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Selective dissolution from Zn-Al alloy coatings orsteel

*k%

Zn-Al alloys are commonly used to protect steel antomobile and architectural
industries. Their corrosion protection propertiepehd on their surface composition which
may change markedly with time during application tluselective dissolution phenomenon.
This phenomenon has been known for a long timenbutystematic investigation has been
published due to the difficulty in distinguishintementary dissolution of zinc and aluminum
which are both active and amphoteric, and whosaivel activities may be reversed under

certain conditions.

The main objective of this work is to understani@stieve dissolution phenomena and map
out the selective dissolution of Zn-Al alloys arw d lesser extent Zn-Mg-Al alloys as a
function of pH and potential. This will help to kdiiup a predictive model of galvanic

coupling which is a major preoccupation of the audtive industry.

To approach the target, we utilize atomic emissspectroelectrochemistry (AESEC)
technique which is a combination of electrochemimathod and inductively coupled plasma
atomic emission spectroscopy. This technique allessto quantify in real time and
separately dissolution rates of zinc and alumintomfZn-Al alloys at open circuit potential
and applied potential in different solutions. Selecdissolution of zinc and aluminum from
Zn-Al alloys is then mapped out in the pH and pb&rranges. The explanations for the
selective dissolution and inhibition phenomena ategrduring experiments are also given
thanks to the complementary results from otherasarfcharacterization methods (XRD,
SEM/EDS, IR, and XPS).

This project is financially supported by AutocomrBpean Research Fund for Coal and Steel
(RFCS). | kindly acknowledge the RFCS project magrArcelorMittal, France; Salzgitter
AG, Germany; ThyssenKrupp, Germany, VoestAlpinsiriduand KTH, Sweden for helpful

scientific discussions.
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Résumé

*k*k

L’histoire de cette these

L'incorporation des nouveaux matériaux de revéteémeialliages plus légers et de
nouveaux grades d'acier est devenue un objectibritaupt de I'industrie automobile, enfin de
produire des automobiles plus Iégéres et plus écea@n carburant. Toutefois, la possibilité
de corrosion galvanique induite par couplagestsahiéinétal asymétrique est un obstacle
majeur pour la commercialisation des nouveaux naabérde revétement. En fait, le rapport
du Partenariat des Matériaux automobile des Etats-eh 2005 cité la corrosion galvanique
comme l'un des problémes majeurs a surmonter tevadution de la prochaine génération de

l'automobile de multi-matériaux.

Un objectif a long terme de la recherche actuedtede développer des modeles prédictifs
de couplage galvanique basé sur les propriétég@tbaniques des alliages et des matériaux
dans lindustrie automobile. L'objectif de ce tibwest d'étudier en détail comment les
propriétés électrochimiques des alliages Zn-Ald@ts une moindre mesure Zn-Mg-Al) sont
influencées par des mécanismes de dissolutionts@&edes propriétés électrochimiques
dépendent de la composition de surface des allieqassés a I'électrolyte. Cette composition
de la surface peut changer significativement quatément le moins noble est sélectivement
dissous a partir de I'alliage. Ceci est bien copaur les matériaux de revétement tels que Zn-
Ni ou Zn-Fe ou le moins noble Zn est enlevé sélentent laissant derriére lui une couche de
Ni ou de Fe poreuse. Pour ces alliages, les peterdiectrochimiques de ces deux éléments
sont tout a fait différents et donc les variatignst relativement simples a prédire en utilisant
le modele cinétique le plus simple de couplage géduee impliquant la théorie de potentiel

mixte (schéma d'Evan).

Cependant, les composantes des alliages Zn-Al eMgwl sont beaucoup plus
rapprochés dans la série galvanique et les élémpatifigues qui sont sélectivement dissous
dépendront de [l'environnement chimique, notammeet dH qui peut changer
significativement a la suite de réactions anodigiueathodique équilibrées se produisant dans
une zone confinéd-{g. 1). La réaction cathodique est supposé étre laiokade réduction de
l'eau (ou de I'oxygene), tandis que la réactiorydlation anodique comprend les vitesses de
la dissolution des métaux différentes exposéeglactrolyte. Ces vitesses élémentaires



décident de la dissolution sélective mais ne peg @tre distinguées par des procedes

électrochimiques classiques.

Al3* 3+
‘[ Zn?* Af Hi(i/ H, + OH T2+
Al jn Al o

Figure 1: Schéma montrant réactions se produisant dans la zone confinée de I'alliage Zn-Al

Mon projet de these vise a étudier les phénomenedisd®lution sélective pour les
alliages Zn-Al et dans une moindre mesure desgakiaZn-Mg-Al en fonction du pH et de
potentiel. Ce projet s'inscrit dans le cadre d'uojgp RFCS, qui vise a cataloguer le
comportement de couplage galvanique pour différevgteriaux et de développer un modele
numerique de prévision de couplage. La techniquecipale utilisée dans ce travail est
spectroélectrochimie d'émission atomique (AESEQ)e wombinaison d'une meéthode
analytique et d’'une cellule électrochimique. Cdt#ehnique est utilisée pour mesurer en
temps réel les vitesses de dissolution partiellecligque composant d'un alliage pendant
I'exposition du pH différent et contenant du chtertau potentiel de circuit ouvert et
potentiels appliqués. Une compréhension des phémesnde dissolution sélective liés a la

formation des produits de corrosion a été tenté.

Résumé de cette theése

Cette these est divisée en trois parties princgpdla Partie | est une introduction et se
compose de cing chapitres. Ghapitre 1 (ce chapitre) présente l'origine et les objedtiis
projet de thése, et donne un apercu de cette thés€hapitre 2 discute les matériaux
principaux utilisés dans ce travail (Galfan et Ghla#e). LeChapitre 3 examine les bases de
la corrosion et I'électrochimie des revétementakiage a base du zinc. Il convient de noter
gue le chapitre 2, chapitre 3, et chaque chapitnesda partie Il comprend une étude
bibliographique. Le&Chapitre 4 présente la technique atomique spectroélectroeh@mission
(AESEC) par laquelle la plupart des résultats deaeil ont été obtenus. Ce chapitre fournit
egalement des recherches originales sur les apptisaanalytiques de cette technique

cinétique impliquant la distribution spatiale desistantes de temps.



La partie 1l est la plus importante de mon traedise compose de nouvelles recherches
sur les mécanismes de dissolution sélective. @eaux sont présentés sous forme d'articles
publiés ou soumis. LEhapitre 5 est un chapitre introductif qui illustre la comyité des
phénomenes étudiés de corrosion en présentanttude gystématique de la corrosion des
revétements Zn-Mg-Al et Zn-Mg mettant en évidenaerélation entre les produits de
corrosion et les phénomeénes de dissolution sélentiesurée par AESEC. Les résultats de
dissolution / corrosion préférentielle des élématitérents d'alliages a base de Zn sont
etudiés a I'échelle microscopique par la caracttois des produits de corrosion formés sur
ces alliages apres les tests accélérée de corr@Xamavail a été réalisé en collaboration avec

ArcelorMittal pour les tests de corrosion et larfiture des matériaux de revétement.

Le travail expérimental avec Zn-Mg-Al donne un gpedes phénomenes de dissolution
sélective pour un systeme complexe et intéresstmitefois le reste de cette thése est axée
sur les revétements de Zn-Al. Cela a été fait pbeuwx raisons: (1) Il est nécessaire de
comprendre Zn-Al, avant que nous puissions espi&reomprendre le systéme plus complexe
comme Zn-Mg-Al, et (2), il existe deux produits da-Al stables et disponibles dans le
commerce, Galfan (5% de Al-Zn) et Galvalume (55%A8&n). En revanche, les produits de

Zn-Mg-Al sont tres récents et sont en cours d'ékatilmn en ce moment.

Le Chapitre 6 discute de la dissolution sélective de Zn et Ab8&6 Al-Zn dans l'eau de
pluie et I'eau de mer synthétique (pH ayant uneuralifférente et la concentration différente
de chlorure) par la mesuia situ avec AESEC ekx situavec test d'immersion pendant
I'exposition a court terme. Ces résultats sont coéspavec celui de I'exposition a long terme
qui a été faite par KTH Royal Institute of Technglo@e chapitre permet une comparaison
entre la technigue AESEC et les expériences d’imimerplus conventionnelles et donne
eégalement une corrélation plus détaillée entreolmportement de dissolution sélective et

l'analyse de surface.

Le Chapitre 7 présente la dissolution sélective de Zn et Al ded&?#Al-Zn et 55% d'Al-
Zn en une fonction du pH dans les électrolytes Empontenant 30 mM de NaCl par mesure
de la réactivité intrinséque de Zn et Al en teng fig. 2). Le résultat est ensuite compareé
avec le test d'immersion dans lequel une couchpraduits de corrosion est formée pour

comprendre comment la couche de produit infludestaux de dissolution de Zn et Al.

Le Chapitre 8 présente la dissolution sélective de Zn et Al #ede Al-Zn et 55% de Al-
Zn en fonction du potentiel de polarisation darsédkctrolytes simples ayant pH différent.



Les résultats démontrent que la dissolution séeate dépend pas seulement du pH, mais
aussi du potentieHg. 3).
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Figure 2: Fraction de Al dissous (% Algissoneq) libéré de (a) 5% d’alliage Al-Zn et (b) 55% Al-Zn
en fonction du pH dans solutions gazeuses et désaéré de 30 mM de NaCl. La composition d'Al

dans le revétement Al-Zn est également indiquée par la ligne pointillée (du chapitre 7).

Les Chapitre 7 et8 sont les chapitres principaux de cette thesejscaorrespondent a la

dissolution sélective des alliages Zn-Al en fonctidm pH et du potentiel qui sont des
parametres importants de la corrosion galvanique.
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Figure 3: Fraction d'Al dissous a partir de a) Galfan) et b) Galvalume en fonction du potentiel

dans les environnements différents: HC/ 0,1 M, NaCl 0,1 M et 0,1 M de NaOH (du chapitre 8).

Le Chapitre 9 compare les taux de dissolution de Zn et Al deA9%n dans les solutions
alcalines pendant la polarisation en balayage ilieéat pendant la polarisation d’état
stationnaire dans laquelle les taux de dissoluélgmentaires au potentiels appliqués sont

mesurées. Ce chapitre indique également l'inhibite la dissolution de l'aluminium aux
potentiels actifs du zinc.
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Le Chapitre 10 précise le mécanisme d'inhibition de la dissotutie I'aluminium en
étudiant séparément les différents facteurs quvgmucontroler la vitesse de dissolution d’Al
lors de la polarisation des alliages Zn-Al en solutalcaline. Cela se fait en utilisant une bi-
électrode spéciale Zn/Al. Les produits de corrosiontenant du zinc sont démontrés comme

étant la raison principale.

La partie Il donne les conclusions et les perspestde ce travailGhapitre 11). Pour
conclure, les phénoménes de dissolution sélectivéndal alliages sont systématiquement
etudiés en fonction du pH et du potentiel dansnéslias différents. Les comportements de
dissolution de Zn et Al au cours de différentes éedgmces sont expliqués. Pour les
perspectives, nous discutons de la possibilitéenite ces études a un autre alliage

complexes, tels que Zn-Mg-Al.

Conclusions

Ce travail de thése a traceé la dissolution séledies alliages binaires Zn-Al en fonction
du pH et du potentiel qui sont deux facteurs imgoas qui déterminent la vitesse de corrosion
des matériaux au cours de leurs applications &tiexir. Comme nous l'avons dit, le zinc et
I'aluminium ont des activités similaires et il ééfficile de quantifier les taux de dissolution
de chaque métal a partir des alliages Zn-Al parrdéthodes électrochimiques classiques.
Cette difficulté a été surmontée dans ce travaiuglisant la technique AESEC qui nous
permet de mesuren situ les taux de dissolution élémentaires des alliatyes\l tels que le
Galfan (5% Al-Zn) et Galvalume (55% Al-Zn) et ddBages Zn-Mg-Al dans une moindre
mesure au potentiel de circuit ouvert et au potérdppligué dans les environnements
différents. D'autres méthodes situtelles que DRX, MEB / EDS, IR et XPS ont également
éte utilisées pour caractériser les produits deos@mn précipités et la composition de surface

corrodée.

Ces résultats donnent une image plus compléte di@dtique de dissolution des alliages
Zn-Al qui peuvent finalement étre étendues poutuirecla famille d'alliages Zn-Al-Mg et
d'étre incorporé dans un modele numérique. Ledtagsule mon travail peuvent se résumer

comme Ssuit:
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1. La dissolution sélective a partir des alliages-2&l en fonction du pH a été tracée

La dissolution sélective de Zn et Al des alliagesAl a été étudiée en fonction du pH
lorsque 5% Al-Zn et 55% Al-Zn ont été exposés &laatrolyte NaCl 30 mM (chapitre 7) et
aux électrolytes plus complexes - I'eau de meaulde pluie (chapitre 6). Il est démontré que
le mécanisme de dissolution changé depuis la dissnlsélective du zinc dans la gamme de
pH de 2-4 (pour Galfan) et 2-8 (pour Galvalumea aissolution sélective d'aluminium a pH
plus élevé. La présence ou l'absence d'oxygene délestrolyte ne change pas le
comportement de dissolution sélective, mais infhecles taux de dissolution, etua) qui
variaient avec le temps. L'oxygene stabilisé la heud'oxyde en solution aérée provoquant
un déplacement anodique du potentiel de circuit e rapport aux résultats obtenus en
solution désaérée. Le couplage galvanique entrsegh@che en Zn et Al d’alliage 5% Al-Zn
a été observée dans la solution désaérée a pH3=dlL Al dissous rapidement, mais Zn n'a

pas fait.

2. La dissolution sélective a partir des alliages-2&l en fonction du potentiel a été

tracée

La dissolution sélective de Zn et Al de 5% Al-Zrb&86 Al-Zn a été étudié en fonction du
potentiel dans HCI 0,1 M (pH = 1,5), 0,1 M de NdpH = 6,7), et 0,1 M de NaOH (pH =
12,8). Au cours de la polarisation cathodique, @vgit une forte dissolution sélective de Al a
partir des deux alliages dans NaOH 0,1 M et 0,1eMNdCl, mais la dissolution sélective de
Zn a été observée a partir de Galvalume dans HCIM), Au cours de la polarisation
anodique, une forte dissolution sélective de Znéava dans les solutions acides et neutres.
Dans les solutions alcalines, les branches anoslidqaecourbes de polarisation a la fois pour
Galfan et Gavalume sont divisées en 2 domainesrdiifs: le domaine de zinc actif dans
lequel dissolution sélective de Zn se produit etdtanaine de zinc passive dans lequel

dissolution sélective d’Al se produit.

3. La dissolution d'aluminium est inhibée par la @sence des ions Zn dissous

L'inhibition de la dissolution d'Al dans la présend'ions Zn dissous a été mentionnée
dans le chapitre 7 au chapitre 10. Dans I'enquéta dissolution sélective en fonction du pH
(chapitre 7), la comparaison des résultats AESEQe®trésultats des tests d'immersion

démontre que la formation d'une couche de progudatrosion massive riche en Zn inhibe la
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vitesse de libération d'Al. Il est démontré égaletia complémentarité des mesures des taux
de corrosion a temps court par la technique AESE&Etemps long par le test d'immersion.
Au cours d'une exposition a long terme, les réastide corrosion élémentaires affectent le
pH de I'électrolyte de sorte que le pH se rapprodbeneutre. Les expériences AESEC
impliquent un électrolyte sans cesse renouvelémt Bomesure de la vitesse de la dissolution
représente la réactivité «intrinséque» du matérielc un électrolyte. Dans l'instruction de
dissolution sélective en fonction du potentiel dans solution alcaline (chapitre 8 et 9), les
expériences de polarisation AESEC indiquent l'iitlab de la dissolution d'aluminium dans
le domaine de zinc actif. Le mécanisme d'inhibittenla dissolution d'Al dans la solution
alcaline a des potentiels de zinc actifs a étéguépet vérifié (chapitre 10) en effectuant des
expériences de polarisation sur la bi-électrodeiaf# Il est démontré que la dissolution d'Al
au cours du domaine de zinc actif ou Zn dissolusiélective se produit est inhibée par les
produits de corrosion contenant Zn et le tamponmiageH, qui sont attribuées a la présence

de zrf* dans la zone confinée.

4. La dissolution d'aluminium n'a pas un effet sigficatif sur la dissolution du zinc

Les expériences de polarisation dans divers solsitedcalines donne une pente de Tafel
d'environ 35 mV / décade pour le Zn courant deotiis®n - courbe du potentiel. Cette pente
de Tafel est presque indépendante de la concemtrdés ions hydroxyde. Cette valeur est
compatible avec la dissolution de zinc pur. Cetmifie que le taux de dissolution d’Al n'a

pas un effet significatif sur la cinétique de dis$ioin du zinc.

Afin de produire un schéma numérique basé surdssltats de ce travail, la dissolution
sélective a partir de Galfan et Galvalume a étéétraen fonction du pH et du potentiel,
comme indiqué dans Rig. 4. En principe, Zn dissolution sélective se produix potentiels
anodiques et au pH faible, tandis que dissolutiélective d’Al se produit aux potentiels
cathodiques ou méme aux potentiels anodiques gpHeest suffisamment élevé. Le
diagramme de |&ig. 4 permet de prédire la corrosion, la dissolutiorec®le ou de-alliage
des alliages Zn-Al aux potentiels différents et d@ssenvironnements différents, notamment
du pH. Toutefois, il convient de noter que les tami(lignes pointillées) entre les domaines
différents de cette figure sont approximatives etbpblement déplacer légérement en

fonction de la température d'application, la conitpms de I'électrolyte, etc. En outre, le pH
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évolue au cours des expériences, mais sa variagoracceptable (inférieure a 0,3), et le

potentiel contient probablement un potentiel decfiom en raison de la membrane qui n'a été
mesurée.
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Figure 4: Schéma montrant les différents domaines ou la dissolution de Zn et Al sélective se
produit en fonction du pH et le potentiel a 25 ° C. Les lignes en pointillés sont les limites entre
ces différents domaines. Les traits pleins présenter les résultats des essais
potentiodynamiques balayage dans lequel les points de bleu sont des points critiques, ou la

dissolution sélective des changements Al a celle de Zn et vice-versa.
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5. Identification du phénoméne de dissolution sélee pendant la corrosion d’alliage
Zn-Mg-Al.

Les comportements de dissolution des élémentsreliffé de Zn-Mg-Al alliages dans le
mécanisme de corrosion a été identifié par la coaibon de la technique AESEC, des essais
cycliques de corrosion et de caractérisation deuldace apres les essais de corrosion dans
milieux chlorure et sans chlorure. Le role impor@arde la phase riche en Al dans la
microstructure de l'alliage Zn-Mg-Al est de sersomme cathode dans le stade initial du
processus de corrosion, tandis Zn et Mg sont $édmaent dissoute a des régions anodiques.
Le pH a augmenté en raison de la réaction cathodiguduit a la dissolution Al via le
mécanisme de dissolution cathodique. Pour legyaliZontenant du Mg, nous proposons que
la résistance a la corrosion améliorée soit obtgrareune stabilisation de simonkolleite et
hydroxysulfate de zinc qui sont plus protectifs gzgoport a I'oxyde de zinc et de hydrozincite.
A des stades ultérieurs, pour Zn-Al-Mg, la résistam la corrosion est renforcée par la
formation d'hydroxydes doubles Ilamellaires (LDH).eldh I'une modélisation
thermodynamique, les ions Kfglient I'excés des anions carbonate ou sulfate damgnt le
pH et empéchant la formation de produits solublemains protectifs. Une dissolution
préférentielle de Zn et Mg dans les stades initidexla corrosion est confirmée par la
dissolution dans I'expériende situ et semble jouer un rble important dans le processu

corrosion.
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Introduction
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Chapter 1

1. Introduction

*k*k

1.1. Origin and objectives of the PhD study

The incorporation of new coating materials, ligrd#foys and new grades of steel has
become an important objective of the automotive stiuin an effort to produce lighter, more
fuel efficient automobiles. However, the possililibf galvanic corrosion induced by
asymmetric metal/metal couplings is a major obstéat the marketing of the new coating
materials. In fact, the report of the United StaAesomotive Materials Partnership in 2005
[1,2] cited galvanic corrosion as one of the majablem to be surmounted in the evolution

of the next generation of the multi-material auttre

pH, E,,,. local compositions, ...
vary with time.

Figure 1-1: Example of galvanic corrosion of alloy coatings on steel in automobile

A long range goal of current research is to devglogdictive models of galvanic
coupling for materials in the automotive industgsed on electrochemical properties which
are defined by open circuit potential, polarizatmurve, composition of electrolyte. These
properties depend on surface composition of theyalexposed to the electrolyte. However,
the surface composition is not constant with tifRg.(1-1), it may change markedly as the
less noble element is selectively dissolved fromaboy. The objective of this work is to
investigate in detail how selective dissolutionatibys (such as Zn-Al or to a lesser extent
Zn-Mg-Al) influences their electrochemical propest

The selective dissolution phenomenon is well kndovrbinary alloy coatings such as
Zn-Ni or Zn-Fe where the less noble Zn is seletyivemoved leaving behind a porous Ni or
Fe layer [3]. For these alloys, the electrochempratentials of the two elements are quite
different and therefore the variations are reldgivaraightforward to predict by using the
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simplest kinetic model of galvanic coupling invalgi the mixed potential theory (Evan’s
diagram) [4]. However, the components of the ZnaAll Zn-Mg-Al have similar activities
and the specific elements that are selectivelyotlissl will depend upon the chemical
environment, notably pH which may significantly olge as a result of balanced anodic and
cathodic reactions occurring in a confined zolRig.(1-2. The cathodic reaction is assumed
to be the water (or oxygen) reduction reaction,levthe anodic oxidation reaction involves
elementary dissolution rates of the various met¢ajsosed to electrolyte. These elementary
dissolution rates decide the selective dissolutiom are difficult to be distinguished by

conventional electrochemical methods.

Al3* 3+
I Zn2+ AT' HES/ H, + OH TZ+
Al ZL Al o

Figure 1-2: Schematic diagram showing reactions occurring in confined zone of Zn-Al alloy

My PhD project aims at overcoming this difficulby separately quantifying the
elementary dissolution rates and investigating céeke dissolution phenomena for Zn-Al
alloys (and to a lesser extent Zn-Mg-Al alloys)aasinction of pH and potential. This project
is part of Autocorr European project that is fundgdResearch Fund for Coal and Steel
(RFCS). It seeks to catalog galvanic coupling bedrder different materials and to develop a
numerical predictive model of the coupling. Thenary technique used in this work is the
atomic emission spectroelectrochemistry (AESEC)¢combination of spectroscopic and
electrochemical methods. This technique is useddasure in real time the partial dissolution
rates of each component of an alloy during exposurckfferent pH and chloride-containing
media at open circuit potential and applied potsitiAn understanding selective dissolution

phenomena as related to corrosion product formd@snbeen attempted.

1.2. Summary of the PhD dissertation

This dissertation is divided into three main paRsart | is an introductory section and
consists of four chapter€hapter 1 (this chapter) introduces the origin and objedivéthe
PhD project, and gives an overview of this dissema Chapter 2 introduces the main
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materials used in this work (Galfan and Galvalun@hapter 3 reviews the basics of
corrosion and electrochemistry of zinc based atlogtings. It should be noted that in addition
to Chapter 2 and 3, each chapter in part Il includes a bibliographiadg. Chapter 4
introduces atomic emission spectroelectrochem{&BSEC) technique by which most of the
results in this work were obtained. This chaptepagirovides some original research into the
analytical applications of this kinetic techniquevolving the spatial distribution of time

constants.

Part Il is the most important part of my work amahsists of systematic research into the
mechanisms of selective dissolution. Each chagjeresents either a published or submitted
article.Chapter 5 is an introductory chapter that illustrates thenptexity of the investigated
corrosion phenomena by presenting a systematiy stuthe corrosion of Zn-Mg-Al and Zn-
Mg coatings highlighting the relationship betweenrrasion products and selective
dissolution phenomena measured by AESEC. The sestifielective dissolution/corrosion of
various elements of Zn based alloys are investijatea microscopic scale by characterizing
corrosion products formed on these alloys afteelecated corrosion tests. This work was
done in collaboration with ArcelorMittal for the e¢osion tests and the supply of the coating

materials.

The experimental work with Zn-Mg-Al gives an oveswi of the selective dissolution
phenomena for a complex and interesting system;eliewthe remainder of this thesis is
focused on the Zn-Al coatings. This was done foo teasons: (1) It is necessary to
understand Zn-Al before we can hope to understa@dniore complex Zn-Mg-Al system, and
(2) there exists two stable commercially availabieAl products, Galfan (5% Al-Zn) and
Galvalume (55% Al-Zn). By contrast, Zn-Mg-Al pradta are very new and are under

development at this time and there is no stablenasupply.

Chapter 6 discusses the selective dissolution of Zn and rAmf 55%Al-Zn alloy in
synthetic rainwater and seawater (having differ@it value and different chloride
concentration) byn situ measurement with AESEC aed situmeasurement with immersion
test during short term exposure. These results@rgared with that from long term exposure
which was made by KTH Royal Institute of Technologhis chapter permits a comparison
between the AESEC technique and the more convetionmersion experiments and also
gives a more detailed correlation between seledtissolution behavior and surface analysis.
This chapter contributes to the investigation & #elective dissolution of Zn-Al alloy in a

complex and natural electrolyte at 2 different pues.
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Chapter 7 presents a systematic study of the selective ldisso of Zn and Al from
5%Al-Zn and 55%AIl-Zn at open circuit potential invade range of pH in 30 mM NaCl
electrolytes containing by measurement of intrins@ctivity of Zn and Al in real time. The
result is then compared with immersion test in Wwhaclayer of corrosion products is formed
to understand how the product layer affects ZnAndissolution rates and how the reactivity
of the materials in short time exposure is coreglawith that in longer time exposure. This
chapter contributes to the investigation of theecle dissolution of Zn-Al alloy as a

function of pH in a simple electrolyte.

Chapter 8 presents the selective dissolution of Zn and AiMr5%Al-Zn and 55%Al-Zn
as a function of potential during linear scannimdgpzation in 0.1 M HCI, 0.1 M NaCl, 0.1
M NaOH electrolytes. The results demonstrate thatselective dissolution depends not only
on pH but also on potential. Basically, selectivesdlution of aluminum occurs at cathodic
potentials and selective dissolution of zinc occatsanodic potentials. However, in the
alkaline solution, the aluminum selective dissauntcan happen at the anodic potentials at
which zinc is passive. This chapter contributeth®investigation of the selective dissolution

of Zn-Al alloy as a function of potential in simpdéectrolytes.

Chapter 7 and 8 are the key chapters of this dissertation becdlnisg map out the
selective dissolution of Zn-Al alloys as a functiofh both pH and potential which are

important parameters in galvanic corrosion.

Chapter 9 compares dissolution rates of Zn and Al from 5%Alduring linear scanning
polarization and during steady state polarizatiomvhich the elementary dissolution rates at
constant applied potentials are measured in alkalhgtion. This chapter also demonstrates
the existence of the inhibition of Al dissolutiohzanc active potentials but the explanation

has not been confirmed.

Chapter 10 clarifies the inhibition mechanism of Al dissolni by investigating
separately the different factors (such as complésrastructure, interfacial pH, corrosion
product) which may control the Al dissolution rabering polarization of the Zn-Al alloys in
alkaline solution. This is done using a special/ &l bielectrode. Zinc containing corrosion

products are demonstrated to be the main reason.

Part 11l gives conclusions and perspectives of wosk (chapter 11). For conclusion, the
selective dissolution phenomena of Zn-Al alloys systematically investigated as a function
of pH and of potential in chloride containing mediehaviors of Zn and Al dissolution
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during different experiments are explained. Forspectives, we discuss the possibility of

extending these studies to another complex alkysh as Zn-Mg-Al.

1.3. List of publications

Part 1l of this PhD dissertation is an array of |mhied or submitted articles. A list of
publications and the author's contribution to eanb is given below. Please note that each
chapter is self-contained with an introduction axgerimental section. This inevitably has

lead to some repetition between chapters.

Scientific articles:

1. Understanding corrosion via corrosion product a&tacterization: 1. Role of alloying

elements in improving the corrosion resistance ai-Elg-Al coatings on steel (chapter 5)
P. Volovitch,T. N. Vu, C. Allely, A. Abdel Aal, K. Ogle,
Corrosion Science 53 (2011) 2437-2445.

Contribution: XRD, SEM-EDS, and IR analysis, dateatment, and part of data

interpretation.

2. The initial release of zinc and aluminum from metreated Galvalume and the formation

of corrosion products in chloride containing medial{apter 6)
X. Zhang,T. N. Vu, P. Volovitch, C. Leygraf, K. Ogle, I. Odnevall iatler
Applied Surface Science 258 (2012) 4351-43509.

Contribution: AESEC measurement, AESEC data ingtgpion, and part of the manuscript.

3. The effect of pH on the selective dissolutionZxi and Al from Zn-Al coatings on steel
(Chapter 7)

T. N. Vu, P. Volovitch, K. Ogle,

Corrosion Science (Submitted in May 2012).
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Contribution: All experimental work, data treatmemltata interpretation, and the entire

manuscript.

4. Selective dissolution of Zn and Al from Zn-Al atngs on steel during polarization in

acidic, neutral, and alkaline solutions (chapter 8)
T. N. Vu, P. Volovitch, K. Ogle,

Contribution: All experimental work, data treatmemlata interpretation, and the entire

manuscript.

5. The anodic dissolution of zinc and zinc alloys alkaline solution. Il. Al and Zn partial
dissolution from 5%Al-Zn coating (chapter 9)

T. N. Vu, M. Mokaddem, P. Volovitch, K. Ogle
Electrochimica Acta 74 (2012) 130-138.

Contribution: SEM-EDS analysis, part of AESEC measwent, data treatment, part of data

interpretation.

Conference proceedings:

1. New approach for measuring reactivity and degation of complex surfaces: a review of

recent results
P. Volovitch, L. JiangI. N. Vu, K. Ogle

Book of abstracts of Coatings Science Internatic2@ll (COSI-2011), Noordwijk, The
Netherlands, June 2011, pp. 47-50

2. Selective dissolution of Zn and Al from Zn-Allay coatings on steel
T. N. Vu, K.Ogle, P. Volovitch

Book of abstracts of the European corrosion comgr@JROCORR2011), Stockholm,
Sweden, Sept. 2011, p. 31
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3. Comparative study of corrosion mechanisms for,ZZnMg, and ZnMgAl coatings on

steel
P. Volovitch, C. Allely,T. N. Vu, L. Diaz, K.Ogle

Book of abstracts of the European corrosion comsgi@&JROCORR 2011), Stockholm,
Sweden, Sept. 2011, p. 29

Conference / meeting participation:

1. Oral presentation at the European corrosion coegs (Eurocorr2011)in Stockholm,
Sweden (September 2011).

2. Oral presentations at Autocorr European RFCS ntieg in Linz, Austria (April 2010);
Dortmund, Germany (November 2010); Stockhom, Swediéay 2011); and Paris, France
(December 2011).
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Chapter II:

Introduction to Galfan and Galvalume
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Chapter 2

2. Introduction to Galfan (5% Al-Zn) and Galvalume (55% Al-Zn)

*k%k

In this chapter, we will introduce the phase diagraf the Zn-Al system and the
associated microstructure. An overview of the histord industrial processing of commercial
5% Al-Zn (Galfar™) and 55% Al-Zn (Galvalum®') coatings which are the main materials
of this work is also given. Understanding the mitnastures of the materials is important for

the interpretation their dissolution behavior.

