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PEXXUMU CUHTE3Y KOHBEPCIﬁHIDS IVIABMOEJIEKTPOJIITHUX ITIOKPUTTIB
HA IIUPKOHIEBIA OCHOBI TA iX KOPO3IIHI BJACTABOCTI

JhyybKuil HayioHanbHull mexHiunuil yHisepcumem’

Hayionaneruti mexniunuil ynicepcumem «/Ininpoecoka nonimexmixay’

Memoro pobomu Gyno nposedenHs cCneKmpaavHoz0 ananizy enekmponimuunoi naazmu. byno ecmanoeneno, uio
memnepamypa naazmu, 6 AKill ymeopoemuvca eucokomemnepamypHuuil okcuo, cmanosums 8000-500 K. /Jocniornceno ennue
CKNAdy eneKmponimy ma cnieeiOHOUWIEHHA 2YCIMUH CMPYMY HA eleKmpoizuuni napamempu nia3zmo60e1eKmpoiinHozo
OKUCTIEHHS.

11io uac docnioxycenns 6yno oocnioxceno Kopo3iiny cmiikicms 6 maxomy azpecugnomy cepeooguudi, ax 10% HCI. B
pesynvmami eKcnepumeHmis 0yno 6cmanoeneHo, w0 OMmpuUMaHi OKCUOOKepamiuHi ROKpUmMma XapaKkmepusyomscs UcoKo0
MiKpomeepoicmio ma Kopo3ilinoio cmiiikicmio.

Knrouoei cnosa: nna3MoenekTpONIiTHE OKCUTyBaHHSI, OKCHIOKePaMiuHi TIOKPUTTS, 3aXHMCHI TIOKPUTTS, MIKPOCTPYKTYpa,
KOpO3iiiHi BIaCTUBOCTI, 00pOOKa MTOBEPXHi.
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SYNTHESIS MODES OF CONVERSION PLASMA-ELECTROLYTIC COATINGS ON
ZIRCONIUM BASIS AND THEIR CORROSION PROPERTIES

The aim of the work was to conduct a spectral analysis of electrolytic plasma. It was established that the plasma
temperature in which the high-temperature oxide is formed is 8000 500 K. The influence of the electrolyte composition and the
ratio of current densities on the electrophysical parameters of plasma-electrolytic oxidation was investigated.

During the research, a study of corrosion resistance in such an aggressive environment as 10% HCI was conducted. As
a result of the experiments, it was found that the obtained oxide-ceramic coatings are characterized by high microhardness and
corrosion resistance.
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Statement of the problem. Due to its properties, zirconium and alloys based on it are widely used
in various industries. For example, zirconium alloys have found their application in nuclear power
engineering for the manufacture of shells of heat-generating elements with an increased operating
temperature, channel pipes, etc. Such use is due to the ability of zirconium to have a low thermal neutron
capture and high corrosion resistance [1]. Of course, the use of zirconium is not limited to the nuclear power
industry. Alloys based on it are also attractive for chemical engineering, as a structural material with high
anti-corrosion properties in acids and aqueous environments. Zirconium is an inert material in biological
environments, and therefore promising in the medical industry. Due to this property, implants in dentistry
and traumatology, as well as surgical instruments, are made from zirconium alloys [2, 3].

Protective coatings on alloy products, as is known, must meet many requirements, the most important
of which are: sufficient adhesion of coatings to the substrate (base), uniformity in thickness, low porosity
and, accordingly, high corrosion resistance, satisfactory mechanical properties (hardness, wear resistance).
These and other characteristics depend on the method of coating application, the technological conditions
of its formation, the nature and composition of the alloy.

In modern mechanical engineering, metals with low specific gravity and high corrosion resistance
are widely used, for example, aluminum and titanium alloys, but their characteristics are often limited by
low wear resistance and strength, the thickness of the protective film to various types of damage.

