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Résumeé de la these

La réactivité des alliages de Mg est fortement influencée par la formation et la stabilité¢ du film de
surface, rendant primordiale leur compréhension au niveau fondamental pour concevoir une stratégie
anticorrosion. Ces films sont considérés comme a I’origine de la barriére de protection a la corrosion.
Néanmoins, des inhomogénéités locales dues a une formation non-uniforme, une rupture, ou une
accumulation d’impuretés métalliques plus nobles que le magnésium, peuvent conduire a une corrosion
localisée et accélérer la dégradation du matériau. Ainsi, ce travail a pour but d’abord de développer des
méthodologies permettant d’une part une investigation in situ de 1’évolution locale du film d’oxy-
hydroxyde (composition, distribution spatiale, morphologie, cinétique de croissance et de rupture), et
d’autre part une analyse ex situ de la distribution élémentaire en profondeur. Par la suite, la réactivité de
Mg est corrélée a la composition du film et son évolution caractérisée par les méthodes développées.

La spectroscopie Raman confocale a été adaptée pour cartographier in situ la cinétique de
1I’évolution du film de surface lors des étapes initiales de corrosion de Mg grace a une cellule en circulation.
L’approche proposée a été appliquée pour visualiser les zones de croissance de Mg(OH),, qui a été décrite
par différentes lois cinétiques selon I’environnement et la localisation sur la surface. L’analyse in situ a été
complétée par la spectroscopie infrarouge en mode réflexion totale atténuée (ATR-IR) et la spectroscopie
a décharge luminescente (GD-OES).

La GD-OES a été utilisée pour évaluer I’enrichissement du film, en explorant les limites analytiques
propres aux surfaces corrodées. L’interprétation brute des profils de concentration obtenus avec un plasma
d’argon pouvait mener a des conclusions erronées, et une procédure a été proposée pour obtenir des résultats
plus fiables tenant compte de la modification du plasma durant la pulvérisation du film d’oxy-hydroxyde a
cause de la présence d’hydrogéne.

Ces développements analytiques ont contribué a la compréhension des corrélations entre la
composition de la solution, 1’évolution du film de surface et la réactivité de Mg. Dans des solutions de
NaCl, au niveau des zones n’évoluant pas en microscopie optique, la cinétique de croissance de Mg(OH),
¢tait parabolique (limitée par la diffusion) a pH 13 mais linéaire (limitée par des réactions de surface) a pH
7-10.5. Une brutale accélération était observée pres des sites de corrosion (filaments noirs). L’apparition de
cette accélération coincide avec 1’observation des premiers filaments de la zone étudiée. Les spectres
Raman ont ét¢ analysés pour obtenir des informations sur la taille des cristaux et la morphologie du film.
Un mécanisme de formation de Mg(OH); a été proposé, basé sur la dissolution-précipitation d’une solution
sursaturée, qui était cohérent avec I’effet du pH sur 1’évolution de la cinétique et la taille des cristaux.

En présence d’inhibiteurs, deux tendances différentes ont été observées pour la croissance de
Mg(OH).. Pour le fumarate, la croissance est ralentie par rapport a une solution de NaCl 0,1 M. La présence
de salicylate ou de 2,5-pyridinedicarboxylate (PDCA) n’a pas d’effet sur la croissance pendant environ 40
minutes, puis la cinétique rejoint celle observée pour le fumarate. Une analyse fine des spectres révele une
interaction spécifique entre le salicylate et le fer ou Mg(OH), formé dans les zones cathodiques. Ceci est
cohérent avec I’inhibition cathodique reportée dans la littérature, mais qui n’est pas observée sur du Mg de
haute pureté (faible teneur en Fe). Le fumarate et le PDCA conduisent a la formation de films homogénes,
cohérents avec I’inhibition de la réactivité anodique. Tous les films formés en présence d’inhibiteurs
contenanient des cristaux de Mg(OH), de taille réduite par rapport a des solutions sans inhibiteurs, bloquant
I’acces aux CI (d’apres le GD-OES), diminuant la corrosion localisée.



Thesis abstract

The reactivity of Mg alloys is strongly affected by formation and stability of surface films making
their fundamental understanding critical for intelligent anticorrosion strategy. These films are regarded as
a source of the initial barrier corrosion protection. However, any local inhomogeneity caused by a non-
uniform film formation, or film breakdown or accumulation of more noble than Mg metallic impurities can
result in localized corrosion and accelerated material degradation. Thus, this work aims firstly to develop
methodologies which permit both, in situ investigation of local oxide/hydroxide layer evolution (chemical
composition, spatial distribution, morphology, growth and breakdown kinetics), and ex situ observation of
elemental distribution within the layer depth. Secondly, to correlate environmental composition, surface
film evolution and Mg reactivity with help of these methodologies.

In-situ confocal Raman spectroscopy was adapted to map the local kinetics of surface film evolution
at initial stages of Mg corrosion in thin layer cell. Proposed approach was applied to visualize zones with
Mg(OH), growth described by different kinetic laws and to compare kinetics trends in different
environments as well as in different locations on the surface. The in-situ surface analysis was completed by
ex-situ Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR) and Glow
Discharge Optical Emission Spectroscopy (GD OES).

GD OES was used to survey the film enrichment. Analytical limits related to the application of GD
OES to corroded surfaces were explored. It was evidenced that simple interpretation of depth profiles
obtained in Ar plasma can be misleading and a correction procedure was proposed that takes into account
plasma modifications during the sputtering of oxide/hydroxide layer because of the presence of H.

Developed analytical approaches contributed to understanding of the correlations between solution
composition, the surface film evolution and the reactivity. In NaCl solutions, on the areas, which did not
evolve in optical images during immersion, Mg(OH), growth kinetics was parabolic (diffusion limited) at
pH 13 but linear (surface reaction limited) at pH 7-10.5. A jump in the kinetics curve was observed near
local corrosion sites (black filaments). The time of this jump in kinetics curve coincided with the first visual
observation of the filament in studied zone. The spectra were also tentatively analyzed in order to extract
information about the in-situ evolution of the crystal size and morphology. Proposed Mg(OH), evolution
mechanism, described as a dissolution-precipitation from supersaturated solution, was coherent with the
observed pH effect on the kinetics trends and crystal size.

In presence of inhibitors, two different trends in the brucite growth kinetics were observed. For
fumarate the growth was slower compared to 0.1 M NaCl solution. The presence of salicylate and 2,5-
pyridinedicarboxylate (PDCA) did not affect the growth kinetics for approximately 40 minutes, and then
the slope of kinetics curve became similar to observed in fumarate solution. Deep spectra analysis revealed
the nature of specific interactions of salicylate with Fe and Mg(OH), rapidly formed at cathodic areas. This
is coherent with cathodic inhibition reported in the literature and the absence of the inhibition for high purity
Mg (low Fe content). Fumarate and PDCA form homogenous surface films that is coherent with inhibition
of anodic reactivity. All the films formed in the presence of inhibitors contained Mg(OH), nanocrystals
with a reduced size compared to the films formed w/o inhibitors, and blocked Cl access to the surface (from
GD-OES), reducing probability of localized corrosion.



Résumé de la these

L'origine et les objectifs de 1'étude doctorale

Les alliages a base de magnésium (Mg) sont des matériaux intéressants pour une large
gamme d’applications comme 1’industrie automobile, aéronautique, électronique ou la
médecine [1], du fait de leur rapport résistance masse ¢élevé, leur biocompatibilité,
I’abondance de Mg. La réactivité ¢levée de ces matériaux en environnement aqueux peut étre
considéré comme problématique (corrosion) ou au contraire avantageux (implants
résorbables, batteries). Le controle de la réactivité en milieu aqueux est donc primordial pour
assurer de bonnes propriétés en service. Une compréhension fine de la réactivité de Mg est un
point-clé pour développer une stratégie efficace de son contrdle.

I1 est communément accepté que la chimie et la morphologie des films de surface et
des produits de corrosion a un effet significatif sur la réactivité des substrats métalliques. Dans
le cas des alliages de Mg, le film natif d’oxyde s’hydrate spontanément en milieu aqueux,
formant Mg(OH); (brucite), un minéral dont la solubilité est inférieure a MgO. De nombreuses
¢tudes indiquent une structure duplex a la surface de Mg corrodé [2-5]: une fine couche
interne de MgO (inférieure au micron) et une couche externe de Mg(OH),. Ce film d’oxy-

hydroxyde peut étre considéré comme protecteur lors des étapes initiales de la corrosion [6,7].
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Fig. 1 Diagramme E-pH (Pourbaix) du magnésium pur en solution aqueuse a 25 °C [8].

Selon le diagramme E-pH (Fig. 1), Mg(OH): est stable en milieu trés alcalin et peut
passiver Mg. Néanmoins, en milieu faiblement alcalin ou neutre, ce film n’est
thermodynamiquement pas stable et peut perdre ses propriétés de protection. Le film peut se
rompre du fait de plusieurs facteurs, comme la modification de I’environnement chimique
local (pH, anions, ...). La présence d’inhomogénéités, causée par la croissance non-uniforme
ou la rupture du film, peut conduire a des couplages micro-galvaniques accélérant la
dégradation de Mg [9,10]. La corrosion localisée peut également étre favorisée par
I’enrichissement de la surface en impuretés métalliques plus nobles que Mg (Fe, Ni, Cu) qui
sont présentes a de faibles concentrations (ppm) apres les procédés de mise en forme [3,11—
13]. Ces deux mécanismes de corrosion localisée sont illustrées dans la Fig. 2.

Ainsi, du fait de I’importance du film de surface sur la réactivit¢ de Mg, ces deux
aspects, 1’évolution du film duplex en milieu aqueux et 1I’enrichissement de surface par des
impuretés métalliques, doivent étre compris. De nombreuses données obtenues de facon ex
situ sur la morphologie et la composition chimique de surfaces de Mg corrodées ont été
publiées [14], mais la surface analysée ex situ peut étre différente de I’interface en présence
de solution. Pour cette raison, des méthodes in situ pourraient apporter des données
pertinentes, notamment sur la cinétique, pour aider a comprendre la croissance et la rupture
du film. Peu d’observations de ce type ont été publiées, et aucune n’a pour I’instant permis
d’apporter des informations a des échelles macroscopique et microscopique simultanément

[7,15].
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Fig. 2. Schéma de la réactivité¢ de Mg: effet du film d’oxy-hydroxyde sur la corrosion localisée

Considérant 1’évolution non-uniforme d’une surface de Mg se corrodant, le premier

objectif de cette thése était de développer une méthodologie pour cartographier in situ la

cinétique de 1’évolution du film d’oxy-hydroxyde en milieu aqueux sur des surfaces assez

étendues et avec une résolution latérale élevée. Cette méthodologie pourra étre étendue a
différents phénomeénes pour lesquels une mesure in situ d’une évolution locale peut étre
intéressant.

Le second objectif était de trouver une technique peu couteuse, rapide, simple
(comparée a des méthodes analytiques sous vide comme I’XPS, le ToF SIMS, ...) pour
vérifier I’enrichissement de la surface par des impuretés métalliques et des ions provenant de
I’¢lectrolyte, dont les limites seront testées. La méthodologie proposée pour Mg pourra alors
étre utilisée pour la corrosion d’autres métaux.

Le troisieme objectif de ce travail était de corréler composition de 1l'environnement,

I’évolution de la surface corrodée et la réactivité de Mg a l'aide de 1’approche analytique

développée.

Les résultats devraient contribuer a la compréhension fondamentale des mécanismes
de la corrosion de Mg, en particulier I’effet de la composition de la solution. Cela peut
également aider a un choix de stratégies anticorrosion. Parmi différents facteurs pouvant étre
pris en compte, nous avons sélectionné I’effet du pH, des ions chlorure et de plusieurs
inhibiteurs organiques

Malgré les nombreux inhibiteurs proposés pour le Mg et ses alliages [16,17], les
mécanismes d’inhibition sont mal compris. Les conclusions sur les mécanismes basés sur des
mesures ¢électrochimiques sont limitées par l'attribution d'un additif particulier au type
anodique / cathodique / mixte ou au type adsorption / précipitation. La caractérisation in situ
de I'¢volution de la surface en présence d'inhibiteurs serait un €élément essentiel pour

comprendre les mécanismes d'inhibition.



Ainsi, ce travail a pour but d’abord de développer des méthodologies permettant
d’une part une investigation in situ de I’évolution locale du film d’oxy-hydroxyde
(composition, distribution spatiale, morphologie, cinétique de croissant et de rupture),
et d’autre part une analyse ex situ de la distribution élémentaire en profondeur. Par la
suite, la réactivité de Mg est corrélée a la composition du film et son évolution

caractérisée par les méthodes développées.

L’approche analytique

La cartographie a résolution micrométrique fournie par la microscopie confocale
Raman (CRM) semble étre une méthode prometteuse pour l'analyse in situ des produits de
corrosion avec une bonne résolution latérale. La spectroscopie Raman est sensible aux
vibrations des espéces OH" et CO3?, ainsi elle peut étre utilisée en routine pour l'identification
des produits de corrosion dans les solutions aqueuses [18-21]. L'intensité de la lumiére
diffusée Raman provenant d'un échantillon est proportionnelle au nombre de liaisons actives
dans le volume analysé [22] , cela permet une analyse semi-quantitative et le suivi de la
cinétique de croissance en utilisant la procédure de normalisation des spectres. En principe,
des informations sur la forme et la morphologie des cristaux peuvent également étre obtenues
a I’aide des spectres Raman [23].

Bien que la spectroscopie Raman in situ soit couramment utilisée pour l'identification
des produits de corrosion, les mesures cinétiques in situ de la croissance ou de la dégradation

du film, en particulier dans un mode de cartographie, n'ont jamais été publices.

Dans ce travail, la spectroscopie Raman confocale a été adaptée pour cartographier in
situ ’évolution du film de surface (composition chimique, morphologie, cinétique de
croissance et de rupture). Cette technique était utilisée pour étudier I’effet du pH, des
ions chlorure et de plusieurs inhibiteurs organiques dans les mécanismes de

développement du film de surface.

De toute évidence, la spectroscopiec Raman a des limites; la plus importante est que

certains composés sont inactifs. Ainsi, il est impossible d’étudier directement 1’évolution de
4



MgO, en particulier s’il est enrichi par des inclusions métalliques ou des espéces agressives
telles que CI.

Dans cette perspective, le profil de profondeur élémentaire ex situ de matériaux
corrodés peut fournir une information complémentaire. Parmi d'autres techniques d'analyse
de surface, la spectrométrie d'émission optique a décharge luminescente (GD-OES) offre une
combinaison unique de pulvérisation rapide (le temps d'une mesure varie entre 2 et 10 minutes
pour les échantillons de Mg) ; une capacité multi-élément et une simplicité expérimentale sans
nécessité d'un ultra-vide ou d'une préparation de surface spéciale [24]. Son application aux
surfaces corrodées reste toutefois difficile en raison de l'interprétation des données analytiques
de couches poreuses qui reste inexplorée, compliquée par une modification importante du

plasma lors de la pulvérisation des couches d'oxy-hydroxyde [25,26].

Dans cette thése, les limites analytiques liées a I'application de GD-OES sur les surfaces
corrodées sont explorées et la technique est appliquée pour suivre la distribution de
profondeur élémentaire dans la couche d'oxy-hydroxyde sur Mg corrodé et ses alliages.
Cette technique a significativement contribué a la compréhension du mécanisme

d’inhibition de Mg.

Le résumé et la structure de la thése de doctorat

Cette thése est organisée en 4 parties principales: Introductory section,
Methodology, Results section et Concluding remarks.

La partie introductive présente les questions scientifiques a travers une revue
bibliographique. Cette partie contient 3 chapitres. 1) “Introduction”, qui présente un apergu
global et le résumé de la these; 2) “Surface films on corroded Mg” qui détaille 1'état des
connaissances concernant les films de surface, leur stabilité et leur role dans la réactivité de
Mg; 3) “Corrosion inhibition of Mg” qui représente 1'état de I'art dans les approches pour la
protection anti-corrosion de Mg.

Les mécanismes proposés pour la réactivité et la protection de Mg sont analysés dans
les Chapitres 2 et 3. En marge de la partie introductive, chaque chapitre dans la partie Results
section contient une étude bibliographique.

La 2éme partie, Experimental section, décrit les méthodologies principales utilisées

dans ce travail, notamment La spectroscopie Raman in situ et la spectroscopie a décharge



luminescente. La Chapitre 4 présente les principes des deux techniques, leurs avantages et
leurs limites.

La 3éme partie de la theése est la plus importante et elle est composée des 3 chapitres
présentés sous la forme des publications préparées pour la soumission dans différents
journaux.

La Chapitre 5 “pH effect on MgO/Mg(OH): film evolution on corroding Mg by
in-situ Kinetic Raman Mapping (KRM)” décrit la mise au point de la méthodologie de
cartographie Raman in situ (KRM) et démontre sa capacité a décrire I’effet de la composition
de la solution (pH, présence de CI) sur 1I’évolution locale du film superficiel aux stades
initiaux de la corrosion de Mg en couche mince. L'utilisation d'une procédure de normalisation
spécifique pour 1'évolution du pic de brucite Ay (3652 cm™) lors de l'immersion permet
d'extraire la cinétique de croissance du film d'une surface suffisamment grande avec une
résolution spatiale d'environ 10 pm. Sur les zones n'ayant pas évolué sur les images optiques
pendant I'immersion, la cinétique de croissance de la brucite était parabolique (limitée par la
diffusion) a pH 13 mais linéaire (limitée par des réactions de surface) a pH 7-10,5 (Fig. 3a).
Un saut de la courbe de cinétique a été observé a des endroits particuliers de la surface (Fig.

3b).

a 2.0 r r v v b 20 . . y . 1
15F 15} $ a2
5 5 > t 1
® 1.0} S 1.0f . ]
< < 2 b
05 0.5¢ 4 ]

0'0 A 2 2 2 4 o 2 0.0 lf. 3 3 N 3 o

0 20 40 60 80 0 20 40 60 80 100
time / min time / min

Fig. 3. Exemples de la cinétique de croissance de Mg (OH), localisée in situ sur Mg immergé dans
une solution de 10 mM NaCl a différents pH: a) zones "intactes" a pH 9 (triangles bleus) et pH 13
(carrés noirs); et b) dans un filament noir a pH 9, résultats expérimentaux (cercles rouges) et simulation
théorique de la précipitation de Mg (OH), suite a une augmentation instantanée du pH.

Le traitement statistique des données montre que ce type de cinétique est associé a la
proximité des filaments noirs (Fig. 4a) et que le temps de la forte augmentation de la cinétique
coincide avec la premiére observation visuelle du filament dans la zone étudiée (Fig. 4b).

Dans la Fig. 4b, le code couleur refléte le temps du saut dans la courbe de croissance de Mg
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(OH),. La fraction de surface avec un film "rompu" en fonction du temps a é¢galement été

tracée, montrant une cinétique de dégradation linéaire.

Time

Intact region Filament ofthe fim
breakdown / min

75
67
59
51
43
34
26
- 18
10

1 mm 1T mm

Fig. 4 (a) Exemple de I’apaprence d’une surface de Mg surface aprés 80 minutes en contact avec une
solution de NaCl 0,1 M ; (b) cartographie cinétique (temps du saut dans la courbe de croissance pour
chaque point) pour la méme zone.

Les spectres ont également été analysés afin d’extraire des informations sur 1I’évolution
in situ de la taille et de la morphologie des cristaux. L'augmentation de l'alcalinité a favorisé
'apparition de pics de "satellites" dans les spectres Raman (exemple dans Fig. 5c¢). Les bandes
43675 cm™ et 3710 cm! ont été attribuées aux vibrations des groupes de surface Mg-OH avec
des plans cristallographiques orientés différemment, (0001) et (10-10) respectivement [27].
La présence de « satellites » peut donc étre considérée comme une preuve de la surface
spécifique élevée et de la taille plus petite des cristaux de Mg(OH)> a pH élevé, cela a été
confirmé par microscopie électronique a balayage ex situ (Fig. 5). Une cinétique similaire de
croissance (pic de brucite et pics satellites) a été obtenue a pH 13 apres environ 10 minutes de
période d'induction, ce qui indique que la morphologie cristalline atteint 1'équilibre a ce
moment.

L'effet du pH sur la cinétique de croissance, la taille et la morphologie des cristaux est
cohérent avec le modéle de dissolution-précipitation de la formation de Mg(OH),. A cet égard,
une croissance de Mg(OH); a proximité des filaments pourrait s’expliquer par une dégradation
du film de surface dans ces endroits entrainant la libération d’ions Mg?" et / ou OH-
excédentaires, provoquant une précipitation supplémentaire de la brucite (Fig. 6)

Un calcul simple de la cinétique de croissance du film autour des filaments en utilisant
une précipitation de la solution sursaturée donne des résultats qui correspondent bien au saut

observé (la cinétique simulée est représentée par la courbe grise dans la Fig. 3b).
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L'enrichissement de la surface par des impuretés métalliques est en focus du Chapitre
6 “On the application of Glow Discharge Optical Emission Spectroscopy (GD OES) for
depth profiling of corroded materials: example of pH effect on Fe and Mn enrichment
on corroding Mg”.

Malgré la simplicité expérimentale, l'interprétation des données de GD OES n'est pas
toujours évidente, surtout pour l'estimation de 'enrichissement de la couche de surface par
des impuretés au niveau du ppm provenant du volume de métal. Le probleme principal est
que I’hydrogene atomique dans le plasma, provenant de I'échantillon (couche d'hydroxyde
externe), peut modifier de maniére significative la vitesse de pulvérisation, les limites de
détection et le rendement d'émission de certaines bandes d'émission. Cela entraine une
interprétation ambigué€ des variations d'intensité d'éléments dans la couche d'oxy-hydroxyde
par rapport au volume de métal. Les effets de H sur les parametres analytiques de GD OES,
les conséquences de ces effets pour l'interprétation des profils de profondeur des surfaces
corrodées, et la maniére d'obtenir des profils qualitatifs sont discutés dans le travail.

La Fig. 7a présente un exemple de profil de profondeur GD OES obtenu dans un
plasma d’Ar sur Mg pur (pureté commerciale : 280 ppm de Fe, 50 ppm de Mn, 10 ppm d'Al)
aprés 12 h d'immersion dans de 'eau a pH 9. Interprétation brute des résultats obtenus dans le
plasma Ar peut conduire a une conclusion erronée a propos de 1'appauvrissement en Mn de la
couche d'oxy-hydroxyde. Ainsi, le traitement de données proposé (correction H) conduit a
conclure que l'appauvrissement apparent en Mn résulte de 'effet de H dans le plasma. La
correction H ainsi que les expériences dans le plasma Ar/H> ont montré dans ces conditions
que la surface était enrichie par Mn dans les conditions étudiées. Le GD OES a également
démontré que H n'influence pas le comportement du Cl et que la couche d'oxyde-hydroxyde

est enrichie en Cl.
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Fig. 5. Exemples de spectres Raman in situ de Mg en contact avec la solution de 0,1 M NaCl a pH 9
(a) et 13 (b) et images MEB ex situ des surfaces correspondantes aprés immersion.

breakdown

Fig. 6. Schéma de croissance de Mg(OH), dans un environnement aqueux contenant Cl’, & proximité
de filament et dans la zone intacte.
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Fig. 7. Profils de profondeur élémentaires GD OES obtenus pour Mg pur (280 ppm Fe, 50 ppm Mn,
10 ppm Al) apres 12 h d'immersion dans l'eau a pH 9: (a) données brutes; (b) profil de Fe et Mn apres
la correction H.

L’utilisation de Ar/ H; a la place du gaz conventionnel peut éviter certains artefacts
liés a la vitesse de pulvérisation de I'oxyde et du métal et & des modifications significatives du
plasma entre ces deux couches. Malheureusement, la limite de détection du Fe est
significativement dégradée en présence de H», il n’a donc pas été possible de confirmer
I’enrichissement en ppm du film d’oxyde dans le plasma Ar/H».

Le Chapitre 7 “Mechanisms of Mg corrosion inhibition by selected organic
inhibitors” illustre I'application des méthodes analytiques proposées pour explorer les
mécanismes d'inhibition de la corrosion par plusieurs molécules organiques, a savoir les sels

de sodium des acides salicylique, 2,5-pyridine-dicarboxylique (PDCA) et fumarique (Fig. 8).

a b c -
O

OH

O &
@)

Fig. 8. Formule développée des inhibiteurs de corrosion Mg ¢tudiés dans ce travail: (a) salicylate, (b)
2,5-pyridinedicarboxylate, (c) fumarate.

Les deux méthodologies établies aux chapitres 6 et 7 sont utilisées et complétées par

d’autres techniques afin de comparer la formation de film dans une solution de 0,1 M NaCl
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avec et sans inhibiteurs sur deux types de Mg pur. La différence principale entre les
compositions de Mg était la quantité¢ d'impuretés de Fe, 342 et 50 ppm respectivement pour
le Mg commercial et de haute pureté. Tous les inhibiteurs retardent efficacement la corrosion
de Mg, a l'exception du salicylate, qui inhibe uniquement la corrosion de Mg avec une teneur
de Fe ¢élevée.

Tout d'abord, les profils de profondeur ex situ GD-OES aprés I’immersion de Mg dans
des solutions de NaCl 0,1 M avec et sans inhibiteurs Fig. 9 ont confirmé que tous les
inhibiteurs étaient incorporés dans le film oxyde / hydroxyde (signal de C est assez fort) et

diminué efficacement la quantité de C1- adsorbé.
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Fig. 9. Profils de profondeur élémentaire GD OES (Ar/H; plasma) de Mg pur (pureté commerciale)
apres 2 h d'immersion dans la solution de 0,1 M NacCl sans inhibiteurs (a) et en présence d'inhibiteur:
salicylate de sodium (b), PDCA (c) ou fumarate de sodium.
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La spectroscopie Raman in situ a révélé deux tendances différentes de la cinétique de
croissance de Mg (OH)2 en présence d'inhibiteurs (Fig. 10). Pour le fumarate, la croissance a
été plus lente par rapport a une solution de 0,1 M NaCl. Pour le salicylate et le PDCA, la
croissance a évolué¢ en 2 périodes. Initialement, elle était similaire a I'évolution de la
croissance en absence des inhibiteurs. Aprés environ 40 minutes d’immersion, la croissance
était plus lente et ressemblait a la solution de fumarate. En présence de tous les inhibiteurs,
les pics satellites étaient visibles, révélant une taille de cristal plus petite que dans les solutions

sans inhibiteurs.
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Fig. 10. Cinétique de croissance typique de Mg (OH), dans la solution de 0,1 M NaCl en absence
d’inhibiteur (carrés noirs) et en présence de sels de sodium des acides fumarique (carrés bleus, Fum)
salicyliques (cercles rouges) et 2,5-pyridindicarboxylique (triangles verts, PDCA).

L'interaction des inhibiteurs avec le film de surface a également été analysée. Pour le
Mg de pureté commerciale, les pics Raman caractéristiques et les positions des bandes IR des
groupes -COO" et -OH du salicylate ont été décalés par rapport a la position observée dans le
spectre de la solution (Fig. 11). Ceci a été interprété comme une interaction spécifique du
salicylate avec la surface de Mg. Pour le fumarate, aucune interaction spécifique n'a été
observée. Pour le PDCA, aucun décalage dans la position des pics dans les spectres Raman
n'a été enregistré pendant les 40 premicres minutes, puis le fond de fluorescence élevé est
apparu, génant le signal Raman. Cela pourrait s'expliquer par la formation d'un ensemble
spécifique de molécules organiques possédant une chaine de liaisons doubles et simples
alternées, appelée conjugaison [28]. L'analyse ex situ par spectroscopie IR a confirmé les
1égers décalages des positions des pics caractéristiques des vibrations des cycles aromatiques

pour le PDCA.
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Trois types d'interaction des molécules organiques avec la surface de Mg ont été
proposés pour les inhibiteurs étudiés. L'adsorption physique du fumarate, la chimisorption du
salicylate sur Mg (OH)2 ou sur les particules contenant du Fe, et la formation de polymére de
coordination a l'interface entre des couches d'oxy-hydroxy dans le cas du PDCA, sont les
mécanismes les plus probables de 1’évolution de surface. En ce qui concerne les mécanismes
d'inhibition, l'interaction spécifique du salicylate avec Fe est cohérente avec l'inhibition
cathodique rapportée dans la littérature [29] ainsi que I'absence d'effet d'inhibition pour le Mg
de haute pureté. Le fumarate et le PDCA forment des films de surface homogenes plus
cohérents avec l'inhibition de la réactivité anodique. Tous les films de surface formés en
présence d'inhibiteurs contiennent des nanocristaux de Mg (OH): de taille réduite par rapport
aux films formés sans inhibiteurs et bloquent I'accés de CI a la surface, réduisant la possibilité
de la corrosion localisée. Les mécanismes proposés pour la formation des films en présence

des inhibiteurs et ses conséquences sur la réactivité sont résumés dans la Fig. 12.
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Fig. 11. Spectres Raman in situ de Mg de pureté commerciale (CP-Mg342) et de Mg de haute pureté
(HP-Mg50) en contact avec une solution de 0,1 M NaCl + 0,05 M salicylate de Na comparés aux
spectres Raman de la solution de salicylate de Na.

