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Annomayus. Llenvio pabomwr sensemcs paspabomka memoouxu Gopmuposarnus MIJO-nokpoimusi Ha
MUMAHOBOM CHAABE, CHOCOOCMEYIOUell NOBIUEHUIO A02e3UOHHOU NPOYHOCIU NOKDLUMUSL C NOOJONCKOU U
YCMAHOBIeHUE GIIUSAHUS PeXcuma 0opabomKu Ha MOIUUHY U UepPoXo8amocms nokpvimus. ITIpednodcena u
Uccnedo8ana Memoouxa npumeHenus Yaompaseykoeoix koneoanuti (Y3K) 6o epems npoyecca muxpooy2o6020
oxcuouposanusi (MIO). Onucannoiii cnocob no3eonsiem ROLYHUMb MHO2OPYHKYUOHAbHOE NOKPbIMUe Me-
MOOOM MUKPOOY208020 OKCUOUPOBAHUS C NPUMEHEHUEM VIIbINPA38YKOBbIX KONeOAHUI HA MUMAHO80M CHIAGE
OT-4 ¢ noswviueH ol a02e3UOHHON NPOUHOCMBIO K OCHOBHOMY MEematy. A makice 00Cmueaemcs paeHomep-
Hasi MOIWUHA U WEPOX08AMOCIb HOKPLIMUSL NO 8cell nogepxHocmu obpabamuleaemoeo uzoenust. Iloomeep-
arc0eno nonoscumenvhoe sausnue Y3K na aoeesuonnyio npounocms nokpwimus. Ilpeonoscen pescum obpa-
bomxu mumarnogvix cnnagog memooom MO npu V3K u uacmome crnedosamnus umnyibco8 moka pagHot
90 I'y, cnocobcmeyrowuti nosvluteHuio adze3uontol npounocmu MJ{O-nokpvimus 6onee yem na 60 %.

IIpeononosicumenbHo Mexanusm pocma NOKPLIMUSL 3aKIIOYAEMCss 6 MOM, 4MO No0 6030eucmeuem
VABMPA38YKA NY3bIPbKU 8000p00d, 00pasylowuecs 8 npoyecce, pasoueaiomcst Ha boiee MeaKue ny3vipu u
UHMEHCUBHO NPUOTUNCAIOMCSL K NOSepXHOCmU noonovicku. 11o mepe pocma nysvipoKu 10RAIOMCSA 10O 603-
deticmeuem YibmpaszeyKa u eblc8000x#cOaiom DObULOe KOAUHeCME0 Menid U IHepeul, KOmopas YCKopsiem
Gopmuposanue nienku. B danvueiiuem kasumayuonuvii dQppexm yiompazeyka YMEHbUAemcs: uz-3a no-
Kpblmusi 4 moeod YabmpaszeyKoble GOIHbL U3-3a OMPAICEHUsL OM NOKPLUNUSL (DOPMUPYIOM. CIOSYYIO GOJIHY
¥V ROBEPXHOCMU, KOMOPAsi NPUBOOUNM K CMAOUIbHOMY PACHPEOENCHUIO U CHCAMUIO NY3bIPbKOE Y SPAHULbL
pacmeopa u noKpulmus. Jmo cnoco6cmeyenm pasHOMePHOMY PACHPEOeNeHUI0 MUKPOOY2 U JHep2ul no no-
sepxHoCcmu ghopmupyemozo nokpeimus. B ciedcmeuu weeo popmupyemcs pasHomeprHoe no moawure no-
Kpblmue ¢ MEHbUEU WUEPOX08AmOCbIO U RPOUHO CYENJIEHHOe C MAMEPUATLOM NOOTONCKU.

