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Abstract. The research represents a newly-developed simple method to apply hydroxyapatite by gas-dynamic
spraying. The hydroxyapatite coating formed on VT1-0 titanium were obtained following the mechanochemical
interaction of hydroxyapatite and titanium with gas-dynamic spraying. The article proposes the phase composition,
surface morphology, and roughness of these coatings. The surface morphology of the hydroxyapatite coating had
a porous structure. The transverse sections of coatings were researched to study the interaction of hydroxyapatite
with a titanium base. It was shown that the coatings mainly form in the titanium bedding depressions. Analyzing
the roughness parameter Ra of hydroxyapatite coatings made it possible to conclude that the samples obtained fell
almost within the same limits. These data are within the roughness optimum (Ra = 2-3 pym) of artificial surfaces
aimed to manifest the best human osteogenic properties. The analyzed phase composition enabled to establish
the fact that the hydroxyapatite layer composition does not change significantly after spraying that is important for

biomedical use.
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Introduction

Titanium and titanium alloys are preferred
materials for medical implants. They have favorable
properties such as relatively low elasticity modulus,
low density, and high strength. On the other hand,
the biocompatibility of titanium alloys is much
worse than that of calcium phosphate ceramics [1].

To improve the biocompatibility attributable to Ti
and its alloys, a ceramic coating is applied to their
surface. The main ceramics used in medicine is
hydroxyapatite (HA, Cai0(PO4)s(OH)2) marked with
high biocompatibility, since its chemical and
crystallographic structure is similar to the bone
tissue structure [2-3]. To this date, various methods
of applying the HA coatings have been employed
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[4-8]. However, due to extremely high operating
temperatures, some HA deposition methods usually
stimulate the amorphous phase forming at the
implant-coating interface that impairs
osseointegration [9]. A more acceptable method of
applying biologically active surfaces to orthopedic
implants is plasma sputtering (PS) [10]. But, the
main problems when using the PS coating
technology include poor control over the phase
composition, low applying reproducibility, and the
use of expensive vacuum equipment. An interesting
alternative to this method is the use of a relatively
new gas-dynamic spraying (GDS) method [11]
based on the mechanochemical fusion process.
Compared to plasma sputtering, the GDS
temperature is significantly lower than the melting
points of the sputtered materials [12]. It overcomes
some traditional thermospray “disadvantages”, such
as unwanted phase transitions and decomposition
[13].

GDS is a solid-state coating process where
powder particles are accelerated at supersonic
speeds and pass through a de Laval nozzle to a
bedding but the powder particles do not reach their
melting point unlike conventional processes. Very
few attempts to obtain pure HA coatings by the
GDS method is attributable to the difficulties in the
ceramic particle cohesion [14]. If compared to the
plasma sputtering methods, the ceramics GDS, in
particular HA, is a more difficult task, but recent
studies have shown that the mechanism of their
deposition depends on the sprayed mixture
characteristics [15-17]. In this regard, the study of
HA coatings on titanium beddings obtained by the
GDS method is an urgent problem in medical
materials science.

The present study is focused on testing the
modes of mechanochemical interaction between HA
and VT1-0 grade titanium by the GDS method.

Experimental procedure

The need to study the mechanochemical
interaction of HA powder and a titanium bedding
during mechanical fusion resulted in developing a
GDS unit. The analysis covered three modes for
applying the HA powders on the surface of VT1-0
titanium beddings with a size of 25x40x1 mm with
and without a carrier. The modes are presented in
Table 1. The beddings were preliminarily cleaned
from the oxide layer with a sandblaster using an
abrasive material.

Testing of modes 1 and 2 included using a SBS
350 sandblaster that has a box and a sand supply
system equipped with a W-0.9/8 compressor
enabling to create a pressure of up to 10 atm. with a
productivity of 1121 I/min (Figure 1). The sprayed

mixture for the sandblaster was prepared with the
addition of 5% HA powder by the carrier weight.
the carrier was intensively mixed with HA powder
and distilled water in an amount of 250 ml per 3 kg
of the mixture in a volumetric glass for this purpose.
Then the mixture was placed in an oven to evaporate
the water. The mixture dried in this way was placed
in the sandblaster storage device, then titanium
beddings were processed with a pistol.

