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Abstract
Aluminum alloy 2024-T3 underwent Plasma Electrolytic Oxidation (PEO) treatment with sodium tetraborate solution at 
various concentrations. Coatings were characterized using SEM, EDS, XRD, and FT-IR. Increasing medium conductivity 
reduced power consumption. Alumina coatings exhibited dielectric properties, with reduced current and surface brightness 
during the process. Surface morphology displayed PEO characteristics, including micro-pores, remnants of discharge 
channels, spherical protrusions, and cracks. The coating thickness averaged 1.7 µm. XRD analysis showed a decrease in 
intermetallic phases and an increase in γ-Al2O3. Chemical analysis revealed a hybrid composition from substrate, electrolyte, 
and environment, including CO2 due to Na+ ions' affinity for adsorbing bidentate carbonate ions.
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Introduction

Aluminum alloys are extensively utilized owing to 
their reduced density, elevated electrical and thermal 
conductivities, and their inherent passivation capability, 
particularly about the alloy 1XXX. However, in scenarios 
necessitating their utilization in more resilient frameworks 
like ships, automobiles, and aircraft, additional elements 
are incorporated to enhance their mechanical robustness, 
thereby giving rise to alloys 2XXX, 3XXX, and so forth 
(Reis et al. 2021; Ghanaraja et al. 2018).

The AA2024 alloy was chosen for this study due to its 
various characteristics that make it extremely suitable for 
multiple applications. With its low density, the AA2024 
alloy is ideal for use in vehicles. Additionally, its high 
thermal and electrical conductivity makes it versatile in 
various industrial sectors. The affordable cost of the AA2024 
alloy also contributes to its viability in both experimental 
and commercial contexts (Ghanaraja et al. 2018; Ansari 
et al. 2018; Lucas et al. 2022).

Nevertheless, it is essential to note that aluminum, 
despite its benefits, exhibits the property of being relatively 

malleable and prone to abrasions. Consequently, it 
frequently necessitates surface modifications to enhance its 
surface toughness. Anodizing stands out as one of the most 
prevalent techniques, entailing electrochemical procedures. 
Nevertheless, it is crucial to highlight that anodization may 
present a challenge in terms of environmental and health 
implications, attributed to the utilization of potentially 
hazardous and carcinogenic acidic solutions (Lucas et al. 
2022; Yerokhin et al. 2004).

Plasma Electrolytic Oxidation (PEO), also known 
as Micro Arc Oxidation (MAO), is an electrochemical 
conversion treatment, which the main aim is to create on 
passive alloys (Al, Mg, Ti, Nb etc.) oxide coatings, with 
better chemical and physical properties than those developed 
by conventional electrochemical processes, in addition to 
being more efficient from an environmental point of view, by 
employing alkaline solutions, based on silicates, phosphates, 
borates, etc. that help reduce environmental impacts 
(Zinigrad and Kossenko 2015; Khiabani et al. 2021; Lucas 
et al. 2020; Yerokhin et al. 1999).

In the same manner as the traditional anodizing method, 
the PEO process is significantly influenced by various 
operational parameters. These parameters include the 
composition of the alloy being treated, the duration of 
treatment, the electrical conditions during treatment, the 
electrolyte's chemical composition, as well as any additives 
used. When focusing on the electrolyte aspect, it is not 
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uncommon to encounter in scholarly works, procedures 
that incorporate the usage of sodium silicate (Na2SiO3). 
This particular compound is known to generate a highly 
efficient oxidative film on both aluminum and magnesium 
substrates. The resulting film exhibits a distinct dual-layer 
morphology. The first layer is thin and closely adherent to 
the underlying substrate, while the second layer is more 
porous and constitutes a significant portion, ranging from 
60 to 80%, of the overall thickness of the PEO coating 
(Yerokhin et al. 2004; Khiabani et al. 2021; Sopchenski 
et al. 2020; Shore et al. 2021).

In this study, the AA2024 alloy (Alclad) was submitted 
to PEO treatment, using a sodium tetraborate electrolyte 
(Na2B4O7), in four different concentrations: 1, 5, 10 and 
15 g/L. The objective was to investigate the influence of 
these concentrations on the plasma, measuring the average 
power consumed, and also on the characteristics of the 
coatings generated, including thickness, crystalline phase, 
morphology of the coatings, microhardness, and chemical 
composition. This study was conducted to provide 
additional information on the electrolyte concentration 
parameter in the PEO treatment and contribute to the 
literature in this area.

