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Abstract. In the work, the influence of the composition of the electrolyte on
the electrophysical parameters of the synthesis of coatings with increased bio-
compatible properties was studied. It was established that under conditions of
increased electrolyte concentration, the voltage at which the coating is synthe-
sized decreases. This effect can be explained by the thermodynamic Gibbs
conditions. According to these conditions, the system needs more energy
when the medium contains more elements, which must also consume a certain
amount of energy. The authors found that sodium salts increase the conductiv-
ity of the working environment. This effect affects the speed of the synthesis
process and can reduce the cost of the energy reserve of the system as a
whole.

Spectral analysis established that during the synthesis of a titanium alloy in an
alkaline electrolyte, an equilibrium non-degenerate quasi-ideal plasma is real-
ized in the discharge channel with a temperature of (1...1,1)x10* K and an
electron density of (3,2...3,4)x10%2 m. It is under these conditions that mole-
cules dissociate into ions and interact with the components of the electrolyte,
which leads to oxidation of the surface of valve metals and the formation of
stable compounds with high biocompatible properties.

Keywords: Akaline electrolyte, Datomite, Hydroxyapatite, Anode voltages,
Current density ratio, Titanium alloys, Electrolytic plasma.

1 Introduction

One of the most promising approaches in modern materials science is surface
modification of functional materials in order to give them a new set of physical-
mechanical, physical-chemical and operational properties. In the field of biomedical
materials science, the creation of new implant materials with bioactive properties is
particularly relevant. In recent years, significant progress has been made in the
development of new approaches in implantology, but there are also significant
problems related to the biocompatibility of the surface of implants, as this directly
affects their compatibility with the living organism. In this regard, one of the
important problems of modern implantology is the creation of new-generation
implants with increased biocompatibility, which ensures a decrease in the probability
of rejection. PEO coatings are formed as a result of electron injection, which is
provided by the appropriate energy conditions of the system. Therefore, it is relevant
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to study the stage of the plasma-electrolyte oxidation process, which is determined by
the voltage on the working electrode (anode).

2 Literature Review

Titanium and its alloys are widely used as materials for biomedical applications such
as dental and orthopedic implants due to their non-toxicity, high specific strength and
good biocompatibility [1]. Increasing the operational properties of metals is essential
[2, 3]. However, titanium and its alloys are bioinert and cannot induce bone growth
[4]. To overcome this drawback, researchers tried to change the composition and
topography of implant surfaces [5 — 7]. The formation and vital activity of bone tissue
at the border with non-biological structures depends to a large extent on the micro-
structure of the surface of the material. Previously, it was proposed to synthesize a
coating on the surface of titanium alloys in an alkaline environment with diatomite
[8]. The authors found that the positive effect of adding diatomite to the electrolyte is
its antimicrobial properties, as well as the possibility of synthesizing coatings with a
roughness of Rz = 137,498 um, which is many times higher than the roughness of
coatings synthesized in an environment without diatomite. Modern scientific progress
makes it possible to increase the compatibility of the surfaces of parts by using
synthesized oxide ceramic coatings. Currently, many methods of surface
strengthening of materials have been developed [9]. However, they are characterized
by the following disadvantages: high cost or long duration of the process, small
thickness of the reinforced layer and insufficient adhesion, surface distortion, etc.
Plasma electrolytic oxidation (PEO) is a relatively new type of surface treatment. and
strengthening of valve metals, which originates from traditional anodizing and refers
to electrochemical processes. Such spraying reduces the coefficient of friction and
improves the corrosion properties of parts with valve metals. This method of surface
treatment allows to obtain multifunctional metal-ceramic coatings with a unique set of
properties. Technologies for creating conversion oxide-ceramic coatings on valve
metals are mainly used for surface strengthening of aluminum, zirconium, titanium,
and magnesium alloys [10-13].