Table 1 Modes for applying HA coatings

Modes No.1 No.2 No.3
Sprayed HA and | HA and HA
mixture garnet SHH15 powder
sand steel (<5 um
powder powder
(<150 um) | (<50 um)
Mixture flow 8-10 atm. | 8-10 atm. 50 atm.
pressure
Distance 10 mm 10 mm 10 mm
between
the nozzle and
bedding
Processing approx. 20 | approx. 20 | approx.
time sec sec 20 sec

Mode 3 testing applied the developed unit
that had a box, a nozzle, and a powder supply
system with valve cocks making it possible to
supply a gas flow at a pressure of up to 100 atm.
(Figure 2). The sprayed material flow pressure was
measured using a monomer located in the nozzle.
The working gas was pure argon (99.99%) supplied
from the cylinder at a pressure of at least 100 atm.
The GDS took place without a carrier using pure
HA powder loaded into the hopper. The nozzle was
specially designed to accelerate the sprayed particle
to supersonic speeds.

The surface morphology was studied by
scanning electron microscopy (SEM) on a JXA-
8230 (JEOL) microscope at an accelerating voltage
of 20 kV and an electron beam current of up to 7
nA. For all areas of the samples selected for the
SEM study, the backscattered electron mode
(COMPO) was used. The obtained samples were
studied by X-ray phase analysis (XPA) using a D8
Advance (BRUKER) diffractometer with o-Cu
radiation (A = 1.54 A), U = 40 kV, I = 40 mA, the
recording rate was 0.1-1 deg./min, the angle interval
— 20 4-90° with a scanning step 0.01°. The X-ray
recording applied focusing according to Bragg-
Brentano. For the phase analysis, the PDF 2 base
was used. A Diavite DH-5 profilometer helped to
measure the surface roughness. Each sample was
measured 5 times with the average of five
measurements chosen upon obtaining the results.
The measurement length was 4 mm. SEM and XPA
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studies took place at the National Research

Laboratory for Collective Use in the priority
direction "Technologies for the hydrocarbon and
mining and metallurgical sectors and related service
industries of the Institute of Metallurgy and Ore
Beneficiation JSC.

Figure 2 Diagram for the unit used with GDS HA
coatings: 1 —a box, 2 — a nozzle with a monometer, 3 —a
hopper for sprayed powder, 4 — valve cocks, 5 — an argon

cylinder

Results and discussion

To determine the relationship between the
coating and bedding, transverse sections of the
obtained HA coatings were prepared. With this in
view, two samples were fixed on a single table in
such a way that their surfaces (the sprayed side)
were located on top of each other. In this position,
the two samples were ground and polished
simultaneously. Next, the polished surface was
explored followed by determining how HA was
formed on titanium, and the coating thickness was
also measured.

Figure 3 shows the titanium surface morphology
and transverse sections of the obtained HA coatings.
According to the SEM studies, HA coatings on
titanium obtained in modes 1 (Figures 3a and 3d)

and 2 (Figures 3b and 3d) are similar in appearance
and have a porous structure. As shown in Figure 3d,
the HA coating is formed mainly in the titanium
bedding depressions.

The harder and more brittle HA powder
particles form microroughness upon colliding with
titanium, and HA is fixed in further deepened areas.
Processing in modes 1 and 2 results in the HA
coating thickness ranging from 9 to 20 um. Also
under these conditions, the coating has significant
roughness, and for this reason, high waviness is
noticeable. On the contrary, the coating obtained in
the third mode (Figures 3c and 3f) forms
occasionally relatively smooth and continuous
coatings (with a thickness of 23.06 um) with small
microcracks. Decreasing roughness of the HA layer
surface occurs due to the replenishment of the
deeper Ti surface. The GDS mode using the starting
HA powder without a carrier leads to a morphology
consisting of submicron grains (Figure 3c).

The elemental composition of the coating shows
the presence of the main HA elements and bedding:
Ca, P, O, and Ti. At the same time, given the
microprobe analysis data, the Ca/P ratio was 1.7
meeting the biocompatibility conditions. No
obtained coatings had pores, delamination, or any
defects near the coating/bedding interface pointed at
a good quality of the sprayed coating. In the future,
it would be useful to try and make it possible to
obtain a uniform coating on the VT1-0 titanium.
Works [8, 13, 17-18] describe obtaining coatings on
the implant surface that is already in progress.

