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OPTIMIZATION OF HYDROXYAPATITE SYNTHESIS AND
MICROPLASMA SPRAYING OF POROUS COATINGS ONTO
TITANIUM IMPLANTS

ABSTRACT

The paper presents the main results of development and optimization of the synthesis of hydroxyapatite and the
application of the micro-plasma spraying technique for biocompatible coatings. The hydroxyapatite synthesis
was optimized using the mathematical modelling method. Synthesized hydroxyapatite was studied by IR
spectrometry and X-ray diffraction analysis for assessment of the compatibility of the chemical and phase
composition to the bone tissue. The Ca/P ratio of the obtained hydroxyapatite was 1.65, which is close to that of
bone tissue (1.67). To increase the adhesion strength of the HA coating to the surface of the titanium implant, it
was suggested to apply a titanium sublayer to the implant surface. Microplasma spraying (MPS) of
biocompatible coatings from titanium wires and synthesized HA powders onto substrates made of medical
titanium alloy has been carried out. Microplasmatron MPN-004 is used to obtain the two-layer coatings for
titanium implants. The two layer coating includes a sub-layer of a porous titanium coating with a thickness in
range from 200 up to 300 um and the porosity level of about 30%, and an upper layer of HA about 100 um thick
with 95% level of HA phases and 93% level of crystallinity. The pore size varies from 20 to 100 um in both
coatings. The paper describes the technology and modes of microplasma deposition of two-layer coatings,
including the mode of gas-abrasive treatment of the surface of implants made of titanium alloy before spraying.
The synthesized HA powder and the Ti/HA coatings were investigated by optical microscopy and scanning
electron microscopy with the energy dispersion analysis and the X-ray diffraction analysis.
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INTRODUCTION

Currently, endoprosthesis medical practice widely uses metal implants coated with
hydroxyapatite (HA), which are characterized by a triple positive effect: increased rate of
bone tissue formation, the possibility of formation of a bond with the bone (osseointegration)
and decrease in the formation of metal corrosion products [1-4]. Hydroxyapatite (HA) is the
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calcium phosphate mineral Ca;o(PO4)s(OH), of the apatite group. HA is chemically similar to
the apatite of the host bone, and is a source of calcium and phosphate for the bone-HA
interface [2]. Hydroxyapatite coatings improve osseointegration, at the same time they
encapsulate the interface both from wear particles and periprosthetic osteolysis associated
with macrophage [5, 6]. These factors together can significantly reduce the duration of
implantation of the endoprosthesis, provide a reliable connection with the bone and increase
the reliability of implants. [1-6].

Synthetic and natural HA are different in terms of their microstructure arrangements. The
HA contained in the bone is represented by lamellar microcrystals dimensioned about (1.5-3.5
nm)*(5.0-10.0 nm)*(40.0-50.0 nm). The cortical bone consists of HA crystals (70 wt.% —
inorganic component) associated by collagen fibers (30 wt.% — organic component of bone
tissue, or bone matrix) [7-9]. In addition to these substances in the bone tissue there are small
amounts of other organic compounds (non-collagen proteins, polysaccharides, lipids). The
varieties of synthetic HA — from fine powders to non-porous ceramics — do not exactly
reproduce the structure of HA bone natural crystals. However they are engaged in the
metabolic processes of a living body and are processed by the body with different intensities
depending on the HA structure, chemical composition, and specific surface area. Numerous
studies in animals and humans have shown that HA is non-toxic, does not exhibit allergic and
inflammatory reactions [2, 6, 10, 11]. Therefore, development of new and affordable methods
for the synthesis of fine crystalline hydroxyapatite for the use as bioactive coatings on
titanium from composite materials is of significance. Synthesis of artificial HA is carried out,
mainly, by precipitation from aqueous solutions of calcium salts with ammonium hydrogen
phosphate [8, 9]. According to this method, amorphous precipitates of hydroxyapatite of
variable composition are agglomerated during the drying and sintering process. Therefore it
requires additional milling process to obtain various particle size distributions. Therefore, the
use of soluble calcium compounds to produce highly dispersed powders is preferred. This
method implements a well-known "bottom-up" approach to the creation of a dispersed system
[11]. In this method, with the presence of sucrose, the solubility of calcium hydroxide
increases due to the formation of soluble compounds. Organic substances, adsorbed on the
surface of the formed inorganic crystals, block their growth and ensure the formation of a
crystalline powder [7].

