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Research of regimes of applying coats by the method
of plasma electrolytic oxidation on Ti-6Al-4V

In this work, ceramic coatings were formed on Ti6Al4V titanium alloy using a technique of plasma electro-
lytic oxidation. Plasma electrolytic oxidation was carried out in electrolytes with different chemical composi-
tions and the effect of the electrolyte on the macro-and microstructure, pore size, phase composition and wear
resistance of coatings was estimated. Three types of electrolytes based on sodium compounds were used, in-
cluding phosphate, hydroxide, and silicate. The composition of the electrolyte affects the intensity and size of
microcharges and the volume of gas release of various electrolytes. The plasma electrolytic oxidation pro-
cesses were carried out at a fixed voltage (270 V) for 5 minutes. The results showed that the coating was
mainly composed of rutile- and anatase TiO,, but a homogeneous structure with lower porosity and a large
number of crystalline anatase phases was obtained in the coating prepared in the silicate-based electrolyte.
The diffractogram electrolytes did not reveal the peaks of the crystalline phases associated with the PO,
and SiO;> anions. This means that these anions included only oxygen in the coatings. The morphology and
phase composition of the samples were studied using a scanning electron microscope and an X-ray
diffractometer, respectively. Wear resistance was evaluated by the “ball-disc” method on the TRB?
tribometer. The wear resistance of various coatings formed on Ti6Al4V titanium alloys showed completely
different wear resistance. The lowest coefficient of friction (1n = 0.3) was demonstrated by the coating ob-
tained based on phosphate. This may be due to a large number of crystal phases of rutile. The sample
prepared in a hydroxide-based electrolyte showed a high wear coefficient (n=0.52). This effect can be
obtained by eliminating surface defects (microcracks and micropores).
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Introduction

The manufacture of modern implants for traumatology and dentistry requires careful research and selec-
tion of the product material and surface treatment. Titanium alloys are the most widely used in surgery be-
cause of their bioinertness and corrosion resistance [1]. The disadvantage of using alloys, for example, Ti-
6Al-4V is the content of harmful alloying components, and the use of pure titanium is hampered by insuffi-
cient strength. The solution to the problem of reducing the harmful alloying components of the metal can be
found in introducing modern technology of nano-structuring into production [2]. Various methods of surface
treatment have improved osseointegration and biocompatibility of titanium and titanium alloys [3], among
which plasma electrolytic oxidation (PEO) has significant advantages. PEO — an ecologically pure and
high-manufacturing process that makes it possible to obtain coatings with good adhesion, developed porosity
for integrating osteoblast cells [4].

Recently, the PEO process has attracted considerable interest as an economically efficient, ecologically
pure, and highly efficient technology for the deposition of porous and well-adhesive ceramic pellicles on Ti
surfaces [5].

The features of PEO coatings lead to a process similar to anodizing of alternating current. In both
processes, the metal substrate and counter electrode are conductively coupled to a power source and
immersed in an aqueous electrolyte. However, in PEO, an alternating current is supplied under conditions of
a higher voltage than during anodizing, which leads to the development of different surface morphologies
[6].

The resulting porous oxide layer contains species obtained from the substrate and electrolytes [7].
Moreover, this porous oxide pellicle consists of an inner dense layer and an outer porous one [8]. The prop-
erties of formed PEO coatings depend on several factors, including processing time, electrical parameters,
electrolyte composition, and substrate. One of these parameters, which have a great influence on the proper-
ties of PEO coatings, is the chemical composition of the electrolyte, which can be changed by changing the
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concentration of the components or adding various additives. By adding various additives to the electrolyte
(calcium hydroxide Ca (OH),, sodium phosphate Na;PO,, sodium hydroxide (NaOH), sodium phosphate
silicate (Na,SiO;), sodium tetraborate (Na,B,0), and sodium fluoride (NaF) can be obtained on coatings
based on hydroxyapatite and calcium phosphates [7-9].