Upon processing by the GDS modes, the

following crystalline phases are present on the
titanium surface: HA, titanium, calcium hydrogen
phosphate, and titanium hydrogen phosphate. This is
confirmed by the XPA results shown in Table 2.
The X-ray diffraction results (Figure 4) show that
for the three types of GDS coatings, the main
coating phases were practically the same. However,
small peaks were observed attributed to the phases
Cas(P0O4).H-0, Ca3(P0s)s10H-0, Ti(HPO.)s,
although the low intensity of these peaks indicates a
limited number of such phases. The Ti(HPQO,)2
phase formation is usually caused by titanium
interacting with phosphate groups in the HA
composition. Large broad bands were not observed
due to the absent amorphous phases. It should be
noted that the TiO, and CaO phases were not
identified either on the raw material powder or on
the Ti-HA surfaces deposited by the GDS
sputtering. Also, no carrier phases (sand, tungsten)
were detected in the coatings obtained under modes
No. 1 and No. 2.

The surface roughness evaluation included the
values of the vertical profile irregularity parameters
using the measuring system of the profilometer.
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Table 2 Phase compositions obtained in all coating application modes

Phase fractions, %

Modes
Ca]_o(PO4)6(OH)2 Ti Cag(PO4)2H20 C&a(POa)elOHzO Ti(HPO4)2
No.1 17.9 82.1 — — —
No.2 17.9 72.5 9.6
33.7
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Figure 3 SEM micrographs of morphology and transverse sections of the obtained HA coatings by the GDS method in
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all production modes
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Figure 4 X-ray diffraction pattern of a sample obtained after mechanochemical interaction by the GDS method
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Figure 5 Roughness parameters of the HA coatings on titanium obtained in all application modes

The HA coating surface on titanium was measured
within several areas. Analyzing the roughness
parameter Ra of HA coatings made it possible to
conclude that the samples obtained fell almost
within the same limits. Figure 5 shows the main
values of the roughness parameters for all the
coatings obtained (the average deviation of the
profile, Ra (um), the height of the profile
irregularities at ten points, R, (um), the maximum
profile height, Rmax (um)). These data are within the
roughness optimum (Ra = 2-3 um) of artificial
surfaces aimed to manifest the best human
osteogenic properties [19].

Conclusions

The developed new simple method to apply HA
is distinguished by the possibility to obtain HA
coatings with the composition that fully corresponds
to human bone tissue. Mechanochemical interaction
produced HA coatings on VT1-0 titanium using
GDS. The article proposes the phase composition,
surface  morphology, and roughness of these
coatings. As it can be seen from the results obtained

while analyzing the phase and elemental
composition, no significant change in the HA
composition was revealed after spraying.

The coating morphology had a porous structure.
Studying the interaction between hydroxyapatite
and a titanium base included examining the
transverse sections of coatings.

To detail the morphology and structure of the
samples obtained, it is necessary to perform
additional studies using atomic force and
transmission electron microscopy. It is planned to
study the adhesion properties of HA coatings in the
future using sclerometry.
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Tyiingeme. ["a3-ntnHaAMHUKAIBIK OYPKY 9iCIMEH THAPOKCHAIIATUTTI JKAIATYABIH SKaHa KapamaibM ofici skacangsl. ['a3-
IUHAMUKAJBIK OYpKY oliciMEH THAPOKCHAIIATHT IIeH TUTAHHBIH MEXaHOXUMILIIBIK ©3apa opekertecyineH keiin BT1-0
MapKaJlbl TUTaHIa THAPOKCHATIATUT KaOBIHABLIAPH! aldbHABL. OmapasH (a3aislk Kypambl, 0eTKi MOPQOIOTHACH KoHE
KeIip-OyABIpIbIFEl KenTipinreH. [mapokcuanaTHTTiH O0eTKi KabaTBIHBIH MOP(OIOTHICH OOpPIBUIIAK KYPBUIBIMFA He
6omapl. [MIpOKCATATHTTIH THTAaH HETi3IMEH ©3apa OpeKeTTeCyiH 3epTTey YIIiH KaObHIapAbIH KeJNJCHEH KUMajaphl
3eprrengi. JKaOBHOBUIAPABIH KaNBINTACYBl HETi3iHEH THUTAH TOCCHINIIHIH OWBIKTAPBIHAA JKYPETiHI KOpCeTii.
I'mapokcuanaTuT >kaOBIHABLIIAPBIHBIH KeAip-OYABIPIBIK MapaMeTpiH R, 3epTTey HOTHXKECIHIE alIbIHFaH YITUIepaiH
Oipieil IeKTepie eKeHMIrT aHbIKTanAbl. bynm Jnepekrep aJaMHBIH €H JKaKChl OCTEOTrEHJIK KacHeTTepiH KOepCeTeTiH
xKacaH bl OETTEpAIH Kelip-OyAbIPIBIFBIHBIH OHTaiIbI erinae (Ra = 2-3 MxM) kateip. dazanblk KypaMHBIH HOTHXKeEepi
OOMbIHIIA >KalaTylaH KeHiH TUIPOKCHANaTHUT KabaThbl KypaMbIHBIH aWTapibIKTail e3repyiHe YIIbIpaMaiThIHABIFbI
aHBIKTAJJIbl, OYJ1 OMOMEANIIMHANBIK KOJIIaHY YIIiH MaHbBI3/bI.

