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ELECTROCHEMICAL OXIDATION OF TI6AL4V TITANIUM ALLOY
IN MALIC ACID SOLUTIONS

The results of research the influence of electrolysis parameters on the process of oxidation of Ti6Al4V
titanium alloy in malic acid solutions have been given. It has been shown that the character of the forming
dependences is definded by the value of the used current density. It has been shown that for the formation of
oxide films it is necessary to use an anode current density of at least 0.5 A-dm—2. At lower current densities, the
film is not formed and the dependence of the cell voltage on the electrolysis time has a complex shape due to
the parallel processes of film dissolution and the formation of intermediate oxides. At current densities above
0.5 A-dm=2, the forming dependences obtained on the alloy have the form of straight lines, which indicates the
formation of continuous barrier-type oxide films with good passivating properties. The growth rate of the oxide
under these conditions is directly proportional to the used value of ja, which is evidence that the entire used
current is spent on the formation of titanium dioxide, which forms the passive layer. The effect of the final cell
voltage, current density, and electrolyte concentration on the time to reach the maximum thickness of the oxide
film on the alloy has been studied. The influence of the value of the final voltage on the cell manifests itself
in an increase in the duration of electrolysis, which corresponds to a larger film thickness. This effect is due
to the fact that the oxide is formed under conditions of a constant potential gradient in the film. The limiting
thickness of the oxide will increase in direct proportion to the increase in cell voltage, since the increase in
V causes the potential gradient in the film to be maintained for a longer time. The result of electrochemical
oxidation of alloy Ti6Al4V in malic acid solutions at current densities greater than 0.5 A-dm—2 is the formation
of interference-colored oxide films with good adhesion to the metal surface. The color of the film depends on
the final value of 'V on the cell. The limiting thickness and color of the oxide film are defined by the forming
voltage and do not depend on other electrolysis parameters.

Key words: titanium, forming dependences, oxide film, anode oxidation, passivity, electrical resistance,
barrier layer.

1. Introduction. Titanium is an active metal, but
under ordinary conditions, a natural oxide film forms
on its surface [1]. This film is a protective barrier
passivating titanium in many oxidizing mediums.
In some cases, such a film acts like a functional
material with increased corrosion resistance [2]
and properties of biological inertness [3] and
compatibility [4]. Artificially obtained films are

characterized by a certain structure and thickness,
as well as, as a rule, a more developed relief [5].
These properties, along with the homogeneity of
the chemical composition, determine sufficiently
high protective properties of the films and allow
the formation of a highly developed surface, which
is important in the case of using titanium for the
manufacture of medical implants [6].
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Artificial films on titanium are obtained by thermal
oxidation [7] or plasma oxidation [8], diffusion
introduction of oxygen [9] and anodic oxidation [10].
The latter method of oxidation, sometimes referred to
as anodizing, is the most widely spread.

2. The aim of research. Establishment of the
influence of electrolysis parameters on the process of
electrochemical oxidation of Ti6Al4V titanium alloy
in the malic acid solution.

3. Research tasks. @) Show the influence of elec-
trolysis parameters (current density, voltage, electro-
lyte concentration) on the forming dependences of
alloy oxidation. b) Determine the dependence of the
electrolysis duration (time to reach the limiting film
thickness) on the electrolysis parameters.

4. Experimental technique. Titanium alloy spec-
imens in the form of rectangular plates were used for
research. The specimens were polished, degreased
and flushed with tap water. Degreased specimens
were etched in the mixture of nitric and hydrofluoric
acids (3:1) and then flushed with the tap water and
distilled water. The electrolysis was carried out in
the galvanostatic mode, setting the cell voltage in the
range of 10-100 volt with a step of 10 volt using a
power source. A change in the cell voltage value was
recorded by the multimeter Keithley-2000. A beaker
with a volume of 250 cm? made of chemically resis-
tant glass was used as a cell for electrolysis. Lead was
used as the auxiliary electrode.

