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Surface Topography of Composite Coatings Based on Ti-Al;

Abstract: currently, the development of biomaterials that have the required characteristics
for various tissues is one of the main problems in medicine and engineering. Obtaining calcium-
phosphate coatings on metal surfaces is one of the urgent problems in materials science. Never-
theless, there is no unambiguous data on what physicochemical properties (phase and elemental
composition, structure, crystallinity, roughness, solubility, etc.) should have an implant surface that
ensures its osseointegration. In this work, to obtain calcium-phosphate coatings, we used the method
of detonation-gas spraying of powder materials on a Grade2 titanium base. A TiAlg mixture with
the addition of calcium hydroxyapatite was used as powder materials. The mass percentage of
TiAlz in the mixture was 40%, 55%, 65%, 80%. The topography of the coating surface was de-
termined by computer three-dimensional modeling based on data obtained using a Zygo New View
7300 interferometer-profilometer. It was found that with an increase in the intermetallic content in
the TiAlz mechanocomposite with hydroxyapatite ( Caio(PO,)s(OH), ), the layer roughness of the
surfacing of composite materials increases from Ra = 2.628 um to Ra = 3.490 pum. At the same
time, the roughness of the layer has an important role in the growth of bone tissue. Comparative
analysis of the dependence of bone tissue growth on the roughness of coatings showed that layers
obtained by detonation-gas spraying based on hydroxyapatite have a higher efficiency of about 100%
of bone tissue growth at roughness values Ra = 2-4 pm .
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Introduction. In modern medical practice, titanium or titanium alloy implants are widely used
to replace damaged or defective areas of bone tissue. But the use of implants with a significant
difference in the physicochemical and mechanical properties of bone tissue and alloy causes active
rejection in the human body and, as a result, further complications in treatment. The skeletal
system of a living organism is formed and maintained as a result of complex biochemical reactions.
To reduce the negative influence of such factors, it is necessary to create a transition zone between
the implant and the bone, which can have a strong bond with the implant material, as well as a
macro and microstructure acceptable to the body. Such a zone can be obtained in the form of a
coating, which has a developed morphology, porosity for more effective engraftment of implants.
Currently, there are several methods for obtaining such coatings. Thus, the method of plasma
electrolytic oxidation makes it possible to obtain coatings on titanium alloys characterized by high
physical and mechanical properties [1, 2]. The wear resistance of PEO coatings can be increased by
a factor of 15 in comparison with an uncoated sample [1]. In this case, the porosity of the coatings
can be different depending on the composition of the electrolyte solutions and be 6.2% — 12.2% [2].
Various materials can be introduced into the pores of the coating to increase its biocompatibility.
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The method of magnetron sputtering is widely used to obtain biocompatible coatings on implants
[3-6]. By applying various modes of magnetron sputtering, one can influence the structure and
chemical composition of the surfaces of titanium and its alloys used for intraosseous implantation
[6]. It was found that an increase in the sputtering power (from 200 to 300 W) leads to a significant
change in the structure, which is accompanied by a change in the grain size and, as a result, in the
surface roughness. Magnetron treatment of a pure titanium product with chemically pure titanium
makes it possible to create a nanostructured surface connected to the substrate at the atomic level.
The morphology of this surface at the nanoscale changes depending on the radiation power [6].

Surface modification of titanium alloys using biocompatible hydroxyapatite (HAP) coatings is of
great interest. Sol-gel is a potential method for the precipitation of biocompatible HAP [7-10]. With
the help of sol-gel technology, homogeneous, homogeneous HAP coatings can be obtained. In this
case, an important role is played by the preliminary treatment of the titanium substrate surface and
the optimization of the sol-gel processing parameters [7]. Also, the sol-gel technique makes it possible
to synthesize organic-inorganic hybrid systems consisting of a silica matrix [8]. The studies carried
out in this direction suggest that hybrid coatings can be used to modify the surface of titanium
implants to improve the process of their osseointegration.