Le Chapitre 8 “Conclusions and perspectives” présente la conclusion générale ainsi
que les perspectives issues de ce travail.

Dans [D’annexes, les résultats supplémentaires illustrant 1’application des
méthodologies développées dans plusieurs systémes présentant un intérét potentiel sont

inclus. Parmi eux, l'effet de Li sur la chimie des films de surface des alliages de MgLi
13



corrodés ; l'effet de l'auto-assemblage des molécules organiques de monocouches sur la
cinétique de croissance du film.

8 w/o inhibitors

OH +H,1 &} e
o©

o \ o
Coordination polymer LM
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= n'A »
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Fig. 12. Représentation schématique de la réactivité de Mg en I'absence d'inhibiteurs (a) et mécanismes
d'inhibition de la corrosion de Mg en présence de (b) fumarate - adsorption physique, (c) salicylate -
stabilisation de nano cristaux de Mg(OH), ; adsorption spécifique de Sal, (d) 2,5-pyridinedicarboxylate
- précipitation du polymeére de coordination.
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Introductory section

This part of the PhD thesis defines the context of the study and the scientific questions,

which should be answered.
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Chapter 1

Introduction

Context and objectives of the study

Magnesium (Mg) based alloys are attractive materials for a wide range of applications such
as automotive, aerospace, electronics, medicine [1] due to their high strength to weight ratio,
biocompatibility, high abundance of Mg, etc. High reactivity of these materials in aqueous
environments can be considered as a harmful (for corrosion / durability) or an advantageous
(resorbable implants, battery applications) property. The control of this aqueous reactivity
becomes critical to ensure good service properties and service life. Deep understanding of the
mechanisms of Mg reactivity is the key to the development of efficient strategies for its control.

It is commonly accepted that the chemistry and morphology of the surface films and
corrosion products significantly affect the reactivity of metallic substrates. In case of Mg alloys,
the natural oxide film spontaneously hydrates in aqueous environments forming Mg(OH):
(brucite), a mineral with a lower solubility than MgO. Numerous works have reported the bi-
layered structure of the film on corroded Mg surfaces [2-5]: a thin inner MgO layer and a thick
(up to um) outer layer of Mg(OH),. This oxide-hydroxide film can be considered as protective at
initial stages of corrosion [6,7]. According to the E-pH diagram (Fig. 1), at a strong alkaline pH
Mg(OH): is stable and hence could passivate Mg, however, at neutral and slightly alkaline pH,
Mg(OH); film is not thermodynamically stable and could not hence be protective. Film breakdown
can be due to numerous factors [8], including modification of local chemical environment (pH,

anions, etc.).
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Fig. 1 Potential-pH (Pourbaix) diagram for pure magnesium in water at 25 °C [9].

Any inhomogeneity, caused by either the non-uniform growth or breakdown of the film can result

in micro-galvanic coupling contributing to accelerated Mg degradation [10,11]. Localized

corrosion can be also enhanced by the surface enrichment of more noble than Mg metallic

impurities (Fe, Ni, Cu,) which are always present in Mg matrix at ppm level after casting process

[3,12—14]. These two mechanisms of localized corrosion are schematically shown in Fig. 2.

Cathodic reaction

H,0 + 2e-— H,t + 20H-

Nz

Noble impurities
(Fe, Ni, Cu etc.)
as local cathodes?

Mg2*

From -1.4to -1.8 Vgce

Anodic reaction

| MgO/Mg(OH), layer

Mg(OH), covered zones
as local cathodes?

Fig. 2. Schematic representation of the effect of surface film on the enhanced localized corrosion.

Thus, considering the effect of surface films on the reactivity of Mg, these two aspects, the

oxide/hydroxide evolution in aqueous environment and the surface enrichment by more noble than

Mg inclusions should be understood. Numerous ex situ data about morphology and chemical

composition of corroded Mg surfaces were published [15], however the surface analyzed ex situ

can be very different from the surface reacting in aqueous solution. In this respect, in situ methods
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could bring more valuable data. In particular, the kinetic information could be helpful for
understanding the film growth and breakdown mechanisms. Very limited in-situ observations
related to the evolution of Mg surface films were communicated [7,16] and neither of them was
able to obtain simultaneously global and local information.

Taking into account non-uniform surface evolution of corroding Mg, the first objective of

this PhD was hence to develop a methodology able to survey in-situ the Kkinetics of the

oxide/hydroxide film evolution in aqueous solutions on significantly large surfaces and with

sufficient lateral resolution (mapping mode). From the methodological point of view such a technic

should be easily extended to multiple processes for which in-situ measurement with local
resolution can be of interest.

The second objective of the PhD was to find a relatively non-expensive and simple way

to verify the surface enrichment by different metallic impurities and ions coming from the

electrolyte and test the limits of the chosen method. The proposed analytical techniques developed

for Mg corroded surfaces could be also used for other corroded materials.

Once the analytical approaches are found and tested, the third objective was to correlate

environmental composition, evolution of the surface film and Mg reactivity with help of these
methodologies.

The results should contribute to fundamental understanding of Mg corrosion mechanisms,
in particular the effect of solution composition on the evolution of the surface films. It can also
help for a comprehensive choice of anticorrosion strategies. Among different factors which could
be taken into account, we selected the effects of solution pH, concentration of Cl- ions and the
presence of selected organic inhibitors. Despite the numerous inhibitors proposed for Mg and its
alloys [17,18], there is a lack of understanding of the inhibition mechanisms. The mechanistic
speculations based on electrochemical measurements are limited by attributing of particular
additive to anodic/cathodic/mixed inhibitor type or adsorption/precipitation type. In-situ
characterization of the surface evolution in the presence of inhibitors can help to understand the

inhibition mechanisms.

To conclude, this work aims firstly, to develop methodologies which permit both, in situ
investigation of local oxide/hydroxide layer evolution (chemical composition, spatial
distribution, morphology, growth and breakdown Kinetics), and ex situ observation of
elemental distribution within the layer depth. Secondly, to correlate environmental

composition, surface film evolution and Mg reactivity with help of these methodologies.
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Analytical approach of the work

Mapping at micrometric resolution provided by Confocal Raman Microscopy (CRM)
seems to be a promising method for in-situ analysis of corroding surfaces with high lateral
resolution. Raman spectroscopy is sensitive to OH- and CO3?" vibrations that allows its routine use
for identification of corrosion products in aqueous solutions [19-22]. The intensity of Raman
scattered light from a sample is proportional to the number of Raman active bonds in the analyzed
volume [23] making possible a semi-quantitative analysis and monitoring of film growth kinetics
using the spectra normalization procedure. In principle, information on crystal shapes and
morphology can be obtained from Raman spectra as well [24].

Although in-situ Raman spectroscopy in corrosion field is commonly used for
identification of corrosion products, in-situ kinetic measurements of the film growth or breakdown

and in particular in a mapping mode have never been published in this area.

In this work, for the first time, Confocal Raman Microscopy was adapted to map in-situ on
large surfaces (~mm?) and with high lateral resolution (~ tens of um) the local evolution
(chemical composition, morphology, and growth kinetics and disruption kinetics) of surface
films during aqueous corrosion of Mg. This technique was used to study the effect of pH, CI

concentration, inhibitors on the surface film formation and evolution.

Obviously, Raman spectroscopy has its own limitations; the most significant being that
some compounds are Raman inactive. Thus, it is impossible to survey directly what happens with
MgO, in particular if it is enriched by metallic inclusions or aggressive species such as CI". In this
regard, ex situ elemental depth profiling of corroded material can provide a complementary
information. Among others surface-sensitive analytical techniques, Glow Discharge Optical
Emission Spectrometry (GD-OES) offers a unique combination of a fast sputtering rate (time of
one measurement varies between 2 and 10 minutes for Mg samples), high depth resolution,
excellent sensitivity, multi-element capability and experimental simplicity with no requirement for
an ultrahigh vacuum or special surface preparation [25]. Its application to corroded surfaces is
however, still challenging because of formation of porous layers and unexplored analytical data
interpretation complicated by a significant plasma modification when sputtering the

oxide/hydroxide layers [26,27].
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In the PhD, the analytical limits related to the application of GD OES to corroded surfaces
are explored and the techniques is successfully applied to monitor the elemental depth-
distribution within the oxide/hydroxide layer on corroded Mg and its alloys. This technique

significantly contributed to understanding of the Mg inhibition mechanism.

Summary and structure of the manuscript

The manuscript is composed of four main parts: Introductory section, Methodology,
Results section and Concluding remarks.

The Introductory section defines the context and the scientific questions, which should
be answered. This part contains 3 chapters: 1) “Introduction”, which explain the context of the
study and gives the summary of the dissertation; 2) “Surface films on corroded Mg” which
reviews the existing knowledge about the surface films, their stability and their role for Mg
reactivity; and 3) “Corrosion inhibition of Mg” representing state of the art in mechanistic
approaches for Mg anticorrosion protection. The most important works are listed and the proposed
in the literature mechanisms of Mg reactivity as well as inhibition strategies are analyzed in
Chapters 2 and 3. It should be noted that in addition to this section, each chapter in the Results
part includes a short introductory bibliographic section.

The second part, Experimental section, describes the main techniques used in this work,
namely in situ Raman Spectroscopy and Glow Discharge Optical Emission Spectroscopy.
Chapter 4 presents the principles of both techniques, their advantages and limitations.

The third part, Results section, present the most important results obtained during the PhD
study and their discussion. This part consists of 3 chapters presented in the form of publications
prepared for submission to different journals.

Chapter 5 “pH effect on MgO/Mg(OH): film evolution on corroding Mg by in-situ
Kinetic Raman Mapping (KRM)” develops in-situ kinetics Raman mapping (KRM)
methodology and demonstrates its applicability to describe the effect of solution composition (pH,
presence of Cl") on the local evolution of surface films at initial stages of Mg corrosion in thin
layer cell. The use of a specific normalizing procedure for the evolution of Ajg brucite peak (3652
cm!) during immersion in different locations allows extracting film growth Kinetics from
sufficiently large surface with about 10 um spatial resolution within the same experiment. On the

areas, which did not evolve in optical images during immersion, brucite growth kinetics was
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parabolic (diffusion limited) at pH 13 but linear (surface reaction limited) at pH 7-10.5 (Fig. 3a).

A jump in the kinetics curve was observed in particular locations on the surface (Fig. 3b).
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Fig. 3. Examples of localized in-situ Mg(OH). growth kinetics on corroding Mg immersed in 10 mM NaCl
at different pH: a) “intact” areas at pH 9 (blue triangles) and pH 13 (black squares); and b) in black filament
at pH 9, experimental results (red circles) and theoretical simulation of enhanced Mg(OH), precipitation
due to spontaneous pH increase.

Statistical data treatment shows that this type of kinetics is associated with the proximity of black
filaments (Fig. 4a) and the time of the steep increase in kinetics curve coincides with the first visual
observation of filament in studied zone (Fig. 4b). On Fig. 4b the color code reflects the time of the
jump in the Mg(OH), growth kinetics curve. Fraction of the surface with “broken” film as a
function of time was also plotted showing the linear breakdown kinetics.
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Fig. 4 (a) Example of Mg surface appearance at 80 minutes of contact with 0.1 M NaCl solution; (b) kinetic
map (time of sharp growth rate increase for each point) for the same surface.
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The spectra were also tentatively analyzed in order to extract information about the in-situ
evolution of the crystal size and morphology. Alkalinity increase favored the appearance of
“satellites” peaks in Raman spectra (example in Fig. 5¢ ). Bands at 3675 cm™! and 3710 cm! were
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attributed to the vibrations of surface Mg-OH groups with different crystallographic oriented
planes, (0001) and (10-10) respectively [28]. The presence of “satellites” hence can be considered
as an evidence of high surface area and smaller Mg(OH): crystal size at high pH, which was
confirmed by ex-situ Scanning Electron Microscopy (SEM) (Fig. 5). Similar kinetics of the bulk
and satellite peaks growth were obtained at pH 13 after about 10 minutes of induction period
indicating that the crystal morphology reaches equilibrium at this time.

pH effect on the kinetics of the brucite film growth and the crystals size and morphology
is coherent with dissolution-precipitation model of its formation. In this regard, enhanced growth
of Mg(OH), in proximity of filaments could be explained by surface film breakdown in this
locations resulting in the injection of the excess Mg?" and/ or OH" ions and causing additional
brucite precipitation as schematically present in Fig. 6.

A simple calculation of film growth kinetics around the filaments using a precipitation from
supersaturated solution gives results which fit well with the observed jump (simulated kinetics is
shown by the grey curve in Fig. 3b).

Surface enrichment by metal impurities is in the center of Chapter 6 “On the application
of Glow Discharge Optical Emission Spectroscopy (GD OES) for depth profiling of corroded
materials: example of pH effect on Fe and Mn enrichment on corroding Mg”. Despite its
experimental simplicity, the results interpretation of GD OES is not always evident, especially for
the estimation of the surface layer enrichment by ppm-level impurities from the metal bulk. The
problem is that atomic H in plasma, coming from the sample (outer hydroxide layer), can
significantly modify not only the sputtering rate but also detection limits and emission yields for
particular emission lines. This causes the ambiguous interpretation of elements intensities changes
in oxide/hydroxide layer compared to metal bulk. The effects of H on the analytical parameters of
GD OES, the consequences of these effects for the interpretation of depth profiles of corroded
surfaces and the way to obtain simply interpretable qualitative profiles are discussed in the work.

Fig. 7a shows an example of a GD OES depth profile obtained in Ar plasma on
commercially pure Mg (280 ppm Fe, 50 ppm Mn, 10 ppm Al) after 12 h of immersion in water at
pH 9. Raw interpretation of the results obtained in Ar plasma can lead to a wrong conclusion about
the depletion of the oxide/hydroxide layer in Mn. Thus, the proposed data treatment (H-
correction), shows that the apparent Mn depletion is a result of H effect in plasma. The H correction
as well as the experiments in Ar/Hz plasma demonstrated that the surface was enriched by Mn in
studied conditions. GD OES has also demonstrated that H does not influence Cl behavior and that

the oxide-hydroxide layer is enriched by Cl.
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Fig. 5. Examples of in-situ Raman spectra Mg surface in contact with 0.1 M NaCl at pH 9 (a) and 13 (b)
and ex-situ SEM images of the corresponding surfaces after immersion.

breakdown

Fig. 6. Schematic representation of Mg(OH), growth in CI” containing solution around filament and in intact
region.
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Fig. 7 Elemental GD OES depth profiles obtained for commercially pure Mg (280 ppm of Fe, 50 ppm of
Mn, 10 ppm of Al) after 12 h of immersion in water at pH 9: (a) raw data; (b)Fe and Mn profile after H-
correction.

Working in Ar/H> in place of conventional Ar gas can prevent some artefacts related to the
different sputtering rates of corrosion products and the metal and significant plasma modifications
between these two layers. Unfortunately, detection limit for Fe is significantly degraded in
presence of H, thus, it was not possible to confirm the ppm-level enrichment of the oxide film in
Ar/Hz plasma, however the results of theoretical H-correction taking into account the measured in
Ar/H; plasma interferences of H signal on the Fe background signal can at least help to verify for
the cases with higher Fe content if the enrichment can be considered by GD OES.

Chapter 7 “Inhibition mechanisms of Mg corrosion selected carboxylates” applies the
proposed analytical methods to explore the mechanisms of Mg corrosion inhibition by several
organic molecules, namely sodium salts of salicylic, 2,5-pyridine-dicarboxylic (PDCA) and

fumaric acids (see Fig. 8)
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O

Fig. 8. Structural formula of Mg corrosion inhibitors studied in this work: (a) salicylate, (b) 2,5-
pyridinedicarboxylate, (c) fumarate.
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Both methodologies established in Chapters 6 and 7 were used and completed by other
techniques in order to compare the film formation in 0.1 M NaCl solution with and without
inhibitors on two types of pure Mg. The principal difference between the Mg compositions was
amount of Fe impurities, 342 and 50 ppm for commercial and high purity Mg respectively. All of
inhibitors efficiently retarded Mg corrosion, except salicylate, which inhibited only Mg with
higher content of Fe inclusions and, conversely, accelerated corrosion for high purity Mg.

First of all, ex-situ GD-OES depth profiles after immersion of Mg in 0.1 M NaCl solutions
with and w/o the inhibitors (Fig. 8) confirmed that all inhibitors were incorporated into the
oxide/hydroxide film (strong C signal) and efficiently decreased the quantity of adsorbed CI-,

which is known as a film destabilizing agent responsible for the initial pitting.
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Fig. 9. Elemental GD OES depth profiles obtained in Ar/H, plasma for commercial purity Mg (ppm
impurities level) after 2 h of immersion in 0.1 M NaCl without inhibitors (a) and with addition of a selected
inhibitor: sodium salicylate (b), PDCA (c) or sodium fumarate (d).
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In situ Raman spectroscopy revealed two different trends in Mg(OH), growth kinetics in
presence of inhibitors (Fig. 10). For fumarate, the growth was slower as compared with 0.1 M
NaCl solution. For salicylate and PDCA the growth rate evolved in 2 periods. Initially, it was
similar to the growth rate evolution w/o inhibitors. After approximately 40 minutes of the surface
contact with the solution, the growth was slower and looked similar to fumarate solution. In
presence of all inhibitors the satellite peaks were visible, revealing smaller crystal size than in

solutions w/o the inhibitors.
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Fig. 10. Typical localized Mg(OH). growth kinetics on corroding Mg immersed in 0.1 M NaCl w/o
inhibitors (black squares), with addition of 0.05 M sodium salts of fumaric (blue squares, Fum) salicylic
(red circles) and 2.5-pyridindicarboxylic (green triangles, PDCA) acids.

The interaction of the inhibitors with the surface film was also analyzed. On the corroding
Mg of commercial purity, the characteristic Raman shifts and IR bands positions of -COO" and -
OH groups of salicylate were shifted as compared with the positions observed for the unbounded
inhibitor (Fig. 11). This was interpreted as a specific interaction of salicylate with the surface. For
fumarate, no specific interaction was observed. For PDCA no shifts in bands position in Raman
spectra were registered during the first 40 minutes, and then the high fluorescence background
appeared hindering the Raman signal. This could be explained by formation of a specific network
of the organic molecules which has a chain of alternating double and single bonds, called
conjugation [29]. Ex situ analysis by IR spectroscopy confirmed slight shifts of the peaks positions
characteristic for aromatic ring vibrations for PDCA.

Three different types of interaction of the organic molecules with the Mg surface were
proposed for the studied inhibitors. Physical adsorption of fumarate, chemisorption of salicylate
on Mg(OH), or Fe-containing particles on cathodic areas and coordinated polymer formation at

the interface between more and less hydrated oxide/hydroxide layers in case of PDCA are the most
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probable mechanisms of the surface modification. Concerning the inhibition mechanisms, specific
interaction of salicylate with Fe is coherent with cathodic inhibition reported in the literature [30]
as well as with the absence of the inhibition effect for high purity Mg. Fumarate and PDCA form
homogenous surface films which is coherent with the inhibition of anodic reactivity. All the
surface films formed in the presence of inhibitors contain Mg(OH)2 nanocrystals with a reduced
size as compared with the films formed w/o inhibitors and block CI- access to the surface, reducing
the possibility of localized corrosion due to the film breakdown. The proposed mechanisms of the
films formation in the presence of the inhibitors and its consequence for the reactivity are

summarized in Fig. 12.
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Fig. 11. Examples of in-situ Raman spectra of commercial purity Mg (CP-Mg342) and high purity Mg
(HP-Mg50) in contact with 0.1 M NaCl + 0.05 M Na salicylate solution compared with Raman spectrum
of sodium salicylate solution.

The Chapter 8, “Conclusions and perspectives”, summarizes the main findings, their
importance for corrosion mechanisms and the perspectives open by the proposed analytical
approach.

In Appendices, some additional results obtained during the PhD and illustrating the
application of developed methodologies to several systems with potential applied interest are
included. Among them, the effect of Li alloying in the chemistry of the surface films and the effect

of self assembling monolayers on the film growth kinetics.
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Fig. 12. Schematic representation of Mg reactivity in absence of inhibitors (a) and Mg corrosion inhibition
mechanisms for (b) fumarate — physical adsorption, (c) salicylate — dissolution of Fe-rich inclusions and
stabilization of Mg(OH), crystals due to specific adsorption of Sal, (d) 2,5-pyridinedicarboxylate —
precipitation of coordination polymer.
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Chapter 2

Surface films on corroded Mg

Basics of Mg reactivity

The high rate of Mg aqueous corrosion is usually associated with to two key factors. Firstly,
the electrochemical nature of the metal: the highly electronegative potential of Mg (1) implies that
the water reduction is the cathodic half-reaction (2), therefore Mg corrosion proceeds even in the
absence of oxygen. Secondly, surface films naturally formed on Mg (3) have poor protective

properties because of their high solubility (see section “Composition of corrosion products”).

Mg - Mg?* + 2e™, (E® = =237 Vgyg) €))
2H,0 +2e~ —» Hy +OH-,  (E®= —0.82 Vsy;) @
Mg** + 20H~ - Mg(OH),,pK = 11.2 3)

Perhaps, the main topic concerning the mechanism of Mg corrosion in the last decades was
so-called Enhanced Hydrogen Evolution (hydrogen evolution rate, HER). The fact that H»

evolution (cathodic reaction, (2)) occurred even when anodic potentials or currents were imposed,
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first reported by Beetz in 1866 [31], intrigued several generations of scientists. In this regard, Mg
behavior is unusual when compared to other metals, where typically a cathodic reaction becomes
progressively suppressed under anodic polarization. The enhanced hydrogen evolution is
accompanied by the mass loss that is notably higher than those one calculated from Faraday's law
for a 2 electron transfer process. The term Negative Difference Effect is also used for this
phenomenon, where the difference means subtracting the hydrogen evolution rate measured in the
absence of external polarization from that observed when an anodic potential is applied.

It should be noted that existence of anomalous HER makes complicated the quantitative
estimation of amounts of Mg dissolved under anodic polarization using just electrochemical
methods: a certain amount of the electrons generated by the Mg oxidation reaction do not flow
through the potentiostat to the counter electrode but rather are consumed by the HER on the Mg
electrode surface, thereby remaining undetected. Taking into account that Mg has the most
negative electrochemical potential between all metallic engineering materials, it is supposed to be
polarized anodically in contact with them in real applications. Thus, understanding of the origins
of anomalous HER has potential scientific and technological interests, being the key for
elaboration of intelligent anticorrosion strategy.

Numerous theories, summarized elsewhere [32,33], were proposed to explain this aspect in

Mg behavior , among them:

1) the existence of uni-positive cation Mg" and its further oxidation to Mg?*, that leads to
the water reduction in the solution [34-37];

2) “chunk effect” of non-faradaic mass loss via metal spalling [38];

3) formation and dissolution of hydrides [39];

4) surface enrichment by noble impurities [12];

5) formation and dissolution of partially protective films,

etc...

Noble inclusions and corrosion products are assumed to play a crucial role in Mg
degradation in aqueous environments even though precise mechanism is still under

discussion. Therefore, further bibliography review is focused on these two aspects.
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Corrosion products in Mg reactivity

Composition of corrosion products

Mg reacts with atmospheric oxygen forming a surface film of MgO with a thickness of a

few nm [15]. This layer ensures corrosion protection in the dry air at ambient temperature.

1 4
Mgy +5 029 > MgO) @

MgO has a thermodynamic tendency to interact with water with formation of Mg(OH)
even at low water vapor concentration (>1ppm H2O) [5,15,16,40].

In aqueous environments MgO dissolves easily (Ksp(MgO) ~ 106, [15]), that leads to the
formation of Mg(OH): (brucite) precipitates [41]. Thus, the typical surface film that is usually
observed on Mg surface after immersion tests has a bilayer structure consisting of a thin, inner
MgO-based layer, and a porous Mg(OH): outer region [2—5,42], as shown in Fig. 13 and Fig. 14.
The outer precipitated brucite usually presents a platelet-like or needles morphology( Fig. 15).

Diffraction pattern
Nano-crystalline MgO

*®

10 1/am

Fig. 13. TEM micrograph and a diffraction pattern detecting nanocrystalline MgO at the interface region,
after exposure to pure water for 48 h [4].

This layer is considered in the literature as “quasi-passive”, because it can provide
corrosion protection at the early stages of immersion [6,7]. However, MgO and Mg(OH); are both
relatively soluble in water (Kop(Mg(OH)2) ~ 10°1[15]). At pH higher than =10.5 the outer
hydroxide film is thermodynamically stable [43], whereas its disruption occurs in neutral solutions
containing chloride, sulphate, or nitrate anions [7,8]. This phenomenon is often explained by

formation of other compounds with higher solubility constant.
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For instance, different chloride containing compounds such as
MgCL:6H20,Mg3(OH)sCl-4H,O  and 5(Mg(OH)2)-MgCl, were identified by infrared
spectroscopy, X-ray diffraction and Auger electron spectroscopy on magnesium corroded in
NaCl solution [8]. Presence of elemental Cl extending to the inner MgO-base film region was
reported in several works [2,44]. Some authors have postulated the presence of carbonates on the
surface layer after humid air exposure [45,46] or after aqueous corrosion [47].

Particular attention should be paid to local Mg corrosion. The appearance of so-called “dark
zones” on the surface, which can be in form of threadlike filaments or shallow excavated disks
(Fig. 16) was mentioned in many works [3,11,48-56]. The shape of dark zones was noticed to be
dependent on the impurities content and Cl- concentration in the solution [57]. The black color of
the corroded area can be explained by cracking of the surface and detaching of small Mg particles
[38,58]. As observed in [6], the black corroded zones are highly rough compared to the intact
(uniformly covered by Mg(OH); layer) Mg. It has been noted that morphological changes of
hydroxide layer take place after the initial surface film breakdown, which is transformed from a
compact thin film to a much thicker film with high porosity [44]. Dark zones are considered to be

consisting of irregular granular features of Mg metal and/or magnesium (hydr)oxide [3,14].

Mg(OH),
(Dissolution-Precipitation Reaction)

Porous
Mg(OH),
(Hydration Reaction)

MgO
Nano-crystals

Fig. 14. Schematic of the diffuse bi-layer structure of the surface film formed on mechanically polished
Mg after aging at Eco in pure H,O at room temperature for 48 h [4].
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Fig. 15. Surface secondary mode SEM images of AZ31B (a,c,e) and E717 (b,d,f) after 24 h in D20 with 5
wt% NaCl showing wide morphological variation of Mg(OH), —base surface products formed.
(Illustration was taken from [2])

Fig. 16. Photographic images of a commercial purity magnesium surface freely corroding in aerated (a)
5% w/v and (b) 0.01 M NacCl (aq) at pH 6.5 taken at 38 min and 64 min following immersion
respectively. (Illustrations are taken from [11,49]).
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Influence of corrosion products on HER

It has been shown in many works that Mg corrosion products provide enhanced catalytic
activity towards the HER [10,48,59,60]. When Mg dissolves at the open circuits potential (OCP),
dark regions progressively appear on the initially silvery surface, eventually covering it
completely. Williams et al. [11] studied the HE on pure Mg during anodic polarization using the
Scanning Vibrating Electrode Technique (SVET). They found that the circumference of the
expanding dark corrosion zone is an intense net local anode, while its center was shown to be
cathodic (Fig. 17). Application of an anodic (or cathodic) polarization resulted in faster (or slower)

propagation of the active anodic region with respect to the propagation dark regions [61].
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Fig. 17. Surface plots showing the distribution of normal current density j, above a CP magnesium sample
freely corroding in aerated 5 g per 100 ml aqueous NaCl solution at 20°C. Data were obtained from
SVET scans carried out after 36 min of immersion. (Figure from [11]).

