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The analysis of possibilities on phase-structural engineering of titanium-based alloys during micro-arc
plasma oxidation (MAO) is carried out. The influence of phase-structural states on the tribotechnical prop-
erties of the modified surface of the titanium alloy VT3-1 is also considered. It has been established that in
order to achieve high functional properties, it is necessary to use electrolytes of complex composition for
MAO. The presence in the electrolyte of (NaPOs)s leads to the formation of anatase with a low hardness
(about 3 GPa). The formation of crystallites of rutile and aluminum titanate with the use of alkaline-
aluminum electrolyte allows to increase hardness significantly (up to 7 GPa). The maximum increase in
hardness (up to 12 GPa) is achieved in the coating obtained in alkaline-aluminate-silicate electrolyte. This
is due to the formation of crystalline mullite. The friction coefficient of such a material decreases (f < 0.01)
and as a result, antifriction properties increase. The results of the work indicate the prospects for using the
phase-structural engineering method for MAO-processing to optimize the formation of antifriction coatings
on titanium alloys.
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1. INTRODUCTION

A variety of areas of application of titanium alloys
can be explained by the combination of properties such
as low density, high specific strength and corrosion
resistance [1]. At present, one of the most demanded
areas for the use of titanium alloys is their biomedical
application [2, 3]. Most of these materials are used for
prosthetics (biomaterials) [4, 5]. However, biomaterials
must possess not only high mechanical properties, but
also good biological compatibility and high corrosion
resistance [6].

In addition, when using biomaterials, titanium-
based materials should be provided with high antifric-
tion properties of the surface as a rubbing body (steam
friction) [7, 8]. However, titanium-based alloys have
poor antifriction properties, low wear resistance and a
tendency to contact grabbing [9]. In this case, a rela-
tively thin, natural oxide film on titanium is easily de-
stroyed by friction. The coefficient of dry friction for a
titanium-titanium pair is ~ 0.6, and is close when test-
ed in oil and water [10].

These peculiarities of titanium-based alloys make it
impossible for them to be used in friction units of bio-
medical and machine-building constructions without
special surface treatment [11].

Currently, active development of new technologies
for the processing of titanium alloys is underway. The-
se are gas-thermal vacuum spraying [12], anodizing
[13], galvanotechnology [14], ion implantation [15], ion-
plasma deposition [16], vacuum-arc evaporation [17],
thermal and chemical oxidation [18].

One of the prospect modules for the modification of
the surface of the ethanol alloy is a method of micro-arc
oxidation (MAO) [19]. In the process of MAO, the sur-
face layer of titanium and its alloys is transformed into
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multifunctional coatings with a unique combination of
properties such as high hardness, wear resistance, cor-
rosion resistance, heat resistance, insulation resistance
[20].

MAO technology has been well developed for alumi-
num alloys [21, 22]. For titanium alloys, the focus was
on functional characteristics [23, 24], and insufficient
attention was paid to the study of the phase composi-
tion and the quantitative ratios of the phases included
in the MAO-coating under various technological pro-
cessing conditions, although the phase composition of
the coatings determines their tribotechnical properties.

Therefore, the purpose of this work was:

. to investigate the influence of technological
parameters of the anode-cathode MAO process on the
structure, phase composition and properties of oxide
layers obtained on the VT3-1 titanium alloy;

. optimize the composition of the electrolyte and
electrical parameters in order to form coatings with a
thickness of more than 100 microns and with a hard-
ness of more than 10 GPa.

2. SAMPLES AND METHODS OF RESEARCH

The VT3-1 titanium alloy (foreign analogue Ti-
62428, the alloy composition is given in Table 1) was
subjected to micro-arc treatment. The treatment was
carried out in alkaline electrolyte with additives of so-
dium alumina (NaAlOgz), sodium hexametaphosphate
(NaPOs)s and liquid glass (Na2SiOs). The composition
of the electrolyte and the electrolysis modes varied:
current density and processing time.

