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Методом мікродугового оксидування тех-
нічно чистого алюмінію і алюмінію легова-
ного міддю і цинком в лужно-силикатном 
електроліті при щільності струму ~20 А/дм2  
одержані покриття товщиною близько 100 мкм. 
Наведено результати дослідження морфо-
логії поверхні, фазового складу і твердості 
МДО-покриттів. Параметрами зміни слу-
жили склад електроліту і концентрація легу-
ючих (Cu і Zn) елементів. Це дослідження про-
ведено тому, що наявних в даний час даних не 
достатньо для уявлення про характер впли-
ву хімічного складу алюмінієвого сплаву і умов 
електролізу (зокрема, складу електроліту) на 
механізм і кінетику перетворення γ→a. А без 
розуміння цього спрямована зміна структур-
ного стану і властивостей МДО покриттів 
стає неможливою. В результаті досліджень 
було встановлено, що при мікродуговом окси-
дуванні алюмінієвих сплавів в лужному елек-
троліті з додаванням рідкого скла (Na2SiO3) 
різної концентрації зміцнений шар склада-
ється з оксидів a-А12О3, γ-А12О3 і муллита 
3Al2O3 · 2SiO2. Дані рентгеноструктурного 
аналізу покриттів свідчать про кристалічну 
будову покриттів. Встановлено, що легуван-
ня алюмінію міддю і цинком істотно впливає 
на фазовий склад покриття, змінюючи кіль-
кісне співвідношення фаз нелінійним чином. 
Найбільший вміст a-А12О3 фази (до 60 об. %) 
досягається при легуванні Cu. При цьому най-
більш висока твердість МДО покриттів дося-
гається при використанні електроліту скла-
ду 1 г/л KOH і 6 г/л Na2SiO3 в алюмінієвих 
сплавах при вмісті міді більше 3 %, а цинку – 
2–3 %. Встановлено, що механізм формуван-
ня фазового складу слід пов’язати зі стабілі-
зацією і дестабілізацією фази γ-А12О3. З цього 
для досягнення високої твердості слід виби-
рати ті легуючі елементи, які впливають на 
дестабілізацію γ-А12О3, що забезпечує утво-
рення фази a-А12О3 (корунд). У зв’язку з цим 
виявлено, що катіони Cu2+ сприяють деста-
білізації фази γ-А12О3, а катіони Zn2+ призво-
дять до стабілізації фази γ-А12О3 при утри-
манні Zn>3 %
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1. Introduction

The surface condition of functional materials largely de-
termines their properties [1, 2]. Therefore, at present, struc-

tural surface engineering is the main method for achieving 
high functional properties of materials [3, 4]. The basis of 
modern methods of structural engineering of a surface is its 
modification under highly nonequilibrium conditions [5, 6].  
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In most technologies, such a modification leads to a decrease 
in the grain size of crystallites to a nanometer size [7, 8].  
To increase the stability of such metastable states, two 
approaches are used: doping to low concentrations (up to  
1 at %) [9, 10] and multi-element doping in a ratio of ele-
ments close to equiatomic [11, 12]. Moreover, the highest 
mechanical properties were achieved by obtaining plasma 
flows on the surface of coatings [13, 14].

One of the most promising methods in this direction 
is plasma oxidation [15, 16]. The use of this method shows 
the greatest efficiency for obtaining highly hard protective 
coatings on valve materials (Al, Ti, Mg, Ta, Nb, Zr) [17, 18].  
Such a process is called microarc oxidation (MAO) [19, 20]. 
Microarc oxidation refers to the high-voltage anodizing 
method [21, 22]. The differences between the MAO method 
and the anodization process include the use of not direct 
current, but alternating [23, 24] with surge [25] currents. 
The differences also include the use of weakly alkaline elec-
trolytes (using the MAO method) instead of acid ones, which 
are mainly used for anodizing [26, 27]. However, the main 
distinguishing feature is the use of the energy of electrical 
microdischarges that randomly migrate over the surface of 
products processed in the electrolyte. These microdischarges 
have a thermal and plasmochemical effect on the coating 
itself and electrolyte [28, 29]. As a result, the hardness and 
strength of materials increase [30, 31].

In recent years, there has been an increased interest to 
light metal elements (to a large extent this relates to Al 
and Ti) as structural elements of aerospace equipment and 
engines of various modifications. In this regard, the techno-
logies that lead to an increase in the strength and hardness of 
these materials are relevant and demanded by the industry.

