The annual event of the European Federation of Corrosion

8-12 September 2014 Pisa | Italy

organised by

s, (Z50) [ decHEma

BOOK OF ABSTRACTS



The annual event of the European Federation of Corrosion

8-12 September 2014 Pisa Italy

BOOK OF ABSTRACTS
il s, [T DECHEMA



Printed in Italy
ISBN 978-3-89746-159-8

©Copyright 2014
By: DECHEMA e. V.

All rights reserved. This publication, or any part thereof, may not be reproduced in any form without
the written permission of DECHEMA e. V.. The texts contained in this “Book of abstracts” are published
as received from the authors and without any correction.

The publishers are not responsible for statements or opinion expressed in this publication.

Co-published by:

DECHEMA e.V, Theodor-Heuss-Allee 25, 60486 Frankfurt, Germany,

Tel. +49-(0)69-7564-209, +49-(0)69-7564-418, info@dechema.de - www.dechema.de

and

AIM - Associazione Italiana di Metallurgia, Piazzale Rodolfo Morandi, 2 - 20121 Milano, Italy,
Tel. +39-0276397770 / +39-0276021132, e-mail: aim@aimnet.it - www.aimnet.it



INTERNATIONAL SCIENTIFIC COMMITTEE

Co-Chairpersons
Luciano Lazzari, Lorenzo Fedrizzi, Arjan Mol

Ralph BaBler
Federica Bassani
Roman Bender
Jean-Pierre Celis
Pierangela Cristiani
Jerome Crouzillac
Wilhelm Erning
Lorenzo Fedrizzi
Damien Feron
Ralf Feser
Wolfram Fiirbeth
Mathias Galetz
Theo Hack

Fouzia Hannour
Don Harrop
Jurgen Heinemann
Andreas Heyn

UIf H. Kivisakk
Philippe Marcus
Willi Meier

J.M.C. Arjan Mol
Delphine Neff
Steve Paterson
Michael Raupach
Marcel Roche
Francois Ropital
Glnter Schmitt
Michael Schiitze
Alda Simoes
Tamas Istvan Torok
Tunc Tiiken
Krzysztof Wolski

LOCAL ORGANISING COMMITTEE

Emma Angelini
Francesco Bellucci
Massimiliano Bestetti
Fabio Bolzoni

Pier Luigi Bonora
Marina Cabrini
Pierangela Cristiani
Flavio Deflorian
Massimo De Sanctis
Lorenzo Fedrizzi
Romeo Fratesi
Giovanna Gabetta
Luciano Lazzari
Gianfranco Lovicu
Giampiero Montesperelli
Cecilia Monticelli
Tommaso Pastore
Edoardo Proverbio
Stefano Trasatti
Roberto Venturini
Sergio M. Volonté

Local Organising Secretariat
Federica Bassani

Sabrina De Donato

Antonella Donzelli

Carlo Mapelli

Marco Molinaro

Elena Nicodemi

EFC Congress office
Roman Bender
Heike Geiling

Ines Honndorf

Willi Meier






CONTENTS

PLENARY LECTURES

From the object scale to the nanometer: issues linked with corrosion

of archaeological ferrous artefacts
P. Dillmann (PL-7838)

1.CORROSION AND SCALE INHIBITION

Comparison of the corrosion protection effectiveness of vapor corrosion inhibitor
and nitrogen blanketing system

B. Bavarian, J. Zhang, K. Lu, L. Reiner (KN-7108)

New corrosion inhibitor for evaporative cooling systems

J. Matheis, A. Stratmann, W. Hater, F. Wolf, R. Lunkenheimer, C. Foret (O-7114)

Corrosion inhibition of carbon steel in cooling water systems by means
of chemicals used to modify heat transfer

O. Conejero, M. Cabanas, J. Arancén, D. Carrascal (O-7394)

The impact of copper chrome boron (CCB) wood preservative on the corrosion
of St37 steel

H. Gerengi, C. Tascioglu, C. Akcay, M. Kurtay (O-7169)

Adsorption of imidazole, triazole, and tetrazole on oxidized copper surface..............

D. Peca, A. Kokalj (O-7581)

Corrosion inhibition of a large evaporative cooling system

I. Baghni (0-7299)

Protection of Cu70Ni30 alloy by fatty acids

H. Otmacic Curkovic, Z. Hajdari, K. Marusic (O-7289)

Inhibitor for galvanically coupled copper/steel system

G.Tansug, T. Tuken, G. Sigircik, E.S. Giray, M. Erbil (O-7498)

4,5-Dinitrobenzimidazole and 5-nitrobenzimidazole adsorption on copper surface.
Electrochemical and XPS study

I. Arkhipushkin, D. Zhilenko, L. Kazansky (O-7352)

Probing corrosion inhibitor behaviour using micelle detection

S. Rankin, E. Perfect, M. Achour, D. Blumer (0-7173)

Evaluation of environmental-friendly corrosion inhibitors vs traditional corrosion

inhibitors in oil and gas industry
C. Dilorio, T. Cheldi, S. Correra, E. Lo Piccolo, G. Mortali (O-7255)

Effect of an amine based inhibitor on CO, corrosion of carbon steel
G. Mori, A. Prethaler, E. Rosenberg, M. Riickemann, W. Havlik, G. Zehethofer, S. H6nig (0-7610)

Investigation of corrosion problems in cooling water pipeline
S. Al Subai, A. Bairamov (0-7737)

Inhibition of CO, corrosion of pipeline steel by some imidazoline derivatives...........

A. Obike, P.C. Okafor, U.J. Ekpe, X. Jiang, D.R. Qu (O-7728)

1



“ CONTENTS

On the irreversibility of adsorption of volatile corrosion inhibitors
and protection of metals against atmospheric corrosion
O.A. Goncharova, Yu.l. Kuznetsov, E.A. Nad'kina (O-7658)

Questioning the use of volatile corrosion inhibitors in polymer foils -
a comparative study on corrosion protection capabilities
L. Igetoft, C. Mille, S. Arnell (O-7815)

Inhibition efficiencies to adsorption thermodynamics: discussing the value
of such measurements
R. Lindsay, C. Ruiz-Camargo, M.S. Walczak (0-7587)

Mitigation of flow induced localized corrosion with inhibitors
G. Schmitt (O-7736)

Methodology of laboratory assessment of the efficiency of carbon dioxide
corrosion inhibitors in oilfield pipelines
N. Andreey, |.S. Sivokon, S.S. Vesely (O-7307)

Experimental and theoretical evaluation of strawberry fruit extract
and its active component as corrosion inhibitor for mild steel in HCI
S. Umoren (0O-7303)

Evaluation of two imidazole derivatives as possible green corrosion inhibitors
for mild steel: comparison of simulation with experiment
. Obot (0-7438)

Corrosion mechanism and electrochemical performance of TiO, nanostructures
synthetized in organic electrolytes at high voltage
N. Rayon, M. Vera, C. Cuevas (0-7778)

Electrochemical and XPS studies of the corrosion inhibition of carbon steel
in phosphoric acid pickling solutions by purpald
M. Traisnel, C. Jama, F. Bentiss, B. Hammouti (0-7234)

Inhibition of mild steel corrosion in acidic medium by vanillin cationic surfactants............
I. Aiad, M. EI-Sukkary, M. Samy, S. Sayied, Y. Moshira (O-7280)

Assessment of the corrosion inhibitors effectiveness and their influence on the concrete
physical properties
F.M.A. Moreira, C. Resende, A.F. Diniz, H.F Gorgulho, A.H.S. Bueno, P.B. Martelli (O-7674)

Electrochemical studies of the inhibition effect of 2-dimethylamine on the corrosion
of austenitic stainless steel type 304 in dilute HCI
R.T. Loto, C.A. Loto (O-7774)

Inhibition efficiency by an aqueous extract of flower petals of Cassia auriculata
on corrosive carbon steel
S. Rajendran, M. Sangeetha, J. Sathiyabama (O-7056)

Sodium potassium tartrate (SPT) as a corrosion inhibitor for aluminium...................
M. Hakeem, S. Rajendran, P.P. Regis (O-7069)

Corrosion resistance of austenitic and duplex stainless steels in chloride
containing alkaline environments
H. Peltola, M. Martikainen, M. Lindgren (P-7182)

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33



CONTENTS

Adsorption and passivation of copper in neutral solutions by some
heterocyclic corrosion inhibitors
M.O. Agafonkina, Y.I. Kuznetsov, N.P. Andreeva (P-7212)

Conversion coatings of lanthanide salts on aluminium alloy as a potential
replacement of chromate coatings
B. Volaric, I. Milosev (P-7748)

Green corrosion inhibition from aqueous extract of Zygophyllum album L
for carbon steel in hydrochloric acid medium
H. Derfouf Talbi, Y. Harek (P-7461)

Novel cationic surfactant based on triazole as a corrosion inhibitor for carbon steel
in phosphoric acid produced by dihydrated wet process
M.A. Hegazy (P-7163)

Effect of Zr on intergranular corrosion of low Cr ferritic stainless steel
J.H. Park, K.Y. Kim (P-7294)

Orange peel as green corrosion inhibitor - assessment of hesperidin,
naringin and synephrine efficiecy
M.V.C. Monteiro, J.C. Rocha, J.A.C. Ponciano Gomes (P-7325)

Influence of the lithium molibdate inhibitor on the corrosion resistance
of a duplex stainless steel in LiBr absorption machine
M.J. Munoz-Portero, J. Rubio-Cervera, R. Leiva-Garcia, J. Garcia-Antén (P-7517)

2HEABuU corrosion-inhibitor action in aggressive medium on API X70 substrate................
M.R. Ortega Vega, S.R. Kunst, S. Mattedi, M. Iglesias, C.F. Malfatti (P-7558)

Inhibition efficiency of 3,4-diaminobenzonitrile against steel corrosion............
G. Sigircik, T. Tiiken, M. Erbil (P-7567)

Electrochemical study of the inhibitive effect a new prepared quinoline derivative
on the corrosion of steel in 3.5% NaCl solution
N. Hassan, N.A. Abdelghany, R.M. EI-Shishtawy, S. Khalil (P-7596)

Rosmarinus officinalis use as eco-friendly corrosion inhibitor carbon steel
in acid solution
M.A. Veldzquez-Gonzélez, J.G. Gozalez-Rodriguez, M.G. Valladares-Cisneros (P-7126)

The effect of chloride concentration on copper protection
N. Kicir, T. Tiken, M. Erbil (P-7814)

Three novel bolaamphiphiles as corrosion inhibitors for carbon steel
in hydrochloric acid: experimental and computational study
M.A. Hegazy, M.K. Awad (P-7164)

Environmentally friendly carboxylate inhibitors for heating and cooling (HVAC) systems...
M. Ahmed (P-7689)

Corrosion inhibition of ground anchors steel in HCl by H,S-scavenger in HCl solution......
J. Malina, F. Kapor, A. Begic Hadzipasic (P-7710)

Causes and control of corrosion in drinking water distribution systems
F. Rohuma, I. Ahmad (P-7172)

S

34

35

36

37

38

39

40

41

42

43

a4

45

46

47

48

49



m CONTENTS

Combination of stearic acid and benzotriazole as corrosion inhibitors
for Cu and Cu40Zn in artifical urban rain

G. Zerjav, |. Milosev (P-7745)

2. CORROSION BY HOT GASES AND COMBUSTION PRODUCTS

Thermodynamic modelling of North Dakota lignite ash in air- and oxy-fuel
fired boiler and comparison to collected ash from a 15MW boiler

B. Bordenet, R. Ganta, A. Levasseur (0O-7756)

Corrosion of welded coal boiler steels in oxyfuel flue gas

A. Kranzmann, M. Mosquera, G. Oder, P. Zimmer, S. Rehfeldt, F. Kluger (O-7598)

Hot corrosion in the next generation of industrial gas turbines

A. Potter, J. Sumner, N.J. Simmes, J.E. Oakey (O-7544)

Thermodynamic and kinetic modeling for predictiong the microstructural
evolution in MCrAlY coatings

R. Pillai, W.G. Sloof, A. Chyrkin, V. Shemet, L. Singheiser, W.J. Quadakkers (O-7059)

Corrosion of materials in nitrate melts for molten salt solar receivers

M. Spiegel, A. Kilic (O-7781)

High-temperature corrosion under conditions simulating biomass firing:
depth-resolved phase identification

S.C. Okoro, M. Montgomery, F.J. Frandsen, K. Pantleon (O-7604)

The development of nickel alloys for high temperature applications

in the process and energy sectors
S.A. McCoy, B.A. Baker, G.D. Smith, L.E. Shoemaker (O-7539)

Laser Raman microscopy study of the transition from high temperature
alloy passivation to breakaway oxidation

D.Young, T. Gheno, D. Monceau (0-7109)

Oxidation mechanisms of alloy 602 CA in different gas atmospheres relevant
to gas separation membranes

M. Schiek, L. Niewolak, R. VaBBen, W.J. Quadakkers (O-7140)

Grain boundary sulphidation of nickel-based alloys applied in high-efficient
coal-power plants

M.M. Lange, S. Borodin, F.U. Renner, M. Spiegel (0-7529)

Effect of sulfur content on adhesion of thermal oxide scales grown on austenitic

stainless steels

C. Pascal, E. Fedorova, V. Parry, M. Braccini, M. Mantel, D. Oquab, Y. Wouters, D. Monceau

(0-7531)

The effect of SO,> ions on the corrosion of 15CrMo steels during shutting
down and their oxide scale formation

Y. Meng, L. Zhang, D.Q. Zhang, L.X. Gao (0-7147)

Behaviour of 25wt.%Cr-containing Fe-based alloys strengthened by hafnium
carbides in oxidation between 1000 and 1200°C

P. Berthod, E. Conrath (O-7561)

50

51

52

53

54

55

56

57

58

59

60

61

62

63



CONTENTS

Effect of minor strengthening additions in Ni-base superalloys on oxide scale

formation in high pO, environments
W. Nowak, A. Jalowicka, D. Naumenko, L. Singheiser, W.J. Quadakkers (O-7252)

Influence of water vapour in air and of TaC carbides in alloy on the high
temperature oxidation of cobalt-based refractory alloys

L. Aranda, Th. Schweitzer, P. Berthod, A. Navet, A. Leroy (O-7568)

Close-to-reality modelling of high temperature corrosion phenomena
in steel industry by a novel designed lab-scale test rig

H. Rojacz, M. Varga, K. Adam, M. Rodriguez-Ripoll (O-7360)

Effect of the presence of water vapour on the high temperature oxidation
of Co-10Ni-30Cr and Co-10Ni-30Cr-0.5C alloys

A. Leroy, A. Navet, Th. Schweitzer, L. Aranda, P. Berthod (P-7573)

Carbide transformations occurring between 1000 and 1100°C in the sub-surface

of a Ni-25Cr-0.50C alloy induced by hot oxidation
P. Berthod, E. Conrath (P-7575)

Kinetic of oxidation of chromium-rich HfC-containing Co-based and Ni-based

alloys between 1000 and 1100°C
E. Conrath, P. Berthod (P-7615)

Effect of sulfur on the KCl-induced high temperature corrosion of selected Fe-based

and Ni-based alloys

S. Kiamehr, K.V. Dahl, T. Jonsson, M. Montgomery, M.A.J. Somers (P-7535)

Kinetic of oxidation at 1000, 1100 and 1200°C of 32.5wt.% Cr-containing Co-based

alloys reinforced by hafnium carbides

E. Conrath, P. Berthod (P-7611)

3. NUCLEAR CORROSION

Flow accelerated corrosion management using brt-cicero™: performances
and future updates

S.Trévin, M-P. Moutrille, P. Caylar, D. Delacoux, E. Gipon (KN-7691)

Evaluation of the effects of pH and oxygen on mitigation of wall thinning
of carbon steel due to flow-accelerated corrosion

S. Uchida, M. Naitoh, H. Okada (0-7104)

Intergranular oxidation of alloy 600 exposed to simulated PWR primary water...............

J. Caballero Hinostroza, J. Crépin, T. Couvant, C. Duhamel (O-7133)

Effect of alloying elements and surface preparation on the oxidation behaviour
of nickel base alloys in superheated steam

F. Hamdani, H. Abe, B. Ter-Ovanessian, B. Normand, Y. Watanabe (0-7149)

Image-based cohesive element modelling of low temperature crack propagation
in alloy 82 weld metal

G. Klimaytys, A.P. Jivkov, D.L. Engelberg (O-7436)

Detection and characterization of stress-corrosion cracking of stainless steel
in simulated BWR environment

B. Zajec, M. Bajt Leban, A. Legat (O-7636)

65

66

68

69

70

71

73

74

76

77

78

79

80

81



“ CONTENTS

Characterization of Ni/NiO layers formed on alloy 182 weld metal in PWR water ... 82
C. de Araujo Figueiredo, R. Mendonca, M. Vankeerberghen, R-W. Bosch (0-7661)

Experimental and numerical study of the iodine-induced stress corrosion

cracking of zircaloy-4 nuclear fuel cladding tubes 83
T. Jezequel, Q. Auzoux, D. Le Boulch, E. Andrieu, C. Blanc, C. Delafoy, N. Barnel, C. Dal Bianco

(0-7542)

The influence of lithium ions on corrosion of zirconium alloys 84
A. Krausova, J. Macdk, P. Sajdl, V. Renciukov4, V. Vrtilkova (O-7130)

Effect of superheated steam on the corrosion behavior of advanced steels proposed
as accident tolerant fuel cladding 85
R. Rebak, E. Dolley (O-7283)

Study on the effect of phosphorous concentration on intergranular corrosion
of stainless steel in boiling nitric acid solution 86
F. Ueno, A. Komatsu, T. Igarashi, M. Yamamoto (O-7096)

Evaluation of the corrosion behavior of candidate materials for overpack
applications under buried conditions 87
G. Nakayama, Y. Sakakibara (O-7176)

The corrosion of carbon steel embedded in bentonite under anoxic conditions.................. 88
N.R. Smart, A.P. Rance, B. Reddy, N. Diomidis (O-7503)

Challenges related with the development of the closure plan for DNDR Baita Bihor
Romania - corrosion monitoring 89
R. Fako, F. Dragolici, Gh. Barariu, F. Sociu, E. Neacsu (O-7429)

Corrosion of carbon steel in the Callovo-Oxfordian claystone in the context

of the French nuclear waste repository (in project) 1. Experimental set up

and corrosion behaviour 20
S. Necib, D. Crusset, N. Michau, F. Foct, M. Schlegel, S. Daumas, S. Dewonck (O-7631)

Iron corrosion products (CP) impact on the long term alteration of fractured nuclear
glass: effects of transport and CP stability 91
L. Gentaz, D. Rebiscoul, D. Neff, P. Dillmann, S. Gin (O-7501)

Galvanic corrosion of carbon steel under argillite layers in carbonated media............... 92
A. Romaine, R. Sabot, M. Jeannin, Ph. Refait (O-7156)

Surface analytical and electrochemical measurements on Cu-coated steel specimens....... 93
R. Partovi-Nia, D.W. Shoesmith, R. Jacklin, J. Chen, D. Zagidulin, S. Ramamurthy, P.G. Keech
(0-7603)

Corrosion behaviour of Mg alloys cladding from nuclear reactors fuel in alkaline
solutions 94
J. Agullo, B. Muzeau, C. Bataillon, V. L'Hostis (O-7381)

Advanced AlLO, coatings under extreme conditions 95
F. Garcia Ferré, M. Ormellese, M. Beghi, F. Di Fonzo (O-7505)

Oxidation of 316L(N) stainless steel in liquid sodium at high temperature.................... 96
M. Rivollier, J.L. Courouau, M.L. Giorgi (O-7659)



CONTENTS m

Corrosion of carbon steel in the Callovo-Oxfordian claystone in the context of the French
nuclear waste repository (in project). 2. structural organization of corrosion products ...... 97
M.L. Schlegel, S. Necib, S. Daumas, C. Blang, E. Foy, D. Crusset, N. Michau (O-7486)

Corrosion behaviour of structural steels exposed in supercritical water 98
J. Macak, P. Sajdl, A. Krausova, V. Bystriansky, L. Tuma, E. Krecanova, M. Zychova (O-7665)

Investigation of the effect of water chemistry and temperature on the oxide layer
formed on Alloy 182 in simulated PWR environment 929
R. de Mendonca, R.-W. Bosch, W. van Renterghem (P-7837)

On the mechanism and kinetics of radiation induced corrosion of COpper.........c 100
A. Bjorkbacka, S. Hosseinpour, M. Johnsson, C. Leygraf, M. Jonsson (P-7218)

Corrosion susceptibility of steel drums containing cemented simulated incineration
ashes as low level nuclear waste 101
G. Duffé, S. Farina, F. Schulz, F. Marotta (P-7086)

Corrosion of high purity copper as engineering barrier in deep geological repositories ...... 102
M. Ochoa, M. Rodriguez, S. Farina (P-7091)

Corrosion resistance in multipass welding of thick UNS $31304 lean duplex stainless

steel plates welded using SMAW, GMAW and FCAW processes 103
C.S. Souza, V.F.C. Lins, D.M. Silveira, C.G.F. Costa, R.C. Junior, F.R. Campos, A.Q. Bracarense

(P-7719)

Effect of cathodic hydrogen charging of titanium alloys on hydrogen absorption
and hydride formation 104
S. Dejardin, V. Dusquenes, N. Creton, R. Oltra, T. Montesin (P-7759)

Water chemistry and corrosion issues of control rod and protection system in Russian
LWGRS 105
E. Yurmanov, V. Yurmanov (P-7800)

Sensitisation and IGSCC in type 321 SS NPP manifold welds 106
K. Shutko (P-7801)

Behaviour of steam generator tube at different temperatures and levels of chloride.......... 107
M. Schvartzman, F. Mansur, P. Nogueira, W.R.C Campos, M.A.D. Quinan (P-7600)

Oxidation behavior and spallation of oxide scales after T91 oxidation in water vapor
environment 108
M. Demizieux, C. Desgranges, J. Favergeon, L. Martinelli (P-7836)

Hydrogen production by iron corrosion under irradiation 109
D. Stammose, M. Osmond, E. Barker, C. Wittebroodt (P-7664)

4. ENVIRONMENT SENSITIVE FRACTURE

Evaluating the pit-crack transition in an offshore pipeline steel 110
C. Evans, R. Akid (0-7490)

Critical analysis of the role of ferrite content in the environment- sensitive cracking
of duplex stainless steels 111
R. Pettersson, S. Wessman (0-7512)




E CONTENTS

Influence of nitrate ions concentration, pH and applied potential on the susceptibility
to corrosion and stress corrosion cracking of a-p brass in NaNO,_ solutions........... 112
C. Berne, E. Andrieu, J. Reby, J.-M. Sobrino, C. Blanc (0-7210)

Mechanistic investigation of stress corrosion cracking of pipeline steel in near-neutral
pH environment 113
R. Bogdanov, A. Marshakov, V. Ignatenko (O-7074)

The relationships between microstructure and sulfide stress cracking resistance
of high strength, low alloy OCTG steels 114
W. Huang, F. Cao, A. Aylor, W. Sun (0-7271)

Cathodic charging during hydrogen embrittlement testing 115
Q. Liu, A. Atrens (O-7806)

The Kelvin probe: towards rapid, in-situ evaluation of HISC susceptibility
and undercoating corrosion 116
E.F. Turcu, M. Rohwerder (0-7391)

Hydrogen induced stress cracking tests for offshore wind farm monopile foundations...... 117
D. Bangsgaard, T. Mathiesen, C. Christensen (O-7446)

Investigation on Nickel base superalloy stem turbine bolts, fractured at high
temperatures, a case history 118
G. Lovicuy, R. Ishak, L. Rolla, C. Dellabiancia (O-7586)

Analyses on coupled electrochemical noise and acoustic emission data applied
on chloride stress corrosion cracking 119
L. Calabrese, F. Cappuccini, D. Di Pietro, M. Galeano, E. Proverbio (O-7523)

Liquid metal embrittlement of the T91 steel in lead bismuth eutectic:
effect of the loading rate and the oxygen content 120
I. Proriol Serre, C. Ye, J-B. Vogt (O-7688)

The effects of sulfide and flow rate on corrosion behavior of duplex steel 1.4462
in the artificial molasse basin fluid 121
J. Sobetzki, R. BaBler, A. Boduch (0-7235)

Influence of testing parameters on type of damage under cyclic loading 122
A.Visser, G. Mori, H. Leitner, M. Kapp, R. Fluch, B. Holper, M. Panzenbdck (O-7605)

CS-AFM study on the localized corrosion of 2507 duplex stainless steel 123
L. Qiao, M. Lin, L. Guo (0-7829)

The transition between sulfide stress cracking and stress corrosion cracking
of the 2304 DSS as a function of T and pH in H,S environment 124
F.Ruel, S. Saedlou, S. Le Manchet, C. Lojewski, K. Wolski (O-7151)

5. CORROSION MECHANISMS, METHODS AND MODELLING

Critical factors in corrosion and biocompatibility of biodegradable Mg alloys.......c.. 125
S.Virtanen (KN-7153)

Application of time-of-flight secondary ions mass spectrometry (ToF-SIMS)
to corrosion research 126
P. Marcus, A. Seyeux (KN-7695)




CONTENTS XIiE

Multiscale corrosion modelling 127
J. Deconinck, O. Dolgikh, P. Maciel, A. Demeter, H. Simillion, N. Van den Steen (KN-7708)

Localised corrosion mechanisms of magnesium in methanol 128
H.N. McMurray, J.E. Board, G. Williams (O-7070)

Effect of Si on formation of Fe-rich particles in pure Mg and its influence

on corrosion 129
L.Yang, X. Zhou, S. Liang, R. Schid-Fetzer, T. Hashimoto, H. Liu, X. Zhong, J. Robson, Z. Fan,

G. Scamans, G.E. Thompson (0-7246)

Corrosion of AZ31 Mg alloy in the presence of ammonium ion 130
D. Buggio, M. Trueba, S.P. Trasatti (0-7290)

The dissolution of magnesium investigated with a microelectrochemical flow system........ 131
L. Rossrucker, N. Birbilis, G.S. Frankel, K.J.J. Mayrhofer (O-7545)

Corrosion behaviour of magnesium electrodes investigated by real-time hydrogen
measurement 132
M. Curioni (O-7310)

Influence of plastic deformation on the corrosion resistance of TiAlI6V4
and TiMo10Zr4 alloys in aqueous solution containing chloride ions 133
H. Krawiec, J. Loch, A. Lukaszczyk, V. Vignal (O-7626)

Non-uniformity of anodized titanium surface under UV-light irradiation observed
by ellipso-microscopy 134
K. Fushimi, K. Kurauchi, T. Nakanishi, Y. Hasegawa, M. Ueda, T. Ohtsuka (O-7278)

pH at zinc and magnesium surfaces during atmospheric corrosion 135
C.Taxen, D. Thierry (O-7578)

The development of a mechanistic model towards the simulation of atmospheric
corrosion 136
H. Simillion, O. Dolgikh, P. Maciel, H. Terryn, J. Deconinck (O-7237)

Role of pH on the L-cysteine action on zinc in 3 w/w % NacCl 137
V. Shkirskiy, P. Volovitch, K. Ogle, F. Leroux, T. Stimpfling, P. Keil, H. Hintze-Bruening (0-7417)

In-situ atmospheric corrosion monitoring using resistometry 138
K. Azumi (O-7478)

Corrosion performances of plasma electrolytic oxidized implant metals and alloys 139
S. Sinebryukhov, S.V. Gnedenkov, O.A. Khrisanfova, A.V. Puz, V.S. Egorkin, A.G. Zavidnaya

(0-7338)

Effect of microstructure on the morphology of atmospheric corrosion pits in 304L
stainless steel 140
H.B. Mohammed Ali, A.J. Davenport, M.M. Attallah (O-7676)

Nanostructure and local properties of oxide layers grown in simulated pressurized
water reactor environment 141
V. Maurice, T. Massoud, L.H. Klein, A. Seyeux, P. Marcus (O-7211)

About point defects formation in Cr,0, passive films 142
B. Malki, A. Pasturel, B. Baroux (O-7158)



W CONTENTS

Kelvin probe force microscopy and atmospheric corrosion of cold-rolled grade 2205
duplex stainless steel 143
C. Ornek, D. Engelberg (0-7213)

Relative humidity for onsets of pitting corrosion and repassivation of stainless steels
under wet-dry cyclic conditions containing chloride 144
A. Nishikata, H. Nakamura, T. Nam, E. Tada (O-7275)

Electrochemical AFM study of corrosion behavior of a 2507 super duplex stainless steel:
influence of precipitated chromium nitrides 145
E. Bettini, U. Kivisakk, C. Leygraf, J. Pan (O-7572)

Influence of heat treatment on corrosion resistance of martensitic stainless
steels 1.4034 and 1.4021 146
P.Rosemann, M. Babutzka, A. Heyn, T. Halle (O-7455)

Stress corrosion cracking at room temperature of austenitic stainless steels
in marine areas: the case of fixed guards for climbing 147
F. Deflorian, M. Dalvit, S. Rossi, C. Zanella, M. Fedel (O-7506)

Passivity and corrosion behavior of duplex stainless steels after various surface
preparations 148
V.Vignal, H. Krawiec, S. Le Manchet (O-7480)

Stable and metastable pitting corrosion susceptibilities from physical properties
of passive films 149
B. Ter-Ovanessian, B. Normand (0-7499)

Chemical composition and nanostructure of passive films formed on FeCrNiMo
austenitic stainless steel 150
H. Peng, V. Maurice, L.H. Klein, A. Seyeux, S. Zanna, P. Marcus (0-7217)

Polarization behaviour of new aluminium alloys (AA2139 and AA2198) in neutral media... 151
A. Balbo, V. Grassi, A. Frignani, F. Zucchi (O-7138)

Mechanisms of scale dissolution on non-alloyed and silicon-alloyed steels.................... 152
A. Alaoui Mouayd, E. Sutter, B. Tribollet A. Koltsov (0-7245)

Critical aspects of electrochemical noise-based corrosion monitoring 153
A.M. Homborg, T.Tinga, X. Zhang, E.P.M. van Westing, G.M. Ferrari, J.H.W. de Wit,
J.M.C. Mol (0-7313)

A review on electrochemical noise measurement as a tool for evaluation
of organic coatings and recent developments 154
D. Mills, S.S. Jamali (O-7697)

Study of the relation between microstructure and corrosion properties

of polycrystalline copper 155
E. Martinez Lombardia, L. Lapeire, V. Maurice, |. De Graeve, L. Klein, P. Marcus, K. Verbeken,

L. Kestens, H.Terryn (0-7373)

3D printed (flow) cells - a new approach in hydrogen embrittlement studies.................. 156
G. Schimo, A.W. Hassel (O-7484)

Corrosion of iron and steel: occurrence of iron(ll) hydroxysalts 157
C. Remazeilles, I. Azoulay, M. Jeannin, R. Sabot, Ph. Refait (0-7137)



CONTENTS

Electrochemical characterization of corrosion behaviour of different metals

in hot molten salt for solar thermal power plants
D. Ruickle, S. Kaesche, H. Garrecht, S. Virtanen (0-7204)

Effect of HNO, and CI” on corrosion behaviour of AlSI 304 and Cr-Mn austenitic
stainless steels

N. Khobragade, A. Patil (O-7570)

Grain-dependency of passive oxide film formed on iron in sulphuricacid................

Y. Takabatake, K. Fushimi, T. Nakanishi, Y. Hasegawa (0-7167)

Predictive modelling of the corrosion rate of carbon steel focusing on the effect
of the precipitation of corrosion products

A. Marion, B. Vuillemin, R. Oltra, D. Crusset (O-7264)

Development of a liquid-phase sulfide ion gun for localized sulfidation
of metal surfaces

J.-S. Lee, K. Fushimi, T. Nakanishi, Y. Hasegawa (O-7364)

Development of a sensor for interfacial pH measurements during pitting corrosion
in situ observed by temporal series of micrographs

A. Mendes Zimer, M. Medina Da Silva, L. Helena Mascaro, E. Chaves Pereira (0-7618)

Markov chain model to predict localised corrosion of stainless steels
A. Brenna, M. Ormellese, L. Lazzari (0-7513)

Mechanistic study of degradation of coil coated steel
Y. Liu, X. Zhou, G.E. Thompson, S.B. Lyon, T. Hashimoto, G. Smith, S. Gibbon, D. Francis,
A. Gholinia, X. Zhong (0-7783)

Finely distributed anodic and cathodic centers underneath organic coatings -
characterization and effects on the delamination mechanism

M. Pichler, M. Fleischanderl, M. Wolpers, G. Fafilek (O-7641)

Mechanism of corrosion protection of zinc-magnesium coatings on steel studied

by electrochemical depth profiling
J. Rodriguez, M. Mouanga, A. Lanzutti, F. Andreatta, L. Fedrizzi, M.-G. Olivier (O-7132)

A novel method to study corrosion resistance of galvanised steel against corrosive
dropping electrolytes

S. Ziebermayr, M. Fleischanderl, G. Haslehner, K.H. Stellnberger, A.W. Hassel (O-7477)

Nanoscopic view on the initial stages of corrosion of hot dip galvanized
Zn-Mg-Al coatings

J. Duchoslav, M. Arndt, T. Keppert, G. Luckeneder, K.H. Stellnberger, J. Hagler, C.K. Riener,
G. Angeli, D. Stifter (0-7243)

The effects of oxygen concentration and pH on the galvanic protection of tin..............

S. Geary, H.N. McMurray, A.C.A. de Vooys, N. Wint (O-7549)

Investigation of passive layers on SiC-based ceramics by electrochemical impedance

spectroscopy
M. Schneider, K. Kremmer, K. Sempf, M. Herrmann (0-7602)

Corrosion features of the PEO-coated magnesium alloys
A. Gnedenkov, S. Sinebryukhov, D. Mashtalyar, S. Gnedenkov (0-7202)

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172



W CONTENTS

Corrosion layer growth on magnesium galvanic coupled to aluminium simulated

by FEM
D. Héche (0-7142)

Hydrogen diffusion mechanism in nickel base alloy 718
O. Golenishcheva, G. Andersohn, M. Oechsner, J. Kloewer, A. Aghajani (O-7434)

Application of ENM to investigate the effect of different materials and methods
of preparation of coating on anticorrosion quality of ZRP

B. Eremias, L. Mindos, L. Turek, L. Hochmannova (P-7068)

Corrosion resistance of cold worked CrNi and CrNiMnN metastable austenites
in defined strain states

P. Seemann, P. Gimpel (P-7155)

Nanoscale oxide growth on nickel studied by reactive molecular dynamics..............
O. Assowe, L. Van Brutzel, A. Chartier (P-7175)

Corrosion studies by depth profiling techniques

C. Olivero, P. Chapon, A. Tempez, S. Legendre (P-7404)

Influence of surface treatments on localized corrosion behaviour of welded AISI 316L
stainless steel

M. Halamov4, G. Fumagalli, T. Liptakova, F. Bolzoni (P-7406)

Comparitive corrosion resistance of dimensionally stable titanium based anodes

and conventional lead alloy anodes in copper electrowinning
H. Potgieter (P-7409)

Scanning vibrating electrode technique as a tool for investigating corrosion activities
on coated mild steel in NaCl solutions

W. Shi, S.B. Lyon (P-7642)

Qualification of stress and test methods for use in combined fatigue algorithms
for riveted joints

J. Gehrke (P-7427)

Pitting potential of materials during potentiodynamic polarization in a NaCl Solution
Y.Yi, M. Al Ameri, S. Al Saadi, P. Cho, C. Jang (P-7435)

Effect of microstructure of X-65 in bioethanol for pipelines

M. Lucio, J.G. Gonzélez Rodriguez, S. Serna, A. Torres-Islas (P-7770)

Corrosion performance of TiO2 nanostructures synthesized at low voltage applying
electrochemical techniques

H. Herrera-Gutiérrez, C. Cuevas Arteaga, E. del Angel Meraz (P-7771)

Corrosion resistance of Zr 2.5Nb as material for permanent implants

S. Farina, A. Gomez Sanchez, S. Ceré (P-7090)

Comparative corrosion behaviour of different Sn-based solder alloys

S. Farina, C. Morando (P-7092)

Miniaturized cell for localized electrochemical measurements. Concept and examples

of application
M. Bestetti, A. Vicenzo, S. Franz, M.F. Brunella, G. Puricelli, C. Borioli (P-7099)

173

174

176

177

178

179

180

181

182

183

185

186

187

188

189

190



CONTENTS XVit

Dew-point corrosion resistance of alloys in geothermal fluids containing
acid chloride 191
M. Cabrini, S. Lorenzi, T. Pastore, M. Favilla, R. Perini, B. Tarquini (P-7451)

Corrosion resistance of ternary Ni-Ti alloys in 0.9% NaCl solution 192
C.D.R. Barros, J.A.C. Ponciano Gomes (P-7475)

Electrochemical induced dissolution of silver points in sodium fluoride solution................. 193
C. Amaral, F. Ormiga, J.A.C. Ponciano Gomes (P-7476)

EIS Studies of As-cast monotectic Al-Pb and Al-Bi alloys in a 0.5 M NaCl solution............... 194
E. Freitas, W. Osério, A. Silva, J. Spinelli, A. Garcia (P-7799)

Effect of thermal treatments on the localized corrosion behaviour of alloy 718................ 195
R. Rebak, M. Rincon Ortiz, M. lannuzzi, M. Kappes, M. Rodriguez (P-7284)

Repassivation mechanism of Al alloys 196
D. Cicolin, E. Melilli, M. Pogliana, D. Guastaferro, M. Trueba, S.P. Trasatti (P-7291)

The modified phosphate conversion coating on Zn-Mg alloy coated steel for corrosion
protection 197
Y.J. Kwak, T.Y. Kim, D.Y. Lee, K.H. Nam, Y.H. Jung, W.S. Jung, M.J. Eom, S.J. Hong, J.K. Min,

H.K. Sohn (P-7297)

Local activation of iron in weakly alkaline medias containing halide-ions................. 198
S. Kaluzhina, N. Nafikova (P-7298)

Bromide-ions additives effect on aluminium anodic behavior in borate buffer
solution 199
S. Kaluzhina, T. Minakova, T. Popova, A. Chikova (P-7308)

Application of micro-indentation techniques for investigation of seasonal corrosivity
of Black Sea maritime atmosphere 200
O.V. Startsev, .M. Medvedev (P-7312)

Design criteria of reliability and safety in the design of corrosion protection
of structural steel 201
V. Korolov, Y.B. Vysotskyy, Y.V. Filatov, A.N. Gibalenko (P-7317)

Electrochemical induced dissolution of silver points in sodium fluoride solution.. 202
C. Amaral, F. Ormiga, J.A.C. Ponciano Gomes (P-7326)

Corrosion resistance of ternary Ni-Ti alloys in 0.9% NaCl solution 203
C.D.R. Barros, J.A.C. Ponciano Gomes (P-7332)

Thermogravimetric study of hydrogen uptake and desorption in titanium alloys.............. 204
V. Duquesnes, N. Creton, T. Montesin, E. Deloye (P-7762)

Corrosion behavior of 18Cr-18Mn hot forging steel 205

A.Torres, R. Reyes, S. Serna, A. Bedolla, M.A. Lucio, J. Colin (P-7768)

Evaluation of the pitting corrosion on an AISI 304 using scanning electrochemical
microscopy. 206
R. Sanchez-Tovar, R. Fernandez-Domene, J. Garcia-Anton (P-7504)




m CONTENTS

Influence of submarine emissions from El Hierro volcano (Spain) on the corrosion
resistance of stainless steels

R. Fernandez-Domene, R. Sanchez-Tovar, C. Escriva-Cerdan, R. Leiva-Garcia,
J. Garcia-Antén (P-7514)

Data processing and data mining applied to electrochemical noise technique for stress

corrosion cracking recognition

L. Bonaccorsi, L. Calabrese, D. Di Pietro, M. Galeano, E. Proverbio (P-7515)

FEM analysis of H-trapping diffusion model in pipeline steels

E. Fallahmohammadi, F. Bolzoni, G. Fumagalli, G. Re, L. Lazzari (P-7520)

Sustainable water and facility management in the steel industry: influence
of saline streams on pipeline corrosion

D. de la Fuente, M. Morcillo, P. Ivashechkin, V. Colla, T.A. Branca, M. De Sanctis, B.P. Vivas,
M. Cabanas, A. Rassow, C. Lucca (P-7566)

Corrosion behavior of tungsten heavy alloys in different aqueous solutions..................

Z. Abdel Hamid (P-7112)

Influence of intermetallic phase content and microstructure on pitting potential

of a duplex stainless steel
D.C. Dos Santos, R. Magnabosco (P-7078)

Evaluation of elemental sulfur role on brittle failure in sour brine environment................

M. Anselmi, L. Bonaccorsi, L. Calabrese, F. Cappuccini, A. Capri, A. Donato,
E. Proverbio (P-7534)

Quantum chemical study of adsorption of organic inhibitors of corrosion of Al
on Al203 and Al(OH)3 surfaces

G. Beloglazov, S. Beloglazov (P-7050)

A probabilistic model for localized corrosion on a metallic pipe under D.C. stray
current influence

G. Lucca (P-7066)

The kinetic during atmospheric corrosion of a nickel cathode

S. Wibihal (P-7371)

Hifabar as effective inhibitor for zinc metal in aqueous solutions

O. Abdullatef, B. Abd-El-Naby (P-7677)

Study of the influence of the different percentages of sigma phase in the resistance
to pitting corrosion of a duplex stainless steel

C. Berlanga, G. Argandofa, M.V. Biezma, P. Linhardt (P-7696)

6. CORROSION EDUCATION

Corrosion awareness education a key for a better environment

A. Eliezer, G. Hays, E.H. Han, E. Leining, W. Burns (KN-7830)

Corrosion education: present and future
A. Groysman (0-7062)

Corrosion education in the framework of knowledge management
G. Gabetta (0-7713)

207

208

209

210

211

212

213

214

215

217

218

219

220

221

222



CONTENTS m

The way to teaching corrosion based on visual inspection: student’s opinions................. 223
M.V. Biezma, S. Braunstein Faldini (O-7709)

Corrosion test rig for the amelioration of the service life of industrial components........... 224
M. Franchi, R. Cigna, O. Fumei, P. Pranovi (O-7206)

7. MARINE CORROSION

Potential ennoblement of stainless steel in tropical seawaters 225
D. Thierry, N. Larche, S.L. Wijesinghe, S. Teo (0-7370)

Effect of residual chlorine on the spontaneous potential of stainless steels
in seawater 226
H. Yakuwa, M. Miyasaka, N. Shinoda, Y. Kuriki, J. Sakai (O-7735)

Electrochemical monitoring of thermally sprayed aluminium coatings on steel
in a simulated marine immersion environment 227
S. Paul, C. Gomez Gomez, M.D.F. Harvey (O-7458)

Corrosion and cathodic protection of carbon steel in the tidal zone: Products,
mechanisms and kinetics 228
P. Refait, R. Sabot, M. Jeannin, H. Antony, S. Pineau (O-7129)

SEM/EDX-investigation of rust scales formed on an aluminium-steel friction
weld under marine atmosphere 229
M. Schneider, U. Langklotz, U. Gierth (O-7144)

Use of nanostructured materials in marine corrosion protection:

an integrated approach 230
J. Tedim, F. Maia, A. Kuznetsova, A.P. Silva, R. Martins, A. Cunha, A. Almeida, S. Loureiro,

R. Freitas, A.M.V.M. Soares, M.L. Zheludkevich, M.G.S. Ferreira (0-7627)

The use of composite patches to repair ship structures: an electrochemical
approach 231
A. Collazo, X.R. Novoa, C. Pérez (0-7790)

The hydrogen permeation characteristics of high strength steel during splash
Zone corrosion process 232
Y.L. Huang, W.J. Qu, X.M. Yu (O-7808)

Marine corrosion of SS 316L in Persian Gulf and protective coating 233
M. Najmi, D. Masouri (O-7606)

Study on copper release from an antifouling coating and its influence on corrosion
of aluminum alloy substrate 234
J. Cao, J. Sun, Y. Tang, Y. Zuo (P-7098)

Corrosion resistance in multipass welding of thick UNS $S31304 lean duplex stainless
steel plates welded using SMAW, GMAW and FCAW processes 235
D.M. Silveira, V.F.C. Lins, A.Q. Bracarense, C.S. Souza, R. Cardoso Junior (P-7653)

Behaviour of anti-corrosion coatings: comparison of the ageing in real environment
in 2 different exposition sites 236
M. Tejero, J.B. Jorcin, A. Prieto, T. Alhambra, J. Ferreiro (P-7714)




W CONTENTS

8. MICROBIAL CORROSION

Role of green rusts in corrosion and biocorrosion of carbon steel in marine
environment 237
P. Refait, R. Sabot, M. Jeannin, S. Sable, I. Lanneluc (KN-7848)

Microbial corrosion of steel in argillite: complementarity of surface characterization

(nRaman$ and FESEM) and of microbiological approach 238
F. Mercier-Bion, Y. Léon, D. Neff, C. Wittebroodst, L. Urios, A. Perez, F. Marsal, M. Flachet,

M. Magot, J.P. Gallien, Ph. Dillmann (0-7623)

Evaluation of pH under-deposit using the dual-cell technique in flow conditions -
The case of CuNi 70:30 in high bacteria contaminated fresh 239
M. Carvalho, E. Guerrini, S. Trasatti, P. Cristiani, M. Urquidi-Macdonald (O-7794)

Electrochemical corrosion behavior of carbon steel exposed to low concentration
agar with and without nutrients 240
A. Spark, L. Ward, I. Cole, D. Marney, D. Law (O-7353)

Influence of Fe-S clusters of hydrogenase on mild steel corrosion 241
I. Rouvre, C. Gauquelin, I. Meynial-Salles, R. Basseguy (O-7384)

Outer membrane associated redox active components in lithotrophic SRB trigger

direct electron transfer during anaerobic electrical MIC 242
P. Beese-Vasbender, J. Garrelfs, S. Nayak, A. Erbe, K.J.J. Mayrhofer, M. Stratmann, F. Widdel

(0-7077)

Biofilm impact on the stainless steel passive film 243
A. Allion, S. Zanna, A. Seyeux, M.-H. Berger, P. Marcus (O-7703)

Experimental study of wear and corrosion interaction in steel chains under working
conditions 244
A. Lotfollahi Yaghin, R.E. Melchers (O-7084)

A microelectrodes study for anaerobiosis profiles in biofilms 245
E. Guerrini, M. Grattieri, P. Cristiani, S.P.M. Trasatti (O-7533)

Long-term corrosion of steels and steel piling in seawaters with elevated nutrient ............ 246
concentration
R. Melchers, R. Jeffrey (O-7199)

Introducing a corrosion management approach to MIC assessment, control
and monitoring in the oil and gas industry 247
T.L. Skovhus, H.E. Berge, R. Eckert, G. Koch (0O-7229)

A numerical model for copper biocorrosion 248
D. Fischer, C. Galarce, M. Walczak, G. Pizarro, |. Vargas (O-7613)

Corrosion behaviour of titanium in the presence of Streptococcus Sanguinis.............. 249
F.Yu, A. Davenport, O. Addison (0-7846)

Effect of marine Pseudoalteromonas sp. on the microstructure and corrosion
behaviour of 2205 Duplex stainless steel 250
M. Moradi, Z. Song (O-7334)




CONTENTS

Influence of sterilization methods on corrosion behavior of stainless steel

in simulated cooling water containing sulfate reducing bacteria
H. Ge, X. Wang, M. Zhang, X. Meng (O-7683)

Concrete deterioration by bacteriogenically induced sulfuric acid attack
C. Grengg, A. Baldermann, M. Dietzel, F. Mittermayr, M. Béttcher, A. Leis (O-7791)

Microbiologically induced corrosion on tin bronze samples simulating uncommon
archaeological corrosion

G. Ghiara, P. Piccardo, M. Stauder, C. Pruzzo (0-7377)

MIC on bridge-building carbon steel in a tropical/Amazonian environment..........cc...

M. Vastra, P. Salvin, C. Roos (0-7802)

Meromictic lakes as field laboratory for corrosion studies in aerobic and anaerobic
conditions

E. Guerrini, P. Cristiani, S.P.M. Trasatti, M.L. Carvalho, G. Storni (0-7797)

Corrosion in biogas plants
R. Feser, A. Krebs (0-7322)

Failure investigation of heat exchanger tubes in closed loop cooling water system.......

S. Almaaesab, H. Al-Mahamedh (0-7357)

Electrochemical behavior of low-carbon steel within MIC-induced corrosion
and cathodic protection

E. Leon, D.A. Koleva, H.M. Jonkers, J.M.C. Mol, K. Van Breugel (O-7301)

Accelerated souring test of crude oil under the anaerobic condition

Y. Tanji, R. Hasegawa, K. Tohyama, K. Miyanaga (0-7075)

Sulfate-reducing bacteria induced the corrosion of copper

D. Zhang, S. Chen, P. Wang (P-7089)

The effects of Ag-Cu ions on the microbial corrosion of 316L stainless steel
in the presence of Desulfovibrio sp.

T. Unsal, S. Arkan, E. llhan-Sungur, N. Cansever (P-7270)

Influence of biofilm with mixed culture in corrosion rate of carbonsteel......................

S.H. Oliveira, M.R.S. Vieira, D.R. Lima Junior, M.A.G.A. Lima, S.L. Urtiga Filho (P-7763)

Effect of electromagnetic field on the corrosion behaviour of 2205 duplex stainless
steel in the presence of Pseudoalteromonas sp.

Z.Song, M. Moradi (P-7809)

9. CORROSION OF STEEL IN CONCRETE

Long-term survival of reinforced concrete structures in marine environments..............