2.1. Zn-Al phase diagram

Aluminum is added to the zinc bath to improve csiwa resistance of Zn based
coatings by either inhibiting the formation of Fa-ghases (therefore allowing the formation
of a dominant zinc overlay which has a good galvamiotection to steel) or introducing
multiphase microstructures in the overlay coatitfpwever, different phases in the
microstructure of the coating contribute differgrtth its corrosion resistance. An examination
of the Zn-Al equilibrium phase diagrarkig. 2-1) will help us to predict the different phase
which may be formed in the coating structure [1heTsolid phases present in the Zn-Al
system includg¥’, 3, andn. f’and 3 are the Al rich and Zn rich portions respectivelys the
Zn terminal solid solution, and (Al) is the Zn-in-golid solution ' is therefore special case

of (Al)). The transformations involving these phasee given ifable 2-1

Temperature, T/K
1000

900 ~

800 +

700 +
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Figure 2-1: Zn-Al phase diagram [2,3]
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Table 2-1: Phase transformation in the Zn-Al system

Point Phase Zn composition| Temperature Transformation
transformation (Wt%) (K) type

Al | (Al) > (Al)+n 32 542

A2 | (A)> (A)+pB 50 613

A3 A) > B +B 61 627 critical

A4 B=2>pB+n 78 542 eutectoid

A5 L>L+B 86 714

A6 L>B+n 94 654 Eutectic

2.2. Galfan (5 wt% Al-Zn)

Galfan coated steel was developed and patented rbtedJ States Inland Steel
Company in 1977. The subsequent development obGalbated steel continued in 1979 in a
research sponsored by The International Lead ZieseRrch Organization (ILZO) at the
Center de Recherché Metallurgiques (CRM) in Lidgggium. Galfan coated steel was first
commercialized production in 1982 in Ohio, Unite@t8s [4]. Galfan is a zinc alloy coating
that offers performance advantages as comparedotweational hot-dip galvanizing.
Consisting of 95 wt.% zinc and 5 wt.% aluminum-rhigetal, the Galfan alloy coating
provides a superior corrosion protection, extrawady ability to form and draw; excellent
ability to paint, and good ability to weld. The dility and strong anti-corrosion properties of
Galfan make it a coating highly suited for deepadrgarts and parts requiring a high level of
corrosionprotection. It is ideal for sheet steel, wire, amdbes [5]. Galfan coatings are
typically 7-23um thick (Table 2-2. In certain applications, a 10 micron Galfan gugacan
replace a 20 micron galvanized coating, providirgitdy weldability, drawability, and
corrosion resistance. Galfan can thus reduce siplifying secondary processes and

eliminating the need of post-treatment [6].

Galfan coatings have a better anti-corrosion ptyp&an pure zinc coatings with the
same thickness in severe marine environments. Idemate marine, industrial, and rural
environments, however, these coatings perform tierbinan pure zinc [7]. They can be used

to replace thick galvanized coating and post-gakiagitreatments.
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Table 2-2: The standard Galfan coating values and corresponding thicknesses [6]

EN 10327 _ Minimum nominal
um per side .

standard g/m’double side
ZA095 7 95
ZA130 10 130
ZA200 15 200
ZA255 20 255
ZA300 23 300

Microstructure of Galfan
The microstructure of Galfan coating is characestiby a matrix of eutectic phase,

which consists of zinc-rich and aluminum-rich lalae] and scattered regions of primary zinc
(Fig. 2-2. The fineness of the structure increases withieging cooling rates, and the

structure is completely eutectic when fast-coolkdis also oriented in the direction of

cooling. One characteristic of the Galfan microsue is the absence of a brittle

intermetallic phase between the steel and thergpathich is not preferably formed at a low
temperature and a high aluminum content of the [thirhe absence of this brittle phase is
directly responsible for the high formability of I&@a-coated steel [8,9].

The as-galvanized Galfan coatings are typicallyrattarized by the appearance of
spangles, which often show a strong (0001) basaliieg [10]. Also, the surface of fresh
galvanized coating is readily oxidized in air tonfoa very thin oxide film. The surface oxide
film on Galfan is usually enriched with aluminumedio the high affinity between aluminum

and oxygen [11].
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Galfan

ouz

ajn pc.nu' You-

Steel  structure 5% Al+2Zn |

Micrographic cross section x 1,000
(Finkeldey etching)

(a) Cross sectional view

(b) eutectic phase

Figure 2-2. Microstructure of Galfan [3,6]

Galfan is obtained by continuous hot-dip coatingairmolten bath made up of
approximately 95 % zinc and 5 % aluminum. Al is atitethe bath to prevent the formation
of a thick, continuous layer of Zn-Fe intermetalimat could lead to poor coating adhesion
during forming [12,13]. Galfan Zn-5 wt.%Al coatiadso contains about 0.1 wt.% mischmetal
(cerium and lanthanum) to increase wettability e bath and reduce the incidence of bare
spots. About 0.1 wt.% magnesium is sometimes adolemunteract the adverse effects of
lead and tin impurities on intergranular corrosam paint adhesion [7].
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2.3. Galvalume (55 wt% Al-Zn)

Galvalume was first prepared in 1962 and patentgdBbthlehem International
Engineering Corporation. Its first commercial prodlue was started in 1972 [14]. The
Galvalume coating is comprised of approximately 58Mminum, 43.5% zinc, and 1.5%
silicon. In the construction application, Galvalurmé&nown as an excellent product for long-
life roofing sheets, especially low-slope roofing omustrial buildings. For low-slope
roofing, the product is applied mostly as a bargéinted) roofing sheet exposing directly to
the atmosphere. Galvalume steel sheet is also ased prepainted sheet when a more
decorative finish is desired. When used for low-slopofing, Galvalume has been shown to

perform well for over 20 years and in many cases 28eyears without failure [14].

Microstructure of Galvalume

L gt mﬂ’"& "1’\ :t < \1 ‘\‘.

(b) Dendrite arm spacing [10]

Silicon

particle Zn-rich
Al-rich interdendritic

¥ region area

(c) Cross sectional view [15]

Figure 2-3. Microstructure of Galvalume
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The microstructure of the 55AI-Zn coating is showrithe photograph below(g. 2-
3). The coating has two principal phases in its ostnucture. One phase is the primary
aluminume-rich dendritic phase that begins to grauially during solidification. The other is
an interdendritic zinc-rich region that forms whin@ zinc concentration in the solidifying
liquid reaches high level. The origin of these @sais explained by the aluminum-zinc phase
diagram. Other phases in the microstructure of dbating layer include small discrete
particles of elemental silicon, and probably amirith phase which results from dissolved

iron in the bath during production process [15].

Silicon is added into the bath to promote its adheproperty and to prevent the
excessive growth of an intermetallic alloy layerthé steel/coating interface [16,17]. It
participates in the solidification process of Gélwae to produce AI-Si eutectic at
temperature from 520°C to 480°C which is mainlypmassible for the observed silicon
distributions in the interdendritic region (flowepgttern on the surface) and to form Al-Zn-Si
eutectic product at temperature of 381°C distrilmtin zinc-rich network (needle-like
morphology) [18].

2.4. Production method - Hot-Dip galvanizing

Hot-dip galvanizing [8] is a method used to prodacanc based coating on steel by
immersing it in a bath of molten zinc (as well ame other additives if necessary). This is the
oldest and the most popular process for produdimglzased coatings. In general, an article to
be galvanized is cleaned, picked and fluxed intahbprocess or heat-treated in a reducing
atmosphere to remove surface oxide. It is then imetkin a bath of molten zinc and
aluminum mixture for a sufficient time, after whighs withdrawn and cooled. Any of these

stages can affect coating quality.

The portions of different phases of a Zn basedicgain steel depend on the diffusion
rate [19]. The main diffusion process is diffusioinZn through the galvanized layer toward

the iron interface. The diffusion of the iron moviogtward occurs at a much lower rate.

Hot-dip galvanizing can be divided into two mairogesses: batch galvanizing and

continuous galvanizing. The latter is commonly ugedroduce Galfan and Galvalume.
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2.4.1. Batch Galvanizing

In the batch hot-dip galvanizing [8], the articlased to be galvanized are first
degreased and then pickled to remove rust from g@es. Each of the degreasing and
pickling steps is followed by a water rinse. Thestncommon degreasing process uses heated
(65 - 82C) alkaline solution. Aqueous solutions of 3-14 wts#ifuric acid or 5-15 wt.%
hydrochloric acid are generally used in pickling dvoid over pickling, inhibitors are often

used.

The molten zinc bath generally operates in a teatpes range of 445 — 4%a. The
bath temperature affects the fluidity of the molgamc, the rate of formation of oxides on the
bath surface, the rate of coating solidificatione tcoating thickness, and the amount and
structure of the coating layer. The immersion tisy@sually in the range of 3 — 6 min. The
speed of immersion and withdrawal influence thetingauniformity, particularly with large

articles.

2.4.2. Continuous galvanizing

In the continuous hot-dip coating process [8],<o0il steel are welded end to end and
are coated at speeds of up to 200 m/min. In genttrale are “hot” and “cold” continuous
hot-dipping processes. The major different betwien“hot” and “cold” processes is in the
preparation of the steel surface. In the “hot” pisxcthe steel sheet enters an alkaline bath that
removes oils, dirt, and residual iron fines frone tlolling process. This is followed by a
further cleaning stage with mechanical brushing eledtrolytic alkaline cleaning. The sheet
then passes into a radiant tube furnace contaiaingxture of hydrogen and nitrogen that
reduces surface iron oxides. The steel sheet 1 ladsmted up to a temperature of re-
crystallization. The steel is then cooled to nethliemperature before entering the zinc bath.
In the “cold” process, the steel sheet is cleapaikled, and fluxed in-line with no heating but
required to be dried from aqueous flux solutionaoimonium chloride and zinc chloride

before entering the zinc bath.

After the steel strip exits the bath, a layer ofltero zinc is coated on the surface. The
thickness of the layer is controlled by passingdtig between wiping dies to remove excess

metal with a stream of gas. Forced-air coolingsedito reduce the sheet temperature.
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2.5. Summary
Galvalume (55% Al-Zn) and Galfan (5% Al-Zn) haveebhecommercially produced

for several decades. Both of them have complexasiauctures: Galfan consists of a zinc-
rich phase rf) and a eutectic phase in which zinc-rich lamel(g¢ are surrounded by
aluminume-rich lamellaef}); Galvalume has two principle phases which are alum-rich
dendritic and zinc-rich interdendritic (with a minphase of silicon particles). From these
phases, Zn and Al dissolution behaviors are prgbdifiierent. Industrial production methods
of Galfan and Galvalume which may affect their m&tructures are also introduced in this
chapter. Understanding the microstructure of Zraldys should help us to understand their

corrosion.
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3. Basic introduction to corrosion of Zn and Zn-Alcoatings

*k*k

Zinc based alloys have been used as anti-corr@siatings since 1742 [1] to improve
the aqueous corrosion of steel. They function dgadt three mechanisms: barrier protection,
galvanic protection, and the formation of inhibitirprrosion products. In the barrier
mechanism, the coating serves to isolate the widgrinetal from the corrosive environment
and will first corrode. The barrier mechanism ideefive as long as the coating is
continuously intact. Continuity is particularly imgant with noble coatings so that localized
pitting due to galvanic attack is avoided. Bargeatings must also have a lower corrosion
rate than the substrate. In the galvanic mechartisenzinc based coating is less noble than
the underlying steel substrate, so that it corrogesferentially and provides galvanic
protection to the substrate that may be exposedrat, cut edges, or scratches in the coating
to electrolyte. In the inhibition mechanism, coroos products from the sacrificial zinc

containing coating act as a barrier to further @asion.

In this chapter, we will present the corrosion hetraof pure Zn as a function of pH,
the sequences of corrosion products formed on puoyand the corrosion mechanism of pure
Zn in confined zones. These are well understooterAhat, the selective dissolution problem
with binary Zn-Al alloys will be discussed. Noteatlthis chapter does not provide an entire
bibliography of selective dissolution phenomenoZfAl alloys.

3.1. Corrosion of zinc coating

The corrosion of zinc coating has been investigatddnsively and as early as 1932,
Roetheliet al. [2] demonstrated that the corrosion rate of puneag a function of pH in
aerated aqueous solutions depends upon the natuttee aforrosion product films. They
demonstrated that zinc was rapidly corroded in tadraolutions with pH less than 6 or
greater than 12.5 where the corrosion products Hmagk solubility and hydrogen ions,
hydroxyl ions, or oxygen can reach the metal sexfé solutions having pH values from 6 to
12.5, the low corrosion rates were attributed toptesence of dense and adherent protective
corrosion product films. They also indicated a digant diminution of the oxygen solubility

as the pH increased in NaOH solution having comagat higher than 1 M. The corrosion
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rates which are proportional to the oxygen coneioin would be higher than observed if

there was not the oxygen solubility diminution.

CORROSION OF ZINC VS pH
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Figure 3-1: Corrosion rate of zinc as a function of pH in an immersion test at 30°C showing 4
different regions: (1) acidic film dissolving; (2) stable film; (3) dilute alkaline film dissolving;
(4) strongly alkaline film dissolving. Solutions were prepared from HCl and NaOH. The pH was

determined two times per day [2].

To understand the formation and growth of corrogimducts during the atmospheric
corrosion of zinc, Odnevall Wallindet al. showed the corrosion product sequence formed
on zinc coating when it was exposed in differentvimmments Fig. 3-2.
NaZnCI(OH)sSO,.6H,0) was demonstrated to be formed in the marine spimere [3,4];
Zn;SOy(OH)s.nH,O was formed in the rural atmosphere [5-8],,@B(OH),SO,.5H,0
appeared after the urban and industrial exposu®9,1PD], Zr(OH)sCl..H,O and

Zns(CO3)2(OH)s were present in most corrosive environments [3,3]1-
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Zn

Zn0O, Zn(OH),

Zn,(CO;),(OH),

MV wu,l

Zn,(OH),Cl,H,0  Zn,SO,(OH),.nH,0

"]
! U, I
Nazn,Cl(OH),S0,.6H,0

Zn,Cl,(OH),S0,.5H,0

Figure 3-2: Reaction sequences in the marine (M), the industrial (1), the rural (R), and the

urban (U) atmospheres (after ref. [3-10]).

The time dependence of the corrosion of zinc costeel was investigated by Yadav
et al. [16]. They showed that the corrosion of a zincticgaon steel in a simulated marine
atmospheric environment under the cyclic wet-drydiion progressed through three well-
defined stagesF{g. 3-3. In the first stage, zinc dissolved as’Zwhich diffused outward
through pores of the corrosion products. The |layerorrosion products, which were mainly
ZnCl,. 4Zn(OH), seem not to act as a barrier for the mass tratsspbQ, and dissolved 7
in this stage. Consequently, the oxygen reduciaction Eqn. 3-1) was considered to take
place at the almost same rate on the entire suffackiding active and inactive sites). The
higher anodic dissolution rat&@n. 3-2) at the Zn active sites than at the Zn inactitessi
made the pH of solution in the vicinity of the itige area increase slightly, and therefore
stabilized Zn(OH) (Eqn. 3-3 and ZnC}.4Zn(OH), (Egn. 3-4) at the inactive area increased.

This lead to a higher anodic dissolution rate atittese sites than at the inactive sites.

0, +2H,0+4e - 40H (3-1)
Zn - Zit" +2e (3-2)
Zrn** +2H,0 » Zn(OH),+2 H (3-3)
5Zn* +8H,0+ 2CI" « ZnCl.4Zn(OH), + 8 H (3-4)
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In the second stage, the corrosion reached theeZnt€rmetallic layer (which is formed on a
conventional galvanized steel without aluminum usetheir work). Once the intermetallic
layer was exposed to the electrolyte, it would sem¢ a cathode due to its more positive
potential than the pure zinc layer whilethe anodissolution reaction occurred on the
remaining Zn surface. This galvanic protectionhs steel substrate was effective only when
the surface was sufficiently wet. The coating naselits ability as sacrificial anode when the
surface was covered by a thin electrolyte layereach dry period. This led to the
commencement of underlying steel corrosion. Intthiel stage, the corrosion of steel really

starts with the presence of red rust consistingarily of FeOOH.
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Figure 3-3: lllustration of corrosion mechanism of galvanized steel in a simulated marine

atmosphere under the cyclic wet-dry condition [16].

In aluminum containing galvanized steel coatindge Fe-Zn intermetallic layer is
replaced by the RAls layer [17,18] However, the electrochemical potential of thiselais

much higher than that of the zinc coating and alairrmechanism may be proposed.
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Miyoshi and Ito [19] have proposed a four stagegpession mechanism to describe
the progression of coated steel corrosion in tha flange environment. This behavior is
illustrated by the hypothetical data Big. 3-4 in which the progression of steel corrosion is
shown as a function of exposure time. The firsteus that of cold rolled steel (CRS) and the
second is that of electrogalvanized steel (E-Zrg.$lope of the progression with time gives

the rate of steel corrosion.

The corrosion of uncoated CRS progresses in arlifashion with time. By contrast,
the progression of electrogalvanized steel occhrsugh three time periods (4 stages)

characterized by different corrosion rates:

- Stage 1 (t1): barrier stage during which the zioating is intact and serves as a
barrier for the steel.

- Stage 2 (t1): sacrificial stage during which thecztoating is absent in certain areas
and the steel substrate is exposed. However asasitige confined zone is wet, the

steel will be protected by galvanic coupling withaz

- Stage 3 (t2) or inhibition stage: the zinc coatisgentirely dissolved but the
corrosion rate of steel is less than the rate pethifor cold rolled steel. The
inhibition is due to zinc corrosion products thaayrserve as barrier layers on the
steel or may buffer the pH in the confined zonerenting the acidification coupled

with an accelerated corrosion rate.

- Stage 4 (t3) or uninhibited steel corrosion: in timal stage, the corrosion rate of
steel is equal to the rate of CRS. This stage a&hed after the zinc corrosion

products have been washed out of the flange envieoih

E-Zn

Steel Corrosion Rate

>

Exposure Time

Figure 3-4: Hypothetical curves showing the progression of steel corrosion in the flange
environment. Three different time periods indicated as t1, t2, and t3.
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It is clear that no coating will alter the ratestéel corrosion in stage 4. Therefore, the

effect of the coating can be understood as beiegathree unique mechanisms:

1. Reduction of the intrinsic corrosion rate of the tomp thereby leading to an

increase in the duration of stage 1 and 2.

2.  Decreasing the solubility of the corrosion produaftthe coating, thereby leading to

an increase in stage 3.

3. Increasing the protective nature of the corrosioodpcts of the coating (barrier
effects, pH buffering, ion exchange properties thgreby decreasing the rate of

corrosion in stage 1, 2 and 3.

Transicnt corrosion products

WS min

Formation of:
2n0, In(OH),

Anodie reaction:

In— In™ + 20

Close to the dectrolyie border, cathodie reaction:
- 55 min O, + 2H,0 + 46 — 4OH
%

High pH

Na', I ——»
L Formation of:
y 200, ZnOH,

f

" e

. 55 min A\
- I \
= i i \

i ¥ L)
Anodie reaction: ! \ Cathodie reaction:

Zn—-Z.'n"-I-Be‘J \\ O, + 2H,0 + 4e" — AOH
Formation of corrosion products El
Dissolution of corrosion products

52 min

Figure 3-5: Photographs of the |Figure 3-6: Simplified equilibrium model demonstrating
interior of an artificial gap showing | how the white rust (considered as ZnO, Zn(OH)2 in the
the movement of the electrolyte | figure) move around with the meniscus [20].

meniscus during a drying phase.
The blue discoloration near the
edge indicates a pH increase [20].
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The work of Miyoshi and Ito considered the evolatiof the system over periods of
years without talking into account the detailsted twet/dry cycles that occur on a much more
rapid time scale. D. Perssat al. [20] demonstrated the corrosion mechanism of oexffi
zinc surface during the drying process of a zirevice in immersion-drying cycles in 1%
NaCl. They showed that there was an area of ptatgoi zinc-containing corrosion products
located next to the electrolyte bord€ig. 3-5 and 3-§; another area with high pH was seen
between the electrolyte border and the corrosiaaymt zone. This high pH was caused by
the oxygen reduction reaction occurring in the bigtoncentration zone, i.e. the border of the

electrolyte. The border would move within the caefi zone during the wet / dry cycles.

3.2. Corrosion of Zn-Al alloy coatings - selectivdissolution

Unlike Zn coatings, the binary Zn-Al coatings dot remown a uniform-thinning
corrosion process. Their electrochemical corrosmoperties depend on the surface
composition which may change significantly duedtestive dissolution phenomena in which
one component is dissolved faster than the othérad been demonstrated that the corrosion

resistance of Zn-Al alloys increases when the Ahposition increases from 5% to 23% [21].

Many researches concerning the selective dissalltave been done. E. Palmiaal.
[22] demonstrated that during the early stagesrabapheric exposure of the 55% Al-Zn life,
zinc-rich areas are preferentially corroded fivghjle aluminum-rich phases stay fairly much
unaffected. In a sense, the zinc-rich areas progaleanic protection while the aluminum-
rich areas perform like a barrier coating. D. Pemst al. [23] also indicated that during the
exposure of 55% Al-Zn to a marine environment tlwc-zich interdendritic areas were
sensitive to corrosion while the aluminum-rich détntliareas are more resistant to corrosion
attack. In addition, in an investigation of the aletlease in the outermost surface layer of
55% Al-Zn exposed to a marine environment, @tual. [24] demonstrated that the mass
fraction Zn/(Zn+Al) was between 0.01 and 0.32 (Aéwas enriched in the surface and Zn
was selectively dissolved) during first two weekstween 0.55 and 0.8 (i.e. Al was
selectively dissolved) after 4 weeks and 26 weekbetxposure. These results are consistent
with the corrosion potential measurement of 55%ZAlef J. C. Zoccolat al. [25] in which
the corrosion potential of pure zinc was observetthe initial stage, followed by an increase
to the potential of aluminum due to the depletiothef zinc-rich phase.
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Selective dissolution of Zn-Al alloys has been stigated during atmospheric
exposure and selective dissolution of Zn was oleskt the initial stage of the exposure
while that of Al was at the later stage. Howevardifferent environments, the zinc-rich and
aluminume-rich phases probably behave differentlfpdnevall Wallindeet al.[26] observed
the visual appearance of 55 wt.% Al-Zn samples sggdo deionized water with different pH
after 40 < days of exposure in sealed bags. Thelsaemposed to pH = 1 had a white layer of
corrosion products (referring to Zn containing prots) with black stains on top of this layer.
The sample exposed at pH = 13 however was comypledekred by a black layer which was
found to contain AlI(OH) These results imply a preferential formation af and Al
containing products on 55 wt.% Al-Zn at pH 1 and E3pectively. Unfortunately, a
systematic study of the selective dissolution ofAralloys at these different pH values has
not been done and very little information about dmesolution kinetics and mechanism has

been clearly established.

One of the major difficulties in investigating teelective dissolution of Zn-Al alloys
is how to distinguish zinc and aluminum dissoluti@ates which contribute to the total
dissolution rate of the alloys. For simple binalpys of noble metals, the combination of
electrochemical techniques and Auger electron spsmipy, X-ray diffraction, X-ray
photoelectron spectroscopy have been used to du#iselective dissolution of CuPd [27],
CuisAu, CugAu [28], CwAu [29], and AgPd [30]. However, these methods mequ
disconnecting the sample from the electrolyte ardaly suitable for the alloys consisting of
noble metals. To quantify the selective dissolutbithe Zn-Al alloys, these methods do not
work because both Zn and Al are both active. Tlsenface after being taken out from
solution would differ from that in the solution.

3.3. Summary

This chapter has introduced the corrosion of Zn amdhl coatings, as well as noted
some specific features of corrosion process oauyiin confined zone. The corrosion of the
Zn coatings occurs through a uniform-thinning pesce That of the Zn-Al coatings is much
more complex due to selective dissolution phenomerb is not easy to study this
phenomenon for binary alloys containing two actigeements like the Al-Zn alloys.
Therefore, a special technique called atomic ewmsspectroelectrochemistry (AESEC) will

be introduced in next chapter to allow us to sdhig issue.
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4. Atomic emission spectroelectrochemistry (AESEC)

*k*k

4.1. Introduction

In this work, atomic emission spectroelectrochemi§AESEC) technique is applied
to evaluate in real time the dissolution rateshef ¢lemental components of Zn-Al alloys and
Zn-Mg-Al alloys coatings in different environmentsmtably pH, at open circuit potential or
applied potential. This technique allows us to measdirectly and independently the
elementary dissolution rates of zinc and aluminuomfthe samples during their exposure to
the electrolyte. It is particularly suitable fonkitic measurements of leaching and de-alloying
(selective dissolution), and it has proved to mwaerful technique in studying the selective
dissolution of Fe-Cr alloys during polarization aagplying potential in sulfuric acid [1,2], of
conversion coating in NaOH [3], the enrichment af @ 304 stainless steel surface after
linear scanning polarization [4], the selectivesdigtion of Al from 2024 Al alloy at cathodic

potential domain [5], along with other applicatidfs/].

4.2. Instrumentation

The AESEC technique consists of an inductively d¢edipoptical emission
spectrometer (ICP-OES) coupled to an electrochdrfiaa cell. The instrumentation may be
divided into 3 modulesHig. 4-1): (A) an electrochemical flow cell where a flatidanaterial
is exposed to a flowing electrolyte; (B) a downainelCP-OES spectrometer that is used to
analyze the elemental composition of the electeolgaving the flow cell; and (C) a special
electronic system that is used to collect the domissitensities and electrochemical data as a

function of time.
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eaction system B) ICP-OES ata collection system

A) Reacti yst r C) Dat llecti yst

hu intensity
mono ]

R |l e
ol . ‘ ! ! !

b hol—P> t

electrolyte

Figure 4-1: Schematic block diagram of the atomic emission spectroelectrochemistry
technique: (A) Reaction cell with electrolyte container and peristaltic pump. Arrows indicate
direction of electrolyte flow during (b) background experiment with cell bypass and (r)
reaction experiment. The valve (v) is used to switch between a background and a reaction
measurement. (B) ICP-OES spectrometer: photon (hu) emitted from the plasma are collected
either in a monochromator (mono) or in a polychromator (poly) unit. (C) fast electronics
allows real time monitoring the emission intensity of up to 31 wavelengths, 30 from the
polychromator + 1 from the monochromator as well as 2 analog signals for electrochemical

measurements.
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Figure 4-2: A computer image and functional diagram of the electrochemical cell: j = o-ring; s
= spring; ss = spring support; wec = working electrode compartment; cec = counter electrode
compartment; m = membrane; we = working electrode; ce = counter electrode; re = reference

electrode. Dashed line arrows indicate the direction of solution flow.
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A flow cell with two compartments and three eledie constructed from Teflon was
illustrated inFig. 4-2 The surface of working electrode is brought inteat with the flowing
electrolyte in a small volume compartment .2 ml), separated from a counter electrode
compartment by a porous membrane allowing passiaigaio currents while preventing bulk

mixing of the two electrolytes.

The geometrical surface area exposed to the elgietralas measured by dissolving a
5 um zinc coating from an electrogalvanized steel dangmd measuring the area of the
exposed steel. The value was found to be ®58.02 cni [8]. The flow rate in the
electrochemical cell was adjusted at approximaledp cni s* and measured for each series

of experiments.

The potentiostat was an EG&G Princeton Applied &tetcs M273A functioning in
the potentiostatic mode. The potentiostat is coletainanually from the front panel with the
output analogue current and potential signals bemuged into the measuring circuit of the
ICP-OES spectrometer. In this project, a countectebde of Pt wire and a reference

electrode of saturation calomel electrode (SCEH@HgO, or Ag/AgCl were used.

Inductively coupled plasma - optical (atomic) emms spectroscopy (ICP — OES)

Atomic emission spectroscopy is an analytical metthdving analytical information
from atomic spectra in the optical region of thecelomagnetic spectrum. Atomic emission
spectrometry is often referred to as “optical emissspectroscopy” (OES), in particular
because the acronym “AES” also refers to Augerteacspectroscopy [9]. Inductively
coupled plasma (ICP) is an excitation source, dsethe optical emission spectroscopy by
1971 [10], to produce excited atoms and ions tmaitted electromagnetic radiation at a
wavelength characteristic of a particular elem&he emitted radiation can be easily detected
when it is in the vacuum ultraviolet (VUV, 120-18®), ultraviolet (UV, 185-400 nm),
visible (VIS, 400-700 nm), and near infrared regigNIR, 700-850 nm) [11]. The intensity

of this emission is indicative of the concentratidrthe elements within the sample.
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Figure 4-3: (a) A schematic diagram of an ICP torch; (b) Simplified schematic of the data
acquisition system from optical system with simultaneous measurement by three 16-bit A/D

converters [12,13].

In this work, the ICP-OES spectrometer was useshéasure the composition of the
electrolyte downstream from the working electrodenpartment of the electrochemical cell
permitting a qualitative identification of the sbla reaction products and a quantitative
measure of the simultaneous dissolution rates efptioducts. A commercial ICP-OES from
HORIBA Jobin Yvon (Ultima 2€") was used in this work. It utilizes radiofrequer{¢9
MHz, 1 kW) inductively coupled Ar plasma, whichas electrically neutral, highly ionized
gas that consists of ions, electrons, and atontheastomization and excitation souréeg 4-
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3a gives a schematic diagram of an ICP torch. Theutar quartz tube (12-30 mm OD) has
three separate gas inlets. The only gas routinegd us argon as it has a high ionisation
energy (15.6 eV) and a good capacity to atomiseseoand excite most of the elements [14].
The gas enters the plasma through the outer chantted tangential flow pattern at a rate of
8 — 20 L min'. The auxiliary gas, which travels up the centrended also has a tangential
flow (0.5 — 3 | mift) pattern. The nebulizer gas has a laminar flovepat(0.1 to 1.0 | mit)
and injects the sample into the plasma. The aalytione is approximately 1 cm above the
coils and offers the best optical viewing area figaximum sensitivity [15]. The plasma
temperature in the analytical zone ranges from 58000 K (the temperature varies with
power, flow rate, etc.). The high temperature assuhat most samples are completely

atomized.

The signals from the phototubes (mono and poly)ewsonitored in real time using
the Quanturfl” software and data acquisition package developeH®RIBA Jobin Yvon,
SAS for use with glow discharge spectroscopy. Remficemitted from the plasmavhwas
collected in the radial direction and collected &ypolychromator for the simultaneous
detection of 30 predetermined wavelengths and a ofoomator that could be used for the
detection of an adjustable wavelength. The polytlator used a Paschen—Runge
configuration with a 0.5 M focal plane and was eged with a holographic grating of 3600
grooves/mm. The theoretical resolution of the plfgmator was 0.025 nm in the first order
and 0.015 nm in the second order covering a specrge from 165 to 408 nm. The
monochromator used Czerny—Turner configuration wifhO m focal plane and was equipped
with a holographic grating of 2400 grooves / mmhwgtractical resolution of 0.005 nm in a
spectral range from 120 to 320 nm and a resolufol 010 nm in a range from 320 to 800
nm. Three 16-bit A/D converters operating at a fesgy of 250 kHz are used to
continuously monitor the output of the 31 photonpliér tubes Fig 4-3b). Both
polychromator and monochromator were nitrogen plifdé].

The electrolyte was continuously feed into the plasusing a peristaltic pump. The
pump served to transfer the electrolyte from trectebchemical flow cell into a concentric
glass nebulizer and a cyclonic spray chamber. Haeaulic system was specially optimized
to give the best temporal resolution without undowering of the detection limits. The
nebulizer used in this work was Meinhard nebuli@ddodel TR-30-K3) which has a bigger
inner diameter than Conikal nebulizer and optiro&ty operates at a higher flow rate (2.9 ml

min vs. 1.0 ml miff). A higher flow rate yields a better temporal lesion but lowers the
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sensitivity due to dilution of the dissolving spesiinto a larger volume per second of
electrolyte. However, with the bigger inner diamgtdeinhard nebulizer has a higher ability
of preventing itself from blocking by insoluble pales which are formed easily in certain

conditions, for example during dissolution of metial neutral pH.

