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Abstract X-ray phase analysis of oxide ceramic coatings formed on the alloys 
D16T and AK9M2 in the process of plasma electrolyte oxidation in the electrolyte 
(KOH (3 g/l), Na2SiO3 (2 g/l) is fulfilled. It is established that at the beginning of 
the coating synthesis (after 5 min) there is a transformation of the crystal lattice 
of aluminum with the formation of the compound Al3.21Si0.47 in the surface layers 
of both alloys. After 1 h of synthesis, the corresponding oxide ceramic coatings 
on alloys D16T and AK9M2 contain the following phases: α-Al2O3 (corundum), 
γ-Al2O3, and Al2O3·SiO2 (sillimanite). When increasing the synthesis time to 2 h 
there is a partial conversion of sillimanite (Al2O3·SiO2) to mullite (3Al2O3·2SiO2) 
in the coatings on the alloy AK9M2. The study of the surface microstructure showed 
a uniform growth of oxide ceramic coatings and an increase of Si areas due to the 
formation of SiO2 and the formation of a low-temperature substitution compound 
Al3.21Si0.47. The image segmentation method was used to analyze the pore sizes and 
the distribution and size of bit channels. It is established that the minimum pore size 
is approximately 0.9 μm.
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1 Introduction 

An urgent task of modern science and technology is the development of new tech-
nologies for the formation of highly effective, reliable coatings for the protection 
and strengthening of metal products. There are many ways of increasing the wear 
and corrosion resistance of light alloys [1–10]: anodizing, chromium plating, phos-
phating, oxidation, nitriding, etc. One of these methods is plasma electrolyte oxida-
tion. Therefore, a new type of surface treatment and strengthening of metal materials, 
which is a variant of traditional anodizing pro-plasma electrolytic oxidation (PEO), 
is actively developing. It makes it possible to obtain multifunctional oxide ceramic 
coatings with a unique set of properties on valve metals (Al, Mg, Ti, Zr, Ta) [11–13]. 
However, in addition to high corrosion resistance, oxide ceramic coatings should 
also have good wear resistance. There are four main stages of the formation of oxide 
ceramic coatings [14] on valve metals: the formation of the primary oxide film at 
the pre-spark stage by an electrochemical mechanism; breakdown of the primary 
oxide film and the appearance of a plasma clot in the discharge channel; plasma 
chemical reactions of formation of intermediate and final products; and condensa-
tion and polymorphic transformations of oxide phases [14]. In recent years, this 
method has been actively used to form wear- and corrosion-resistant coatings on 
silumins, which are widely used in industry and contain 4…0.22 mass % of silicon 
[15–17]. Silumins have a low cost, and they are widely used in various industries, 
namely: in mechanical engineering (pistons, body parts, engine cylinders), aircraft 
construction (cylinder blocks, pistons for cooling, aviation assemblies), aerospace 
engineering (parts with a low temperature coefficient of linear expansion and a high 
level of mechanical properties), during the manufacture of gas turbine equipment 
(generators, heat exchangers), etc. Their corrosion resistance is higher than that of 
deformable aluminum alloys, but at the same time their wear resistance is not high. In 
the last decade, methods of applying PEO coatings on deformable aluminum alloys 
and silumins have been actively developed. 

The purpose of this work was to establish the mechanism of interaction of plasma 
discharge channels with aluminum and silicon and the effect of silicon on the phase 
composition, crystal structure, and porosity of oxide ceramic coatings synthesized 
on aluminum alloys of the Al–Si and Al–Cu systems. 

2 Methods and Materials 

Oxide ceramic coatings were synthesized on aluminum alloys AK9M2 and (Al— 
87.6–93.6%, Si—6–8%, Cu—1.5%, Mg—0.2–0.5%, Mn—0.2–0.5%) and D16 
(94.7% Al; 3.8…4.9 Cu; 1.2…1.8 Mg; 0.3…0.9% Mn). The size of the samples is 
20 * 15 * 3 mm. Before synthesis, the samples were polished and washed in distilled 
water and ethyl alcohol. The coating was formed by alternately applying anodic and 
cathodic pulses to the sample. The coatings were synthesized at cathodic to anodic
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current densities ratio jc/ja = 15/15 A/dm2 for time 5 min and 2 h. An aqueous solu-
tion of KOH (3 g/l), Na2SiO3 (2 g/l) served as the electrolyte. A DRON-3.0 diffrac-
tometer with CuKα radiation was used for X-ray phase analysis of coatings. The 
content of each of the phases was determined by diffractograms using the FullProf 
program package, using the multi-disciplinary method of Rietveld [18]. Porosity was 
investigated by analyzing microphotographs of PEO coatings obtained on a Zeiss 
EVO-40XVP scanning electron microscope with a magnification of ×500 times 
according to the method [19]. 

3 Results and Discussions 

X-ray structural analysis was used to determine the silicon content in the original 
AK9M2 alloy, as well as the composition of the corresponding oxide ceramic coatings 
after 5 min and 2 h of PEO treatment. The corresponding X-ray diffractograms of the 
original AK9M2 alloy and the oxide ceramic coating on it after 5 min of processing 
are shown in Fig. 1. 