R. Melchers, I. Chaves (0-7200)

Corrosion behaviour of steel in fly-ash geopolymer mortars exposed to chloride
solutions

C. Monticelli, M. Abbottoni, S. Manzi, C. Chiavari, A. Balbo, F. Zanotto, M.E. Natali,
M.C. Bignozzi (0-7261)

251

252

253

255

256

257

258

259

260

261

262

263

264

266



.9 418 CONTENTS

Study of reinforcing bar corrosion in solution simulating bacteria metabolites................
M. Stefanoni, E. Volpi, S.P. Trasatti (0-7437)

Investigations of chloride diffusion for reinforced geopolymer mortar
C. Monticelli, M. Abbottoni, S. Manzi, C. Chiavari, A. Balbo, F. Zanotto, M.E. Natali,
M.C. Bignozzi (O-7551)

Chloride treshold level for steel in concrete - rebar polarisation effects
M. Kosalla, M. Raupach (O-7550)

A critical analysis of proposed test methods for measuring the chloride threshold
value in reinforced concrete
U. Angst, B. Elsener (O-7060)

Chloride threshold for corrosion initiation in reinforced concrete: the applicability
of Ag/AgCl sensors revisited
F. Pargar, D.A. Koleva, P. Taheri, J.M.C. Mol, E.A.B. Koenders, K. van Breugel (O-7260)

Effect of concrete pore solution composition on the electrochemical behaviour
of C15 steel reinforcement
S. Chakri, E. Sutter, B. Tribollet, V. Vivier, I. Frateur (O-7553)

Potentiostatic evaluation of the critical chloride threshold of 1.4362 stainless steel
in concrete with mixed-in chloride
M. Gastaldi, F. Lollini, L. Bertolini (O-7624)

Investigation of chloride-induced pitting corrosion of steel in concrete by a combination
of electrochemical methods with X-ray tomography
G. Ebell, J. Mietz, A. Burkert (0-7207)

Geo-polymeric and cementitious mortars with the same strength class: corrosion
behaviour of steel and galvanized steel reinforcements
T. Bellezze, A. Mobili, G. Roventi, F. Tittarelli (O-7546)

Stress corrosion cracking behaviour of the prestressing steel: influence
of steel microstructure
|. Pepenar (O-7314)

Simple concrete life extension
A. Borderon (O-7051)

Smart controlled release corrosion inhibitors for steel reinforced concrete.............
D. Bastidas, I. Aguirre, S. Fajardo, I. Llorente, E. Medina, V. La Iglesia, V. Gonzélez,
J. Rodriguez, N. Birbilis, C. Monticelli, A. Balbo, V.J. Gelling (O-7265)

Investigation of sodium molybdate’s effect on the passive film of steel rebars
in different simulated concrete pore solution environments
Y.T.Tan, S.L. Wijesinghe, D.J. Blackwood (O-7354)

Application of gamma-ray radiography and gravimetric measurements after
accelerated corrosion tests of steel embedded in mortar
G. Duffé, N. Gaillard, M. Mariscotti, M. Ruffolo (O-7088)

Long term performance of migrating corrosion inhibitors to protect reinforced
concrete structures in aggressive environments
B. Bavarian, L. Reiner (O-7107)

268

269

270

271

272

273

274

276

277

278

279

280

281

282



CONTENTS .9 411

The use of corrosion resistant steel reinforcement in chlorides contaminated
concrete 283
N. Gartner, T. Kosec, A. Legat (O-7656)

The synergetic effect of molybdenum and nitrogen alloying elements on austenitic
stainless steels pitting resistance 284
V. Roche, I.N. Vicosa, C. Loable, R.P. Nogueira, E. Chauveau, M. Mantel, T.J. Mesquita (O-7701)

Influence of the type of reinforcement on load bearing capacity of corroded reinforced
concrete structures 285
A. Bossio, G.P. Lignola, T. Monetta, A. Prota, F. Bellucci, E. Cosenza, G. Manfredi (O-7842)

Design, installation and performance of cathodic protection systems on Langeland
Bridge, Denmark 286
R. Sorensen, J. Kok, K. Riis, F. Villumsen (O-7393)

Altered cement hydration and subsequently modified porosity, permeability
and compressive strength of mortar specimens due to electrical 287
A. Susanto, D.A. Koleva, K. van Breugel (O-7116)

Monitoring steel corrosion in reinforced concrete beams with variable crack widths
under sustained load 288
A. Blagojevic, D.A. Koleva, J.C. Walraven (0-7241)

Active corrosion time affecting visual corrosion damage in carbonated concrete
facades 289
A. Kolio, J. Lahdensivu (0-7741)

Cross-border research for corrosion control in civil structures: recent research lines

and novel approaches, employing electrochemistry, concrete materials science

and nano-technology 290
D.A. Koleva (0-7557)

Performance of conductive coatings used for cathodic protection of reinforced
concrete structures under consideration of durability issues 291
C. Helm, M. Raupach (0-7583)

The use of cathodic protection for life enhancement of immersed reinforced
concrete structures 292
P. Chess, O. Klinghoffer, F. Grenvold, PV. Nygaard (0-7662)

Study the effect of heat and LASER treatments on the corrosion behavior
of microalloyed carbon steels 293
F.M. Sayed, M.H. Hegazy, G.M. EI-Mahdy, M.M. Eissa, A.M. Fathy (P-7044)

Corrosion resistance of several metallic materials in contactwithmortar................ou. 294
G. Duffé, S. Farina, F. Schulz (P-7087)

FTIR study on the amorphous corrosion products of galvanized steel in carbonated
concrete 295
G. Roventi, T. Bellezze, C. Conti, R. Fratesi (P-7457)

Adsorption and inhibition corrosion of the biopolymer on carbon steel in simulated
pores concrete solution 296
M. Martins, J. Tonholo, S.B.B. Uchoa (P-7764)




CONTENTS

Characterization and processing digital series obtained from electrochemical
monitoring of reinforcing steel 297
R. Camacho-Chab, T. Pérez, B. Escobar-Morales (P-7632)

Adsorption and inhibition corrosion of the biopolymer on carbon steel in simulated
pores concrete solution 298
M. Martins, J. Tonholo, S.B.B. Uchoa (P-7637)

Improving durability of reinforced concrete structures using migrating corrosion
inhibitors 299
B. Bavarian, L. Reiner, J.J. Meyer (P-7855)

10. CORROSION IN OIL & GAS PRODUCTION

Comparison of martensitic stainless steels threshold properties in stress corrosion
cracking phenomena 300
A. Scatena, M. Anselmi, F. Cappuccini, D. Di Pietro (O-7266)

Effect of acetic acid on corrosion behaviour of modified martensitic stainless steels
in high temperature sour environments 301
T. Sunaba, S. Okazaki, D. Ito, Y. Tomoe, S. Hirano (0-7171)

Martensite-based stainless steel OCTG of 15Cr-based and 17Cr-based material
for sweet and mild sour condition 302
Y.Ishiguro, T. Suzuki, E. Eguchi, T. Nakahashi, H. Sato (O-7368)

Hydrogen stress cracking susceptibility of super duplex stainless steel 2507
in natural sea water 303
F.Vucko, N. Larché, D. Thierry (O-7154)

Influence of thermal treatments between 650 and 850°C on the pitting corrosion
behaviour of 2304 duplex stainless steel 304
F. Zucchi, F. Zanotto, V. Grassi, M. Merlin, A. Balbo (0-7253)

Optimisaion of the corrosion resistance of pipe butt welds in superduplex
stainless steels 305
G. Byrne, G. Warburton, R. Francis, Z. Schulz (O-7805)

Stress corrosion cracking of solution annealed and cold worked UNS S31603
stainless steel in H,S containing production environments 306
T. Cassagne, C. Duret, C. Plennevaux (0-7821)

Assessment of the crevice corrosion oxygen and temperature limits of CRAs
for waste water injection wells 307
M.E. Wilms, S. Fletcher, W.D. Grimes, J.P. Smit, M. Klein, S. Abolghasemi (O-7576)

Failure investigation: produced water re-injection tubing and equipment................ 308
H. Rese, P.. Nice, A. Nelemans (0-7141)

Galvanic effects in drilling equipment - challenges and solutions of corrosion resistance... 309
S. Kolesov, R. Badrak, V. Chizhikov, A. Kharkiov, A. Alkhimenko (0-7776)

In-situ surface strain mapping of pitting corrosion in a high strength carbon steel............. 310
P.Barnes, S.B. Lyon, D.L. Engelberg (0-7226)



CONTENTS w

Sour corrosion - investigation of iron sulfide layer growth in saturated H,S solutions........... 311
G. Genchey, K. Cox, A. Sarfraz, C. Bosch, M. Spiegel, A. Erbe (0-7233)

Electrochemical noise analysis on modified 13%Cr stainless steels in sour environments
under stress 312
M. Sakairi, J. Tatehara, Y. Mizukami, S. Hashizume (O-7095)

Localised corrosion attack of pipeline steel associated with weldments in CO,
containing environments 313
A. Abdurrahim (0O-7106)

Pipeline pigging and CP specialised electrical surveys: A unique integral strategy
for pipeline integrity 314
L. Di Biase, O. Fumei, G. Fumei (O-7100)

Electrochemical properties of iron sulphide in weak acid systems 315
M. Tjelta, J. Kvarekval (0-7472)

CI-SCC attack in SS 316L branch connection welding 316
M. Al-Hammad (0-7724)

Pittings ocurrence in coupons of weight loss for corrosion monitoring in pipelines........... 317
N. Almeida, L. Tiroel, V. Ferrari, R. Moraes (O-7563)

Effects of high flow rate on corrosion of carbon steel in high pressure CO, environment
by means of linear polarization resistance 318
F. Todesco, M.E. Gennaro, S. Sgorlon, L. Torri (O-7510)

Translating oilfield material exposures into laboratory tests 319
W. Grimes, M. Wilms (O-7571)

Corrosion fatigue of aluminium drilling pipes: case study 320
L. Alleva, R. Porta, G. Hoxha (0-7491)

An innovative design for top-of line corrosion assessment in laboratory ... 321
H. Mahmoud, A. Neville, A. Barnett (O-7439)

Effect of plastic deformation on hydrogen permeation of APl 5L X65 steel pipeline.......... 322
E. Fallahmohammadi, F. Bolzoni, G. Fumagalli, G. Re, L. Lazzari (O-7508)

Effective assessment of crude oil sourness for the material selection of refinery
feeder pipeline 323
J. Khosravi (0-7407)

Assessment of ionic liquids corrosivity: preliminary results 324
M.V. Diamanti, U. Velardi, A. Mele, M.P. Pedeferri, M. Ormellese (O-7448)

An alternative to H,S in NACE corrosion test for sulphide and hydrogen-induced
cracking risk assessment 325
C. Colombo, S. Corsinovi, G. Lovicu, R. Valentini (O-7684)

Examination of line pipe strength and toughness in arctic environments combined
with severe sour service 326
A. Smith, G. Mortali, G. Melis, O. Albores, E. Garcia (0-7395)




CONTENTS

Reducing sour corrosion using new, thermally stable hydrogen sulfide scavengers........ 327
S. Lehrer, V. Jovancicevic, S. Ramachandran (O-7238)

About the correspondence of test conditions with field conditions in materials
selection 328
G. Gabetta, S. Correra, S. Sgorlon, S. Trasatti (O-7541)

Methanesulfonic acid (MSA) as an acid used in the well stimulation procedure
and corrosion of 22Cr 329
J. Jackson, M. Finsgar (O-7465)

The effect of deposit types on under-deposit corrosion behavior of carbon steel in sour
environments 330
N. Alanazi, A. Sherik, A. Rasheed, S. Amar, M. Alneemi (0O-7093)

Improving oil and gas production infrastructure and equipment durability
with active thermal sprayed coatings 331
F. van Rodijnen (O-7058)

Failure of corrosion barriers in integrity management of subsea production systems -
a statistical overview 332
B. Graver, F. Saint-Victor, K. Lanvik, B. Leinum (O-7488)

Protective effect of molybdenum added to nickel based alloy in H,S-CI- environment......... 333
A.Tomio, M. Sagara, T. Doi, H. Amaya, N. Otsuka, T. Kudo (O-7205)

Wireline failures in oil & gas wells - case studies 334
D. Masouri, M. Askari, S. Afroukhteh (0-7619)

Corrosion mitigation and inspection strategy for protection of assets in oil production
facilities: an experience of Nafoora oilfield 335
|. Ahmad (P-7174)

The influence of temperature on corrosion behavior of chromium steels
in CO,-contaning environments 336
I.Yu. Pyshmintsev, L.V. Kostitsyna, V.P. Parshukov, A.G. Tyurin (P-7214)

Hydrogen induced cracking of austenitic-ferritic stainless steels SAF 2205
and SAF 2507 337
S. Silva, J.A.C.P. Gomes (P-7328)

Corrosion process of APl 5L X52 in production water from oil well 338
O. Olivares-Xometl, M. Corrales-Luna, N.V. Likhanova, J.M Hallen, LV. Lijanova (P-7336)

Assessment of localized corrosion resistance of 13Cr, 15Cr and 17Cr stainless steels
in high chloride and CO, environments 339
E. Senatore, J.A.C.P. Gomes (P-7494)

Corrosion resistance of rolled and rerolled supermartensitic steel in media containing
chlorides and hydrogen sulfide 340
R. Braga Soares, D.C. de Sousa Garcia, M. Mendonca Lima, M.M. Reis de Castro,

V. de Freitas Cunha Lins (P-7569)

Improvement of 9% nickel steel for CO, reinjection in FSPOS and its corrosion

resistance in brazilian pré-salt conditions - SSC and HIC 341
R. Kalume, L.L.L. Lima, M.C. Ferreira, B.l. Palmieri, G.V. Silva, C.R. D'Avila, J.A. Carreno Velasco,

R.V. Landim, S.M. de Souza (P-7813)




CONTENTS b. 9.4/ 1)

Influence of molybdenum on UNS S32304 and UNS S31803 duplex stainless steels
corrosion resistance 342
A.Viana, T. Oliveira, O. Mattos, K. Assis (P-7079)

Effect of AC frequency on stress corrosion cracking behavior of X80 pipeline steel
in carbonate/bicarbonate solution 343
C.Du, M. Zhu, X. Li, Z. Liu (P-7654)

The influence of heat treatment on the corrosion behaviour of Inconel 718 ................... 344
L.C.M. Valle, A.l.C. Santana, L.H. de Almeida, O.R. Mattos (P-7047)

A study by in situ Raman spectroscopy of carbon steel corrosion in CO,and H_S
environment 345
O. Delpoux, J. Kittel, F. Grosjean, S. Joiret, N. Desamais, C. Taravel-Condat (P-7777)

Inhibitory protection of the installations of the oil-refining enterprises from
corrosion 346
V.M. Abbasov, L.I. Alieva, T.A. Ismailov, Yu.G. Mamedaliev (P-7859)

Corrosion monitoring of NPP equipment and pipelines by high-temperature
on-line sensors 347
M.V. Sof'in, FV. Nikolaev, V.G. Kritsky, P.S. Styazhkin (P-7856)

11.1. METALLIC COATINGS

Galvanizability and corrosion properties of Zn-Mg-Al hot-dip coating with shot
blasting pre-treatment 348
T.C. Kim, S.H. Kim, S.Y. Kim, M.S. Oh, J.S. Kim (0-7125)

Corrosion and microstructure study of new ZnAlMg galvanized steel by single

dip technology 349
A. Alvarez Pampliega, E. Thomas, A. Tomandl, C. Masquelier, J. Balduyck, T. Pinger,

C. Buelens (0-7369)

Corrosion behaviour of ZnAIMg coatings in tropical and coastal environments........... 350
A.Tomandl, E. Labrenz, A. Erni (O-7411)

The effect of Mg composition on corrosion protection of steel using PVD Zn-Mg
coatings 351
J. Davies, G. Williams (O-7430)

Influence of organic sealants on the corrosion protection of thermally sprayed
ZnAl 15 coating 352
R. Feser, A. Mertke (O-7323)

Zinc flake coatings vs. zinc-nickel electroplating: new trends and developments............... 353
H. Sahrhage, M. Krumm, K. Wojczykowski, A. Hill (0-7773)

XPS investigations of ZnCr coated steel after corrosion load 354
R. Steinberger, J. Duchoslav, M. Arndt, T. Steck, F. Lengwin, J. Faderl, D. Stifter (O-7244)

Electrocodeposition of Al-Zn alloy by using double counter electrodes system............ 355
Y. Sato, K. Azumi (O-7399)



W CONTENTS

Development of aluminum magnesium alloy coating by new mist air and nitrogen

cooled thermal spraying gun
Y. Omori, Y. Nishiura, T. Kumai, T. Morimoto (O-7055)

Antibacterial and protective properties of Cr/Ag nanocomposite coatings obtained
by electrochemical techniques

E. Garcia-Lecina, B. Garcia-Blanco, |. Garcia-Urrutia, J.A. Diez (O-7418)

Study of corrosion resistance of electroless duplex NiP/NiB coatings in different media
by potentiodynamic polarisation and SEM observation

V. Vitry, F. Tosar, F. Delaunois (0-7081)

Friction and corrosion properties of electroless nickel nanocomposite coatings
codeposited with MoS, or WS nanoparticles

C. Zanella, M. Righetti, A. Gracco, F. Deflorian (O-7625)

Corrosion resistance of laser cladded 304L stainless steel surfaces enriched
with ruthenium additions exposed to sulphuric acid media

J.W.Van der Merwe, D. Tharandt, P.C. Masiu (O-7757)

Anticorrosion composite coatings obtained by of plasma electrolytic oxidation................

S. Gnedenkoy, S. Sinebryukhov (O-7166)

Corrosion protection property of corrosion products of zinc galvanized steels..................

H. Katayama, R. Miyahara, Y. Hoshi, |. Shitanda, M. Itagaki (P-7442)

Pd-In and Pd-Fe as new type of “Ni-free” top coatings for decorative applications...........

S. Caporali, P. Marcantelli, U. Bardi (P-7470)

Thin film hot dip galvanizing - the innovative revival of a traditional process...................

T. Pinger, J. Tomaszewski (P-7191)

Influence of deposition techniques on properties of solar selective coatings on Cu
and Al substrates

M. Shoeib, N. EI-Mahallawy, Y. Ali (P-7580)

Electrochemical behaviour of protective coatings in chloride solutions

G. Sundararajan, R. Rebak (P-7590)

Electrodeposition of Ni-Mo-P electrodes for direct alcohol fuel cell applications..
Z. Abdel Hamid (P-7111)

Characterizing the structure of ZnAlMg-coated steel sheet via FIB-tomography...
M. Arndt, J. Duchoslav, C.K. Riener, G. Angeli, D. Stifter (P-7143)

An electrodeposition process for fabrication of super-hydrophobic nickel film
and its corrosion resistance

S.Khorsand, K. Raeissi, F. Ashrafizadeh, M.A. Arenas (P-7844)

The effect of texture and surface morphology on the corrosion resistance

of zinc electrodeposits
S. Khorsand, K. Raeissi, M.A. Golozar (P-7845)

Anodic oxidation of galvanic Zn-Ni alloy coatings in the NaOH solutions
A. Maciej, W. Simka, J. Michalska, T. Gorewoda, G. Dercz (P-7274)

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371



CONTENTS

Deposition of zinc powder on iron with cold spray application

EXIX

372

A. Bossio, T. Monetta, C. Bitondo, F. Bellucci (P-7825)

11.2. INORGANIC COATINGS

Development of a bilayer superhydrophobic electrophoretic sol-gel coating
on stainless steel

373

A.M. Simoes, M.M. Lourenco, J.C. Fernandes (0O-7775)

Sol-gel derived protective coatings to prevent microbial induced corrosion................

S. Pfeifer, A. Gutierrez, E. Kroke (0-7362)

Novel nanoparticle-based coatings for the oxidation protection of steel compounds

...... 374

375

during press-hardening
B.Tigges, S. Benfer, A. Tenié, C. Klesen, M. Yekehtaz, W. Bleck, W. Flirbeth (0-7232)

Characterization of conversion layers hexavalent chromium free applied
in electrogalvanized steel

376

K. Provazi de Souza, C.R. Tomachuk, L.E.M. Palomino, C.M. Reis, I. Costa (P-7552)

Behavior of alloying elements during anodizing of magnesium alloys

377

A. Némcova, P. Skeldon, G.E. Thompson, C. Olivero, P. Chapon (O-7666)

Chemistry of Zr/Cr based solutions: application to sealing of anodized aluminium

378

alloys
N. Chahboun, E. Rocca, D. Veys-Renaux, M. Augros, M. Boutoba, N. Caldeira (O-7593)

Corrosion properties of PEO coatings obtained on Mg alloys with an electrolyte
containing different concentrations of molybdate

379

L. Pezzato, K. Brunelli, M. Magrini, M. Dabala (O-7239)

Electrochemical and surface analysis of corrosion properties of nanometre-thick

380

alumina coatings prepared by ALD on copper
S. Mirhashemihaghighi, J. Swiatowska, V. Maurice, A. Seyeux, L.H. Klein, E. Harkdnen,
M. Ritala, P. Marcus (0-7242)

Experimental evaluation of the corrosion protection ability of PVD-coatings..............

U. Depner-Miller, G. Andersohn, M. Oechsner, K. Bobzin, N. Bagcivan, T. Brégelmann,
R. Weiss (0-7428)

...... 381

382

Environmentally friendly CeCC for AA6060 aluminum alloy
A. De Nicolo, L. Paussa, F. Andreatta, A. Gobessi, C. Cepek, L. Fedrizzi (O-7584)

Aluminium alloys anodizing: effect of the composition and the microstructure.............

N. Chahboun, E. Rocca, D. Veys-Renaux, M. Augros, M. Boutoba, N. Caldeira (O-7597)

Investigation on defect morphology and corrosion behaviour of TiMgN hard coatings
on steel substrate

...... 383

384

T. Mueller, A. Heyn, M. Fenker, M. Balzer (O-7473)

Performance and failure mode of diamond-like carbon coatings in simulated oil

385

and gas conditions
A. Broughton, S.B. Lyon (0O-7638)



CONTENTS

Synthesis and behavior of nano hard anodized layers

Z. Abdel Hamid (0-7113)

Effect of PTFE and Al O, particles variation on corrosion and wear behavior
of NiP-PTFE-Al O, nanodispersion coatings

A. Singh, P. Ankita (P-7201)

Advanced environmentally friendly chemical surface treatments for cast magnesium
helicopter transmission alloys preservation

F. Brusciotti, U. Izagirre Etxeberria, A. Unzurrunzaga Iturbe (P-7730)

Bioceramic coatings on Ti6Al4V, developed by electrochemical plasma, laser printer
with localized stripping and deposition electrophoresis

D. Pefia, L. Ramos, H. Estupifan (P-7707)

Elaboration of silica hybrid coatings for corrosion protection of carbon steel:
electrochemical study

T.Phan, C. Jama (P-7231)

Influence of aluminium alloy type on the corrosion behaviour of formed alumina films.......

C. Girginov, S. Kozhukharov (P-7300)

Corrosion behavior of nanostructured bioactive apatite coating on TiVAl alloys...............

A. Alshamsi (P-7304)

Microstructure and optical appearance of anodized friction stir processed Al-
metal oxide surface composites

V. Gudla, F. Jensen, K. Bordo, S. Canulescu, R. Ambat, A. Simar, R. Shabadi (P-7337)

Electrochemical characterization of a zinc rich epoxy nano-coating primer
on an X52 steel pipeline grade in flow conditions

E. Maya, V. Valencia, T. Hawkins, H. Castaneda (P-7341)

Hybrid films modified with polyethylene glycol for corrosion protection of tin plate..........

H. Ribeiro Piaggio Cardoso, S.R. Kunst, M.R. Ortega Vega, T. Lemos Menezes,
C. Fraga Malfatti (P-7509)

Electrochemical characterization of a H2F6Zr film form on AISI/SAE 1006 steel....................

J. dos Anjos Moraes, R. Sdnchez-Tovar, J. Garcia-Antén, J. Zoppas-Ferreira (P-7525)

Corrosion resistance of economical environmentally friendly anodization

for Mg-3Zn-0.8Ca alloy
M. Shoeib, H. Soliman, S. Mikhail, M.E. Mousa (P-7565)

Corrosion protection properties of the yttria stabilized sol-gel ZrO, thin film
on 316L stainless steel

I. Bacic, H. Otmacic Curkovic, L. Curkovic (P-7591)

Optical appearance of AC anodized Al/TiO, composite coatings

K. Bordo, V. Gudla, R. Ambat, F. Jensen (P-7601)

Superficial patina: analytical interpretation of the ancient process of realization

of Japanese Shakudo alloy
D. Ferro, D. Servidio, B. De Filippo, D. Loepp (P-7617)

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400



CONTENTS

Effect of primer-free helical inserts to prevent galvanic corrosion 401
A.E. Eken, C.Yilmaz, E. Tan (P-7134)

Corrosion resistance of H2F6Zr coatings in NaCl 402
J. dos Anjos Moraes, R. Sdnchez-Tovar, R. Leiva-Garcia, J. Garcia-Antoén,
J. Zoppas-Ferreira (P-7530)

Investigation of possibility to use glass-based layer to prevent internal corrosion
of pipelines 403
M. Ronceray, A. Barnett, K.A. Raheem (P-7215)

11.3. ORGANIC COATINGS

A new way for corrosion research in an artificially produced micro-climate between
alloys and organic coatings 404
S. Walkner, A.W. Hassel (O-7485)

Delamination kinetics of chemisorbed polymer coatings on nano-structured
metal surfaces 405
A. Bashir, D. Igbal, A. Erbe, M. Rohwerder (O-7493)

Strain induced defect formation in ultra-thin protective films on TWIP steels..................... 406
C. Liu, O. Ozcan, T. Niendorf, F. Brenne, G. Grundmeier (O-7635)

Effect of structure and stress-state interactions on water diffusion processes
in epoxy coatings 407
G. Bouvet, S. Cohendoz, X. Feaugas, S. Mallarino, S. Touzain (O-7560)

Anticorrosion atmospheric plasma coatings for metal protection 408
I. De Graeve, A. Kakaroglou, G. Scheltjens, B. Nisol, G. Van Assche, B. Van Mele, F. Reniers,
H. Terryn (O-7608)

Electrochemical properties of graphene/epoxy coating 409
T. Monetta, A. Acquesta, F. Bellucci (0-7223)

Advanced functional ormosil coatings modified with conductive fillers
for corrosion protection of Mg alloys 410
F. Montemor, D. Snihirova, B. Martins, A. Zomorodian, Y. Morozov, S. Picarra (O-7669)

A new composite coating for corrosion protection of AZ31 and RZ5 magnesium alloys......... 411
M.C. Ferreira, A. Zomorodian, M.F. Montemor, J.C.S. Fernandes (O-7810)

Elaboration of bisphenol A polybenzoxazine coatings for barrier protection
applications on aluminum substrate 412
J. Escobar, M. Poorteman, L. Dumas, L. Bonnaud, P. Dubois, M.G. Olivier (O-7452)

Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) as a primer coating for the
inhibition of corrosion driven cathodic delamination and filiform corrosion oniron............ 413
C. Glover, G. Williams (0-7547)

Structure property relationships in highly structured composite layers as corrosion
protection coatings on mild steel 414
C. Becker-Willinger, S. Schmitz-Stoewe, M. Opsoelder, M. Jochum, S. Albayrak, E. Perre (O-7751)




¥.9.9.411 CONTENTS

Inorganic-organic hybrid(TiO,-MAPTS) coating on carbon steels for corrosion
inhibition

W. Maeng, G. Song, M. Kim, J. Noh, M. You (O-7366)

Possibilities of ex situ IR and in situ Raman spectroscopies for investigation of sol-gel
anticorrosion coatings during anodic polarisation

A. Surca Vuk, M. Rodosek, A. Rauter, L. Slemenik Perse, D. Kek Merl (O-7177)

Delamination of organic coatings on a zinc substrate investigated with a current
measurement method

S. Wibihal, M. Pichler, G. Fafilek, M. Fleischanderl (P-7372)

Raman spectroscopy as a tool for investigation of fluoropolymer coatings
on electronic boards

M. Rodosek, L. Slemenik Perse, M. Mihelcic, M. Kozelj, B. Orel, B. Bengu, O. Sunetci, P. Pori,
A. Surca Vuk (P-7178)

It's all relative, when it comes to protective coatings

D. Ferguson, P. Dove (P-7431)

The study on failure process of acrylic polyurethane coating under alternate wetting
and drying condition

Z.Fang, L. Zhang, X. Zhao, Y. Zuo (P-7094)

Improved corrosion protection of graphene oxide reinforced siloxane-PMMA
hybrid coatings

S.V. Harb, F.C. dos Santos, S.H. Pulcinelli, C.V. Santilli, . Hammer (P-7194)

Anodic protection produced by Smart Ink

R.S. Silva, V. Maggi, J.Z. Ferreira, A. Meneguzzi (P-7268)

Protective compositions on base of wastes of vegetable oils production against

atmospheric corrosion of steel goods
V.I.Vigdorovich, A.A. Uryadnikov, N.V. Shel, L.E. Tsygankova (P-7296)

Fine textured polymer based composite materials as multifunctional low friction
coatings with corrosion protection

D. Bentz, S. Schmitz-Stéwe, M. Wild, C. Becker-Willinger (P-7761)

The effects of the nano-TiO, on the interfacial corrosion behavior of immersed coatings

J. Gao, H. Jiang, H. Qian, L. Lu, X. Li (P-7652)

Study of the corrosion behavior of electrogalvanised steel/Cr(lll) and Zr conversion
layer/paint system by electrochemical and visual methods

F.M. Queiroz, PR. Seré, C.. Elsner, A.R. Di Sarli, C.R. Tomachuk, I. Costa (P-7124)

Research into the causal effects and development of solutions to pinholing
of powder coated galvanized steel

A. Speakman, C. Chisholm, M. El-Sharif, R. Ansell (P-7181)

Behaviour of coatings at the defect - scribing tools for investigations of coatings
on steel

R. Bentfeld (P-7363)

New flange corrosion protection system
K. Flanagan (P-7857)

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429



CONTENTS

11.4. PRETREATMENTS

Anti-corrosive conversion coating on aluminium alloys using high temperature
steam with incorporated chemistries

.99 Li1]

430

R. Din, M.S. Jellesen, R. Ambat (0-7302)

Comparative study between conventional tests and ACET technique for powder

431

coatings used on steel with different phosphate pretreatments
J. Molina, J. Suay, J. Gracenea (0-7725)

The role of surface modification by phosphating in corrosion protection
of sintered Nd-Fe-B magnets

433

E. Isotahdon, E. Huttunen-Saarivirta, V.-T. Kuokkala (0-7752)

Investigation of under film corrosion using pH sensitive microcapsules

434

T. Matsuda, K. Kashi, M. Jensen, V. Gelling (0-7262)

Influence of different pretreatments of Mg4Y2Nd prior to NaF-coating
on the electrochemical corrosion behaviour

435

C. Schille, E. Schweizer, J. Geis-Gerstorfer (P-7216)

Employing electro-deposition technique for coating nano-bioactive ceramic coating
on dental Ti-alloy implant

436

M. Shoeib, H. Shalaby, M. Nassif, A. Abdelrahman (P-7516)

Establishment of a novel CV-method to measure real work pieces and comparison
with the standard method

437

A. Schindel, J. Schodl, G. Fafilek, Ch. Kleber (P-7663)

11.5. SELF-HEALING COATINGS

Highly ordered mesoporous silica loaded with dodecylamine for active
anticorrosion coatings

438

J.M. Falcon, T. Sawczen, V. Aoki (0-7287)

Self healing organic coatings on aluminium alloy

439

A. Firouzi, A. Bianco, G. Montesperelli (O-7187)

Assessment of corrosion performances of cerium based silane-zeolite coatings
on AA6061 substrate

440

L. Bonaccorsi, L. Calabrese, A. Capri, G. Gulli, E. Proverbio (0O-7522)

Numerical modelling as a tool for the design of self-healing dispersion coatings...............

M. Walczak (0-7412)

L-cysteine intercalated layered double hydroxide as anticorrosive agent for organic
coatings

441

442

T. Stimpfling, H. Hintze-Bruening, P. Keil, H. Theil, F. Leroux (0-7379)

Micro-electrochemical study of organic corrosion inhibitors for AR2024....................

F. Andreatta, I. Recloux, L. Paussa, M. Mouanga, M. Olivier, L. Fedrizzi (O-7185)

Coating self-healing effect by loading microcapsules with two-component epoxy
film former

......... 443

444

F. Cotting, I.V. Aoki (O-7585)



CONTENTS

Non-destructive in-situ characterization of microcapsules and self-healing coatings

using confocal Raman spectroscopy
A. Lutz, |. De Graeve, H. Terryn (O-7282)

Recent developments on microencapsulation for autonomous corrosion protection.......

L.M. Calle, W. Li, J.W. Buhrow, L. Fitzpatrick, S.T. Jolley, J.M. Surma, B.P. Pearman,
X.Zhang (0O-7195)

Development of self healing polymer coatings on metals

A. Lutz, |. De Graeve, H. Terryn (O-7145)

Design and analysis of multi-layer self-healing coatings tailored for smart corrosion
protection

T.Tran, A.Vimalanandan, J. Fickert, K. Landfester, D. Crespy, M. Rohwerder (O-7228)

Fundamental investigation on the mechanism of capsule based redox-responsive
self-healing coatings.

A.Vimalanandan, L-P. Lv, T. H. Tran, K. Landfester, D. Crespy, M. Rohwerder (P-7219)

Self-healing properties of smart coating for hot dip galvanized steel

W-J. Li, C.Y. Tsai, C.J. Lu (P-7184)

»Green” encapsulation of corrosion inhibitors for smart coatings

A. Altin, M. Rohwerder, A. Erbe (P-7443)

Encapsulation of corrosion inhibitors in a self-healing polymeric coating.............

H.Verbruggen, A. Lutz, H. Terryn, |. De Graeve (P-7374)

11.6. COATINGS FOR HIGH TEMPERATURES

Metal dusting protection by a novel coating, providing a classical oxide barrier
as well as catalytic inhibition

S. Madloch, M.C. Galetz, M. Schiitze (O-7168)

Combination of CVD coatings and halogen effect to prevent high-temperature
embrittlement in titanium aluminides

J. Griiters, M.C. Galetz, M. Schitze (O-7414)

Surface modification of thermal barrier coatings by diffused and laser and phosphate
treatments

M. Shoeib, K. Ahmed (0-7115)

Improvement of turbine blade by using protective ceramic coating

S. Sohrabi, A. Saatchi, R. Ebrahimi (O-7316)

Wavelet transform electrochemical noise analysis for intermetallic coatings at 750 °C
in molten salt environment

A. Garcia, E.F. Diaz, S. Serna, J. Colin, A. Torres-Islas, M.A. Lucio-Garcia (P-7732)

Development of Fe doped Ni-Co spinel for use in SOFC interconnects

A. Bervian, G.A. Ludwig, M.A. Korb, C.F. Malfatti (P-7588)

Influence of CaO and CeO, coatings on the oxidation of nickel polycrystails..............

Z.Halem, N. Halem, S. Chekroude, M. Abrudeanu, G. Petot-Ervas (P-7574)

The effect of the a double coating layer-oxide phase (NiFe,0,) combined

with perovskite phase (La, Sr, ,CoO,) on a ferritic stainless steel
D.A.S. Lima, G.A. Ludwig, M.A. Korb, A. Bervian, C.F. Malfatti, I.L. Miiller (P-7667)

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460



CONTENTS b.5.5.47)

Oxidation resistance ferritic stainless steel AlSI 430 coated with spinel based Fe
doped Ni-Co 461
A. Bervian, G.A. Ludwig, M.A. Korb, C.F. Malfatti (P-7668)

12. CORROSION IN THE REFINERY INDUSTRY

Risk based inspection. The most rapid way in order to reduce maintenance
and inspection costs 462
A. Pette (O-7726)

Integrity assurance of process facilities at Adriatic LNG terminal through risk
based inspection 463
F. Belloni, V. Colombo, G. Benassi (0-7740)

Towards a first global assessment of corrosion issues in advanced biorefineries

as preliminary learnings from ECORBIO 464
G. Marlair, H.-L. Ngo, W. Benaissa, M. Nonus, C. Len, E. Hondjuila-Miokono, N. Thiébault,

J. Garcia, B. Narcy, C. Sarazin, |. Gosselin, C. Triquenaux, A. Darraspen (O-7579)

Corrosion behaviour of AISI 1006 steel in aqueous extracts of biodiesel and petrodiesel... 465
L.F.P. Dick, M.D. Oliveira (0-7699)

Corrosion in systems for storage and transportation of petroleum products and biofuels.. 466
A. Groysman (0O-7061)

Laboratory test method for corrosion under thermal insulation 467
0. Knudsen, J. Aaneby (O-7408)

Corrosion mitigation in sulfur trains auxiliary burner 468
K. Al-Hajri (O-7841)

Chemical treatment of untreated close water cooling system 471
F. Omer (0-7127)

Successful trial of using non-metallic cladding in Saudi Aramco facility 472
M. Al Ridy (O-7102)

3D TRASAR cooling water technology combined to refined knowledge system

will help to optimize total cost of operation, to improve reliability at any time

even during process leaks and to minimize the impact of process leaks on asset

management 473
V. Bour Beucler (0-7817)

Precipitation and dissolution of critical phases in alloy 625 474
R. Lackner, G. Mori, R. Egger, F. Winter, W. Grogger, M. Albu (O-7500)

Laboratory examination of two olefin cracking radiant tube materials 475
J. Zhang, L. Allcock, A. Al-Meshari, E.M. Murillo, M. Diab, S. Ahmad (O-7554)

Effective parameters on bottom plates corrosion phenomenon of storage tanks
during construction time interval: A case study, investigations and solutions................ 476
H. Aldaghi, S. Easapour, Y. Haghighat (O-7120)

Corrosion resistance of austenitic steels used in biodiesel fuel plant 477
A.P. Pereira, V.F.C. Lins, M.M.R. Castro, C.E.A.S. Torres (P-7721)



CONTENTS

Corrosion of steels used in a biodiesel fuel plant

A.P. Pereira, V.F.C. Lins, C.G.F. Costa, M.M.R. Castro, C.E.A.S. Torres (P-7720)

In situ AFM and FTIR spectroscopy coupled with electrochemical techniques

studies on naphthenic corrosion of API 5L X70 steel
E.C. Rios, A.L. Oliveira, A.M. Zimer, R.G. Freitas, R. Matos, L.H. Mascaro, E.C. Pereira (P-7645)

Detection and sizing of corrosion under fireproofing (CUF) with welded wire mesh
using MR-MWM-array

S.A. Dossary, A. Minachi, N. Goldfine, S. Denenberg (P-7858)

13. CATHODIC PROTECTION

Electrochemical investigation of carbon-based conductive coatings for application
as anodes in ICCP system of reinforced concrete structures

G. Ebell, M. Poltavtseva, J. Mietz (O-7489)

Examples of C.P. remote monitoring installations carried out ba a European
gas transmission company

C. Aknouche, C. Calvi (0-7853)

Corrosion of cathodically polarized TSA in subsea mud at high temperature..................

0. Knudsen, G. Clapp, G. Duncan, J. van Bokhorst (0-7413)

Cased-pipeline: presentation and experience of annular space wax filling............rn

P. de Bonnafos (O-7833)

The a.c. corrosion rate: A discussion of the influencing factors and the consequences

on the durability of cathodically protected pipelines
M. Biichler (O-7080)

Electrochemical phenomenon of a.c. corrosion likelihood of cathodically protected
steel pipelines

F. Kajiyama (O-7148)

Detecting and quantifying damage evolution of coated, cathodic protected
buried pipelines by combining AC monitoring and stochastic analysis

X. Li, A. Yajima, R. Liang, H. Castaneda (0-7361)

CORTracer TM, an innovative monitoring instrumentation for the ac corrosion
risk assessment of cathodically protected buried pipelines

E. Fleury, D. Caron, M. Meyer, S. Fontaine (O-7543)

Effects of anodic interference on carbon steel under cathodic protection condition...........

M. Ormellese, A. Brenna, L. Lazzari, F. Brugnetti (O-7518)

Proposed method to define the maximal accepted error made in the metrology
line of measurements

S. Fontaine (O-7834)

CP design of internal components
H. Osvoll, J.C. Werenskiold (O-7747)

Cathodic protection of extended sheet piling in soil. A practical case
U. Marinelli, E. Barbaresi (0-7694)

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492



CONTENTS

Cathodic protection assessment of oil storage tank farm

493

M. Diminich, F. Mari, B. Bazzoni, G. Lecardi, T. Caglioni, F. Duranti (0-7754)

New tool for CP inspection

494

H. Osvoll, J.C. Werenskiold (O-7746)

Evaluation of ICCP system over API X52 steel tested in two types soils in the state
of Campeche, Mexico

495

C. Lizarraga, L. Quej-Aké, A. Contreras, V. Moo-Yam, T. Pérez (O-7333)

Soil side corrosion of storage tank bottom plate, failure causes and mitigation
provisions

496

S. Afroukhteh, M. Askari, D. Masouri (O-7634)

Sacrifical anode key design parameters for the internal surfaces of vessel, tank
and structures

497

H. Sabri, S. Al-Sulaiman (O-7146)

498

EPIC new 16" Jet A1 fuel pipeline (external coating case study)
N. Hamdy (P-7041)

Impressed current cathodic protection (ICCP) Ti-MMO grid system for 61m diameter
methanol tank

499

F. Al-Fawaz (P-7739)

14. AUTOMOTIVE CORROSION

Light weight technologies for innovative mobility society

500

A. Dogan (KN-7850)

Effect of welding heat on microstructure and corrosion of ferritic stainless steel 409M
S.P. Ambade, Y.M. Puri, A.P. Patil (O-7315)

Pickling process for high-strength steels before coating

....... 501

502

C. Schreiber, S. Friedrich (O-7209)

Limits of rapid heating for the press-hardening of ultra-high-strength steel from
aluminum-silicon-coated blanks

503

T.Todzy, D. Worterg, B. Engel, M. Weyrich (0-7269)

Controlling and monitoring the risks of hydrogen induced stress corrosion cracking
in automotive body parts

504

R. Scharf, A. Muhr, G. Luckeneder, K.H. Stellnberger, J. Faderl, G. Mori (O-7433)

Crevice corrosion of hot stamping steels for the automotive industry

505

M. Jonsson, L. Levander (O-7540)

A century with salt spray testing; time for a final phasing-out by a replacement
based on newly developed more capable test regimes

506

M. Strom (0-7639)

Analysis of perforation corrosion morphology of steel sheets for automobiles

507

using laser displacement meters
H. Kajiyama, M. Omoda, M. Kimura (O-7655)



m CONTENTS

Methodology for the definition of failure assessment diagram of AHSS
exposed to aggressive environments 508
M. Beghini, L. Bertini, C. Colombo, B. Monelli, R. Valentini (O-7670)

Influence of climatic parameters in accelerated test on the corrosion and mechanical
properties of automotive joined materials 509
N. Lebozec, O. Clauzeau, D. Thierry (O-7193)

Concentration effect of salt solution on the corrosion of carbon steels investigated
by salt spray test 510
Y.H. Yoo, H.S. Park, Y.K. Song (0-7349)

Adequacy between lighter multimaterial vehicle and car body corrosion resistance.... 511

P. Buttin, P-Y. Cam, G.-A. Balmont, J. Bovin (0-7221)

The influence of Ca?* in de-icing salt on the corrosion behavior of AM50
magnesium alloy 512
M.W. Grabowski, S. Virtanen, D.B. Bllicher, M. Korte (O-7161)

Study of polymer coating delmination kinetics on zinc modified with zinc oxide
of different morphologies 513
D. Igbal, R. Singh Moirangthem, A. Bashir, A. Erbe (O-7526)

Investigation on the effect of impurities on the corrosion behaviour of various

A356 alloy. 514
A. Niklas, R. Gonzéalez-Martinez, A.l. Fernandez-Calvo, S. Mendez, A. Conde, J.J. de Arenas,

J.J. de Damborenea (0-7224)

Effect of experimental parameters on AA6xxx intergranular corrosion during immersion
in acidified NaCl solutions (ISO11846) 515
L. Peguet, E. Chassagnolle, R. Bergeron, A. Afseth (O-7385)

The effect of surface conditioning on the deposition of Zr-based conversion
coatings on aluminium alloys 516
J. Cerezo, P.Taheri, I. Vandendael, R. Posner, J.H.W. de Wit, J.M.C. Mol, H. Terryn (0-7511)

Effect of Sr and Ti addition on the corrosion behavior of Al-7Si-0.3Mg alloy........... 517
M. Uludag, M. Kocabas, D. Dispinar, R. Cetin, N. Cansever (0-7614)

Electrochemical profiling of multi-clad aluminium sheets used in automotive
heat exchangers 518
K. Bordo, R. Ambat, L. Peguet, A. Afseth (0-7482)

Investigation by electrochemical impedance spectroscopy of filiform corrosion
of electrocoated steel substrates 519
A.-P.Romano, M.-G. Olivier (O-7152)

Influence of water, chloride, sulphate and acetic acid on corrosion behavior
of aluminum materials in ethanol-containing fuels 520
R. Reitz, G. Andersohn, M. Oechsner, O. Golenishcheva (0-7460)

Time-dependent corrosion and layer formation reactions of EN AC-AlISi10Mg
in coolants for combustion engines under various boiling conditions 521
T. Duchardt, G. Andersohn, M. Oechsner, U. Depner-Miller (0-7481)




CONTENTS p.5.9.1).4

The impact of condensates containing sulphate and chloride on automotive
exhaust systems
R. Hashimoto, G. Mori, D. Knoll, U. Tréger, H. Wieser (0-7327)

High-temperature corrosion of materials for cast exhaust-components
M. Ekstrom, B. Zhu, P. Szakalos, S. Jonsson (O-7383)

Role of corrosion products in corrosion mechanisms of Zn(Mg)(Al) coatings on steel..........
P.Volovitch M. Salguero Azevedo, J.D. Yoo, C. Allely, C. Ogle (O-7678)

Influence of corrosion on fatigue behaviour for automotive exhaust systems.................
U. Troger, D. Knoll, H. Wieser, K. Duru, F. Haider (0-7497)

Investigation on galvanic effect in automotive body corrosion
E. Szala, A. Dogan, F. Hannour (O-7854)

16. CORROSION OF POLYMER MATERIALS

Application relevant polymer testing - impact of media on the viscoelastic behaviour
of engineering polymers
P. Guttmann, D. Oelzant, G. Pilz (O-7660)

Compatibility of sealing materials with biofuels, biodiesel-heating oil blends
and premium grade fuel at different temperatures
M. Weltschev, J. Werner, F. Heming, F. Jochems (0-7072)

Monitoring the process of polymer degradation by imaging techniques
T. Schuster, S. Damodaran, K. Rode, R. Briill, B. Gerets, M. Wenzel, M. Bastian (O-7248)

Lifetime analysis for plastic pipes by statistical evaluation of creep rupturedata..............
J. Heinemann, H. Haupt, A. Bockenheimer, M. Oechsner (0-7820)

Flouropolymers in corrosion resistance - long term experience opens a broad spectrum
of applications
B. Neubauer, G. Maggi (O-7250)

Fluorothermoplastic-lined steel and FRP equipment for highly corrosive environments -
an overview
M. Lotz (O-7188)

Flouropolymers in corrosion resistance - protective organic coatings based on ECTFE......
B. Neubauer, G. Maggi (0-7251)

Corrosion of copper alloy fittings in a combined plastic/metal installation
for hot drinking water
W. Erning (O-7183)

Innovative high corrosion resistant systems for chrome plating on plastics...........c.c
L. Thiery, H. Sahrhage, D. Dal Zilio, G.L. Schiavon (0-7831)

Imaging techniques: tool for the quantification of oriented additives
T. Schuster, K. Rode, S. Damodaran, R. Brill (P-7247)

Three dimensional orientations by FTIR- and polarized light microscopy......
S. Damodaran, T. Schuster, K. Rode, R. Briill (P-7249)

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536



m CONTENTS

17. CORROSION & CORROSION PROTECTION OF DRINKING WATER SYSTEMS

Modeling water quality by water treatment for corrosion control in water distribution
networks 538
A. Becker (O-7388)

Observations on the graphitic corrosion of cast iron trunk main: mechanisms
and implications 539
R. Logan, M. Mulheron, D. Jesson, P. Smith, T. Evans, N. Clay-Michael, J. Whiter (O-7466)

Corrosion failure analysis of galvanized steel pipes in a closed water cooling system........... 540
A. Colombo, L. Oldani, S.P. Trasatti (O-7753)

Material durability and biofilm development in drinking water network - comparison
of stainless steel grades with commonly used materials 541
A. Allion, S. Jacques, J. Peultier, P. Boillot, J.-M. Damasse, M.-C. Bonnet (O-7548)

Long term corrosion test of stainless steel for water heater applications... 542
E. Johansson, S. Higg Mameng (0-7424)
Fatigue behavior of high quality steels in water 543

M. Borchert, M. Panzenboeck (O-7380)

Influence of disinfection chemicals on corrosion of various metals for drinking
water supply systems 544
M. Bajt Leban, T. Kosec (0-7358)

Limiting conditions of pitting corrosion for lean duplex stainless steel as a substitute
for standard austenitic grades 545
S.Hagg Mameng, R. Pettersson (O-7410)

Effectiveness of induction annealing process for the ferritic stainless steel AlSI 444 ............ 546
A. Acquesta, C. Bitondo, A. Bossio, A. Carangelo, M. Curioni, F. Bellucci (O-7852)

Failure analyses of localised corrosion damages on stainless steels - practical
examples 547
I. Juraga, V. Alar, V. Simunovic, |. Stojanovic (P-7396)

Investigations of the corrosion behaviour of stainless steel in contact with
ECA-generated disinfectant fluids 548
M. Dimper, A. Ahrens, S. Reimann (P-7405)

Failure analysis of firewater pipeline 549
S. Al Subai, K. Barai, M. Esteban, E.M. Murillo (P-7738)

In-plant corrosion investigation on steels in distillery effluents 550
A. Singh, C. Sharma, C. Ram (P-7281)

Biocorrosion evolution in a laboratory copper pipe ageing system 551
D. Fischer, L. Daille, C. Galarce, R. De la Iglesia, G. Pizarro, |. Vargas (P-7609)

18. CORROSION OF ARCHAEOLOGICAL AND HISTORICAL ARTEFACTS

Corrosion of gold imitations in illuminated manuscripts 552
M. Kouril, E. Jindrova, T. Jamborova, J. Dernovskova (0-7139)



CONTENTS m

The bronze panel (paliotto) of San Moise in Venice: materials and causes
of deterioration
C. Chiavari, C. Martini, S. Montalbani, E. Franzoni, M.C. Bignozzi, C. Passeri (0-7190)

Single- and multiple-layer coatings for bronze statuary: preliminary study
and in situ evaluation after five-year outdoor exposure
B. Salvadori, E. Cantisani, C.G.R. Tognon, M. Nesi, A. Cagnini, M. Galeotti, S. Porcinai (O-7464)

In-situ EIS characterization of outdoor corrosion behaviour of bronze and gilded
bronze
A. Balbo, M. Abbottoni, C. Chiavari, C. Martini, E. Bernardi, C. Monticelli (O-7259)

Staining of bronze sculptures, determining the causes
A.R. Moreira, K. Barbosa, N.L. Almeida, Z. Panossian (0-7197)

The role of microstructure on initial corrosion and metal release of Cu-Zn alloys
in a chloride-containing laboratory atmosphere
X.Zhang, I. Odnevall Wallinder, C. Leygraf (O-7382)

Atmospheric corrosion of fire gilded bronze: accelerated ageing in runoff conditions..........
C. Chiavari, C. Martini, E. Bernardi, S. Raffo, A. Balbo, M. Abbottoni, M.C. Bignozzi,
C. Monticelli (0-7192)

Dating copper-based archaeological materials using the voltammetry of microparticles ...
A. Doménech, S. Capelo, T. Doménech (0-7311)

Prediction of long-term corrosion rate of copper alloy objects
K. Kreislova, H. Geiplova (O-7425)

A multi-technique approach for characterizing patina formed on the surface of brass
used for musical instrument of the XIX century
F. Cocco, M. Fantauzzi, G. Peschke, B. Elsener, A. Rossi (O-7787)

In situ study of long term atmospheric corrosion of iron by pRaman spectroscopy..........
M. Bouchar, D. Neff, J.P. Gallien, P. Dillmann (O-7186)

An integrated EIS-Raman approach to study the corrosion mechanism of iron artefacts.....
S. Grassini, M. Bouchar, E. Angelini, M. Parvis, D. Neff, P. Dillmann (0-7474)

Study of iron sulphides origin in archeological artefacts by determination of sulphur
isotopic ratio
S. Grousset, F. Mercier, A. Dauzeres, D. Crusset, L. Raimbault, A. Galtayries, J.P. Gallien,
P. Dillmann, D. Neff (O-7594)

Study of archaeological ferrous objects in sulfide-containing media
J.A. Bourdoiseau, M. Jeannin, R. Sabot, C. Remazeilles, Ph. Refait (O-7136)

Study of the role of ammonium ions on the corrosion of copper in sulphate containing
media
H. de Melo, D.F. Abrahao (O-7651)

Mill scale on historic wrought iron: impact on corrosion and coating performance...........
N. Emmerson, E. Nordgren, D. Watkinson (O-7496)

Protective coatings for historic wrought iron: epoxy resins versus oil-based systems..........
N.J. Emmerson, D.E. Watkinson (O-7555)

553

554

555

556

557

558

559

560

561

562

563

564

565

566



» <Al CONTENTS

Pre-corroded electrical resistance sensors to mimic, monitor and guide the

conservation of heritage iron
J. Dracott, S. Lyon, D. Watkinson, M. Rimmer (O-7589)

Corrosion products transformations during sub-critical stabilization of archaeological
iron artefacts

M. Bayle, D. Neff, Ph. de Viviés, J-B. Memet, Ph. Dillmann (O-7390)

Predicting corrosion: chloride form and the response of archaeological iron
to humidity

D. Watkinson, M. Rimmer (0O-7258)

Testing the durability of modified corrosion protection systems for iron monuments
conservation

M. Raedel, M. Buecker (0-7734)

Evaluation of the conservation state of metallic artefacts from the villa dei quintili
in Rome

E. Angelini, S. Grassini, G. Galli, M.F. La Russa, S.A. Ruffolo (0-7671)

Atmospheric corrosion effects of air pollution on materials and cultural property

in Kathmandu, Nepal
J. Tidblad, K. Hicks, J. Kuylenstierna, B.B. Pradhan, P. Dangol, I. Mylvakanam (O-7459)

Innovative biological approaches for metal conservation
E. Joseph, P. Letardi, M. Albini, L. Comensoli, W. Kooli, L. Mathys, E. Domon Beuret, L. Brambilla,
C. Cevey, R. Bertholon, P. Junier, D. Job (0-7562)

Insoluble decanoate salts as anticorrosion additives in acrylate varnish............

J. Stoulil, V. Nikendey (0-7272)

Protection of patinas on various bronzes by different types of inhibitors.............

T. Kosec, K. Marusic, P. Ropret, H. Otmacic Curkovic (O-7628)

Plasma deposited DLC coatings for the conservation of bronze artefacts.........

E. Angelini, D. Caschera, F. Faraldi, S. Grassini, G.M. Ingo (0-7519)

Self-assembling monolayers of organic acids for protection of bronze from polluted
urban atmospheres

K. Marusic, N. Devetak, S. Spoljaric, H. Otmacic Curkovic (O-7319)

Soil-induced corrosion of ancient roman brass: a case study

O. Papadopoulou, P. Vassiliou, V. Gouda, F. Faraldi, S. Grassini, E. Angelini (O-7727)

Corrosion of sheet piling in the soil: results of a literature review and practical research.....

P. Kraaijenbrink, G.A.M. van Meurs, S. Jansen, H. Senhorst (O-7843)

Effects of Juniperus communis leaves extracts on tin bronze corrosion
R. Ben Channouf, N. Souissi, S. Zanna, H. Ardelean, N. Bellakhal, P. Marcus (0-7376)

Pollutant permeability in acrylate varnishes
J. Svadlena, J. Stoulil (P-7273)

Corrosion of cans in collections: the case study of Burghalde museum
L. Brambilla, S. Mischler, L. Nicolay, R. Schmitt, C. von Arx, |. Bohmler, R. Bertholon (P-7847)

569

570

571

573

574

575

576

577

578

579

580

581

582

583

584

585



CONTENTS

19. CORROSION IN AEROSPACE

Investigation into the impact of lithium additions on the corrosion response
of Al-Cu alloys for aerospace applications 586
D. Carrick, S. Hogg, G. Wilcox (0-7421)

Effect of microstructure on the corrosion resistance of AA2524-T3 and AA2198 T-851
aluminum alloys used in the aeronautic industry. 587
A.FS. Santos, S. Zacarelli, S.R. Araujo, M. Terada, |. Costa (O-7622)

Corrosion resistance of direct metal laser sintering (DMLS) AISiMg alloys........... 588
M. Cabrini, S. Lorenzi, T. Pastore, D. Manfredi, S. Biamino, P. Fino, C. Badini (O-7536)

Effect of deicing compounds on aircraft materials 589
A. Bjorgum, A.-K. Kvernbraten, A. Stare, TA. Gustavsen, PI. Lohne, G.W. Karlsen (O-7196)

Surface treatments in space environment 590
A. Zapata (0O-7785)

Complex oxide morphologies by potentiodynamic anodizing of aluminium.................. 591
M. van Put, O. Elisseeva, J. de Kok, S.T. Abrahami, J.M.C. Mol, H. Terryn (O-7180)

Application of surface wetness sensors for the evaluation of corrosivity of the
atmosphere to aerospace aluminium alloys 592
O.V. Startsev, .M. Medvedev (0-7784)

Choosing a corrosion prevention compound surface science helping to preserve
aeronautical equipment 593
C. Bilke-Krause, Chr. Rulison (0-7577)

The prevention of corrosion and stress-corrosion cracking on European space
programme 595
T. Ghidini, A. Tesch, A. Graham (O-7803)

The role of anodic oxide chemistry in the interfacial bonding of aluminium
in the aerospace industry 596
S.T. Abrahami, J. de Kok, J.M.C. Mol, H. Terryn (O-7179)

Plasma electrolytic oxidation processes for aeronautic applications and their technical
application 597
N. Godja, M. Polzer, A. Schindel, J. Wosik, A. Gavrilovic, Ch. Kleber (O-7208)

Tartaric/sulphuric acid anodizing of aluminium-copper-lithium alloy AA2198 598

A. Schindel, N. Godja, T. Vanka, J. Wosik, Ch. Kleber (0-7367)

Characterization and performance of passive layers generated from lithium based
inhibitors for corrosion protection of AA 2024-T3 599
P.Visser, J.M.C. Mol, H. Terryn (O-7616)

Experimental study of the effect of mass transfer on the efficiency of inhibitors
released from an inhibited-primer 600
F. Peltier, R. Oltra, G. Zalamansky (0-7263)

Advanced protective coatings for AA2024 alloys with combination of pH- sensitive
active containers filed with corrosion inhibitors 601
D. Snihirova, S.V. Lamaka, M.F. Montemor, P. Taheri, J.M.C. Mol (O-7700)




W CONTENTS

Self-healing anticorrosive hybrid sol-gel coatings based on loaded nanocontainers

for 2XXX serie aluminium alloys
R. Noiville, M. Gressier, M-J. Menu, J-P. Bonino, S. Duluard, B. Fori, C. Gazeau, P. Bares (O-7749)

Silica mesoporous thin films hosting benzotriazole for protection of 2024
aluminum alloy - Study of healing mechanism

I. Recloux, M. Mouanga, F. Khelifa, M-G. Olivier (O-7131)

Eco-friendly primer treatments for corrosion protection of Al 2024

|. Bertoli, M. Trueba, S.P. Trasatti (0-7292)

Characterization of corrosion resistance of chromium-free coatings for aeronautical
application

L. Belsanti, E. Forchin, R. Stifanese, M. Toselli, P. Traverso (P-7715)

Anticorrosion sol-gel coatings for anodised aluminium

M. Oubaha (P-7760)

A study of the films formed on an AA2024 alloy clad layer by hydrothermal treatments
involving cerium (lll) and propylene glycol

W.LA. Santos, V.R. Capelossi, S. Hinder, M.A. Baker, R. Grilli, I. Costa (P-7680)

A.WS: CO2-CORROSION IN INDUSTRIAL-APPLICATIONS

Mitigating corrosion in sweet gas units: a comparison between laboratory data
and field survey

J. Kittel, M. Bonis, G. Perdu (O-7811)

Corrosive and protective behaviour of MEA in dense phase CO,

A. Dugstad, M. Halseid, B. Morland (0-7743)

Thermally sprayed corrosion resistant alloy coatings on carbon steel for usein CCS............

