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ABSTRACT

Purpose: Purpose of this work is to analyse the process of synthesis of oxide ceramic 
coatings in plasma electrolytes on 2024 aluminium alloy and to form an electrolyte which 
allows to reduce energy consumption for the coating formation.
Design/methodology/approach: The oxide ceramic coatings were synthesized on 2024 
aluminium alloy. The coatings were formed by the alternate application of anode and cathode 
pulses to the sample. X-ray diffraction analysis of coatings was performed on a DRON-3.0 
X-ray diffractometer using CuKα radiation. The thickness of the coatings was determined 
using a CHY TG-05 thickness gauge. The porosity of the coatings was investigated by 
analysing the micrographs of the plasma electrolyte oxidation (PEO) coatings obtained on a 
scanning electron microscope at ×500 magnification using the image processing technique.
Findings: The electrolyte with 5 g/l H2O2 additive have been elaborated as an optimal 
composition for synthesis of a coating with an increased content of corundum (α-Al2O3) as 
compared to a coating synthesized in the same mode in the 3KOH+2Na2SiO3 electrolyte 
without H2O2. This synthesis mode allows obtaining a coating with a high corundum content 
at low energy consumption.
Research limitations/implications: For further optimization of the synthesis modes,  
it is necessary to analyse the influence of the phase composition and porosity of the obtained 
oxide ceramic coatings on their microhardness, wear resistance, and corrosion resistance.
Practical implications: Based on the developed modes of synthesis of the coatings, 
it will be possible to obtain wear and corrosion resistant oxide ceramic coatings  
with predetermined functional properties and to reduce energy consumption for their 
formation.
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Originality/value: Methods for accelerating the formation of coatings have been proposed 
and tested, in particular, by adding various amounts of hydrogen peroxide to the electrolyte. 
The content of oxides in the obtained coatings, in particular, their ratios at various 
concentrations of hydrogen peroxide in the electrolyte, were determined by X-ray phase 
analysis. The modes of synthesis of the coatings were developed which allow obtaining a 
continuous coating without cracks with simultaneous decreasing porosity from 4.32% to 
3.55–3.53%.
Keywords: Plasma electrolyte synthesis, Microstructure, Plasma electrolyte oxidation, 
Hydrogen peroxide, Porosity
Reference to this paper should be given in the following way: 
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of oxide ceramic coatings formed on 2024 aluminium alloy, Archives of Materials Science 
and Engineering 105/2 (2020) 49-55. DOI: https://doi.org/10.5604/01.3001.0014.5761

MATERIALS

Practical implications: Based on the developed modes of synthesis of the coatings, it will be possible to obtain wear and 
corrosion resistant oxide ceramic coatings with predetermined functional properties and to reduce energy consumption for 
their formation. 
Originality/value: Methods for accelerating the formation of coatings have been proposed and tested, in particular, by adding 
various amounts of hydrogen peroxide to the electrolyte. The content of oxides in the obtained coatings, in particular, their 
ratios at various concentrations of hydrogen peroxide in the electrolyte, were determined by X-ray phase analysis. The modes 
of synthesis of the coatings were developed which allow obtaining a continuous coating without cracks with simultaneous 
decreasing porosity from 4.32% to 3.55–3.53%. 
Keywords: Plasma electrolyte synthesis, Microstructure, Plasma electrolyte oxidation, Hydrogen peroxide, Porosity. 
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1. Introduction 

 
Aluminium, magnesium, and titanium alloys are widely 

used in industry. They significantly reduce the weight  
of constructions, well absorb shock and vibrations, but their 
wear and corrosion resistance should be improved by 
additional surface treatment. The development of new eco-
friendly technologies of highly efficient and reliable 
coatings for the protection and reinforcement of metal ware 
is one of the most urgent tasks of modern science and 
technology because of increasing of harshness of operational 
conditions, especially, action of aggressive technological 
environments, and corresponding increasing of 
requirements to structural materials. 

There are many ways to increase the wear and corrosion 
resistance of alloys: anodizing, chromium plating, 
phosphating, oxidizing, nitrating, etc. [1-6]. All of them 
increase the corrosion resistance, but the wear resistance of 
the obtained coatings is insufficient. Nowadays, a relatively 
new type of surface treatment and reinforcement of metals 
is actively developing. A new developed plasma electrolyte 
oxidation (PEO) technique is based on a traditional 
anodizing process [7-11]. It allows to obtain multifunctional 
oxide ceramic coatings with a unique complex of properties 
on valve metals (Al, Mg, Ti, Zr, Ta) [12-15]. 

