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Abstract. To create a high-hardness and wear-resistant coating on the heat-resistant aluminum AK4 alloy, the technology of microarc 

oxidation is used. The possibility of forming an oxide layer on the surface (mainly of α−Al2O3 and γ−Al2O3 phases) with a thickness of about 

150 μm and a hardness of 17000 – 18000 MPa is shown. For this, the process of microarc oxidation was carried out at a current density of 

20 A/dm2 in an electrolyte of the composition KOH (1-2 g/L) and Na2SiO3 (6-12 g/L). The obtained properties of MAO coatings on the AK4 

alloy make it possible to effectively use such materials for engine elements. 
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1. Introduction 
Aluminum alloys and aluminum occupy a significant place 

in modern technology as one of the most important materials. They 

are widely used for the manufacture of various parts and structural 

elements, when the leading role is played by low weight, high 

plasticity, corrosion resistance, and good weldability. It is possible 

to significantly expand the scope of application of aluminum alloys 

by applying various coatings to products. There are many known 

coating methods, such as gas, detonation, plasma, electrochemical, 

vacuum spraying and others. However, the method of microarc 

oxidation [1, 2] allows to obtain a fundamentally new quality of 

coatings. The method of microarc oxidation (MAO) is a 

technology that makes it possible to obtain a coating with a special 

spectrum of properties on valve metals [3]. This method makes it 

possible to form coatings on aluminum and aluminum alloys, 

which are thicker than traditional oxide films, firmly adhered to the 

base and have high mechanical, heat-resistant, wear-resistant, 

anticorrosive and antifriction properties [4]. 

It is especially important to form an oxide coating on heat-

resistant aluminum alloys that are used in engine building. Such 

alloys include AK4 alloy (analogue of ENAW-2618A), which was 

developed for engine parts operating under conditions of external 

thermal and cavitation effects, and therefore requiring high 

hardness and wear resistance of surface layers. 

To optimize the technology of obtaining MAO coatings on 

such alloys, specialized studies are required, which is the subject of 

this work. 

In this regard, the aim of the research was to study the 

effect of the type and composition of the electrolyte on the kinetics 

of MAO coatings growth on the AK4 alloy, the formation of the 

phase-structural state of the coatings, and the effect of their phase 

composition on the hardness. 

 

2. Materials and methods 
Samples of AK4 aluminum alloy were subjected to MAO 

treatment (composition of the main elements: Al (91.2–94.6 %), 

Cu (1.9–2.5 %), Mg (1.4–1.8 %), Fe (0.8–1.3 %), Ni (0.8–1.3 %), 

Si (0.5–1.2 %) Samples had the shape of cylinders 30 mm in 

diameter and 10 mm high. 

Microarc oxidation was carried out in a 100 liter bath. 

During the MAO process, cooling and bubbling of the electrolyte 

was provided [5]. The bathroom body served as a counter 

electrode. A 40 kW capacitor-type power supply was used. 

Oxidation was carried out in the anodic-cathodic mode. The 

average voltage was 380 V. The current density was 20-30 A/dm2. 

A mixture of a solution of caustic potassium (KOH) in 

distilled water and a solution of liquid glass (Na2SiO3) in distilled 

water was used as electrolytes. Preliminary studies have shown   

[6, 7] that the most technologically advanced compositions for 

processing aluminum alloys are: 

1) 1 g/L KOH + 6 g/L Na2SiO3; 

2) 2 g/L KOH + 12 g/L Na2SiO3. 

The determination of the phase composition of MAO 

coatings was carried out according to the results of X-ray phase 

analysis. The studies were carried out on the DRON-3 

diffractometer (Burevestnik, Russia) in monochromatic Kα–Cu 

radiation. For quantitative phase analysis, the method of method of 

standard mixtures was used [8]. 

The coating thickness was determined using a VT-10 

NTs vortex thickness gauge. The error in measuring the coating 

thickness is no more than 5 % at the smallest coating thickness 

(about 10 μm). 

Microhardness was determined using a PMT-3 device. 

To study the surface morphology and determine the features of 

the relief, scanning electron microscopy was used on a PEM MA 

101 instrument. 

 

3. Results and discussion 
The structure of MAO coatings was studied on cross 

sections and on the surface of the samples. MAO coatings have a 

two-layer structure. A typical structure is shown in Fig. 1. The top 

layer is technological (its thickness is about 30 % of the total 

coating thickness). This layer is not wear-resistant, loose, porous, 

easily removed by sanding with sandpaper. The inner layer is 

working (basic). This layer is dense with low porosity. Studying 

the metal-coating interface, it should be noted that there are no 

delamination, foreign inclusions, discontinuities at the interface. 

This indicates good adhesion to the AK4 base alloy material. 

 

 
 

Fig. 1. Microstructure of the side section of the near-surface layer 

of the alloy after MAO treatment 

 

A high roughness of the technological layer and a low 

one for the base layer of the coating is clearly visible from the data 

of scanning electron microscopy (Fig. 2). 