S. Paul (O-7456)

Effect of microstructure on scale protectiveness and corrosion rate of carbon steel
in CCTS environments

M. Cabrini, S. Lorenzi, T. Pastore (0O-7524)

Safe transport of dense phase CO, - how much flue gas impurities can be accepted? ..
A. Dugstad, M. Halseid, B. Morland (O-7744)

Corrosion susceptibility of steels under transport and injection exploitation conditions
possible in CCS process chain

O. Yevtushenko, R. BdBler, D. Bettge (0-7157)

B. WS: CORROSION RELIABILITY OF ELECTRONICS DEVICES

Perspectives on the climatic reliability issues of electronic devices

R. Ambat (0-7822)

Brief introduction to the mechanism of electrochemical migration
H. Schweigart (0-7819)

602

603

604

605

606

607

608

609

610

611

612

613

614

615



CONTENTS

Influence of the printed circuit board design on electrochemical migration
and surface insulation 616
M. Nowottnick, S. Mattern (O-7818)

Electrochemical migration in electronics: effect of contamination and bias
conditions 617
V.Verdingovas, M.S. Jellesen, R. Ambat (0-7447)

Contamination profile of printed circuit board assemblies in relation to soldering
types and conformal coating 618
H. Conseil, M.S. Jellesen, R. Ambat (O-7082)

Corrosion reliability of electronics: the influence of solder temperature
on the decomposition of flux activators 619
K. Piotrowska, H. Conseil, M.S. Jellesen, R. Ambat (O-7495)

Cleaning in electronics: understanding Today’s needs 620
J. Cetier, PJ. Duchi, A.M. Laugt (0-7227)

Solder paste residue corrosivity assessment: Bono test 621
J. Cetier, C. Puechagut, A.M. Laugt, E. Guene, R. Anisko (O-7225)

Corrosion in electronics: overview of failures and countermeasures 622
M.S. Jellesen, V. Verdingovas, H. Conseil, R. Ambat (O-7426)

Salt spray corrosion test methods - an overview 623
A.B. Kentved, K.A. Schmidt (O-7521)

An on-site atmospheric-corrosion sensor 624
R. Minamitani (O-7203)

Environmental stress corrosion of polybutylenterephtalate: a common material
for electronic housings 625
G. Klett, M. Furtsch, A. Hachtel, L. Miller (O-7824)

The effect of a post-electroplating electrochemical oxidation treatment
on whisker formation from tin coatings 626
M.A. Ashworth, D. Haspel, L. Wu, G.D. Wilcox, R.J. Mortimer (O-7236)

Tin electrodeposits produced using non-aqueous ionic liquid electrolytes:
whisker formation 627
C.J. Stuttle, M.A. Ashworth, G.D. Wilcox, R.J. Mortimer (O-7403)

Basic physics of moisture challenges in electronic packaging - a tutorial overview............. 628
J. Jacobsen, A. Holm, J.P. Krog, L. Rimestad, A. Riis (O-7823)

Climatic durability of modern assembly technologies in electronics 629
P. Zak, K. Kreislovd, D. Majtas (P-7453)

Understanding moisture protection of coated electronic circuits in terms
of water permeation and electrochemical corrosion 630
J. Krog, M. Ahmed, M.S. Jellesen, J.B. Jacobsen, R. Ambat (P-7826)

Development and evaluation of atmospheric corrosion sensors using printed
circuits 631
E. Roblero, F. Corvo, V. Moo-Yam, E. Garcia-Ochoa, T. Pérez (P-7335)




m CONTENTS

C.JS: HIGH TEMPERATURE CORROSION IN THE REFINERY, PETROCHEMICAL
& CHEMICAL INDUSTRIES

Influence of single surface ash layer on dual corrosion 632
M. Mosquera Feijoo, A. Kranzmann, A. Baselga Zapater (O-7400)

Acoustic emission analysis coupled with thermogravimetric experiments dedicated
to high temperature corrosion studies on metallic alloys 633
V. Peres, O. Al Haj, E. Serris, M. Cournil, F. Grosjean, J. Kittel, F. Ropital (O-7240)

Integrated risk management program to allow safe profitable processing
of opportunity naphthenic acid crudes 634
P. Thornthwaite, K. Clarke, J. Davies (O-7135)

Passivation behaviour of stainless steel (UNSN-08028) in industrial phosphoric acid
contaminated with chlorides and sulfates at 80°C 635
M. Ben Salah, R. Sabot, E. Triki, L. Dhouibi, P. Refait, M. Jeannin (P-7386)

Failure analysis of boiler furnace wall tube 636
M. Al Muaisub, A. Bayramov (P-7423)

E.JS: CATHODIC PROTECTION IN MARINE ENVIRONMENTS

Heavy metal inputs from anodic dissolution of Al-Zn-In galvanic anodes

to the marine environment: TALINE project 637
S. Pineau, J. Deborde, A.M. Grolleau, P. Refait, C. Caplat, O. Basuyaux, M.L. Mahaut,

S. Le Glatin, P. Bustamante, J.L. Gonzalez, C. Brach-Papa, P. Honoré (0-7222)

Design of cathodic protection retrofitting of subsea pipelines assisted
by FEM modeling 638
P. Marcassoli, M. Ginocchio, B. Bazzoni, A. Msallem, A. Ibrahim (O-7729)

Volume synthesis of a calcareous deposit on steel under cathodic protection
by impressed current 639
A. Zanibellato, R. Sabot, P. Refait, M. Jeannin (O-7306)

F.WS: MARINE CORROSION IN RENEWABLE ENERGY

Coating deterioration and corrosion on offshore wind power structures:
a review of inspection results 640
A. Momber (0-7792)

Cathodic protection for marine structures: 3 case studies 641
S. Ayyar, J. Jansson (O-7375)

Corrosive environment inside offshore monopile structures and challenges
in monitoring 642
B. Jensen, F. Grgnvold (O-7365)

Durability of coating repair systems for offshore service 643
A.R. Black, PK. Nielsen (0-7230)



CONTENTS

1. JS: INTERPLAY OF MECHANICS AND CORROSION IN SURFACE
AND BULK DEGRADATION

Kinetic of passivation of two stainless steel microstructures under tribocorrosion
sollicitations 644
V. Dalbert, N. Mary, B. Normand, C. Verdu, S. Saedlou (O-7528)

Tribocorrosion behaviour of stainless steel under cathodic potential 645
N. Mary, V. Dalbert, N. Normand, B. Ter-Ovanessian, T. Borgna, L. Lefebvre, S. Saedlou (0-7532)

The effect of surface condition on the friction coefficient of different dental archwires....... 646
T. Kosec, P. Mocnik, U. Mezeg, J. Primozic, A. Legat (O-7630)

New advances and perspectives in the electrochemical study of tribocorrosion.............. 647
M. Keddam, P. Ponthiaux, V. Vivier (O-7798)

Sensitivity to liquid metal embrittlement of the T91 steel by the liquid sodium :
influence of the pre-immersion in liquid sodium 648
|. Proriol Serre, O. Hamdane, J-B. Vogt, J.-L. Courouau (O-7687)

Tribocorrosion effects on offshore mooring chain steel 649
A. Lopez, F. Pagano, R. Bayon, A. Igartua (0O-7772)

Tribocorrosion behavior of commercially pure titanium in biomedical application
of dental and orthopaedic implants 650
Y.Yang, P. Ponthiaux (P-7330)

J.WS: MULTIMATERIALS IN HYBRID STRUCTURES FOR AUTOMOTIVE
AND AEROSPACE APPLICATIONS - CORROSION PREVENTION

Corrosion investigations of ultrasound supported friction stir welded
Al/Mg-hybrid joints 651
S. Benfer, B. Stral3, G. Wagner, W. Fiirbeth (O-7170)

Study of the corrosion behaviour of friction stir welded AA 2024-T3 using global
and local electrochemical techniques 652
C. Molena de Assis, I.V. Aoki, V. Vivier (0-7643)

Active self-healing coating for galvanically coupled multi-material assemblies.. 653

M. Serdechnova, S. Kallip, D. Vieira, L.F.S. Barbosa, M.G.S. Ferreira, M.L. Zheludkevich (0-7257)

A controlled experimental approach of the effect of confinement on the damage
inside an aluminium alloy lap joint 654
T.M.L. Le, R. Oltra, A. Zimmer (O-7789)

Corrosion behaviour of titanium in lightweight construction 655
S.Wibihal, G. Fafilek, T. Hack, M. Beneke (O-7786)

Inhibitor-enriched composite protective coating for WE43 magnesium alloy.................. 656
S. Lamaka, M. Lourenco, D. Ivanov, M. Zheludkevich, M. Ferreira, T. Hack (O-7640)

The influence of hot forming on the microstructure and corrosion behaviour
of magnesium alloy 657
J. Alias, X. Zhou, G.E. Thompson (0-7415)




b ARYIl  CONTENTS

In-situ Al/TiC nanocomposites: the effect of sintering temperature
on the corrosion behavior

B. Dikici, M. Gavgali, F. Bedir, T. Kiyak (O-7198)
K. WS: MEANS OF PREVENTION AND RECOVERY AGAINST DECAY/DETERIORATION
OF VALUABLE BUILDING AND URBAN DECORATION

Research activity for the restoration and maintenance of the Pisan art objects
at the University of Pisa

A. Andreotti, |. Bonoduce, V. Castelvetro, F. Ciardelli, M.P. Colombini (O-7835)

World War One fortresses and artifacts in Trento area: from historical corrosion
to a durable maintenance work

F. Meneghelli (O-7828)

Cutting-edge technologies for the renewal of historical buildings the thirty-year

experience gained in restoring the painted facades
G. DiTanna, G. Bozzo (0-7807)

Genoa’s elevated highway (Soprelevata) : 1964 -1984 -2014 - a successful

maintenance project
P.Bonora (0-7816)

More than 20 years of proven durability of fluorinated architectural coatings
onto concrete; 1992/2014 Genoa’s Aquarium case

A. Locaspi (O-7812)

The effect of soiling and oxidation on architectural titanium

M.V. Diamanti, M.P. Pedeferri (O-7450)

Study of protective coatings for outdoor bronzes by means of in situ electrochemical
techniques

A. Colombo, S. Goidanich, E. Guerrini, S. Porcinai, A. Cagnini, M. Galeotti, B. Salvadori,
A.Vicenzo, L. Brambilla, L. Rosetti, S. Trasatti (O-7849)

Corrosion resistance of anticorrosive film formed on Mg alloy by steam coating................

T. Ishizaki, N. Kamiyama (O-7782)

CAVALLARO MEDAL LECTURE

Development of inhibitor-containing zeolites for protection coatings

M.G.S. Ferreira (O-7860)

658

659

660

661

662

663

664

665

667



PLENARY LECTURE PL-7838 n

From the object scale to the nanometre: issues linked with
corrosion of archaeological ferrous artefacts.

Philippe Dillmann
LAPA SIS2M/NIMBE CEA Saclay, France and IRAMAT UMR5060 CNRS, France.

Corrosion of archaeological ferrous artefacts is a main issue for conservation of cultural
heritage. Actually objects realised with this metal constitute the main part of
archaeological metals stored in Museums or used in ancient monuments. Depending on
the environment, several corrosion patterns are observed on the metal, forming a thick
layer constituted of various phases and heterogeneous at different scales. The physico-
chemical properties of this layer will drive the corrosion kinetics and conduct to
different main mechanisms and average corrosion rates after centuries of alteration. To
develop reliable diagnosis but also to optimise the possible protection or inhibition
treatments, it is necessary to understand these mechanisms in detail, and their synergies
from the nanometre to the millimetre.

The purpose of this talk is to illustrate by several examples the various mechanisms and
the main issues dealing with these mechanisms. Some specific methodologies, adapted
to the particular case of very long term corrosion, including the “analogue approach”,
will be showed.
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Comparison of the Corrosion Protection Effectiveness of Vapor
Corrosion Inhibitor and Nitrogen Blanketing System

Behzad Bavarian, Jia Zhang, Keyang Lu and Lisa Reiner

Dept. of Manufacturing Systems Engineering & Management
College of Engineering and Computer Science
California State University, Northridge, USA 91330

Abstract

Corrosion behavior of steel samples used for storage tanks and cross casing
pipe applications were investigated using two different protection mechanisms:
vapor corrosion inhibitor and nitrogen blanketing system. The objective of this
project was to demonstrate which technique provides more protection in
corrosive environments, especially where there are restricted geometries such
as crevices, threads, notches, and under-deposits.

Corrosion behavior of steel samples were studied in two different conditions; the
first contained 200 ppm chloride solution + 10% corrosion inhibitor addition, the
second included 200 ppm chloride solution with a nitrogen blanketing system at
10 psi applied pressure. The corrosion rate of the exposed samples were
monitored for more than five months (~3,600 hours) using linear polarization
resistance (LPR) and electrical resistance (ER) probe techniques.

The corrosion data have demonstrated that vapor phase corrosion inhibitors
have superior advantages over the nitrogen blanketing system in the presence
of excessive salt and moisture. On average, the LPR corrosion rate measured
less than 0.06 mpy for samples immersed in VCI solution, no sign of corrosion
was observed. The immersed and nitrogen blanketing samples, in contrast,
showed a corrosion rate of 1.68 mpy and the samples were covered with a thick
red rust. ER probes showed a corrosion rate of 0.18 mpy for VCI treated while
the nitrogen blanketing samples showed a 2.12 mpy corrosion rate and probes
were heavily corroded. It is interesting to report that when VCI was injected into
the nitrogen blanketing corrosion cell, the corrosion rate of the corroded steel
probes dropped to less than 0.26 mpy in under 20 hours. This shows a
significant reduction in the corrosion rate by more than eight times.
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New Corrosion Inhibitor for Evaporative Cooling Systems

Matheis J.; Stratmann, A.; Hater, W.; BK Giulini GmbH, Duesseldorf, Germany
Wolf, F.; Lunkenheimer, R.; BK Giulini GmbH, Ludwigshafen, Germany
Foret, C. ; ICL France SAS, Vaas, France

Corrosion of heat exchangers and installations in evaporative cooling systems is a
serious problem of industry, as it may lead to increased maintenance effort,
damages, up to plant shut-down causing high cost. Furthermore, there may be a high
environmental impact due to the discharge of blow-down water containing heavy
metals or hazardous compounds, which may enter the water system via leakages.

State of the art corrosion inhibitor programs are based on phosphate, phosphonates,
zinc and combinations thereof. Although generally satisfying control of corrosion can
be achieved, all programs suffer more or less severe drawbacks, such as lack of
biodegradability, content of heavy metals or necessity of pH control combined with
acid dosage.

Consequently, there is a need of corrosion inhibitors having an improved
environmental profile and/or an improved performance. This papers shows the
results obtained with a newly developed corrosion inhibitor. The molecule is free of
heavy metals.

Corrosion tests have been carried out with carbon steel specimen in dependence of
inhibitor concentration, water composition and water temperature. Electrochemical
methods, e.g. voltammetry and polarization resistance, were applied as well as
beaker tests and long term tests in cooling circuit simulating devices. Thereby, the
efficiency of the new inhibitor as such as well as of combinations with other organic
inhibitors has been studied. Finally, the new inhibitor has been tested in a pilot
cooling tower under practical conditions.

The results of the corrosion tests clearly show an excellent efficiency of the new
corrosion inhibitor. Significant synergies could be identified between the new
substance and other inhibitors. Pilot plant studies of a formulation based on the new
corrosion inhibitor show a better or at least the same performance compared to
commercially available corrosion inhibitors, but a marked reduction of the
phosphorous entry into the waste water.
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Corrosion inhibition of carbon steel in cooling water systems by
means of chemicals used to modify heat transfer

O. Conejero, ITMA Materials Technology, Avilés / Spain
M. Cabanas, J. Arancon, D. Carrascal, ArcelorMittal Global R&D, Avilés / Spain;

Abstract

Surfactants are being studied in the ArcelorMittal steelmaking plants as water
additives.

The use of water additives is a method that can be employed to modify the heat
transfer characteristics of water. Surfactants are chemicals that are being studied to
be employed for this purpose in different steelmaking processes.

As a side effect, the corrosivity of any new additive has to be assessed. For this
reason, a study of the corrosivity of a commercial product was carried out in the
laboratory and also in a semi-industrial pilot plant.

The results obtained show that the addition of this type of products lowers the
corrosion rate of carbon steel in the investigated system. The corrosion rate can be
up to four times lower in water with 1ppm of the chemical product as compared to the
same water without it.
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The Impact of Copper Chrome Boron (CCB) Wood Preservative on
the Corrosion of St37 Steel

Husnu Gerengi®”, C.Tascioglu’, C. Akgay®, M. Kurtay®

@Corrosion Research Laboratory, Kaynasli Vocational College, Duzce University,
81900 Kaynasli, Duzce, Turkey

®Department of Forest Products Engineering, Faculty of Forestry, Duzce University,
81620 Duzce, Turkey

Abstract

Copper Chrome Boron (CCB) is a well-known new generation wood preservative.
The corrosion inhibition performance of CCB on St37 steel in 3.5% (w/v) NaCl was
examined using dynamic electrochemical impedance spectroscopy (DEIS), Tafel
polarisation and scanning electron microscopy techniques. Corrosion test results of
the system being investigated revealed that CCB displayed inhibitor properties and
behaved predominantly as an anodic inhibitor. The adsorption of CCB was found to
follow Langmuir's adsorption model. Scientifically, this work can contribute to the
understanding of the mechanism of corrosion of st37 steel fasteners used with CCB-

treated and untreated wood.

Keywords: Corrosion; Copper Chrome Boron (CCB); St37; Wood Preservative

* Corresponding author Tel.: +90-5053987953; E-mail: husnugerengi@duzce.edu.tr
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Adsorption of imidazole, triazole, and tetrazole on oxidized copper
surface

Dunja Peca, Anton Kokalj
JozZef Stefan Institute, Jamova 39, Ljubljana, Slovenia

Azole molecules are known for their ability to significantly slow down the corrosion of
metals. Because molecular adsorption represents an important step in achieving the
inhibitory effect, several density functional theory (DFT) studies have been performed
recently with the aim to ascertain molecular level understanding of the bonding of
azole molecules to copper surfaces, e.g., see Refs. [1-4]. The focus of these studies
was the interaction of azole inhibitors with only unoxidized copper surfaces. However,
it is known that metal surfaces are often oxidized and consequently surface-oxides play
an important role in the adsorption process of inhibitors. For this reason we have studied by
means of DFT molecular modeling the interaction of imidazole, triazole, and tetrazole
molecules with the Cu,O(111) surface.We find that there are significant differences with
respect to unoxidized Cu(111). Namely, it was shown previously that only deprotonated
molecules bond strongly to the Cu(111), while the molecules in neutral form bind weakly
with the bonding energy of about 0.5 eV [3]. In contrast, neutral molecules can adsorb rather
strongly to Cu,O(111) with thebonding energy of about 1.6 eV, provided that they bond to the
coordinatively unsaturated copper sites, while the bonding to the saturated sites is similar as
on Cu(111). On the other hand, the bonding of deprotonated molecules to Cu,O(111) is either
similar or even reduced with respect to Cu(111). These results, therefore, imply that on
oxidized copper surfaces the molecules in neutral form may play more important role for
inhibiting the corrosion than on unoxidized Cu surfaces.

[11 A. Kokalj, S. Peljhan, M. Finsgar, |. MiloSev, J. Am. Chem. Soc., 2010, 132, 16657-16668.
[2] N. Kovacgevi¢, A. Kokalj , J. Phys. Chem. C, 2011, 115, 24189-24197 .

[3] N. Kovacevi¢, A. Kokalj , Corros. Sci., 2013, 73, 7-17 .

[4] A. Kokalj, S. Peljhan, J. Koller, J. Phys. Chem. C, 2014, doi:10.1021/jp409719c¢c
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Corrosion Inhibition of a large evaporative cooling system

Issa M. Baghni, Engineering Academy, Tajoura - Libya

Abstract: Cooling tower plays an important role in total energy balance of chemical
process and gas plant industries, particularly with respect to total water conservation.
The increasing use of desalinated water for cooling systems has raised various
problems that were not faced in cooling systems when using ground water, one of
those problems is selection of proper corrosion inhibitor that is compatible with
biological water treatment scheme.

In this case study, efforts were made to share the experience of a large evaporative
cooling system water treatment, with discussion of remedial actions taken to reduce
corrosion rate.

Keywords: Corrosion inhibitors, Corrosion, Cooling system, Water treatment. bio-
fouling.
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Protection of Cu70Ni30 Alloy by Fatty Acids

Helena Otmagié Curkovi¢, Zana Hajdari and Katarina Marusié
Faculty of Chemical Engineering and Technology, University of Zagreb, Savska 16,
10000 Zagreb, Croatia

Cupronickel alloys are often used for applications in marine environment due to their
relatively high corrosion resistance based on the formation of protective oxide layer.
Their service life in such aggressive environment can be prolonged by protection with
corrosion inhibitors. However, marine environment is sensitive to toxic compounds
that are often used as corrosion inhibitors. For this reason it is very important to
develop new corrosion inhibitors that are not harmful to marine ecosystems.

Fatty acids are known to adsorb on some of the metal oxides and form self-
assembled monolayer that might act as a barrier to diffusion of aggressive species
towards metal surface. They are also environment friendly compounds.

The objective of this study is to examine several fatty acids as possible corrosion
inhibitors for Cu70Ni30 alloy in seawater. Protective layer is formed by immersion in
ethanol solution of fatty acid. Influence of the application conditions, such as
immersion time, fatty acid concentration, temperature and surface pretreatment, on
inhibiting efficiency and stability of fatty acids monolayer is examined.

Studies are performed by electrochemical methods: polarization measurements and
electrochemical impedance spectroscopy. Surface layer is characterized by FTIR
spectroscopy and SEM/EDX. Contact angle measurements are conducted to
examine increase of the surface hydrophobicity in the presence of fatty acids.

Results of this investigation show that fatty acids increase the corrosion resistance of
cupronickel alloys and prolong their service life in seawater.

Acknowledgments: The research leading to these results has received funding from
Croatian Science Foundation under grant agreement 9.01/253.
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Inhibitor for Galvanically Coupled Copper/Steel System

Gozde Tansug, Tunc Tuken, Gokmen Sigircik, Elife Sultan Giray, Mehmet Erbil
Cukurova University, Adana, Turkey

In much industrial application, diverse metals are employed together
mandatorily; heat exchangers, cooling water systems etc. Inevitably, such systems
are subjected to galvanic corrosion, copper/steel couple is a typical example.
Protection of these systems involves particular interest, especially in acidic chloride
environment, at which both copper and steel is highly vulnerable against corrosion.
Azole group organic inhibitors are pronounced with their ability to form polymer like
protective film on copper, via interacting with copper ions. The mercapto group
containing inhibitors are strongly adsorbed on oxide free metal surfaces. They could
also form stable complex with copper ions via the thiolate bond. Generally, this kind
of inhibitor molecules is modified with an aromatic ring, in order to increase
hydrophobicity on top of protective layer.

Methyl 3-((2-mercaptophenyl)imino) butanoate (MMPB) was studied as
corrosion inhibitor for protection of galvanically coupled copper and steel systems.
The efficiency was examined in acidic chloride media by means of various
electrochemical and spectroscopy techniques. The measurements were realized for
single copper, steel electrodes and once for galvanically coupled samples. Scanning
electron microscopy and energy dispersive X-ray analysis proved that MMPB offers
significant protection against corrosion of copper and steel, for extending periods.
The inhibition efficiency against coupled systems was investigated with
electrochemical measurements between galvanically coupled copper and steel
samples, which were immersed in test solution and coupled to each other with an
external connection wire. Galvanic current and potential difference between these
electrodes was measured. Solution assay analysis was realized for quantification of
corrosion rates of each metal. It was proved that the inhibitor offers high efficiency
for such systems, at which steel becomes highly vulnerable against corrosion when it
is coupled with copper. The azole and thiol groups of molecule generate strong
adsorptive interaction with the surface of both metals. The azole group could also
form highly stable complex with Cu(l) ions, which are freshly released due to
oxidation of copper at the interface. The carboxylate end group of molecule leads to
significant intermolecular attraction between the adsorbed inhibitor molecules,
because of notably dipole character.

References

1. M. M. Antonijevic, B. M. B. Petrovic, Int. J. Electrochem. Sci. 3 (2008) 1-28.

2. M. M. Antonijevic, S. M. Milic, M. B. Petrovic, Corros. Sci. 51(2009) 1228-1237.
3. Sudheer, M.A. Quraishi, Corros. Sci. 70 (2013) 161-169.
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4,5-Dinitrobenzimidazole and 5-nitrobenzimidazole adsorption on
copper surface. Electrochemical and XPS study’

Arkhipushkin I.A."?, , Zhilenko D.Yu." Kazansky L.P.?
" Mendeleyev University of Chemical Technology of Russia, Miusskaya square, 9,
Moscow, Russia
2Institute of physical chemistry and electrochemistry, Russian Academy of sciences,
Leninski pr.31 Moscow, Russia
Corresponding author: arhi90@mail.ru

As many constructional metals copper suffers from corrosion in aqueous solutions
and therefore it needs protection. One of the most effective protection methods is usage of
corrosion inhibitors, often organic compounds. For copper - azoles and their derivatives
are especially interesting.

Rather effective ones are believed to be 4,5-dinitrobenzimidazole and 5-
nitrobenzimidazole, whose structures are shown below.

5-nitrobenzimidazole 4,5-dinitrobenzimidazole

In the present study using XPS and electrochemistry we have investigated the
mentioned substances when they adsorbed on copper samples in neutral borate buffer
(pH 7.4) with and without 0.5M NaCl. XPS analysis of copper samples shows that both
inhibitors adsorb on the surface and remain there even after thorough ultrasonic washing.
It is evidenced by the presence of two N1s peaks, one for -NO; group (406.1 eV) and
another for -N- in azole group (399.8 eV) with expected different peak intensities. When
adsorbed, the N1s azole peak shifts from the peak position observed for azole powder
(400.5 eV). At the same time, the peak width (2.39 eV) decreases in comparison with
azole powder (2.62 eV). It may result from deprotonation of azole nitrogen atom,
equalization of the charges on them and their coordination with Cu® ions. The Cu2p3
spectrum reveals the only peak at 932.8 eV witnessing the absence of Cu**. The Auger
spectra CuLsM4sMy5s electrons may be deconvoluted into three individual curves assigned
to Cu® (568 eV) , Cu,O (570 eV) and complex Culy, where L - inhibitor molecule. The
maximum at 572.5 eV of the third component belongs to this copper -inhibitor complex due
to formation Cu-N bonding. According to interpretation of XPS data 5-nitrobenzimidazole
and 4,5-dinitrobenzimidazole form polymolecular complex film which thickness increases
in time of exposure and can reach 9 nm in several hours.

Potentiodynamic curves of the copper electrode have shown gradual decreasing the
anodic current upon addition the substances under study in pure borate buffer containing
0.01M NaCl and in 0.5M NaCl solution. Corrosion protection effect of 5-nitrobenzimidazole
and 4,5-dinitrobenzimidazole is compared and discussed.

*This work is partly financed by RFBR grant Ne13-03-00354
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Probing Corrosion Inhibitor Behaviour Using Micelle Detection

Cameron Mackenzie, LUX Assure, Edinburgh UK;
Mohsen Achour and David Blumer, ConocoPhillips, Bartlesville OK, USA

The preparation of commercial corrosion inhibitors draws on a wealth of research,
experience and expertise to provide an effective solution which is both
environmentally and economically acceptable. In oil and gas production the package
usually contains one or more chemical surfactant families along with other additives.
However the competitive environment means that many details of the formulations
are trade secrets resulting in a general opacity and a lack of specific data or research
on the behaviour of these chemicals at the molecular level in oilfield environments.

Micelles are molecular aggregates formed when a surfactant is present above a
specific concentration and temperature and their measurement can provide a useful
tool for probing the behaviour of inhibitors at the functional molecular level whilst
maintaining the secrecy required by manufacturers. Two main themes will be
presented. Firstly, the use of micelle detection in the laboratory environment provides
rapid insights in to the behaviour of different chemicals in different physical and
chemical environments. For example, the effect of varying water-cuts, oil and water
chemistry and pH was explored and the results demonstrated the significant and
often unpredictable changes which can occur. Secondly, the differences between
measuring simulated samples, samples measured in the field and samples shipped
from the field are explored.

The results discussed in this work reinforce the observation that corrosion inhibitors
are complex and sensitive to their environment. Apparently insignificant changes in
conditions can have dramatic effects on the behaviour of the active chemicals. It is
therefore imperative that corrosion inhibitor is analysed as close to field conditions as
possible and that where simulations are used, the results are treated with appropriate
caution.
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Evaluation of environmental friendly corrosion inhibitors vs
traditional corrosion inhibitors in oil and gas industry

C. Di lorio, T. Cheldi, S. Correra
eni e&p, S. Donato Milanese

E. Lo Piccolo, G. Mortali
Centro Sviluppo Materiali, Roma

Carbon and low alloy steels are widely used construction materials for oil and gas
process and transportation facilities. In order to guarantee the integrity of the plant a
very effective corrosion management strategy is mandatory with these materials.
The most extensively used method in controlling internal corrosion threats is
represented by chemical inhibition.
A large number of commercial corrosion inhibitors is available to handle a lot of
different corrosive conditions.
Unfortunately, most of the chemical molecules more effective as corrosion inhibitor
are non-biodegradable and toxic for marine and terrestrial living species. That is why
international regulations are changing, forcing chemical manufacturers and operators
to dismiss harmful and hazardous chemicals in favour of eco-friendly compounds.
Concerning eco-friendly corrosion inhibitors the main questions arising between
operators are:

— Are environmental friendly corrosion inhibitors effective as traditional ones?

— Are they really environmental friendly?

In the attempt to answer to these questions a laboratory testing activity was carried
out by eni e&p with the support of specialized laboratories.

This paper describes the applied testing protocol and the results of the comparative
evaluation of eight different corrosion inhibitors, both traditional (red) and
environmental-friendly (green).

Four service companies were asked to provide two different corrosion inhibitors, a
red and a green one.

The efficiency, in corrosion control, of the eight chemicals was evaluated, at the
same conditions, by means of electrochemical techniques, both under static and
dynamic conditions.

The toxicity of the chemicals was evaluated by means of the assessment of their
specific ECsp value.

The comparison of the different laboratory test results was carried out between
products of the same supplier.
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Effect of an amine based inhibitor on CO, corrosion of carbon steel

Gregor Mori, Andreas Prethaler, Montanuniversitét Leoben, Leoben
Erwin Rosenberg, Melanie Riickemann, Technical University of Vienna, Vienna
Wolfgang Havlik, Gerald Zehethofer, Stefan Hénig, OMV E&P GmbH, Génserndorf

Abstract

Inhibition is, besides coating technology, the most applied technique of corrosion
protection in oil and gas production. Understanding of inhibitors is in many cases
insufficient and follows more general rules of thumb than scientific theories. This lack
of understanding hinders researchers to formulate more efficient corrosion inhibitors.

In the present work an amine based gas condensate inhibitor applicable below
100 °C has been investigated both, in a laboratory flow loop and a jet impingement
cell. Inhibitor concentration was varied in these flow experiments. As test material an
L80 chromium quenched and tempered steel with 1 % has been used. Tubes with
different diameters have been fabricated from a rod for the flow loop experiments to
enable different flow regimes and flow velocities. After leaving the flow loop, the
residual inhibitor concentration in the artificial brine has been analysed. From the
same material small coupons have been machined and tested in a jet impingement
cell. These tests under flow conditions have all een done at flow velocities (flow loop)
and impact velocities (jet impingement cell), respectively between 10 and 30 m/s.

In addition partitioning of inhibitor in oil-water-gas mixtures has been determined as
well as critical micelle concentration (cmc). Analysis of inhibitor has been done by
gas chromatography coupled with a mass spectrometer. Electrochemically potential
and polarization resistance have been determined for different concentrations under
stagnant conditions.

Data generated show that the functional substances of the inhibitor are quaternary
amines with a chain length between C4y and C+s. Inhibitor is mainly water soluble and
only little fugitive. Inhibitor shows a good performance as long as concentration is
higher than cmc. This is verified in flow loop and jet impingement experiments, both
resulting in reasonable data compared to the field.

Keywords: CO; corrosion, corrosion inhibitor, critical micelle concentration
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Investigation of Corrosion Problems in Cooling Water Pipeline

Saud G. Al subai and A. K. Bairamov

Saudi Basic Industries Corporation, P.O Box 11669, Jubail 31961, Saudi
Arabia, T +966 (3) 359 9134, F +966 (3) 359 9112, subaisg@sabic.com

This paper describes the investigation of the corrosion problems observed in
cooling water pipe lines. The pipes have been in service for six years at the
time of this investigation. The first leakage was observed within one year after
commissioning. Corrosion investigations revealed that the leakage problems
encountered in the lines are due to under deposit corrosion. The supplied
cooling water was contaminated with organic material and solid particles. The
internal pipe surface was heavily covered with deposit and consequently the
water chemical treatment was unable to prevent localized corrosion from

taking place.

Carbon Steel material is the most cost effective and technically acceptable
material to be used if the deposits accumulation problem is avoided and
effective water treatment is utilized. Thus, water quality limits should be
clearly defined and adhered to. Additionally, due to the hot surrounding

environment, the exterior surfaces of Carbon Steel pipes should be coated.
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Inhibition of CO, Corrosion of Pipeline Steel by some Imidazoline
Derivatives

A. |. Obike'?? P. C. Okafor'", U.J. Ekpe', X. Jiang® and D. R. Qu®

'Department of Pure & Applied Chemistry, University of Calabar, P. M. B. 1115,
Calabar, Nigeria

’Department of Pure & Industrial Chemistry, Abia State University, Uturu, P. M. B.
2000, Abia State, Nigeria

*SINOPEC Research Institute of Safety Engineering, 218, Yan'an 3rd RD, Qingdao,
P. R. China, 266071

[2-(2-Henicos-10-enyl-4,5-dihydro-imidazol-1-yl)-ethyl]-methylamine (HDEM), 2-(2-
Henicos-10-enyl-4,5-dihydro-imidazol-1-yl)-ethanol (HDE) and 2-Henicos-10-enyl-
4,5-dihydro-1H-imidazole (HDI) were synthesized by assisted organic synthesis
(MAOS) method and characterized by FT-IR. The corrosion inhibition properties of
these compounds on mild steel L360 in 3.5% NaCl was investigated by weight loss,
potentiodynamic polarization, electrochemical impedance and scanning electron
microscopic techniques. Results from the study showed that the inhibition efficiency
increased with increase in the concentration of the inhibitor to a maximum and
decreased with rise in temperature. An adherent layer of inhibitor molecules on the
surface is proposed to account for their inhibitive action in which the organic
molecules adsorb on the active anodic and cathodic sites following Langmuir
isotherm. The effectiveness of these inhibitors has been correlated to their chemical
structures and were in the order of HDEM > HDE > HDI. The values of activation
energy, free energy of adsorption, heat of adsorption, enthalpy of activation and
entropy of activation were also calculated to elaborate the mechanism of corrosion
inhibition. The potentiodynamic polarization data show that the compounds studied
are mixed type inhibitors. Electrochemical impedance was used to investigate the
mechanism of corrosion inhibition. The surface characteristics of inhibited and

uninhibited metal samples were investigated by scanning electron microscopy (SEM).

: Correspondence: pcokafor@unical.edu.ng; pcokafor@gmail.com. Tel.: +234-803-429-5604
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On the irreversibility of adsorption of volatile corrosion
inhibitors and protection of metals against atmospheric corrosion

Goncharova O.A., Nad’kina E.A., Kuznetsov Yu.l.
Russian academy of sciences A.N. Frumkin Institute of Physical chemistry and
Electrochemistry RAS (IPCE RAS), Moscow, RF

Increase of the irreversibility of the adsorption of volatile corrosion inhibitors
(VCI) necessary to strengthen the protective action of nanosized layers formed by
them.

Adsorption and its irreversibility are studied with the help of ellipsometric and
electrochemical methods. It has been shown that VCI adsorption together with
volatile silanes intencify their protective activity not only in relation to ferrous metals,
but also to aluminum alloys and copper.

It has been revealed that in some cases it is more efficient to adsorb VCI and
volatile silanes in sequentially, since they form a barrier siloxane layer in the process
of their hydrolization in a humid atmosphere.

It prevents not only the VCI desorption , but also penetration of aggressive
components from the environment to the metal. This conclusion is confirmed by
direct corrosion tests in a humid atmosphere.
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Questioning the use of volatile corrosion inhibitors in polymer foils —
a comparative study on corrosion protection capabilities

Lars Igetoft, Christian Mille, Sylva Arnell

ABB Corporate Research, Vasteras, Sweden.

A common method of protecting products and components from corrosion damage is to use polymer
foils. Within ABB, foils are often used to wrap products for protection during transportation to the
site and storage until installation. These foils often include volatile corrosion inhibitors (VCl) or added
metal grains, both for improved barrier action and corrosion protection. Some foils, designed for very
demanding environments, have both VCI and metal grains incorporated. The price of these foils
varies greatly, from 0,6 USD/m? for pure polymer up to 7,3 USD/m? for the more expensive products.

In this study, seven commercially available foils have been exposure tested in order to evaluate their
corrosion protection capacity. Metal coupons were encapsulated in melt sealed bags from the seven
foils. These bags were then exposed to three different test atmospheres.

Bags containing copper coupons and unprotected reference were exposed to a flowing mixed gas
test for two months. The reference turned black in a few days while the protected coupons remained
unaffected and were unaffected during the exposure. This was the case for all seven foils.

Bags containing zinc coupons and one unprotected reference were exposed in a wooden box
outdoors for one year. The reference turned gray-white while all seven protected foils remained
unaffected throughout the exposure.

Bags containing steel coupons and one unprotected reference were exposed to a salt accelerated
outdoor test for one year. The reference was completely consumed by corrosion after the test
period. One coupon had small rust dots across the whole sample, indicating insufficient barrier
properties of the foil. Two foils had a hole that came from mechanical damage in the corner which
occurred during folding the material. This lead to rust spots close to the holes. The other foils,
including the one containing only polymer, were intact.

In conclusion, the most important factor when sealing a material is to make sure no mechanical
damage occurs. The foils should not be too thin or sensitive to wrinkles. When it comes to selecting
the barrier material, no significant difference in barrier properties or corrosion protection among the
seven tested foils could be seen. It is obvious that significant savings can be made by avoiding
expensive packing foil. Also, based on the results in this study, the value of adding corrosion
inhibitors in packing foils can be questioned.

Figure 1. The seven sealed bags (A-G) and the unprotected coupon (bottom right).
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Inhibition efficiencies to adsorption thermodynamics:
Discussing the value of such measurements

Robert Lindsay, Carifio Ruiz-Camargo, Monika S. Walczak
University of Manchester, Manchester, UK

Many studies assessing the corrosion inhibition performance of organic compounds
in acidic solutions evaluate inhibition efficiency (IE) as a function of the concentration
of the organic species in bulk solution. Typically, it is found from such measurements
that IE increases asymptotically up to a limiting value. Often these data are fitted
with a function describing an adsorption isotherm (e.g. Langmuir), and a value for the
free energy of adsorption is determined. Such work is relatively straightforward, and
can apparently provide significant insight into adsorption thermodynamics. However,
great care must be taken to ensure the validity of this approach, as there are a
number of potential issues, which may lead to erroneous output.

Here, concerns associated with the determination of adsorption thermodynamics
from plots of IE versus inhibitor concentration are addressed. Typical assumptions
are outlined, and their likely validities are critically discussed. To this end, |IE data
acquired for mercaptobenzimidazole (MBI) and benzotriazole (BTA) inhibiting the
corrosion of carbon-steel in 1 M HCI are presented, and compared to surface
coverages extracted from X-ray photoelectron spectra. This comparison indicates
that IE is not always directly proportional to surface coverage, which is a necessary
prerequisite for reliable elucidation of adsorption thermodynamics. For MBI, for
example, IE more rapidly approaches a maximum as a function of inhibitor
concentration than surface coverage. This result suggests that active surface sites
for corrosion are preferential locations for MBI binding, i.e. the substrate is essentially
fully inhibited at well below monolayer MBI coverage.
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Mitigation of Flow Induced Localized Corrosion
with Inhibitors

Giinter Schmitt

IFINKOR - Institute for Maintenance and Corrosion Protection Technologies n.f.p.Ltd.
Kalkofen 4, D-58638 Iserlohn, Germany
gue.schmitt@t-online.de

In flowing media corrosion inhibitors mitigate flow induced localized corrosion (FILC)
not only by adsorption on solid surfaces but also by decreasing the friction (wall
shear stress) between solid surface and the fluid. Due to the drag reducing properties
of some corrosion inhibitors the critical wall shear stress for the initiation of FILC can
be increased. The mechanism of this effect was not understood for a long time. The
problem was that the initiation of FILC generally occurs by a crack/spall mechanism
of protective scales or film. However, the wall shear stresses encountered in
technical flow systems are several orders of magnitude too small to provide the
fracture stresses needed to crack protective scales hydrodynamically.

The “Freak Energy” approach developed in our laboratory offers a solution for this
problem. It assumes that high-energy near-wall turbulence elements create freak
events which impinge the surface vertically with forces higher than the fracture
stress. It was proved that corrosion inhibitors can reduce the impact energy of such
freak events below the fracture stress of scales thus preventing initiation of FILC.
Mechanistically this phenomenon is explained by flow-induced concentration and
aggregation of inhibitor molecules in or near the viscous sublayer of the turbulent
boundary layer causing a cushion effect for impinging near-wall turbulence elements.
Demands for the molecular structure of drag reducing organic molecules are
discussed.
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Methodology of laboratory assessment of the efficiency of carbon
dioxide corrosion inhibitors in oilfield pipelines

N.N. Andreev, 1.S. Sivokon, and S.S. Vesely
A. N. Frumkin Institute of Physical Chemistry and Electrochemistry, Russian
Academy of Sciences, Leninskii pr. 31, Moscow, 119071 Russian Federation
n.andreev@mail.ru

Qil production and processing are impossible without the application of
corrosion inhibitors. The selection of corrosion inhibitors is very broad. The choice of
the most efficient products for practical use generally relies on pilot testing that is
laborious, time consuming, and expensive. It is no wonder that it is preceded by
laboratory testing aimed at rejecting the least efficient products and selecting the
most promising ones. Choosing the methods and conditions of laboratory testing
acquires primary importance for this purpose.

The typical conditions of corrosion and inhibitor protection in various oilfield
pipelines and the capabilities of a broad range of laboratory methods for corrosion
testing are compared. The effects of the phase composition of model environments,
hydrodynamic conditions, temperature, oxygen concentration, testing duration,
corrosion inhibitor concentration, and specimen preparation methods on the kinetics
of carbon dioxide corrosion of steel under various model conditions have been
studied. The methods and conditions of laboratory estimation of the efficiency of
corrosion inhibitors for oilfield pipelines ensuring a rational selection of products for
testing under natural conditions have been determined.
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Experimental and Theoretical Evaluation of Strawberry Fruit Extract
and its Active Component as Corrosion Inhibitor for Mild Steel in
HCI

Saviour A. Umoren

Centre of Research Excellence in Corrosion, Research Institute, King Fahd
University of Petroleum and Minerals, Dhahran 31261, Kingdom of Saudi Arabia

For correspondence: Email: umoren@kfupm.edu.sa (S.A.Umoren); Phone: +966 3
860 7902; Fax: +966 3 860 3996.

Abstract

The corrosion inhibition effect of strawberry fruit extract (SBFE) for mild steel in 1 M
HCI was investigated using gravimetric and electrochemical methods at 25 and 60
°C, Ascorbic acid (AA) the principal constituent of strawberry in its pure form was
also studied under the same experimental conditions with the intent of ascertaining
its contribution to the overall inhibition effect of SBFE. Results obtained showed that
both SBFE and AA inhibited the acid-induced corrosion of mild steel. Inhibition
efficiency increased with increase in the concentration of the additives but decreased
with increase in temperature. The maximum inhibition efficiency of SBFE and AA
were 95 and 79% respectively at the inhibitors’ concentration of 2.0 g L™ at 25 °C
from gravimetric measurements indicating that AA contributed about 8% to the
overall inhibition effect of SBFE. The enhanced inhibition effect of SBFE could be
attributed to synergistic interactions between AA and other components present in
SBFE. The potentiodynamic polarization studies revealed that SBFE and AA
functions as mixed-type inhibitors. The inhibition was assumed to occur via
adsorption of the inhibitor molecules on the mild steel surface which can be
approximated by Langmuir adsorption isotherm model. Quantum chemical
calculations and molecular dynamics simulations have been used to provide insights
into the mechanism of interaction of AA with mild steel. The morphology of the
corroding steel surface in the absence and presence of the inhibitors was visualized
using scanning electron microscopy (SEM) as well as the atomic force microscopy
(AFM) @n~hieie
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Evaluation of two imidazole derivatives as possible green corrosion
inhibitors for mild steel: Comparison of simulation with experiment

L. B. Obot

Centre of Research Excellence in Corrosion, Research Institute, King Fahd
University of Petroleum and Minerals, Dhahran 31261, Kingdom of Saudi Arabia

Abstract

Corrosion inhibition performances of two imidazole derivatives namely,
vinylimidazole (VI) and allylimidazole (Al) for mild steel corrosion in 1 M HCI was
predicted theoretically using quantum chemical calculations and molecular dynamics
simulations. Global reactivity indicators such as Epomo, ELumo, the energy gap
(ELumo-Enomo), dipole moment etc., and the local site selectivity such as Fukui
indices were computed and correlated with the reactivity of VI and Al. DFT
calculations indicated that VI is more reactive towards steel surface than Al.
Equilibruim adsorption behaviour of VI and Al molecules on Fe;O3; (010) surface
was further investigated using molecular dynamics (MD) simulations. The adsorption
energy followed the order: VI > Al. Theoretical conclusions were subsequently
validated experimentally using potentiodynamic polarization, linear polarization
resistance, electrochemical impedance and surface analytical techniques (SEM and
AFM). The experimental results indicated that inhibition efficiency depends on the
concentration and molecular structure of the investigated compounds. The two
compounds acted as mixed-type inhibitors. The studied inhibitors follow Langmuir
adsorption isotherm. Surface analysis support the formation of a protective inhibitor
film on the steel surface. VI inhibited the corrosion of mild steel effectively than Al.
The theoretical prediction agrees well with experimental results.

Keywords: Mild steel, DFT, vinylimidazole, allylimidazole, Molecular Dynamics
Simulations.

Email: obot@kfupm.edu.sa (I.B.OBOT); Phone: +966 3 860 8283;
Fax: +966 3 860 3996.
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Corrosion mechanism and electrochemical performance of TiO2
nanostructures synthetized in organic electrolytes at high voltage.

N. Raydén Lopez, M. Vera Jiménez, Cecilia Cuevas Arteaga. FCQI-CIICAp-
Universidad Auténoma del Estado de Morelos, Av. Universidad 1001, Col. Chamilpa,
62209, Cuernavaca, Mor., México.

In this work the synthesis and corrosion characterization of TiO2 nanostructures are
reported. The synthesis was made by electrochemical anodization at high voltage
using titanium foils exposed in organic electrolytes (glycerol/water/NH4F) [3-5].TiO2
nanostructures have had great interest in recent years due to their exceptional
variety in their functional properties and their applications based on the
semiconductivity and bio-compatible nature [1,2]. With respect to the synthesis the
optimal experimental conditions were obtained (especially anodization time and pre-
treatments of titanium foils) [6]. The electrolyte used in this process was
glycerol/water (50:50 % Vol) + 0.27M NH4F. 2x2x0.025 cm, 99.7% purity Ti foils
were used, which were mirror polished, degreased through ultrasonically in acetone,
iso-propanol, DI water and then dried in a warm stream nitrogen. The anodization
process was carried out at 20V using a two electrodes cell, the working electrode (Ti
foils) and an auxiliary Pt electrode. The experiments were made at room temperature
using a power source equipment. In order to determine the morphology, the TiO2
nanostructures films were analyzed by scanning electron microscopy. The optimum
time was 2:30 h, obtaining nanoporous of 66 nm diameter with a wall thickness of 40
nm (See Fig. 1). In order to determine the electrochemical stability of TiO2
nanoporous films, the corrosion mechanism was studied exposing the films in an
aqueos solution 1M Na2S0O4. Some electrochemical techniques were applied:
polarization curves and electrochemical impedance spectroscopy. As comparison,
four samples were studied: pure titanium, passivated titanium through a galvanostatic
test, amorphous TiO2 nanostructures, and crystallized TiO2. Electrochemical
techniques showed that both TiO2 nanostructures presented a better corrosion
resistance than that of pure and passivated Ti, showing a smaller density corrosion
current and a major charge transfer resistance, especially that crystallized. Nyquist
diagram presented a semi-circle behavior, which means that the controlled process
was by activation. It can be concluded that dissolution of TiO2 in a nanostructured
form is rarely observed. Fig. 1.a showes the TiO2 nanostructed film obtained at an
optimal time of 2:30 h, whereas Fig. 1.b shows the dissolution of TiO2 nanostructure
afte 2:40 h of anodization, which means that these films are susceptible to dissolution
in the electrolyte contained amonium fluorine.

Fig. 1. TiO2 nanostructured (a), and TiO2 dissolved (b) when exposed in an
electrolyte of glycerol/water/NH4F.
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Electrochemical and XPS studies of the corrosion inhibition of
carbon steel in phosphoric acid pickling solutions by purpald

Michel Traisnel 2, Charafeddine Jama 2, Fouad Bentiss ®°, Belkheir Hammouti °

@ UMET-ISP, CNRS UMR 8207, ENSCL, Université Lille Nord de France, BP 90108, F-59652
Villeneuve d'Ascq Cedex, France
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°LCAE-URAC18, Faculté des Sciences, Université Mohammed I°" B.P. 717,
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In continuation of our work on development of triazole derivatives as corrosion
inhibitors in acidic media, we have studied the corrosion inhibiting behaviour of
purpad, namely 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT), on carbon
steel in phosphoric acid (2 M H3PO4) medium. In the present work, the corrosion
inhibition properties of purpald (AHMT)) on carbon steel in 2 M H3PO,4 solution has
been examined and characterized by weight loss, Tafel polarization, electrochemical
impedance spectroscopy (EIS) and X-ray photoelectron spectroscopy (XPS)
methods.
NH,

l

N

HS\< W/NHNHz

N—N
AHMT

The experimental results reveal that the compound has a good inhibiting effect on the
carbon steel in 2 M H3;PO,4 solution. The protection efficiency increases with
increasing inhibitor concentration, but the temperature has hardly effect on the
inhibition efficiency of AHMT. The adsorption of AHMT is found to obey the Langmuir
adsorption isotherm. Thermodynamic data and XPS analysis clearly show that the
adsorption mechanism of AHMT on carbon steel surface in 2 M H3PO, solution is
mainly electrostatic-adsorption. Potentiodynamic polarization studies have shown
that AHMT acts as a mixed-type of inhibitor. Data obtained from EIS studies were
analyzed to model inhibition process through appropriate equivalent circuit model.
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Inhibition of mild steel corrosion in acidic medium by Vanillin

cationic surfactants
Ismail Aiad, Mohamed M. El-Sukkary, Samy, M. Shaban
Sayied Soliman*, Moshira Y. El-Awady,
Petrochemical Department, Egyptian Petroleum Research Institute,
*Faculty of Science, Ain Shams University, Cairo, Egypt
Abstract
Three cationic surfactants based on Schiff base were laboratory prepared. These
compounds are N-(3-((4-hydroxy-3-methoxybenzylidene)amino)propyl)-N,N-
dimethyldecan-1- ammonium bromide (), N-(3-((4-hydroxy-3-
methoxybenzylidene)amino)propyl)-N,N-dimethyldodecan-1- ammonium bromide (ll)
and N-(3-((4-hydroxy-3-methoxybenzylidene)amino)propyl)-N,N-dimethylhexadecan-
1- ammonium bromide (lll). The chemical structure was confirmed by different
techniques, FTIR, "HNMR and mass spectroscopy. Three techniques were used for
the corrosion inhibition evaluation, namely; weight loss, polarization and
electrochemical impedance. The serial dilution method was used to evaluate the
inhibiting effect of these compounds on Bacterial growth. The results showed that
the prepared compounds have good antimicrobial activities against gram positive
and gram negative bacteria and fungi as well as they have higher efficiency as
corrosion inhibitors for carbon steel in 1.0 M HCI.
Key Words:

Corrosion inhibition, biological activity, cationic surfactants



1. CORROSION AND SCALE INHIBITION 0-7674 E

Assessment of the corrosion inhibitors effectiveness and their

influence on the concrete physical properties
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Abstract

This study investigated the influence of two corrosion inhibitors on the
mechanical properties of reinforcing concrete. In that case, the variation of the
mechanical properties after the addition of inhibitors in concrete were evaluated
by the compressive strength and modulus of elasticity tests. In addition,
potentiodynamic polarization curves, measurements of potential versus time
and electrochemical impedance tests were performed to assess the
effectiveness of inhibitors against corrosion caused by chloride ions. It was
observed that the inhibitor sodium nitrite induced reduction of concrete
compressive strength. Higher passivation domain in polarization tests and
higher impedance values were obtained for solutions with inhibitors when
compared to the solution without inhibitor. Testing of scanning electron
microscopy and optical microscopy confirmed the results obtained in the
electrochemical tests for all inhibitors. In other words, the surface metals tested
without corrosion inhibitors presented more quantities of pitting corrosion than

the conditions with inhibitors.
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Electrochemical studies of the inhibition effect of 2-dimethylamine
on the corrosion of austenitic stainless steel type 304 in dilute
hydrochloric acid
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The inhibiting action of 2-dimethylamine on the electrochemical behaviour of
austenitic stainless steel (type 304) in dilute hydrochloric was evaluated through
weight-loss method, open circuit potential measurement and potentiodynamic
polarization tests at specific concentrations of the organic compound. Results
obtained reveal that the compound performed effectively giving a maximum inhibition
efficiency of 79% at 12.5% concentration from weight loss analysis and 80.9% at
12.5% concentration from polarization tests. The average corrosion potential of -321
mV was obtained the same concentration from other tests which is well within
passivation potentials on the steel thus, providing good protection against corrosion
in the acid solutions. 2-dimethylamine acted through physiochemical interaction at
the steel/solution interface from thermodynamic calculations and obeyed the
Langmuir adsorption isotherm. The values of the inhibition efficiency determined from
the three methods are in reasonably good agreement. Polarization studies showed
that the compounds behaved as cathodic type inhibitor.

Keywords: corrosion; 2-dimethylamine; inhibition; adsorption; hydrochloric acid.
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Inhibition efficiency by an aqueous extract of flower petals of cassia auriculata on
corrosive carbon steel
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2. Corrosion Research Centre, Department of Chemistry, RVS School of engineering
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Abstract

The inhibition efficiency (IE) of flower petals of cassia auriculata extract (CAE)-Zn>"
system in controlling corrosion of carbon steel in an aqueous solution has been evaluated by
weight loss method. Weight loss study reveals that the formulation consisting of 8 ml of CAE
and 25 ppm of Zn>" has 95% inhibition efficiency in controlling corrosion of carbon steel
immersed in an aqueous solution. Synergistic parameters suggest that a synergistic effect
exists between CAE and Zn”'. Polarization study reveals that this formulation controls the
anodic reaction predominantly. AC impedance spectra reveal that a protective film is formed
on the metal surface. The FTIR spectra reveal that the protective film consists of Fe* -Di-(2-
ethyl) hexyl phthalate complex.

Key words: Corrosion inhibition, carbon steel, green inhibitor, environmentally friendly
inhibitor, cassia auriculata
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Sodium potassium tartrate (SPT) as a corrosion inhibitor for
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Abstract

The present study is to use sodium potassium tartrate (SPT) as corrosion
inhibitor for aluminium in an aqueous solution containing 60 ppm CI" ion was chosen
as the inhibitor. Zn?* is selected as the synergist, as Zn?* ions in association with SPT
inhibitor is considered environmental friendly inhibitor for aluminium corrosion in
alkaline (pH=11) media. The environment chosen is aqueous solution containing 60
ppm CI" ions. To investigate the nature of the protective film, surface analytical
techniques such as, Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM) have been studied. The formation of protective film has been confirmed using
the electrochemical techniques such as polarization study and AC impedance
spectral study. The above studies support the weight loss study.
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Corrosion resistance of austenitic and duplex stainless steels in
chloride containing alkaline environments

Heljé Peltola, Mika Martikainen, Mari Lindgren
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In the industrial water treatment applications, stainless steels are normally used as a
material of construction in the most aggressive environments containing high levels
of chlorides. The combined effect of chlorides with the other constituents of industrial
waters is still somewhat unknown, as the dissolved ions and the prevailing
temperature may affect on the corrosion rates. Five stainless steels were laboratory
tested in water solutions corresponding to several kinds of industrial waters. The
grades included the austenitic stainless steels 304 and 316L, and the duplex
stainless steels LDX2101, 2304, and 2205. Gypsum water with different pH values
and with different chloride, sulfate, calcium and sodium contents was prepared and
used as the corrosive media at various temperatures. Reference tests in cation free
aqueous solutions with high levels of chlorides and varying pH were conducted for
316L and LDX2101 as well. The samples equipped with crevice formers were
immersed in the test solutions for four weeks. After the tests, the uniform corrosion
rates were calculated from the weight losses, and the existence of pitting and crevice
corrosion on the surfaces was investigated by microscopy. The effects of cations,
chloride concentration, pH, and temperature are described. The differences in the
pitting behavior of 316L and LDX2101 are discussed.
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Adsorption and passivation of copper in neutral solutions
by some heterocyclic corrosion inhibitors
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yukuzn@gmail.com

Triazoles are well known class of corrosion inhibitors for copper, in particular
1,2,3-benzotriazole (BTA), its chloro derivative - 5-chloro-BTA and 3-amino-1,2,4-
triazole (3-AT). The passivation of copper by triazoles in neutral solutions and its
stabilization in the presence of corrosive anions begins with their adsorption. The
ellipsometric method is used to evaluate its adsorption in borate buffer pH 7.4 at the
applied potential E = 0.0 V (NHE).

The adsorption of 5-chloroBTA is shown to begin at concentrations Ig Ci,
(mol/l) = -10.0, and is not limited to the formation of a monolayer. With increasing
inhibitor concentration a multilayer coverage of a surface takes place. For 5-
chloroBTA and 3-AT, the free adsorption energy for a monolayer (-AG,’) is obtained
equal to 58.7 and 55.5 kJ/mol, respectively. This is somewhat higher than calculated
(-AG.°) = 50.5 kJ/mol for BTA. That suggests chemisorption of the inhibitor on the
copper surface.

