DOI 10.31489/2022Ph1/32-36

UDC 621.794.61: 538.911

A.N. Sagidugumar’, D.S. Dogadkin*!, B.N. Azamatov",
A. Turlybekuly?, S.0. Rudenko®

p. Serikbayev East Kazakhstan Technical University, Oskemen, Kazakhstan
2LLP «Aman T echnologiesy, Nur-Sultan, Kazakhstan
(*E-mail: dima.dogadkin@mail.ru)

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 scaf-
folds are products of additive manufacturing equipment by selective laser melting. The morphology of the
obtained coating, phase and elemental composition are described, the Ca/P ratio of the coating is deter-
mined. The surface of the scaffold is porous due to the baking of powder particles during production. XRD
analysis shows the presence of calcium phosphate and oxide compounds. The resulting oxide coating is
evenly distributed over the porous surface of the scaffold. Titanium, aluminum and vanadium are located
in the areas of the coating free of calcium phosphate particles. The average Ca/P ratio for the resulting
coating was 2.48. This value is close to the Ca/P ratio in human bone. It is concluded that the use of the
PEO method is promising for the manufacture of scaffolds with a porous structure 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 of implants and exclude the possibility
of implant failure.

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

Introduction

Currently, artificial materials are widely used in medicine to replace joints and restore bone tissue.
Titanium and titanium alloys are used for medical implants since they meet the requirements of modern
medicine the most and have high biocompatibility 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) as part of the coating is preferable because they are similar in composition and
properties to the components of natural human bone tissue [4, 5].

Titanium alloys used 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 loss of 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-6Al-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-6Al-4V) was used as a cathode. Electro-
lyte composition: Na,HPO,-12H,0 (30-40 g/l), Cas(CH;COO), 2H,0 (40-50 g/l). 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'Pert PRO Cu Ka
diffractometer with a wavelength of 1.54056 A.

Results and Discussion

The SEM image (Figure 1) shows the surface morphology of the coating obtained by the PEO method.
The sample surface has a porous structure and contains titanium particles melted during the 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 of the coating surface was formed.
The observed coating is the result of CaP transfer from the electrolyte during PEO [11].
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Figure 1. SEM images of the scaffolds surface after PEO

Table 1 and Figure 2 illustrate the results of the energy dispersive X-ray (EDX) analysis. Spectral lines
are distinguishable. The elemental composition indicates the presence of an oxide layer, which is the main
coating in PEO. According to the presented elemental analysis, it is possible to observe the content of the
main elements in the coatings, such as phosphorus, calcium, oxygen, titanium. The average ratio of calcium
to phosphorus is 2.48. The Ca/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 O] 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 2.91 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
Spectrum 1

Figure 2. EDX analysis of the obtained CP-coating

On the maps of the distribution of elements, one can observe that phosphorus and calcium are concen-
trated mainly in the particles that form the surface relief. Titanium, aluminum, and vanadium are located in
the areas of the coating free of calcium phosphate particles (Figure 3).
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Figure 3. Elements distribution SEM images: (A) - Cl, (B) - P, (C)-Ti, (D)-V, (E)-Al, (F)-O, (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 ratio was determined. It is confirmed that the parameters
used for the formation of the coating and the composition of the electrolyte make it possible to obtain an ox-
ide coating with the inclusion of particles of calcium 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. Modification of 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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[Ina3MaJIbIK-3J1eKTPOJIUTTIK TOTBIFYBI dliciMeH KAJbINTACKAH
TUTAH ckaddoaabinaarsl Kaabumii pocdarTol Ka0ObIH

Makanaga mmia3ma-anektponutTik Toteiry (II9T) omiciMen kanbiuii-pocdartsl xaGbIHAAPABI ATy
HoTikenepi  Oepinren. Kampimit  docoareiHbiH - jkaObIHIApBl  KEYeKTI  KYpBUIBIMBI ~ Oap  THTaH
ckaddoarapbiHaa KauemTacTel. TuTan ckadoanTapsl CEICKTUBTI JIa3epiiK OaNKBITy 9ICIMEH aJZIUTHUBTI
OHJIIPICKE apHAIIFaH kKa0bIKTa JKacajbl. AJIBIHFaH >KaOBIHHBIH MOP(OIOTHACH, (a3alIbIK JKOHE SJICMEHTTIK
KypaMbl CHUIIaTTalFaH, kaObIHHBIH Ca/P KaThIHACKHI aHBIKTAJIFaH. OHMIIpiC MPOIECIHAC YHTAK OOJIICKTEPiHIH
KakTalyblHaH ckadonaply OeTi KeyekTi Oomansl. PeHTreHmik (asaiblk Tanmay Kaibluil ¢ocdarsbl
KOCBUTBICTapBl MEH OKCHATI )KaOBIHHBIH OOTYBIH KepceTei. AJBIHFAaH OKCH]I KaOBIHBI CKaQ(OIATHIH KEYESKT1
Oetine Oipkenki ynectipiaai. TuTaH, aJrOMUHHN jkKOHE BaHAIWH KAOBIHHBIH Kalbluid (ochaTsl OemmexTepi
JKOK aliMaKTapblHIa OpHajlacKaH. AJbIHFaH XaOblH yiniH oprama Ca/P xaremHace! 2,48 OGommsl. Byn
KepceTkim agaMm cyierinaeri Ca/P xaTbiHachIHA jKaKbIH. TpaBMaTOIOTHS KOHE OPTOIEAUIAa KONJaHy YIIiH
KabInil GocdaTThl jkaObHIapBl 0ap KeyeKTi KYpBUIBIMBI Oap MaTpuuanapael eHmipy ymiH 19T oxicin
KOJIZIAHYJbIH ~OoNamarsl Typajdbl KOPBITHIHIBI kacamibl. Kameriuii-gocdar xkaObIHBI 0ap KEYeKTi
KYPBUIBIMHBIH THTaH KaHKaJapblH IaiiJajaHy HMIDIAHTATTapAbIH OCTEOMHTErPALMSCHIH JKaKCapTalbl KoHE
oJIapJIbIH KaObUIIaHOay MYMKIHAITIH OONIBIpMaiIbI.