A 100 liter stainless steel bath was used, bubbling
and cooling of the electrolyte were provided. The body
of the bathroom served as a counter-electrode. A 40 kW
capacitor type power supply was used. Oxidation was
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carried out in the anode-cathode mode.

In the course of the work, the following features of
the MAO of the VT3-1 titanium alloy were revealed:

— the complexity of the oxidation organization in the
mode of micro-arc discharges (the MAO process quickly
stops or goes into arc discharges mode);

— silicate-alkaline electrolytes, which produce good
results for aluminum alloys, have shown unsatisfactory
results for titanium-based alloys. Coatings obtained in
such electrolytes were porous, with low adhesion, poor-
ly resistant to abrasion (not wear-resistant);

— high-density currents (40-50 A/dm2) were needed
for the process to pass on the stage of micro-arc dis-
charges.

Significantly higher properties are obtained at
MAO-treatment in electrolytes of complex composition.
The experimental method determines the conditions of
electrolysis (composition of the electrolyte, current den-
sity, duration of treatment) in which the anode-cathode
oxidation process is steadily implemented in the mode
of micro-arc discharges (Fig. 1).

Table 2 shows the composition of the electrolytes,
which ensure the formation of coatings in the thickness
of more than 100 microns.

Table 1 — Elemental composition of VT3-1 alloy
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Sodium hexamethophosphate (NaPOs)s, sodium alu-
minum oxide NaAlOz, KOH, liquid glass Na2SiOs and
distilled water were used to prepare the electrolytes.

Fig. 1 — The process of anode-cathode oxidation in the mode of
micro-arc discharges

Fe C Si Cr | Mo N Ti Al Zr (0] H Impurities
0.2- | Priorto | 0.15- | 0.8- 9.3 Prior to 85.95- 5.5- | Priorto | Prior to Prior to Other 0.3
0.7 0.1 0.4 2 0.05 91.05 7 0.5 0.15 0.015 )
Table 2 — Composition of used electrolytes, g/l

No (NaPOs)s KOH NaAlOq Na2Si03

1 8-10 — - -

2 — 1-3 10-14 —

3 1-7 1-3 10-14 —

4 - 1-3 1-3 1-3

The thickness of the coatings was measured using
the vortex thickness gauge VT-10NTS and on the cross-
sections.

X-ray photographs to determine the phase
composition and quantification of the phases were
carried out on the DRON-3 diffractometer in
monochromatic Ka-Cu radiation. Measurement was
performed in the angular range of 20 = 15-60°. All the
diffraction peaks from the planes with the highest
reticular density of atoms fall into this angle range
[25]. Scan step was 20= 0.02°.

Surface morphology and cross-sectional pavement
slabs were analyzed using metallographic microscopes.

Microhardness was determined on the PMT-3
device, tribotechnical characteristics — on the SMC-2
friction machine.

3. RESULTS OF COATING STRUCTURE AND
STUDY OF PROPERTIES

At the beginning of the process, a light-gray coating
with a low roughness forms on a surface of VT3-1 tita-
nium alloy (Fig. 2a). With increasing process duration
(2), the surface morphology is changed — the roughness
and dimensions of asperities increase, and the melting
point is clearly visible (Fig. 2b).

The change in surface morphology in the oxidation
process is due to changes in the density and power of
microcircuits. The initial stages of the process are
characterized by a high density of low power discharg-
es; with an increase in the coating thickness, the densi-
ty of discharges decreases, their power increases.

Fig. 2 — Morphology of the surface of the oxide coating on the
VT3-1 alloy: a — 7= 0.5 h; b — 7= 3 hours. (Electrolyte: 2 g/l KOH
+ 2 g/l NaAlOz + 3 g/l Na2SiOs, current density J = 50 A/dm?)
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The microstructural feature of the coating on a ti-
tanium alloy is a layered structure — the technological
and main layer (Fig. 3) are clearly identified. The tech-
nological layer is porous, non-wear resistant, is easily
removed by stripping on abrasive paper. The share of
the technological layer is 30-40 % of the total thickness
of the coating.

technological layer

base layer

| base material

Fig. 3 — Microstructure of transverse section of the coating on
the VT3-1 alloy

The results given below will refer to the base layer,
which is not less than 100 microns thick (Fig. 3).