5. Results and discussion. The most informative
for the research of the anodizing process is the study
of forming dependences, which show the change
in the cell voltage during electrolysis. Such depen-
dences make it possible to study the dynamics of film
growth and establish the influence of the electrolysis
mode on the features of oxide formation and its struc-
ture. Experimental data show that the general type of
the forming dependence is determined by the used
current density of electrolysis (j,) and is the same
for the entire range of used voltages V. The forming
dependences of the alloy were obtained in a solution
containing 100 g-dm of acid at = 60 volt (Fig. 1).
Atj, = 0.2-0.5 A dm™, the dependences are non-lin-
ear and are often not reproduced (Fig. 1, / and 2). At
J.= 0.2 A-dm™?, the preset V value is not reached at
all. This is due to the fact that the process of oxide
formation consists of two processes: the electro-
chemical formation of the film and its dissolution as
a result of chemical interaction with electrolyte com-
ponents. The first process increases the film thick-
ness and its electrical resistance. Chemical dissolu-
tion reduces film thickness. The horizontal plateau in
dependence / (Fig. 1) indicates that the oxidation is
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carried out in a stationary mode, in which the rate of
electrochemical formation of the film is equal to the
rate of its chemical dissolution [11]. With an increase
j.t0 0.5 A dm™ (Fig. [ and 2), a plateau on the curve
is appeared, after which a gradual increase in the cell
voltage is observed with a final achievement of the
preset V. The process is characterized by the presence
of a deceleration period, which indicates a change in
the kinetics of film formation and the transition of the
film structure to one that is less sensitive to the effect
of the electrolyte.

Increasing the density j, to 1-5 A-dm™ results to
a linear trend of dependences (Fig. 1, 3—6), which
indicates the formation of minimum porous films
with protective properties. The color of the obtained
film depends on its thickness, the value of which is
defined by preset value of the final cell voltage.
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Fig. 1. Dynamics of oxide film formation on Ti6Al4V
alloy in malic acid solutions. Electrolysis conditions:
Jo Ardm: 0.2(1); 0.5(2); 1(3); 0.75(4); 2(5); 5(6);
V=60 volt; ¢, = 100 g-dm™>

The dependence of the time to achieve a preset
voltage on the current density has a characteristic
shape, which is not changed for the entire series of
curves obtained on specimens oxidized in the same
mode (Fig. 2, 1-3).
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Fig. 2. Dependence of the time to reach the limiting
thickness of the oxide film on the anodic current
density. V, volts: 40(1); 60(2); 80(3). ¢, =20 g-dm™
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With a sequential increase in voltage, an increase
in time ¢ is observed (Fig. 2, dependences from /
to 3). The value of the time interval required to
achieve a preset ' corresponds to the time to achieve
the limiting film thickness for the given electrolysis
conditions and is the maximum possible duration of
electrolysis.

The dependence of the time to achieve the
limiting film thickness on U for a series of equal
current densities is linear (Fig. 3). The slope of these
dependences does not remain constant, but decreases
with increasing cell voltage.

Experimental data (Fig. 4) show that a change in
the electrolyte concentration in the solution within
5-100 g:dm™ does not influence the change in the
duration of film growth. The limiting film thickness
depends only on the preset value V. For a series of
electrolyte solutions with the equal acid concentra-
tion, the dependence =f(}) is linear (Fig. 5, a, b). The
slope of the dependences in all cases is the same for
the entire studied range of electrolyte concentrations.
Some deviations that are noticeable in the figure are
due to inaccuracies in the measurement of time, as
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well as the difference in the surface area of the oxi-
dized specimens.

Thus, the data obtained show that the limiting film
thickness depends only on the preset value of the final
voltage. The formation of an oxide film occurs as a
result of the counter migration of ions Ti** and O*. The
motive force of the process is a significant intensity of
the electric field in the film during the anode oxida-
tion [12]. The increase in the film thickness practically
is stopped as soon as the value of the potential gradi-
ent is achieved, that fails to provide the motion of ions
through the oxide. If the oxide is formed at a constant
current density, the film voltage should increase lin-
early. Therefore, the thickness of the oxide film of a
barrier type is defined by the formula A = a-U, where
a — constant of the film growth (nm-volt™!). The values
of this constant for titanium, given in the literature, are
changed in the range of 1.9 to 6.0 nm-volt™'. The value
of « is influenced by the electrolysis parameters, the
method of measuring the oxide thickness, the prepara-
tion of the specimen, the physical properties of the film
(density, crystal structure, morphological properties —
surface uniformity and porosity) [13].
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Fig. 3. Dependence of the time to reach the limiting thickness of the oxide film
during anodic oxidation: a) — ¢, =30 g-dm3; b) — ¢, =50 g-dm=. j,, A-dm2: 1(1);
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Fig. 4. Dependence of the time to reach the limiting thickness of the oxide film

during anodic oxidation of the alloy Ti6Al4V: a) —

=50 volt; b) — V'=100 volt
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Fig. 5. Dependence of the time to reach the limiting thickness of the oxide film during
anodic oxidation of the alloy Ti6Al4V. j,, A-dm™2: a) — 15 b) -5

The above facts explain the independence of the
limiting film thickness from the current density of
electrolysis and electrolyte concentration. Indeed, the
film thickness is defined only by the forming voltage.
As it increases, the potential falling gradient in the
oxide gradually decreases. The oxide is not formed
when the critical value of the gradient potential is
achieved. Therefore, the thickness and color of the
film is defined only by the voltage value. An increase
in the value of V increases the electrolysis duration
and promotes the formation of a thicker oxide.