Knrouesvie cnosa: mumarnoswiii cniae, MMKPan206'O€ OKCI/I()I/IPOGCIHM& Yibmpa3eyKoevlie K'OJZ€6CIH1/!}1,

yacmoma cied08anus umnyibCcoe moka, aoze3uonHas npo4Hocme, Memoo ompbublea.
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Abstract. The aim of the work is to develop a method for forming an MAO coating on a titanium alloy,
which helps to increase the adhesive strength of the coating with the substrate and to establish the effect of
the processing mode on the thickness and roughness of the coating. A method for using ultrasonic vibra-
tions (US) during the microarc oxidation (MAQO) process is proposed and studied. The described method
allows obtaining a multifunctional coating by the microarc oxidation method using ultrasonic vibrations on
the OT-4 titanium alloy with increased adhesive strength to the base metal. And also a uniform thickness
and roughness of the coating over the entire surface of the workpiece is achieved. The positive effect of US
on the adhesive strength of the coating is confirmed. A mode for processing titanium alloys by the MAO
method under US and a current pulse repetition frequency of 90 Hz is proposed, which helps to increase
the adhesive strength of the MAO coating by more than 60 %.

Presumably, the mechanism of coating growth is that under the influence of ultrasound, hydrogen bub-
bles formed in the process break into smaller bubbles and intensively approach the surface of the substrate.
As they grow, the bubbles burst under the influence of ultrasound and release a large amount of heat and
energy, which accelerates the formation of the film. Subsequently, the cavitation effect of ultrasound de-
creases due to the coating and then the ultrasonic waves, due to reflection from the coating, form a stand-
ing wave at the surface, which leads to a stable distribution and compression of bubbles at the boundary of
the solution and the coating. This contributes to the uniform distribution of microarcs and energy over the
surface of the coating being formed. As a result, a coating of uniform thickness with less roughness and
firmly bonded to the substrate material is formed.

Keywords: titanium alloy, microarc oxidation, ultrasonic vibrations, pulse repetition rate, adhesive
strength, tear-off method.

Introduction

Development of modern industrial and mechanical engineering sectors largely determines scientific
and technological progress, the key challenge of which remains the development of new and the modi-
fication of existing structural materials. This is associated with the increasing demands placed on the
reliability and physico-mechanical properties of product components. At the same time, the contempo-
rary aerospace industry requires the implementation of advanced manufacturing and processing tech-
nologies that ensure the necessary material properties and guaranteed service life of components.

Titanium, as a structural material, is widely used in various industries due to its exceptional
strength-to-weight ratio. However, its application is limited by several drawbacks, such as a high ten-
dency toward brittleness and salt-induced corrosion, as well as high chemical reactivity with gases at
elevated temperatures.

Enhancement of the operational performance of titanium-based products can be achieved by form-
ing protective or functional coatings on their surfaces. One of the most promising methods for this
purpose is the formation of oxide films on the surface of titanium alloys that are resistant to environ-
mental influences. Of particular interest is the micro-arc oxidation (MAQ) technique, which enables
the formation of multifunctional ceramic-like coatings with unique properties. Such coatings can be
employed to create durable thermal and electrical insulating layers, to protect surfaces from erosion in
high-velocity gas flows and corrosion in aggressive environments, to improve wear resistance under
friction, and to increase surface emissivity, among other applications [1-4].

Various methods exist for producing MAO coatings on titanium alloys; however, the presence of a
natural oxide layer significantly reduces the adhesion strength between the coating and the substrate.
Therefore, the development of a method for obtaining MAO coatings with high adhesion strength to
titanium alloy substrates is currently an important and relevant research objective [1-3].

The aim of this study is to develop a methodology for forming MAO coatings on titanium alloys
that enhances the adhesion strength between the coating and the substrate, as well as to determine the
influence of processing parameters on coating thickness and surface roughness.
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Theoretical Background of the Study

A number of studies have been devoted to the development of methods aimed at improving the
physico-mechanical properties of MAO coatings on titanium. For instance, in [5], titanium VT1-0
samples were used as base materials for the deposition of calcium-phosphate coatings, with a portion
of the samples subjected to preliminary ultrasonic treatment. Oxidation was carried out in a solution of
25 % H3POa4 + Caio(PO4)sOHz, representing a suspension of hydroxyapatite powder. Comparative stu-
dies of coating adhesion using the scratch test method revealed improved adhesion and cohesion
strength compared with coatings deposited on untreated titanium. The adhesion strength of the coating
applied to the ultrasonically treated titanium was found to be six times higher than that of a similar
coating on untreated titanium.