Not only dark zones were reported as cathodically active. The evolution of anomalous H>
was recently studied by Fajardo et al. [62] on HP Mg in an acidic citric acid buffered solution
where the typical dark corrosion product known for neutral and alkaline solutions was not found.
These authors observed anomalous HE even in the absence of a dark corrosion product.

The kinetics of the hydrogen evolution reaction (HER) were examined on pristine Mg and
Mg(OH), coated Mg [10]. The kinetics of the HER measured by scanning electrochemical
microscopy (SECM) was ~3 times and ~ 4-6 times more fast on Mg(OH): coated Mg than on the
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pristine surface at corrosion potential and under cathodic polarization at -1.9. Vscg respectively (

Fig. 18).
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Fig. 18. Catalytic activity towards the HER associated with the film determined by SECM. (a) Schematic
representation of the setup used for the SECM experiments, and (b) normalized H2 oxidation currents
measured during a line scan from the Mg(OH), coated Mg surface, through the pristine Mg surface, and
to the polymer surface [10].

Nevertheless, up to now, there is no comprehensive explanation in the literature of the
origins of the reactivity of Mg corrosion products. Sometimes this theory raises the criticism
because all of corrosion products usually formed on Mg (MgO, Mg(OH)2, hydroxy-carbonates
etc) are insulators, thus, in principle, they are unlikely act as cathodes, except if they contain
significant quantity of the defects or form very thin layer enough to allow electron tunneling.

Moreover, the rate of HE measured using H» collection methods is often constant with time, rather
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than increasing with time. Instead, the HE rate correlates with the anodic current density applied
or the rate of corroded area production, not with the number of corroded areas. These observations
are not consistent with the notion that the dark corrosion regions are the primary source of
anomalous HE.

Alternative mechanism suggested by Salleh et al. [10] is based on the enhancement of the
self-dissociation of water on corrosion products, arising from the disruption in the local ionic
equilibrium as Mg?" ions precipitate as Mg(OH), in supersaturated conditions (Fig. 19). DFT
calculations performed by other researchers also suggested that the presence of adsorbed OH-
groups or hydroxylation of the Mg surface (akin to Mg(OH)2 on the Mg surface) activate water
dissociation upon Mg [63].
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Fig. 19. Schematic representation of HER governed by precipitation of Mg(OH), presented in [10]. In
super-saturated conditions, the sites of Mg(OH), formation consume Mg** ions and OH" ions. There is a
rapid depletion of OH™ ions in the system, resulting in the disruption of the ionic equilibrium of water.
Water dissociation immediately takes place in the system, supplying the necessary OH ions to complete
Mg(OH). formation. The protons released during water dissociation, undergo HER coupled to Mg
dissolution.

Indeed, idea of enhanced precipitation of Mg(OH): in dark zones follows logically from
the assumptions of changes in local concentrations of Mg?" and OH- due to the enhanced anodic
reactivity on the edges of these zones. Local release of ions, measured in situ by Scanning lon-
selective Electrode Technique (SIET), was reported by Lamaka et al [64], however nobody have
shown formation of surface film on Mg in situ, with good spatial resolution. Some in situ studies
of the film formation on Mg were performed by in situ elipsometry [7], but this method can be
applied only to very thin films (less than 170 nm), it doesn’t provide the local information and
hence not applicable to the initial stages of corrosion and understanding of black filaments.

Moreover, it does not provide any information about the chemical evolution of the films.
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Dynamically formed oxide/hydroxide surface films can influence Mg reactivity:
protect it from corrosion due to barrier properties, or accelerate degradation promoting the
cathodic hydrogen evolution. Up to now, there are plenty of in situ studies reporting the local
currents and ion flux distribution during Mg corrosion, however, there is no information
about the local film growth and evolution Kkinetics, in particular nothing is reported about

the evolution of its morphology and chemical composition in situ.

Kinetics analysis

Multiple phenomena can be involved in the formation of the oxide films on metals in
aqueous environment: the direct growth of the oxide layer, the dissolution of the oxide film and
the precipitation of dissolving species from the solution [65]. Different kinetics models were
established to describe each of these processes.

The direct growth of the compact oxide layer on metal surface (solid-state diffusion) was
described by models based on Wagner theory [66]: Cabrera-Mott [67], Fehler-Mott [68] models
were initially established for the thermal oxidation of metals in the air; Point Defect Model (PDM)
assume the oxidation in aqueous environment [69,70]. All of these models predict logarithmic (5)
or reciprocal logarithmic (6) kinetics laws for the film thickness (x) of thin passive layers

x= k; +k,l nt (5)

1
—= K-kl (6)

where k are constants.
For the thick oxide layers the parabolic law (Eq. (7) describes formation of a coherent,
impenetrable layer, it assumes the diffusion of cations or anions as the rate-controlling step [71,72].
x = (kpt) /2 7
The linear law (8) describes surface-controlled reactions. This kinetics law is expected if
the oxide film is porous or cracked [73] it implies that the oxidant has an unrestricted access to the
growth site, via oxide pores [74].
x =kt )
To describe precipitation from supersaturated solutions, different approximations,
depending on the mechanism (nucleation controlled, polynuclear growth or mononuclear growth)
can be used [75]. Generally, experimental data of reaction degree () as a function of time can be

fitted by power function (9) for «—0 or exponential function for a—1.
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a=1-—exp(—Kt) (10)
where k, K, b are constants.

Attribution of the experimental kinetics data to one of the equations listed above is
ambiguous for the aqueous corrosion. Thus, it has been clearly demonstrated on the example of
mild steel that corrosion products formation cannot be described only by precipitation from the
bulk solution, the formation rate is directly related to corrosion rate and the conditions at the metal
surface [76]. Other factors such as multilayered growth [77], local corrosion [ 78] etc. can influence
the growth kinetics.

Very limited data about the kinetics of Mg(OH)2 growth were found in literature. Hara et
all reported kinetics of Mg(OH)> growth on pure Mg and Mg alloys in NaCl and Na>SOj4 neutral
solutions [7] in two-stages: linear growth law for the first 1 to 5 minutes and the following decrease

of the growth rate.

Impurities incorporation in corrosion products

Beside MgO and Mg(OH)., the surface film can contain other elements, coming from the
Mg alloy matrix or from the environment, that can eventually influence the corrosion performance.
Diversity of existing Mg-alloys with different alloying elements and the role of each element in
Mg reactivity is out of scope of this work. Instead, the following literature review is focused on
minor impurities that can be present in pure Mg as a consequence of casting process. Speaking
about environment, most of corrosion tests are usually performed in chloride-containing solutions,
because Cl" is known as a corrosion accelerator for many metals. In particular, it causes pitting
corrosion and other types of localized corrosion on metals that form passive films. Therefore, one

sub-section will be dedicated to CI" influence on Mg reactivity and corrosion products formation.
Role of more noble than Mg impurities

Since Mg has the lowest electrochemical potential of all of the structural metals and hence
a lower potential that the potential of the majority of alloying elements present in Mg and its alloys,
almost any metallic impurity or alloying element will be more noble than Mg. Among all the
known impurities, iron (Fe) is definitely one of the most prevalent due to its low solubility in Mg

and its presence at virtually every production step, e.g. tools and casting pots [79]. The effect of
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more noble impurities on its corrosion performance has been known for a long time. McNulty and
Hanawalt argued that iron-rich second-phase particles constitute the principal cathodic hydrogen
evolution reaction (HER) site on Mg [12]. They also demonstrated a “tolerance limit” for iron of
100-320 ppm, above which HER rate increased dramatically. Recently, it was reported that the
shape of corrosion front (dark corroded zones) depends on the Fe-content: at fixed CI-
concentration, disc-form corrosion is observed on samples having > 280 ppm Fe, but filiform-like
corrosion predominates at < 80 ppm Fe [57].

It is usually assumed that as the result of preferential dissolution of Mg during open circuit
corrosion or under anodic polarization, impurities present in the bulk material, such as Fe, may
accumulate in/under the dark corrosion film formed on the surface. As a result, the concentration
of impurities at the surface could become substantially higher than the concentration in the bulk
metal. Sites of enriched noble elements with higher exchange current density for the HER than
that of Mg would lead to enhanced rates of HE even at potentials for which Mg is anodically
polarized.

The precise location of more noble inclusions in the corroded film is not clear. Taheri et al.
detected small Fe-rich particles embedded in the outer hydroxide layer formed on a HP-Mg
electrode after anodic polarization (Fig. 20,[3]).

Cain et al. [13] studied the enrichment of transition metals on dissolving Mg using
Rutherford Backscattered Spectroscopy (RBS) and revealed direct evidence of Fe enrichment in
the corrosion oxide/hydroxide film but, more importantly, under the film on the metal surface
of a Mg anode.

The kinetics of the hydrogen evolution reaction (HER) were compared for the pristine Fe
and Mg(OH): coated Fe. It was demonstrated that Mg(OH): layer does not inhibit the HER on the
Fe surface, at potentials close to the Mg’s OCP. This implies that Fe impurity particles, which are
entrapped under corrosion products (Mg(OH)z2), even it is supposed to be poorly conductive, can
still sustain the HER at high rates upon them [10]. Thus, approximate mechanism could be
presented such as in work of Taheri et al. (see Fig. 21) [3].

Hoche et al. used an original approach combining magnetic field, X-ray diffraction and
TEM [80] to show Fe enrichment on corroded Mg surface. The proposed mechanism for
anomalous HE was based on the idea of iron re-deposition. Authors assumed that Fe impurities
present in the Mg specimen would leave the surface by non-Faradaic release associated with the
dissolution of the surrounding Mg matrix, and then redeposit on the Mg surface after dissolution
at their own open circuit potential in the electrolyte.

This idea was further explored by Lamaka et al. [81] who formulated the novel strategy of

Mg inhibition based on suppression of iron re-deposition. Authors proposed that addition of Fe-
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complexing agents in the solution should bind Fe ions, hence, preventing Fe re-deposition and
enhanced HE. Indeed, HE estimated by hydrogen collection measurements at the OCP showed
that most of the Fe complexing agents efficiently lowered the corrosion rate of Mg [18], which is

a strong support for the role of noble impurities in the corrosion mechanisms of Mg alloys.

(a) HAADF STEM Image (b) EDS Spot Analysis of Particle
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Fig. 20. TEM examination of FIB prepared lamella from a localized dark region of the Mg surface in
cross-section: (a) HAADF STEM image showing impurity particle embedded in surface along with spot
analysis area (black frame) and two dimension map (yellow frame), (b) EDS spot analysis of particle
embedded in columnar outer layer, (c) two dimension EDS map for Fe. (Figure from [3]).
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Fig. 21. Schematic model based on the effect of impurity enrichment on a-Mg surface for the anomalous
HE [3].

The same idea of iron re-deposition was supported by Mercier et al. [82]. Authors provided
3D Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) chemical images of pristine
and corroded Mg surface. Significant segregation of Fe , Mn, Al metallic impurities at grain
boundaries (GBs) of the initial Mg surface after chemical etching and homogeneous distribution
of these elements after polarization performed in 0.1 M NaCl electrolyte at Eocp+0.5 V were
reported. It was assumed, that during polarization of Mg a significant dissolution of magnesium
can occur at grain boundaries generating the release of noble metallic impurities localized at/near
grain boundaries, leading to intergranular corrosion. Dissolution of the metallic impurities was

followed by a re-deposition during the corrosion process (Fig. 22).
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Fig. 22. Proposed in [82] mechanisms of Mg corrosion at grain boundaries and HER including the role of
the segregation of metallic impurities (Fe) at grain boundaries (GBs).

Even if the enrichment of more noble impurities was shown to influence corrosion behavior
of Mg, it should be noted that it still cannot fully explain the phenomenon of anomalous HE. The
main criticism arises from the question how such an extensive amount of hydrogen can be
cathodically generated on the noble inclusions, since they constitute only a minor fraction of the
total surface area of the Mg substrate. In particular, it is true for magnesium of relatively high
purity where the concentration of impurities is at the ppm level. It was shown that at anodic
polarization HE was very large for both high purity Mg (99,98%) and ultra high purity Mg
(99,9999%), independent of Fe content [60]. In work of Birbilis et al. [83], even though the
concentration of surface impurities was shown to appreciably increase after anodic dissolution,

enrichment efficiency was less than 1 %.
Role of CI" concentration

It has been shown in several studies, where combination of anodic polarization and
electrochemical impedance spectroscopy were used, that increasing chloride concentration ([Cl-])
leads to higher rates of Mg corrosion [84—86]. Cl" concentration influenced the shape of corrosion
front (dark zones), namely disc-form corrosion features appeared in concentrated NaCl electrolyte,
whereas filiform corrosion was observed on the same Mg samples at lower Cl- concentration [57].
Williams et al. [52] have shown quantitatively the relationship between corrosion resistance and
[CT]. Breakdown potential (Ey) values were measured as a function of [CI7] for commercial purity

Mg and AZ31 alloy specimens immersed in aqueous sodium chloride electrolytes at pH 7 and
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shown to obey a linear relationship E, = A + B logio [Cl], where A and B are constants. It was
proposed that the relationship of Ey with [CI] derives from the chloride ion influence on the
solubility product (Ksp) of magnesium hydroxide, where Ksp is known be a function of logio [C17].
From the literature explanations of the Ey vs log10 [CI] relationship observed for other metals, it
would seem that the point defect model best represents Cl™-induced Mg passivity breakdown, since
the non-acidic nature of the Mg?" cation is inconsistent with assumption of low pH within pits
made by alternative theories. Presence of elemental Cl extending to the inner MgO-base film

region was reported in several works [2,44].

The Fe in Mg matrix as well as CI in the corrosive environment both accelerate
corrosion rate leading to their incorporation into the corrosion products. Detection of these
species remains a challenging task. For example, some authors detected Fe-rich particles in
the outer hydroxide layer, another authors reported evenly distributed Fe, most likely in an
oxidized state. The methods used in cited works are either sensitive not enough for the trace
impurities level (case of scanning electron microscopy, electron dispersive spectroscopy, X-
ray diffraction) or not convenient for routine studies of isolated impurities in corrosion
products of micrometric thickness (photoelectron spectroscopy, transmission electron
microscopy, etc.). Thus, another experimental approach, which is suitable for routine depth
profiling of thick (several pm) corrosion products, could bring a new perspective and help
to clarify the role of inclusions in the oxide/hydroxide films on corroding Mg in its corrosion

mechanisms.

47



48



Chapter 3

Strategies for Mg inhibition

Classification of corrosion inhibitors

A corrosion inhibitor is a chemical compound, which being present in corrosive
environment even at low concentrations can effectively slow down corrosion rates. Application of
inhibitors is one of the most used methods of anticorrosion protection. They can be embedded in
conversional coatings or added directly in the corrosive environment, like in case of engine
coolant. In the past decades, numerous chemicals have already been identified as excellent
corrosion inhibitors for aluminum, steel, copper and their alloys [30,87—89]. However, only a
limited number of compounds have been reported until recently to be effective for Mg alloys, since
Mg is chemically active with respect to the most engineering metallic materials. In further sections,
principles of inhibitors classification will be presented, and examples of reported inhibiting
systems will be listed, according to the existing classifications.

Depending on their effect on the anodic or cathodic partial reactions in the corrosion
process, the inhibitors can be classified as anodic, cathodic, or mix-type. Anodic inhibitors
particularly alter the anodic reactions in a chemical cell, forcing the metallic surface into the
passivation region by modifying of the surface potential or forming a covering film on anodic
areas. Cathodic inhibitors either slow the cathodic reaction by itself or selectively interact with
cathodic areas to increase the surface impedance and limit the diffusion of reducible species to
these areas. Mix-type inhibitors are film-forming compounds that reduce both the cathodic and

the anodic reaction rates. Attribution of an inhibitor to one of these categories is usually based on
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the observation of potentiodynamic polarization curves, see examples in Fig. 23. For Mg, almost

all reported inhibitors are either anodic or mixed-type. Reports on cathodic inhibitors for Mg are

rare.
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Fig. 23. Examples of polarization curves for (a) anodic [90], (b) cathodic [30] and (c) mix-type [91]
inhibitors. (a) AZ91D magnesium alloy in 0.05 wt.% NaCl blank solution and the solutions containing
various concentrations of paeonol; (b) CP-Mg immersed in 0.5.wt% NaCl
solution in absence and presence of 50 mM 3-methylsalicylate; (¢c) ZE41 alloy in 0.2MNa2S04 —
0.1MNaCl solutions containing different concentrations of palmitate at 30 °C.

Recently, a new inhibition approach for Mg has been proposed by Lamaka et al. [81]. The
main idea was based on the suppression of detrimental effect of noble inclusions (mostly, Fe)
which are always present in magnesium based engineering materials and acting as local cathodes.
Authors assumed that initial corrosion process leads to the detachment of iron particles from
magnesium substrate, its further self-corrosion occurs with formation of Fe?*3*, These species can
be reduced to metallic iron and re-precipitated on Mg substrate creating local cathodes that causes

acceleration of corrosion process [80]. The prevention of the last step due to the complexing of
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Fe?*3* is the general principle of proposed inhibition approach, which has been further extended
by testing of more than 150 chemical compounds [18]. According to the proposed mechanism,
these inhibitors are expected to provide cathodic or mix-type behavior which was illustrated on
the example of sodium 3-methylsalicylate (cathodic type, Fig. 23b) and sodium salts of fumaric
and 2,5-pyridinedicarboxylic acids [30] (mix type). The detailed action of each of these inhibitors
was not however studied.

In recent review on corrosion inhibitors for Mg [17], inhibiting systems were divided into
three groups according to the mechanism of their action: passivation, precipitation and
adsorption groups. Sometimes these categories can be mixed. For example, in theory, passivation-
type and precipitation-type inhibition mechanisms have different film formation processes. The
former film is converted from the substrate while the latter is deposited from the environment
solution. However, on Mg, due to the spontaneous increase of the Mg surface alkalinity and the
presence of the naturally formed surface oxides, it is difficult to tell whether a surface film results
from a surface conversion or an environmental deposition. Therefore, these types of inhibitors are

reviewed as a group of phase film formation inhibitors.

Phase film formation inhibitors for Mg

Fluoride [90,92], chromate and phosphate [93], molybdate and tungstate [17] are
precipitation-type corrosion inhibitors for Mg alloys. F — reacted with Mg and formed a protective
fluoride-containing film on the Mg surface. Molybdate and tungstate salts mainly inhibited the
cathodic reactions of Mg alloys through forming a protective layer on the cathodic active sites. It
has also been demonstrated that organic sodium aminopropyltriethoxysilicate (APTS-Na) and
inorganic zinc nitrate [92,94], sodium phosphate [95] also have a great inhibition effect on Mg
alloys. As explained by Kartsonakis and Chen et al., the inhibition by most inorganic substances
can be correlated with the formation of chemical conversion films that seal the intrinsic defects in

magnesium hydroxide or oxide layers [92].

Adsorption-type inhibitors for Mg

This category includes mainly organic compounds. First of all, it should be noted that the
term “adsorption” includes so-called “chemical adsorption” (formation of covalent bonds) and

“physical adsorption” (electrostatic interaction). The generally accepted free energy threshold for
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physisorption and chemisorption, respectively are 20 kJ mol! and 40 kJ mol™! [96]. The fully
occupied outmost orbital (2p) restricts Mg accepting electrons from donative molecules forming
stable chemical bonds, thus chemical adsorption on Mg surface is not expected [97]. Thus,
speaking about adsorption inhibitors for Mg, authors usually mean adsorption on Mg(OH), film
and often the interpretation like “hydroxide film, doped by organic molecules” can be seen in
articles [90,98,99], see Error! Reference source not found.. This model is supported by SEM
images demonstrating formation of a dense surface layer in the presence of inhibitors (Fig. 25) and
the fact that organic molecules are detected by EDS analysis which should not be enough sensitive

for molecular thickness layers.

Compact Mg(OH), film doped
Thin oxide film Porous Mg(OH), with TPP-Mg compounds
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Fig. 24. Schematic illustration of the surface film formation on AZ91D Mg alloy in presence of TTP[99]

Fig. 25. (a) SEM images of AZ91 D magnesium alloy after 3 days of immersion in solution with various
paceonol concentrations. (b) The cross-section morphologies of AZ91 D magnesium after 3 days of
immersion in blank solution and the solution containing 50 wt.ppm paeonol [90].
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Tested adsorption inhibitors for Mg alloys mainly include sodium
dodecylbenzenesulfonate (SDBS) [98], sodium benzoate [98], derivatives of lactobionic-acid
(LTA) [100], 6-ring organic compounds containing N-heteroatom [100], amino acids
(phenylalanine, cysteine, tyrosine, etc.) [101], anionic surfactants (sodium salt of N-
lauroylsarcosine, N-lauroyl-N-methyltaurine, sodium lauryl sulphate) [102], tetraphenylporphyrin
[97], pyrazine and piperazine [103], long chain alkyl carboxylates (stearate, palmitate and
myristate) [91], 2-Hydroxy-4-methoxy-acetophenone [90].

Normally, attribution of the inhibitor to an adsorption type is made on the basis of the

following experimental results:

1) Clear dependence of the inhibition efficiency on the inhibitor concentration: increasing
of the concentration leads to increasing of the inhibition efficiency until a “saturation
concentration”, when all the adsorption sites are occupied by adsorbed molecules [97].
In some cases corrosion resistance may decrease after saturation concentration,
probably due to dissolution of surface film by the excess of inhibitor [102].

2) The surface coverage (8) of adsorbed inhibitors follows Langmuir (11), Temkin (12)
or Frumkin (13) isotherms [99],

P an
1+ KC
0 = K,1 (K, C) (12)
6 (13)
— —2AF6
KC=113¢

where C is the concentration of the inhibitor in the solution; K, K; and K> — constants
and Ar - parameter associated with the interaction of adsorbed molecules. Usually

Langmuir equation is used for fitting, see examples in [91,98,99,101].

3) In case of chemical adsorption - changes in geometry and distribution of electron
density of adsorbed inhibitors. This could be detected by surface analysis techniques
such as UV-absorption spectroscopy [30,97], XPS analysis [94,97], vibrational
spectroscopy [97,104] etc.

Example of a chemisorption-type inhibiting mechanism evidenced by UV-absorption
spectra can be found in [99]. Authors studied inhibition of AZ91D magnesium alloy in 0.05 wt.%
NaCl solution by 5,10,15,20-Tetraphenylporphyrin (TPP). For the synthesized TPP powder, due
to the presence of the conjugate large ring, porphyrin compounds have a very strong absorption

band at 300-340 nm. This absorption Soret belt (also called B belt) is caused by the o u(m)—eg(n*)
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transaction of porphyrin. There are also other four weak absorption Q belt peaks at 517.4, 554.6,
594.2 and 648.7 nm, which are caused by the porphyrin ozu(m)—ee(n*) transitions. After exposure
to TPP-containing solution, the Q belt of the surface film formed on the Mg alloy surface,
disappears, which was attributed to the formation of Mg-porphyrin complex, as shown in Fig. 27.
The four N atoms of the porphyrin ring chelate with the central metal Mg ions, which improves
the molecular symmetry and the energy levels. Therefore, the Soret belt undergoes red shift (416.0
nm) and the Q belt becomes invisible, suggesting the formation of Mg-porphyrin complex. These
observations indicate that the dissolved Mg %" ions could directly bind with TPP molecules via an
N atom and form a protective TPP-Mg film on the Mg alloy surface (Error! Reference source
not found.).

Vibrational spectroscopy is a power tool for investigation of molecule interactions with the
surface. Particularly, fourrier transform infrared spectroscopy (FTIR) is known to be sensitive to
small concentrations (order of 10 M), and is widely used for adsorption studies[105-107], it was
applied to studies of corrosion inhibition mechanisms on Zn [108]. However, FTIR application for
Mg corrosion inhibition is poorly presented in the literature, some reported interpretation of FTIR

spectra was found to be wrong, the most informative spectrum regions were not discussed [90,104]
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Fig. 26. Ultra-violet absorption spectra of the synthesized TPP powder and the Mg surface films after 7
days of immersion in the blank solution and blank + 5 ppm TPP solution at 60°C [99].
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Fig. 27. Formation of porphyrin complex with Mg*"[99].

Inhibitors action on Mg corrosion mechanisms are commonly categorized according
to the observed in polarization curves reduce of the rates of anodic, cathodic or both
reactions. The mechanisms of the interaction between the inhibitor and the reacting surface
are poorly documented, the confusion exists between the passivation, precipitation, phase
film formation, and adsorption mechanisms until detailed surface analysis is provided. All
the reported in the literature results about the chemistry and morphology of the surface film
in presence of the inhibitors are obtained by ex-situ characterization which could be
misleading if the film can be transformed in dry condition, under vacuum or under high
energy beam conditions used in the conventional ex-situ characterizations applied in the

most works.
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Experimental approach

This section describes the principles of two main techniques used in this work for analysis
of corrosion surfaces, namely in situ Raman Spectroscopy and Glow Discharge Optical Emission
Spectroscopy and justifies their implication.

(information summarized from [109-111])
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Chapter 4

Methodologies

Raman spectroscopy

Principle of Raman spectroscopy

Raman spectroscopy being a non-contact, non-destructive, and relatively fast technique,
offers the possibility to characterize a material in-situ and access how external perturbations
(mechanical stress, thermal cycling, electrochemical cycling, corroding atmosphere, ...) may
affect its behavior. It relies on inelastic (Raman) scattering of monochromatic coherent light,
usually from a laser in the visible, near infrared, or near ultraviolet range. The laser light interacts
with electronic and vibrational levels of atomic bonds: theory predicts both elastic (so called
Rayleigh scattering) and inelastic (Stokes and Anti-Stokes) contributions in the scattered electric
field (Fig. 28). The latter occurs only if vibrations change bond polarizability. The energy shift
provides information about the vibrational modes in the system. Raman scattering is
complementary to infrared absorption with the advantage of much narrower peaks.

Raman scattering and Fluorescence emission are two competing phenomena (Fig. 28).
When the energy of the excitation photon is close enough to transition energy between two
electronic states, one then deals with resonance fluorescence. If it occurs, the high background
appears on Raman spectra, that hiding informative Raman features. The simplest way to avoid
fluorescence background is to use the excitation light with lower energy (in contrast to Raman
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scattering, fluorescence phenomena depends on the excitation wavelength). Often, for organic
compounds or biological objects it is not enough to change the laser wavelength, more

sophisticated approaches, described in a recent review [112], can be used.

Information from Raman spectra

The basic information which can be obtained from Raman spectra is summarized in (Fig.
29).

Identification of chemical compounds

Positions of Raman peaks strongly depend on the atoms mass, bond lengths and the angles
between atom-sharing bonds. Thus, they are used as fingerprints for identification of particular
substances.

Qualitative estimation of the grain size

It is noted elsewhere [24] that Raman spectra of crystals can be influenced by their size and
shape: absolute scattering intensity, relative intensities and band shapes can be affected. However,

these effects take place only for nano-size material, 5 — 50 nm [113].
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Fig. 28. Jablonski Diagram of Quantum Energy transitions for Rayleigh, Raman Scattering and
Fluorescence.
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Fig. 29. The basics of the information to be extracted from a Raman spectrum [110]

When the particle size is below than ~ 30 nm (D, see Fig. 30), contribution of atoms at the
particle surface or atoms having their chemical bonding perturbed by the vicinity of the surface in
spectrum becomes more important than the contribution of the bulk atoms. Vacancy concentration
is maximal close to the surface and where adsorbed species can be present: hydroxylation, water,

etc.
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Fig. 30. Schematic of the relative contribution of skin/bulk matter for a particle as a function of its size:
for a nanosized grain les than 1-10 nm in diameter the contribution of the surface atoms is very
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Examples of the contribution of surface-active groups can be found in the theoretical work
of Zeitler et al. [28]. Authors provided molecular simulations to describe Mg—O—H vibrations,
they have found that the surface O—H bond stretch frequency is higher than the bulk (internal)
frequency, which may be attributed to hydrogen bonding between layers in the bulk resulting in
weaker hydroxyl bonds.

The direct estimation of the grain size from Raman spectra is impossible without modeling.
Two models described in [24] are widely used for this purpose: the Phonon Confinement Model
(PCM) and Elastic Sphere Model (ESM).