It is known that the properties of coatings, in the
first place, are determined by their phase composition.
The X-ray diffraction analysis carried out in the work
allowed to determine the effect of the electrolyte com-
position on the phase composition of the coatings (Ta-
ble 3). Diffraction patterns of coatings obtained in elec-
trolytes of different composition are shown in Fig. 4.

Thus, it was found that the coating formed in a
phosphate electrolyte consists of an X-ray and amor-
phous phase and a titanium dioxide in anatase modifi-
cation (Fig. 4, spectrum 1). The X-ray absorptive tita-
nium dioxide included in the coating can be used as

Table 3 — Phase composition and hardness of coatings
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a dry lubricant, which reduces the coefficient of fric-
tion. However, its low hardness does not provide dura-
bility.

The use of alkaline-aluminate electrolyte provides a
significant increase in the hardness of the coating (see
Table 3). The coating consists of titanium dioxide in the
modification of rutile and complex TiAl20s5 oxide (alu-
minum titanate). The main phase is aluminum titanate
(Fig. 4, spectrum 2).

Introduction to the electrolyte hexamethophosphate
contributes to the formation of anatase (Fig. 4, spec-
trum 3), reduction of the content of aluminum titanate
and increase of the content of rutile.

The maximum increase in the hardness of the coat-
ing is achieved in alkaline-aluminate-silicate electro-
lyte (see Table 3). The presence of mullite 3A12032Si02
in the coating determines the hardness of the coating.
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Fig. 4 — Diffractogram of the coatings formed in electrolytes of
different composition: 1 — phosphate electrolyte; 2 — alkaline-
aluminate electrolyte; 3 — alkaline-aluminate-phosphate elec-
trolyte; 4 — alkaline-aluminate-silicate electrolyte

Crystalline phases, % Microhardness
Electrolyte TiO2 TiO2 TiAl205 3A1203°2Si02 kg/mm?
Anatase Rutile | Aluminum Titanate Mullite
Phosphate (NaPOs)s amorpi%%;—phase - - - 200-300
AH‘Iz‘gr}‘IeJr‘f\}l;lﬁaate >3 5-15 85-95 - 550-700
Alkali Aluminate Phos-
phate KOH+NaAlOz+ 20-25 40-50 30-35 - 300-400
(NaPOs)s
Alkaline Aluminate Sili-
cate KOH+NaAlOq+ >3 10-20 50-60 20-40 1000-1200
Na2Si03

Frictional tests were performed in order to deter-
mine the antifriction characteristics of oxide coatings
on the VT3-1 titanium alloy. The test was carried out
on a SMC-2 friction machine according to the disk-
block diagram. For comparison, tests of an electrolytic
chrome coating applied to the VT3-1 alloy have been
conducted. The coatings were applied to the pads and
treated with grinding to roughness, corresponding to
the 7-8 grade of surface cleanliness. The counter was a
disk of 50 mm in diameter made of gray iron.

The antifriction characteristics of the coatings were
evaluated by the coefficient of friction at a step load in
the range of loads of 0.12-2 kN. The research results
are shown in Fig. 5.

The antifriction characteristics of the coatings
were evaluated by the coefficient of friction at a step
load in the range of loads of 0.12-2 kN. The research
results are shown in Fig. 5.

Analysis of the obtained results shows a high level
of antifriction properties of the oxide coating (Fig. 5,
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Fig. 5 — Dependence of the coefficient of friction (f) on the load
(P) for VT3-1 alloy: 1 — oxide coating; 2 — chromium coating;

curve 1). In the whole range of loads, the coefficient of
friction (f) is lower than the coefficient of friction of
the chromium coating (Fig. 5, curve 2). With an in-
crease in load, the difference significantly increases.
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CONCLUSIONS

The electrolysis conditions were optimized to
ensure the formation of oxide-coated titanium al-
loy VT3-1 in the micro-arc discharge mode.