In [10], the properties of the coatings synthesized on titanium samples were studied,
and the authors established that the surface porosity affects the biocompatibility
properties. It was also found that surface porosity favors HA nucleation and thus
improves bioactivity. In [11], the authors described the influence of the concentration
of electrolyte components and the anode current density at the Ia/Ic cathode on the
morphological features of the surface coatings synthesized on the basis of zirconium
by the PEO method. S. L. Aktug, S. Durdu, I. Cudbay and M.Usta investigated the
phase structure, morphology, hardness, adhesive strength, surface roughness, and
wear resistance of PEO coatings in solution of potassium hydroxide (KOH) and
different concentration of sodium metasilicate pentahydrate (Na,SiOs-5H,0)
electrolytes. It was seen that the wear rate, hardness and surface roughness of the
coatings were increased when the concentration of Na,SiO3-5H,O electrolyte was
increased [12]. In article [13] researched the rate of wear of OCC, which was formed
in the alkaline electrolyte Na,SiO3+KOH. Found that oxideceramic cover with dry
friction increases wear resistance investigated alloys 10 ... 15 times. Wenbin Hue,



Live Deng, Ruhi Chen and others [14] established that the OCC on aluminum alloy
consists of two layers — a loose layer and a compact layer. They revealed that The Hp
and E in the compact layer are about 18—32 GPa, 280-390 GPa, respectively. The Hp
and E profiles are similar, and both of them exhibit a maximum value at a same depth
of the coatings. They found that the nanohardness Hp and the modulus of elasticity E
in the compact layer are approximately 18-32 GPa and 280-390 GPa, respectively.
The profiles of Hu and E are similar, and both show a maximum value at the same
coating depth. They investigated that changes in the content of a-Al>:O3 and y-AlO3
are the result of different cooling rates of molten aluminum oxide in the micro-arc
discharge channel at different coating depths.

The polarization behavior of technically pure titanium during plasma electrolytic
oxidation was investigated in a KOH solution [15]. It was established that the
behavior of the discharge depends on the concentration of the solution [16, 17]. The
authors determined that for all concentrations, when the voltage increases in the first
stage, anodization occurs and oxygen bubbles are formed. For intermediate
concentrations of KOH, when the voltage passes the critical value, the current density
increases and sparks appear on the surface. A further increase in voltage leads to the
formation of large arcs and a sharp increase in the current density, which is
accompanied by an intensive release of gas (oxygen) due to the oxidation of water.
All three oxidation stages are also present in electrolytes containing three sodium
orthophosphate (Na3;POy), potassium hydroxide (KOH), sodium carbonate (Na2CO3),
sodium nitrite (NaNO,) and urea CO(NH;), [18].

The main goal of this work was to establish the dependence of the effect of adding
phosphates, hydroxyapatite and diatomite to the alkaline electrolyte on the
electrophysical parameters of PEO.

3 Researches Methodology

The main electrophysical parameters of PEO are the voltages at the anode Ua and
cathode Uk, the synthesis time, as well as the current density at the anode, cathode Ia,
and Ik, respectively, which are used to calculate the current density ratio la/Ik.

First, the area of the surface to be oxidized was determined, which was used to
calculate the current that must be applied to the sample. By setting a constant current
on the anode and cathode at the beginning of the synthesis, Ua and Uk were recorded
every 1-2 seconds. After approximately 5 minutes of the oxidation process, voltmeter
readings were taken every 5 minutes. On the basis of the obtained values, curves of
voltage dependence on time were constructed, according to which the stages of the
PEO process were determined.

The physical parameters of the electrolytic plasma, in which oxides are synthesized
on a metal substrate, were studied on a special low-power installation for oxide-
ceramic oxidation (Fig. 1) [19], equipped with a C-115 spectrophotometer.

Under the action of the current on the sample located in the electrolyte bath, spark
discharges are produced, in which the plasma state is realized and the radiation
through the output window made of US-88 glass is fed to the input window of the
spectrophotometer. The emission spectra of electrolytic plasma of the system zirconi-



um alloy - aqueous solution were studied. No radiation was observed in the short-
wavelength region (190...290 nm), after which it is absorbed by the electrolyte.

|

Fig. 1. Electrolytic bath for plasma oxidation with determination of physical parameters of
plasma

The electrolytic plasma of the titanium alloy — electrolyte system was studied
according to the method outlined in [19]. An aqueous solution of
1 g/l KOH+1 g/l Na,SiO; (with a current density of 1,38 g/cm®) served as the
electrolyte. The synthesis of the oxide ceramic coating was carried out on the titanium
alloy. The IMPELOM installation was used as a power source. The current density is
3 kA/m?, the ratio of cathodic to anodic current densities Ia/Ic=1, pulse frequency
50 Hz. The radiation spectrum entered the spectrophotometer using an optical fiber
cable, which made it possible to observe titanium radiation in the region up to 300
nm.

