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ABSTRACT

Environmentally friendly electrolytes have been developed to ensure the formation of coatings based on titanium alloys by
plasma electrolytic processing, which contain phosphates in the form of sodium pyrophosphate (Na,P,0,) and sodium hexa-
methophosphate (Na, PO ,), calcium-containing components in the form of calcium hydroxide and hydroxylapatite, as well as
a bio-additive in the form of diatomite in different concentrations. The study of the stages of PEO coating formation is present-
ed with the help of time dependences of the voltage change on the anode during the processing. The presented dependencies
made it possible to establish the optimal ratio of //I_ current density, at which uniform coatings are formed. The through-thick-
ness porosity of the synthesized PEO-coatings in different modes was determined through experimental studies. It is shown
that coatings formed in an electrolyte with phosphates are characterized by the maximum rate of such porosity (0.75 %), while
high water absorption is characteristic of coatings formed in an electrolyte with diatomite, which is 1.21 % against 0.6 %. Such
values satisfy the conditions of biocompatibility of the materials.
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INTRODUCTION

Plasma electrolytic oxidation (PEO), also known as
microarc oxidation (MAO) or anode spark deposition
(ASD), is a cost effective and ecofriendly technology,
which allows forming an oxide on the surface of alu-
minium, magnesium, titanium, zirconium, tantalum,
niobium, hafnium and other light metals and their al-
loys [1-5]. More over, the thus formed oxide coatings
are characterized by a controlled morphology, high
microhardness, wear- and corrosion resistance, excel-
lent strength of adhesion to the base, high dielectric
and thermal properties [6—14].

During PEO discrete spark discharges appear on
the surface, when the applied voltage exceeds the crit-
ical values (known as the voltage of breakdown of the
oxide semiconductor film). The discharge occurs as a
result of the loss of the oxide film dielectric stability
in the low electric conductivity region. This process is
accompanied by sparking [15] and gas evolution [16,
17]. The microdischarge leads to high temperature and
pressure in the local region that allows forming oxide
coatings, which consist not only of the stoichiometric
composition of the processed metal oxides, but also
from more complex oxides, containing compounds,
which form as a result of plasma-chemical reactions
of the metal with the electrolyte components [18].
Although the microdischarge phenomena and their
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influence on the formation mechanism, composition,
morphology and other properties of oxide PEO-coat-
ings on aluminium and magnesium have been suffi-
ciently researched, the correlated studies of titanium
have not been fully conducted.

Titanium is a widely used metal in engineering,
owing to its properties, such as high strength, low
density, high melting temperature and good biocom-
patibility [19-21]. The effectiveness of using titanium
alloys in implantology was studied for a long time
[22, 23]. The high biocompatibility is due to titanium
ability to form on its surface a protective oxide lay-
er in fractions of a second, due to which it does not
corrode and does not release free metal ions, which
can cause pathological processes in the vicinity of the
implant. Due to that, the tissues adjacent to the pros-
thesis remain free from metal ions [24].

Titanium alloys are used as prosthesis of shoul-
der, hip and knee joints, as well as for manufacturing
plates for fracture splicing. Titanium lightness also de-
termines its wide application for medical instruments
[25, 26]. However, after bone replacement surgery, at
least 17.5 % of the cases require repeated operation
[27]. Incomplete osteointegration and bacterial infec-
tion are a threat for normal implant survival. The au-
thors of [28] describe effective application of coatings
with a wide porosity range in their work. This effect
leads to higher osteointegration [29].
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It is known that the main disadvantages of the ti-
tanium alloys are poor machinability, high coefficient
of friction, relatively low modulus of elasticity, while
a low chemical activity and strength of adhesion to
the muscle tissues and the bone are also added for im-
plantology. These facts can lead to resorption of the
bones in their vicinity [30, 31].

An efficient method to prevent this effect is pre-
deposition of a bactericidal layer on the material sur-
face. Arash Fattah-alhosseini et al. report that a lot of
attention should be given to coating nontoxicity that
may lead to appearance of multidistant pathogens
[32, 33]. A possible solution to this problem is surface
modifications which improve the implant osteointe-
gration, or reduce the bacterial infection. In view of
the above, application of compositions with antimi-
crobial properties in the bone plastics is promising
[34, 35]. These are exactly the requirements satisfied
by PEO as a promising method with the possibility
of modification of the light alloy surface with vari-
ous calcium-containing components, phosphates and
bio-additives [36-39].

THE OBJECTIVE

of this work is development of the technology of
saturation of oxide PEO-coatings based on a titani-
um alloy with phosphates and diatomaceous soil (di-
atomite) to increase their porosity and roughness.