It is shown that in electrolyte containing KOH,
sodium aluminate, and liquid glass, coatings of
heterophase composition (rutile, aluminum ti-
tanate and mullite) are formed, which provides
their high hardness (10-12 GPa) and antifriction
(f<0.01).

The results of the work indicate the prospects for
using the phase-structural engineering method
for MAO treatment to optimize the formation of
antifriction coatings on titanium alloys.
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Bukopucrauus MmeToay MiKpoOIyroBoro Ijia3MOBOIr0 OKCUAYBAHHA IJIA HiBUIIEHHS
aHTUPPUKNIHHUX BJIACTUBOCTEM MOBEPXHI TUTAHOBOIO CILIABY

B.B. Cy660Tina, O.B. Co6ons, B.B. Binosepos, A.I. Maxarinosa, B.B. Illuaiimep

Hauionanvruii mexniuruli ynigepcumem «XapKi8CbKUl NOJIMeXHIYHUL ITHCmMumymn,
eyni. Kupnuuosa 2,61002 Xapxis, Ykpaina

VY crarTi mpoBeseHO aHAII3 MOMKINBOCTEN 110 (pa30BO-CTPYKTYPHIM 1H:KeHepil CIIJIaBIiB HA OCHOBI TUTAHY
mpu MiKpoayroBomy miasmoBomy okcumyBauHl (MJ10). Takos posryissHyTo BIIUB (ha30BO-CTPYKTYPHUX CTa-
HIB HA TPUOOTEXHIYHI BJIACTUBOCTI MOIM(piKOBaHOI IToBepxHI TuTaHoBoro ciuiaBy BT3-1. Beranorneno, 1o
LTSI TOCSITHEHHST BUCOKUX (PYHKIIOHAIBHUX BiiacTuBocTeil Heobxinuo mpu MJIO BuroprCTOBYBATH €JIEKTPO-
mitu pigaoro criany. Hassaicts (NaPOs)s B eslekTpostiTi IPpU3BOAUTE 10 YTBOPEHHS aHATA3Y 3 HEBEJIUKOIO
tBepaicTio (6simspko 3 'Tla). 3mauno migsumpry TBepmicts (mo 7 I'lla) cnpusie hopmyBaHHIO KpHCTATITIB
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PYTHILy 1 TUTAHATY AJIIOMIHIIO ITPY BUKOPHUCTAHHI JIY/KHO-AJIIOMIHIEBOTO eJIeKTpoiTy. MakcuMmasbHe 3611b-
mreHHs TBepaocti (mo 12 I'Tla) gocsiraerbest y MOKPHUTTI, OTPUMAHOMY B JIYKHO-AJTIOMIHATO-CAIIKATHOMY €JIe-
krpouiTi. Ile BimOyBaeTbest Yepes yTBOPEHHS KpHUCTATIYHOro MyJuIiTy. KoedilienT TepTsa Takoro Marepiaay
aumskyerbes (f < 0.01) 1 B peaysbrari IbOro MiIBUIIYOThC aHTU(PUKITIMHI BJiacTuiocTi. Pesyabratu podborn
CBIIUaTh HpPO IIEPCHEKTHUBHICTD BUKOPHUCTAHHS MeTOHy (hasoBO-CTPYKTYpPHOI iHxxeHepil mpu MJ[O-o6pobir
VIS OIITUMI3Allil peskrMiB OPMyBaHHSA AaHTUQPUKINAHUX IOKPUTTIB HA TUTAHOBUX CILIABAX.

Knrouori cimora: Mikpoayroea mnasma, Turan, Mikpocrpykrypa, Penrreno-gasosmit anamis, ®asosuit
craan, TBepaicts, AOpasuBHUI 3HOC.
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