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SYNTHETIC-HYDROXYAPATITE-BASED
COATINGS ON THE ULTRAFINE-GRAINED
TITANIUM AND ZIRCONIUM SURFACE

The development of biocompatible materials is a multidisciplinary task and requires
the interaction of physicists, chemists, biologists, and physicians, since the func-
tional reliability of materials depends on their biochemical, cellular, tissue, and
biomechanical compatibility. This area has been developing intensively in recent
years, resulting in numerous research articles. As assumed, the composition of the
biocompatible coating of the new generation should coincide as much as possible
with the composition of natural human bone and be able to simulate bone tissue on
its surface. As a result of the approximation of the phase-structural state and pro-
perties of the resulting coatings on implants to the parameters of bone tissue, im-
proved compatibility between them can be achieved. When forming biocompatible
coatings, special attention is paid to creating a definite relief (roughness) on the
implant surface. There is a current search for new technological solutions for crea-
ting a biocompatible rough surface on implants that ensures reliable integration of
the implant into bone tissue, since existing technologies do not fully meet state-of-
the-art medical requirements.
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1. Introduction

Metals and alloys are widely used in medicine as material for implant
manufacture in traumatology, orthopaedics, maxillofacial surgery, den-
tistry, etc. [1-9]. Since ancient times, there have been numerous at-
tempts to use both precious metals (gold and silver) and iron alloys in
various injuries treatment. Nevertheless, the comprehended use of met-
als became possible only in the XIX—XX centuries, when scientific bio-
compatibility problem approaches were developed, and the necessary
technologies in metallurgy were developed [10—-16].

It is known that the first orthopaedic implants were made of iron-
based alloys. The mechanical and physicochemical parameters of these
materials are high enough. However, they have a low level of biocom-
patibility and corrosion resistance in aggressive biological environ-
ments, which can cause various allergic and inflammatory reactions de-
velopment, which has limited their active use. Currently, 30X13 and
40X13 steel grades are used to manufacture surgical instruments,
springs, rods, plates, etc. For the manufacture of spokes, staples, and
clamps in external fixation devices for the treatment of bone fractures,
more plastic steel of the 12X18N10T brand is used [17-19].

Steel 12X18N10T has increased resistance to intercrystalline corro-
sion due to the formation of sufficiently large carbide particles after
high tempering and quenching in oil. Today, steel is a material with a
good combination of strength, plasticity and with a relatively low cost.
However, steel and steel alloys are inferior in biocompatibility to metals
and alloys based on titanium, zirconium, niobium, and tantalum.

The next stage in the development of medical materials science was
the use of cobalt—chromium-molybdenum alloys containing up to 25—
30% chromium, 5—7% molybdenum and a small number of other metals
for the manufacture of metal orthopaedic implants [20].

Chromium—cobalt alloy is also used to manufacture implants and
the metal base of solid-cast denture structures based on implants. Even
though cobalt—chromium-molybdenum and stainless steels have high
mechanical characteristics, they are less and less used in orthopaedics
today due to the high probability of emission of toxic alloying elements
from the implant into the surrounding tissues of the body. Intensive
electrochemical reactions with the formation of toxic compounds are
observed on the surface of an implant made of cobalt—chromium—molyb-
denum alloy after its introduction into the body, which negatively af-
fects the biocompatibility of this implant [20].

Noble metals, primarily such as gold and platinum, have a ‘clean’
metal surface, therefore, they have very high corrosion resistance and
biocompatibility, but they have a high cost that also limits their use.

The most popular and commonly used metal materials in medicine
are titanium and its alloys [17-19]. A large number of scientific papers
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have been devoted to the study of the mechanical, chemical, and biologi-
cal properties of titanium and titanium alloys [21-23]. From the point
of view of chemical and electrochemical biocompatibility, titanium has
several advantages over other metals used in medicine: high biocompa-
tibility; good corrosion resistance; bio-tolerance; non-magnetism; low
thermal conductivity; small coefficient of linear thermal expansion; the
almost complete absence of toxic phenomena. Therefore, titanium is the
most preferred metal for the manufacture of orthopaedic, traumatologi-
cal and dental implants.

In addition, titanium is of great practical interest due to its rela-
tively high physical and mechanical properties and relative availability.
Titanium with a small amount of impurities that fall during metal
smelting is considered technically pure or unalloyed. It should be noted
that the mechanical properties of titanium, like any other metals, largely
depend on the content of impurities, the technology of production, and
further heat treatment and can vary significantly.

2. Ultrafine-Grained (UFG) Titanium and Its Alloys

The rapid development of nanotechnology has not spared medical im-
plants. Currently, methods of intensive plastic deformation have been
developed to obtain bulk nanostructured (NS) metallic materials, inclu-
ding titanium and titanium alloys. Receiving a homogeneous fine-
grained structure and nanostructure in titanium made it possible to
form a material with high mechanical properties corresponding to tita-
nium alloys for medical purposes. Pure titanium does not contain alloying
elements harmful to the body. At the same time, the phase and elemen-
tal composition do not change, and nanostructured titanium can be suc-
cessfully applied in medical practice. Calcium-phosphate coatings (amor-
phous, nanocrystalline, and crystalline) are applied to the surface of ti-
tanium products, which makes it possible to give the product the
necessary operational properties without changing its structure.
Titanium has been widely used in surgery since the 1950s and is the
main material for the production of various implants. Technically pure
titanium grades VT1-0, VT1-00, Grade 1 Grade 2 Grade 3, and Grade 4
and their alloys VT6, VT16, and titanium nickelide are used for the pro-
duction of dental implants. In orthopaedics and traumatology, titanium
alloys with vanadium, molybdenum, aluminium, nickel, and cobalt are
used for the manufacture of implants (spokes, nails, plates, bolts, and
screws for fixing damaged joints and bones), in particular, alloys VT5,
VT6, VT16, etc. [23, 24]. Nevertheless, some researchers [25—-30] ex-
press concerns about using titanium alloys for implant manufacture due
to the likelihood of the alloying elements released on the implant sur-
face, which can lead to the intoxication of the surrounding tissues.
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Thus, the composition of the VT6 alloy includes aluminium, vanadium,
and molybdenum, which in themselves are toxic and, if ingested into
living tissues, can lead to undesirable processes in the body.