4.3. ICP-OES calibration
Fig. 4-4 shows a calibration curve on a log-log scale for Zh and Mg emission

intensities covering four orders of magnitude of cairation using standard solutions
(Titrosol™). The intensity values are in arbitrary units aeé curve demonstrates an
excellent linear relationship. Concentrations highan 10 ppm were not used in this work so
as to avoid contaminating the nebulisation systeoayever linearity is normally maintained

to concentrations above 100 ppm [17].
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10° |
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Figure 4-4: Calibration curves on a log-log axis showing the atomic emission intensity as a

function of Mg, Zn, and Al concentration at the characteristic wavelengths of 279.553,

213.856, and 167.081 nm respectively.
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4.4. Analysis of the AESEC data

The basic quantification principle of ICP - OESti&t the emission intensity of a
given element in the plasma at its characteristiavelength is proportional to its
concentration in the electrolyte stream (&g 4-4). In addition, because the output current
and potential signals from the potentiostat areewunto the measuring circuit of the ICP-
OES spectrometer, their intensities from the spewtter are also indicative of the current

and potential magnitude.

Blank (I°) Reaction (1) Blank (I°) Standardjl

2.6 | Je E. i ; - 001 mAé
2.2 4 i Potential (E) | :
1.8 1

Intensity / arb. unit
©
[N
N

200 300 400 500 600 700

Time /s
Figure 4-5: An example of the output data obtained by the AESEC technique: spontaneous
dissolution of Zn-5%Al alloy in 30 mM NaCl at pH 2, in which the “standard” input k equals to
0.01 mA, -1V, 1 ppm, and 1 ppm for the electric current, potential, Al and Zn concentration

respectively.

Fig. 4-5 shows a typical output data of the AESEC techniguith the emission
intensity of elements (i.e. Zn & Al) and the electnemical (i.e. current & potential) signal
intensities as a function of time. The elementalcentration (G;) and the electrochemical

parameter can be calculated as:
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I —=1°

[5—1°

Cu (0o, E)=K (42)

Where | is the electrical current, E is the potentidljd the background intensity, | is the
intensity during the reaction period,i$ the intensity during the “standard” period, dnis

the “standard” inputKig. 4-5is shown as an example).

From the elemental concentration (Cppm), the elemental dissolution rate of
component M @y, ng $'cm?) or the elemental dissolution current density, hA cm?) of

the sample can be also calculated using Faradagtiegqu

fC,,

v, = 4-2

ey (4-2)
nFf

JM = CM (4'3)
1000AM,,

In which £ is the flow rate of the electrolyte through tled! ¢ent s, A is the surface area of
the sample (all surface reaction rates are norexlia the geometrical surface of the sample
exposed to the electrolyte (0.52 JniThis is done for convenience and is not meaitnly

that the specific reaction is actually uniform b surface), F is the Faraday constant (96485
C mol™), n is the number of electrons transferred indRielation step of the component M,

My is the molar mass of M (g nidl

The total current is the sum of the anodic andatdithpartial currentseF i+ ic. Note
that in this work we can use the current density &otal current interchangeably since the
current density is defined as j = i/A, such thataeae also writes= ja+ jc. The anodic current
may in turn be divided into soluble component facke element and an insoluble component,
Jinss The soluble components are measured by the ICR-E&n. 4-3). We assume that the
insoluble component remains on the surface of dnepse (or within the porosity) in the form
of a corrosion product or oxide film. Thereforethie concentration and electrical transients

have the same time resolution, the total current beawritten as:

je = jins + ZjM + jc (4'4)
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where { is the cathodic partial current angk js the partial current corresponding to the
instantaneous rate of formation of “insoluble” canpnts of the anodic reaction. (Note that
both Zn and Al dissolution pass through oxide/hydte intermediates. Although we use the
term “insoluble”, in fact this only means that atgaven time, the formation of solid
intermediates is more rapid than their dissoluteading to an oxide growth on the surface).
Under conditions in which.j= 0, both Zn and Al dissolve from the alloy and may be
determined by:

jins = je - jZn - jAI (4'5)

Under transient conditionsggn. 4-5 cannot be applied directly because of the
temporal resolution difference between the eletieatcal measurements (fast) and the
spectrochemical measurements that are broadenéiffbgion and mixing in the hydraulic
system. This may be corrected by performing a nigaleconvolution of §and h(t) [17] such
that:

t
@ = IO je (1) * h(t-1) dt (4-6)

where h(t) is the time constant distribution foe thydraulic system andis simply a variable
of integration. Following this operation, the elechemical data will be on the same time

resolution as the concentration data. More pregisejn. 4-5should be written as:
Jins= J*e - izn - a (4-7)

Determining the time constants

The time constant distribution was determined bysoeng the concentration — time
response as follows: A copper electrode was platedntact with the flowing 1 M HCI for 5
minutes at the open circuit potential, followed #@y0.5 s potentiostatic pulse at 0.1 V vs.
Ag/AgCl, and then a return to the open circuit ptitd. The transitory emission intensities
were measured with a time resolution of 0.5 s. gidgl result is shown ifig. 4-6. A0.5 s
pulse is considered to be sufficiently short ontthee scale of these experiments. The pulsed
anodic dissolution of copper gives rise to an asgtnic peak, which increases quickly to a

maximum and then returns slowly to the backgroumgphad (I°). The time between the
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potentiostatic pulse and the first point of Cu ingig¢y which rises above the background, t°, is
associated with the time necessary for the coppes o travel between the electrochemical
cell and the nebulization system.

| Cu
exp

I Cu

cal

| / arbitrary unit

40 60 80 100
Time /s

Figure 4-6: ICP intensity — time response of the electrochemical flow cell: A 0.1 V
potentiotatic pulse was applied to pure copper in 1 M HCl and then the electrical current and
Cu emission intensities were measured. t° is defined as the time between the initial pulse and
the first point at which the Cu signal rises above the background (I°). Tis the time between t°

and the peak maximum.

The obtained Cu intensity — time curve was therutated by an empirical function in

the form of a log-normal distribution h(t):

| —1° B o -
h(t :—:,/— i r i
® Q mze © (4-8)

where | is the Cu emission intensity, 1° is the backgroofcu intensity, Q is the integral
of the transient in arbitrary unit§, andt are the characteristic time constants for the log-

normal distribution, and t is the experimental tiscale.

Eqgn. 4-8can be rewritten as:

a5 ~BAIN* (=)
1 =2Q [ Lre e e 9
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Using the curve fitting option in the MATLAB softwa version 7.11.0, the time
constant$ andt were determined to be equal to 0.95 and 13.5 ctisply.

&

resin

Cu wire

d=25pum

Ej
HCI solution

Figure 4-7: Schematic image showing the Cu wire — resin sample and the different points in
the electrochemical cell which were tested in the local time constant determining

experiment.

The concentration — time response is associated diffusion from the sample
surface to the flowing electrolyte stream, miximgthe channel flow cell. In addition, the
electrochemical flow cell is not ideal and the aiéfion distances probably differ from the edge
to the centre of the sample and from top to bottdfnthe flow cell. Therefore, the time
constants at the different points in the cell maydifferent. In this chapter, their values are
also determined as follows: a copper wire with antter of 25um was placed in non-
conductive and transparent epoxy resin. The Cu was perpendicular to the testing resin
surface which was polished by metallographic pageto 1um grain. The resin sample was
then placed in contact with the flowing electrolyiesuch a way as the Cu wire locating at the
positions 1, 2, 3, 3, 4, 5, and 6 as showRim 4-7. After that, the time constant determining
experiment was performed as described as above.
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Figure 4-8: Experimental data of Cu emission intensity as a function of time in the local time
constant determining experiment on the Cu wire locating at the different positions described
in Fig. 4-7 and fitting curves obtained by MATLAB software using the log-normal distribution

function
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The local time constants of the log-normal disttita, 3 and t, were found for the
different points inFig. 4-7 using theEqgn. 4-9 and the MATLAB software. The resulting
curve fitting inFig. 4-8 shows that the time constant distributions atdifferent locations in
the flow cell have the different shapes and do aletays fit well with the log-normal
distribution, especially in case of position 1 aRdwhere they are on the top of the
electrochemical flow cell. The physical processethase positions in the flow cell are more
complex than the other ones due to the cell desggit is filled by electrolyte progressively
from bottom to top and sometimes leaving a verylsmdilled space at the top of the cell

which can be seen through the transparent resiplsam

The local time constants are givenTiable 4-1 and show the different values for the
different positions, demonstrating that the phylgicacesses, such as diffusion and mixing in
the flow cell, differ from one point to another. thmis chapter, the experiments were done on
conductive samples big enough to cover the flow selthat the time constants obtained for

the entire Cu surface (0.95 and 13.5F@ndt respectively) were used in further calculation.

Table 4-1: Local time constants [Sand Tobtained for the different positions in Fig. 4-7

position B T
1 1.55 18.4
2 1.25 18.5
3 0.93 12.7
4 1.99 18.8
5 0.90 15.8
6 1.75 20.9

4.5. Summary
In this chapter, the instrumentation and the pplecireatment of the AESEC data have
been introduced. The AESEC is the main techniqee us this work due to its advantage in

investigation of the selective dissolution. The mwical convolution of the AESEC data is
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performed depending on the specific measurememtsxample the dissolution curreny, j

and the electric current, jn chapter 9.
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5. Understanding corrosion via corrosion product claracterization: Role of alloying

element in improving the corrosion resistance of ZkIgAl coatings

**k%k

Abstract. Corrosion products are identified on Zn, ZnMg anmiMgAI coatings in cyclic

corrosion tests with NaCl or MaO, containing atmospheres. For Mg-containing alldes t
improved corrosion resistance is achieved by stabibn of protective simonkolleite and
zinc hydroxysulfate. At later stages, the formatafnlayered double hydroxides (LDH) is
observed for ZnMgAl. According to thermodynamic ratidg, M¢* ions bind the excess of
carbonate or sulfate anions preventing the formatifosoluble or less-protective products. A
preferential dissolution of Zn and Mg at initiaeges of corrosion is confirmed by in-situ

dissolution experiment. The physicochemical praperbf different corrosion products are
compared.

Keywords: Metal coatings, zinc, aluminum, magnesium, atmosploerrosion, de-alloying.
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5.1. Introduction

Combined zinc-aluminum-magnesium coatings on stie®eloped during the last
decades have shown markedly superior corrosiostaesie than conventional hot dip and
electrogalvanized coatings [1-3]. In general zinsdaacoatings corrode on the order of 100
times slower than cold rolled steel and zinc-alummAmagnesium coatings are another order
of magnitude slower [4-14]. An enhanced self-hepleffect for Zn-Mg and Zn-Mg-Al
coatings was also previously reported [3, 8, 1318p The understanding of the nature of the
products formed during corrosion for different gogtcompositions under different exposure

conditions can be the key to the formulation otdxdbarrier protective coatings.

Table 5-1: Equivalence between the name of corrosion product, its composition and its

designation
Name Abbreviatior Chemical formula
layered double L DH M(I1) xM(I11) y(A)m(OH), zHO M(Il)=Zn?",
hydroxide Mg, M(II=Al*" A"=CO*, CI, SQ*
zinc hydroxysulphate ZHS 4804(OH).nH,0O, n=3-5
zincite Z ZnO
smithonite S ZnCo
mixture of magnesium
MC MgCGQOs;, MgCO; 3H,0, Mgs(CO3)4(OH), 4H,O
carbonates
hydrozincite HZ Z8(CO;)2(OH)s
simonkolleite ZHC Zg(OH)sCl,- HO

Previous studies of the inhibitive properties afczcorrosion products on galvanized
steel in natural exposure have demonstrated trsat anc salts (like simonkolleite (ZHC):
Zns(OH)sCly- H,O, hydrozincite (HZ): Zg(COs)2(OH)s or zinc hydroxysulfate (ZHS):
Zn;SOy(OH)s- nHO) improve significantly the short term [19-20] alwhg-term corrosion
resistance [14]. The designations of corrosion pctalnamed in this work are presented in
table 5-1 The stability of the protecting layer, howevesmpared to the other investigated
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metals is restricted to a rather small pH-ranged2JLl-The presence of high sulfur dioxide,
carbonate or chloride concentrations causes tiseldison of the protective layer and leads to
the formation of highly soluble products [24, 12}wpractically no decline in the corrosion

rate with time [23].

The influence of ions in solution on the precipdat of different Zn corrosion
products was studied by several authors [25-27f fidimation of basic zinc chloride in
detriment of zinc oxide was observed in the presexicAl(lll) and Fe(ll), whereas ZnO was
formed in presence of Fe(lll) and Mg (ll) underndeal conditions (pH adjusted at 9.2). In
contrast, preferential simonkolleite formation imetpresence of Mg was observed for

technical samples of zinc coatings on carbon $2&¢128].

The presence of Al and Mg can also result in tmen&tion of new corrosion products.
Possible Mg-based corrosion products were discusgd®rosek et al [29], but the presence
and nature of this product were never completelyfiomed. For ZnAl and ZnMgAl the
formation of ZnAl products with layered double hgxiide structure (ZnMg-COLDH) with
stoichiometry close to £Al,CO3(OH);64H,O was communicated [30-31]. Interestingly, this
compound was first detected during seawater exposiZn-Al coatings [30] in a mixture
with hydrotalcite MgAl,CO3(OH);64H,0O. LDH are usually known by mineralogists as the
sjogrenite-hydrotalcite group [32]. They have clgseelated structures and the general
formula [M",_M"" ((OH)]*'[A™]xn- YHO. The basic structure of an LDH may be derived by
substitution of a fraction of the Myin a brucite lattice by trivalent cations like*Abuch that
the layers acquire a positive charge, which is rxdd by intercalation of anions (and,
usually, water) between the layers. These compoarelknown to exchange both cations and
anions [33-34] thereby varying the identity andatieke proportions of the divalent and
trivalent cations as well as the identity of theerdyer ions. These compounds are known to
improve significantly the corrosion behavior of Mdj-alloys [35-37] and one of the possible
mechanisms of their action is the anion-exchangevdsn carbonate-anion and aggressive
species [37-38] which may become trapped in therlager, blocking their access to the

substrate.

In our previous publication [28] we attribute tmegroved corrosion resistance of Zn-
Mg coatings to the enhanced stability of simonkt#leversus ageing by carbon dioxide
containing atmosphere in presence of magnesiuronsatin the present work, the corrosion
products formed on Zn, ZnMg and ZnMgAl coatingshadlifferent composition in different
exposure conditions are identified. The resultscampared with thermodynamic modeling
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and in-situ atomic emission spectroelectrochemi@iSEC) and possible mechanisms are
discussed by which the alloying elements (Al and) Mgy influence the formation of

specific corrosion products.

5.2. Experimental

5.2.1. Sampling

Steel samples with Zn, ZnMg and ZnMgAl coatings evprepared and supplied by
ArcelorMittal. The reference samples used in thiskwere commercial hot-dip galvanized
(GI) steel sheets with a total thickness betwe@&m@m and 0,8 mm and a coating thickness of
10 um with a composition typical of use in the autometindustry (Zn, Al less than 0.3
wt%). ZnMg coatings of 9 pm thickness were obtaibgdthe Physical Vapor Deposition
(PVD) process, The final composition of the coatimgs Mg 16.0 wt%, Zn — 84.0 wt%,
predominantly composed of the intermetallic phaseMg. The ZnMgAIl coatings were
prepared in laboratory by the hot-dip process witmposition 3 wt%-4 wt% of Al and 3
wt%-4 wt% of Mg and thicknesses of 8 um and 10 perevtested.

Table 5-2: List of conditions for which the corrosion product was analyzed after corrosion
test. Each column corresponds for one standard test, testing time in number of cycles is
shown. The note “SRR” means that this number of cycles corresponds with the start of red
rust formation, “5%” means the formation of 5% red rust, * indicates that the test was made

in confined zone with flange assembly.

) Test type and number of cycles (c)
Coating
type
CCT1 (5%RR) KWT-DC* VDA VDA* VDA-SO,
<1 c (SRR)
Gl 6¢c 4 c SRR 5c (SRR) 10c
2 ¢ (5%RR)
6 c (SRR)
ZnMg Not tested 10 c SRR 17 ¢ (SRR) 20c
15 ¢ (5%)
2,6 c (SRR)
ZnMgAl 80c 6c¢C 15 ¢ (5%RR) 20c
15 ¢ (5%RR)
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The technical samples were exposed in differermosarn tests for different exposure
times as specified ifiable 5-2 The test conditions are describedrable 5-3 Samples were
exposed as is (open panel), in a 120 um confineg zmmfiguration prepared with a
metal/glass flange assembly (confined zone, inddtatith * in Table 5-2), or for the salt
spray test were painted and scratched in ordevatuate the corrosion product in artificial

defect.

Table 5-3: Description of on cycle conditions for corrosion tests applied for studied samples

Salt Spray Phase (35°C) Humid phase Dry phase
Cycle time | % duration Electrolyte | % duration % duration
pH . RH(%)| T(°C) i RH(®)| T(°C)
(hours) (of time) composition (of time) (of time)
CCT1 8 50 7 NaCl 50g9/1 25 95 50 25 <30 60
VDA 168 14 7 NacCl 50g/I 19 99 40 67 <75 23
VDA-SO, 168 14 71 N&O,509/ 19 99 40 67 <75 23
KWT-DC 168 ~5 7 NaCl 10g/I ~62 80to 95 23top0 3~3 | 50to75] 28to50

5.2.2. Characterization methods

After visual inspection and optical micrograph atvaéions, the corroded samples
were cut into 2 cm x 2 cm squares and deposited antarbon ribbon and observed by
scanning electron microscopy (SEM) and energy dsspe spectroscopy (EDS). The
majority of work was performed using Gemini 1530crascope with FEG-source (Scottky-
type) and EDS for elemental analysis with Si(Li)tedtor and QUANTAX evaluation
software (Bruker AXS). Additional work was perforchesing other SEM instruments. For
several samples the corrosion product layer wasoveth with a surgeon’s scalpel and
analyzed by microscopy from the side close to tiiessate. The residual surface of substrate

was also observed.

ATR infrared spectroscopy was performed directlytio@ corroded samples using a
Bruker Tensor 27)aser = 15799.76 A and treatment with OPUS 6.5. softwafée results
were compared with reference spectra taken fronlitdrature [25, 29, 39, 40] and from the

RRUFF" spectral database for minerals.

For X-ray diffraction studies, 3 types of spectrarevstudied. Firstly, the diffraction

experiments were performed directly on the corrasledlace, on the powder obtained when
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the corrosion products were removed from the sarfaollected and triturated, and on the
surface after removal of corrosion product (in ortteidentify the most adherent product).
The powders were deposited on the glass suppdrtantiiin Vaseline™ layer for fixation and

analyzed by X-ray diffraction using the Cu(Kradiation in a Siemens D5000 diffractometer.
The XRD were collected with the angular resolut®2°. The phase identification has been
carried out by referencing the software PCPDFWINsw® 2.02 containing the JCPDS

(ICDD) database files.

Selective leaching in 5 wt% B8O, solution was studied by in-situ atomic emission
spectroelectrochemistry (AESEC) method for ZnMgAdatting. The AESEC technique
permits a direct measurement of the partial eleata@hgsolution rates from metals and alloys
by measuring the elemental composition of the edgde as a function of time downstream
from an electrochemical flow cell using inductiveboupled plasma optical emission
spectrometry (ICP-OES). A detailed descriptionhaf tlow cell and the analytical parameters

can be found in previous publications [41-43].

5.3. Results

5.3.1. Detected corrosion products: results of XRRda=TIR

Visual inspection of corroded samples confirmed ble¢ter corrosion resistance of
ZnMg and ZnMgAl coatings as compared with Glg; 5-1). The list of corrosion products
which were identified on different types of coang summarized ifiable 5-4not including
the iron corrosion products. For the analysis preskin this table, the XRD peaks which
were present on the substrate before the begimfitite test (natural Zn and Al oxides) were
not taken into account. Interestingly, the aluminarides and hydroxides expected from
previous knowledge of corrosion products on Al-Miipys were not developed during

corrosion of ZnMgAl alloys.

It may be noted froniTable 5-4 that for unalloyed galvanized steel, amorphous
hydrozincite and ZnO are present in all test coos, simonkolleite and smithonite (zinc
carbonate) are also often detected. In alloyed irg@t major Zn-rich products are
simonkolleite (in chloride tests) or zinc hydroxyfsig (in sulfate tests), hydrozincite is often
present but smithonite was never observed and anédlyrdetected and then only in a rather
small fraction. Al and Mg containing products anegent as layered double hydroxides

(LDH) and magnesium carbonates are also deteatégtebktingly, no pure Al or Mg oxide-
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hydroxide species (brucite, MgO, corundum etc.)endtected. The latest is consistent with
high stability of LDH.

C) 4mm

Figure 5-1: General view of samples after cyclic corrosion test:

a) Gl, 2 cycles VDA; b) Zn-Al, 45Mg>.49, 20 cycles VDA;
c) ZnMg, 17 cycles VDA; d) Gl, 10 cycles VDA — SOy4;
e) Zn-Al;494Mg5.4%, 20 cycles VDA — SOy, f) ZnMg, 20 cycles VDA — SO,.

The identification of LDH in corrosion products B¥RD is sometimes difficult
because of the variation of crystallographic patensewith the nature and varying ratios
between different cations or anions caused by Easgxchange. In the present work several
LDH structures were clearly determined, includiagdred zinc aluminum hydroxychloride
(ZnAICI-LDH, Zn,AICI(OH)¢-xH,O), layered zinc aluminum hydroxycarbonate (ZnAICGO3
LDH, Zn,Al5(CO3)(0OH).2 - 3H0) and hydrotalcite (HT, MgAICO3-LDH, Mg\l ,CO3(OH).6
-4H,0). For some cases the peak positions differ $lightm the theoretical value for the
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stoichiometry presented and move with cycling, ¢atihg the change of the product
microstructure. The variation of interlayer distarrelated to the ion exchange with progress
of corrosion supposed from the variation of (O0JFRDX peak position is consistent with
crystallographic data [38] showing the variationtloé interlayer distance with the nature of

anions and cations and the ratio of the differpetges.

Table 5-4: Sammary of corrosion products observed by XRD and or FTIR on different samples.
The note “SRR” means that this number of cycles corresponds with the start of red rust
formation, “5%RR” means the formation of 5% red rust. See Table 5-2 and 5-3 for detailed
test conditions. * indicates that the test was made in confined zone with flange assembly.

Indicates (a) refers for amorphous hydrozincite which was not detected by XRD but by FTIR.

Test type and corrosion stage
Coating
VDA VDA*
5 2
type CCT1 (5%RR) | KWT-DC* (SRR) VDA2
SRR 59%RR SRR 59RR

e]] ZHC, Z, HZ (a) ZHC, Z, HZ (a) ZHC, Z, HZ (a) ZHC, S ZHC,Z | z>zHC, HZ Z, HZ
ZnMg Not tested ZHC, HZ ZHC>HZ (a) ZHC, MC, HZ (a) ZHC Not tested ZHS
ZnMgAl ZHC, LDH>>Z ZHC, LDH ZHC ZHC, LDH, HZ ZHC ZKLDH | ZHS, LDH
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12 34
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Figure 5-2: Evolution of the peak position in the low angle region of XRD of corrosion product
on ZnMgAl after advanced stages of corrosion. Theoretical positions (1, 2, 3, and 4) of the

characteristic peaks of several products are also given.

Fig. 5-2 shows an example of the evolution of layered o product during the
corrosion of ZnMgAl exposed to a chloride contagnizyclic corrosion test in (i) a confined
zone (upper) and (ii) open panels (lower). For esarhple the upper curve corresponds to the
powder removed from the surface and the lower caoreesponds to the product which stays
on the substrate. The arrows indicate the thealeposition of the characteristic peak
(corresponding with minimal interlayer distancey fayered structures: 1 - ZHC, 2 -
ZnAICI-LDH, 3 - MgAICO3s-LDH , 4 — ZnAICQ-LDH. It can be seen that with progress of
corrosion the displacement of peak 003 in LDH cgponds to the evolution of interlayer
distance probably related to progressive incorpamatf carbonate, exchange of Mg with Zn
as well as the increase of Al content. This shiftniore pronounced in the powder than in the
layer of adherent product close to the substraterdstingly, simonkolleite and ZnAICI LDH
seems to be more adherent products because theysy&ematically found on the substrate
but not in the powder.
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An interesting observation was also made concerthieggrey areas at which LDH
was detected on the substrate after 15 cycles oA W3t in confined zone, the signal of
metallic aluminum was still present in this zones ot the signal of Zn-Mg intermetallics.
This suggests that the layer of the LDH is thinuggioto access the uncorroded substrate and
that under the layer of LDH the matrix is depletedn and Mg. It can be noted from fig.2
that simonkolleite is formed in case of high Cl @mtand lower pH (CCT1 test). It was also
formed in the first stages of VDA test, but disagmgewith time in the VDA test. The later
result can be related to the high pH at these stadpch is enough for intensive dissolution
of Al and the formation of ZnAICI - LDH. This compad is more stable than simonkolleite
at high Al content as suggested by Ishikawa €ef28l concerning the preferential formation
of ZHC or ZnAICI - LDH during precipitation fromcaeous solution as function of Alto

Zn** ratio.

The FTIR analysis of the same samples revealedathatphous hydrozincite on the

opened panels increases with cycling.

For unalloyed samples in VDA-sulfate test (lastuomh in Table 5-4), only ZnO and
HZ were detected. In contrast, for both ZnMg andMgAl samples under identical
conditions the major product was ZHS. For ZnMgAhtiogs, ZnAICQ - LDH was also
identified.

5.3.2. Detected corrosion products: distribution@ements by SEM-EDS

SEM analysis has identified Al-containing corrospyoducts on the top of the surface
for samples showing the formation of red rust (adeal stage of corrosion). No Al-
containing product was detected in the powder anthertop layer of corrosion product on
ZnMgAl panels after 20 cycles of VDA which is colet with presented in previous section
XRD results showing the formation of LDH only at re@dvanced stages of corrosion. This
implies that Al is not reactive during initial stagef corrosion. It is of interest to note that the

distribution of Al in corrosion product is not uarm.

SEM-EDS analysis of samples after VDA-sulfate testealed that the sulfur-rich
product was more or less uniformly distributed ke tcorrosion product on both Mg and
AlMg alloyed coating. On unalloyed coating onlydeaguantities of S were detected near the
substrate and no S was present in the thickneteaforrosion product layeFig. 5-3). This
Is consistent with the fact that zinc hydroxysidfatas detected only in corrosion products on
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alloyed coatings. The typical morphologies of Synqphases observed in ZnMg and ZnMgAl
samples are presentedHiy. 5-4.

Zn
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Figure 5-3: a) SEM image of corrosion product on the surface of Gl after 10 cycles of the VDA-
S0, test (view from the scratch) and (b, c) EDS spectra of two zones as indicated. Sulfur is

found only at some places in very thin layer on substrate.
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Figure 5-4: Typical morphology of S —rich product (supposed as zinc hydroxysulfate) a) on
ZnMg and b) on ZnMgAl coated steels after 20 cycles of the VDA-SO, test.

The distribution of chemical elements in corrospneduct on ZnMgAl after VDA-
sulfate test observed by SEM is showrFig. 5-5 Several observations can be made from
this figure. First of all, the uniform layer contaig Zn, O and S covers the surface. The Al
rich corrosion product (shown with straight oval)depleted in Zn and Mg. In contrast the

metallic phase in the close contact with corrodedez(shown with dashed oval) seems to be
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depleted in Al and Mg. Such a distribution strongliggests the local selective dissolution of
Al and Mg.

e s o

c)

Figure 5-5: (a) SEM backscattered electron (BSE) image and (b-f) elemental X-rays maps of
corroded layer on Zn-Mg-Al after 20 cycles of the VDA - sulfate test. The corroded areas are
dacker than the uncorroded areas in BSE image. The presence of continued layer of corrosion
product containing Zn, S and O can be marked. The Zn-rich uncorroded area depleted in Al
and Mg is shown by dashed oval, the oxidized Al corrosion product depleted in Zn and Mg is

shown by straight line oval.

5.3.3. Selective dissolution of Zn and Al observgdAESEC

A typical reactivity measurement of ZnMgAl coatimg 5 wt% NaSO, aqueous
solution is shown irfrig. 5-6. The curve shows the Al, Zn and Mg dissolutior r@xpressed
as a current density by application of Faradaye) las well as measured electrical current.
Prior to ty a blank solution was fed into the plasma specttemasing a bypass of the
electrochemical cell. This measurement is usecttimel the zero of emission intensity for the
calculation of concentration. At ty the electrolyte comes into contact with the swfand
the dissolution rate of spontaneous reaction issoreal as a function of time. In - situ
observation of dissolution of ZnMgAl alloy by ICPES demonstrated that in neutral solution
at open circuit potential only Zn and Mg are dissdlin 5 wt% NaSO, (Fig. 5-6). At t=1;
the polarization starts and the dissolution ratesupdtentiodynamic polarization is measured
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as a function of time. At anodic polarization (piee electrochemical current) until the
potential of Al dissolution is not achieved theesive dissolution of Zn and Mg continues. In
contrast, Al dissolution occurs at high cathoditapaation (negative electrochemical current)
which increases the surface pH which is in accardamth our previously published results
for Al alloys [42]. Similar results where obtaingd NaCl electrolyte. Finally, these results
imply that at initial stages of corrosion the amodreas release Zn and Mg and the cathodic

areas release Al.
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Figure 5-6: Selective dissolution of Zn and Mg at anodic potentials and selective dissolution
of Al at very cathodic potentials during polarization of Zn-Mg-Al in 5% Na,SO, observed by
AESEC with a scan rate of 0.5 mV s,

5.4. Discussion: Role of Mg and Al in Zn-Mg-Al coahgs

The mechanism of corrosion of Zn-Mg-Al coating daa understood if the dissolution
and the precipitation stages are taken into accolet will discuss it in two steps, for the
initial stages of corrosion at near neutral pH wkien coating potential is determined by the

more active metals Zn and Mg, and than for the ade@ stages when significant oxidation of
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Al becomes possible either because of high locabpldue to the surface potential increase

after dissolution of the zinc-rich phases.

5.4.1. Initial stages of corrosion
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Figure 5-7: Example of thermodynamic modeling showing the influence of Mg on the ratio

between soluble complexes of Zn in sulfate solution and precipitation of zinc hydroxysulfates.

