i v
UlStezam @

Synthesis : : Materials : : Corrosion : : Environment : : Energy

=YuCorr

Analyse : : Discover : : Coat : : Green : : Protect : : Save : : Sustain

INTERNATIONAL CONFERENCE
MEDUNARODNA KONFERENCIJA

MEETING POINT OF THE SCIENCE AND PRACTICE IN THE FIELDS OF
CORROSION, MATERIALS AND ENVIRONMENTAL PROTECTION
STECISTE NAUKE | PRAKSE U OBLASTIMA KOROZIJE,
ZASTITE MATERIJALA | ZIVOTNE SREDINE

PROCEEDINGS
KNJIGA RADOVA

Under the auspicies of the
MINISTRY OF EDUCATION, SCIENCE AND TECHNOLOGICAL
DEVELOPMENT OF THE REPUBLIC OF SERBIA

Pod pokroviteljstvom
MINISTARSTVO PROSVETE, NAUKE | TEHNOLOSKOG RAZVOJA
REPUBLIKE SRBIJE

May 16-19, 2022 : : Divcibare, Serbia



CIP - Karanorusauuja y nybnukaumjn
HapogHa bnbnuoteka Cpbuje, Beorpag,

620.193/.197(082)(0.034.2)
621.793/.795(082)(0.034.2)
667.6(082)(0.034.2)
502/504(082)(0.034.2)
66.017/.018(082)(0.034.2)

INTERNATIONAL Conference YUCORR (23 ; 2022 ; Divéibare)

Meeting point of the science and practice in the fields of corrosion, materials and environmental
protection [Elektronski izvor] : proceedings = SteciSte nauke i prakse u oblastima korozije, zastite
materijala i Zivotne sredine : knjiga radova / XXIII YuCorr International Conference = XXIlI YuCorr
[Jugoslovenska korozija] Medunarodna konferencija, May 16-19, 2022, Div¢ibare, Serbia = [organized
by] Serbian Society of Corrosion and Materials Protection ... [et al.]] ; [organizatori UdruZenje
inzenjera Srbije za koroziju i zastitu materijala ... [et al.] ; [editors, urednici Miroslav Pavlovi¢, Marijana
Pantovi¢ Pavlovi¢, Miomir Pavlovi¢]. - Beograd : Serbian Society of Corrosion and Materials
Protection UISKOZAM : UdruZenije inZenjera Srbije za koroziju i zastitu materijala UISKOZAM, 2022
(Beograd : Serbian Society of Corrosion and Materials Protection UISKOZAM : UdruZenje inZenjera
Srbije za koroziju i zastitu materijala UISKOZAM). - 1 elektronski opticki disk (CD-ROM) ; 12 cm
Sistemski zahtevi: Nisu navedeni. - Nasl. sa naslovne strane dokumenta. - Radovi na engl. i srp.
jeziku. - TiraZ 200. - Bibliografija uz ve¢inu radova. - Abstracts.

ISBN 978-86-82343-29-5

a) Mpemasn, aHTMKOPO3WOHM -- 360pHNLK B) MpeBnake, aHTUKOPO3MOHE -- 300PHMLY B)
AHTUKOPO3MOHA 3aLuTuTa -- 360pHULM T) XKMBOTHA CpeanHa -- 3aluTuTa -- 36opHuum ) Hayka o
matepujanima -- 360pHULM

COBISS.SR-ID 68624905

XXIIl YUCORR - International Conference | Medunarodna konferencija

PUBLISHED AND CD BURNED BY | IZDAVAC | NAREZIVANJE CD

SERBIAN SOCIETY OF CORROSION AND MATERIALS PROTECTION (UISKOZAM)

UDRUZENJE INZENJERA SRBIJE ZA KORZIJU | ZASTITU MATERIJALA (UISKOZAM),

Kneza Milo3a 7a/ll, 11000 Beograd, Srbija, tel/fax: +381 11 3230 028, office@sitzam.orq.rs; www.sitzam.org.rs

