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ABSTRACT The influence of titanium thiosulfate, introduced into an aqueous electrolyte, on the features of electrochemical formation
of oxide coatings on AISI 304 stainless steel has been studied, with a focus on changes in anodic process kinetics, electrochemical
passivation parameters, and the protective properties of the resulting layer. The changes in the transition potential to the passive state,
the width of the passive region, and the passivation current density depending on the titanium concentration in the electrolyte were
analyzed. It was shown that increasing the content of titanium thiosulfate in the solution promotes a decrease in the passivation onset
potential and the formation of a denser protective layer, as evidenced by an increase in polarization resistance and a decrease in anodic
current density. Emphasis was placed on the optimal concentration range of TiOSO, (20 g/L), which ensures maximum efficiency in the
Sformation of the passive layer. Results of potentiodynamic polarization studies in a 3% sodium chloride solution were analyzed,
indicating a significant influence of the titanium-containing component on the electrochemical behavior of the steel. It was shown that
samples with oxide coatings formed in modified electrolytes are characterized by a shift of the corrosion potential toward more
electropositive values by 500-800 mV compared to untreated steel. It was confirmed that the obtained coatings effectively reduce the
electrochemical activity of the metal in a chloride environment, as evidenced by a significant reduction in corrosion current density and
an increase in polarization resistance. The results of the study highlight the potential of controlled electrolyte modification for the
electrochemical formation of stable oxide layers with enhanced corrosion resistance, which is important for the protection of steel
structures, particularly under high-temperature conditions and exposure to aggressive environments. This research lays the foundation
for further improvement of electrolyte compositions and anodizing regimes for steels, aimed at creating stable protective films for
operation in aggressive environments without the need for complex surface post-treatment.
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BIIJIUB TiOSO4 HA KIHETUKY ®OPMYBAHHA TA 3AXUCHI BJJACTHUBOCTI
OKCHUJHUX ITOKPUTTIB HA CTAJII AISI 304
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Inecmumym docnidoicenns meepooeo mina ma mamepianie imeni Jleuoniya (IFW), /lpezoen, HIMEYYHUHA

AHOTALIA Posensnymo ennus miocyib@amy mumany, 66e0eH020 00 CKIAdy B00HO20 eleKmponimy, Ha 0cobaugocmi
eNIeKMPOXIMIUHO20 (POPMYBAHHS OKCUOHUX NOKpummie Ha Hepoicasiiouiti cmani maprku AISI 304, 3 axyenmom na 3miny Kinemuxu
AHOOHUX NPOYECiB, eNeKMPOXIMIYHUX napamempie nacueayii ma 3axXucHux siacmusocmeii cpopmosanozo wapy. Ilpoananizoearo sminy
nomenyiany nepexody 6 nacusHuli cmaw, WUPUHU NACUBHOI obIacmi ma 2ycmunu CMpyMy nacusayii 3anexicHo 6i0 KonyeHmpayii
mumany 6 enekmponimi. Ilokaszarno, wjo niosuwjenns emicmy miocyio@anyy mumary y po3duHi CHPUsE 3HUNICEHHIO NOMEHYIAY NOYaAMKY
nacusayii ma Qopmy8anHIO WINbHIWO20 3AXUCHO20 WAPY, WO NPOABNACMbCA Y 3POCMAHHI NOAAPUIAYIUHO20 ONOPY MA 3HUICEHHI
2ycmuny  aHoono2o cmpymy. Axyenmosano ysacy Ha onmumanvHomy oianazomni xomyenmpayii TiOSO, (20 e/n), 3a saxozo
3a6e3nevyemvcs MaKCUMAanbia egexmusnicms @Gopmyeanns nacusnozo wapy. Ilpoananizosano pesynbmamu nomeHyioOUHAMIUHUX
ROAAPUBAYIUHUX 00CTIOMNHCEHb Y 3%6-MY PO3UUHI HAMPILL XIOPUOY, WO BKA3YIOMb HA CYMMEBULL 6NAUE MUMAHOBMICHO20 KOMNOHEHMA HA
eneKmpoximiuny noeedinky cmani. [1okazano, wo 3pasku 3 OKCUOHUMU NOKPUMMAMU, CPHOPMOBAHUMY Y MOOUDIKOBAHUX eNeKMPONIMAXx,
XapaxkmepuzylomsCcsi 3CY60M KOPO3iHO20 nomeHnyiany 6 obnacmv Ointbul erekmponosumughux sHavenv Ha 500-800 mB nopisusno 3
Heobpobnenoio cmanmio. Iliomeepoxceno, wo 00epicani NOKPUMms ehexmusHo 3HUNCYIOMb eNeKMPOXIMIUHY aKMUBHICIb Memany 6
XJOpUOHOMY cepedOoBULi, WO NPOAGIAEMbCA 6 ICIOMHOMY 3MEHUIEHHI 2YCIMUHU KOPO3iiHO20 CMpYyMy ma 30ilbueHHi NONAPU3aAYiliHO20
onopy. Pesynemamu 00cniodxcenns po3skpuearoms nepcneKmusHicms Keposano2o MoOUDIKY8aHHs eleKmpoimie Olia eneKmpoXiMiuHo20
Gopmysanns cmabinbHUX OKCUOHUX WAPIE 3 NIOBUWEHOIO KOPO3IlHOW CMILKICMIO, WO € 6aXCausum ONd 3aXUCMY CMANe8ux
KOHCMPYKYIl, 30KpeMa 6 YMO8ax 8UCOKUX memnepamyp i Oii azpecusHux cepedosuy. J{ani 00CHioHceHHs € OCHOB0I0 05l HOOATLULOZO
VYOOCKOHAIEHHsL CKIA0Y eNIeKMPONimia i pexicumie aHoOY8aHHA cmaiell i3 Memoro CmeopeHHs CMAOIIbHUX 3aXUCHUX NIIBOK Ol pobomu
YMOBAX a2pecusHo20 cepedosuuya bez nompedu y CKIaOHOMY RICA200pOOIEHH] NOGEPXHI.