Most methods for protecting metal from corrosion are aimed at weakening or preventing the
appearance of corrosion. Plasma electrolytic oxidation (PEO) has recently been considered a promising
method for surface protection of light alloys against corrosion and mechanical damage [4].

The PEO method makes it possible to obtain coatings on metal surfaces that are identical in
physicochemical properties (hardness, heat, wear, and corrosion resistance) to refractory ceramic materials
[5]. The combination of functional properties with the decorative appearance of products obtained by this
method makes it possible to use them in rocketry, shipbuilding, aviation, as well as in building decoration,
etc.

Analysis of recent research and publications.Plasma-electrolytic oxidation (other names:
microplasma, anodic spark, microarc) is one of the most promising methods of surface treatment of
materials. The essence of the method is that when a high-density current passes through the metal-

© H.IO. Imbiposuy, FO.B. lluwxo, B.B. Trauyk, 1.B. boapcvka, /[.A. I'ycauyk

99



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

electrolyte interface, conditions are created when the tension at the interface becomes higher than its
dielectric strength and micro-plasma discharges with high local temperatures and pressures appear on the
electrode surface. The result of the action of micro-plasma discharges is the formation of a coating layer
consisting of oxidized forms of the elements of the base metal and components of the electrolyte. Depending
on the modes of plasma-electrolytic oxidation (PEO) and the composition of the electrolyte, ceramic
coatings with unique characteristics and a very wide range of applications can be obtained [6].

The advantages of the method are the ability to create ultra-strong coatings with unique characteristics,
obtaining several protective characteristics in a complex, practically infinite service life of the electrolyte,
the ability to process complex profile parts, high dispersion ability of the electrolyte (the coating is applied
into holes and planes without difficulties), there is no need for special surface preparation before applying
the coating and mechanical treatment after applying the coating, obtaining different coatings on the same
material.

Setting tasks. The aim of the study was to investigate the corrosion resistance of oxide-ceramic
coatings synthesized on a zirconium alloy Zr-2,5%Nb in an alkaline electrolyte of the composition 10 g/l
KOH + 15 g/ liquid glass (the electrolyte base is distilled water).

Presentation of the main material. In general, the production line for PEO coatings consists of:
power equipment (specialized power supplies); baths in which surface preparation, processing and washing
are carried out; a manipulator for moving the suspension with parts (in the case of serial production); metal
structures for placing baths and a manipulator; auxiliary equipment - a distiller, a pump-filter for cleaning
and pumping solutions; reserve tanks, devices for controlling the quality of the coating and the state of the
electrolyte.

The process of coating formation takes place in an electric field, which is a source of energy for
plasma-chemical reactions on the working electrode. At a certain voltage, a sharp heating of the thin channel
in the oxide layer occurs, and the current there is interrupted due to the formation of a vapor-gas bubble,
due to the evaporation and electrolysis of the electrolyte. With a further increase in voltage, an electric spark
breakdown of this bubble occurs, which is accompanied by a sharp thermal increase in its volume, and,
accordingly, the interelectrode distance in the discharge channel - the voltage to maintain it begins to be
insufficient, and the spark discharge is extinguished. After the discharge is extinguished, the bubble cools
sharply and contracts, which is accompanied by a crackling characteristic of anodizing in a spark discharge.
Galvanoluminescence, the valve effect, spark discharge at the anode, and electric breakdown of oxide films
continue to be studied today [7]. In the breakdown channel, the temperature increases sharply, dissociation
and ionization of the electrolyte occur, and a plasma clot is formed, in which plasma-chemical reactions of
oxide synthesis take place.

