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Abstract. This paper studies the impact of rapidly flowing impulse effect of electrolytic plasma oxidation on physical and
mechanical specifications of oxide coatings through the surface modification of VT1-0 titanium alloy. The present mode
allows obtaining dense coatings with high mechanical properties. The electrolytic plasma oxidation process implementation
leads to micro arc-discharge emergency in a short period through the small duration values of 250 ps anodic impulse. The
achieved oxide coatings have high wearing features. Frictional testing resulted in wearing features increase in 4-15 times
comparing to the sample off coating at tol5 pm oxide layer thickness. Friction coefficient curves of oxide coating samples
have shown no destruction of the coating to the bottom. A run-in area is recognized on the curves; sliding surfaces adapt to
each other and pass to the stable friction regime. The later leads to the friction coefficient reduce and wear intensity reduction.
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TUTAHIAFBI TOTBIK )KABBIHABIJIAPABIH ®U3UKA-MEXAHUKAJIBIK KACUETTEPIH 3EPTTEY

Tyiingeme. byn xympicta BT1-0 mMapkanbl THTaH KOPBITHACHIHBIH OCTiH MOAMMUKAIUAIAY KE3IiHICTI aJblHFAaH TOTBIKTHI
XaObIHIAAPBIH (HU3MKA-MEXaHUKANIBIK CUIIaTTaMallapblHa IUIa3MajbIK 3JIEKTPOIUTTIK TOTHIFY YPAICIHIHAET XbUIAAM OTETiH
UMITYJIBCTIK cepiiepi 3epTrenreH. byHnall YCHIHBUIBIT OTBIPFaH PEXUM, JKOFaphl MEXaHUKAIIBIK KacHeTTepi OOJAaTHIH THIFBI3
KaOBIHIAPB! alyFa MYMKiHAIK Oepeni. Ochl ypAiCTeri aHOATBHIH MMITYJIbC Y3aKThIFEI 250 MKc Kimiripim OoiraH kesfe, a3
YaKbITTa MUKPOJOFAJIbI pa3psATTap TybIHAaWabl. OChUIaiila anbIHFaH TOTHIKTHI KaOBIHIBUIAD JKOFAphl TO3YFa TO3IMALTIKIICH
cunarTanagsl. TpuOONOTHAJIBIK ChIHAMalap OOMBIHIIA KanTajMaraH YJATMIMEH CalbICTBIPFaHIa OCHI JKaOBIHABLIAPABIH
KaJIBIHJBIFB 15 MKM-Te NeiiH OOJFaH Ke3le oJap/blH TO3yFa Te3IMIuIiri 4-15 ece yirasapl. AJbIHFAH YHKeTiC KOIDHUIIHECHT
KUCBIKTApbIH capanrtay Ke3iHae *XaObIHIbUIApAbIH TOJBIK Oy3bLTybl ©THEHTiHI kepceTinreH. Ochl KUCBIKTapIbIH KepiHiC
OoiiHIIa yiikenicteri 6errep Oip-OipiHe Oelfimueneii ®oHe TYpaKThl YHKeTiC PeKHUMIHE aybICAThIHBI KOpiHeai. SIFHU yiikeny
K03 GULUEHTIHIH TOMEHEYiHE JKOHE TO3Y KapKbIHBIH TOMEH/ICTYTe AJIBII KeJeIi.