Quantitative analysis

It was mentioned in [110], that the scattering intensity varies by orders of magnitude
depending on the bond polarizability (the more covalent the bonds, the higher the number of
electrons involved and the higher the Raman peak intensity), the crystal symmetry and the exciting
wavelength. As polarizability (o second rank tensor) changes drastically from one bond to another,
Raman intensity may not be used to measure the relative amounts of different phases without
preliminary calibration. Consequently, minor phases or even traces could have a stronger Raman
signature than some major phases.

For liquid or gaseous phases, it is common to provide calibration and present the spectral
parameter (intensity, area or bandwidth) as a function of concentration, as it is shown in Fig. 31.
In case of an ideal solid sample and a perfectly focused laser beam, the intensity of Raman scattered
light from a sample is proportional to the number of molecules in the sample volume being probed
by the Raman instrument [23]. However, the real sample with uneven surface and physical defects
could provide light penetration, reflection, scattering and/or diffusion. Consequently, the volume
from which Raman signals are generated is different from the focal volume. In order to provide
quantitative (or semi-quantitative) analysis the normalization of spectra and a deep data analysis
must be performed. Depending on particular applications, different ways of spectra normalization
which are described elsewhere [23,109], can be used. In case of solid samples, it is common to
analyze material in terms of layer thickness [114,115] or provide semi quantitative analysis using
the ratio between different components [113,116].

Despite the complexity of the quantitative data treatment in Raman spectroscopy [23], it
has been possible to extract the kinetics of the chemical evolution from Raman spectra [117] in
case of phase transformations of polymers [118] or inorganic compounds [119-121], as well as to

use Raman spectroscopy in biological applications [122,123].
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Fig. 31. Raman spectra of different aqueous solutions of NaClO4 (0.3 M) and NaHCOj; (0.1-0.6 M),
respectively. The inset shows the calibration curve obtained from the spectra shown at different molar
concentrations of the bicarbonate ion [120].

Confocal Raman Mapping

By coupling an optical microscope with a conventional Raman spectrometer, the technique
becomes a microprobe with a spatial resolution of less than 1 um, determined by the wavelength
of the radiation and the numerical aperture of the microscope objective. The principle of the Raman
mapping is that numerous spectra can be recorded on a representative sample area. Using selected
parameter(s) extracted from each spectrum (peak intensity, wavenumber shift but also grain size,
defect concentration, etc.), it is possible to build a map of the investigated area. Raman mapping
provides a way to represent a sample in two or even three dimensions with information-rich
content: chemical nature, molecular orientation, crystallinity ratios and polymorph content, strain

and stress, all being accessible from the Raman spectra available for each pixel of the Raman map.
Technical details

This sub-section is dedicated to the technical details for the experiment design of Raman
mapping. First of all, the objective of the experiment must be clear: the size of analyzed features
should be known, the analyzed area must be chosen in order to be representative of the different
topological features but limiting the number of spectra to be collected and processed to build
Raman map. As soon as these parameters are known, the excitation wavelength, microscope
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objective, mapping step and acquisition time should be chosen according to the required sampling
volume and map resolution.

Sampling volume

The microscope objective should be chosen for the resulting probing to match the sample
details of interest. From a practical point of view, microscope objectives are usually characterized

by the numerical aperture NA

NA =nsig (14)

In Eq. (14), 8 is the maximum collection angle for the backscattered light and » is the
refractive index in the medium between the sample and the microscope lens. The numerical
aperture is a key parameter because it sets the resolution of the microscope, defined as the shortest
spacing for two points on a sample surface to be resolved with A wavelength observation.

The sampling volume of a single measurement is often approximated by the laser focal
cylinder dimensions. The laser beam waist diameter (d) and the depth of focus (A{) can be

estimated by equations numbered (3) and (16) in [109] which are repeated below:

2nd (15)

nNA

2n%1 (16)
A~ Nz

However, it is important to realize that actual volume from which the Raman signal is
collected can be different due to the imperfection of optical components, the sample and medium
properties (finite penetration of the light in the sample or parasite refractions, Fig. 32). The
presence of several phase boundaries between sample and lenses causes the light refraction and,
as a consequence, the change of focus position and lateral and axis resolution. Therefore, the
experimental evaluation of actual values is usually provided. The lateral diameter is measured by
scanning the laser spot over a material with a very sharp edge or feature, and measuring the
response. The depth of focus can be measured by focusing the laser beam just above a silicon
wafer, and measuring the 520.5 cm™! band intensity as the wafer is raised vertically though the
beam focus. The full width at half-maximum (FWHM) of the silicon signal gives the waist length
of the focal volume (Fig. 33). Its shape and volume will, however, be distorted if the beam is

focused into a material with a different refractive index [124].
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Fig. 32. Simplified sketches (not to scale) of the beam path of a confocal Raman spectrometer. The analyzed
volume areas are shown gray. Left, beam focused at the sample surface; right, beam focused inside the
sample. Note that in the latter case the focus quality is decreased appreciably, resulting in an enlarged focal-
spot diameter and dramatically decreased depth resolution [109].
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Fig. 33. (a) Setup to measure the longitudinal dimension of the beam waist in a liquid sample. (b)
variation of the Raman signal of silicon (520cm ) in function of the Z position of the objective. The
FWHM is ~14.5 microns [109].

Data treatment
Preprocessing
The first step of data treatment is preprocessing. One goal is to separate and eliminate

undesirable spectral features such as spikes from cosmic ray, broad backgrounds from

fluorescence or stray light, and the baseline from dark signal.
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Darksignal is the photon counts that come from the detector itself, and is a function of the
exposure time and temperature. It is a detector (type and unit) specific constant (plus random
noise). Subtracting a constant (e.g. the minimum intensity) from the spectrum can remove the dark
signal. This is often called “offset correction.”

Cosmic rays are generated from high energy particles from the outer space. A cosmic ray
can be identified by appearing at random. Live correction compares two repeated spectra point-to-
point, and removes the points with a sudden and significant intensity increase. Alternatively, a
cosmic ray can be identified by a delta-function like increase/decrease of intensity instead of the
gradual increase/decrease of a Raman band (Lorentzian/Gaussian curve).

Fluorescence bands are much stronger and nearly always much broader than Raman bands.
It is beter to select the excitation wavelength that avoids or minimizes the fluorescence. When it
is not entirely applicable, and the level of fluorescence is tolerable, it can be corrected by fitting
and subtracting the baseline (e.g. polynomial functions). Baseline fitting is however an example
where an artifact can be introduced during data processing. A Raman mapping is a collection of
numerous, and often heterogeneous spectra. Baseline may vary in each and every spectrum. The
quality of fitting can vary a lot. Over- or under-correction, therefore, can introduce an artificial
feature.

Smoothing must be performed only when necessary, because it always changes the spectral
features, significantly or insignificantly. It is better to reduce signal to noise ratio (S/N) by
increasing the acquisition time for more Raman signals, whenever possible.

There are many ways to normalize spectra. The most widely used ones are:

1) Normalize with respect to the sum of intensity: I]**"™ = I; /> I;
2) Normalize with respect to the total spectrum area: I°"™ = I;/3, I; AS;
3) Normalize with respect to the maximum intensity:

7™ = (I; = Inin)/(Ipux = Inin)

4) Normalize with respect to the variance of the spectrum intensity (standard normal

variate, SNV): I[*"™ = (I; — u) /o, where u = Y I;/nand 0 = /), (I; — w)?/n

In these equations /; is the i™ intensity at the spectral point of the spectrum, AS; is the
spectral pixel width at the i t spectral point of the spectrum (spectral axis of a Raman spectrum is
unevenly spaced)

Normalization for a qualitative analysis (e.g. classification, identification) scales spectral
intensity to be expressed in a similar scale. Unit area normalization (#2) or height normalization

(#4) are often sufficient. Normalization for a quantitative analysis aims to separate and remove
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intensity variation from the other factors than the variation of the chemical composition. For liquid
phases, absolute Raman intensity depends on the path length of the laser beam in the solution, thus
it must be normalized with respect to the path length. For the solid samples, situation is more
complicated because of penetration, reflection, scattering, and/or diffusion on uneven surface with
physical defects. The spectral intensity is affected by the analyzed volume as well as the chemical
composition, and it is not trivial to estimate the analyzed volume with high accuracy. Thus, the
normalization should be performed carefully and be individual in every particular case.

Spectral analysis and map building

Univariate analysis uses one variable at a time, including peak position (absolute or shift),
peak height (absolute, relative or normalized), band width (absolute or broadening) or area
(absolute, relative or normalized).

Multivariate analysis treats a spectrum as a vector, and a Raman map as a matrix.

One type of multivariate analyses is performed by comparing each element of a spectrum
with the corresponding element of another spectrum. Another type of multivariate analyses is

based on the covariance. Principal component analysis (PCA) is the best known example.
Application of Raman spectroscopy in corrosion science

Corrosion of metal results in the reaction of the metal with some species present in the
enviroment and the formation of new bonds at the metal surface. Since Raman spectroscopy is
sensitive to these changes, it has found the widespread application in corrosion studies.

Firstly, it can be used for the identification of corrosion products and their spatial
distribution on the surface [110,125-133]. As an example of the application of Raman
spectroscopy for Mg corrosion, one can see the Raman study of the chemical composition of
different surface treatment systems (Zn based conversion coatings) on AM60 Mg alloy [134],
calcium phosphate/chitosan composite coatings on micro-arc oxidized AZ91D Mg alloy [135],
and cerium conversion coatings on Mg [136].

Secondly, in situ approach allows to follow chemical reactions on metal/liquid interface.
In situ Raman spectroscopy was used to study the dissolution of phosphate layers on zinc coated
steel [121], delamination of organic coatings [137-139], inhibition [140-143].

An example from Mg corrosion application is the work of Samaniego et al. [144] who used
in situ Raman spectroscopy to study the mechanism of Mg corrosion. The authors aimed to
reproduce experiments of Petty et al. [34], who noticed formation of reducing species in the
solution being in contact with corroding Mg. The work of Petty et al. was often cited as an evidence
of existence of Mg" in the solution. Samaniego et al. with help of in situ Raman analysis

demonstrated that SO4>- contained in the solution was reduced to SO on the surface of Mg at open
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circuit potential and under anodic and cathodic polarization. The existence of these species was
not considered by Petty, who attributed the reduction properties of solution after contact with Mg

to Mg" existence.

Raman spectroscopy is a powerful tool for in-situ analysis of the liquid/solid interface
evolution. It is often used in corrosion studies as an instrument for identification of corrosion
products and analysis of their spatial distribution. It is also possible to use it for semi-
quantitative characterization and kinetics measurements. The perspective direction in
methodology development is combining Raman mapping with Kinetics measurements in
order to survey system evolution locally, with micrometric resolution and in more

quantitative manner.

Glow Discharge Optical Emission Spectroscopy (GD OES)

Principle of GD OES

(Information summarized from [111], http://www.horiba.com)

Glow Discharge Optical Emission Spectroscopy (GD OES) provides rapid, direct bulk
analysis and depth profiling analysis of solids: metals, glasses and ceramics. The radio frequency
(RF) pulsed source allows measuring all types of solid samples conductive or non, even fragile or
heat sensitive with optimum performances. Thin and thick films with thickness ranging from one
nanometer to over 100 microns can be analyzed with this technique. Sputtering rates change from
0.1 nm/s up to 100 nm/s, depending on the sample material and the excitation conditions used
[111], it ensures fast analysis. GD-OES is highly sensitive for many chemical elements relevant to
corrosion studies including the light elements as C, H, N, O etc.

Principle of GD sputtering is shown in Fig. 34. In a glow discharge, the cathode (analyzed
sample) is bombarded by positive ions formed from the noble gas (Ar in our case). This
bombardment induces surface erosion called cathodic sputtering: material is removed layer by
layer from the sample surface. The sputtered atoms migrate into the plasma where they are excited
through collisions with electrons or metastable carrier gas atoms. The characteristic spectrum
emitted by these excited atoms is measured by a specific detection technics, usually optical
emission or mass spectrometer, with which the GD chamber is coupled. In the present work an
Optical Atomic Emission Spectrometer was coupled with GD for the chemical analysis of the

formed plasma giving the technics name GD OES. The intensities are recorded as function of time.
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Based on a calibration method, establish beforehand, these qualitative results can be transformed
in a quantitative depth profiles.

Thanks to recently developed Differential Interferometry Profiling device (DiP), a direct
measurement of the depth as a function of time, with a nanometric precision, can be performed
simultaneously with the GD analysis (Fig. 34). In DiP the laser beam is separated into two spots.
The reference spot is directed to the intact surface of the sample, while the depth sensing one is
directed to the center of the GD sputtered area. The interference between the two reflected beams

is measured as the sample is sputtered, giving a direct measurement of the crater depth.

Principle of GD sputtering Depth calibration

Laser source +
Vacuum Ar | . ) )
T interferometric detection

Reference
beam

“Depth sensing”
beam
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Fig. 34. Principle of GD OES profiling with DIP (Fig. from Horiba Scientific).

Compared to other surface analytical techniques used for elemental depth profiling, GD-
OES has advantages related to vary large depth resolution, short analysis time, simplicity of sample

preparation and no need of high vacuum (see Table 1).
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Table 1. Comparison between RF GD-OES and other surface analytical methods used for chemical depth
profiling (Secondary Ion Mass Spectrometry (SIMS), X-ray Photoelectron Spectrometry (XPS), Auger
Electron Spectroscopy (AES))

GD-OES SIMS XPS/AES
20 ppm Upto I ppm

Detection limit* (1018 (5%1016 51 (1)?90(1 pr‘r’l”} )

atoms/cm?) atoms/cm?) atoms/e
¢ 2 mm Tens of um? or ¢ 10 pm or larger (XPS)
Area analyzed ¢ 4 mm lareer ¢ Tens of nm or larger

¢ 7 mm & (AES)

Depth resolution Approx. 1 nm A few nm or A few nm or greater

greater
Depth ptri(r)rfiel:*analysm Up to 1 min. 20 to 30 min. 3 hours or longer

*The detection limit varies with elements.

** time approximated for a thin-film measurement with a thickness of a few hundred nanometers

GD OES analysis of corroded metals is not a trivial task. Normally, this kind of samples
are assumed as multilayered structures (corrosion products films, conversion coatings and metal
bulk), where each layer has different properties (conductivity, porosity etc) and provides its own
sputtering rate and matrix effects. Some chemical elements present in corrosion products (C, O,
H) can significantly modify the processes in plasma, which can result in modifications of emission
yields and detection limits of other elements, complicating the data analysis in particular for

minors.
Influence of H in discharge gas on GD OES results

Bengtson and Hénstrdom [145] have observed that small amounts of hydrogen (<0.1%
partial pressure) added to an argon glow discharge can significantly alter the analyte emission
yields. The effects appeared to be unique for each spectral line, i.e., enhancement has been
observed for certain lines but quenching was found for other lines of the same element. Moreover,
the effects seemed to be similar when hydrogen was introduced in gaseous form and when it was
sputtered from the sample. Effects of water which have similar effects to those one for hydrogen
was reported as well [146—149]. A theoretical review regarding the possible mechanisms taking

place in an argon glow discharge containing hydrogen has been published by Bogaerts and Gijbels
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[150]. The results showed that matrix correction algorithms for hydrogen are needed for accurate
quantification in the analysis of surface layers containing hydrogen.

Hodoroaba et al. have measured the changes in intensity of a number of emission lines as
a function of the amount of hydrogen in the plasma [26,151,152]. Payling et al. [153] suggested
the approach to provide H-correction in order to obtain the correct quantitative depth profiles of
sample, containing significant amount of hydrogen. Authors used the term “inverse relative
emission yield” R, the coefficient which allows to correlate measured (I meas.) and corrected
intensity of particular analytical line (17)

Ri = leorr./Ineas . an

To calculate this coefficient, authors used results of Hodoraba (dependencies of emission yields
of analytical lines on hydrogen intensities), normalized them so that the general form of the effect
on the inverse relative emission yield could be explored. For emission lines that increase with
hydrogen content, they divided the intensities by the value at zero hydrogen and then normalized
the intensities to have the same average slope. For emission lines that decrease with hydrogen
content, they divided the intensities by the value at zero hydrogen but then plotted the inverse
intensities, normalized to have the same average slope. The general trend of these results is that
the effect of hydrogen on the inverse relative emission yield can be described by either of the
following equations:

Ry~ 1/(1+h;Iy) (18)

Riz1+hiIH 19)
where Iy is the hydrogen intensity, and Eq.(18) and (19) refer to emission lines whose intensities

increase or decrease with hydrogen, respectively.

The interpretation of elemental GD-OES depth profiles obtained on corroded surface
is not trivial due to possible matrix effects (namely, H-effect) of the oxide/hydroxide films.

Thus, further development of this analytical approach is required.
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Chapter 5

The effect of pH on the Mg(OH), film evolution
on corroding Mg by in situ Kinetic Raman

Mapping (KRM)

This chapter develops in-situ kinetics Raman mapping (KRM) methodology and
demonstrates its applicability to describe the effect of solution composition (pH, presence of Cl°)

on the local evolution of surface films at initial stages of Mg corrosion in thin layer cell.

(The results of this chapter are presented in the form of the article in preparation for JACS)
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Abstract

The effect of pH on the local surface film evolution at initial stages of Mg corrosion
in a thin layer cell was studied by in-situ Raman spectroscopy adapted for kinetic Raman
mapping (KRM). The local film growth and breakdown kinetics were mapped with different
lateral resolution for surfaces up to several mm? using the water signal as an internal standard
to normalize the area of A1y (Mg-OH) brucite peak (Raman shift 3652 ¢m™). On the areas,
which did not evolve in optical images during immersion, brucite growth kinetics was
parabolic (diffusion limited) at pH 13 but linear (surface reaction limited) at pH 7-10.5. A
threshold-like kinetics of the brucite growth was observed locally, in proximity of dark
corroded zones. This type of kinetics curve correlated with a following development of black
filaments in the corresponding locations. High local alkalinity favored the appearance of
3675 cm™ and/or 3710 cm™! “satellites” peaks in Raman spectra. They were attributed to
surface vibrations from (0001) and (10-10) brucite surfaces respectively and tentatively used
to extract an information about the in-situ evolution of the crystal size and morphology. The
attributed sizes and morphologies ranked for different surface conditions and locations were
in a good agreement with the ex-situ scanning electron microscopy images. Film growth and
breakdown description in terms of dissolution-precipitation from supersaturated solutions was
coherent with the observed kinetics and morphologies. The relation between the film growth
kinetics and Mg reactivity was discussed. From methodological point of view, the developed
in-situ KRM could be easily extended to multiple processes for which in-situ measurement

with local resolution can be of interest.

Introduction

Magnesium based alloys are attractive to multiple applications including automotive,
aerospace, biomedical industries [1], however in contact with water or in humid atmosphere
they are subject to corrosion [15]. Aqueous corrosion of active materials like magnesium and
its alloys is strongly affected by chemistry and morphology of the oxide / hydroxide layer at
the interface metal /solution. Multiple ex situ characterizations were published for corroded
magnesium alloys [2—5,42]. From the ex-situ analyses, the surface of Mg after immersion in

aqueous solutions is covered by a thin oxide (MgO) and an external Mg(OH): (brucite) and
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have a complex porosity [2—5,42]. The oxide/hydroxide layer is often considered as a reason
of a barrier protection at the early stages of aqueous corrosion [6,7] in particular in strong
alkaline solutions [43]. Localized film damage appears in neutral solutions containing
chloride, sulphate, or nitrate anions [7,8] and the black color of the corroded area was
previously attributed to the cracking and the detachment of small Mg particles [38,58]. The
mixture of MgO/Mg(OH): in the dark corroded areas was reported as well [3,14]. Magnesium
hydroxycarbonates  [47,154,155] and  MgCL-6H,O, Mg3(OH)sCl-4H,O  and
5(Mg(OH)2)-MgCl were also identified after corrosion in NaCl containing aqueous solutions
[8] and Cl was detected even in the inner oxide [2,44] which was ascribed as a film
breakdown. Starting from the work of Vermilya [41], brucite film formation on corroding Mg
is assumed by dissolution-precipitation mechanism. In multiple works the loss of barrier
properties of the corrosion products films on Mg or their harmful autocatalytic effect on the
hydrogen evolution reaction are attributed to dissolution-precipitation control of the film
formation and breakdown [10,156,157]. The dissolution-precipitation hypothesis, even if
looks very reasonable, stays speculative until the film evolution by dissolution-precipitation
mechanism is proven by in-situ analysis. Moreover, one can expect that the experimental
kinetics of corrosion products formation cannot be described only by precipitation from the
solution bulk, the film formation rate being directly related to the corrosion rate and the local
conditions at the metal surface [76]

The in-situ kinetics measurement of the surface films evolution on corroding materials
and the effect of solution composition on the film growth and breakdown could be very helpful
to support proposed reactivity mechanisms. Moreover, the hypotheses about the aqueous
reactivity mechanisms, advanced only on the basis of the chemical and morphological
characterization of the dry surface films under high vacuum can lead to incorrect
interpretations because of significant chemical and morphological modifications and hence
significant difference between the analyzed surface and the surface reacting in aqueous
environments.

To approach the mass balance and the mechanisms of Mg corrosion, real time
reactivity measurements by local electrochemistry [54,59,64,158], by coupling
electrochemical techniques and chemical solution analysis [159-161] or by coupling
electrochemical techniques and different types of Time Lapse Microscopy [11,61,157] or
volumetric measurements [61,159,162] were reported. The effects of the alloy composition
[53,163] and solution composition [85,86,159,160,164,165] on the reactivity of many Mg
alloys were communicated and discussed in terms of possible modification of the surface

chemistry. In contrast, the only published in-situ study of the film growth kinetics on Mg
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corroding in aqueous solution reported a linear increase of the average film thickness with
time measured by ellipsometry [7] without no mechanistic insight; and we did not found any
in-situ chemical analysis of the corroding Mg surfaces which could prove or disprove the film
formation and breakdown mechanisms.

The study of the surface films on corroding Mg is complicated by the fact that Mg
reactivity is usually very inhomogeneous and the initiation of the localized processes is
unpredictable. Even if some correlations were reported [82,166], the breakdown stays a
stochastic process and for correct statistically valid observation the in-situ surface analysis
should be able to collect information locally, with good spatial resolution and on sufficiently
large surfaces.

Adapting Confocal Raman Mapping [109,121] to local kinetic measurement on large
surfaces seems to be an interesting approach. In-situ Raman spectroscopy in application to
corroded surfaces is developed since 1980™ [110,125-133]. It is widely used to identify
corrosion products formed locally during corrosion or products formed in electrochemical
reactions and to survey the system evolution in semi-quantitative way [109,167]. However,
most of these works were focused on the identification of corrosion products in selected
locations and the quantitative film evolution is even not considered. At the same time, despite
the complexity of the quantitative data treatment in Raman spectroscopy [23], it has been
possible to extract the kinetics of the chemical evolution from Raman spectra [117] in case of
phase transformations of polymers [118] or inorganic compounds [119,120,139], as well as
to use Raman spectroscopy in biology [122,123]. These works inspired us to combine the
advantage of CRM and the approaches proposed in different analytical works to achieve an
in-situ kinetic study of the surface evolution in aqueous environment, namely extracting
kinetics of local chemical and morphological evolution, of film growth and film breakdown.

Since Mg corrosion rate is quite fast and non-uniform and the location of future local
anode or cathode cannot be easily predicted by optical microscopy, the measurement of film
growth and breakdown kinetics in one point is not representative. Monitoring of the film
growth requires continuous mapping with good (um) lateral resolution, sensitive to chemical
composition, and fast enough to provide in situ measurements on large surfaces which is
possible with CRM. The intensity of Raman scattered light from a sample is proportional to
the number of Raman active bonds in the analyzed volume [23] that allows us to provide the
semi-quantitative analysis and monitor growth kinetics using the spectra normalization.
Although the Raman spectra of crystals can be influenced by their size and shape (absolute
scattering intensity, relative intensities and band shapes can be affected [24]), these effects

usually take place only for nano-size material, 5 — 50 nm [113] and also could be turned in an
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advantage in order to access morphology and crystal size. Depending on the immersion
conditions, the average brucite thickness can vary from about 100 nanometers to 2-3 microns
[73]. The fact that the layer thickness is smaller than the analyzed volume in Raman
experiments (see the experimental details) is applied in the present work to use the signal of
water, contained in the major part of the analyzed volume, to normalize in-situ spectra and to

monitor the local growth kinetics.

Experimental details

Materials

Magnesium foil 99.9 % (see Table 2 for impurity content) of 0.5 mm thickness was
supplied by Goodfellow. 3 cm square Mg coupons were polished with 800, 1200, 2400, 4000
SiC grinding paper, using ethanol as a lubricant, rinsed with ethanol and dried by compressed
air. All electrolytes were prepared using analytical grade reagents (Sigma Aldrich) and
distilled water. pH of NaCl solutions was adjusted to the required value of 9 by 0.1 M NaOH
solution and to the required pH 13 by the addition of solid NaOH.

Table 2. Impurities level in studied materials.

El enent (ppm)

Mg Fe Mn Al Cu Ni Si Zn
Mgl Bal 280 170 70 20 <10 50 <20
Mg2 Bal 36 38 42 10 5 86 -

In situ Raman spectroscopy

Long distance objective Leica ( x50 and NA = 0.5, working distance 8 mm) and green
laser (532 nm, 50 mW ) were used for in situ measurements. A freshly prepared Mg sample
was directly mounted in a 3D printed polylactic flow cell with a glass optical window (Fig.
35). The thickness of the liquid layer on the sample was about 1 mm. Solution was
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systematically renewed using a syringe pump before each map in order to remove the bubbles
which affect the laser focusing. In the selected experimental conditions, the analyzed depth
was estimated as 59 um, and the laser spot diameter as 1.3 um. For a typical experiment a
selected area of 1x1 mm was scanned with a step of 50 pm in the high resolution (HR)
streamline acquisition CRM mode with the exposure time of 0.2 sec for each location. The
total time of each map recording was about 2 minutes. The mapping was repeated every 5-10

minutes.

glass window

electrolyte out

electrolyte in
O-ring

Sample

holder with
(X,Y,Z) stage

Fig. 35. Schematics of 3D printed thin layer cell for in-situ Raman mapping experiments.

The Raman spectra were pre-processed using Wire 4.2. software. The preprocessing
included cosmic ray removal, noise removal, baseline subtraction and signal normalization:
spectra were normalized in a way that the baseline corresponded to 0, and the maximum of
the intensity of liquid water (3415 cm™') corresponded to 1. The area (A) of the peak with the
Raman shift 3652 cm™! corresponding to Az O-H stretch vibrations in Mg(OH), [168] was
used to monitor the spatial distribution of brucite and its growth kinetics. The maps of the
peak areas acquired at different times of the experiment were exported in the txt format and
were treated with a homemade software. The software was able to verify for each location of
the map if the peak evolution as a function of time can be described by a selected kinetics law
(linear, parabolic, threshold like, etc...) and to present in the same color the points in which

the film growth is described by the same kinetics law. Another mapping mode was used to
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ascribe a color code to the time at which the film growth kinetics changes, mapping in such a

way the film breakdown time.
Ex situ analysis

In selected locations, additional ex-situ Raman spectra were obtained after the
experiment using a short distance Leica objective with NA 0.75 and longer exposure times,
typically 10 sec. The morphology of corroded surfaces was also observed using scanning

electron microscope (SEM-FEG Gemini 1530®) at applied voltage of 1 to 10 kV.

Results

Visual surface evolution and characteristic Raman spectra for typical

morphologies

Fig. 36 shows a typical evolution of Mg surface appearance visible in optical
microscope during Mg reactivity in the thin layer cell with 0.1 M NacCl solution at initial pH
9-10. One should note that after approximately 20 minutes of the experiment the downstream
solution pH approaches 10 for all the experiments in which the initial solution pH was between
8 to 10. This value of pH is coherent with the pH of brucite precipitation and its buffering
effect [169]. As expected from the literature [57], the black filaments of 10-20 um width
appeared randomly after approximately 20 minutes of the experiment. The propagation of the
“head” of the filament was accompanied by a significant gas evolution. In Fig. 36, the gas is
visible as circular shadows. The surface appearance outside the filaments did not change
neither in visual observation after the experiment nor in optical images taken in situ by the
microscope. In further discussion, the term “intact region” will be used for such areas. For the
experiments made in strongly alkaline solutions (pH>12), during the time of the experiments
black filaments did not appear.