In this work, the zirconium alloy Zr-2.5%Nb was investigated. The experiments were carried out
in alkaline electrolytes based on distilled water of the following composition: 3 g/l KOH + 2 g/l liquid glass,
10 g/l KOH + 15 g/l liquid glass, 10 g/l KOH + 15 g/l liquid glass + 0,1 g/l GrOs, 10 g/l KOH + 15 g/ liquid
glass + 0,1 g/l GrOs + 10 g/l glycerin, 10 g/l KOH + 15 g/l liquid glass + 0.1 g/l GrO3 + 10 g/l glycerin +
10 g/l H,O,, 10 g/l KOH + 15 g/l liquid glass + 0.1 g/l GrOs + 18 g/l glycerin + 10 g/l H20,. To achieve
homogeneity of the electrolyte concentration throughout the volume, it was constantly stirred with air.
Chromium oxide GrOs (VI), which is a strong oxidizer, is obtained by the action of excess concentrated
H>SO4 on a saturated aqueous solution of potassium dichromate. Acidic chromium oxide, reacting with
alkalis, forms chromates CrO4>: . The synthesis of oxide ceramics was carried out at different ratios of the
anode current to the cathode current (Ia / Ic): 20/20 A / dm? 10/15 A/ dm?, 10/10 A / dm?, 20/30 A / dm?.
Synthesis time from 20 to 60 min.

To solve this problem, the dependences of voltage change over time at a constant current density in
the process of synthesis of a coating on titanium and zirconium alloys were constructed. The Faraday region
is an integral part of the process at the pre-spark stage, and its duration depends on the method of
implementing the process and the rate of voltage growth to the sparking potential.

Electrical parameters for the synthesis of oxide-ceramic coating (OCC) are selected mainly
experimentally, without proper theoretical justification. However, it is the ratio of the anodic current to the
cathodic current (Ia/Ic) and the voltage that determine the nature and intensity of the discharges, and also
affect the temperature conditions on the alloy surface. These parameters also affect the functional
characteristics of the formed coating, such as hardness, wear resistance, and corrosion resistance. When
synthesizing OCC, the stage of spark discharge formation on the sample surface is important. Studies of
voltage changes during the synthesis of oxide-ceramic coating on zirconium alloy Zr-2.5%Nb have shown
that with the growth of the coating, the voltage on the anode smoothly decreases. An increase in the anodic
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potential outside the Faraday region leads to a breakdown of the dielectric or semiconductor film of the
anode, which is formed when passing the Faraday region (Fig. 1a). The breakdown occurs due to the
injection of electrons from the valence band to the conduction band.

The formation of the OCP on the zirconium alloy occurs in two stages: in the first seconds, the
anode voltage Ua increases by about 5...10 V (Fig. 1a, stage I), here the formation of the primary oxide film
occurs by the electrochemical mechanism. The only reaction on the anode at a voltage of up to 100 V is the
anodic growth of the oxide. In this case, the overvoltage of oxide formation is less than the voltage of
electrolyte decomposition. At the second stage of the formation of the spark discharge channel in the “metal
— oxide — electrolyte” system, with a further increase in voltage during the synthesis of the coating, a
breakdown of this channel by electrons occurs.
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Fig. 1. Dependence of the anodic a) and cathodic b) voltages on the time of synthesis on
zirconium alloy electrodes in electrolyte (a): 3 g/l KOH+2 g/l liquid glass with different current
densities Ta/Ic: 1, 1/ - 20/20 A/dm’, 2, 2/ - 10/15 A/dm’, 3, 3/ - 10/10 A/dm’; (b): 10 g/l KOH+15 g/l
liquid glass with different current densities Ia/Ic: 1.1/ - 20/20 A/dm’, 2, 2/ - 10/10 A/dm’

During the synthesis of the anodic spark coating on the zirconium alloy, a slight increase in the
anodic Ua and cathodic Uc voltages is observed with an increase in the concentration of KOH and liquid
glass in the electrolyte (Fig. 1a, b). With an increase in the concentration of KOH and liquid glass (Fig. 1b,
stage II) the process of coating formation stabilizes and occurs uniformly. Only with the addition of 10 g/l
H,0; at the stage of coating formation does the voltage begin to gradually decrease (Fig. 2, field II).
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Fig. 2. Dependence of anodic (a) and cathodic (b) voltage on the synthesis time on zirconium
alloy electrodes in an electrolyte 10 g/l KOH + 15 g/l liquid glass + 0.1 g/l GrOs + 18 g/l glycerol + 10
H,0; with different current densities: 1, 1/ -20/30A/dm’, 2, 2/ -10/15 A/dm’.
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A single reaction on the anode at a voltage of up to 100 V results in anode growth of the oxide. In
this case, the overvoltage is created by the mensch oxide due to the voltage of the electrolyte.