Preparation of synthetic HA meeting the basic requirements for using in various proposes
is a multistage process. The synthesis parameters need to be controlled in order to produce
HA of high quality. On the other hand, experimental optimization of the synthesis process is
very complex, time and labor consuming study. In this light, search for the express
optimization methods becomes more topical. Among such methods, mathematical modeling
of the synthesis process is of interest due to the absence of need to carry out complex studies.
Since the synthesis of HA is affected by many controlled factors (e.g. synthesis time, aging
time, pH, synthesis temperature, concentrations of reagents, etc.), the methods of
mathematical optimization are a great choice for improving the process of HA synthesize. To
apply the mathematical modeling, the initial data is collected by carrying out preliminary
studies on the influence of each factor separately. Then, the obtained dependencies are
processed by regression analysis method, and the generalized dependence is derived. The
final dependence shows how all the studied factors affect the efficiency of the process.

To ensure a lasting and durable fixation of the implant to the bone, it is essential that the
coatings satisfy certain requirements with respect to the following features:

— Chemical and phase composition of the coatings;
— The thickness and surface roughness of the coating;
— Mechanical properties of coatings;
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— Porosity of the coatings;
— Adhesion to the implant.

There are various methods of applying HA coatings to metal, including titanium implants
such as: magnetron sputtering, joint electron beam, ion-stimulated precipitation, laser
ablation, chemical vapor deposition, electrophoretic deposition, sol-gel, biomimetic methods
[13-21]. One of the main commercially viable methods of producing biocompatible coatings
is plasma spraying [11, 16, 20, 21]. The porous structure of the coating, developed by plasma
spraying method, promotes the effective intergrowth of bone tissue into the pores of the
implant. This in turn contributes to its reliable fixation in the bone. It has been shown by
previous researches that the biocompatible coatings should have macro-pores not smaller than
100 um and micro-pores not larger than 20 um and an overall porosity range of not less than
25 vol.% [11,21]. Sintered HA can form firm bonds with living bone with little degradation of
the HA layer. The coatings developed are generally lower than 100 pum in their thickness. This
is due to the restrictions the process imposes to achieve a good quality spray coating.
However the thin coating could result in suboptimal fatigue life of the coating. Therefore an
optimal thickness needs to be identified and achieved. The experiments with animal models
demonstrated the similarity of the shear strength of HA plasma deposited titanium alloy
implants and the shear strength of cortical bone [11]. Evidently, the bone-implant interface
and HA are bonded both chemically and biologically. This claim is based on the observation
that osteoid is formed by osteoblasts directly on the HA coating surface.

The disadvantage of hydroxyapatite plasma sprayed coatings is usually a large content of
the volume fraction of the amorphous phase and also the possibility of their partial
decomposition. This is due to the conditions of heating of the HA particles using gases with
high thermal conductivity (a mixture of Ar+H,, Ar+He), and solidification of the melted HA
particles on the substrate surface [22]. The chemical composition of the final coating is
dependent on the thermal decomposition occurring during spraying. The high temperatures
experienced by HA powder particles in the plasma spraying process lead to the
dehydroxylation and decomposition of the particles. At temperatures of above 800 °C
dehydroxylation of HA occurs. Whilst above 1050 °C HA decomposes to tricalcium
phosphate B-TCP -Ca3(POs); and tetracalcium phosphate TTCP-Cas(PO4),0 and above 1120
°C B-TCP is converted to a-tricalcium phosphate -Ca3(POy),. [23-25]. Thus the resulted
coating phase composition depends on the thermal history of the powder particles. The higher
the plasma jet temperature and the longer the exposure of the particles to plasma, the greater
the degree of phase transformation. According to the ISO standard specification (ISO 13779-
2:2000) the maximum allowable level of non-HA phases in a HA coating is 5% [26].
Considering the differences in dissolution properties between the different calcium phosphate
phases, the phase purity of HA coatings should be thoroughly controlled.