In modern medical practice, implants made of titanium or titanium
alloys are widely used to replace damaged or defective tissue areas.
However, implant usage with a significant difference in the physico-
chemical and mechanical properties of bone tissue and alloy causes ac-
tive rejection in the human body and, as a consequence, further compli-
cations in treatment. It is necessary to create a transition zone between
the implant and the bone, which can have a strong connection with the
implant material, as well as a macro and microstructure acceptable to
the body, to reduce the negative impact of such factors. Such a zone
should be obtained in the coating form having a developed morphology
and a definite porosity for more effective implant engraftment.

The biocompatibility of titanium and its alloys is mainly due to the
spontaneous formation of an inert oxide layer on their surface [31, 32].
Titanium is a reactive metal that, when exposed to oxygen, is rapidly
oxidized (within milliseconds), which leads to the formation of an oxide
nanolayer of almost stoichiometric TiO, of 1-10 nm thickness on its sur-
face, preventing further oxidation of the metal. The nanolayer is loosely
connected to the substrate and can be damaged even with weak mecha-
nical action. That happens during the manufacture of the implant, du-
ring its installation, as well as during operation. It is especially actively
destroyed under the influence of cyclic loads in the biological environ-
ments of the body. This process is called ‘fretting corrosion’. To prevent
this process, there are methods for the artificial formation of an oxide
or nitride layer on the surface of titanium, which is firmly bound to the
base and has corrosion and mechanical resistance [33].

At the same time, the main disadvantage and limiting factor for
expanding the range of titanium applications in dental implantology,
dentistry, maxillofacial surgery, and traumatology is the low level of
mechanical properties of pure titanium. The problem of increasing the
mechanical strength of titanium has been successfully solved due to its
conversion by methods of intensive plastic deformation into an ultra-
fine-grained and nanostructured state [34].

To date, numerous studies by research teams from around the world
have substantiated the prospect of radically improving the mechanical
properties of metals and alloys, including titanium, due to the forma-
tion of a nanoscale structure. In recent years, intensive plastic deforma-
tion (IPD) methods have been actively developed, which make it possible
to obtain volumetric ultrafine-grained and metallic materials with
unique physical and mechanical properties [35—45]. Scientific work on
this topic is carried out in collectives and centres in several laboratories
in the USA, France, Japan, Germany, Russian Federation, etc. Scien-
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tific and practical interest in the ultrafine-grained materials develop-
ment is confirmed by the development of a new scientific direction,
which is considered the basis for the creation of metals and alloys of the
next generation [46—50].

There are a vast number of publications, in which it is shown that
the use of various IPD methods makes it possible to form nanostruc-
tured and ultrafine-grained states in pure metals, alloys, and steels in
the material [35—54]. At the same time, a large number of works are
devoted to titanium and alloys based on it, in which it is shown that the
mechanical properties of ultrafine-grained (nanostructured) titanium
correspond to medium-alloyed titanium alloys (VT6, VT16) and can re-
place them.

Using ultrafine-grained (nanostructured) titanium in medicine
makes it possible to exclude the negative effect of alloying additives in
titanium alloys, such as aluminium, vanadium, and molybdenum, on a
living organism [51-54].

The formation of UFG structures in titanium alloys by IPD methods
is possible only at elevated temperatures due to the low deformation
ability of these materials. In Ref. [52], multistep isothermal all-round
forging of Ti—6Al-4V alloy was carried out with a decrease in tempera-
ture in the range of 800—450 °C. The influence of various types of the
initial structure of the Ti—6Al-4V alloy: martensitic after quenching at
1010 °C, globular a + B structure (isothermal forging at 700 °C), mixed
structure (isothermal forging at 950 °C followed by air cooling), on
forging parameters and grinding is investigated in Ref. [53]. The au-
thors have shown that compression of alloy blanks with martensitic and
globular structures by 70% at 550 °C leads to homogeneous grain struc-
ture formation, the average size of the elements of which was less than
1 micron. In the case of the initial bimodal structure, only the lamellar
component of the a-phase transformed grains, while the large grains of
the primary a-phase were oriented in the direction of the material flow.
It was shown that the all-round forging method of Ti—6Al-4V alloy
along three orthogonal directions leads to homogeneous structure for-
mation with a grain size of 0.3 microns. The authors call the formation
process of high-angle transverse boundaries in phase plates’ dynamic
recrystallization by a continuous mechanism. The authors [53] also note
that the evolution of the plate structure of the alloy into a globular one
during all-round forging strongly depends on the initial orientation of
the plates of the a-phase. With a favourable orientation of the plate
colonies relative to the compression axis (¢ axis is between 15° and 75°),
which ensures the implementation of basic and prismatic sliding, trans-
verse small-angle boundaries are formed by accumulation and redistri-
bution of dislocations. The deformation of the colonies of plates with a
less favourable orientation (the ¢ axis is an angle of about 20 or about
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75° with the compression axis) is realized through shear deformation,
while this effect increases with a decrease in temperature. The deforma-
tion shift destroys the lamellar structure and contributes to the forma-
tion of transverse intraphase boundaries with misorientation, which
varies from small to high-angle. At the same time, bending the plate
rotates its fragments and reduces the sliding resistance of dislocations.
Thus, multistage compression during free forging with a change in the
direction of deformation accelerates the globularization of the lamellar
structure, since, at each step of deformation, various dislocation-sliding
systems are activated [54].