Experimental Procedure

Preparation of Samples and Treatment Solutions

Samples with dimensions of 25 × 25 × 3.5 mm of aluminum 
alloy 2024 (Alclad) were cleaned with neutral detergent for 
15 min, followed by ultrasonic cleaning in isopropyl alcohol 
for 15 min.

The elemental makeup (by weight) of the employed alloy 
in the role of a provider includes less than 0.5% silicon, 
less than 0.5% iron, 3.8–4.9% copper, 0.3–0.9% manganese, 
less than 0.1% chromium, less than 0.25% zinc, less than 
0.15% titanium, with the remaining portion consisting of 
aluminum.

Alkaline solutions (pH 9.1) of sodium tetraborate 
(Na2B4O7) were prepared to assess the effect of electrolyte 
concentration variation on the oxide coating, with 
concentrations of 1; 5; 10 and 15 g/L. Although sodium 
tetraborate (Na2BO4) is used as an additive (in small 
quantities) with other salts, as commonly employed with 
sodium silicate (Na2SiO3), which ensures thicker coatings 
and microstructures more characteristic of PEO processes, 
depending on the adopted parameters, it makes the coating 
fragile when subjected to shear forces (Shore et al. 2021). 
All solutions underwent ultrasonic homogenization for 
15 min. The electrolyte used was obtained from Dinâmica 
Ltda Company, with a purity of 99%.

Surface Treatment by Plasma Electrolytic Oxidation 
(PEO)

The experimental system assembled to perform this 
treatment consists of: a voltage variator (0–200 V); a 
voltage rectifier bridge (KBPC 5010); two electrolytic 
capacitors of 2400  μF/450  V each one, to double the 
rectified voltage; two multimeters to monitor the voltage 
and electric current in the system were used; a glass 
Becker (2000 mL) was used as electrolytic tub; an AA1200 
aluminum counter electrode; and a thermometer to monitor 
the evolution of the treatment temperature. In the system, 
the sample was arranged with 30 mm from the counter 
electrode, the working voltage was constant (350 V) for 
300 s as shown in Table 1.

Characterizations

The conductivity of the electrolyte used was evaluated by 
a portable Knup conductivity meter, model KP AA008, 
with a range of 0–9999  µs/cm. The thickness of the 
coating was evaluated by the eddy current method, using 
an Instrutherm meter, model ME 250, with a range from 
0 to 1250 µm and resolution of 0.1 µm, performing 10 
measurements along the surface, based on the ISO 2360 
standard. Substrate mass variation was measured using a 
SHIMADZU analytical balance, model AUY220, with an 
accuracy of 0.1 mg. The crystalline phase of the coatings 
was evaluated by X-ray diffractometry, with a Bruker 
diffractometer, model D8 advance, at 2(θ) with a range 
of 15°–90°, step of 0.05°, voltage of 40 kV and current 
of 40 mA.

The surface morphology of the oxide coatings was 
evaluated by scanning electron microscopy (SEM), being 
model EVO LS15 from the manufacturer Zeiss, together 
with EDS analysis was used to quantify the constituent 
elements in the coating. The molecular structure of 
the oxides generated was evaluated by an ATR FTIR 
spectrometer, Perkin Elmer Spectrum 100, covering 
functional groups of 1000–650 cm−1, with 128 scans and 
resolution of 4 cm−1.

Table 1   Parameters for plasma electrolytic oxidation treatment

Sample Time (s) Voltage (V) Na2B4O7 (g/L)

A 300 350 1.0
B 5.0
C 10.0
D 15.0
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Results and Discussions

Current Treatment Variation

Because the PEO treatment occurred in potentiostatic mode, it 
is observed that the current varies over the treatment time (left 
side), and the variation in current density is also noticeable in 
the plasma appearance (right side), as shown in Fig. 1.

The escalation in the electrical resistance within the system 
stems from the generation of an alumina dielectric film on 
the substrates' surface, thereby elevating the electrolyte's 
temperature. Within this investigation, all interventions 
exhibited a temperature surge of approximately 3 °C, albeit 
below 25 °C. Upon scrutinizing the plot, one can observe 
a zenith near the 30-s mark (1*), denoting the juncture of 
maximal current density during the procedure. At this phase, 
the specimen displays a conspicuous luminosity; nevertheless, 
as the procedure advances, this luminosity gradually 
diminishes (up to 3*), presumably due to the augmentation in 
the oxide coating's thickness. Beyond 90 s, the current density 
either stabilizes or exhibits minimal fluctuations up to 300 s. 
Previous researchers have documented the manifestation of 
the current decline phenomenon during plasma electrolytic 
oxidation treatment, employing the constant voltage process 
(potentiostatic) (Lucas et al. 2022; Lucas et al. 2020; Xue et al. 
2014).