The phase composition of the coating (degree of crystallinity) largely affects the process
of osseointegration [27]. The amorphous phase of HA has a higher rate of dissolution, which
reduces the recovery time of the patient, but at the same time some reduction of the reliability
of fixation of the endoprosthesis in the bone is also possible. Thus, increased crystallinity
appears to slow resorption of HA, which leads to a slight decrease of bone ingrowth [28], yet
provides reliable fixation of the implant in the bone [2, 27]. The bioresorption of HA coatings
as well as the optimal value for coating roughness is still a matter of controversy. The HA
coating surface roughness affects osteoblast cell bonding and, consequently, bone growth on
the coating after implant placement. Osteoblasts bonding and proliferation are better on rough
surfaces [29]. High degree of surface roughness results in a greater coating dissolution rate.
Therefore HA coatings go through variable resorption prescribed by a number of biological,
mechanical, and chemical factors determined by their anatomical location, the composition
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and physico-chemical properties, etc. [28-32].

E. O. Paton Electric Welding Institute (EWI) has developed a method and equipment for
microplasma spraying (MPS), which allows applying ceramic coatings using a laminar jet of
argon plasma [33]. Low thermal conductivity of argon reduces the intensity of heating of the
particles, thus reducing the temperature gradient in their cross section. This substantially helps
avoiding overheating of HA melt and the formation of toxic products of its decomposition
(Ca0) through the spraying process. Low velocities of HA particles under laminar flow
conditions lead to the formation of coatings from particles with a lower degree of deformation
and, accordingly, a lower rate of their quenching on the substrate. Consequently this provides
a high content of the crystalline phase (up to 98 %) [34]. Thus, the use of microplasma
spraying HA coatings provides advantages in the formation of coatings with the desired
structural and phase composition. In addition, it is possible to form coatings with controlled
porosity, by varying the parameters of spraying, such as the powder feed rate, the speed of
movement of the source along the sprayed surface, the spray distance, and the current [35-38].

According to the current ISO standard specification (ISO 13779-2: 2000) [26] one of the
main requirements for the quality of hydroxyapatite biocompatible coatings, in addition to
their phase composition and porosity, is the adhesion strength of the coating to the
endoprosthesis surface. The adhesion strength higher than 15 MPa is required. However, the
adhesion of hydroxyapatite coatings to the titanium or titanium alloy implants presents
significant challenges due to inherent differences in physical and mechanical properties. In
such a compound undesirable residual stresses may occur due to the difference in thermal
expansion coefficients, which lead to both cracks in the coating and a decrease in the strength
of adhesion of the coating to the substrate. The strength of the bonding of the coating to the
implant is also affected by the surface roughness of the coating, and also the size and shape of
the sprayed particles [39]. To increase the adhesion strength of the coating to the implant surface,
the specialists from the E. O. Paton EWI have developed the technology for microplasma spraying
of two-layer biocermet (bio ceramics-metal) coating (Ti+HA) on the surface of the implant. In this
technique, relatively dense HA coating is successfully deposited on a porous titanium sublayer.
Microplasma sprayed porous titanium sublayer with developed surface relief has low thermal
conductivity in comparison with the equivalent dense material. Due to the surface roughness, the
temperature at the microelevations under the sprayed particle can significantly exceed the
temperature at the points of its contact with the smooth surface. At the same time, heat accumulation
increases at the coating boundary with the sublayer material. Consequently, the chemical interaction
of hydroxyapatite with the oxide film on the sprayed titanium sublayer is activated and the adhesion
strength of the coating with the implant increases. The bond strength in this case is provided by
chemical covalent bindings in the produced compounds such as CaTiO;. Such processes of
interaction activation at the tops of micro elevations are important at low rates of collision of
sprayed particles with the substrate, which is typical for MPS. In addition, the sprayed titanium
sublayer with developed surface relief has a rather larger specific contact area with HA coating
compared to a smooth surface, which also increases the adhesion strength [23].

It should also be noted that when placing an implant with a titanium sublayer with a
developed surface relief and HA-coating into the bone, the outer layer of hydroxyapatite will
provide a biological bond with the bone, while additional mechanical fixation will be
achieved by bone ingrowth into the porous structure of the titanium sublayer. We have
described the modes of microplasma spraying biocermet two-layer coatings on different
substrates in our previous publications [35-37]. We also have explained how the proposed
system of coating can result in achieving the adhesion recommended by ISO 13779-
4:2002(E). Before coating deposition the substrates were subjected to gas-abrasive treatment,
then they were coated with porous titanium wire coating (pore size up to150 um), and HA
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powder (powder size from 40 to 90 um). Our studies showed the adhesion strength of two-
layer biocermet coatings with a titanium alloy base to be 24.2+0.85 MPa. This is well beyond
the requirement of the ISO 13779-4:2002(E) which is 15 MPa.