Another noteworthy class of heterocyclic inhibitors of copper corrosion are
porphyrins. Recently, we have shown that for the passivation of copper in chloride
solutions (Cci.= 10 mol/l) only 10™° mol/l (6.8 mg/l) of protoporphyrin IX - dimegin,
(disodium salt of dicarboxylic acid) are needed that is 3 orders of magnitude lower
than a concentration of the aggressive CI[1]. The protective properties of dimegin
are also superior to BTA, and its adsorption on copper has a high value (-AGaO) =
55.5 kd/mol. Due to its chemisorption on copper the dimegin may be used as a
surface modifier for subsequent adsorption of triazoles on it. Thus, if the pre-
adsorbed on the copper with 0.4 monolayer of dimegin (Ig C = -7.70), it improves the
adsorption of BTA: its (AG,?) increases from 50 kJ/mol to 63 kJ/mol.

Corrosion tests of copper in a chamber with periodic water condensation
have shown that without passivation treatment with aqueous solution of inhibitor, the
first corrosion spots on the surface appear as early as 2 days. When treated by 1
mmol/l BTA solution the corrosion does not begin until 11 days, and when
preliminary treated by dimegin with C = 0.04 mol/l (Ig C = -7.40, coverage © = 0.17
obtained from the adsorption isotherm) and then treated by BTA (C = 1 mmol/l),
copper remains fully protected during 19 days.

1. Yu. |. Kuznetsov, M. O. Agafonkina, N. P. Andreeva, and A. B. Solov'eva
Modification of Iron Surface by Dimegin and Adsorption of 1,2,3_Benzotriazole //
Protection of Metals and Physical Chemistry of Surfaces, 2010.- Vol. 46.- N 7.-P.
807-811
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CONVERSION COATINGS OF LANTHANIDE SALTS ON ALUMINIUM
ALLOY AS A POTENTIAL REPLACEMENT OF CHROMATE
COATINGS

Barbara Volari¢, Ingrid MiloSev, Department of Physical and Organic Chemistry,
Jozef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia

Aluminium alloy 7075-T6 is due to the good physical and chemical properties
commonly used material in different applications in industry. To protect aluminium
alloys against corrosion chromate conversion coatings have been applied for many
decades.’ Today their use is strongly restricted due to toxicity. As alternative, rare
earth salts, especially cerium, have been identified.? Lanthanide compounds are
environmental friendly, their price is reasonable and are available in natural sources.
The aim of this study was to investigate various lanthanide salts as potential
corrosion inhibitors for AA7075-T6. Conversion coatings were prepared using 0.01 M
chloride and nitrate lanthanide salts, i.e., cerium chloride, cerium nitrate, lanthanum
chloride and lanthanum nitrate, at room temperature and at 60 °C with the addition of
hydrogen peroxide. The corrosion properties of bare substrate and substrates
modified by conversion coatings were studied by electrochemical measurements in
0.1 M NaCl solution. Surface morphology and composition of the coatings were also
analyzed, and corrosion protection was confirmed by testing in salt spray chamber.

Figure 1: SEM image of CeCl; coversion coating deposited at room T. Figure 2: SEM image of LaCl; conversion coating deposited at room T.
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Green corrosion inhibition from aqueous extract of Zygophyllum
Album L for carbon steel in hydrochloric acid medium
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Abstract:

The use of inhibitors for the control of corrosion of metals and alloys which are in
contact with aggressive environment is an accepted practice. Large numbers of organic
compounds were studied and are being studied to investigate their corrosion inhibition
potential. But, unfortunately most of these compounds are not only expensive but also
toxic to living beings. In recent days many alternative eco-friendly corrosion inhibitors
have been developed .Plant extract have become important because are biodegradable
and environment friendly. They are the rich sources of ingredients which have very high
inhibition efficiency.

The efficiency of zygophyllum album L aqueous extract as a corrosion green inhibition
for carbon steel in acid medium (1M HCI) was investigated by gravimetrique and
electrochemical measurements. According to the experimental results, Zygophyllum
Album L extract acts as a good corrosion inhibitor, valus of inhibition efficiency attains
approximately 89 /. Inhibition on metal surface was verified by plotting Langmuir’s
adsorption isotherm. Scanning electron microscopy observation of the steel surface
confirmed the protective roles of the inhibitor.

Key words: Corrosion. Green inhibitor. Zygophyllum Album L. Polarization.
Hydrochloric acid.

Results and Discussion

Inhibition efficiency increased with increasing inhibition concentration (Table.1.).
Polarization curves with and without inhibitor indicated that the inhibitor works in
cathodic mode of inhibition (Figure.1.).

Table 1: corrosion rate and inhibition efficiency Figure.1. ;Polarization curves for carbone steel
in 1M HCI containing different concentration of
Zygophyllum Album L
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Novel cationic surfactant based on triazole as a corrosion inhibitor
for carbon steel in phosphoric acid produced by dihydrated wet
process
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Abstract

The corrosion inhibition effect of Novel cationic surfactant based on triazole
derivatives on carbon steel in 7 M H3PO,4 solution has been evaluated by weight loss,
potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) and
scanning electron spectroscope (SEM) methods. The inhibition efficiency increases
with increasing inhibitor concentration, but it decreases with increasing temperature.
The adsorption of inhibitor is physical adsorption and found to obey the Langmuir
adsorption isotherm. Potentiodynamic polarization studies have shown that inhibitor
acts as a mixed type of inhibitor. Data obtained from EIS studies were analyzed to
model inhibition process through appropriate equivalent circuit model. SEM images
indicate that the synthesized cationic surfactant has good performance on corrosion
inhibition of carbon steel in 7 M H3PO4.

Keywords: Carbon steel; Weight loss; Polarization; EIS; SEM; Adsorption.
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Effect of Zr on intergranular corrosion of low Cr ferritic stainless
steel
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The intergraunlar corrosion (IGC) of stainless steel is commonly known to occur
due to Cr-depletion in grain boundary area by formation of Cr-carbide. The general
commercial practice to prevent IGC is to add stabilizers, such as Ti and/or Nb.
However, IGC still occurs in stabilized ferritic stainless steel (FSS). Our previous
study suggested IGC mechanism of Ti-Nb stabilized low-Cr FSS by intergranular Cr
segregation without formation of Cr-carbide[1]. According to this new mechanism,
new alloy design will be suggested.

Zr has higher C affinity than conventional stabilizers, such as Ti and Nb, and it is
good intermetallic compound former such as Fe-Zr intermetallic compounds.
Therefore, Zr can be one of the candidates for preventing IGC of low-Cr FSS. In this
study, effect of Zr on IGC of low-Cr FSS will be investigated.

By comparing Nb, Ti-Nb and Zr stabilized FSS, only Zr stabilized specimen
prevent intergranular sensitization and consequent IGC. TEM and 3DAP analysis
indicate that Zr forms ZrC and Fezs3Zrs along grain boundary during heat treatment,
and they prevent IGC by two-fold effect; one as a strong carbide former to inhibit
formation of Cr-carbide and the other as diffusion barrier against the solute Cr
diffusion toward grain boundary.
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Orange peel as green corrosion inhibitor — Assessment of
hesperidin, naringin and synephrine efficiecy
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'Federal University of Rio de Janeiro-LabCorr, Rio de Janeiro/Brazil

The use of inhibitors is one of the most practical methods for protecting against
the corrosion in acidic media. Inhibitors protect the metals by getting effectively
adsorbed on its surface, blocking the active sites of metal dissolution and/or
hydrogen evolution, there by retarding overall metal corrosion in aggressive
environments. Currently, a lot of research has focused on plants to extract
natural inhibitors that can replace synthetic compounds. But, there are few
researches about the use of by-product as green corrosion inhibitor. This study
investigated the possibility of using natural extracts obtained from domestic /
industrial by-products as corrosion inhibitors of carbon steel in acidic media. In
Brazil, fruit processing for the extraction of juices creates a large amount of by-
product from the industrial processing, such as seeds and peels. These by-
products have attracted considerable scientific interest for their potential use as
natural antioxidants. Therefore, the possibility of using industrial waste as a
corrosion inhibitor is quite interesting due to economics and environmental
aspects. The use of aqueous extracts of fruit peels as inhibitors adds value to
the residues of the juice industry, in addition to being environmentally friendly,
orange peels are rich sources of antioxidant compounds such as polyphenols,
carotenoids and vitamins C and E. The major constituents in orange peel are
flavonoids, specially hesperidin, naringin and alkaloids, mainly synephrine. On
the previous work, the orange peel extract was characterized by Fourier
transform infrared (FTIR) spectroscopy, using the KBr disk technique in order to
identify the major containing molecules. The inhibitive action of the aqueous
extracts of orange peel against corrosion of carbon steel in a 1 M HCI solution
was previously investigated using electrochemical techniques, such as anodic
and cathodic polarization curves and electrochemical impedance. | was
concluded that this extract significantly reduced the corrosion rate of a carbon
steel. Thus, the inhibitory effect observed in polarization curves and
electrochemical impedance diagrams results likely occurs via the adsorption of
the phenolic compounds present in the orange peel extracts onto the steel
surface. However the obtained results obtained with separate molecules -
hesperidin, naringin and synephrine - do not seem to explain the corrosion
inhibition observed with the orange peel extract . Probably other components
present in the orange peel extracts might have promoted the observed inhibition
effect and that a complex synergistic relationship between the major
constituents and other components of orange peel may have been responsible
for the inhibition efficiency.
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Influence of the lithium molibdate inhibitor on the corrosion
resistance of a duplex stainless steel in LiBr absorption machines

M.J. Murioz-Portero, J. Rubio-Cervera, R. Leiva-Garcia, J. Garcia-Anton
Universidad Politécnica de Valencia, Camino de Vera s/n 46022 Valencia/Spain

Introduction

Lithium Bromide (LiBr) is one of the most widely used absorbents in refrigeration
technology. However, the operating conditions can generate corrosion problems in
the structural materials. The addition of inhibitors in the medium can decrease these
corrosion problems. Duplex stainless steel could be employed in LiBr absorption
machines due to their good mechanical properties and corrosion resistance. The aim
of this work is the study of the influence of the lithium molibdate inhibitor in the
corrosion resistance of a duplex stainless steel on concentrated lithium bromide
solutions.

Experimental procedure

Cyclic potentiodynamic curves and electrochemical impedance measurements at
open circuit potential (OCP) of samples of Alloy 900 (EN 1.4462) were carried out in
LiBr solutions at two concentrations (400 g/L and 992 g/L) in the absence and in the
presence of different concentrations of lithium molibdate inhibitor (5, 10, 15, and 20
ppm) at 25 °C. After the tests, images of the electrode surface were obtained using
the laser scanning confocal microscope.

Results

According to the cyclic potentiodynamic curves, the corrosion current density of Alloy
900 decreases with the concentration of lithium molibdate inhibitor. Corrosion
potential and pitting potential of Alloy 900 move to a more positive value with the
increase in the concentration of lithium molibdate inhibitor.

On the other hand, electrochemical impedance measurements were carried out in
the different test conditions. All the measurements were fitted to an equivalent circuit
in order to obtain the different electrochemical parameters of the passive films.
According to the results obtained the polarisation resistance of Alloy 900 increases
with the concentration of lithium molibdate inhibitor; these results are in agreement
with those observed in the cyclic potentiodynamic curves.

Furthermore, the corrosion resistance of Alloy 900 increases with the concentration
of lithium molibdate inhibitor.

Acknowledgements: We wish to thank to UPV (CEI-01-11), to FEDER, to
Programas de Apoyo a la Investigacion y Desarrollo (PAID-06-10) de la UPV, to
MICINN (CTQ2009-07518), and to Dr. Asuncion Jaime for her translation assistance.
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X70 substrate.
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Protic lonic Liquids (PILs) are organic compounds, liquid at room temperature and
formed by an anion and a cation, given by the reaction of a carboxylic acid and an
amine. PILs show interesting properties when in contact with a metallic substrate,
since they are adsorbed on its surface which insulates the metal from aggressive
media; i. e. PILs are suitable as adsorption-type corrosion inhibitors.

The aim of this paper is to study the electrochemical behaviour of the addition of
different concentrations of the PIL 2-hydroxiethylammonium butanoate (2HEABuU) in
a 0.01 NacCl solution, to evaluate the corrosion inhibition performance for this PIL in
an aggressive medium. The chosen substrate is APl X70 steel, which is a widely
used material in the oil and gas industry. 2HEABuU was chosen as corrosion inhibitor
because, in former works, it shows a good electrochemical performance in aqueous
medium; so, it is necessary to find the most adequate concentrations to obtain
optimal corrosion protection.

2 cm x 2 cm API X70 steel plates need to be cleaned, sanded, washed and dried.
Wettability tests will be carried out to evaluate the surface interaction between the
substrate, the PIL and the NaCl solution. Electrolytic solution were constituted by
0.01 M NaCl solution with addition of 2HEABu in concentrations of 100, 1000, 10000
ppm; in order to compare, tests with 0.01 M NaCl and 50 wt% 2HEABu were
conducted. To evaluate the electrochemical performance, open circuit potential
monitoring and electrochemical impedance spectroscopy were carried out for
different immersion times (1, 3, 5, 24 and 48 hours, 1 and 2 weeks). Samples
morphology after the electrochemical tests was evaluated by scanning electronic
microscopy (SEM).

Preliminar results shown that the OCP for API X70 substrate in NaCl 0.01 M solution
with addition of 50 wt% 2HEABu presented a less active OCP compared to the NaCl
0.01 M solution without ionic liquid addition. However the impedance results showed
a progressive variation of the electrochemical behaviour with the immersion time,
which represents that the different barrier effect modifications that take place. The
higher the concentration of 2HEABu in the electrolytic solution the more inhibited
corrosion of the substrate.
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Inhibition Efficiency of 3,4-diaminobenzonitrile Against Steel
Corrosion

Goékmen Sidircik, Tung Tiiken, Mehmet Erbil
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Inhibitor application is one of the most convenient ways for slowing down
and/or get under control corrosion in various industrial applications. The efficiency of
an inhibitor is strictly related to its molecular structure. Organic molecules
functionalized with electronegative functional group and aromatic ring are mostly
used as corrosion inhibitor; nitrile, azole and thiol compounds etc. These molecules
are strongly adhered to metal surface and block the active centers, generally forming
a protective film. Therefore, most of the inhibitor compounds are designed in order to
have these kinds of functional groups and additional substituents for tailoring the
surface properties of protective film. Amine substituted benzonitrile compounds are
also generally pronounced as good inhibitor for steel and its alloys. Since, amine
compounds are also known as film generating inhibitor compounds on various
metals, especially on copper.

In this study, the inhibition efficiency of 3,4-diaminobenzonitrile has been
investigated for mild steel corrosion in 0.5M HCI solution. The effect of amine groups,
regarding to their position with respect to nitrile group has been discussed.
Electrochemical impedance spectroscopy and potentiodynamic measurements were
realized for different concentration and temperature conditions, for understanding the
inhibition mechanism against steel corrosion. Besides, surface analysis was also
carried out by scanning electron microscopy technique, for illumination of the surface
exposed to corrosive environment. All the results showed that this inhibitor has a
good inhibition effect on mild steel in 0.5 M HCI solution.
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Abstract:

Since N and O-containing compounds have been described as good inhibitors to
reduce the corrosion rate of metals, we designed a Quinoline-8-carboxamide
derivative to investigate its inhibition effect on the corrosion behavior of mild steel in
3.5% sodium chloride solution. The influence of the prepared compound as corrosion
inhibitor was examined by means of weight loss, potentiodynamic polarization and
electrochemical impedance spectroscopy. The inhibition efficiency was found to vary
with the inhibitor concentration and bath temperature. The achieved data proved that
the compound has a good anticorrosive activity. Thermodynamic parameters for the
inhibition process were also calculated and discussed

Keywords: Corrosion inhibition, Steel, new Inhibitor, weight loss, polarization, EIS
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The hexanic extract of Rosmarinus officinalis was evaluated as a corrosion
inhibitor of carbon steel, exposed to a 0.5 M H,SO4 aqueous solution. Used
techniques weight loss, polarization curves and electrochemical impedance
spectroscopy (EIS), which were applied to different concentrations (100, 200,
400, 600, 800 and 1000 ppm) and different temperatures (25°C, 40°C and
60°C). The results revealed that the hexanic extract of Rosmarinus officinalis
acted as a mixed type of inhibitor with cathodic effects. The R. officinalis
showed a maximum efficiency of 99.57%, as corrosion inhibitor, at a
temperature of 25°C with a concentration of 1000 ppm. It was also observed
that the efficiency of R. officinalis as corrosion inhibitor for carbon steel
increased with increasing its concentration, also the temperature dropped the
inhibitory action of R. officinalis, since a drop in the efficiency was observed with
increasing temperature.
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The success of inhibitor application for copper protection is highly sensitive
against temperature and composition of corrosive environment. Different corrosion
mechanisms work for copper, depending on pH and presence of species like
chloride, mercapto functionalized organics etc. During the copper corrosion, primarily
generated Cu (l) ions are able to make many insoluble complex structures on the
surface and directly influence the mechanism. Cu (I) chloride is one of the most
stable compound being formed on the surface, whenever copper is subjected to
corrosion in chloride solution. Therefore the chloride concentration is crucial for the
efficiency of organic inhibitor on the metal surface. lonic liquids (ILs) are involved with
organic and inorganic groups. ILs offer very extreme physico-chemical properties,
good thermal stability, low vapour pressure, high electrical conductivity. Moreover,
various non-toxic imidazolium derivatives have been reported recently, for their
effective inhibitory performance against steel corrosion. In this study, the effect of
chloride concentration was investigated on inhibitory effect of 1-ethyl-3-
methylimidazolium dicyanamide (EMID) on copper, statistically. The chloride and
inhibitor concentrations were selected as independent variables which determine the
corrosion rate.

The inhibition efficiency of EMID was investigated against copper corrosion in
0.1 M HCI and 0.1 M H,SO, solutions. The behaviour of copper with EMID, its
protection mechanism and effect of chloride ions was discussed in several NaCl
concentrations (10-100 ppm) containing in the presence and absence of 50 mM
EMID solutions 0.1 M H,SO, at various temperatures (25-50°C). The electrochemical
impedance spectroscopy (EIS) and atomic absorption spectroscopy (AAS) were
utilized for evaluating the chloride concentration effect. In order to investigate the
morphology and structural composition of the surface energy-dispersive X-ray
spectroscopy (EDX) and scanning electron microscopy (SEM) analysis were realized.
In the presence of chloride ions, the surface is covered with CuCl protective layer
which is stable and insoluble compound and so blocking copper surface. The SEM
and EDX analysis showed that the surface was covered with Cu-EMID complex film.
In fact, CuCl may be formed in defective areas of the Cu-EMID complex film so Cu-
EMID complex film together with CuCl was protected the surface successfully. Since
the Cu (I) chloride complex made contribution to corrosion protection too, the critical
chloride quantities were discussed, for effective protection and corrosive risk.

Keywords: Copper, Chloride ions, 1-ethyl-3-methylimidazolium dicyanamide.
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Three novel bolaamphiphiles as corrosion inhibitors for carbon

steel in hydrochloric acid: experimental and computational study

M.A. Hegazy® and M.K. Awad®
@ Egyptian Petroleum Research Institute (EPRI), Nasr City 11727, Cairo, Egypt
b Chemistry Department, Theoretical Applied Chemistry Unit (TACU), Faculty of
Science, Tanta University, Tanta, Egypt.

Abstract

Three novel bolaamphiphiles were synthesized and investigated as corrosion
inhibitors for carbon steel in 1M HCI using weight loss, potentiodynamic polarization
and electrochemical impedance spectroscopy (EIS) measurements. The results
reveal that the synthesized surfactants have a good inhibiting effect on the carbon
steel in 1 M HCI solution.The results suggest that these inhibitors act as mixed-type
inhibitors for acid corrosion of mild steel. The adsorption of bolaamphiphiles on the
carbon steel surface in 1M HCI was found to obay Langmuir isotherm. Polarization
results have shown that, these inhibitors act as a mixed type inhibitors.Quantum
chemical calculations were also carried out to verify the inhibition efficiency obtained
from all experiments.

Keywords: Carbon steel; Weight loss; Polarization; EIS; Adsorption; Computational.
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Environmentally friendly carboxylate inhibitors for heating and
cooling (HVAC) systems

Mohamad Ali-Ahmed and Stuart Lyon
Corrosion and Protection Centre, School of Materials, University of Manchester, M13
9PL, UK

Abstract

The environmental toxicity of inorganic corrosion inhibitors has promoted the search for
green organic inhibitors as they are biodegradable and do not contain heavy metals and any
other toxic compounds. Aliphatic mono- and di- sodium carboxylates were used in this study
with straight chain lengths from C = 2 to 18. The objective was to investigate the effect of de-
areation, carbon chain length and aggressive ion (chloride) concentration on the inhibition of
mild steel in a stagnant cooling water system by use of electrochemical and surface
analytical tools.

Results obtained in this study showed that the mono carboxylates can be excellent inhibitors
for mild steel in cooling waters but that their effectiveness is critically dependent upon the
chain length and dissolved oxygen content. The inhibition efficiency for mono-carboxylates
reached a maximum value of 95% in stagnant aerated solutions at a chain length of C=6 and
the critical inhibition concentration was 6mM in the presence of 10mM NaCl. However the
inhibition efficiency was gradually reduced as the number of carbon atoms in the chain
length increased to more than 8, or less than 4, and this was in agreement with surface
hydrophobicity and contact angle results. For di-carboxylates the inhibition efficiency was
improved for mild steel in 10mM NaCl at a given chain length compared with mono-
carboxylates, and also increases up to C=10, the maximum so far tested. The oxygen
content of the cooling water plays an important role in protection as long-term linear
polarisation resistance experiments showed a drop in inhibition efficiency under de-areated
conditions. Results of potentiodynamic polarization experiments showed a large shift of OCP
towards noble values due to the presence of these organic molecules and this was attributed
to an anodic inhibition mechanism. Further research aims to identify molecular coverage and
orientation on the steel substrate as a function of external parameters; including dissolved
oxygen, temperature and chloride content.
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Corrosion inhibition of ground anchors steel in HCI
by H,S-scavenger

J. Malina’, F. Kapor?, A. Begi¢ Hadzipasi¢'
"University of Zagreb/ Faculty of Metallurgy, *University of Zagreb/ Faculty of Mining,
Geology and Petroleum Engineering, Zagreb/ Croatia

The objective of the submitted work is to study the H,S-scavenger effect as a
corrosion inhibitor for ground anchors steel in 1M HCI solution. Laboratory
measurements were performed using electrochemical techniques. With the aim to
obtain the apparent activation energies of the corrosion process, the temperature
dependence of the corrosion rates in the absence and presence of different
concentrations of scavenger were obtained. It was found that the activation energy in
the presence of scavenger is higher than that in unhibited HCI solution.

The experimental data were modeled with several adsorption isotherms at different
temperatures in order to determine the standard free energies of the adsorption
process. It allowed to gain more information on the mode of scavenger interaction
with steel surface. The inhibition process was attributed to the formation of an
adsorbed film on the metal surface that protects the metal against corrosive agents.
The inhibition efficiency increased with increase in scavenger concentration.
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Causes and Control of Corrosion in Drinking Water Distribution
Systems

Fadi Rahuma
Great Man Made River Project
Benghazi (Libya)
Email: fadi_n_r@hotmail.com

Iftikhar Ahmad
Arabian Gulf Oil Company (AGOCO)
Benghazi (Libya)

Corrosion is a common issue in drinking water supplies. In drinking water distribution
systems, materials that could be affected by corrosion and leach increased amounts
of contaminants include metal pipes and fittings, cement in pipe linings and polyvinyl
chloride (PVC) pipes. Corrosion in drinking water distribution systems can be caused
by several factors, including the type of materials used, the age of the piping and
fittings, the stagnation time of the water and the water quality in the system, including
its pH. The most influential properties of drinking water when it comes to the
corrosion and leaching of distribution system materials are pH and alkalinity. Other
drinking water quality parameters of interest are temperature, calcium, free chlorine
residual, chloramines, chloride, sulphate and natural organic matter (NOM). Any
change to the drinking water treatment process may impact corrosion in the
distribution system and in household plumbing.

The intent of this paper is to provide responsible authorities, such as municipalities
with guidance on assessing corrosion and implementing corrosion control for
distribution systems in residential settings. It also provides sampling protocols and
corrective measures for non-residential buildings, including schools, day care
facilities and office buildings, for those authorities that are responsible for the health
and safety of the occupants of such buildings. Although there are no direct health
effects linked to corrosion in drinking water distribution systems but corrosion may
cause the leaching of contaminants that would be a concern for the health of
population. This paper outlines the steps that should be taken to reduce population
exposure to contaminants. Concerns related to contaminants whose concentrations
may be affected by corrosion, such as lead, copper and iron, are also briefly
discussed.



“ 1. CORROSION AND SCALE INHIBITION P-7745

Combination of stearic acid and benzotriazole as corrosion
inhibitors for Cu and Cu40Zn in artificial urban rain

Gregor Zerjav , Ingrid Milosev, Department of Physical and Organic Chemistry,
JoZef Stefan Institute, Ljubljana, Slovenia

Copper is a very useful material because of its excellent electrical and thermal
conductivity properties. To improve its mechanical properties, copper is alloyed with
Zn to produce brasses (Cu40Zn, wt(Zn)=40%). Copper and brasses provide superior
functions in many applications and environments. However, during the exposure to
environment, they may be subjected to corrosion. There are many ways to protect
them against corrosion [1].

Cu and Cu40Zn can be protected against corrosion with the use of organic corrosion
inhibitors [2]. Benzotriazole (BTAH) is one of the most effective inhibitors for copper
and its alloys. BTAH provides a cheap and effective corrosion inhibition in most
aqueous environments even at low concentration [3]. Another protection method is to
modify the metal surface with stearic acid (SA) to make it hydrophobic and thus not
wetted by aqueous liquids. Stearic acid forms self-assembled layer by adsorption to
the positively charged metal surfaces via carboxyl groups, producing a hydrophobic
layer [4].

In this study we investigate the use of a mixture of SA and BTAH to modify the
surface of Cu and Cu40Zn in order to increase their hydrophobicity and corrosion
resistance. The surface of was modified by immersing the sample in the ethanol
solution of (i) SA, (ii) BTAH, (iii) mixture of (BTAH + SA) and (iv) layer-by-layer
BTAH_SA. Modified samples were then tested in artificial urban rain (0.2 g/l Na;SOs,

0.2 g/l NaHCO3, 0.2 g/l NaNOs3, pH=5).
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Figure show impedance data recorded for Cu (a) and Cu40Zn (b) after 24 h

immersion in artificial urban rain. Cu and Cu40Zn are better corrosion protected

when modified by the combination of BTAH and SA than when using these inhibitors

individually. For Cu40Zn, this combination was more effective as a mixture

(BTAH+SA), while for Cu layer-by-layer combination (BTAH_SA) provided better

results.
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Thermodynamic modelling of North Dakota lignite ash in air- and
oxy-fuel fired boiler and comparison to collected ash from a 15MWy,
boiler

Bettina Bordenet, Alstom (Switzerland) Ltd, Baden / Switzerland,
R. Ganta, A. Levasseur, Alstom Power Inc., Windsor, CT / USA

In oxy-combustion, combustion air is replaced by oxygen and flue gas is recycled
back to the boiler to limit the flame temperature and avoid excessive slagging and
fouling. Since nitrogen is removed, the combustion products may contain greater
concentrations of CO,, CO, SO,, HCI, etc., which may increase the potential for
corrosion of boiler components.

The ash and gas composition was modeled for air- and an oxy-fuel fired PC boiler
with North Dakota Lignite. The results of the thermodynamic model were compared
to measurements of the gas and ash composition from Alstom’s 15MWy, boiler
simulation facility (BSF) firing ND Lignite. The comparison of modeled and measured
data has shown that the thermodynamic modeling approach is a suitable tool for the
determination of the ash / gas composition.

From the measured SOs-content of <3vol% of the total SOx-content, the gas
composition can modeled for a temperature of around 1°000°C. Even if the flue gas is
cooling down downstream, the residence time is not long enough to reach equilibrium
values.

For the prediction of ashes deposited on heat exchanger surfaces, the model
predicts too high SOs-conent in the ash, when the real material surface temperatures
(superheater / re-heater area) are applied. Therefore the modeling temperature has
to be adjusted depending on the ash type.

The chemical composition of the ash is similar for air-firing and oxy-fuel firing, only
the SOs-content is varying depending on the recycling scheme. For an oxy-fuel firing
with flue gas desulfurization in the recirculation loop, the SOX-content in the flue gas
is nearly as low as in the air-firing. The changes of CO,-, H,O- and Ny-content
between air-and oxy-fuel firing seem not to influence the modeled formation
temperature of sulphate-compounds.

From the thermodynamic modeling and the results from the 15MWth Boiler
Simulation Facility (BSF), the following conclusions for the corrosion behavior can be
drawn. As the general ash composition is comparable for air and oxy-fuel, similar
corrosion mechanisms are expected.
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Corrosion of Welded Coal Boiler Steels in Oxyfuel Flue Gas

A. Kranzmann', M. Mosquera’, G. Oder’, Bundesanstalt fiir Materialforschung und —
priifung, Berlin, Germany
P. Zimmer, Vattenfall Europe Generation AG, Cottbus, Germany
S. Rehfeldt, Hitachi Power Europe GmbH, Duisburg, Germany
F. Kluger ,ALSTOM Boiler Deutschland GmbH, Stuttgart, Germany

The experimental simulation of oxyfuel working conditions is the objective of our
experiments. Like in real steam power plants internal pressure is applied using
flowing steam at 270 bar pressure. The corrosive part of external flue gas is a gas
mixture containing CO,, O,. SO, and HO. It could be demonstrated that the
corrosion rate will be not the limiting factor of welded tubes within their typical
temperature working regime. The corrosion scales were inspected by different
methods. In this paper we will present corrosion scale thickness measurements and
analytical results obtained from optical microscopy and microprobe measurements.
The microstructure and the chemical analysis of the scales show the expected
phases formed under oxidizing conditions such as Magnetite and Haematite.
Indications of high carbon activity and subsequent carburization of the material which
was demonstrated in earlier experiments applying a H,O-CO; gas were not observed
here.
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Hot corrosion in the next generation of industrial gas turbines

A Potter, J Sumner, N J Simms, J E Oakey
Cranfield University, Cranfield, Bedfordshire, MK43 OAL, United Kingdom

To meet the target of a 20% reduction in CO, emissions by 2020, the European
Council concluded that the implementation of CCS (carbon capture and storage) is
essential. The next generation of combined cycle power plants could use the
gasification of various fuels to produce a H rich syngas which is then combusted in
the gas turbine. The European funded H,IGCC (H2-integrated gasification combined
cycle) project aims to solve some of the technical difficulties associated with the
implementation of using H; rich syngases in such gas turbines and the problems of
plant flexibility.

Combusted gas composition changes will affect the turbine components’ working
environments. This research investigates the type | and type Il hot corrosion
performance of selected superalloys, under consideration for use in gas turbine
components, in various environmental conditions. To achieve this research, a series
of ‘deposit recoat’ corrosion tests have been carried out in controlled atmosphere
furnaces. The gas phase compositions were designed to replicate the following
possible operating conditions: combustion of H, rich syngas, combustion of natural
gas and combustion of syngas with a high level of H,S contamination. The materials
tested are used for the combustor can (Hastalloy X), turbine blades (GTD 111, Rene
80 and PW1483) and turbine vanes (MarM 509). Tests were carried out at both 700
and 900 °C for an exposure time of up to 500 hours with recoats every 100 hours.

The degree of corrosion was quantified by comparing pre-exposure contact
metrology and post-exposure image analysis to give a dimensional metal loss.
Additionally, the changes in morphology have been investigated using an
environmental scanning electron microscope equipped with energy dispersive X-ray
analysis. The data produced will contribute to turbine materials selection for the next
generation of IGCC power plants as well as being integral to component life models.
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Thermodynamic and kinetic modeling for predicting the

microstructural evolution in MCrAlY coatings
R. Pillai', W.G. Sloof?, A. Chyrkin', V. Shemet, L. Singheiser', W.J. Quadakkers'
'Forschungszentrum Jiilich, Institute of Energy and Climate Research (IEK-2),
52425 Juelich, Germany
2Delft University of Technology, Department of Materials Science and Engineering, 2628 CD Delft, NL

Coated Ni-base superalloys combine the excellent creep rupture strength of superalloys
with the prolonged oxidation and corrosion resistance of overlay coatings or bondcoats.
One of the widely used types of coatings are MCrAlY (M = Ni, Co) bondcoats, which
ensure the growth of a slowly growing adherent alumina scale and thus protect the
underlying substrate from rapid oxidation attack. Aluminium from the bondcoat is lost to
the thermally grown oxide (TGO) on the coating surface and to the substrate by
interdiffusion resulting in dissolution of the [-NiAl phase. Coating life generally
corresponds to the operating life of the components and is usually measured in terms of
the depletion of the R-NiAl phase as it serves as an Al-reservoir for the growth of the
protective alumina scale.

A new computational approach to model the microstructural evolution in coating
systems and thereby evaluate the lifetime of bondcoats was undertaken in the present
study for typical bondcoats on Ni-based superalloys. Scanning electron microscopy
(SEM) and electron microprobe analysis (EPMA) provide local element concentrations
in a multiphase microstructure. This results in significant spatial concentration
variations, which complicates the comparison with computed results. Glow discharge
optical emission spectroscopy (GDOES) enabled depth profiling of the coating and
substrate composition, thereby providing average element concentrations. Phases were
identified by electron backscatter diffraction (EBSD) and correlated with SEM analyses.

Microstructural development in the alloy was modelled by considering simultaneously
occurring oxidation and interdiffusion processes. Using available thermodynamic and
kinetic data for all occurring phases from Thermo-Calc the current work distinguishes
itself from contemporary modelling methodologies. Element concentrations and phase
distribution were obtained by scanning electron microscopy (SEM).

Good agreement was found between the measured and computed element
concentrations and phase distributions after specific time intervals. The computational
approach assists in estimating the lifetime of the bondcoat and provides a tool to predict
composition dependent microstructural changes in coating systems.

Keywords: MCrAlY, oxidation, interdiffusion, lifetime assessment, thermodynamic-kinetic modeling,

Presenting author’s email: r.pillai@fz-juelich.de
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Corrosion of materials in nitrate melts for molten salt solar
receivers

M. Spiegel and A. Kilic
Salzgitter Mannesmann Forschung GmbH, Ehinger Strasse 200, 47259 Duisburg,
Germany

Solarthermic Power Plants (SPP) are an alternative energy source which uses
concentrated sun-light for the production of steam which is converted to electrical
power by a steam turbine. Especially tower receivers are most efficient in collecting
sun radiation. However, a liquid medium is necessary to transport the heat to a heat
exchanger and to store it overnight. According to the high heat capacity, molten
nitrates are in use for the transport which occurs through thin walled metallic tubes.
The requirements for the tube materials are reasonable resistance against thermo-
cyclic fatigue at temperatures of 550 — 650 °C as well as an excellent stability in the
presence of the molten salt.

A selection of materials representing the classes of ferritic martensitic, austenitic and
nickelalloys were exposed to a KNO3-NaNO; eutectic mixture in air and nitrogen for
500 h at 600 °C in order to estimate the corrosion loss of the different classes of
alloys and to evaluate the corrosion mechanisms. In some alloy severe nitridation

occurs, especially with alloying elements with a high affinity to nitrogen like Ti and Al.
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High-temperature corrosion under conditions simulating biomass
firing: depth-resolved phase identification

Sunday Chukwudi Okoro, Technical University of Denmark (DTU), Department of
Mechanical Engineering, 2800 Kongens Lyngby, Denmark.
Melanie Montgomery, COWI A/S/ DTU-Mechanical Engineering, Parallelvej 2, 2800
Kongens Lyngby, Denmark.
Flemming Jappe Frandsen, DTU, Department of Chemical and Biochemical
Engineering, 2800 Kongens Lyngby, Denmark.
Karen Pantleon, DTU, Department of Mechanical Engineering, 2800 Kongens
Lyngby, Denmark.

To solve the corrosion issues that have bedevilled thermal power plants firing
biomass, there is strong need to understand the principal corrosion mechanisms.
However, owing to the complexity of both deposit and flue gas compositions during
biomass firing, proper understanding of the corrosion mechanisms under realistic,
although laboratory, conditions is still lacking. In most laboratory studies, only HCI
and H30 are employed in order to simplify the process. Consequently, the influence of
other flue gas components such as SO, and CO; is neglected.

Laboratory exposure of an austenitic stainless steel (TP 347H) under conditions
simulating firing of straw was carried out. Samples cut from unexposed superheater
tubes were coated with a synthetic deposit consisting of KCI. The KCI coated
samples were exposed isothermally at 560 °C in a furnace in a gaseous atmosphere
for one week. The gaseous mixture of HCI, SO,, CO,, O, and H,O was employed to
simulate the flue gas composition during firing of straw.

The exposed samples were cross-sectioned and analysed by Light Optical
Microscopy (LOM) and Scanning Electron Microscopy (SEM) as well as Energy
Dispersive Spectroscopy (EDS). In addition, qualitative phase analysis was carried
out by X-ray diffraction (XRD) in combination with successive removal of the
corrosion products. These XRD measurements were further combined with
microscopy (applying SEM) and chemical element analysis (EDS) on the
corresponding surfaces after each removal step. These complementary methods
(including both cross-section and plane view analysis) revealed site-specific
information on the morphology and chemical nature of the various layers within the
grown oxide scale. This finally allowed the identification of corrosion products as a
function of distance from surface and, thus, supports clarification of the corrosion
mechanism which is responsible for high-temperature corrosion due to straw firing.
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The development of Nickel alloys for high temperature applications
in the Process and Energy Industrial Sectors

S.A.McCoy, B.A.Baker, G.D.Smith. L. E. Shoemaker, Special Metals Corporation,
Huntington, U.S.A.

Nickel-base alloys designed for elevated temperature service can offer a high degree
of mechanical integrity and corrosion resistance for extended service. Proper
selection of a material for a particular application involves consideration of several
important factors. Corrosion resistance is a major deciding factor and many relevant
corrosion modes must be considered,such as oxidation, carburization, metal dusting,
nitridation, sulfidation, and attack by halide salts and gaseous halogen-containing
species.
Mechanical properties are an important consideration as well and would include
elevated temperature tensile, rupture and creep strength as well as fatigue strength
and toughness. Fabrication issues associated with the application of these materials
in a range of intermediate and high temperature service environments are also
considered. This paper provides a summary of high temperature corrosion properties
for a range of high temperature nickel base alloys, including recent alloy
developments in the Fe-Ni-Cr, Ni-Cr-Al and Ni-Co-Cr families, for high temperature

applications in the Process and Energy industrial sectors.
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Laser Raman microscopy study of the transition from high temperature alloy
passivation to breakaway oxidation

D. Young, T. Gheno, University of New South Wales, Sydney/AUS; D. Monceau, ENSIACET,
Toulouse/F

Model chromia-forming alloys were exposed to flowing gas mixtures of Ar-20CO,, Ar-
20C0,-5H,0 and Ar-20C0O,-20H,0 (volume %) at 650°C for periods of up to 336 h. The
alloys were ferritic Fe-20Cr and Fe-25Cr (weight %), austeno-ferritic Fe-20,25Cr-10Ni and
austenitic Fe-20,25Cr-20Ni. Initially, slow oxidation was observed for all alloys, but
subsequent acceleration in the reaction rates led to unacceptably high rates of alloy
consumption. In contrast, reaction in air led to stable, protective oxidation of these alloys.

Laser Raman microscopy was used to observe the evolution in oxide phase constitution
accompanying the transition from protective to breakaway oxidation. In the protective stage
of reaction, a passivating scale of Cr,O; was formed by all alloys. Microanalysis by energy
dispersive X-ray spectrometry of alloy subsurface regions allowed quantification of
chromium depletion, and confirmation via a mass balance that the chromia scale contained
negligible iron. Local fluctuations in chromia scale thickness (and the accompanying extent
of alloy depletion) were observed to develop during the protective stage.

Acceleration in alloy reaction rates was due to nucleation and growth of additional iron-rich
oxide nodules. Raman analysis showed that early in their lives, these nodules consisted of
iron-rich M,Os overlying a seemingly intact layer of chromium-rich M,O; which was
continuous with the protective scale surrounding the nodule. Beneath the chromia layer,
internal precipitation of spinel, Fes;.\CrxO4, developed within the alloy. In the case of alloy
Fe-20Cr, these nodules spread and coalesced to form a thick, continuous scale. This scale
was found by Raman analysis to consist of a thin, outermost layer of Fe,O; surmounting a
thick Fe;04 layer, a thin intermediate band of spinel (x = 1.6) and an inner two-phase layer of
spinels with x =0.3 and 1.2.

An Fe-25Cr alloy was more resistant to breakaway oxidation, forming some areas of thick,
iron-rich oxide growths, but also some areas of “rehealed” oxide. The latter consisted of
rather thin iron-rich M,O3; and M304 layers over a layer of chromium-rich oxide, either spinel
or M;03. Nickel-bearing alloys developed qualitatively similar scales. Nodule development
on the 20Cr alloys was slower than on the ferritics, as a result of slow diffusing NiFe,O4
formation in the inner layer. At the 25 Cr level, both nickel bearing alloys formed nodules
which were extremely slow growing, and too small for analysis.

The morphological evolution of fast growing, layered oxide scales from initially protective
chromia is discussed in terms of alloy depletion leading to formation of spinel at sites of local
damage to the chromia. This spinel permits outward iron diffusion and inward oxygen
transport. Lateral diffusion then leads to nodule spreading both above and below the prior
chromia layer, its consequent destabilisation and absorption into the scale.
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Oxidation Mechanisms of Alloy 602 CA in Different Gas
Atmospheres Relevant to Gas Separation Membranes

M. Schiek, L. Niewolak, R. Valen, W. J. Quadakkers
Forschungszentrum Jiilich GmbH, Institute of Energy and Climate Research (IEK)
Jilich/Germany

Carbon capture and storage (CCS) technologies are being considered for reducing
CO; emissions from fossil fuel fired power plants. The main task thereby is to
separate the CO, from the exhaust gases, using several new power plant design
concepts such as e.g. oxyfuel combustion. In a number of applications this requires
the use of ceramic gas separation membranes at elevated temperatures. Because
ceramic membrane materials are prone to mechanically induced failure, porous
metallic carriers are needed to support them. The main requirements for the metallic
carrier are: good oxidation resistance in the process relevant environments, limited
evaporation of Cr-species, thermal expansion coefficient close to that of the ceramic
membrane material and a slow reaction rate with the membrane material. Depending
on the actual membrane material being used, these requirements can be fulfilled by
alumina forming nickel base alloys.

The actual service environment to which the membrane material is subjected
depending on the actual CCS technology used and may contain variable amounts of
oxygen, water vapour and/or carbon dioxide. In the present study the effect of
atmosphere composition on the formation and stability of an external alumina scale is
being investigated. With this aim, isothermal oxidation studies were carried out in
different model gases using the marginal alumina forming alloy 602 CA in the
temperature range 800°C — 1100°C. The mass change data up to 72 h exposures in
Ar-20%0;,, Ar-2%CO, and Ar-7%H,O gas was continuously recorded using a
Setaram TGA facility. Compositions and morphologies of the oxide scales formed at
the high test temperatures were analysed by optical metallography (OM), scanning
electron microscopy equipped with energy dispersive X-ray spectroscopy
(SEM/EDX), Raman spectroscopy and X-ray diffraction (XRD). Additionally,
elemental concentration profiles in the oxide scales and underlying alloy were
determined using plasma secondary neutral mass spectrometry (Plasma-SNMS) and
glow discharge optical emission spectroscopy (GDOES).

It was found that the investigated alloy 602 CA oxidised at 800°C forms an external
alumina scale with various amounts of transient, Cr-rich oxides in all used test
atmospheres. Increasing the oxidation temperature to 900°C and above results in
formation of an external chromia scale and an internal oxidation zone (I0Z)
containing alumina precipitates. Furthermore, the formation of Cr-rich carbides in the
alloy matrix was affected by the oxidation process. Thereby the subscale dissolution
of carbides was not only affected by oxidation induced chromium depletion but also
by Al-depletion as a result of external or internal aluminium oxide formation.

Differences in oxidation mechanisms in the various environments will be discussed.
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Grain Boundary Sulphidation of Nickel-Based Alloys applied in
High-Efficient Coal-Power Plants

M. M. Lange’, S. Borodin', F. U. Renner’ and M. Spiegel?

1. Max-Planck-Institut fir Eisenforschung GmbH, Department for Interface Chemistry
and Surface Engineering, D-40237 Diisseldorf, Germany

2. Salzgitter Mannesmann Forschung GmbH, D-47259 Duisburg, Germany

New materials with low creep rates and a good high temperature resistance are
required for the development of high-efficient 700°C coal-power technologies. Nickel-
based alloys are promising for such applications. However, high temperature
corrosion can affect the creep behavior e.g. by embrittlement. Therefore, a
fundamental understanding of the alloy’s corrosion behaviour, especially of grain
boundary sulphidation, is needed in order to promote the corrosion stability of the
material by grain boundary strengthening. Here we focus on the nickel-based Alloy
617 B which was exposed in a 700° C coal-power plant and showed grain boundary
sulphidation.

In the present study we used a method which enabled us to determine the sulphur
attack along the grain boundary even for low concentration by means of electron
spectroscopy. First, samples from A 617 B after sulphidation were investigated in
conventional cross section to get an overview of the different corrosion morphology.
In selective areas samples were fractured in-situ and subsequently investigated by
means of Auger Electron Spectroscopy (AES). In case of an intercrystalline fracture
possible segregated elements at the grain boundary are present over the whole
surface and they can be detected due to the higher concentration per surface area.
lon sputtering on these surfaces results in depth profiles from the grain boundary to
the matrix.

The investigated alloy 617B after sulphidation under high-temperature working
conditions fractures fully intercrystalline. Sulphur penetration in the material along
grain boundaries was found up to a certain depth from the fireside. Beyond this depth
sulphur was not detected. Obviously, the grain boundary is an easy pathway for
sulphur diffusion into the alloy from the fireside, however, the bulk metal properties
are not affected so far. By monitoring depth profiles, a reaction sequence can be
formulated with respect to the chemistry of the unaffected grain boundary. Moreover,
the role of adsorbed chlorine and oxygen from the flue gas atmosphere was studied
and will be discussed in correlation to sulphur.
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Effect of sulfur content on adhesion of thermal oxide scales grown
on austenitic stainless steels
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Two austenitic stainless steels, AISI 304L (EN 1.4307) and AISI 303 (EN 1.4305)
with close compositions, containing 0.025 and 0.249 wt.% S respectively were
oxidized at 1000°C for 50 hours in synthetic air. The chemical compositions of the
oxide scales, investigated by Raman spectroscopy and X-Ray diffraction, indicate
that the oxide scales are duplex. For 303, the oxide scale is composed of hematite
(Fe203), a rhombohedral solid solution of (Fe,Cr),O3; and of spinel type oxide
((Fe,Cr)304). For 304L, only (Fe,Cr)2,03 and (Fe,Cr);04 solid solutions are present in
the scale.

Isothermal oxydation kinetics of the two austenitic stainless steels was studied
through ThermoGravimetric Analysis. The parabolic rate constant of AISI 303 is
about one order of magnitude higher than AISI 304L one (2.9 10° mg?cm™h™'and 3.5
10° mg?ecm™h™ respectively).

During SEM in situ tensile test (Figure 1), the behaviours of the oxide layers are quite
different: (i) the crack patterns are different, (ii) the critical strain at which first cracks
appear is about 1.6% and 3.4% for the 303 and 304L respectively, (iii) spallation
occurs only in the oxide scale of the 303 steel.

A correlation between the specific mass change, the oxide chemistry, the scale
microstructure and the adhesion properties is performed and results are discussed in
relation with sulfur content and oxide growth mechanism.

Fig. 1 Surface SEM view (BSE) of the oxide scale
during SEM in situ tensile test
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The effect of SO,% ions on the corrosion of 15CrMo steels during
shutting down and their oxide scale formation

Yu Meng, Li Zhang, Da Quan Zhang, Li Xin Gao

Department of Environmental Engineering, Shanghai University of Electric Power,
Shanghai 200090, PR China

Abstract: The corrosion of 15CrMo steels caused by sulfate ions are evaluated in the
stimulated condensed water system. The increase of the concentration of sulfate ions
renders a negative shift of the corrosion potentials and improves the corrosion
current densities evidently. The high temperature oxidation test was performed for
15CrMo steels with and without the pre-corroded film on its surface. Microstructure
and composition of the oxide scale of 15CrMo steels were characterized using
scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS), and
X-ray diffraction (XRD). It shows that the corrosion damage by sulfate ions attacking
during shut-down significantly affects the structure of the oxide scale formed by the
high temperature of 15CrMo.
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Behaviour of 25wt.%Cr-containing Fe-based alloys strengthened by
hafnium carbides in oxidation between 1000 and 1200°C

Patrice Berthod, Elodie Conrath
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team “Surface and Interface, Chemical Reactivity of Materials”,
University of Lorraine
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Applications at high temperature in which pieces are subjected to static or varying
mechanical stresses need very refractory alloys with matrixes refractory enough and
if possible intrinsically resistant [1]. Unfortunately, the base elements able to bring
these two properties are either expensive or difficult to shape. However, thanks to the
very high melting points of chromium but also of iron, many Cr-rich Fe-based alloys
are very refractory alloys and remain not so costly. Unfortunately, since most of them
keep a ferritic (back centred cubic) structure from room temperature up to their
solidus temperature, they are not mechanically resistant enough to be used at high
temperature under stresses. Their cast versions can be successfully reinforced by
eutectic TaC carbides mixed with the matrix in the interdendritic spaces [2]. Although
they are much better than chromium carbides in this field, the TaC carbides are not
sufficiently stable to allow high temperature strength over long times: they tend to get
fragmented and to decrease in volume fraction. Fortunately, other MC-type carbides,
the HfC ones, are less sensitive to these phenomena, in cobalt-based alloys [3] but
also in chromium-rich iron-based alloys [4,5], and it appears possible to benefit
simultaneously of the high refractoriness of the Fe(Cr) base and of the ideally shaped
and positioned HfC carbides, to obtain alloys very resistant against creep
deformation.

However, hafnium is an element which is generally added to alloys in very low
quantities either to improve ductility or some aspects of oxidation behaviour (e.g.
resistance to oxide spallation in thermal cycling). The presence of a so reactive
element in quantities as high as 4 to 6 wt.%Hf, contents necessary to develop
significant volume fractions in HfC carbides, risk to be not neutral for the general
behaviour of HfC-reinforced Fe(Cr)-based alloys.

In this work, several 25wt.%Cr-containing Fe-based alloys in which significant
fractions in HfC carbides are present thanks to rather high amounts in carbon (0.25
to 0.50wt.%) and in hafnium (3.7 to 5.6wt.%), were subjected to 46 hours-long
oxidation tests in dry air at temperatures ranging between 1000 and 1200°C, in
thermo-balance. The mass gains were treated using the {m x dm/dt = Kp — Kv x m}
method [6] when applicable and the oxidized samples were subjected to post-mortem
characterization. The contained oxidation kinetic was not always regular enough to
correctly extract the two constants Kp and Kv (chromia volatilization for T equal to
1100 or 1200°C), but this was possible in some cases. The external oxide was
mainly composed of (Cr,Fe),0; oxide and they also contained some HfO; islands.
Accelerated oxidation seemed starting in some locations of the surface of the
1200°C-oxidized samples, which let think that catastrophic oxidation ought to
generalize beyond the 46 hours of these tests. Obviously these alloys need to be
enriched in chromium to delay such scenario, or to benefit of a protective coating.
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Abstract

Ni-base superalloys are commonly used in the hottest sections of power generating
gas turbines due to a combination of excellent mechanical properties at elevated and
room temperature and exceptional high-temperature corrosion and oxidation
resistance. Apart from the major alloying elements, Cr, Co, Al, W, Ti, modern Ni-
based superalloys contain minor (between 0.01 and 1 at.%) additions of elements
such as Hf, Zr or B for obtaining improved mechanical properties, in particular grain
boundary strengthening. However, these minor elements also form
thermodynamically very stable oxides and can therefore participate in the oxidation
process.

To elucidate the effect of the above mentioned minor alloying additions on the
oxidation resistance of Ni-base superalloys, in the present work commercially
available (Rene80, CM247) as well as several cast model alloys were exposed in the
temperature range between 950°C and 1050°C up to 500 hours in atmospheres
simulating typical gas turbines environments. After exposure the oxidized samples
were investigated with a number of surface analytical methods, including glow
discharge optical emission spectroscopy (GD-OES), optical and scanning electron
microscopy and X-Ray diffraction.

The strengthening additions were found to become incorporated into the oxide scale.
Their exact effect on the oxidation process was, however, dependent on the
exposure conditions being stronger at higher exposure temperatures and more
pronounced in aggressive atmospheres with high H,O and/or SO, partial pressures.
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Influence of water vapour in air and of TaC carbides in alloy on the
high temperature oxidation of cobalt-based refractory alloys
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Besides nitrogen and oxygen, other gaseous species (CO, CO,, SO, H20...) are
generally present in the hot atmosphere in which refractory alloys are in service [1],
and their presence influences the behaviour of alloys in high temperature oxidation
[2], often in the wrong direction, i.e. with rather detrimental effect. Notably, it is widely
recognized that water vapour plays an important role, but not necessarily
unfavourable for the sustainability of the metallic component. If it is true that the
presence of water vapour in air tends to provoke the volatilization of SiO, and Al,O3
protecting the silica or alumina-forming alloys, and to accelerate of Cr,O3; covering
the chromia-forming ones, some advantages were also noticed: sometimes a slow-
down in speed for the oxidation rate and frequently an improvement of the scale
adherence when temperature varies [2,3].

In the case of the Cr,Os-former alloys and superalloys many studies dealing with the
effect of water vapour, the high temperature oxidation concern nickel-based alloys
while, in contrast, the cobalt-based alloys, although they constitute also an important
family of cast and wrought chromia-forming high temperature alloys, were curiously a
little less studied in this field. Since such alloys are also used in the hottest parts of
aero-engines [4] and in the hottest pieces involved of various industrial processes
(such glass working [5]), with in both cases the possible presence of water vapour
even in little concentration, it appears interesting to better know the effect of water
vapour on the behaviour in oxidation at high temperature for this family of alloys.

In this work, a model Co-10Ni-30Cr-0.5C-7.5Ta was considered (all contents in
wt.%). This rather simple alloy, which is however close to commercial Co-based
superalloys as MarM-509 and others, was elaborated by casting of pure elements
with a high frequency induction furnace under inert atmosphere. Thermogravimetry
runs were performed at 1000, 1100 and 1200°C in dry synthetic air as well as in the
same but humidified with a special apparatus. The mass gain files were analysed
according to the {m x dm/dt = Kp — Kv x m} method [6] to determine the oxidation rate
and the chromia-volatilization one, simultaneously. The heating part and the cooling
parts of the mass gain files were also exploited to study the eventual effect of water
vapour on the oxidation start temperature and on the parameters characterizing the
resistance of the scale to spallation.

The effect of the existence of many interdendritic eutectic TaC carbides in the
present alloy on the water-vapour dependence of the high temperature oxidation
behaviour was investigated by comparison with results obtained in parallel for
analogous test conditions for more simple alloys with the same Co, Ni Cr, and C
alloys [7].
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Close-to-reality modelling of high temperature corrosion
phenomena in steel industry by a novel designed lab-scale test rig
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The harsh environment in sintering plants for the preparation of iron ore, coke and
limestone for the pig iron production causes high temperature (HT) corrosion, which
is one of the most crucial effects causing downtime and maintenance costs of the
sintering plant. Materials working in such applications not only require wear
resistance, but also excellent HT corrosion and oxidation resistance at temperatures
up to 1100°C.

In the present study, the corrosives present in the sintering atmosphere were
examined in detail. Comprehensive studies revealing various corrosives were
performed, using detailed characterisation of the application and corrosives. The
analysis revealed combined chlorine and carbonate corrosion, carburization (metal
dusting) and sulphidation in the solid, liquid and gaseous phase. Analyses of the
different corrosives are given in Fig. 1.
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Fig. 1: a) SEM-Investigations of the sintering ash, b) XRD-Patterns of the soluble corrosive salts,
c) Corrosives and their average concentration — solid corrodents are given in percentage of the
sintering ash.
To replicate this harsh environment in close to reality conditions, a HT-Corrosion Test
(HT-CT) was developed, enabling corrosion in solid/molten environment combined
with different atmospheric gases up to 1500°C. As solid corrosive precipitated
sintering ash was chosen; corrosive gases were adjusted according to the performed
application measurements. Different Cr- and Ni-alloyed steels were chosen to
investigate influences of different alloying elements in the specific environment of a
sintering plant. Corrosion mechanisms and the formed protective layers are analysed
in detail via EDX-mappings at metallographic cross sections. An exemplary EDX-
mapping of an austenitic steel is given in Fig. 2.

