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Improving the reliability, service life and operational safety of titanium alloy structures exposed to thermal, chemi-

cal and mechanical stresses can be achieved by applying various protective coatings. 
One of the effective methods of protecting such alloys is the formation on their surface of oxide coatings that are re-

sistant to external factors. Of great interest from this point of view is the method of micro-arc oxidation (MAO), which 
allows one to obtain multifunctional ceramic-like oxide coatings with unique properties. Such coatings can be used to 
create a durable heat and electrical insulating layer on parts, protect surfaces from erosion in high-speed gas flows, 
corrosion in aggressive environments and wear by friction, to increase the surface emissivity, etc. 

This method is well established for the oxidation of aluminum alloys. Despite the fact that the mechanism of coating 
formation during MAO is the same for aluminum and titanium alloys, there are certain differences in the structure and 
characteristics of the resulting coating. For example, it is believed that during the MAO treatment of aluminum alloys, 
preliminary surface preparation is not required and the adhesive strength is comparable with the strength of the sub-
strate material. However, when processing titanium alloys, we noted cases of a significant decrease in adhesive 
strength. One of the reasons may be the lack of preliminary surface preparation before coating. 

Therefore, studies aimed at studying the influence of the method of surface preparation and the resulting roughness 
on the characteristics of the applied coatings are relevant. 
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Повышение надежности, ресурса работы и безопасности эксплуатации конструкций из титановых спла-

вов, подвергающихся воздействию тепловых, химических и механических нагрузок, можно добиться нанесени-
ем различных защитных покрытий. 

Одним из эффективных методов защиты таких сплавов является образование на их поверхности устойчи-
вых против воздействия внешних факторов оксидных покрытий. Большой интерес с этой точки зрения пред-
ставляет метод микродугового оксидирования (МДО), позволяющий получать многофункциональные керами-
коподобные оксидные покрытия с уникальными свойствами. Такие покрытия могут применяться для создания 
на деталях прочного тепло- и электроизолирующего слоя, защиты поверхностей от эрозии в высокоскорост-
ных газовых потоках, коррозии в агрессивных средах и износа трением, для повышения коэффициента излуче-
ния поверхности и т. п. 

Этот метод хорошо отработан для оксидирования алюминиевых сплавов.  Несмотря на то, что механизм 
образования покрытий при МДО для алюминиевых и титановых сплавов одинаков, существуют определенные 
различия в структуре и характеристиках полученного покрытия. Например, считается, что при обработке 
МДО алюминиевых сплавов не требуется предварительная подготовка поверхности и адгезионная прочность 
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сопоставима с прочностью материала подложки. Однако при обработке титановых сплавов нами были от-
мечены случаи значительного снижения адгезионной прочности. Одной из причин может быть отсутствие 
предварительной подготовки поверхности перед нанесением покрытий. 

Поэтому исследования направленные на изучение влияния способа подготовки поверхности и полученной 
шероховатости на характеристики нанесенных покрытий  являются актуальными. 

 
Ключевые слова: микродуговое оксидирование, титановые сплавы, подготовка поверхности, толщина, ад-

гезионная прочность, шероховатость. 
 
Introduction. The composition, concentration of elec-

trolyte components and the duration of MAO have a ma-
jor effect on the characteristics of oxide layers. The es-
sence of MAO is that under the influence of electric cur-
rent applied between the part located in the electrolyte 
and the metal cathode (electrolytic cell body or electrode), 
migrating point micro-arc discharges (MAD) arise on its 
surface, from the effect of which a ceramic coating  
is formed on the surface [1–7]. The electrolyte composi-
tion for MAO is selected based on the chemical composi-
tion of the hardened valve alloy and the function  
of the coating. 

In the MAO process, diffusion, thermal, plasmo-
chemical and electrophysical processes play a significant 
role. Conventionally, these processes can be divided into 
several stages, which proceed sequentially or in parallel: 

1) chemical interaction between the base material and 
the forming coating with the electrolyte; 

2) electrochemical processes that occur both before 
ignition of an electric discharge and after its ignition in 
areas of the treated surface where there is currently no 
discharge (anodization in aqueous solutions of electro-
lytes and electrolysis); 

3) in fact, micro-arc oxidation, which includes the 
short initial stages of luminescence and sparking and then 
the main stage of MAD combustion; 

4) transition of a micro-arc discharge in an arc dis-
charge after the formation of an MAO coating of a certain 
thickness. 

The voltage at which sparking begins in the electrolyte 
depends on the composition of the material being proc-
essed and the electrolyte. At a small coating thickness, 
due to the large heat removal, a spark discharge is ob-
served, which with an increase in the film thickness trans-
forms into MAD, and at large thicknesses it transforms 
into an arc [8–10]. 