Currently, D. Serikbayev East Kazakhstan State Technical University along with
specialists from E. O. Paton EWTI are running combined activities on developing compositions
and technologies of deposition of biocompatible coatings on endoprostheses using the
medical alloy produced in Kazakhstan by means of microplasma spraying [40, 41]. In order to
form a Ti/HA two-layer porous coating on the implant surface by microplasma spraying
several stages of activities needs to be completed. It is necessary to synthesize the
hydroxyapatite powder of the desired composition with particles of a certain size and shape,
suitable for MPS. The other stage of process is to prepare the implant surface for spraying
with desired roughness. Then the modes of microplasma deposition of both titanium wire and
HA powder should be selected. Each of these processes requires further development and
optimization. For example the selection of modes of gas-abrasive surface treatment, modes of
microplasma deposition of wire and powder and optimization of synthesis of hydroxyapatite
powder are amongst this combined and multifaceted research effort.

Here we focused only on the process of synthesis of HA with the desired chemical
composition and powder particle size suitable for MPS on titanium alloy endoprostheses.
Also we showed the two-layer titanium/hydroxyapatite coating obtained as a result of MPS,
which has satisfactory porosity, with the desired phase composition and degree of HA
crystallinity.

EXPERIMENTAL

Samples of hydroxyapatite were synthesized by chemical precipitation. The following
components of p.a. grade were used as precursors: calcium nitrate, ammonium
hydrophosphate, and ammonia solution as a precipitant. (NH4);HPO, solution was slowly
introduced into Ca(NOs); solution with constant stirring; an ammonia solution was introduced
to obtain a target pH of the medium. The pH values were controlled with pH-150 MI pH-
meter (Izmeritel’'naya tekhnika, Russia). After aging, the precipitate was filtered off, washed
with hot distilled water, dried at a temperature of (105 + 5) °C, heated for 1 hour at the
temperature of 250 °C to remove residual ammonium nitrate. The conditions for the synthesis
of the hydroxyapatite (synthesis time, aging time, pH, synthesis temperature, concentration of
calcium nitrate, concentration of ammonium hydrogen phosphate) are shown in Table 1. To
evaluate the effect of each of factor, studies were carried out using the six-factorial design of
the experiment. The total number of samples was 36.Synthesis time was varied from 2 to 60
minutes, aging time — 16 to 36 hours, pH of the medium — from 5 to 13, the synthesis
temperature — from 30 to 80 ° C, the concentration of calcium nitrate — from 0.1 to 2 mol/L,
the concentration of ammonium hydrophosphate — from 0.06 to 1.2 mol/L.

The process of hydroxyapatite synthesis using calcium nitrate, ammonium hydrogen
phosphate and ammonia solution as precursors proceeds in accordance with the reaction (1).

10Ca(NO,), + 6(NH,), HPO, +8NH,0H —> Ca,,(PO,),(OH), + 20NH,NO, + 6H,0 (1)
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Table 1. Levels of factors when optimizing the parameters of hydroxyapatite synthesis

Factor Factor Levels

number 1 2 3 4 5 6
1 Synthesis time, min 2 10 30 40 50 60
2 Aging time, h 16 20 24 28 32 36
3 pH 5 7 9 11 12 13
4 Synthesis temperature, °C 30 40 50 60 70 80
5 Concentration of calcium nitrate, M 0.1 02 0.5 1 1.5 2
6 Ammonium hydrogen phosphate 006 01 03 06 09 12

concentration, M

The chemical compositions of the synthesized samples of hydroxyapatite were
determined after dissolving a sample of hydroxyapatite in the solution of concentrated nitric
acid. The calcium content was determined by the atomic absorption method using MGA-915
spectrometer with electrothermal atomization (Lumakhrom, Russia); the phosphorus content
was assessed — by the photometric method based on the light absorption of the complex
phosphorus compound with hydrazine sulfate. The optical density was measured using PA-
5400 UF spectrophotometer (Ecokhrom, Russia) in cuvettes with the absorbing layer
thickness of 10 mm at the wavelength of 830 nm. The quality of synthesized hydroxyapatite
samples was evaluated by studying the chemical composition (Ca/P stoichiometric
composition), phase composition, and solubility. Statistical processing of the results was
carried out based on the ratio of calcium to phosphorus. The obtained results were compared
with the results of biological hydroxyapatite tests (sample O-1). Sample O-1 was obtained
from cattle bone sludge (deproteinised and defatted bone pulp) according to [42]. The IR
spectrum of the biological sample is shown in Fig. 1.
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Fig. 1. The IR spectrum of biological hydroxyapatite (sample O-1)