Tyiiin ce3aep: mIa3MaIbIK-31€TKPOIUTUKAIBIK TOTBIFY, TOTBIK XKaObIHIbUIAPEI, TPUOOJIOTHSIBIK ChIHAMAIAP
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UCCJEJJOBAHUE ®U3NKO-MEXAHUYECKHAX CBOMCTB OKCHIHBIX TOKPHITU HA TUTAHE

Pe3tome. B nanHoii pabote npu Moau(ULEPOBAHUY IOBEPXHOCTH cIulaBa TUTaHa BT1-0 n3zydyeHo BiausHUE OBICTPOTEKYLIMX
HUMITYJIbCHBIX BO3}1€ﬁCTBHﬁ IUIA3MEHHOT'O BJICKTPOJIUTUYCCKOI'O OKCUIUPOBAHUSA Ha (I)I/ISI/IKO-MC)(aHI/I‘ICCKI/IG XapaKTCPpUCTUKH
OKCUJHBIX NMOKPBITUH. JIaHHBIN PEXUM MO3BOJISIET HONIY4YaTh IJIOTHBIE MOKPHITUS C BBICOKUMH MEXaHMYECKHUMU CBOMCTBAMU.
Peanuzanus mpouecca MmIa3MeHHOTO JIEKTPOIUTHIECKOTO OKCHIMPOBAHUS IPH MalbIX 3HAYEHHUAX JUIUTEILHOCTH aHOIHOTO
umnyabca 250 MKC NPUBOOUT K BO3HMKHOBEHHMIO MHKPOJYIOBBIX pa3psloB B TEUEHHE KOPOTKOIO IMEPUOAA BPEMEHH.
[Tony4yeHHbIE OKCHUIHBIC TOKPHITHS XapaKTEPU3YIOTCS BEICOKOW M3HOCOCTOMKOCTBIO. TpHOOIOrHUECKIE NCTIBITAHUS TIOKa3aIH
yBEINYEHHE U3HOCOCTOHKOCTH B 4-15 pa3 mo cpaBHEHHIO ¢ 00pa3loM 0e3 MOKPBITHS NMPH TOJIIIMHE OKCHUAHOTO ClIost A0 15
MkM. [lomyueHHsle kpuBble Kod(duiuenta TpeHus 1 00pa3loB ¢ OKCHIHBIM MOKPBITUEM IIOKA3aJld, YTO pa3pyLICHHs
TIOKPBITUSA OO0 OCHOBAaHHA HE MPOUCXOIUT. Ha KpUBBIX OTMEYACTCA 30Ha l'IpI/Ipa6OTKI/I, TpyIIHMECA TOBCPXHOCTH
npucrnocabnuBaroTcs Ipyr K APYry U MEpexolsT B peKUM cTaOuwibHOro TpeHus. IlocienHee NPUBOAUT K YMEHBIIEHUIO
KOS(l)q)I/ILII/IeHTa TPECHUA 1 YMCHBIICHUIO MHTCHCUBHOCTU U3HAILIMBAHUS.

KiaroueBsble cjioBa: TUTa3MEHHO-3JICKTPOJIUTUICCKOC OKCUAUPOBAHUE, OKCUIHOC ITOKPBITHEC, TpH6OHOFI/I‘{CCKHC HUCIIBITAHUA
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Introduction. Aerospace and other industries
are widely use titanium and its alloys owing to their
advanced specific characteristics. Although these
alloys use is restricted by some industries due to low
hardness and wearing capacity. In this connection, a
surface modification of titanium alloys is a
challenging issue.

Therefore, a relatively new method of valve
metals surface refinement — the method of
electrolytic plasma refinement (EPR) is of interest.
The EPR is peculiar to the surface micro discharge
involvement into the process of surfacing, having a
substantial specific effect on the surfaces under
development [1-7].

However, the EPR implementation using
permanent and slowly varying energy deposition is
accompanied by a wide use application difficulty of
this method. This is due to large energy
consumption. A short-impulse mode will contribute
to oxide coatings quality improvement. That is why,
the development and providing researches to obtain
multifunctional coatings by means of EPR in an
energy saving mode is a challenging issue.
Unfortunately, a great number of researches do not
pay attention to the wear-resistance. As the authors
consider [8-10], when rutile TiO, is detected in the
coating composition without frictional studies, the
resulting coatings are assumed wear-resistant. At the
same time, the micro hardness of coatings is not
always well balanced to their wear resistance.

