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Calcium phosphate coating formed on titanium
scaffold by plasma electrolytic oxidation

The article provides the results of the preparation of calcium phosphate coatings by plasma electrolytic oxida-
tion. Calcium phosphate coatings are formed on titanium scaffolds with a porous structure. Titanium Seaf:
folds are products of additive manufacturing equipment by selective laser melting. The morpholegy of the
obtained coating, phase and elemental composition are described, the Ca/P ratio of the coating isidete ré
mined. The surface of the scaffold is porous due to the baking of powder particles durifig productien. XRD
analysis shows the presence of calcium phosphate and oxide compounds. The resultingfoxide coating is
evenly distributed over the porous surface of the scaffold. Titanium, aluminum ahd vanadium are located
in the areas of the coating free of calcium phosphate particles. The average.,Ca/Pratio for the resulting
coating was 2.48. This value is close to the Ca/P ratio in human bone. It i§ concluded’that the use of the
PEO method is promising for the manufacture of scaffolds with a poroug\strugture with calcium phosphate
coatings for use in traumatology and orthopedics. The use of titanium Scaffolds*with a porous structure
with calcium phosphate coatings will improve the osseointegration ‘ofmplants and exclude the possibility
of implant failure.

Keywords: titanium, calcium phosphate, plasma electrolyticfoxidation, protective coatings, bioactivity, hy-
droxyapatite, implant, osteogenesis.

Introduction

Currently, artificial materials are widelyjused in medicine to replace joints and restore bone tissue.
Titanium and titanium alloys are used fofamedical implants since they meet the requirements of modern
medicine the most and have high big€ompatibility and high corrosion resistance [1], as well as a good
strength-to-density ratio. However, due to their limited biological activity, titanium-based materials cannot
effectively interact with bone tissue in‘the"early stages of implantation, which can lead to implant failure
[2,3].

To improve biological activity, one of the most effective methods is the deposition of calcium phos-
phate (CP) coatings ‘on the implant surface by plasma electrolytic oxidation (PEO) [3]. The preparation of
such compounds as hydroxyapatite, tricalcium phosphate, octacalcium phosphate, and calcium acid phos-
phates (brushite, monetite)ias part of the coating is preferable because they are similar in composition and
properties toithe components of natural human bone tissue [4, 5].

Titanium' alleyssed in medicine are acceptable, but have a significant drawback — this is a discrep-
ancy between the rigidity of the implant and bone tissue, which can lead to a shielding effect, osteoporosis
and further lossfof the implant [6]. One of the important parameters of bone tissue is porosity, since the
porous material provides the necessary conditions for cell growth and division, and can also help to reduce
the rigidity of the implant [7], which avoids the shielding effect, which leads to the destruction of bone
tissue.

The advantage of the PEO method is the possibility of depositing calcium phosphate coatings on im-
plants of various shapes, including porous ones; this method also makes it possible to obtain coatings with
a given phase and elemental composition [7, 8]. In addition, Ag, Zn, and other elements can be used to
form a coating with antibacterial properties. ZnO also has luminescent and photoelectric properties and
can be used in other directions [9, 10]. Therefore, the optimization of coating parameters and electrolytes
for the formation of calcium-phosphate coatings of materials for the replacement and restoration of bone
tissue is an urgent problem.
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Experimental

Titanium scaffolds with a porous structure were fabricated from titanium alloy powder (Ti-6A1-4V)
DIN EN ISO 22674 Rematitan® by selective laser melting (SLM) on an MLab Cusing R (Concept Laser,
Germany) additive manufacturing facility.

For coating by the PEO method, a switching power supply “PV-500V/20kW” was used. The surface
layer was formed on the surface of scaffolds with a porous structure during PEO processing in an aqueous
electrolyte solution using a bipolar mode. A titanium alloy bath (Ti-6Al1-4V) was used as a cathode. Electro-
lyte composition: Na,HPO,12H,0 (30-40 g/1), Ca3(CH3COQ),-2H,0 (40-50 g/1). The following parameters
were used for coating: pulse frequency — 50 Hz; pulse voltage — 200 V; processing time — 5 min.

The surface morphology and elemental analysis were studied using a JSM-6390LV scanning electron
microscope (SEM) equipped with an INCA Energy Penta FET X3 energy dispersive microanalysis system.

X-ray diffraction analysis of the obtained coatings was performed on a PANalytical X'PertyPRO Cu Ka
diffractometer with a wavelength of 1.54056 A.