Determination of the composition of functional groups in the sample, detection of
distortion in the crystal structure of hydroxyapatite was performed by IR spectroscopy on
FT801 FT-IR spectrometer in the spectral range of 350-7800 cm™ (KBr) with an uncooled
pyroelectric photodetector at the signal-to-noise ratio greater than 25,000:1. The identification
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of the absorption bands was made according to the tables of characteristic frequencies based
on the literature and reference data.

To assess the solubility of hydroxyapatite, the total concentration of calcium ions in the
physiological solution (o (NaCl) = 0.9%) was determined at 20 °C and 37 °C, in which the
samples were held for 7 days to achieve saturation with respect to the solid phase. Atomic
absorption with electrothermal atomization was used as an analytical method (MGA-915
spectrometer). The content of calcium ions was evaluated by examining three samples.

Before the use as coating, the obtained HA powder was heated to the temperature of 800
°C in SNOL 7,2/1100 furnace for 1 hour. The powder was wiped through a sieve in a wet
state to obtain granules of the size from 50 to 100 um. The dried granules of the HA powder
were subjected to additional milling in order to avoid agglomeration of the particles.

Grade 5 ELI titanium medical alloy samples were used as substrates for microplasma
spraying. A wire of commercially pure titanium of 0.3 mm in diameter was used to apply the
titanium coatings. Table 3 and Table 2 show the standard composition of the substrate and
wire materials respectively. These are also checked in our labs using the energy-dispersive
analysis.

Table 2. Chemical composition of Grade 5 ELI titanium medical alloy [ISO 5832-3/ASTM F 136]

wt. % of element

Fe N O Al C \Y H Ti

0.25-0.40 <0.05 0.13-0.20 | 5.50-6.75 <0.08 3.50-4.50 <0.015 balance

Table 3. Chemical composition of BT1-00 commercially pure titanium [GOST 19807-91]

wt. % of element

Al Fe Si C N H 0 Ti

<0.3 <0.15 <0.08 <0.05 <0.03 <0.003 <0.12 balance

The surfaces of the sprayed implants have been degreased with acetone and
ultrasonically cleaned. To ensure proper adhesion of the coatings, it is important to pretreat
the substrates surfaces to increase the roughness by gas treatment. Gas-abrasive treatment is
required for surface activation. Since the activity of the base reduces rapidly due to chemical
gases adsorption from the atmosphere and oxidation, the time between gas-abrasive surface
preparation and coating should not exceed 2 hours. The implants have been stored in a
hermetically sealed container (eg. in exsiccator) between the periods of treatments. Gas-
abrasive surface treatment has been carried out on the titanium alloys according to the mode
reported in Table 4. Electrocorundum of normal grade 12Ahas been used as abrasive material
in accordance with GOST 2MT 793-80 standard. To clean the surface of implanted particles
of abrasive material, implants have been subjected to ultrasonic cleaning in a medical alcohol
for 15 minutes.

The surface roughnesses of the substrates and coatings (um) were measured with a
profilometer model 130 (Russia) according to GOST 25142-82.

The measured surface roughness of the titanium alloy implant (substrate) after gas-
abrasive treatment was on average Ra=1.00 + 0.40 pum.

Microplasma deposition of coatings from titanium wires and HA-powders onto substrates
made of medical titanium alloy was applied with the use of microplasmatron MPN-004
manufactured by E.O. Paton Electric Welding Institute (Kiev, Ukraine). The microplasmatron
was fixed on the arm of the robot manipulator Kawasaki RS-010LA (Kawasaki Robotics,
Japan). It was enabled to move horizontally along a computed trajectory at the speed of 50
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mm/s. When selecting the thickness of applied layers (about 200 um for Ti-layer and 100 pm
for HA-layer) it was taken into account that in case of microplasma application of
biocompatible coatings with a thickness of less than 200 um, a large pore size of about 150
pm can result in formation of through-thickness porosity and cause an adverse contact and
interaction of the implant metal with the body environment. The modes for applying two-
layer coatings from Ti-wire and HA-powders to titanium alloy substrates are presented in
Table 5.