It is reputed that a necessary condition for the occur-
rence of an electric discharge in an electrolyte is the pres-
ence of a gas or vapor-gas layer between the electrolyte 
and the base metal. Apparently, the discharge during 
MAO is gas and arises as a result of electric breakdown  
of vapor-gas “plugs” formed in micro-pores of a porous 
oxide layer growing on the barrier layer. These plugs  
are formed during electrolysis processes of the discharge 
of H + or OH– ions and boiling of electrolyte in pore 
channels [11]. 

It is generally thought that during MAO treatment of 
aluminum alloys, preliminary surface preparation is not 
required and the adhesive strength is comparable with the 
strength of the substrate material. However, when proc-
essing titanium alloys, we noted cases of a significant 
decrease in adhesive strength. One of the reasons may be 
the lack of preliminary surface preparation before coating. 

Therefore, there is a need to study the effect of prelimi-
nary surface preparation on the characteristics of coatings. 

Surface preparation can be carried out in many ways, 
such as: grinding, matting, polishing, tumbling, vibration 
processing, blast-abrasive treatment, degreasing, etching, 
activation. 

MAO coatings are ceramics of complex composition 
[12–16]. The coating during micro-arc oxidation is 
formed due to the oxidation of the metal surface and ox-
ide and hydroxide forms of this metal are formed. On the 
other hand, the coating grows due to the inclusion of elec-
trolyte cells in its composition. Electrolyte elements enter 
the coating in the form of salts, oxides and hydroxides of 
complex composition. If necessary, the MAO technology 
allows you to enter into the coating any desired chemical 
element. 

The main characteristics of the resulting coatings in-
clude the following parameters: adhesion, coating thick-
ness, porosity, wear resistance, etc. 

Experimental procedure. VT 6/ВТ 6 titanium alloy 
with a thickness of 3 mm, dimensions 50 × 40 mm was 
used for the manufacture of samples. The composition 
and characteristics of VT 6/ВТ 6 are presented in tab. 1. 
When choosing the material, it was assumed that this al-
loy is widely used for the manufacture of a significant 
range of parts in mechanical engineering, the manufacture 
of aircraft and spacecraft, fasteners and threaded  
parts, etc.  

As already mentioned above, the speciation, the con-
centration of electrolyte components, and the duration of 
MAO have the greatest effect on the adhesion, thickness, 
structure and phase composition of oxide layers. The ef-
fect of surface pretreatment on the characteristics of the 
applied coatings is not well investigated. 

Preliminary experimental studies were carried out to 
select the modes of MAO treatment. The samples were 
processed in an experimental MAO installation operating 
on a three-phase alternating current network of 380 V  
and a frequency of 50 Hz. The current source was the  
IAT-T2/ИАТ-Т2 transformer (asymmetric current source). 

As a result of a literature review and scientific patent 
search, several electrolyte compositions of interest to us 
were identified [17–19]. The formation of oxide coatings 
on products from titanium-based alloys was carried out in 
solutions of sodium hydrogen phosphate and sodium sili-
cate with the addition of potassium hydroxide, which 
were prepared by dissolving the calculated amount of 
chemical reagents in distilled water (tab. 2). 

During the experiment it was found that with an in-
crease in the ratio of the cathodic and anodic components 
of the current strength, the thickness of the oxide layer 
decreases (fig. 1) and the adhesive strength of the coating 
increases (fig. 2).  
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Table 1 
VT 6/ВТ 6 speciation and characteristics 

 

Grade VT 6/ВТ 6 

Classification: titanium wrought alloy 

Chemical composition in % for grade VT1-0/ВТ1-0 GOST 19807–91 

Fe C Si V N Ti Al Zr O H Impurities 

to 
0.6 

to 0.1 to 0.1 3.5–5.3 to 0.05 86.45–90.9 5.3–6.8 to 0.3 to 0.2 to 0.015 others 0.3 

VT 6/ВТ 6 hardness after quenching and aging HB 10–1 = 293–361 MPa 

VT 6/ВТ 6 hardness after annealing HB 10–1 = 255–341 MPa 

 
 
 

Table 2 
The speciation and concentration of electrolytes, processing modes 

 

Number of 
electrolyte 

Speciation of 
electrolyte 

Concentration, g/l Alloy The ratio of the cathode 
and anodic components of 

the current (Iк/Iа) 

Current density, 
j A/dm2 

1 Na2HPO4 60 

KOH 30 2 

Na2SiO3 50 

VT 6/ВТ 6 0,8; 1; 1,2 20, 30 
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KOH + Na2SiO3, j = 20 A/dm2 