The proposed technologies and methods for creating biocompatible coatings for dental implants
do not always fully meet modern medical requirements, and therefore, there is a search for new
technological solutions for the formation of a biocompatible rough surface on dental implants, which
ensures reliable integration of the implant with bone tissue. As a result of the approximation of the
phase-structural state and the properties of the obtained coatings on implants to the parameters
of the bone tissue, it is possible to achieve improved compatibility between them. When forming
biocompatible coatings, special attention is paid to the creation of a certain relief (roughness) on the
surface of the implant, which has a positive effect on osseointegration. So, in the world of a dental
practice, implants with an SLA surface obtained by sandblasting and acid etching are used; implants
with Osseotite surface obtained by double etching; implants with anodized TiUnite surface, etc.

Field of study. The main requirements for biocoatings are chemical and phase stability, high
adhesive strength to a titanium substrate, porosity that promotes integration with bone tissue, and
improved biocompatibility.

Studies have shown that hydroxyapatite coated titanium implants, compared to pure titanium
implants, promote improved bone growth. In addition, biocompatible coatings on the titanium
implant surface have a significant effect on the anchorage of loaded implants, both under stable
and unstable conditions. Titanium implants with biocompatible 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. Biocompatible coatings applied to the metal implant,
including those based on calcium hydroxyapatite, ensure reliable and fast filling of bone fractures. As
a result, the area of contact with living bone tissue increases to almost 100%. The bio-coated implant
is covered with dense bone tissue, preventing micromovements and stresses at the bone/implant
interface.

Data and methodology. For the deposition of calcium-phosphate coatings on a titanium base,
detonation-gas spraying (DGN) unit for powder materials "Katun-M" was used [11, 12].

Installation DGN "Katun-M", consists of the following parts (Figure 1) and operates in a pulse
mode. The signals are generated by the control unit - 5. Each cycle begins with the supply of a
combustible mixture of propane-butane oxygen in certain proportions for a specified time interval
into the detonation chamber - 2. The explosive mixture is diluted with nitrogen or air to reduce
the heating temperature of the particles of the sprayed material. The sprayed powder enters from
the dispenser - 9, which is fixed on one of the holes - 11, into the barrel - 10, after loading the
sprayed powder, a combustible mixture of candles is ignited - 8, while synchronization occurs with
the digital prechamber - 15, which receives a signal from multichannel optical attachment, the signal
from the attachment is fed to a computer via fiber-optic cables for further processing of the flow
characteristics.
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PucvhHok 1 — Installation for detonation gas spraying "Katun - M": 1 — receiver, 2 — oxygen, 3 — propane, 4 - gas
distribution system, 5 - control unit, 6 - injection mixer, 7 - electronic ignition unit, 8 - spark plug, 9 — dispenser, 10 —
trunk, 11 - holes for installing the dispenser, 12 — manipulator, 13 - gas-dispersed flow, 14 — substrate, 15 — prechamber

When spraying pure HAP, the roughness of such coatings is 3.5 pum , and the thickness is up to 20
pm . The coatings practically do not contain pores; single pores are observed, which are formed when
particles are melted. Coatings uniform in thickness and phase composition are formed by spraying
hydroxyapatite particles with a size in the range of 50-300 microns. The roughness of the coating is
5.5-6.5 microns, and the thickness reaches 100 microns. At the same time, the results of the study of
the adhesive strength of coatings showed that it does not exceed 5 MPa, which is insufficient for their
operation. Pretreatment of the titanium surface before coating deposition, including sandblasting
and chemical etching, as in the case of microarc coatings, makes it possible to increase the adhesion
strength of the coatings to the substrate up to 20 MPa. The Ca/P ratio = 1.67 and is close to the
ratio in bone tissue. To increase the strength of the coating, powders from composite materials of
the composition TiAls (X%)-+T'AII33, obtained by the method of mechanically activated treatment,
were also used. HAP ( Cai0(PO,)s(OH), ) is a solid inorganic substance. In nature, this substance
is part of rocks (together with chlorine and fluorapatites) and makes up the bulk of the bones of
animals and humans. There are stoichiometric HAP Cao(PO,)¢(OH), and non-stoichiometric.