Table 4. The mode of gas-abrasive treatment for implants from titanium and titanium alloys

The parameters of gas-abrasive treatment Setting parameters
Fraction of abrasive, mm 0.6...0.8
Pressure of compressed air, MPa 0.4...0.6
Distance from the nozzle cut to the treated surface, mm 100...120
Incident angle of an abrasive jet on the surface to be treated, degrees 60...90
Linear speed of pistol moving, mm / min 250...600

Table 5. Modes of microplasma spraying of titanium and HA coatings on a substrate of a titanium alloy

Spray parameters Setting parameters
1" layer from Ti 2™ layer from
wire HA powders
Primary Gas Argon
Powder Carrier Gas Argon
Current 16A 45 A
Carrier Gas Flow Rate 2.33 SLPM 1.00 SLPM
(standard liter per minute, SLPM)
Spray Distance 40mm 160 mm
Feed Rate of materials 3 m/min 0.4g/min

To evaluate the porosity of the coatings, the images being obtained by optical microscope
Olympus BX-51 (Japan) and by scanning electron microscope JSM-6390LV (JEOL, Japan)
were processed using ZAF/PB, Micro Capture, Atlas computer-aided programs. The
measurements were carried out on the polished cross section of the coatings as per ASTM
B276 standard [43]. The morphologies and chemical composition of the powder, coatings and
substrates were analyzed with a scanning electron microscopy by JSM-6390LV (JEOL,
Japan) with the detachable device of the energy dispersive spectroscopy analysis INCA
ENERGY (Oxford Instruments, UK).

The crystallinity of the powder and coatings was measured by X'Pert PRO diffractometer
(PANalytical, the Netherlands). Interpretation of the X-ray diffraction patterns was carried
out using Rietveld method and licensed data of the PCF DFWIN (140,000 connections), the
ASTM card file and Diffracts Plus software. The % crystallinity of the HA powder was
calculated using the area of crystalline peaks in the region 20 to 40 ° 26 and the area of the
amorphous diffuse background in this region.

No clinical tests on humans or animals have been carried out.
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RESULTS AND DISCUSSION

Optimization of synthesis process

In order to obtain HA particles in the range of 40-90 um before sieving, it is necessary to
synthesize a sample of hydroxyapatite under the certain conditions. These conditions were
determined using mathematical modeling. These conditions were determined using
mathematical modeling, namely the method of six factorial design of experiment indicated
earlier in the paper (EXPERIMENTAL PART). The results are shown in Table 1. Since the
aging time of the precipitate has a significant effect on the phase composition and particle size
of hydroxyapatite, it was expedient to calculate the optimal precipitate aging time at constant
values of the remaining factors on the basis of regression analysis and the generalized
Protodyakonov equation [44]. The regression equations were derived after averaging the
experimental data and the selection of approximating functions. These equations described by
quadratic parabola functions are shown in Table 6. Graphic dependencies of the
stoichiometric composition of synthesized hydroxyapatite samples are shown in Fig. 2.

Table 6. The correlation coefficient R and its significance tR for particular functions of the dependence
of the Ca/P ratio on the levels of variable parameters

Factor Equation R tr Significance

number
! ¥, =0922+9.39-107x, —-1.69-107x 09697 5.61  Significant
2 Yz :0.2384_3’33,10—2)(:2 —3.94-10_4)(722 0.9963 16.34 Significant
3 Y, =0.281+0.155x, _9.56_10-3)%2 0.9818 7.31 Significant
4 Y4 =-0259+4.7 1-10_2)(74 _4’57,10—4)@% 0.9992 34.39 Significant
5 Y, =0.517+0.898x; —O.391x52 0.9793 6.84 Significant
6 Y, =0.546+1.300x, —0.909x§ 0.9692 5.57 Significant

Table 6 shows that all the studied factors have a significant effect on the stoichiometric
composition of synthesized hydroxyapatite samples in the studied ranges (Table 1). In this
study, we use the least squares regression analysis to process the dependencies, and
generalized Protodyakonov equation to evaluate the effect of each studied factor.