FOR PUBLISHER | ZA IZDAVACA Prof. dr MIOMIR PAVLOVIC, predsednik UISKOZAM
SCIENTIFIC COMMITEE | NAUCNI ODBOR: Prof. dr M. G. Pavlovié, Serbia — President

Prof. dr b. Vastag, Serbia; Dr M. M. Pavlovic, Serbia; Prof. dr D. Vuksanovi¢, Montenegro;

Prof. dr D. Camovska, North Macedonia; Prof. dr M. Antonijevié, Serbia; Prof. dr S. Stopi¢, Germany;
Prof. dr R. Zejnilovi¢, Montenegro; Prof. dr L. Vrsalovié, Croatia; Dr N. Nikoli¢, Serbia;

Dr I. Krastev, Bulgaria; Prof. dr B. Grgur, Serbia; Prof. dr M. Gvozdenovic, Serbia;

Prof. dr S. HadZi Jordanov, North Macedonia; Prof. dr R. Fuchs Godec, Slovenia;

Prof. dr J. Stevanovic, Serbia; Dr V. Panic, Serbia; Dr M. Mihailovic, Serbia;

Prof. dr V. Marié, Bosnia and Herzegovina; Prof. dr J. Jovicevié, Serbia; Prof. dr D. Jevtic, Serbia;
Dr F. Kokalj, Slovenia; Prof. dr M. Gligori¢, Bosnia and Herzegovina; Prof. dr A. Kowal, Poland;
Prof. dr M. Tomic, Bosnia and Herzegovina; Prof. Dr B. Arsenovic, Bosnia and Herzegovina

ORGANIZING COMMITEE | ORGANIZACIONI ODBOR: Dr Miroslav Paviovi¢ — president

Dr Nebojsa Nikoli¢ — vice president; Dr Marija Mihailovi¢ — vice president

Prof. dr Miomir Pavlovi¢; Dr Vladimir Panic; Jelena Slepcevié, B.Sc.;

Prof. dr Milica Gvozdenovi¢; Zagorka Besi¢, B.Sc.; Gordana Miljevic, B.Sc.;

Miomirka Andi¢, B.Sc.; Dr Marija Mati¢; Dr Marijana Pantovi¢ Pavlovié; Dr Dragana Pavlovié;

Dr Sanja Stevanovic; Lela Mladenovi¢ — secretary

EDITORS | UREDNICI: Dr Miroslav Pavlovic¢, Dr Marijana Pantovié¢ Pavlovic, Prof. dr Miomir Pavlovié¢
SCIENTIFIC AREA | OBLAST: CORROSION AND MATERIALS PROTECTION | KOROZIJA | ZASTITA MATERIJALA
PAGE LAYOUT | KOMPJUTERSKA OBRADA | SLOG: Dr Marijana Pantovi¢ Pavlovi¢

CIRCULATION | TIRAZ: 200 copies | primeraka

PUBLICATION YEAR | GODINA IZDANJA: 2022

ISBN 978-86-82343-29-5




XXIII YuCorr, May 16-19, 2022, Divcibare, Serbia

Table of Contents
PLENARY LECTURES

Obtaining the new substance from waste blood biohazard for the treatment of anemia in

piglets
OdrZivi razvoj u saniranju biohazarda na primeru otpadne klani¢ne krvi

Branko Bugarski®”, Vesna Ili¢?, lvana Drvenica?, Stefan A. Boskovi¢?, Radoslava Stojanovi¢!

Immune System as a Target of Xenobiotics Toxicity
Imunski sistem kao meta toksi¢nog delovanja ksenobiotika

Ivana Mirkov*", Aleksandra Popov Aleksandrov?, Dina Tucovi¢, Jelena Kulas?, Dusanka Popovi¢?,

Anastasija Male$evié!, Milena Kataranovski?