INVESTIGATION PROCEDURE

The object of study are coatings based on Ti—6Al-4V
titanium alloy (class 5), which was synthesized by the
method of plasma electrolytic oxidation. Round flat
samples of the following dimensions: 20 mm diame-
ter, 5 mm thickness were tested. The electrolyte was
an aqueous solution based on potassium hydroxide
(KOH), calcium hydroxide (Ca(OH),), sodium silicate
(Na,O(Si0,),), sodium pyrophosphate (Na,P,0.), so-
dium hexamethophosphate (Na P O, ) at their differ-
ent concentration (0.5-20 g/1). To clarify the influence
of bioactive natural materials on the coating proper-
ties, calcium hydroxylapathite (Ca, (PO,) (OH),) and
diatomite (main component is SiO,) were added to the
electrolyte in the amount of 1 and 20 g/1, respectively.
PEO modes were characterized by the ratio of the an-
ode to cathode currents, 7 and /, respectively, and by
processing duration.

In this work we considered the characteristics of
a microdischarge at plasma electrolytic oxidation
through determination of electrophysical parameters
of the coating synthesis. Coating morphology was
studied in Tagarno Prestige FHD microscope, Xplus
controller and 3D laser scanning microscope Key-
ence VHX 7000. Coating roughness was analyzed in

keeping with DSTU ISO 4287:2012 by the follow-
ing parameters: R — arithmetic mean deviation of
the profile, R_— height of profile unevenness over 10
points. Coating density was determined by pycnomet-
ric method (DSTU ISO 2811-1:2019), through-thick-
ness porosity and water absorption — by hydrostatic
weighing (DSTU B A.1.1-49-94).

EXPERIMENTAL RESULTS
AND THEIR ANALYSIS

Derived dependencies (Figure 1) allowed establish-
ing that coating formation is influenced by the current
density ratio.

In order to establish the influence of phosphates
and calcium-containing components on the stages of
the process of synthesis of oxide-ceramic coatings,
voltage change in time was studied in electrolytes
without phosphates and with their addition.

In electrolyte with 2g/l KOH + 3 g/l Na,0(Si0,) , ini-
tial voltages at which the coating is formed, are equal
to 73—160 V (Figure 1). Here, at the stage of the first
10 min, the voltages rise faster, that is attributable to
the presence of an oxide film with unipolar conductiv-
ity on the titanium alloy surface. This is exactly why
this film should be removed to ensure the conditions
for deposition of coatings on such alloys. In the pres-
ence of high voltages on the electrode, electron in-
jection into the oxide layer takes place. This is what
accounts for the initial voltage rise, found in all the
studied systems.

The obtained results suggest that the anode voltage
is influenced by the current density, which is set to be
stable during synthesis. Thus, synthesizing the coat-
ing at /I = 10/5 A/dm* mean voltage value at which
the coating is formed, is equal to 82.5 V. If we set the
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Figure 1. Electrophysical parameters of PEO-alloy Ti-6Al1-4V
in an electrolyte of 2 g/l KOH + 3 g/l Na,0(SiO,) , at current
density ratios of 2, 1.5 and 1.25 and synthesis time of 20 and
50 min: m — 7/ = 10/5 A/dm*; @ — [ /I = 75/60 A/dm* A —
I/I, = 50/40 A/dm* ¥ — [/I = 150/100 A/dm*, € — [/ =
=150/120 A/dm?; » — 1 /I = 100/80 A/dm?
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Figure 2. Electrophysical parameters of PEO-alloy Ti-6Al-4V in
electrolytes of 3 g/l KOH + 2 g/l (Na,0(SiO,), (m, A) and 5 g/l
KOH + 5 g/ (Na,0(Si0,), (e, V) at synthesis time of 120 min at
1/I.=10/10 (A, V) and 20/20 A/dm? (m, ®)

current density ratio / //_ = 150/100 A/dm?, the initial
anode voltage of synthesis rises by 32 V, and the mean
voltage value, at which the coating forms, rises by
35.8 V. Increase of anode current density 15 times and
that of cathode 24 times (7 /I, = 150/120 A/dm?) leads
to voltage rise at the start of synthesis by 53 V, and the
mean value of voltage at which the coating forms in
this mode, rises by another 3.9 V, compared to voltage
of the start of PEO process in the same mode.

Note that the oxide film breakdown is followed by
the process of metal oxidation in the high-temperature
channel with running of plasma-chemical reactions
on the anode. Such a process is represented by the
rectilinear section on the curve of voltage dependence
on synthesis time.