In [6], calcium-phosphate coatings were deposited onto titanium VT1-0 samples using the MAO
technique on a MicroArc—3.0 unit, under the influence of ultrasonic treatment in the electrolyte. Three
main coating regimes were selected: Mode 1 (control, MAO without external ultrasound); Mode 2
(MAO with pulsed external ultrasound at a power of 35 W and a frequency of 37 kHz); Mode 3 (MAO
with continuous external ultrasound at a power of 100 W and a frequency of 35 kHz). The adhesion
strength of the coatings to the metallic substrate was measured using the uniform pull-off (adhesive)
test method. The results demonstrated that the application of an ultrasonic field during coating synthe-
sis led to a decrease in adhesion strength from 23 MPa to 19 MPa.

With respect to adhesion strength, the works by Chinese researchers from the Shanghai Institute [7,
10-12] are noteworthy. They produced coatings in a silicate-fluoride electrolyte at a pulse frequency
of 300 Hz with the application of ultrasonic vibrations (USV). Samples treated using the ultrasonic
micro-arc oxidation (UMAQO) method exhibited a significantly higher electrochemical potential, indi-
cating that ultrasonic treatment notably reduced the corrosion susceptibility of the alloys, while also
improving coating hydrophilicity and adhesion strength.

A domestic study by researchers from the Institute of Chemistry, Far Eastern Branch of the Russian
Academy of Sciences (ICH FEB RAS) [8] describes the treatment of a magnesium alloy using the
MAO method in a silicate-fluoride electrolyte at a pulse frequency of 300 Hz. The technical outcome
of this work was the formation of a composite bioresorbable material — that is, a material gradually
replaced by body tissue as it dissolves, producing non-toxic byproducts — consisting of magnesium
and hydroxyapatite, with uniform distribution of the latter in the metal matrix. The material also dem-
onstrated improved resistance to dissolution in physiological environments due to impregnation of the
porous part of the PEO coating with polycaprolactam.

Thus, the aforementioned studies are primarily focused on the formation of bioactive composites
with an underlayer on magnesium or titanium alloys, obtained by plasma-electrolytic methods em-
ploying high-frequency current pulses and/or the application of external ultrasonic vibrations. The
MAO coatings discussed in these works are considered mainly for biomedical applications; however,
insufficient attention has been paid to the adhesion strength of such coatings to titanium substrates
[5-13].

It is assumed that the influence of ultrasonic vibrations (USV) on the MAO process is associated
with more intensive electrolyte renewal in the discharge zone and the effect of ultrasonic pressure on
the vapor—gas bubble formed near the coating surface as a result of dielectric breakdown and micro-
arc burning. This phenomenon leads to fragmentation (dispersion) of the vapor—gas bubble and, con-
sequently, an increase in the density of micro-arc discharges per unit area of the treated surface
(Fig. 1). Moreover, under the influence of ultrasound of sufficient intensity, cavitation occurs in the
liquid medium.

Ultrasonic inertial cavitation refers to cavitation characterized by the formation of vapor—gas cavi-
ties in the liquid due to tension during the negative half-cycle of an acoustic wave. When the compres-
sion half-cycle follows, these cavities collapse violently, generating local heating and hydrodynamic
perturbations in the form of micro-shock waves, cumulative jets, and microstreams of liquid [13—14].
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Puc. 1. IlpunnunuansHas cxema pausanus Y 3K Ha GpopMupoBaHue MUKPOILYTOBBIX Pa3psIOB:
a—MJO 6e3 Y3K; b — MJIO ¢ npumenenuem Y3K. / — oOpazerr; 2 — anektposusep; 3 — AIEeKTPOIIUT;
4 — napora3oBblii Iy3bIpb; 5 — MUKPOJLYTOBOH pa3psi; 6 — yabTpa3ByKOBbIE KosleOaHus; 7 — uCTouHUK Y 3K

Fig. 1. Schematic diagram of the influence of ultrasonic vibrations on the formation of microarc discharges:
a — MAO without ultrasonic vibrations; b — MAO with ultrasonic vibrations). / — sample; 2 — electrolytic bath;
3 — electrolyte; 4 — steam-gas bubble; 5 — microarc discharge; 6 — ultrasonic vibrations; 7 — source of ultrasonic vibrations

Equipment and Methods

Titanium alloy OT-4 samples with dimensions of 60 x 30 x 1.5 mm were used as the objects of
study. The composition and concentration of electrolyte components, the duration of the MAO proc-
ess, and the parameters of the treatment regimes are presented in Table 1. The range of pulse repetition
frequencies was determined by the breakdown voltage required for the initiation of micro-arc dis-
charges [15].