2. Literature review and problem statement

The work [32] describes the microarc oxidation process 
for creating an oxide film on the surface of metals and alloys 
by their anodic polarization in a conducting medium. It was 
shown that microarc oxidation is accompanied by the forma-
tion of microplasma [33] and microregions with high pres-
sure due to the gases formed [34, 35]. This leads to the occur-
rence of high-temperature chemical transformations [36, 37] 
and the transport of substance in the arc [38, 39].

In addition, a comparison of the MAO method with 
anodization shows that when anodizing, the size of the part 
increases by a film thickness of 30–60 μm. At the same time, 
in order to obtain it, it is necessary to observe the tempera-
ture regime. For this, the current density should not exceed 
2.5 A/dm2. Microarc oxidation allows increasing current 
density up to 100 A/dm2. Due to this factor, the duration of 
the process is reduced by 20 times.

Microarc oxidation allows obtaining multifunctional coat-
ings with a unique set of properties (high wear resistance, 
corrosion resistance, heat resistance) [40, 41].

MAO coatings obtained on aluminum and its alloys in 
silicate-alkaline electrolytes, as a rule, have a three-layer 
structure (transition layer, main working layer, technological 
layer) and uneven distribution of components [42].

It is possible to change the phase composition and control 
polymorphic transformations based on aluminum oxide not 
only due to changes in electrolysis conditions, but also by 
optimizing the composition used to obtain coatings [43, 44].  
The presence of direct contact between the metal and the 

breakdown region allows expecting a large effect of the che-
mical composition of the aluminum alloy on the properties 
of coatings [45]. Preliminary studies have shown that the 
phase composition of coatings on different grades of alumi-
num alloys is different, which is apparently due to the partial 
completion of the transformation of the low-temperature 
modification of γ-A12O3 alumina into the stable modification 
a-A12O3 [31, 35].

Therefore, to achieve high hardness and wear resistance 
of MAO coatings on aluminum alloys, it is necessary to pro-
vide a large percentage of the a-A12O3 (corundum) phase. 
Moreover, as was established in [31, 35], phase formation 
during the MAO treatment of aluminum alloys in the micro-
arc discharge mode begins with the γ-А12О3 phase, which 
undergoes the γ→a transition as the coating forms.

However, as follows from the literature review, the main 
attention is mainly paid to the influence of technological pa-
rameters on the properties of the modified surface. Detailed 
studies of structural states and the influence of processing 
conditions on them are practically absent. This is due to 
the fact that industrial alloys with multi-element alloying 
are mainly studied, which makes it practically impossible to 
establish the laws of the influence of elemental composition 
on the mechanism and kinetics of structural transformations. 
Since the influence of different elements (making up the 
alloy) can have not only different kinetics, but also lead to 
opposite effects (as assumed, for example, from the results 
of [31]). Because of this, there are currently insufficient data 
to understand the nature of the influence of the chemical 
composition of the aluminum alloy and electrolysis condi-
tions (in particular, electrolyte composition) on the mecha-
nism and kinetics of both the main γ→a transformation and 
other types of transformations. And without understanding 
this, a directed change in the structural state and properties 
of MAO coatings becomes impossible.

3. The aim and objectives of the study

The aim of the work is to study the laws of the influence 
of the electrolyte composition and doping of aluminum with 
Cu and Zn atoms on the phase formation processes, struc-
ture and hardness of coatings formed in an alkaline silicate 
electrolyte in the anodic-cathodic mode of the microarc 
oxidation process.

To achieve this goal, the following tasks were solved: 
– to determine the phase composition of coatings during 

microarc oxidation of aluminum alloys doped with Zn and Cu;
– to establish the dependence of the coating hardness on 

the content of alloying elements and electrolyte composition;
– to analyze and explain the revealed patterns in terms of 

stabilization and destabilization of phases in alloys and deter-
mine the effect of Cu and Zn impurity atoms on this process.

4. Conditions for obtaining microarc oxide  
coatings on aluminum alloys and methods  

for their research

4. 1. Conditions for obtaining microarc oxide coatings 
on aluminum alloys

To obtain microarc oxide coatings, samples of aluminum 
alloys in the form of cylinders with a diameter of 20 mm and 
a height of 10 mm were used. The treatment was carried out  
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in an alkaline electrolyte with the addition of liquid glass  
(Na2SiO3). The MAO treatment was carried out in the anode- 
cathode mode at a current density of ~20 A/dm2, the treat-
ment time was τ = 1 hour (to study the morphology of 
the initial stage of coating growth, τ = 10 min was used).  
A capacitor-type power supply was used. In order to opti-
mize the technology, the MAO treatment was carried out 
in electrolytes of two different compositions – 1 g/l KOH+  
+6 g/l Na2SiO3 and 2 g/l KOH+12 g/l Na2SiO3. These 
electrolytes are the most versatile for organizing the anode- 
cathode process in the microarc discharge mode.