Ca,(HPO),(PO,)s—z(OH),_, of variable composition [13]. Bone biomineral is nonstoichiometric
[11, 13]. Some brands of synthesized HAP correspond to the stoichiometric form, which seems to be
quite acceptable, based on the chemical formulas of both forms [13-15]. The nomenclature name for
stoichiometric HAP is dihydroxide - tricalcium hexaorthophosphate [16]. In terms of chemical com-
position, this is a polyorthophosphate compound, which suggests the presence of properties like those
of other calcium polyorthophosphates (low solubility, relatively high decomposition temperature).
This is confirmed by some of the sources indicated below |11, 13, 17, 18|.

Mechanical activation (MA) of the initial reaction mixtures TiAls (%) + HAP was carried out
in an AGO-2 planetary ball mill with water cooling. The volume of each of the two steel drums of
the mill is 160 cm . The diameter of the balls is 8 mm, the weight of the balls in each drum is 200
grams, the weight of the sample is 10 g. Centrifugal acceleration of balls 400 and 600 m s=2 (40
and 60 g). To prevent oxidation during MA, drums with samples were evacuated and then filled
with argon to a pressure of 0.3 MPa. After MA, the samples were unloaded from drums in a box
with an argon atmosphere.

Pretreatment of the titanium surface before coating deposition, including sandblasting and chem-
ical etching, improves the adhesion strength of the coatings to the substrate. The processing quality
was determined visually by the degree of surface mattness.

Materials obtained using the technology of self-propagating high-temperature synthesis (SHS) can
be classified as materials with a high range of strength and tribotechnical properties. The use of
powders obtained by the SHS method makes it possible to synthesize composite materials [19].

Detonation gas spraying (DGN) was carried out on titanium plates Grade2 20 x 20 mm thick 3
mm, with a composition containing a mixture:
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1 — TiAls (40 wt %.) + HAP - SHS mechanocomposite;

2 — TiAlz (55 wt %)+ HAP - SHS mechanocomposite;

3 — TiAlz (65 wt %) + HAP - SHS mechanocomposite;

4 — TiAlz (80 wt %) + HAP - SHS mechanocomposite;

Surface topography was determined by 3D computer modeling based on data obtained using a
Zygo New View 7300 interferometer-profilometer.

0.00 mm

PucyHok 2 — Three-dimensional modeling of the surface of the intermetallic layer (40 wt%) and hydroxyapatite (60 wt%)

It can be seen from the diagram (Figure 3) that the average roughness of composite materials is
based on a mixture of TiAls (40%) + HAP Ra = 2,628 pm.
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PucyvnHok 3 — Diagram of the distribution of the surface roughness of the surfacing layer of composite materials based on
a mixture of TiAlz (40%) + HAP

It can be seen from the diagram (Figure 4) that the average roughness of composite materials is
based on a mixture of TiAls (40%) + HAP Ra = 3,022 pm.
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PucvyHok 4 — Diagram of the distribution of surface roughness of a layer of the surfacing of composite materials based on
a mixture of TiAls (55%) + HAP

It can be seen from the diagram (Figure 5) that the average roughness of composite materials is
based on a mixture of TiAls (40%) + HAP Ra = 3,017 um.
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Pucvraok 5 — Diagram of the distribution of surface roughness of a layer of the surfacing of composite materials based on
a mixture of TiAlz (65%) + HAP

It can be seen from the diagram (Figure 6) that the average roughness of composite materials is
based on a mixture of TiAls (40%) + HAP Ra = 3,490 pm.

