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Obtaining functional-gradient Ti-HA coatings by detonation spraying

Functional-gradient titanium/hydroxyapatite (TiHA) coatings were obtained using detonation spraying
technology to improve the structure and mechanical properties. To obtain functional-gradient coatings, pulsed
energy sources are best suited, namely, detonation spraying, in which the energy of the explosion of gas
mixtures is used as a source of pulsed action. By controlling the modes of detonation spraying, it is possible
to vary the temperature and rate of coating deposition; accordingly, it is possible to obtain a certain structural-
phase structure of the coatings. The structural-phase state and tribological properties of TiHA detonation
coatings were investigated by modern materials science methods: X-ray phase analysis (XRD), scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDX-mapping), profilometry and ball-disk
wear-resistance test. The results showed that the coatings had a continuously gradient elemental composition
across the cross-section of the coatings with no boundary between the elemental layers of the coatings. The
amount of Ti gradually decreased and the amount of hydroxyapatite gradually increased in the direction from
the substrate to the surface of the coatings, which allows to expand the possibilities of using TiHA-coatings
for bone implants. Since the surface layer is composed of HA, the resulting functional-gradient coating
demonstrates excellent biocompatibility and the ability to create new bone tissue. The excellent mechanical
strength of the functionally graded coatings is ensured by the Ti phase.

Keywords: detonation spraying, functional gradient coatings, microstructure, phase composition, mechanical
properties, hydroxyapatite, titanium, wear resistance, roughness.

Introduction

The development and production of biomaterials for bone replacement are one of the highly technological
sectors of the economy, but the type and quality of implant materials and manufacturing technology currently
available require further improvement. The “bottleneck” is not the medical technology associated with implant
placement in the body, it is the engineering and materials science problems of producing an implant, with a
specific chemical and phase composition and a specific morphological architecture [1]. One of the most prom-
ising solutions to these problems is the various combinations of metallic and non-metallic structures where the
components gradually change in the materials. In particular, functional-gradient materials are new materials for
both orthopaedic and dental applications. Currently, such materials are used for orthopaedic prostheses because
functional-gradient materials can be adapted to reproduce the local properties of the original bone, which helps
to minimise the effects of stress protection [2]. In stomatology, functional-gradient materials are used in dental
crowns to imitate the connection of enamel and dentin of natural teeth and to avoid peeling and delamination
between the layers [3, 4]. Various techniques such as PVD, CVD, and powder metallurgy have been used to
produce functional-gradient materials [5-8]. In addition, functional-gradient materials have also been produced
by gas-thermal spraying [9, 10]. Among the gas-thermal spraying methods, plasma spray technology has been
used to produce various functional-gradient coatings suitable for biomedical applications. These include Ti/HA
systems [11], HA/B-TCP [12], and HA/TiO, [13]. It is important to emphasise that in the widely used plasma
spraying method for the application of coatings a continuous flame or plasma sputtering is used [14, 15]. This
can lead to undesirable overheating or melting of the particles and a significant substrate temperature increase,
which is a major limitation of this method. Pulsed energy sources like detonation spraying, which uses the en-
ergy of an explosion of gas mixtures as a pulse source, are best suited for obtaining functional-gradient coatings
[16]. This technology, which operates in pulsed mode, is better for obtaining functional-gradient coatings. On
one side, it allows for minimising the above-mentioned negative effects. For another, the particle velocity in the
detonation spraying method is much higher than in plasma spraying methods, which positively influences im-
portant coating parameters such as adhesion strength.

Functional-gradient materials are peculiar and promising composite materials whose composi-
tion/components and/or microstructure gradually change in space according to a given profile or sequence,
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along one or more space directions [10, 16-19]. Due to the gradual change in composition and/or microstruc-
ture, the physical and mechanical properties change in space according to the specific requirements for the
prescribed application, which improves the operational characteristics of the material. Hydroxyapatite and Ti
can be combined to create a perfect functional-gradient material. As the surface layer consists of HA, the
resulting functional-gradient coating demonstrates excellent biocompatibility and the ability to create new
bone. The excellent mechanical strength of the functional-gradient coatings is provided by the Ti phase.