7

Probing and Modelling the Relaxation Processes in "filled" and "empty" Lead-Free
Electroceramic Materials
Andrei Rotaru'*’, Jason A. McNulty?, Michael A. Carpenter?, Finlay D. Morrison?

Consideration of Energy Flows in the Life Cycle of Energy Production from Biogas
Razmatranje energetskih tokova u Zivotnom ciklusu proizvodnje energije iz biogasa
Slobodan Cvetkovi¢!®, Mina Popovi¢', Jovana Perendija*

14

16

CFD analysis of Renewable Solid Fuel Combustion
CFD analiza sagorevanja obnovljivih cvrstih goriva
Filip Kokalj*", Niko Samec!

25

Traditional and new approaches in metal corrosion protection
Tradicionalni i novi pristupi u zastiti metala od korozije
Pendi Vastag

35

INVITED LECTURES

Chemocompatibility of fluorapatite-based antibacterial nanophosphorus prepared by
precipitation method for biomedical applications
Hemokompatibilnost antibakterijskih nanofosfora na bazi fluorapatita pripremljenog
metodom precipitacije za biomedicinsku primenu

Dusan Milojkov*’, Vaso Manojlovic?, Branislav Nastasijevic?, Miroslav Sokic*

36

37

Ecologically friendly corrosion inhibitor for low alloy steels and aluminium alloys

Ekoloski prihvatljiv inhibitor korozije za nisko legirane Celike i aluminijumske legure
Bojana Radojkovi¢"", Dunja Marunki¢’, Jovanka Peji¢!, Milena Milosevié¢!, Bore Jegdic?,
Aleksandar Marinkovi¢?

43

Extraction of novel exopolysaccharide as potential biosorbent for removal of Ni%* ions from

contaminated water

Verica Ljubic!, Slobodan Cvetkovic!, Jovana Perendija?, Aleksandra Djukic-Vukovic?, and Mina

Popovic'*

52

Tailoring of MgO/Mg(OH); structures by molten salt electrolysis
Formiranje MgO/Mg(OH); struktura elektrolizom iz rastopa
Nata3a M. Vukiéevi¢*

60

Hardness and morphology analysis of electrolytically produced copper coatings
Analiza tvrdoce i morfologije elektroliticki dobijenih bakarnih previaka
Ivana O. Mladenovi¢**, Nebojsa D. Nikoli¢*

66

Influence of internal corrosion of steel pipelines and replacement of old ones with new ones

XX YuCorr CONTENTS-



XXII YuCorr, May 16-19, 2022, Divcibare, Serbia

Ecologically friendly corrosion inhibitor for low alloy steels and
aluminium alloys

Ekoloski prihvatljiv inhibitor korozije za nisko legirane Celike i aluminijumske
legure

Bojana Radojkovi¢!”", Dunja Marunki¢!, Jovanka Peji¢!, Milena Milogevi¢', Bore Jegdi¢',
Aleksandar Marinkovi¢?

I University of Belgrade, Institute of Chemistry, Technology and Metallurgy, Belgrade, Republic of
Serbia.

2 University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Republic of Serbia.
*bojana.radojkovic@ihtm.bg.ac.rs

Abstract

The corrosion protective properties of environmentally friendly Ce-citrate were analyzed on AISI
4130 low alloy carbon steel and AA7075 aluminum alloy in 0.05 M NaCl solution. For this purpose
different concentrations of corrosion inhibitor were analyzed in the range of 0.1-0.5 mM.
Electrochemical impedance spectroscopy and potentiodynamic polarization test were used for
measurements of resistance to general corrosion. Pitting potential Epi; value was used for the
determination of resistance to pitting corrosion. Additionally, corrosion resistance measurements
and determination of pitting potential value were performed in Ce-chloride solution with the aim of
comparation. SEM microscopy was used for the determination of changes on the surface of the
specimens after corrosion testing. The XPS method was used for the analyses of the formed inhibitory
layer on the steel specimen surface. It has been shown that significant amounts of cerium, as well as
the citrate anions, are present in the inhibitory layer. Ce-citrates have proved to be an effective
corrosion inhibitor for AISI 4130 steel as well as an effective pitting corrosion inhibitor for AA7075
aluminum alloy. The mechanism of action of Ce-citrate on AISI 4130 steel and AA7075 aluminum
alloy has been proposed.