Height (um)

-10.000004 VOV

=20,00000

0.00 0.10 0.20 0.30 0.40 0.50 0.60

Distance (mm)

PucvyHok 6 — Diagram of the distribution of surface roughness of a layer of the surfacing of composite materials based on
a mixture of TiAls (80%) + HAP

The roughness of such coatings is Ra = 2,628-3,490 microns. It can be seen from the diagram
(Figure 7) that the roughness (Ra) increases with an increase in the percentage of intermetallic
compounds in the mechanocomposite of composition TiAlz +T'AIl ( Cai9(PO,)s(OH), ).
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Pucyraok 7 — Diagram of roughness (Ra) in a mechanocomposite of the composition TiAlz + HAP ( Ca19(PO,)s(OH), )

Results and a brief discussion. The biological properties of hydroxyapatite coatings were inves-
tigated in the test for ectopic bone formation [20]. The study of tissue response to subcutaneous
implantation of titanium implants with calcium-phosphate coatings in mice showed that after 1.5
months of the experiment, no signs of inflammatory processes and infectious infections were detected,
which determines their high biological compatibility.

Histological studies of the authors of [20] showed that on the sections of tissue plates, coarse
fibrous bone tissue is revealed, in the lacunae of which elements of hematopoietic, adipose, and
connective tissues can be located (Figure 8).
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Pucvaok 8 — Histological picture of tissue plates grown on the surface of X-ray amorphous calcium phosphate coating in
the test of ectopic bone formation [20]: 1 - calcium phosphate substrate, 2 - bone tissue, 3 - elements of hematopoietic and
adipose tissue. Hematoxylin-eosin staining

In studies of nanocrystalline calcium phosphate coatings containing -TCP ( [ -tricalcium phos-
phate), it was shown that the growth of bone tissue is influenced by surface roughness [21]. Figure 9
shows that at Ra = 2-3 um , the structure of tissue plates consisted mainly of bone tissue with holes
filled with red bone marrow; the probability of bone tissue growth was about 67%. With an increase
in Ra = 7.5 pm, connective and adipose tissue with an admixture of skeletal muscle bundles was
revealed, but the probability of bone tissue growth was only 33%.

Pucvynok 9 — Histological picture of tissue plates grown in the test of ectopic ontogenesis on nanocrystalline calcium
phosphate coatings containing B-TCP [21]: 1 - bone marrow, 2 — bone

In comparison with the above coatings, the HAP-based layers obtained by the DGN method
showed higher efficiency of about 100% of bone tissue growth in the test of ectopic osteogenesis at
roughness values in the Ra = 24 pm region (Figure 10).

Pucvnok 10 — Histological picture of tissue plates grown in the test of ectopic ontogenesis of HAP covering: 1 - bone, 2 -
bone tissue

Conclusion. Calcium phosphate coatings (X-ray amorphous, nanocrystalline based on nonstoi-
chiometric calcium phosphates, HA) are biocompatible, promote osseointegration with bone tissue,
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and can be used as biocoatings on implants for various purposes. These coatings, regardless of the
method of obtaining them and their physicochemical properties, induce the growth of tissue plates
with a 100% probability. At the same time, the effect of coating roughness on bone growth was
revealed. The presence of HAP and TCP in the coating significantly increases the stability of the
test of ectopic osteogenesis [20-23].

Thus, based on the data obtained, it can be assumed that, along with the phase composition and
crystallinity of the coatings, the relief of the obtained layers is no less significant factor in the control
of the bioengineering of the bone tissue. The obtained coatings are of interest for use in medical
practice as biocoatings on titanium implants and can be used in the development of dental screw
intraosseous implants.
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Ti-Als Herizingeri komno3urrik >kabbiHaap 6eTiHiH Tonorpadusco