In Ref. [55], the influence of the initial structure of Ti—6Al-4V alloy
blanks on the structure formation in it during equal-channel angular
pressing (ECAP) at temperatures of 500—700 °C was considered. Blanks
with the following types of structures were pressed: (1) globular struc-
ture with an average o-grain size of 11 microns (heating at 950 °C,
2 hours, cooling in the oven); (2) lamellar with an average colony size of
300 microns and a plate thickness of 4 microns (heating at 1050 °C,
1 hour, cooling in the oven). It was shown that the minimum tempera-
ture of the IPD implementation by this method was 600 °C. At a tem-
perature of 500 °C, the destruction of workpieces and surface defects
were observed, regardless of the type of structure.

In Ref. [56], detailed studies of the microstructure of the Ti—6Al-
4V alloy were carried out after 1 pass of the ECAP at 600 °C. It was
found that three types of characteristic microstructures are formed in
the workpiece with the initial globular structure: (a) parallel shear
bands with a thickness of 0.2 microns inside the a-grains, which are
formed in the plane of the basis; (b) a strongly deformed structure near
the B-phase; (¢) weakly deformed B-grains. The structure near the -
phase can be characterized by the formation of scattered cellular struc-
tures and equiaxed ultrafine grains with wide extinction contours. The
authors suggest that these large dislocation clusters are an indicator
that various sliding modes, including prismatic and pyramidal sliding,
are activated during deformation, while the B-phase grains act as barriers
to the movement of dislocations during ECAP.

No shear bands were found in the blank with the initial plate struc-
ture after the ECAP. The density of dislocations with basic slip is low,
and small-angle boundaries are formed in the B-plates. Well-developed
shear bands in the plane of the basis are observed at the boundaries of
the plate colonies. According to the results of observations, it can be
seen that the basic slip during ECAP is blocked not only by B-plates but
also by the boundaries of colonies. The transition of the basic slip
through the a/f boundary should be simple due to the crystallographic
ratio compared to other systems; in this case, the colony of plates acts
as a single grain for the basic slip. The initial plate structure in front of
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the ECAP shows a stronger tendency to softening of the flow compared
to the globular one. In previous studies, various causes of flow softening
were assumed, including dislocation processes, dynamic globularization,
texture, and bending of plates [567, 58]. Earlier, the authors [56] showed
that the deformation of Ti—6Al-4V at 600 °C was mainly controlled by
dislocation sliding processes. Since dislocations, which accumulate near
the o/p boundaries are found in ECAP blanks with a globular structure,
it is assumed that dislocations of an identical nature in a sample with a
plate structure can accumulate in front of the plate boundaries, leading
to a stress peak. After that, the transition of dislocations by sliding
across the boundaries leads to the beginning of softening. Due to the
stress concentration due to dislocation clusters, a lamellar structure
may be undesirable compared to a globular one, where o/p boundaries
may block sliding.

Thus, as follows from the analysis of the literature, there is a pos-
sibility of the formation of UFG structures in hard-to-deform low-al-
loyed titanium alloys by IPD methods in the field of warm deformation
temperatures (0.3—0.5). These approaches can be applied to the Ti—6Al-
7NDb alloy, which has not yet been studied from the point of view of the
formation of UFG structures, by solving the following tasks: (1) it is
necessary to choose the initial structure of the alloy to ensure its best
deformation ability during SPD; (2) it is required to analyse the influence
of temperature—velocity conditions and the degree of deformation on
the evolution of the structure in the Ti—6Al-7Nb alloy.

3. Ultrafine-Grained Zirconium and Its Alloys

In recent years, zirconium has been used more often because of its high
corrosion resistance and compatibility with human biological tissues.
That made it possible to apply it in many areas of practical medicine.
Replacing proven titanium with zirconium is associated with a number
of distinctive advantages. Although titanium is considered as the most
inert of metals, nevertheless, a few months after implantation, an in-
creased concentration of this metal is found in the liver, kidneys, lymph
nodes, and other essential organs, and a few years after implantation,
its content in the contacting tissues increases more than 5 times [59].

Using implants made of steel coated with zirconium and nitrides,
carbonitrides and zirconium oxycarbonitrides significantly improves
the physiological condition of the injured patient in comparison with
the use of similar products made of other metals. The most essential
property of zirconium is its disinfecting effect.

For example, niobium-doped zirconium is biocompatible, which makes
it possible to manufacture not only implants from them but also instru-
ments for medical use. However, several medical alloys have insuffi-
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ciently high strength characteristics, and in this regard, the question of
improving their mechanical properties remains relevant. The use of spe-
cial deformation treatments is proposed, to increase the strength charac-
teristics, which include the methods of IPD. Zirconium-based products
with higher mechanical properties can be obtained, particularly, due to
the formation of an ultrafine-grained and nanostructured state over the
entire volume of the workpiece. The transition to ultrafine-grained and
nanostructured states significantly increases the strength properties. It
is also a very urgent task to study new methods that would contribute to
improving fatigue and strength characteristics. The solution to this
problem is also essential for medical materials science since zirconium
alloys have good biological compatibility with living tissue.

In Ref. [60], the staff of the Laboratory of Physics of Nanostructured
Biocomposites of ISPMS SB AS, together with colleagues from the Uni-
versity of Duisburg-Essen (Essen, Germany) and the General Research
Institute for Nonferrous Metals (Beijing, China), conducted comprehen-
sive studies of the microstructure, mechanical and biological properties
of bioinert alloys based on titanium, zirconium, and niobium in nano-
structured and ultrafine-grained states. A combined method of IPD,
which includes multiple abc-pressing (multiaxial forging) or pressing into
a symmetrical channel with multipass rolling and subsequent precrystal-
lization annealing, has been developed to obtain NS and UFG states in
bulk billets made of titanium VT1-0, alloys Zr—1Nb, and Ti—45Nb. IPD
method modification by replacing abc-pressing into a symmetrical chan-
nel makes it possible to form a nanostructure in titanium with an average
size of structural elements of 100 nm. The formed UFG and NS states in
titanium provide high mechanical properties comparable to medium-
strength titanium alloys used in medicine. In Zr—1Nb and Ti—45Nb al-
loys, the combined IPD method, namely, abc-pressing with multi-pass
rolling, obtained a UFG structure with an average size of structural ele-
ments of 200 nm, which also leads to a significant increase in the me-
chanical properties of the alloys, while maintaining a low modulus of
elasticity commensurate with the modulus of elasticity of the cortical
bone (10—-40 GPa). The results of the assay of samples VT1-0, Zr1Nb, and
Ti—45Nb showed good biocompatibility. Cultivation of MG63 osteosarco-
ma cells on samples revealed high cell viability after 10 days and good cell
adhesion to the surface. UFG and NS alloys based on titanium, zirconium,
and niobium are promising biomaterials for medical purposes.