Fig. 2: EDX-mapping of the steel 1.4301 (18 % Cr, 10 % Ni, 0.07 % C, bal. Fe)
Different forms of corrosion could be detected for different steel classes. Corrosion

models for different steel groups were evolved based on the gained data. The results
indicate that the HT corrosion depends strongly on the alloyed elements, which
stabilise the materials against corrosion.
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Water vapour is known to influence the general behaviour of refractory alloys and
superalloys in oxidation at high temperature [1], in terms of isothermal oxidation rate,
volatilization of the protective scale formed (alumina, chromia or silica), and of oxide
scale spallation in thermal cycling. After having studied the double kinetic of both
mass gain of oxidation and mass loss by chromia volatilization in the case of
chromia-forming nickel-based alloys [2], it was wished here to characterize the effect
on oxidation of water vapour in the case of cobalt alloys, with thermogravimetry
recording followed, here too by using the {m x dm/dt = Kp — Kv x m} method [3] for
the isothermal part, and by examining their heating and cooling parts.

Cobalt-based superalloys are generally rich in chromium (several tens weight
percents) and are strengthened by carbides. Many of them additionally contain
several weight percents in nickel to stabilize the FCC network of the matrix. These
are the reasons why the two simple model alloys considered in this work are: first a
carbide-free Co-10Ni-30Cr ternary alloy to study the specific behaviour of the matrix,
and second a Co-10Ni-30Cr-0.5C to examine the case of the same alloy but
containing significant fraction in chromium carbides.

These two alloys were elaborated by high frequency induction melting from pure
elements, in inert gas. The parallelepiped samples were cut and ground with
smoothing of edges and corners, then subjected to thermogravimetry runs performed
in dry synthetic air and in humidified air (temperatures of test: 1000, 1100 and
1200°C, duration: 50 hours). The analysis of the three parts (heating, isothermal
oxidation, cooling) of the mass gain files, as well as the post-mortem metallographic
characterization of the oxidized samples, allowed evidencing the effect of water
vapour on numerous characteristics of the high temperature oxidation of these
cobalt-based alloys.
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Alloys and superalloys elaborated by foundry practice are often strengthened by
carbides. They constitue an important family of refractory alloys for applications at
high temperature [1]. Since the metallic carbide-forming elements present in the
reinforcing carbides are easily oxidable [2], when they are used in hot conditions in
aggressive environments, such alloys are subjected to changes of the carbides
initially present in the sub-surface [3,4] induced by high temperature oxidation
occurring on surface. These microstructure modification may possibly modify the
local refractoriness [5] as well as the local mechanical properties in sub-surface.
They can be of different types: (eventually) development of a carbide-free zone, local
coarsening of carbides, nature change of the carbides initially present, precipitation
of new ones...

This study focuses on the oxidation-induced phenomena encountered in the sub-
surfaces by ternary Ni-Cr-C alloys, with additionally the study of the effect of the
temperature and duration of oxidation. The phenomena are interpreted using
thermodynamic calculations [6,7].
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Many cobalt-based superalloys and some nickel-based ones are reinforced by
interdendritic carbides for allowing to use them in hot conditions [1]. Such carbides
must be stable enough at high temperature in term of geometry/shape as well in term
of volume fraction. The TaC carbides which reinforce some cobalt-based alloys do
not rapidly evolve while TaC carbides are much less stable in chromium-rich nickel-
based alloys (and even less stable than the chromium carbides in this second family
of alloys [2]). HfC are among the carbides which are more stable at high temperature
than the tantalum carbides, much more in the case of the nickel-based alloys [3] and
already a little more in the case of the cobalt-based ones [4,5].

Hafnium carbides may potentially lead to nickel-based and cobalt-based alloys very
resistant against creep deformation at high temperature but it was recently found that
the HfC carbides network may be rather neutral for the behaviour of the nickel-based
alloys in oxidation at high temperature [6], but detrimental for the alloys which are
based on cobalt [7].

The good stability of the HfC carbides in the same families of alloys can be also
exploited at lower temperatures such as 1100 and 1000°C. It appeared that it can be
interesting to characterize the behaviour in oxidation at these temperatures of the
same alloys already studied at 1200°C [6,7], in order to see if the behaviour of the
cobalt-based alloys notably is improved 100°C or 200°C lower.

Thus several new alloys with the same carbon (0.25 and 0.50 wt.%) and hafnium (3.7
to 7.4 wt.%) contents as the alloys previously studied at 1200°C were elaborated by
foundry and tested in oxidation at 1100°C and 1000°C. The final mass gains, natures
of oxides present externally and the values of parabolic constant and chromia
volatilization constant (both extracted from the mass gain versus time file according
to the {m x dm/dt = Kp — Kv x m} method [8], clearly show that the behaviour of these
alloys are really better, especially in the case of the cobalt alloys.

References:

[1] Donachie, M. J., Donachie, S. J., Superalloys: A Technical Guide (2nd
Edition), ASM International (Materials Park, 2002).

[2] Berthod, P., Aranda, L., Vébert, C., Michon, S. “Experimental and
thermodynamic study of the high temperature microstructure of tantalum
containing nickel-based alloys”, Calphad, Vol. 28, No. 4 (2004), pp. 159-166.

[3] Berthod, P., “Hafnium carbides in cast chromium-rich refractory alloys. Part 1:
Case of nickel-based alloys”, Materials Science: An Indian Journal, Vol. 9
(2013), pp. 359-365.



E 2. CORROSION BY HOT GASES AND COMBUSTION PRODUCTS P-7615

[4]

[5]

[6]

[7]

(8]

Berthod, P., “High temperature properties of several chromium-containing Co-
based alloys reinforced by different types of MC carbides (M=Ta, Nb, Hf
and/or Zr)”, Journal of Alloys and Compounds, Vol. 481 (2009), pp. 746-754.
Berthod, P., “Hafnium carbides in cast chromium-rich refractory alloys. Part 2:
Case of cobalt-based alloys”, Materials Science: An Indian Journal, Vol. 9
(2013), pp. 420-427.

Conrath, E., Berthod, P., “Kinetic of high temperature oxidation and chromia
volatilization for HfC-containing nickel-based alloys”, Oxidation of Metals, in
press (DOI 10.1007/s11085-013-9449-0)

Conrath, E., Berthod, P., “Kinetic of high temperature oxidation of chromium
rich HfC reinforced cobalt based alloys”, Corrosion Engineering Science and
Technology, in press (DOI 10.1179/1743278213Y.0000000105)

Berthod, P., “Kinetics of high temperature oxidation and chromia volatilization
for a binary Ni-Cr alloy”, Oxidation of Metals, Vol. 64, No. 3-4 (2005), pp. 235-
252.



2. CORROSION BY HOT GASES AND COMBUSTION PRODUCTS P-7535 E

Effect of Sulfur on the KCl-induced High Temperature Corrosion of
Selected Fe-based and Ni-based Alloys
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The influence of sulfur on the KCl-induced high temperature corrosion of two commercial
alloys, austenitic stainless steel TP347HFG and Ni-based super alloy Nimonic 80A, has
been studied. Samples of these alloys were covered by KCI(s) particles and were
exposed to Na(g)+5vol.%02(g)+300ppmSO,(g) at 600°C for 168h. A sulfur-free exposure
was also performed as the reference experiment. The extent of the attack was measured
by residual metal thickness measurements. Corrosion morphology and products were
investigated by Light Optical Microscopy (LOM), Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Spectroscopy (EDS). On the basis of the results role of sulfur in
KCl-induced high temperature degradation of alloys is clarified.

Key words: high temperature corrosion, deposit, biomass combustion, potassium
chloride, potassium sulfate, chromium depletion.
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Interdendritic carbides are often used to strengthen cast superalloys working in hot
conditions [1]. These carbides have to be extremely stable at high temperature when
the envisaged temperatures of service alloys are especially high. The volume
fractions and geometrical shapes of chromium carbides, which are among the most
often involved in refractory alloys to achieve mechanical properties improvements,
evolve too rapidly in such conditions with consequently a loss in creep resistance.
More stable carbides as the TaC ones are themselves not sufficient since they also
undergo fraction reduction and fragmentation phenomena [2]. The HfC ones, which
appeared much more resistant to such phenomena [3], and also which show a script-
like shape recognized for its efficiency in creep resistance improving, are fortunately
available for mechanical reinforcement on long times. Hafnium, which is an element
essentially known for its efficiency in high temperature oxidation behaviour
improvement [4,5] when added to alloys in rather low quantities in commercial
superalloys, is also able to allow developing significant interdendritic HfC carbides in
cast cobalt-based alloys if present in higher quantity in presence of carbon [6].
However it was recently seen that a significant interdendritic network of eutectic HfC
carbides, able to bring high resistance to creep deformation, may also threaten the
resistance of the concerned cobalt-based alloys in oxidation at high temperature, by
leading to a not chromia-forming behaviour [7]. As evocated in the conclusions of [7]
as future works, it was thus attempted here to increase the chromium content in
these alloys, from the 25wt.% which was not high enough. Thus several new alloys
with the same carbon (0.25 and 0.50 wt.%) and hafnium (3.7 and 7.4 wt.%) contents
but with 7.5wt.%Cr more, were elaborated by foundry and tested in oxidation at
1200°C for 50 hours in dry synthetic air. The final mass gains, natures of oxides
present externally and the values of parabolic constant and chromia volatilization
constant (both extracted from the mass gain versus time file according to the {m x
dm/dt = Kp — Kv x m} method [8]) clearly show that the behaviour of these alloys
became significantly improved, what let think that these new alloys may be candidate
to uses at very high temperature on long times, in term of creep-resistance as well as
in term of oxidation resistance.
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FLOW ACCELERATED CORROSION MANAGEMENT USING BRT-
CICERO™:PERFORMANCES AND FUTURE UPDATES

S. Trévin, M-P. Mouitrille, P. Caylar, D. Delacoux, E. Gipon - EDF/DPIH/DTG,
Grenoble/France

Flow accelerated corrosion is very effective for nuclear power plant. This generalized
corrosion can lead to the rupture of pipe and in some dramatic cases killed operators.
EDF has developed during these 20 last years a software called BRT-CICERO™ for
the surveillance of the secondary piping system of its Pressurized Water Reactors
(PWRs). This software enables the operator to calculate the FAC wear rates taking
into account all the influencing parameters such as: pipe isometrics, chromium
content of the steel, chemical conditioning and operating parameters of the
secondary circuit (temperature, pressure, etc.). This is a major tool for the operators
to organize the maintenance and to plan the inspections.

In the framework of the French pressure vessel law issued on March 15th 2000, the
software BRT-CICERO™ has been recognized by the French authority for the FAC
surveillance on the secondary pressure piping lines of the EDF 58 NPPs. It takes
advantage of the experience feedback of the French fleet, of the R&D improvements
and is frequently updated. A guideline is associated to BRT-CICERO™ to define the
rules and the pipelines include into the susceptibility analysis, take advantage of all
functionalities and take into account the rapid experience feedback.

This paper deals with the maintenance optimization performed at EDF with industrial
key factors such as:

chemical conditioning specifications

non-destructive testing shared on all units

spare parts management with guaranteed chemical alloy contents
development of specific technical features in BRT-CICERO™ integrating the
effects of local chemistry, specific thermodynamic behavior, statistical analysis
of wall thickness measurement and computational fluid dynamics.
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Evaluation of the effects of pH and oxygen on mitigation of
wall thinning of carbon steel due to flow-accelerated corrosion

Shunsuke Uchida, Masanori Naitoh and Hidetoshi Okada
Institute of Applied Energy, Tokyo, Japan

Six calculation steps were prepared
for predicting flow-accelerated

corrosion  (FAC) occurrence and Siep?  [1DOrhydrasine reaction code]
evaluati ng wall thinni ng rate (Flg ure  Step3 | 1D wall thinning calculation

Inspection &

measurement
1). Flow pattern and temperature in —
Step 4 _3D CFD code
each elemental volume along the flow ;

i i Step 5 Wall thinni Iculati d
path are obtained with a one Str [Wall thinning calculation code |

dimentional (1 D) COpUtationaI fluid Step 6 Total evaluation ystem safety
dyna mics (C F D) code (Step 1 ) and [planning for preventive maintenance] analysis
then corrosive Conditions, e,g,, [02] | Flow dynamics analysis | |C0rrosi0n (chemical) analysis | | System analysis
and e|eCtrOChemica| Corrosion Figure 1 Evaluation inspection steps for wall thinning due to FAC
pOtential, along the flow  Table 1 Coupled electrochemistry/oxide layer growth model for wall thinning calculation
path are calculated with Sub-model electrochemistry model oxide layer growth model
the 02_ N2 H4 reaction (static model) (dynamic model)

1 Input temperature, [O,] , pH, k,, temperature
code (Step 2) A 1D ’ masz transfer[cozjfﬁl;ient (h,) anoZic/cathodic current densities
FAC code developed by oxide film thickness, JECP
applying 1D mass oxide properties |XCOupling calculation
transfer coefficient output anodic/cathodic current densities oxide film thickness
(MTC) and geometrica| ECP properties (Fe,04/Fe;0, ratio)

anodic/cathodic current densities

factors can determine finaloutput
regional maximum wall
thinning rate, which could evaluate the high FAC risk zone (Step 3). As a result of
velification and validation evaluation, it was confirmed that estimation accuracy of the
wall thinning rate obtained with the 1D FAC code was within a factor of 2." At the
indicated high FAC risk zone, precise flow patterns around the structure surface are
calculated with a 3D CFD code and then distributions of MTCs at the surface are
obtained (Step 4). 3D wall thinning rates are calculated with the coupled models of
static electrochemical model and dynamic oxide layer growth model (Step 5) (Table
1). As a final evaluation, residual lifetime of the pipes and applicability of
countermeasures against FAC are evaluated in Step 6..

One of the promising countermeasures for FAC risk mitigation is to increase pH in
the cooling water. Increasing pH from 9.2 through 10 might extend the time margin
for pipe rupture. At present time not only 12.0 —
ammonia but also molpholine, ethnolamine and ~ 10.00F%x-, ™™™
so on are injected to control pH in the PWR = .00
secondary coolant. High temerature magnetite 7 6.00
solubility applied for the 1D and 3D FAC codes is 4.00[| concentration (ppm)

wall thinning rate

i ; | — o0 — 1
expressed as a function of pHgr determined by 200F) -0y e 10 .
ammonia. Temperature dependent pH for many 000050~ 100 150 200 250 300
chemicals are determined (Figure 2) to evaluate temperature (*C)

Figure 2 Temperature dependent pH

the effects of pH on FAC wall thinning mitigation.

References
1) H. Suzuki, et.al., Nucl. Technol., 183, 194 (2013).



“ 3. NUCLEAR CORROSION 0-7133

Intergranular oxidation of Alloy 600 exposed to simulated PWR
primary water

Jacqueline Caballero, Centre des Matériaux - Mines ParisTech/ EDF R&D, Moret sur
Loing Cedex/France

Jéréme Crépin, Centre des Matériaux — Mines ParisTech CNRS UMR 7633, Evry
Cedex/France

Thierry Couvant, EDF R&D, Moret sur Loing Cedex/France

Cécilie Duhamel, Centre des Matériaux — Mines ParisTech CNRS UMR 7633, Evry
Cedex/France

Several components present in the primary circuit of Pressurized Water Reactors
(PWR) were manufactured with alloy 600. Field experience of the primary circuit of
PWRs showed that alloy 600 may suffer intergranular stress corrosion cracking
(IGSCC).

Many studies investigated IGSCC of alloy 600 and an empirical initiation model was
developed to predict the time to initiation as a function of temperature, mean applied
stress and a microstructural parameter mainly related to the precipitation. However,
this model suffers a lack of predictability.

The current study proposes to focus on oxidation, especially along grain boundaries
emerging at the surface exposed to the primary water. Intergranular oxidation is
characterized as a function of time, metallurgical parameters (precipitation, chromium
content) and environmental properties (dissolved hydrogen content).

The main objective is to propose an alternative initiation model based on local
parameters, such as intergranular oxidation kinetics, instead of macroscopic
parameters.
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Effect of alloying elements and surface preparation on the oxidation
behaviour of nickel base alloys in superheated steam

F. Hamdani ®°, H. Abe °, T. Higashi ¢, B. Ter-Ovanessian ®, C. Alemany-Dumont ",
B. Normand ®, Y. Watanabe ?
& Graduate School of Engineering, Tohoku University, 6-6-01-2 Aoba, Aramaki, Aoba-
Ku, Sendai, 980-8579, Japan
® INSA-Lyon, MATEIS CNRS UMR5510, F-69621 Villeurbanne, France

Nickel base alloys have been selected to use in stream generator (SG) tubing in
pressurized water reactor (PWR) due to their good corrosion resistance. These
materials are eventual candidate to use in superheated steam generator for
advanced ultra-supercritical power plants as well. So far, few oxidation studies of Ni-
base alloys in superheated steam were conducted. However it was reported that
some of Ni-base alloys composition can suffer from stress corrosion cracking (SCC)
such as alloy 600 (Ni-16Cr-8Fe), thus presently higher chromium Alloy 690 (Ni-30Cr-
8Fe) is used. Since this later shows a good resistance to SCC. It is commonly known
that a sufficient Cr content in Ni-base alloys has a promoting effect on the oxidation
resistance. On the other hand, the enhanced oxidation resistance of higher chromium
alloys remains not clearly explained. This study is launched in order to determine the
threshold of Cr content required to form a continuous Cr-enriched layer in
superheated steam at 700°C in atmospheric pressure. This can be achieved by
investigating the oxidation behaviour of Ni-Cr model alloys with Cr content in the
range of 14-30 wt.%. Currently in the production lines, Ni-base alloys contain 8 wt.%
of iron to reduce the manufacturing cost and improve their workability. Therefore,
ternary Ni-xCr-8Fe (x=14,22 and 30) are also studied to point out the contribution of
iron in the oxidation process. In the present study the oxidation rate was evaluated by
weight gain (WG) measurements. A meticulous characterisation of the oxide scale is
performed and the threshold of Cr content was suggested considering both oxide
features and oxidation rates. Furthermore, the effect of surface preparation on the
oxidation rate is examined. It was demonstrated that reducing the hardened layer
which results from the surface preparation can be an accurate method to emphasize
the effect of alloying elements on the oxidation rate and to avoid the synergetic effect
with the cold-work. The hardened layer was reduced by mechanical polishing and
completely removed by electro-polishing in order to reveal the effect of surface
deformations on the oxidation behaviour. According to the present study, the
threshold of Cr content was 26 wt. % for mirror polished surface. While, a
discontinuous chromium oxide precipitates were observed beneath mirror polished
surfaces of materials with Cr content in the range of 14-22 wt.%.
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Image-based Cohesive Element Modelling of Low Temperature
Crack Propagation in Alloy 82 Weld Metal

G. Klimaytys, A.P. Jivkov, D.L. Engelberg

Materials Performance Centre, The University of Manchester,
Sackville Street, M13 9PL, United Kingdom

Exposure of Alloy 82 welds to hydrogen containing, de-oxygenated aqueous
environments at temperatures below 150°C can result in embrittlement, manifested
by a significant reduction of its resistance to cracking. The embrittlement is brought
about by nano-scale niobium and titanium rich carbonitrides at grain boundaries
which act as hydrogen traps. The presence of stresses may then result in low
temperature crack propagation (LTCP).

The work reported in this paper provides a better understanding of the effect of grain
boundary micro- and meso-structure on LTCP susceptibility. The grain boundary
morphology of an Alloy 82 weld microstructure was characterised using image
analysis methods, and microstructure-faithful grain boundary profiles imported into
Abaqus Finite Element (FE) software. A 2D model of the grain boundary meso-
structure was generated using cohesive elements to simulate intergranular LTCP.
Stress-assisted diffusion was used to calculate the rate of hydrogen ingress along
grain boundaries. Changes in local hydrogen concentrations were then used to
obtain the failure energy of each cohesive element. This controls the energy required
to advance a crack locally. Grain boundary morphology, crystallography, and
coverage of intergranular precipitates can also be included in the cohesive element
model.

The model was compared to in-situ observations of crack propagation in fatigue pre-
cracked Alloy 82 microstructures exposed to 54°C hydrogenated water. A windowed-
autoclave test facility in conjunction with slow strain rate testing was used to observe
a propagating crack along grain boundary segments. Digital image correlation (DIC)
was then employed to estimate local crack growth rates and obtain fracture pathway
information. Results obtained by in-situ observations were then used to calibrate
cohesive model parameters. Post-mortem fractographic assessment was carried to
out to determine modes of failure.
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Detection and characterization of stress-corrosion cracking of
stainless steel in simulated BWR environment

Bojan Zajec, Mirjam Bajt Leban, Andraz Legat, Slovenian National Building and Civil
Engineering institute, Ljubljana, Slovenia

Stress corrosion cracking (SCC) is one of the most insidious corrosion processes,
which can also be a critical degradation phenomena concerning safety of Nuclear
Power Plants (NPPs), and integrity of high-radioactive waste (HRW) containers. This
process can lead to catastrophic failures of structural components. SCC occurs in
specific combination of three essential conditions: tensile stress or strain of a
sufficient level, an aggressive local environment, and a susceptible material. Any
technique for in-situ corrosion monitoring with the capability to detect SCC initiation
in high temperature water environments is thus highly desirable.

In the present report we describe our work towards establishing an experimental
setup for SCC detection and characterization in stainless steel samples in BWR
environment using primarily electrochemical noise analysis while acoustic emission
served as a complementary method. BWR environment (T=288°C, pressure above
73 bar) was simulated in the autoclave equipped with the load cell and a unique
scratching device, tough without the circulation loop that resulted in water
conductivity on the order of few uS/cm. Samples made of intentionally sensitized
stainless steel were exposed to slow-strain rate test (SSRT) while the
electrochemical noise (ECN) current and potential were recorded and acoustic
emission signal were monitored. It was found that the SCC onset is highly sensitive
to the sample surface preparation and can result in failure that is not primarily caused
by SCC. Scratching and subsequent re-passivation kinetics is well manifested in the
ECN current and potential signal. Post-mortem analysis of cracked samples by SEM,
X-ray microtomography and metallography were performed to confirm the true nature
of the fracture mechanism.
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Characterization of Ni/NiO layers formed on Alloy 182 weld metal in
PWR water
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It is known that Ni-based Alloys are susceptible to Stress Corrosion Cracking (SCC)
when exposed to Pressurized Water Reactor (PWR) water for many years. The crack
growth rate of Ni-based Alloys exhibits a maximum at a certain dissolved hydrogen
concentration that also depends on the temperature. This maximum in crack growth
rate is assumed to be related to the nickel/nickel oxide (Ni/NiO) phase transition.
When the electrochemical corrosion potential of the system (reflected by temperature
and dissolved hydrogen concentration) is equal to the Ni/NiO equilibrium potential, a
maximum in SCC susceptibility is thus observed. The combination of temperature
and dissolved hydrogen where the Ni/NiO transition occurred is still not well
established as different values are found in the literature.

In this paper the effect of temperature on the Ni/NiO transition curve for a dissolved
hydrogen concentration of 30 cc/kg was studied by means of electrochemical tests
(Electrochemical Impedance Spectroscopy — EIS, and Mott-Schottky). The aim is to
find the Ni/NiO transition temperature and relate the electrochemical results to the
maximum in SCC susceptibility. Alloy 182 dissimilar metal weld was used in the
tests. On-line electrochemical tests under PWR conditions (high temperature water
with B and Li) were carried out in a temperature range of 300°C to 360°C together
with the oxidation of samples for post test analysis. The impedance of Alloy 182
specimens was measured during the exposure time (2 weeks), once per day. The
oxidized Alloy 182 specimens were used to measure the capacitance by means of
Mott-Schottky tests in a buffer solution (0.05 mol/l H3BO3; + 0.075 mol/l Na;B4O7) at
room temperature after these two weeks of exposure. The oxide layer formed on
other, specially-prepared, specimens (Alloy 182 weld metal and also pure Ni metal)
was examined using Scanning Electron Microscopy (SEM) after the exposure time.

The first results showed that no oxide layer was formed on pure Ni metal in the
temperature range of 300°C — 315°C. On Alloy 182, however, it was observed that a
needle like oxide was formed on the surface, in the same temperature range. The
capacitance measurements revealed the existence of a straight line with positive
slope for potentials higher than — 0.5 V in the temperature range of 300°C — 315°C.
However, a straight line with a negative slope was only seen at 315°C, for potentials
lower than — 0.5 V. It indicates that the oxide layer behaves as n-type semiconductor
in the temperature range 300°C — 315°C, but p-type behavior could be observed only
at 315°C. Results from impedance and Mott-Schottky tests for 300°C — 360°C will be
presented along with the material characterization.
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Experimental and numerical study of the iodine-induced stress
corrosion cracking of Zircaloy-4 nuclear fuel cladding tubes

T.Jezequel, Q. Auzoux, D. Le Boulch, CEA Saclay, Gif-sur-Yvette/France;
E. Andrieu, C. Blanc, CIRIMAT/INPT, Toulouse/France; C. Delafoy AREVA NP,
Lyon/France; N. Barnel, EDF R&D, Moret-sur-Loing/France, C. Dal Bianco, EDF
SEPTEN, Lyon/France

After exposure to the pressurized water nuclear reactors, the initial gap between the pellet
and the cladding of nuclear fuels is reduced to zero due to combine effects of irradiation and
water pressure. This phenomenon is called Pellet-Cladding Interaction (PCI). During
accidental power transient under PCI conditions, the synergistic effect of the hoop tensile
stress and strain imposed on the cladding by the fuel thermal expansions and corrosion by
iodine released as a fission product, may lead to cladding failure by lodine-induced Stress
Corrosion Cracking (I-SCC).

In this study, internal pressure tests were conducted on 90 mm long cladding tubes of un-
irradiated cold-worked stress-relieved Zircaloy-4 under an iodine vapor environment. The aim
was to investigate the influence of loading mode (constant pressure tests, constant
circumferential strain rate tests or constant circumferential strain tests) and test temperature
(320°C, 350°C or 380°C) on the I-SCC process. Fractured samples were observed by
scanning electron microscopy (SEM) in order to identify the initiation and propagation
mechanisms. Moreover, tests were simulated by finite element analysis using a viscoplastic
mechanical model combined with an I-SCC damage model.

The experimental results obtained with different loading modes highlighted a very good
consistency. The apparent threshold hoop stress for I-SCC was found to be independent of
the test temperature.

SEM micrographs of the fractured and the inner surfaces of the tested samples showed
common features. Many pits were distributed over the inner surface; they tended to coalesce
into large pits in which a microcrack initiated. Fractographic examination showed an elliptical
and relatively brittle area characteristic of I-SCC, where intergranular and transgranular
patterns — quasi-cleavage and fluting — were observed with also a lot of pits mainly located at
the beginning of the crack propagation.

A model was developed, based on both test simulation by finite element analysis using a
specific viscoplastic constitutive equation and time-to-failure predictions by a modified
Kachanov's damage growth. This model succeeded in predicting the time-to-failure under
various conditions, considering both the mechanical and the chemical contributions.

Another facet of this study was the use of complementary experimental means (secondary
ion mass spectrometry, Raman and infrared spectroscopy) to analyze the chemical
interactions between the iodine compounds and the zirconium. The aim was a better
understanding of the chemical mechanisms notably about the iodine speciation.
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The influence of lithium ions on corrosion of zirconium alloys
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" Institute of Chemical Technology, Prague, Czech Republic
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The influence of lithium ions on corrosion of different types of zirconium alloys was
investigated using electrochemical impedance spectroscopy (EIS). The long-term (up
to 1000 hours) in-situ corrosion tests were carried out in the experimental high-
pressure high-temperature loop (280 °C, 8 MPa). The experiments were performed in
lithiated environment as well as under VVER simulating conditions. The
concentration of 70 ppm Li is considered as a significant limit value at which the
enhanced corrosion rate starts to occur. The influence of a higher concentration of
lithium (200 ppm) on corrosion characteristic of zirconium alloys was also compared.
Impedance spectra were processed using suitable equivalent circuit to determine the
transfer and diffusion parameters of the oxide layers. Especially significant are the
values of the polarization resistance which are related to the instant corrosion rate.
The oxide thickness was determined using Jonscher’s analysis and by application of
a model based on Stern-Geary approach. Weight gain measurements were chosen
as a reference method to electrochemical measurements. The Mott-Schottky
approach was employed to finding the semiconducting character and dopant density
of the corrosion film.
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Effect of Superheated Steam on the Corrosion Behaviour of
Advanced Steels Proposed as Accident Tolerant Fuel Cladding

Raul B. Rebak, and Evan J. Dolley
GE Global Research
1 Research Circle, Schenectady, NY 12309, USA 1

The US Department of Energy (DOE) started a research program focused on
accident tolerant fuels (ATF), in part as a response to the events of 11 March 2011 in
North East Japan. In comparison with the traditional UO2—Zirconium based system,
the ATF fuels need to tolerate loss of active cooling in the core for a considerably
longer time period while maintaining or improving the fuel performance during normal
operation conditions. The current research focuses on the replacement of zirconium
alloy cladding for advanced steels such as iron-chromium-aluminum (FeCrAl) alloys
since they offers a series of improved benefits under accident conditions.
Commercial and experimental alloys were tested for several periods of time in 100%
superheated steam from 600°C to 1475°C. The candidate new alloys (e.g. APMT,
and Alloy 33) offer orders of magnitude improvement over the current zirconium
based material both from the mechanical properties and corrosion performance
under normal operation conditions and under accident conditions (Figure 1).
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Figure 1. Mass change as a function of testing time in 100% steam at 800°C
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Study on the effect of phosphorous concentration on intergranular
corrosion of stainless steel in boiling nitric acid solution

Fumiyoshi UENO, Atsushi KOMATSU, Takahiro IGARASHI, Masahiro YAMAMOQOTO
Japan Atomic Energy Agency
2-4, Shirakata-Shirane, Tokai-mura, Ibaraki, 319-1195, Japan

In PUREX fuel reprocessing process, the plant materials are exposed in
severe corrosion environment with boiling nitric acid solution. In the environment,
austenitic stainless steels, which are used to concentrators and dissolvers, indicate
intergranular corrosion (IC) surfaces. Many reports have concluded that
concentration of minor elements (e.g., C, Si, P, S) in grain boundary (GB) were
effective on IC progress. In this paper, the effect of phosphorous concentration in GB
on IC progress was studied by experimental and numerical method.

Used material was an extra high purity (EHP) alloy"” which includes total
concentration of minor elements within 100ppm. In this study, type 310 EHP stainless
aIonz) added with 270ppm P was used after thermal aged for 1.2x10% at 873K to
investigate an effect of P concentration in GB on IC. Specimen was corroded under
the constant quantity of electric charge at controlled potential of 1.1V (vs. Ag/AgCl) in
boiling 8mol-dm™ nitric acid®. Figure 1 shows cross-section of corroded surface.
Corroded GB shows triangular cross-section. The analysis result of three-
dimensional atom probe (3DAP) in the corroded GB shows approximately 1.4at% of
P as shown in Fig.2. From the experiments, IC rate was considered to be effective by
P concentration change in GB.

Relation between P profile in GB Corroded GB P conceniration
and IC rate was studied by numerical (approx. 1.4ai%)
simulation using cellular automaton A
method*. Solution, grain and GB were
simplified into two-dimensional model
as shown in Fig.3 In this method,
corrosion rate was represented as the P concentration
changing rate from grain or GB cells to Fig.1 Cross-section of
solution cells. For the numerical Corroded grainboundary by 3DAP analysis
simulation, both IC rate and grain
surface corrosion rate were assumed
and introduced to the simulation. In the
case of considering with local
concentration of P in a GB, IC was
accelerated and triangular shape was
changed to sharp in cross-section as

shown in Fig.4. ) - : Fig.4 Simulation result of
AS the I‘eSU|tS, Concentrat|0n Of P FEg3 Two-dimensional corrosion behavior in P
in GB was detected and new simulation CS€/lularautomata model o 0 ted GB
method of IC progress considering with
P profile in GB was developed. It can be concluded that P concentration change
around 1.4at% in GB of type 310 EHP stainless steel causes IC rate change in
boiling nitric acid solution.
References : 1) J. Nakayama, et al., Kobe Steel Engineering Reports, 59-2,
p.94 (2009). 2) I. loka, et al., Proc. ICONE16, ICONE16-48776, (2008). 3) A.
Komatsu, et al., Zairyo-to-Kankyo, in press. 4) T. lgarashi, et al., Zairyo-to-Kankyo, in
press.
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Evaluation of the corrosion behavior of candidate materials for
overpack applications under buried conditions

Gen Nakayama, Yohei Sakakibara, IHI Corporation, Yokohama/Japan;
1. Estimation of the general corrosion rate of carbon steel

Tests were conducted to measure the corrosion rates of three carbon steel round
bar electrodes, each of diameter 6 mm and immersion depth of 30 mm, according to
procedures specified by ASTM G199-09 for mixing water and bentonite at a ratio of
1:2 in an ambient atmosphere and also heated at 40°C. The times for the immersing
potential and the open-circuit current are shown in Fig.1 for a two-hour duration with
138.5 hours of elapsed time. The corrosion rate was computed at 1.05 pAcm™ based
on data obtained after the test had been initiated with data obtained as og=1.06mV,
and 0;=0.254pA. Despite the presence of dissolved oxygen brought to the test
system from the ion-exchanged water, the mass transfer of DO was restricted by the
presence of bentonite. Changes in the general corrosion rate, GCR, of the carbon
steel over time, as immersed in the mixture of water and bentonite at 40°C, are
shown in Fig.2. GCR was found to have declined to a level of around 10umy™" after
100 hours had elapsed.

2. Estimation of the general corrosion rate of titanium

The GCR values of titanium computed based on the test-time dependence of the
GCR obtained from the passivity-sustaining current density, ipass during potentiostatic
tests of +0.5V vs .SHE, and other values becomes steady during the test period after
100 to 1,000 hours have elapsed; reaching a value of between 1 and 0.01 umy™ as
shown in Fig. 2.

The GCR values of stainless steel similarly obtained are smaller than those of
titanium, which suggests that although titanium is considered less susceptible to local
corrosion under certain environments, it is not the final solution to general corrosion
loss. Furthermore, the GCR of carbon steel under conditions of restricted mass
transfer is as low as 10pymy™, suggesting that the proposed uses of titanium may be
impractical.
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The concept for the Swiss national program for the disposal of spent fuel and high
level radioactive waste consists of a deep geological repository at a depth of 650-
900m in Opalinus Clay host rock. The repository will be based on a series of
excavated tunnels within which disposal canisters containing spent fuel assemblies
or vitrified waste will be set on pedestals made from compressed bentonite blocks.
After emplacement of the canisters, the tunnel will be backfilled with granular
bentonite and sealed. According to the current reference canister design concept, the
canisters will be cylindrical with flat ends that incorporate a handling feature. They
will be made from forged low carbon steel.

After closure of the repository the conditions in the disposal tunnels will gradually
evolve. Ingress of porewater from the host rock will increase the relative humidity
until the bentonite is fully saturated. In parallel, oxygen which existed in the bentonite
pores and the excavation disturbed zone will gradually be consumed by corrosion,
microbial activity or other processes until anoxic conditions prevail. Saturated and
anoxic conditions are expected to remain indefinitely and will therefore be present for
the vast majority of the lifetime of the disposal canisters.

The corrosion rate of carbon steel embedded in saturated bentonite under anoxic
conditions was measured using barometric gas cells. The evolution of the corrosion
rate was monitored for over three years until quasi steady-state conditions were
reached. The measured corrosion rates are in agreement with weight loss
measurements and with previous tests under similar conditions.

Dismantling one of the gas cells and characterisation of the surface of the corrosion
coupons and the steel/bentonite interface provided an insight into the prevailing
mechanisms under relevant repository conditions. The main corrosion product was
identified as being magnetite, while there were also indications of other iron oxy-
hydroxides. Surface microstructural analysis and profilometry indicated that some
roughening of the surface and localised phenomena had occurred.
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R. Fako', F. Dragolici’, Ghe. Barariu’, F. Sociu’, E. Neacsu?,
1) RATEN — Center of Technologies and Engineering for Nuclear Objectives
(CITON), Magurele/Romania;
2) Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH),
Magurele, Romania

The aim of the paper is to emphasise the advancements of a corrosion monitoring
schedule within a Joint Applied Research Project developed by three Romanian
research and design organizations in order to demonstrate the safety of the proposed
Closure Plan for the Radioactive Waste National Repository Baita Bihor (DNDR-BB).
The DNDR - BB facility is developed in former uranium mine, accepts short-lived low
institutional radioactive wastes and was commissioned in 1985. It is presently
considered that the disposal activities will continue until 2040. During time there were
proposed and implemented improvements of the operation schedule. All
modifications were carefully demonstrated based on international experience and
regulatory framework in order to guarantee repository safety for population and
environment on the intended time frame. The improvements were internationally
supported into the frame of several PHARE projects.

In order to realise an assessment of the performance of the Closure System
proposed for DNDR Béita Bihor several experimental arrangements were developed
both in laboratory and in-situ (in an experimental gallery at DNDR Baita Bihor). Even
in incipient phase, the preliminary results of these programs could be considered as
valuable inputs for modelling and anticipation of several damage mechanisms that
could arise in the disposal system. All data registered for the exposed corrosion
specimens will be analysed and interpreted considering relevant mechanical data
obtained on tested specimens, permeability data for the conditioning matrices used
for corrosion specimens, leaching data and any other information regarding the
exposure environment and time dependent alterations of the exposure conditions.
The experiments are in progress and it is anticipated that they will increase the
knowledge database on corrosion mechanisms and kinetics in the disposal system at
DNDR Baita Bihor (both before and after the implementation of the Closure Plan).
Also, the corrosion experimental program outputs will be important data for
demonstration of the disposal system stability during the repository service design life
(based on forecasted interactions between metallic surfaces and sealing/backfilling
materials).
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Carbon steel (C-steel) is studied to be the material for the metallic components of the high
level waste (HLW) in the French repository (in project).

There are two main metallic components involved. One is called “liner” and its main function
is to ensure mechanical resistance. The second one called “overpack”, is to prevent water
from reaching the vitrified HLW during the thermal phase.

In situ experiment has been conducted at the Meuse/Haute-Marne underground laboratory to
investigate the corrosion behaviour of different grades of C-steel coupons at a maximum
temperature of 85°C. Two environments have been studied; porewater and gas coming from
the Callovo - Oxfordian (Cox) host rock, in which the future vitrified nuclear waste will be
disposed of. Three series of rods, containing C-steel coupons, have been introduced, at
different times, to a test chamber composed of two media: porewater and gas. The series
were composed of seven, three and four rods respectively. Each rod contained up to twenty
coupons (ten in the porewater phase and ten in the gas phase). The rods have been
retrieved at a particular given time to measure the corrosion rate of the C-steel coupons. In
addition, corrosion products characterisation, chemical and microbial analyses have been
carried out to well understand the corrosion processes.

After 36 months of experiment, the different grades of C-steel have revealed similar
corrosion behaviours for a given rod. The first series of rods have shown two main corrosion
behaviours. Some rods presented coupons showing corrosion rate inferior to 20 um/yr, while,
others revealed corrosion rate going up to 200 um/yr. Chemical analyses revealed the
presence of an acidic pH transient going down to 4.8, which lasted about 200 days.
Corrosion products characterisation showed that for the coupons revealing higher corrosion
rate, a layer of B-Fe,(OH);Cl hydroxychloride was present at the inner interface, while for the
coupons corroding at lower corrosion rate, only siderite or chuckanovite was present in close
contact with the metal.

The second and last series of rods, which were not exposed to the acidic transient, revealed
low corrosion rate below 20 pm/yr.

Results from microbial analyses showed the presence of sulphate reducing bacteria (SRB)
and thiosulphate reducing bacteria (TRB), both in the corrosion products and in porewater.
Their metabolism was confirmed by a decrease of the sulphate concentration present in clay
porewater. On the other hand, in the gas phase, the corrosion products did not reveal neither
SRB nor TRB. The impact of micro-organisms on the corrosion processes is still being
investigated as well as the characterisation of the corrosion products of the coupons from the
second and third series of rods.

Acknowledgements : The authors wish to acknowledge Solexperts (particularly Thomas Fierz and Yanick Lettry) for supplying
the equipment of this experiment.

1 For the corrosion products characterisation studies, see ,Corrosion at the carbon steel-clay porewater interface in a nuclear waste repository.

2. Structural organization of corrosion products, M.L. Schlegel et al.”
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Abstract
In the context of long term nuclear waste repository, the reference system is

based on a multi-barriers concept: nuclear glass is placed in a low-alloy iron steel
overpack stored in clay media saturated by water. The water will in time corrode the
overpack and alter the fractured glass. In order to accurately simulate the storage
analogues of long term alteration, archaeological artefacts buried under similar
conditions, were used. Representative corrosion products (RCP) were extracted from
450 year old archaeological iron nail corroded in clay media saturated with anoxic
carbonated water at Glinet reference site.

The interactions between glass and iron can have a catalytic effect the glass
alteration mechanisms as iron-rich phases possess a strong affinity for silicon.
Laboratory experiments under anoxic conditions have shown an increase in the glass
alteration rate when in contact with iron and/or its corrosion products. The extent of
the alteration and the underlying mechanisms depend on the phase nature and its
specific surface area. Affinity to silicon will also differ between synthesized corrosion
products and RCP, due to their porosity limiting or enhancing the transport through
the iron corrosion layer and the stability of iron corrosion products which will impact
on the availability of iron in solution.

For this study, the fractured glass system is simulated by a model-fissure of
SONG68 glass (the inactive surrogate of French nuclear R7T7 glass) in contact with
iron, iron RCP or iron CP synthetized in storage conditions. Experiments were
conducted in cell at 50°C in contact with synthetic groundwater solution. The
analyses of the resulting samples were conducted through systematic multi-scale and
multi-instrumental analyses: optic microscopy, scattering and transmission electronic
microscopy, MRAMAN spectrometry, uXRD and STXM at the Fe and Si-edge.

The results will provide information on the transport of silicon in the system,
migration through the porous material and retention due to affinity with iron. The
distance between the glass-solution interface and the source of iron will impact on
the rate of alteration as well as on the nature of the secondary products formed.
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This study relates to the problem of long-term interim storage of nuclear
wastes. In France, it is envisaged that high-level radioactive wastes will be confined
in a glass matrix, stored in a stainless steel canister, itself placed in a carbon steel
overpack. The wastes will then be stored at a depth of ~450 m in a deep geological
disposal, drilled in a very stiff (indurated) clay (argillite) formation. Because of the
intense radioactivity, a temperature as high as 90°C is expected at the steel surface.
In these conditions, magnetite, siderite and chukanovite are the main expected
corrosion products of steel [1].

One of the possible risks of localized corrosion of the carbon steel overpack is
the galvanic coupling that might happen between two zones of the metal covered
with different corrosion products or in contact with different electrolytes. This
phenomenon is also known in the oil and gas industry and often described as mesa-
corrosion.

To address this problem, the effects of the galvanic coupling between a
magnetite electrode and a bare carbon steel electrode were investigated at 25°C and
80°C. Both electrodes were covered by a ~5 mm thick argillite layer that strongly
hinders the transport of oxygen and more generally the transport of matter [1-2], and
immersed in a NaHCO3 (0.01 mol L™") + NaCl (0.01 mol L) solution. The current
density between the two electrodes was monitored thanks to a ZRA (zero resistance
ammeter) method for different surfaces ratios (Sanode/Scathode)- TO Simulate a local
source of sulfide species (sulfate reducing bacteria or pyrite FeS,, a mineral present
in argillite), the galvanic coupling between a first carbon steel electrode immersed in
a sulfide-containing solution and another immersed in a NaHCO3; + NaCl solution
was studied at 80°C, the electrodes being covered by a ~5 mm thick argillite layer. In
both kinds of experiment, p-Raman spectroscopy was used to identify the
compounds formed on the electrodes at the end of the experiment.

In both cases, galvanic corrosion could be observed, associated with
significant galvanic current densities (10-60 pyA/cm™). The galvanic current proved
more important between magnetite (cathode) and steel (anode) at 80°C. In most
cases, the galvanic current tended to decrease with time. Raman analysis revealed
that the electrodes coupled with magnetite were covered by a corrosion products
layer made of an inner stratum of magnetite and an outer stratum of siderite and
chukanovite. The magnetite stratum was not homogeneous, implying that anodic
areas were still remaining on the carbon steel surface.

[11 A. Romaine, R. Sabot, M. Jeannin, S. Necib, Ph. Refait. Electrochimica Acta. 114,
(2013) 152-158.
[2] M. Jeannin, D. Calonnec, Ph. Refait. Electrochimica Acta. 56 (2011) 1466-1475.
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A proposed concept for permanent storage of spent nuclear fuel involves the use of a
deep geological repository, with multiple engineered barriers to contain and isolate
the used fuel from environment. The corrosion behaviour of the container materials
becomes critical to ensure reliable confinement of high-level nuclear waste for such a
long repository period. Copper has been selected mainly because of its calculated
thermodynamic immunity to spontaneous corrosion in near pH neutral anoxic
oxygen-free water. One reference Canadian used fuel container consists of dual
vessel comprised of outer shell of copper and an inner shell of low alloy steel ; this
container is conceptually similar to the SKB KBS-3 container, in that the inner steel
100 mm component will provide structural support, even under glacial loading, while
the outer 25-50 mm copper casing will provide a corrosion barrier." Because of the
challenges in manufacturing, including the requirement of a very narrow gap between
the copper and steel components (<1.5 mm over 4 m length), and the need to
produce a self-supporting copper sleeve of a minimum wall thickness in excess of 50
mm during extrusion, an alternative design is being explored within the Canadian
program, which involves directly coating copper onto steel to produce a layered
single container capable of withstanding suitable mechanical loading and corrosion
phenomena. Two coating methods are currently considered for manufacturing the
outer shell of these containers, namely cold-spray and electrodeposition. The
purpose of this study is to provide a preliminary corrosion evaluation of the cold-
spray and electrodeposited copper deposited on A516 Gr. 70 low alloy steel
substrate and comparing this corrosion behavior to that of the standard SKB copper
(low oxygen). Initial surface condition and the surface properties were determined
using optical microscopy, scanning electron microscopy coupled with energy
dispersive X-ray analysis (SEM/EDX), and confocal laser scanning microscopy
(CLSM). A series of electrochemical tests were performed using constant applied
current to accelerate the dissolution of the copper. A current density of 10 pA/cm?
was applied for a series of 24 hour periods. The electrochemically-treated
specimens were then analyzed by SEM/EDX, X-ray diffraction (XRD) to determine
the structure, morphology, and composition of the corrosion products. In addition,
CLSM and profilometry techniques were also used to determine the changes in the
roughness and topography of the electrochemically-treated interface. To-date no
significant differences in corrosion behaviour between the SKB and cold-spray and
electrodeposited copper have been observed.

Reference:
1.Scully, J. R.; Edwards, M. "Review of the NWMO Copper Corrosion Allowance,"
Nuclear Waste Management Organization. NWMO TR-2013-04, 2013.
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The reprocessing of spent fuel from the French UNGG (Graphite Gas Natural
Uranium) nuclear power plants generates cladding wastes such are Mg-Mn alloys. A
storage strategy is to encapsulate these wastes into cement matrix. The main issue
is hydrogen evolution as the main consequence of the corrosion of Mg alloys,
regardless of concrete radiolysis. In fact Mg acts as an anode in most of galvanic
corrosion systems and the hydrogen can be produced either by water reduction or by
Anodic Hydrogen Evolution (AHE). In the last case, an increase in the rate of
hydrogen production with increasing applied potential is observed. This phenomenon
called “Negative Different Effect” (NDE) is in contradiction with the conventional Tafel
equation. The corrosion of magnesium may produce Mg" cations which react quickly
with water to produce hydrogen and stable Mg?* cations.

The interstitial solution in concrete pores is characterized by a very high pH. To
reproduce the pH solution around 13, 0.1M NaOH solutions were prepared and used
as electrolytes from electrochemical experiments. Stainless steel, platinum and
graphite were used as cathode to investigate basic galvanic coupling as it can be
encountered in the real wastes.

The purpose of this work was to investigate the galvanic corrosion of Mg alloys in the
high pH solutions. The study of Mg corrosion behaviour was carried out using
electrochemical measurement: ZRA mode. The analysis of the surface and the
corrosion products were performed by Raman spectroscopy. The first results showed
a galvanic corrosion rate more important with stainless steel rather than with
graphite.
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In future generation nuclear systems cooled by Heavy Liquid Metals (HLMs), such as
lead or lead-bismth eutectic (LBE), fuel cladding will be exposed to an extremely
harsh environment, in which radiation dose will approach 150 displacements per
atom (dpa) at a temperature of up to 800°C. In addition, corrosion of structural steels
by HLMs stands as a major bottleneck.

In this work, we propose the use of a nanocrystalline Al,Os/amorphous Al,O3
composite coating as a corrosion barrier for high temperature operation of steels in
HLMs [1]. The barrier layer is grown by Pulsed Laser Deposition (PLD) at room
temperature, 400°C and 600°C. The mechanical properties of the coating are
assessed with high accuracy and precision trough a novel opto-mechanical method
[2], based on the combination of ellipsometry, Brillouin spectroscopy and
nanoindentation. The adhesive strength is evaluated by nanoscratch tests. In the
room temperature process, and up to 400°C, the coating attains an unusual
combination of compactness, strong interfacial bonding, moderate stiffness (E=195+9
GPa and v=0,29+0,02) and significant hardness (H=10+1 GPa), resulting in superior
plastic behavior and a relatively high ratio of hardness to elastic modulus
(H/IE=0,049). These features are correlated to the nanostructure of the coating, which
comprises a regular dispersion of ultra-fine crystalline Al,O3 nano-domains (2-5 nm)
in a dense and amorphous alumina matrix. For the coating grown at 600°C, strong
adhesion is still observed, along with an increase of stiffness and a significant
enhancement of hardness (E=277+9 GPa, v=0,27+0,02 and H=2511 GPa),
suggesting an outstanding resistance to wear (H/E=0,091). Corrosion aspects are
examined by short- and mid-term exposure of samples to stagnant HLMs at 600°C.
Post-test analysis reveal no signs of corrosion, confirming the strong chemical inertia
of the coatings [1]. The performance of the alloy substrate-ceramic coating system
under high dose radiation damage is studied by irradiation with heavy ions up to 150
dpa at 600°C. Finally, other coating materials and structures of interest, including
cermets and graded barriers with an engineered composition, are proposed and
discussed.

References
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The sodium cooled fast reactor is selected in France as the 4™ generation of nuclear
power plant. 4" generation’s reactor vessel, primary loop structures and heat
exchangers will be made of austenitic stainless steels. 316LN is the reference
material. To assess reactor service life time, corrosion of austenitic stainless steel by
liquid sodium is studied in normal operating conditions as well as transient conditions
either expected or not.

Based on corrosion tests performed in the static sodium testing device (“CorroNa”) at
550°C, sodium chromite scale (NaCrOy) is observed in slightly oxidizing conditions.
Below the oxide scale, a chromium depleted layer is observed (Figure 1). This paper
presents the morphology of this oxide scale, and its properties (expected corrosion
behavior).

Oxide scale

Austenitic steel
T —

Figure 1 - TEM cross section
observation

To predict long term corrosion effects on materials (40-60 years), the oxidation’s
mechanisms are investigated, in order to identify the corrosion limiting step, as well
as to understand the basic phenomenon at play in this complex corrosion
mechanisms. One of the first issues is to determine the direction of growth of the
oxide scale. Inert corrosion marker tests, as well as isotopic markers corrosion test
("0 - '®0) are presented. Characterizations are then performed by to Rutherford
Backscattered Spectroscopy (RBS), Glow Discharge (GDMS + GDOES), and
Secondary lon Mass Spectroscopy (SIMS). The direction of growth is found to be
inwards. In addition, these results are used to assess the oxygen diffusion coefficient
in the sodium chromite scale.
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Claystone is considered as a prime host rock for the setup of deep geological
repositories of high-level nuclear waste (HLW). In such repositories, the HLW is to be
confined within carbon steel overpacks for a few centuries. Technical gaps should be
present between the overpack and a steel liner which allows- reversibility for ~100
years, and between the liner and the clay formation. These gaps will gradually be
refilled by clay porewater. Meanwhile radioactive decay would result in a temperature
transient with a maximum at 90°C. To investigate the impact of the gaps and of this
transient, in situ experiments have been conducted at the Meuse-haute Marne
Underground Research Laboratory, in which carbon steel coupons were in contact
with clay porewater and submitted to heating up to 85°C (experimental details are
given in a companion communication). Corrosion coupons reacted from 7 to 28
months were embedded and impregnated with resin, sectioned, and the sample
sections polished, using only absolute ethanol as lubricant. Then, corrosion
interfaces were characterized using micro-spectroscopic techniques [1-3].

Two series of samples with either extensive or limited damage were identified. For
extensively corroded coupons, several layers of inner corrosion products were
observed. The innermost layer was made of Cl-rich Fe (hydr)oxide, later evolving to
B-Fez(OH);Cl sometimes crossed by magnetite columns, or laterally replaced by
green rust for the 28-months samples. The second inner layer was made of Fe
hydrated silicate with a sponge-like morphology, a local sub-molecular structure
reminiscent of clay minerals, and interconnecting cementite particles. This porous
layer locally contained massive nodules of siderite and chukanovite, which morphed
to a more continuous layer close to the trace of the original surface. The layers
external to this original surface were discontinuous and made of successively
siderite, Fe sulphide (likely related to bacterial activity), S-rich Fe silicate, and finally
pyrite nodules and siderite. The extensive corrosion damage and nature of interfacial
corrosion products could be related to an initial transient in pH (monitored down to
4.8). For the samples with limited damage, no B-Fey(OH);Cl layer was observed,
siderite or chukanovite were in close contact to metal, sometimes with interfacial
magnetite, and the Fe hydrated silicate veinlets were less developed. External layers
of Fe sulphide and siderite were observed. This suggests that these slightly corroding
samples could have been altered in more confined conditions due to artefact in
experimental conditions.
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'ICT Prague, Czech Republic
2CVR, s. r. 0., Czech Republic

Different types of creep-resisting steels were exposed in supercritical water (SCW)
experimental loop (580-600°C, 25MPa) for up to 1000 hours under varied conditions
(oxygen concentration, pH, subcritical-supercritical transition etc.). Materials under
study included highly alloyed austenitic steels and ferritic-martensitic steels having
chromium content between 8,5 and 12%. All the materials selected for the tests are
designated for the construction either of supercritical boiler pressure parts or of
turbine components.

Chemical composition, electronic and chemical structure, morphology and thickness
of oxide layers formed during interaction with the SCW were ex-situ characterized by
the electrochemical methods and by the methods of surface analysis (XPS, Raman
spectroscopy). The electrochemical approach included electrochemical impedance
spectroscopy (EIS), capacitance vs potential measurements (the Mott-Schottky plots)
and double loop electrochemical potentiokinetic reactivation tests (DL-EPR).
Characteristics of the oxide films formed in SCW were discussed on the basis of the
chemical conditions of exposure and on the chemical composition of the base metal
(in particular to the chromium content). In general, duplex and semi-conductive
character of the oxides was confirmed. DL-EPR tests revealed intensive sensitization

of some of the austenitic steels after the 1000 hours exposure in SCW.