Table 1
Parameters of the MAO Process for Titanium Alloy Treatment
MAO Parameters Sample Series
MAO MAO with Ultrasonic Vibra-
tions (USV)
Current density, A/dm? 26,7
Ratio of cathodic to anodic current components, 1
Il
Pulse repetition frequency, Hz 30-110
Pulse waveform Sinusoidal
Processing time, s 600
Electrolyte temperature, °C 20-30 | 20-50
Electrolyte composition NaH,PO, 2H,0 — 20 g/L; Na,SiO; — 5 g/L;
K;5[Fe(CN)s] — 10 g/L; Na;MoO, — 5 g/L

Studies were carried out to investigate the effect of ultrasonic vibrations on the micro-arc oxidation
(MAOQO) process under varying pulse repetition frequencies. The influence of pulse frequency is pri-
marily associated with the duration of individual micro-arc discharges and the number of discharges
occurring within a given time interval.
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Prior to treatment, all samples were degreased in acetone according to GOST 2768-84. The sam-
ples were mounted in the electrolytic bath parallel to its walls using a titanium holder with copper
clamps. Oxidation was conducted in an anodic — cathodic mode.

To implement the plasma-electrolytic oxidation process with the application of ultrasonic vibra-
tions, a custom-designed electrolytic bath based on an ultrasonic cleaning unit was developed. To pro-
tect the control elements and the power supply unit from the output voltage of the current source,
a 5 mm thick textolite plate was used as insulation. The anodic current lead was installed on textolite
supports.

The microstructure of the treated samples was examined using a Neophot 32 metallographic micro-
scope at a magnification of 160 times. Surface roughness was measured using a CONDTROL TR110
device in terms of Ra, in compliance with ISO and DIN standards.

The standard governing the testing of electroplated coatings includes only qualitative methods
based on differences in the physico-mechanical properties of the coating metal and the substrate. Ac-
cording to GOST 9.302—88, the inspection method is selected depending on the coating type, the prop-
erties of both the substrate and coating metals, and the type and purpose of the component. Since qua-
litative evaluation of adhesion strength is insufficient for a reliable comparison of processing methods,
the adhesion strength was determined quantitatively using the tensile test (Method B) — an adhesive
method employing VK-9 epoxy glue — in accordance with GOST 209-75. The adhesion strength was
calculated as the ratio of the detachment force (up to 10 kN) required to separate the coated specimen
from the glued counter-sample to the cross-sectional area (490.9 mm?) (Fig. 2).

/D.'oad j

Puc. 2. O0uwmii BUI cXeMbl HCIIBITaHKUS 00Pa3lioB Ha aIr€3MOHHYO TPOYHOCTh M/1O-NOKpBITHS:
1 — oOpazen; 2 — kieeBoii 0B; 3 — OTBETHBIH 00pazert

Fig. 2. General view of the scheme for testing samples for the adhesion strength of the MAO coating:
1 —sample; 2 — adhesive seam; 3 — counter sample

The present standard applies to rubber and adhesives and establishes methods for determining the
bond strength between these materials and metal under tensile separation conditions.

The adhesive bond strength was measured using a Eurotest T-50 universal electromechanical test-
ing machine equipped with computer control. All tests conducted on this machine were performed us-
ing the WinTEST32 software package installed on a personal computer.

Results and Discussion

Figure 3 presents the microstructure of MAO coatings obtained at different pulse repetition fre-
quencies: (a) 40 Hz, (b) 50 Hz, and (c¢) 70 Hz.

With increasing pulse repetition frequency, the pore size within the coating decreases, and the sur-
face becomes more uniform. This effect is presumably associated with the reduction in pulse duration
and, consequently, in the burning time of individual micro-arc discharges. At the same time, the total
exposure of the surface to micro-arc discharges increases for a constant overall treatment time.
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At frequencies below 40 Hz and above 70 Hz, the breakdown voltage did not reach the threshold
required for the initiation of spark discharges.