Results and Discussion L x
The SEM image (Figure 1) shows the surface morphology of the coating obtai N EO method.
ing t

The sample surface has a porous structure and contains titanium particles melte additive manu-
facturing of scaffolds. It can be seen that the resulting oxide coating is evenly,distributed over the surface of
the sample. Due to the porous surface of the scaffold, additional porosity o ating surface was formed.
The observed coating is the result of CaP transfer from the electrolyte dur a?‘ 1].
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Figu ages of the scaffolds surface after PEO

Table 1 and Figure 2 il he results of the energy dispersive X-ray (EDX) analysis. Spectral lines
are distinguishable. e omposition indicates the presence of an oxide layer, which is the main
coating in PEO. Accordi e presented elemental analysis, it is possible to observe the content of the
main elements in theétgoatings, such as phosphorus, calcium, oxygen, titanium. The average ratio of calcium
to phosphorus is 2:48. a/P ratio of the resulting coating is close to the Ca/P ratio in human bone tissue
[12].

Table 1
Elemental composition of the obtained CP coatings (wt.%)

Spectrum 0] Na Al P Ca Ti \ Total Ca/P
Spectrum 1 61.27 0.84 2.68 0.94 1.61 31.35 1.30 100 1.7
Spectrum 2 33.37 0.39 1.16 2.24 6.27 53.56 3.01 100 2.7
Spectrum 3 55.18 0.56 291 1.30 1.75 36.38 1.92 100 1.3
Spectrum 4 41.38 0.48 1.42 1.95 6.37 46.06 2.35 100 3.2

Average 47.80 0.57 2.04 1.61 4.00 41.84 2.14 100 2.48
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Digital image 1

Figure 2. EDX analysis

On the maps of the distribution of eleme
trated mainly in the particles that form the

, one can observe that phosphorus and calcium are concen-
e relief. Titanium, aluminum, and vanadium are located in

VKat Al Kat OkKal NaKat 2

Figure 3. Elements distribution SEM images: (A) - Cl, (B) - P, (C)-Ti, (D)-V, (E)-Al (F)-0O, (G)-Na
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Analysis of the XRD pattern (Figure 4) of the resulting coating shows the presence of calcium phos-
phate and oxide compounds. When analyzing the obtained data, the ICSD databases were used. The presence
of a calcium cyclotetraphosphate phase and a titanium oxide coating is confirmed.
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Figure 4 XRD pattern of the resulting,coatings
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Conclusions

Using the PEO method, calcium-phosphate and oxide, coatings were formed on titanium scaffolds with
a porous structure obtained by selective laser melting equipment. The phase and elemental compositions,
surface morphology were studied, and the Ca/P ratioywa$ determined. It is confirmed that the parameters
used for the formation of the coating and the demposition of the electrolyte make it possible to obtain an ox-
ide coating with the inclusion of particles of caleium cyclotetraphosphate. The results show the possibility of
using the PEO method for modifying titanium®scaffolds for subsequent use in medicine, and in particular in
traumatology and orthopedics. Modificationiof the surface of titanium scaffolds will ensure to create bioac-
tive implants, which will positively affect their osseointegration and lead to a decrease in failure rates in the
early postoperative periods.
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IIna3MaJbIK-3J1eKTPOJIUTTIK TOTBIFYBI diciMeH KAJbINTACKAH
TUTAH ckaddoiabinaarbl Kaabumii pocdarTol Ka0ObIH

Makanaga mia3ma-anektponutTik ToTeiry (II9T) omiciMen kanbiuii-pochartsl  xaGhIEHEAP IBMRATTY
HoTikenepi  Oepinren. Kampimii  docoareiHbiH  jkaObIHIAPBl  KEYeKTI  KypbUIBIMBI . ‘0ap, TuTaH
ckaddonarapeiHaa KanemracTel. Tutan ckaddoaaTapbl CeIeKTHBTI JIa3epilik OAIKBITY 9ICIMEH aUiWIVBTL
OHJIIPICKE apHAIIFaH kKa0bIKTa JKacajbl. AJIBIHFaH >Ka0BIHHBIH MOP(OIOTHACH, (a3alibik KoHE JCMCHTTIK
KypaMbl CUTaTTalFaH, kaObIHHBIH Ca/P KaThIHACKHI aHBIKTAIFaH. OHIpiC MPOIECiHAC, VHTAKIOONICKTEPiHIH
KakTaxybiHaH ckaddonaely Oeri keyekti Oomampl. Penrtrenmix Qasamslk Tamiay Kajgeuah QocdaTe
KOCBUIBICTaphl MEH OKCHATI KaOBIHHBIH OOJYBIH KOpPCETei. AJBIHFaH OKCH XKaObIHBLEKaPOIATHIH KEyeKTi
GeriHe Gipkenki ynectipingi. TuraH, aTrOMHUHHUI )KOHE BaHa Uil KaOBIHHBIH KANbHBH Gochars! OemnmekTepi
JKOK aWMaKTapblHIAa OpHalackaH. AJbIHFaH »aObiH ymiH oprama Ca/P| kafeiHacsr 2,48 Oommsl. byn
KepceTkint agam cyieringeri Ca/P KaTbiHachIHA jkaKbH. TpaBMaTOIOTHS YKOH@ OPTOTIensIa KOJIJaHy YIIiH
KabInil GochaTThl jkaObHIApBl 0ap KEyeKTi KYpBUIBIMBI OappMappuuanapael eHmipy yumiH 19T oxicin
KOJIIaHYJbIH OoJlamarbl Typanbl KOPBITBIHABI ckacamipl. KapruiEocdar >kaObIHBI 0ap KeyekTi
KYPBUIBIMHBIH THTaH KaHKaJapblH INaifajaHy HMIDIAHTATTapAbHH OCPEOMHTEIPALIMSCHIH JKaKCapTalIbl KoHE
oJIapIbIH KaObUIIaHOay MYMKIHAITIH OONIBIpMaiIbI.