If we accept that during initial stages of coromsthe coating potential is maintained
by more active metals Zn and Mg and the surfacgsstnear neutral pH, only Zn and Mg
are dissolved selectively from the coating. Evesodine Af* is formed at cathodic areas, its
solubility in neutral pH is so small that it cadiffuse and remains in the form of the non-
protective intact oxide on the coating surface.sTikiin accordance with the absence of Al-
rich corrosion product (except the initial natuoaide) after 2 and 6 cycles of VDA test as
well as with the morphology of corrosion producegented inFig. 5-5 At this stage the
action of Zn-Mg-Al is identical with that of Zn-Magnd is determined by the presence of Mg.
Previously [28] we proposed for ZnMg alloys in @ntaining atmosphere that the role of Mg

is the stabilization of the crystalline forms oimsinkolleite against transformation into
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smithonite (S = ZnCg), amorphous hydrozincite (HZ, a) and zincite (ZrO) during ageing
cycles in the presence of @On this work we have further demonstrated the iaseel
fraction of basic zinc salts (ZHC in chloride teatsl ZHS in sulfate test) compared with ZnO
and HZ. We propose that at initial stages of cooroshe role of Mg is correlated with the
stabilization of the crystalline forms of basic zisalts (simonkolleite, zinchydroxysulfate
etc.) against their transformation into solubldatel complexes in sulfate containing media or
into ZnCQ, amorphous HZ and ZnO during ageing. Results efnlodynamic modeling
demonstrate that this stabilization is achievedHsy presence of Mg ions which bind the
excess of carbonate or sulfate anioRg).(5-7 and 5-8§. The calculation is made for an
aqueous solutions of Zh Mg®*, CI, SQ%*and CQ* at 25 °C using the Hydra-Medusa©
software [44]. This software includes a dedicatathbase of equilibrium constants including
most known zinc corrosion products. The resultsrtyedemonstrate that Mg ions will
preferentially precipitate with carbonate or s@fétig. 5-8), thereby lowering the carbonate

or sulfate ion concentration and stabilizing thetective simonkolleite or zinchydroxysulfate

phase.
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Figure 5-8: Example of thermodynamic modeling showing the influence of Mg on the ratio

between simonkolleite, hydrozincite and zinc carbonate.
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5.4.2. Dissolution of Al and formation of new corsmn products at advanced stages
of corrosion

Once the corrosion process progress the dissolutfoAl can start in neutral or

alkaline conditions:

1) in neutral conditions when zinc-rich phases suéficiently consumed to allow an

increase of the coating electrochemical potential,

2) if the pH of the surface increases either unilgrby the progress of corrosion or on

cathodic areas.
The presence of Alin solution can influence 2 phenomena:

a) At low concentrations, Al, as demonstrated by [26] influences the crystilin of
zinc oxides and enhances the formation of simorkellin place of ZnO even at higher

solution pH.

b) Once the concentration of %Al is sufficient, Zn-Al (and/or Mg-Al) LDH

are formed.

The mechanism of formation of corrosion productshat initial stages of corrosion
can be illustrated ifrig. 5-9 The formation of areas depleted in Mg and Zn lwamttributed
to selective dissolution of Zn and Mg from anodieas at which Al stays intact or in form of
natural oxide (step la). The presence of this aediAl phase does not protect Mg and Zn
from dissolution because the entire coating thisknseems to have been consumed. The
formation of a region depleted in Al near this aicatea can be related to an increase of local
pH on cathodic areas and the selective dissoluifoAAl and Mg from AIMg intermetallics
(step Ib). The dissolution is significant in therder region because the cathodic current is
higher in zones close to the anodic region. At shene time, because of the very low

solubility of AI*

, it precipitates forming a local Al-rich productone or less instantly (step
). The concentration of Zf in solution continues to increase because of ithenr

solubility. As a result the precipitation of zingroosion products (zinc hydroxysulfate ZHS in
this case) starts later and continues slowly fogrd@more uniform layer (dashed line) which
covers all (cathodic, anodic or intact) areas ($tigpThe formation of such a layer can offer

barrier protection.
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Ib. Cathodic dissolution

Al3*
Mg?* |a. Anodic dissolution

Zn2—7ZHS|

_' [I. Rapid transformation
AlBT—s A3+ !

insoluble

Figure 5-9: Schematic illustration of possible mechanism of formation of corrosion product on

cathodic and anodic areas of ZnMgAl alloy for the area presented in Fig. 5-5.

la. Dealloying of Mg and Zn from anodic areas at which Al stays intact or in form of
natural oxide. The presence of this oxidized Al phase do not protect Mg and Zn from

following dissolution because all coating thickness seems to be consumed.

Ib. With increases of local pH on cathodic areas the dissolution of Al (and Mg from
intermetallics) becomes significant and because cathodic current should be higher in zones
close to anodic region, the dissolution is significant in the border region between cathodic

and anodic zones (dashed oval);

II. Because of the very low solubility of AP, it precipitates forming a local Al-rich product

more or less instantly;

Ill. The concentration of Zn** in solution should increase more and require higher pH, as a
result the precipitation of zinc corrosion products (zinc hydroxysulfate ZHS in this case) starts
later and continue slowly forming more uniform layer (dashed line) which covers all

(cathodic, anodic or intact) areas.

In order to evaluate the barrier properties of eddht corrosion products, the
comparison of selected physicochemical propertiesfi@rent products is presentedTable
5-5. The data for this table are taken from refererd@s54] as marked and from SEM
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observations made during our work. It seems froemdhta presented in the table that the
plate-like morphology which may be agglomerated 44§-the low electron density, and the
layered structure with difficult ion-transfer thigiu the layer are the common origins of the
protective nature of simonkolleite, ZHS and LDHable 5-5. Cation and anion exchange
may also contribute to the improved adherence ofptfeeluct to the base metal and can

improve the barrier properties by creating trapsafggressive species [37-38].

Table 5-5: Some properties of selected corrosion products
LDH - MgsAl,CO3(OH):6-4H20 and related structures, ZHS — zinc hydroxysulphate,

HZ — hydrozincite, ZHC —simonkolleite. If not specified, data are taken from [53, 54].

Phase LDH ZnO ZHS HZ ZHC
Densityp (g/cm3) 2.06 (MgAl) 5.56 2.0 3.5 3.2
Hardness H (Mohs) 2 (MgAl) 4-5 2-2.7 2-2.5 15
Electron density (gm/cc) 2.13 (MgAl) 5.28 3.37 8.0
Cristallinity (this work) C C C Amorphous C
Aspect Granular of Platelets, fibers
Platelets Platelets Platelets
(this work) eagles or aggregates

pH range for solubility Acid or strong | Acid or strond

Strong acid | Acid or bage

(calculation with [44]) base base
[(25.4 (MgAl)
pKs 7 (16.6 [114.6 3.7
[20.8 (ZnAl)
[49] [50] [51] [51]
[38, 45]
0.3-30
Permeability for air x13) torr/s|
Y (the smallest 93 about 10 about 10
[46, 52] value for
ZnMgAl)

The role of Mg is not limited to the initial stagescorrosion. The presence of fg
can influence the formation of LDH-like structur@$ie solubility constant of MgAl - LDH is

5 orders of magnitude higher than that that of ZnADH [45] that means that in presence of
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Mg** the formation of LDH should start earlier. In lighftthe high ion-exchange capacity of
Mg®* in LDH structures, its replacement by?Zrcan be expected, suggesting that ZnAl -
LDH is formed by ion exchange. Moreover, the higkelubility constant can be related to
the higher number of initial nucleation sites faeg@pitation and results in the smaller
nanosized crystal structure which should have #itebbarrier properties. Indeed, according
to Ishikawa et al. [45], between ZnAl, ZnMg and Zg®M - LDH structures the Mg
containing structures are better barriers to oxygjfasion. That means that the presence of
Mg in LDH is beneficial for corrosion protectionn@he basis of this bibliographical data we
suggest that the ratio between Al and Mg can beoitapt and an excess of Al can result in

formation of aluminum oxides and hydroxides in plaf LDH as observed for Al-Mg alloys.

Finally, we find that the actions of Al and Mg ax@emplementary and complex. The ratio
between these two elements can influence the natndehence the barrier effect of the
corrosion product formed. Further studies are iogpess to understand the mechanism of

corrosion protection offered by each corrosion pobdeparately.

5.5. Conclusions
1. The better corrosion resistance of ZnMgAl coatezklsas compared to galvanized
steel for different corrosion test conditions inlaclde-rich and chloride — free (sulfate)

atmosphere was observed.

2. Qualitative analyses of the corrosion productsdatdi that simonkolleite and zinc
hydroxysulfate are stabilized on the ZnMg and ZnMg@dating throughout the cyclic
corrosion test exposure in different atmospheresevihey are not observed on galvanized

steel at advanced stages of corrosion.

3. We propose on the basis of thermodynamic modelied these compounds are
stabilized in the presence of Mgy the reaction of Mg with anions forming soluble or low

protective complexes with Zn (GOand excess SP).

4. As demonstrated by SEM, XRD amatsitu atomic emission spectroelectrochemical
experiments, in the early stages of corrosion Alams on the coating in an insoluble form

and a strong preferential dissolution of Zn andddgurs.

5. Al dissolution and formation of Zn-Al and/or Zn-Mgyered double hydroxides was
confirmed for more advanced stages of corrosionrvthe surface pH or the surface potential

increases sufficiently.
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6. On the basis of the SEM observations and literanadysis, the barrier properties of
LDH and simonkolleite are explained by the compactrphology, the low electron density

and the layered structure with difficult ion-tragsthrough the layers.

7. On the basis of the experimental observations d&edntodynamic modeling we
suggest that Mg and Al have a synergic effect twrasion protection of ZnMgAl coatings on
steel a) in the early stages of corrosion stabigjaimonkolleite and b) in the advanced stages

of corrosion by the formation of layered double topddes.
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6. The initial release of zinc and aluminum from na-treated Galvalume
and the formation of corrosion products

*k%k

ABSTRACT: The main aim of this study was to explore the ahitielease of zinc and
aluminium from non-treated Galvalume and the pakdibrmation of corrosion products
when exposed to synthetic rain water of differdribdde content and synthetic seawater, all
at aerated conditions. Comparisons were also matidomg-term exposures of Galvalume in
a non-sheltered marine outdoor environment. Theerobs release rates from short-term
conditions agree qualitatively with long-term expies in the marine environment with a
selective release of zinc over aluminium during tgfdes of exposures. The release and
corrosion processes are intertwined through thendtion of corrosion products with
properties that influence the long-term releaseGaflvalume. Prior to exposure, 28
dominates the entire Galvalume surface, and isesulp local destruction upon interaction
with chloride ions. As a consequence@ is gradually replaced and covered by zinc-rich
corrosion products primarily in the interdendripiarts, most likely non-crystalline basic zinc
chlorides and/or sulfates, during the first yeamwdrine exposure. This is followed by the
formation and integration of aluminium-rich cormsiproducts at exposure times between
one and five years. The change in composition afosmn products is reflected in a parallel
increase in zinc release rate during the first ydalowed by a decrease during the
subsequent four years. The importance of thgAlayer is also seen during exposure in
deareated synthetic rainwater or seawater, wherdotimeation of ALO; was presumably
hindered. In synthetic rain water this resulte@ iratio between released aluminium and zinc
that was higher than in aerated conditions, winildeareated synthetic seawater at an applied

potential the aluminium release dominated overzthe release.

Keywords: Galvalume, metal release, corrosion products rictde
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6.1. Introduction

Galvalume (other trade names e.g. Zincalume, Alkyzuzinc) is a commercial
aluminium/zinc coating (55%AI-43.4%2Zn-1.6%Si by et [1]) applied on steel for galvanic
protection, also at cut-edges. From a corrosiospeative, the barrier capacity of Galvalume
on steel is enhanced compared with galvanized &@eeluivalent thicknesses) in marine and
industrial atmospheres [2]. Galvalume and other-aiominium alloys are widely used in
many applications such as electric motor housirdor plates, window drive rails,
electronics boxes, roofs, air-conditioning equiptappliances, and automotive under-body
parts or high temperature applications[3-4]. Sdvenaestigations have described the
spangled microstructure of Galvalume dominated byich dendritic areas (70.3%Al- 29.7%
Zn-0.2%Si) and interdendritic Zn-rich regions (42A1%7.5%2Zn-0.7% Si) containing Si [1,
5] in which corrosion products initially form anddave [1, 6-10]. The corrosion process
results also in selective release of alloy compaght]. These processes involve typically
the selective release of the less noble elemeninigaa surface enriched in the nobler
element. As Zn and Al are both very active met#ig, local environment will possibly
determine whether Al or Zn is the active elemeite Thaterial will also change as corrosion
products evolve on the surface and selective relesls to an enrichment of one or more

alloy components in the underlying alloy phase 162-

The objectives of this paper areijostudy the initial release of zinc and aluminum
from non-treated Galvalume and the formation ofrasion products when exposed to
synthetic rain water of different chloride contand seawater at aerated laboratory conditions
(two different set-ups), and their relevance farggerm atmospheric outdoor conditions, and
i) investigate differences at non-aerated conditiah®pen circuit conditions and at an
applied potential from a corrosion product and fmnettease perspective, effects possibly
taking place in oxygen depleted zones such asa@gyviand in scratches not able to re-
passivate. Two different experimental approachesnémitor metal release (chemical and
electrochemical processes) have been appljedh situ analysis of zinc and aluminum
released from Galvalume held under electrochensimairol (OCP and -400 mV vs. NHE) in
freshly flowing media by means of inductively coegblplasma optical emission spectroscopy
(AESECQC),ii) Ex situ analysis of released zinc and aluminum by meargraghhite furnace
atomic absorption spectroscopy (GF-AAS) at spedifiee periods andsolution volumes of
the test media at controlled conditions (tempegtagitation).
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6.2. Experimental

6.2.1. Material and test media
Galvalume, an Al-Zn coating (55%AI-43.4%Zn-1.6%$iveeight) with a thickness of

25 um on steel was subject for investigation.

Metal release studies were conducted in threerdiitetest media including synthetic
rain water (pH 4.4.) [17] with modified chloride dent (0.01 and 0.3 mM) and synthetic
seawater (pH 8.1) [18]. The chemical compositior@ath media is given ihables 6-1 and
6-2. These acid- and chloride containing media wetectsd to enable comparison with
atmospheric field data, and be of relevance fooraotive applications. All media were
prepared from analytical grade chemicals and yltna water (18.2 I cm). The pH of the
test media was controlled prior to sample exposamd kept at 4.35+0.05 (if necessary
adjusted by the addition of 70-80 pL of 5% NaOH@ at 8.1+0.05 (no pH adjustment
needed) for rainwater and seawater, respectivellylahoratory vessels used for solution
preparation were acid cleaned in 10% HNOr 24 hours, rinsed four times in ultra-pure
water and dried at ambient laboratory conditions.

Table 6-1: Chemical composition [mg L] of synthetic rainwater [17] of different chloride

content

Synthetic
rainwater
[CI=0.01
mM
[CI=0.3
mM

NH,NO; | Na&SO, | K.SO; | MgSOTH,0 | CaCh2H,0 | 95% HSO, | NaCl

0.64 0.712 0.270 1.229 0.735 11.7pL

0.64 0.712 0.270 1.229 0.735 11.7pL 16.948

Table 6-2: Chemical composition [mg L™] of synthetic seawater ASTM D1141-98 [18]

Synthetic
ceawater | NaCl | MgCh | N&:SO, | CaCh | KCI | NaHCQ, | KBr | HsBO; | SrCh | NaF
[Clrmsso 245 | 5.20 4.09 1.16f 0.695 0.201 0.1p1 0.027 0.0250030

6.2.2. Flow-cell test

The AESEC (Atomic emission spectroelectrochemisieghnique was employed for
real-time measurements of released metals as didonof time downstream from an
electrochemical flow cell using inductively couplpthsma optical emission spectrometry
(ICP-OES) — detection limits within measurement &ré pgl* (at 213.856 nm) and 4.2
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ng L' (at 167.081 nm) for zinc and aluminum, respetfivéhe AESEC technique is
described in detail elsewhere [15]. A sample are@.Bfcnf was exposed to the test media
flowing with a rate of approximately 3.0 mL minThe time duration of exposures was set to
3000 s (50 min). The solutions were deaerated tvggen flow, or aerated by air bubbles at
ambient temperature for 10 minutes prior to the arpent. Applied potential measurements
were conducted using a potentiostat (EG&G Princefgplied Electronics M273A)
functioning in potentiostatic mode combined withPKOES. The potentiostat is controlled
manually from the front panel with the output amalourrent and potential signals being
routed into the measuring circuit of the ICP-OE8csmpmeter. Measurements of the release
of metals at open-circuit potential (OCP) and atapplied anodic potential (-400 mV vs.
NHE) were performed using the AESEC technique. ifEhease rates of metals downstream
from the electrochemical flow cell were calculatdhsed on the measured metal

concentrations, & times the flow rate per surface area.

6.2.3. Immersion tests

Samples for immersion tests were cut to a dimensfahx 0.5 cnf. The reverse side
and the edges of the samples were sealed withnapteent non-metal containing lacquer
three times to receive a defined exposed geomstriace area of 2 émThis lacquer has
previously been shown to act as an efficient bamtesimilar immersion conditions [19].
Triplicate samples were exposed in the differest meedia for the different exposure periods.
Prior to exposure, the samples were cleaned withnetl and ultra-pure water (MilliQ, 18.2
MQ cm).

Each sample was mounted with double sided tapecentered position at the bottom
of polypropylene boxes (26x5 cnT) used as exposure vessels. Four boxes in tdfdicate
samples and one blank (no sample), were expospdrailel using a bi—linear shaking table
providing a gentle agitation that moved the solubwar the sample surface (set at an angle of
12° and 30 cycles/minute in order to simulate tlbgv{cell test conditions to some extent).
Similar exposure time periods as investigated in ftbe cell test were selected for the
immersion experiments. Three short time periodseviberefore selected, 600 s (10 min),
1800 s (30 min) and 3000 s (50 min). The spectiat®on volumes were based on the flow
rate of solution electrolyte, the exposure time Hralsurface area of the sample used in the
flow cell experiments. For example, in the flow Icadst, 10 min of exposure would

correspond to 30 mL of solution passing over thema area of 0.5 ¢ Translated to the
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immersion experiments, this would correspond tacifigesolution volumes of 120 mL (10
min), 360 mL (30 min) and 600 mL (50 min). Priore@posure, the specific solution volume

was transferred into the box and covered with flanaf

After exposure, the solution was transferred tdosage flask and acidified to a pH
less than 2 using Suprapur 65% HNQ@20 pL-rainwater; 150 plL-seawater). This is a
standard procedure prior to total metal analyst iiserves to preserve the solution and to
completely dissociate metal complexes and avoidnaeiyal adsorption onto the inner walls of
the storage vessel. The exposed samples were nimsgglapure water and dried in ambient
air before packed in Kleenex™ tissue wipes ancedtéor surface characterization.

Total concentrations of released zinc and aluminanmrainwater samples were
analyzed by means of graphite furnace atomic alisarppectroscopy (GF-AAS) at standard
operational conditions. Three replicate readingsewmade for each sample and control
samples were run consecutively during the analgsiery 10" sample). The limits of
detection (defined as three times the standardateri between replicate readings of blank
samples) were 2.5/2 pg'Lfor aluminum and 1/1.5 pg™Lfor zinc in the rain waters of
chloride concentrations 0.01/0.3 mM, respectivdlge limit of detection for aluminum in
artificial sea water was 1 pg'LAnalysis of released zinc in seawater samplesooaducted
using the flame mode with a limit of detection o f1g L. Selected samples were validated

by analyses also by means of GF-AAS.

6.2.4. Long-term field exposure

Laboratory findings were compared with long-termeldi data generated for non-
treated Galvalume exposed at unsheltered conditiod®°® from the horizontal facing south
in the marine site of Brest, France for 5 years,(8@ pg nt, 450 mm ¥), in agreement to
the 1ISO 9226 standardized exposure condition farosmn rate measurements [20]. All
samples were exposed 5-10 m from the waterline R&{ailed information of the test site is

given elsewhere [21-22].

6.2.5. Corrosion product formation
A multitude of highly surface sensitive and nordegive analytical methods were

adopted for detailed analysis of corrosion prodachation. The approach includes Scanning

Electron Microscopy (SEM) for morphological invegtiions, Infrared (IRAS) and Confocal
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Raman Microspectroscopy (CRM) for information ohdtional surface groups and possibly
their lateral distribution, surface sensitive Grnagincidence X-ray Diffraction (GIXRD) for

detection of crystalline phases, and X-ray photisd& spectroscopy (XPS) and Auger
Electron Spectroscopy (AES) for elemental compos#al and chemical state information

within the first few nanometers of the surface.

6.2.5.1 Scanning electron microscopy / Energy digiee x-ray analysis (SEM/EDS)

Galvalume surfaces morphology and composition amalwere obtained using a
table-top SEM (Hitachi TM-1000) with an accelergtimoltage of 15 kV, equipped with
Hitachi EDS facility.

6.2.5.2 Infrared Reflection Absorption SpectroscofppRAS)

The IRAS spectra were carried out by using a corameDigilab 4.0 Pro FTIR
spectrometer with 1024 scans at a resolution ofid i absorbance units (-log (R)R
where R is the reflectance of the exposed sampldRénthe reflectance of unexposed sample
[23].

6.2.5.3 Grazing incident X-ray diffraction (GIXRD)
GIXRD was performed in X’pert PRO PANALYTICAL syste equipped with an x-
ray mirror CuKa radiation) and a 0.27° parallel plate collimator the diffracted side.

Scanning was generated on 1x1 cm surface aregrazimg angle of 88° versus the surface.

6.2.5.4 Confocal Raman microspectroscopy (CRM)

The confocal Raman measurements were carried datanViTec alpha 300 system,
equipped with a laser source of wavelength 532 fitre integration time per Raman
spectrum was in the order of 50 ms. Measurements wietained with a Nikon objective,
Nikon NAO.9 NGC, together with a pinhole with 10éhidiameter. The Raman spectra were
produced in the scanning area with a lateral resoluaround 300 nm and a vertical

resolution around gm.
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6.2.5.5 X-ray photoelectron spectroscopy/Auger HEiee Spectroscopy (XPS/AES)

Analysis of chemical composition of the outermastace layer was performed with a
XPS (Kratos AXIS HS) system combined with an Augsit. Wide scans and detailed scans
(pass energy 20 eV) of Al 2p, Zn 2p, ZnLMM, Cl Z2p, O 1s and C 1s were accomplished
using a monochromatic Al &KX-ray source (1486.6 eV) operated at 300 W (152kMhA).
Measurements were conducted at two different aoéamalysis, each approximately sized
0.4 mnf. AES mapping were performed using an acceleratatage of 10 kV and a beam
current of 300 nA.

6.3. Results and Discussion

6.3.1. Initial metal release in chloride containingnedia at aerated conditions

-2

Zn [CI]
—»— 560mM
0.01mM
—v— 0.3mM
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Figure 6-1: Release rates of zinc and aluminum from Galvalume exposed in syntethic
rainwater (0.01 mM, 0.3 mM Cl') and artificial sea water (560 mM CI') during immersion
testing. Each marker corresponds to the mean value of three replicate samples. (Solid lines

are only used as guides)

Results from the immersion tests are presentedrign 6-1 All media revealed
significantly higher release rates of zinc compacedluminum and increasing release rates of

zinc with time. No significant effect of chloridemtent on the release rate of either zinc or
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aluminum was evident for the synthetic rain media cohstant pH. In seawater of
significantly higher chloride content but more dika pH compared with the rainwater
media, small differences were evident after the fivad time periods but significant (factor of
two) after 3000s of exposure. These results immdy thloride ions in seawater after a certain
time period locally destroy the protective abildlyaluminum oxide at a faster rate compared
to rainwater exposure. The released concentratibakiminum were however for most cases
very low, below or close to the limit of detecti¢iine marker corresponds to the limit of
detection value, no error bars displayed). Measaravhounts of aluminum were only
observed after the two longer time periods in séamand after the short time period in rain
water (0.01 mM C). Similar to findings in the slightly acidic (pH.4) rainwater of low
chloride content, very low amounts of aluminum &%) were released compared to zinc
even after 3000 s in seawater (pH 8.1). Preferlei@ase of zinc was hence evident in both
synthetic rainwater and seawater and not pH-depgratehese conditions. At higher pH (>
10), previous findings have shown aluminum to befgrentially released compared to zinc
[14, 16].

Real-time measurements of released metals usingEis&=C flow cell test at aerated
OCP conditions are presentedHig. 6-2 Release rates for were calculated from the agerag
equivalent concentration using Faradays law (caioerfrom jp, + ja), See experimental.
The open circuit potential (§ is also given as a function of time. Similar i@ immersion
test findings, very low release rates of aluminumd @ dominance of released zinc were
observed, independent on test media. Despite w#igreht chloride concentrations in the
three test media, the total release currents wemgsimilar. One explanation may be that the
corrosion rate is determined by the cathodic reactHowever, the distribution of the total

current between the alloy components will be deireeoh by the material.
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Figure 6-2: Release rates of zinc and aluminum for Galvalume exposed to aerated a)
synthetic rain water (0.01 mM C[l), b) synthetic rain water (0.3 mM CIl'), and c) synthetic

seawater (560 mM CI') at open circuit potential (OCP).

Total release rates determined using the two diffierexperimental set-ups are
compiled inTable 6-3together with the corresponding relation betwedaased aluminum
and zinc (Al/(Al+Zn)) for the different exposure ratitions. The results clearly show a
dominance of zinc release compared to aluminum loth experimental set-ups.
Quantitatively, the immersion test resulted in gigantly lower total release rates compared
with the flow cell test, in particular pronouncest §eawater and the high chloride containing
rainwater media. The reason is believed to be &ssdcto the different exposure conditions
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with constantly fresh media flowing over the suefaa the flow cell test and hence the
continuous removal of released metals from the anadicontact with the surface, totally in
contrast with the immersion test with no renewalh&f media within the exposure period. No
large differences in total release rates were @ksebetween the immersion tests despite
large differences in chloride content of the tesda. Observed release rates during the flow
cell tests were approximately twice as high in waiter of high chloride content and in
seawater compared with rainwater of low chloridateat. These findings were however not
reflected by measured,Evalues during the flow cell test showing Galvalumeboth rain
water media to be more active (-650 mV vs. NHE) pamad to seawater conditions (-820
mV vs. NHE). This clearly illustrates that metalesse rates cannot be predicted from

corrosion resistance measurements.

Table 6-3: Total release of zinc and aluminum for Galvalume after exposure (3000 s) at
aerated conditions in synthetic rainwater (pH 4.4) of different chloride content and in

synthetic sea water (pH 8.1,) and corresponding Al/(Al+Zn) release ratios.

Total Al+Zn Al/(Al+Zn) release ratio
Electrolyte Immersion tests Flow-cell tests| Immersion
12 <2 Flow-cell tests
(Hgeni) (ngent) tests
Synthetic rainwater
(0.01 mM Cl) 4.00 11.9 Below LOD 0.018
Synthetic rainwater
(0.3 mM CI) 4.01 215 0.019 0.005
Synthetic seawater
(560 mM CI) 6.64 25.0 0.053 0.012

Generated data at aerated conditions were in cdanoe with field data where the
release of zinc and aluminum were continuously teoed for Galvalume surfaces exposed
at non-sheltered conditions in a marine environnaning five years [24]. Significantly
more zinc was released compared with aluminum tirout the exposure period with an
annual Al/(Al+Zn) release ratio typically varyingtween 0.04+0.01 for individual years of
exposure Fig. 6-3 Similar to laboratory findings, field data at thearine site (deposition
rates of chloride: 7 - 8757 mg frday’) showed initially increasing release rates of zinc
during the first year of exposure as a consequehcapid formation of zinc-rich corrosion
products in primarily zinc-rich interdendritic ased his was followed by decreasing rates due
to the gradual formation and integration of alummmrich corrosion products also in
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interdendritic areas [24]. Exposures at urban fegdditions [25] with low deposition rates of
chlorides (< 2 mg Cim?day"), did not show any initially increased releasesaif zinc with
time but rather gradually reduced rates with timerdua ten-year exposure peridedg. 6-3
This may be related to undisturbed aluminum oxgieglually hindering the release of zinc
from zinc-rich corrosion products formed in theemtendritic areas. The formation of

corrosion products at laboratory conditions is aésed in the next paragraph.
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Figure 6-3: (a) Average release rates of zinc and aluminum and (b) corresponding annual
release Al/(Al+Zn) ratio for each year of exposure for Galvalume exposed to non-sheltered
conditions at marine site of Brest, France for five years, and (c) average release rates of zinc

during 10 years of urban non-sheltered conditions.
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6.3.2. Initial formation of corrosion products in doride containing media at
aerated conditions

Relatively similar surface morphology observatiovese made by means of SEM for
Galvalume exposed to.&conditions at both flow cell and immersion corahs,Fig. 6-4. In
agreement with literature findings [6-8], the SEMvestigation concluded preferential
formation of corrosion products in zinc-rich intendeitic areas, mostly pronounced after the
seawater exposure. No significant differences vadrgerved during the SEM investigation
between samples exposed to rainwater media ofreiffehloride content showing only slight
and local corrosion. None of the exposure conditiggsilted in the identification of any
crystalline corrosion products by means of GIXRR¢ept for Al203, present in all cases.
According to literature findings, crystalline Al208 favoured by the presence of chlorides
[26-27]. The lack of crystalline zinc-containing mmsion products may be related to the
presence of amorphous phases only, or to very samadunts and/or presence of crystalline
corrosion products within interdendritic areas ingibke to detect with GIXRD.

[CI] Immersion Flow-cell

Al/(AI+Zn). | Aalal+zn)
096 o6

0.01 mM

Al/(Al+Zn) — | All(AI+Zn),
08455 S8 T 7]o.84

0.3 mM

Al/(AI+Zn)
0.23

All(AI+Zn)
063

560 mM

Figure 6-4: SEM images of Galvalume exposed for 3000s to artificial rain water 0.01 mM, 0.3
mM CI and artificial sea water (560 mM CI') via immersion experiments (left) and flow-cell
tests (right). The average mass ratio Al/(Al+Zn) refers to XPS compositional measurements of

two separate areas (each sized 0.4 mmz).
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Analysis by means of XPS clearly demonstrated tbwnidance of aluminum-rich
phases in the outermost surface layer of the nposed bare surface of Galvalurkéy. 6-5
The Al/(Al+Zn) surface mass fraction varied betw&e85 and 0.99 over the surface, a ratio
very different from the bulk composition (0.55) areported mass ratios of 0.7 and 0.2 for
aluminum-rich dendritic areas and zinc-rich intewdidic areas, respectively[24]. The
exposure in artificial rain water of low chloriderdent (0.01 mM) did not result in any
significant changes of this fraction with an aver@d/(Al+Zn) mass ratio of 0.96 (0.92-0.99)
for both experimental conditions. Only small changeere observed at the high chloride
concentration (0.3 mM) of rainwater with no diffeces between two experimental set-ups
(mean 0.84 (0.82-0.86)). For these surfaces, batialiic (Al 2p: 72.2+0.2 eV) and
oxidized aluminum peaks (74.5£0.2 eV) were obsergemgesting the presence of,@4
with an estimated thickness of 4-6 nm [28]. Caltales of the Auger parameters [29]
suggested the presence of ZnO [30] (2011.10.3 ed)pmssibly Zn(OH) (2008.3+0.3 eV)
[24, 30] on surfaces exposed to the syntheticwaiters. The exposure to seawater resulted in
significant changes of the surface distribution abdiminum-rich and zinc-rich corrosion
products. The mean Al/(Al+Zn) surface mass fracias for these surfaces reduced to 0.63
(0.58-0.68) in the case of the immersion study, tan@ 23 in the case of the flow-rate study.
The metallic aluminum signal was still observeddamples exposed in the immersion study,
but not present for the flow-cell exposure indigatof a growth also of the aluminum oxide.
Calculated Auger parameters suggested the presgnceO, Zn(OH) and zinc in another
oxidized phase not possible to assign (2009.5+@¥p B both cases, even though more
pronounced in the flow rate study, the seawater xgopromoted the formation of zinc-rich
corrosion products in the interdendritic areasvadest from the SEM investigatiofjg. 6-4.

These findings are in concordance with the melabse data with increasing release
rates of zinc with time, and at faster rates inwegar after the longest immersion period
investigated (3000 s) for both experimental condsi This can presumably be explained by
a faster interaction and local destruction of thenénum oxide (formed at high temperatures
during alloy production), present in both zinc-righd on aluminum-rich areas, by the high
chloride content in seawater compared to the adlfirainwaters of significantly lower
chloride concentration. A larger XPS surface fi@ttof zinc-rich corrosion products was
however expectediig. 6-4, for the flow cell test in rainwater of higher ohide concentration
since the calculated total release rate in thie eess as high as for the seawater exposure,
Table 6-3 This cannot be explained but may be related norauniform formation of zinc-

rich corrosion products in interdendritic areas. didorides were identified by means of XPS
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on the surfaces exposed to any of the rainwateranethereas both sulfate and chloride were
observed on Galvalume exposed to seawater conglitidrevious findings at atmospheric
conditions have shown these species to be cordetatéhe local formation of basic zinc

sulfates and / or chlorides in zinc-rich interdetclareas [1, 6-10] .