This paper is aimed to study physical and
mechanical properties of oxide coatings upon
titanium obtained under rapidly flow impulse effect
of electrolytic plasma oxidation.

Experimental part. An installation
consisting of a two-electrode electrochemical cell
and a power source was used to study the
modification of the titanium surface and its alloy,
(Figure 1). The cell consists of a bath tank, a
stainless steel auxiliary electrode of grade and a

“Corundum M0”
power source
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generating electrode - a metal sample piece. The
auxiliary electrode surface is 50 times exceeded the
surface of the generating electrode. The source of
power was “Corundum MO0 impulse power source
of thyristor type.

The “Corundum MO” power source of non-
mass production allows producing alternating
positive and negative voltage pulses of a trapezoidal
shape. These shape impulses provide the most
complete use of the supplied energy, and the
duration of the pause between the impulses is
sufficient so that a strong overheating of the near-
electrode layer does not occur. The conditions under
EPO are as follows: 250 + 25 ps is the duration of
the anode current impulse; 5 = 0.5 ms is the duration
of the cathode current pulse; 200 + 25 us is a pause
between anode and cathode impulses, 50 + 0.5 Hz is
the anode and cathode impulse repetition rate,
voltage is within 360-365V, current density is
within 110-144 A/dm?, process time 600 seconds
for all samples.

The samples made of VT1-0 titanium alloy of
rectangular shape with a 3 mm thickness and
20x40 mm and 15x40 mm size were subjected to
surface modification. Pre-samples were subjected to
grinding to remove the oxide film and scratches.
Then the surface was cleaned from organic
impurities, the samples were washed with distilled
water, a C,HsOH solution of ethyl alcohol and
distilled water again. Samples were dried at room
temperature. Alkaline solutions were used as
electrolytes, their compositions are provided
in Table 1.

Chemical reagents of P, CP, AR were used to
manufacture electrolyte solutions.

Vickersat KB 30S Pruftechnik GmbH hardness
testing instrument was used to study superficial micro
hardness of oxide coatings upon titanium and its alloy.
Micro hardness measurement of coated samples was
carried out under a 200 g load.

An electrochemical cell

Figure 1 — An installation for modifying the titanium surface and its alloy
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Table 1 - The electrolyte compositions

N Electrolyte compositions Concentra-
tion, g/l
Disodium phosphate 40
1 | dodecahydrate
Pyroborate sodium decahydrate 30
Boric acid 22
Ammonium fluoride (NH;F) 10
Trisodium phosphate 70
2 | dodecahydrate
Aluminum oxide powder (1,1- 20
1,5um of dispersiveness)
Trisodium phosphate 70
3 | dodecahydrate
Aluminum hydroxide (0,65um 20
of dispersiveness)
Disodium phosphate 40
4 | dodecahydrate
Pyroborate sodium decahydrate 30
Boric acid 22
Ammonium fluoride (NH,F) 10
Aluminum oxide 20

Frictional studies of the wear resistance of
oxide coatings upon titanium samples were carried
out using a high-temperature TNT-S-AX0000
frictional machine. Studying the friction properties
of coatings, a ball indenter with a 3 mm diameter,
made of a VK alloy was used. The conditions for
frictional testing are 1N load, 4 cm/s is linear speed:;
25 °C is temperature, 50 % is air humidity, 3 mm of
track radius, 1000 of turning numbers.

Wear resistance was evaluated by the track
area, which was measured using a non-contact ZD-
profilometer MICROMEASURE 3Dstation. A
three-dimensional image of the surface and
automatic calculation of the track area were
obtained using the profilometer. Before testing the
samples using profilometer, a thin aluminum layer
of 50-60 nm thickness was sprayed onto the
samples after testing with a frictional machine to
increase the reflective properties of the surface.

Table 2 — Micro hardness data of oxide coatings

A QuaNix-1500 thickness indicator with
digital indexation was used to determine the
thickness of the oxide coating.