4, Heat Treatment of Working Tools

When choosing the coating formation method for the implant, it is neces-
sary to consider the scope of its application. For reconstructive surgery,
calcium phosphate coatings are of interest, increasing the adhesion
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strength of implants with bone tissue and enhancing their ability to os-
seointegration. For dentistry, maxillofacial surgery, and traumatology,
biopoints that increase the strength of the attachment of implants to
bone tissue are of interest. At the same time, the coatings must be stable
in a biological environment and have high adhesive strength with the
base material. The need for practical medicine for biocompatible coatings
can be satisfied by the presence of a large range of coatings of various
thicknesses, porosity, adhesive properties, etc. It is possible to solve
this problem by using various methods of coating formation, such as
plasma spraying [61-63], electrophoresis [64], sol—gel or slip method
[65, 66], a biomimetic method [67, 68], magnetron sputtering and RF
magnetron sputtering [69—-71], a detonation-gas sputtering method [72,
73], microarc oxidation method [74, 75], etc.

The plasma spraying method is one of the most widely used for coa-
tings formation, including hydroxyapatite (HA). The plasma coating
process consists of feeding the coating material (in the form of a powder
with defined particle sizes) using a special device into a plasma jet
formed by the ionization of an inert gas stream by an electric arc, which
is heated in the jet before melting is accelerated and transferred to the
coated metal substrate. Upon contact with the substrate surface, the
particles deform, spread, and crystallize, commonly forming agglome-
rates. Settling and crystallizing in layers, the particles form a coating
whose properties.

Recently, there has been an increased interest in HA study as a bio-
compatible, resorbable material, an analogue of the mineral component
of bone tissue. Studies [76, 77] have shown that titanium implants coated
with hydroxyapatite, compared with implants made of pure titanium,
contribute to improved ingrowth into the bone tissue of the body. In
addition, biocompatible coatings on the surface of a titanium implant
have a significant effect on the fixation of implants with a load, both in
stable and unstable conditions [78]. Titanium implants with biocompa-
tible coatings increase the degree of osseointegration. Such coatings
prevent the penetration of titanium ions into the living tissues of the
human body surrounding the implant.

HA can be synthesized using a variety of methods, which can be
broadly grouped into six sets of methods: (1) dry methods including
solid-phase and mechanochemical reactions [79—-81]; (2) wet methods
based on low-temperature chemical deposition, sol-gel method and hy-
drolysis [82, 83]; (3) hydrothermal methods using aqueous solutions of
high temperature and high voltage, as hydrothermal, emulsion and mi-
croemulsion [84]; (4) high-temperature processes including burning
[81]; (5) synthesis based on biogenic sources, which can be extracted
from fish bones [85], shells [86], eggshells [87], bovine bones [88]; (6) a
combination of the above methods. All methods used for the synthesis
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Fig. 1. Schematic representation of thermal spraying [91]

of HA particles have different technological characteristics and may
have different morphology. The strength and osseointegration of pow-
ders are critical characteristics that significantly depend on their micro-
structure. Consequently, the main task in the synthesis of HA is to
control crystal growth since its microscopic shape, size, and size distri-
bution can significantly affect its mechanical properties, processing con-
ditions, surface chemistry, biocompatibility, and bioactivity [89]. Thus,
synthetic procedures that can precisely control the crystal geometry are of
great value for expanding the potential applications of the obtained par-
ticles and nanoparticles. Obtaining HA particles with well-defined stoi-
chiometry, high aspect ratio, and high crystallinity still has limitations.
Biomedical applications require precise control of particle size and mor-
phology, porosity, and surface area, which are fundamental characteris-
tics that ensure reactivity and interaction with the biological system.

Let us focus on the most popular methods. Thermal spraying has
found wide application in many areas of surface engineering, especially
in bioceramic coatings. As a rule, this process involves high-speed spraying
of molten or semi-molten particles onto a substrate, in this case, an im-
plant, to obtain coatings up to 0.2 mm thickness. All kinds of materials,
including pure metals, ceramics, alloys, and composites, can be ther-
mally sprayed onto substrates. Thermal spraying methods can be classi-
fied depending on the heating sources used for melting the precursor
[90]. The thermal spraying scheme is shown in Fig. 1.

During plasma spraying, which is carried out either in the atmo-
sphere or in a vacuum, a constant current is established between the
electrodes using a plasma-forming gas such as helium, argon, or hydro-
gen. These particles hit the target and are sprayed from the nozzle to-
ward the substrate. Plasma spraying is the most commonly used thermal
spraying method for applying HA coatings [92]. The thickness of
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hydroxyapatite (HA) coatings obtained by this method is measured in
microns. For example, plasma spraying of HA coatings by Vahabzade
et al. [80, 93] had a thickness of 150 microns, and the ones produced by
Linn et al. [94] had a thickness of 5—50 microns.

High-speed oxygen fuel, a well-developed HA deposition method,
involves burning fuel gases such as hydrogen, liquefied petroleum gas
(LPG), or paraffin with oxygen to produce molten particles that can
reach supersonic speeds after passing the combustion chamber to the
nozzle. The type of fuel used determines the temperature of the cham-
ber, which can vary between 2700-3100 °C [81].