Flow cell

T

0.8 /

06 J

047

Al/(Al+Zn) - rel. mass fraction

0.2

non-exposed 0.01 mM 0.3mM 560 mM
synthetic rain seawater

Figure 6-5: Average mass ratio Al/(Al+Zn) based on XPS compositional measurements of two

separate areas(each 0.4 mm?) after 3000s exposure in artificial rainwater and seawater

The formation and presence of@k suggested by XPS findings were supported by
IRAS observations with a band centered at apprabain&@75 cm-1, assigned as crystalline
Al,0O3 [31], and consistent with GIXRD findings. The baatl 555 cm-1 suggested the
presence of ZnO [32], already indicated via XP$lifigs. This phase was also supported by
Raman measurements showing a band around 570 c¢rd-a hroad peak at approximately
400 cm-1, indicative of amorphous ZnO [3BRAS spectra generated for surfaces exposed to
seawater showed in addition a strong band centgragproximately 3445 chassigned to
OH, and a band centered at 1124 cthat may be assigned to $Cand/or OH. These
observations were supported by XPS confirming tlesgnce of sulfate, and sulfur by means
of EDS. These findings combined with the unideatifoxidized zinc compound suggested by
the Auger parameter calculation of XPS findingsggmst possibly the presence of an
amorphous basic zinc sulfate. As also chloridesewidentified, amorphous basic zinc
chlorides and/or sulfates cannot be excluded. IRa8ds were furthermore identified at

approximately 1599 and 1467 dmpossibly assigned to GO [6]. However, no peaks
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correlated to basic zinc carbonates (strong peaR960-1070 cr) [34] were identified by

means of Raman measurements.

6.3.3. Initial metal release and corrosion produftrmation in chloride containing
media at non-aerated OCP and at an applied anoditgmtial.

At non-aerated conditions, possibly simulating &litons in oxygen-depletion zones,
measured & values revealed less active surfaces (-850 m\WIE) in the rainwater media
compared to aerated conditions (-650 mV vs. NHH)emwas no differences were observed
between aerated and non-aerated conditions in s&@x@50 mV vs. NHE). Contradictory to
findings at aerated conditions, the higher conegioins of chlorides in the rainwater and in
seawater did not result in higher released amaonintsetals compared with rainwater of low
chloride contentTable 6-4 Similar to aerated conditions, zinc was predomtiyareleased
compared to aluminum in all media although withighlkr proportion of released aluminum

compared to zinc.

Table 6-4: Total release of zinc and aluminum (conversion from jz, + ja) for Galvalume after
flow cell exposure (3000 s) at aerated and non-aerated OCP conditions, and at non-aerated
conditions and an applied potential (-400 mV vs. NHE) in synthetic rainwater (pH 4.4) of
different chloride content and in synthetic sea water (pH 8.1), and corresponding Al/(Al+Zn)

release ratios.

Total release (Al+Zn) Al/(Al+Zn) ratio
Flow-cell| Flow-cell | Fow-cel Flow-cell
Test media| tests tests tests Flow-cell | Flow-cell tests
(aeration| (deaeration (deaeration tests tests (deaeration
ocCP) oCP) -400 mV | (aeration |(de-aeration -400 mV
(g.cn?)| (ng.cn? Vs. NH_IZE) OCP) OCP) vs. NHE)
(ng.cn’)
Synthetic
rainwater 11.9 9.30 63.4 0.018 0.043 ~0
(0.01 mM Ci)
Synthetic
rainwater 21.5 8.42 130 0.005 0.040 ~0
(0.3 mM CI)
Synthetic
seawater 25.0 4.04 4129 0.012 0.087 0.56
(560 mM ClI)
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An applied anodic potential (-400 mV vs. NHE) at€érted conditions resulted as
expected in significantly higher total metal rekeastes,Table 6-4 and Fig. 6-6 (left),
conditions that may occur in confined zones whergassivation is disabled. Zinc was
predominantly released in the case of rainwateroguge with non-significant released
amounts of aluminum. In seawater, the situation thapposite with aluminum released to a
very large extent, almost 56% of the total amourtin€ and aluminum. A heavily corroded
surface also with significantly corroded aluminuichr dendritic areas were observed by
means of SEM at these conditioRgg. 6-6 (right), effects not seen at&conditionsc.f. Fig.
6-4.
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Figure 6-6: Release rates (left) and SEM images (right) of Galvalume exposed for 3000s to
artificial rain water 0.01 mM, 0.3 mM CI and artificial sea water (560 mM Cl') at non-
aearated flow-cell at an applied potential of -400 mV vs. NHE (right). The average mass ratio
Al/(Al+Zn) inserted in the SEM images refers to XPS compositional measurements of two

separate areas (each 0.4 mmz).
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According to XPS, the mass distribution of aluminuand zinc-rich corrosion
products (Al/Al+Zn) on the surface changed from50(@.57-0.93) to 0.82 (0.77-0.87) to 0.56
(0.47-0.65) for Galvalume exposed to non-aeratga@ditions in rainwater of low and high
chloride content and seawater, respectively. Sinplases, AlD; and ZnO were suggested
by XPS to be present at both conditions. At seamwetnditions, an additional aluminum
peak was observed at higher bindings at 75.5 eV2(XP), possibly assigned as AIOOH or
Al(OH)3 [35], in agreement with findings of IRAS showingoeoad band between 770 and
1000 cm' suggesting the additional presence of amorphou®;Aknd/or AIOOH [9]. XPS
and EDS identified sulfur as sulfate, chlorine d@dodde and sodium on the surface.
According to AES mapping, these elements were pratimtly present in platelet-like
phases formed locally in interdendritic areas aderned from XPS and AES mappirkdg.
6-7. These observations are in concordance with fgslifor Galvalume exposed at non-
sheltered conditions at a marine site for five gaghnere ZnO, Z{COs3),(OH)s, Non-assigned
corrosion products rich in S® and (OH)CI (possibly NaZgCl(OH)SO..6H,0O [36]) and
Al(OH)31/2H,0 were identified [24]. Similar zinc-rich corrosioproducts have been

identified on bare zinc sheet exposed in paratlédi@marine site [33].

Figure 6-7: Locally occurring corrosion products rich in S and Cl (white areas) from AES
mapping (100x100 um) of Galvalume after 3000 s exposure at non-aerated activated (-400

mV vs. NHE) conditions in synthetic seawater.

The results clearly demonstrate that the mechannsnc and aluminum release
may change radically depending upon environmeraaditions. These results could have
important consequences for confined zone corrosiooe the gap electrolyte may readily

pass from aerobic to anaerobic conditions.
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6.4. Conclusions
This multi-analytical study of non-treated Galvakirexposed to short-term aerated

synthetic rain or seawater of different chloridentemt and to a long-term natural marine
outdoor environment permits the following conclusioa be drawn:

- All investigated synthetic rainwater media reeebsignificantly higher release
rates of zinc compared to aluminum and also inangaglease rates of zinc with time.

- Release rates were compared in two short-termsexpaconditions, stagnant
immersion test and flow cell test. A selective aske of zinc was always observed, but the
immersion test resulted in significantly lower lotelease rates compared with the flow cell
test.

- During immersion conditions the total releasezoifc and aluminium was
similar in all media, whereas under flowing corwl the total release rate increased with
chloride content.

- Results from aerated short-term conditions agpeaitatively with long-term
non-sheltered exposure in the marine environmestlective release of zinc was observed
throughout the five-year exposure period with theual Al/(Al+Zn) release ratio typically in
the range 0.04+0.01, also an initial increase mt zelease rate during the first year followed
by a decreasing zinc release rate.

- This time-dependence is a consequence of theugkdalild-up of zinc-rich
corrosion products during the first year, particylan interdendritic areas, followed by the
formation and integration of aluminum-rich corrosimmducts at exposure times longer than
one year.

- The only crystalline corrosion product detectedswALbOs. This phase
dominates the entire Galvalume surface before expps&nd is subject to local destruction
upon interaction with chloride ions. As a conseqeeid,Os is gradually replaced and
covered by zinc-rich corrosion products in theriadéadritic parts, most likely non-crystalline
basic zinc chlorides and/or sulfates, during th&t frear of marine exposure.

- Also in deareated synthetic rainwater, zinc waleaively released, although
the ratio between released aluminum and zinc wabehi than in aerated conditions.
However, in deareated synthetic seawater and aapgfied potential, aluminum release
dominated over zinc release, presumably becaugbeohindrance of the formation of a
protective AbOslayer.

- In all, this study is another confirmation of tki@ferent mechanisms that

govern metal corrosion and metal release, two psEs that are intertwined through the
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formation of corrosion products with properties tthiafluence the long-term release of

Galvalume.
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7. The effect of pH on the selective dissolution @n and Al

from Zn-Al coatings on steel

**k%k

ABSTRACT: Selective dissolution of Al and Zn from 5 wt% Al-4alfan) and 55 wt%

Al-Zn (Galvalume) galvanized steel coatings was stigated by comparing Zn and Al
dissolution rates in 30 mM NacCl at pH from 2 to Ug€lng in situ kinetic analysis (atomic
emission spectroelectrochemistry, AESEC) and in da$ immersion test. The selective
dissolution of Zn occurred at low pH and selectiNgsolution of Al at high pH. Results from
AESEC and from the immersion test were comparedraedoreted in terms of the inhibiting

and passivating effect of corrosion product films.

Keywords: Selective dissolution; Zn-Al alloy; pH; atomic &sion spectroelectrochemistry
(AESEC); aeration and de-aeration.
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7.1. Introduction

The corrosion behavior of pure Zn and Zn coateclstas been investigated in
considerable detail and reviewed in [1,2]. In poed work [3], we demonstrated the
combined use of the atomic emission spectroeldotrmical (AESEC) method and
immersion testing to investigate the mechanismsetéctive dissolution of 55 wt% Al-Zn
galvanized steel (Galvalume™). In this work, we tyg@ common commercial Al-Zn alloys,
5%Al-Zn (Galfad™) and 55%Al-Zn (Galvalund") [4-9] to address the question of how the
selective dissolution rate of either Zn or Al withry with pH. This variation is of particular
interest for galvanized steel exposed in confineties (such as in car bodies) where

significant localized pH changes may occur [10].

During aqueous electrochemical corrosion processeszinc alloys, the following

cathodic reactions may occur [11-14]:

2H'+2e - H, (E°=0V) (7-1)
O,+4H"* +4e _, 2H,0 (E° = +1.23 V [15]) (7-2)
2H,0+2e » H,+20H  (E°=-0.83V [15]) (7-3)
H,0+0,+4e - 40H (E°=+0.4V [15]) (7-4)

In the pH range 4-11, oxygen reduction is the megahodic reaction for Zn [14], and it
can be inhibited by the protective corrosion pradager which forms on the alloy surface
and blocks oxygen diffusion. The anodic dissolutiate Eqn. 7-5 depends on the stability

of zinc and/or aluminum containing corrosion pradad=qgn. 7-6.
M - M™+ne M =2Zn (n=2)and Al (n=3) (7-5)

M™ + soluble specie® M-containing corrosion products (7-6)

Classic studies have demonstrated that both thresion rate of pure Zn [16] and of pure
Al [17,18] follow U-shaped curves as a functionpéf with significant corrosion rates in both
acidic and alkaline solutions. It is generally agtdhat the specific rate of the reaction is
determined by the nature and stability of the csimo product films that form on the surface
of the material. In neutral NaCl solutions, Zn(QHZnCkL4Zn(OH), [19] or Zn(OH)CI [20]
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are formed on Zn and ADs; on Al [21]. As the pH rises, ZnO and/or Zn(QHare
thermodynamically favored on Zn [22] ultimately betdng soluble as Zn(OH) and
Zn(OH),. For Al in alkaline solution, the native A); and AlI(OH} films are less stable than
their Zn counter parts and the dominant speci@g(BGH), [21,23]. Therefore the rate of Al
dissolution in alkaline solution is much higherrnhhat of Zn at an equivalent pH. In acidic
solution, no stable oxide exists for either me2dl]

Preferential corrosion of Zn from 55 wt.% Al — Zhog during the early stage of field
exposure was demonstrated qualitatively by suréaadysis [25,26]. In other works [27,28],
selective dissolution of Zn from Al-Zn alloys inigtly acidic and neutral solutions was
guantified by comparing aluminum-to-zinc concemtratratio in the solution with the same
ratio in the 5%Al-Zn and 15%Al-Zn alloys.

During outdoor exposure, the environment changedimmusly, and Zn-Al alloy
coatings may suffer acidic attack from air pollat@nd acid rain [29], or local alkaline attack
due to oxygen reduction [12]. . Odnevall Wallindgral. [30] observed the visual appearance
of 55 wt.% Al-Zn samples exposed to deionized watgh different pH after 40 days of
exposure in sealed bags. The sample exposed to fithad a white layer of corrosion
products (i.e. Zn containing products) with bla¢kirss on top of this layer. The sample
exposed at pH = 13 however was completely coveyed black layer which was found to
contain Al(OH}. These results imply a preferential formation af Znd Al containing
products on 55 wt.% Al-Zn at pH 1 and 13 respedtivEhis can be considered as an indirect

observation of Zn and Al selective dissolution.

In this article, for the first time, the Zn and #¢lective dissolution from 5%Al-Zn and
55%Al-Zn coatings was systematically studied asumaction of pH from 2.0 to 11.8 by
measuring directly and in real time the elementhsgolution rates of Zn and Al using atomic
emission spectroelectrochemistry (AESEC) [31]. ldleorto minimize the effect of CI
[32,33], a diluted NaCl solution (30 mM) was usé&Hte influence of oxygen in the electrolyte
on Zn and Al dissolution rates is also taken intooaint by performing experiment in, Ne-
aerated and aerated conditions. The reactivity uadaerobic conditions is important because
either a confined zone may itself become depleatedxiygen or the presence of a corrosion
product layer which blocks oxygen diffusion maydea anaerobic conditions at the alloy
surface. In addition, 5 day immersion test is p@nka to compare results between long time

exposure and short time exposure.
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7.2. Experimental

7.2.1. Materials

Commercial hot dipped galvanized steels withn? thick 5% Al-Zn and 2%m thick
55% Al-Zn coatings (supplied by ArcelorMittal) wemeed.The samples (2 cm x 5 cm) were
degreased by n-heptane but were not polished. @928 (supplied by Goodfellow) and
99.99% Al (AA1199) were polished with metallograppiaper up to 1 um grain. All samples
were then cleaned by ethanol in an ultrasonic l@thl0 minutes, followed by drying in

flowing nitrogen.

Reagent grade NaCl and deionized water (specifistreity of 18.2 M2 cm)purified
with a Millipore™ system were used for 30 mM Glolution preparation. The pH was
preliminarily adjusted by adding HCI or NaOH. For gHthe NaCl amount was reduced to
ensure that the chloride concentration was constaB0 mM. The solutions were either de-
aerated by nitrogen bubbles or aerated with anpamp for 10 — 15 minutes prior to
experiments. The pH was again adjusted if necesdteythe aeration or the de-aeration.

7.2.2. Atomic emission spectroelectrochemistry (A3 technique

The technique consists of an inductively coupleticapemission spectrometer (ICP-
OES) coupled to an electrochemical flow cell. Tlystsm described in detail in previous
reference [31] is from HORIBA Jobin Yvon (Ultima 2¢). The emission intensity of Zn and
Al in the plasma was monitored at 213.856 nm and.QBd7 nm respectively, using a
polychromator system purged by flowing nitrogenhaitxygen concentration lower than 3
ppm for UV region application. The potentiostat vaasEG&G Princeton Applied Electronics
M273A functioning in the potentiostatic mode. Thegmiostat is controlled manually from
the front panel with the output analog signals enfrrand potential signals being routed into
the measuring circuit of the ICP-OES spectromdibe flow rate in the electrochemical cell
was adjusted to approximately 0.048%*sh and measured for each series of experiments. The
detection limits in this work (defined as 3 * standl deviation of the blank, each point of the
blank is the average value of 10 s) were determiodm 1.8x1¢ and 8.5x10 pg $'cm?in
the aerated condition; 1.3xf@nd 1.1x10 pg s' cm? in the de-aerated condition for Zn and

Al respectively.
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7.2.3. Immersion test

A cleaned specimen of 5%Al-Zn coated steel wastipogid as the bottom of a
cylindrical plexiglass cell with surface area of 2@nf being determined by the diameter of
an o-ring. Each cell contained 50 ml of 30 mM NaGlution with adjusted pH of 2.0, 4.0,
6.1, 8.0, 10.0, or 11.9 respectively. This test wagormed at room temperature. After 5
days, the pH was re-measured, the solution wasrddt and analyzed by ICP-OES to
determine the ion concentrationy(Sol) with M = Zn and Al. The release rates of Zwl &,
Uzn(sol) anduzn(sol), were then calculated:

C,, (so)

Uy, (sol) = 7Y,

(7-7)

where A is the sample surface (10.2°randAt is the immersion time duration (5 days).

Precipitated corrosion products were filtered frdme solution and removed from
either the dried sample surface or the cell walabgzor-blade. They were collected together,
and characterized by X-ray diffraction. After thahe total precipitated products were
dissolved in 100 ml (V) of 10 wt.% HNGolution and then the Zn and Al ion concentratjions
Cum(ins), were measured by ICP-OES. The contributibthe insoluble componentsy(ins),
to the total metal release rate was calculated|asnfs:

C, (ingVvV

Y, (7-8)

U, (ins) =

7.2.4. X-Ray Diffraction (XRD)

The XRD characterization was carried out by X’PBRO PANanalytical system
using Cu K, radiation. The dried corrosion product was grot;mgowder, placed on a silicon
plate by vaseline, and scanned from 5° to 70° (@)heith a step size of 0.04°. Product
identification was made using X'Pert HighScore wafte supporting multiple reference
databases including the international centre fifradition data (ICDD) version 2011.
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7.3. Results

7.3.1. Spontaneous dissolution of 5%Al-Zn, 55%AlsZand pure metals with
AESEC measurement
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Figure 7-1: Open circuit potential (E,;) and elemental dissolution rates (Uz, and Uy) from 5%
Al-Zn as a function of time in (a) aerated 30 mM NaCl and (b) de-aerated 30 mM NaCl
solutions at pH = 2.0, pH = 6.0, and pH = 11.8 during short time exposure experiment with

AESEC technique. The dashed lines indicate the time when samples contact the solutions.
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Fig. 7-1 shows the typical variation of the spontaneous eteary dissolution rates
(va anduzy) and the open circuit potential £ of 5%Al-Zn as a function of time when the
sample was in contact with the aerated and deae8@tenM NacCl at different initial pH. The
figure only shows the results at three typical palues for acidic, neutral, and alkaline
solutions. During the experiment, only 5% volumetlodé solution downstream is aspirated
into the plasma of the ICP-OES, the remainder w#leated and the pH measured (final pH).
The difference between the initial and final pH viass than 0.3 pH units in all cases. The
dashed line indicates the time when the sampleactsthe electrolyte. In the aerated solution
(Fig. 7-19, a near steady state fok;, Uz, and E is observed after 300 s in all experiments.

Eoc at pH = 2.0 and especially at pH = 11.8 are megative than that at other pH values.

In the deaerated solutiofi¢. 7-1b), a sharp peak af andvuz, is observed during
the first few seconds after the sample contactekbetrolyte, followed by a near steady state
dissolution. B¢ of 5%Al-Zn at pH from 2.0 to 8.0 oscillates arom&@0 mV vs. SHE. At pH
11.8, Al dissolution rate suddenly changes fromaaditory period in whiclva =~ vz, = 0.005
g s' cm?to another wherey is 10 times higher (0.05 pd sm?), while vz, is almost zero.

Correspondingly, k jumps from -1030 mV to -1250 mV vs. SHE.

In Fig. 7-2,the averag®zn, La;, and K¢ of Galfan in 30 mM NaCl were determined
during the last 200 s of the near steady statemnsgof experiments similar feig. 7-1 The
results are presented as a function of pH. At gat¢tvalue, the measurement was repeated
from 3 to 5 times. The round and triangular poptssent the mean values of the Zn and Al
dissolution rates respectively and the dashed ihdecates the deviation of the data. The
results demonstrate that, andv, depend not only on pH but also on the aeratiodesr
aeration. At pH = 2yy(aerated) (with M = Zn and Al) is approximately liines greater than
um(de-aerated): the order of magnitude 8 i€ 10" pg §* cm? for vz, and 10 vs. 10° ug
st cm? for v respectively. At pH = 11.8 in the de-aerated $otufFig. 7-1b), uz, is much
lower thanua and close to the detection limit, though Galfantams 94.5 wt.% Zn. The

Lal/Uz, ratios for the different pH values in both solusare shown ifable 7-1

To compare the Zn and Al dissolution rates fromf&aivith those from pure metals,
similar experiments were also made on pure Zn amc @Al Fig. 7-3 presents their
dissolution rates as a function of pH with the esponding E in the de-aerated 30 mM
NaCl. E. of pure Zn at the different pH values is rathebkt at about -800 mV vs. SHE.
However, E: of pure Al is cathodically shifted from -710 mV.ASHE at pH = 2 to -1620 mV
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vs. SHE at pH = 11.8 corresponding to the actiatesbf Al. The variation of Zn and Al
dissolution rates with pH shows a U-like curve, iamto the result obtained during

immersion [1,24]. The Zn dissolution rate in thedac solution is higher than in alkaline

solution, while the Al dissolution rate shows thgosite behavior. In addition gof pure Zn
is slightly more negative than,&of pure Al at low pH, but at high pH.Eof pure Al is much
more negative. Comparison of the result$=ig. 7-2 and 7-3 indicates that the variation of

um(aerated) (M = Zn, Al) from 5% Al-Zn with pH hasetlsimilar behavior (U-like curve) to

um from pure Zn and pure Al in the de-aerated sofutio

Table 7-1: Average Al/Zn ratio of 5%Al-Zn in aerated and de-aerated 30 mM NaCl solutions

(calculated from data in Fig. 7-2)

Solution pH=2.0 pH=4.0 pH=6.0 pH=8.0 pH=10.0 pH=&L1,
Aerated 0.01 0.03 0.04 0.07 0.37 0.25
De-aerated 0.02 0.04 0.78 1.17 1.79 260.8
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Figure 7-2: Average dissolution rates of Zn and Al (U, and Ua) and open circuit potential (E,c)
of 5%Al-Zn as a function of pH (pH did not change significantly after measurement) in (a)
aerated 30 mM NaCl and (b) de-aerated 30 mM NaCl. The dashed line shows the deviation of
data (measurement at each pH was repeated 3 to 5 times), and the solid line shows the

mean data curve. Detection limit lines of Zn and Al are also given.
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Figure 7-3: Average dissolution rates (Uz, and Uy) and open circuit potential (E,;) of pure Zn

and pure Al as a function of pH (pH did not change significantly after measurement) in de-

aerated 30 mM NaCl solution.

The total dissolution rates of 5% Al-Zn coatingatdated as)z, + ua and the open
circuit potential B in both aerated and de-aerated solutions areegdlas a function of pH in
Fig. 7-4a.The result for 55% Al-Zn coating with a higher Abraposition is also shown in
Fig. 7-4h Both figures show the U-like curves as seen witle Zn and pure AlFig. 7-3),
even though contributions of Zn and Al to the tadidsolution rate are different in the
different solutions (aerated or de-aerated) atdifferent pH values. At every pH, the Zn-Al
alloy coatings present a more negativg i& the de-aerated than in the aerated solution: for
example, B of 5% Al-Zn is around -820 mV vs. SHE compared460 mV vs. SHE at pH
2-10; and -1350 mV compared to -950 mV at pH = 11.8
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Figure 7-4: Total dissolution rate (Uz, + Us) and open circuit potential (E,.) of (a) 5%Al-Zn and

(b) 55%Al-Zn in aerated and de-aerated 30 mM NaCl solutions as a function of pH.
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Figure 7-5: Dissolved Al fraction (%Algissoneqd) released from (a) 5%Al-Zn and (b) 55%Al-Zn in

aerated and de-aerated 30 mM NaCl solutions as a function of pH. The Al composition in the
Al-Zn coatings is also indicated by the dashed line.

Fig. 7-5 presents the dissolved Al fractiokqn. 7-9 released from 5%Al-Zn and
55% Al-Zn at different pH values based on the digsan rates of Zn and Al ikig. 7-2

%Al = Yn  100%

dissolved —

(7-9)
UAI + UZn
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In all cases, Zn selective dissolution is obseimetie more acidic electrolytes. As the
pH becomes more alkaline however, the relative ol dissolution increases until at high
pH Al selective dissolution is observed. The traasioccurs around pH= 4 for 5% Al-Zn and
pH = 10 for 55% Al- Zn. For Galvalume under andgraonditions, the selective dissolution
of Al is not observed in the pH range investigateere; rather Al and Zn dissolve
simultaneously at the higher pH values.

7.3.2. Immersion test result of 5%AI-Zn

Final pH (after 5 days)
5.9 7.0 7.5 7.3 7.6 0.11

10? ' |
108
5 104
b U (sOl)
S 105 |
DE 10.6 J UZn(SO|
107 ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 14
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Figure 7-6: Release rates of Zn and Al due to soluble components (Un(sol) and Uy(sol)) from

5%Al-Zn as a function of initial and final pH in immersion test.

Fig. 7-6 shows the mean release rates of Zn and Al duenlttble components,
Uzn(sol) andu(sol), from 5%Al-Zn after 5 days of immersion téstthe unit of g crif s*
(egn. 7-7, as a function of initial pH. At pH = 2.@zy(sol) >uva(sol), while at pH = 11.9
Uzn(sol) <ua(sol). At pH from 4.0 to 10.Q)zy(sol) andua(sol) do not change significantly.
After the immersion test, the pH approaches thérakualues (indicated by the upper X axis
of Fig. 7-6) because of HOH consumption during the immersing period. The déife
corrosion products detected by XRD after the exposfisamples to the solutions are shown
in Table. 7-2 ZnO was found at the initial pH = 2.0, 4.0, and, 6vhile Zn(OH)sCl,.H,O
(simonkolleite) was found at the initial pH = 811).0, and 11.9. Layered double hydroxide
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ZNg 61A1 0.3 OH)2(COs)0.162NH0 (ZNAICO;-LDH) was present in almost all samples. The

presence of C§J is probably due to the air contact during the migyprocess.

Table 7-2: Summary of corrosion products formed on 5%Al-Zn after the 5 day immersion in

30 mM Nadl at different initial pH (number of “+” symbol indicates the relative amount of the

products)
Products pH=2.0 pH=4.0| pH=6.1| pH=8.0| pH=10.0| pH=11.9
Zn0O ++ +++ +++ - - -
Zns(OH)gCl2.H0 - - - + + +H+
Zng61Al 0.3OH)(CO3)0.162NH0 | ++ + + + + -

7.3.3. Comparison of immersion test and AESEC rdsul

The total ion release ratey(immersion), from 5%AIl-Zn after 5 day immersion is
calculated as a total contribution from both satubhd insoluble components which were
described byqgn. 7-7 and 7-8

v, (immersion =vy,, ( sol+v,, ( inp (7-10)

(M =Zn and Al)

um(immersion) is then compared witty (aerated) andy(de-aerated) at the different
initial pH values Fig. 7-7): the Zn dissolution rates from 5%Al-Zn during shéime
exposure with AESEC and during long time exposuith the immersion test are close to
each other except at two extreme (initial) pH valudnich varied significantly in the case of
the 5 day immersion. However, the Al dissolutioneraluring the long time exposure
(uai(immersion)) is much lower than that during shortet exposureuu (aerated) and (de-

aerated)).
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Figure 7-7: Comparing average Zn and Al release rates from 5%Al-Zn during long time
exposure by immersion test ((Uy(immersion)) with short time exposure by AESEC technique

((Um(aerated) and Uy (de-aerated) in which M = Zn, Al).

7.4. Discussion

7.4.1. Selective dissolution of Zn and Al from 5%2h and 55%AlI-Zn

The selective dissolution of Zn or Al from Zn-Al@ys is evaluated by comparing the
dissolved Al fraction with the Al composition in tladloys Fig. 7-5. It is demonstrated that
the Zn selective dissolution from 5%Al-Zn and 55%Al occurs in the pH range of 2-4 and
2-8 respectively. At higher pH, Al selective disgan occursFig. 7-3 indicates that g of
pure Zn is more negative thag.Bf pure Al at low pH, and vice versa at high pthweéver,
Eoc of the Zn-Al alloys Fig. 7-4) is always betweenkof pure Zn and pure Al in the same
solutions (except at pH = 6). Interestingly, itcieser to E; of Zn at pH 2-4 where the Zn
selective dissolution occurs and tg.Bf Al at pH 11.8 where the Al selective dissolution

occurs. This correlation is not clear for pH = &Bwhich both Zn and Al have very low
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activities, and for pH = 10 which is a sensitiveinpaf changing zinc’s and aluminum’s
activities with pH [24].

According to the result presentedFig. 7-5 the dissolved fraction of Al from 5%Al-
Zn and 55%Al-Zn coatings generally increases with put the Al dissolution rate remains
below that of Zn dissolution (%AdsoveqdiS lower than 50 wt.%), except at pH from 8.0 to
11.8 in the de-aerated solutions for 5%Al-Zng( 7-58 and pH 11.8 for 55%Al-ZnHig. 7-
5b). This is consistent with the observation of theddbminating corrosion products during

the atmospheric exposure of Zn-Al alloys [12,25,28,3

7.4.2. Oxygen effect

With the presence of oxygen, the total dissolutates of 5%Al-Zn and 55%Al-Zn at
low pH are higher in the aerated solution tharhende-aerated solutioRifj. 7-4a and 7-4b.
In the acidic solution, two cathodic reactions nweur as mentioned in the introduction
(Egn. 7-1and 7-2) with the oxidation reduction potential of 0 V antl.23 V respectively. As
a consequence, because of the stronger oxidiziegt ggesence, the dissolution rate in the

aerated solution will be accelerated.

In neutral and slightly acidic or alkaline solutsonthere is a stable oxide layer
separating the alloy and the electrolyte. This daykibits oxygen reduction [14,35], therefore
oxygen influences insignificantly on the dissoluatitates of the Al-Zn alloys in the aerated

and de-aerated solutions.

The dissolution profiles and the open circuit patdrgvolution of 5%Al-Zn obtained
in the de-aerated alkaline solutiddid. 7-1b) suggest that the dissolution of this coating may
occur in two main kinetic periods: (1) the dissmntof the native oxide layer, followed by
(2) the dissolution of the exposed metal. These pepnods correspond to the near steady
states having thejgof -1030 mV and -1250 mV vs. SHE. An estimatiortled oxide layer
thickness dissolved in the first period is posshentegratinguz, andu, from 0 s to 200 s
at pH = 11.8 inFig. 7-1h It yields an amount of Zn and Al dissolution oB8%10’ and
4.6x10" g cm? respectively. Assuming the oxide layer consistZe® and AJO; with the
densities of 5.6 g cthand 4.0 g cii respectively [36], it would have a thickness of Br8.
This value is in accordance with the measured oxmgkness on Galfan [1]. During the

second kinetic period)a jumps up to a very high value while, simultaneously drops to
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almost zero which can be interpreted as evidencgdtvanic coupling between Al-rich and
Zn-rich phases.

In the aerated conditiorFig. 7-18, we did not see the two kinetic periods at pH =
11.8. The open circuit potential is quite stableirtyithe whole experiment, and close to the
Eoc of the first period in the de-aerated solution 98V vs. -1030 mV) at which the native
oxides are dissolved. It suggests that with thegree of oxygen, the (hydro)oxide formation
rate is high enough to renew the (hydro)oxide ldyetween the alloy and the electrolyte,

which is dissolved continuously during the experme

In addition, the presence of oxygen in the solutrameased the dissolved Al fraction
of 5%Al-Zn (Fig. 7-58 but showed no measurable effect on the dissoluifoB5%Al-Zn
(Fig. 7-5b).