According to X-ray images, it was established that the intensity of Al, Si reflexes 
decreases after PEO treatment of the AK9M2 alloy. In addition, traces of impurity 
phases such as SiO2 and Al2.67O4 were found in the coatings. It was established 
for the first time that already at the beginning of the synthesis of the oxide ceramic 
coating, aluminum and silicon form Al4−xSix substitution compounds. In particular, 
the substitution compound Al3.21Si0.47 has space group Fm3m and lattice parameters 
a = 0.5641 nm [20]. Its presence is confirmed by the decrease in intensity of Al and 
Si reflexes and their increase for Al4−xSix. 

Figure 2 shows X-ray diffraction patterns of alloy D16 after 5 min of PEO 
treatment.
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Fig. 1 X-ray diffraction of initial alloy AK9M2 (a) and oxide ceramic coatings after 5 min synthesis 
on AK9M2 (b) 
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Fig. 2 X-ray diffraction of 
oxide ceramic coatings on 
D16 alloy after 5 min 
synthesis 
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On the surface of D16 alloy after 5 min of PEO treatment, in addition to Al, 
substitution compounds Al4−xSix as well as traces of impurity phases Al2.67O4 and 
SiO2 were detected. 

This indicates that silicon is reduced from the electrolyte (Na2SiO3) with subse-
quent synthesis of the Al4−xSix compound in the plasma discharge channels on the 
surface of the alloy. 

The works [14, 21, 22] showed the growth mechanisms of the oxide ceramic 
coating on aluminum alloys in the process of plasma electrolytic oxidation. As you 
know, valve metals (Al, Ti, Mg, Zr, Ta) are usually covered with a thin passive oxide 
film. Due to the application of high voltage, this film breaks down and discharge 
plasma channels appear. Atomization and ionization of the electrolyte and base metal 
from which the oxide ceramic coating grows take place in them. 

Previously, an analysis of the distribution of silicon in oxide ceramic coatings was 
carried out [23]. In particular, it was established that the transition layer between the 
aluminum base and oxide ceramics contains up to 0.5 at. % silicon and is partially 
amorphized. Al2SiO5 and Al6Si2O13 phases are formed in the near-electrolyte region. 

The main phases of oxide ceramic coatings are γ-Al2O3 (Fm3m) and α-Al2O3 

(R-3C).  The formation of  α-Al2O3 (corundum) occurs when the temperature in the 
vicinity of the discharge channel rises above 1000 K to the temperature of the phase 
transition of γ-Al2O3 to α-Al2O3. The increase in corundum content in oxide ceramic 
coatings grows with increasing thickness and decreasing thermal conductivity of the 
coatings [24]. 

In works [25, 26] the growth mechanisms of oxide ceramic coatings on alloys of 
the Al–Si system were given. In particular, it was established that the coating begins 
to form at the boundary of the Al and Si phase distribution from the passivation 
of aluminum and silicon, the oxide film on aluminum breaks down, and the oxide 
ceramic coating begins to grow when the dielectric properties of aluminum oxide 
and silicon oxide are equalized. Corresponding oxide ceramic coatings consist of
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γ-Al2O3 and α -Al2O3 and a small amount of SiO2 and Al2SiO5. It should be noted 
that these coatings are synthesized at a much lower current density (4–6 A/dm2) 
and in the presence of a phosphate electrolyte. Therefore, the increase in current 
density up to 15 A/dm2 can also affect the coating formation mechanism. In Fig. 3 
the following photographs of the AK9M2 alloy surface after 5 min of synthesis of 
the oxide ceramic coating were obtained using optical (a) and electron microscopes 
(b). 

The alloy AK9M2 contains silicon in the form of lamellar inclusions. In Fig. 3a 
a photomicrograph of the AK9M2 surface is shown, where the inclusions have a 
characteristic dendritic structure. Based on the X-ray phase analysis of the oxide 
ceramic coating (Fig. 1b), this can be explained by the formation of SiO2 oxide on 
silicon. In Fig. 3b the given micrograph of the same surface was made with the help 
of an electron microscope at a magnification of ×500. It has elongated (elongated) 
pores (black areas) of large size, which were formed at the Al–Si interface.

Fig. 3 Surfaces of oxide ceramic coatings on AK9M2 (a, b) and D16T (c) alloy  after 5 min PEO  
synthesis 
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Table 1 Segmentation 
results of surface defects D16 

X500_BSD 
AK9M2 
X500_BSD 

N 9881 13,062 

Sdef, m2 1.98 × 10−8 3.10 × 10−8 

N /Ssurf, 1/m2 4.72 × 1010 6.24 × 1010 
Sdef/Ssurf 0.095 0.15 

Smin, m2 5.16 × 10−14 2.07 × 10−13 

Smax, m2 4.14 × 10−11 9.16 × 10−11 

Sav, m2 2.01 × 10−12 2.27 × 10−12 

The surface of the D16 alloy (Fig. 3c) under the same conditions of synthesis of 
the oxide ceramic coating has a significantly different structure. Larger pores, which 
are formed within the first 5 min of synthesis, are caused by the presence of CuMgAl2 
and CuAl2 intermetallics in the D16 alloy. They are significantly smaller in size and 
round in shape, unlike the lamellar silicon inclusions in the AK9M2. 