AnsHoTanusi. Kasipri yakpiTTa 9p TypJi yinajsapra TOH CHIAaTTaMajapbl 6ap 6uoMaTepuagapiblH, JaMybl MeIUITHA
MEH WH>KEHEPUSHBIH Herisri mocesiesiepinin, 6ipi 6osibin Tabbuiaabl. MeTasmapabiy O6eTiHge Kasjbluii-docdar KabbIHIapbIH
JKacay MaTepuajiTaHy CaJachbIHIAFbl ©3eKTi MiHIeTTepaAiH 6ipi 6okl TabbLIaAbl. JJereHMeH, UMIIAHTTBIH, OCTEOMHTErPAIUSCHIH
KAMTaMAacChl3 €TeTiH NMILIAHTTHIH 6eTKi KabaThIHbIH KaHAal GU3nKa-XuMUsIIbIK KacuerTepi (pasasblk KoHe JIeMEHTTIK KypaMbl,
KYPBUIBIMBI, KPUCTAJIBLIBIFLI, Keip-OyABIPJIbIFI, epirimTiri xkoHe T.6.) 60y KepeKTiri TypaJibl HaKThl MOJIIMETTED KOK. Byir
2KyMbICTa Kajbluii-docdar xkabbiugapein anxy yuia Grade2 Tturad Herizine yHTAKTbI MATEPUAIAADBI JIETOHAIUSIBIK-TA3/ bl
OYPKYy 9/ici KOJJAaHBUIABI. YHTaK MaTepuajiap peTiH/e KaJbluil rujapokcuanaTuTi Kocburan TiAls Kocmachl KOJIIAHBLIIBL.
Kocnagarer TiAlg -Tig maccanbik, naiibizgaer mesmepi 40%, 55%, 65%, 80% kypaiiabl. 2Kabwin Geriniy Tonorpadusicsr Zygo
New View 7300 unTepdepomerp-npodujIOMETPiHIH, KOMEriMeH AJIBIHFAH MOJIIMETTED Heri3iHje KOMIIBIOTEPJIK VI OJIeM/Ii
MoJlenIbjiey apKbLabl aHbiKTassl.  'uapokcuanarur ( Caio(PO,)s(OH), ) 6ap TiAl3 KypaMbIHBIH, MeXaHOKOMIIO3HTIHJEr
MHTEPMETAJIJIN MOJIIIEPIHIH apTybIMEH KOMIIO3UTTIK MaTepuaJiiap/iaH *KacaJFaH 6eTKi KabaTThIH Keaip-OyaAbIpJibiEbl Ra=2,628
MKM-JieH Ra= 3,490 MKM-re neitin ecerini aHbIKTas bl By »Kariaiiia KabaTThIH KeAip-OyIbIPJbIFEI CYIeK YIIIIAChIHBIH OCyiHe
ocep ereni. Cyiiek yJIacbIHbIH 6CYi »KaObIHIAPIABIH KeIip-0yAbIPJIbIFBIHA TOYEJIIINH CAJTBICTBIPMAJIBI TAJIAY, THIPOKCUATIATUT
HerisiHje JeTOHAIUAIBIK—Ta3/1bl OYPKY 9iCiMeH ajibiHFaH KabaTTap/IblH Ke1ip-OyAbIpJIbiK, MoH1epi Ra=2-4 MM Gosrrana, cyitek
yJnaJjgapbiHblH ecyi mamamed 100% Tuimaiairia kepcerTi.

Tyitin ce3zep: kanbumii-pocdarTl KabblHAAP, OHOAKTUBTI *KabBIHIAD, MMILIAHT, JeTOHALMSJIBIK-Ta3Ibl OYPKY, Kemip-
OyIpIp, *KabbIH OeTiHiH Tonorpaduschl, YHTAK MaTepHaJIIap.

A.E. XKakynosa ! , B.U. Skosaes 2, 2K.M. Pamazauosa 3 , M.B. Kosasienko !

1 Espasutickuti nayuonasvnuili yrusepcumem umeny JI.H. Dymunesa, Hyp-Cyaman, Kasaxcman
2 Aamatickuti 2ocydapcmeenmiti mexnuveckuti yrusepcumem um. U.H. Ioasynosa, Bapraya, Poccus
3 Kasaxcruti azpomernuneckuti ynusepcumem umerny Caxena Cetipyaruna, Hyp-Cyaman, Kazaxcman