In-situ Raman spectra in the OH-region recorded in different locations of the surface
revealed small but systematic differences in the OH region as illustrated by examples in Fig.
37. All the spectra in the figure are normalized by the water signal as described in the
experimental section. The presence of microcrystalline brucite is evidenced by a strong peak

at 3652 cm! corresponding to Ajg O-H stretching mode in Mg(OH); crystals [168].
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Fig. 36. Time Lapse images of Mg surface evolution in 0.1 M NaCl solution at initial pH 9.

It was also confirmed in broad scans (not shown) by peaks at 443 ¢cm™! and 280 cm™!
corresponding to lattice vibrations, Aig and E; respectively. More Raman spectra
characteristic for different locations can be consulted in Supplementary information (Figure
S1). On low purity Mg (Mg 1) at some areas the black points appeared from which the
filaments did not develop. Spectra of these spots did not show the appearance of the second
peak.

The figure evidences the appearance of two types of “satellites” in Raman spectra: at
3675 cm™ and 3710 cm™!, appearing at high pH and in black filaments at moderate pH. No
satellites were detected in situ in intact areas at neutral pH. We did not found any publication
reporting clearly these Raman shifts in the experimental Raman spectra of crystalline brucite.
They were also not listed for nanocrystalline brucite [170]. We noted also that the appearance
of these peaks was not affected by CI- content and that no carbonate contamination was
detected (no peaks between 1000 and 1100 ¢cm™'). This argument let us tentatively interpret
these peaks to specific surface vibrations of Mg-OH surface groups respectively situated at

the basal plane (0001) for 3675 cm™! and at the (10-10) plane for 3710 cm™ peaks, as was
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proposed on the basis of molecular simulations in [28]. To differentiate the “trivial” for
crystalline brucite peak at 3652 cm™! we will name it “bulk”. In such an interpretation, the
presence of satellites can be considered as an indication of the high surface to volume ratio

and can be tentatively used for the survey of the morphological evolution of the crystals [24].
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Fig. 37. Typical in-situ Raman spectra of corroding Mg in 0.1 M NaCl solution with different initial
pH: (a) pH 9, intact area; (b) pH 9, black filament; (c) pH 13, intact area.

Comparison of the optical images of the surface and the in situ recorded maps representing

the spatial distribution of the normalized peak area of “bulk” brucite at different pH (examples

in Fig. 38) illustrates that at pH 13 the brucite film looks homogenous while at pH 9-10 the
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intensity of brucite signal is significantly higher in black filaments. A statistical analysis of
the surface to bulk peak areas A(surface)/A(bulk) at different times of the experiment has
shown that after an initial period at which the satellite peaks cannot be separated from the
noise, the ratio A(surface)/A(bulk) stays constant at pH 13 (around 0.17 +/- 0.07 for high
purity Mg2 and around 0.07+/-0.07 for low purity Mgl).

pH 13, Mg2 pH 9, Mgl
intactarea ; filament/intact black spot/intact
- C

50 pm
Alau.

Fig. 38. Example of in-situ observed surface morphologies (a-c) typical for different pH as indicated
and corresponding high resolution in-situ CRM of brucite 3652 cm™ (bulk) peak area (d-f) and 3675
cm™ (g) and (h) - 3710 cm™ peaks).

Ex-situ morphologies of the brucite film

Ex-situ Scanning Electron Microscopy (SEM) (Fig. 39) demonstrated that brucite
crystals present similar platelet-like morphology with the thickness of the platelets in order of
5-7 nm for all observed areas, while the platelet diameter varied significantly in function of
local conditions. Bigger crystals were formed in intact areas and in black spots with the

platelets diameter between 200 and 1000 nm. The platelet diameter was less than 50 nm inside
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the filaments and below 100 nm at pH 13. The presence of satellites in in-situ Raman spectra
correlated hence well with the lowering of the brucite crystal size. The EDS analysis of black
spots made at 20 kV revealed the presence of nano-sized particles containing Ca or the
underlying Si-rich particles of um size (Supplementary information). A simple interpretation
of the black spots with no development of filaments but high quantity of precipitated brucite
can be hence in terms of silica impurities acting as crystallization centers accelerating brucite

precipitation.

pH 9, intact zone pH 13, intact zone

* 200 nm
O T A Y

pH 9, intact (1) and black filament (2) pH 9, black spot

Fig. 39. Ex-situ secondary electron images of different zones defined by in-situ analysis. Accelerating
voltage 1kV for intact zones and 10 kV for other images

Mg(OH): growth and breakdown Kkinetics

Shaded areas in Fig. 37a illustrates how the evolution of the peak area (A) was
evaluated for kinetic measurements. The procedure described in Experimental section was
applied to plot the kinetics of brucite growth on Mgl and Mg2 surfaces (typical size 1x1 mm)
at different pH. The kinetic plots were made with different spatial resolutions to verify that

the kinetic law does not depend on the resolution. At the areas in which gas bubbles were
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formed they caused the defocusing of the laser beam that disturbed the local measurements.
Despite systematic solution renewal it was impossible to elimitate completely the bubbles
from the head of the filament. The times at which at selected locations the gas bubble disturbed
the measurement were excluded from the kinetics analysis of these points.

The statistical analysis of the maps obtained on both Mg types and at different pH and
Cl- concentrations revealed for intact areas two typical kinetics of the brucite growth
illustrated in Fig. 40a. At pH 13 the bulk brucite evolution is characterized by the kinetics
which could be described by a parabolic law (the slope of the graph logA-log(time) was close
to 0.5). At pH 9, Mg(OH)> growth in the intact region is linear with time (the slope 1 of the
logA-log(time) plot). Interestingly, the increase of Cl concentration (Fig. 40b) seems to
increase the quantity of the formed brucite in intact areas but doesn’t seem to modify the
kinetics law (slope of log-A log (time) curve stays close to 1 for different concentrations of
Cl). Very different film growth kinetics (Fig. 40c) was observed in the areas identified at the
end of the experiment as black filaments and black points. The curve presented in Fig. 40 ¢
initially follows the same kinetic law as an intact region and then shows a threshold like
increase.

Statistical data treatment confirmed that this type of kinetics is associated with the
proximity of black filaments and black spots and that that the time of the jump in the kinetics
curve (Fig. 41a) coincides with the first visual observation of filament in studied zone. In Fig.
41a the color code reflects the time of the jump in the Mg(OH), growth kinetics curve for the
experiment presented in Fig. 36. It is clearly seen on the map that the time development of the
filament in optical images (Fig. 36) correlates with the change in the brucite growth kinetics
(Fig. 41a). Using the map shown in Fig. 41a, it is also possible to plot the fraction of the
surface with “broken” film as a function of time (Fig. 41b). At times more than 20 minutes
the breakdown kinetics could be approximated by a linear law which is coherent with the
previously reported filament growth under anodic polarization [59]. The initial time period is
difficult to interpret because the points considered by the software as “breakdown” points

corresponds to the initial inhomogeneity of the surface.
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Fig. 40. Effect of solution pH and CI" concentration in the electrolyte (as indicated) on the kinetics of
the brucite growth on Mg 1 immersed in different solutions as indicated: (a, b) “intact” regions, (c)
black filaments. The dash line in figure (c) represents kinetics simulated from supersaturation model
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Fig. 41. Example of filiform corrosion advancement represented as (a) kinetic map (breakdown time
for each point is shown by the color code), and (b) fraction of the surface with “broken” film as a
function of time. Optical evolution of the surface during this experiment is shown in Fig. 36.
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Discussion

Role of dissolution — precipitation processes for surface film growth and Mg

reactivity

Numerous works justify the properties of the surface films on corroding Mg by
dissolution-precipitation processes. The origin of the logio relationship of pitting potential
with Cl- -concentration was discussed in terms of the solubility product of magnesium
hydroxide [52]. Recently, enhanced hydrogen evolution at the Mg(OH)> covered Mg surface
compared with pristine Mg [10] was attributed to the enhancement of the self-dissociation of
water on corrosion products in order to precipitate released Mg?* ions from a supersaturated
condition. Other authors speculated the disruption of the oxide/hydroxide film when an anodic
current is available and environmental conditions can induce de-passivation [157] to explain
the generation of streams of bubbles at the corrosion front. Such speculations look reasonable
but could be stronger if the film evolution by dissolution-precipitation mechanism is proven
in situ.

The platelet morphology typical for the precipitated Mg(OH)2 [2,171,172] which was
observed previously in slightly alkaline solutions and in all the conditions of our work,
including strongly alkaline pH and inside the filaments, is coherent with the mechanisms
including precipitation and grain growth with dissolution of high energy surfaces and
development of the low energy basal surface. These ex situ observations however could not
be considered alone because they cannot confirm that observed crystals are formed during the
experiment and not during solution drying or sample preparation and even during observation
under high vacuum and in high energy beam.

The presented in situ results could reinforce the ex situ observations. First of all,
considering the effect of pH and surface location on the evolution of not only the bulk brucite
signal at 3652 cm! but also distribution and evolution of the “surface” signals in Raman
spectra, the evolution of the crystal size and morphology can be evaluated in situ. Secondly,
the kinetics of the film growth could be considered to verify the mechanism of its formation.

The in situ spectra obtained for Mg reacting in solutions with pH 13 show stable and
uniformly distributed signal of the surface OH groups with a constant ratio A(surface)/A(bulk)
at different times of the experiment. This can be interpreted as the formation of a uniformly
distributed hydrated layer with a relatively constant grain morphology with high surface to

volume ratio which can be ascribed by high nucleation and slow crystal growth rate. Parabolic
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film growth kinetics indicates diffusion limitation of the film growth typical for passive films
[71,72].

For the Mg surfaces immersed in slightly alkaline conditions in situ spectra evolution
before the film breakdown indicates insignificant surface contribution to the Raman signal,
suggesting formation of bigger crystals. Measured linear growth kinetics in these conditions
is coherent with the surface reaction limited growth [73] and the formation of bigger crystals
with well-developed basal planes can be ascribed to continuous dissolution-precipitation
process on a very limited number of nuclei with dissolution of the surfaces with high surface
energy and development of low energy surfaces. The linear kinetics of the film growth is also
coherent with the kinetics of the electrochemical precipitation of brucite from Mg?* solutions
under applied cathodic currents [173]. These continuous dissolution-precipitation processes
and big crystal size should lead to higher porosity and easy incorporation of CI" in depth of
the film. It should also facilitate the hydration of the inner MgO.

Brucite film evolution explained by precipitation from supersaturated solution

The effect of pH on the evolution of the crystal size and morphology, on the film
growth kinetics and on its resulting properties could be hence easily attributed to the
dominance of one of the processes [174]: crystal growth (in case of pH 9) or nucleation
(pH 13) [175] in the film growth. Considering solution supersaturation, I1, defined as the
difference between the real measured concentrations and the solubility product at a given

temperature (eq. 20):

0= [Mg?*][OH ~]?

= Mg, [0H T, 20

it is easy to verify that for Mg?" high supersaturations are easily achieved at high pH
([169]), favoring nucleation, whereas at pH<11.5, for the same quantity of leached Mg**
supersaturation level will be low and the crystal growth is favored vs nucleation.

Assuming the film growth in the approach of precipitation from supersaturated
solutions [75] and taking into account that in corrosion the concentration of ions in the solution
evolves with corrosion process, one can explain also the threshold-like kinetics of the brucite
growth and formation of small crystals observed in black filaments. Indeed, at low
supersaturation levels, small changes of concentration significantly modify the precipitation
rate [176]. The reactivity at the black filaments is usually described as cathodic activation
with Hz evolution and pH increase and anodic Mg?* release occurring at the border between

the dark and intact areas [11,64,177].
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In the approach of the relaxation of supersaturated solutions [178,179] the
precipitation rate is proportional to the supersaturation factor I1 and the surface area of the
formed precipitates. Assuming hemispheric particles for which the surface is o« ¥/m? and
assuming that the area of the bulk Raman peak (A) reflects the quantity of the precipitated

brucite, the brucite growth rate can be expressed as

(t)dt 21)

where k’’ is a proportionality coefficient.

Using Eq. (21) and the experimental growth rates of the intact film at pH 9, the tree-
step film growth kinetics distinguishable in Fig. 40c can be simulated (dash line):

1) initial linear growth of the film thickness is ensured by a constant Mg?" release from
the substrate via a low barrier surface film;

2) at 90 minutes the surface film breakdown results in the activation of local anodic
and cathodic reactions and the injection of the excess Mg?* and OH- ions. Assuming the local
pH increase by 1 unit (from 9 to 10) and approximating the “supplementary” precipitation by
Eq.(21) a sharp increase of the growth kinetics is easily obtained;

3) once the injected ions precipitate, the film re-passivates and the reaction rate should
be the same as in step 1.

The proposed schema of the filament propagation and the resulting evolution of the

brucite film growth kinetics is presented in Fig. 42.

breakdown

Fig. 42. Schematic representation of Mg(OH): film growth processes in CI” containing solution
around filament and in intact region
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Conclusions

CRM in a form of in-situ kinetics Raman mapping (KRM) was used to describe the
effect of solution pH on the local evolution of the surface films at initial stages of Mg
corrosion in thin layer cell. Using a specific normalizing procedure, the survey of Aig brucite
peak (3652 cm™) evolution allowed to map the local film growth and breakdown and extract
kinetics laws on mm large surfaces with about 10 pm spatial resolution within the same
experiment.

On the areas, which did not evolve in optical images during immersion, brucite growth
kinetics was parabolic (diffusion limited) at pH 13 but linear (surface reaction limited) at pH
7-10.5. A jump in the kinetics curve was observed in some particular locations. Statistical data
treatment showed that this type of kinetics is associated with the proximity of black filaments
and that the time of the steep increase in kinetics curve coincides with the first visual
observation of filaments in studied zones.

The spectra were also tentatively analyzed in order to extract information about the in-
situ evolution of the crystal size and morphology. Alkalinity increase favored the appearance
of “satellites” peaks in Raman spectra. Bands at 3675 cm™ and 3710 cm™! were attributed to
the vibrations of the surface Mg-OH groups situated at different crystallographically oriented
planes, (0001) and (10-10) respectively [28]. The presence of “satellites” hence was
considered as an evidence of high surface area and smaller Mg(OH), crystal size at high pH,
which was confirmed by ex-situ Scanning Electron Microscopy (SEM). Similar kinetics of
the bulk and satellite peaks growth were obtained at pH 13 after about 10 minutes of induction
period indicating that the crystal morphology reaches equilibrium at this time.

The effects of pH on the kinetics of the brucite film growth, on the crystals size and
morphology are coherent with a dissolution-precipitation process of the film formation. In this
regard, enhanced growth of Mg(OH), in the proximity of filaments could be explained and
simulated by the local film breakdown resulting in the injection of the excess Mg?* and/ or
OH- ions and additional brucite precipitation.

From the methodological point of view, the developed in-situ KRM could be easily
extended to multiple processes for which in-situ measurement with local resolution can be of

interest.
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Supplementary 1

The analyzed depth at present experimental conditions was measured by monitoring
the change of intensity of the 520.5 cm™! band of a silicon wafer mounted in the flow cell with
water. The intensity changes of the Si peak with the z-position of the objective demonstrated
a Gaussian type variation, the full width at half-maximum (FWHM) was used to calculate the
focus depth [124]. The laser spot diameter (d) was calculated using the formula

L2 (22)
NA’

where A is the excitation wavelength (532 nm), NA is the numerical aperture of the

objective (0.5). In our experimental conditions, the analyzed depth was 59 pum, and the laser

spot diameter was 1.3 pum.

Supplementary 2
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Fig. S1. Typical ex-situ Raman spectra before (0) and after (1-3) 2 hours of Mg reactivity in 0.1 M
Na(l, initial pH 9. Spectra (1,2) are made in black filaments, spectrum (3) in an intact region.
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The ex situ Raman spectra before and after immersion are shown in Fig. S1. Typically,
before immersion only the peak at 120 cm™!, which corresponds to the optical mode of Mg
[180] is detected (spectrum 0) because in the absence of impurities MgO is not Raman active.
After immersion, the presence of microcrystalline brucite in intact regions (spectrum 3) is
evidenced by a strong peak at 3652 cm™! (A1 O-H stretching mode in Mg(OH)2) and smaller
peaks at 443 cm™' and 280 cm™! (lattice vibrations, Aig and Eg respectively) [168]. Inside the
filaments (spectra 1 and 2) broad peaks at 267 and 370 cm’' can be assigned to Mg salts
containing crystallized water. In the literature, the bands at ~ 360 cm™' were previously
assigned to Mg-O vibrations in Mg salts [181,182] containing crystalline water and peak at
243 cm ! to the A, breathing mode of MgQOg octahedra in the MgCl, H2O lattice [183,184].
As for brucite, its detection by Raman inside the filament depended on the location, in some

places it was visible, which can be interpreted by the fact that the film can be broken during

drying.

Supplementary 3

Fig. S2. Secondary (topographic contrast) and backscattered (chemical contrast) electron images of an
area on corroded Mg surface with an excess brucite thickness and corresponding EDS maps evidencing
the presence of Si rich particle with Al-Fe intermetallic underneath the excess of brucite.
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Chapter 6

On the application of Glow Discharge Optical
Emission Spectroscopy (GD-OES) for depth
profiling of corroded materials: example of

pH effect on Fe and Mn enrichment on

corroding Mg

This chapter demonstrates the applicability of GD-OES to monitor impurities depth

distribution on corroded commercial purity Mg.

(The content of the chapter represents the article in preparation for Corrosion Science)
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Abstract

The applicability of glow discharge optical emission spectroscopy (GD-OES) to
monitor impurities depth distribution in 99.9 % purity Mg alloys corroded in aqueous
solutions with pH 9-14 was studied. Results have demonstrated that in some cases the oxide
enrichment can be directly concluded from qualitative GD-OES depth profiles although the
analyzed matrix differs between corroded and intact layers while in other cases a direct
interpretation of depth profiles can be misleading which justifies the analytical work. The
effects of solution pH and location on the surface on the observed depth profiles were

interpreted using solubility considerations.

Introduction

The reactivity of Mg alloys has been extensively studied in recent decades [185—189]
in relation with their interest for numerous applications [190]. For these materials corrosion
is considered to be governed by hydrogen evolution which is enhanced on pre-corroded
magnesium (see for instance the review [187]). The latter is often attributed to the catalytic
effect of corrosion products because of the surface enrichment by more noble elements
forming local cathodes [185,191,192] or due to the cathodic reactivity of the oxide-hydroxide
film itself [6,159]. Thus, the chemical composition and depth distribution of impurities in
corrosion products formed on Mg alloys is of great interest. The evidence of the surface
enrichment in high purity Mg is not trivial due to the trace level of impurities and high
thickness and porosity of corrosion products. For alloys with high impurities level (in order
of 1% and more), it is commonly accepted that the surface behavior is strongly affected by
the enrichment of the film by Al oxides and spinel and that Fe and Cu particles can be
concentrated in the surface oxides [185,193—197]. The behavior of other elements in the oxide
layer is less known; for instance, the anomalous hydrogen evolution under anodic polarization
is still observed for Mg-Ca and Mg-Li alloys while their surface enrichment is not expected
[198]. The methods used in the cited works are however either not sensitive enough for the
trace impurities level (case of scanning electron microscopy, electron dispersion
spectroscopy, X-ray diffraction) or not convenient for routine studies of isolated impurities in

corrosion products of micrometric thickness (photoelectron spectroscopy, transmission
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electron microscopy, etc.). Several original approaches combining magnetic field, X-ray
diffraction and TEM [192] and applications of Rutherford Backscattered Spectroscopy [198],
particle induced X-ray emission [191] and TOF SIMS [199] were recently used to demonstrate
Fe enrichment on the surface of pure Mg. Nevertheless, a depth profiling of corrosion product
is still challenging.

Radio Frequency Glow Discharge Optical Emission Spectrometry (RF GD-OES)
offers a unique combination of a fast sputtering rate, high depth resolution, excellent
sensitivity, multi-element capability and experimental simplicity with no requirement for an
ultrahigh vacuum or special surface preparation [25,200]. It was successfully applied to study
the enrichment of rare earth metals [201] and Cu [202] in the anodized layer on Mg alloys
containing several wt. % of these alloying elements. However, the previously reported
attempts of using GD-OES to study the impurities enrichment in corroded high purity Mg
were unsuccessful [198]. Authors attributed it to the experimental difficulties to maintain the
hermetic joint during sputtering of naturally formed Mg corrosion products because of their
high porosity and roughness. Another critical aspect related to the application of GD-OES to
corroded surfaces is that the plasma composition can be significantly affected by the presence
of hydrogen in corroded layers. For our knowledge, all the works previously applying GD-
OES to corrosion and surface treatment, used the interpretation of the GD OES intensities in
an assumption that only the sputtering rate (SR) is different between the corroded or oxidized
layer and the metallic substrate and that the plasma properties are not significantly modified
during sputtering. However, the reality is different and the plasma properties can change
significantly during sputtering, in particular, the presence of H in the plasma during sputtering
of the corroded zone can increase or decrease the measured intensities of the element of
interest [27,152,203]

The present work demonstrates that with optimized analysis conditions it is possible
to achieve reliable RF-GD-OES depth profiles of corroded Mg while a direct interpretation of
the depth profiles measured on corroded surfaces without taking into account the analytical
aspects can be misleading and even wrong. The focus is made on the possible origins of the
surface enrichment of corroded layer by some impurities present in the material or in the
solution. We insist that a correlation between the enhanced cathodic reactivity of Mg and the
surface enrichment stays out of the scope of the present work. The main questions we want to
answer are hence

Could the enrichment of corroding Mg by low level impurities be reliably measured
by a simple method without specific surface preparation and high vacuum?

What could be tricky analytical issues to take into account for such a measurement?
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Which mechanisms can lead for the corroded layer enrichment by different impurities
elements and what is the effect of pH on the enrichment?

A particular attention will be payed to the effect of the plasma modification by H on
the depth profiles interpretation, because corroded Mg contains a high fraction of brucite

(Mg(OH)2) in the external layer, which can be a source of high content of H in plasma.

Experimental and calculation details

Materials and experimental conditions

Two types of samples of commercially pure Mg were used— 99.9 % purity Mg and
MgMn with about 1 % of Mn (see Table 3 for compositions). Strips of 3 cm width cut from
commercial purity Mg samples were mechanically polished (SiC paper up to P4000 grit) with
ethanol as a lubricant, rinsed with ethanol and dried under N> gas flow. Samples were
immersed in solutions prepared from solid NaOH (Prolabo, analytical grade), NaCl (Prolabo,
analytical grade), and deionized water (Millipore, 18 Q2 cm), rinsed with deionized water and
analyzed by GD-OES. The Cl concentrations varied between 0.0 and 0.1 M and NaOH
concentration between 0 (natural pH of NaCl solution was 5.8-6) and 1 M (pH up to 12.8 were
measured, then only solution concentration was considered and theoretical value will be given
— 13 for 0.1 M NaCl, 14 for 1.0 M NaCl). The immersion time varied in function of NaCl

concentration and pH, in 0.1 M NacCl it was 2 h, without chloride in solutions — 12 hours

Table 3. Impurity level in the studied Mg alloy (ppm), used emission lines (A /nm) and calculated from
[26] H-correction coefficients, hy (see text for explications).

Element Fe Mn Al Cu Ni Si Zn Mg
Mg 280 170 70 20 <10 50 <20 Bal.
MgMn 80 10800 100 100 <10 100 <20 Bal.
A /mm 3719'99 403,;454 396.157 | 324.759 | 352.459 | 288.162 | 481.060 285.217
hy 2.03 0.29 1.36 0.23 not studied no data

* studied on monochromator

GD-OES analysis was performed with a GD-Profiler 2 (HORIBA Jobin Yvon) using
Quantum software. The instrument configuration included a pulsed radiofrequency (RF)
generator, a standard HJY glow discharge source with an anode of 4 mm internal diameter

and an automatic impedance matching system between the RF generator and the GD source.
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The latter permits matching even in pulsed RF mode operation and continuous monitoring of
the DC bias voltage for conducting samples.

High purity argon (99.999% minimum purity) and Ar-H> mixtures with volume H:
fractions 200 ppm, 500 ppm, 1000 ppm, 2500 ppm and 10000 ppm (1 %) were supplied by
Air Liquide and were employed as the discharge gas. The optical system was purged by high
purity N2 in order to detect emission lines in the VUV region. The Differential interferometry
Profiling (DiP) system integrated in the instrument allowed in addition a direct depth
measurement along with the elemental depth profile analysis and therefore an independent
estimation of the erosion rate in different layers. The final crater depth obtained by DiP was
also verified by the 2D profilometer. Prior to each analysis, the source was cleaned by 60 s of
sputtering of a sacrificial Si wafer [204].

Elemental depth profiling was performed under several sets of conditions: Ar pressure
of 686 Pa and 750 Pa and a constant power of 25 W or 17 W. A specific surrounding bell
system filled with Ar was used for the sputtering of samples corroded at low pH to exclude
air ingress through the layer porosity [205]. The emission signals of 47 elements were
recorded but only the signals of the species of interest are discussed in the paper. The selected
wavelength for metallic elements are reported in Table 3, other wavelengths were: O -
130.223 nm, Ca — 422.679 nm, Na — 589.600 nm, N - 149.267 nm, Cl — nm, Na - and H -
122.574 nm.

Theoretical approaches to hydrogen effect on emission yield

To take into account the H-effect it was previously proposed in the literature [206] to
assume a linear relation between the inversed emission yield of the element X (noted below
as Ry and calculated as (emission yield)!),) and the H-signal intensity /z with a correlation
coefficient Ax:

Ry =1+ hyly (23)
H-corrected intensity (I°°") of GD-OES signal was calculated using the equation
I =1 Rx(Iy) (24)

Using the data of works [152,207] we estimated Ay for the elements of interest in
assumption that (i) the values of /. are independent on the matrix (and hence optimized plasma
conditions) and (ii) a linear function can be used for fitting even if the linear region is very
narrow. The obtained Ax for Fe 273, A1 396, Cu 325 and Mn 403 lines are listed in Table 3. It
is clear from the table that the H-corrected signals can be expected higher (Al, Fe, Cu) or

lower (Mn) than before correction.
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Results

Types of element profiles observed by GD-OES

Fig. 43a illustrates an example of a typical depth profile (intensity of the GD-OES
signal of the element X, Iy, measured in V, as a function of the eroded depth, in pm,
determined by DiP) for Mg, O, H and N as well as the total light (Fi) and module (Mod) and
phase (Phase) values of the matching box obtained on the sample immersed at pH 9 in Ar
plasma gas. First of all, it is clear from Fig. la that the signal of N is in an acceptable limit
and shows a normal decreasing profile corresponding to the initial surface contamination. The
values of Fi, Mod and Pha also vary smoothly. These observations indicate the absence of the
previously reported problems of sealing the GD chamber with the sample during the
measurement and confirms the validity of the recorded data. Two regions could be identified:
a corroded zone with relatively high signals of O and H and the bulk metal with near constant
intensities of all the signals. We do not show the periods of plasma stabilization at the extreme
surface for which the instantaneous change of Mod and Pha resulted in a high reflected power
(Pr) and hence nul or very low sputtering efficiency.