The addition of nano— and microparticles in electrolytes can have a significant effect on the phase com-
position, microstructure, thickness and, consequently, on the corrosion properties of PEO coatings on titani-
um and its alloys. In most cases, particles can participate in PEO coatings by applying electrophoretic force
and mechanical stirring. These two reinforcements transfer the negatively charged particles suspended in the
electrolyte onto the oppositely charged conductive substrate. The particles are then incorporated into the
PEO coating. Particles, entering, filling and sealing micropores, reduce the porosity of PEO coatings and
modify the microstructure. This improved microstructure reduces the penetration of destructive ions from the
coating into the substrate. It leads to an increase in the corrosion resistance of PEO coatings.

Changing the chemical composition of the electrolyte, oxidation time and electrical parameters (density,
mode and frequency of current) in PEO contributes to obtaining films of biocompatible oxide — anatase
(TiO,) and to develop the surface relief in order to have a beneficial effect on the osseointegration of the
implant surface in the recipient’s body.

Experimental

As a substrate material for processing, we chose square-shaped samples of Ti6AI4V titanium alloy with
a size of 20 mm x 20 mm X 3 mm. Table 1 illustrates the composition of the Ti6Al4V titanium alloy.
The samples were ground and polished (using SiC paper with grain sizes from 100 to 2000 and using GOI
paste (abrasive ability 0.3—-0.1 pum)), washed with distilled water, and then dried before the PEO. For the
deposition of coatings, PEO baths with different compositions were used (Table 2). In addition, 4 g of KOH
(potassium hydroxide) was added to all baths to increase the conductivity of the electrolyte. The Ti6Al4V
sample acted as an anode and a stainless steel container was used as a cathode. The PEO processes were
performed using a constant voltage (270 V) for 5 minutes. The power source was a powerful rectifier, giving
the maximum output value of 360V/100A as direct current. Using the cooling system, the temperature of the
electrolyte during the experiments was cooled below 40°C. The samples were washed with distilled water
and dried in a flow of cold air after each treatment. A schematic representation of the PEO installation is
shown in Figure 1.

Table 1
Chemical composition of Ti6Al4V alloy (weight percent)
Ti Al \% Fe C 0O N H
88.5-92.5 5.5-6.5 3.54.5 <0.25 <0.08 <0.13 <0.05 <0.012
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Figure 1. Schematic representation of the installation for PEO processing.
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Table 2

Electrolyte composition for the PEO processes.

Electrolyte code Electrolyte composition Cunzr;ii;nsﬁy
H 20 g L' NaOH 26 Alem”
p 20 g L Na;PO, 34 Alem®
S 20 g L Na,SiO; 28 Alem”

The phase composition of the samples was studied by X-ray diffractometer X’PertPro (Philips Cor-
poration, Netherlands) using CuKa radiation. Data processing and quantitative analysis were performed
using PowderCell 2.4. The surface morphology was studied by scanning electron microscopy on a
TESCAN MIRA scanning electron microscope with an electron-probe attachment for local microanaly-
sis.

Results and Discussion

The chemical composition of the electrolyte significantly affects the acceleration of metal pas-
sivation and dielectric breakdown and, consequently, the formation of a thin insulating film [10]. There-
fore, different electrolytes of different compounds (phosphate, silicate and hydroxide) were chosen here.
In fact, a spark, known as a combustion phenomenon and an exothermic reaction containing an oxidiz-
ing agent, occurs as a result of absorption of a sufficient amount of oxygen. A micro-arc discharge leads
to the eruption of molten substances from the discharge channels and the subsequent formation of
micropores in the form of craters on the coating surface [11] (Figure 2).
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View field: 89.7 pm Det: SE View field: 2.1 ym [ 20 pm View field: 1.4 ym Det: SE 20 ym
SEM MAG: 3,09 kx space SEM MAG: 3.01 kx erformance In nanospace SEM MAG: 3.03 kx Performance In nanospace

Figure 2. Surface morphology of PEO coatings of various electrolytes
(a) H, (b) P, (c) S

The spark voltages due to the nature of the electrolytes (electrolyte composition) were different for
each electrolyte (Table 2). The composition of the electrolyte affects the intensity and size of micro-
charges and the volume of gas evolution of various electrolytes. On the surface of the sample prepared
in electrolyte (H), there are several dark black spots, which can be caused by the large size and high
intensity of the generated sparks at the points of low dielectric strength on the coating surface during the
process.