There are no studies in the literature aimed at obtaining functional-gradient coatings using the detona-
tion spraying method. Given the above, the purpose of this work is to obtain composite coatings having a
gradient structure by changing the technological parameters of detonation spraying, where the HA ratio is
characterized by a smooth change in the chemical composition, structure, and properties over the thickness
of the coating.

Experimental

Composite HATI coatings with a thickness of about 60 um were applied to a Ti6Al4V substrate using a
CCDS2000 detonation complex (CCDS-2000, developed by Siberian Protective Coating Technologies LLC,
Novosibirsk, Russia), the operation principle of which is described in detail in [20, 21]. Detonation spraying
is performed by feeding combustible and oxidizing gases (propane, oxygen) into the channel in a ratio close
to stoichiometric. The gas mixture is ignited in the channel by an electric spark. The ignition process is com-
pleted by the creation of a detonation wave, in the immediate vicinity of which the powder is injected into
the channel by a dispenser device. During detonation combustion of a mixture of gases, propane and oxygen,
the powder particles are affected by elevated temperatures, pressures and acceleration. The calculated tem-
perature in the channel reaches 3000 K and the pressure is 5 MPa [22, 23]. At the beginning of the process,
the gas powder cloud reaches a velocity of 1500 m/s, and then slightly melted powder particles are moved to
the substrate at a velocity of up to 1000 m/s. Figure 1 demonstrates a general view and a schematic diagram
of the detonation spraying process.

2

2

- INzl
ey
F»

F>

Iﬂ <
5 3
s 6 spraying distance

Figure 1. Computerized detonation complex CCDS2000: general view (a) and schematic diagram of the installation (b):
1 - control computer, 2 - gas distributor, 3 - mixing-ignition chamber, 4 - spark plug,
5 - barrel valve, 6 - fuel line, 7 - oxygen line, 8 - gas valves, 9 - gas supply unit, 10 - breech,
11 - powder dispenser, 12 - workpiece; 13 - manipulator, 14 - muzzle of the barrel
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Ti6AIl4V titanium alloy was used as the substrate material. The sample used to observe the microstruc-
ture was a rectangular size of 30 mm x 30mm x 3 mm. Table 1 presents the composition of the Ti6AI4V
titanium alloy. The samples were sanded (using SiC paper with a grain size from 100 to 2000). Before
coating, the substrates were sandblasted with a grain size of 250-300 microns of aluminium oxide and
treated with an ultrasonic bath.

Table 1
Chemical composition of Ti6Al4V alloy (weight percent)
Ti Al \ Fe C 0 N H
88,5-92,5 5,5-6,5 3,5-4,5 <0,25 <0,08 <0,13 <0,05 <0,012

By characterizing the phase composition of the resulting HA coatings deposited at different spraying
parameters, it is possible to determine suitable spraying conditions in DS. Our previous studies showed [24,
25] that by controlling the detonation spraying modes (fuel/oxidizer ratio, spraying distances) it is possible to
control the temperature and speed of the coatings, respectively, which significantly influenced the melting
and decomposition of HA. Preliminary studies of the microstructure, phase composition and chemical
structure of DS HA coatings deposited at different spraying regimes were carried out, and the optimum
spraying conditions for depositing composite HA coatings without a thermally decomposed HA phase were
determined (Table 2).

Table 2
Spraying conditions

Parameters Values
Fuel/oxidiser ratio 1,856
Spraying distance, mm 100

Based on this, Ti-HA composite coatings were obtained at different values of the barrel filling volume
and different exposure times between shots to study the effect of detonation spraying process parameters on
the chemical composition, structure, and properties of the coatings. The volume of the explosive gas mixture
of the detonation gun barrel varied from 30% to 60% and the exposure time between shots varied from 0.25 s
to 1 s. Table 3 shows the modes of production of Ti-HA-based coatings.