Physical vapour deposition (PVD) includes many deposition processes
used to manufacture thin membranes and protective coatings on electri-
cally conductive substrates. The technique is performed in a high vacuum
chamber, in which the condensed phase material (target) is converted
into a vapour phase by sputtering or evaporation, followed by transfer-
ring the resulting vapour phase at the atomic level through an inert at-
mosphere. As a result, a condensed film is deposited on the substrate.

Recently, magnetron sputtering has attracted much attention and is
rapidly developing for HA coatings. This method is often included in
PVD technologies and allows to production coatings with a composition
almost the same as that of the target, which provides excellent adhesion
to the substrate [84]. Figure 2 shows a diagram of the PVD process for
applying HA coatings.
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Wet methods, including sol—gel and electrochemical deposition, have
the advantages of low production costs and high flexibility, which makes
them a promising alternative to dry application methods [82].

Sol-gel is mainly used to coat HA on various implants, which in-
volves two successive stages, including (1) the preparation of sol, which
is a colloidal suspension containing a dissolved precursor in a solvent,
and (2) the manufacture of gel by polycondensation prepared salt. Usually,
the sol—gel method can be carried out in an aqueous or alcoholic medium.
In addition, the precursors used in this method are alkoxide or non-alk-
oxide. The precursor of alkoxides is more volatile. To prepare the sol
used for the application of HA coatings, Ca and P must be added to the
appropriate solvent consisting of ethanol and a small amount of water.
The purpose of adding water is to accelerate the hydrolysis of sol. Usual-
ly, calcium and phosphorus precursors in the preparation of sol are cal-
cium nitrate (Ca(NO;),) and phosphorus pentoxide (P,0,,) or triethyl
phosphite (P(OEt),; C;H,,0,P), respectively [83, 95].

The prepared sol can be applied to the substrate either by immersion
coating or by centrifugation, while the immersion coating includes three
stages: immersion, removal, and drying. The coating by centrifugation
refers to a method, in which sol is applied to the centre of the spinning
substrate until it spreads and completely covers the substrate [96, 97].
Figure 3 schematically shows the process of coating by centrifugation
for HA coating manufacture.
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Power supply Fig. 4. Schematic representation of a stan-
(T=7] dard installation for electrophoretic deposi-
tion (EPD) of HA coatings [91]

‘ /\ The advantage of this method is
the possibility of obtaining a stoichio-
metric ratio Ca/P = 1.67, which is
f’ + : much more difficult to obtain by other
- 3 methods. This method is of the great-
% < #---+ | est interest due to the low heat treat-
o . 4-+| ment of the surface (350 °C). Classical
" '| methods were carried out during heat
treatment in the region of 600-800 °C
and more. Such a low crystallization temperature of HA prevents any
changes in the structure of the metal substrate. Coatings obtained from
solutions form a continuous gas-tight film on the metal surface and
have a number of valuable qualities: a lower melting point than slip
coatings, a small thickness, and, consequently, greater flexibility. At
the same time, such advantages as the simplicity of hardware design,
the possibility of synthesizing fundamentally new compositions, and the
high purity of the materials obtained explain the significant interest
shown in the technology.

Electrochemical deposition can be divided into chemical deposition,
electrophoretic deposition (EPD) and, the main topic of this master’s
thesis, electrodeposition (ED). Electrodeposition has become more inte-
resting for the development of highly efficient HA. Non-metallic sub-
strates, such as polymer mesh or porous ceramics, can be metalized by
chemical deposition after appropriate preliminary sensitization and ac-
tivation [98].

EPD is often performed in a two-electrode cell at a constant cell
voltage. That is a well-known colloidal technology for ceramic coatings
manufacture, in which charged suspended/dispersed particles move
through a liquid medium and are deposited on a conductive substrate.
Usually, the size of suspended particles should not exceed 30 microns [99].

EPD allows applying both pure HA and HA-based composite coa-
tings to metal implants. Commonly used chemicals for HA electrolyte
preparation in the EPD process include HA particles, solvents, and dis-
persants. Usually, n-butanol and triethanolamine serve as a solvent and
dispersants, respectively [100]. The standard EPD scheme of HA coa-
tings is shown in Fig. 4.

It should be noted that Fig. 4 shows a diagram of the cathode EPD,
since positively charged particles move to the cathode, that is, to a
negatively charged electrode. The EPD of negatively charged particles is
known as the anodic EPD [101].

O

+
ot
W

(+ [+ [+ [+ [+ [+ [+
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Electrodeposition, a widely used coating method, refers to a process
in which the anode material is dissolved by an electric current followed
by displacement. It is worth noting that anodes can be sacrificial or in-
ert. At the cathode/electrolyte interface, the number of ions is restored,
and a coating of the desired composition is applied to the cathode sur-
face. Electrodeposition can also be carried out by anodic oxidation of
dissolved particles. The electrolyte provides an electrical circuit between
the electrodes in the cell. Electrodeposition opens up promising opportu-
nities for HA coatings manufacture as an alternative to dry methods,
especially, plasma spraying. During the electrodeposition of HA, calci-
um-containing and phosphorus-containing salts are dissolved in water
to prepare the electrolyte. This method takes advantage of the pH-de-
pendent solubility of calcium phosphate salts. Recently, many attempts
have been made to optimize the operating parameters. The following
section, in detail, discusses the mechanisms that control the coating
during the electrodeposition process.

On the other hand, the EPD process is a sufficiently fast and inex-
pensive method that demonstrates some advantages over alternative
processes. Some of these advantages are the simplicity of the method,
the ability to form complex shapes and patterns, control of the thick-
ness and morphology of the coating, and the low-temperature ability to
manufacture products [102] for medical purposes. Moreover, it is now
well established that the particle size and the degree of agglomeration
of ceramic powders are essential factors for the quality of the coating.
Structures that do not contain agglomerates, made of densely packed
small particles, can be compacted at lower sintering temperatures.