The surface morphology of various coatings formed on Ti6Al4V titanium alloys is shown in Fig-
ures 2, 3. The coatings made with different electrolytes exhibited completely different microstructures.
All coatings, due to the formation of micropores as a result of discharges accompanied by an avalanche
of electrons at the interface between the electrolyte and the oxide layer, showed a typical structure of
PEO, which contained micropores in the form of craters. When molten oxides leave the discharge chan-
nels and meet the surrounding electrolyte, they quickly solidify, and pores are formed on the coating
surface [11]. On the other hand, a large amount of gas is formed on the discharge channels, which is
then released into the electrolyte. At the early stage of the PEO process, the intensity of sparks and the
amount of gas generated in the exhaust channels are much higher. Due to the gas ejection, molten oxides
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are thrown out of the outlet channels, they cannot fill the outlet channels, and, accordingly, a large num-
ber of micropores are formed. Due to a decrease in the intensity of sparks, the volume of gases formed
in the discharge channels decreases to some extent [12].
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Figure 3. Pore distribution of PEO coatings in various electrolytes
(a,a-1) H, (b, b-1) P, (c, c-1) S.

In PEO processes, the characteristics of sparks and the amount of gas release affect the morphology
of the coating surface. Larger sparks result in more and fewer micropores, while smaller sparks create
more and smaller micropores and, consequently, form a more uniform structure. The average size of
micropores and the percentage of porosity of the coatings are shown in Figure 4. According to Figures 3
and 4, it is obvious that due to the large number of small sparks and a small amount of gas evolution, the
electrolyte coating (S) (Figure 3 (c, c-1)) possessed the smallest (with a porosity of 1.22 %), the smallest
(with an average size of 0.48 microns) micropores. In this sample, the micropores are well distributed
over the coating surface and are identical in size. The sample prepared in electrolyte (H) (Figure 3 (a, a-
1)) had some large micropores with inhomogeneous dispersion, as well as large spherical condensation
products formed by the rapid growth of the coating as a result of strong discharges [13]. In addition, the
largest average micropore size (1.49 um) was associated with electrolyte preparation (H). On the surface
of the sample (P), several micropores and many microcracks were observed (Figure 3 (b, b-1)).
Microcracks appear during the coating growth process due to the release of thermal stress and discharge
activity [14]. Thus, the high temperature of the plasma discharges leads to the melting of oxides around
the discharge channels, followed by rapid cooling with the electrolyte. Then, a rapid change in tempera-
ture causes the appearance of microcracks [15]. Although the average size of micropores in the sample
(P) was smaller, and the percentage of porosity was higher compared to the sample (H).
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Figure 4. Average size of micropores and percentage
of porosity of PEO coatings in various electrolytes.

Anatase, rutile, and brookite are the three main polymorphs of titanium oxide (TiO,). In fact, TiO, and
especially anatase are considered biocompatible. In addition, rutile has higher stability, high hardness, and,
therefore, better mechanical properties and higher density than anatase. The temperature is low in the first
stage of the PEO process. Thus, the anatase phase is formed earlier than rutile. With an increase in the ap-
plied voltage and current density, the temperature rises, and anatase is converted to rutile at 1461 °C, which
is a more stable TiO, phase at high temperatures [16]. Diffraction patterns of coatings obtained in various
electrolytes are shown in Figure 5. As can be seen in the figure, all coatings consisted of both rutile and
anatase crystalline phases. The diffractogram of the (H), (P) and (S) electrolytes did not reveal the peaks of
the crystalline phases associated with the PO,> and SiO;> anions. This means that these anions included
only oxygen in the coatings.
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Figure 5. X-ray diffraction patterns of PEO coatings obtained in various electrolytes (a) H, (b) S, (c) P.