7.4.3. Correlation between in-situ and ex situ measments

Uzn(sol) andup(sol) for 5 day exposure obtained from immersiost {€ig. 7-6)
shows a very similar trend as observed from the BRE&easurement in de-aerated solutions
(Fig. 7-2b for short time exposure. This is because thdalniixygen dissolved in the
solution near the sample surface is depleted andrar@ewed during the immersion test
resulting in a de-aerated-like media at the saraj@etrolyte interface. A thick corrosion
product layer formed during the immersion test doalso contribute to the decrease of
oxygen diffusion [37].

Uzn(immersion) does not differ much frooy,(aerated) and,(de-aerated) at the
same initial pH as shown Ig. 7-7b, except at pH = 2, a very lowz,(immersion) obtained
is due to the pH approaching the neutral valuesxduhe immersion test. However, from
immersion test Wa(immersion)) Fig. 7-79 is much lower thanus from AESEC
(va(aerated) andu(y(de-aerated)). This implies the inhibition of Akdolution which could
be due to either a low mass and/or charge tramsfethrough the Zn-containing corrosion
product layer formed during the long time exposi®&@6] or pH buffering at near neutral
values caused by the precipitation of corrosiordpots as similar to the mechanism in Mg-Al
alloys [38]. The XRD results (shown ifable 7-2) indicate that the corrosion products are
different on the different samples. It is not e&s\ygive an exact explanation of how each
product was formed because the precipitating enaients were changing with time. They

could be formed either during the immersing proc¢assnitial and/or final pH) or during the
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drying process. However, the Zn-containing prodaets always dominant in the crystalline
corrosion product layer of every sample, and hemeg decrease the Al release rate. T.
Ishikawa et al. [39,40] empirically demonstratedtthin chloride solution at pH = 9, if the
Al/Zn atomic ratio was lower than 0.05, ZnO wasnfied; if it was equal to or higher than
0.05, ZnO would be transformed into s8QH)sCl,.H,O (simonkolleite or ZHC). This
conclusion probably explains the formation of Zn@ ZHC on the different samples during
our immersion test. The NaCl solutions used initmersion test were not buffered and the
pH changed significantly after 5 days, therefogg andua in Fig. 7-6 are not suitable to
calculate the Al/Zn ratio for predicting the ZnO/ZHormation. However, the Al/Zn ratio
from the short time exposurddble 7-1) can be used as a reference and it agrees with
Ishikawa’s observation since ZnO is seen for AIZ0.05 and ZHC for Al/Zn > 0.05. The
final pH values of the immersing solutiorfsd. 7-6) are preferential for both ZnO and ZHC
precipitation [41]. The presence of ZnAIGODH in all samples at pH from 2 to 10 probably
results from a reaction taking place in contachwiissolved C®in the solutions or Cin
the air during the drying process in which zinc ftopgde and aluminum hydroxide were co-
precipitated (from dissolved Zn and Al componerts) transformed into the ZnAIGQ.DH
[26]. Chloride anion was also present but ZnAICIHL.vas not found probably because it is
much less stable than ZnAIGQDH [42]. No ZnAICOs;-LDH was detected on the sample
exposed at initial pH = 11.9 due to either the mmcentration of dissolved Ziy. 7-6) or
the low stability of ZnAl-LDH at high pH [43].

7.5. Conclusion

This work has demonstrated that the selective Wigsa of Zn and Al is strongly affected
by pH. When 5% Al-Zn and 55% Al-Zn were exposedhie 30 mM NacCl electrolyte, the
selective dissolution changed from zinc in the piHge of 2-4 and 2-8 to aluminum at the
higher pH values. The presence or absence of oxygéme electrolyte did not change the
selective dissolution behavior but influenced thesolution ratesuz, andua)) which varied
with time. Oxygen stabilized the oxide layer inaed solution causing an anodic shift of the
open circuit potential as compared to the resuttaraerated solution. The galvanic coupling
between Zn-rich and Al-rich phases of 5%Al-Zn waserved in the de-aerated solution at
pH = 11.8 at which Al dissolved quickly but Zn didt. Finally, during the 5 day exposure in

the immersion test, the pH approached near newdtaks independently of the initial values
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due to the precipitation process. The formationaomassive corrosion product layer of
primarily Zn-containing products inhibited the Adlease rate.

This work also demonstrates the complementarityhefshort time AESEC corrosion rate
measurements and the long term immersion exposDue#ng a long term exposures the
elementary corrosion reactions affect the pH ofedletrolyte such that the pH approaches
neutral. The AESEC experiments involve a constarghewed electrolyte and thus the rate

measurement represents the "intrinsic” reactivithe material with an electrolyte.
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Chapter VIII:

Selective dissolution of Zn and Al from Zn-Al coatngs on steel

during polarization in acidic, neutral and alkaline solutions
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8. Selective dissolution of Zn and Al from Zn-Al catings on steel

during polarization in acidic, neutral and alkaline solutions

ABSTRACT: Selective dissolution of Zn and Al from 5% Al-Znda’5% Al-Zn during
potential scanning was investigated using atomiisgon spectroelectrochemistry (AESEC).
The results showed a strong cathodic selectiveoldissn of Al from both alloys in 0.1 M
NaOH and 0.1 M NacCl. In the anodic domain, a streelgctive dissolution of Zn was seen in
0.1 M HCI and 0.1 M NaCl. In 0.1 M NaOH solutiohgtanodic branch of the polarization
curves for Galfan and Gavalume was divided intaff2rent domains: zinc active domain in
which Zn selective dissolution occurred and zinsspge domain in which Al selective

dissolution occurred.

Keywords: Selective dissolution; galfan; galvalume; polaima; AESEC.
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8.1. Introduction
In some applications such as automobile bodiesjagaded steel maybe exposed

within confined zones. The pH and ionic compositidrihe electrolyte in the confined zone
environment will depend upon the elementary coomseactions and the detailed history of
the atmospheric cycles. The galvanized steel msy fahd themselves in electrical contact
with other materials and the potential of the gailzad steel will depend on the material to
which it is coupled. Therefore, to predict the babaof these materials in complex situations
such as this, it is essential to understand theollison/corrosion of the galvanized steel alloy
as a function of potential at various pH values.

The reactivity of pure zinc as a function of potainand pH is fairly well understood
[1], however the more complex alloys used in galxation such as Zn-Al and Zn-Mg-Al are
not well understood. One of the complicating fastis the selective dissolution of the
elemental components. In certain potential domdires|ess noble element of the binary alloy
may dissolve faster and cause an enrichment ainttre noble element on the alloy surface.
Numerous examples of such complications have begorted for binary alloys of very noble
elements [2-7]. Using Auger electron spectroscadiyS), Gniewek et al. [8] determined the
surface palladium enrichment involved in the sékectlissolution of copper from a binary
CuPd alloy in a sulfate electrolyte. Using X-raffrdiction, H. W. Pickering [9] indicated that
the porous layer formed on Cul3Au and Cul8Cu sesfacesented a new phase enriched in
gold when these alloys were polarized at abovetitieal potential in sulfate solution. Using
a combined AES/X-ray photoelectron spectroscopyS)XR. Laurent and D. Landolt [10]
demonstrated that both noble metal surface coratéirand surface excess of CuAu and
AgPd alloys increased due to selective dissolubbrthe less noble component after a
potentiostatic polarization.

Very little is known about the selective dissolatiof binary alloys containing two
active metals, such as Galfdh (5%Al-Zn) and Galvalum® (55%Al-Zn) during
polarization. One of the major experimental difftes is that both Zn and Al are very active,
and their surface composition of the alloy will oga if the sample removed from the
electrolyte for ex situ characterization. Moreovire electrochemical activity of zinc and
aluminum depend strongly on the pH of the electeo[st1,12]. In previous work [13], we
introduced atomic emission spectroelectrochemigfSEC) as a method of analyzing
selective dissolution kinetics. This technique wBomonitoring in real time the elementary

dissolution rates of the different components frdnese materials. This technique is
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particularly suitable for kinetic measurementse#dhing and de-alloying, and has proven to
be a powerful technique in studying selective digsmn [14-18].

In a recent work, we investigated the polarizatihavior of Galfan in alkaline
solution [19] and the corrosion behavior of Galfg&alvalume at various pH values [20]. In
this article, in order to map out the general betranf the Zn-Al system in different potential
ranges and in different media, we have quantifredselective dissolution of Zn and Al from
Galfan and Galvalume during polarization in 0.1 I@IHpH=1.5), 0.1 M NaCl (pH=6.7), and
0.1 M NaOH (pH=12.8) using the AESEC technique. Theice of these pH values follows
the now classic article of Roetheli, et al. [21]iethmakes the original description of the three
domains of zinc dissolution mechanism: acid filresailving at low pH, passive at neutral pH,
and alkaline film dissolving at high pH. This woitllows the logic of our previous study
[20] however we have used both higher and lowewphles to observe a stronger selective

dissolution effect.

8.2. Experimental

8.2.1. Materials

Commercial hot dipped galvanized steel with 7.0thitk Galfan (5%Al - 94.5%Zn —
0.5% mischmetal [22]) and 25 um thick Galvalume (3%% 43.5%Zn — 1.5%Si [23])
coatings identical to the materials used in ouviptes article [20] were used. These materials
were used as received after being degreased bptase followed by ultrasonic cleaning for
10 minutes in reagent grade ethanol and dryinglowihg nitrogen. Electrolytes were
prepared from analytical grade NaOH (provided bgidto, S.A.) and deionized water (18.2
MQ cm) prepared with a Millipore™ system. All solutiowsre deaerated for 10-15 minutes
with flowing nitrogen prior to experiments to avdite effect of cathodic oxygen reduction

[24]. All experiments were performed at 25°C andamnt pressure.

8.2.2. The AESEC Technique
Atomic emission spectroelectrochemistry (AESEC)ststis of an inductively coupled

optical emission spectrometer (ICP-OES) couplednt@lectrochemical flow cell. It has been
described in detail in a previous article [17]. éhy, the ICP-OES spectrometer was
manufactured by HORIBA Jobin Yvon (Ultima 26 and consists of a polychromator and a
monochromator for the simultaneous detection ofli#&rent wavelengths. The spectrometer

is equipped with a fast time resolved data acqarsisystem developed in collaboration with
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the manufacturer for this application. The emissigansity of Zn and Al in the plasma was
monitored at 213.856 nm and 167.081 nm respectively

The electrochemical experiments were conductetlenAESEC electrochemical flow
cell with a three electrode system. Two referenleetedes, saturated calomel electrode
(SCE, 3 M KCI, +244 mV vs. a standard hydrogentetele (SHE)) and Hg/HgO (1M KOH,
+129 mV vs. a SHE), were used in this work. Inrdgult section, potential is standardized to
SHE for an easier comparison. The potentiostatamaBG&G Princeton Applied Electronics
M273A functioning in the potentiostatic mode. It svaontrolled manually from the front
panel and the analog current and potential signale routed into the measuring circuit of
the ICP-OES spectrometer to ensure that spectrorasteelectrochemical data were on the
same time scale. The flow rate in the electrochahuiell was approximately 3.0 ml mirand

was measured for each series of experiments.

8.2.3. Analysis of the ICP-OES data
The total current density measured by the eleatenof the potentiostat is referred to

as |, where e indicates the electrical nature. Theglatementary dissolution current density

for element, M, y, is calculated from the downstream concentraticth® element, :

j|\/| = an Cu A (8-1)

wheref is flow rate of electrolyte through the cell,sthe Faraday constant, A is the surface
area, and n is the number of electrons transfenréte oxidation step (n =2 for Znand n =3

for Al). Note that all surface reaction rates acemmalized to the geometrical surface of the

sample exposed to the electrolyte (0.5)cmihis is done for convenience and is not meant to
imply that the specific reaction is actually unifoon the surface.

8.3. Results
8.3.1. Overview of the potential — pH dependencsealéctive dissolution
In this section we review the general featureshef dpen circuit and polarization
behaviour of the two alloys. Table 1 gives the opecuit dissolution rates of Al and Zn for
the two alloys at different pH values as well as dpen circuit potentials. These results
demonstrate a clear change from selective Zn disealat low pH to selective Al dissolution
at high pH. This change is reflected in the ope&oudi potential that varies from around -0.8
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V vs. SHE in acid and neutral solution, typicakative Zn, to around — 1.4 to -1.5 V vs. SHE

in alkaline solution, typical of active Al.

—~
O
N

Log (j./ mA cm?)

pH=12.8 pH=1.5

pH=6.7

-14 -12 -10 -08 -06 -04

E vs. SHE/V
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pH=12.8

-14 -12 -10 -08 -06 -04
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Figure 8-1: Polarization curves for a(a) 5% Al-Zn and (b) 55% Al-Zn in HCI (pH 1.5), NaCl (pH

6.7), and NaOH (pH 12.8) with scan rate of 0.5 mV s and surface area of 0.5 cm?

Fig. 8-1 presents the polarization curves for 5% and 55%rAlin three different

environments scanned in the cathodic direction®ntV s. It is of interest to compare the

zero-current potential ¢§ values determined from these curves to Eoc obtdaimmediately

before the polarization experiment. These valuesalo tabulated in Table 1. The difference

in the two values reveals changes induced in thenmbactivity by the cathodic sweep. The

trend is identical for Ezc and Eoc which shift franvery negative to a less negative potential

when solution pH decreases. For example~E1.35 V in NaOH, -0.95 V in NaCl, and -0.8
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V in HCI - and were similar for both Galfan and @Gdume. However, the current densities
were not identical in the same solutions, espgcialicase of NaOH. In this solution, Galfan
reveals lower cathodic and anodic current denstoespared to Galvalume, which is due to
high activity of Al in the alkaline solution and tlofferent Al composition between Galfan

and Galvalume.

Table 8-1: Open circuit potential (E,.) and dissolution currents of zinc and aluminum (jz, and

ja) of Galfan and Galvalume in 0.1 M HCI (pH = 1.5), 0.1 M NaCl (pH = 6.7), and 0.1 M NaOH

(pH = 12.8).
pH Alloy %Al Eoc Ezc jn Jzn Jar jzn
Vvs.SHE | Vvs. SHE| pA cm? HA cm?
s 5% Al -0.82 -0.81 30 490 0.061
' 55% Al -0.80 -0.79 10 230 0.043
. 5% Al -0.77 -0.95 1.5 2.0 0.75
' 55% Al -0.78 -0.93 3.3 4.5 0.73
1o 5% Al -1.48 -1.33 420 ~0.75 560
' 55% Al -1.40 -1.29 1970 <0.50 > 4000

The open circuit corrosion potential,geand dissolution rates are givenTiable 8-1 It
is of interest to compare Ewith the potential of zero current g observed from the
polarization curve in Fig. 1 as the difference e two values reveals information on the
effect of the cathodic sweep. Galfan and Galvalim@.1 M NacCl in this table are much
more positive than ifrig. 8-1 demonstrating that the cathodic treatment activétte Al in
the alloy. However, the & values in 0.1 M NaOH are more negative thanFig. 8-1
probably due to the depletion of Al after the selecdissolution of Al at the cathodic domain
[19].

8.3.2. Acidic solution
In Fig. 8-2 the elemental dissolution rateg,@nd ) and electrical current density)(j

are presented as a function of potential when Gadfad Galvalume were polarized with a
scan rate of 0.5 mV'sn 0.1 M HCI. In the cathodic branch,jis below the detection limit
while ja rises only slightly @ = 14 pA cn? for Galfan and 6 pA cihfor Galvalume. Note
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that jy iIs multiplied by a factor of 10 ifig. 8-28. During the anodic branch,, jz, and j
increase steadily with applied potential. The spippearing irfrig. 8-2a(around -0.6 V vs.
SHE) are probably caused by corrosion product Hetaot. Repeated experiments (not
shown here) also showed similar spikes but at mdiffepotentials. At this stage, the electrical
current, §, is smaller than the total dissolution currepk jjz, + ja for the 5%Al —Zn alloy.
This would suggest that the cathodic current fiydrogen reduction) makes a significant
contribution to the total electrical current. Howevier 55%AlI-Zn Fig. 8-2b), je is nearly
identical to the total dissolution currend=jjz, + ja. Even at very anodic potentials whesg

starts decreasing ang starts increasing, the sum still approximatesetietrical current.

inactive Zn active Zn
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Figure 8-2: AESEC polarization experiment showing the total electrical current density (j.) and
elemental dissolution rates (jz, and ju) as a function of potential when (a) 5% Al-Zn and (b)

55% Al-Zn were polarized with a scan rate of 0.5 mV s in 0.1 M HCI (pH = 1.5) solution.
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8.3.3. Neutral solution
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Figure 8-3: AESEC polarization experiment showing the total electrical current density (j.) and
elemental dissolution rates (jz, and ju) as a function of potential when (a) 5% Al-Zn and (b)

55% Al-Zn were polarized with a scan rate of 0.5 mVstin0.1 M NaCl (pH = 6.7) solution.

Fig. 8-3 shows the AESEC polarization curves of 5% and 28%Zn when they were
polarized in 0.1 M NaCl with a scan rate of 0.5 sV At potentials more negative than -0.9
V vs. SHE, Zn dissolution is not detected, whileig\klightly active. The Al dissolution rates
are 0.14 mA cii and 0.17 mA cif for 5% and 55% Al-Zn (at -1.2 V vs. SHE) respedijve
In the anodic potential range, the Zn dissolutiate rincreases quickly, while Al is almost
passive and only starts increasing gradually froB8 V for 5% Al-Zn and -0.65 V for 55%
Al-Zn. During the entire anodic domain, the totelswblution rate always follows the electrical
current: { = jzn + ja, indicating a negligible cathodic current. The diasolution rates from
Galfan and Galvalume are nearly the same (1.49 mA ¢s. 1.50 mA cnf at -0.6 V, and
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2.87 mA cnfvs. 2.97 mA crif at -0.4 V), even though the bulk composition afczin two
alloys are very different (94.5 wt.% vs. 43.5 wt.%pwever, at more anodic potentials, a
larger difference inz, between Galfan and Galvalume is observed. For plagrat -0.3 V vs.
SHE, j, equals to 3.5 mA cinfor Galfan and 3.2 mA cthfor Galvalume reflecting the

different composition of the alloys.

8.3.4. Zn and Al dissolution rates as a function pbtential in alkaline solution
Fig. 8-4 showed electrical current density) @nd elemental dissolution rates, & jai)

as a function of potential (a) 5% Al-Zn and (b) 524Zn polarized in 0.1 M NaOH with a
scan rate of 0.5 mV’s The AESEC polarization curve for Galfafid. 8-49 was discussed
previously in [19].

inactive Zn active Zn passive Zn

active Al passive Al active Al
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Figure 8-4: AESEC polarization experiment showing the total electrical current density (j.) and
elemental dissolution rates (jz, and j) as a function of potential when (a) 5% Al-zn and (b) 55%

Al-Zn were polarized with a scan rate of 0.5 mV s in 0.1 M NaOH (pH = 12.8) solution.
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The AESEC polarization curve for 55% Al-ZRig. 8-4b) is very similar to that of 5%
Al-Zn, with the notable difference that the Al diigtion current and the cathodic current are
increased by about a factor of five. The Zn dissofu curve is similar. The AESEC
polarization curve of 55%Al-Zn may be divided itkwee kinetic domains:

(1) the Zn cathodic domain, where the interfacialelics is characterized by the
selective aluminum dissolution without any detettad Zn dissolution. The Al dissolution
rate was essentially constant despite a very haghodic current. In fact, Al dissolution did
not seem to depend upon the applied potential.aAslcompared with, of 5% Al-Zn, ja of
55% Al-Zn as expected based upon the elemental asitign of the alloys. Narrow spikes
appear in the Al dissolution transient at the vesthodic potentials due to hydrogen
evolution.

(2) The Zn active domain, wherg, pegins to increase and passes through a maximum.
The p, of 55% Al-Zn starts increasing at a more posipagential thanz, of 5% Al-Zn (-
1.05 V compared to -1.2 V vs. NHE) although the mmamn values for4, are 0.59 and 0.44
mA cm? respectively while Al is dissolution is inhibiteoly 84% and 89% based on a
comparison of4 during and prior to the Zn active domain. Thelar

(3) The passive domain was followed by a rapid é&se ofd and j, while jy increased
to a steady state potential independent rate Jemyas to that observed in the Zn cathodic

domain.

8.3.5. Selective dissolution of Zn and Al in thefdrent electrolyte during polarization
The dissovled Al fraction from a) 5% Al-Zn and @§% Al-Zn polarized in 0.1 M HCI,

0.1 M NaCl, and 0.1 M NaOH were calculated basetherresults given ifig. 8-2, 8-3, and
8-4 and plotted as a function of potential kiig. 8-5 It is shown that the dissolved Al
fractions are not proportional to their Al compasit in the coating (5 wt% and 55 wt%
respectively shown by the dashed lined=ig. 8-5aand8-5b). In 0.1 M HCI solution, the
dissolved Al percent from Galfan (5 wt.% Al) is evieigher than that from 55 wt.% Al-Zn at
the anodic potentials. In 0.1 M NaCl, the selectiissolution suddenly changes from that of
aluminum to that of zinc at -0.9 V vs. SHE for bailoys. However, at the anodic potential,
%Al gissoived from Galvalume is higher than from Galfan. In NaQhe Zn active domain of
Galfan starts at more negative potential (at -12sVSHE) than that of Galvalume (-1.05 V
vs. SHE) and lasts for a longer time. The highesaved Al from Galvalume during the

entire polarization is consistent with the highéicémposition in the coating.

143



Chapter 8

(@
100 T
pH=12.8
10 ~
= 2 T N N | | . S
g
S 5 Wt.%
%)
5 1
< pH=1.5
X
0.1
pH=6.7
0.01 T e e SRR B 18 I
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4
E vs. SHE/V
(b)
100 T )
_________________________ |
55 wt.% 'W| 1
10
©
(]
=
2
51
<
=
0.1 1
001 T T T | T T T | T T T T T T T T T lH | T T T |
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4

Evs.SHE/V

Figure 8-5: Fraction of dissolved Al from a) 5% Al-Zn and (b) 55% Al-Zn as a function of
potential in the different environments: 0.1 M HCl, 0.1 M NaCl, and 0.1 M NaOH.

8.4. Discussion

The dissolution currents of zinc and aluminum atropircuit potential mentioned in
Table 8-1 demonstrated that the dissolutions of zinc and mum are preferential at pH =
1.5 and 12.8 respectively. The electrochemicalrnzation curvesKig. 8-1) shows an anodic
shift of Ec and Ec.when the electrolytes are changed from alkalinectdic. According to the
mixed potential diagram (Evan’s diagram) of Wagaed Traud [25], E and E.of a Zn-Al
alloy should lie between the values of uncoupledaAtl Zn. The observed shift in acid is
consistent with the results in [20] which demortstlahat Al was more active than Zn in the

alkaline solution, while Zn was more active thanmthe acidic solution.
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Cathodic polarization:

When Zn-Al alloys were polarized at very negativéeptials, the reduction of water to
hydroxide ions (i.e., 20 + 2e~> H, + 20H) causes the pH of the metal/electrolyte interface
to increase. This pH may be high enough to des&abihe Al passive film [26]. In 0.1 M
NaCl (pH = 6.7) Fig. 8-3), the very high cathodic current density leadanancrease in the
interfacial pH and a significant increase p on the cathodic branch due to the cathodic
dissolution mechanism [27]. However, in the cas8.&fM HCI Fig. 8-2) the dissolution rate
of Al is insignificant because Hons from the bulk solution neutralize the hyddexbefore it
can react with the aluminum oxides. Thegt the cathodic potentials in 0.1 M NaOF(. 8-

4) is much higher than in other electrolytes becaisglready contains hydroxide ions.
However, in this electrolyteyjfrom 55% Al-Zn is about 8 times higher than frof Bl-Zn.
This is explained by a strong dependence,obi the Al composition of the coating in the
alkaline environment where Al is very active. Tkiglanation is consistent with the spikes
observed onyj curve inFig. 8-4bwhich correspond to hydrogen gas evolution.

As compared with the Al dissolution rate in thehcatic domain, the Zn dissolution rate
is much smaller in the same electrolyte. In 0.1 MCNand 0.1 M NaOH, zinc dissolution was
below the detection limit. Therefore, a strong sie dissolution of aluminum in the
cathodic domain was observed kig. 8-5 Although Zn was not active at the cathodic
potentials, a smallzj (about 3x1G mA cm? for both Galfan and Galvalume) was still
detected in the case of 0.1 M HCI (pH = 1.5) beeanfsits high reactivity with hydrogen
ions. As mentioned above, an insignificapntyas also detected, but both of them were small.
Dissolved Al fractions calculated from,jand j in this electrolyte for Galfan and Galvalume
are not very different. Therefore, selective digsoh behavior which is based on comparison
between the dissolved Al fraction and coating cositpmn is different for these coatings: Al

selective dissolution occurs for Galfan and Zn clele dissolution occurs for Galvalume
(Fig. 8-5.

Anodic polarization

When Zn-Al alloys were polarized at anodic potdstim 0.1 M HCI, the hydrogen
reduction reaction (i.e., ZH+ 2e > H,) also occurred at the same time as the oxidation
reactions of metals especially of zinc (i.e.,2nZn’** + 2e) because zinc is much more active
than aluminum in acidic media though both of themamphoteric [20]. This causes the total
electrical current,¢j to be lower than the total dissolution currest, jai, especially in the

case of GalfanKig. 8-29 which has much higher bulk composition of zinarttGalvalume.
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This is consistent with the observation of spikppearing at about -0.65 V vs. SHE which
attributed to gas bubble evolution. In other ca$ag. 8-2b, 8-3a, and 8-3) je = jzn + jal
implying that the cathodic reaction contribution negligible. However, during anodic
polarization in 0.1 M NaOH,p jzn + ja due to the contribution of insoluble components.

In acidic and neutral solutionsz,jis much higher than,j therefore Zn selective
dissolution occurs during the entire anodic poktian (Fig. 8-5. However, in alkaline
solution, anodic branches for Galfan and Galvalareedivided into two different domains
which depend on Zn and Al activities: zinc activardin in which aluminum dissolution is
inhibited, and zinc passive domain. The inhibitioh aluminum dissolution involves the
dissolution/precipitation mechanism of zinc catiarsthe aluminum-rich surface [19], and
the inhibition degree which is assessed by a dsecepercentage ofj(84% and 89% for
Galfan and Galvalume respectively) seems not t@enigmn Al composition in the coatings.
The dissolved Al fraction irFig. 8-5 demonstrates that Zn selective dissolution fronh bot
coatings occurs in the Zn active domain, and Aédele dissolution occurs in the Zn passive

domain.

8.5. Conclusion
In this work, we have mapped out Zn and Al selectiNssolution from Galfan and

Galvalume as a function of potential in three ddfd electrolytes. During cathodic
polarization, there was a strong selective disgmubf Al from both alloys in 0.1 M NaOH
and 0.1 M NacCl, but a selective dissolution of Zoni Galvalume in 0.1 M HCI in which Zn
dissolution was detected even though Zn was noynmat active in the cathodic potential
domain. During anodic polarization, a strong s@lecdissolution of Zn was seen in the acidic
and neutral solutions. In the alkaline solutionspdic branches of polarization curves for
both Galfan and Gavalume are divided into 2 difieidomains: zinc active domain in which
Zn selective dissolution occurs and zinc passivealo in which Al selective dissolution

occurs.
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9. The Anodic Dissolution of Zinc and Zinc Alloysm Alkaline Solution:

Al and Zn partial dissolution from 5% Al-Zn coating s

ABSTRACT: The polarization behavior of a 5 wt.% Al- Zn steehting (Galfan™) has been
investigated in alkaline solution using atomic esia spectroelectrochemistry (AESEC).
The instantaneous Zn and Al dissolution rates weeasured as a function of time during a
linear scan and potential step transients. The dbon rate of insoluble oxides was
determined from the difference between the conedlubtal current and the sum of the
elemental dissolution currents. It was found tlwagr a wide potential range, the zinc and
aluminum partial currents behaved in a similar waypure zinc and pure aluminum
independently. However, during the period in whathc was active, aluminum dissolution
was inhibited. This is attributed to the inhibitig&fect of the first and/or the second states of
zinc oxide that are formed during the active paogromain. The third form of zinc oxide,
observed at higher potential and responsible ferpiissivation of zinc dissolution, does not

have a measurable effect on the Al dissolution rate

Keyword: Galfan, partial elemental current, linear scan steddy state polarization, alkaline
solution, AESEC.
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9.1. Introduction

In Part | of this article [1], the anodic dissobuti of Zn (electrogalvanized steel) in
alkaline solution was investigated as a functioamgblied potential. By using atomic emission
spectroelectrochemistry (AESEC) [1-6], we were ableneasure the contribution of oxide
formation and zinc dissolution to the total oxidaticurrent. For this relatively simple
material we were able to identify, as a function paftential, three different solid zinc
oxidation products as intermediates in zinc dissmhuand their passivating effect on the zinc

dissolution reaction.

In this work, we apply the AESEC technique to obsdhe polarization behavior of a
significantly more complex alloy coating with thede name GalfdN. This material is a
dual phase binary alloy coating of Zn and about% Wl with rare earth elements Ce and La
added as mesh metals [7-10]. The 5 wt% Al compmsis near the eutectic point in the Al-
Zn phase diagram (6 wt% Al) [11]. During solidiftn, two phases are formed; a zinc-rich
n- phase surrounded by a eutectic phase consistifgAdand n- Zn lamellae [10-11]. The
alloy is applied to steel through the continuousdip galvanization process and is frequently

used in unpainted outdoor applications.

The specific goal of this work is to enquire iritee interactions between zinc and
aluminum dissolution in different potential domaifi$ie complication for the Zn-Al system
is that the anodic reaction may be divided into & Al dissolution both of which, in
alkaline solution, proceed via the intermediaryadolid hydroxide / oxide species [12-14]. If
we use the simple M(OH)to represent the stoichiometry of the oxide/ hydiex

intermediate, the anodic dissolution mechanism b&awritten as :

Zn + 20H > Zn(OH), + 26 (9-1)
Zn(OH), + OH > Zn(OH) (9-2)
Al + 30H > AI(OH); + 3¢ (9-3)
Al(OH); + OH > AI(OH), (9-4)

Indeed, in our previous work we demonstrated tmatlissolution occurs by way of three

forms of solid zinc oxidation products that werstiiguished based on their effect on the
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zinc dissolution reaction. Type | occurs during tharly active period. It has a slight
inhibiting effect on zinc dissolution and resultsthe occurrence of a plateau in the anodic
dissolution peak. Type Il oxide forms along the tdphis plateau and apparently has little to
no effect on zinc dissolution. Finally, a third &pf oxide forms at higher potential creating a
passive film which reduces the zinc dissolutiorerafhe different types of oxides were
observed directly by the difference between thel totirrent and the dissolution current and

indirectly by the apparent effect of the oxide ba zinc dissolution reaction.

In this article, oxide formation will also be maesd in a similar way for the Al-Zn
alloy system. Specifically we seek to observe amantjfy the effect of polarization on both
Al and Zn dissolution. In the first section, we @stigate the effect in a qualitative fashion
using linear scan voltammetry to map out the gdneehavior of the system in different
potential ranges. In the second part, we inveditfa@ same phenomena using potential step

transients providing more quantitative kinetic mhation.