Thus, the electrophysical parameters of the process of synthesis of OKP on zirconium alloy depend
on the composition of the electrolyte and the ratio of the density of the anodic current to the cathodic current.
Thus, in the least concentrated electrolyte, which contains alkali and liquid glass, the synthesis is uneven,
which affects the quality of the coating. Such a coating does not completely cover the surface of the metal,
forming islands of synthesized oxide on the surface (Fig. 3) and, therefore, is not of high quality.

Plasma electrolyte coating is inert. One of the explanations in them is that there are various options
for compounds that can lead to the destruction of metal or alloy. All this reduces the functionality of the
power and will soon end the use of the alloy. Due to the fact that the corrosion chemistry of plasma-
electrochemical coatings on zircon and titanium alloys in various corrosive-aggressive environments is
revealed and it is important for their corrosion jets, for these they judged the speed of corrosion alloys.

Fig. 3. Oxide-ceramic coatings on zirconium alloy (processing modes are given in Table 1)

Table 1
Processing modes of oxide-ceramic coatings on zirconium alloy
X Electrolyte gc/(l)mposmon, L /Ic,z T" Hﬂ . Thickness,
KOH | Liquid glass | GrO; A/dm™ | min | Gpy mm

1 5 5 — 14/20 30 9 70...100

2 10 15 — 20/20 40 16 70...130

3 10 15 0,1 20/20 30 10 90...160

4 3 2 — 20/20 30 14 20...50

After the formation of the OCC, corrosion processes are essentially galvanized. In hydrochloric
acid environments, corrosion flows, which are reduced in a curve against the matrix in the order.

It is seen that high corrosion power of zirconium is allowed into a thin-walled acidified liquid of
oxides partially ZrO (Table 2). However, respected minds, engaged and declaring personally aggressive
middle peasants (including in the case of robots) chickens, within the limits of small thickness and low
rigidity, do not exclude high anti-corrosion powers.

Corrosion jets covered this, which judged the speed of corrosion of the material, reducing all the
systems used.

The corrosion potential of the corrosion-German zirconium alloy when diluted with 10% HCI has
a negative value of -370 mV (Fig. 4 a), the corrosion jet is 80 mA / m’.

When forming this alloy, OCC produces softening by 1...2 serial places in the electrolyte
warehouse, where the tires were synthesized. Since it is synthesized in a low-concentration electrolyte,
which is the case with alkali and glass, it is possible to find lower corrosion activity because of this, which
were synthesized in more concentrated electrolytes and have a value of 1,2110° A/m* (Fig. 4 a, curve 4).

With an additional increase in the concentration of electrolyte on the streams of corrosion and cor OCC are
reduced.
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The coating obtained in an electrolyte of 10 g/l KOH + 15 g/I rs has a corrosion current value of
1,3910* A/m?, and when 10 g/l H,O is introduced into the electrolyte, the ir decreases to a value of
1,21'10™* A/m’.

This result is obviously associated with the combination of high hardness and thickness of the coating.