Quantitative analyses were performed using PowderCell 2.4. Table 3 shows the data of X-ray phase
analysis.
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Table 3

Results of X-ray phase analysis.

Phase Structure Data Phase Content
Sample Detected Phases in the Powder Cell Database Structure Type W%
Grid Type Spatial Group )
Ti hexagonal P63/mmc (194) Dgy’ 32
P Ti0, (Anatase) tetragonal I41amd (141) Dy 15
TiO, (Rutile) tetragonal P42/mnm (136) Dy, 53
Ti hexagonal P63/mmc (194) Dgy’ 46
S Ti0, (Anatase) tetragonal I41amd (141) Dy 48
TiO, (Rutile) tetragonal P42/mnm (136) Dy, 6
Ti hexagonal P63/mmc (194) Dg,’ 56
H Ti0, (Anatase) tetragonal I41amd (141) Dy 18
TiO, (Rutile) tetragonal P42/mnm (136) Dy, 26

The wear resistance of various coatings formed on Ti6Al4V titanium alloys is demonstrated in Figure 6.
The coatings made by different electrolytes showed completely different wear resistance. The lowest coeffi-
cient of friction (u= 0.3) was indicated by the PEO coating (P). This may be due to many crystal phases of
rutile. The sample prepared in electrolyte (H) represented a high wear coefficient (u=0.52), this effect can be
obtained by eliminating surface defects (micro-cracks and micropores).
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Figure 6. Results of tribological tests of PEO coatings of various electrolytes

Conclusions

The color and appearance, spark voltage and spark characteristics, surface morphology, phase
composition and tribological behavior of coatings varied depending on the type of additive. The structures of
the coatings formed using electrolytes containing Na,SiO; additives were homogeneous and compact, with
well-dispersed micropores. These technical characteristics were also associated with the formation of regu-
lar, uniform sparks during the coating process. The high electrical conductivity of the electrolyte containing
Na;PO, led to the formation of a coating containing relatively large micropores, with an irregular shape and
distribution. Due to the release of thermal stresses during growth, this coating had micro-cracks. This coating
has designated excellent wear resistance compared to other coatings. The good wear resistance of this coat-
ing is due to the high content of the rutile phase. The results of the PEO showed that the most homogeneous
structure with lower porosity and numerous crystal phases of anatase were derived in a coating prepared in a
silicate-based electrolyte. This mode is of practical interest from the point of view of obtaining a
biocompatible coating.
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b.K. Paxagunos, JI.P. Baitxan, XK.b. Carnonauna, K. Topebek

Ti-6Al-4V nmia3mMaibIK 3JIEKTPOJUTTIK TOTHIFY diciMeH
KAOBIHAAPABI )KAFy pe:KUM/AEPiH 3epTTey