 Na2HPO4, j =20 A/dm2 
 KOH + Na2SiO3, j =30 A/dm2 

 Na2HPO2, j =30 A/dm2 
 

Fig. 1. Dependence of the coating thickness on the ratio of the cathode 
and anode component of the current 

 
Рис. 1. Зависимость толщины покрытия от отношения катодной  

и анодной составляющей силы тока 
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 Na2HPO4, j =20 A/dm2 
 KOH + Na2SiO3, j = 20 A/dm2 

 Na2HPO2, j =30 A/dm2 
 KOH + Na2SiO3, j =30 A/dm2 

 
Fig. 2. Test results for adhesive strength of the coating 

 
Рис. 2. Результаты испытаний на адгезионную  

прочность покрытия 
 
 

Table 3 
MAO processing mode 

 

Parameter Notation Value 
Run time t 10 min 
Current density J 20 A/dm2 
The ratio of the cathode and anodic component of the current Ik/Ia 1.2 

Iк, – 5.2 
Current 

Iа, + 4.4 
№ 1 Na2HPO4 

KOH Electrolyte compositions 
№ 2 

Na2SiO3 
 

 
It was also revealed that when processing with a cur-

rent density of J = 30 A/dm2 in the aqueous Na2HPO4 
solution, the samples burn up, and in the silicate-alkaline 
electrolyte (KOH + Na2SiO3) the solution boils. Based on 
this, a further mode of MAO processing was selected, 
which is presented in tab. 3. 

A methodology for conducting experimental studies 
was developed to determine the dependence of coating 
properties on preliminary surface preparation.  

As a method of surface preparation, the machining of 
samples on sanding paper of various grit sizes used on a 
Struers LaboPol-1 grinding and polishing machine and a 
sandblasting machine with corundum was chosen.  

Acetone (GOST 2768–84) was used for degreasing. 
As a result, the roughness data of the processed sam-

ples were obtained, presented in tab. 4 and in fig. 3 and 4. 
Roughness measurement was carried out with a TR110 

profilometer, which meets the requirements of ISO and 
DIN standards. 

The prepared samples were coated with MAO coat-
ings. The thickness of the resulting coating was deter-
mined using a TT-260 thickness gauge according to 
GOST 9.302. Ten measurements were performed on one 
sample. The value of the coating thickness was deter-
mined as the arithmetic mean between ten measurements 
on a segment of 5 mm in one sample. The relative error of 
the method is ± 0.8 μm for coatings up to 25 μm and 10 % 
for coatings with a thickness exceeding 25 μm (tab. 5,  
fig. 5, 6). The results of measurements of the thickness  
of the coatings are presented in tab. 5 and fig. 5, 6. 

The graphs show that in the overall picture, with a de-
crease in surface roughness, the coating thickness in-
creases. This can be explained by the fact that with an 
increase in surface cleanliness, the time to reach the MAO 
treatment mode decreases.  
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Table 4 
Surface preparation and sample roughness 

 

Number  
of sample 

Process Grain size, microns Ra, microns Roughness grade 

1.1 Degrease cleansing treatment - 1.02 7 
1.2 Р80 200…250 0.8 7 

1.3 Р180 63…80 0.675 7 
1.4 Р320 40…50 0.505 8 
1.5 Р600 20…28 0.28 9 
1.6 Р1000 14…20 0.21 9 
1.7 Р1500 7…10 0.175 10 

1.8 Р2500 3…5 0.135 10 
1.9 Sandblasting (corundum) 100…150 5.64 4 

 
 

 
 

Fig. 3. Appearance of the surface of the processed samples 
 

Рис. 3. Внешний вид поверхности обработанных образцов 
 
 
 

 
 

Fig. 4. Surface roughness of samples 
 

Рис. 4. Шероховатость поверхности образцов 
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Table 5 
Coating thickness 

 

Phosphate electrolyte (Na2HPO4) 

Number of sample 
and roughness 

(Ra, μm) 

1.1 
(Ra = 1.02) 

1.2 
(Ra = 0.8) 

1.3 
(Ra = 0.675)

1.4 
(Ra = 0.505)

1.5 
(Ra = 0.28)

1.6 
(Ra = 0.21)

1.7 
(Ra = 0.175) 

1.8 
(Ra = 0.135) 

1.9 
(Ra = 5.64) 

h, μm 27.77 28.86 28.36 28.85 28.8 28.45 29.37 30.16 31.73 

Silicate-alkaline electrolyte (KOH+Na2SiO3) 

Number of sample 
and roughness 

(Ra, μm) 

2.1 
(Ra = 1.02) 