Fig. 43b presents depth profiles of Mg and the impurities normalized by the intensities
of each element in the bulk (/x**/%). Signals of Fe, Al, Cu are clearly higher in the oxidized
layer then in the metallic bulk while Mn and Mg signals are lower in the oxide layer. The
signal intensity depends however on SR. The sputtering rate (SR) estimated by DiP was in
order of several nm/s in the oxide and above 90 nm/s in the metal. Higher SR implies higher
measured intensities, thus, the increase of the SR from the oxide to the metal correlates well
with increasing intensity of Mg and Mn (Fig. 1 b). Fe, Al, Cu profiles show a contrary
tendency which can be interpreted as the enrichment of the oxide by these elements. The
emission signals of Ca and Na are not shown on the figure however they were systematically
present in the oxide layer, indicating a possible accumulation despite they are not expected to
reduce on Mg. The enrichment by Na will be discussed in the next sections. Considering the
same SR for different elements in the same matrix, the ratio Ixi/Ix2, where Iy; is a signal
intensity of the element X;, can be used to represent the enrichment. If X1 and X2 are the
minor and the major element of an alloy, higher value of Zx;/I(x2 in the oxide layer than in the
metal bulk indicates the enrichment of the oxide by the element X1. Fig. 43c illustrates the
evolution of Ix/Img, where X=Fe, Al, Mn, Cu confirming that the oxide seems to be enriched
by Fe, Cu and Al. The depth evolution of H-corrected signals (the emission intensity expected
for the same quantity of the atoms of these elements in the plasma free of H) of the elements
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are presented in Fig. 43d. Comparing Fig. 43b et Fig. 434, it is clear that the H-corrected
signals are even higher than before correction. Interestingly, after H-correction the corroded
layer seems to be enriched by Mn illustrating that a direct interpretation of the GD profile

without taking into account analytical aspects can be completely misleading.
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Fig. 43. Typical qualitative elemental GD-OES depth profiles of pure Mg pre-corroded in alkaline
solutions. (a) Emission intensities /x of Mg, O, H and analytical parameters (total light (Fi), module
(Mod) and phase (Pha)) in function of eroded depth measured by DIP; (b) emission intensities of
metallic elements normalized by their bulk values, Iv//¥"*; (c) Emission intensities of metallic
elements normalized by the intensity of Mg, Ix/Iye; (d) H-corrected emission intensities of selected
impurities normalized by their bulk values, Iy*”"/I"**. All the profiles demonstrate the enrichment of
the corroded layer by Fe, Cu, Al. the interpretation of Mn profile is difficult

Effect of H in plasma on the GD-OES intensities.

The effect of H on the Mg 285 emission was not previously documented. The effect
of H on the emission efficiency in Mg matrix was not studied too. For this reason, we

completed the experiments in Ar plasma by the experiments in Ar/H> mixtures expecting that
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the presence of hydrogen in all conditions can neglect the H-content difference between the
corroded and uncorroded materials and therefore provide more accurate profiles. In order to
verify the effect of H in plasma on the analytical parameters of GD-OES a series of metallic
standards available at Horiba JobinYvon with 50-5000 ppm of Fe and 50 — 20000 ppm of Mn
were used.

Looking at the response of Mg 285 signal (Fig. 44a), one can note that at H> contents
in plasma gas up to 1000 ppm /iy linearly decreases with /5, however at higher H-contents it
is very difficult to approximate the effect.

Mn-intensity linearly decreased with H signal (Fig. 44b) confirming the expected from
the theoretical approximations (Fig. 1d) possibility of the wrong interpretation of GD-OES
depth profiles obtained in Ar plasma without taking into account analytical issues.

The effect of hydrogen in plasma on the apparent Fe signal also confirmed the
possibility of wrong conclusions for non-accurately made work. In Fig. 44c the evolution of
the apparent Fe signal with increased H-intensity is shown for samples with Fe content as low
as 50-80 ppm, below the detection limit of the Ar-H> plasma even for 200 ppm of H,. With
increase of the hydrogen intensity, the apparent Fe signal increases linearly. Another effect
was noted (not shown here), illustrating that in presence of H» the detection limit of Fe
significantly degraded: if in Ar plasma about several tens of ppm of Fe were detectable, in
Ar-1% H: a strong background masked the Fe signal and the apparent GD profile from the
samples containing between 50 ppm and 5000 ppm of Fe was exactly the same.

Fig. 44a-c do not present all the measured points but give the idea about the complexity
of the analytical problem when analyzing corroded layers. They illustrate also the completely
different behavior of plasmas containing 10000 ppm of Hz (point encircled in all figures). The
behavior in this mixture was verified in multiple experiments and the difference with other
mixtures was stable in all plasma conditions. The crater observation demonstrated that this
difference should be also related with the significantly slower erosion rate in this mixture than

in all the other studied H» containing plasma gazes (up to 2500 ppm of H»).
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Fig. 44. Effect of hydrogen in plasma on the intensities of Mg, Mn and Fe in Mg matrix at 17 W
and 750 Pa. The evolution of (a) Mg intensity (/ug), (b) Mn intensity (/y,) and (c) “interfered” Fe
signal (interfered Ir.) are shown as a function of the H signal intensity (/) in different Ar mixtures
with 200 — 2500 ppm of H, and 10000 ppm of H, (the encircled point). Mg samples containing 0.5 —
1.92 wt. % of Mn and less than 80 ppm Fe (lower than detection limit) were used.

Correlation between pH and surface enrichment

Taking into account the evident effect of hydrogen in plasma on the intensity observed
in depth profiles, we decided to study the effect of pH on the local surface enrichment in Ar/H»
plasma with the highest H> content (10000 ppm) expecting that this high content will level
the differences in H content and that the slow sputtering rate will improve the quality of the

profile at the interface.
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Fig. 45. Typical qualitative elemental GD-OES depth profiles measured on different locations of
pure Mg pre-corroded for 2 hours in 0.1M NaCl solutions of different pH: (a) normalized
emission intensities Ix / Iy, for X=Mn, O and Cl as indicated in function of eroded depth measured by
DIP; (b) normalized emission intensities of Na. O profile indicates the depth of the corroded layer in
different conditions.

Fig. 45a illustrates the normalized by Mg intensity depth profiles for Mn, CI, O
obtained on the MgMn samples immersed for 2 hours in 0.1 M NaCl solutions at different
pH.

First of all, it is clear from the presented profiles that the thickness of the oxide layer,
visible from the position of the O signal, is strongly affected by the solution pH and the local
conditions: higher pH results in thinner oxide, while the thickest film is formed in the area
containing black filament.

The second interesting observation is that the Cl-enrichment looks uniform through
the whole depth of the corroded layer and the Cl-level is independent neither from the solution
pH nor from the location on the surface (intact areas or the area containing black filaments).

The third interesting observation is that even if the GD-OES is not able to detect Fe
enrichment in studied conditions because of low Fe content and high H» content, the Mn
enrichment looks different in function of both, solution pH and the location of the analyzed
surface. It looks that the “intact” area at initially neutral pH is significantly enriched by Mn at
the metal/oxide interface, while the area containing the black filament shows significantly
lower Mn enrichment. One should also remember that the analyzed surface is large (circle of
4 mm diameter) and in the last case it contains not only black filament but also some intact
surface. Taking into account that Mn is often considered as an element which decreases the
harmful eftect of Fe inclusions by increasing iron solubility, the local depletion of Mn in the

area which corrodes preferentially looks logic. It looks also that in case of high pH the
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interface has no enrichment but some depletion of Mn, while some Mn is present in the outer
oxide layer.

The last effect we would note, is the variation in depth profile of Na (Fig. 45b ). The
profiles are extracted from the same locations and conditions as in the previous figure. GD-
OES is extremely sensitive to Na and Na contamination is expected (and visible at the first
10-50 nm of the extreme surface). However, the differences observed in depth distribution in
the samples immersed in NaCl and NaOH containing solutions look interesting and will be

discussed in the next section.

Discussion

Interpretation of GD-OES profiles of corroded surfaces and the effect of H

The results presented in section 3 indicate that if H-effect in plasma is correctly taken
into account, reliable conclusions about the surface enrichment can be made from qualitative
GD OES profiles. Before going to discussion of the H effect, we would note that the use of
GD OES with DiP permitted reasonable evaluation of the thickness of corrosion products (100
to 500 nm if the position at 50 % of decrease in O profile is considered as the interface)
correlating with lower quantity of corrosion products at higher pH [208].

It seems that for ppm level impurities of Fe, Cu and Al the detection limits in the
presence of H should be verified before any consideration of the profile. For alloys with higher
content of these impurities one can expect that the H-interferences are less harmful. The use
of Hz containing plasma can solve part of analytical problems. The interpretation of GD-OES
profiles of corroded samples for the chemical elements for which the effect of H on the
analytical parameters was not previously studied can be completely wrong as demonstrated
by both, the theoretical calculation and the experience in Ar-Hz plasma for Mn. The direct
interpretation of the profile obtained in Ar plasma implies the depletion of the corroded
surface by Mn while correct interpretation taking into account the H-effect demonstrates Mn
enrichment at the interface at neutral pH and in the outer layer at high pH. The use of Ar/H»
plasma could unlevel the H-content difference between the corroded and uncorroded materials
and therefore provide more accurate profiles.

The observed effects are hence important to take into account by corrosion and surface
treatment scientists often routinely interpreting the depth profiles obtained in Ar plasma.

Without correct analytical treatment, the direct interpretation about the enrichment of the
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corroded layer can be just an interference related to the plasma modification by the H sputtered
from the hydroxide or the depletion can be an effect of the reduced efficiency.... This justifies

deeper analytical work and its presentation for corrosion community.
Reasons of enrichment

Numerous works discuss the surface enrichment of corroding Mg by more noble
elements enrichment which is usually explained by selective dissolution of Mg while noble
elements form metallic precipitates in the Mg matrix and act as local cathodes [209]. We can’t
prove or disprove this mechanism by our results but we would like to note that the enrichment
and the cathodic activation are different phenomena which have a right to be studied
independently. Pre-corroded Mg is more reactive than not pre-corroded even if the pre-
corrosion was made in Cl-free solution [10], while enhanced cathodic reactivity of Mg is
mainly observed in Cl-containing solutions [32]. The enrichment can hence appear
independently from the enhanced cathodic reactivity and later contribute or not to this
reactivity. We will focus hence only on the possible reasons of the film enrichment but not on
its consequences for the reactivity of Mg.

The fact that Cl-depth distribution looks very homogenous and that the level of CI
incorporated in the corrosion products formed on similar samples immersed in different
solutions is independent on the solution pH and on the surface location (in the intact area or
in the area with black filaments) correlates well with previously formulated hypothesis [57]
that Cl accumulates in the corroded layer but serves as a factor of localized corrosion only if
another specific conditions (local pH, grain boudnary, local defect in the film, etc. ) are
satisfied. In this prospective the fact that Na enrichment is significantly higher in the black
filament looks interesting. The reason of high Na content could be just because of solution
trapped in the pores of the channels under corrosion product. However, it could also be a fact
in favor of the intensive cathodic reaction inside the filament [11,64] which favor migration
of Na* ions to cathodic areas like it was previously proposed for cathodic delamination
mechanisms [210]. Concerning the pH effect on Na enrichment, even if Na content is higher
in the solution containing both, NaCl and NaOH, than in solution of NaCl, which could
explain higher signal at pH 13 than in intact area at pH 6, the concentration is however enough
high in both cases. Moreover, the effect from the solution is more expected at the external
oxide/solution interface than at the interface oxide/metal. From this prospective, the increase
of Na content inside the oxide/hydroxide layer and in particular in its inner part can be also
an indication of higher adsorption of Na on the oxide layer than at the hydroxide layer due to

lower surface charge. Indeed, at neutral pH the surface of MgO and brucite are expected to be
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positively charged [169] and Na* should not adsorb, however at high pH both oxide and
hydroxide will be charged negatively and this can result in enhanced cation adsorption.

The observed enrichment of the interface metal/oxide by Mn is expected from the
values of corrosion potentials of Mg and Mn. The decrease of Mn enrichment at the interface
at high pH could be understood from the speculations based on the difference in the solubility
of different elements. Indeed, the impurities potential is related with the potential of corroding
Mg only if the impurities are galvanically coupled with the matrix. If the matrix around a
noble inclusion is dissolved or oxidized, the impurity can lose the electrical contact with it but
stay accessible for the solution. In this case the dissolution of the impurity will be governed
by its internal reactivity which is supposed to be very high for nanometric particles. Actually,
the oxidized ions can be reduced on Mg surface if they can access it easily but the latter is less
evident on the porous corrosion products. Fig. 46 illustrates the concentrations of saturated
aqueous solutions containing Mg?*, Mn?*, Cu?>* and Fe?* (Fe** being much less soluble than

Fe?*) at pH 7-14 and 30 mM CO; calculated by HYDRA/MEDUSA software [211].

Log [concentration]

Fig. 46. Effect of pH on the solubility of different impurities calculated by Hydra/Medusa
software. Mg(Il), Mn(11), Fe(Il), Al(III) and Cu(II) solution concentrations were considered as 0.1M.
Fe(III) is not shown because its solubility is in orders of magnitude lower than the solubility of Fe(II).
Complexes used for calculation were AI(OH)*, Al(OH);, AI(OH)4~, AL(OH),*", Al;(OH)s’*, AIOH*,
Al(OH);, AIOOH , Cu(OH),, Cu(OH);~, Cu(OH)s >, Cux(OH),*", Cw,OH*", Cus(OH)s**, CuOH",
Cu(OH), , CuO, Fe(OH),, Fe(OH); ", Fe(OH)s*", FeOH", Fe(OH),, FeAl,04, Mg4(OH),*", MgOH",
Mg(OH),, MgAL,O4, Mn(OH);~, Mn(OH)4+*~, Mny(OH);*, OH ", MgO, Mn(OH)..

The surface pH of corroding Mg is expected to approach rapidly pH 10.5 (buffering
effect due to Mg(OH): precipitation). At pH 10-11 the solubility concentrations of Fe?*, Fe3*
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and Cu?" is much lower than the solubility concentration of Mg?" and they unlikely leave the
surface even in an oxidized state. Mn solubility concentration in contrast is high and with pH
increase becomes in order of magnitude higher than the solubility concentration of Mg. This

could explain the absence of strong Mn enrichment at the interface at high pH.

Conclusions

Despite experimental simplicity, the data interpretation of GD OES profiles of
corroded surfaces is not always evident, especially for the estimation of the surface layer
enrichment by low content impurities from the metal bulk. The atomic H in plasma, coming
from the sample (outer hydroxide layer), can significantly modify not only the sputtering rate
but also the detection limits and the emission yield for particular emission lines and cause an
ambiguous interpretation of the changes in elements intensities when comparing
oxide/hydroxide layers to the metal bulk. The effects of H on the analytical parameters of GD
OES, the consequences of these effects for interpretation of depth profiles of corroded
surfaces and the way to obtain simply interpretable qualitative profiles are discussed in the
work. Thus, the proposed data treatment (H-correction), shows that the apparent Mn depletion
is a result of H effect in plasma. The H correction as well as the experiments in Ar/H; plasma
demonstrated in this condition that the surface was enriched by Mn in studied conditions. GD
OES has also demonstrated that the oxide-hydroxide layer is enriched by Cl during immersion
in solutions of any pH and in all locations including the areas looking intact and that Na can
be accumulated in the oxide film, in particular in black filaments. Working in Ar/H> in place
of conventional Ar gas can prevent some artefacts related to the different sputtering rate of
oxide and metal and significant plasma modifications between these two layers.
Unfortunately, detection limit for Fe is significantly degraded in presence of H, thus, it was
not possible to confirm the ppm-level enrichment of the oxide film by Fe in Ar/H; plasma,
however the results of theoretical H-correction taking into account the measured in Ar/H»
plasma interferences of H signal give a way to evaluate the effect from the result in Ar plasma
and limit the situations when the result cannot be interpreted. The results don’t contradict the
existing hypothesis about Mg incongruent dissolution accompanied by impurity enrichment
however also demonstrate that only corrosion potential values are insufficient to predict
systematically all the behaviors. Solubility considerations and specific adsorption can help to

interpret all the observed enrichment tendencies.
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Chapter 7

Inhibition Mechanisms of Mg Corrosion by

Selected Carboxylates

The proposed in previous chapters analytical methods (in situ Raman spectroscopy
and GD-OES depth profiling) were applied to explore the effect of several organic molecules,
namely sodium salts of salicylic, 2,5-pyridine-dicarboxylic and fumaric acids, on the

corrosion mechanism of Mg and the resulting corrosion inhibition effects.

(The chapter present the publication in preparation for submission to Corrosion Science)
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Introduction

The reactivity of Mg and its alloys has been extensively studied in recent decades due
to their potential application in numerous areas from engineering materials to bio-implants
and batteries [54,212-220]. However, there is still a lot of questions concerning the
mechanism of its reactivity and factors that govern its degradation. One of the most promising
methods to protect the metal from corrosion attack is efficient inhibition by additives that
could be embedded in conventional surface treatments. The area of Mg inhibition evolves
rapidly, numerous inhibition systems are reported regularly [17,18,93,104]. However, there
is a lack of a systematization of knowledge in this field. In recent review [17] the known Mg
inhibitors were classified by the mechanism of action (anodic/cathodic or mixed type) and by
the type of interaction with the substrate (adsorption/precipitation type). However, such a
classification may be too general and not sufficient for the choice of a specific inhibitor for a
particular application.

Recently, a new inhibition approach for Mg has been proposed by Lamaka et al. [81].
The main idea was based on the suppression of detrimental effect of noble inclusions (mostly,
Fe) which are always present in magnesium based engineering materials and can act as local
cathodes. Authors assumed that the initial corrosion process leads to the detachment of iron
particles from magnesium substrate, and its further self-corrosion occurs with formation of
Fe?*3*, These species can be reduced to metallic iron and re-precipitated on Mg substrate
creating local cathodes that causes acceleration of corrosion process [80]. The prevention of

the last step due to the complexing of Fe?*3*

is the general principle of proposed inhibition
approach, which has been further extended by testing of more than 150 chemical compounds
[18].

Authors reported the high inhibition efficiency of sodium salts of fumaric acid (Fum),
pyridinedicarboxylic (PDCA) and derivatives of salicylic (Sal) acid with few exceptions:
while PDCA and Fum demonstrated high inhibition efficiency for all tested types of pure Mg,
Al- and RE-containing Mg alloys, sodium salicylate inhibited corrosion of Mg alloys and
commercial purity Mg (CP-Mg) containing more than 220 ppm of Fe, but it accelerated
corrosion of high purity Mg containing 51 ppm of Fe. In cited work, the high inhibition
efficiency was explained by Fe-complexing effect but no direct proof was given. All of listed
molecules are supposed to form the stable complexes with Fe?*3*, whereas Sal can complex

Mg?* as well. Thus, in case of HP-Mg, the positive effect of iron complexing was offset by

accelerated Mg dissolution.
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It should be noted that the apparent Fe-complexing effect may be not the only one key
factor defining the inhibition efficiency. Thus, another authors [17,98,101] reported the
positive inhibition efficiency of the molecules containing the aromatic ring and heteroatoms,
such S or N. This positive effect was attributed to adsorption mechanisms due to the electron-
donor properties of conjugated m-system or heteroatom. From the other side, additives in the
solution could influence the Mg(OH) precipitation, changing the ratio between nucleation
and crystal growth rate [221], and as a consequence the crystal size [175]. This aspect also
can affect the protective properties of the film. Therefore, this article aims to verify hypotheses
about the mechanism of the inhibition of Mg corrosion by sodium salts of salicylic, 2,5-
pyridinedicatboxylic and fumaric acids in aqueous environment containing Cl". Particularly,
hypotheses of Fe-complexing, physical or chemical adsorption on Mg surface [30] are
considered. Surface analysis techniques such as in situ Kinetic Raman Microscopy (KRM),
Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR), Glow
Discharge Optical Emission Spectroscopy (GD OES) are used in this work to estimate
influence of inhibitors on the film evolution: growth kinetics, chemical composition,

morphology.

Experimental details

Materials and reagents

As-cast commercial purity magnesium (CP-Mg342) and high purity magnesium (HP-
Mg51) were produced by Helmholtz Centrum Geestracht. The average elemental
compositions determined by Spark OES (Spark analyser M9, Spectro Ametek, Germany) is
presented in Table 4. Mg pieces were grinded with 800, 1200, 2400, 4000 SiC grinding paper,
using ethanol as a lubricant, rinsed with ethanol and dried by compressed air.

In this work the solutions of 0.1M NaCl with and without inhibitors were studied. All
electrolytes were prepared using analytical grade reagents (Sigma Aldrich) and Millipore
water. The list of chemicals tested in this study is shown in Table 5. Amount of reagents
necessary to prepare 0.05 M solution was added to 0.1 M NaCl solution and stirred until
complete dissolution. The initial pH of sodium salicylate and fumarate were 5.3 and 6.7
respectively; PDCA was used in acidic form, thus initial pH was adjusted by NaOH to the

value of 5.5.
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Table 4. Chemical composition of pure Mg and alloys as analysed by spark optical emission
spectroscopy. The values are in ppm or in wt. % when indicated.

Mg Ag Al [ Ca | Ce | Cu La | Mn [Ni | Pb | Si |Sn |[Zn | Zr

CP 99.96% | <0.5 | 40 | <1 | 7 4 <5 | 24 L <4 <1|<3 |5 <5
Mg342
HP 99.98% | 0.7 50 <l | <4< <5 |38 2| <4<l | <3 10 | 23
Mg51

Table 5. Organic compounds studied in present work. The tests were performed with Na salts at the
initial pH of the electrolyte from 5.3 to 6.7

N Abbreviation in article Structural formula
ame
Nd& O0__O
Sodium Salicylate Sal HO
O
e . HO N
2,5 — Pyridine-dicarboxylic acid PDCA |
=z OH
N
O
0]
Sodium Fumarate Fum Na* -O)J\/\H/O- Na
(0

Raman spectroscopy

Ex situ Raman spectra were recorded on Renishaw Confocal Raman Microscope (CRM),
using the green laser (doubled Nd:YAG, 532 nm) with power of 50 mW. Illumination and
detection were performed through a microscope objective Leica of x50 magnification and
numerical aperture (NA) of 0.75 with exposure time of 10 sec. Objectives with x5 and x20
magnification were used to make the optical images of the sample surface. In situ

measurements were performed with Leica long working distance objective (x50, NA = 0.5).
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The detailed procedure of in situ measurements and data treatment is described in Chapter
5. Shortly, a freshly prepared Mg sample was mounted in a flow cell with the glass optical
window. Immersed area was 3.14 cm?, the distance between the sample surface and the optical
glass window was about 1 mm. In order to remove the bubbles from the corroded surface,
which disturb the laser focus and hamper the in situ measurements, 25 ml of studied solution
was looped, flowing through the cell with the rate of 5 ml/min. Raman mapping was
performed every 7-10 minutes during 2 hours on the areas of 100100 um with the step of 10
um. Two series of Raman spectra were recorded: in range of 100 - 1800 cm™! and 2500 — 3800
cm!. Exposure time was 0.2 sec for each location on the surface, the total time of each map

recording was about 2 minutes.

Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy

(ATR-FTIR)

Infrared spectra were measured with a Thermo Scientific Nicolet 6700 FTIR
spectrometer equipped with a mercury cadmium telluride detector cooled at 77 K by liquid
nitrogen. Spectral resolution was 4 cm™!, and spectra were averaged from 256 scans. The ATR
accessory was a horizontal ZnSe crystal coated with diamond (A = 2.54 mm? ) with single
reflection and an angle of incidence of 45° (Smart Miracle from PIKE). OMNIC software was
used for the data collection and treatment. The ex-situ ATR spectra were collected in dry and

in wet conditions. In the latest case the electrolyte spectra was used as a background.
Glow Discharge Optical Emission Spectroscopy (GD OES)

GD-OES analysis was performed with a GD-Profiler 2 (HORIBA Jobin Yvon) using
Quantum software. The instrument configuration included a pulsed radiofrequency (RF)
generator, a standard HJY glow discharge source with an anode of 4 mm internal diameter
and an automatic impedance matching system between the RF generator and the GD source.
Mixture of Ar with 10000 ppm of Hz was prepared by Air Liquide and used as the discharge
gas. The optical system was purged by high purity N> in order to detect emission lines in the
VUV region. The Differential interferometry Profiling (DiP) system integrated in the
instrument allowed in addition a direct depth measurement along with the elemental depth
profile analysis. Elemental depth profiling was performed under Ar/H> pressure of 750 Pa and
a power of 17 W. The used spectral wavelengths were: Mg - 285.217 nm, C - 156.149 nm, Cl
- 134.730 nm and O 130.223 nm.

113



Results

Visual observation

Fig. 47 illustrates the difference in appearance of corroded surface of CP-Mg342 and
HP-Mg 51 samples after 2 hours of immersion with and without the inhibitors. For CP-
Mg 342, it is clear that the surface is more attacked on the sample immersed without
inhibitors: the image with higher magnifications reveals the filiform-like corrosion, which
looks like the black threads of about 10 um width. The surface immersed in solutions
containing the inhibitors has different color in comparison with the non-immersed area,
however no filament was detected after 2 hours that suggests a partial corrosion protection.
Round spots, presented even on just-polished surface, were the source of gas evolution during
the immersion test. These spots could increase in diameter with time, but no filaments
originated from those locations.

For HP-Mg 51, no filaments were observed in any case, at least for 2h of immersion.
In presence of fumarate and 2,5-pyridin-dicarboxylate the surface looked similar to the surface
of CP-Mg 342. In presence of salicylate, gas evolution was very intensive during the whole

experiment, the surface looked etched, the grain boundaries became visible.

Filaments
a . CP-Mg 342, w/oinh.
c | \ N HP-Mg 50, Sal
e

Fig. 47. Corroded CP-Mg342 and HP-Mg51 after 2h of immersion in 0.1 M NaCl solution (a,b) and
with addition of 0.05 M inhibitors: sodium salicylate (c, d), 2.5-pyridin-dicarboxylate (e) and fumarate

®.
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Fig. 48. (a) In situ Raman spectra in range of 2700 — 3900 cm™' recorded on CP-Mg342 in 0.1M
NaCl after 2h of immersion. Zoomed Raman spectra in range of 3500 — 3800 cm™ in absence (b) and
in presence of inhibitors (c-¢).
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Fig. 49. Growth kinetics of Mg(OH), in 0.1 M NaCl in presence and absence of 0.05M inhibitors

Mg(OH), growth kinetics was estimated by the evolution of Mg(OH)> bulk signal
(3652 cm™! peak area). The detailed data treatment was described in Chapter 5. Shortly, after
the standard procedure of preprocessing, spectra were normalized so that the baseline
corresponded to 0 and the maximum of water band (3415 ¢cm™) corresponded to 1. The peak
area was calculated as it is shown on Fig. 48b — the shaded zone between the spectrum and
the line passing through 2 points on the spectrum with the abscissa 3640 and 3665 cm™!. As it
was described in the experimental section, the kinetics data were collected from 100 locations
on the surface. Since the zone with homogeneous growth (without black filaments) was
studied, the kinetics curves demonstrated the same tendency in all the locations, thus only one
representative kinetics curve for each experiment is shown on Fig. 49. In absence of inhibitor,
Mg(OH), growth is fitted by linear law, the growth rate is much higher than in the presence
of inhibitors that is obvious from the graphs slope. Curiously, the growth tendency differs for
selected inhibitors, thus, with sodium salicylate and 2,5-pyridine-dicarboxylate Mg(OH). the
growth rate is the same as without inhibitors at the beginning of experiment, then after about
40 minutes it decreases notably, whereas in presence of fumarate the growth rate is lower
from the very beginning of experiment. This implies the existence of an induction period for
salicylate and 2,5-pyridine-dicarboxylate inhibition.

In-situ Raman spectra in the range of 750 — 1750 cm™! show the signal from organic

inhibitors themselves (Fig. 50). In situ Raman spectra recorded on Mg samples in presence of
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2.5-pyridin-dicarboxylate and fumarate solutions didn’t reveal any difference as compared
with spectra of inhibitors solutions (only CP-Mg342 results are shown on Fig. 50).

During the experiment in PDCA solution, the intense background was growing so that
the Raman signals were impossible to observe in the end of experiment. For salicylate, the
marked shifts in peak positions were discovered for CP-Mg342 compare to salicylate solution
and in situ spectra on HP-Mg51, indicating the chemical interaction with the surface of CP-
Mg342.

In order to understand the origin of these shifts and verify the hypothesis about the
role of interaction of salicylate with Fe-containing particles, we compared in situ Raman and
IR spectra (in case of IR spectra, we compared the spectra recorded on wet Mg sample just
after immersion of CP-Mg342 with the synthesized reference samples). For references, we
also used the wet powders of Mg(OH),, Fe(OH)s, specially precipitated in presence of Cl-and
salicylate from the corresponding chlorides by addition of NaOH and the solution of Fe(III)
complex with salicylate, as well as carbon steel immersed in salicylate solution for 2 hours.
For salicilate containing sonditions a lot of similarities were found for the spectra of Mg(OH)»
and FeSal complex, as it is shown on Fig. 51, Fig. 52). Most of the peaks position on CP-
Mg342 coincide with salicylate adsorbed on precipitated Mg(OH)z, but some of the peaks
were still shifted and have the positions matching with the positions corresponding to the most
intensive peaks of Fe(IlI)Sal complex. Detailed peaks positions and assignments are presented

in Table 6.
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Fig. 50. Comparison of in-situ Raman spectra recorded in presence of 0.05 M inhibitors solutions with
the in-situ spectra of concentrated inhibitor solutions: (a) CP-Mg342 and HP-Mg51 in salicylate, (b)
CP-Mg342 in fumarate, (c) CP-Mg342 in 2,5-pyridine-dicarboxylate.
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Table 6. IR and Raman spectral data (cm™) and band assignments for NaSal solution, CP-Mg342
immersed in NaSal solution, precipitated in presence of NaSal Mg(OH),, soluble complex of
Fe(IlI)Sal.