Discussion of the results. The process of
oxide coating by the method of electrolytic plasma
oxidation is represented in several consistent stages
as follows the dissociation of salts into ions;
delivery of ions to the electrode surface;
electrochemical reaction and accompanying micro
plasma process; an oxide or ceramic coating
formation; subsequent chemical reaction, removal of
gaseous reaction products [11]. As a result of local
high-powered effect, the layers are formed on the
surfaces of products, including both matrix elements
(oxidate metal) and electrolyte elements [12]. The
high-quality coatings occur if the limiting stage of
the process is the stage of ions delivery to the
electrode surface. This is due to the fact that the
rates of the electrochemical reaction and the micro
plasma process are large.

Judged by the phosphate ions contribute to an
increase in electrochemical polarization, since form
barrier films on the metal surface of the base the
electrolytes were chosen. Having borates in a
solution at micro plasma discharges, solid and heat-
resistant boroxide compounds are formed on the
sample surface [12-15]. Fluoride compounds
increase the hardness of the synthesized coating.
Alumina powders were also added to the electrolyte
solutions. Under the influence of the electric field
intensity, the powder particles are transported to the
electrode surface. The powder particles are
deposited on the surface of the oxide layer or
embedded in it.

Dense uniform oxide coatings are formed in
all electrolyte solutions under the 250 us anodic
current duration. The 10-21 pm thickness was of the
oxide coatings.

Table 2 provides the studies of the superficial
micro hardness of oxide coatings obtained in
various electrolyte solutions. The highest micro
hardness is observed in the oxide coating obtained
in Ne. 4 solution (Table 2).

Measuring No Coatings micro hardness on VT1-0 alloy in electrolytes, HV
' Off coating 1 2 3 4

1 200 648 629 527 1016
2 234 683 274 746 665
3 253 559 593 740 539
4 240 556 520 684 557
5 241 716 422 667 989
6 257 575 411 498 991

Average 237,5 622,8 474,8 643,7 792,8
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1, 2, 3, 4 - coated samples obtained in 1, 2, 3, 4 electrolytes (Table 1)

Figure 2 — Micro hardness of oxide coatings on VT1-0 alloy data compared to the sample off coating

The micro hardness increases 3.3 times in
comparison with the off coat sample. The coating
process in an electrolyte containing powders has a
different mechanism than a conventional electrolyte.
Due to the presence of suspended particles in the
solution, the process of shaping is intensified. As the
electrophoresis effect occurs, solid alumina particles
can be incorporated into the coating composition.
Thereby produces a composite coating consisting of
titanium oxide and alumina. Solid particles of
aluminum oxide embedded in the coating increase
the micro hardness of the resulting composite layer.
An increase in the surface micro hardness by two or
more times is observed on coated samples formed in
1, 2, 3 solutions (Figure 2).

Titanium samples without an oxide coating
and with an oxide coating obtained in the EPO
impulsed mode in various electrolytes were also
subjected to wear resistance tests.

Frictional studies provided three-dimensional
images of the surfaces of samples with a track,
curves of friction coefficient changes, and areas of
wear tracks data were obtained. Off coated and
coated samples were subjected to testing.

Three-dimensional images of sample surfaces
with a track for VT1-0 alloy off coated and coated,
obtained in Ne. 2, 4 electrolyte solutions (Table 1),
as well as the corresponding curves of friction
coefficients are provided in Figure 3.

By the three-dimensional images of the
surfaces of samples with a track, the width and
depth of the sample track off coating significantly
exceeds the width and depth of samples tracks with
coating is observed. Following this, the wear

resistance of samples with an oxide coating is higher
than that of the original sample. Coating resistance
to abrasion can be estimated by the curves of the
coefficient of friction. The curves of friction
coefficients of the coating have the tribosystem run-
in areas, where the friction surfaces adapt to each
other. In addition, the stages of stable friction
conditions are visible and just about constant and
relatively low wear rate. There is no abrupt change
in the friction coefficient characteristic of the
coating destruction. Oxide coatings are not
destroyed and do not wear out to the bottom. These
tracks areas data are provided in Table 3.