Puc. 3. Mukpoctpykrypa M/IO-IOKpBITHS TIPH 9aCTOTE CIEIOBAHMS UMITYJIbCOB:
a—40Tm; b—50Tm; ¢c—70 I'n

Fig. 3. Microstructure of MAO coating at pulse repetition frequency:
a—40Hz; b—-50Hz; c—70 Hz

Figure 4 shows the microstructure of the MAO coating obtained under the standard processing
mode (a) and under the standard mode with the application of ultrasonic vibrations (b). The pore size
within the coating decreases and becomes more uniform when ultrasonic vibrations are applied, result-
ing in a smoother and more homogeneous surface layer.

Puc. 4. Mukpoctpykrypa M/1O-niokpeiTHs:
a — pexxum M/J1O npu gactore cnegoBanus UMITyabcoB Toka 50 I'i;
b — pexxum MJIO nipu yactoTte ciieioBanust UMITybcoB Toka 50 I'm u Y3K

Fig. 4. Microstructure of MAO coating:
a—MAO mode at a current pulse repetition frequency of 50 Hz;
b—MAO mode at a current pulse repetition frequency of 50 Hz and with ultrasonic vibrations

Figure 5 presents the dependence of the MAO coating thickness on the pulse repetition frequency,
both with and without the application of ultrasonic vibrations during the coating formation process.

The maximum coating thickness reached 18 um at a pulse repetition frequency of 60 Hz. Across
almost the entire frequency range, processing without ultrasound resulted in greater coating thickness.
In contrast, when ultrasonic vibrations were applied, the coating thickness remained nearly constant —
averaging 11.5 um — over the entire surface of the samples within the frequency range of 40-70 Hz.
This observation supports the assumption regarding the cavitation effect induced by ultrasonic vibra-
tions during processing.

Figure 6 shows the dependence of the MAO coating surface roughness on the pulse repetition fre-
quency, both with and without the application of ultrasonic vibrations during coating formation.

453



Siberian Aerospace Journal. Vol. 26, No. 3

25
20
15

th".Ck,ness Of MA O —@— MAOQO with ultrasonic

coating, um 10 vibrations
—&— MAO without

ultrasonic vibrations
5
0

30 50 70 90 110

current pulse frequency, Hz
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Fig. 5. Graph of the dependence of the MAO coating thickness on the current pulse repetition frequency
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Fig. 6. Graph of the dependence of the roughness of the MAO coating on the frequency of the current pulses
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Fig. 7. Graph of the dependence of the adhesion strength of the MAO coating on the frequency of the current pulses

454



Technological processes and material science

Figure 7 shows the dependence of the adhesion strength of the MAO coating on the pulse repetition
frequency, both with and without the application of ultrasonic vibrations during the coating formation
process. The maximum adhesion strength of the MAO coating without ultrasonic vibrations was ob-
served at a pulse repetition frequency of 40 Hz, reaching 1.12 MPa. In contrast, for the MAO process
with ultrasonic vibrations, two adhesion strength maxima were observed — at 40 Hz and 90 Hz — with
a peak value of 1.85 MPa.

Conclusion

In this study, we analyzed the influence of ultrasonic vibrations and high-frequency current on the
structure, thickness, surface roughness, and adhesion strength of MAO coatings on titanium alloys.

We confirmed that ultrasonic vibrations positively affect the adhesion strength of the coating. We
propose a processing regime for titanium alloys using the MAO method with ultrasonic vibrations at a
pulse repetition frequency of 90 Hz, which increases the adhesion strength of the MAO coating by
more than 60 %.

It is assumed that the coating growth mechanism under the influence of ultrasound is as follows:
hydrogen bubbles formed during the process are fragmented into smaller ones and move intensively
toward the substrate surface. As the bubbles grow, they collapse under the action of ultrasound, releas-
ing a significant amount of heat and energy that accelerates the formation of the oxide film. Subse-
quently, the cavitation effect of ultrasound decreases due to the formation of the coating layer; as a
result, ultrasonic waves are reflected from the coating surface, generating standing waves near the in-
terface between the electrolyte and the coating. These standing waves promote uniform distribution
and compression of bubbles at the coating boundary, ensuring an even distribution of micro-arc dis-
charges and energy across the treated surface. As a result, the coating achieves uniform thickness, re-
duced surface roughness, and strong adhesion to the substrate material.
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