' CP-Mg342 Mg(OH): + Sal Fe(I1T)Sal
Sal Solution surface + Sal Assignment
[106,223-228]
IR Raman IR Raman IR Raman IR Raman

11(,;.294;’ 11652955’ 1605 1605 11(,)5%39’ 1595. br 1602 1601 v8b +
’ v(C=0)+8(C,—OH)
1565, v (C-C) ring Or Vs
1572 1574, br = 1567 br = 1575, br br 1575 1574 (COO)
- - 1536, br - 15b3rl’ - 1544 Vas (COOY)
1489 1489 1470 1470, sh 1467 1468 C-Cring, (19a)
1447, .
1457 1460 1449 1450 S 1453, m = 1455 1455 C-C ring or 6(OH)
1387 1387 1387,sh | 1393,sh = 1388 1392 1359 1350, s vs (COO")
1373, .
1342 1347,br 1368,br = 1375,s sh 1376, sh Vs (COO)+ 8 Cpip-O
1300, .
<h 1306 1309, br | 1317,s 1317, s, br 1312,s v (C-C) ring, 14
1254 1256 1250 1252 1254 1255 1242 1240 ,m v (C, -0)
- 1225 - - 6CH
1160, 1157, 1160,
1159 -
VW VW VW
1147 1147 1140 1143, m 1146 1144 6CC (10)
1033 1034 1045,s | 1044,s 1041 1043, br 1037, vw 3CH
861 867, w 877 - 872 887 886
v (Co—COO)+ (Cy—
810 814, s 818 821 821 840

OH)+3, (COO")

v- very, s-strong;m- medium, w- weak; sh- shoulder, br- broad.
v indicates a stretching mode, 6 an in-plane bending mode

(+) in-phase movement; (—) out-of-phase movement,

Cy— carbon of the aromatic ring

Fig. 53 shows IR spectra recorded on CP-Mg342 after immersion in NaPDC solution.

It demonstrates some differences compare to spectrum of NaPDC solution (see Table 7): band
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at 1724 cm™, attributed to C=0O stretching vibration appears on spectra of dry sample; bands
in range of 1580 — 1610 cm! attributed to asymmetric stretching modes of COO- groups
[229,230] are shifted. Nevertheless, position of symmetric modes of COO- (stretching at 1362
and 1385, bending at 826 cm!) remains the same. Bending mode of aromatic system (1030

cm!) is shifted towards higher wavenumbers compare to solution spectrum.

Table 7. IR spectral data (cm™) and band assignments for NaPDC solution, CP-Mg342 immersed in
NaPDC solution.

NaPDC Solution  CP-Mg342 surface + PDC Assignment[229-2372]
- 1724 vC=0
1652 1607 vas (COOY)
1581, br 1589 vas (COO); vCCﬁlglll\JgI;- vCN + 6CCH +
1480 1480, sh V(CN) + 3CCH+v(C-0)
1457, sh vs (COO)
1385, vs 1385, vs vs (COO)
1362 1362 vs (COO")
1278 1278 vC-O + vCC ring + vCN
1178 1178 3(CC) +v(CC)+ 3(CH)
1121 1121
1030 1036 vCC ring + vCN + 6CCH
826 826, vw 3s(CO0O")
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Depth profiling

Fig. 54 illustrates the elemental depth profiles of CP-Mg342 corroded in absence and
in presence of the inhibitors. Generally, they demonstrate the oxide/hydroxide layer, with the
interface defined as decrease of oxygen and increase of magnesium signal. For the blank
solution, we had to reduce the immersion time in order to avoid the formation of rough surface,
which is not suitable for GD OES analysis; therefore, the oxide/hydroxide layer seems thinner
than for the other samples. The thickness of the oxide layer formed during 2 hours of the
immersion in the solutions containg the inhibitors correlates well with the kinetics data

obtained by in situ Raman spectroscopy: the oxide layer for fumarate is the thinnest.
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Fig. 54. Qualitative depth profiles of CP-Mg342 immersed in 0.1M NaCl solution in absence (a) and
in presence of inhibitors: (b) — NaSal, (c) PDC, (d) Fum
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It should be noted that the intensity of any element does not provide the information
about its mass without a calibration procedure. However, for our purposes it is enough to
compare the profiles of the similar samples and estimate the preferential presence of each
element qualitatively. Taking into account that the intensity of Mg as the principal element is
similar within the oxide layer (and in the bulk) for all the samples, we can compare the
intensity of other elements between the samples. H signal cannot be used for semi-quantitative
analysis in this case, because the discharge gas contained 1 % of Hz in order to minimize the
effect of H variation in plasma on the analytical parameters of GD OES (Chapter 4).

It is clear from the Figure that without inhibitors the oxide/hydroxide layer is enriched
by Cl. Depth profiles of the samples with inhibitors demonstrate carbon enrichment in the
oxide layer that indicates the presence of organic molecules in the surface film. Interesting
that for salicylate the carbon level is much higher compared to other inhibitors. For 2,5-
pyridin-dicarboxylate it seems that the two different layers exist: O and Mg signals are
evolving in two steps. Probably it corresponds to the well-defined oxide and hydroxide layers.

Carbon signal reaches the maximum exactly on the interface between these two layers.

Discussion

It is commonly accepted that Mg reactivity strongly depends on two factors: barrier
properties of the surface film and distribution of more noble impurities in Mg matrix. Both
factors are illustrated schematically in Fig. 55. In regards with the surface film itself, crystal
morphology and size play an important role in barrier protection: access of water and diffusion
of aggressive species to the metal substrate through the layer consisting of the large crystals
with low surface area is supposed to be easier than in case of the compact layer. Thus, Raman
spectra showing formation of big crystals (the band of bulk —OH groups at 3652 cm™!
was much more intensive compared to bands of surface -OH groups at 3675 and 3710 cm™")
and GD OES depth profiles demonstrating the Cl accumulation within the surface film,
formed in blank solution, are coherent with the high reactivity of Mg in these conditions.

The second factor playing an important role in Mg reactivity — presence of Fe-rich
inclusions in Mg matrix. Influence of Fe content is obvious from difference in corrosion rate
for HP-Mg51 and CP-Mg342 containing 51 and 342 ppm of Fe respectively, that was reported
previously [18] and was visible in this work on the photos of corroded samples Error!

Reference source not found.. Role of more noble inclusions is usually associated with the
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formation of microgalvanic cell between inclusion and Mg, where inclusion act as a local

cathode, accelerating H» evolution and material degradation rate.

OH + H,P

—
Fig. 55. Schematic representation of Mg reactivity in NaCl solution.

It is obvious from Raman spectra in range of -OH vibrations that addition of all
inhibitors leads to formation of Mg(OH), films with smaller crystals and high surface area,
which limits the access of Cl to the interface, that was evidenced by GD OES profiles.
However, the reason of such an effect, most probably, is different, according to other results
(shifts of peaks position in Raman and IR spectra, Mg(OH), growth kinetics, appearance of
GD OES profile).

Thus, further discussion of inhibition mechanisms will be based on explanation of such a

behavior and attribution of each inhibitor to “Fe-complexing”, “adsorption” (chemical or

physical) or “precipitation” type.
Sodium salicylate (Sal)

It is likely that the inhibition efficiency of Sal is explained by both Fe-complexing and
stabilization of Mg(OH)> nano-crystals due to the strong chemical interaction with the
surface.

First of all, the accumulation of Sal molecules on corroded surface of CP-Mg342
sample was concluded from the high C signal in GD OES depth profile, which was
significantly higher than for others inhibitors. The origin of this accumulation can be assigned
as chemical interaction according to Raman and IR spectra of CP-Mg342 sample immersed
in Sal solution. They revealed significant shifts in bands position as compared with Sal
solution spectra, suggesting the modification of Sal molecule geometry caused by strong
interactions and formation of covalent bonds between Sal and the sample. According to the
shifts of COO- (1603, 1567, 1536, 1387, 818 cm™!) and -OH (1250 cm™') bands, both of these
groups participate in the interaction [106]. Comparison with the reference samples

demonstrated that the most of the peaks shifts can be explained by the interaction with
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Mg(OH),. Sal is known as an agent stabilizing the nano-particles of metals oxides or
hydroxides due to the adsorption on their surface [233]. Thus, it is very probable that the
inhibition efficiency of salicylate is related to the stabilization of nano-crystals of Mg(OH)..

Nevertheless, several shifts in spectra (1605, 1450, broad peak at 1317 for Raman
spectra and broad band at 1575, 1545 shoulder, 1360 cm! for IR spectra) were different from
those observed on Mg(OH).. The apparent position shift of peaks maximums in many cases
of vibrational studies can be explained by assuming two distinct species with fixed absorption
frequencies, which vary only their population and consequently their relative intensities. This
kind of spectral fluctuations can be caused by the effect of temperature or concentration
[234,235]. In our case, all the measurements were done on the same instrument, at equal
temperature. The effect of concentration can eventually take place, cause the surface area (area
of adsorption sites) of precipitated Mg(OH), might be not the same as on corroded Mg sample.

Alternative explanation of the shifts as compared with precipitated Mg(OH) can be
related to the presence of Fe(Ill) complex in the surface layer, given that the shifts coincide
well with the most intensive characteristic peaks of Fe(IlI)Sal soluble complex (Fig. 51, Fig.
52). This suggests that besides the stabilization of Mg(OH), nano-crystals, Sal inhibition
efficiency can be related to the binding of Fe ions coming from dissolution of detached from
Mg substrate Fe-reach particles. This prevents iron re-deposition and inhibits cathodic
reaction. This mechanism is in agreement with the data reported in literature [30], suggesting
the cathodic type of inhibition by Sal, as well as with the absence of the inhibiting effect on
Mg-HP51 sample.

Kinetics of Mg(OH)> growth on CP-Mg342 in presence of Sal is described by a two
steps trend: the first 40 minutes it evolves like in solution without inhibitor, and then the
growth rate of Mg(OH), slows down. Probably, the first 40 minutes are needed to dissolve
the Fe-containing particles and stabilize pH that is suitable for the formation of Mg(OH):
particles with well-developed surface, so that, the inhibition effect of Sal starts only after this
“induction period”.

The fact that Sal inhibits CP-Mg342 corrosion and accelerate degradation of HP-Mg51
can be explained by both factors: Fe content and initial reactivity. Sal can form stable
complexes with Fe and Mg [18]. In case of HP-Mg51 with lower Fe content, the positive
effect of iron complexing is offset by accelerated Mg dissolution. Another explanation is that
the initial HP-Mg51 dissolution rate in 0.1 M NaCl solution is lower than the initial CP-
Mg342 dissolution rate, so that the ratio between [Mg?"], [OH] and [Sal] concentrations in
the initial stage is different for these two types of Mg. In case of HP-Mg5, [Sal] is in excess

compare to [OH7], this causes preferential formation of MgSal soluble complex, that
127



accelerates corrosion rate. In case of CP-Mg342, due to the high reactivity at very beginning
of immersion, excess of [OH"] goes to the surface, that leads to the precipitation of Mg(OH)2
and its further stabilization by Sal adsorption.

To sum up, proposed inhibition mechanism by Sal includes both suppression of Fe-

redeposition and stabilizing of Mg(OH): particles (Fig. 56).
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Fig. 56. Schematic representation of Sal inhibition mechanism: 1- initial stage (the first 40 minutes of
immersion), 2-dissolution of Fe-rich inclusions and stabilization of Mg(OH), nano-crystals.

2,5-pyridinedicarboxylate (PDC)

Precipitation of coordination polymer consisted of long chains of with PDC molecules
bonded due to the electrostatic interaction with metal cations is the possible explanation of
Mg corrosion inhibition by PDC (Fig. 57).

Firstly, GD-OES profile differs significantly from those of other inhibitors. During the
sputtering of the oxide/hydroxide layer, intensities of all elements evolve in two steps. This
could be explained by formation of two layers with different sputtering rate. Probably, it
corresponds to well defined Mg(OH): and MgO layers. Carbon intensity reaches the
maximum on the interface between these two layers, suggesting the enhanced accumulation
of PDC molecules there.

Secondly, the high fluorescence background appears after “induction period”. PDC
molecule itself does not provide fluorescence background. However, formation of a specific

network of the organic molecules which contains a chain of alternating double and single
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bonds, called conjugation, or t-electron delocalization can cause fluorescence [29,236]. It was
reported that PDC can form so-called coordination polymer with different dimensionality,
consisting of the long chains of PDC molecules bonded due to the electrostatic interaction
with metal ions [236-238]. Many of reported coordination polymers has fluorescent
properties [236,239,240].

Analysis of IR spectra demonstrated that bands of carboxylates (COO-) were shifted
compared to the solution spectra (1607 - vas, 1457 - vs[232]). Band at 1724 corresponding to
C=0 stretching of COOH, is absent in the PDC solution spectrum and appears in the spectrum
of Mg sample, suggesting that carboxylates are partly deprotonated. v(C=C) and v(C=N)
vibrations in PDC solution at 1581 and 1030 cm™! are shifted to higher wavenumbers on Mg
sample spectra (1589 and 1036 cm™"). Therefore, most likely the coordination occurs through
both, COO" group and pyridine N [239]. Most likely, “induction period” in kinetics curve of
Mg(OH), growth is related to the time period which is necessary for increasing pH [236] and
formation of polymer film.
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Fig. 57. Schematic representation of PDC inhibition mechanism.

Fumarate (Fum)

The most probable, the action of Fum can be attributed to physical adsorption on Mg
surface Fig. 58. Despite the well-developed Mg(OH), surface area, accumulation of organic
molecules is relatively low compared to other inhibitors: in depth profiles, the intensity of C
within the oxide layer is lower than in the oxide layers formed in the presence of other
inhibitors, but it is still higher than for the blank solution. According to in situ Raman spectra
in range of 700 — 1700 cm™! there is no specific (chemical) interaction of Fum with the sample
surface (no shifts as compared with Fum solution was noticed). Usually, the absence of
difference in the spectra between the adsorbed and free molecules is associated with a weak
physical adsorption due to electrostatic interactions; this should not modify significantly the
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geometry of the adsorbed molecule [105]. Mg(OH). growth kinetics differs from other
inhibitors by the absence of an “induction period”, hence, its inhibition effect does not depend
on the formation of Mg(OH), particles, like it was in the case of Sal. This also can be the

argument for instantaneous physical adsorption on Mg surface.
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Fig. 58. Schematic representation of Fum inhibition mechanism

Conclusions

Surface analysis techniques such as in situ Raman spectroscopy in kinetic mapping
mode, ATR-FTIR and GD OES were applied to study the effect of inhibitors (Sal, PDC, Fum)
on the surface film formation and evolution during corrosion of pure Mg in aqueous solutions
containing Cl. Namely, the growth kinetics of the surface film, its chemical composition,
depth elemental distribution and morphology were studied.

Raman spectra in the range of OH vibrations demonstrated that addition of all of these
inhibitors leads to formation of a compact Mg(OH), layer with well-developed surface area.
This layer has relatively good barrier properties preventing the diffusion of Cl- to the metal
substrate, that was clearly shown by GD OES depth profiles of corroded Mg samples.

Three different mechanisms caused formation of the protective films were proposed:
physical adsorption of fumarate on Mg surface, stabilization of Mg(OH): particles due to the
chemical adsorption of Sal and precipitation of coordination polymer at the interface between
more and less hydrated oxide layers in case of PDC. Despite the chemical adsorption on
Mg(OH)2 nano-crystals, Fe-complexing mechanism more likely takes place in case of Sal
inhibition. It was concluded from the characteristic peaks of Fe(IlI)Sal IR and Raman, found
in the spectra of CP-Mg342 corroded sample. This mechanism is also consistent with the fact
that Sal inhibits corrosion of only Mg with higher Fe content and cathodic inhibition type of
inhibition reported previously [30].

130



Chapter 8

Conclusions and Perspectives

Development of new analytical approaches for investigation of Mg

corrosion and protection mechanisms

The first objective of the work was analytical and consisted in the development of new
approaches to study evolution of the surface films on corroding Mg. Both, in-situ and ex-situ
aspects were taken into account.

Concerning in-situ evaluation, for the first time a methodology was proposed which is

able to survey in-situ the kinetics of the oxide/hydroxide film evolution in aqueous solutions

on significantly large surfaces and with sufficient lateral resolution (mapping mode). In-situ

kinetics Raman mapping (KRM) was developed and its applicability to describe the effect of
solution composition (pH, presence of CI-, presence of inhibitors) on the local evolution of
surface film at initial stages of Mg corrosion in thin layer cell was demonstrated. Namely, the
use of a specific normalization procedure for the evolution of Aijg Mg(OH), peak during
immersion in different locations allowed extracting film growth kinetics from sufficiently
large surfaces with about 10 pm spatial resolution within the same experiment. The detailed
analysis of the in-situ Raman spectra modifications was also able to extract information about

the evolution of the crystal shape and crystal size during reactivity. From the methodological
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point of view, such a technic should be easily extended to multiple processes for which in situ
measurement with local resolution can be of interest.
Concerning the ex-situ characterization, the novelty of the work is the verification of

the applicability of RF GD-OES to test surface enrichment on corroded Mg surfaces as a

relatively non-expensive and low time consuming alternative to high vacuum technics like
XPS, ToF SIMS., etc...), testing its limits and suggestion of solutions for the found difficulties.

One of the important but often neglected in corrosion research problems of applicability of
GD OES is that atomic H in plasma, coming from the sample (outer hydroxide layer), can
significantly modify not only the sputtering rate but also detection limits and emission yield
for particular emission lines. The effects of H on the analytical parameters of GD OES were
studied and it was demonstrated that not take into account the H-effect can cause an
ambiguous interpretation of elements intensities changes in oxide/hydroxide layer compared
to metal bulk. Two different approaches which permits take into account the effect of H were
proposed. The experimental approach was to characterize the corroded layers using not
conventional Ar but Ar/H» plasma gas, while in case of results obtained in conventional Ar
gas the H-correction procedure was proposed and correlation coefficients for Mg, Mn and Fe
were obtained. The results give a way to obtain simply interpretable qualitative profiles on
corroded Mg surfaces. Another important conclusion from the work is that the detection limit
for Fe is significantly degraded in presence of H, thus, it was not every time possible to
confirm the ppm-level enrichment of the oxide film in Ar/H> plasma, however the results of
theoretical H-correction taking into account the measured in Ar/H; plasma interferences of H

signal on the Fe background signal can be used.

Understanding the solution chemistry effects on the evolution of
oxide/hydroxide films on corroding Mg: corrosion and protection

mechanisms

The main objective of the work related to Material Science was to correlate

environmental composition, evolution of the surface film and Mg reactivity with help of new

proposed methodologies and additional ex situ characterizations.

Among different factors, which could be taken into account, we selected the effects of
solution pH, concentration of Cl" ions and the presence of selected organic inhibitors on the

film growth and breakdown kinetics, film enrichment and reactivity mechanisms.
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1.1.1 Effect of solution pH

The direct application of the proposed in-situ KRM was able to distinguish the pH
effect on the brucite growth kinetics on the areas, which did not evolve in optical images
during immersion. This kinetics was parabolic (diffusion limited) at pH 13 but linear (surface
reaction limited) at pH 7-10.5 (Fig. 59a). A jump in the kinetics curve was observed in
particular locations on the surface (Fig. 59b) which were associated with the proximity of
black filaments (Fig. 60a). The time of the jump in Kkinetics curve coincides with the first
visual observation of filament in studied zone and mapping of this time (Fig. 60b). It was
also shown that increase of Cl- content in solution result in higher overall rates of the film

growth but doesn’t modify the slope of the kinetics curve, thus don’t influence the film growth

mechanism.
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Fig. 59. Examples of localized in-situ Mg(OH), growth kinetics on corroding Mg immersed in 10 mM
NaCl at different pH: a) “intact” areas at pH 9 (blue triangles) and pH 13 (black squares); and b) in
black filament at pH 9, experimental results (red circles) and theoretical simulation of enhanced
Mg(OH), precipitation due to spontaneous pH increase.

Fraction of the surface with “broken” film as a function of time was also plotted showing the
linear breakdown kinetics coherent with the previously observed by Time Laps Optical

Microscopy.
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Fig. 60. (a) Example of Mg surface appearance at 80 minutes of contact with 0.1 M NaCl solution; (b)
kinetic map (time of sharp growth rate increase for each point) for the same surface.

Concerning the in situ evolution of the crystal size and morphology, from the analysis
of “satellites” peaks in Raman spectra it was possible to correlate high alkalinity with
decrease of brucite grain size and the favoring of nucleation processes versus grain growth.
Namely, on the basis of recently published in the literature results of quantum calculations,
the bands at 3675 cm™ and 3710 cm™! were attributed to vibrations of surface Mg-OH groups
with different crystallographic oriented planes, (0001) and (10-10) respectively the presence
of “satellites” hence was considered as an evidence of high surface area and smaller Mg(OH)2
crystal size at high pH. This hypothesis was confirmed by ex-situ Scanning Electron
Microscopy (SEM) (Fig. 61 b,d). Similar kinetics of the bulk and satellite peaks growth
were obtained at pH 13 after about 10 minutes of induction period indicating that the
crystal morphology reaches equilibrium at this time.

pH effect on the kinetics of the brucite film growth, the crystals size and morphology
is coherent with dissolution-precipitation model of its formation. In this regard, enhanced
growth of Mg(OH): in proximity of filaments could be explained by surface film breakdown
in this locations resulting in the injection of the excess Mg?* and/ or OH- ions and causing
additional brucite precipitation as schematically present inFig. 62.

A simple calculation of film growth Kkinetics around the filaments using a
precipitation from supersaturated solution gives results which fit well with the observed

jump (simulated kinetics is shown by the grey curve in Fig. 59b).
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Fig. 61. Examples of in-situ Raman spectra of Mg surface in contact with 0.1 M NaCl at pH 9 (a) and
13 (b) and ex-situ SEM images of the corresponding surfaces after immersion (c,d).

breakdown

Fig. 62. Schematic representation of Mg(OH), growth in CI” containing solution around
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Finally, with help of in-situ kinetics measurements the importance of dissolution
— precipitation processes for brucite film growth and breakdown on corroding
Magnesium was demonstrated and a simple description of the related mechanisms in
terms of precipitation from supersaturated solution was proposed. The effect of pH on
the film stability can be hence interpreted in terms of this mechanisms and this

understanding can contribute for the choice of effective anticorrosion strategy.
1.1.2 Effect of selected organic molecules

The proposed analytical methods contributed into understanding of corrosion
inhibition mechanisms by selected organic molecules, namely sodium salts of salicylic (Sal),

2,5-pyridine-dicarboxylic (PDCA) and fumaric (Fum) acids (see Fig. 8)

a b c -

OH

O :
O

Fig. 63. Structural formula of Mg corrosion inhibitors studied in this work: (a) salicylate, (b) 2,5-
pyridinedicarboxylate, (c) fumarate.

The surface evolution in 0.1 M NaCl solution with and without inhibitors was
compared on two types of pure Mg. The principle difference between the Mg compositions
was amount of Fe impurities, 342 and 50 ppm for commercial and high purity Mg
respectively. All of inhibitors efficiently retarded Mg corrosion, except salicylate, which
inhibited only Mg with higher content of Fe inclusions and, conversely, accelerated corrosion
for high purity Mg.

GD-OES depth profiles after immersion of Mg in 0.1 M NacCl solutions with and w/o
the inhibitors (Fig. 64) confirmed that all inhibitors were incorporated into the
oxide/hydroxide film (strong C signal) and efficiently decreased the quantity of adsorbed

CI, which is known as a film destabilizing agent responsible for the initial pitting.
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Fig. 64. Elemental GD OES depth profiles obtained on commercial purity Mg (pppm impurities) after
2 h of immersion in 0.1 M NaCl without inhibitors (a) and with addition of XM inhibitor: sodium
salicylate (b), PDCA (c) or sodium fumarate obtained in Ar/H2 plasma.

In situ Raman spectroscopy revealed two different trends in Mg(OH): growth
kinetics in presence of inhibitors (Fig. 65). For fumarate, the growth was slower as
compared with 0.1 M NaCl solution. For salicylate and PDCA the growth rate evolved in 2
periods. Initially, it was similar to the growth rate evolution w/o inhibitors. After
approximately 40 minutes of the surface contact with the solution, the growth was slower and
looked similar to fumarate solution. In presence of all inhibitors the satellite peaks were

visible, revealing smaller crystal size than in solutions w/o the inhibitors.
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Fig. 65. Typical localized Mg(OH), growth kinetics on corroding Mg immersed in 0.1 M NaCl w/o
inhibitors (black squares), with addition of 0.05 M sodium salts of fumaric (blue squares, Fum)
salicylic (red circles) and 2.5-pyridindicarboxylic (green triangles, PDCA) acids.

The interaction of the inhibitors with the surface film was also analyzed. On the
corroding Mg of commercial purity, the characteristic Raman shifts and IR bands positions
of -COO" and -OH groups of salicylate were shifted as compared with the position
observed for the inhibitor (Fig. 66). This was interpreted as a specific interaction of
salicylate with the surface. For fumarate, no specific interaction was observed. For PDCA
no shifts in bands position in Raman spectra were registered during first 40 minutes,
and then the high fluorescence background appeared hindering the Raman signal. This
could be explained by formation of a specific set of the organic molecules which has a chain
of alternating double and single bonds, called conjugation. Ex situ analysis by IR spectroscopy
confirmed slight shifts of the peaks positions characteristic for aromatic ring vibrations for
PDCA.

Three different types of interaction of the organic molecule with the Mg surface
were proposed for studied inhibitors. Physical adsorption of fumarate, chemisorption of
salicylate on Mg(OH)2 with probable Fe-complexation and coordinated polymer formation at
the interface between more and less hydrated oxide/hydroxide layers in case of PDCA are the
most probable mechanisms of the surface modification. Concerning the inhibition
mechanisms, specific interaction of salicylate with Fe is coherent with cathodic inhibition
reported in the literature as well as with the absence of the inhibition effect for high
purity Mg. Fumarate and PDCA form homogenous surface films that is more coherent
with inhibition of anodic reactivity. All the surface films formed in the presence of

inhibitors contain Mg(OH)2 nanocrystals with a reduced size as compared with the films
138



formed w/o inhibitors and block CI access to the surface, reducing the possibility of

localized corrosion due to the film breakdown.

1034-1044 1250-1255
814-821 H :
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'800 1000 1200 1400 1600

Raman shift (cm™)

Fig. 66. Examples of in-situ Raman spectra of commercial purity Mg (CP —Mg342) and high purity
Mg (HP-Mg50) in contact with 0.1 M NaCl + 0.05 M Na salicylate solution compared with Raman
spectra of Na salicylate solution.

Perspectives

This work had two aspects: one of them was analytical (development/adaptation of
methodologies) and another one was related to the understanding of physico-chemical
processes that occur at solid/liquid interfaces. Both of these directions can be further extended.

Concerning the analytical part, in this work GD-OES analysis was carried out in a
qualitative way, whereas it could be performed quantitatively with beforehand calibration
procedure. It needs, however, serious analytical development, choice of the calibration
standards etc. Another direction for GD-OES analysis can be related to the content of
discharge gas. In current work we tested only Ar and Ar/H, mixtures and demonstrated that
addition of Ha> changes significantly the sputtering rate, which was an advantage in case of
analysis of thin oxide layers and disadvantage in terms of detection limits of minor elements.
Thus, the choice of the optimal H> content or another additive such as N, could be performed
in future to improve the analysis characteristics.

The application of developed techniques, in particular the kinetic analysis in mapping
mode, can be further explored for investigation of multiple systems (not only Mg), for which
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in situ kinetics measurement of the surface chemical evolution with local resolution can be of
interest, including the problems of hydration of cements, the problems of surface treatment,
etc...