Kinm ce30ep: tutan, xampuuii ¢ocdatsl, MIa3MaHBIH SJCKTPOJMUTTIK TOTHIFYBI, KOPFAaHBIII XAaOBIHAAPHL,
OMOAKTUBTLIIT], THAPOKCHAIIATHT, IMIUIAHT, OCTEOTCHE3.
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Kaabuuii-pocparHoe nokposiTHe, chopMupoBaHHOE HA THTAHOBOM cKa(doJiae
METOJO0M IJIA3MEHHO-3JIeKTPOJIUTHYECKOI0 OKCHIMPOBAHNSA

B craTtbe mpuBeneHBI pe3yibTaThl MO MOJTYYSHUIO KalblHMH-(pochaTHBIX MOKPHITHH METOIOM ILIa3MEHHO-
anektponutHoro okcuauposanus (I190). Tokpeitis U3 docdara Kapiys GOPMUPOBATIUCH HA THTAHOBBIX
ckaddoimax ¢ MOpUCTOi CTpykTypoil. TutaHOBbIe ckad okl ObLTM U3TOTOBICHBI HA 00OPYIOBAHUH IS
AIINTHBHOTO TIPOM3BOJICTBA METOJOM CEJIEKTUBHOTO JIa3epHOro IuiaBieHus. Onucanbsl MOpQoIorus moiy-
YEHHOTO TOKPBITHSA, (pa30BBI M JIEMEHTHBIN cocTaB, omnpeneneHo cootHomreHne Ca/P mokperrus. [loBepx-
HOCTB cka(hona mopucTast H3-3a CIeKaH!s JaCTHUI MOPOIIKA B IPOIlecce NPOn3BOACTBA. PeHTrenoda3oBslif
aHaNN3 TTOKA3bIBAaeT HAIWYME COoeAnHeHMH (ocdara KaabIus U OKCHIHOTO IOKPHITHA. [lomydeHHOe OKCHa-
HO€ TIOKPBITHE PAaBHOMEPHO pacHpeemnseTcs Mo MOpHCcToil moBepxHOCTH cKaddonga. Turtan, amoMuHINA 1
BaHA/IMIl PacIoaraloTcsl Ha y4acTKaxX IOKPBITHS, CBOOOJHBIX OT 4YacTull ¢ocdara kanpuust. CpegHee 0THO-
menre Ca/P [uist MOTy4eHHOro MOKPBITHS cocTaBisio 2,48. DTo 3HayeHue Onu3ko k cootHomreHuio Ca/P B
KocTtH uenoBeka. CrenaH BBIBOJ O MEPCIIeKTUBHOCTH UCIONb30BaHus MeTosa [190 i u3roToBieHUs MatT-
PHKCOB C MOPUCTOW CTPYKTYPO# C Kanbluii-hochaTHBIMU MOKPHITHSMH JUIsl IPUMEHEHUsI B TPABMATOJIOTHH U
oprorenuu. Mcmonb30BaHHe THTAHOBHIX KapKacoB IOPHCTOH CTPYKTYPHI C KalbIUH-(OCHATHEIMU HOKpPHI-
THUSIMH YITY9IINT OCTEOMHTETPAINIO HMIUIAHTATOB U HCKIIIOYUT BO3MOXHOCTD UX OTTOPKEHHS.

Knioueswvie cnosa: THTaH, (1)0C(1)3T KaJIbll¥s, MJIIa3MEHHO-3JICKTPOJIUTUICCKOE OKCHUANPOBAHUE, 3allIUTHBIC I10-
KpBITHUS, 6H03KTI/IBHOCTB, THAPOKCHUAIIAaTUT, UMILJIAHTAT, OCTCOTCHES.
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