It was found that the roughness of the base layer is 

practically not affected by both the composition of the electrolyte 

(in comparison with the two types that were studied) and the 

thickness of the coating itself. However, an increase in the current 

density j from 20 to 30 A/dm2 in order to accelerate the coating 

process leads to a significant increase in roughness, which can be 

seen from Fig. 3. 
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              a)                 b) 

 c)       d) 

 

Fig. 2. SEM images of the surface (a, b) and its roughness (c, d) for the technological layer (a, c) and the base layer (b, d) of the MAO 

coating on the AK4 alloy 

 

   

 a)   b) 

 

Fig. 3. The base layer of MAO-coating on the AK4 alloy obtained at a current density of 20 A/dm2 (a) and 30 A/dm2 (b). 
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The kinetics of coating growth was investigated (Fig. 4). 

The thickness of the coating was determined by the metallographic 

method on transverse sections, as well as using a VT-10 NTs 

vortex thickness gauge. Thus, as the results of determining the 

thickness of the base layer have shown, at a current density of 

20 A/dm2 and a processing time of 180 minutes, a working wear-

resistant layer with a sufficiently large thickness of 150 μm can be 

obtained. 

60 80 100 120 140 160 180
0

20

40

60

80

100

120

140

160

 

 

2

1

h
, 


m

 min

 
Fig. 4. Change in the thickness of the base layer from the time of 

the MAO process (1) and the increase in the thickness of the 

sample (2) 

 

Fig. 4 also shows the results of determining the increase in 

the total thickness of the samples Δt from the time of oxidation. 

This information about the change in dimensions due to MAO is 

important since the MAO coating grows both in depth and outside. 

However, after removal of the technological layer, the change in 

the sample size is 5 ÷ 10 μm, that is, the coating layer practically 

does not increase the size of the part after oxidation, which is very 

important when using such parts in friction pairs. 

It should be noted that there should be a change in the size 

of the samples, since the formed aluminum oxide occupies a larger 

volume than the initial metallic aluminum. In this case, it should be 

taken into account that during MAO treatment, not only the 

transformation of the Al base into oxides occurs, but also the 

etching of the aluminum base. 

The phase composition of the coatings was studied by the 

X-ray diffraction method. It was found that the coatings consist of 

crystalline phases. The main phases of MAO coatings are γ- Al2O3 

and α-Al2O3, and the mullite phase 3Al2O3∙2SiO2 is also present in 

a much smaller amount. The results of quantitative phase analysis 

are shown in table 1. 

 

 

 

 
Table 1. Quantitative phase composition of MAO coatings and their hardness 

 

Series 

number 

MAO parameters Phase composition 

   HV, MPa electrolyte τ, min α-Al2O3 γ-Al2O3 3Al2O3∙2SiO2 

1 
2 g/L КОН + 12 g/L 

Na2SiO3 

60 1 95 4 14300 

2 120 12 74 14 15200 

3 180 23 63 14 17100 

4 
1 g/L КОН + 6 g/L 

Na2SiO3 

60 3 88 8 14500 

5 120 10 78 12 16500 

6 180 16 72 12 17900  

 

Analyzing the results obtained, it can be concluded that the 

composition of MAO coatings obtained under the same oxidation 

modes, but in different electrolytes, has a similar phase 

composition, with the same coating thickness. There is also a 

tendency to an increase in the relative content of the α-Al2O3 phase 

with an increase in the coating thickness, which may be a 

consequence of an increase in the breakdown voltage of the 

dielectric oxide layer. In this case, the temperature in the 

breakdown channels increases, which creates thermodynamic 

conditions for the γ−Al2O3 → α−Al2O3 transition. 

In addition, with an increase in the thickness of the coating, 

an increase in hardness occurs. As can be seen from table 1, such 

an increase in hardness correlates with an increase in the relative 

content of the α-Al2O3 phase. With the greatest thickness (about 

150 μm), a surface hardness of more than 17000 MPa is achieved. 

Such a high hardness should ensure higher strength and wear 

resistance of parts made of AK4 alloy, which is a necessary 

condition for their use as engine elements. 

Thus, taking into account the analysis of the coating 

hardness, depending on the thickness, it is possible to recommend 

in practice the use of an electrolyte with a component content in a 

wide range (KOH within 1 - 2 g/L and Na2SiO3 within 6 - 12 g/L), 

while controlling the thickness of the MAO coating, the required 

level of hardness can be achieved. This result is very interesting, 

since it greatly simplifies the MAO technology for parts made of 

AK4 alloy, namely, it is not necessary to observe the electrolyte 

composition with great accuracy. It is known that, depending on 

the electricity passed during the oxidation process, the composition 

of the bath changes and, as a rule, requires adjustment, but for the 

process that was developed in this work, this is not necessary. 

 

4. Conclusions 

 
1. The possibility of obtaining wear-resistant coatings on 

the AK4 alloy by the method of microarc oxidation has been 

investigated. It was found that in electrolytes with the composition 

of KOH (1 - 2 g/L) and Na2SiO3 (6-12 g/L) at a current density of 

20 A/dm2, an oxide layer with a thickness of about 150 μm and a 

hardness of 17000 18000 MPa can be formed on the surface. 

2. The phase composition of MAO coatings and their 

hardness were studied. It was found that the main phases are γ- 

Al2O3 and α-Al2O3. The quantitative ratio of these phases changes 

with the thickness of the formed coating. With increasing 

thickness, there is a tendency for the relative content of the α-Al2O3 

phase to increase. It is shown that the hardness of the MAO coating 

depends on the phase composition and increases with an increase 

in the content of the α-Al2O3 phase in the coating. 
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