Knrwouosi cnoea: anodysanns cmani; miocynepam mumany; RNOAAPU3AYIUHA NOBEOIHKA, NACUBAYIS, XPOHONOMEHYIOMempis,;
KOPO3IHA CMIUKICMb, OKCUOHE NOKPUMMNISL

Introduction VVER-1000 reactors, are subjected to intense exposure to
high temperatures and aggressive media, necessitating

Steel structures operating under nuclear power  pighly effective corrosion protection. One of the

conditions, particularly in the coolant environment of
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promising solutions is the formation of oxide coatings
with predetermined functional properties on the steel
surface through electrochemical deposition [1-3].

Currently, particular attention is being paid to the
modification of electrolytes through the introduction of
metal cations capable of stabilizing the coating structure
and enhancing its thermal and chemical resistance [4].
Recent studies demonstrate the possibility of forming
self-organized porous oxides on the surface of stainless
steel through anodizing in organic and hybrid media,
particularly with the involvement of glycerol, ethylene
glycol, and ammonium fluorides [5-7]. It has been
established that the morphology and corrosion behavior of
such coatings significantly depend on the electrolyte
composition, particularly the content of water, fluoride
ions, and metal cations. The work by Wang et al. [7]
showed that changing the concentrations of NH4F and
H,O allows control over the thickness and uniformity of
the oxide layer on AISI 304, while studies [8,9] confirm
that anodized porous films on AISI 316L may
demonstrate satisfactory corrosion resistance only after
additional heat treatment aimed at removing residual
fluorides.

Of particular interest is the use of valve metal
cations such as titanium, zirconium, and aluminum in
electrolytes, which are capable of forming a mixed oxide
phase with enhanced stability. For instance, the
incorporation of TiO, nanoparticles into Ni—Pd coatings
contributes to improved corrosion resistance [10,11],
while the addition of Zr(IV) compounds enables the
formation of reinforced, chemically resistant films on
steel substrates [9]. It has also been shown that using
aqueous-ethanolic or organic electrolytes with fluorine-
containing components allows the creation of controlled
structures based on metal oxides; however, this approach
requires further refinement in terms of reducing toxicity
and environmental impact.

Against the backdrop of recent advancements, the
use of titanium thiosulfate (TiOSO,) as an inorganic
electrolyte modifier for forming oxide films on steel
appears promising. However, the influence of this
compound's concentration on the anodic process kinetics
and the protective properties of the resulting coatings
remains insufficiently studied, which defines the scientific
novelty and practical significance of the proposed
research.

