the literature, which report that longer PEO durations lead
to the formation of thicker, more consolidated layers with improved adhesion—capable of withstanding
repeated tribological loading without major degradation.

Structure—Performance Correlation

The treatment duration in the Plasma Electrolytic Oxidation (PEO) process has a direct impact on the
structure of the ceramic coating and, consequently, on its performance under wear conditions.

The results of this study indicate that longer treatment times improve wear resistance, especially under
cyclic friction conditions.

Influence of PEO Duration on Wear Resistance

Samples treated for longer durations (4 and 6 minutes) exhibited superior tribological performance
compared to the sample treated for only 2 minutes. Although all samples showed a decrease in Ra after
wear testing, this reduction was more gradual and balanced for longer treatment durations, suggesting
enhanced microstructural stability.

The sample treated for 6 minutes, despite having the highest initial roughness, showed remarkable
resistance to material loss and compaction, maintaining a roughness similar to the other samples after



2000 cycles. This behavior indicates a more durable coating capable of withstanding repeated
tribological stress without significant degradation.

Possible Explanations: Layer Density, Composition, and Adhesion

The observed differences in behavior can be explained by several factors linked to the structural
evolution of the oxide layer with increasing PEO duration:

e Layer density and thickness: Longer treatment times allow for the formation of thicker, more
compact layers that provide a more uniform and effective mechanical barrier against wear. This
is confirmed by SEM micrographs showing a more extensive porous structure in the 6-minute
sample.

e Chemical composition: EDX spectra indicate a consistent presence of oxygen and aluminum in
all coatings; however, longer reaction times may enable more complete diffusion of electrolyte-
derived elements (Na, Si) into the oxide layer, promoting the formation of more stable ceramic
compounds.

e (Coating—substrate adhesion: In PEO treatments, the process duration influences the degree of
interpenetration between the substrate and oxide layer due to repeated micro-discharges. This
leads to better adhesion of the coating, reducing the risk of delamination under mechanical load.

Overall, the experimental data and morphological/chemical characterizations converge toward the
conclusion that a 6-minute PEO treatment provides the optimal balance between coating development,
adhesion, chemical stability, and tribological behavior—making it the most effective choice for
applications involving cyclic mechanical loads.

CONCLUSIONS

This study demonstrated the significant influence of treatment duration in the Plasma Electrolytic
Oxidation (PEO) process on the tribological performance of ceramic coatings on aluminum alloys.
Increasing the treatment time led to the formation of more uniform and morphologically porous coatings
with stable chemical composition, as confirmed by SEM and EDX analyses.

The tribological tests revealed that samples treated for longer durations exhibited superior wear
resistance, evidenced by smaller variations in surface roughness after repeated loading cycles.

The coating produced with a 6-minute treatment offered the best balance between thickness, adhesion,
and wear behavior.

These findings are relevant for the development of high-performance functional surfaces in industrial
applications where repeated mechanical stresses demand elevated wear resistance.
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