Figure 2 shows the dependencies of synthesis
voltage change in phosphate free electrolytes with
the ratio 7/ =10/10 and 1 /I, 20/20 A/dm*. One can
see from the derived dependencies that the elec-
trolytes with a higher concentration ensure higher
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Figure 3. Electrophysical parameters of PEO-alloy Ti-6Al1-4V
in an electrolyte of the composition of 0.5 g/l KOH + 0.5 g/l
Ca(OH), + Na,0(Si0,), + 0.5 g/l Ca(OH), + 0.5 g/l NaP,O  +

0.5 g/l Na,P,0, at I/I_ = 20/20 (m), 15/10 (e) and 10/10 A/dm?
(A)

conductivity, leading to decrease of voltage of the
studied system.

Increase of current density leads to increase of anode
voltage, electron injection into the oxide layer being pro-
vided at smaller energy losses for the breakdown chan-
nel at current density ratio //1, = 20/20 A/dm’.

For coating saturation with phosphates, an electrolyte
with components of sodium pyrophosphate (Na,P,0.)
and sodium hexamethaphosphate (Na,P O ) was de-
veloped. Derived dependencies of synthesis voltage
change in time are presented in Figure 3.

Synthesis of oxide PEO-coatings in an electrolyte
with phosphates leads to a rapid rise of anode voltage.
Among the given results, we should single out the
mode with current density ratio //I_ = 1.5, at which
uniform coatings are formed.

Having obtained the results on the dependencies at
current density ratio of 15/10 A/dm? in the electrolyte
with added salts, it was found that the anode voltage
coincides with the voltage, which is recorded at tita-
nium alloy synthesis in a sodium salt free electrolyte,
containing calcium hydroxide [1]. Thus, it becomes
clear that sodium salts increase the conductivity of the
working environment.

Coating saturation with calcium-containing com-
ponents was performed through addition of hydroxyl
apatite (HAp) and diatomite to the electrolyte. Elec-
trophysical parameters of coating formation in such
electrolytes are shown in Figure 4. Derived dependen-
cies allowed establishing that the coatings form uni-
formly with addition of hydroxylapatite and diatomite.
Thus, the developed electrolytes provide satisfactory
conductivity. As one can see from the presented de-
pendencies, oxide film breakdown in an electrolyte
with HAp requires a large margin of energy which
cannot be said about coating formation in an electro-
lyte with diatomite, where a rapid increase of anode
voltage is absent. Providing a higher ratio of current
density in the system, namely 20/20 A/dm?, compared
to 10/10 A/dm?, leads to decrease of voltage, at which
coating synthesis occurs, by approximately 25 V. The
same regularity is preserved also for coating synthesis
in an electrolyte with diatomite (Figure 4).

It should be also noted that diatomite addition to
electrolyte leads to increase of electric conductivity
of the working medium that reduces the anode voltage
during PEO.

In order to establish the degree of hydrogen ion
activity in electrolyte medium or the degree of their
acidity, pH level of the medium was determined be-
fore the coating synthesis process, and after comple-
tion of the process of titanium alloy surface treatment.
Thus, it was found that before the start of coating
synthesis the electrolyte pH was equal to 12.6. After
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Figure 4. Electrophysical parameters of synthesis of PEO-coat-
ing on a titanium alloy in an electrolyte of 5 g/l KOH + 5 g/l
Ca(OH), + 5Na,0(SiO,) + 5 g/l Ca(OH),+ 5 g/l Na PO+ 5 g/l
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NaP O, + 1 g/l HAp and 20 g/l KOH + 20 g/l Ca(OH), +
+ 20Na,O(Si0,), + 20 g/l Na P O+ 20 g/l Na PO, + 20 g/l di-
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atomite: m — HAp with //I = 10/10 A/dm* e — HAp with //
1,=20/20 A/dm*; A — with diatomite ///, = 10/10 A/dm*; ¥ —
with diatomite / /I = 20/20 A/dm?

completion of the process of coating deposition on the
metal surface pH level increases slightly and is equal
to 12.8.

The surface of the coatings produced as a result
of PEO is covered by craters and pores and it has a
rather high roughness (Figure 5). This is attributable
to the features of the synthesis process, which is char-
acterized by constant formation of breakdown chan-
nels and their disappearance during the entire PEO
duration. Studies of the surface morphology and its
roughness revealed that the coatings synthesized in
an electrolyte with diatomite (electrolyte with 20 g/l
KOH +20 g/11.g+20 g/l Na,P O . +20 g/l Na,P,O, +
20 g/ diatomite) have greater surface roughness (R =

- o _."'"_.-“.:.-."' \ !
Figure 5. Surface of PEO-coatings synthesized in the following electrolytes: « — 5 g/l KOH +5 g/l Lg + 5 g/l Ca(OH),+ 5 g/l Na PO .+