Technically pure aluminum, copper-doped (from 3 to 
9 % Cu) aluminum and zinc-doped (from 1 to 10 % Zn) 
aluminum were subjected to microarc treatment. It should 
be noted that copper and zinc are the main components of 
deformable aluminum alloys, hardened by heat treatment.

4. 2. X-ray quantitative phase analysis
X-ray diffraction survey of the samples was carried out 

on a DRON-3 diffractometer (Burevesnik, Russia) in mono-
chromatized radiation from a copper anode in the range of 
angles 2θ = 10–70°. Scanning was carried out point by point 
with a step of 0.1 degree and accumulation time of 10 sec-
onds at a point. Quantitative phase analysis was carried out 
using reference samples. The relative error in determining 
the phase content by this method depends on the integrated 
intensity of the diffraction peaks. Therefore, to reduce the 
error in determining the composition, not all diffraction 
peaks of the phases were used, but only the most intense (in 
their reflectivity). This technique improves accuracy, but 
does not allow the use of statistical processing over the entire 
spectrum.

4. 3. Microhardness measurement method
The microhardness of the samples was determined on  

a PMT-3 instrument (AO LOMO, Russia). Microhardness 
was determined by the indentation of an indenter – a dia-
mond pyramid, with a square base and a tetrahedral shape 
with an angle at the apex between the opposite sides of the  
pyramid equal to 136°. The microhardness number of  
the tetrahedral pyramid with a square base H, kg/mm2, was 
determined by the formula (1):

H
P

S

P

d

P

d
= =

⋅
=

1
2 1 85442 2

sin
. ,

a

 (1)

where P is the nominal load applied to the diamond pyramid; 
S is the conditional area of the side surface of the imprint, 
mm2; d is the arithmetic mean of the length of both diagonals 
of the square imprint, mm; a is the point angle of the diamond 
pyramid, deg.

When analyzing the obtained results, the average value 
over 5 measurements was used.

4. 4. Thickness control of coatings obtained by micro-
arc oxidation

To measure the thickness of oxide films, the non-de-
structive testing method, the electromagnetic method, was  
used. In this case, the coating thickness was measu- 
red on a VT-10NTs instrument (Kontrolpribor, Rus-
sia). Metallographic analysis of transverse sections on an  
Axio Vert.A1 MAT device (Carl Zeiss, Germany) was also 
used for thickness control.

5. Results of the study of the influence  
of MAO treatment regimes on the surface morphology 

and phase composition of coatings of aluminum  
alloys doped with Zn and Cu

The control of the coating thickness showed that in 
one hour of processing, a coating is formed with a thick-
ness of 100–110 microns. The metallography of the surface 
revealed that in the process of coating formation, the sur-
face morphology changes significantly. At the beginning of 
the process, a light gray coating with a small roughness is 
formed (Fig. 1, a). With an increase in the process duration, 
the surface morphology changes – the roughness and size 
of microroughness increase, and the places of melting are 
clearly visible (Fig. 1, b). The change in the surface morpho-
logy during the oxidation process is due to the change in the 
density and power of microdischarges. As can be seen during 
visual observation of the MAO process, the initial stages are 
characterized by a high density of low-power discharges (rela-
tively low luminosity). As the coating thickness increases, the 
density of the discharges decreases, and their power increases. 
The latter was determined by an increase in luminosity.

  100 μm 100 μm  
а b

Fig.	1.	Surface	morphology	of	the	oxide		
coating	on	the	aluminum	alloy	Al+9	%	Cu:		

a	–	τ = 10	min;	b	–	τ = 1	hour

It is known that the properties of MAO coatings (base 
layer) are primarily determined by their phase compo-
sition [31, 35].

The X-ray phase analysis carried out in the work revealed 
the effect of doping on the phase composition of the coatings. 
Typical diffraction patterns of the coatings are shown in Fig. 2.