Purpose of work

The aim of this work is to study the effect of
TiOSO, concentration in the electrolyte on the kinetic
patterns of metal-oxide coating formation on steel and to
determine their  protective properties using
electrochemical analysis.

Presentation of the main material

The formation of metal-oxide coatings on AISI
304 steel was carried out in galvanostatic mode using

electrolytes containing sulfuric acid (300 g/L), sodium
chloride (50 g/L), and various concentrations of titanium
thiosulfate (TiOSOy) at 0, 5, 10, 15, and 20 g/L. A steel
plate with a surface area of 4 cm” served as the working
electrode, and a platinum wire was used as the counter
electrode. Electrolysis was conducted in a 200 mL
volume with continuous stirring. The oxidized samples
were rinsed with distilled water and air-dried [12].

The anodic behavior of the steel and the corrosion
resistance of both the steel and the oxide coatings were
studied in a three-electrode electrochemical cell using an
IPC-Pro potentiostat-galvanostat. Steel samples with and
without metal-oxide coatings, each with a surface area of
1 cm?, were used as the working electrode. The potential
of the tested steel electrode was measured relative to a
silver/silver chloride reference electrode (EVL-1M1). The
auxiliary electrode was platinum. The potential scan rate
was 2 mV/s. Experiments were conducted under natural
convection at an electrolyte temperature of 25 °C [13].

The polarization curves (Fig. 1) show regions of
active dissolution, active-passive transition, and oxygen
evolution. It is shown that the addition of titanium
compounds shifts the potential E~0 toward more
electropositive values, and the current values in the
passive region are significantly higher than those in the
solution of sulfuric acid and sodium chloride. This is
likely due to structural changes in the coating during
formation and the active influence of oxygen-containing
components in the electrolytes.
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Fig. 1 — Anodic voltammograms of AISI 304 steel in
solutions containing 300 g/L H,SO, and 50 g/L NaCl with
the addition of TiOSO,, g/L.
0(1);52);10(3), 154), 20 (5)

With an increase in the concentration of titanium
compounds in the sulfate-chloride electrolyte from 5 to 10
g/L, the passivation potential shifts in the electronegative
direction, indicating that the transition of the metal to the
passive state becomes easier. However, the addition of
TiOSOy at concentrations of 5, 15, and 20 g/L leads to an
expansion of the passive region, and the onset of oxygen
evolution occurs at 1135 mV (Table 1), which
significantly affects the properties of the oxide layers.
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Table 1 — Electrochemical parameters of the
anodic behavior of steel in titanium-containing
electrolytes

Electrolyte Electrochemical parameters
composition, (E.,| E, s Ep | |Eo,»

g/L mV |mV | mA-cm? |mV | mA-cm™ mv
H,SO,4 - 300,

NaCl— 50 -550(-501| 52,3 |-286| 0,1 841
H,SO4 - 300,
NaCl-50, |-203|-68 | 335,77 | 87 33 |1135
TiOSO4 -5
H,SO,4 - 300,
NaCl-50, |-407(-364| 118,6 |-130| 35,9 (920
TiOSO4— 10
H,SO,4 - 300,
NaCl-50, |-203|-55| 342,7 | 6l 3,13 |1135
TiOSO4 — 15
H,SO,4 - 300,
NaCl-50, |-203|-40| 288,1 | 70| 3,11 |1135
TiOSO4—20

The change in the potential of the steel electrode
over time in titanium-containing electrolytes is shown in
Fig. 2.
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Fig. 2 — Chronopotentiograms of AISI 304 steel in
solutions containing 300 g/L H>SO, and 50 g/L NaCl with
the addition of TiOSOy, g/L:
0(1);5(2);10(3); 15(4); 20(5)

The change in the steady-state potential depends
on the concentration of titanium compounds and shifts it
in the more electropositive direction.

Corrosion tests of the formed coatings were
conducted in a 3% sodium chloride solution. Polarization
of the working electrode was carried out within £100 mV
from the steady-state potential after being held in the
solution for 1 hour. The potential scan rate was 10 mV/s.