3. NUCLEAR CORROSION P-7837

Investigation of the effect of water chemistry and temperature on
the oxide layer formed on Alloy 182 in simulated PWR environment

Renato de Mendoncga, Rik-Wouter Bosch, Wouter Van Renterghem,
SCK+CEN ( Belgian Nuclear Research Centre), Mol, Belgium

Summary

Stress Corrosion Cracking (SCC) is still a major issue in plant life management of
ageing Light Water Reactors. One class of materials in a nuclear power plant that
shows an increased susceptibility to stress corrosion cracking are the so-called Ni-
based alloys used for dissimilar welds, e.g. between the stainless steel piping and the
carbon steel reactor vessel. These Ni-based alloys show a peak in SCC susceptibility
at a certain temperature and hydrogen concentration. This peak is related to the
electrochemical condition where the Ni to NiO transition takes place. One assumption
is that the oxide layer at this condition is not properly developed and so the material
is not optimal protected to SCC. Therefore the oxide layer formed on alloy 182 is
investigated as a function of the water chemistry and temperature.The main aim of
this work is to correlate the susceptibility to crack initiation and SCC to the behaviour
and composition of the different oxide layers formed in high temperature water.
Exposure tests have been performed with alloy 182 and Ni coupons in a PWR
environment (1000 ppm B, 2 ppm Li and 35 cc/kg H2) as a function of temperature.
The temperature ranges from 300 to 345 °C since in this temperature range the
Ni/NiO transition is located based on thermodynamic calculations. Post-test analysis
of the formed oxide layers have been carried out by Scanning Electron Microscopy,
Energy Dispersive X-Ray Spectroscopy and X-Ray Photoelectron Spectroscopy. The
first results showed that there is a large difference between the low (300°C) and high
(345°C) exposure temperature w.r.t. the oxide layer morphology. At low temperature,
a thin spinel type oxide is present whereas at high temperature a complex bilayer
with deposited oxide layer is present. Exposure tests at intermediate temperatures
are going on to reveal where the transition temperature for Ni/NiO is located for this
given water chemistry.
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On the mechanism and kinetics of radiation induced corrosion of
copper

Asa Bjorkbacka', Saman Hosseinpour?, Magnus Johnsson?, Christofer Leygraf’,
Mats Jonsson';
School of Chemical Science and Engineering, Applied Physical Chemistry, KTH
Royal Institute of Technology, Stockholm, Sweden
2School of Chemical Science and Engineering, Surface and Corrosion Science, KTH
Royal Institute of Technology, Stockholm, Sweden

Copper metal has been used extensively by humans since ancient times. The metal
and its alloys are ductile, strong and corrosion resistant. In anoxic water, copper is
thermodynamically stable and copper containing archaeological artefacts have been
found quite intact under such conditions."? This is the main motivation why copper is
a material considered for encapsulation of spent nuclear fuel for future multi-barrier
deep geological repositories for nuclear waste. The spent fuel will be sealed inside
copper canisters with cast iron insert, placed 500 metres below ground and stored for
approximately 100 000 years.3 Gamma radiation originating from the spent nuclear
fuel will penetrate the canisters and induce radiolysis when absorbed by water. Two
radiolysis products, hydrogen peroxide and hydroxyl radicals, have significantly
higher standard reduction potentials than copper and are therefore able to initiate
corrosion of the canister."*®

A series of experiments were performed where the gamma radiation induced
corrosion of copper was studied. Copper samples submerged in anoxic water were
irradiated by total doses within the range relevant for a deep repository for spent
nuclear fuel. Unirradiated reference samples were used throughout. Qualitative
surface characterizations were performed using x-ray photoelectron spectroscopy,
XPS, and infrared reflection absorption spectroscopy, IRAS. Quantitative surface
characterization was performed using cathodic reduction. Dissolution of copper was
analysed using inductively coupled plasma atomic emission spectroscopy, ICP-AES.
The experimental results show that the oxide layer thickness as well as the
dissolution increase upon irradiation.®” The main corrosion product formed is cuprite,
Cu0, but the presence of tenorite, CuO, cannot be completely ruled out.

' R.R. Conry, in Encyclopedia of Inorganic Chemistry 2nd ed. R.B. King, Editor p.

940-945, Wiley, New York, 2005.

2 Nuclear waste containment materials, TR-01-25. Swedish Nuclear Fuel and Waste

Management Co., Stockholm, 2001.

3 SKB, 2011. Long-term safety for the final repository for spent nuclear fuel at

Forsmark. Main report of the SR-Site project. Swedish Nuclear Fuel and Waste

Management Co., Stockholm, 2011.

* W.H. Koppenol and J.F. Liebman, Journal of Physical Chemistry, 88, 99-101,1984.

® F.A. Cotton and G. Wilkinson, Advanced inorganic chemistry, 3 ed., 416, Wiley
Interscience, New York (1972).

® Bjorkbacka, A., et al., Electrochemical and Solid-State Letters 15, C5-C7, 2012.

" Bjorkbacka, A., et al., Radiation Physics and Chemistry 92, 80-86, 2013.
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Corrosion susceptibility of steel drums containing cemented
simulated incineration ashes as low level nuclear waste

Gustavo S. Duffé6, CNEA, CONICET, UNSAM, Buenos Aires, Argentina
Silvia B. Farina, CNEA, CONICET, UNSAM, Buenos Aires, Argentina
Fatima M. Schulz Rodriguez, CONICET, UNSAM, Buenos Aires, Argentina
Francesca Marotta, Politecnico de Milano, Milano, Italia

Cementation processes are used as immobilization techniques for low or
intermediate level radioactive waste for economical and safety reasons and for being
a simple operation. In particular, ion-exchange resins commonly used for purification
of radioactive liquid waste from nuclear reactors are immobilized before being stored
to improve the leach resistance of the waste matrix and to maintain mechanical
stability. Combustible solid radioactive waste can be incinerated and the resulting
ashes can also be immobilized before storage. The immobilized resins and ashes are
then contained in steel drums that may undergo corrosion depending on the
presence of certain contaminants. The results concerning the effect of the
contaminated cemented ion-exchange resins on the corrosion behaviour of steel
drums were already published. This work focuses on the corrosion susceptibility of
steel drums in contact with cemented incineration ashes; that contain chloride ions in
their composition. A special type of specimen was designed to simulate the
cemented waste in the drum. The evolution of the corrosion potential and the
corrosion rate -measured with the Linear Polarization Resistance technique- as well
as the electrical resistivity of the matrix were monitored over a time period of 3.7
years. The work was complemented with an analysis of the corrosion products
formed on the steel in each condition, as well as the morphology of the corrosion
products. The results show that the corrosion potential and the corrosion rate depend
on the incineration ash content of the matrix (Figure 1). When applying the results
obtained in the present work to estimate the corrosion depth of the steel drums
containing the cemented radioactive waste after a period of 300 years (foreseen
durability of the Low Level Radioactive Waste facility in Argentina), it is found that the
corrosion penetration will be considerably lower than the thickness of the wall of the
steel drums. So, it is concluded that the cementation of incineration ashes seems not
to pose special risks regarding the corrosion of the steel drums that contained them.
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Figure 1.- Corrosion rate and corrosion potential of the steel as a function of the ash
content. The chloride content of the matrix respect to the cement mass is included.
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Corrosion of High Purity Copper as Engineering Barrier in Deep
Geological Repositories
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Univ. de San Martin (UNSAM), Av. Gral Paz 1499 (1650) San Martin, Argentina
Martin A. Rodriguez, CNEA - Comisiéon Nacional de Investigaciones Cientificas y
Técnicas (CONICET) - Instituto Sabato (UNSAM), Av. Gral Paz 1499 (1650) San
Martin, Argentina
Silvia B. Farina, CNEA - CONICET - UNSAM, Av. Gral Paz 1499 (1650) San Martin,
Argentina

Pure copper with oxygen content below 5 ppm (to minimize segregation at grain
boundaries) and doped with phosphorus (to increase creep resistance) is the chosen
material for the corrosion-resistant barrier of the High Level Radioactive Waste
(HLRW) containers in the Swedish and Finnish repository models. These models
include the construction of the repository below the water table, which is a reducing
environment in which copper has excellent resistance to general and localized
corrosion in aqueous electrolytes.

Copper is a candidate material for the construction of the HLRW container in
Argentina. The aim of this work is contribute to determine the durability of the
material, given that deep geological repositories of HLRW are designed to ensure the
protection of the environment for periods of hundreds of thousands years. As a first
step in a more general analysis the effects of chloride, one of the main aggressive
species to corrosion, are evaluated.

To this purpose corrosion potential was determined and anodic polarization curves
were performed in NaCl deaerated solutions varying the chloride concentration
between 0.01 and 1M and the temperature between 30 and 90°C. Several
electrochemical techniques were used: the evolution of corrosion potential was
measured, anodic polarization curves were obtained and electrochemical impedance
tests were performed.

The analysis was complemented with microscopic observations of the type of
corrosive attack, as well as determinations of the eventual corrosion products formed
using Energy-Dispersive X-ray Analysis.

Results show the aggressiveness of chloride ions: the corrosion potential decreases
with the increase of chloride concentration and with the increase of temperature. A
correlation of the corrosion potential as a function of temperature and chloride
concentration was obtained, with the purpose of making predictions in variable
conditions. The current density increases both with temperature and with chloride
concentration. A pitting potential is observed under certain conditions. Corrosion
products formed showed a composition of 30wt% Cl and 70wt% Cu.
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Corrosion resistance in multipass welding of thick UNS S31304 lean
duplex stainless steel plates welded using SMAW, GMAW and
FCAW processes

Carla Soares Souza', Vanessa de Freitas Cunha Lins®, Dalila Moreira da Silveira®,
Cintia Gongalves Fonseca Costa®, Ronaldo Cardoso Junior®, Frederico Rodrigues
Campos®, Alexandre Queiroz Bracarense®
1 Fiat Automobile S.A., Materials Science Technology Center, Betim, Brazil
2 Federal University of Minas Gerais, Chemistry Engineering Department, Belo
Horizonte, Brazil
3 ESAB Industry and Trade LTD, Contagem, Brasli;

4 Federal University of Minas Gerais, Mechanical Engineering Department, Belo
Horizonte, Brasil

The UNS S32304 lean duplex stainless steel presents a lower cost compared to
other duplex steels due to the partial substitution of nickel by nitrogen as an element
that stabilizes austenite. During the welding of duplex stainless steels, the desired
material properties can be radically altered by a process which locally melts and
recasts the steel. In this work, samples of the lean duplex stainless steel welded
using GMAW, SMAW and FCAW processes and two types of consumable, 2209
(22% wt Cr , 9% wt Ni and 3% wt Mo) and 2307 (23% wt Cr and 7% wt Ni) were
analyzed by electrochemical impedance spectroscopy and potentiodynamic anodic
polarization to evaluate the corrosion resistance of the material in NaCl 3.5% m /v
aqueous solution. The electrochemical impedance spectroscopy results showed that
the top of the weld had a higher corrosion resistance in saline solution than the root
of the weld, except for the welded joint using the GMAW process and the
consumable 2209. The welded joint using the GMAW process and the 2209
consumable showed the highest corrosion resistance in NaCl aqueous solution.
Electrochemical processes with two time constants were obtained for the samples
welded using the GMAW and FCAW process with the two consumables, and for the
samples welded using the SMAW process with the 2209 consumable. One capacitive
arc in the Nyquist diagram, and one time constant in the Bode diagram, was
observed for the samples welded using the SMAW process with the 2307
consumable. The anodic potentiodynamic polarization indicated that the welded
joints using the GMAW process showed a higher breakdown potential and a lower
passivation current density than the samples welded using the SMAW and FCAW
processes, for the two types of consumable. After the polarization tests, all samples
exhibited the highest degree of corrosion in the heat affected zone.
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Effect of cathodic hydrogen charging of titanium alloys on
hydrogen absorption and hydride formation

S. Dejardin, V. Dusquenes, N. Creton, R. Oltra, T. Montésin, Laboratoire ICB - UMR
6303 CNRS - Université de Bourgogne - 9 av. Alain Savary - 21000 Dijon, France.

At exposition of titanium alloys to electrolytes, the formation of hydride layer and
hydride precipitates or hydrogen dissolution into the metal appear to be depending
on solution chemistry and pH, applied potential, temperature and time of charging
[1,2,3] .

In a global study of titanium alloys behavior in specific aqueous solution
(embrittlement, corrosion and corrosion under stresses), the present study focuses
on the effect of electrochemical parameters of cathodic hydrogen charging in order to
obtain a significant rate of hydrogen in the solid solution of o-Ti and o+B-Ti lattice
and the hydride phase to be formed.

Alkaline and acid solutions have been tested taking into account solution
concentration, level of cathodic polarization and time of charging. The influence of
oxyde film has also been taken into account. In each case, hydrogen absorption and
formation of hydride phase have been studied by microstrural observations (optical
microscopy and scanning electron microscopy), X-ray diffraction method and ATG
measurement. Analyses showed that hydrogen absorption is lower in alkaline than in
acid solutions and that increased cathodic polarization causes the increase of
hydride phase rate and also the increase of hydrogen concentration into hydride
phase. These results allowed to determine significant electrochemical parameters in
cathodic hydrogen charging in order to perform accelerate aging test of titanium U-
Bend samples into autoclave.

Key words : cathodic charging, titanium alloys, hydrogen

[1]1 E. Lunarska, O. Chernyayeva, D. Lisovytski, "Hydride formation at cathodic
charging of o-Ti", Advances in materials science, Vol. 8, No 1(15), 2008, pp. 105-
114

[2] Toshio Ogawa, Ken'’ichi Yokoyama, Kenzo Asaoka, Jun’ichi Sakai, "Distribution
and thermal desorption behavior of hydrogen in titanium alloys immersed in acidic
fluoride solutions". J. Alloys and Compounds 396, 2005, pp. 269-274

[3] C.L. Briant, Z.F.Wang, N. Chollocoop, "Hydrogen embrittlement of commercial
purity titanium". Corrosion Science 44, 2002, pp. 1875-1888
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WATER CHEMISTRY AND CORROSION ISSUES OF CONTROL ROD
AND PROTECTION SYSTEM IN RUSSIAN LWGRS

Evgeny Yurmanov, Victor Yurmanov (NIKIET), Russia

Light water cooled graphite moderated reactors (LWGRs) named RBMK
(Reactor Bolshoi Moshchnosti Kipyashchiy) were designed in 1960-70s by
N.A.Dollezhal Research and Development Institute of Power Engineering (NIKIET),
Moscow, Russia. 15 of power units RBMK-1000 with rated electric power of 1 GWt
were built and are stiil operating at three of nuclear power plants (NPPs) in Russia
(Leningrad, Kursk and Smolensk NPPs) and Chernobyl NPP (Ukraine). Two RBMK-
1500 units with rated electric power 1.5 GWt were built and operated in Lithuania
(Ignalina NPP), Chernobyl and Ignalina NPPs were finally shut down. Nowadays 11
of RBMK-1000 power units are still in operation in Russia. Comprehensive
modernizations were implemented at all RBMK plants taking into account expirience
of accident at unit 4 at Chernobyl NPP in 1986.

One of the most important improvements of RBMK reactors after Chernobyl
accident was related to control and protection system (CPS). Namely CPS deficiency
was one of the causes of the above catastrophe. In view of this RBMK designer
(NIKIET) developed CPS modernizations aimed at safe RBMKs operation.

In the end of 1980s NIKIET designed new rapid emergency protection system
(REPS) with reduced time of fast scram rod insertion into reactor core from 20
seconds to about 2 seconds. From 21 to 33 FSR at each RBMK-1000 are moving in
gaseous phase as compared to water filled channels in case of as-design CPS.

Since early 2000s new cluster type CPS (CCPS) were implemented at RBMKs
to improve their reliability and safe operation. Cluster type control rods are moved in
air within long hermetic cases located within special reactor channels cooled by water
coolant of RBMK auxiliary cooling system (SVO-3) aimed at cooling of special
channels of RBMK, including channels of CPS.

The above modernizations of CPS at RBMKs were assisted with an
intensification of radiation-chemical processes in the water within reactor channels
with control rods. These processes led to increased rate of acidic radiolysis products
formation in the water of CPS cooling system. Chemical quality changes of water in
CPS cooling system impact corrosion of control rod elements made from aluminium
alloy.

Water chemistry mode at above mentioned RBMK auxiliary cooling system
(SVO-3) at RBMK plants was improved to reduce corrosion of aluminium alloy used
for manufacturing of some control rod elements, namely flow displacers in RCPS and
as-designed CPS or cases in CCPS. Aluminium content in the above water depends
from corrosion of cases and purification of CPS cooling system. Corrosion rate of
cases depends from water quality of CPS cooling system, primarily from pH values.

Powdex process was implemented for water coolant purification in CPS to
facilitate removal of nitric acid produced in course of CPS cooling water radiolysis.
Protective coating on aluminium case surfaces could be promising solution to solve
the above corrosion problems.

This paper highlights water chemistry and corrosion issues of control rod and
protection system in Russian LWGRS named RBMKSs. This paper demonstrates that
implementing of some modernizations at nuclear reactor systems should take into
account possible increase of water coolant corrosion activity. The countermeasures
to improve water chemistry control could prevent potential negative consequences of
such modernizations of nuclear reactor systems with water coolant.
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Sensitisation and IGSCC in type 321 SS NPP manifold welds

K.l. Shutko,
Research and development institute of power engineering (NIKIET), Moscow, Russia

This work is aimed to research after sensitisation development in heat-affected
zones (HAZ) of multipass welds damaged by intergranular stress corrosion cracking
(IGSCC) under operating in high-purity water at high temperatures. Cracked welds
service time varied significantly. Grain-boundary sensitisation developed in narrow
zones that are located adjacently to weld joints fusion lines and orientated
lengthwisely to them. In cases investigated sensitization did not reach the outer
manifold surface starting from the inner surface. Commonly, circular cracking
occurred within the sensitized regions. Material sensitized conditions coupling with
residual weld stresses and working load provided weld joints susceptible to IGSCC.
Fracture mode is revealed predominantly as intergranular with some transgranular
patches. However, corrosion fatigue was detected on the fracture surface under load
cycling.

It is also found that initial cracks on the inner weld surface joined one to
another forming the main crack. The notches produced with welding could promote
the cracking initiation. Weld joint served for approx 23 years intact IGSCC also
considered in comparison. As revealed, welding did not induce sensitisation.

This research employed both double-loop electrochemical potentiokinetic
reactivation (DL-EPR) and oxalic acid etch techniques for quantitative and qualitative
degree of sensitization (DOS) assessment. Material DOS in cracking vicinity is
determined as beyond of well-known Strauss test sensitivity.

Influence of high-temperature heat treatment on DOS in weld HAZ was
investigated using DL-EPR technique. High-temperature heat treatment is proposed
as the possible remedy against welds IGSCC susceptibility as leading to both
material desensitisation and stress improvement.

Key words: welds, sensitisation, heat treatment, IGSCC, DL-EPR
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Behaviour of steam generator tube at different temperatures
and levels of chloride

Mbnica M. A. M. Schvartzman; Fabio A. Mansur; Pedro H. B. O. Nogueira
Centro de Desenvolvimento da Tecnologia Nuclear; Belo Horizonte/Brazil

The pitting resistance and pitting morphology of the nuclear grade alloy 800NG
in the PWR secondary water environment at 250 °C were studied by
electrochemical techniques. Anomalous conditions, considering the
unintentional chloride contamination of the water cooling system as a result of
condenser leakage were also investigated. The effect of chloride concentration
in the range of 250 ppb to 50 ppm was examined. Immunity to pitting corrosion
was evident at chloride levels below 1 ppm. The morphology of the localized
attack observed on alloy 800NG was strongly dependent on chloride
concentration. At a chloride concentration of 1 ppm, small corroded areas were
observed on the specimen surface after the potentiodynamic tests, isolated and
irregularly localized attacks were found in a few regions, and EDS analysis
indicates some chromium enrichment inside of them. A high density of
widespread pits filled with Cr-rich corrosion products was observed, at chloride
concentrations higher than 10 ppm. In this case, pits became smaller and with a
more regular shape. Potentiodynamic anodic curves showed that higher
chloride concentrations shifts the pitting potential of alloy 800NG to lower
values, probably due to the deleterious effect of chloride ion on the passive film.
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Oxidation behavior and Spallation of oxide scales after T91 oxidation in water
vapor environment
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Gif-sur-Yvette, France.
® Université Technologique de Compiégne, Laboratoire Roberval, Département Mécanique, F-
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This study takes place in the framework of Generation IV reactors and in particular in
the new Sodium Fast Reactor project in which the Fe-9Cr martensitic steel T91 is
considered as structural material for steam generator.

Oxidation of T91 in steam leads to the formation of spinel type duplex oxide scale,
possibly —depending on equivalent oxygen partial pressure- topped by a hematite
layer. Stresses resulting from the oxide growth can lead to cracking and failure of the
oxide, leading to spallation of the oxide layer and then to a loss of its protective
properties and a possible increase of oxidation kinetics. The aim of this study was to
investigate the growth kinetic of the oxide scale, the T91 oxidation mechanism and
the major strains and stresses affecting the scale until its spallation under water
vapor at 550°C.

In this context, two kinds of experiments are performed. One permits to assess in situ
the stresses developed in the oxide scale as a function of time and temperature and
in the subjacent steel during oxidation in Ar/Ho/H,O mixture or in air. These
experiments were performed in a deflection apparatus with various water vapor
partial pressures and gas compositions. The other enabled to determine in situ mass
gain of samples in a thermobalance performed in the exact same conditions as the
deflection tests except in the use of D,O instead of H,O. Analyses of deuterium
content performed by GD-OES on oxidized samples in the oxide scale and in the
steel allow to determine deuterium localization in the oxide scale and at the
substrate/oxide interface.

All the results performed in these two experiments were interpreted according to
oxidation mechanisms, models of growth kinetic and mechanisms of failure of the
oxide scale under water vapor beforehand developed. Various elastic and visco-
plastic models were used to determine quantitatively and qualitatively all kind of
strains and stresses generated during the oxidation cycle. It turned out that
predominant growth strains were probably one of sources responsible of
delamination and spallation of the oxide scale. The influence of pores and cavities —
especially in the magnetite scale- on the oxide scale buckling was also investigated.
Finally, a global mechanism is proposed taking into account the role of hydrogen on
stress relaxation and the role of oxide scale failure on the oxidation mechanism.
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Hydrogen production by iron corrosion under gamma-irradiation
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IRSN, France

Abstract:

In geological disposal repositories for radicactive waste, one important source of gas will likely
be generated by anoxic corrosion of metals, which produces hydrogen. Although gas generation
rates for metals have been studied for several years, few studies focused on the influence of
radiation on these rates. Exposed to ionizing radiation, water decomposes to yield a range of
products like hydrogen and chemically reactive species (oxidizing and reducing) that can strongly
impact the agueous redox conditions and influence metal corrosion kinetics. This study aims at
assessing the influence of gamma irradiation on hydrogen production rate through the anoxic
corrosion of iron process.

A given mass of iron (powder or pieces) was added to pure water with low oxygen content
(<4 107 mol.L™") in a stainless steel cell. Anoxic conditions were maintained through a continuous
bubbling of the system with helium. The mixture of flushed gas (H;, Os N3) was regularly
sampled and analysed by gas chromatography. After a duration that allowed to reach a constant
hydrogen production (pseudo-stationary state), the cell was submitted to continuous irradiation
by gamma sources {GOCO} in the IRMA facility (CEA- Saclay), with dose rates ranging from 11 to
100 Gy h™. At the end of each experiment, the cell was dismantled for both solid and solution
analyses.

The corrosion rates of iron deduced from the first step (corrosion without irradiation) of these
experiments are in agreement with those presented in literature (~ 0.1 - 3 pm.y™?). Under
irradiation, opposite effects are observed: an increase in production of hydrogen (x 10) for the
two higher dose rates (50 and 100 Gy.h™) and a decrease for the lower dose rate (11 Gy.™).
Furthermore, the increase in hydrogen production continued when irradiation ceased. Different
mechanisms were investigated to explain these results. Oxygen content in the solution appears
as a key parameter as it controls the type of corrosion layer and in turn the hydrogen production
rate due to corrosion. Then, molecular radiolytical species like hydrogen peroxide were probably
involved in direct or indirect oxidation reactions towards iron or corrosion layer and initiate
corrosion mechanisms which carry on beyond the irradiation period. A kinetic model
incorporating a reaction data set combining water radiolysis and corrosion reactions was finally
developed to test different mechanisms and to evaluate the influence of a set of parameters.
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Evaluating the Pit-Crack Transition in an Offshore Pipeline Steel

Christopher Evans, Robert Akid,
Corrosion and Protection Centre, University of Manchester, Manchester, UK

Corrosion fatigue plays a dominant role in the failure of offshore riser systems. This
presents many performance issues during deep-water exploration in the oil & gas
industry. The API-5L X65 pipeline steel often used to construct the riser systems is
known to have good fatigue strength when operating in air. However, under the
synergistic effect of cyclic stress and a corrosive environment, the fatigue resistance
is greatly diminished. There are a number of models for prediction of fatigue life in air
that have been accepted, however there are currently none that accurately predict
the lifetime of a component under corrosion fatigue conditions. Stress-Number of
cycles to failure diagrams (S-N curves) that contain integrated level of conservatism
are often used. Crack growth models have adopted a dual-stage approach
incorporating a pit growth stage and a long crack stage that is based on calculations
using Linear Elastic Fracture Mechanics!".. This type of approach is acknowledged to
have substantial limitations for predicting the lifetime of components when defects do
not already exist in the material®l.

The pit-crack transition stage of corrosion fatigue is investigated in this study, with
the aim to evaluate the relationship between the stress and pit geometry during crack
initiation from a corrosion pit. Single, artificial corrosion pits were created using a
micro-electrochemical cell, which allowed geometrical control to be established. This
method enables the effect of a single corrosion pit on fatigue lifetime to be studied.
Artificial pits were then created in the surface of fatigue specimens manufactured
from API-5L X65 (0.08 wt% C).

2D Digital Image Correlation (DIC) was used to examine the evolution of strain
around corrosion pits as a function of fatigue cycling. In order to do this, interrupt
testing was carried out in air using pre-pitted fatigue specimens.
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Critical analysis of the role of ferrite content
in the environment- sensitive cracking of duplex stainless steels

Rachel Pettersson, Jernkontoret, Box 1721, 111 87 Stockholm, Sweden
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Abstract

Duplex stainless steels have an attractive property profile of corrosion resistance in
combination with a higher strength than the corresponding austenitic grades. This is
achieved by a delicate balance between the component austenite and ferrite phases.
In the wrought or cast state the phase ratio is often around 50-50 and numerous
concerns over the years have been expressed that property degradation will result if
the phase balance deviates too greatly from this level. In particular there is a fear that
a ferrite-dominated microstructure might be susceptible to hydrogen embrittlement
while an austenite-dominated structure may suffer anodic stress corrosion cracking.
This has led to numerous standards such as NORSOK M-630 and NACE MR 0175/
ISO 15156-3 placing restrictions on the acceptable levels of ferrite (or austenite).

This paper presents a thorough analysis of the available literature data concerning
the role of phase ratio on the corrosion properties of duplex stainless steels, in order
to assess how strongly the basis is for restricting the ferrite content. Results are
described for stress corrosion cracking and hydrogen embrittlement, but also include
pitting corrosion which has been the subject of numerous investigations. The
conclusion is that there is relatively sparse evidence for strict limits on ferrite content,
also that the actual techniques of measuring ferrite contents have intrinsic
inaccuracies which can lead to rejection of functional material, with associated
expense.

The corrosion properties are dependent on how the different phase ratios are
achieved in duplex stainless steels — whether it is by overalloying with certain
elements, varying the heat treatment temperature, cooling too rapidly etc. A
theoretical analysis is included to illustrate the way in which different processing may
be expected to affect the composition and thereby the corrosion resistance of the
austenite and ferrite phases and that of the alloy as a whole.
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Influence of nitrate ions concentration, pH and applied potential on
the susceptibility to corrosion and stress corrosion cracking of a-f§
brass in NaNO; solutions
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Stress corrosion cracking (SCC) is believed to be the principal cause for the
cracks observed in brass components used in gas distribution network. In this
framework, it is of interest to develop accelerated tests to determine the SCC
susceptibility of the brass used in the gas transfer valves. This requires to understand
the mechanisms explaining the observed damage. The present study aimed to
contribute to a better understanding of the corrosion and SCC behaviour of alpha-
beta brass.

The specimens, made of alpha-beta brass CuZn40Pb2 (CW617N), were
machined from stamping rods used to manufacture gas transfer valves. The
accelerated tests were performed in NaNOj; solution selected with reference to
research on alpha brass (1). Two types of objectives were aimed at; the first
corresponded to the determination of the dissolution and dezincification kinetics from
immersion tests at constant potential, and the second was the evaluation of SCC
behaviour from tests performed at constant load and potential.

Results obtained over a wide range of conditions (potential, pH, nitrate ions
concentration) were analyzed by measuring the dissolution/dezincification depth and
the weight loss, performing chemical analyses of surfaces and corrosion products
(Inductively Coupled Plasma, Energy-dispersive X-ray spectroscopy, X Ray
Diffraction). Furthermore, SCC results were compared on the basis of time to failure,
fractography analyses (Scanning Electron Microscope) and crack path
characterizations. The discussion focuses on understanding the
dezincification/dissolution processes and the SCC mechanism. Concerning the SCC
mechanism, previous studies on similar materials (2) (3) and models often proposed
in the literature (adsorption of damaging species, discontinuous cleavage-like
mechanism) are discussed. First results have shown the need to take into account in
the models both, the significant influence of the NaNO3; concentration and pH on
SCC behaviour and the evolution of the surface properties with the formation of Cu,O
and/or dezincified layers after immersion tests.

Metallurgy — Stress corrosion cracking — Brass — Dezincification

1. Fernandez, S.A. and Alvarez, M.G. Passivity breakdown and stress corrosion cracking of alpha-
brass in sodium nitrate solution. Corrosion Science. Elsevier, 2011, Vol. 53, pp. 82-88.

2. Hintz, M.B.; Nettleton, L.J.; Heldt, L.A. Stress corrosion cracking of alpha-beta brass in distilled
water and sodium sulfate solutions. Metallurgical Transactions A. May 1985, Vol. 16A, pp. 971-978.

3. Hintz, M.B.; Blanchard, W.K.; Brindley, P.K.; Heldt, L.A. Further observations of SCC in alpha-
beta brass: Considerations regarding the appearance of crack arrest markings during SCC.
Metallurgical Transactions A. June 1986, Vol. 17A, pp. 1081-1086.
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MECHANISTIC INVESTIGATION OF STRESS CORROSION CRAKING
OF PIPELINE STEEL IN NEAR-NEUTRAL PH ENVIRONMENT

R.I. Bogdanov, A.l. Marshakov and V.E. Ignatenko
Institute of Physical Chemistry and Electrochemistry of Russian Academy of
Sciences, Moscow, Russian Federation

Stress corrosion cracking (SCC) has been identified as one of the primary reasons
for failures in high-pressure buried pipelines [1-2]. Today, most researchers agree
that SCC of pipeline steels in environments at near-neutral pH results from the
synergistic effects of mechanical straining, local anodic dissolution, and hydrogen
absorption [3-6]. However, it is not clear the primary mechanism of SCC in the
various composition of the soil electrolyte at the various type and values of
mechanical loading. This work explores the effect of corrosive compounds on the
crack growth rate in X-70 pipeline steel under cyclic mechanical tensions to
determine the primary mechanism of near-neutral pH SCC.

The crack growth rate was determined using X-70 steel specimens. A mixture of NS4
solution with a borate buffer (pH 7.0) were used as background solutions. Various
compounds that affect steel dissolution and hydrogen absorption rates were added to
the solutions.

The cyclic crack resistance of pipe steel in NS4 buffer solution at pH 7.0 is mainly
determined by the regularities of the corrosion fatigue. Adding an anodic dissolution
stimulator (sulphide ions) or a hydrogen absorption promoter (iodide ions) nearly
does not affect the crack growth at high amplitudes of the stress intensity factor (AK).
The rate of crack growth depends on the presence of a corrosive medium only at
small amplitudes of loading (AK ~ 5 MPa-m°®). The crack growth is accelerated in the
presence of sulphide and thiourea; these species act as metal dissolution activators,
and are hindered after adding a corrosion inhibitor (Catamin AB) to a sulphide-
containing medium. The cathodic polarization of pipeline steel inhibits crack growth at
low AK values. Therefore, the local anodic dissolution of the metal is the primary
crack growth mechanism in X-70 pipeline steel in NS4 buffer solution at small
amplitudes of loading.
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The Relationships Between Microstructure and Sulfide Stress
Cracking Resistance of High Strength, Low Alloy OCTG Steels
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Abstract

Many HPHT (high pressure high temperature) wells are originally designed for sweet
service, but are exposed to mild sour service environment either due to unexpected
natural souring or reservoir souring. In the past decade, industry has developed
proprietary high strength low alloy 125 ksi grade OCTG to withstand the mild sour
service environment. However, the correlations of microstructure with the sulphide
stress cracking (SSC) resistance are not fully understood. In this study, two
proprietary C125 along with a P110 OCTG were selected for investigation. The SSC
resistances of the materials were determined using NACE TM0177 Method D testing.
The baseline microstructure and cracking morphology of the materials were
characterized using scanning electron microscopy, electron backscattered diffraction,
and transmission electron microscopy. Analysis of trapping sites was performed
through thermal desorption spectroscopy and hydrogen permeation tests. An
attempt was made to develop fundamental understanding of the factors governing
SSC susceptibility by correlating the microstructure features with the measured
diffusible hydrogen content.
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Cathodic charging during hydrogen embrittlement testing

Qian Liu, Andrej Atrens
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Cathodic charging is a common method by which to introduce hydrogen during
hydrogen embrittlement research. This work reviews our recent research at UQ into
the evaluation of the equivalent hydrogen pressure under conditions of constant
applied electrochemical potential. Included are the following: (i) theoretical evaluation
of the thermodynamic relationship between pressure and cathodic charging
parameters, (i) measurement of the key quantities, (iii) influence of surface condition,
and (iv) influence of solution composition. This review includes typical evaluations from
our recent research.
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The Kelvin Probe: towards rapid, in-situ evaluation of HISC
susceptibility and undercoating corrosion
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Max-Planck-Institut flir Eisenforschung GmbH, Diisseldorf / Germany

Metallic materials ranging from mild to high strength steels are prone to mechanic
fractures when certain combinations of environmental characteristics, intrinsic
material properties and tensile stresses are simultaneously present. The typical
failure mode resulting from such a set of parameters, generally referred to as
environmentally induced cracking, is common to apparently dissimilar industries such
as oil and gas, maritime, automotive or aviation.

Maritime environments are known to offer the environmental conditions that often
induce cracking. As active corrosion processes and cathodic protection generate
atomic hydrogen on the metallic surfaces, hydrogen induced cracking poses a major
concern for offshore operators. Subsea installations are particularly affected by
undetected early-stage corrosion and hydrogen embrittelment resulting from on-going
corrosion and cathodic protection. With increasing technological complexity and
material diversity, such degradations would occur more often and could rapidly lead,
depending on environmental conditions, to significant material-, and eventually to
system- failures.

Current non-destructive corrosion inspection and monitoring overlooks early-stage
corrosion (i.e. before any wall-loss is measurable) and neglects hydrogen charging.
This is different for steel and automotive industries where novel techniques such as
Scanning Kelvin Probe (SKP) are increasingly gaining importance for corrosion
monitoring. SKP recently was shown to be applicable even to residual hydrogen
detection on steel components. The contactless measurement of the corrosion
potential of any coated metal is accomplished via a vibrating capacitive probe placed
at a certain distance over the object of interest. Via nulling of the sinusoidal
displacement current the corrosion potential underneath a coating can be readily
obtained.

Recent developments make the Kelvin Probe applicable for various field conditions
as well to subsea equipment. SKP’s main strengths in subsea applications are: 1) the
ability to sense corrosion through protective coatings; 2) unmatched capacity to
detect ultra-low (sub-ppm) amounts of hydrogen in metals.

Consequently, hydrogen embrittelment risk could be evaluated: i) before deployment
the equipment or component (residual Hy), ii) during regular inspections /
recertification of equipment, iii) during service.

Considering that sub-ppm hydrogen-levels can result in metal embrittelment, the
practical importance of these detection possibilities are obvious.

The presentation will describe SKP’s operating principle and will exemplify corrosion
and hydrogen detection with recent test results and will touch upon potential benefits
for maritime and automotive, and how the current standard SKP can be adapted for
robust performance in the field.
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Hydrogen induced stress cracking tests for offshore wind farm
monopile foundations
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Development of test methods based on an assessment of the current issues in
the offshore wind industry

Focus is on reducing the cost of renewable energy at present. In the case of offshore
wind farms significant costs are related to maintenance and repair. Implementing
corrosion monitoring will ease the process of defining a specific lifetime, and further
aid assessing the service life of the wind turbine foundations. However, test of
materials and components before manufacturing and installation in order to ensure
that the best choices possible are made, is a crucial part of reducing costs, since it
will help avoid repair and replacement of components.

Through a comprehensive survey of offshore wind farm monopile foundations the
issue of mud zone corrosion has been identified and the risk of hydrogen induced
stress cracking (HISC) discussed. Internal cathodic protection, the presence of
sulphide rich environments and increased hardness increase the risk of HISC, as has
been previously observed with spud cans in the oil & gas industry. These critical
factors may all be present in offshore wind farm foundations. As ongoing research
introduces new materials and welding procedures to optimize design and production
in order to reduce cost, the need for relevant test methods is present.

A HISC test setup has been developed. Tests for comparison between compact
tension specimens (CTS) and Charpy V specimens to determine a correlation
between these two types of specimens are to be conducted. This study is driven by
the overall motivation to reduce cost of the test method. Since Charpy V specimens
are already manufactured for qualification of welding procedures they are both less
time consuming and less costly to the manufacturer. The combination of stronger
materials like high strength steels and new welding procedures such as the laser-
hybrid welding method under development at FORCE Technology introduce new
challenges. This requires test methods being adapted to the materials and processes
of future offshore wind farms. The paper presents a review of the survey on HISC
test together with the initial results of the established HISC test.
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Investigation on Nickel base superalloy steam turbine bolts,
fractured at high temperatures, a case history
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Mechanical, chemical, microstructural analysis on fractured refractaloy 26
steam turbine bolts after 30000 hours service.

Ni-base superalloys have been often used as material for bolts of the steam turbine
valves and of the steam admission areas of the turbine casings, thanks to their high-
temperature resistance properties. In order to withstand high creep and fatigue
loading these alloys are strengthened by y’ and/or y” precipitates.

Among them, the most used are Incoloy 901, Refractalloy 26, Inconel X750, Nimonic
80A and Nimonic 90 (PER 2 B). Although these alloys are designed specifically for
employing in high temperature applications (up to 600 °C) some brittle intergranular
cracking have been observed to be a consequence of high temperature exposure
and high tensile loads. Moreover, due to their high strength, Ni-base superalloys are
prone to oxygen induced brittle cracking, either during rapid quenching from the
solution — heat treatment temperature or during dwell times in-service conditions.

In the present paper a case study on some fractured Refractalloy 26 bolts, after
about 30.000 h service at 600°C has been reported.

Mechanical and microstructural analysis have been performed on fractured, as-
received and exercised (not fractured) bolts. Fractographic analysis have shown an
intergranular brittle fracture in all the fracture surface. SEM observations of
secondary cracks have revealed an oxides penetration at grain boundary without
evidence of impurities from the environment other than oxygen. A moderate
microstructural degradation of used and fractured bolts have been highlighted by the
presence of “eta” phase. Nevertheless, this kind of microstructural degradation
seems not to be responsible of the observed fracture both because the tensile tests
on as-received and exercised samples have not shown significant differences and
because the eta phase has not been observed in the region close to the cracks.
Moreover, no creep-induced microstructural damages (such as grain boundaries
microcavoids) have been observed in failured and serviced samples.

From all the experimental evidence, the most probable governing failure mechanism
is the Stress Accelerated Grain Boundary Oxidation (SAGBO), the only one
compatible with the intergranular brittle appearance of fracture surface and the
presence of oxygen penetration at grain boundaries in regions close to the fracture
surface.
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Artificial Neural Network analysis of coupled Electrochemical Noise
and Acoustic Emission data applied to chloride stress corrosion
cracking
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Abstract

The use of new investigation methods which can be effective aids in recognition of
corrosion damage evolution is an issue of major importance in the oil and gas
industrial sector.

Acoustic Emission (AE) is a technique well suited to real-time control of damaging
phenomena. Also the Electrochemical Noise (EN) technique appears to be very
useful for these purposes, being easy to be applied and characterized by low
invasiveness.

In the present work, stress-corrosion cracking on 17-4 PH (UNS S17400) stainless
steel specimens was monitored simultaneously by acoustic emission and
electrochemical noise techniques. Samples were tested in aqueous solution
containing 30% by weight of magnesium chloride (according to ASTM G36) with a
constant tensile load of 90% AYS.

For the acoustic emission monitoring two acoustic sensors were located at the ends
of the specimen. A third sensor was also used to discriminate background noise from
corrosion signals. The Electrochemical Noise was measured in free system (without
external supply of current or voltage) by using a ZRA configuration cell with three
stainless steel 17-4 PH electrodes (one of which consisting in the stressed sample)
connected to a potentiostat.

The AE and EN data were pre-processed to extract a set of variables useful in the
subsequent multivariate analysis, to characterize the corrosive phenomena both in
temporal and in frequency domain.

Through the use of multivariable statistical analysis (Principal Component Analysis -
PCA, Self-Organising Map SOM), information about SCC related damage
mechanisms (such as activation, growth and propagation of cracks) have been
obtained. Furthermore by correlation between univariate and multivariate statistical
analysis of AE and EN parameters it was possible either to better understand the
corrosion evolution phenomena and to relate each damage stage with specific cluster
parameters.

Keywords:
Acoustic emission, Electrochemical noise, signal processing, self-organising map,
stress corrosion cracking,
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Liquid metal embrittlement of the T91 steel in Lead Bismuth
Eutectic: effect of the loading rate and the oxygen content

Ingrid Proriol Serre, Unité Matériaux et Transformations UMR CNRS 8207 —
Université Lille 1,569650 Villeneuve d’Ascq/France; Changqing Ye , Unité Matériaux et
Transformations UMR CNRS 8207 — Université Lille 1,59650 Villeneuve
d’Ascq/France ; Jean-Bernard Vogt, Unité Matériaux et Transformations UMR CNRS
8207 — Université Lille 1,69650 Villeneuve d’Ascq/France

The use of liquid lead bismuth eutectic (LBE) as spallation target and coolant in
Accelerating Driven Systems or coolant in future Lead-cooled Fast Reactor (LFR)
rises the question of the reliability of structural materials, such as T91 martensitic
steel, in terms of liquid metal assisted damage and corrosion.

In this study, the mechanical behaviour of the T91 martensitic steel has been studied
in liquid lead-bismuth eutectic (LBE) and in inert atmosphere. Several conditions
were considered to point out the most sensitive embrittling factor. The Small Punch
Test technique has been employed by using smooth specimens at different
temperatures and different loading rates. Tests were performed in air, Ar-3.5%H>
gas, in oxygen saturated LBE. To take into account the corrosion effect in low oxygen
content LBE, experimentation was adapted: purification of LBE by Ar3.5%H, to
decrease the oxygen content in LBE, measurement of oxygen content in LBE,
mechanical tests low oxygen LBE.

In this standard heat treatment, T91 appeared in general as a ductile material, and
became brittle in the considered conditions only at least if the test was performed in
LBE. It turns out that the loading rate appeared as a critical parameter for the
occurrence of LME of the T91 steel in LBE. Loading the T91 very slowly instead of
rapidly in oxygen saturated LBE resulted in brittle fracture. Furthermore, low oxygen
content in LBE and an increasing in temperature promote this LME. Scanning
Electron Microscopy (SEM) and Secondary lon Mass Spectroscopy (SIMS) are
performed to explain the mechanism of the embrittliement of the T91 steel in LBE and
the role of the oxygen content in LBE.
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The Effects of Sulfide and Flow Rate on Corrosion Behavior of
Duplex Steel 1.4462 in the Artificial Molasse Basin Fluid

Joana Sobetzki, Ralph BaRler, Alicja Boduch
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Unter den Eichen 87, 12205 Berlin, Germany

Within the last years the use of geothermal energy as feasible energy source has risen and
is going to replace fossil fuel supply more and more. Nevertheless, service conditions in
geothermal facilities are due to the chemical composition of hydrothermal fluids and
temperatures, in many cases, extreme in terms of corrosion. Since the construction of
geothermal power plants shall be economical with maximum life service, materials selection
based on preliminary material qualification is essential to guarantee a secure and reliable
operation of those facilities.

The materials selection depends on several terms like the chemical composition of the
produced aquifer fluid as well as service conditions like pressure, temperature and flow rate
etc. The duplex steel, this contribution deals with, is often used as all-round solution,
because of its combination of good mechanical and corrosion properties and its lower costs
compared to other highly alloyed materials. In the case of the artificial geothermal fluid of
Molasse Basin which is a low saline, slightly alkaline water, this contribution shall illustrate
the effects of sulfides (present as (NH,),S in Molasse Basin aquifer) and flowing respectively
stagnating water as it can be found during maintenance or downtime of a power plant.

The duplex steel 1.4462 in the artificial Molasse Basin fluid shows an excellent corrosion
resistance against pitting and uniform corrosion. Nevertheless, there are effects on its
corrosion behavior caused by sulfide and flow rate of the fluid as shown in the figure below.
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Fig.1: Different critical potentials determined electrochemically on duplex steel 1.4462 in
flowing and static artificial Molasse Basin fluid with and without sulfide

Keywords: localized corrosion, duplex steel, geothermal energy
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Influence of testing parameters on type of damage
under cyclic loading
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Abstract

Corrosion fatigue cracks are initiated by different types of damage, such as dissolved
slip-steps in pure corrosion fatigue (CF), stress corrosion cracking (SCC) and pitting
corrosion. The type of crack initiation depends on the aggressiveness of the
electrolyte and the mechanical properties of steel.

In this work two cold worked austenitic stainless steels have been tested in two
different corrosive electrolytes: one mild medium (13.2 wt-% NaCl, 80 °C) and one
aggressive medium (43 wt-% CaCl,, 120 °C).

S-N curves have been compiled in both electrolytes as well as under inert condition
in glycerine. Fracture surfaces were analysed using a scanning electron microscope
(SEM). Additional immersion tests free from external loads have been performed in
order to observe the type of attack and the presence of residual stresses that may
derive from the cold working process or specimen fabrication.

The correlation of occurring types of damage in different corrosion systems is
described.

Key words: Corrosion fatigue cracking, Stress corrosion cracking, Pitting, Austenitic
stainless steels, Chloride solutions
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CS-AFM study on the localized corrosion ot 2507 duplex stainless steel
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Abstract: The resistance to corrosion of stainless steels depends on the passive film
formed on the surface in air or solutions. However, localized corrosions, such as
pitting, crevice corrosion, grain boundary corrosion and stress corrosion cracking
often occurred. This may be due to the inhomogeneous of the passive film. It was
found that most of pitting occurred in austenite or grain/phase boundary in duplex
stainless steel. The electric property of passive film on duplex stainless steel was
investigated by current sensing atomic force microscopy (CS-AMF) and x-ray
photoelectron spectroscopy (XPS). The electric resistance of the film formed on
austenite, ferrite and the boundaries is different. The resistance of the film formed on
the austenite is lower than that on the ferrite and it is lowest near the boundaries. This
explained why pitting occurred in boundary and austenite phase. I-V curves show that

the passive film is p-type semiconductor.

(b)

The map of current distribution along grain boundaries and in the phases of austenite
and ferrite at 0.8V bias voltage (almost no current in the ferrite)
(a) film formed in air at room temperature; (b) film formed at 0 VSCE in 0.1M
Na2B407-10H20
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The transition between Sulfide Stress Cracking and Stress
Corrosion Cracking of the 2304 DSS as a function of T and pH in
H.S environment.
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Depending on the experimental conditions (composition, microstructure, stress,
temperature, pH, chloride content, H,S partial pressure ...) Duplex Stainless Steels
(DSS) may suffer from general corrosion and/or from local corrosion processes that
involve the selective dissolution of the ferritic phase or the austenitic phase. These
various corrosion phenomena can generate Sulfide Stress Cracking (SSC) or Stress
Corrosion Cracking (SCC). The intent of this paper is first to delimit the domain of
susceptibility corresponding to these two different forms of Environmentally Assisted
Cracking (EAC). The second objective is to discuss the parameters affecting the
transition from SSC to SCC.

Specimens of UNS S32304 Lean DSS plate have been tested by means of slow
strain rate technique in solutions containing 50 g L™ NaCl, 5 g L™" NaCH3COO and
under a pressure of 14.5 psi (1 bar) of H,S. Four pH — 2.8, 3.5, 4.5 and 6 — and three
temperatures — 68 °F (20 °C), 122 °F (50 °C) and 194 °F (90 °C) — have been
considered.

At pH 2.8 and 68 °F (20 °C) SSC occurs due to the general corrosion of the ferritic
phase. At 122 °F (50 °C) the S32304 Lean DSS is sensitive to SCC. At this
temperature, selective dissolution of the austenitic phase can be observed along the
cracking paths and dissolution of the ferritic phase occurs at different points of the
specimen. At 194 °F (90 °C) an “exfoliation corrosion” phenomenon appears and
causes SSC.

At pH 3.5 and 68 °F (20 °C) SCC occurs associated to some selective dissolution
of the austenitic phase along the cracking path. At 122 °F (50 °C) specimens are
sensitive to SCC initiated by pitting corrosion and at 194 °F (90 °C) “exfoliation
corrosion” phenomena of the ferritic phase appears once more and causes SSC. At
higher pH SCC initiated by pitting corrosion occurs at 68 °F (20 °C) and 122 °F (50
°C) whereas only “exfoliation” corrosion of the ferritic phase without cracking appears
at 194 °F (90 °C).

The different forms of EAC can be distinguished according to the cause of the
dissolution and to its local character. From that distinction, delimitations of SSC /
SCC susceptibility domains are deducted. Discussion on the transition between the
two phenomena is done in terms of difference of depassivation pH between the
austenite phase and the ferrite phase and of change in dissolution of H,S in water
and difference of depassivation pH between the austenite phase and the ferrite
phase.

Kev-words: UNS S32304. stress corrosion crackina. sulfide stress crackina. H2S
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Critical Factors in Corrosion and Biocompatibility of Biodegradable
Mg Alloys

Sannakaisa Virtanen, University of Erlangen-Niirnberg, LKO, Erlangen, Germany

In recent years, the interest of exploiting Mg alloy corrosion for the use of these
materials in biodegradable biomedical devices has found tremendously increasing
research interest. For successful applications, detailed knowledge on the corrosion
rate and mode in the biomedical application is of course required. Moreover,
interactions between the corroding Mg surfaces and the biological environment need
to be studied in detail. The challenges for successful applications are probably
greater than expected, as in spite of the non-toxic nature of Mg ions, the side effects
of Mg dissolution such as H; gas evolution or alkalization are of concern in view of
the biocompatibility. In addition, many conventional Mg alloys seem to show too high
corrosion rates in the biological environment (even though it should be mentioned
that the desired corrosion rate of course very strongly depends on the targeted
application).

Mg alloy corrosion has been studied in vitro in different types of simulated body
solutions. Drastically different behaviors can be found between different formulations
of solutions; in many cases the complex media used for these studies makes it
challenging to attribute the specific corrosion behavior observed to a single
parameter in the electrolyte. The presentation will discuss some critical factors
influencing the observed corrosion rates, such as presence of proteins in the
electrolyte.

As many conventional Mg alloys seem to show too high corrosion rates in the
biological environment, various pathways to tailor the degradation rate of Mg alloys
have been proposed, including development of novel alloys as well as various
surface modification approaches. Recent developments in surface modification will
be presented, in view of optimizing both the corrosion and the biological
performance. This includes functionalization of Mg surfaces with organic molecules
or protein adsorption layers, as well as coating Mg alloys with degradable polymers.

The presentation will further show results on the influence of Mg corrosion and
surface modification on the biological performance, studied by cell culture
experiments. In addition, influence of cell adhesion layers on the corrosion behavior
is being studied by electrochemical impedance spectroscopy.
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Application of Time-of-Flight Secondary lons Mass Spectrometry
(ToF-SIMS) to Corrosion Research

Philippe Marcus, Antoine Seyeux

Institut de Recherche de Chimie Paris
CNRS-Chimie ParisTech, Paris, France

ToF-SIMS (Time of Flight Secondary lons Mass Spectrometry) is a powerful surface
chemical analysis technique. It allows one to identify corrosion products on surfaces
with extreme sensitivity (< ppm), high mass resolution (M/AM ~ 10 000). Using a dual
beam system (Bi* ion beam for analysis and Cs" ion beam for sputtering) in depth
composition profiles are obtained with high depth resolution (~ 1 monolayer). Surface
chemical mapping can also be performed, using the primary ion beam, with a lateral
resolution of the order of 150nm.

Selected examples of applications to corrosion research will be presented :

- Oxidation/passivation of stainless steel (316L) and nickel based alloys (Alloy
690) exposed to high temperature water (under conditions representative of
pressurized water reactors of nuclear power plants). Oxide penetration at grain
boundaries is revealed.

- Corrosion of carbon steel by naphtenic acids in the refinery industry. The
nature of corrosion products is elucidated, which allows us to discuss the
corrosion mechanisms.

- Effect of bacteria on passive films (stainless steel and Ti) in the early stages of
biofilm formation. The data demonstrate the presence of a passive film at the
bacteria/metal interface, the composition of which is modified.
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Multiscale Corrosion Modelling

Johan Deconinck, Olga Dolgikh, Andrei Demeter, Simillion Hans, Nils Van den Steen

Research Group Electrochemical and Surface Engineering (SURF)
Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussel, Belgium

Corrosion modelling has been done for several years with the aim ito provide
practical information to corrosion engineers in view of lifetime prediction.

The first models were based on relatively simple fitted correlations with little or no
physical background. The increased knowledge on corrosion and mainly corrosion
mechanisms allows now to perform better and to take into account the different
aspects that finally lead to corrosion: composition of electrolyte and electrode
composition, galvanic coupling of different materials, oxygen, film thickness, etc.
Simultaneously the increasing computing power enables considering in more detail
the mentioned aspects in more detail by considering for instance transport
processes. Nevertheless for practical use models need to be simplified. It is
impossible to consider all details in all dimensions. As a logical consequence,
corrosion modelling needs to be multi-scalar and is also becoming a multi-physics
problem such that for instance the role of film thickness variations due to temperature
and humidity variations can be taken into account

In this contribution we give an overview of available models and modelling
approaches. We start with models that only consider current density distributions due
to competing reactions (e.g. oxygen reduction/metal oxidation) or galvanic coupling.
They are particularly important for large scale corrosion systems. Then models that
consider in detail transport of ions and that are mainly made to obtain quantified
mechanistic understand are presented.

Finally it will be explained how we see an integration of these models together with
film variation modelling in view of reaching stepwise improved atmospheric corrosion
models.
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Localised Corrosion Mechanisms of Magnesium in Methanol

H.N.McMurray, J.E. Board and G. Williams, Swansea University, Swansea, UK
Email: h.n.mcmurray@swan.ac.uk

It is well known that methanol is aggressively corrosive to light metals such as
magnesium and that this can present a problem when methanol is present in
cleaning solutions, fuel mixtures and coolant streams. However, the high electrical
resistivity of methanol and (salt-free) methanol/water mixtures makes conventional
electrochemical measurements involving polarisation difficult to perform.
Consequently, whenever electrochemical studies of methanolic corrosion have been
carried out they have typically been so in electrolyte mixtures comprising methanol,
water and dissolved salt. Here we show that the scanning vibrating electrode
technique (SVET) is capable of providing quantitative information on the intensity and
localisation of electrochemical corrosion reactions as they occur on commercially
pure magnesium immersed in pure methanol and salt-free methanol/water mixtures.
As such it has been possible to determine more exactly the kinetics and mechanism
of methanolic attack. It has been also possible to show that both water and oxygen
actually inhibit methanolic corrosion and that, in the case of water, this inhibition can
be profound. In the current paper SVET data are supported throughout with
independent measurements of: hydrogen evolution rate and weight loss under
conditions of known water activity and controlled oxygen partial pressure.