Image segmentation was performed by thresholding of image intensity function. 
The operation of thresholding consists in comparing the value of the image intensity 
function of each pixel of the image with a given threshold value. The selection of 
the appropriate value makes it possible to select areas of a certain type on the image. 
In the binarization process, the initial grayscale image, which has 256 Gy levels, is 
transformed into black and white, where the background pixels have a value of 1, 
and the pore pixels have a value of 0 (see Fig. 3). In the case of a noisy background, 
a filtering procedure can be applied before segmentation [27–29]. 

The defect parameters were determined by the segmentation procedure, where 
the total number of defects is N; defect area Sdef; the ratio of the number of defects 
to the total area N /Spov; the ratio of the area of defects to the total area Sdef/Spov; 
minimum defect size Smin; maximum defect size Smax; and average defect size Savg. 
Square of surface is Spov = 2.09 × 10−7 m2. Defect parameters are given in Table 1. 

Oxide ceramic coatings on the AK9M2 alloy have a significantly larger number 
of pores and more than twice their maximum size compared to the corresponding 
coatings on the D16 alloy. The obtained results correlate with [26], where the pore 
sizes in the oxide ceramic coating on Z10L9 silumin are 3.61 ± 1.31 μm and are 
much larger than on aluminum (1.06 ± 0.47 μm). 

The analysis of the emission spectra of the electrolytic plasma at the initial time of 
synthesis indicates the presence in them of the emission lines of Cu on the D16 alloy 
and Si on the silumins. This can be explained by the occurrence of spark discharge 
channels in the areas with the lowest dielectric properties and the defective structure 
that occurs in the places where the inclusions come to the surface. 

Figure 4 shows the diffractograms of oxide ceramic coatings on AK9M2 and D16 
alloys after 2 h of coating synthesis. The quantitative content of phases calculated 
by the complete profile method of Rietveld using the FullProf program is given in 
Table 2.
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Fig. 4 X-ray diffraction patterns of ceramic oxide coatings obtained on AK9M2 and D16 alloys 
after 2 h 

Table 2 Phase composition 
of oxide ceramic coatings 
obtained on AK9M2 and D16 
alloys 

AK9M2 D16 

Phase Content, mass% Content, mass% 

α-Al2O3 11.28 17.48 

γ-Al2O3 44.45 73.29 

SiO2 3.08 – 

Al2O3·SiO2 40.12 – 

Al 1.07 9.23 

The main phases in coatings on AK9M2 alloy are γ-Al2O3 and sillimanite— 
Al2O3·SiO2, and on D16 alloy γ-Al2O3 and α-Al2O3. It should be noted that 
the content of corundum and sillimanite in oxide ceramic coatings increases with 
increasing time of coating synthesis. 

Based on the phase analysis of oxide ceramic coatings and their surface, the effect 
of silicon on structural transformations in aluminum alloys of the Al–Si and Al–Cu 
systems was established. In particular, in both cases, at the beginning of the synthesis 
of the oxide ceramic coating, a transition compound Al4−xSix and SiO2 is formed, 
which contributes to the formation of a uniform coating and the reduction of the 
breakdown voltage. 

The content of these phases is significantly higher in the alloy with a high silicon 
content than on the alloy of the Al–Cu system. As the synthesis time increases, its 
influence changes significantly. In silumins, silicon is included in the composition 
of sillimanite and silicon oxide, and in alloys of the Al–Cu system of silicon, only 
traces of silicon are observed in the near-electrolyte region of the coating.
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4 Conclusions 

X-ray structural analysis revealed that during plasma electrolytic oxidation of alloys 
of the Al–Si and Al–Cu systems in an alkaline silicate electrolyte, a number of struc-
tural transformations occur in the oxide ceramic layers. In particular, it is shown 
that Al4−xSix compounds form already within 5 min of synthesis on both aluminum 
and silicon alloys. The segmentation method was used to analyze oxide ceramic 
coatings on two doping systems. After 5 min of synthesis of the oxide ceramic 
coating on the AK9M2 alloy, a larger size of pores in the coating was recorded, and 
its maximum porosity was 14.8%. Most likely, they are formed at the aluminum– 
silicon interface and have a characteristic oblong shape. In the coating on the D16 
alloy under the same synthesis conditions, the porosity is 9.5%. During 2 h of 
synthesis, the influence of silicon on alloys increases significantly. Only traces of 
silicon are observed in the oxide ceramic coating on the D16 alloy, while Al2O3·SiO2 

(sillimanite) and 3Al2O3·2SiO2 (mullite) are formed on AK9M2. Therefore, in the 
plasma discharge channels on the surface of both alloys, silicon is reduced from the 
electrolyte (Na2SiO3) with subsequent synthesis of Al4−xSix compounds. 
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