Table 3
Technological parameters for obtaining TiHA coatings

Name of the coatings Barrel filling volume, % Time between shots, s Number of shots
TiHA-1 60 1 15
TiHA-2 45 0,5 15
TiHA-3 30 0,25 15

On this basis, Ti-HA-based coatings were obtained at different barrel filling volumes and different
exposure times between shots to obtain coatings having a gradient structure. The HA ratio in these coatings
is characterised by a smooth change in chemical composition, structure, and properties over the thickness of
the coating (Table 4).

Table 4
Technological parameters for obtaining gradient coating
Name Layers Volume of barrel filling, % Time between shots, s Number of shots
Top layer 30 0,25 5
Gradient Middle layer 45 0,5 5
Bottom layer 60 1 5

Angular hydroxyapatite (HA) powder (99.95%, produced by Sigma-Aldrich, Steinheim, Germany) with
a diameter of 5-25 microns and spherical titanium powder (CL42TI) (made by Concept Laser, Germany)
with a diameter of 15-45 microns were used as feedstock. HATi composite powders were obtained by
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mechanically mixing HA powder with Ti powder for 0.5 x using a PULVERISETTE 23 planetary ball mill.
The mass ratio HA toTi for composite powders HA-Ti was 50:50. The phase composition of the coatings
was studied using X-ray diffractometer X'PertPRO (Philips Corporation, Amsterdam, the Netherlands) with
Cu-Ko radiation (A = 1.5405 A), voltage 40 kV and current 30 mA. The diffractograms were interpreted
using HighScore software and measurements were taken in the 26 range of 20°-90° in 0.02 step and 0.5
s/step counting time. The coating structure was analysed by scanning electron microscopy (SEM) using a
MIRA 3 TESCAN microscope. Sliding friction wear was evaluated on a TRB?® tribometer (Anton Paar Srl,
Peseux, Switzerland) using the standard ball-and-disk technique (ASTM G 133-95 and ASTM G99
international standards), where a 6.0 mm diameter ball of SiC coated steel was used as a counterbody, at 6 N
load and 15 cm/s linear speed, 5 mm radius of curvature of wear, 200 m friction path. The surface roughness
of the coatings was evaluated using a profilometer model 130 (OAO Zavod PROTON, Moscow, Russia).
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Figure 2. Experiment a schematic of the TRB® tribometer.

Results and Discussion

Figure 3 shows the diffractograms of the HATi composite coatings. It can be seen that the HATi
composite coatings showed complex phases consisting of HA, Ti, TiO,. HA, Cas(PO,4), (TCP), and CaO
thermal decomposition phases were not detected in any of the coatings. The peak intensities of HA phase
decreased and the peak intensities of Ti and TiO, phases increased with increasing detonation spraying barrel
filling volume. These results showed that the detonation spraying barrel filling volume is strongly influenced
the phase composition. In addition, the diffraction patterns of the HATi composite coatings showed a
decrease in the intensity of the Ti diffraction peaks indicating TiO, formation [26].

a) 100 b) 80

Ti
Ti

804

60

Intensity
Intensity

20 30 40 50 60 70 80 90 20 30

E ) 60 70 80 %
20 (degree) d) 70

20 (degree)

40
E:
60 g

2

<
=

Intensity
&
8

- . . VRRLIRL 0+ T T T T T T i
20 30 40 0 60 70 80 90 20 30 40 0 60 70 80 20
20 (degree) 20 (degree)

Figure 3. Diffractogram of coating TiHA: a) TiHA-1; b) TiHA-2; ¢) TiHA-3; d) gradient
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Table 5 demonstrates the results of roughness measurements of composite and gradient coatings ob-
tained by the detonation spraying method. The surface of all coatings has heterogeneous structure with pores,
typical layered, wavy arrangement of structural components. The surface roughness of the composite coat-
ings was measured using a model 130 profilometer on a 7 mm length segment on the sample surface. It fol-
lows from the obtained data that the roughness of composite coatings according to Ra parameter changes
from 5.44 to 8.61 um with change of technological parameters of detonation spraying. Comparison of these
dependences allows to conclude that the coatings obtained with increase of detonation spraying barrel filling
volume increase the roughness of coatings surface.

