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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 (MAQO), 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 MAQO 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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Tosvuenue nadedxcnocmu, pecypca pabomol U 6€30NACHOCIU IKCAIYAMAYUYU KOHCMPYKYUL U3 MUMAHOBbIX CIIA-
608, NOOBEP2AIOWUXCSL 6030€LICMEUI0 MENTOBbIX, XUMUYECKUX U MEXAHUYECKUX HASPY30K, MONCHO 00OUMbCS HAHECEHU-
eM PA3IUUHbIX 3AUWUMHBIX NOKDbIMULL

OOHUM U3 IhhexmusHbIX MeMOA08 3auunpvl MAKUX CRIAB08 ABNAENCS 00PA308AHUE HA UX NOBEPXHOCIU YCIMOUYU-
BbIX NPOMUBE BO30EUCMBUSL GHEWHUX (PAKMOPOE OKCUOHBIX NOKpbimuil. Bonvuioti unmepec ¢ smoui mouku 3penus: npeo-
cmaeasiem mMemoo MUKpooyeosoeo okcuouposanus (M/[0), nozeonsrowull noryyams MHO20QYHKYUOHATbHbIE KEPaMU-
KON0O0OHbLE OKCUOHBLE NOKDLIMUSL C VHUKATbHbIMU coticmeamu. TaKkue ROKpbimus MO2ym NPUMEHAMbCS O CO30AHUSL
HA 0emanax nPoOYHO20 MEenio- U NeKMPOUZOTUPYIOWE20 CIOS, 3aUUntbl NOGEPXHOCMEN OM IPO3ULL 8 BbICOKOCKOPOCI-
HbIX 2A308bIX NOMOKAX, KOPPO3UU 6 A2PEeCCUBHBIX CPeOax U U3HOCA mpeHuem, OJis NogblueHUs Kodpuyuenma usiyde-
HUsL ROBEPXHOCIU U M. N

Dmom memood xopouio ompabomar Oisk OKCUOUPOSAHUSL AIOMUHUEBbIX ChLA808. Hecmomps na mo, umo mexanusm
o6pazosanus nokpvimuil npu MJ[O 015 anioMunuessbix 1 MumaHo8blX CRAAB08 0OUHAKOS, CYUECMEYIOM OnpedeieHtble
Pasnuyus 6 CIMpYyKmype U Xapakmepucmurax noiy4yenno2o nokpvimus. Hanpumep, cuumaemces, umo npu o6pabomke
MJIO amomunuesvix cniagog ne mpedyemcs npeosapumenvas no020Mo8Ka NOGEPXHOCHU U A02e3UOHHAS. NPOYHOCb
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CONOCMABUMA ¢ NPOYHOCMbIO Mamepuana noonoxcku. Oonaxo npu o6pabomke MUMAHOBLIX CHIAB08 HAMU ObLIU OM-
MeueHbl CyYau 3HAYUMENbHO20 CHUMNCEeHUS ad2e3uonnou npounocmu. OOHOU U3 npudun modicem Ovimb OMCYmMcmeaue
npeosapumenbHoll N0020MOGKY NOBEPXHOCMU neped HaHecenuem NOKPbIMUL.

Iloamomy uccnedosanus Hanpasienuvle HA U3VHUeHUe GIUAHUSL CnOCOOa NOO20MOBKU NOBEPXHOCMU U NOJYYEHHOU
Uiepoxo8amoCcmu Ha XapaKmepucmuKky HaHecenHblx NOKPLIMULL AGIAIOMCA AKMYANbHbIMU.

Kniouesvie crosa: Mquodyeoeoe OKCMOMPOGCZHME, mumaHoebsle Cnjaeswl, Nn0020Mo6Ka nosepxnocmu, moawuna, ao-

CE3UOHHAA NPOYHOCNTb, ULEPOX06Anmocntbo.

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
MADO 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.
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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 1is
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/BT 6 titanium alloy
with a thickness of 3 mm, dimensions 50 x 40 mm was
used for the manufacture of samples. The composition
and characteristics of VT 6/BT 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/MAT-T2 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/BT 6 speciation and characteristics
Grade VT 6/BT 6
Classification: titanium wrought alloy
Chemical composition in % for grade VT1-0/BT1-0 GOST 19807-91
Fe C Si v N Ti Al Zr o H Impurities
to to 0.1 to0.1 | 3.5-53 t0 0.05 86.45-90.9| 53-6.8 | t00.3 | t00.2 | t0o0.015 others 0.3
0.6
VT 6/BT 6 hardness after quenching and aging HB 10" =293-361 MPa
VT 6/BT 6 hardness after annealing HB 107" =255-341 MPa
Table 2

The speciation and concentration of electrolytes, processing modes

Number of Speciation of Concentration, g/l Alloy The ratio of the cathode Current density,
electrolyte electrolyte and anodic components of j A/dm?
the current (Ix/Ia)
1 Na,HPO, 60 VT 6/BT 6 0,8;1;1,2 20, 30
2 KOH 30
NaZSiO3 50
A
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34 <
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2 32
=
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26 b
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24
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22
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KOH + Na,SiO3, j = 20 A/dm>
- == Na,HPO,, j =20 A/dm*

KOH + Na,Si03, j =30 A/dm’

— — — Na,HPO,, j =30 A/dm?