In Ref. [103], using Ca(NO,),,H,0, (NH,),HPO, and NH,OH as star-
ting materials, samples were synthesized by precipitation during cold
drying for 72 h and subsequent annealing at 800 °C for 1 h. As a result,
HA samples turn out to be stoichiometric (after annealing Ca/P = 1.66),
and according to morphological studies they have a micron size of crystal-
lites (0.55-1.2 pym in diameter and 2.3-2.9 pm in length). These samples
find practical application in medicine when filling bone defects (in case of
loss of a part of the bone, to accelerate the tissue regeneration processes)
or in dental pastes. Processes involving low-temperature treatment of the
precipitate in semi-continuous synthesis using solutions of (3.06 M) cal-
cium chloride (CaCl,) and (0.38 M) (K,HPO,) provide materials studied on
XRF (Rigaku Rotaflex RU-200B), HVEM (JEOL 1210 at 120 kV) and IR
(Nicolet 710) having according to the analysis of XRF and HVEM 60-90
nm and from 60-200 nm, respectively. IR spectroscopy data reveal all
modes of oscillations characterizing hydroxyapatite. The measurements
have shown that with the predominance of HPO, ions over Ca ions in the
initial solutions, a HA is formed with a stoichiometric ratio Ca/P = 1.67,
in the opposite case, a violation of stoichiometry Ca/P = 1.53 is manifested.

ISSN 1608-1021. Usp. Fiz. Met., 2023, Vol. 24, No. 4 805



A.T. Turdaliev, M.A. Latypova, and E.N. Reshotkina

The method of microarc oxidation (MAO) in aqueous solutions of
electrolytes is considered the most convenient and effective method for
calcium phosphate coatings formation with quality physicochemical
properties on products of complex shape, also referred to as implants.
This method is also known as microplasma or plasma-electrolytic oxi-
dation.

The MAO process has been studied most fully for valve metals and
their alloys (aluminium, magnesium, titanium, tantalum, niobium, zir-
conium, etc.). The PEO process makes it possible to obtain multifunc-
tional coatings with a unique set of properties, including wear-resistant,
corrosion-resistant, heat-resistant, electrical insulation, and decorative.
Therefore, the scope of application of these coatings is quite wide: medi-
cine, aviation, ship, instrument, automotive and other industries.

In the invention of the Shanghai Institute of Ceramics (China) [104],
MAO using ultrasound is used to obtain coatings on a titanium implant.
This method produces a porous antibacterial coating containing ele-
ments Ca, P, and Ag, which increase biological activity and corrosion
resistance. Characteristics of the resulting coating: thickness of 50—-85
microns, pore diameter of 4—25 microns, porosity of 20—-30% , adhesion
strength to the substrate of 23-40 MPa.

According to the technology developed by the Dalian University of
Technology (China), a nanoporous film of titanium dioxide is obtained
as a biomaterial as a result of MAO in a solution containing sodium tet-
raborate [105]. Using this electrolyte and a certain process mode makes
it possible to obtain a coating with excellent wettability and resistance to
destruction. It is established that the resulting titanium dioxide is rutile.

Coatings obtained by this method have high physical and mechani-
cal characteristics, but a low ratio of Ca and P (Ca/P = 0.13) compared
to that for bone tissue (Ca/P = 1.67), although, there are known works,
in which a ratio of Ca/P = 0.45 or more was obtained [106]. Tests of GA-
coated samples obtained by the MAO method for fatigue strength do not
reveal a significant decrease in the fatigue characteristics of the coating
compared to the substrate material. Due to the relative simplicity of the
coating process, MAO is one of the main methods for HA coatings. Due
to the high temperature that occurs in microplasma discharges, coatings
in the melted state are formed on the metal surface in the electrolyte,
which ensures strong adhesion to the substrate.

The disadvantage of this method is the low Ca/P ratio in the coa-
ting, but it is possible to obtain films with a thickness of about 80 mi-
crons. By the MAO method, it is impossible to apply a HA coating on
stainless steel (as a result of the formation of Fe oxide, which dissolves
quickly). When obtaining HA coatings by this method on titanium, free
titanium appears in them along with HA, which can negatively affect
the biological properties of implants [107].
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Magnetron sputtering systems are technological devices that allow
forming thin film coatings by cathodic sputtering of the target material
in magnetron discharge plasma. The principle of operation of this type
of device is based on the formation of electric and magnetic fields di-
rected perpendicular to each other in the cathode region.

The magnetic field, whose lines of force are parallel to the surface
of the sputtered magnetron target, holds electrons near the target in the
so-called electronic ‘trap’ created by crossed electric and magnetic
fields. The movement of electrons along spiral trajectories ensures high
plasma density at low working gas pressure and a high sputtering rate
of the target material.

When a negative voltage is applied to the cathode, a glow discharge
is excited. Electrons emitted from the cathode under the action of bom-
bardment by ions of the working gas are captured by a magnetic field.
There is an electron trap created, on the one hand, by a magnetic field
that returns electrons to the cathode, and on the other hand, by a target
under a negative potential that repels electrons that oscillate in this
trap until several ionizing collisions with atoms of the working gas occur.

The magnetic field ensures the localization of plasma at the target
surface. The cathode surface is sprayed in the area located above the
poles of the magnetic system. As a result, an erosion zone is formed in
the form of a closed track, the geometry of which is determined by a
magnetic system (Fig. 5) [108].

5. Coatings Formation

When developing new types of composite materials, which are a coating
on the surface of a bioinert alloy, it is essential to be able to control the
structure, and, consequently, the service properties of the biocomposite.
There are known works of various scientific groups dealing with the
formation of coatings obtained by RF magnetron sputtering of targets
based on various calcium phosphates, such as HA [71, 109], tricalcium
phosphate (TCP) [110, 111], tetracalcium phosphate [110], as well as
calcium pyrophosphate [112, 113] and calcium metaphosphate [114].
However, up to 80% of the work is devoted to the use of HA-based targets.