Table 5
Roughness measurement results for composite and gradient coatings
Name Ra(um) Rz (um) Rt (pm) Rg (um) Rv (um)
TiHA-1 8,61 51,1 55,9 10,4 28,1
TiHA-2 6,58 44,3 46,6 8,42 27,6
TiHA-3 5,79 39,3 479 7,40 23,4
Gradient 5,44 39,9 48,5 6,51 22,6

Figure 4 shows a polished cross-section of the gradient coatings obtained by detonation spraying. The
gradient coating consists of plates formed from molten particles during impact, some molten particles and
small cracks. The presence of small cracks is beneficial in relieving thermal stresses during cooling. The to-
tal thickness of gradient coatings is about 60 um. No obvious cracks appear at the interface between the coat-
ing and the substrate, which means that there is excellent adhesion between the coating and the substrate.

SEM HV: 20.0 KV WD: 11.30 mm MIRA3 TESCAN|

View fleld: 91.2 ym Det: SE, BSE
SEM MAG: 3.04 kx

Figure 4. Cross-sectional microstructure of the HATi gradient coating.

EDS scanning light analysis shows that the coatings have a continuous gradient composition across the
entire cross section with no distinguishable interface (Fig. 5 a, b, ¢). The Ca and P concentrations gradually
increase from the substrate to the surface and the Ti concentration gradually decreases. The EDS compari-
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sons for the gradient coating (Fig. 5 e, f) further confirm that the coating conforms to the expected gradient
composition structure.

Ti Kal

Figure 5. Cross-sectional microstructure and EDS analysis of the TiHA gradient coating.

To determine the wear resistance of the coatings, tribological tests were carried out in the ball-and-disk

scheme. Figure 6 represents the friction coefficient of the composite and gradient TiHA coatings. According
to the obtained results of tribological test of detonation coatings, TiHA-1 low friction coefficient values of
0.548 are observed, respectively high wear resistance in sliding friction conditions. However, the effect of
surface roughness on the initial friction of the coatings is relatively higher compared to other coatings. An
increase in barrel filling volume leads to an increase in the coefficient of friction of the coatings.
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Figure 6. Coefficient of friction of composite and gradient coatings
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Conclusions

The functional-gradient TiHA coating was successfully applied to the surface of Ti6Al4V alloy by det-
onation spraying. To obtain functional-gradient coatings, the following detonation spraying process parame-
ters were varied: detonation barrel filling volume with acetylene-propane gas mixture from 60% to 30% and
exposure time between shots from 1 to 0.25 s. A study of the phase composition of the coatings depending
on the technological parameters showed that with increasing volume of barrel filling the content of HA phas-
es in the composition of the coatings decreases, and the intensity of the diffraction peaks of Ti and TiO; in-
creases. The study of the coatings surface morphology showed that the roughness of the coatings by Ra pa-
rameter varies from 5.44 to 8.61 pm with a change in the detonation barrel filling volume from 30% to 60%.
The higher surface roughness and porosity of the outer layer of the functional gradient coating is a favoura-
ble microstructure for bone growth. We can conclude that the functional-gradient coatings obtained by the
detonation spraying method have great potential for use as bioimplantation materials and need further re-
search to reveal its hidden potential.
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JeToHAUAJIBIK OYPKY diciMeH
(pyHKUMOHANABI-TPAAUEHTTI KA0BIHAAPABI ALy