Keywords: Low alloy steel, aluminium alloys, corrosion, green corrosion inhibitor, electrochemical
methods, XPS.

Izvod

Zastitna svojstva ekoloSki prihvatljivog inhibitora korozije Se-citrata analizirana su na AISI 4130
nisko legiranom ugljenicnom celiku i AA7075 leguri aluminijuma u 0,05 M rastvoru NaCl. U tu svrhu
analizirane su razlicite koncentracije inhibitora korozije u opsegu od 0,1-0,5 mM. Za merenje
otpornosti na opstu koroziju koris¢ene su metode elektrohemijske impedansne spektroskopije i
potenciodinamicke polarizacije. Vrednost piting potencijala Epi; je koris¢ena za odredivanje
otpornosti na piting koroziju. Pored toga, na datim legurama su, radi poredenja, sprovedena merenja
otpornosti na opstu i piting korvoziju u rastvoru Se-hlorida. SEM mikroskopija je koris¢ena za
odredivanje promena na povrsini uzoraka nakon korozionih ispitivanja. XPS metoda je koris¢ena za
analizu formiranog inhibitorskog sloja na povrs§ini celicnog uzorka. Pokazalo se da su u
inhibitorskom sloju prisutne znacajne kolicine cerijuma, kao i citrat anjona. Se-citrati su se pokazali
kao efikasan inhibitor korozije za AISI 4130 Celik, kao i efikasan inhibitor korozije za AA7075 leguru
aluminijuma. Predlozen je mehanizam delovanja Se-citrata na celik AISI 4130 i leguru aluminijuma
AA7075.

Kljucne reci: nisko legirani Celici, legure aluminijuma, korozija, zeleni inhibitori korozije,
elektrohemijske metode, XPS
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Introduction

AISI 4130 steel [1] (25CrMo4 steel according to EN standard) belongs to the group of low-alloy
chromium-molybdenum steels. It has a good combination of properties: strength, toughness, and
fatigue strength, and it is widely used in various branches of industry, including the automotive and
aircraft industries. This steel can be welded using conventional welding procedures.

All microconstituents in the steel are dissolved in a solid solution of the austenite phase after
austenitization at 820°C to 870°C. After quenching, the AISI 4130 steel has a martensitic
microstructure. The martensitic microstructure is characterized by high strength and low toughness.
Optimal values of strength and toughness of the AISI 4130 steel are achieved after the tempering
process. AISI 4130 steel is tempered at 400°C to 565°C, depending on the desired strength level. The
lower the tempering temperature the greater the strength level. However, tempering should not be
carried out between 200°C to 420°C to avoid the danger of embrittlement [2].

AA7075 aluminium alloy belongs to a series of high-strength aluminium alloys which, in addition to
zinc and magnesium, contain copper as alloying elements. They are widely used in various industries,
including the aircraft industry due to their high strength and low density, which is more than three
times lower than the density of steel [3,4]. In chloride solutions, these alloys are very susceptible to
localized types of corrosion, such as pitting corrosion, intergranular corrosion, exfoliation corrosion,
and stress corrosion cracking [3]. As a result, adequate corrosion protection is of great importance for
this series of alloys.