Samples of valve metals are immersed in the electrolyte 
where anode and cathode voltage is alternately applied. 
There are four main stages of formation of oxide ceramic 
coatings on valve metals: formation of the primary oxide 
film by an electrochemical mechanism in the pre-spark 
stage; the breakdown of the primary oxide film and the 
appearance of a plasma clot in the discharge channel; gas-
phase chemical reactions of formation of intermediate and 
final product; condensation and polymorphic transforma-
tions of oxide phases [16, 17]. 

The coatings mainly consist of high-temperature oxide 
phases (Al2O3, TiO2, MgO, ZrO2). In particular, -Al2O3 
coatings with corundum structure formed on aluminium 
alloys at high temperature have high microhardness 
(20 GPa) and wear resistance [18,19]. These coatings are 
wear, corrosion, and heat resistant, and have electrical 
insulating properties. 

Dissociation and thermal decomposition of water occur 
in the discharge channels by reactions: 

 

2H2O+2e– = H2+2OH– (1) 
 

2H2O-4e– = O2+4H+ (2) 
 

2H2O = 2H2+O2 (3) 
 

2H2O = H2+2OH (4) 
 

These reactions are quite energy-consuming and give the 
major contribution of O2, O, OH– and OH which the coating 
is formed of. It was found in [20] that the amount of oxygen 
in the discharge channels is low. However, there is an 
increased aluminium content in the inner areas of the 
coating. Therefore, the disadvantage of PEO coatings is a 
relatively large amount of electricity needed to form the 
coatings. 

The purpose of this work is to analyse the process of 
synthesis of oxide ceramic coatings and to develop methods 
for their production, which would increase the rate of growth 
and, accordingly, reduce the energy consumption. 

The formation of aluminium oxide in plasma discharges 
is described by the formulas: 

 

2Al+3O = Al2O3 (5) 
 

2Al+3OH = Al2O3+3H (6) 
 

4Al+3O2 = 2Al2O3 (7) 
 

2Al+3OH– = Al2O3+3H+3е– (8) 
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Based on the law of the active masses it is possible to 
increase the yield of aluminium oxide by reactions (5-8) by 
increasing the concentrations of reagents, in particular O, O2, 
OH, and OH– [21]. 

It is important to investigate the effect of the addition of 
hydrogen peroxide on the phase composition, thickness, and 
porosity of the oxide ceramic coatings obtained on 2024 
aluminium alloy by plasma electrolyte oxidation. 

 
2. Experimental procedures 
 

The oxide ceramic coatings were synthesized on 2024 
aluminium alloy (94.7 wt.% Al, 3.8-4.9 wt.% Cu, 1.2-1.8% 
wt.% Mg, 0.3-0.9 wt.% Mn). The sample size was 20×15×3 
mm. The samples were polished and washed in distilled 
water and ethyl alcohol before synthesis. The coatings were 
formed by the alternate application of anode and cathode 
pulses to the sample. Anode current density was Ja = 10 
A/dm2, and cathode current density was Jc = 10 A/dm2. The 
electrolytes used in this work were aqueous solutions of 
KOH (3 g/l) and Na2SiO3 (2 g/l) without and with the 
addition of H2O2 (3 g/l), H2O2 (5 g/l), and H2O2 (7 g/l). 

X-ray diffraction analysis of coatings was performed on 
a DRON-3.0 X-ray diffractometer using CuK radiation. 
The percentage of each phase was determined by the X-ray 
diffraction using the software package FullProf by Rietveld 
method. 

The thickness of the coatings was determined using a 
CHY TG-05 thickness gauge (the measurement accuracy is 
± 10 μm ± 10% for the range of 0-199 μm). The porosity of 
the coatings was investigated by analysing the micrographs 
of the PEO coatings obtained on a scanning electron 
microscope at ×500 magnification using the technique [22]. 
In order to localize pores in the images we used a 
multiresolution relevance function [23]. The pore areas are 
selected using a local image function, which is calculated as 
difference between estimated intensities of background and 
object for the given scale. The next step is the analysis of the 
perimeter pixels for the region of interest. It allows to reject 
non compact objects that are not pores. The last step is local 
segmentation. 

The number of pores, pores area, density of pores, ratio 
of pores area to the total area, average and maximum size of 
the pores were calculated after segmentation. 
 
3. Results and discussion 

 
The hydrogen peroxide molecule is capable of breaking 

down in two ways: 
 

2H2O2→H2O+O2: (oxidative decomposition) (9) 
 

H2O2→2OH (free radical decay) (10) 

mIn the first case, the content of molecular oxygen will 
increase in the electrolyte, and in the second one, the OH 
radical will increase in the electrolyte. This will increase the 
yield of aluminium oxide by reactions (5-8). 