4 Results

To establish the stagedness of the process of synthesis of oxide-ceramic coatings, the
change in voltage on the anode (sample) from the beginning of the process to its end
was investigated. In order to analyze the influence of individual components of the
electrolyte on the phasing of PEO, the operating parameters of the synthesis were
selected experimentally. The modes by which the stages of the process of synthesis of
titanium alloy Ti-6Al-4V by the PEO method were studied are presented in the
Table. 1.

The synthesis of the coating in the electrolyte with a higher weight content of
potassium hydroxide and liquid glass slightly lowers the synthesis voltage (Fig. 2).
The obtained results indicate the influence of the concentration of components and the
density of the currents on the stages of the PEO process. Thus, it follows from the
dependences that an increase in the current density by 10 A/dm? both at the anode and
at the cathode leads to an increase in the initial voltage by 30 V for all the specified
systems.



Table 1. The environment in which the titanium alloy coating was synthesized

o Electrolyte components, g/l
sample | KOH | (Na2O(SiO2)x | Ca(OH)2 | NasP207 | NasPsO1s | HPA | Diatomite

1 3 2 - - - - -

2 5 5 - - - - -

3 10 10 0,5 - - - -

4 0,5 0,5 0,5 0,5 0,5 - -

5 5 5 5 5 5 1 -

6 20 20 20 20 20 - 20

The breakdown of the natural oxide film, that is, the voltage at which sparks are
formed on the surface of the sample, also occurs at a higher voltage when the current
density increases by 10 A/dm?. However, in another way, this process takes place
with a change in the concentration of the electrolyte. In a less concentrated electro-
lyte, the system needs to spend more energy and time on the breakdown of the natural
protective film on the surface of the titanium alloy, and therefore the voltage for such
systems increases rapidly by approximately 20 V from the beginning of synthesis.

== 3 ¢/l KOH+2 r/x (Na,0(Si0,), Ta/lx=20/20 A/dm’
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Fig. 2. Electrophysical parameters of PEO titanium alloy in electrolytes Ne 2 and Ne 3 during
synthesis 120 min at Ia/Ic=10/10 A/dm? and 20/20 A/dm?

For systems with a higher concentration of components in the electrolyte, less energy
is spent on the breakdown of the protective barrier on the surface of the same alloys,
and when twice as much current is applied to the system, the oxide film breaks
through at almost the initial voltage (the increase occurred only by 1 V in 10 min of
synthesis time). This effect can be explained by the higher conductivity of the electro-
lyte, which is given by liquid glass.

As a result of the interaction of Ca(OH), with CO,, which is supplied to the electro-
lyte bath for its mixing, a reaction is formed:

Ca(OH),+C0,—CaCO5+H,0 (1)

As a result of this interaction, insoluble calcium carbonate is formed, which gives the
solution turbidity.



In an electrolyte of 10 g/l KOH + 10 g/l Na,O(SiO2)n +0,5 g/l Ca(OH),, the synthesis
of an oxide ceramic coating on a titanium alloy occurs according to a similar mecha-
nism as under the previous regimes (Fig. 3). However, according to the results of the
experimental dependences, it can be seen that the adding of a small amount of calci-
um hydroxide (0,5 g/l) into the electrolyte requires more energy from the system.
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Fig.3. Electrophysical parameters of PEO titanium alloy in electrolyte Ne 3 at Ia/Ic=20/20
A/dm? and 10/10 A/dm?, synthesis time 120 min

After synthesizing titanium alloy samples with different ratios of current densities, it
was found that they were formed under regimes Ia/Ic = 1,5; 2 and 1,25 coatings were
of poor quality already from a visual inspection (Fig. 4).

a b c d

Fig. 4. PEO-coatings synthesized according to the following modes:
a) 0,5 g/l KOH + 0,5 g/l NaxO(SiO2)n +0,5 g/l Ca(OH)2 + 0,5 g/l bone glue at Ia/lc =1;
b) 0,5 g/l KOH + 0,5 g/l Na2O(SiO2)a +0,5 g/l Ca(OH): at [a/Ic=2;
¢) 0,5 g/l KOH + 0,5 g/l Na2O(SiO2)a+0,5 g/l Ca(OH): at Ia/Ic=2,3;
d) 10 g/l KOH + 10 g/l Na2O(SiO2)n +0,5 g/l Ca(OH): at Ia/Ic=1,25.