The susceptibility of AA7075 aluminium alloy to different types of corrosion depends to a large
extent on the heat treatment process (alloy aging) [5,6]. The aging of AA7075 alloys is usually one-
step and/or two-step aging. Aging primarily improves the mechanical properties of this aluminium
alloy. However, after aging (one-step and two-step) AA7075 alloy has low resistance to general and
pitting corrosion. By applying two-step aging, the resistance of this aluminium alloy to stress
corrosion cracking is improved, while the alloy maintains relatively good tensile characteristics [7,8].
Chromates have traditionally been used as effective corrosion inhibitors of many metals and alloys,
including steels and aluminium alloys. However, due to the high toxicity and carcinogenicity of
hexavalent chromium, which is part of chromate inhibitors, the use of chromates is prohibited. In
recent decades, much attention has been paid to finding ecologically-friendly corrosion inhibitors that
have a high protective ability, similar to chromates.

In the 1990s, Hinton [9] showed that rare earth metal chlorides (Y, Nd, Ce, La, etc.) are effective
corrosion inhibitors of many metals and alloys in NaCl solutions, including steels and aluminium
alloys. The mechanism of their protective action consists of the formation of poorly soluble oxides
and hydroxides of rare earth metals on the metal surface, especially on the cathodic parts. These
oxides and hydroxides of rare earth metals significantly reduce the rate of cathodic reaction of the
corrosion process, and thus the rate of the overall corrosion process [9-11].

In this work, the inhibitory effect of the new ecologically-friendly Ce-citrate inhibitor for corrosion
protection of low-alloy chromium-molybdenum AISI 4130 steel and AA7075 aluminium alloy in
NaCl solution was investigated. Citrates (salts of citric acid such as Na-citrate) are very affordable
salts. Citrates are used to passivate stainless steel, instead of HNO3, when the steel items are used in
the pharmaceutical or food industry [12]. Citrates are used for food canning in the food industry and
in the household. The citrate anion contains three carboxyl groups in its molecule, so it can be
expected that with cerium cations on the steel surface a protective inhibitory layer forms.
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2. EXPERIMENTAL

2.1 Materials

The inhibitory effect of Ce-citrate was tested on chromium-molybdenum low-alloy steel AISI 4130
and on AA7075 aluminum alloy. The tests were performed in NaCl solution without and in the
presence of Ce-citrate as a corrosion inhibitor. The concentration of Ce-citrate was in the range of 0.1
mM to 0.5 mM in boat cases, on the AISI 4130 steel and AA7075 alloy. Ce-chloride and Na-citrate
solutions were used with the aim of comparison and their concentrations were 0.3 mM in the boat
cases.

Analyzed AISI 4130 steel specimen contains 0.28-0.33 wt. % C, 0.4-0.6 wt. % Mn, 0.80-1.1 wt. %
Cr, 0.15-0.25 wt. % Mo, 0.035 wt. % P, 0,040 wt. % S, 0.15-0.35 wt. % Si as alloying elements.
Chemical composition of AA7075 alloy is 5.35 wt. % Zn, 2.09 wt. % Mg, 1.44 wt. % Cu, 0.20 wt. %
Cr, 0.14 wt. % Si, 0.13 wt. % Fe, 0.030 wt. % Mn, 0.024 wt. % Ti, 0.020 wt. % Zr and rest is Al.

2.2 Methods

2.2.1 Electrochemical impedance spectroscopy (EIS)

Measurements by the EIS method were performed in 0.05 M NaCl solution without and with the
addition of corrosion inhibitors Ce-chloride, and Ce-citrate. Ce-citrate was not commercially
available, so solutions were made by mixing appropriate amounts of Na-citrate and Ce-chloride (1:
1). EIS measurements were performed at room temperature using an electrochemical device GAMRY
Reference 1010E Potentiostat/Galvanostat/ZRA. A classic three-electrode cell with a volume of ~
200 cm? was used. The working electrode was AISI 4130 steel and AA7075 aluminium alloy (the
examined area was 1 cm?). The reference electrode was a saturated calomel electrode, and the counter
electrode was a platinum mesh. Measurements were performed in a Faraday cage on the corrosion
potential of Ecorr in the frequency range from 10 000 to 0.01 Hz using a sinusoidal voltage with an
amplitude of = 10 mV vs. Ecor. Results were fitted using Gamry Echem Analyst software. The
experiments were performed twice, and representative diagrams are presented in the paper.