Makanazia mia3MansiK 3JICeKTPOJIUTTIK TOThIFY omiciMer Ti-6Al-4V THTaH KOpBITHACHIHAAFHI KEPAMHKAIIBIK
’KaObIH/IAp AJBIHFAH/IBIFBI CHITATTAFaH. [[J1a3MaltbIK AJIEKTPOIHUTTIK TOTBIFY SPTYPJIi XUMUSUIBIK KYpambl Oap
ANEKTPONUTTEP/IC KYPTi3igi )KOHE INEKTPONUTTIH MaKpo— JKOHE MHKPOKYPBUIBIMFA 9CEpiH, KEYEeKTiiK
MeJIIIepiH, (a3anblk KYpaMbIH XKaHE jKaObIHAapIbIH TO3YFa TO3IMALTIriH Oaranaasl. HaTpuii KochuTbICTapBIHA
HETI3JIeNTeH 3JEeKTPONUTTIH YII TYpi KOJIAaHBUIABI, COHBIH immHAe (ocdaT, THAPOKCH]I >KOHE CHITUKAT.
DNeKTPONUTTIH  KypaMbl MHKPO3apsIATapAblH  KAPKBIHOBUIBIFBI MEH MOJIIepiHe JKoHEe JpTypIi
QNIEKTPONIUTTEP/IiH Ta3IIbiFapy Kejemine ocep eremi. Ilma3MaiblK 3JIEKTPOIUTTIK TOTBIFY IPOIECTEpi
TipkenreH kepHey kesinae (270 B) 5 munHyT iminae xypriziani. Hotmkenep xaObIHHBIH HETi31HEH PYTHIICH
sxone TiO,, aHaTta3achlHaH TYPATHIHABIFBIH KOPCETTI, OipaK a3 KeyeKTiIiri jkoHe KO KpUCTaibl (ha3amapbl
Oap OIpTeKTI KYpbUIBIM CHJIMKAT HETI3IHICri OJICKTPOJMTTEe MaiiblHAaNFaH KaOBIHAbIIA  AJTBIH/IBL.
DnexTpoauTTepain audpakrorpammaceiaaa PO, skone SiO;> aHHOHIAPBIMEH GAMIAHBICTBI KPUCTAIBI
(hasanapaplH IIBIHAAPH aHBIKTAIFAH JKOK. BYJ aHWOHIAap »KaOBIHIApABIH KYpaMblHA TEK OTTEri KipreHiH
Oinmipeni. YarinepaiH Mop¢hosoruscel MeH (asaiblK KypaMbl COHKECIHIIE CKAHEPJICHTIH 3JICKTPOHIBI
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MUKPOCKOIT MeH PEHTIeHIiK audpakToMerp KemeriMeH seprrenmi. Tosyra Tesimminik TRB® tpubomerpinme
«map-IucK» dmiciMeH OaraiaHIpl, COHbIMEH Karap, Ti6Al4V TuraH KopbITHanapblHAa TY3LITeH opTyp:i
»KaOBIHIAPIbIH TO3yFa TO3IMALTIN MyJiIeM O6acka qopexerepi kepcerTi. YHKkemicTiH eH Kimi koddduimenti
(1=0,3) docdar Herizinae aapHFaH XaOBIHMEH KOPCETIIreH. by pyTHiniH KpucTaaaslK (a3agapbiHEIH Kl
GoirysiHa OaitaHBICTEI GONYBI MYMKiH. ['MApOKCcHA Heri3iHAeri >JIeKTPOIMTTE NaWbIHIAIFAH YTl >KOFaphl
To3y koddummentine (u=0,52) ne Oommsl, Oy 3¢ dexrini OeriHmeri akaymapasl (MHKPOXKapbIKTap MEH
MHKPOKEYEKTep) KO0 apKbLIBI alyFa O0JIa bl

Kinm ce30ep. nna3mainsIK >JIEKTPOJIHUTTIK TOTHIFY, aHaTa3a, pyTHI, KYPbUIbIM, (a3za.

b.K. Paxamgunos, JI.P. Baitxan, JXK.b. Carnonauna, K. Topebek

HccaenoBanue pe;xnMoOB HAHECEHHUsI MOKPBHITHII METOI0M ILIA3MEHHOTI'0
JIEKTPOJUTHYECKOT0 OKHcaeHust Ha TI-6Al-4V