It should be noted that the elemental composition and morphology
of both biological and synthetic calcium hydroxyapatite differs depen-
ding on the formation and production conditions: the pH of the medium,
and the presence of third-party atoms and groups in the matrix solu-
tion. It is amusing that defects in the form of two-dimensional (2D) and
three-dimensional (3D) formations with a rod-shaped, spherical, fractal,
and even lamellar (like 2D fragments [115-117]) structures were ob-
served depending on the method of obtaining HA and for biogenic HA,
i.e., on the age and area of bone tissue. It is clear that when admixture
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rrernnattd « Fig. 5. Magnetron sputtering system with
flat target [108]

Azimuthal, closed-drift current

: Fig. 6. HA crystal structure (left) and HA
Magnets projection structure in the (001) plane
(right) [125]

atoms and a large percentage of isomorphic substitutions are included
in the hydroxyapatite composition, the crystal lattice will undergo dis-
tortions with a possible change in the size of the unit cell and its volume,
which is recorded by RD and electron microscopy methods. When con-
sidering the parameters of the unit cell of the HA, it becomes obvious
that, depending on the radius of the substituent ion, as well as on its
percentage content in the HA, both simultaneous changes in parameters
a and ¢ and change in one of the two depending on the substitution posi-
tion are possible.

It is experimentally known that the most likely change is parameter
a, whereas parameter ¢ changes weakly.

As a rule, the main criteria for determining the possibility of using
a particular biocoating is the morphology of the coating surface, its
structure, phase composition, and crystallinity, since these parameters
are responsible for one of the essential indicators, namely, the intensity
of bioresorption of the coating. In this paper, the possibility of control-
ling the structure of high-frequency magnetron coatings using: a) chan-
ges in the parameters of the spraying process (supply of positive/nega-
tive displacement to the substrate and the use of reaction gas); b) chan-
ges in the substrate temperature (in the range from 100 to 400 °C);
¢) changes in the plasma composition (using targets with different con-
tents of hydroxyapatite and tricalcium phosphate phases) [118—-123].

Living organisms can crystallize and deposit various minerals during
biomineralization processes, for example, such as CaP [124]. Attempts
to determine the chemical structure and composition of CaP, formerly
called apatites, began in the middle of the 18th century. However, it
was only in the XIX century that the existence of different phases of
CaP was suggested [124].

The most common HA structure belongs to the hexagonal system
with the space group P63/m, demonstrating symmetry perpendicular to
the three equivalent axes a (a,, a,, and a,), which form angles of 120° to
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each other. Its unit cell consists of calcium (Ca) and phosphates and can
be represented by M, M ,,(PO,),(OH),, in which M, and M, represent two
different crystallographic positions for 10 calcium atoms. Four Ca atoms
are surrounded by nine oxygen (O) in the PO, tetrahedron. The other six
Ca atoms are surrounded by the remaining six O atoms and one of the
two OH [125].

Figure 6 schematically shows the gradient coverage of the HA ob-
tained by applying dynamic voltage. The layer directly adjacent to the
titanium substrate consisted of small particles, where there were very
few opportunities for the deposition of large particles due to low vol-
tage. When the voltage was increased, the coatings consisted of larger
particles. It has also been proposed that a uniform, tightly packed layer
of nanoscale particles reach 64% of the theoretical density. However, it
was likely that the layer containing particles of various sizes had a den-
sity of up to 73. That happened because the smaller particles filled the
gaps between the larger particles. In light of the results of this study,
dynamic stress EPD has reasonably established itself as a promising
method for obtaining dense coatings.

Sintering of electrophoretic deposition (EPD) coatings resulted in
coatings showing well-defined HA peaks. In other words, the phase
structure of the resulting coating from the HA was not disturbed during
sintering.

HA is of great interest in the sphere of biomedicine for various ap-
plications, such as implants or prostheses in orthopaedics, maxillofa-
cial, and dentistry, intending to restore or replace hard tissues. That is
due to its excellent biocompatibility and biological activity, resulting
from its chemical analogy with mineral compounds of human bones and
the hard tissues of teeth, as mentioned earlier [124]. In addition, the
HA has good mechanical strength, porous structure, and osteoconduc-
tive, osteoinductive, and osseointegrated properties [125]. HA can be
used as an implant material in the form of a solid with low porosity,
granular particles, porous structures, and loads. In addition, it can be
used as a coating on metal implants, improving their biocompatibility
[68]. When an HA-based material is implanted, a free layer of fibrous
tissue consisting of carbonized apatite forms on its surface, which pro-
motes the attachment of the implant to living bone, that is, improves
the fixation of the implant in the surrounding tissues [125]. HA can
promote the growth of new tissue through the osteoconduction mecha-
nism without causing systemic or local toxicity, inflammation, or simi-
lar reactions caused by other foreign bodies. The porosity of the GAP is
one of the most important factors for controlling the characteristics of
the implant since the structure with open pores ensures the diffusion of
cells responsible for the deposition of bone tissue, which provides better
biointegration and mechanical stability of the implant. HA can also be
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Fig. 7. Schematic representation of the extended structural zone model (ESZM) pro-
posed by S. Mahieu et al. [126]

used as solid scaffolds for tissue repair in tissue engineering to model
compounds for biomineralization of the human body, inhibition of the
growth of many types of cancer cells, drug supply, restoration of tooth
enamel, and injectable bone cement. The mixture of HA with other phos-
phates, such as tricalcium phosphate (TCP), provides greater applicabil-
ity of this material since it provides greater cell adhesion and osteogenic
characteristics [125]. However, using porous material is limited to areas
where the skeleton is not required mechanically or as a filling of bone
cavities since it has low mechanical resistance.