Magnesium foil (2mm thick, 99.9% purity, temper as rolled) was obtained from
Goodfellows Metals (nominal iron impurity level 280ppm). Methanol (ACS Reagent
Grade, 99.8% purity) was obtained from Sigma Aldrich Ltd. The electrical conductivity
of the as-received Methanol was measured to be 1.170 uS/cm. Fig. 1a shows pitting
corrosion of magnesium, induced by immersion in methanol in contact with room air
and Fig1b shows a corresponding SVET-derived current density map. The SVET
data show evidence of cathodic activation, in which initially anodic areas switch to
cathodic activity as a result of transition metal impurities (mainly iron) accumulating at
the dissolving magnesium surface.
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Figure 1: a) Photographic image of magnesium surface after immersion in Methanol
for 20 hours. b) SVET derived current density map obtained from the same sample in
methanol after 8 hours immersion.
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Effect of Si on formation of Fe-rich particles in pure Mg and its

influence on corrosion
Lei Yang®', Xiaorong Zhou?, Songmao Liang®, Rainer Schmid-Fetzer”, Teruo
Hashimoto®, Hong Liu?, Xiangli Zhong®, Joseph Robson?, Zhongyun Fan®, Geoff
Scamans®, George Thompson®
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Germany
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The tolerance limit of Fe in pure Mg is reported to be 170 ppm [1], and this is
explained by using the calculated binary Mg-Fe phase diagram [2]. However, it is
also reported that the corrosion rate of pure Mg can be high even when the Fe
concentration is below 50 ppm [3, 4]. Reasons for this behaviour are still unclear,
which makes the corrosion behaviour of Mg appear to be unpredictable. In this work,
pure Mg with 25 ppm Fe, which displays a high corrosion rate (100 mm/year), was
used to explore the corrosion behaviour of pure Mg. The microstructure was
examined using conventional and 3D scanning electron microscopy (SEM) equipped
with energy dispersive spectroscopy (EDS). The solidification behaviour was
simulated using Pandat software to calculate the relevant phase diagrams. The
corrosion behaviour was investigated using the hydrogen evolution method, together
with in-situ image recording and the scanning vibration electrode technique. Fe-rich
particles are observed even when the Fe concentration is only 25 ppm, and it is
found that Si is always contained in the Fe-rich particles. Based on the calculated
phase diagram, Si (even only at the low ppm level) can introduce a solidification
interval and result in the formation of BCC_B2 particles (Fe particles with dissolved
Si). The Fe-Si particles can act as strong cathodes to promote galvanic corrosion
with the magnesium matrix and accelerate the corrosion rate. The corrosion initiates
from one or multi-points and propagates across the macroscopic surface from the
initiation points. The SVET shows the area after corrosion acts as a cathode and the
interface of corroded/non-corroded area acts as the anode. The detailed mechanism
of Fe-Si particles formation and the corrosion initiation and propagation behaviour
are discussed.
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Corrosion of AZ31 Mg alloy in the presence of ammonium ion

D. Buggio, M. Trueba, S.P. Trasatti
Universita degli Studi di Milano, Italy

The corrosion behaviour of AZ31 Mg alloy was studied in different electrolytes,
namely NH4Cl, (NH4)2.SO4, Na;SO4, NaCl, NaClOs;, and their mixtures, as well as
dilute Harrison solution (DHS). DHS is constituted by a mixture of the commonly
occurring atmospheric salts, (NH4)2SO4 and NaCl. Its spray at ambient temperature
corresponds closely to natural weathering. Corrosion potential and solution pH were
monitored with time. The concentration of Mg®* and hydrogen gas produced were
also determined. Electrochemical experiments such as impedance spectroscopy,
potentiodynamic and potentiostatic measurements, were conducted. In the presence
of NH,", the formation of a black deposit on the surface with concomitant vigorous
evolution of hydrogen is greatly favoured. XRD analysis of the deposits indicated the
presence of a crystalline phase, identified as Mg(AlH,4).. The corrosion potential shifts
to much less negative values and solution pH increases less markedly than in typical
solutions of NaCl and Na,SO,. The amount of Mg®" released by the surface and of
evolved hydrogen were much higher as well. Electrochemical experiments have
provided confirmation of highly reactive Mg/NH,® system. In particular,
potentiodynamic polarization showed a purely ohmic behaviour, whereas a passive
film breakdown was obtained in the absence of NH,". Low resistance to charge
transfer was also observed in DHS. The results indicate different mechanism of Mg
corrosion in the presence of NH4". The dissociation of NH,* as the pH increases at
the metal/solution interface promotes the replenishment of local acidity which favours
the formation of a very reactive Mg hydride rather than precipitation of Mg(OH)..
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The dissolution of magnesium investigated with a
microelectrochemical flow system

Lisa Rossrucker ?, Nick Birbilis °, Gerald S. Frankel °, Karl J.J. Mayrhofer °

@ Max-Planck-Institut fiir Eisenforschung GmbH, Diisseldorf, Germany
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Magnesium is a highly promising element for a large range of technical applications
where weight reduction is beneficial, but unfortunately the use of magnesium and its
alloys is limited by their low corrosion resistance. Therefore understanding the
dissolution characteristics of magnesium remains an important research topic,
especially as there is no conformity about the mechanism of its dissolution in
aqueous solutions in literature [1-2]. Several studies conclude that the anodic
dissolution of magnesium involves the unipositive Mg" ion [3,4], using the Mg" theory
to also account for the so called ‘negative difference effect’ (NDE), which describes
an increase of the hydrogen evolution with anodic polarization. However, there is no
proof of the existence of Mg" and recent studies [5-7] reveal a dissolution
stoichiometry of Mg?* and additionally indicate that the NDE results from cathodic
activation with increasing anodic magnesium dissolution.

The system presented in this study combines a microelectrochemical scanning flow
cell (SFC) with online analytics via ICP-MS. This method allows for quantification of
the magnesium dissolution during anodic and cathodic polarization and furthermore
facilitates the determination of the dissolution directly at the free corrosion potential,
which is not accessible by electrochemical techniques [2]. Further advantages are
the low requirements for sample geometry and the fully automated change of sample
position, which significantly reduces the time demand for measurements.

In this study we investigate the dissolution of magnesium at the free corrosion
potential and during cathodic and anodic polarization utilizing the SFC and element-
resolved analysis. The relationship between the applied current density and the
dissolved magnesium will be discussed.

[1] G. Song, Advanced Engineering Materials, 7 (2005) 563.
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[3] R.L. Petty et al., Journal of the American Chemical Society, 76 (1954) 363.
[4] Z. Shi et al., Corrosion Science 60 (2012) 296.

[5] G.S. Frankel et al., Corrosion Science 70 (2013) 104.

[6] J. Swiatowska et al., Corrosion Science 52 (2010) 2372.

[7] G. Williams, Proc. Conf. Corrosion and Prevention (2012) Plenary 5.
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Corrosion Behaviour of Magnesium Electrodes Investigated by
Real-Time Hydrogen measurement

M. Curioni, Corrosion and Protection Centre, The University of Manchester,
Manchester, M13 9PL, United Kingdom

A simple experimental setup to obtain real-time measurement of the hydrogen
evolved from the surface of magnesium electrodes during electrochemical corrosion
testing is presented. The setup comprises a plastic container, open at the bottom and
closed at the top, placed above the corroding magnesium electrode, used for the
collection of the evolved hydrogen. Both the electrode and the container are
completely immersed in the corrosive electrolyte and mounted with an adequate
support on the plate of a laboratory scale. The air in the plastic container is removed
such as the container is completely filled by the electrolyte at the beginning of the
test. When hydrogen is evolved from the magnesium surface, it is collected from the
submerged cylinder. As a result, a volume of electrolyte corresponding to the volume
of evolved hydrogen exits the cylinder from the open bottom. Thus, a hydrostatic
force given by the volume of the evolved hydrogen multiplied by the density of the
electrolyte develops and can be measured in real time by the laboratory scale. By
using Faraday’s law, the current associated to the evolved hydrogen can be
calculated in real-time. For example, a corrosion current of 1 mA produces a variation
in weight of 0.126 mg s™* (or 7.6 mg min™"), that can be easily detected by a common
laboratory scale.

By using the proposed setup, the behaviour of magnesium is investigated both during
free corrosion and during anodic and cathodic potentiodynamic polarization. The
findings provide further insight into the phenomenon of the ‘negative difference effect’
and on the correlation between the corrosion current estimated by electrochemical
techniques and the corrosion current directly measured from the evolved hydrogen.
Concerning the negative difference effect, it was found that the anodic reaction
produces dark regions on the electrode surface that progressively propagate and
such regions sustain a high cathodic activity. Anodic polarization increases the
propagation rate of the dark regions and therefore increases the cathodic activity.
This process is, thus, responsible for the observed ‘negative difference effect’.
Regarding electrochemical measurements, it was found that Tafel extrapolation to
the corrosion potential of the linear region of a cathodic potentiodynamic polarization
initiated at the corrosion potential provides a reasonably accurate estimation of the
corrosion current. On the contrary, anodic polarization initiated at the corrosion
potential or a polarization initiated below the corrosion potential (cathodic) towards
more positive potentials (anodic) does not provide a reliable estimation of the
corrosion current.
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Influence of plastic deformation on the corrosion resistance of
TiAl6V4 and TiMo10Zr4 alloys in aqueous solution containing
chloride ions

Halina Krawiec', Joanna Loch’, Alicja tukaszczyk', Vincent Vignal®
" AGH University of Science and Technology, Ul. Reymonta 23, 30-059 Krakow,
Poland
2 |CB, UMR 6303 CNRS-Université de Bourgogne, BP 47870, 21078 Dijon, France

Abstract

TiAIBV4 is the most commonly used titanium alloy in the biomedical sector. It has a
heterogeneous microstructure composed of two metallic phases (oo and B with a
content of B between 5 and 20 %). Recently, the cytotoxic response of titanium alloys
have been studied and alloying elements like Nb, Ta and Zr have been selected as
the safest elements to human bodies. Hence, new titanium alloys containing non-
toxic elements have been developed like TiMo10Zr4.

The role of alloying elements and the microstructure on the micro-electrochemical
behaviour and the pitting corrosion susceptibility of TiAl6V4 and TiMo10Zr4 alloys
have been investigated in 10 g/L NaCl and Ringer's solutions using the
electrochemical microcell technique. The influence of plastic strain on the
electrochemical response and pitting corrosion susceptibility of the alloy has also
been investigated using tensile specimens. Experiments were carried out at the
meso- and microscale using the electrochemical microcell technique. Different strain
levels were considered.

Local electrochemical measurements have revealed that both the increase of surface
roughness and the increase of dislocation density have impact on the
electrochemical behaviour of titanium alloys after plastic deformation. It has been
shown the surface roughness induced by slip band emergence is the predominant
parameter responsible for the increase of the cathodic current. It has also been
shown that cathodic reactions occur preferentially at surface defects (a/f interfaces,
slip bands, for example). The presence of aluminium oxide in the passive film
hindered cathodic reactions.
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Non-uniformity of Anodized Titanium Surface under UV-light
Irradiation Observed by Ellipso-microscopy

K. Fushimi, K. Kurauchi, T. Nakanishi, Y. Hasegawa, M. Ueda, T. Ohtsuka
Faculty of Engineering, Hokkaido University, Sapporo, Japan

Titanium surface shows an excellent corrosion resistance even in highly chloride ion
containing solution due to formation of a chemically stable oxide film. However, under
the irradiation of UV-light, the surface allows to flow photo-electrochemical current
because of its n-type semi-conductive property. Ohtsuka et. al reported the photo-
corrosion of titanium surface induced by UV-light irradiation [1]. Ellipsometry has
been an effective method for in-situ analysis of a passive film and used in the
determination of thickness and optical properties of the film. The authors reported the
growth and degradation of polycrystalline titanium surface anodized in sulfuric acid by
using an ellipso-microscopy [2]. Here, the ellipso-microscopic observation of titanium
surface anodized in sulfuric acid was carried out under UV-irradiation.

A laser light (632 nm) was used with an incident angle of 60°. The null ellipsometric
condition of polarizer-compensator-sample-analyzer (PCSA) optics was fixed before
the following anodization. The sample surface of polycrystalline titanium was
anodically polarized in 0.05 mol dm™ sulfuric acid solution with or without potassium
bromide and irradiated by another laser light (325 nm) with the incident angle of 0°.
Light passed through the PCSA optics was monitored by the microscope with a CCD
camera and a 4X macro-lens.

During the dynamic polarization of sample surface, the initial null-condition of PCSA
optics was gradually unadapted due to the formation of anodic oxide film on the
surface. The film growth rate was dependent on the crystallographic orientation of the
substrate as well as polarization potential. An ex-situ identification using electro
backscatter diffraction patterning revealed that a special grain grew the thicker film
than any other grains. The breakdown of the film with flowing a significant increase in
anodic current was induced by addition of bromide ions to the solution. Prior to the
film breakdown, however, an in-situ observation by ellipso-microscopy revealed that
the surface was partially regressed the null-condition with flowing a slightly large
anodic current. It was indicated that the film degradation commenced
electrochemically and progressed chemically. The formation of dissolvable products
such as bromoxide was suggested from a series of images and current transient. The
film degradation tended to occur at the surface covered with a thinner oxide film
rather than that covered with the thicker film. The irradiation of UV-light on the
anodized titanium surface induced the change in the ellipso-microscopic image. Non-
uniform image basically depending on the metallographic texture of the substrate was
turned to dark and then bright. The irradiation time for the turning image decreased
with increasing applied potential. It was suggested that the anodic oxide film was
modified or reduced by photon energy of UV-light, depending on the substrate
texture.
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pH at zinc and magnesium surfaces during atmospheric corrosion

Claes Taxén, Swerea-Kimab, Stockholm/Sweden and Dominique Thierry, Institute de
la Corrosion, Brest/France

Galvanic effects during atmospheric corrosion of zinc and magnesium are considered
in a simulation study. Changes in the composition of a 10 um thin liquid layer
containing 1 M NaCl are calculated during electrochemical corrosion of a small part
of the surface supported by a much larger cathode where oxygen reduction takes
place. The imbalance current between anodic and cathodic regions is gradually
increased in order to study the local solution compositions and precipitated solids.
For a zinc anode, the first solid corrosion products to form are ZnO(s) and
Zns5(OH)sCl,. At slightly higher imbalance currents the solution becomes
supersaturated also with respect to Zns(OH)s(CO3).. The cathodic region attains pH-
values higher than pH 10 also at moderate imbalance currents (~1 A/m? anodic
current density). CO, from the atmosphere is taken up and gradually converted to
carbonic acid H,CO3; which to some extent counteracts the high pH-values at the
cathodic regions. Diffusion, mainly, carries to carbonate species towards the anode.
The carbonate form changes from mainly CO3* to HCO3™ and finally partly to HoCO3
according to the local pH values encountered. H,COj3 at the most acidic regions (~pH
6.3) produces CO; in excess of the level predicted by atmospheric equilibrium. CO,
thus leaves the solution and is returned to the atmosphere.

This cycle of carbonate from the atmosphere at the cathode and back to the
atmosphere at the anode is interrupted at an imbalance current density of about 10
A/m? anodic current density. At this point CO; from the atmosphere at the cathode is
instead converted to Zns(OH)s(CO3)2. The main solid corrosion products are however
ZnO(s) and Zns(OH)sCl,. The continued removal of chloride from the solution, in the
form of Zns(OH)sCl, eventually causes an alkalization of the whole liquid volume.
Charge balance requires that the chloride ions be replaced by hydroxide ions and the
initial NaCl solution gradually becomes a mixture of NaCl and NaOH. The model
predicts pH-values higher than pH 13 for the conditions studied.

The behavior of magnesium as a local anode resembles that of zinc with one
important difference. There is no sparingly soluble magnesium compound and all the
initial chloride is predicted to remain dissolved. A pH value around pH 12 is predicted

at the cathode. mainlv due to the relativelv hiah solubilitv of the hvdroxide. Ma(OH)-.
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The development of a mechanistic model towards
the simulation of atmospheric corrosion

Simillion Hans, Olga Dolgikh, Herman Terryn, Johan Deconinck

Research Group Electrochemical and Surface Engineering (SURF)
Vrije Universiteit Brussel, Pleinlaan 2, B-1050 Brussel, Belgium

Corrosion predictions are usually based on empirical or historical data. The fitted pa-
rameters, that come out of the experimental exposure tests, provide an estimation of
corrosion rates in general. However this estimation is very coarse, since the test
conditions do not reflect the real corrosion rate of a specific system.

In this work a model based on transport equations is developed - the Multi-lon
Transport and Reaction model (MITReM)- that considers in more detail the underly-
ing physicochemical properties of the system. It has been applied for electrochemical
machining!”, pitting corrosion® and galvanic corrosion® simulations. The model
takes into account relevant species in the electrolyte, together with electrode reac-
tions and corrosion product formation. Next, potential and concentration distributions
are calculated. This approach offers much more insight in the underlying mecha-
nisms, but it also allows parametric sweeping and “what if’ scenario testing. Previous
work showed that these mechanistic models are a great step forward, towards the
prediction of corrosion®®. Also the time dependency and kinetics as well as the in-
fluence of corrosion products over time should be taken into account.

However such models are applied on a small scale only and are often too confined to
anticipate long-term atmospheric corrosion of real structures. This highlights the need
for a model that is computationally less complex, while covering the essential aspects
of the corrosion processes.

We developed a model to simulate the corrosion processes on an electrode covered
with thin aqueous electrolyte films. Averaging theorems are applied to reduce the
amount of unknowns, significantly lowering the simulation cost. The details of the
model are explained in this work, together with examples of a corroding zinc sample.
Comparison of the reduced model and full model shows whether (or when) the loss
in accuracy is acceptable in comparison to the gain in computational time.
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Role of pH on the L-cysteine action on zinc in 3 w/w % NacCl
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In this work, we investigate the inhibitive action of L-cysteine which has been
proposed as a possible “green” inhibitor on zinc substrates. We have used the atomic
emission spectroelectrochemistry (AESEC) technique [1] to measure directly and in
situ the spontaneous corrosion rate of Zn at the open circuit potential in 3 w/w %
NaCl as a function of L-cysteine concentration and pH. A clear inhibitive effect was
observed between 10* M and 10° M L-cysteine while an accelerating effect was
observed for 102 M L-cysteine independent of pH.

In the concentration range where inhibition was observed, the inhibition efficiency
decreased with pH: for 10 M L-cysteine it drops from 62 + 5 % (atpH 4)t0 27 £ 5 %
(at pH 12) and for 10* M from 36 + 5 % (at pH 4) to 16 + 5 % at pH 12. The effect is
explained by a rise of spontaneous L-cysteine dimerization to L-cystine with
increasing pH. Experiments with pure L-cystine were performed as a confirmation.

The stability of the L-cysteine film formed at different solution concentrations was
further investigated by a novel coupling of the AESEC technique and electrochemical
impedance spectroscopy (EIS). This coupling allows us to directly monitor the effect
of the AC perturbation on the elemental dissolution rate of Zn (Fig. 1). The
comparison between the zinc dissolution current and the total current gives
supplementary information about the film structure and corrosion mechanisms.
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Fig. 1. Evolution of (1) zinc dissolution rate, (2) total current, and (3) potential at initial

pH 6 (a) without and (b) with 102 M L-cysteine. Zone (I) shows the open circuit zinc
corrosion rate; zone (Il) shows the EIS experiment.

Finally, a 24 h immersion test under conditions of maximum inhibition demonstrated
a 2 hours passivation period followed by activation indicating that the initially formed
protective surface layer is destabilized with time.

1. K. Ogle, J. Baeyens, J. Swiatowska, P. Volovitch, Electrochim. Acta, 54 (2009) 5163-5170.
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In-situ Atmospheric Corrosion Monitoring using Resistometry

Kazuhisa Azumi, Hokkaido University, Sapporo, Japan

Introduction: Resistometry is one of useful corrosion monitoring tools which does
not need electrochemical operation and thus applicable to the atmospheric corrosion.
Wheatstone bridge type resistometry has been used to compensate the influence of
temperature fluctuation of corrosion environment on metal resistance. We developed
temperature compensated resistometry using electronic circuit and have been
applied it to various corrosion monitoring of metal in, for example, high temperature
water, the flow system of freshwater, and soil. In this study, resistometry was applied
to atmospheric corrosion of Zn in wet and dry cycling test.

Experimental: Two Zn foils (Thickness: 25 or 50 ym, Length: 50 mm, Width: 2 mm)
was embedded in laminate sheet. One foil (Rqor) Was exposed to wet and dry
corrosion environment (Wet: 25 °C, RH90%, 3.6 ks, Dry: 60 °C, RH30%, 3.6 ks,
Transition time between them: 3.6 ks) with dropping NaCl solution and the other foil
(Rrer) was placed in a same condition but sealed completely to be protected from
corrosion and was used as a reference resistance for temperature compensation.
The resistance of these two foils were measured by using an one chip impedance
analyzer (Analog Devices Co., AD5933). The resistance of corroding Zn foil (Reorr)
was divided by the resistance of protected Zn foil (Rrf) to compensate the
temperature effect. Ag/AgCI paint was put beside the Rqor to measure the electrode
potential of corroding Zn.

Results and Discussion: Fig.1 shows example of measurement parameters of Zn
specimen changing in the wet and dry test. Electrode potential of corroding Zn was
available only in the wet cycle and was about -0.6 V. Fluctuation in resistance of two
Zn foil (Reorr and Ryef) with temperature (30°C / 60 °C) was ca. 0.2% while that of
Reor/Rref Was less than 0.1 %. From the time transition of Reor/Rret, COrrosion loss was
estimated as shown in Fig. 2 where the total corrosion loss was about 0.1 um for
initial 400 ks of corrosion test.

50.02 | | | . ‘ |
Zn foil, 50um
50.00 i

49.98

Room ! Rref

49.96

49.94

d(Za)/ pm

100nm/400ks
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Fig.1. Change in resistance of two Zn foil (Reorr, Rref), Fig.2. Time variation of corrosion
ratio of them (Rqo/Rre), potential of Rer, temperature loss of Zn foil during wet and dry
(T) and relative humidity (RH) during the wet and dry test calculated from resistance

cycling test. change.
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Corrosion performances of plasma electrolytic oxidized implant
metals and alloys

S.L. Sinebryukhov, S.V. Gnedenkov, O.A. Khrisanfova, A.V. Puz’, V.S. Egorkin,
A.G. Zavidnaya
Institute of Chemistry, Far East Branch, Russian Academy of Sciences, Vladivostok,
Russia

Plasma electrolytic oxidation (PEO) technique provides an environmentally-friendly
process to form well adhered coatings on titanium and magnesium alloys with high
anticorrosion properties. PEO allows obtaining bioactive or bioinert implant surfaces
depending on the composition of the used electrolyte.

PEO-coatings on nickel-titanium alloys demonstrate high anticorrosion properties in
chloride containing electrolytes. Such layers decreasing the nickel ions release from
the substrate prevent the harmful effect of nickel accumulation in human tissues. In
spite of the presence heterogenical layer at the surface the details from alloy with
PEO-coating save the shape memory effect. This point was confirmed by differential
scanning calorimetry and differential thermo-analysis methods. Use of the
superdispersed polytetrafluorethylene (SPTFE) in the coatings composition allows
increasing the anticorrosion properties of the nickel-titanium alloys. After the
processing of the PEO-coated sample with SPTFE powder, the modulus of
impedance increases significantly. Its value is of an order of magnitude higher than
for the sample without coating. This fact confirms the contention that processing with
SPTFE powder allows the filling of pores in the coating with the polymer on the
surface and, therefore, forming an additional barrier layer that will hinder the release
of metal ions into the solution.

The approach to hydroxyapatite (HA) formation in the coatings composition during
PEO on titanium and magnesium alloys has been developed. In this case the Ca/P
ratio is equal or close to that of the human bone tissue. The porous HA-containing
layer formed by the PEO method has prospects in medical applications. The
experiment confirmed the bioactivity of these calcium phosphate layers. The HA-
coatings obtained on magnesium alloys can be used for anticorrosion protection of
biodegradable implants in order to slow down the corrosion rate of the substrate. The
development of the corrosion process on the HA-coated specimens was evaluated in
a Hank’s and SBF solutions at 37 °C with uncoated specimens as a control using the
potentiodynamic polarization, electrochemical impedance spectroscopy and
hydrogen evolution measurement techniques. It was established the HA coating on
magnesium alloys reduces the corrosion rate more than twofold as compared with
unprotected specimen. Moreover, in SBF solution at 37 °C this coating possesses a
high bioactivity due to their chemical composition.
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Effect of Microstructure on the Morphology of Atmospheric Corrosion

Pits in 304L and 316L Stainless Steel
Haval Mohammed-Ali, Liya Guo, Steven Street, Andrew du Plessis, Trevor Rayment!,
Moataz Attallah, Alison J. Davenport
University of Birmingham, School of Metallurgy and Materials, Edgbaston, Birmingham,
UK "Diamond Light Source Ltd., Didcot, UK

Atmospheric corrosion of stainless steel is of concern for intermediate level nuclear waste (ILW)
containers. Chloride ions present in atmospheric aerosols may deposit on containers during
above ground storage and cause atmospheric pitting corrosion [1-5]. The effect of
microstructure on the morphology of atmospheric corrosion pits in 304L and 316L stainless steel
plate was investigated on the three orthogonal planes. The top surface (LT) of the plate shows
ring-like structures for 304L but dish like pits for 316L. The plate edges (LS and ST) show a
striped morphology for both 304L and 316L stainless steel. In situ X-ray tomography of 304L
stainless steel pins shows the presence of similar striped attack. Scanning electron microscopy
and etching revealed the presence of parallel bands along the rolling direction. EDX line scans
across these bands indicated a local increase in the Cr/Ni ratio consistent with the presence of
ferrite. TEM and Vibrating Sample Magnetometer (VSM) analyses were carried out to identify
the phases. XRD and EBSD measurements were used to quantify the amount of ferrite. The
morphology of atmospheric corrosion pits grown under droplets of MgCl. was found to be
influenced by the presence of ferrite bands and non-metallic inclusions in the microstructure.
Figure 1 shows the pit morphologies on the three orthogonal planes of the plate, (a) LT plane
with pit showing narrowing ring like morphology, (b) LS plane and (c) ST plane exhibit a stripped
morphology associated with the rolling direction of the plate. This stripped morphology has been
attributed to the embedded bands of ferrite aligned to the rolling direction [6].

Figure 1 — Pit morphology observed for the three orthogonal planes of 304L plate exposed to a
simulated atmosphere of ~35% RH at 30°C for 1 week, under a droplet of MgCl; solution with initial
[CI'] deposition density of 1000 pg/cm? (a) LT plane, (b) LS plane and (c) ST plane.

References:

[1] Y. Tsutsumi, A. Nishikata, and T. Tsuru, Pitting corrosion mechanism of Type 304 stainless steel under a droplet of chloride
solutions. Corrosion Science, 2007. 49(3): p. 1394.

[2] B. Maier, and G.S. Frankel, Pitting corrosion of bare stainless steel 304 under chloride solution droplets. Journal of the
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Nanostructure and local properties of oxide layers grown in
simulated pressurized water reactor environment

Vincent Maurice, Toni Massoud, Lorena H. Klein, Antoine Seyeux, Philippe Marcus
Institut de Recherche de Chimie Paris, CNRS - Chimie ParisTech (UMR 8247),
Paris, France

One of the major materials challenge for continued safe, reliable and cost-effective
utilisation of water-cooled nuclear reactors for electricity production is to develop the
understanding of the fundamental mechanisms responsible for corrosion and stress
corrosion cracking degradation of austenitic steels and nickel base alloys. Numerous
studies of oxide films formed on these substrates in high temperature water focused
on the thickness, composition, morphology and crystallographic structure of the oxide
films.

In this work, Atomic Force Microscopy (AFM) and Conductive-AFM (Resiscope) have
been applied to study oxide films formed by interaction of 316L stainless steel and
Inconel Alloy 690 with simulated PWR primary water at 325 °C. The objective was to
characterize the nanometer scale morphology of the oxide films providing corrosion
resistance to the substrates and to get new knowledge on the relationship between
nanostructure and local properties (i.e. electrical resistance) of oxide films of complex
composition, which is a key aspect for local failure of the protection.

The results have been rationalized in terms of local variation of the composition of the
duplex passive film and thus local resistivity of the oxide film. On 316L stainless steel,
the data show that the oxide films present a nanogranular morphology that becomes
increasingly inhomogeneous with oxidation time due to uneven local 3D growth of the
outer oxide layer at nanometre scale. Electrical resistance maps measured at the
nanoscale for the grain and grain boundaries of the Eassive films shows that the
measured resistance ranges between ~10% and ~10""° Q at room temperature and
the oxide film resistivity ranges between ~10" and ~10*° Q.cm. The large majority of
the oxide films has local resistance variations spread over ~1 order of magnitude with
larger variations, reaching 2-3 orders of magnitude, observed locally. These
variations are assigned to the composition of the inner layer of the oxide film varying
from unmixed Cr(lll) (Cr203) in the zones of higher resistivity to Cr(lll) mixed with
Fe(ll) (FeCr,Q4) in the zones of lower resistivity. The higher electrical resistance
measured at the grain boundaries of the outer layer is assigned to the depletion of
the inner layer in Fe(ll) and formation of unmixed Cr,O3; phase promoted by faster
Fe(ll) diffusion through the outer layer. Data obtained on the nickel base Alloy 690
will also be discussed.
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About point defects formation in Cr,0; passive films

B. Malki"?, A. Pasturel’, B. Baroux®

"' Simorg system, 28 rue Jules Guesde 38600 Fontaine, France.
’Laboratoire Science et Ingénierie des Matériaux et Procédés (SIMAP),
Grenoble INP, CNRS, 38402 Saint Martin d’Héres, France.

We carry out density functional theory calculations (DFT) to assess the
thermodynamics stability of the intrinsic and extrinsic point defects possibly present in
a Cr,03 based passive film formed on a stainless steel in aqueous environment. We
first focus on the formation energy of native defects (vacancies or interstitials), then
of extrinsic ones (hydrogen and chloride interstitials) and finally of some more
complex defects such as: V,,,,V,,., etc... These defects are considered both in

their neutral and charged states. The chemical potentials in the aqueous environment
and the Fermi level in the oxide are assumed to be the main controlling variables. All
calculations are carried out with the Vienna ab initio simulation package (VASP)
using projector augmented wave (PAW) method and supercell technique.

Close to the metal-film interface (reducing conditions) most of the studied defects
have formation energies greater than 2 eV whatever the applied potential and are
then not stable, (including interstitial chloride). The only stable defects, having small

or even negative formation energies, are oxygen vacancy based defects (V,, V.
V.. and related charged species) and, to a lesser extent, chromium vacancies,

Ve, Veons Verooand  related charged species). When the electrode potential is

increased, i.e. in more favorable conditions for the localized corrosion, the formation
energies of these defects decrease making plausible a passive film breakdown
scenario as suggested by the PDM model.

At the film water interface (oxidizing conditions) one observes a positive shift in the
formation energies, reflecting the need of a driving force for the vacancies to migrate
toward the inner interface, which was not taken into account in this study (no more
than the out of equilibrium reactions at the interfaces). It is also worthy to notice the
possible role of hydrogen or proton inserted inside the film, since the energy
formation of these defects remains small at the two interfaces.

In a second part, of the study we applied the method to the possible incorporation
in the film of the alloying elements present in the underlying steel (Fe,Ni,Mo,N,
etc...), It was found that in usual conditions Nickel cannot enter the passive film
neither in reducing or oxidizing conditions,. At the opposite, Fe and Mn can easily
pass in chromium oxide and exhibit a rather strong tendency to segregate at the
outer interface (oxidizing conditions), other elements, such as Mo and Nb are
expected to segregate at the metal film interface and a co-dopage with nitrogen
(Mo+N) is shown to reinforce the Mo segregation. All these predictions can be
verified experimentally (using for instance XPS analysis), which deeply entrust us in
the validity of the model.
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Kelvin Probe Force Microscopy and Atmospheric Corrosion of
Cold-rolled Grade 2205 Duplex Stainless Steel

C. Ornek & D.L. Engelberg

Corrosion and Protection Centre, University of Manchester, Sackuville Street, M13 9PL, UK

Abstract

Modern duplex stainless steel microstructures are optimised for application in critical
environment. In order to satisfy the production of low-wall thickness components,
strain hardening by cold deformation can be used. The balanced ferrite to austenite
ratio of the duplex microstructure provides superior corrosion resistance compared to
most common austenitic and ferritic stainless steel grades. However, the effect of
cold deformation on the likelihood of duplex stainless steels corrosion and the
nucleation of stress corrosion cracking is not fully clear.

In this paper we report the effect of cold-roll deformations of up to 40% reduction on
grade 2205 microstructure as a function of process orientations. The deformation
heterogeneity and microstructure after cold-rolling in rolling (RD), transverse (TD),
and normal (ND) directions has been analysed by electron backscatter diffraction
(EBSD). Individual microstructure sites were then investigated using Kelvin Probe
Force Microscopy (KPFM) and subsequently targeted with MgCl, salt-laden deposits
(100-1000 pg/cm?) to test their corrosion performance in controlled atmospheric
environment at 50°C and 30% relative humidity.

The ferrite phase was preferentially corroded in the as-received microstructure
condition, whilst the austenitic microstructure became more susceptible to localised
corrosion under atmospheric exposure with increasing degree of cold deformation.
Interestingly, Volta potential differences measured between a Pt-probe and the
surface drastically changed with the degree of cold deformation, with significant
differences observed in all three process orientations. Volta potential hot-spots
determined by KPFM seemed to be influenced by strain hot spots after cold rolling.
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Relative Humidity for Onsets of Pitting Corrosion and
Repassivation of Stainless Steels under Wet-dry Cyclic Conditions
Containing Chloride

Atsushi Nishikata, Hiroyuki Nakamura, Tran Van Nam, Eiji Tada,
Tokyo Institute of Technology,
2-12-1 Meguro-ku, Ookayama, Tokyo, Japan

When stainless steel (SS) is exposed to a marine atmospheric environment, airborne
sea salts deposits on the surface and absorbs moisture from the air. The
concentration of chloride ion in the formed solution film is very high, depending on
relative humidity (RH). For instance, in case of NaCl salt deposits, the chloride
concentration becomes approximately 5 M at the deliquescent RH (75 %). In case of
MgCl, salt, chloride concentration rises to about 9.5 M. Even at 95 %RH, the
equilibrium chloride concentration is about 2 M [1]. Passive films on stainless steel
are exposed to very concentrated chloride solution films in marine atmospheric
environments. Accordingly, breakdown and repassivation of the passive films may
occur by a daily wet-dry cycle. In this study, RHs for onsets of pitting corrosion and
passivation are clarified under wet-dry cyclic conditions.

Two different stainless steels, 304SS and 430SS, were employed as specimen. Eight
specimens (6 X 6 mm) were embedded in epoxy resin, together with a silver plate
that acted as a reference electrode. The surface was polished to #2000 with SiC
paper and ultrasonically cleaned in distilled water. A 1.0 M MgCl, solution was placed
on the surface and horizontally set in a programmable RH- and temperature-chamber
At 300 K, RH was lowered from 95 % to 45 % (or 60%) and then raised to 95 %. The
RH cycle was repeated 7 times. RH was changed at a constant rate of 5 %/h, where
the equilibrium between water molecule in solution film and water vapour in the air.
The chloride concentration was estimated from the RH [1]. The onsets of pitting
corrosion and repassivation were monitored by continuous measurement of corrosion
potential E.o with respect to Ag/AgCI electrode embedded.

The Ecor rapidly shifted in negative direction at the commencement of pitting
corrosion during lowering RH and quickly shifted positively at repassivation during
raising RH. The RH for onset of pitting corrosion was determined to be approximately
55 % for 304SS and 65 % for 430SS. From the critical RHs, critical chloride
concentration of onset of pitting corrosion is 7.5 M for 304 SS and 6 M for 430SS. On
the other hand, RH for repassivation was approximately 70-75 % for 304SS and
85 %RH for 430SS. From the above results, pitting corrosion of 304SS and 430SS
can progress below 55 %RH and 65 % RH, respectively. The repassivation can occur
above 75 %RH fir 304SS and 85 %RH for 430SS.

Reference
[11 Y. Tsutsumi, A. Nishikata, T. Tsuru, J. Electrochem. Soc. 152,[9], p.B358-
B363(2005).
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Electrochemical AFM Study of Corrosion Behavior of a 2507 Super
Duplex Stainless Steel: Influence of Precipitated Chromium Nitrides

Eleonora Bettin?, Ulf Kivisékk®, Christofer Leygraf', Jinshan Pan’

'KTH Royal Institute of Technology, School of Chemical Science and Engineering, Division
of Surface and Corrosion Science, SE-100 44 Stockholm, Sweden
2Sandvik Materials Technology, SE-811 81 Sandviken, Sweden

Abstract

Precipitation of different types of chromium nitrides may occur during processing of super
duplex stainless steels (SDSS), affecting the properties of the material. In this study, by using
specially heat treated samples, the influence of quenched-in and isothermal types of nitrides
on the corrosion behavior of a 2507 super duplex stainless steel has been investigated, by a
combination of microstructure characterization, electrochemical polarization at room
temperature and at 90 °C in 1 M NaCl solution, in-situ electrochemical AFM measurements
at room temperature and post-analysis of the corroded samples.

The microstructure, including precipitated nitrides, has been characterized by scanning
electron microscopy and magnetic force microscopy. The isothermal nitrides particles (ca.
80-230 nm in size) precipitated along the a/y boundaries, exhibiting higher Volta potential
than the ferrite and austenite, while a local Volta potential drop was observed at the aly
boundaries. The Volta potential difference of the nano-sized quenched-in nitride particles (ca.
50-100 nm in size) finely dispersed in the ferrite could not be resolved by the Volta potential
mapping due to their very small size.

In-situ electrochemical AFM measurements of the samples in 1 M NaCl solution at room
temperature show stable surfaces for a wide range of applied potentials. The nano-sized
quenched-in or isothermal nitrides and a small amount of sigma phase in the 2507 SDSS
didn’t cause passivity breakdown of the material. During transpassive dissolution at 1.2
Vagiage, the ferrite matrix with quenched-in nitrides dissolved preferentially, and the a/y
boundaries with isothermal nitrides and sigma phase started to corrode. The nano-sized
quenched-in nitrides finely dispersed in the ferrite of the 2507 SDSS have little influence on
the corrosion resistance. In the transpassive region, isothermal nitrides appear to be slightly
more deleterious than quenched-in nitrides.

At 90 °C (above the critical pitting temperature) in 1 M NaCl solution, the isothermal nitrides
and a small amount of sigma phase largely reduce the corrosion resistance of the austenite
phase. The passivity is lost and fast corrosion of the austenite occurred, probably due to
depletion of Cr, N and Mo in the austenite phase caused by precipitation of the isothermal
nitrides and sigma phase along the a/y phase boundaries. In contrast, the finely dispersed
quenched-in nitrides reduce the corrosion resistance of the material to a much lesser extent.
The results suggest that the isothermal nitrides are more detrimental than the quenched-in
nitrides for the corrosion resistance of the 2507 SDSS at elevated exposure temperatures.
The different formation mechanisms, sizes and distributions of the quenched-in and
isothermal nitrides cause different situations of alloying element depletion, and thus have
different effects on the corrosion behavior of the material.

Acknowledgement: AB Sandvik Materials Technology, Sweden, is acknowledged for the
financial support of this study.
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Influence of heat treatment on corrosion resistance of martensitic
stainless steels 1.4034 and 1.4021

P. Rosemann’, M. Babutzka', A. Heyn"?, T. Halle'
"Otto-von-Guericke-University Magdeburg, Institute of Materials and Joining
Technology, PF4120, 39016 Magdeburg, Germany
2BAM Federal Institute for Materials Research and Testing, Unter den Eichen 87,
12205 Berlin, Germany

Abstract

In the last years, new approaches for the evaluation of the corrosion resistance of
stainless steels were developed which allow short term corrosion testing with
increased information content. This work analyses the extensive influence of heat
treatment on microstructure and the resulting corrosion resistance of the martensitic
stainless steels 1.4034 and 1.4021 with advanced methods. Different heat treatments
at various austenitization temperatures up to 1100°C and the effect of different
cooling rates were evaluated; the last has not yet been studied in literature at all. The
resulting corrosion behaviour in relation to the different carbon content in the two
used alloys and the applied heat treatment will be presented and discussed. The
applied methods of investigation were conventional evaluation of the critical pitting
corrosion potential (PP), modified electrochemical potentiodynamic reactivation
(mEPR) and the "KorroPad" (KP) technique. The performance of modified EPR and
its interpretation were optimized to provide additional information about the general
passivation ability and the extent of chromium depletion as result of applied heat
treatment. The aim using PP and KP was the correlation between the parameters of
the mEPR with the changes in the pitting corrosion resistance. Furthermore the
results will demonstrate the functionality and usability of the short term corrosion test
methods mEPR and KP in order to increase their acceptance within the scientific
community. The results indicate a surprisingly large influence of both austenitization
temperature and cooling rate on the corrosion resistance within all three used test
methods, which can explain the different corrosion behaviour of martensitic stainless
steels in earlier investigations [1].
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Stress corrosion cracking at room temperature of austenitic
stainless steels in marine areas:
the case of fixed guards for climbing

F. Deflorian, M. Dalvit, S. Rossi, C. Zanella, M. Fedel, Department of Industrial
Engineering, University of Trento, Via Mesiano 77, Trento (Italy)

Abstract

This work studies the particular mechanism of environmental Stress Corrosion
Cracking (SCC) that has been described to interest stainless steel products, like
climbing anchors, installed in sea areas.

The failure analysis of several broken anchors was carried out. The samples were
coming from in service failure and they were collected in different parts of the world,
always from climbing structures close to the sea.

The analysis confirmed the stress corrosion mechanism of degradation, giving also
important information about the specific environments causing the metal fracture.
These results are in agreement with a few previous works about this subject [1], and
are in the frame of the larger topic of stress corrosion cracking of austenitic stainless
steel at room temperature [2, 3].

Moreover, some corrosion tests were carried out on stainless steel samples
simulating the operation conditions. Several U-Bend tests produced from AISI 304L
and AISI 3016L steel were exposed to different environments, at different relative
humidity, after contamination with electrolytes at different concentration. The tests
are performed in order to better understand the degradation mechanism and to
evaluate the influence of some environmental parameters over the susceptibility to
SCC.

Finally, some electrochemical measurements were carried out in specific solutions in
order to compare the electrochemical behaviour of the materials with the corrosion
tests results obtained after exposure.

With these experimental data, a possible interpretation model has been proposed
together with some reasonable solutions for the material selection process,
considering the problem’s characteristics and the multiple alternatives available
nowadays for climbing materials.

[1] Sjong A.; Eiselstein L. “Marine Atmospheric SCC of Unsensitized Stainless Steel
Rock Climbing Protection”, Journal of Failure Analysis and Prevention, 8(5), (2008)
410-418.

[2] Prosek T.; Iversen A.; Taxen C.; Thierry D. “Low-temperature stress corrosion
cracking of stainless steels in the atmosphere in the presence of chloride deposits”
Corrosion, 65(2) (2009) 105-117.

[3] Shoji S.; Ohnaka N. (1989). Effects of Relative Humidity and Kinds of Chlorides
on Atmospheric Corrosion Cracking of Stainless Steels at Room Temperature.
Boshoku Gijutsu, 38, (1989) 92-97.



w 5. CORROSION MECHANISMS, METHODS AND MODELLING 0-7480

Passivity and corrosion behavior of duplex stainless steels
after various surface preparations
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21078 Dijon Cedex, France
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Sandra LE MANCHET, ArcelorMittal, Global R&D Le Creusot, Industeel, BP 19,
71201 Le Creusot Cedex, France

The influence of different surface preparation methods (mechanical procedure,
electropolishing and etching) on the passivity and corrosion behavior of a duplex
stainless steel (UNS S32202) was studied using Auger spectroscopy and the
electrochemical microcell technique.

Surface analysis showed that the thickness of the passive film was affected by the
presence of the cold-worked layer induced by the mechanical procedure (passive film
thinner in the presence of a thick cold-worked layer) and by performing etching
(passive film thinner than after the mechanical procedure or after electropolishing).
The ratio Cr/Fe in the passive film was strongly affected by the surface preparation. It
increased according to the following order: mechanical procedure (values around
0.3), electropolishing (values around 0.5) and etching (values between 0.6 and 0.7).
Roughly the same values were found in both phases.

After electropolishing and after etching, nitrogen was detected at the inner interface
and a residual quantity of chloride was incorporated in the passive film (outer and
inner parts)

Etched samples were found to be more resistant to pitting corrosion than polished
ones. The negative influence of the presence of the residual chloride ions in the
passive film was then balanced by the positive influence of the high value of Cr/Fe in
the passive film. The increase of the corrosion resistance of the etched samples was
attributed to the increase of the ratio Cr/Fe in the passive film.

An oxidation peak was observed at the onset of the anodic domain of polarisation
curves in the presence of the cold-worked layer (polished samples), corresponding
certainly to the preferential dissolution of iron species. In addition, a second oxidation
peak related to the transition from Cr®* to CrO4*> was observed on samples with a
high Cr/Fe value (etched samples).
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Stable and metastable pitting corrosion susceptibilities from
physical properties of passive films.

Benoit Ter-Ovanessian, Bernard Normand
Université de Lyon, INSA-Lyon, MATEIS CNRS UMR5510,
Bét. L. de VINCI, 21, avenue Jean Capelle 69621 Villeurbanne Cedex France

Ni-Cr alloys with high nickel content are widely used in the chemical or nuclear
industry due to their good ability to form a passive film in different aqueous
environments. The Chromium oxide passive film grown on these alloys is effectively
known to provide them excellent corrosion resistance. However, in presence of
chloride ions, this passive film may be sensitive to chemically induced breakdown,
like pitting corrosion. Pitting corrosion is the deleterious result of the nucleation and
the growth of stable pits due to the adsorption of chloride ions at the passive
film/electrolyte interface concomitant with local destabilizations of the passive film. As
adsorption of chloride ions is the first step of the pitting process, the determination of
the key factors governing this phenomenon seems required in order to optimise the
pitting corrosion resistance.

In the present work, the passive films grown on pure Ni, pure Cr and different Ni-Cr
alloys (with 16, 20, 24 and 28 wt% Cr) have been firstly characterized by
electrochemical impedance spectroscopy (EIS) and Mott-Schottky analysis to assess
their physical properties according to their chemical composition. Secondly, for all
these materials, the pitting corrosion resistance has been investigated by polarisation
studies in terms of metastable pitting and stable pitting to apprehend the mechanism
and the kinetics of pit initiation.

The main result of this study is that the Nickel content incorporated into the passive
film affects, as expected its physicochemical properties, and also the chloride
adsorption process. Then, focussing on the oxide electronic properties and the
physicochemical characterisation of the passive film/electrolyte interface, the relation
between metastable pitting susceptibility, stable pitting occurrence and the passive
film properties is also discussed.
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Chemical composition and nanostructure of passive films formed
on FeCrNiMo austenitic stainless steel

Hao Peng, Vincent Maurice, Lorena H. Klein, Antoine Seyeux, Sandrine Zanna, and
Philippe Marcus
Institut de Recherche de Chimie Paris,
CNRS-Chimie ParisTech (UMR 8247), Paris, France

Molybdenum is considered as one of the principal alloying elements in stainless
steels and its beneficial effect on corrosion resistance has been most thoroughly
investigated. It is well known that Mo enhances the resistance to pitting corrosion.
But, controversy also exists when the chemical composition of the passive films is
discussed. Moreover, the explanation for the effect of Mo on the corrosion resistance
is still a subject of discussion.

In the present work, air-formed native oxide films and anodic passive films formed at
+500 mV/SHE in 0.05 M H,SO4 (aq) on (100)-oriented Fe-17Cr-14.5Ni-2.3Mo single
crystal stainless steel surfaces were investigated.

X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary lon Mass
Spectrometry (ToF-SIMS) were combined to investigate the thickness, chemical
composition and the composition profiles of air-formed native oxide films and passive
films. Anodic passivation results in a thickening of oxide layer and increases the Cr
enrichment. Aging from 2h to 20h involves further enrichment in Cr. Ni was not
detected in the passive films by XPS, but the first metallic layers underneath the films
were found to be enriched in Ni. Mo was enriched in the passive films with respect to
the concentration in the alloy and in the native oxide films.

Scanning Tunneling Microscopy (STM) and Scanning Tunneling Spectroscopy (STS)
were used to investigate the nanoscale morphology and local electronic properties of
air-formed native oxide films and anodic passive films. The results show that anodic
polarization in the passive domain does not destroy the typical as-prepared substrate
topography but modifies the nanogranular morphology of air-formed native oxide film
initially covering the surface. The electronic gap increases in width after anodic
polarization in the passive domain. Aging from 2h to 20h does not change
significantly the electronic gap of the passive films. Meanwhile, inhomogeneity of
electronic properties of the passive films was identified by STS. Supplemental to
STM investigations, Atomic Force Microscopy (AFM) was used and allowed to
exclude that electronic effects affect the topography measured by STM.

All the results were then compared with those previously obtained on (100)-oriented
Fe-18Cr-13Ni single crystal stainless steel surfaces passivated in the same
conditions. This allows addressing the effect of the addition of Mo on the corrosion
properties.
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POLARIZATION BEHAVIOUR OF NEW ALUMINIUM ALLOYS (AA2139 and AA2198) IN
NEUTRAL MEDIA

A. Balbo, V. Grassi, A. Frignani, F. Zucchi
Corrosion & Metallurgy Study Centre “A. Dacco”, University of Ferrara
v. Saragat 4a, 44122 Ferrara (I)

ABSTRACT

This research investigates the electrochemical behaviour of recent aluminium alloys (AA2198 and
AA2139) in various neutral aerated electrolyte solutions. AA2198 is a Li-containing aluminium
alloy, while AA2139 is an age-hardenable quaternary Al-Cu-Mg-Ag alloy.

In electrolyte solutions, both alloys were initially subjected to a fast potential activation for the
dissolution of the natural air formed aluminium oxide, followed by a potential ennoblement for the
copper enrichment process due to very active element selective de-alloying of intermetallic (IM)
precipitates. In this situation Li presence rendered the corrosion potential (Ecorr) of AA2198 more
negative than that of AA2139. However, after a sufficiently long immersion time, the corrosion
process led to a stable passive state, which was hampered by chloride anions. While in various
chlorides solutions the cathodic polarization curves of the two alloys were almost the same,
AA2139 displayed. more negative Ecorr values, more elevated anodic and passive currents, more
negative Epr values. Such behaviour has been related to the amount of IM precipitates in the two
alloys and in the related Cu-depleted zones around these particles.

In the present research the tendency to of both alloys to attain a passive condition is studied by fast
and slow potentio-dynamic polarization curves recorded in diluted, neutral, aerated sodium
sulphate and sodium chloride solutions, implemented by some impedance measurements. In every
case, AA2139 showed a lesser tendency than AA2198 to attain a stable passive condition.

Finally, a comparison is made with the behaviour of a common 2xxx aluminium alloy (AA 2024).
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VMlechanisms of scale dissolution on non alloyed and silicon alloyed
steels
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CNRS, UMR 8235, Laboratoire Interfaces et Systéemes Electrochimiques, F-75005
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bUPMC Univ Paris 06, UMR 8235, LISE, 4 place Jussieu, F-75005 Patris, France
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An accurate understanding of the mechanism of pickling and over-pickling of
scales on steel is necessary for a good control of the overall process of surface
treatment. But such a study in real industrial conditions is difficult to be performed,
since the pickling treatments on a mild steel fabrication line is very rapid, usually less
than one minute.

To allow measurements at a reasonable time scale, a 1 molar hydrochloric
acid solution was used as pickling solution in the present work, and all the
experiments were performed at 20°C, assuming that a temperature increase does
not modify the mechanisms, but only the rate of the reactions. Model scales were
synthesized in a furnace, in order to reproduce the industrial scale composition, i.e.
continuous parallel sub-layers deposited on the substrate and made of wistite (FeO),
magnetite (FesO4) and hematite (Fe,O3) in the case of non-alloyed steel. For the
silicon-alloyed steel, an additional phase made of fayalite (FeSiO4) was present at
the wistite/steel interface as grains or continuous layer.

In-situ Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
measurements of pickling solutions were performed on scales in a flow-cell and the
results were compared to electrochemical dissolution rates determined by
potentiodynamic and impedance measurements on similar scales in static solutions,
in order to estimate the contribution of the electrochemical mechanism to the overall
dissolution reaction.

It appeared that dissolution of hematite is mainly of chemical nature, whereas
the dissolution of magnetite and wistite is both chemical and electrochemical.
Initially, chemical dissolution of the scale dominated. The electrochemical reactions
included oxidation of magnetite and wiistite and reduction of ferric ions formed by
chemical dissolution. After the electrolyte reached the steel substrate,
electrochemical dissolution of the iron became the main reaction (over-pickling step).

For silicon-alloyed steels, the insulating fayalite was liberated into the pickling
solution after dissolution of the surrounding iron oxide or metal.

Simultaneously with the dissolution rate measurements, Electrochemical
Impedance Spectroscopy (EIS) was used to follow the evolution of the scale
characteristics at different pickling and over-pickling times. Accordingly, the
capacitance of the insulation hematite outer layer was estimated from the measured
CPE using a “power law” model, whereas a double layer capacitance was
determined using Brug’s law, at the conductive magnetite and wistite. In the latter
case, the huge value of the capacitance allowed estimating of the real surface of the
porous scale.
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Critical aspects of electrochemical noise-based corrosion
monitoring

A.M. Homborq', T. Tinga? X. Zhang>, E.P.M. van Westing®, G.M. Ferrari,
J.H.W. de Wit’ and J.M.C. Mol
"Royal Netherlands Navy, Naval Maintenance and Sustainment Agency, Den
Helder, The Netherlands, 2Netherlands Defence Academy, Den Helder, The
Netherlands, *Endures BV, Den Helder, The Netherlands, *Tata Steel
Research & Development, Velsen Noord, The Netherlands, °Delft University
of Technology, Delft, The Netherlands and Materials innovation institute (M2i),
Delft, The Netherlands

The monitoring of corrosion should ideally be performed with a minimum
perturbation of the spontaneously occurring processes. For this purpose,
electrochemical noise measurements (ENM) are potentially interesting. The
present work aims to illustrate the most important issues concerning the use
of ENM for the monitoring of (localized) corrosion processes. The
appropriateness of ENM for this purpose largely depends on practical data
acquisition aspects and proper interpretation of the acquired electrochemical
noise (EN) signal. This work provides a brief, yet critical, consideration of
some recent developments in the practical configuration of ENM. After the
measurement has been performed, a first and important step prior to analysis
of the EN signal is definition and removal of the direct current (DC) drift
component’. Finally, the information about the kinetics of the reactions
occurring at the electrochemical interface should be extracted from the
resulting component of the EN signal. This requires the ability to distinguish
between different corrosion characteristics without the need for subjective
preliminary limitations or assumptions concerning the nature of the process
under investigation, or the precondition of stationarity or linearity. These
requirements, together with the ability to provide frequency characteristics of
the physico-chemical processes while still maintaining time-resolved
information (i.e. analysis in both time and frequency simultaneously), are met
by characterization using Hilbert spectra®**. This principle will be shown
based on the characterization of microbiologically influenced corrosion on
carbon steel.

1 A.M. Homborg, T. Tinga, X. Zhang, E.P.M. van Westing, P.J. Oonincx, J.H.W. de Wit,
J.M.C. Mol, Electrochim. Acta, 70 (2012) 199-209

2 A.M. Homborg, E.P.M. van Westing, T. Tinga, X. Zhang, P.J. Oonincx, G.M. Ferrari, J.H.W.
de Wit, J.M.C. Mol, Corros. Sci., 66 (2013) 97-110

% A.M. Homborg, T. Tinga, X. Zhang, E.P.M. van Westing, P.J. Oonincx, G.M. Ferrari, J.H.W.
de Wit, J.M.C. Mol, Electrochim. Acta, 104 (2013) 84-93

4 A.M. Homborg, E.P.M. van Westing, T. Tinga, G.M. Ferrari, X. Zhang, J.H.W. de Wit, J.M.C.
Mol, Electrochim. Acta, 116 (2014) 355-365
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A review on electrochemical noise measurement as a tool for
evaluation of organic coatings and recent developments
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Abstract

Electrochemical noise measurement (ENM) in corrosion science is often described
as simultaneous measurement of current and potential fluctuations generated by
electrochemical corrosion process. ENM is proved to be a non-destructive and
effective way of obtaining quantitative and mechanistic information about corrosion
behaviour of metal in aqueous media. The method and its capabilities in studying
corrosion of an uncoated metal has been emphasised and reviewed in the literature
elsewhere [1-3]. However it may have not fully received the attention it deserves as
a tool for studying organic coatings.

Despite the usefulness and a long history in corrosion research, ENM was not
introduced to the field of organic coatings until 1986. Eden, Hoffman and Skerry,
used ENM for the first time to monitor anti-corrosion performance of two identical
painted steel during an immersion test. ENM has since found increasing use as an
effective way of assessing the protection afforded by organic coatings on metals. It
has been shown frequently that the noise resistance conforms with the protection
level afforded as measured by other well-established techniques such as EIS [4, 5]
and linear polarization resistance (LPR) [6]. Noise resistance has been also used as
equal to polarization resistance, both practically [7] and theoretically [8], to calculate
the corrosion rate. The usefulness and simplicity of the ENM technique plus the
relatively quick measurement and inexpensive instrumentation makes the method
potentially ideal for in-situ corrosion assessments.