Oxide ceramic coatings were synthesized for 1 h in the 
described above electrolytes. The optimal current densities 
were 20-30 A/dm2. However, there is a problem of 
formation of coating on large areas (for this purpose, high 
current densities should be provided). Therefore, there is a 
problem of current parameters selection which will allow to 
form a coating at low power consumption (see Fig. 1). 

It is known [19,24,25] that the maximum content of α-
Al2O3 is formed in coatings after 2 h of synthesis. Oxide 
ceramic coatings synthesized in the electrolyte containing 
KOH (3 g/l) and Na2SiO3 (2 g/l) for 1 h and 2 h of synthesis 
were used to compare the results. 

 

 
 

Fig. 1. Microstructure of an oxide ceramic coating after 2 h 
of synthesis in the electrolyte containing KOH (3 g/l) and 
Na2SiO3 (2 g/l): 1 – Al alloy substrate, 2 – working layer, 
3 – technological layer 

 
The phase compositions of the obtained coatings 

determined by the Rietveld multi-profile analysis using 
known structures of -Al2O3 (R-3C) and -Al2O3 (Fd3m) 
[26,27] are presented in Figure 2. 

The maximum content of α-Al2O3 (33.47%) in coatings 
is obtained within 2 h of synthesis in the original electrolyte 
(Fig. 2a, coating 2 in Tab. 1). Addition of 3 g/l H2O2 to this 
electrolyte makes it possible to obtain oxide ceramic 
coatings with a slightly smaller thickness and lower content 
of α-Al2O3 (29.34%) but within 1 h of synthesis (Fig. 2b, 
coating 3 in Tab. 1). A further increase in the concentration 
of hydrogen peroxide in the electrolyte (coating 4 in Tab. 1) 
allows to synthesize a coating that is almost as thick as 
coating 2 in Table 1, but such an increase in hydrogen 
peroxide leads to a decrease (up to 21.01%) in the amount of 
corundum (α-Al2O3). However, the advantage of this coating 
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in the amount of corundum remains as compared to the 
initial mode after synthesis for 1 h (coating 4 vs coating 1 in 
Tab. 1). At a concentration of 7 g/l H2O2 in the electrolyte, 
the amount of corundum continues to decrease (Fig. 2c, 
coating 5 in Tab. 1) and becomes commensurate with the 
amount of corundum in coating 1. However, the thickness of 
coating 5 is 1.5 times greater than coating 1 (Tab. 1). 

Increasing the concentration of hydrogen peroxide leads 
to an increase in concentration of oxidizers and, accordingly, 
increases the thickness of the oxide ceramic coating. It was 
found that the optimal concentration of H2O2 in the 
electrolyte was 5 g/l. The coating synthesized in such 
electrolyte has a thickness of 109 µm, which is almost twice 
as much as in the coating formed in the original electrolyte 
for 1 h of synthesis. Hydrogen peroxide at a concentration 
of 3 g/l has almost no effect on the growth rate of the coating 
compared to coating 1. At a concentration of 7 g/l, the 

growth rate of the coating is higher compared to coating 1, 
but lower compared to coating 4. 

The porosity of the oxide ceramic coatings obtained in 
different electrolytes is slightly different and is 3.3-4.3%. 
With increasing the synthesis duration by two times the 
porosity decreases, while the maximum pore size increases 
slightly. Moreover, the maximum pore size is lower in the 
coatings obtained in the electrolyte containing KOH (3 g/l) 
and Na2SiO3 (2 g/l) within 1 h (see Fig. 3), than in the 
coatings obtained in the same electrolyte, but after 2 h of 
synthesis. 

The reason for the increase of porosity is the increase of 
the power of plasma discharges, since over time their syn-
thesis number of discharges decreases and the size increases.  

It should be noted that the segmentation method (Fig. 3а) 
developed in [23] allows to detect pores clearly by analysing 
images (Fig. 3b) of surfaces. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 2. X-ray diffraction patterns of oxide ceramic coating: 3KOH+2Na2SiO3 Jc/Ja =10/10 A/dm2, t=2 h (a); 
3KOH+2Na2SiO3+3H2O2, Jc/Ja=10/10 A/dm2, t=1 h (b), and 3KOH+2Na2SiO3+7H2O2, Jc/Ja = 10/10 A/dm2, t=1 h (c). 
Experimental (), calculated (solid line), and the difference (bottom line) X-ray diffraction profiles. 1 – -Al2O3 reflex, 2 – -
Al2O3 reflex, 3 – Al reflex 
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Table 1. 
Phase composition, thickness, and modes of synthesis of the obtained coatings 