2.2.2 Potentiodynamic polarization measurements

Polarization measurements were performed at room temperature on the same electrochemical device
GAMRY Reference 1010E Potentiostat/Galvanostat/ZRA, in NaCl solution in the presence of
corrosion inhibitor Ce-chloride or Ce-citrate, in the same concentrations as when using the EIS
method. After arelatively stable corrosion potential Ecorr was established (up to 10 min), a polarization
curve was recorded, starting from the cathodic potential (-0.25 V vs. Ecorr). The sweep rate was 1 mV
s!. Polarization measurements were completed at anodic potential +0.25 V vs. Ecorr. The experiments
were performed twice, and representative diagrams are presented in the paper.

2.2.4 SEM/EDS analysis

To perform SEM/EDS analysis of AA7075 alloy specimens, a JEOL JSM-6610LYV scanning electron
microscope (SEM), equipped for energy dispersive spectroscopy (EDS) measurements, was used.
Before starting the SEM/EDS analysis, the specimens were grinded with abrasive paper to a fineness
of 1500, and then polished with Al,Os paste with a fineness of 5 pm, 1 pm, and 0.3 pum respectively.
Several specimens were held in NaCl solution for 24 h before SEM/EDS analysis to determine the
surface appearance of the AA7075 alloy after the corrosive action of NaCl solution.
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2.2.5 XPS analysis

Before XPS analysis, the specimens made from AISI 4130 chromium-molybdenum steel, with
dimensions 7 mm x 7 mm x 1.5 mm, were immersed in inhibitor solution (0.05 M NaCl + 0.3 mM
Ce-citrate) for 48 h. The specimens were removed from the inhibitor solution, washed with bidistilled
water, and air-dried. XPS analysis was performed using SPECS Systems with XP50M X-ray source
for Focus 500 and PHOIBOS 100/150 analyzer. Survey spectra (0—1000 eV binding energy) were
recorded in the FAT mode, using an AlKa source (1486.74 V).

The specimens which have been previously immersed in Ce-citrate inhibitive solution were also
sputtered for the 20 s with PU IQE 12/38 argon beam to remove surface impurities and thin surface
inhibitory layer. Spectra were collected by SpecsLab data analysis software supplied by the
manufacturer and analyzed with a commercial CasaXPS software package.

3. RESULTS AND DISCUSSION

3.1 Corrosion behavior of steel in neutral NaCl solution with and without Na-citrate

Figure 1a shows Nyquist diagrams for AISI 4130 steel after 96 h testing in NaCl solution without and
in the presence of Na-citrate. As can be seen the Na-citrate to some extent reduces the value of the
polarization resistance Rp. A similar tendency was obtained after shorter periods of testing.
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Figure 1. a) Nyquist diagrams and b) Polarisation diagrams for AISI 4130 steel after 96 h testing
in NaCl solution without and in the presence of Na-citrate.

The results of polarization measurements are in good agreement with the results of EIS
measurements. Figure 1b shows the polarization diagrams for 0.05 M NaCl without and in the
presence of 0.3 mM Na-citrate. It can be observed that the value of the corrosion current density jcorr
is lower in NaCl solution than in NaCl solution in the presence of Na-citrate. This means that the
presence of Na-citrate causes an increase in the corrosion rate of AISI 4130 steel.