Average Power Consumed

As in the system specified in this work, it has a constant 
voltage and the current decreases rapidly over time, due to the 
formation of the dielectric layer, the calculated power will be 
the average power, deduced by Eq. 1.

(1)Pm =
1

t ∫
t

t0

p(t)dt =
1

t ∫
t

t0

V(t)j(t)dt

Sendo: Pm: power consumed [watts]; t: Time [seconds]; 
V: voltage [volts]; j: current density [A/m2].

Table  2 and Fig.  2 present the average power used 
in each process. It is observed that power consumption 
increases with the increase in electrolyte concentration 
from 1 to 10 g/L; however, when evaluating the 15 g/L 
electrolyte, a decrease in consumption is observed due to 
the increased conductivity of the medium, which improves 
the movement of ions in the solution.

A close relationship is observed between conductivity 
and the electrical consumption of the system, being 
inversely proportional between processes C and D. This 
effect is observed during the PEO process when the 
so-called "sparking" occurs, theoretically indicating that 
the oxide coating has reached a limit thickness, and there 
is only oxide development in a few regions on the surface 
(Xue et al. 2014; Mohedano et al. 2021).

The “sparking” phenomenon occurs when the system 
current (Fig. 1) reaches 0.1 A and remains stable until the 
end of the process (300 s). Electrolyte D (15 g/L) reached 
this value earlier, which could justify its lower electricity 
consumption (Mohedano et al. 2021).

Fig. 1   Variation of the treatment current with plasma aspect

Table 2   Electric power consumption during the PEO treatment 
process

Sample Na2B4O7 (g/L) Conductivity 
(mS/cm)

Power 
Consumed 
(kWh)

A 1.0 1.57 5.15
B 5.0 2.74 5.58
C 10.0 4.25 6.07
D 15.0 7.82 4.11

Fig. 2   Ratio of electrical conductivity vs. average power consumed
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Surface Morphology and Chemical Composition 
of PEO Coatings

Figure 3 shows the surface morphology of the AA2024 
alloy, treated with different concentrations of sodium 
tetraborate solution (Na2B4O7).

The morphology of the coatings produced is typical of 
the electrolytic plasma process, with a multilayer surface, 
micro cracks, pores and nodular microstructures. Pores 
located randomly in the coatings are remnants of channels 
and discharge, in which the oxide material (alumina) was 
melted and ejected from the metal/coating interface, being 
quickly cooled when in contact with the electrolyte, also 
resulting in the formation of micro-cracks. It is observed 
that if also micro particles of melted oxide, randomly 
distributed on the studied surface, other authors also 
reported such morphologies in their studies (Dehnavi et al. 
2013; Kikuchi et al. 2020; Mengesha et al. 2020; Duan 
et al. 2007).

The cultured oxide layer presents a seemingly more 
compact surface because the electrolyte has in its 
composition only sodium tetraborate (Na2B4O7), which 
according to the literature, results in more compact layers 
and with fewer concentrations of pores and microcracks 
in the coating (Mengesha et al. 2020).

Table 3 presents the basic composition of the oxide’s 
coatings produced. It is observed that the oxide layer is 
formed by the majority element of the alloy, aluminum 
(Al), the oxygen developed by the treatment and the ease 
of bonding of aluminum with it, and the element Boron 
(B), from the electrolyte of sodium tetraborate (Na2B4O7), 

which has a strong tendency to add oxygen in the coating 
(Yerokhin et al. 1999; Duan et al. 2007).

The treatments that were administered demonstrated 
effectiveness in enhancing the concentration of surface 
oxygen in the alloy, facilitating the formation of alumina 
(Al2O3). The average increase in oxygen concentration 
was significant, rising from 6.9% (in the case of AA2024) 
to 40.2% in the treated alloy. Furthermore, various other 
constituent elements of the alloy, such as chromium (0.2%), 
iron (with fluctuations ranging from 0.3 to 8.8%), and silicon 
(with fluctuations between 0.5 and 0.8%), were identified 
during the procedure. These elements are detectable in the 
oxide layer because of the inherent characteristics of the 
treatment, which result in the expulsion of these elements 
from the matrix to the coating/electrolyte interface 
throughout the process (Yerokhin et al. 2004; Yerokhin et al. 
1999; Zinigrad and Kossenko 2015).