OyHKnroHaNAs TpaaueHTTi THTaH / ruapokcuanaTut (TiHA) >kaObIHBI KYpBUIBIMBIL MEH MEXaHUKAJIBIK
KacHeTTepiH JKaKcapTy VIIIH JEeTOHAUMSJIBIK OYpPKY TEXHOJOTHMACHIH KOJIaHY apKbUIbl — aJIBIHIBL
OYHKIMOHAIABI-TPAJUCHTT] >KaObIHAAPABI aly YVIIIH HMITYJIbCTI JHEPTHsl Ke3lepi €H KOJallibl, aram
aliTKaH[a, ra3 KOCTaJapbIHBIH JKapBUIBIC YHEPTUCHl MUMITYJbCTIK OpEKeT Ke3i peTiHie mNaiiiaaaHblIaThIH
JNETOHAMSUIBIK  OYpKy. JleToHammsutblk OYpKy peXuMAepiH Oackapy apKbUIbl >KaOBIHHBIH TYHZIBIPY
TeMIIepaTypachl MEH XBULIAMIBIFBIH ©3repTyre 0oapl, coiikeciHme sxaObIHaapIbIH OeNTiTl KYPhUIBIMIBIK-
(daszanplK KYpHUIBIMBIH aiyra Oosamsl. TiHA meToHanmsuiblK kaOBIHAAPBIHBIH KYPBUIBIMABIK-(ha3albIK
Kyirepi MeH TpPUOWJIOTHMSUIBIK KacHeTTepi 3aMaHayd MaTepHalTaHy oJiCTepiMEH  aHBIKTaJJbL:
pertreHodasansik tangay (XRD), ckaHepreymni amekTpoHAbl MUKpockomus (SEM), sHeproancnepcusibK
cnekrpockorus  (EDX-kapTanay), mpoQUIbOMETpHS JKOHE «IIap-IHCK» CXeMachl OOWBIHIIA TO3yFa
To3IMIUTITIH chiHAy. HoTmkenep >kxaObIHOApABIH >IEMEHTTIK WHTepdeiciHCi3 KaOBHIApABIH KOIICHEH
KAMachl OOMBIHINA Y3IKCi3 TPAJMEHTTI JJIEMEHTTIK Kypambl Oap ekeHiH kepcerti. Ti memmepi OipriHmen
azaiapl, al TUIPOKCHANATUT MeJmiepi cyOcTpaTraH jkaOblH OeTiHe Kapall OipTiHmen ecti, Oyn cyiiek
uMmIutanTTapbl ymid TiHA jxaOblHIapbelH KONAaHy MYMKIHAITH KeHeHTyre MyMKiHIik Oepexi. berki kabat
HA-nan TypaThIHABIKTaH, ajblHFaH (YHKIMOHAIB! IPAJUCHT JKaOBIHBI KepeMeT OHOXETIMIIUIIK MeH jKaHa
cydiek TiHIH Kkacay KaOinmeTiH kakcapraipl. (DOyHKIHOHANIBI-TPAJMEHT > KaOBIHIAPBIHBIH KOFaphl
MexaHHUKaJIbIK OepikTiri Ti ¢azacsiMeH KaMTaMachI3 eTiIei.

Kinm ce30ep: netoHanmusuibIK OYpKy, (YHKIMOHAIABI TPAIUCHTTI *KaOBIHIAP, MUKPOKYPBUIBIM, (ha3allblk
KypaMbl, MEXaHUKAJIBIK KACHETTEPi, THAPOKCHATIATHUT, TUTAH, TO3YFa TO3IMILIIT, KeAip-OyABIPIIBIFEL.