3.2 Corrosion behavior of steel in neutral NaCl solution in the presence of Ce-citrate

3.2.1 EIS measurement results

Figure 2 shows the Bode diagrams for AISI 4130 steel obtained after 48 h of testing in 0.05 M NaCl
solution in the presence of 0.3 mM Ce-citrate, and 0.3 mM Ce-chloride, respectively. The value of
the polarization resistance R, in NaCl solution (without the inhibitors) has a relatively small value. A
significantly higher value of polarization resistance was obtained in the presence of Ce-chloride and
particularly Ce-citrate (Figure 2a).
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Figure 2. a) Bode modulus, and b) Bode phase diagrams for AISI 4130 steel after 48 h testing in
0.05 M NaCl solution in the presence of 0.3 mM Ce-chloride and 0.3 mM Ce-citrate.

The inhibitory effect of Ce-citrate can be observed on the Bode Phase diagram. The characteristic
peak on the Bode Phase diagram in the case of Ce-citrate widens to lower frequency values. Also, the
lowest value of the phase angle was obtained in the case of Ce-citrate and the highest value in the
case of NaCl without the corrosion inhibitors (Figure 2b).

Previously [13] it was shown that the widening or narrowing of the characteristic phase peak at low
frequencies indicates an increase or decrease of the inhibitor layer compactness or the inhibitor
efficiency.

3.2.2 Results of polarization measurements

The polarization diagrams for AISI 4130 steel in 0.05 M NaCl solution without and in the presence
of the corrosion inhibitors 0.3 mM Ce-chloride and 0.3 mM Ce-citrate are shown in Figure 3. The
corrosion current density value jcorr is lowest in the presence of Ce-citrate and highest in NaCl solution
without the corrosion inhibitors (Figure 3).
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Figure 3. The polarization diagrams for AISI 4130 steel after 96 h testing in 0.05 M NaCl solution
without and in the presence of the corrosion inhibitors 0.3 mM Ce-chloride and 0.3 mM Ce-citrate.
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3.3 Results of XPS analysis inhibitive layer on AIST 4130

The results of XPS analysis show that a significant amount of cerium is present in the inhibitory layer
in the oxidation states Celll and CelV, as well as citrate anions and iron oxides, hydroxides, and oxy-
hydroxides (Figure 4). Oxides, oxy-hydroxides, and hydroxides of iron are formed during the
formation of the inhibitory layer, as a consequence of corrosion reactions (dissolution of the base
metal-steel). The iron compounds were incorporated in the inner parts of the inhibitory layer and
probably in the parts of the inhibitory layer which is directly next to the metal surface.
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Figure 4. XPS diagrams: a) Ce 3d, b) C Is and c) O Is for AISI 4130 steel specimens previously
immersed in 0.05 M NaCl solution conteining 0.3 mM Ce-citrate for 48 h.

Citrate anions are known to be good complexants for many metals, especially in the presence of OH-
ions. It can be assumed with high probability that during the corrosion process (i.e. the cathodic
reaction of oxygen reduction) formation and precipitation of the cerium complex with citrate anion
occurred on the steel surface, as a consequence of the formation of OH™ ions in the near-electrode
layer. In this complex, cerium cations are bound to citrate anions via oxygen atoms from carboxyl
groups (citrate anion). The formed inhibitory layer becomes more compact and more resistant over
time to the action of surrounding corrosive agents (chloride ions). The Ce-citrate complex is bound
to the steel surface via oxygen atoms from the remaining carboxyl groups of the citrate anion. XPS
analysis did not detect the presence of chloride ions in the inhibitor layer, which indicates the
compactness and high corrosion resistance of the formed inhibitory layer.

The results presented in this paper confirm the correctness of the proposed mechanism, as well as the
high compactness and corrosion resistance of the formed inhibitory layer.
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3.4 SEM/EDS analysis AA7075 aluminium alloy

Figure 5a shows the microstructure of the polished AA7075 aluminium alloy obtained by SEM
microscopy. Lighter IMCs are rich in copper and iron and represent cathodic IMC. A cathodic
reaction of oxygen reduction takes place on these IMCs in a neutral NaCl solution, resulting in the
formation of hydroxyl anions. Cathodic IMCs do not dissolve, and pits are formed along their border
in NaCl solution. Dark-colored IMCs are rich primarily in magnesium and represent anodic IMCs.
These IMCs dissolve in the neutral NaCl solution in the initial period of testing and thus do not
significantly affect the overall corrosion resistance of the aluminium alloy.