Tonorpadusi IOBEPXHOCTU KOMIO3UILMOHHBIX MOKPBLITUII Ha ocHOBe Ti-Als

Awnnvoranmsi. B nacrosmee BpeMsi paspaboTka GmoMarepuasioB, KOTOPBIE O0JIaJal0T HEOOXOMUMBIMH XapaKTEPUCTUKAMU
JJIsl Pa3JIMYHBbIX TKAHEH, sIBJISIeTCs OJIHON M3 OCHOBHBIX IPOOJIeM MeJuIvHbI U uHKeHepun. Ilosyuenne kasbnuii-pocdarabx
MIOKPBITUN HA IIOBEPXHOCTH METAJIJIOB $IBJISIETCSl OJHOI M3 aKTyaJIbHBIX 3aJlad B MaTepHAJIOBeJeHMHU. 'TeM He MeHee HeT
O/IHO3HAYHBIX JAHHBIX O TOM, KAKUMH (PU3MKO-XMMUYIECKHMHU CBoiicTBamu (pas3oBblii M 3JEMEHTHBI COCTaBbI, CTPYKTYpA,

eISSN 2663-1296 Bulletin of L.N. Gumilyov ENU. PHYSICS. ASTRONOMY Series, 2021, Vol. 137, Ne4

31



Surface Topography of Composite Coatings Based on Ti-Al3

KPHUCTAJIMYHOCTD, [IEPOXOBATOCTh, PACTBOPUMOCTD U T.J.) JOJKHA 00JIaJaTh MOBEPXHOCTH UMILIAHTATA, 0OECIIeYNBAIOIAs €ro
ocTeonHTerpanuio. B manHoil pabore mist mosyueHus: Kaabluii-pocdaTHBIX MOKPBITHI HCIOIB30BAJICS METOJ JEeTOHAIIMOHHO-
ra3oBOr0 HAIBLIEHUs] MOPOIIKOBBIX MATEPHAJOB Ha TUTaHOBYI0O ocHOBYy Grade2. B KadecTBe NOPOIIKOBBIX MATEPHAJIOB
HuCHoJb30Bajachk cMmech TiAls ¢ pobaBiieHueM ruapokcuanaTuTa Kajblusi. MaccoBoe mnporenTHoe cojep:kanue TiAls B
cmecu cocrasuiu:  40%, 55%, 65%, 80%. Tonorpadusi MOBEPXHOCTU MOKPLITUI OblIa ONpee/eHa IIyTeM KOMIIbIOTEPHOTO
TPEXMEPHOrO MOZEIMPOBAaHUs Ha OCHOBE JAHHBIX, ITOJIYUEHHBIX C IOMOIIBI0 HHTEepdepomerpa-npodumomerpa Zygo New View
7300. YcTaHOBJIEHO, YTO C yBEJIUIECHUEM COJEPIKAHNS HHTEPMETAIINIA B MexaHokoMmo3uTe cocrasa TiAls ¢ rugpokcunanarurom
(Ca10(PO,)6(OH), ) mepoxoBaToCTh CJI0S1 HATLTABOK KOMIIOBUIIMOHHBIX MAaTEPHAJIOB yBeananBaercs oT Ra = 2,628 mxm 10 Ra =
3,490 mxm. IIpu 3TOM IIEPOXOBATOCTD CJIOS OKA3BIBACT HEMAJIOBAYKHOE BJIUSHIE HA POCT KOCTHON TKanu. CpaBHUTEIbLHBIN aHAII3
3aBHCHMOCTH POCTa KOCTHOW TKaHH OT IIEPOXOBATOCTH IOKPBITHH ITOKa3aJj, UTO CJIOU, IOJIyYEeHHbIE METOJOM JEeTOHAIIMOHHO-
ra3zoBOTO HANBLIEHUS, HA OCHOBE T'MJPOKCHAIIATUTA UMEIOT 60Jibinyio 3ddeKTuBHOCTb, 0Koso 100%, pocTa KOCTHON TKaHU TIPH
3HAYEHUAX 1epoxoBaroctu Ra = 2—4 mMkMm.

KiroyeBble cioBa:  Kajabnuii-docdaTHble IOKPLITHS, OHOAKTUBHBIE ITOKPBITHs, HWMILIAHT, JIETOHAIMOHHO-Ta30BOE

HaIlbJICHUE, IIIePpOXOBaTOCTh, TOHOI‘pa(bI/ISI IIOBEPXHOCTU l'IOKpI>ITI/II7'I7 IIOPOIIKOBBIC MaTepUaJIbl.
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