5 g/l Na,P.O
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Figure 6. Results on true density, average density, porosity and
water absorption of PEO-coatings synthesized in different elec-
trolytes: / — 0.5 g/l KOH + 0.5 g/l 1.g + 0.5Ca(OH), + 0.5 g/l
Na,P,O, + 0.5 g/l NaPO ;2 — 20 KOH + 20 g/l L.g + 1 g/l
Ca(OH), + 20 g/l Na,P,0,+20 g/l Na, PO , + 20 g/l diatomite;
3—3 g/IKOH +2 g/l .g +3 g/l Ca(OH),
=40 pm, R_= 239 um), while the coatings synthesized
in electrolyte of the following composition 20 g/l
KOH + 20 g/l L.g + 20 g/l Na,P O, +20 g/l Na,P.O,
have roughness R = 5-137 um and R_= 28-100 um
(here 1.g — liquid glass). Processing duration also
influences surface roughness. So, coatings processed
two times longer (60 against 30 min), have 5 times
higher surface roughness. Here, owing to the twice
longer processing time, surface roughness parameter
R, increases from the value of 20.4 up to 42.1 um,
while roughness parameter R_ varies from 119.7 to
239.4 um, respectively.

Studies of the coating porosity showed that the
coatings are produced with through-thickness po-
rosity of maximum 0.75 %, that is characteristic for
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Figure 7. Fractogram of a coating at different magnifications, synthesized on a titanium alloy in the medium of 20 g/l l.g + 20 g/l

KOH + 20 g/l Na,P,0,+ 20 g/l Na PO

6618
coatings, synthesized in electrolytes with just the
phosphates. Open porosity with 0.67 % values is
inherent to coatings, synthesized in alkaline elec-
trolyte of 3 g/l KOH + 2g/1 liquid glass. The per-
centage of through-thickness porosity for coatings
formed in a diatomite-containing medium decreas-
es only slightly.

Studies of water absorption of the coatings re-
vealed that the most porous of the mentioned coatings
form in a diatomite-containing medium. Water ab-
sorption for such a kind of coatings is equal to 1.21 %,
compared to coatings synthesized in electrolyte with
0.64 % phosphates, and in an alkaline electrolyte,
containing just KOH and 0.61 % liquid glass.

Such results indicate that the coatings synthesized
in a diatomite-containing electrolyte, are character-
ized by closed pores that is confirmed by fracture
fractogram, shown in Figure 7.

One can see from this fractogram that pores in
the coating have different dimensions, are surface
melted and thus overlap. Such a result is positive as
these are exactly the muscle tissues that can become
embedded into the pores, leading to fast implant sur-
vival in the living body and shortening of the reha-
bilitation period.

CONCLUSIONS

1. The influence of the ratio of anode and cathode cur-
rent density on the anode voltage was established un-
der the conditions of biocoating synthesis by plasma
electrolytic oxidation method on a titanium alloy. It
was found that at / /I = 10/5 A/dm* in an electrolyte
consisting of 2 g/l KOH + 3 g/l liquid glass, the an-
ode voltage during PEO is the lowest, namely ~83 V,
while among the selected experimental / /I ratios the
highest value of anode voltage is ensured at / /I =
=50/40 A/dm?*.

2. Phosphate addition to electrolyte leads to a rap-
id increase of the anode voltage, which is increased
twice, compared to phosphate-free electrolytes.

+ 20 g/l diatomite at 7 /[, = 10/10 A/dm?, processing time of 30 min

3. In phosphate electrolytes the coating is synthe-
sized uniformly at the ratio 7 /I = 15/10 A/dm’.

4. Addition of calcium-containing components to
the electrolyte with pyrophosphate and sodium hexa-
methophosphate reduces the system energy consump-
tion and stabilizes the coating formation process that
is reflected in its uniformity over the entire surface.

5. Diatomite presence in the electrolyte greatly in-
creases the conductivity of the working medium, that
leads to anode voltage drop and removes the section
of rapid voltage rise in the first minutes of coating
synthesis, that is responsible for the breakdown of the
oxide film on the titanium alloy in alkaline electro-
lytes, which contain only the components of potassi-
um hydroxide and liquid glass.

6. It is found that PEO-coatings with the highest
through-thickness porosity, equal to 0.75 %, form in
an electrolyte of the composition of 0.5 g/l KOH +
0.5 g/l L.g + 0.5 g/l Ca(OH), + 0.5 g/l Na PO, +
0.5¢g/INa,P,O..

7. Investigations revealed that in the coatings syn-
thesized on a titanium alloy in an electrolyte of the
composition of 20 g/l 1.g + 20 g/l KOH + 20 g/l
Na,P O +20 g/l Na P O  +20 g/l diatomite are char-
acterized by a high water absorption, equal to 1.21 %,
that is two times higher than this index for coatings,
formed in a phosphate electrolyte and in an electrolyte
without addition of other components.
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