Figures 5b and 5S¢ show SEM microphotographs of the AA7075 aluminium alloy after 24 h in NaCl
solution. It can be seen (Figures 5b and 5c) that channels have formed around the cathodic IMCs,
which are suitable places for the pit formation.

Figure 5. SEM microphotographs of the a) polished AA7075 aluminium alloy, b) and c) AA7075
aluminium alloy after 24 h in NaCl solution.

3.5 Comparison of inhibition effect of Ce-citrate with Ce-chloride on AA7075 alloy

Figure 6a shows the time dependence of Ecorr for the AA7075 alloy in NaCl solution in the presence
of Ce-chloride and Ce-citrate, respectively. In the presence of Ce-chloride, significant fluctuations of
the corrosion potential occurred over time (Figure 6a). In the case of Ce-citrate, the corrosion potential
had a constant value throughout the measurement period. Also, in the case of Ce-citrate, the value of
Ecorr had a lower value (Ecorr = -0.80 V) than in the case of Ce-chloride (Ecorr = - 0.68 V), which
indicates the cathodic character of the Ce-citrate as a corrosion inhibitor.
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The lowest value of the corrosion current density jcorr Was obtained on AA7075 alloy in the presence
of Ce-chloride (Figure 6b). However, in the case of Ce-chloride, a sudden increase in corrosion
current density occurs immediately after the transition from the cathodic to the anodic region, which
indicates the pit formation. This means that the AA7075 alloy in the presence of cerium-chloride has
negligible resistance to pitting corrosion.
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Figure 6. a) Time dependence of Ecorr and b) Polarization diagrams for AA7075 alloy after 24 h
testing in NaCl solutions without and in presence of 0.5 mM Ce-citrate or 0.5 mM Ce-chloride.

In contrast to Ce-chloride, which has a sharp increase in corrosion current density after the transition
from the anodic to the cathodic region, in the case of Ce-citrate after the transition from the cathodic
region there is a relatively wide pseudo-passive area in which the alloy is in a passive state (pseudo-
passive area width is ~ 0.20 V and pitting potential Ep; is around -0.67 V). In addition to the native
passive film, an inhibitory film is also present on the surface of the AA7075 alloy, so that is why it is
more correct to call this area a pseudo-passive area. With a further increase in the potential, only after
crossing the passivation area, the current increase, i.e., pits are formed. This indicates that Ce-citrate
is an effective inhibitor of general and especially pitting corrosion even at very low concentrations
(0.5 mM).

CONCLUSION

On the basis of the presented results, following conclusion can be formed:

* Na-citrate, without the cerium ions, did not show an inhibitory effect in NaCl solution, at a
concentration of 0.3 mM. Na-citrate to some extent acted as an activator of steel corrosion.

* Ce-citrate at the optimal concentration had a significantly higher inhibitory effect than Ce-chloride.
* The results of XPS analysis show that a significant amount of cerium is present in the inhibitory
layer in the oxidation states Celll and CelV, as well as citrate anions and iron oxides, hydroxides,
and oxy-hydroxides.

* The results of polarization measurements (pitting potential, Epi) showed that the resistance of
AA7075 alloy to pit formation in the presence of Ce-citrate is far higher than in the presence of Ce-
chloride. A wide pseudo-passive area between the corrosion potential and the pitting potential was
obtained in the presence of Ce-citrate. No pseudo-passive area was obtained in the presence of Ce-
chloride.

* The mechanism of the inhibitory effect of Ce-citrate in NaCl solution on the corrosion resistance of
AISI 4130 steel and AA7075 aluminium alloy has been proposed.
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