From the polarization curves (Fig. 3), it can be
concluded that the addition of a titanium-containing
compound to the coating composition results in a shift of
the potential toward more electropositive values by 500—
800 mV and a reduction in the corrosion current.
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Fig. 3 — Polarization curves in 3% NaCl solution for
AISI 304 steel (1) and metal-oxide coatings obtained in
titanium-containing electrolytes (Table 2):

No.l (2), No.2 (3), No.3 (4), No.4 (5), No.5 (6)

Based on the experimental data (Table 2), it was
determined that increasing the concentration of titanium
thiosulfate enhances the polarization resistance of the
coating, thereby providing the metal-oxide coatings
with improved protective properties in a chloride
environment.

Table 2 — Corrosion characteristics of AISI 304
steel with oxide coatings formed in titanium-containing
solutions

c]srlrellc)tor;)lltﬁi Ry | B | Do | By 1 a2
’ kQ-cm® |[mV|mV |mV|
g/L
Unoxidized 30 | 84|91 |19 1,24-10°
steel
H,S0,- 300, 7
NaCl - 50 28,0 |91 |80 | 18 | 1,33-10
H,S0,- 300,
NaCl - 50, 456 | 74|82 |17 | 74510°
TiOSO4—5
H,S0,- 300,
NaCl - 50, 50,6 68 | 28| 8 | 3,410®
TiOSO,— 10
H,S0,- 300,
NaCl - 50, 68,8 89 | 58 | 15 | 4,44-10°
TiOSO,— 15
H,S0,- 300,
NaCl - 50, 72,2 86 | 88 | 18 | 5,25-10°
TiOSO,— 20
Discussion of results
Analysis of the anodic polarization curves

indicates a significant influence of titanium thiosulfate on
the mechanism of passive layer formation on AISI 304
steel. The shift of the passivation onset potential
in the electronegative direction at a TiOSO,
concentration of 10 g/L suggests a reduction in the
energy barrier for oxide layer formation, which
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may be associated with the catalytic effect of titanium-
containing cations on the oxidation processes of iron
and chromium.

Further increase in concentration to 15-20 g/L
leads to an expansion of the passive region and a
rise in the oxygen evolution potential, which is likely
due to the formation of a denser and electrochemically
more stable coating that more effectively blocks the
access of aggressive ions to the metal substrate. The
increase in polarization resistance of the coatings to
722 kQ-cm® at the maximum TiOSO, concentration
confirms the enhanced barrier effect of the formed
layer.

The nearly one-order-of-magnitude reduction in
corrosion current density indicates the effective
inhibiting action of the titanium-containing phase within
the coating, which aligns with current understanding of
the ability of oxygen-containing Ti(IV) compounds to
stabilize the film structure through the formation of
mixed-type oxides that exhibit high electrical resistance
and chemical inertness.

A change in the nature of cathodic and anodic
processes in 3% NaCl solution was also observed, where
oxidized samples exhibit a shift of the corrosion potential
toward more positive values, indicating a decrease in the
thermodynamic probability of corrosion dissolution. The
lowest value of k; = 3.4-10® A/m”> was obtained at a
TiOSO, concentration of 10 g/L, which correlates with
the maximum reduction in corrosion activity in the
presence of a stabilized Ti phase.

Thus, the results indicate
concentration of TiOSO,; in the electrolyte is
20 g/L, which ensures effective steel passivation,
the formation of a dense metal-oxide layer, and a
reduction in the corrosion dissolution rate in aggressive
environments.

that the optimal

Conclusions

Based on the results of the conducted research, the
influence of titanium thiosulfate concentration in the
electrolyte on the electrochemical patterns of oxide
coating formation on AISI 304 steel was established. It
was shown that the addition of TiOSO, promotes a
decrease in the passivation potential and the formation of
a protective layer with increased polarization resistance.
The optimal concentration of TiOSOy, in the electrolyte is
20 g/L, which ensures the greatest reduction in corrosion
current density and expansion of the passive region. It
was found that modification of the electrolyte with
titanium thiosulfate significantly improves the protective
properties of the coatings in chloride-containing
environments.

The obtained results indicate the potential of using
titanium-containing components for the controlled
formation of functional metal-oxide coatings on stainless
steel in order to enhance its operational durability under
aggressive conditions.
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