Coating Phase, % Oxidizer Synthesis 
time, h 

Jc/Ja, 
A/dm2 

Thickness, 
m 

Porosity, 
% 

Max. pore 
size, m2 α-Al2O3 γ-Al2O3 Al 

1 16.15 71.74 12.11 3KOH+2Na2SiO3 1 10/10 63 4.32 1.434102 
2 33.47 64.46 2.07 3KOH+2Na2SiO3 2 10/10 115 3.95 1.494102 
3 29.34 62.71 7.95 3KOH+2Na2SiO3+3H2O2 1 10/10 74 3.55 0.996102 
4 21.01 76.53 2.46 3KOH+2Na2SiO3+5H2O2 1 10/10 109 3.53 0.594102 
5 15.54 81.20 3.26 3KOH+2Na2SiO3+7H2O2 1 10/10 91 3.37 0.448102 

 
a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

 

Fig. 3. Segmented (a) and initial (b-e) images of the 
surfaces of oxide ceramic coatings synthesized in the 
electrolyte containing 3 g/l KOH and 2 g/l Na2SiO3 
without H2O2 (a, b), with 3 g/l H2O2 (c), 5 g/l H2O2 (d), 
and 7 g/l H2O2 (e), at Jc/Ja =10/10 A/dm2 and t=1 h. 
The segmented image (a) is a result of applying the 
segmentation method to the initial one (b) 

 
It is seen from Fig. 3 and the porosity data presented in 

Table 1 that on the surface of the oxide ceramic coatings 
synthesized in the 3KOH+2Na2SiO3 electrolyte, there are 

pores and a large number of cracks. The addition of 3 and 
5 g/l of hydrogen peroxide to the electrolyte leads to the 
formation of a continuous coating without cracks and a 
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decrease in porosity from 4.32% (Fig. 3b, coating 1 in Table 
1) to 3.55% (Fig. 3c, coating 3) and 3.53% (Fig. 3d, coating 
4), respectively. Besides, the maximum pore size is reduced 
by 1.4 and 2.4 times after the addition of 3 and 5 g/l of 
hydrogen peroxide, respectively. 

With a further increase in the concentration of hydrogen 
peroxide to 7 g/l, the porosity and maximum pore size are 
slightly reduced, but the thickness of the synthesized coating 
decreases more significantly as compared to coating 4. 
Besides, application of this mode of synthesis (coating 5 in 
Table 1) leads to microcracking the synthesized coating 
(Fig. 3e, coating 5). 

Although the number of pores in the obtained coatings 
is large, not all of them are through and reach the base metal 
and, accordingly, do not take part in the corrosion processes. 

In order to continue optimizing the synthesis of oxide 
ceramic coatings, it is necessary to investigate the 
relationship between phase composition and porosity or 
through-porosity of coatings with the physical and 
mechanical properties and corrosion resistance. Since these 
coatings have found their application in parts that work in 
abrasive wear condition, it is need to conduct the micro-
hardness, microplasticity, and wear resistance studies and 
reveal the relationship between corresponding parameters. 
Besides, to expand the range of application of the obtained 
coatings, it is necessary to investigate their corrosion 
resistance in different environments, through porosity, and 
choose the methods of increasing their corrosion resistance. 

 
4. Conclusions 

 
1. The analysis of the process of plasma electrolyte 

synthesis of oxide ceramic coatings on 2024 aluminium 
alloy (94.7 wt.% Al, 3.8-4.9 wt.% Cu, 1.2-1.8% wt.% 
Mg, 0.3-0.9 wt.% Mn) in the electrolyte containing KOH 
(3 g/l) and Na2SiO3 (2 g/l) has been performed. Methods 
for accelerating the coating formation have been 
proposed and tested, in particular, by adding various 
concentrations of H2O2 to the electrolyte. The content of 
α-Al2O3 and γ-Al2O3 oxides in the obtained coatings was 
determined by X-ray phase analysis, in particular, their 
ratios at various concentrations of H2O2 in the 
electrolyte. 

2. The addition of 3–5 g/l of hydrogen peroxide to the 
3KOH+2Na2SiO3 electrolyte leads to the formation of a 
continuous coating without cracks and a decrease in 
porosity from 4.32% to 3.55–3.53%. The maximum pore 
size is reduced by 1.4 and 2.4 times after the addition of 
3 and 5 g/l of hydrogen peroxide, respectively. 

3. The oxide ceramic coating synthesized in the 
3KOH+2Na2SiO3 electrolyte with 7 g/l H2O2 additive 
contains microcracks. The thickness of the synthesized 
coating is reduced as compared to a coating synthesized 
in the 3KOH+2Na2SiO3 electrolyte with 5 g/l H2O2. 

4. We have selected the electrolyte with 5 g/l H2O2 additive 
as an optimal composition for synthesis of a coating with 
an increased content of corundum (α-Al2O3) as compared 
to a coating synthesized in the same mode in the 
3KOH+2Na2SiO3 electrolyte without H2O2. 
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