9.2. Experimental

9.2.1 Materials

A commercial hot dipped galvanized steel produd¢hwi 7.0 um thick Galfan coating
was used. The samples were used as received sheoldirectly with Jum metallographic
paper, following ultrasonic cleaning for 10 minuiasreagent grade ethanol and drying in
flowing nitrogen. Electrolytes were prepared fromalgtical grade NaOH (provided by
Prolabo, S.A.) and deionized water (18.22Mm) prepared with a Millipore™ system. All
solutions were deaerated for 10-15 minutes withviflg nitrogen prior to experiments to
avoid the effect of cathodic oxygen reduction [1B]l experiments were performed at

ambient temperature and pressure.

9.2.2. Scanning Electron Microscopy/Energy DispemsiSpectroscopy (SEM/EDS)

Surfaces characterization were performed by scagnalactron microscopy (SEM)
coupled with energy dispersive spectroscopy (EDSg a Gemini 1530 microscope with
field emission gun (FEG) source at 15 kV, Si(Li}etgor for EDS and QUANTAX software
(Bruker AXS).
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9.2.3. The AESEC Technique

Atomic emission spectroelectrochemistry (AESEC) @iaf an inductively coupled
optical emission spectrometer (ICP-OES) coupleant@lectrochemical flow cell. It has been
described in detail in a previous article [4]. Bye the ICP-OES spectrometer was
manufactured by HORIBA Jobin Yvon (Ultima 26 and consists of a polychromator and a
monochromator for the simultaneous detection ofliferent wavelengths. The spectrometer
is equipped with a fast time resolved data acqaisisystem developed in collaboration with
the manufacturer for this application. The emissigansity of Zn and Al in the plasma was
monitored at 213.856 nm and 167.081 nm respectivédlg detection limits were determined

to be 2.2 ppb Zn and 3.0 ppb Al, under the conagiof these experiments.

The electrochemical experiments were conductetlenPAESEC electrochemical flow
cell with a Ag/AgCI reference electrode (3 M KCI268 mV vs. a standard hydrogen
electrode) and a Pt wire counter electrode. Themmtstat was an EG&G Princeton Applied
Electronics M273A functioning in the potentiostatimde. It was controlled manually from
the front panel and the analog current and potesitgals were routed into the measuring
circuit of the ICP-OES spectrometer to ensure Hpmctrometer and electrochemical data
were on the same time scale. The flow rate in lbet®chemical cell was approximately 3.0

ml min and was measured for each series of experiments.

9.2.4. Analysis of the ICP-OES data
The total current density measured by the eleattenof the potentiostat is referred to
as |, where e indicates the electrical nature. Theglatementary dissolution current density

for element, M, , is calculated from the downstream concentratich® element, :
jM = an CulA (9-5)

wheref is flow rate of electrolyte through the cell,s~the Faraday constant, A is the surface
area, and n is number of electrons transferretdarokidation step (n = 2 for Zn and n = 3 for
Al). Note that all surface reaction rates are ndized to the geometrical surface of the
sample exposed to the electrolyte (0.52)cffhis is done for convenience and is not meant to

imply that the specific reaction is actually unifoon the surface.

The total current is the sum of the anodic antiaiit partial currentsgF ja+ jc. The
anodic current may in turn be divided into solubEmponent for each element and an

insoluble component;,§. The soluble components are measured by the ICE-@&n. 9-5).
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We assume that the insoluble component remaink@sturface of the sample (or within the
porosity) in the form of a corrosion product or @ifilm. Therefore, if the concentration and

electrical transients have the same time resolutientotal current may be written as:

= Jins+Zjm e (9-6)
where § is the cathodic partial current angs s the partial current corresponding to the
instantaneous rate of formation of “insoluble” campnts of the anodic reaction. (Note that
both Zn and Al dissolution pass through oxide/hydie intermediates. Although we use the
term “insoluble”, in fact this only means that atgaven time, the formation of solid
intermediates is more rapid than their dissoluteading to an oxide growth on the surface).

Under conditions in which;j= 0, both Zn and Al dissolve from the alloy apd may be
determined by:

Jins = Je ~Jzn -l (9-7)

Under transient conditionggn. 9-7 cannot be applied directly because of the temporal
resolution difference between the electrochemicakasarements (fast) and the
spectrochemical measurements that are broadenetuxnyg in the hydraulic system. This

may be corrected by performing a numerical convatubf joand h(t) [4] such that:

t
O = J; Je (1) * h(t-T) dr (9-8)

where h(t) is the time constant distribution foe tiydraulic system andis simply a variable
of integration. Following this operation, the elechemical data will be on the same time
resolution as the concentration data. More pregig&gn. 9-7 should be written as

jins = j*e - jZn - jAI (9‘9)

During potential step experiments, it often happéas the Al dissolution rate is high
prior to the imposition of the potential step doetie cathodic dissolution mechanism [5].
Therefore, following the potential step, the inséauatous partial Al dissolution rate will be the
sum of two different components: (1) j which we define as the true Al dissolution ratec
(2) Yai, the decreasing background from the Al concemtmagirior to the potential stefua,

is a purely hydrodynamic phenomena and is onlytduesidual Al ions in the nebulization
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chamber of the ICP-OES system. It is therefore oirtgmt to remove this contribution before
attempting a kinetic analysis of Al dissolutioneraersus time during these experiments.

ja =i+ Wa (9-10)

The later term is described in [5]:

o) =] ia()*hED) dr (9-11)

with ja(t) = 0 for t > 0.

Therefore, it is necessary to remove the decaygmpk Wa, from the Al signal due to the

corrosion of Al before the potential step is apghli&qn. 9-7then becomes:
jins =¥ = (zn + Jar - War) (9-12)

The time constant distribution was determined aiileed in a previous publication [1]
by measuring the concentration transient assochtttda pulsed dissolution of copper in
hydrochloric acid. The resulting transient wasiith a log-normal probability distribution. In
this work, the time constant distribution parameteere found to bg = 0.95,T1 = 13.5 s and

the offset due to transport in the capillaries datermined to bAt = 20 s.

9.3. Results

9.3.1 Microstructure Analysis

Fig. 9-1a shows a scanning electron micrograph of the inalfan surface after
polishing. The material consists of two phasesczich phase and the eutectic phase which
an EDS analysis indicated 1.3 and 6.1 wt.% Al, eetipely Fig. 9-19. A higher resolution
image of the eutectic phase is showrFig. 9-1b where the3-Al appears as dark points of

approximately 100 nm diameter surrounded byntzn.
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Figure 9-1: Microstructure of polished Galfan™ showing 2 phases: (a) secondary electron
image showing the zinc-rich phase and the eutectic phase, (b) backscattered electron image

showing the eutectic phase composed of Al rich lamellae surrounded by a zinc-rich phase.

9.3.2. Spontaneous reaction of 5% Al-Zn alloy walkaline solutions

Fig. 9-2 gives @) the open circuit potential and spontaneous eléangrdissolution
current densitiesj and p,, (b andc respectively) as a function of time for the reawctof 5%
Al-Zn alloy coated steel with electrolytes of vdnie@ NaOH concentration as indicated. The
0.1 and 0.2 M reaction shows an initial open cir@atential of -0.96 V and — 0.85 V vs.
Ag/AgCI respectively consistent with an oxidized fage. After about 50 s, the potential
drops through a second plateau of -1.35 and -1.48\& then obtains a stable -1.48 V vs.
Ag/AgCI for all three concentrations. The positpatential plateau during the early period is
consistent with the dissolution of initial oxidesorh the surface. For 0.3 M NaOH, the
potential dropped directly to the stable -1.48 V »g/AgCl indicative of a more rapid
pickling of surface oxides. During the steady péri, was below the detection limit, as

156



Chapter 9

shown inFig. 9-2¢ and the open circuit potential was stable at @pprately -1.46 V vs.
Ag/AgCl, consistent with the active dissolutionAdf
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Figure 9-2: Spontaneous reaction profile for Galfan in contact with 0.1 M, 0.2 M, and 0.3 M
NaOH solutions at open circuit potential. Shown as a function of time are the open circuit

potential (E,c) (a) and the instantaneous dissolution rates of (b) Al (ja)) and (c) Zn (jzn).
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The Al dissolution rate,sj, varied with hydroxide ion concentration. Averagdues
for ja in the near steady state region (from 150 s to90@ig. 9-2b) were 0.49, 0.67, and
0.88 mA cnif for 0.1, 0.2 and 0.3 mol'lOH respectively. The initial dissolution transients
showed poor reproducibility, reflecting a varyintate of oxide formation on the Galfan

surface.

9.3.3. Zn and Al dissolution in different potenti@lomains

Fig. 9-3ashows a typical AESEC polarization curve of 5%ZAl-alloy coated steel in
0.1 M NaOH solution. The total currend, and the partial elementary currengsand j, are
shown. The experiment consisted of several timeg@er First, the sample was exposed at
open circuit potential (§&) until an approximately stable aluminum dissoluti@te was
obtained. Next, a potential step to -1.6 V vs. AgffA for 200 s (&) was applied to the
sample. This was followed by linear sweep voltammnéisv) from -1.6 V to -0.6 V vs.
Ag/AgCl at a scan rate of 0.5 mVts
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Figure 9-3: AESEC polarization experiment (LSV) showing the total current density (j.) and
dissolution rates of Zn (jz,) and Al (ja)) as a function of potential when Galfan was polarized
from -1.6 V to -0.6 V vs. Ag/AgCl with a sweep rate of 0.5 mV s in (a) 0.1 M NaOH and (b)
0.25 M NaOH solution. Curve (a) also shows preliminary open circuit potential (E,.) and the

applied potential period (E,,) at -1.6 V.

For the anodic polarization curve (LSV) g. 9-3g the total electrical current, j
shows several different anodic features labeled a4. This result illustrates the utility of the

AESEC method as these features could not be irteighrunambiguously without knowledge
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of the elementary dissolution rates. From -1.6 Vhi® potential labeledl (referred to as the

“Zn cathodic domain”) the interfacial kinetics aoharacterized by selective aluminum
dissolution. The Al dissolution rate was essentiaibnstant despite a very high cathodic
current. In fact, Al dissolution did not seem tgded upon the applied potential at all and
varied little when the potential was stepped fréma open circuit potential (-1.46 V) to the
initial sweep potential (-1.6 V). During the pati@hsweep, the magnitude of the total current
je Steadily approached zero, crossing zero at E 4 \l.dnd rapidly approacheg .j This gave

rise to the feature labeled in Fig. 9-3a.

An anodic maximum, labeleal, corresponds to an increase ip gnd a decrease in
jai- In the potential domain between to a2 (referred to as the “Zn Tafel domain”), the Zn
dissolution rate increases exponentially with patééntvith jz, reaching a maximum a2. A
second maximum in,j labeleda3, was observed at a slightly higher potential hoavetis
peak was less pronounced at higher hydroxide caratems. In the potential domain from
a2 to a3 (referred to as the “Zn maximum domain”) where #medissolution rate is more or
less independent of potential and curiously, themahum dissolution rate decreases to a

minimum value.

Finally immediately followinga3 there is a rapid decrease drand j, to a steady state
rate that is independent of potentialdl (Zn passive domain). During this period, §lso
increases to a steady state rate. At higher NaOldettration, a peak ofyjwas observed
immediately followinga3. An example is shown iRig. 9-3b where, for simplicity, only the
linear scan voltammetry curve is shown. At highetepbals, the total current and the Al and
Zn dissolution rates were relatively constant aisdalved at comparable rates. Theys. E
curve shown inFig. 9-3 is very similar to that observed for pure zinc afat

electrogalvanized steel under similar conditionscdbed in part | of this work [1].

9.3.4. SEM / EDS analysis after applied potential

In order to confirm the formation and the dissointof the oxide in different potential
domains after activating the surface at -1.6 V gé AgCl, we have applied different constant
potentials for 1 h and then observed the surfacedayning electron microscoplig. 9-4
gives the SEM images of the surface after variqudied potentialsFig. 9-4a shows the
initial unpolished Galfan surface. As comparedrig. 9-1a(polished surface), it is observed

that the surface has a significant porosity. ED&8lyais indicates that the more porous areas
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have an Al content of 3.2 wt% while the less porausa has 5.2 wt%. After an applied
potential of -1.2 V vs. Ag/AgCI for 1 hourFig. 9-4b), the presence of a precipitated
corrosion products is visible. After an appliedeuital of -0.7 V, the precipitated product is
no longer detected but a porous and non porousrasclearly visible. The EDS elemental
analysis ofTable 9-1shows that Al is not detectable for either surfafter polarization. This

Is consistent with the selective Al dissolution etved inFig. 9-3

()

Figure 9-4: SEM images of the unpolished surface (a) before and (b & c) after applying

potential at -1.2 V and -0.7 V vs. Ag/AgCl.
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Table 9-1: EDS elemental analysis of surface in Fig. 9-4

Element Zn Al O Na Fe C
Zone 1l 84.7 3.2 2.0 9.0 1.1 -
Fig. 9-4a
Zone 2 84.2 52 1.5 8.4 0.7 -
Zone 1 55.6 1.1 23.2 9.6 - 10.5
Fig. 9-4b
Zone 2 74.4 1.0 15.3 6.0 - 3.3
Zone 1l 89.4 0.6 2.4 7.1 0.5 -
Fig. 9-4c
Zone 2 89.8 0.1 2.0 7.4 0.7 -

9.3.5. Kinetic parameters

In Fig. 9-5 jznand j are shown as a function of the hydroxide ion cotra¢ion (0.1
to 0.5 M) in various potential domains of the paation curve. In this domain wherg, js a
maximum (-1.1 to -1.0 V vs. Ag/AgCl), a log- logoplof jz, vs. Giaon is linear with a slope,
representing the reaction order, n, of approxinyaieb. j is significantly lower thangz, in
this domain and varies in a non linear fashionrdasing markedly at higher concentration. In
the passive domain (-0.7 to -0.6 V vs. Ag/AgCl)jrear increase is observed in the log-log
plot with n = 1.3 and 1.8 for Al and Zn respectiweBy contrast, at lower potentials (not
shown) from -1.5 V to — 1.4 Vajwas essentially independent of hydroxide concdotrat
with an apparent reaction order of only 0.3. Zirgsdlution was undetectable in this potential
domain. These observed variations of the appasadtion order for Al dissolution between
the three potential domains may be associateddifférent dissolution mechanisms.

It was observed that jincreased during the second half of the activatiesk. At high
hydroxide ion concentrations, this is followed bglerp peak in Al dissolutiorFig. 9-3b).
This effect was not apparent at 0.1 M NaOHFig. 9-3a
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Figure 9-5: Reaction order analysis showing log(jz,) and log(js) during polarization as a
function of hydroxide ion concentration. The measurements were performed in the potential

domains specified.
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Figure 9-6: Tafel slope measurements for anodic Zn dissolution (log(jz,) vs. E) at different
hydroxide ion concentration from the linear potential sweep experiments. The Tafel slopes

are given in Table 9-2.
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Table 9-2: Tafel slope of log (jz,) vs. log(Cnqon) curves in Fig. 9-6

NaOH concentration Tafel slope
(M) (mV/decade)
0.1 (polished) 35
0.1 30
0.2 36
0.25 38
0.3 37
0.4 34
0.5 36

Fig. 9-6 gives the log4, obtained at different hydroxide ion concentratidmn the
linear potential scan experiments. The Tafel slojpesh these curves are summarized in
Table 9-2 The results indicate that the Tafel slope fordfssolution in the active domain is
approximately 35 mV/decade and is nearly independihydroxide ion concentration. This
value is consistent with the dissolution of puneczobtained in Part I. We conclude from this
result that that the Al dissolution rate does retéha significant effect on the kinetics of zinc

dissolution.

9.3.6. Potentiostatic Transient Experiments

For the active region and beyond, during the lirszam voltammetry experiments, it
was observed that the total curregtwas greater than the sum of the Al and Zn disswiu
currents. This implies that a significant fractminoxidized Al and/or Zn are insoluble and are
therefore not detected by the ICP. It was theretdranterest to determine the steady state
polarization curve, which in principle, should lesd affected by film growth. Potential step
experiments were performed by first polarizing Galfan to -1.6 V (very close to the open
circuit potential) for 300 seconds and then stegghre potential in the positive direction.
Fig. 9-7 gives the results of steps to different potentalues in the different regions of the
profile.

164



Chapter 9

16V
0.6 - : -1.325 v
N i
£
(8]
<
E jzn X 50
-0.2 ] T T T T T T T T 1
50 0 50 100 150 200 250 300 350 400 450
Time/s
(@)
1ev 1150 V
2.0 T >
1.5 1
% 1.0
E Je
=~ 0.5 -] :
— JZn
0 T et s e _Jla
'0-5 T T T T T T T T T 1
-50 0 50 100 150 200 250 300 350 400 450
Time /s
(b)
16V
; 0.8V
4—»:
107 |
0.8 Je
T 0.6 W ,
o Ial
<( |
< 0.4
— 0.2 1 Jzn
0 .............................................................................
'0.2 T T T T T T T T 1
50 0 50 100 150 200 250 300 350 400 450
Time/s
(©)

Figure 9-7: Transient analysis: j., ja and jz, from Galfan in 0.1 M NaOH as a function of time

during a potential step from -1.6 V vs. Ag/AgCl to (a) -1.325 V, (b) —1.150 V, and (c) -0.8 V.
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Figure 9-8: Transient analysis: j.*, th,, and jz, in 0.1 M NaOH as a function of time during a

potential step from -1.6 V vs. Ag/AgCl to (a) -1.325 V, (b) —1.150 V, and (c) -0.8 V.
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Active domain potential stepAn exploration of the active domain is showrFig. 9-7a
with an applied potential of -1.325 V vs. Ag/Agdihe increase in potential resulted in a
stabilization of the Al dissolution rate at a slighiower level than at -1.6 V vs. Ag/AgCI.
The Zn dissolution rate rose only slightly aboveKkzmound to about 2 pA ¢ Note that the
Zn signal is multiplied by 50 in the figure. Thaabcurrent, 4, rose almost to the level of the
Al dissolution rate. The difference may be attrézlito the reduction of hydrogen occurring
simultaneously with Al dissolution. The cathodiaremt density, ¢ was estimated at 80 pA
cm”. Selective dissolution of Al was clearly identifigvith Al cations comprising 99.35% of
the dissolved species detected with IER(9-89.

Maximum domain potential stepFig. 9-7b presents a potential step into the active
region. In this case, zinc dissolution increasedketwly and Al dissolution decreased. At
steady state, Al cations represented only 2.35%heftotal dissolved cationg-ig. 9-8b),
showing a preferential dissolution of zinc. We nibtat in the steady state period the insoluble
component appears to be growing as indicated bydiffierence in the sum of Zn and Al
dissolution rates and the total current. Never®lehe Al dissolution rate was relatively

constant.

Passive domain potential steg-ig. 9-7cshows a dissolution profile for a potential step
into the passive domain. This resulted in an irs@da j, which passed through a maximum
and then decreased to a steady state rate.albignpal passed through a minimum, shifted to
slightly longer times, and then increased to obtasteady state value. This result suggests
that the early stage of the transient involvesftlmmation of the type | and type Il oxide that
may have an initial inhibiting effect. However, gmon as the type Ill oxide was formed and

the film was passive, Al dissolution became actimee again.

It is of considerable interest to determine the rat formation of insoluble oxidation
products, js as a function of time from the datakig. 9-7. This requires treating the data as
described in the introductiofrig. 9-8 after treatment gives the convoluted total cugrgit
the zinc dissolution ratezj (unaltered), and4 = ja —Wa calculated from the data Bfg. 9-

7. The rate of film growth may be determined as5 j&* - j'a — jzn @and can be apprehended

visually by comparinget with (j'ar + jzn).
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Figure 9-9: The total insoluble component formation rate and cathodic current (jins + jc) in 0.1

M NaOH as a function of time for the potentials of -1.325 V, -1.15 V, and -0.8 V vs. Ag/AgCl.

Figure 9-9 shows js + jc as a function of time for the three potential$-mf. 9-7 andFig.
9-8. We attribute ijs to the formation of insoluble or at least slowigablving oxides. The
result in the cathodic domain is below zero indigatthat the cathodic reaction is not
negligible for this experiment and therefore oxifmation cannot be determined.
Dissolution in the zinc active region shows a vagfined peak during the first 40 s. Beyond
this, jns (jc = 0 in the anodic domain) is very close to zero sstjgg that only the type | and
Il oxide forms in this domain. In the passive regianvery large Type | peak is observed
followed by a slow rise to a steady state oxidenftion rate. We attribute this slow rise to
the formation of the zinc passive film which regsimore time than the simple dissolution —

precipitation mechanism of the type |, II.

9.3.7. Steady State Polarization curve

A steady state polarization curve in whic¢hjy and p, were measured from the
potential step experiments at steady state is showig. 9-1Q Also shown in this curve is
the sum of the elemental dissolution currenist jjzn. An inset in the upper part of the figure

gives the current associated with the formation in$oluble elemental dissolution
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components,ggn. 9-9. Potentials below -1.25 V vs. Ag/AgCl, wherg@ £ 0 were ignored
for this calculation as this demonstrates a sigaift contribution of the cathodic current.

jins = j*e_ (thI + jZn)

j/ mA cnr?

'0.2 T T 1
-14 -13 -12 -11 -10 -09 -08 -07

E /V vs. Ag/AgCI

Figure 9-10: Steady state AESEC polarization curve showing j*., j'a, and jzn, as a function of
potential from -1.375 V to -0.7 V vs. Ag/AgCl in 0.1 M NaOH, calculated as the average
values from 300 s to 400 s in Fig 7, 8 and 9. Also shown is the sum of the elemental

dissolution current (j'a, + jzn) and the insoluble component of current, (jins = j*e - j a1 - jzn)-

Several points are clear from the inspectionFa@f. 9-1Q Firstly, there is a good
agreement between the sum of the elemental curesmtsthe total current except in three
potential regions — (1) the maximum of the actiealp (2) during the higher potentials of the
passive domain, and of course (3) in the cathceyeon which we do not consider. For (1)
and (2), a measurable steady state oxide formaiide was observed. These results
demonstrate that the anomalous oxidation observéigei previous section is only associated
with the linear scan experiments; if sufficient &ns given to the system, the total currents
and the sum of the dissolution currents are in gagtement except in potential domains

where oxide formation is expected.

169



Chapter 9

Second, the potential corresponding to the zinsipason was shifted approximately -
100 mV relative to that obtained during the linesman experiment. This suggests that
nucleation phenomena do contribute to passivatiom;linear scan experiment leads to the
formation of an excess insoluble oxide that dodssignificantly contribute to passivation.
During a transient step experiment, this oxide rfayn during the early stages and then
dissolve at later stages.

Third, the inhibitive effect of Zn dissolution onl Aissolution is confirmed to not be
associated with the linear scan experiment butobagrved even at steady stateFig. 9-7c
and 9-8c,we see that a potential step into the passive olol@ads to an initial decrease jp |
followed by an increase. This implies that theest#tthe alloy / electrolyte interface obtained
at the maximum in the zinc dissolution rate is eessary passage for the system, even when

the potential is stepped into the passive domain.

9.4. Discussion

In this section we propose a mechanistic integpiat of the kinetic results for Zn and
Al dissolution, based on our understanding of #ectivity of pure zinc obtained in Part. I.
Fig. 9-11shows a simplified schematic of the interfacialisture of the eutectic obtained in
the different potential domains investigated instinork. We assume that Zn dissolution
follows the mechanism proposed for pure zinc in previous publication [1]Fig. 9-11a
shows the proposed structure when the sampleapet circuit or under the influence of a
constant cathodic potential below the dissolutioteptal of zinc which in alkaline solution
is E° Zn/Zn(OH)* = -1.2 V vs. SHE [16]. Under these circumstancesy Al dissolution

will occur and the presence of Zn will have no efffen this reaction.

As the potential increases and active Zn dissmiubegins, the surface will be covered
with slightly soluble Zn oxide and hydroxide spe&ctbat we previously described as type |
and Il oxides [1]. This is shown iRig. 9-11h Following the discussion of part 1, these
oxides are probably formed by a dissolution- prigaifpn mechanism. Therefore the resulting
film is not limited to the active zinc surface. TReAl phase, which as shown ifg. 9-1
consists of spots of about 100 nm diameter, wdloabe covered with these corrosion
products. We propose that it is these precipitatedosion products that inhibit Al
dissolution. The precise mechanism of inhibitionyniee due to the barrier effect of the

products or may be due to a buffering of the imigel pH due to the solubility of the
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precipitated zinc oxides. Titration experiments][démonstrate that zinc oxide-hydroxide
precipitation occurs at about pH 10. This lower piduld of course lead to a decreased
solubility of the Al passive film (indicated iRig. 9-11as AIOOH) and therefore a decreased

dissolution rate.

AI(OH),; AOH); MO oy

(@) | [ \_~
e ./

A|OQH Zn(OH),%
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~
A RN
Ss

(b) [ Zn0 / Zn(OH)
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.
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n-2Zn n-2Zn n-<Zn

Figure 9-11: Schematic model showing the proposed interfacial structure of the eutectic

Zn(OH),>

()

phase during a polarization experiment. a) cathodic domain, b) active domain, c) passive
domain. The zinc corrosion product film is formed by dissolution — precipitation mechanism in

the active domain and by direct oxidation in the passive domain.

The passivation of the zinc requires a slow numagrocess to occur on the surface

[1]. Once the passivation process is completedfype | and Il oxides will re-dissolve and
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only a very thin zinc oxide passive film will remaiAs this film is formed by a direct
oxidation mechanism, the film will be localized thre Zn containing phases as illustrated in
Fig. 9-11c At this point, the Al will once again be expostedalkaline electrolyte and Al
dissolution will begin again. In fact, as the Aksiblution rate is limited by the solubility of
the Al passive film [18], Al dissolution is neamptential independent throughout the entire

potential domain investigated in this work.

This simple model may also explain the sharp peakl dissolution observed in the
linear scan polarization experiments at higher byidie concentrationsF{g. 9-3 and
confirmed in the steady state polarization cuiig.(9-10. The dissolution of the zinc metal
during the Zn active region with reduced Al dissimin may actually produce an enrichment
of Al that immediately dissolves as soon as thdaseris cleared of the type | and type Il

oxides.

This model could also be applied to an initialhifarm alloy. During the early part of
the experiment at open circuit and applied cathqubtential, there would be a strong
selective dissolution of Al in the Zn-Al alloys. iBhwould naturally lead to depletion of Al in
the near surface region and form a thin porous éfzinc. Al dissolution would therefore
occur across this film, consistent with the obseénweak dependence on NaOH concentration
in the passive domain. Not taking into account ploeosity of the system, we can make a
simple estimate of the depth of the depletion zémegration of several typical experiments
yields an excess Al dissolution of approximatelyx2®5 g. Assuming 5% Al and a density
of 7.14 g cri? (pure zinc) this would translate into a depletimhapproximately 4 nm.
Therefore, prior to the active dissolution doma&hgdissolution would occur across a porous
phase of Al depleted zinc with an approximate theds of 4 nm. During active dissolution,
the porous phase would be blocked by the precguitainc oxide film. During the passive
stage the zinc passive film would be significaritiinner and localized on the zinc surface

and therefore have less effect on Al dissolution.

9.5. Conclusions
In this work, we have demonstrated that Zn dissmiufrom a Galfan alloy coating on
steel behaved in a nearly identical fashion toghee Zn. However, the Al dissolution rate
was mostly potential independent as expected fo pliin alkaline solution [6] but showed

a substantial decrease during the Zn active donfdie. Al dissolution rate returned to its
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original value in the Zn passive domain. We intetphese results in terms of the three oxide
model proposed for pure Zn in part I. Active zinssilution occurs through the formation of
a relatively thick oxide film that blocks Al dission. After passivation, the excess oxide

(type | and Il) dissolves, allowing Al to dissoleace again.
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10. Inhibition mechanism of Al dissolution during

polarization of Zn-Al alloys in alkaline solution

ABSTRACT: The inhibition mechanism of Al dissolution at thezactive potential when
Zn-Al alloys were polarized in 0.1 M NaOH (pH 128as clarified using atomic emission
spectroelectrochemistry (AESEC) and a speciallygtesl bi-electrode with Zn and Al could
either be polarized separately or in short circliite results demonstrated that the inhibition
of Al dissolution was due to the presence of Zpn in solution. This is consistent with the
mechanism developed previously concerning the etié@n-containing corrosion products

formed by a dissolution precipitation mechanism.

Keywords: inhibition; Zn-Al alloys; polarization; alkalinddESEC.
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10.1. Introduction

The corrosion and polarization behaviors of Zn-Abys have been extensively
studied in aqueous alkaline solution [1-5]. In @uevious publication [6], we showed that
when 5% Al-Zn alloy (Galfal") coating was polarized from cathodic to anodiceptal in
0.1 M NaOH, the polarization behavior of Zn-Al alooccurs in three different potential
domains according to the partial dissolution rategn and Al: (1) cathodic domain in which
only Al dissolves from the alloy with a dissoluticate nearly independent of potential; (2) Zn
active domain in which Zn starts dissolving anddigsolution rate decreases significantly;
and (3) Zn passive domain in which Al is re-actiSenilar tendencies were observed for 55%
Al-Zn (Galvalumé™) alloy coating (Chapter 9). The behavior of Zn @tdh the Zn-Al alloy
in the domains (1) and (3) are consistent with tigiure Zn and pure Al [7-14]. At cathodic
potential in alkaline solution, a strong dissolutiminpure Al is occurring due to hydroxide
attack of the Al oxide film [7,8,15], while Zn is4active [16]. Under anodic polarization, the
Zn passive domain of Zn-Al alloy is similar to thatt pure Zn for which the passivation
mechanism is proposed to be concerning specifidadixin products of Zn referred to as type
Il oxide [6,10,16]. The passivating species of plassive film are assumed to be ZnO and/or
Zn(OH), [12-14].

Contrary to the domains (1) and (3), the domain(#Z2) active domain) for Zn-Al
alloys in which Zn is active but Al is inhibited rcanot be predicted from the polarization
behavior of the pure metals. In the last chaptdraf@er 9), we proposed a mechanism in
which zinc containing corrosion products formedinigithe zinc active potential inhibited the
Al dissolution. However, this hypothesis shoulddx@erimentally confirmed and the role of
different factors which may also affect the dissolutof aluminum in this domain, such as
Zn-rich and Al-rich phase distribution, electricabupling between Zn and Al, and the
presence of Zi in electrolyte should be understood. As proposed16], Zrf* may
precipitate when Zn becomes active, the type Itgpd Il zinc oxides are formed over the
entire surface. With the Zn-Al alloys, these kiradsZn oxide in the zinc active domain are
probably formed on the surface of the Al comporaad inhibit its dissolution. In addition, at
the potentials during which Zn is active, the Zzhrphase of the Zn-Al alloys is oxidized to
form Zrf* ions whose hydrolysis would consume hydroxide iang decrease the interfacial
pH. This lower pH could lead to the formation ofArpassive film thereby decreasing the Al

dissolution rate.
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In Chapter 9, we suggested that the type | andf lkioc oxide inhibited the Al
dissolution from Galfan. In this chapter, we wiénfy this hypothesis in order to understand
the mechanism of the inhibiting action of Zn on di$solution in alkaline solution (0.1 M
NaOH). For this aim, model systems were designedhich we have attempted to separate

the different effects mentioned above.

10.2. Experimental

10.2.1. Materials

The 1199 grade Al and Zn supplied by Goodfellowevesed as pure Al (99.99% Al)
and pure Zn (99.99% Zn). The role of Zn-rich andridh phase distribution to the Al
dissolution inhibition was studied using bi-eledioconsisting of pure Zn and pure Al. This
bi-electrode was prepared as follows: pieces oh@m Al were welded to Cu wires. Both of
them were then placed in epoxy rediig( 10-1). Surfaces of the specimens were polished by
metallographic paper up to 1 um, and then cleaneghiultrasonic bath (10 minutes) with

ethanol followed by drying in flowing nitrogen.