6. Conclusions. The process of electrochemical
oxidation of Titanium alloy Ti6Al4V in malic acid
solutions has been studied. It has been shown that
the anodic current density decisively influences on

the character of the forming dependence of the alloy
specimen. At j, < 0,5 A dm™, a continuous oxide film
is not formed and the preset voltage is not achieved.
With an increase in j, > 0,5 A-dm™, a linear character
of the dependences is observed, indicating the
formation of minimum porous films. Films obtained at
Jj.> 0,5 A-dm are interference-colored. The limiting
thickness of the oxide film is defined by the forming
voltage and does not depend on other parameters
of electrochemical machining of metal. For a series
of equal voltage values, the dependence of the time
to achieve the limiting thickness of the film on the
current density is linear. A change in the electrolyte
concentration in the range of 5-100 g-dm™ does not
influence the change in the duration of film growth.

Bibliography:
1. Tomashov N. D., Altovsky R. M., Chernova G. P. Passivity and corrosion resistance of titanium and its

alloys. J. Electrochem. Soc. 1961. Vol. 108. P. 113—119.

2. Alvesa A. C., Wenger F., Ponthiaux P., Celis J.-P., Pintoa A. M., Rocha L. A., Fernandes J. C. S. Corrosion
mechanisms in titanium oxide-based films produced by anodic treatment. Electrochem. Acta. 2017. Vol. 234.

P. 16-27.

3. Sanchez-Martinez X. R. Development and use of titanium alloys for biomedical and orthopedic applica-
tions. Undergraduate Research in MSE. 2020. Vol. 1. P. 36-39.

4. Siti Nur Hazwani M. R., Lim L. X., Lockman Z., Zuhailawati H. Fabrication of titanium-based alloys with
bioactive surface oxide layer as biomedical implants: Opportunity and challenges. Transactions of Nonferrous

Metals Society of China. 2022. Vol. 2. P. 1-44.

5. Pouilleau J., Devilliers D., Garrido F., Durand-Vidal S., Mahéa E. Structure and composition of passive
titanium oxide films. Mat. Sci. Eng.: B. 1997. Vol. 47. P. 235-243.

6. Liu W., Liu S., Wang L. Surface modification of biomedical titanium alloy: micromorphology, microstruc-
ture evolution and biomedical applications. Coatings. 2019. Vol. 9. P. 249.

7. MaK., Zhang R., Sun J., Liu C. Oxidation mechanism of biomedical titanium alloy surface and experiment.

Int. J. Corr. 2020. Vol. 2020. P. 1678615.

8. Rinner M., Gerlach J., Ensinger W. Formation of titanium oxide films on titanium and Ti6Al4V by O2-plasma
immersion ion implantation. Surf. Coat. Techn. 2000, Vol. 132. P. 111-116.

9. Sarvadii S. Y., Gatin A. K., Kharitonov V. A., Dokhlikova N. V., Ozerin S. A., Grishin M. V., Shub B. R. Oxi-
dation of thin titanium films: determination of the chemical composition of the oxide and the oxygen diffusion

factor. Crystals. 2020. Vol. 10. P. 117.

224 Tom 33 (72) N2 6 2022



XimiuHi TexHosorii

10. Jarosz M., Zaraska L., Koziet M., Simka W., Sulka G. D. Electrochemical oxidation of Til5Mo alloy — the
tmpact of anodization parameters on surface morphology of nanostructured oxide layers. Nanomaterials. 2020.
Vol. 11. P. 68.

11. Ivashchenko M., Smirnova O., Kyselova S., Avina S., Sincheskul A., Pilipenko A. Establishing the patterns
in the formation of films on the alloy Ti6Al4V in carbonic acid solutions. EEJET. 2018. Vol. 5. P. 21-26.

12. Pilipenko A., Maizelis A., Pancheva H., Zhelavska Y. Electrochemical oxidation of VT6 titanium alloy in
oxalic acid solutions. Chem. Chem. Technol. 2020. Vol. 14. P. 221-226.