Comparative data regarding coatings wear
resistance represented by a diagram in Figure 4.

As the Figure 4 provides, a high wear
resistance as compared with the uncoated sample
characterizes the oxide coatings obtained on the
VT1-0 alloy. The wear resistance of the oxide
coating obtained in No. 2 electrolyte (Table 1) is
increased by 15 times compared with the initial
material. This coating is made in an electrolyte
containing an alkali metal phosphate with the
addition of alumina powder. Aluminum oxide
embedded in the coating has an effect on the wear
resistance of the coating. The wear resistance for an
oxide coating obtained in No.4 electrolyte (Table 1)
is increased 12 times with respect to the original off
coated sample. During frictional tests, the process of
pair of article / counter body run-in occurs, the
friction surfaces adapt to each other. The frictional
system becomes steady state. The wear resistance is
also influenced by the initial surface roughness and
micro hardness.
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a - VT1-0 alloy off coating; b - coating obtained in Ne.2 electrolyte; ¢ - the coating obtained in the Ne.4 electrolyte;
d - curve of friction coefficient on VT1-0 alloy off coating; e - coating curve friction coefficient obtained in the Ne.2 electrolyte;
f - coating curve friction coefficient obtained the Ne.4 electrolyte.

Figure 3 - Three-dimensional image of the surfaces of samples with a track and the corresponding curves of friction
coefficients for VT1-0 alloy off coated and coated

Table 3 - Track Area Data

n Track area, pm*
Off coating Electrolyte 1 Electrolyte 2 Electrolyte 3 Electrolyte 4
1 1761 240 48,9 208 185
2 978 286 25,7 102 96,8
3 748 569 149 77,4 198
4 479 358 28,5 172 77,8
5 1059 76,3 124 135 58,4
6 1228 347 83,2 128 49,4
7 1761 177 160 57,8 71,9
8 978 225 65,6 94,9 131
9 748 157 35,0 166 47,3
10 1178 - - - -
11 2192 - - - -
12 1500 - - - -
/n 12175 270,6 79,9 126,8 101,7

38



pm?

; Crossref

ISSN: 2616-6445 (Online), ISSN: 2224-5243 (Print)
Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a. Ne2.2019 (34-41)

1400

1200

1000

800

600

400

200 .
0

Bl =

Off coating 1

3 4 Samples
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Figure 4 — Wear resistance comparative data

Conclusions. The process of plasma
electrolytic oxidation of the surface of a VT1-0
titanium alloy in an impulse mode was studied.
Impulse mode allows obtaining dense, uniform
oxide coatings that do not require additional
grinding of the surface. Such coatings thickness is
10-21 pm.

The layer oxidation leads to an increase in the
micro hardness of the surface of the VT1-0 titanium
alloy to 792.8 HV with a 21 pum coating thickness,
which is up to 3.3 times higher than the initial value.

The wear resistance of oxide coatings studies
has shown a significant increase compared with the
off coated sample. The oxide coating obtained in the
electrolyte containing sodium phosphate and
aluminum oxide increases wear resistance by 15
times compared with the sample off coating.

The paper was performed within the
framework of the MES RK D.2018,
No. 0118RK00018 grant, “Develop composite
multifunctional coatings on titanium and its alloys”.

Frictional physical and mechanical tests of
oxide coatings were carried out at the Institute of
Strength Physics and Materials Science, Siberian
Branch of the Russian Academy of Sciences, Tomsk
(IPPM).

The authors are grateful to the staff member
of the Institute of Physics and Industry, Siberian
Branch of the Russian Academy of Sciences, Ph.D.,
I.A. Shulepov.
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