The author of Ref. [126], based on the study of the structure of TiN
coatings formed by reactive magnetron sputtering, proposed an extend-
ed structural zone model (ESZM), in which, in addition to the homologi-
cal temperature of the substrate and the kinetic energy of adatoms, the
processes of diffusion, nucleation, and recrystallization, depending on
the mobility of adatoms, are taken into account. The characteristic fea-
tures of the corresponding zones in the ESZM are shown in Fig. 7 [126].
According to ESZM, with an increase in the energy flow supplied to the
growth surface, the mobility of adatoms increases, which determines
the formation of a characteristic microstructure of a thin film.

Zones Ia and Ib describe the structure of coatings formed under
conditions of low energy supply to the substrate from the plasma side.
At the same time, the mobility of adatoms is practically absent. Under
such conditions, an amorphous film is formed. Zone Ia is characterized
by a porous structure; with an increase in the bombardment of the coat-
ing by flying particles, it becomes denser and is determined by zone Ib.
A further increase in the thermal power of the plasma or the energy
supplied to the condensation surface leads to a transformation of the
structure with the formation of a textured film, the grains of which are
differently oriented relative to each other (zone Ic).

In conditions, when the mobility of adatoms is sufficient for their
intergranular diffusion, the T area is formed. In this case, the mecha-
nism of the evolutionary growth of the coating grains in the direction
with the highest growth rate is manifested. The microstructure is char-
acterized by V-shaped crystal blocks oriented perpendicular to the sub-
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strate. A further increase in the energy flow leads to an increase in the
coating textured with planes with the lowest surface energy. Under
these conditions, the film structure is determined by the processes of
recrystallization and migration of grain boundaries (zone II).

The author of the work [127] showed that zone structural models of
coating formation are equally valid for ion-plasma films and coatings,
as well as for vacuum-arc or gas-phase ones. In addition, the results of the
studies obtained within the framework of the presented work indicate the
commonality of the formation patterns of the microstructure of coa-
tings formed by magnetron sputtering of targets from various materials.

6. Conclusions

Coatings based on synthetic and biological hydroxyapatite on the sur-
face of ultrafine-grained titanium and zirconium have been developed
and improved in the world for many years, so this review is very rele-
vant. Based on this, the article presents the issues of obtaining such
coatings and analyses the possibilities of practical improvement of the
physical and mechanical properties of bioinert alloys due to the forma-
tion of an ultrafine-grained/nanostructured state by methods of inten-
sive plastic deformation. The results of studies of the microstructure
and mechanical properties of titanium and zirconium in nanostructured
and ultrafine-grained states obtained by methods of intensive plastic
deformation are presented. Solutions to the problems of coating forma-
tion on the surface of coarse-grained and ultrafine-grained bioinert tita-
nium and zirconium alloys are proposed. Convincingly shown that coa-
tings applied to the surface of titanium and zirconium alloys in a coarse-
grained and ultrafine-grained state increase their corrosion resistance
in physiological solutions and aggressive environments, that is due to a
combination of high values of the electrical resistance of the nonporous
oxide sublayer of coatings, the activation energy of the corrosion pro-
cess, as well as their adhesive strength.
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TIOKPUTTS HA OCHOBI CUHTETUYHOTI'O I'TIPOKCUAIIATUTY
HA TIOBEPXHI VJIBTPAINPIBHOSEPHIUCTOI'O TUTAHY TA IUPKOHIIO

PospobierHa 6iocyMiCHMX MaTepidadiB € MYyJIbTHUAUCIUILIIHAPDHUM 3aBIaHHAM i IO-
Tpebye Baaemomil pisukiB, xemikiB, O6ioyoriB, MeAUKiB, OCKiIbKY (DyHKIIiOHAIbHA HAa-
OifiHiCTh MaTepisaiiB 3aJIeKUTH Bif iIXHBOI 6ioxeMiuHOI, KIITUHHOI, TKAHUHHOI Ta 6io-
MexaHiuHOI cymicHOcTel. Ileit HAaIpAM OCTaHHIMY POKaMU iHTEHCUBHO PO3BUBAETHCH;
y pesyJbTaTi 3’sBISETHCA BeJIUKA KiJbKIiCTh HocaigHuUIbKUX crareil. [lepeabadaeTrs-
cs, IO CKJIak 6i0CyMiCHOTO MOKPUTTS HOBOTO MOKOJIIHHSA Ma€ MaKCUMAaJbHO 30iraTu-
cdA 31 CKJIamOM HATypaJbHOI KiCTKM JIOAWHU Ta OyTH 3ZATHUM iMiTyBaTu KiCTKOBY
TKAHUHY Ha CBOill moBepxHi. B pesynbrari HaOMMKeHHS (ha30BO-CTPYKTYPHOT'O CTaHY
Ta BJIACTUBOCTEI OJepPKyBaHMX MOKPUTTIB HA iMILTaHTaTaxX OO ITapaMeTpiB KiCTKOBOI
TKAHUHYU MOJKHA JOCAITH MoJiniieHoi cymicHocTu Mixk HuMmu. Ilig wac dopmyBaHHSA
OiocyMicHUX MOKPUTTIB 0cOOJIMBa yBara IPUAIISIETHCA CTBOPEHHIO IIEBHOTO PEIbEDY
(1IIepCcTKOCTM) HA MOBEPXHi iMmianTaTy. B maHuii yac iife mMOIIYK HOBUX TE€XHOJOTIY-
HUX DpillleHb CTBOPEHHA OiocyMicHOI ImepcTKOi moBepxXHi Ha immianTarax, 1o 3a0es-
meuyBaTUMe Ha[ifiHy iHTerpailiio iMmriaHTaTy B KiCTKOBi#l TKaHWHi, OCKiJIbKM HasgBHI
TeXHOJIOTi1 He 3a0OBOIBHAIOTH CYyYaCHUM MEIUYHUM BUMOTAaM.

Karouosi cioBa: yabTpaapiOHO3EPHUCTHI MaTepisj, TUTAaH, IUPKOHiN, IMOKPUTTH,
iMmanTar.
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