13. Aladjem A. Anodic oxidation of titanium and its alloys. J. Mat. Sci. 1973. Vol. 8. P. 688-704.

CassoBa O.B., 3aiiuena I.C., Cmipuosa O.JI., Boponos I'.K., ®ecenxo O.1., [Tununenxo O.1.
EJIEKTPOXIMIYHE OKCUJYBAHHS TUTAHOBOI'O CIIJIABY Ti6Al4V Y PO3UNHAX
ABJYYHOI KUCJIOTH

Hasedeni pezynomamu 00cniodcents eniugy napamempie eiekmponisy Ha npoyec OKUCHEeHHA MUMaHo8020
cnnagy Ti6Al4V y posuunax soayunoi xucromu. Iloxazamo, wo xapaxmep @opmyiouux 3anedcHocniell
BUBHAYAEMbCA 3HAUEHHAM BUKOPUCMAHOI 2ycmuHnu cmpymy. Tlokaszano, wo 0na popmyeants OKCUOHUX NLIBOK
HEeoOXIOHO BUKOPUCTNOBYSAMU AHOOHY 2YyCMuHy cmpymy He menuty, uixe 0,5 A-om™>. 3a menwux 2ycmun
CMpyMy NII8KA He YMBOPIOEMbCSL I 3ALENCHICMb HANpyau Ha KOMIPYI 810 4acy eneKmponizy Mae cKiaouy gopmy
BHACAIOOK NPOMIKAHHS NAPANETbHUX NPOYECi8 PO3UUHEHHS NAIBKU Ma YMBOPEHHs NPOMIJICHUX oKcudie. Ilpu
eyemuni cmpymy oinouie 3a 0,5 A-0m™? ompumani na cniasi hpopmyeanvHi 3aneHCHOCII MArOmMe 6U210 NPAMUX
JUHIT, Wo c8i0UUms Npo PopmMy8aHHs CYYIIbHUX OKCUOHUX NIIBOK OAp 'EPHO2O MUNY 3 XOPOWUMU NACUBYIOYUMU
enacmugocmamu. Lllsuokicmes pocmy oxkcudy  yux ymo8ax npamo nponopyituHa 6UKOPUCTIAHOMY 3HAYEHHIO
Jw WO c8i0UUmMb Npo me, W0 8eCb GUKOPUCAHULL CIMPYM SUMPAYAEMbCA HA YMBOPEHHS 0IOKCUOY MUMAHY,
axkutl popmye nacusnuil wap. Jocrioxcenuti 6niug KiHyesoi Hanpyeu Ha KOMIpyi, 2yCcmuuu cmpymy md
KOHYeHmpayii enekmponiny Ha 4ac 00CACHEeHHs MAKCUMAIbHOL MOSWUHU OKCUOHOL NiKU HA cnaasi. Bnius
BeNUYUHU KIHYeBOI HaNpyeu Ha KOMIPYI NPOsLGIAEMbCA Y 30L1bUeH ] MPUBANOCTI eleKmpOLi3y, W0 8ionosioac
Oinbuwiii moswuni naiexu. et eghexkm 0OYyMOBIEHULl MUM, WO OKCUO YMBOPIOEMbCS 8 YMOBAX NOCMIIHO20
epadicuma nomenyiany 6 nuieyi. Ipanuuna moewuna oxcudy Oyoe 30Lbuy8amucs NpsmMo NPOROPYIIHO
30IIbUEHHIO HANPY2U KOMIPKU, OCKLIbKU 30i1blienHs V npu3600ums 00 mozo, wjo 2padicHm nomeHyiany 6
nuieyi 30epicacmvcs nocmiinum npomseom Oinbw mpuseano2o uacy. Pezynemamom enekmpoximiunozo
oxucnenns cnaaey Ti6AI4V y posuunax abnyunoi kucromu npu 2ycmuni cmpymy suwge 0,5 A-0m™ € ymeopenns
inmepghepenyitino-3abapenenux oKCUOHUX NIIBOK 3 XOPOuiorw adeesiclo 00 nosepxui memainy. Konip niisku
3anedcums 610 Kinyego2o snauents V na xomipyi. I panuuni mosuwuna i Koaip OKCUOHOT NIIBKU 8USHAUAIOMbCS
Hanpyeoio hopmysants i He 3a1edcamsv 60 IHWUX NAPAMEmpiE eneKmponisy.

Knrwouosi cnosa: muman, popmysanvha 3anexcHicms, OKCUOHA NILIBKA, AHOOHE OKUCIEHHS, NACUBHICIb,
eneKkmpuyHutl onip, bap epruil wap.
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