Figure 4 presents the mass variation values of each 
substrate [A], and the average thickness of the oxide 
coatings [B]. It is observed that the deposited oxide mass 
varies on all substrates, and the treatment with 10 g/L (C) 

Fig. 3   Surface morphology of 
the treated samples: A (1 g/L); 
B (5 g/L); C (10 g/L) and D 
(15 g/L)

Table 3   Percentage of elements of PEO coatings

% AA2024 A B C D

Al 88.4 46.3 36.8 58.8 59
Cr – 0.2 – – –
Na – – 0.6 – 1.1
O 6.9 43.5 39 40 38.3
Si 0.5 0.8 0.6 0.5 0.7
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showed the best deposition (2.21 mg). The variation in 
electrolyte concentration did not significantly alter the 
thickness of the coatings. Among all samples, only the 
sample treated with 10 g/L presented a thinner coating 
compared to the others (1.2 µm).

Nevertheless, from a statistical perspective (taking 
into account the standard deviations), it can be noted that 
the thickness of all samples hovers around 1.7 µm. Upon 
analysis of the data, it becomes apparent that coating 
C (10  g/L) exhibits a denser coating, with a reduced 
thickness compared to the rest and a higher degree of 
mass fluctuation (in g/cm3). The presence of borate in their 
composition typically leads to the formation of a more 
condensed coating (Duan et al. 2007; Fermine, et al. 2023; 
Wierzbicka et al. 2022).

Taking into account the effective deposition time, 
that is, the point in time at which the system current 
reached 0.1 A, was 95, 85, 95, and 60 s for A, B, C, and D 
treatments, respectively. It is observed that the C process 
(10 g/L) had a higher deposition rate, about 23.3 × 10–3, 

against 21.4 × 10–3; 20.8 × 10–3, and 19.7 × 10−3 mg/s of A, 
B, and D processes, respectively.

X‑Ray Diffraction of PEO Coatings

Figure 5 (supplementary material) shown X-ray diffraction 
spectra of the untreated aluminum substrate (control 
sample—NT) as well as the treated samples. It is observed 
that, at the beginning of the spectra (15°–25°), there is a dip, 
originating from the amorphous phase of alumina, which is 
to the literature (Serdechnova, et al. 2017; Yang et al. 2019).

In the spectrum related to the untreated substrate 
(NT), peaks related to the intermetallic phases Al2CuMg 
and Al2Cu are noticed. These phases are detected due to 
remnants of elements from the alloy composition. When 
these phases are present in high concentrations, they lead to 
localized corrosion in alloys such as 2024, exhibiting a more 
anodic character compared to the metallic matrix (Ansari 
et al. 2018; Lucas et al. 2022; Yerokhin et al. 2004). With 
treated substrates, it is observed that these phases disappear, 
demonstrating the effectiveness of the treatment in protecting 
the substrate, forming an oxide coating (Al2O3).

The PEO coating consists mostly of aluminum 
(38.5°/44.8°/65°/78.5° and 82.5°), and gamma alumina 
(ɣ-Al2O3), formed by the transformation of amorphous 
alumina into a metastable phase (Eq. 2), due to microplasma 
discharges, which can reach 10,000 K of temperature in 
localized points, according to literature, such a phase is 
found when the coating created by plasma reaches at least 
2 min of synthesis (Serdechnova, et al. 2017; Yang et al. 
2019); therefore such peaks appear few times and with 
relatively small intensities in this study, and the magnesium 
present in the chemical composition of the substrate tends to 
reduce the amount of ɣ-Al2O3 present in the coating (Yang 
et al. 2019).

Fig. 4   Increase in mass in samples (A) and thickness of the oxide 
coating (B)

Fig. 5   X-ray diffractometry spectrum of the treated and untreated 
AA2024 alloy
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Overlaying all the spectra and zooming in the region 
between 34.5° and 34.9° allows for a comparison of peak 
intensities related to the crystalline phase of γ-Al2O3 
corresponding to the crystallographic plane [220], shown 
in Fig. 6.

The analysis revealed that the rise in electrolyte 
concentration led to the enhancement of the aluminum 
oxide coating up to its maximum point, except for treatment 
B (5  g/L). This phenomenon could be ascribed to the 
unevenness of the coating formation, potentially leaving 
some areas uncovered by the plasma. Moreover, the localized 
temperature experienced during the treatment might have 
facilitated the dissolution of the coating, alongside the 
existence of micro cracks that could expose the substrate, 
consequently reducing the presence of Al2O3 (Lucas et al. 
2022; Sopchenski et al. 2020; Yang et al. 2019).

FT‑IR Spectroscopy of the PEO Coating

Figure  7 shows the FT-IR spectra of the 2024 alloy, 
untreated, and after treatments with variation in electrolyte 
concentration.