Based on the obtained results, the generalized Protodyakonov equation was derived,
taking into account the effects of the six factors in the studied ranges on the stoichiometric
composition of synthesized hydroxyapatite (2).

1.69x;  9.39x, 3.94x] | 3.33x,

Y, =((- +0.922)- (- +0.238) -
n=( 10* 10° ) 10* 102 )

9.56x; 4.57x; 4.71x (2)
- +0.155x, +0.281)- (- 44 4 _0.259)-
o %3 ) g 10 )

(=0.391x2 +0.898x, +0.517) - (=0.909x; +1.300x, + 0.546))/0.679°
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Fig. 2. Influence of selected factors on the stoichiometric composition of synthesized hydroxyapatite
a — synthesis time, min; b - aging time, min; ¢ - pH; d - synthesis temperature, ° C;
e - concentration of calcium nitrate, mol/L; f - concentration of ammonium hydrophosphate, mol/L

The significance of the correlation coefficient of the generalized function was 2.41.
Exceeding the tg of the critical value of the Student's coefficient (2.28) indicates the adequacy
of the derived generalized Protodyakonov equation. Based on the regression equations for all
six factors studied and the generalized Protodyakonov equation, the optimal value of the
aging time of the hydroxyapatite precipitate (Y,) was calculated, which was 32 hours. The IR
spectrum of the hydroxyapatite (O-3) sample synthesized using optimized parameters is
shown in Fig. 3. The spectrum is characterized by the presence of OH-groups bands: OH-
valence vibrations in the region of 3570-3770 cm™ and vibrations of OH-groups participating
in the formation of the hydrogen bond in the region of 3380-3570 cm™. Oscillations in the
range 1035-1185 cm™ refer to the valence antisymmetric and symmetric vibrations of the P-O
bonds in the phosphate group.

To increase the rate of the hydroxyapatite synthesis, the aging process was assisted by
ultrasonic action (Sapphire 12.0 TTC, Russia, power of the ultrasonic generator 60%). Due to
the ultrasonic treatment the aging time was reduced to 16 hours.

An analysis of the experimental results indicates that the optimal conditions for obtaining
the HA powder with particle size in the range of the 40-90 um are as follows: synthesis time —
60 min, pH 9, synthesis temperature — 50 °C, concentration of calcium nitrate — 1 mol/L,
concentration of ammonium hydrophosphate — 0.6 mol/L. The aging time is 16 hours under
the ultrasonic treatment. The IR spectrum of the obtained sample (Fig.3) indicates the
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presence of one phase of hydroxyapatite. This it is closely matched to the IR spectrum of
biological hydroxyapatite (Fig.1). According to the results of elemental analysis, the ratio of
calcium to phosphorus was 1.65, which indicates a high stoichiometry of the sample.
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Fig. 3. The IR spectrum of synthesized hydroxyapatite (sample O-3)

To complete the crystallization of synthesized hydroxyapatite, the sample was calcined.
The heat treatment was carried out for 1 hour at the temperature of 800 °C. The crystallinity
of the obtained hydroxyapatite was at the level of 95.67%.

Microplasma spraying

HA powder was used as a sprayed coating material; it had a splinter form with a large size
difference of the axes of the particles (Fig 4). Before MPS, the dried and milled HA powder
was sieved through the sieves with mesh diameters 40 pm and 90 pm, to obtain only fractions
with desired sizes. According to our previous studies, the particle size of the HA powder for
MPS should be in the range from 40 to 90 um [40, 41]. XRD analysis confirmed that the
phase composition of the powder was fully crystalline Ca;o(PO4)s(OH), with the ratio Ca/P of
1.65. The modes for MPS of two-layer coatings from Ti-wire and HA-powders to titanium
alloy substrates are presented in Table 5. The images of microstructure of microplasma
sprayed under specified modes two-layers Ti/HA coatings are presented in Fig.5.
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Fig. 4. SEM image of HA particles (a) with EDX-spectrum (b)
a) b)
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Fig. 5. The double-layer coating with the titanium lower layer and the HA upper layer: coating surface (a),
cross section (b)

The desired level of porosity in the titanium lower layer (30 vol.%) was achieved (Fig,
6a). Pore sizes in both coatings are in the range 20-100 pm (Fig.6 a,b). HA coating porosity is

about 10% (Fig. 6b).
a) b)

200 pm

Fig. 6. The porosity test results of Ti (a) and HA (b) coatings, the red zones are the pores