Therefore, in the future, it was not advisable to investigate such coatings, and the
regimes under which low-quality coatings were formed were indicated as ineffective
for such alloys.



To realize the synthesis of coatings on titanium alloys with increased
biocompatibility, electrolytes of a separate composition have been developed.

To increase the biocompatibility of the coatings and obtain their chemical composi-
tion, as close as possible to the composition of bones, phosphate salts, such as sodium
pyrophosphate NasP>07, sodium hexaphosphate NasPsO1s, as well as calcium hydrox-
ide, hydroxyapatite and diatomite, were added to the working electrolytes. This made
it possible to control the chemical composition of the formed PEO-coating. As in
previous studies, the stages of the PEO process were the stages of synthesis (Fig. 5).
The conducted research made it possible to establish the effect of calcium hydroxide
on the staged process of the titanium-based coating synthesis. The established de-
pendencies made it possible to determine a voltage drop of approximately 5 V at the
anode due to the addition of 0,5 g/l of Ca(OH), to the electrolyte. Such an effect is
obviously associated with an increase in the viscosity of the electrolyte, which re-
quires more energy consumption at the anode. By increasing the concentration of
calcium hydroxide in the electrolyte by two times and reducing the current density by
two times, we achieved the same voltage at the anode in the third stage of synthesis,
which is characterized by the growth of oxide on the surface of the sample. However,
it should be noted that in this case the initial voltage is lower by 6 V, and also that the
breakdown voltage was not recorded in this mode.
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Fig. 5. Electrophysical parameters of PEO titanium alloy in electrolyte Ne 4, No 5 and Ne6 at
Ia/1c=20/20 A/dm?, synthesis time 60 min

Dependencies of the stages of the synthesis process on a titanium alloy in an electro-
lyte Ne 4 made it possible to establish that breakdown of the oxide film occurs much
faster than during biocoating synthesis in an electrolyte without sodium salts. Thus,
under mode Ne 4, the second stage (breakthrough of the natural oxide film) occurs at
the fourth minute of PEO of the titanium alloy. At lower current densities, namely
with ratios Ia/Ic=1,5 and Ia/Ic=1, the breakdown of the film takes a little longer. So, it
should be noted that for the ratio Ia/Ic=15/10 A/dm?, the breakdown voltage is 147 V,
and in this case, the third stage of synthesis occurs after 10 min of oxidation. When



Ia/Ic=10/10 A/dm?, stable sparking on the sample occurs only after 20 minutes of
oxidation.

According to the experimentally established data of voltage changes over time, it
becomes obvious that a system with a higher concentration of components requires
more energy to carry out reactions between the metal and the electrolyte. Therefore,
comparing modes Ne 4 and Ne 3, it turns out that the voltage increase at the anode in
the process of synthesis by 85 V is higher for mode Ne 4. So, it was found that the
electrolyte with a higher content of components has a higher conductivity and thus a
higher voltage at a constant current acts on the sample according to modes Ne 3 and
Ne 4, respectively.

Synthesizing an oxide biocoating on a titanium alloy in electrolytes Ne 5 and Ne 6, the
stages of the synthesis process remain the same, i.e. the initial (I area, which is
characterized by the release of hydrogen on the surface of the anode), breakdown
voltages (II area, which is characterized by the formation of the first sparks on the
anode) and the growth region of the coating (III area, which is characterized by the
stable growth of oxide on the anode) were revealed (Fig. 5).

The characteristic spectrum of electrolytic plasma radiation is shown in Fig. 6.
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Fig. 6. Emission spectra of electrolytic plasma during the synthesis of oxide ceramic coatings
on titanium alloys

Titanium oxide is a dielectric with a large band gap. The breakdown of the film
formed in a weakly concentrated electrolyte occurs at a higher electric field intensity,
which correlates with the emission of a larger number of lines observed in the spec-
trum (Fig. 6). Based on the broadening of the H, hydrogen line based on the Stark
effect and the relative intensities of the emission lines of magnesium ions and atoms
and the methods described in [101], it was established that in the discharge channels
during the synthesis of titanium-based oxide ceramics, a plasma with an electron den-
sity ne=(3,2...3,4)x10?> m™ and the electron temperature T, = (1...1,1)x10*K [18].