In this article, applications of electrochemical noise measurement as an assessment
tool for organic coatings are reviewed. Also developments made on data processing
and alternative set-up for data acquisition are explored. The later includes some of
the recent studies on developing effective ways to implement ENM on-site for
examining their protective properties.

[1] R.A. Caottis, corrosion, 57 (2001) 265-285.

[2] C. Loto, Int. J. Electrochem. Sci, 7 (2012) 9248-9270.

[3] S. Giriga et al., Corros. Rev., 23 (2005) 107-170.

[4] S.J. Mabbutt et al., Prog. Org. Coat., 59 (2007) 192—-196.

[6] Q. Le Thu et al., Prog. Org. Coat., 42 (2001) 179-187.

[6] G. Gusmano et al., in: Corrosion 96, NACE International, Denver, 1996, paper
No. 336.

[7]1 B. Lengyel et al., Prog. Org. Coat., 36 (1999) 11-14.

[8] J.E. Chen et al., Corros. Sci., 37 (1995) 1839-1842.
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Study of the relation between microstructure and corrosion
properties of polycrystalline copper
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Engineering, Pleinlaan 2 B-1050 Brussels, Belgium.
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SCNRS - Chimie ParisTech (UMR 8247). Institut de Recherche de Chimie Paris, 11
rue Pierre et Marie Curie, F-75005 Paris, France

Despite all the efforts to understand the corrosion behaviour of metals, few studies
have been done to understand how the microstructure of polycrystalline metals,
having certain grain sizes, grain orientations, and grain boundary characteristics, can
influence the corrosion resistance. The aim of this work is to better understand the
relation between the corrosion behaviour of a metal and its microstructural and
crystallographic features. Electrolytic Tough Pitch (ETP) Cu is used as material
because of its well-known electrochemistry as compared to other less noble common
metals such as Fe, Al and Mg

Amongst other methods, Atomic force microscopy (AFM) [1], Scanning
electrochemical microscopy (SECM) [2] and Electrochemical scanning tunneling
microscopy (ECSTM)[3] in combination with Electron backscatter diffraction (EBSD)
were used. Consequently, correlations between grain orientation and grain boundary
characteristics, on the one hand, and the corrosion behavior, on the other hand,
could be identified.

We could conclude that not only does the grain orientation itself have an influence on
the corrosion behavior but also that the orientations of the neighboring grains seem
to play a decisive role on the dissolution rate of the metal [1,2]. Regarding
intergranular corrosion, we demonstrate that only coherent twin boundaries seem to
be resistant against corrosion, which can be explained by the low energy of this
special kind of grain boundary [3-5].

[1] L. Lapeire, E. Martinez-Lombardia, K. Verbeken, I. De Graeve, L.A.l. Kestens, H.
Terryn. Corrosion Science 67 (2013) 179-183.

[2] E. Martinez-Lombardia, Y. Gonzalez-Garcia, L. Lapeire, |. De Graeve, K.
Verbeken , L. Kestens, J.M.C Mol, H. Terryn. Electrochimica Acta 116 (2014) 89-96.
[3] E. Martinez-Lombardia, L. Lapeire, V.Maurice, |. De Graeve, K. Verbeken , L.H
Klein, L.A.l Kestens, P. Marcus, H. Terryn. Electrochemistry Communications (in
press)

[4] R. Gaggiano, E. Martinez-Lombardia, I. De Graeve, L. Lapeire, K. Verbeken,
L.A.l. Kestens, H. Terryn. Electrochemistry Communications 24 (2012) 97-99

[5] L. Lapeire, E. Martinez-Lombardia, K. Verbeken, I. De Graeve, H. Terryn, L. A. I.
Kestens. Journal of Materials Science (2013) DOI: 10.1007/s10853-013-7939-8.
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3D printed (flow) cells — A new approach in hydrogen embrittiement
studies
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2) CEST Competence Centre for Electrochemical Surface Technology, Wiener
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The study of hydrogen embrittlement is a constantly growing field in corrosion
research, especially because of its importance for the steel industry. Numerous
experimental procedures have been developed to study interaction between metals
and hydrogen. Especially methods, which combine electrochemical and mechanical
techniques, represent an auspicious approach, as they deliver insights not only into
the mechanisms of metal-hydrogen interaction, but reveal direct consequences for
the material’'s mechanical properties. 3D printing offers the possibility of producing
various cell types for electrochemical experiments in an accurate and rapid manner,
which can be designed for a large number of applications. Employing this production
method, two types of cells are constructed: One type is characterized by a static
electrolyte and is able to investigate sample areas of about 1 cm?. The second type is
designed as V- or U-type flow cell, through which electrolyte is pumped, offering the
possibility of investigating even smaller sample areas without risking a surface
blockage by generated gas bubbles. Taking two pieces of each cell and mounting it
on both sides of a flat sample allows performing hydrogen permeation
measurements. The first cell type resembles and offers the same functionalities as a
standard Devanathan-Stachurski cell. Using a flow cell frequently occurring
problems, like inadequate agitation of electrolyte and entrapment of gas bubbles,
which are often due to the geometry of the cells, can be avoided by the strong
convection of electrolyte through the cell. One of the most important advantages of
both cell types is that due to their design they can be easily used for conducting
permeation measurements or hydrogen charging during a tensile test. Both cell types
are tested with and without application of tensile stress to the sample and results are
compared. In all experiments, hydrogen charging is done in acidic or alkaline solution
by cathodic polarization of the sample. In hydrogen permeation measurements,
diffusible hydrogen, which has permeated through the sample, is detected by
recording the hydrogen oxidation current under potentiostatic control. From the
measured permeation transients, hydrogen diffusion coefficients are determined.
Moreover, process of hydrogen entry, transport and trapping, also under applied
mechanical stress, is studied.
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Corrosion of iron and steel: occurrence of iron(ll) hydroxysalts
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UMR 7356 CNRS-Univ. La Rochelle, Bat. Marie Curie, Av. Michel Crépeau,
F-17042 La Rochelle cedex 01, France.

Iron(Il) hydroxysalts are mineral phases occurring in anoxic conditions on corroding
ferrous metals. Iron(ll) hydroxide Fe(OH), is always mentioned as the precursor of
iron(lll) rust compounds. However, natural environments contain chlorides,
carbonates, sulphates, etc., which promote the formation of iron(ll) hydroxysalts,
instead of Fe(OH),, when they are present in significant amounts. The formula of
such compounds is Fe(OH)@.nAx, Where A" is the anionic specie. Although their
existence was theoretically predicted since the 1960 [1], iron(ll) hydroxysalts were
rarely studied so far. Actually, they were rarely detected in corrosion products layers.
The difficulty of identifying such compounds is mainly due to their reactivity towards
O,. After sampling and/or analysis under air, only their oxidation product can be
characterised, although the iron(ll) hydroxysalts could have occurred in situ.

One of the first studies identifying clearly an iron(ll) hydroxysalt as a corrosion
product dates from 1976 and deals with an iron(ll) hydroxycarbonate (Fe(OH),CO3)
[2]. However, iron(ll) hydroxysalts became a real research topic only in the early
2000®. During the last decade, a thorough study of these peculiar compounds was
launched at the LaSIE laboratory (University of La Rochelle) [3-5]. Because of
important technological progresses in micro-analysis and increasing interest in micro-
investigations between these two periods, iron(ll) hydroxysalts can be more easily
detected. They were indeed largely identified on ferrous archaeological objects
extracted from seawater and soils and sometimes revealed on contemporary ferrous
materials. Studies revealed that an iron(ll) hydroxychloride B-Fex(OH)sCl occurs in
rust layers of objects and structured aged in marine media [6]. Besides, the iron(ll)
hydroxycarbonate Fe;(OH),CO3; (chukanovite) is often detected on ferrous materials
extracted from soils [7] or in contact with groundwater and drinking water.

As their presence in corrosion systems is demonstrated, their role in the corrosion
mechanisms of iron and steel cannot be neglected anymore. However there is a lack
of data about them limiting the efficiency of corrosion modelling. In this presentation
we propose to deal with iron(ll) hydroxysalts considering their formation mechanisms
on ferrous metals, their synthesis in laboratory, their spectral and structural
characteristics, their thermodynamic stability and reactivity in natural environments.
So far, chukanovite and the hydroxychloride B-Fe;(OH)s;Cl were the more studied
iron(ll) hydroxyl-salts but some recent results about iron(ll) hydroxysulfates will be
presented.

[11 W. Stumm, G.F. Lee, Schweizerische Zeitschruft fir Hydrology XXII (1960) 95-
139.

[2] E. Erdés, H. Altorfer, Werkstoffe und Korrosion 27, 304-312 (1976).

[3] C. Rémazeilles, Ph. Refait, Corrosion Science, 50 (2008) 856-864.

[4] C. Rémazeilles, Ph. Refait, Polyhedron, 28 (2009) 749-756.

[5] I. Azoulay, C. Rémazeilles, Ph. Refait, Corrosion Science, 58 (2012) 229-236.

[6] C. Rémazeilles, D. Neff, F. Kergourlay, E. Foy, E. Conforto, E. Guilminot, S.
Reguer, Ph. Refait, Ph. Dillmann, Corrosion Science, 51 (2009) 2932-2941.

[7] M. Saheb, D. Neff, P. Dillmann, H. Matthiesen, E. Foy, J. Nuclear Mat. 379 (2008)
118-123.
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Abstract

Generation of electrical energy from solar radiation represents, especially for regions
with a high level of incident solar radiation, an important opportunity for producing
environmentally friendly energy. Hot molten salts are by now mainly used as a heat
storage medium in solar power plants, but in future they should also act as heat
transfer media in piping systems at temperatures up to 600°C. The used molten salt
mixtures of alkali metal nitrates and/or alkaline earth metal nitrates represent from a
corrosion point of view an electrolyte constituting a corrosion system in combination
with metals. But unlike aqueous systems, only little knowledge about corrosion
mechanisms in hot molten salts exists.

Within the framework of a research project at the MPA University of Stuttgart basic
research work in this, by now, little studied field of corrosion science, was started. A
new laboratory suitable for heat exposure tests and electrochemical measurements
in molten salts at temperatures up to 600°C was installed. The performed research
work aims to identify suitable construction materials with high corrosion resistance
and to understand the basic corrosion phenomena.

For electrochemical measurements in hot molten salts it is necessary to assign
standard methods to these special conditions. For instance, no standard reference
electrode is applicable; hence an appropriate reference electrode needs to be
developed. By the performance of electrochemical techniques, i.e. OCP
determination and I/E-curves, information about corrosion rates, passivation
behaviour, nature of oxide layers, and the solubility of single alloying components will
be evaluated. Results gained by these characterization techniques will be presented.
One point of major interest is the comparison of corrosion phenomena of samples
after long time exposure in the furnaces and such of samples subjected to
electrochemical measurements in dependence of the choice of parameters, e.g.
exposure time and electrochemical parameters.

First results show severe differences in corrosion resistance and mechanisms for
several pre-chosen materials in terms of the constitution and thickness of oxide
layers and mass loss. DIN 1.5415 has shown strongly shallow pitting corrosion and a
mass loss of 6.7% after 1 week exposure at 560°C in nitrate molten salts, while DIN
1.4301 stainless steel showed intergranular attack and 0.5% mass loss. The
stainless steel DIN 1.4404 showed no attack and a minimal mass loss of 0.1%. A
variety of further steels will be included in the investigation. First experiments showed
a partial solubility of chromium in the melt after exposure at 560°C. This observation
was confirmed by SEM- and X-ray analyses of the melt after steel exposure.
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Abstract

Due to rising cost of Ni, there is interest in low cost Ni-free (Cr-Mn) austenitic stainless
steels vis-a-vis AISI 304 (SS304) for a few industrial applications. The present work
deals with studying effect of HNO/CI ™ ratio on corrosion behaviour of Cr-Mn austenitic
stainless steel (Cr-Mn ASS) in comparison with that of SS304. Test methods used were
potentiodynamic polarisation (PDP), electrochemical impedance spectroscopy (EIS)
and Mott-Schottky analysis. Test solutions were 1000 ppm CI, 0.01M HNO3;+1000
ppm CI, 0.1M HNO3+1000 ppm CI~ and 1M HNO3+ 1000 ppm CI . From PDP plots it
was found that SS304 exhibited active corrosion in 1000 ppm CI and 0.01M
HNO3+1000 ppm CI~ solutions, and passivity in 0.1M HNO3+1000 ppm CI" and 1M
HNO3z+ 1000 ppm CI . Cr-Mn ASS exhibited active corrosion in 1000 ppm CI and
passivity in HNO; containing test solutions. From EIS results it was found that
polarisation resistance (Rp) decreased on addition of HNOj for the both the steels. This
is attributed to effect of pH on stability of Cr,O3 film. The film of Cr,O3; is a p-type
semiconductor and has vacancies in cation sub-lattice. When CI ™ is incorporated in
anion sub-lattice in sets in Schottky pair reaction by which anion vacancies are created.
These vacancies allow migration of cations from metal-film interface to film-solution
interface and anions in reverse direction by vacancy aided diffusion process. Therefore,
the film forming on test alloys were characterised by Mott-Schottky analysis to find out
cation and anion defect densities of passivating film in 1000 ppm CI” and 0.1M
HNO3+1000 ppm CI solutions. It was found that density of the cation vacancies in the
film forming on SS304 and Cr-Mn ASS in 1000 ppm CI~ solution was 7.95x10?° per cm®
and 12.6 x10%° per cm®, respectively and increased to 78.1 x10%° per cm® and 87.5
x10% per cm® on addition of HNO3. This explains the role of HNO3 addition. It was also
found that the density of oxy%en (anion) vacancies for both the test steels was almost
same (approximately 13x10%° per cm®) in 1000 ppm CI~ solution and increased to
18.2x10%° per cm?® for SS304 and 29.6x10%° per cm® for Cr-Mn ASS. The rise in defect
densities is attributed to drop in pH on addition of HNOs.
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Introduction

The crystallographic orientation of a metal surface has not negligible effects on the
corrosion behaviour of metallic materials. Most of metallic materials used in various
fields of industry are polycrystalline and non-uniform corrosion occurs on it, reflecting
the metal texture of the surface. However, the detailed mechanism of the non-uniform
corrosion has been unclear. In order to elucidate how the metal texture affects
corrosion reaction, precise analyses on electrochemical behaviours of metals from
the view point of the crystallography of the metal surface are necessary. In this paper
the authors investigate a grain-dependent passivity of pure iron in sulphuric acid
using a micro-capillary-cell (MCC).

Experiments

The metal specimen was an annealed iron plate (purity: 99.99 %). After mechanical
polishing and chemical etching, surface orientations of the specimen were identified
with electron backscatter diffraction patterning. Single grains with lower Millar indices
of {00 1}, {1 0 1} and {1 1 1} were used for electrochemical measurements with the
MCC. After the potentiostatic polarisation of the single grain surface for 3.6 ks,
electrochemical impedance spectroscopy (EIS) and galvanostatic polarisation were
performed for evaluation of characteristics of the oxide film.

Results and discussion

Initially much the same anodic current flowed on the iron single grains during the
potentiostatic polarisation. However, current-time transients showed different
behaviours after 500 s depending on the orientation. The value of j; the current
density at 3.6 ks became larger in the order of {0 0 1} > {1 1 1} > {1 0 1}. Moreover,
EIS measurements revealed that R the charge transfer resistance of the oxide film
depended on the orientation in the order of {1 0 1} > {1 1 1} > {0 0 1}. These results
indicate that an oxide film forms on the {1 0 1} grain is the most protective among the
three single grains. On the other hand, the charge density consumed by the reduction
of the passive oxide film under the galvanostatic polarisation increased in the reverse
order of Rq. It represents that the substrate orientation affects not only thickness but
also structure and/or composition of the oxide film. Our results of micro-
electrochemical measurements on the iron single grains suggest that the dissolution
rate of substrate iron and/or the formation rate of oxide film depend on the
crystallographic orientation. Therefore, grain-dependency was observed in the
structure of the passive oxide film.
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Predictive modelling of the corrosion rate of carbon steel
focusing on the effect of the precipitation of corrosion products

A.Marion, B.Vuillemin, R.Oltra, D.Crusset *

Laboratoire ICB, Equipe EIC UMR 6303 CNRS — Université de Bourgogne, Dijon ,
France
* ANDRA, Direction de la Recherche et Développement, Chatenay-Malabry
France

It can be reasonably expected that C-steels selected by ANDRA for nuclear waste
storage in a deep geological repository would be mainly affected by general aqueous
corrosion. Until now, only short-term and interrupted tests (less than few years) have
been performed to validate the average corrosion rates deduced from the study of
archaeological analogues. Consequently there is a strong need to develop long term
simulation to estimate the corrosion rate evolution, and then the thickness of the
containers intended to maintain the confinement of nuclear wastes for several
centuries.

The aim of the presented work was to demonstrate that it is possible to design
numerical modelling at the engineering scale using the finite element method solving
the Nernst-Planck equation in free potential conditions.

The basic electrochemical model was defined from parametric studies to check the
influence of electrochemical kinetic constants, the values of the kinetic constants
dealing with chemical reactions, the effect of temperature. The input data for the
boundary conditions, more especially the electrochemical reaction rate laws, have
been selected comparing results from a laboratory experiment with the outputs of the
numerical calculations.

Following this approach a long term prediction 1D reactive-transport model was
defined considering some realistic changes occurring in the electrolyte, i.e. the
deaeration and the precipitation of the corrosion products. This latter was
implemented into the numerical calculation by varying the porosity of the electrolytic
medium.

The robustness of the model-based simulations was evaluated by comparing the
calculated corrosion rate to an experimental one obtained for a short term
underground experiment (3 years). The advantage of the numerical simulation is to
focus on the transition between the different corrosion regimes and to demonstrate
that the corrosion rate is controlled by the fractional coverage of the surface due to
the precipitation of the selected corrosion products (magnetite, siderite). It confirms
that at long term, the decrease of the total porosity can be identified as a key
parameter in the reduction of the corrosion rate.

Acknowledgements: the authors would like to thank the ANDRA consultants, J-M
Gras and P. Combrade, for fruitful discussions.
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Development of a Liquid-phase Sulfide lon Gun for Localized
Sulfidation of Metal Surfaces

J.-S. Lee* K. Fushimi**, T. Nakanishi**, Y. Hasegawa**
*Graduate School of Chemical Sciences and Engineering, Hokkaido University,
Sapporo, Japan
**Faculty of Engineering, Hokkaido University, Sapporo, Japan

The sulfidation reactions on the surface of iron and iron-based materials are of
particular interests of practical application such as sulfide-induced corrosion reaction
in crude oil and gas wells (the sour environment) [1] and fundamental researches
such as precursor reactions of localized corrosion initiated from metal sulfide
inclusions [2,3]. However, it is very dangerous to utilize various electrochemical
experiments in sulfide ion-containing environments, because sulfide ions can release
very toxic hydrogen sulfide gas. It is necessary to establish safe experimental
systems for handling the risk factors that should be limited to release the small
amount of sulfide ions. Liquid-phase ion gun (LPIG) is a powerful tool for controlling
very small amount of aggressive anions from a microelectrode [4]. In this study, the
localized sulfidation reaction on copper and iron surfaces was carried out using a
safe liquid-phase sulfide ion gun.

A silver wire with a diameter of several hundreds micrometers was embedded in a
glass capillary with an epoxy resin for preparation of the microelectrode. Cyclic
voltammetry of the microelectrode was carried out in 0.1 mol dm™ Na,S solution in
the three-electrodes electrochemical cell with a platinum counter electrode and a
reference electrode (Ag/AgCl/sat. KCI; SSE). After the microelectrode was polarized
at -0.6 V (SSE) in 0.1 mol dm™ Na,S solution for 1.8 ks, the microelectrode was
positioned in the vicinity of a copper or iron plate in 0.05 mol dm™ Na,SO, solution
and polarized at -1.0 V (SSE).

In the CV of silver microelectrode in Na,S solution, the anodic and the cathodic
current peaks were observed at about -0.6 and -1.0 V (SSE), respectively. The
electric charges consumed in these peaks were almost same. They correspond to
the formation and reduction of silver sulfide, respectively. It means that the cathodic
polarization of the sulfide microelectrode at potentials lower than -0.8 V (SSE) can be
used as a liquid-phase sulfide ion gun, that is LPIG to generate sulfide ions. It was
also confirmed since the application of LPSIG to copper plate was successfully
induced to form sulfidated-copper locally on the plate.
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Development of a sensor for interfacial pH measurements during
pitting corrosion in situ observed by temporal series of
micrographs
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The pitting corrosion is one of the most dangerous
forms of corrosion and its mechanism is not yet
fully understood. The existence of stable pits when
the pitting corrosion occurs in dissolved CO,
environments can be attributed to precipitation of
FeCO; which precipitates inside the pits and
induces the acidification of the electrolyte.
Consequently, CI ions tend to accumulate at the
interfacial pit boundary to counterbalance the H*
produced during the formation of siderite film and,
as a consequence, pits grow on the metal surface.
Therefore, changes in interfacial pH are directly 4
related to the processes of nucleation, growth, ¢/
passivation and stabilization of pit. In this context, =
this work presents the development of a ring- Fig.1-PC (a), ring potential of IrO,
shaped sensor built around a steel sample to vs.time (b) and, number of pits vs.
determine the interfacial pH changes during the time (c). In situ micrographs (insets).
pitting corrosion. The AISI 1020 steel is the constituent material of the disc, in the
center of the electrode, surrounded by a ring of IrO,, a sensitive material to pH
variations. The Pechini method was employed to generate the ring on a glass tube
(the phase separator between the ring and the disc). A disc area of 680 um x 544 um
(steel sample) was observed in situ by temporal series of micrographs (TSM) [1] with
an optical microscope. At the same time, the sensor detected the interfacial pH
changes during the initiation of pitting corrosion, its evolution and during the pit
passivation. The study of pitting corrosion of carbon steel was performed in 0.1 mol
dm™ Na,HCO; (pH 8.3) with CI" ions during the open circuit potential (OCP),
polarization curves (PC) and chronoamperometric measurements (CA). The TSM
obtained was quantified using the ImagedJ software. Gathering the ring potential (Eqing)
of IrO,, interfacial pH changes were observed at the initiation and growth of pits.
Fig.1a shows the PC performed with a sweep rate of 0.5 mV s™ and a AE of 0.5 V in
order to demonstrate such results. The surface passivation can be observed at the
start of CP (see "1" and "2", Fig.1a). The beginning of the passivity breakdown
occurred after 400 s with the nucleation of several pits over the metal surface, Fig 1c.
A small variation in the Eing is observed in Fig. 1b ("2" and "3 "). During the onset in
current density ("3", "4" and "5", Fig.1a) a stable pit grow on the surface (see
micrographs from insets "4" and "5"). At this time, the greatest variation in E;ng ("3" to
"5", Fig.1b) was recorded due to the anolyte which is released from the observed pit
and from the unobserved ones on the metal surface during the anodic polarization.
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Markov chain model to predict localised corrosion
of stainless steels
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Abstract

Pitting, crevice and stress corrosion cracking are the most damaging corrosion forms
of stainless steels in industrial applications. Pitting and crevice are unpredictable
regarding the initiation time and the corrosion propagation, which occurs
unfortunately with high corrosion rate due to the unfavourable cathodic-to-anodic
surface ratio.

Generally, pitting and crevice susceptibility depends on a variety of factors related to
the metal (chemical composition, differences in the metallurgical structure,
inclusions), the environment (chloride content, pH, temperature, differential aeration)
and the geometry of the system. Due to their unpredictable occurrence, localized
corrosion events cannot be explained without using a proper statistical method.

In this work, a probabilistic approach based on Markov chains for the assessment of
pitting and crevice corrosion initiation is proposed.

Formally, a Markov chain is a stochastic process characterized by a set of states and
a transition probability matrix, which defines the probabilities to evolve from one state
to another through a finite number of possible states, until a so-called “absorbing
state” from which the system has no tendency to evolve is attained. Pitting and
crevice corrosion may be represented as a Markov process with two absorbing
states: pitting, characterized by the formation of corrosion attacks, and the passive
state with negligible corrosion rate. A Markovian process is a “without memory
process”: the state of the system at fixed time depends only on the state immediately
before and not on the sequence of events preceding it. In other words, the chain has
no memory of the past.

The model presented in this work calculates the occurrence of pitting corrosion of
stainless steel involving a large number of operating parameters related to both metal
and environment. Experimental tests were carried out to validate the model, which
requires more accurate investigations.

Keywords: stainless steel, pitting, localized corrosion, probabilistic model, Markov
chain.
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Mechanistic Study of Degradation of Coil Coated Steel

Y. Liu", X. Zhou', G.E. Thompson', S.B. Lyon', T. Hashimoto', G. Smith? S. Gibbon? D.
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Zinc and zinc-containing alloys are used widely to protect steel from corrosion in the
automotive and building industries. The zinc coated steel materials, which are often
supplied with organic primers on the back face and organic primers with top coatings
on the front face, also termed coil coated steel. The organic primers contain corrosion
inhibitive pigments, barrier fillers, colour reflective pigment and a pH buffer. The
commonly used zinc alloys include Galfan and Galvalume, with 5wt.% and 55 wt.%
aluminium respectively. The microstructure of the Galfan coating is generally
characterized by a two-phase structure, comprising a zinc-rich proeutectoid phase
(<5 wt.% AI/(Al + Zn)) surrounded by a eutectic phase (5-10 wt.% Al/(Al + Zn))
consisting of beta () aluminium (5-25 wt.% Al) and eta (n) zinc lamellas (<5 wt.% Al)
[2,3]. Conversely, the microstructure of galvalume contains beta () aluminum
dendrites, Zn-rich interdendritic regions and a fine dispersion of Si particles. The
aluminium dendrites contain approximately 18 wt% Zn and up to 1.8 wt% Si.

In the present study, the degradation of coil coated steel with Galfan and Galvalume
in sodium chloride solution has been investigated using a combination of
electrochemical and electron optical approaches. Scanning and transmission electron
microscopies and 3D electron images (Figure 1) were employed to visualise the
progression of damage within the organic coating, metallic coating and the steel
substrate. These various observations and analyses have assisted in a fully
mechanistic study of the degradation process of the coil coated steel systems. A
degradation model is proposed from the results of the investigation.

organic coating

GALFAN

A
: Steel substrate

Figure 1: a 3D electron image of coil coated steel after corrosion test
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Finely distributed anodic and cathodic centers underneath organic
coatings — characterization and effects on the delamination
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Increasing demand for longevity of steel parts in various industries calls for ongoing
enhancements in corrosion protection systems. Well established strategies are of
course galvanizing and subsequent organic coating of the metal surface. The metal-
polymer interface is in most cases additionally stabilized by pretreatments, which
form a conversion layer on a nanometer scale that hampers delamination processes
in case of physical damages to the organic coating.

This work focuses on the mechanisms behind polymer delamination processes at the
polymer-metal interface and suggests that in fact a controlled distribution of anodic
and cathodic centers can stabilize the interface. While well-established pretreatment
systems mostly take influence on the cathodic reaction (that means suppression of
the oxygen reduction reaction), the delamination rate can be additionally lowered by
finely distributed cathodic centers which stabilize a pH-value corresponding to a low
corrosion rate. The most straightforward approach is the precipitation of iron at the
galvanized surface prior to organic coating. The precipitated iron significantly reduces
overvoltage of the hydrogen evolution reaction (HER), and therefore promotes an
additional counter reaction to zinc oxidation, which furthermore increases the pH-
value at the delamination front (what in return lowers the zinc oxidation rate).

Besides iron other metals are taken into account for these mechanistic
considerations. The effect of different pretreatments on the interface are studied with
several electrochemical methods (e.g. cyclic voltammetry) and polymer delamination
processes are furthermore studied with a Scanning Kelvin Probe. Furthermore,
results of industrially established corrosion tests for selected sample systems are
taken into account.
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Mechanism of corrosion protection of zinc-magnesium coatings on
steel studied by electrochemical depth profiling
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In automotive industry, zinc coated steel is largely used thanks to its high corrosion
resistance and sacrificial protection. However, zinc layer must be thick to assure a
good protection. As a consequence, consumption of zinc is very intensive and
coating prices are increasing. A large number of new coated steel formulations have
consequently been studied for many years in order to reduce the consumption of zinc
and its cost in coatings. Several studies have shown that the addition of magnesium
into the metallic coating allows to improve corrosion resistance without increasing
coating thickness.

The mechanism of corrosion protection is based on a coupling galvanic protection
between magnesium which is less noble that zinc, which is itself less noble than iron.
Nevertheless, protection mechanism understanding is not entirely complete. The aim
of this work is to understand if each layer of the metallic coating is able to
cathodically protect the underlying layer. Thus, the electrochemical behavior of zinc-
magnesium coating on steel as a function of the in-depth structure and composition
was studied. To achieve this objective, progressive glow discharge optical emission
spectroscopy (GDOES) sputtering was used to create craters reaching the different
sublayers. The microstructure structure of each layer was analysed using the
scanning electron microscopy in combination with energy dispersive X-ray
spectroscopy (SEM/EDX) .The electrochemical analyses were carried out in NaCl
0.02 M using a micro-capillary three-electrode microcell and the scanning vibrating
electrode technique (SVET).

Anodic and cathodic polarization curves at different depths using microcell allow to
understand the corrosion behaviour of each layer. SVET measurements were carried
out in order to understand the formation of galvanic coupling between each sublayer
of the zinc-magnesium coating.



E 5. CORROSION MECHANISMS, METHODS AND MODELLING 0-7477

A novel method to study corrosion resistance of galvanised steel
against corrosive dropping electrolytes
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Hot-dip galvanised steel is widely used for automotive purposes and also for steel
carrier constructions to carry e.g. photovoltaic modules. Because of its outdoor use
galvanised steel can be exposed to particular corrosive stress resulting from rain or
condensed water which aggregates on the modules and drops on one specific spot
of the carrier construction. Compared to atmospheric corrosion, experience has
shown that the effects of corrosion occur in a much shorter period of time.

The aim of our work was to simulate this corrosive stress in the laboratory and
therefore a dropping-device was developed and conditions for a standardised test
method were specified.

This device provides the possibility to vary parameters such as the dropping velocity,
the droplet size, the drop height, as also the angle between steel and drops. To
measure their influence on corrosion, the loss of mass was found to be a suitable
determinant. The removal was done in accordance to ISO 8407 (Table A.1 — C.9.1).
The study showed that the removal has to be done twice, immediately after the test
and no signs of red rust should be traceable. The latter was assessed by scanning
electron microscopy of prepared cross-sections.

With the aid of our device we were able to undergo various tests where the influence
of preventative oil, cyclic corrosive stress and selected beforehand mentioned
parameters on mass loss could be measured.

A study under standardised conditions showed differences between several metallic
corrosion protection layers. It could be demonstrated, that a higher content of Al
leads to a lower loss of mass.
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Nanoscopic view on the initial stages of corrosion of hot dip
galvanized Zn-Mg-Al coatings
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The onset and very early progress of the atmospheric corrosion of ternary alloyed Zn-
Mg-Al coatings induced by a chlorine rich environment was studied in detail by
means of surface sensitive techniques, X-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES). The experimental strategy — performing the
analysis prior and after the corrosion treatment exactly in the same positions/regions
on the sample —allowed a direct comparison of the appearance, structure and
elemental composition of appearing corrosion features. The obtained experimental
results lead, at first, to a clear identification of processes associated with a chemically
and electrochemically preferential dissolution of the surface constituents, as well as
helped to track anodic and cathodic surface activities, as depicted in Fig. 1.
Furthermore, the observed processes were correlated to the phase microstructure of
the coatings and lead to a model and probable explanation of the observed initial
corrosion stages on Zn-Mg-Al coatings.

b) 1 min d) 3 min

Figure 1. AES elemental mappings (Zn: red, Mg: green, Al: blue) illustrating the
formation and growth anodic cracks/holes surrounded by an expanding circular spot
of zinc corrosion products at cathodic regions as a function of corrosion time.
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The Effects of Oxygen Concentration and pH on the Galvanic
Protection of Tin
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SVET is used to investigate rapid detinning processes affecting commercial tinplate
(produced by TATA steel) in the malic acid solutions, commonly found in tinned food
products. In malic acid concentrations = 0.1 mol dm™ tin was found to become
sacrificial with respect to iron, reversing the polarity predictions on the basis of
tabulated E, values. The tin dissolution mechanism in aerated solutions is shown to
be cathodically controlled by the mass transport of oxygen to the exposed steel
cathode. The sweeping removal of the tin coating is represented in Figure 1 which
shows SVET-derived current density maps, the localised anodic dissolution of tin
intensifies with an increasing cathodic steel surface area supporting the oxygen
reduction reaction.

(@)

Figure 1. 3D SVET-derived maps showing the distribution of normal current density J
above a detinning 2.5gm™ non-reflowed tinplate sample in 0.1 mol dm™ malic acid at
(a) 3 hours, (b) 3.9 hours and (c) 4.8 hours and (d) 5.1 hours of immersion.

Particular emphasis is given to the effects in low partial pressures of oxygen
replicating the conditions occurring inside a food can. A novel, Environmentally
controlled Scanning Vibrating Electrode Technique (E-SVET) is described which
allows the measurement of localised corrosion current flux under conditions of
controlled oxygen partial pressure. Experiments undertaken using the E-SVET show
that reducing the oxygen partial pressure significantly reduces the detinning rate due
to the limited oxygen supply for the cathodic oxygen reduction reaction. Polarity
reversal and oxygen reduction kinetics are confirmed using global electrochemical
techniques such as RDE and OCP.
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Investigation of passive layers on SiC-based ceramics by
Electrochemical Impedance Spectroscopy

M. Schneider, K. Kremmer, K. Sempf, M. Herrmann
Fraunhofer Institute for Ceramic Technologies and Systems Dresden, FRG

Depending on their chemical composition and resistivity, SiC-based ceramics can
undergo electrochemical corrosion. However, the formation of a passive layer on the
surface limits the corrosion rate as a rule in acidic and neutral electrolytes. The
properties and the behaviour of the passive layers are again depending on the
chemical composition and the microstructure of the materials. The electrochemical
impedance spectroscopy (EIS) is a useful and well-established tool to characterize
passive layers under corrosion conditions [1].

The authors investigate the properties and the electrochemical behaviour of passive
layers formed on various SiC-based ceramics in sulphuric acid (pH 0.5) and a borate
buffered solution (pH 5.9). The investigation mainly bases on EIS at open circuit
potential. On selected samples additionally, the EIS is carried out at different
polarization potentials. Since the relative high resistivity of all used SiC-based
ceramics in comparison with metals, the impedance of the working electrode cannot
be neglected. According to the circumstances, the solid-state impedance dominates
the impedance spectra. This fact is a challenge in view of the measurement
procedure and, moreover, the reasonable interpretation of spectra. The authors
discuss the problems based on different equivalent circuits.

The passive layers by itself particularly consist of silicon dioxide. However, the results
also show different passive layer thicknesses and properties due to the different
composition and microstructure of the used ceramic materials.

The electrochemical measurements are completed by material analytic investigations
especially SEM/EDX. The results verify the electrochemical investigations and allow
a clear correlation between the microstructure of the ceramic materials and their
electrochemical behaviour.

[1] J.R. Macdonald (Ed.): Impedance Spectroscopy, John Wiley & Sons 1987;
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Corrosion features of the PEO-coated magnesium alloys
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2Far Eastern Federal University, 8 Sukhanova St., Viadivostok, 690950, Russia

The influence of the protective properties of the various composite coatings on the
corrosion activity of magnesium alloys in the chloride-containing media was
investigated by several independent methods.

The perspective application of the corrosion inhibitor embedded in the porous part of
the coatings formed by the plasma electrolytic oxidation (PEO) method has been
established in the present work. The results show a considerable decreasing of the
corrosion rate values and the electrochemical properties improvement of the
magnesium alloy with PEO-coating after inhibitor treatment of the surface in
comparison with base PEO-coating in the corrosion-active media.

Influence of the corrosion inhibitor (8-Hydroxyquinoline) on the magnesium alloys
corrosion rate were estimated by modern electrochemical methods in combine with
volumetry. Special treatment of the PEO-coated magnesium alloys by inhibitor
decreased the corrosion rate values in 10 times, the current density values were
decreased by more than 3 orders of magnitude in comparison with bare alloy.

The difference in the corrosion mechanisms of the MA8 (Mg-Mn—Ce) alloy as
compared to that of VMD10 (Mg—Zn-Zr-Y) magnesium alloy has been established.
The stages and the kinetics of the magnesium alloy corrosion process have been
also revealed and demonstrated using the scanning vibrating electrode technique
(SVET) as well as the conventional methods of optical microscopy, gravimetry, and
volumetry.

It has been established that the crucial factor of the corrosion activity of the samples
under study consists in the occurrence of microgalvanic couples at the sample
surface. The MAS8 alloy contains lower amounts of the secondary phases in
comparison with VMD10 that results in rapid dissolution of the VMD10 alloy in
contrast to MAS alloy.

The corrosion rate of the samples with PEO-coatings and composite polymer-
containing coatings at the surface of various magnesium alloys has been
investigated. The corrosion rate significantly decreased upon filling of pores by the
inert compound — superdispersed polytetrafluoroethylene. Upon filing the PEO-
coating pores by SPTFE followed by special heat treatment, no hydrogen in chloride-
containing media was released at all. The corrosion rate (Py) values for both types of
the magnesium alloys (MA8 and VMD10) were about 0 mm per year after exposure
of the samples to the 3% NaCl solution for 7 days [1].

This work was supported by the Russian Federation Government (Grant
#02.G25.31.0035), Scientific Fund FEFU (#12-03-13001-07).

References

[1] Gnedenkov, A.S.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Gnedenkov, S.V.
Surf. Coat. Technol. 2013, 225, 112-118.



[ ]
p
w

5. CORROSION MECHANISMS, METHODS AND MODELLING 0-7142

Corrosion layer growth on Magnesium galvanic coupled to
Aluminium simulated by FEM

Dr. Daniel H6che, Helmholtz-Zentrum Geesthacht, Germany

Galvanic corrosion of magnesium alloy based components coupled to more noble materials
is a known problem. This work presents a simulation based study for predicting corrosion of
pure magnesium galvanic coupled to aluminium including corrosion layer formation due to
Mg(OH), precipitation. It includes studies on the involved mechanisms and discusses
aspects like the porosity, the surface coverage by reaction products and the time dependent
varying electrochemical electrode response.

The analysis via computer offers the possibility to study the corrosion performance and can
be utilized for virtual studies of various process parameters. At the end future requests and
challenges on modelling corrosion will be listed.

0.5 L L L 0.4 L L 1 i 1
~ - e - g n [P L AL AL} ]
a) i Mhenorsect | D) e e e ok
0.4 nod stimed I
£ o3 I Eo_a-
E
E —_
& 02 L
N ctso.z-
o1 H E
T =T 0(0)8 6
0.0 014 T T
2 = 00 05 10 :
1 1 1 L OED
c -
) L0.18
L} X I
x L0.16
o ol e me  a
0.14
012
ﬁ E
£0.10
0.08
-
2 : T T T T 0.06
test position d) 000 025 050 075 1.00
t[10° §)

a) Nyquist plot of HP-Mg in unstirred 0.1% NaCl solution at +50 mV constant anodic
polarization for 3 days. b) Film resistance measured at the shown surface and its fit (line)
according to the standard layer growth model. ¢) Simulated Mg?* ion distribution after 1 h
immersion (marker on a test position). d) Simulated film resistance (red) for different initial
surface coverage values 8, qualitative compared to the experiment.
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Hydrogen Diffusion Mechanism in Nickel Base Alloy 718

Olesya Golenishcheva, Georg Andersohn, Matthias Oechsner; MPA IfW,
Darmstadt/Germany; Jutta Kloewer*, Ali Aghajani*, *Outokumpu VDM,
Altena/Germany

Nickel base alloy 718 (UNS NO7718) is a precipitation hardened material. Due to its
outstanding mechanical properties combined with a good corrosion resistance, alloy
718 is a widely used material in the oil and gas industry. During the operating phase
in the oil field, the material is often exposed to corrosive hydrogen-containing
environments at temperatures up to about 200 °C.

Some authors report the susceptibility of alloy 718 to hydrogen embrittlement [1,2,3],
assuming this to be one of the several possible mechanisms of component failure in
the field. Therefore the knowledge of the hydrogen transport processes is essential
for improvement of the material utilization.

Earlier investigations of hydrogen diffusion in nickel and nickel base alloys revealed
diffusion coefficients in the range of 102 cm?/s [4,5,6]. Also, it was observed that the
hydrogen bulk diffusion in nickel is about 40 times lower than the diffusion along the
grain boundaries [7].

The aim of the present work is to investigate the influence of the grain size and
certain secondary phase precipitates (delta and gamma double prime) on the
hydrogen diffusion in alloy 718.

First experimental results, obtained by electrochemical permeation experiments via
the Devanathan and Stachursky method [8], revealed distinct differences between
the material variations with different amounts on delta phase precipitates. Observed
permeation current transients were higher for the material with lower delta phase
content. This could be an indicator for the higher binding energy of the delta phase
precipitates.
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Application of ENM to investigate the effect of different
materials and methods of preparation of coating

on anti-corrosion quality of ZRP

] B. Eremias”, L. Mindos”, L. Turek”, L. Hochmannova?
) SVUOM Ltd., U Mestanskeho pivovaru 934/4, 170 00Prague, Czech Republic
2 SYNPO Inc., Pardubice, Czech Republic

Abstract

Partial substitution of zinc by using of conductive fillers of different types and
combinations as well as possible improvement of zinc rich paints by addition of
nanoparticulate zinc has been investigated by means of EN measurements
performed in 0,05 M NaCl solution. The motivation for doing this was the fact that EN
measurements provide a set of parameters which can be used for fast assessment of
the effect of different materials and methods of preparation of coating on anti-
corrosion quality of modified ZRP. This multiparameter assessment (analysis of EN
data in both time and frequency domains) permits to evaluate this effect in different
stages of anti-corrosion performance of tested ZRP. Possibility of use of EN data in
combination with single frequency (1 kHz) impedance test results to provide a rapid
ranking of studied coatings corrosion control performance has also been discussed.
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Corrosion Resistance of Cold Worked CrNi and CrNiMnN
Metastable Austenites in Defined Strain States

M.Eng. P. Seemann, WITg, Taegerwilen/Switzerland, p.seemann@witg.ch
Prof. Dr.-Ing. Dr. h.c. P. Guempel, HTWG Constance, University of Applied Sciences,
Constance/Germany, guempel@htwg-konstanz.de

The application of strain-hardened austenitic stainless steels is constantly rising.
Thereby the strength-increasing impact of deformation induced martensite is
increasingly utilized. This lattice modification may result in a change of corrosion
behaviour. Especially for new developed manganese alloyed steel grades (AlSI 200-
series) the corrosion behaviour is still not settled conclusively.

The present study depicts the corrosion behaviour of strain-hardened steels in
relation to true strain, phase fraction and stress state. Three well established nickel
alloyed steel grades (AISI 300-series) officiate as reference to the new manganese
alloyed steel grades (AISI 200-series) to investigate the localized corrosion
behaviour, as well as the influence of important alloying elements, such as Ni, Mn, or
N, in combination with a cold forming process.

The investigated steels were strain hardened by means of a constant extension rate
testing machine that was constructed for this purpose. Therefore, specifically
designed tensile specimens with a large, continuous radius were deformed with
various testing speeds. The radius effects differing lattice conditions in terms of
phase fraction stress state etc. With the help of micro etchings defined measuring
points were created alongside the longitudinal axis. Each measuring point was
characterized in respect of lattice condition (phase fraction, stress state etc.) and its
localized corrosion behaviour.

First, the deformation behaviour of the different steels was characterized with a
mathematical approach that considers also the different lattice volumes of a’-
martensite and y-austenite. Second, potentiodynamic polarisation tests using an
electrochemical microcell were conducted to investigate the influence of cold working
on the localized corrosion behaviour. For these tests the investigated steels were
strain hardened by cold rolling.

The results of this work could substantiate a negative impact of a cold forming
process on the pitting resistance of metastable austenitic stainless steels.

In this regard, the alloying concepts CrNi and CrNiMnN revealed substantial
differences in respect of the deformation behaviour and the corrosion resistance. The
main reason for the reduction of the pitting resistance could be determined to be the
increased number of lattice defects as a result of the cold forming process. These
follow from a combined effect of increased number of lattice defects in the cold
formed austenite, the formation of a’-martensite and the increased stress state in the
lattice that origins from the differing volumes of the present phases. In the cold
formed austenitic lattice of the CrNi-alloys, this can be attributed especially to the
present dislocations and for the CrNiMnN-alloy to the formed twinning structures.
Thereby a negative influence of the mentioned lattice defects could be verified with
and without a’-fractions.

The conducted XPS measurements could identify a chemically induced weakening of
the passive laver as a result of a cold formina process.
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Nanoscale oxide growth on Nickel studied by reactive molecular
dynamics

O. ASSOWE, L. Van Brutzel and A. Chartier

CEA DEN/DANS/DPC/SCCME/LM2T, Laboratoire de modélisation de
thermodynamique et de thermochimie, CEA Saclay, 91191 Gif-sur-Yvette, France

Oxidation of metal and metal alloy surfaces are an important problem in physical
chemistry and of potential importance in energy applications. In the nuclear industry,
Nickel-based alloys are employed in gas turbine engines and in a whole other
spectrum of relevant applications, such as high-pressure turbine disks. Ni-based
alloys possess excellent corrosion resistance, which is largely due to the presence of
dense ultrathin oxide/hydroxide films that protect the alloy surfaces in aqueous
electrolytes or moist air. Therefore, understanding the corrosion behavior of Nickel
and the growth of these passive films is of vital importance for both scientific research
and engineering.

In this work, we are modelling at the atomic scale the first oxidation steps on Nickel
low-index surfaces [(100), (110), and (111)] at different temperatures and constant
gas pressure. We used molecular dynamics simulations with dynamic charge transfer
between atoms where the interactions between atoms are described by Reactive
force fields [1, 2]. We observe at the early stage of oxidation a dissociative
chemisorption of the oxygen molecules on Ni(111) surface to form p(2x2)-O and (N3
x V3)R30°-O overlayers, in agreement with experimental results [3]. We found that
the growth mechanism of the oxide layer on the nickel surface is primarily attributed
to the anion diffusion into interstitial sites of the metal substrate and nickel migration
to the free surface. After few picoseconds, the structure of the first atomic layer at the
Ni(111) surface is drastically perturbed while it is rather homogeneous inward forming
almost a perfect NiO oxide structure. These observations are somewhat different
than previous molecular dynamics simulations carried out with none reactive force
fields [4]. However, the thickness of this oxide film is limited around 1.5 nm
depending on the crystal orientation. We also, found that the oxide growth kinetics at
300 K under 1 ns timescale is the highest for the (110) surface and the lowest for the
(100) surface. These oxidation rates increase with higher temperatures.

[11 A. C. T. van Duin, S. Dasgupta, F. Lorant, W.A. Goddard, J. Phys. Chem. A, 105 (2001)
9396-9409.

[2] O. Assowe, O. Politano, V. Vignal, P. Arnoux , B. Diawara, O. Verners and A. C. T. van
Duin. J. Phys. Chem. A, 116 (2012)11796-11805.

[3] T. Kamada, M. Sogo, M. Aoki and S. Masuda, Surface Science 602 (2008) 724-732

[4] S. Garruchet, O. Politano, P. Arnoux, V. Vignal. Applied Surface Science. 256 (2010)
5968-5972
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Corrosion studies by depth profiling techniques

Célia Olivero, Patrick Chapon, Agnes Tempez, Sébastien Legendre
Horiba Jobin Yvon 16-18 rue du canal

91165 Longjumeau Cedex, France

RF GD OES and Plasma Profiling TOFMS provide direct measurement of the
chemical composition of thin and thick layers as a function of depth with excellent

depth resolution.

The techniques rely on the sputtering of a representative area of the material of
interest (conductive or not) by a high density (10'*) and low energy plasma. All
elements (and isotopes with MS) can be measured including H, O etc making them

ideal tools for corrosion and diffusion studies.

Features and benefits will be illustrated by studies of aluminium with barrier- type
oxide films, diffusion on stainless steels and Ni alloys and sol gel coatings on various

substrates.
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Influence of Surface Treatments on Localized Corrosion Behaviour
of Welded AISI 316L Stainless Steel

M. Halamova®, G. Fumagalli*, T. Liptakova®, F. Bolzoni*
*Politecnico di Milano, Dipartimento di Chimica, Materiali ed Ingegneria Chimica
“Giulio Natta” Via Mancinelli, 7, Milano 20131, Italia
*University of Zilina, Strojnicka Fakulta, Univerzitna 1, 010 26 Zilina, Slovakia

Stainless steels and similar alloys may suffer localised corrosion, such as pitting and
crevice corrosion, in chloride containing oxidising environments. The behaviour of
stainless steels vs pitting or crevice corrosion has been studied extensively by many
authors over the last 50 years on the basis of different laboratory approaches.

Pitting and crevice initiation occur when chloride ions concentration in solution
exceeds a critical value. This value depends principally on materials properties
(composition, deformation degree, heat treatment, surface finishing) and environment
properties (temperature, pH, presence of oxydising environment, flow regime).
Moreover, it is well known the negative influence on the localised corrosion behaviour
of the “heat tinted oxides” formed on the surface and phases precipitated in the heat
affected zone of the welded stainless steels.

In this work, influence of different surface treatments on corrosion behaviour of AlSI
316L austenitic stainless steel welded by TIG method has been evaluated through
potentiodynamic polarisation tests. Surfaces of the welded stainless steel were
treated by mechanical methods (grinding, garnet blasting), chemical method
(pickling) and combination of both methods. Potentiodynamic polarisation tests were
carried out in sodium chloride (NaCl) solutions containing 100 to 3000 ppm CI- at
room temperature. The surfaces of the specimens were examined using optical and
scanning electron microscopy (SEM). Surface analysis by means of Glow Discharge
Optical Emission Spectroscopy (GDOES) were carried out.
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Comparitive corrosion resistance of dimensionally stable titanium
based anodes and conventional lead alloy anodes in copper
electrowinning

J.H. Potgieter™”, Z.S. Msindo®, and V. Sibanda®,

@Department of Chemical & Metallurgical Engineering, University of the
Witwatersrand, Private Bag 3, Wits 2050, South Africa.
School of Research, enterprise and Innovation, Manchester Metropolitan
University, Oxford Road, Manchester, M1 5GD, UK

Abstract

The suitability of dimensionally stable anodes (DSA®s) in copper electrowinning of an
industrial electrolyte was investigated and compared against the performance of a
more conventional lead alloy anode. Two types of DSA® plate anodes and two types
of DSA® mesh anodes of composition Ti-(70%) IrO,/ (30%) Ta;0s, from 2 different
sources, and a lead anode containing 6% antimony were tested. Cell voltage was
monitored against time for over a period of 150 hours for each anode type. Surface
morphology of the resultant copper deposits were analysed using optical microscopy
while crystallographic orientation and composition were analysed using x-ray
diffractometry. A basic economic evaluation based on the performance of each
anode was done. Results showed that DSA® mesh anodes had the highest energy
consumption per kilogramme of copper produced while the DSA® 1 plate anode had
the lowest energy consumption per kilogramme of copper produced. The results also
demonstrated that not all DSA® anodes will exhibit an expected anode characteristic
of low over-potential compared to the lead anodes.
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Scanning Vibrating Electrode Technique as a Tool for Investigating
Corrosion Activities on Coated Mild Steel in NaCl Solutions

W.Shi, S.B.Lyon

Corrosion and Protection Centre, School of Materials, University of Manchester,
Manchester, M13 9PL, UK

The long term protection of metal structures exposed to a marine environment is a
problem which needs to be approached from many different points of view. Early
studies of continuous steel strips, steel sheet piling and also closely spaced
individual, electrically isolated or electrically connected coupons in the marine tidal
zone show severe corrosion losses, although the corrosion profiles were very
different. There are indications that even under conditions of cathodic protection,
levels of corrosion observed around the mean high tide level are slightly greater than
those in the low tide to mid tide region.

Scanning Vibrating Electrode Technique (SVET) employs a mechanical vibrating
probe and a lock-in amplifier to enhance signal recovery, performing a measurement
that could be more sensitive than bulk electrochemical corrosion measurement. The
SVET allows for the resolution and sensitivity to investigate local anode current
density, cathodic active area, and the corresponding changes with time. Here we
present the effect of cathodic protection on epoxy coated or calcareous film covered
steel and the localised current distribution of corrosion reactions occurring in thin
electrolyte layer when immersed in sodium chloride solution.

The work also investigates corrosion sample obtained by external simulated tidal
instrument after different exposure time, in order to study the interaction between
cathodic protection and coating in this environment.

Techniques used to understand the performance have included optical photography,
together with Scanning Electron Microscopy (SEM). Furthermore, electrochemical
analytical methods, for example localised electrochemical impedance spectroscopy
(LEIS), are also used in this study to evaluate the effect of calcareous deposits,
coating defects etc.
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Qualification of stress and test methods for use in combined fatigue
algorithms for riveted joints

Gehrke, Joerg, Institut fiir Korrosionsschutz Dresden GmbH, Dresden/Germany;

Introduction

This poster presents results of a cluster project "Combined mechanical and
environmental stress of riveted joints", sub-project "Qualification of stress and test
methods for use of combined fatigue algorithms. This project was developed by
cooperation of three application-oriented AiF and two DFG-research institutions.

The ability of a combined mechanical-environmental aging for riveted joints was
investigated in this project in the laboratory compared with the corrosion processes in
the accelerated weathering.

Examined rivet joints

The investigation of the corrosion mechanisms was carried out on self-pierce riveting
joints between carbon fiber reinforced plastic (CFRP) and aluminum plus blind rivet
joints between steel and aluminum. The load tests were carried out according to VDA
621-415 and during the condensation variation load an overlapping with a
mechanical fatigue loading occurred, see Figure 1.

1 test cycle = 7 days

1 2 3 4 5 6 f
VDA 621 -415 | l l I l I |
time [d]
Salt spray test T=35Ct 2°C
DIN EN 150 9227 c(NaCl)= 50g/ £ Sgl T=40°C* 3°C
Monday pH=65-7.2 relative humidity = 100%

Condensation climate with
alternating humidity and
air temperature

DIN EN ISO 6270-2-AHT

Tuesday to Friday

Standard climate T=18°C-28°C

g::jfg;; and Sunday | relative humidity = <100% |
- - Fatigue:
,"a"l fi II'A" f\ II'A" 5Hz, car: R=0,1
Fatigue w5 SindEANA rail: R=0,5
Tuesday and Wednesday| & FRTEEFRTE T Testing frequency:
= VARV R VIRY. CFRP: 10Hz
" e, . metal: 30Hz

Figure 1: combined fatigue algorithms
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Visual assessment of riveted joints

After visual evaluation of loaded riveted joints was found out, that the CFRP-
aluminum self-pierce riveting joints 1 year accelerated weathering, sufficiently is
adequate to 6 cycles VDA 621-415. The combined mechanical- environmental
fatigue considered by the experimental program was compared to conventional serial
load. Reinforced corrosion phenomena were found in both kinds of rivet joints by
combined fatigue. In the CFRP aluminum rivet joints pitting was frequently found on
aluminum, especially in the contact area to the carbon fiber reinforced plastic. After a
short loading period the rivet elements showed partly corrosion depending on the
rivet coating.

Electrochemical noise investigation

The method of electrochemical noise analysis was used to assess the rivet coating.
The results of the electrochemical noise studies accord with both the visually
encountered corrosion as well as with the analytical studies of the project partners.
Electrochemical noise measurement is a method to assess the corrosion resistance
of a rivet element in a very short measuring time. The poster includes the results of
electrochemical noise measurements of the two riveted joints.
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Pitting potential of materials during potentiodynamic polarization in
a NaCl Solution

Yongsun Yi, Khalifa University, UAE
Mohammed Al Ameri, Khalifa University, UAE
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Pyungyeon Cho, Khalifa University, UAE
Changheui Jang, KAIST, Korea

This paper discusses the pitting potential, Epit, of materials determined by the
potentiodynamic polarization in a NaCl solution. The pitting potential has been
regarded as a potential above which stable pitting