In the spectrum, very weak bands are observed around 
2320 cm−1, relating to aromatic C=C and/or C=O functional 
groups absorbed from the environment. These functional 
groups are detected due to the concentration of Na+ in the 
coating, originating from the electrolyte, which acts as a 
contaminant that enhances the adsorption capacity of CO2 
(Lucas et al. 2020, 2022; Fermine et al. 2023).

In the transmittance spectrum, hydroxyl functional groups 
are detected, indicating the presence of pseudoboehmite 
(AlOOH) at 1559 cm−1 and 1074 cm−1. This is a result of the 

(2)Al
2
O

3(amorphous) → � − Al
2
O

3

increased protective oxide coating on the substrates (Fermine, 
et al. 2023). Due to the ionic dissociation of tetraborate, 
functional groups related to borate (B4O7

−2) are observed in 
the coatings, thus demonstrating the difference from plasma 
treatment to conventional chemical and electrochemical 
processes, where the solution used does not contain additional 
elements from the coating (Yerokhin et al. 2004; Wierzbicka 
et al. 2022; Wierzbicka et al. 2021; Rameshbabu et al. 2022).

To explain the formation of pseudo-boehmite (AlOOH) 
and borate in the oxide coating, we can initially observe 
Eqs. 3 and 4, respectively. During plasma treatment, there 
is a considerable formation of oxygen around the anode, as 
well as phenomena related to the plasma, which favor the 
dissolution of the native oxide layer present on the substrate. 
From this dissolution, hydroxides are produced in the form 
of a gel, which, upon contact with the plasma surface, 
solidify (Lucas et al. 2022).

Functional groups found at 1000 cm−1 are related to the 
oxide layer (Al–O and Si–O–Si), found in the untreated 
substrate. Thus, the detected passive layer is also present 
in the plasma-treated substrates. It is noted that the addition 
of sodium tetraborate increases the alumina peaks, as the 
B4O7

−2 ions add oxygen to the ionized medium (Wierzbicka 
et al. 2021; Liu et al. 2021; Bai et al. 2019; Lucas et al. 
2024).

Conclusion

With the treatment occurring potentiostatically (constant 
voltage), there is an abrupt drop in current in the system, 
a result of the formation of a dielectric oxide coating 

(3)Al
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O

3
+ H
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(4)Na
2
B
4
O

7
+ 2H

2
O → 2Na

+ + 4BO
−

3
+ 2H

2
O

Fig. 6   Peak corresponding to the γ-Al2O3 phase

Fig. 7   FT-IR spectrum of 2024 treated by PEO
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(Al2O3) on the substrates. This, combined with plasma 
phenomena, increases the temperature of the electrolytic 
solution (Joule Effect).

Analyzing the data (voltage and current), the average 
power consumed in electrolytic and plasma treatments can 
be calculated. It is noted that an increase in conductivity 
decreases the average power consumed due to the 
“sparking” phenomenon occurring more rapidly, as well 
as the deposition rate.

The examination of the coatings' morphology revealed 
that the incorporation of sodium tetraborate (Na2B4O7) 
led to the development of thin and dense coatings 
measuring 1.7  µm, a dimension that falls below what 
has been documented in previous literature. Moreover, 
characteristic features of PEO coatings, including 
microfissures generated by the swift solidification of the 
molten oxide upon contact with the electrolyte, as well 
as spherical protrusions and micro-pores stemming from 
electrical discharge pathways, were identified. An analysis 
using EDS demonstrates that the coating predominantly 
consists of aluminum (Al) and oxygen (O), culminating 
in the production of alumina (Al2O3), in addition to other 
constituents originating from the alloy and electrolyte, 
such as chromium (Cr), silicon (Si), and sodium (Na).

The efficacy of the PEO treatment is evident through 
the decrease in intermetallic phases (Al2CuMg and Al2Cu) 
identified via XRD in the untreated specimen, alongside 
the enhancement in the peak associated with ɣ-Al2O3, 
where it was noted that treatment C (10 g/L) displayed 
a superior peak in comparison to the other treatments. 
Nevertheless, peaks linked to aluminum are noticeable, 
attributed to the presence of fissures and/or voids within 
the oxide layer.

Analyzing the FT-IR spectra, functional groups of 
primitive alumina bonds are observed (Al2O3), as well 
as borate groups (BO−3), highlighting the capability 
of electrolytic plasma to add elements present in the 
electrolyte to the coating. Stretching vibrations of OH 
groups were also observed at the beginning of the spectra. 
In this study, Na+ ions acted as contaminants, favoring the 
adsorption of CO2, which can promote the formation of 
bicarbonate ions and/or bidentate carbonate ions.
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