5 Conclusions

It can be noted that in conditions of increased concentration of the working medium
(electrolyte), the voltage at which the coating is synthesized decreases.

It was experimentally confirmed that the synthesis of the coating in an electrolyte
with a higher weight content of potassium hydroxide and liquid glass, namely
5 g/l KOH + 5 g/l Na,O(Si0»), versus 3 g/l KOH + 2 g/l Na,O(SiO), slightly lowers
the synthesis voltage. Using the time dependences of the voltage on the anode in the
PEO process, it was found that a more uniform formation of oxide on the surface of
titanium alloys is formed at the ratio la/Ic = 10/10 A/dm? and 20/20 A/dm?. The pre-
sented results indicate that sodium salts increase the conductivity of the working me-
dium, which proves the result of the supply of smaller currents to the anode and cath-
ode, but with a different ratio, which is not 1, but 1,5.

Studies of the physical properties of plasma established that during the synthesis of
oxide ceramic coatings in an electrolytic plasma at a temperature of (1...1.1)x10* K
with an electron density of (3,2...3,4)x10%2 m™ and a degree of ionization (0,02...0,10)
on a titanium base, an equilibrium, non-degenerate, quasi-ideal plasma is realized in
the discharge channel.

References

1. Wouter Habraken, Pamela Habibovic, Matthias Eppl, Marc Bohner. Calcium phosphates
in biomedical applications: materials for the future? Materials today, vol. 19 (2), pp. 69-87
(2015)

2. Wenzhu Zhang, Youwei Xu, Yu Shi, Guoxing Su, Yufen Gu, Korzhyk Volodymyr. Inter-
granular corrosion characteristics of high-efficiency wire-laser additive manufactured In-
conel 625 alloys. Corrosion Science, vol.205, 110422 (2022)
https://doi.org/10.1016/j.corsci.2022.110422

3. Buketov, A., Stukhlyak, P., Maruschak, P., Panin, S., Menou, A. Physical and chemical
aspects of formation of epoxy composite material with microfilling agent. Key Engineer-
ing Materials, vol.712, pp. 143—-148 (2016)/

4. Carayon M.T., Lacout J.L. Study of the Ca/P atomic ratio of the amorphous phase in plas-
ma-spayed hydroxyapatite coatings. J. Solid State Chem, vol.172(2), pp.339-350 (2003).
https://doi.org/10.1016/S0022-4596(02)00085-3

5. Povstyanoy O., Imbirovich N., Redko R., Redko O., Savaryn P. Numerical Evaluation of
the Properties of Highly Efficient Titanium Porous Materials. In: Tonkonogyi, V., Ivanov,
V., Trojanowska, J., Oborskyi, G., Pavlenko, I. (eds) Advanced Manufacturing Processes
V. InterPartner 2023. Lecture Notes in Mechanical Engineering. Springer, Cham. pp.307-
317.(2024). https://doi.org/10.1007/978-3-031-42778-7_28.

6. H.A. Lowenstam, S. Weiner, On Biomineralization, Oxford University Press, 1989.

7. Hugo R Fernandes, Anuraag Gaddam, Avito Rebelo, Daniela Brazete, George E Stan, José
M F Ferreira. Bioactive Glasses and Glass-Ceramics for Healthcare Applications in Bone
Regeneration and Tissue Engineering. Materials, vol.11(12), pp.25-30 (2018)
https://doi.org/10.3390/mal1122530.