K.b. Carnonnuna, JI.P. baitxkan, E.E. Kam6apos, K. Topebex

Hony4yenne GpyHKIMOHAIBHO-TPAJAUEHTHBIX
TiHA moxkpbITHii METOIOM 1€ TOHAIIMOHHOTO HANIBLJIEHU S

OyHKIMOHANBHO-TPAIHEHTHbIE  MOKpBITHs — THTan/ruapokcuanatut  (TiHA)  Obum momydeHsl ¢
UCIIOJb30BaHMEM TEXHOJOIMH [JETOHAI[MOHHOTO HANbUICHUS C LEJNbI0 YIY4IIEeHHS CTPYKTYpbl U
MEXaHHYECKUAX CBOUCTB. [ momydeHns: yHKIMOHATBHO-TPAAUEHTHBIX TOKPBITHI JTydIlle BCETO MOIXOISIT
UMIYJIbCHBIE UCTOYHUKH 3HEPTUH, @ UMEHHO JETOHALIMOHHOE HalbUIEHHE, B KOTOPOM B KaueCTBE UCTOYHHKA
UMIYJIbCHOTO JEWCTBUS HUCHOJB3YIOT SHEPrUI0 B3phIBA Ta30BBIX cMecedl. VYmpaBisia pexuMaMu
JIETOHAI[MOHHOTO HAIBUICHUS, MOXHO BapbUpOBaTh TEMIEpaTypy U CKOpPOCTh HAHECEHHUs MOKPBITUH,
COOTBETCTBEHHO, MOYKHO TOJIYYHUTh ONPEACICHHOE CTPYKTYPHO-(a30oBoe cTpoeHHe MOKpbITHi. CTPyKTYpHO-
($hazoBoe COCTOSTHME W TPUOMJIOTMYECKHE CBOMCTBA  JCTOHAI[MOHHBIX MOKpBITHH TiHA wuccienoBaHbl
METOIaMH  COBPEMEHHOr0 MaTepuajoBeieHus: peHTreHodasHoro anammza (XRD), ckanupyromeit
31eKTpoHHOM Mukpockonuu (SEM), sHeproaucnepcuonHoit cnektpockonued (EDX-kaptupoBanue),
NPOQUIOMETPUH U HCHBITAHUEM HA H3HOCOTOHKOCTH IO CXEME «IIap—AUCK». Pe3ynbTaThl mokas3aiu, 4To
MOKPBITHSI UMENN HENPEepbIBHBIA I'PaIUEHTHBIM 3JIEMEHTHBIA COCTaB IO MONEPEYHOMY CEYEHHIO MOKPBITHH
6e3 TpaHHIBI pa3lelia DIEMEHTHBIX CIOB TMOKphITHi. KonmdectBo Ti IMOCTENEHHO YMEHBIIANOCH, a
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Obtaining functional-gradient...

KOJIMYECTBO T'MAPOKCHANATHUTA MOCTENEHHO YBEIMYHMBAIOCh MO HAMPABICHHUIO OT MOAJOXKKH K TIOBEPXHOCTH
HOKPBITHH, YTO TIO3BOJSIET PAIUIMPUTh BO3MOXKHOCTH TNpUMEHeHHs TIHA MOKpBITHH &It KOCTHBIX
UMILTaHTaTOB. [10CKOIBKY OBEPXHOCTHBIN CIIOH cOCTOUT U3 HA, moaydeHHOe ()yHKINOHAIBHO-TPaJieHTHOE
MOKpPBITHE IEMOHCTPUPYET OTINYHYI0 OHOCOBMECTHMOCTh M CIIOCOOHOCTBH JUISl CO3JaHMSI HOBOH KOCTHOM
TKaHU. [IpeBocxoaHass MeXaHUIECKask MPOYHOCTH (PYHKIIMOHATIBHO-TPAJUEHTHBIX IIOKPBITHI 00ecIIeunBaeTCs
dasoii Ti.

Kniouesvie cnosa: neToHAIMOHHOE HAIbIIEHHE, (YHKIIMOHAIBHBIC IPaJHEeHTHBIE TIOKPBITHS, MUKPOCTPYKTY-
pa, (a30BEIif COCTAaB, MEXaHUUECKHE CBOIMCTBA, THAPOKCHANATHUT, TUTAH, H3HOCOCTOHKOCTb, IIEPOXOBATOCTb.
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