It can be seen that as a result of microarc oxidation of 
aluminum alloys in an alkaline electrolyte with the addition 
of liquid glass (Na2SiO3) of various concentrations, the 
hardened layer consists of the oxides a-Al2O3, γ-A12O3 and 
mullite 3Al2O3⋅2SiO2. The quantitative ratio between these 
phases depends on the oxidation mode, electrolyte composi-
tion and chemical composition of the oxidized alloy.

The spectra presented in Fig. 2 show that the hardened 
layer on all the studied samples has a crystalline structure. 
The relative intensity of the diffraction lines for the identi-
fied phases is close to the table data, which indicates the ab-
sence of a pronounced texture (i. e., the random orientation 
of the crystals of the hardened layer). The hardened layer 
has a similar phase composition, but the quantitative ratio 
is determined by the extent of aluminum alloying (Fig. 3).

As can be seen from Fig. 3, the highest content of the 
a-A12O3 phase is observed in Al+Cu alloys with a Cu 
content of about 4 wt. % (Fig. 3, a, b). For such a con-
tent, microarc treatment in an electrolyte of 2 g/l KOH 
and 12 g/l Na2SiO3 leads to a content of about 30 vol %  



Materials science

9

a-A12O3 (Fig. 3, b). When 1 g/l KOH and 6 g/l Na2SiO3 are 
treated in an electrolyte, the a-A12O3 phase content in the 
coating reaches 60 vol %.

6. Results of the study of the effect of electrolyte 
composition and alloying on the hardness of aluminum 

alloys after MAO treatment

The highest physical and me-
chanical properties and the high-
est hardness (about 24 GPa) are in 
the a-A12O3 phase (corundum). The  
γ-А12О3 phase has a hardness of 
about 14 GPa, and mullite has a hard-
ness close to 10 GPa. In this regard, 
the production of coatings with 
high hardness is associated with the 
need to ensure a high percentage of 
a-A12O3 in the coating composition.

The obtained dependences of hard-
ness on the alloy composition are 
shown in Fig. 4.

Fig. 4 shows that the dependence 
of hardness on composition is non-
monotonic. A significant increase in 
hardness in the case of an Al+Cu  
alloy is manifested when the Cu 
content is >3 %. In the case of an 
Al+Zn alloy, the maximum hardness 
is at a Zn content of ~3 %. These re-
sults were obtained in an electrolyte 
with a composition of 1 g/l KOH+  
+6 g/l Na2SiO3.
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Fig.	2.	X-ray	diffraction	patterns	of	Al+9	%	Cu	samples	after		

MAO	treatment	in	an	electrolyte:	1	–	1	g/l	KOH	and	6	g/l	Na2SiO3,		
2	–	2	g/l	KOH	and	12	g/l	Na2SiO3

Fig.	3.	Dependences	of	the	phase	composition	of	the	coating	on	the	concentration	of	the	alloying	element		
in	Al+Cu	and	Al+Zn	alloys:	a	–	Al+Cu,	electrolyte	1	g/l	KOH	and	6	g/l	Na2SiO3;	b	–	Al+Cu,	electrolyte	2	g/l	KOH		

and	12	g/l	Na2SiO3;	c	–	Al+Zn,	electrolyte	1	g/l	KOH	and	6	g/l	Na2SiO3;	d	–	Al+Zn,	electrolyte	2	g/l	KOH		
and	12	g/l	Na2SiO3;	1	–	γ-A12O3;	2	–	a-А12О3;	3	–	3Al2O3⋅2SiO2	(mullite)
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Fig.	4.	Dependences	of	hardness	on		
the	concentration	of	alloying	elements	Cu	and	Zn:		

а	–	electrolyte	1	g/l	KOH	and	6	g/l	Na2SiO3;		
b	–	electrolyte	2	g/l	KOH	and	12	g/l	Na2SiO3

The use of an electrolyte with an increase in the water 
glass content (12 g/l Na2SiO3) significantly reduces the 
coating hardness due to the presence of mullite in the coating 
(the content of which exceeds 50 %).

7. Discussion of the research results on the effect  
of electrolyte composition and alloying on the phase-

structural state and hardness of MAO coatings

The research results showed that although the addition 
of Na2SiO3 to the electrolyte provides a significant increase 
in the thickness of the formed coatings, it is accompanied 
by the appearance of a phase with low hardness (mullite) –  
3Al2O3·2SiO2 (Fig. 2, 3).