Electrolyte + metal ione——> ICP-OES

Resin

Cu wire

with or without
coupling

Cu wijre
Reaction area
(0.5cn¥)

Electrolyte

Figure 10-1: Schematic image of bi-electrode Zn/Al

Electrolytes were prepared from analytical grad®©N&provided by Prolabo, S.A.)
and deionized water (18.2 ®icm) prepared with a Millipore™ system. All solut®owere
deaerated for 10-15 minutes with flowing nitrogeiopto experiments to avoid the effect of

cathodic oxygen reduction [1].
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10.2.2. Atomic emission spectroelectrochemistry §&) technique
The atomic emission spectroelectrochemistry (AESHE€Dhnique was described

previously in chapter 5.

The electrochemical experiments were conductedanAESEC electrochemical flow
cell with a three electrode system. Two referenleetedes, saturated calomel electrode
(SCE, 3 M KCI, +244 mV vs. a standard hydrogentebele (SHE)) and Hg/HgO (1M KOH,
+129 mV vs. a SHE), were used in this work. Inrdgult section, potential is standardized to
SHE for an easier comparison. The potentiostatamaSG&G Princeton Applied Electronics
M273A functioning in the potentiostatic mode. It svaontrolled manually from the front
panel and the analog current and potential sigwale routed into the measuring circuit of
the ICP-OES spectrometer to ensure that spectroraeteelectrochemical data were on the
same time scale. The flow rate in the electrochahuiell was approximately 3.0 ml nifrand
was measured for each series of experiments. lexakriments, the electrode is initially in
contact with electrolyte for 400-500 s at openuirpotential (), followed by a linear scan

voltammetry. The experiments were performed at 2&1€ ambient pressure.

10.3. Results

10.3.1. Polarization curves for pure Zn, pure Alnd bi-electrode in 0.1 M NaOH

Fig. 10-2ashows an AESEC polarization curve giving the eleak current (§) and
the dissolution current of pure Zn{j in 0.1 M NaOH solutions (pH = 12.8). The expenirne
consisted of two time periods: At the beginning, #anple was exposed at open circuit
potential (E.= -1.16 V vs. SHE) for about 500 s during which #e dissolution rate was
significant. After that, it decreased to almostozethen a linear scanning polarization started
from cathodic potential (-1.47 V vs. SHE) at a scate of 0.5 mV $ to anodic potential
where Zn was passive{j= 0.12 mA crif). At the potential domain from -1.1 V to -0.9 Vb Z
was active withj,(max) = 0.48 mA c.
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Figure 10-2: AESEC polarization experiment showing the total current density (jo) and

dissolution rates of Zn (jzn) and Al (ja) as a function of potential when (a) pure Zn and (b) pure

Al were polarized with a sweep rate of 0.5 mV s in 0.1 M NaOH followed by a preliminary

open circuit potential (E,.) dissolution.

Fig. 10-2b presents the electrical curren) (@nd the dissolution current of pure Al
(Jai) during the experiment including as before: an eype to 0.1 M NaOH at£&(-1.66 V
vs. SHE) followed by a linear scan polarization frelt87 V to -0.60 V vs. SHE. Both §nd
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ja increase with the potential during the polarizatidh the anodic potentials, js slightly
higher than.

Fig. 10-3 shows a typical AESEC polarization curve of theeleictrode in 0.1 M
NaOH solution. The electrical currens, @and the partial elementary currentg,gnd j, are
shown. The first period is the spontaneous dissoluiWe observed dissolution currents of
both Zn and Al during first 70 s even thoughig much smaller thanyj It is understandable
from the point of view that Al is active and Znimsactive in alkaline solution at open circuit
potential [17] but the Zn surface may contain a llenamount of zinc oxides which are
formed during storage (after polishing) and easyaalissolved in the alkaline solution. After
that, the galvanic coupling between Zn and Al congmis is effective and the Zn dissolution
is reduced to almost zero. The linear scanningrizaltion was then performed from -1.47 V
to -0.47 V vs. SHE at a scan rate of 0.5 mV At the cathodic domain from -1.47 V to -0.97
V, jzn IS undetectable whileyjis significant and increases with potential amnse#h pure
metals Fig. 10-2. At the zinc active domain from -0.97 V to -0.§7 jz, approaches the
maximum value (0.51 mA ch) but jy decreases from 5.53 mA &@ro 3.60 mA crif
(minimum value), which is not seen with pure Altifdugh the effect is less pronounced than
with Al-Zn alloys, this implies that Al is inhibiteeven when the Zn and Al are physically
separated. This immediately rules out the possibiihat the inhibitive effect may be
attributed solely to the complex microstructuretiod Zn-Al alloy. This cannot rule out the
possibility that Zn ions coming from the Zn eleckeoduring the spontaneous reaction may be

deposited on Al by a displacement reaction:
2Al + 37" > 2A1¥ + 3Zn (10-1)

However, the quantity of this electrodeposited Zrveéry small because the amount of zinc

oxide formed on the bi-electrode surface aftergbtig is insignificant.

In the Zn passive domain from -0.67 V to -0.47 Mg rather stable at 0.12 mA &m
while ja increases again with the potential. During theremtolarization process; is much
lower than j, therefore lower thamyj + jzn, indicating a strong contribution of cathodic

current which can be increased by the presence.of Z
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Figure 10-3: AESEC polarization curve for bi-electrode showing the total current density (j.)

and dissolution rates of Zn (jz,) and Al (ja) as a function of potential during polarization from

-1.47 V to -0.47 V vs. SHE with a sweep rate of 0.5 mV s in 0.1 M NaOH. The inset shows the

open circuit potential (E,c) as a function of time at open circuit period and j, at E,. at a small

scale.

Table 10-1: Difference in dissolution rates of Al (Aja) and Zn (Ajz,) at Zn active potential

AjM :jIVI (Gt EacitveZn) _jIVI (before EactiveZn)

Bi-electrode | Al (1 ppm zif") | Al (5 ppm Zrf%) | Al (5 ppm zi?)
Experiment )
(Fig. 10-3) (Fig. 10-4a) (Fig. 10-4b) (Fig. 10-4c)
Aja (MAcm®) | 1.93 1.21 0.28 2.62 0.16
Ajza(mMAcm? | 051 | 0.46 0.05 0.10 -

The experiment was repeated two times. The diffe®nt Zn and Al dissolution rates

(Ajzn andAjp respectively) at Zn active potential and beforeaZtive potential are calculated
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for both experiments (shown iFable 10-1) The experiment in whichjz, is higher showed
a stronger Al inhibition (highetja). This observation demonstrates that the inhibiabthe
Al dissolution in the Zn active domain depends prtipnally on the amount of Zfireleased.

In the next section, experiments with pure Al ia fitesence of Zfiare presented.

10.3.2. Polarization curves for pure Al in 0.1 M I added ZA*
Fig. 10-4 shows the electrical current density) @nd the Al dissolution ratea() for
pure Al during a potential scan in 0.1 M NaOH with addition of ZA" standard solution

(Titrosol™

). The pH values of the alkaline solution before afigr the addition were the
same. ZA" concentration in the alkaline solution was core@rinto the equivalent current
density in mA crif (see Chapter 4) and shown asip the figure. InFig. 10-43 Zr** was
added before sample contact to the electrolytg(G- 1 ppm). At the cathodic potential
domain, § and j still increase with potential as seen with puramFig. 10-2h however ¢ is
much lower than,j. At around -0.73 V vs. SHEyjsuddenly decreases from 8.68 mAtm

8.40 mA cnt (Aja = 0.28 mA cnf), j. also decreases simultaneously passing through a
minimum and then returns to the original rate. AaBnmcrease of 4, at this potential is

observed (from 0.62 to 0.67 mV &pi.e.Ajz, = 0.05 mA crif).

In Fig. 10-4h a higher ZA" concentration was added in the electrolyte,4C~ 5
ppm), a similar phenomenon was seen as compated.ta0-4a However, inFig. 10-4bthe
potential at which 4 starts decreasing is more negative (-0.9 V vs. SAR) andAjz, are
bigger (2.62 and 0.10 mA chrespectively). InFig. 10-4¢ Zn** was just added into 0.1 M
NaOH (Gnz+~ 5 ppm) during the polarization at -0.9 V vs. SHefore the ZA" addition,
is slightly lower than 4 and both of them increase linearly with the po&dniAfter the
addition, jand jy are seen to decreaseij = 0.16 mA crif). Even though this decrease is
smaller than as observed king. 10-4b,it is still significantly higher than the detectidimit
and can not be attributed to the experiment setoplgm. The quantified results of the effect

of Zn** ions on the Al dissolution in different experimeare summarized ifiable 10-1
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Figure 10-4: AESEC polarization curves for pure Al showing the total current density (j.) and
dissolution rates of Al (ju) as a function of potential in (a) 0.1 M NaOH added 1 ppm zn**
from the beginning, (b) 0.1 M NaOH added 5 ppm Zn** from the beginning, and (c) 0.1 M
NaOH added 5 ppm Zn** at the zinc active potential. j;, corresponding to the zinc added
concentration was also shown. The inset of Fig. 10-4c zooms in ja and j. at Zn active potential

at which Zn** is added.
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10.4. Discussion

The result obtained from Zn-Al bi-electrodé&id. 10-3 demonstrated that Zn
component in the bi-electrode behaves similarlyptwe Zn but Al component does not.
Whenever the Zn component becomes active, Al diisol is inhibited. The results
demonstrate that the Al dissolution inhibition @ wlue to the complex microstructures (Zn-
rich and Al-rich phase distribution) which do noist in the bi-electrode consisting of pure

Zn and pure Al.

However, with the addition of Zfiions into the 0.1 M NaOH electrolyte, a sudden
decrease of,j is observed at the active potentials of Zg( 10-4aand 10-4b. A small
increase of 4, is also seen in these figures because: when Zrwias added from the
beginning, a thin Zn metal layer would be electpmmgted on the Al surfac&qgn. 10-J).
The deposited Zn metal would subsequently be ocsdtio form a layer of zinc containing
products right on the Al surface at the Zn activéepbal via the precipitation-dissolution
mechanism [18] inhibiting Al dissolution. The maignificant decrease of Al dissolution in
Fig. 10-4bas compared t&ig. 10-4aat the Zn active potential demonstrates that adrig
Zn** amount added into the electrolyte (before the mi@dynamic polarization) leads to a
stronger inhibition of Al dissolution.

When zri* is added into the electrolyte at the zinc actie¢eptial Fig. 10-49, a
slight decrease of botl,jand § is observed and followed by their continuous iaseewith
potential. The decrease is probably due to theigtatton of the zinc based corrosion
products with a subsequent buffering of the intadlapH. As compared to th&, at the Zn
active potential irFig. 10-4aandTable 10-1, Aja in this case is smaller (0.16 mA ¢ms.
0.28 mA cnif) even though more Zhis added (5 ppm vs. 1ppm). This may be relatati¢o
“pre-concentration” effect due to Zn electrodefositon Al surface and implies that Zn
directly formed at the interface of Zn-Al alloy more concentrated and should play an
important role in the inhibition of Al dissolution.

10.5. Conclusion

In this work, we demonstrated that Zn dissolutimmf Zn-Al coupling during linear
scanning polarization was not affected by the presef Al. However, aluminum dissolution
was systematically inhibited at zinc active domiajnthe presence of Zhions in solution.

The effect increasing with the amount of pre-defeoisZn on the Al surface which increases
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the surface concentration of Znin active domain demonstrates that the’*Zaurface
concentration rather than Znbulk concentration is responsible for the inhiiti We
interpret the effect of the presence of?Ziions which result in either zinc containing
corrosion products or interfacial pH buffering, wamfirmed to be the main reason causing
the aluminum dissolution inhibition. This is in agment with our previous hypothesis as
proposed in Chapter 9.
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11. Conclusions and perspectives

*k%

This dissertation work has mapped out the seledigsolution from binary Zn-Al
alloys as a function of pH and of potential whick two important factors that determine the
corrosion rate of materials during their outdooplagations. As we said, zinc and aluminum
have similar activities and it is difficult to quiefg the dissolution rates of each metal from
Zn-Al alloys by classical electrochemical methotsis difficulty was overcome in this work
by using the AESEC technique which allows us to suesain situ the elemental dissolution
rates of Zn-Al alloys such as Galfan (5% Al-Zn) @alvalume (55% Al-Zn) and to a lesser
extent Zn-Mg-Al alloy at open circuit potential andpplied potential in different
environments. Othegx situmethods such as XRD, SEM / EDS, IR, and XPS wise #sed

to characterize precipitated corrosion productsamcbded surface composition.

These results yield a more complete picture ofkihetics of Zn-Al dissolution that
may ultimately be extended to include the Zn-Al-Maily of alloys and be incorporated into

a numerical model. The results of my work may bemarized as follows:

1. The selective dissolution from Zn-Al alloys as function of pH was mapped out

The selective dissolution of Zn and Al from Zn-Allogs was investigated as a
function of pH when 5% Al-Zn and 55% Al-Zn were espd to a 30 mM NacCl electrolyte
(chapter 7) and to more complex electrolytes — ag@w/ rainwater (chapter 6). It is
demonstrated that the dissolution mechanism chafrged selective zinc dissolution in the
pH range of 2-4 (for Galfan) and 2-8 (for Galvalynbe selective aluminum dissolution at
higher pH. The presence or absence of oxygen ireldatrolyte did not change the selective
dissolution behavior but influenced the dissolutiates ¢z, andua)) which varied with time.
Oxygen stabilized the oxide layer in aerated sotuttausing an anodic shift of the open
circuit potential as compared to the results olethim de-aerated solution. The galvanic
coupling between Zn-rich and Al-rich phases of 5%Al was observed in the de-aerated
solution at pH = 11.8 where Al dissolved quicklyt Em did not.
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2. The selective dissolution from Zn-Al alloys as function of potential was mapped out

The selective dissolution of Zn and Al from 5% A#Zand 55% Al-Zn was
investigated as a function of potential in 0.1 MIHgH = 1.5), 0.1 M NaCl (pH = 6.7), and
0.1 M NaOH (pH = 12.8). During cathodic polarizatiothere was a strong selective
dissolution of Al from both alloys in 0.1 M NaOH afdL M NaCl, but selective dissolution
of Zn was observed from Galvalume in 0.1 M HCI. iDgranodic polarization, a strong
selective dissolution of Zn was seen in the acid neutral solutions. In the alkaline
solutions, anodic branches of polarization cunarsbbth Galfan and Gavalume are divided
into 2 different domains: zinc active domain in @fhiZn selective dissolution occurs and zinc

passive domain in which Al selective dissolutiogws.

3. Aluminum dissolution is inhibited by Zn-containng corrosion products resulting

from Zn selective dissolution

The inhibition of Al dissolution in the presenced$solved Zn ions was mentioned in
chapter 7 to chapter 10. In the investigation déd&e dissolution as a function of pH
(Chapter 7), the comparison of AESEC results anthénsion test results demonstrates that
the formation of a corrosion product layer of prityaZn-containing products inhibited the
Al release rate. It also demonstrates the compl&amaas of the short time AESEC corrosion
rate measurements and the long term immersion arggsDuring a long term exposure, the
elementary corrosion reactions affect the pH of életrolyte such that the pH approaches
neutral. The AESEC experiments involve a constarghewed electrolyte and thus the rate
measurement more closely represents the "intrinselctivity of the material with an
electrolyte. In the investigation of selective disgion as a function of potential in alkaline
solution (chapter 8 and 9), AESEC polarization expents indicate the inhibition of
aluminum dissolution in the zinc active domain. Thigibition mechanism of Al dissolution
in the alkaline solution at the zinc active potalstwas proposed and verified (chapter 10) by
performing further polarization experiments on sg@iegi-electrode. It is demonstrated that Al
dissolution during the Zn active domain where Ziedéve dissolution occurs is inhibited by
Zn-containing corrosion products and pH bufferingick are attributed to the presence of

Zn**in confined zone.
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4. Aluminum dissolution does not have a significareffect on zinc dissolution

Polarization experiments in various alkaline saoln$é yields a Tafel slope of
approximately 35 mV/decade for the Zn dissolutiarrent - potential curve. This Tafel slope
is nearly independent of hydroxide ion concentrati®his value is consistent with the
dissolution of pure zinc. It means that the Al dleion rate does not have a significant effect
on the kinetics of zinc dissolution.

In order to produce a numerical diagram based emesbults in this work, the selective
dissolution from Galfan and Galvalume was mappeddasia function of pH and potential as
shown inFig. 11-1 The details of the construction of this diagrama given in the figure
caption. In principle, Zn selective dissolution orcat anodic potentials and at low pH, while
Al selective dissolution occurs at cathodic potstor even at anodic potentials if the pH is
high enough. The diagram kg. 11-1helps to predict the corrosion, the selectiveadiggon
or de-alloying of Zn-Al alloys in different poteats and different environments, notably pH.
However, it should be noted that the boundariesHed lines) between the different domains
in this figure are approximate based on a smakl dat. In addition, the indicated pH is the
initial solution pH and not the interfacial pH thaty be altered due to the partial corrosion
reactions. Bulk pH changes during the experimemse small, less than 0.3 as determined
by downstream pH measurements. Further, the boyruzEnts determined by linear scan

voltammetry probably contain a junction potentiaéda the IR drop across the membrane.
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Figure 11-1: Diagram showing the different domains where Zn and Al selective dissolution
occurs depending on pH and potential at 25°C. Yellow circles and red triangles represent
open circuit potential measurements with Zn or Al selective dissolution respectively. The
blue circles represent the point in the linear scan voltammetry curve where Zn and Al
dissolve in proportion to their composition in the bulk alloy. The dashed lines are
hypothetical boundaries between these different domains. The solid lines present the results

of the potentiodynamic experiments in which yellow represents selective Zn dissolution and
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5. Identification of the selective dissolution phesmenon during corrosion of Zn-Mg-Al
alloy.

The dissolution behaviors of the different elememtsZn-Mg-Al alloys in the
corrosion mechanism was identified by combining A&&SEC technique, cyclic corrosion
tests and surface characterization after the domdssts in chloride-containing and chloride-
free environments. The important role of the Ahrighase in the microstructure of the Zn-
Mg-Al alloy is to serve as a cathode at the inis@ge of the corrosion process, while Zn and
Mg are selectively dissolved at the anodic regidifee increased pH due to the cathodic
reaction leads to Al dissolution via the cathodissdlution mechanism. For Mg-containing
alloys we propose that improved corrosion resigaiscachieved by stabilization of more
protective simonkolleite and zinc hydroxysulfate asmpared with zinc oxide and
hydrozincite. At later stages, for Zn-Al-Mg, theramsion resistance is reinforced by the
formation of layered double hydroxides (LDH). Acdinrg to thermodynamic modeling, ¥fg
ions bind the excess of carbonate or sulfate arbaffering pH and preventing the formation
of soluble or less-protective products. A prefedrdissolution of Zn and Mg at initial stages
of corrosion is confirmed bin situ dissolution experiment and seems to play an inaport

role in the corrosion process.
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New - Verband Der Automobilindustrie (New-VDA) test

New-VDA test is the accelerated corrosion test usethapter 5 to study corrosion of
coupled materials.
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Figure 1: Definintion of the new VDA test cycles including the freezing step that is absent in

the old VDA test. The variation of humidity and temperature throughout the new-VDA test is

also shown. Solution of 5% NaCl is often used in the salt spraying step.

X-ray diffraction

X-rays are electromagnetic radiation with typicabtgm energies in the range of 100 eV -

100 keV. For diffraction applications, only shorawvelength x-rays (hard x-rays) in the range

of a few angstroms to 0.1 angstrom (1 keV - 120)ka’¢ used. Because the wavelength of x-

rays is comparable to the size of atoms, they deally suited for probing the structural

arrangement of atoms and molecules in a wide rahgeaterials. The energetic x-rays can

penetrate deep into the materials and provide nmétion about the bulk structure [1].
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X-rays primarily interact with electrons in atomd/hen x-ray photons collide with
electrons, some photons from the incident beam lvalldeflected away from the direction
where they originally travel, much like billiard lls&a bouncing off one anther. If the
wavelength of these scattered x-rays did not chémganing that x-ray photons did not lose
any energy), the process is called elastic scatfe(Thompson Scattering) in that
only momentum has been transferred in the scaftgmincess. These are the x-rays that we
measure in diffraction experiments, as the scatterg¢ays carry information about the
electron distribution in materials. On the othemdhain the inelastic scattering process
(Compton Scattering), x-rays transfer some of teagrgy to the electrons and the scattered
x-rays will have different wavelength than the demt x-rays.

Diffracted waves from different atoms can interfevéh each other and the resultant
intensity distribution is strongly modulated byshnteraction. If the atoms are arranged in a
periodic fashion, as in crystals, the diffractedresmwill consist of sharp interference maxima
(peaks) with the same symmetry as in the distmoubf atoms. Measuring the diffraction

pattern therefore allows us to deduce the disinbubf atoms in a material.

fr. )
X Sl st ‘ o
G oo

e

Reflection

(@)

(b)

Figure 2: (a) collecting diffraction data using reflection geometry and (b) interaction

between x-ray beam and the periodically arranged atoms
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The peaks in an x-ray diffraction pattern are dlyerelated to the atomic distances. Let
consider an incident x-ray beam interacting with #toms arranged in a periodic manner as
shown in 2 dimensions in tHeg. 2 The atoms, represented as green spheres indph.gr
AssumeA is the pattern difference of 2 waves have the sameelength interacting with 2
adjacent atoms, these x-ray forms a scatteringeamigl with the atomic plane. Based on the
trigonometry,A can be calculated as follows:

A dsin@

2

A =2dsinf@
in which d is the space between the atomic planes.

To obtain the interference, the pattern differeat@ waves must be integer order of the

wavelength, i.,eA=nA.
Therefore, we have
2dsird = ni

which is known as the Bragg's law, after W.L. Bragto first proposed it. In the equation,
A is the wavelength of the x-raythe scattering angle, and n is an integer reptiegethe
order of the diffraction peak. The Bragg's Law iseoof most important laws used for

interpreting x-ray diffraction data.

It is important to point out that although atomséndeen used as scattering points in this
example, Bragg's Law applies to scattering certensisting of any periodic distribution of
electron density. In other words, the law hold® tifthe atoms are replaced by molecules or

collections of molecules, such as colloids, polysneroteins and virus particles.

In this work, the XRD characterization was carrieat by D5000 diffractometer and
X'Pert PRO PANanalytical system using Cuy tadiation. Two types of spectra were studied.
Firstly, the diffraction experiment was performadedtly on the corroded surface. Then, the
corrosion products were removed from the surfadedgd to powder, deposited on a glass
support with a thin Vaseline layer for the fixatiohthe powder, and scanned from 5° to 70°
(2theta) with a step size of 0.04°. Product idesdtion was made using the PCPDFWIN
software version 2.02 supporting the ICDD (Inteioral centre for diffraction data)
database, and the X’Pert HighScore software whigiparts all types of reference databases,
from actual to legacy, from premium-quality ICDDoducts over mid-priced solutions to free

downloadable databases [2].
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Scanning electron microscope (SEM) — Energy dispev spectroscopy (EDS)

Scanning electron microscope is a type of electnicroscope that images a sample by
scanning it with a beam of electrons in a rastangiattern. The electrons interact with the
atoms that make up the sample producing signatsctrain information about the sample's
surface topography, composition, and other propeduch as electrical conductivity [3].

When the primary electron beam having an energgimgnfrom 0.2 keV to 40 keV
interacts with the sample, the electrons lose gndxyg repeated random scattering and
absorption within a teardrop-shaped volume of tpecsnen known as the interaction
volume, which extends from less than 100 nm toradapm into the surface. The size of the
interaction volume depends on the electron's landinergy, the atomic number of the

specimen and the specimen's density.

Conventional SEM requires samples to be imaged rwatgium, because a gas
atmosphere rapidly spreads and attenuates elelbtams. Magnification in a SEM can be

controlled over a range of up to 6 orders of maglatfrom about 10 to 500,000 times.

The types of signals produced by a SEM includers#&xy electrons, back-
scattered electrons, characteristic X-rays, etc.

- The secondary electron signals result from intevastof the electron beam
with atoms at or near the surface of the sampleéhénsecondary electron imaging or
SEI, the SEM can produce very high-resolution insagka sample surface, revealing
details less than 1 nm in size and yielding a attarstic three-dimensional appearance
useful for understanding the surface structure s@raple. The brightness of the signal
depends on the number of secondary electrons reathe detector. If the beam enters
the sample perpendicular to the surface, then ¢tieaded region is uniform about the
axis of the beam and a certain number of electtessape” from within the sample. As
the angle of incidence increases, the "escapeardist of one side of the beam will
decrease, and more secondary electrons will beaexmithus steep surfaces and edges
tend to be brighter than flat surfaces, which tssul images with a well-defined, three-

dimensional appearance.

- The back scattered electrons (BSE) are beam ehsctitat are reflected or
back-scattered out of the specimen interactionnaeldy elastic scattering interaction
with specimen atoms. Since heavy elements (highiatoomber) backscatter electrons

more strongly than light elements (low atomic numband thus appear brighter in the
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image, BSE are used to detect contrast betweens angih different chemical
compositions [4]. In other words, BSE images caovige information about the
distribution of different elements in the sampleii 5 to 10 nm in size) which would
be difficult or impossible to detect in the secanydalectron images. Backscattered
electrons can also be used to form electron battksddiffraction (EBSD) image that
can be used to determine the crystallographic stre©f the specimen.

Figure 3: Comparison of SEM techniques:

Top: backscattered electron analysis - composition

Bottom: secondary electron analysis - topography

- The characteristic X-rays are emitted when theteladbeam removes an inner
shell electron from the sample, causing a higherggnelectron to fill the shell and
release energy. These characteristic X-rays ard tesedentify the composition and
measure the abundance of elements in the sampéesighals may be detected in an
SEM equipped for energy-dispersive X-ray spectrpgc®EDS or EDXS). Specimens
that undergo WDS or EDS analysis are often carloatecl.

In this work, surfaces characterization were pentat by scanning electron microscopy
(SEM) coupled with energy dispersive spectrosc@i)S), using a Gemini 1530 microscope
with field emission gun (FEG) source at 15 kV, $i(tetector for EDS and QUANTAX
software (Bruker AXS).
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Attenuated total reflectance (ATR) infrared

Infrared spectroscopy (IR spectroscopy) is the tspsoopy that deals with the infrared
region of the electromagnetic spectrum, that istligith a longer wavelength and lower
frequency than visible light. It exploits the falsat molecules absorb specific frequencies that
are characteristic of their structure. These aligorp are resonant frequencies, i.e. the
frequency of the absorbed radiation matches trguéecy of the bond or group that vibrates.
The energies are determined by the shape of thecwmal potential energy surfaces, the

masses of the atoms, and the associated vibronplicgy5].

The infrared spectrum of a sample is recorded I3gipg a beam of infrared light through
the sample. When the frequency of the IR is theesamthe vibrational frequency of a bond,
absorption occurs. Examination of the transmittegghtl reveals how much energy was
absorbed at each frequency (or wavelength). This loa achieved by scanning the

wavelength range using a monochromator.

Infrared spectroscopy is a simple and reliable niegke widely used in both organic and
inorganic chemistry, in research and industry. dt used in quality control, dynamic
measurement, and monitoring applications such esotig-term unattended measurement of
CO, concentrations in greenhouses and growth chantlyerrsfrared gas analyzers. It is also
used in forensic analysis in both criminal andlatases, for example in identifying polymer

degradation.

A useful way of analyzing solid samples without tieeed for cutting samples uses ATR
or attenuated total reflectance spectroscopy. AST& sampling technique used in conjunction
with infrared spectroscopy which enables sampldsetexamined directly in the solid, liquid
or gas state without further preparation [6]. ATR-has the limited path length into the
sample. This avoids the problem of strong attepnatif the IR signal in highly absorbing

media, such as aqueous solutions.

Evanescent wave, Sample
Incident radiation Reflection radiation

Figure 4: Light undergoes multiple internal reflections in the crystal of high refractive index,

shown in yellow. The sample is in contact with the crystal.
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ATR uses a property of total internal reflecti@sulting in an evanescent wave. A beam
of infrared light is passed through the ATR crystasuch a way that it reflects at least once
off the internal surface in contact with the sampleis reflection forms the evanescent wave
which extends into the sample. The penetrationfdepd the sample is typically between 0.5
and 2 micrometers, with the exact value being datexd by the wavelength of light, the
angle of incidence and the indices of refractiontfee ATR crystal and the medium being
probed [7]. The number of reflections may be vahgdvarying the angle of incidence. The
beam is then collected by a detector as it exiws ¢hnystal. Most modern infrared
spectrometers can be converted to characterize eany ATR by mounting the ATR

accessory in the spectrometer's sample compartment.

The evanescent effect only works if the crystamiade of an optical material with a
higher refractive index than the sample being saldDtherwise light is lost to the sample. In
the case of a solid sample, it is pressed intocticentact with the crystal. Because the
evanescent wave into the solid sample is improvétt @ more intimate contact, solid
samples are usually firmly clamped against the ACFigstal, so that trapped air is not the
medium through which the evanescent wave travelghat would distort the results. The
signal to noise ratio obtained depends on the nuwfoeflections but also on the total length
of the optical light path which dampens the intgnsTherefore, a general claim that more

reflections give better sensitivity cannot be made.

In this work, ATR-IR was obtained at the wavenumtzerge from 4000 cthto 700 cn
with the resolution of 1 cih It was performed directly on the corroded sanspigaces using
a Bruker Tensor 27 aser = 15799.76 A and OPUS 6.5 data treatment softvire. results

were then compared with reference spectra taken fihe databases for minerals [8-11].
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Selective dissolution from Zn-Al alloy coatings orsteel

The main objective of this work is to understan@ative dissolution phenomena and map out the Sedec
dissolution of Zn-Al alloys and to a lesser extZntMg-Al alloys as a function of pH and potenti&his will
help to build up a predictive model of galvanic plimg which is a major preoccupation of the autdket

industry.

To approach the target, we utilize atomic emissipectroelectrochemistry (AESEC) technique which is
combination of electrochemical and analytical mdgorhis technique allows us to quantify in reaidiand
separately dissolution rates of zinc and aluminuomf Zn-Al alloys at open circuit potential and apgl
potential in different solutions. Selective disgmn of zinc and aluminum from Zn-Al alloys is themapped out
in the pH and potential ranges. The explanationstli@ selective dissolution and inhibition phenomen
occurring during experiments are also given thattkdhe complementary results from some other sarfac
characterization methods (XRD, SEM/EDS, IR, and XPS

Key words: atomic emission spectroelectrochemiging, aluminum, selective dissolution, pH, potahti

Dissolution sélective a partir des alliages Zn-Als I'acier

L'objectif principal de ce travail est de comprendes phénomeéenes de dissolution sélective et de
cartographier la dissolution sélective des alliagrsAl et des alliages Zn-Mg-Al dans une moindresare en
fonction du pH et de potentiel. Cela aidera a qoitst un modele prédictif de couplage galvaniquieesti une

préoccupation majeure de l'industrie automobile.

Pour s'approcher de la cible, nous utilisons latspélectrochimie d'émission atomique (AESEC) cti e
une combinaison de méthodes électrochimiques dytanees. Cette technique nous permet de quantdier
temps réel et séparément les taux de dissoluti@indest d'aluminium a partir des alliages Zn-Algdentiel de
circuit ouvert et du potentiel appliqué dans défées solutions. Dissolution sélective de zinc'&uchinium a
partir des alliages Zn-Al est ensuite tracée dasghmmes du pH et de potentiel. Les explicatielatives a la
dissolution sélective et les phénomenes d'inhibiSarvenant au cours d'expériences sont égalenuemicd
grace a des résultats complémentaires de certatressanéthodes de caractérisation de surface (IDfE8 /
EDS, IR et XPS).

Mots-clés: spectroelectrochimie d’emission atomjaqaiiec, aluminum, dissolution selective, pH, poi@nt