Kinm ce30ep: tutaH, xaibluit Qocdarsl, Iuia3MaHbIH BICKTPOIUTTIK TOTBIFYBI, KOPFaHBIII >KaObIHAAPHI,
OMOAKTUBTLIIT], THAPOKCUAIIATHT, IMIUIAHT, OCT@OTCHE3.

A.H. Carunyrymap, J1.C. Jorankuayb.H. Azamaros, A. Typasibexyibl, C.O. Pynenko

Kaabunii-pocharHoe nokphrHENcopMUpoOBaHHOE HA TUTAHOBOM cKaddosiie
METOI0M IIA3MEHHO-YIEKTPOJIUTHYECKOT0 OKCHIMPOBAHNS

B craTtbe mpuBeneHBl pE3YMBIATBINHO MOITYYCHUIO KalblHH-(pochaTHBIX MOKPHITHH METOIOM IIIa3MEHHO-
anexTponuTHoro okcuauposatus (I190). IMokpeitis 3 docdara kanblys GOPMUPOBATUCH HA THTAHOBBIX
ckaddormax ¢ mopHcTORICTpyKTYpoil. TutaHoBbIe ckad okl ObLTM U3TOTOBICHBI HA 00OPYIOBAHUH IS
AJUIMTHBHOTO TPOMBBO/ICTBA METOZIOM CEJICKTUBHOTO JIa3epHOro IuiaBieHus. Onucanbsl MOpQOIOrus moiy-
YEHHOTO MOKPHITHSE, (a30BbIii 1 dJIEMEHTHBINA cOCTaB, onpeneneHo coornouienne Ca/P mokpsitus. IToBepx-
HOCTh cka(HOMEa OprCTast M3-32 CIIEKaHHs YacTHII TOPOIIKA B MPOIecce MPOU3BOJICTBA. PeHTreHo(}ha3oBbIif
aHaJIM3 MOKAa3bIBAGE HAMUUE COCAMHEHHH (ocdara KaldbLUUs U OKCHIHOTO MOKPHITH. [lomydeHHOE OKCHII-
HOC TIOKpBITHC PABHOMEPHO paclpenenseTcss 0 MOPHCTON MOBepXHOCTH ckaddomnga. TuraH, anroMUHUNA U
BaHaZWH PacroyiaraloTcs Ha y4acTKax HMOKpBITHS, CBOOOMHBIX OT yacTHll (ocdara kamsuus. CpenHee OTHO-
mefvie Ca/P ans mony4eHHOro MOKPBITHS cocTaBisuio 2,48. D10 3HaueHHe OnM3Ko K cooTHomeHuo Ca/P B
KOOTH, yeitoBeka. CrenaH BBIBOJ O MEPCIIEKTUBHOCTH UCIONb30BaHus MeToa [190 i u3roToBieHUs MatT-
PHKCOB C MOPUCTON CTPYKTYPO# C Kanbluii-hochaTHBIMU MOKPHITHSIMH JUIsl IPUMEHEHHUSI B TPABMATOJIOTUH U
opronenuu. Mcnonp30BaHWEe TUTAHOBHIX KapKacoOB MOPHCTON CTPYKTYPHI ¢ KalbIHHA-(OCHATHBIMU MOKPBI-
THSIMH YIYYIIAT OCTEOMHTETPALIIO UMILIAHTATOB U MCKITFOYUT BO3MOXKHOCTB MX OTTOPIKEHHSL.

Kniouesvie crosa: THTaH, (1)0C(1)3T KaJIbll¥s, MJIIa3MEHHO-3JICKTPOJIUTUICCKOE OKCUANPOBAHUE, 3allIUTHBIC I10-
KpBITHUS, 6H03KTI/IBHOCTB, THAPOKCHAIIAaTUT, UMILJIAHTAT, OCTCOTCHES.
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