The formation of mullite is determined by the fact that 
when liquid glass is diluted with water, hydrolysis occurs by 
the reaction:

Na2SiO3+2Н2О = 2NaOH+SiO2+H2O. (2)

The interaction of γ-A12O3 with SiO2 leads to the appea-
rance of mullite:

3Al2O3+2SiO2↔3Al2O3·2SiO2. (3)

The data obtained in the work indicate that the main 
phase of the coating is the γ-A12O3 phase. The phase com-
position of the coatings of the studied alloys differs both 
quantitatively and qualitatively (Fig. 2, 3). The analysis of 
the results shows that the mechanism of formation of the 
phase composition should be associated with stabilization 
and destabilization of the γ-A12O3 phase.

As shown by precision studies (from the data on the position 
of the peaks in Fig. 2), the lattice period of the γ-A12O3 phase 
varies depending on the degree of aluminum doping (Fig. 5). 
For the coating on aluminum, the lattice period is 0.790 nm, 
which corresponds to the table value. With an increase in alloy-
ing degree, an increase in the lattice period is observed, both in 
the case of copper alloying and in the case of zinc alloying.

The results obtained indicate that the γ-A12O3 phase is 
doped with impurity atoms by the substitution type. The 
change in the lattice period in this case will be determined, 
on the one hand, by the difference between the ionic radii of  
Al3+ (r = 0.067 nm) and the ionic radii of Cu2+ (r = 0.087 nm) 
and Zn2+ (r = 0.086 nm), and, on the other hand, by the diffe-
rence in valency and concentration of the dissolved component. 
Comparing the ionic radius of Al with the ionic radius of impu-
rity cations, we can conclude that the Cu and Zn cations should 
lead to an increase in the lattice period of the γ-A12O3 phase.
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Fig.	5.	Effect	of	alloying	aluminum	with	copper	(Al+Cu)		

and	zinc	(Al+Zn)	on	the	lattice	period	of		
the	γ-A12O3	phase

The analysis of the results presented in Fig. 3, 5 indi-
cate that Cu2+ cations contribute to the destabilization 
of the γ-А12О3 phase, and Zn2+ cations lead to stabiliza-
tion of the γ-А12О3 phase at a Zn content >3. Destabili-
zation (or stabilization) is determined by the effect on the  
γ-А12О3→a-А12О3 transition based on the phase composi-
tion data (Fig. 3). A comparison with the results of hardness 
measurements (Fig. 4) shows that the achievement of a high 
hardness of MAO coatings on aluminum alloys is associated 
with the need to ensure a high a-A12O3 phase content. In 
the case of zinc doping of aluminum, an extreme dependence 
of the a-A12O3 phase content on zinc concentration is ob-
served. The maximum a-A12O3 phase content corresponds 
to 2 % Zn. At present, it is difficult to explain the result-
ing extreme dependence. Although it can be assumed that  
a significant effect of impurities on the formation of a-A12O3 
from γ-A12O3 can be determined by their adsorption on the 
surface of alumina particles. This leads to regulation of the 
nucleation rate during the growth of new phase grains. How-
ever, to substantiate this assumption, additional studies are 
required, which are planned to be carried out in the future.

7. Conclusions

1. The data of x-ray diffraction analysis of the coatings 
indicate the crystal structure of the coatings. The phase com-
position consists of aluminum oxides a-А12О3 (corundum), 
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γ-А12О3 and mullite 3Al2O3·2SiO2, which provide high hard-
ness of coatings (HV>1,000 kg/mm2). It was established that 
copper and zinc alloying of aluminum significantly affects the 
phase composition of the coating, changing the quantitative 
ratio of the phases in a nonlinear manner. The highest con-
tent of the a-A12O3 phase (up to 60 vol. %) is achieved by 
Cu doping.

2. It is shown that high hardness of coatings on aluminum 
alloys is ensured when the copper content is more than 3 %, 
and zinc – 2–3 %. The highest hardness of the MAO coatings is 
achieved using an electrolyte of 1 g/l KOH and 6 g/l Na2SiO3.

3. It is established that the mechanism of formation of 
the phase composition should be associated with stabiliza-
tion and destabilization of the γ-А12О3 phase. Therefore, to 
achieve high hardness, it is necessary to choose those alloying 
elements that affect the destabilization of γ-A12O3, which 

ensures the formation of the a-A12O3 phase (corundum). In 
this regard, it was found that Cu2+ cations contribute to the 
destabilization of the γ-A12O3 phase, and Zn2+ cations lead 
to stabilization of the γ-A12O3 phase at a Zn content >3 %.
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