Conclusions. Plasma is formed within 3...5 min (initial section of the curve), the voltage in this
section increases. Further increase in the electrolyte concentration by increasing the content of the main
composition of KOH and liquid glass and by introducing additional chromium stabilizes the synthesis
process. The current ratio does not change the nature of the voltage dependences on time, i.e. does not affect
the stability of the synthesis process. A decrease in currents reduces the anodic and cathodic components of
voltage, and this in turn affects the properties of the coatings. The most favorable conditions for the
formation of oxide are formed at a current density ratio of la/Ic=1,5 and at a relatively low electrolyte
concentration of 10 g/l KOH+15 g/l liquid glass. Studies of the corrosion properties of plasma-electrolytic
coatings showed that the corrosion currents of the OCC for all studied systems are reduced by 2...3 orders

of magnitude.
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Fig. 4. Polarization curves: a — zirconium alloy (1) and its OCC (2, 3, 4) in a 10% HCI
solution (modes are presents in Table 1)
Table 2

Corrosion potential and current of Zr - 2,5%Nb alloy and coating on it under different
oxidation regimes

. Electrol ition,
No Corrosive ectro ytegc/(l)mp051 ton I/1c T, Ucor, Icon
- . t 2 . B 2
environmen KOH |lg | CrOs [ H:05 A/dm min A/m
1 — | — | — — — — 0,37 8,07'10°
2 o 10 15 — 10 20/20 30 0,41 0,21'10*
3 Rd e 10 15 — — 20/20 30 0,50 1,39-10*
4 3 2 — — 20/20 20 0,45 12,0710

List of sources used.

1. Linlin Wang, Xin Hu, X. Nie. Deposition and properties of zirconia coatings on a zirconium alloy
produced by pulsed DC plasma electrolytic oxidation. Surface and Coatings Technology,Vol. 221, 2013,P.
150-157. https://doi.org/10.1016/j.surfcoat.2013.01.040.

2. Sandhyarani M, Prasadrao T, Rameshbabu N. Role of electrolyte composition on structural,
morphological and in-vitro biological properties of plasma electrolytic oxidation films formed on
zirconium. Applied Surface Science, Vol. 317, 2014, P. 198-209,
https://doi.org/10.1016/j.apsusc.2014.08.081.

3. Shalabi MM, Gortemaker A, Hof MAV, Jansen JA, Creugers NHJ. Implant Surface Roughness
and Bone Healing: a Systematic Review. Journal of Dental Research. 2006;85(6):496-500.
doi:10.1177/154405910608500603

© H.IO. Imbiposuy, FO.B. lluwxo, B.B. Trauyk, 1.B. boapcvka, /[.A. I'ycauyk

103



Misicayziecwvruti 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne83

4. Kazem Babaei, Arash Fattah-alhosseini, Razieh Chaharmahali,A review on plasma electrolytic
oxidation (PEO) of niobium: Mechanism, properties and applications, Surfaces and Interfaces, Vol. 21,
2020, 100719, https://doi.org/10.1016/j.surfin.2020.100719

5. Polo, T.O.B., Silva, W.P.P., Momesso, G.A.C. ef al. Plasma Electrolytic Oxidation as a Feasible
Surface Treatment for Biomedical Applications: an in vivo study. Sci Rep 10, 10000 (2020).
https://doi.org/10.1038/s41598-020-65289-2

6. Tabares Ocampo J, Marin Valencia V, Robledo SM, Upegui Zapata YA, Restrepo Munera LM,
Echeverria F, Echeverry-Rendén M. Biological response of degradation products of PEO-modified
magnesium on vascular tissue cells, hemocompatibility and its influence on the inflammatory response.
Biomater Adv. 2023 Nov;154:213645. doi: 10.1016/j.bioadv.2023.213645. Epub 2023 Sep 30. PMID:
37806213.

7. Li, L.; Yang, E.; Yan, Z.; Xie, X.; Wei, W.; Li, W. Effect of Pre-Anodized Film on Micro-Arc
Oxidation Process of 6063 Aluminum Alloy. Materials 2022, 15, 5221.
https://doi.org/10.3390/mal15155221

© H.IO. Imbiposuy, FO.B. lluwxo, B.B. Trauyk, 1.B. boapcvka, /[.A. I'ycauyk

104