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

Puc. 1. 3aBucuMOCTb TONIMHBI HOKPBITHSL OT OTHOLIEHUS KATOAHOM
M aHOJIHOM COCTAaBJISIONICH CUJIBI TOKA
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Fig. 2. Test results for adhesive strength of the coating
Puc. 2. Pe3ynpTaTsl HCOBITAHUI HA are3HOHHYIO
MIPOYHOCTH MOKPBITHSI
Table 3
MAO processing mode
Parameter Notation Value
Run time t 10 min
Current density J 20 A/dm’
The ratio of the cathode and anodic component of the current I/1, 1.2
Current L, — 32
I, + 4.4
No 1 NazHP 04
Electrolyte compositions No2 KOH
) NaZSiO3

It was also revealed that when processing with a cur-
rent density of J = 30 A/dm’ in the aqueous Na,HPO,
solution, the samples burn up, and in the silicate-alkaline
electrolyte (KOH + Na,SiO;) 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
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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 um for coatings up to 25 pm and 10 %
for coatings with a thickness exceeding 25 pum (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 Process Grain size, microns Ra, microns Roughness grade
of sample

1.1 Degrease cleansing treatment - 1.02 7

1.2 P80 200...250 0.8 7

1.3 P180 63...80 0.675 7

1.4 P320 40...50 0.505 8

1.5 P600 20...28 0.28 9

1.6 P1000 14...20 0.21 9

1.7 P1500 7...10 0.175 10

1.8 P2500 3...5 0.135 10

1.9 Sandblasting (corundum) 100...150 5.64 4

P1000

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

Puc. 3. BHeunuii BuJ OBEpXHOCTH 00paboTaHHBIX 00Pa3LOB
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Sample number and surface preparation method

Fig. 4. Surface roughness of samples

Puc. 4. lllepoxoBaTocTh NOBEPXHOCTH 00Pa3IIOB
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Table 5
Coating thickness
Phosphate electrolyte (Na,HPOy)
Number of sample 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
and roughness |(Ra=1.02) [ (Ra=0.8) [(Ra=0.675) (Ra=0.505)|(Ra=0.28) |(Ra=0.21) [(Ra=0.175) |(Ra=0.135) | (Ra=5.64)
(Ra, pm)
h, pm 27.77 28.86 28.36 28.85 28.8 28.45 29.37 30.16 31.73
Silicate-alkaline electrolyte (KOH+Na,SiO;)
Number of sample 2.1 2.2 23 24 25 2.6 2.7 2.8 29
and roughness |(Ra=1.02) | (Ra=0.8) |(Ra=0.675) (Ra=0.505)|(Ra=0.28) |[(Ra=0.21) | (Ra=0.175) [(Ra=0.135) | (Ra=5.64)
(Ra, pm)
h, pum 20.01 30.45 31.45 31.78 32.1 32.32 32.24 32.47 21.38
31
30
E 29
3.28
<= 27
26
25
24
Nel9  Nel.l Ne 1.2 N£1.3 Ne 1.4 Ne 1.5 Ne 1.6 N91%7 Ne 1&}8
2O o //Q"O N S S A o
AR R P A S R S C A
Sample number and roughness Ra, pm
Fig. 5. Roughness dependence of the thickness of coatings obtained
in an aqueous solution of Na,HPO,
Puc. 5. 3aBucuMOCTb TOJNIIMHBI OKPBITHH, TOJIy4eHHBIX B BOJHOM pacTBope Na,HPOy,,
OT HIEPOXOBATOCTH
35
33
31
= 29
3.
o 27
<
25
23
21
Ne 2.9 Ne 2.1 Ne2.2 N9£.3 Ne 2.4 Ne 2.5 Ne26 Ne 2%7 Ne 268
X 2 S g N N
//‘7"0 //\'Q {/Q. ,/Q-é\ 5 > N //Q(} ,/Q-\(\ ,/Q-\G)
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Sample number and roughness Ra, pm

Fig. 6. Roughness dependence of the thickness of coatings obtained
in an aqueous solution of KOH + Na,SiO;

Puc. 6. 3aBUCHMOCTD TOJIIUHBI MOKPBITHH, TIOTyYeHHBIX B BOMHOM pacTBope KOH+Na,Si03
OT HIEPOXOBATOCTH
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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/ BK-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 cm?).

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 pm prepared by the sand blasting device turned

EUROTEST

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+Na,SiO; 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/BK 3 = 40 kg/cm’, and the experimental sample
area is S = 2 cm’, based on this, the adhesion of the coat-
ing to the sample does not exceed 80 kg/cm?, which cor-
responds to the adhesive strength.

Fig. 7. Bursting machine EUROTEST T-50

Puc. 7. PazpsiBaas mammuna EUROTEST T-50

Fig. 8. 3D model of bolt clamp

Puc. 8. 3D Mozeis 3axuma 60JITOBOTO
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Fig. 9. Roughness dependence of the adhesion strength of coatings
with a base obtained in Na,HPO, electrolyte
Puc. 9. 3aBucuMocTh are3MOHHON ITPOUHOCTH MOKPBITHH C OCHOBOIA,
Noy4eHHbIX B anekrponute Na,HPO,, ot mepoxosarocti
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Fig. 10. Roughness dependence of the adhesion strength of coatings
with a base obtained in KOH+Na,SiO; electrolyte

Puc. 10. 3aBucUMOCTb are3MOHHON MPOYHOCTH MOKPHITHI ¢ OCHOBOH, TOYYEHHBIX
B anekrpoante KOH+Na,SiO5 ot mepoxosaTocTn

The data obtained show that the adhesion strength
of coatings to the base obtained in the KOH+Na,SiO;
electrolyte exceeds the strength of VK 3/BK 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
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I,/ I,= 1,2 and at I,/ I,= 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+Na,SiO; electrolyte using VK 3/ BK 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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