Tyiiin ce3nep: xaObIHABI, YHTAK, TUTAH, THIPOKCUANIATHT, UMIUIAHTAT, Ta3-INHAMUKAIIBIK KajaTy, IYMEK, KYM Tery
APKBUIBI OHJIEY.

NMonyyeHne NOKpbLITUX U3 rMAPOKCHanaTuTa NyTeM MexaHoXMMMU4YeCKoro
B3auMoaencTBUs

! MamaeBa A. A., 1 Kenxerynos A. K., 1 MaHunukun A. B., ? LLax A.

1 AO «MHcmumym memannypeauu u obozaweHusi» npu HAO «Ka3zaxckuli HayuoHanbHbIG
uccnedosamernbcKuli mexHudeckul yHueepcumem umeHu K.W. Camnaeea», Animamei, KasaxcmaH
2 @aKynbmem mexHU4eCKo20 U MpogheccuoHanbHo20 obpa3sosaHusi, YHusepcumem Cynmaxa Mdpuca,
35900 TaHdxyHe Manum, lNepak, Manatsusa

AnHoTanmsi. Pa3paboTaH HOBBIM NPOCTOH croco0 HaHECCHWS THIAPOKCHANaTHTa METOJOM Ta30AMHAMUYECKOTO
HanbuleHus. [loce MEXaHOXMMUYECKOro B3aMMOAEHUCTBHS TMAPOKCHANATUTA U TUTaHA METOAOM ra30JWHAMHUYECKOTrO
HaMBUICHUS TOJy4eHbl TMAPOKCHANATUTOBBIE MOKpHITHA Ha THTaHe Mapku BT1-0. IlpencraBneHsl pe3ynbTaThl MX
¢azoBoro cocraBa, MOp(OJOTUS IOBEPXHOCTH W LIEPOXOBATOCTb. MOpPQOIOTUsl MOBEPXHOCTH MOKPHITUS U3
THJpOKCHANaTHTa WMMeNa pBIXJIYI0 CTPYKTypy. MccnemoBaHbl momnepeuHble HUIM(GBI MOKPBHITHH IS U3Y4EHHs
B3aliMO/ICHCTBUS THAPOKCHANIATHTa C THTAHOBOH ocHOBOW. IlokazaHa, 4To (OPMUpPOBAHHE MOKPBITHH MTPOUCXOAUT
MIPEUMYIIECTBEHHO B YIIIyOJCHNUAX TUTAHOBOW MOIOKKH. B pesynbraTe ncciegoBaHus mapaMeTpa MepoxoBaTocTH Ra
THIPOKCHANATUTOBBIX TOKPHITHHA OBUIO BBISBICHO, YTO IOJIydCHHbIE 0OOpas3Ipl HaXOAWINCh TOYTH B OJMHAKOBBIX
npezaenax. JOTH AaHHbIE JieKaT B IpesiesiaXx oNTUMyMa mepoxoBatocT (Ra = 2-3 MKM) MCKYCCTBEHHBIX TIOBEPXHOCTEH
JUISl TIPOSIBJICHHS] HAWTy4IINX OCTEOTeHHBIX CBOMCTB uenoBeka. [lo pesynpraram (pa3oBOro cOCTaBa YCTaHOBIIEHO, YTO
MocJ€ HaNbUIEHHs CIOW TMAPOKCHANATHTa CYHMIECTBEHHOIO HM3MEHEHMs COCTaBa HE IMPETEPIEBAET, YTO Ba)KHO I
OMOMETMITMHCKHUX TPUMEHEHHH.

KiroueBblie ¢j10Ba: NOKPBITHE, TOPOLIOK, TUTAH, THAPOKCHANIATUT, UMIIIAHTAT, Fa30JUHAMUYECKOE HAIIBLIEHUE, COILIO,
MIECKOCTpYiHAs 00paboTKa.
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