B crartbe MoJry4eHbl KepaMHYECKHE TOKPHITHS Ha THTaHOBOM ciutaBe Ti6Al4V MeTomoM MiIa3MEeHHOTO BJIeK-
TPOJIUTHYECKOTO OKUCIEHHA. IITa3MEeHHOE 3MEeKTPONUTHYECKOE OKHCIEHHE TPOBOAMIU B 3NEKTPOIUTAX C
Pa3IMIHBIM XMMUYECKAM COCTABOM M OLICHUBAJH BJIMSHUE 3JIEKTPOINTA HA MAKPO- U MHKPOCTPYKTYpY, pa3-
Mep 1op, Ha3oBbIi cOCTaB M H3HOCOCTOMKOCTD MOKPBHITHH. VCIIOIB30BaNINCh TPH TUIIA HJIEKTPOIUTA HA OCHO-
BE COCOWHEHWH HaTpus, Bkmodas ¢ocdar, rugpoxcun u cuiukar. CocTaB 3IEKTPOJIHMTa BIMAET Ha
WHTCHCHBHOCTB, pa3Mep MHKpPO3apsioB M OO0BEM Ta3OBBIIACICHHS PA3UYHBIX JIEKTPONUTOB. IIporeccs
IUIa3MEHHOTO 3JIEKTPOJIUTHIECKOTO OKHCIICHHS IPOBOAWINCE NPpH (UKCUPOBAaHHOM HampspkeHuu (270 B) B
TeyeHHe 5 MUH. Pe3ynbTarhl MoKa3ajiu, 4YTO MOKPHITHE, B OCHOBHOM, COCTOSUIO U3 pyTHia U aHaTasa Ti0,, HO
OJTHOPOJHAs CTPYKTYpa ¢ MEHBIIEH IOPUCTOCTHIO U OOJBIIMM KOJMYECTBOM KpUCTaJuIMYeckux (a3 aHaTtasa
OblIa IONTydeHa B IOKPBITHH, IPUTOTOBIEHHOM B JIEKTPONINTE Ha OCHOBE cHIMKaTta. J{ndpakTorpamma 3iek-
TPONHTOB He BBIABHIA IIHKOB KPUCTAIIHUECKHX (ha3, CBs3anHHbX ¢ anmoHamu PO,Y u SiOs%. 310 o3mauaer,
YTO 3TH aHHOHBI BKIIOYAIH B COCTAaB MOKPBITUH TOIBKO KucIopod. Mopdorioruio u $a3oBslii coctaB 00pas-
[[OB M3yJald C MOMOINBIO CKAHUPYIOIIETO JIEKTPOHHOTO MHKPOCKOIA M PEHTT€HOBCKOro Iu(pakTomMerpa
COOTBETCTBEHHO. M3HOCOCTOMKOCTb OLEHHBANACH METOZOM «IIap—IHcK» Ha TpuGomerpe TRB®, mpurom
H3HOCOCTOMKOCTh Pa3iHYHBIX IOKPHITHH, CHOPMHPOBAHHBIX HAa THUTAHOBBIX ciutaBax Ti6Al4V, mokaszarna
COBEpIICHHO pa3Hylo creneHb. Hammenpmmi koddounment tpenus (u=0,3) NUPOAEMOHCTPHPOBAIO
HOKpBITHE, IONY4YeHHOe Ha OCHOBe (ocara. DTO, MOXKET ObITh, CBA3aHO C OOJNBIIMM KOJIUYECTBOM
KpucTamuaeckux (a3 pyrmaa. O6paszen, IPUTOTOBICHHBIA B JIEKTPOINTE HA OCHOBE THPOKCHIA, OKA3alcs
¢ BBICOKUM Kod¢p¢unmenrom m3Hoca (14=0,52), 3T0T 3PEKT MOKET OBITh IONYYEH 3a CUET YCTPaHEHHS
IeeKTOB MOBEPXHOCTH (MUKPOTPEIIMH U MUKPOTIOP).

Kniouesvie cnosa: mna3MeHHOE 3IEKTPOIUTHIECKOE OKHCIECHWE, aHaTa3, PyTHI, CTPYKTypa, ¢a3a, AeeKTsl
MOBEPXHOCTH.

106 BecTHuk KaparaHgmMHCKOro yHusepcureTa