8. Imbirovich N. Yu., Zvirko O. L., Kuzhidlovskyi K. Ya. Morphology and porosity of the
surface of titanium alloys after plasma-electrolytic oxidation in an alkaline environment
with diatomite. Physico-Chemical Mechanics of Materials. Vol. 52, pp.67-74 (2023).


https://doi.org/10.1016/j.corsci.2022.110422
https://www2.scopus.com/authid/detail.uri?authorId=8877978800
https://www2.scopus.com/authid/detail.uri?authorId=6602738749
https://www2.scopus.com/authid/detail.uri?authorId=25638742300
https://www2.scopus.com/authid/detail.uri?authorId=7003422815
https://www2.scopus.com/authid/detail.uri?authorId=24473256500
https://www2.scopus.com/record/display.uri?eid=2-s2.0-84990862138&origin=resultslist
https://www2.scopus.com/record/display.uri?eid=2-s2.0-84990862138&origin=resultslist
https://doi.org/10.1016/S0022-4596(02)00085-3
https://doi.org/10.1007/978-3-031-42778-7_28

10

10.

11.

12.

13.

14.

15.

16.

17.

18.

Korzhyk, V., Berdnikova, O., Stukhliak, P., Kushnarova, O., Zhao, J., & Skachkov, 1.
Strength and crack resistance structural criteria of composite coatings produced by the
method of multi-chamber detonation spraying. Solid State Phenomena, vol.355, pp.123-
129 (2024). doi: 10.4028/p-qjM7yA.

H. Fakhr Nabavi, M. Aliofkhazraei, Morphology, composition and electrochemical
properties of bioactive-TiO2/HA on CP-Ti and Ti6Al4V substrates fabricated by alkali
treatment of hybrid plasma electrolytic oxidation process (estimation of porosity from EIS
results), Surface and Coatings Technology, vol. 375, pp.266-291 (2019).

Nataliia Imbirovych; Inna Boyarska; Oleksandr Povstyanoy; Krzysztof Kurdzydlowski;
Sviatoslav Homon; Leonid Kulakovskyi. Modification of oxide coatings synthesized on
zirconium alloy by the method of plasma electrolytic oxidation. AIP Conf. Proc. 2949,
020011 (2023). doi.org/10.1063/5.0165655

S. L. Aktug, S. Durdu, 1. Kutbay, M. Usta Effect of Na2SiO3-5H20 concentration on mi-
crostructure and mechanical properties of plasma electrolytic oxide coatings on AZ31 Mg
alloy produced by twin roll casting, Ceramics International, vol.42, pp. 1246—1253 (2016).
N. Imbirovych, M. Klapkiv, V. Posuvailo, O. Povstyanoy Properties of oxide ceramic
coatings on magnesium and titanium alloys synthesized in electrolytic plasma, Powder
metallurgy, vol.54, pp.47-52 (2015) doi.org/10.1007/s11106-015-9678-7.

Wenbin Xue, Zhiwai Deng, Rugi Chen, and et.al. Microctructure and properties of ceramic
coatings produced on 2024 aluminium alloy by microarc oxidation, Materials Science, vol.
36, pp. 2615-2619 (2001).

A. Mathis, E. Rocca, D. Veys-Renaux, J. Tardelli, Electrochemical behaviour of titanium
in KOH at high potential, Electrochim. Acta, vol.202, pp. 253-261 (2016).

Shuilin Wu, Xiangmei Liu, Kelvin W.K. Yeung, Huan Guo, Penghui Li, Tao Hu, C.Y.
Chung, Paul K. Chu. Surface nano-architectures and their effects on the mechanical prop-
erties and corrosion behavior of Ti-based orthopedic implants. Surface and Coatings Tech-
nology, vol.233, pp. 13-26 (2013).

Xinxin Zhang, Gunagyi Cai, You Lv, Yule Wu, Zehua Dong, Growth mechanism of tita-
nia on titanium substrate during the early stage of plasma electrolytic oxidation, Surface
and Coatings Technology, vol. 400, 126202 (2020).

M. Khorasanian, A. Dehghan, M.H. Shariat, M.E. Bahrololoom, S. Javadpour.
Microstructure and wear resistance of oxide coatings on Ti—6Al-4V produced by plasma
electrolytic oxidation in an inexpensive electrolyte. Surface and Coatings Technology, vol.
206(6), pp. 1495-1502 (2011).

. Klapkiv M.D., Nikyforchyn H.M., Posuvaylo V.M. Spectral analysis of electrolytic plasma

under conditions of aluminum oxide synthesis. Phys. Chem. mechanics of materials, vol.
30(3), pp-70-82 (1994).


https://doi.org/10.1063/5.0165655