2.2 
(Ra = 0.8) 

2.3 
(Ra = 0.675)

2.4 
(Ra = 0.505)

2.5 
(Ra = 0.28)

2.6 
(Ra = 0.21)

2.7 
(Ra = 0.175) 

2.8 
(Ra = 0.135) 

2.9 
(Ra = 5.64) 

h, μm 20.01 30.45 31.45 31.78 32.1 32.32 32.24 32.47 21.38 

 
 

 
 

Fig. 5. Roughness dependence of the thickness of coatings obtained 
in an aqueous solution of Na2HPO4 

 
Рис. 5. Зависимость толщины покрытий, полученных в водном растворе Na2HPO4, 

от шероховатости 
 

 
 

Fig. 6. Roughness dependence of the thickness of coatings obtained 
in an aqueous solution of KOH + Na2SiO3 

 
Рис. 6. Зависимость толщины покрытий, полученных в водном растворе KOH+Na2SiO3 

от шероховатости 
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Determination of adhesive strength. The adhesion 
strength was determined by the separation method accord-
ing to GOST 209–75 [20] (adhesive method, VK-3/ ВК-3 
glue) as the ratio of the force (up to 10 kN) at which sepa-
ration occurs from the counter sample glued with an oxide 
coating to the cross-sectional area (4 9 cm2). 

To measure the adhesion strength of the coating on  
a EUROTEST T-50 tensile testing machine (fig. 7) sus-
pension equipment was developed and manufactured, as 
shown in fig. 8. 

Fig. 9 shows the results of the dependence of the ad-
hesion strength of coatings to the base obtained in the 
Na2HPO4 electrolyte with various pretreatment methods. 
The adhesion strength of the coating on the sample with 
Ra = 5.64 μm prepared by the sand blasting device turned 

out to be maximum, but crack occurred in gluing area,  
i. e. true strength is not established. The remaining  
samples had a separation of the coating from the base. 
Coating adhesion decreases with a decrease in surface 
roughness. 

Fig. 10 shows the results of the dependence of the ad-
hesion strength of the coatings to the base obtained in the 
KOH + KOH+Na2SiO3 electrolyte with various pretreat-
ment methods. In all samples, crack occurred in gluing 
area.  

It is related to the fact that adhesive strength  
VK 3/ВК 3 = 40 kg/cm2, and the experimental sample 
area is S = 2 cm2, based on this, the adhesion of the coat-
ing to the sample does not exceed 80 kg/cm2, which cor-
responds to the adhesive strength. 

 
 

 
 

Fig. 7. Bursting machine EUROTEST T-50 
 

Рис. 7. Разрывная машина EUROTEST T-50 
 
 

……  
 

Fig. 8. 3D model of bolt clamp 
 

Рис. 8. 3D модель зажима болтового 
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Fig. 9. Roughness dependence of the adhesion strength of coatings 
with a base obtained in Na2HPO4 electrolyte 

 
Рис. 9. Зависимость адгезионной прочности покрытий с основой,  

полученных в электролите Na2HPO4, от шероховатости 
 
 

 
 

Fig. 10. Roughness dependence of the adhesion strength of coatings 
with a base obtained in KOH+Na2SiO3 electrolyte 

 
Рис. 10. Зависимость адгезионной прочности покрытий с основой, полученных  

в электролите KOH+Na2SiO3, от шероховатости 

 
 
The data obtained show that the adhesion strength  

of coatings to the base obtained in the KOH+Na2SiO3 
electrolyte exceeds the strength of VK 3/ВК 3 glue. 
Therefore, to determine the actual adhesion strength, it is 
necessary to conduct additional studies using a higher-
strength adhesive or other methods of measuring adhesive 
strength. 

Conclusion. By a process of the conducted work,  
it was found that preliminary surface preparation of tita-
nium alloys affects the characteristics of MAO coatings. 

Based on the results obtained, it was concluded that in 
order to achieve the highest adhesive strength of the coat-
ing, it is necessary to perform MAO treatment at a ratio of 

Ik / Ia = 1,2 and at Ik / Ia = 0,8 to obtain the maximum coat-
ing thickness.  

Preliminary surface preparation affects the thickness 
and adhesive strength of coatings. With increase in 
roughness the adhesive strength increases and the thick-
ness of the coating decreases. 

Furthermore, based on the results obtained when 
measuring the adhesion strength of coatings with a base 
obtained in KOH+Na2SiO3 electrolyte using VK 3/ ВК 3 
glue, the true strength has not been established. Therefore, 
it is necessary to conduct additional studies using a 
higher-strength adhesive or another method of measuring 
adhesive strength. 
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