Regarding the results of measuring the level of porosity in the HA coating, it should be
noted that for biocompatible coatings open porosity is essential — the egress of the pore on the
surface of the coating, where the bone grows. Therefore, in this case, it would be more correct
to talk about the relief or morphology of the surface, perhaps by measuring the diameters of
the pore craters on the surface of the coating. In our experiment, the maximum pore diameter
on the surface of the HA coating was 200 um and the pores were connected to each other
(Fig.5a). Thus, this study confirms that it is possible to obtain biocompatible coatings with the
desired level of porosity by microplasma spraying. In order to assess the morphology and
microstructure of the porous phase alternative method of observation and analysis is required.
Micro-CT (micro computed tomography) observation and analysis has been used by other
researchers [30, 31, 45, 46]. These methods provide the possibility of assessing the
interconnectivity of the pores in a quantitative manner. They also allow more accurate
assessment of the pore size and its distribution. We will be using these techniques in future to
evaluate the morphologies more accurately.

It was established by XRD that the mode specified at Table 5 for HA powder provides
the required structure-phase composition in the HA coating: 93% by weight of the crystalline
phase, 5% by weight of B-tricalcium phosphate (3-TCP) phase and 2 % by weight of the
amorphous phase. Areas of existence of the amorphous HA have been found on the X-ray
diffraction patterns between 28.9 and 34.2 20 (°). The peaks in the X-ray diffraction patterns
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match the standard diffraction pattern for HA (JCPDS 9-432), which provides evidence that
the analysed coating is in the HA zone. All the diffraction patterns in the range of 37.3 20 (°)
were thoroughly investigated, but even weak peaks of Calcium oxide (CaO) were not found.
So, the coating consists of 95% HA phase. This confirms that the purity meets the
requirements of ISO 13779-2:2000 [26]; no harmful CaO compound is formed through the
MPS coating of HA powder. In fact, phases such as B-phase of tetracalcium phosphate (TFA)
and amorphous HA (resulted from plasma spraying) dissolve in the environment of a living
organism [27-29]. These phases could largely impact the process of fixation of the implant
and its subsequent behavior [1, 23]. Thus, to define the influence of the main parameters of
hydroxyapatite MPS process on the amount of -TCP phase and amorphous phase in coatings,
more development in the technology is required.

At this stage, no clinical tests on humans or animals have been carried out. However
there are successful cases of MPS technology practices of applying biocompatible coatings to
hip joint endoprostheses and technology implementation at MOTOR SICH JSC (Ukraine)
[35]. As a result of experiments on porous titanium coatings application, the viability of
microplasma wire spraying method for applying such coatings is demonstrated. Mastering
new technologies for MPS of biocompatible coatings in the Republic of Kazakhstan will
allow developing technologies for the production of various types of high-quality and
affordable medical implants (endoprostheses, intervertebral cages, etc.) made from the
domestic materials, particularly of titanium alloy ELI Grade 5 produced by the Kazakhstani
Company UK TMP JSC.

CONCLUSIONS

In the course of the research, the following results were obtained:

— The influence of the synthesis time, pH of the medium, synthesis temperature,
concentration of calcium nitrate and ammonium hydrophosphate was studied.

— The optimal parameters of synthesis of the hydroxyapatite sample were determined by
the method of probabilistic-deterministic planning of the experiment: synthesis time — 60
min, aging time — 16 h, pH 9, synthesis temperature — 50 °C, concentration of calcium
nitrate — 1 mol/L, concentration of ammonium hydrophosphate — 0.6 mol/L; aging was
accompanied by ultrasonic treatment and followed by calcination at the temperature of
800 °C.

— The derived mathematical models of the process allowed calculating the conditions for
carrying out the synthesis by changing at least one of the variable factors in the studied
ranges in order to obtain hydroxyapatite with a given stoichiometric composition, particle
size, and solubility.

- The composition and modes of microplasma deposition of two-layer coatings for
titanium implants, including a sub-layer of a porous titanium coating with a thickness in
range from 200 up to 300 um with a pore size of varying from 20 to 100 um, and an
upper layer of hydroxyapatite with a thickness of up to 100 pm with with 95% level of
HA phases and 93% level of crystallinity are developed.

- The results of the research are of significance for a wide range of researchers
developing the technologies of biocompatible coatings manufacturing.
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