In regards to Mg corrosion, the influence of alloying elements such as Li, Ca, Mn, Zn,
which are extensively studied for new applications (batteries, bio-ressorbable implants), as
well as the effect of different species present in the solution, for instance the presence of
protenis in relation to bio-application or the effect of the ionic liquids in relation to batteries
research, can be studied with help of the proposed approaches. Some work in this direction,

which is presented in appendices, were have already started.
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Abstract

The surface film formed on an ultra-lightweight Mg-Li(-Al-Y-Zr) alloy was
investigated. The high Li content (10.3 wt%) of this alloy led to the formation of a
homogeneous body center cubic (bcc) crystal structure. Previous research reported that this
bce Mg-Li(-Al-Y-Zr) alloy demonstrated high corrosion resistance that was associated with
the formation of a protective lithium carbonate (Li2CO3) surface film. Herein, the surface film
that forms upon the bcc Mg-Li(-Al-Y-Zr) alloy following exposure to aqueous chloride
containing electrolyte and ambient air was comprehensively studied by complementary
methods, to provide a holistic representation of the alloy surface. In addition to scanning
electron microscopy and transmission electron microscopy of focused ion beam prepared
surface cross sections, the composition of the surface film was studied by grazing incidence

165



x-ray diffraction and Raman spectroscopy, both of which clearly showed Li>2CO3 formation
on the surface. The surface film structure was also investigated by glow discharge optical

emission spectroscopy. The results indicated a complex and multi-layer surface film is formed
upon Mg-Li(-Al-Y-Zr).

Keywords: Magnesium, Mg-Li alloy, lithium carbonate, surface film, scanning TEM,
GIXRD, GDOES, Raman spectroscopy.
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1. Introduction

Magnesium (Mg) alloys are the lightest structural metal available; however, owning
to their intrinsic shortage on room temperature ductility and high corrosion susceptibility, the
use of Mg alloys in industrial applications is still limited [1]. By alloying Mg with lithium
(Li), the density of Mg alloys can be further reduced; moreover, the improvement in room
temperature ductility can be significant as well [2-5]. Except for the low density and high
ductility, Mg-Li alloys can also achieve many desirable properties such as high specific
strength, high elastic modulus, weak anisotropy and good damping property etc. [6-9].
However, despite all the benefits, the poor corrosion resistance and creep resistance have
restrained the development of Mg-Li alloys for industrial applications [10].

The structure of Mg-Li alloy is dictated by the Li content [11]. In fact, when Li content
is lower than 5.7 wt%, hexagonal close-packed (hcp) o Mg-Li matrix forms; if Li content is
between 5.7 wt% and 10.3 wt%, hcp o phase and bee B phase coexist in the system and form
a dual phase Mg-Li alloy. Furthermore, if Li exceeds 10.3 wt%, B phase bcc Mg-Li matrix
becomes the predominant phase. To date, there are many studies investigated the impact of Li
addition on the susceptibility of Mg alloys. Haferkamp et al. [4] reported that a small amount
of Li addition (to obtain single-phase hcp Mg-Li alloys) could reduce the corrosion rate of
pure Mg. Conversely, Song et al. [12] indicated that the corrosion resistance of a dual phase
Mg-Li alloys (with 8 wt% of Li) was deteriorated through an accelerated cathodic reaction.
On the other hand, Frost et al. [13] observed good corrosion resistance on single phase bce
Mg-Li alloys. In a research of bcc Mg-Li alloy, Xu et al. [14] reported the development of a
Mg-Li(-Al-Y-Zr) alloy with 10.3 wt% of Li that possesses both good corrosion resistance and
specific strength. Xu attributed the improvement in corrosion resistance of the Mg-Li(-Al-Y-
Zr) alloy to the homogeneous bce microstructure and, more importantly, the formation of a
protective surface film.

The dissolution and surface film formation of Mg alloys have been largely documented
and it is well known that Mg in neutral and chloride containing environments is not able to
form a compact protective film [15, 16]. When Mg is exposed to an aqueous environment (in
neutral or alkaline conditions), a Mg hydroxide surface film rapidly forms on the surface.
However, because the Pilling-Bedworth ratio of Mg is less than 1, which means the volume
of the oxide/hydroxide of Mg is smaller than the original volume of the Mg matrix, the surface
film formed on Mg is usually highly defective [17]. In addition, Mg(OH), surface film is not
stable except in highly alkaline environment (pH > 10.5); which means Mg alloys are lack of

protection from the aggressive environment in most of the common conditions. In Mg-Li
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alloys, on the other hand, a more protective surface film was reported by many researchers
[18-21]. In the study of Zeng et al. [18], carbonates and hydroxides (e.g. MgCO3 and LiOH)
formed on the surface of an air-exposed Mg-9.29Li-0.88Ca alloy sample were proposed to
jam the cracks on the surface film and to limit further corrosion. In the study of Mg-Li-Al-Zn
alloys, Lin et al. [19] attributed the improvement in corrosion resistance mainly to the
formation of Al-Li particles that helped to form a more compact Mg(OH). surface film. In
addition, Lin also reported the increase in Li* cation concentration in MgCl, test solution
improved the corrosion resistance of Mg-Li-Al-Zn alloys. In the study of Witte et al. [20], the
improvement in corrosion resistance of Li-containing Mg alloys was attributed to the
increased alkalinity caused by the lithium dissolution, triggering faster Mg(OH),
precipitation. During the open circuit exposure of a bcc Mg-Li(-Al-Y-Zr) alloy in 0.01 M
NaCl, Hou et al. [21] observed a relatively low dissolution rate of Li (comparing with Mg)
using an inductively coupled plasma mass spectroscopy (ICP-MS) coupled with an
electrochemical flow cell. Hou reported a Mg/Li dissolution ratio of 3.4 : 1, which is much
larger than the nominated compositional Mg/Li ratio of 2 : 1. Such a low dissolution rate of
Li was attributed to the formation of a Li containing protective film that caused Li retention
on the surface. In one study, Song et al. [22] characterised the composition of surface film on
a dual phase Mg-8Li(wt%) alloy formed in ambient atmosphere using X-ray photoelectron
spectroscopy (XPS). A four-layer structure was proposed by Song, that contains: a LiO and
Mg(OH): out layer; a Mg(OH),, Li2O and MgO second layer; a Mg(OH)2, Li2O, MgO and
LiOH third layer; a MgO and Li;O bottom layer. Note Song also observed high carbon
concentration on surface film which was attributed to the adventitious hydrocarbons from the
environment. In the study of Zeng et al. 18], a four-layer structure of surface film was also
proposed that contains: an out layer of Li,O, LiOH and Li2COs; a second layer of LiOH,
Li2CO3, Li202, MgCOs and LiH; a third layer of Li2O», Li2O, MgO and CaO; a bottom layer
includes matrix phases and oxides. However, both Song and Zeng studied dual phase Mg-Li
alloys with intermediate Li content using X-ray photoelectron spectroscopy (XPS), in which
the combination of a and B phases could make the accurate interpretation of surface film
structure difficult. In the study on the bce single-phase Mg-Li(-Al-Y-Zr) alloy of Xu et al.
[14], the XPS results showed a relatively simple structure of surface film, which contains a
Li2COs out layer, a compact Li2O/MgO intermediate layer and the Li depleted Mg matrix as
bottom layer. This Li;COs-containing surface film formed on Mg-Li(-Al-Y-Zr) alloy was
proposed to be similar to the passive film formed on Al or steel which can form spontaneously
and can self-repair after damage. However, to date, accurate characterisation of Li distribution

is still proved to be challenging. The conventional characterisation methods such as energy
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dispersive x-ray spectroscopy (EDXS) cannot be used to directly characterise Li and the
detailed structure of surface film formed on Mg-Li alloys remains undetermined. Herein, the
morphology of the surface film formed on a becc Mg-Li(-Al-Y-Zr) alloy after immersion and
air-exposure was observed by scanning electron microscopy (SEM). The composition of the
surface film was characterised by Raman spectroscopy and grazing incidence X-ray
diffraction (GIXRD). Glow discharge optical emission spectroscopy (GDOES) was used to
determine the elemental depth profile of alloy surface. Scanning transmission electron
microscopy (STEM) was applied on carefully prepared surface film lamella to characterise
the distribution of elements and the layered structure of the surface film. Even though Li
cannot be detected by conventional EDXS, the maps of other elements in the system were
collected, which could help to determine the structure of the surface film and to locate the

proposed Li>2COs film.
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2. Experimental

2.1.Materials

An Mg-Li(-Al-Y-Zr) alloy with the following composition of 30.3% Li, 2.34% Al,
0.128% Y and 0.039% Zr (at%) was used. The alloy was extruded following casting, the
details of which are also provided elsewhere [14]. The extruded billet was cold-rolled into 3
mm sheet. Then, the rolled sheet was solution treated at 380 °C for 5 min and subsequently
water quenched. After 3 hours of ageing at 70 °C, the quenched alloy sheet was cold-rolled to
a final thickness of 1 mm. Pristine samples were prepared as 30 mm % 100 mm x 1 mm rolled

sheets.
2.2.Microstructure and surface morphology characterisation

Elemental composition prior to immersion as well as surface topography after
immersion and air-exposure were characterised using a FEI Quanta 3D FEG scanning electron
microscope (SEM) coupled with an energy dispersive X-ray spectrometer (EDXS). An
acceleration voltage of 30 kV was used for the morphology characterisation using secondary
electron (SE) mode; while the voltage used for acquiring EDXS maps and back scattered
electron (BSE) images was 15 kV. SEM samples were ground to a 4000 grit finish using
silicon carbide (SiC) under ethanol, followed by polishing (diamond paste) to 0.25 pm, before

a final polish using 0.05 pum colloidal silica suspension.
2.3.Compositional characterisation of surface film

The composition of surface film was investigated by X-ray diffraction (XRD) using a
Bruker D8 Advance X-ray diffractometer operating at 40 kV and 25 mA with copper target.
A 20 range of 15°-63° was used. The surface film composition was also characterised using
grazing incidence X-ray diffraction (GIXRD) with an incidence angle of 0.2° and 1°. Mg-Li(-
Al-Y-Zr) sample used for XRD and GIXRD spectra acquisition was prepared to a 0.05 um
colloidal silica suspension finish as per SEM specimens. After polishing, the sample was
cleaned with ethanol and exposed in ambient environment for 4 hours.

Raman spectroscopy was also used for characterising the surface composition of Mg-
Li(-Al-Y-Zr). Raman spectra were collected from the surface of two immersed then air-
exposed samples using an InVia confocal Raman microscope (Renishaw). Scanning was
performed using 532 nm laser, 50% power under 50x objective lens through 1800 I/mm
visible grating. The broad scan spectra ranging from 100 to 4000 cm™' Raman shifts were
collected so that to observe the Li>COj3 peak at around 1090 cm™!' and the Mg(OH): peak at
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3652 cm™! Raman shifts according to the RRUFF project database [23]. The spectra were
collected with exposure time of 10 s under standard mode. The samples for Raman
spectroscopy were ground to a 4000 grit finish using SiC paper under ethanol. The polished
samples were immersed in 0.1 M NaCl at 25 °C for 24 hours, then one sample was exposed

in ambient environment for 60 hours and the other sample was air-exposed for 60 days.
2.4.Characterisation of surface film structure

Glow discharge optical emission spectroscopy (GDOES) equipped with a Differential
Interferometry Profiling (DiP) system able to monitor in real time the sputtered depth was
used to obtain elemental depth profile on the surface of Mg-Li(-Al-Y-Zr) samples. In DiP
system, a laser source is separated into two beams: the reference one is directed on the intact
surface of the sample, while the depth sensing one is directed on the middle of the GD
measured area. The interference between the two reflected beams permits a direct
measurement of the crater depth in case of homogenous craters and flat surfaces. In case
strongly rough material and/or very inhomogeneous erosion the measured depth can be not
representative for the whole surface and the absolute values obtained in such cases should be
taken with caution. The samples were sputtered using a GD-Profiler 2™ Glow discharge
optical emission spectrometer (Horiba Jobin Yvon) at power of 17 W in argon atmosphere of
750 Pa and anode diameter of 4 mm. The spectral wavelengths (nm) used for detection are:
Mg 285, Li 671, Al 396, Y 371, Zr 360, C 156 and O 130. Mg-Li(-Al-Y-Zr) samples were
first ground to a 4000 grit finish using SiC paper under ethanol. Two different exposure
conditions were applied to the ground sample before GDOES analysis: 1. immersed in 0.1 M
NaCl at 25 °C for 24 hours then air-exposed for 60 hours in ambient environment; 2. immersed
in 0.1 M NacCl at 25 °C for 24 hours then air-exposed for 60 days in ambient environment.

Scanning transmission electron microscopy (STEM) characterisation of surface film
was performed using a FEI Tecnai G2 F20 S-TWIN FEG operating at an acceleration voltage
of 200 kV. Bright field (BF) image, high angle annular dark field (HAADF) image, selected
area diffraction (SAD) pattern and EDXS maps were collected. The electron transparent cross-
section foil was extracted from the surface of the immersed then air-exposed SEM sample
using a focused ion beam (FIB) system coupled in the FEI Quanta 3D FEG SEM. For
preparing the foil, a thin layer of Pt was deposited on the area of interest to protect the surface
film before sectioning with Ga ion beams. The sectioned foils were subsequently welded to
Cu grids using Pt deposition through micro-manipulation (designated as “lift-out” process).

Fine polishing was applied using Ga ion to reduce the final thickness of foils to about 100 nm.
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3. Results
3. 1.Initial microstructure of Mg-Li(-Al-Y-Zr) sample

The general microstructure and elemental composition of the surface prior immersion
test are shown in SEM images (Figure 1).

The backscattered electron (BSE) images show a relatively homogeneous
microstructure with the presence of several micrometre-size bright particles sporadically
distributed on the surface of the polished Mg-Li(-Al-Y-Zr) sample (Figure 1a). Comparing
with the SEM images of dual phase Mg-Li alloys [24], the absence of contrast indicates the
formation of a relatively homogeneous bce microstructure. However, the higher magnification
image shows some bright points on the surface which may be formed by the reaction between
the sample surface and the aqueous colloidal suspension polishing media used during sample
preparation. The SEM-EDXS maps (Figure 1b) indicate the presence of Y, Zr and Al-rich
particles. These observed particles should be the grain refiners in the system as Y and Zr are
conventionally added into Mg alloys for grain refinement and strengthening purpose [25].
Note that, from the EDXS maps, the compositions of these observed particles are not identical.

The XRD spectrum collected on the Mg-Li(-Al-Y-Zr) sample surface without using
grazing incidence angle is shown in Figure 2.

Except for the intense signal of bcc Mg-Li matrix, small signals of ALY phase and
AlzZrs phase are also observed; which confirms the observed Y, Zr and Al-rich particles are
ALY and AlsZrs grain refiners. Interestingly, there are small signals of hcp Mg-Li matrix that
can be observed in the XRD spectrum, which means small volume of hcp Mg-Li structure

was also formed in the proposed homogeneous bec Mg-Li matrix.

3.2.8urface morphology after immersion

In previous studies [14, 21], the superior corrosion resistance of bcc Mg-Li(-Al-Y-Zr)
alloy was attributed to the homogeneous microstructure and, more importantly, to the
formation of a Li-rich surface film. Therefore, in this study, the specimen was immersed and
air-exposed to sufficiently trigger the film formation then analysed via SEM (Figure 3).

The surface after exposure includes two distinct surface morphologies where the
presence of localised attack is clearly illustrated by the interconnected trenches on the surface
as well as quite significant proportion of relatively unaffected region, which are designated as
“Type 1” and “Type 2” regions respectively. A large population of the bright surface particles

are observed in the vicinity of the unaffected region and have no sign of localised corrosion,
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which suggests these grain refiners would not induce localised attack in the Mg-Li(-Al-Y-Zr)
alloy.

The SEM images of the immersed then air-exposed surface with higher magnifications
are shown in Figure 4 and Figure 5 for the “Type 1” region and “Type 2” region respectively.

Even though the “Type 1” region covers large proportion of the surface, it can be
observed that the damage to the alloy surface is superficial. Obvious fissures can be observed
at the bottom of the trench-like attacked region, which are most likely caused by the
dehydration of the surface corrosion product. The general structure inside the attacked region
suggests the presence of porosity, which contains a large number of needle-shape objects of
several hundred nm in length (Figure 4). The needle-like shape and the wide distribution of
these objects are typical to Mg(OH)> that can precipitate on the corroded surface of Mg alloys
[26]. Although these objects are observed to cover the majority of the attacked regions, they
do not form a compact film and, therefore, should not contribute much to protect the
underlying matrix.

In contrast, on the “Type 2” relatively unaffected region, a film can be readily observed
(Figure 5). The needle-shape objects can also be found in this region. However, they are
mostly covered and connected by the film. The surface film in this region provides good

surface coverage without obvious sign of crack or fissure.
3.3.Chemical composition of the surface film

The composition of the surface film was characterised using GIXRD and Raman
spectroscopy. The GIXRD spectra acquired from the air exposed Mg-Li sample are shown in
Figure 2.

From the air-exposed sample, GIXRD clearly identifies the presence of Li2CO3; on
surface. Since the sample used for GIXRD was not immersed before air-exposure, almost no
Mg(OH): signal can be observed (only visible at small 20 angles). Moreover, it is interesting
to notice that signal intensity of hcp and bcc Mg-Li phase changes dramatically with different
incidental angles. When increasing the incidental angle from 0.2° to 1°, the hcp Mg-Li signal
decreases dramatically comparing with the signal from the bcc Mg-Li phase. Moreover, the
signal of hcp Mg-Li phase in conventional XRD spectrum is very weak while it is much
stronger in the GIXRD spectra. (Note the extremely high intensity of bcc Mg-Li signal at large
20 angles (around 52°) in XRD spectrum may be attributed to the influence of texture induced
by cold rolling.) This change in the signal intensity of hcp and bec Mg-Li phase represents a

higher amount of hcp Mg-Li phase present near the surface.
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Raman spectra collected on the immersed then air-exposed samples are displayed in
Figure 6.

The presence of Li2CO3 and Mg(OH): are evidenced by the strong band at 1090 cm™!
and the band at 3652 cm™! respectively. Comparing the samples with different air exposure
duration, one can see that Li2COs signal increases significantly with air exposure time while
Mg(OH): signal decreases. It can also be noted that the increasing fluorescent background
between 1000 to 4000 cm!, which was attributed to the accumulation of magnesium

hydroxycarbonates like dypingite [23].

3.4.Structure and distribution of chemical elements of surface film.

The GIXRD and Raman spectroscopy results indicate the presence of Li>COs3 and
Mg(OH); on the surface of Mg-Li(-Al-Y-Zr) alloy at different exposure conditions. However,
their distribution and the detailed structure of surface film still need to be determined.
Therefore, GDOES elemental depth profiles were obtained for Mg-Li(-Al-Y-Zr) samples after
different exposure conditions which are shown in Figure 7.

For the sample immersed for 24 hours then air-exposed for 60 hours, the spectrum
clear indicates the formation of a surface film which seems to be rich in Mg and depleted of
Li. The total thickness of the film is estimated at about 1.3 pm and it shows a bi-layer structure:
at about 0.5 um depth, there is an obvious change in Mg, Al and Li content, where the Mg
signal starts to decrease with increasing depth while the Al and Li start to appear in the film.
This change in Mg, Al and Li signals may suggest the existence of at least two different layers
in the surface film: the outer layer that is rich in Mg but depleted with Al and Li; the inner
layer that contains a bit less Mg but have small amount of Al and Li. O and C can be observed
all over the surface film. It is also noted that small amount of Li can be observed at the
outermost region.

For the sample immersed for 24 hours then air-exposed for 60 days, the total film
thickness is estimated to be about 1.75 pm. Comparing with the sample that was air-exposed
for 60 hours, the spectrum shows the existence of an outer layer that is rich in Li. The outer
layer (about 0.25 um of surface film) contains only Li, O, and C which is logically to attribute
to Li2CO;. The content of Li decreases after 0.9 um in depth indicating the presence of a
relatively Li-lean inner layer. Comparing with the outer layer, the inner layer contains less Li
but more Mg, Al and Y. No detectable Zr signal can be observed on any sample which may
be caused by the low concentration of Zr in the Mg-Li(-Al-Y-Zr) (0.039 at%). However, it is
worth a notice that the thickness measurement of surface film by GDOES is not very accurate
for the strongly corroded surfaces because the DiP result can be significantly influenced by
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the surface roughness. Therefore, to obtain the more accurate thickness values and to observe
the morphology of each layer, STEM experiments were performed.

STEM characterisation was conducted on foils of the surface film sectioned and “lift-
out” using FIB from the “Type 2” region of the immersed then air-exposed sample surface
given a film was observed by SEM in this region. The maps of the major elements in the
system (except Li) together with the corresponding BF and HAADF images are shown in
Figure 8.

From the BF and HA ADF images, the structure of surface film can be roughly divided
into two major layers. The outer layer (except the Pt film which was deposited for sample
preparation process) is a porous layer containing needle-shape objects. Judging by the shape
and distribution of these objects, they are proposed to be the same needle-shape objects
observed by SEM. The EDXS elemental maps confirm the presence of Mg and O in these
objects which, together with the results of Raman spectroscopy, further corroborate that these
objects are Mg(OH)2 (H cannot be detected by EDXS). In previous study, it was reported that
the dissolution-precipitation process could result in the formation of a porous and platelet
outer layer of Mg(OH). when immersing Mg in water [27]. The high porosity and the shape
of Mg(OH): objects suggest this porous outer layer was also formed by the re-precipitation
process of Mg during immersion. Under the porous outer layer, a more compact inner layer
can be found. The inner layer exhibits a more complex composition, mostly comprise of Mg,
C, O and Al It can be clearly observed that the Al is present in the inner layer but not in the
outer layer of surface film, which correlates with GDOES (Figure 7a). While it is not shown
here, Y and Zr were not detected by the EDXS, probably due to the relatively low
concentration of these alloying elements and their segregation at large grain refiners.

Except for the relatively thick outer layer and inner layer, at the boundary between the
inner and outer layers of surface film, relatively strong Al signals can be observed in many
discontinuous particles in a thin intermediate layer. The intermediate Al-rich layer is about 30
nm in thickness and it also contains signals of O, C and Mg which are overlapping with the
signal of Al. In addition to the Al-rich intermediate layer, another thin layer can be observed
through the O map, where a thin layer with a thickness of around 15 nm to 30 nm can be
observed on top of the porous outer layer. Judging by the morphology, this thin layer may
correspond to the surface film observed by SEM that covers the needle-shape Mg(OH)>
objects. There are only O and C while no Y, Zr, Al nor Mg in this thin layer. Therefore, it is
proposed that the thin layer of O signal observed by STEM is actually originated from a layer
of Li2COs given the Li cannot be detected by EDXS. Moreover, GDOES also observed small

amount of Li at the outer most part of the surface film on the sample even with relatively short
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air exposure time of 60 hours (Figure 7a). Therefore, it can be confirmed that there is a layer
of Li2COs formed on top of the proposed out porous layer. In addition, by careful comparison
of Mg, O and C maps, small amount of the Mg lean but O and C rich region can also be found
near the needle-shape Mg(OH), objects, which may suggest some Li2COj3 also presents in the
porous outer layer.

To confirm the existence of Li2CO3;, SAD was also performed on a surface film
lamella. A SAD pattern collected at the outer layer of surface film and the corresponding TEM
image are shown in Figure 9.

In the SAD pattern, the presence of MgO can be clearly identified, which should
mainly be found at the inner layer of surface film formed on the immersed Mg surface [28].
In addition, small cellular structures can be clearly observed at the inner layer in the STEM
image. In the study of Nordlien et al. [27, 29] the formation of this kind of cellular structure
was proposed to be formed by the decomposition of hydroxides during electron microscopy
characterisation. Therefore, it is proposed that the intense signal of MgO observed at the outer
layer of surface film is also caused by the decomposition of Mg(OH),. Except for the intense
diffraction ring of MgO, the SAD pattern also exhibits a single but weak ring that is agreed
well with (001) plane of Li2COs.
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4. Discussion

The STEM visual inspection, coupled with the analytical GDOES and GIXRD results,
indicates the surface film formed on Mg-Li(-Al-Y-Zr) after 24 hours of immersion in 0.1 M
NaCl then 7 days of air-exposure may be composed of four layers: I . the outer most Li2CO3
layer; II. the porous outer layer that contains needle-shape Mg(OH)2 objects; IIl. the thin Al-
rich intermediate layer; IV. the relatively compact inner layer.

In the study of Xu et al. [14], a similar outer most Li>CO3 layer was observed by XPS
on a Mg-Li(-Al-Y-Zr) sample which is propose to be protective to the underlying matrix.
However, in the study of Zeng et al. [18] and Song et al. [22], the outermost layer of surface
films formed on Mg-Li alloys were observed to contain Li>O or a combination of Li>O, LiOH
and Li2CO:s. Since the standard enthalpy of Li2COs3 is much lower than the LiOH and Li-O,
the formation of Li>CO3; would be more stable and favourited [18]. Therefore, the observation
of Li2O or LiOH on the surface film should be attributed to the insufficient air-exposure time
that limited the contact of COx to the alloy surface.

As shown in the Raman spectrum in Figure 6b, very intense signal of Mg(OH), was
observed on sample that was immersed in 0.1 M NaCl for 24 hours then air-exposed for 60
hours. However, the Mg(OH): signal decreased dramatically after 60 days of air exposure.
Since the standard enthalpy of MgCOs is lower than Mg(OH), and MgO, the Mg(OH): on the
surface of Mg-Li alloys may react with CO; in air and form carbonate [22]. In Mg alloys, the
formation of MgCO;3 in the surface film is also proposed to be protective to the alloy matrix
[30]. However, the Raman spectroscopy did not detect any signal of MgCO3 on the surface.
On the other hand, a hug florescence between 1000 cm™' and 4000 cm™ Raman shifts can be
observed on the spectra, especially for the sample that was air-exposed for 60 days. This
florescence is similar to the florescence created by dypingite (Mgs(CO3)4(OH)2-5H20) from
RRUFF database [23]. Since the dypingite is one of the possible product when Mg(OH):
reacts with COz [31], the decrease of Mg(OH). signal after long air-exposure time may be
attributed to the reaction of Mg(OH)> with COz in air that formed dypingite. Just like the
formation of Li2COs3, the formation of dypingite is also limited by the amount of CO; in
environment and should progress slowly in air.

Between the inner and outer layer of surface film, an Al-rich layer was observed by
STEM but not by GDOES, which may be caused by the low concentration of Al and the small
thickness (about 30 nm) of the Al-rich layer. In previous studies, Al-rich layer could be easily
observed in the surface film of Mg alloys with high Al content (like in Mg alloys AZ80 or

AZ91) [32, 33]. This kind of Al-rich layer was observed to form at the inner-most part of
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surface film and was thought to help preventing dissolution of the underlying matrix.
However, such Al-rich layer was not readily observed in Mg-Al alloys with relatively low Al
content like AZ31 [33, 34]. In the case of the Mg-Li(-Al-Y-Zr) alloy, the Al concentration is
relatively low (2.34 at%) and the formation of a thick Al-rich oxide/hydroxide layer was not
observed. Moreover, the presence of C, O and Mg in the Al-rich layer may indicate the
formation of MgCOj3 (or dypingite) as well as AI(OH)s in this layer. However, from the study
of Al alloys, Li was proposed to be able to easily react with Al hydroxide and form Li layered
double hydroxide (LDH) [35, 36]. The Li-LDH (Li2[Al2(OH)s]2-CO3-nH20) is proposed to
be able to form as particles with very small grain size on the surface [37]; which is in
accordance with the small and segregated Al-rich particles observed by STEM. Therefore, it
is proposed that the relatively intense signal of Al observed in the thin Al-rich layer comes
from the small Li-LDH (Liz[Al2(OH)g]2-CO3-nH20) particles. In the study of Visser et al.
[37], the Li-LDH was also proposed to be able to form a compact protective layer. However,
the low Al content in the Mg-Li(-Al-Y-Zr) alloy could limit the protective ability of Li-LDH
which is corroborated by the discontinues nature of the LDH particles. In a recent research of
binary Mg-Li systems, Li et al. [38] demonstrated that the single phase bcc Mg-Li alloy (with
14 wt% Li) possesses better corrosion resistance than hcp Mg-Li alloy (with 4 wt% Li) and
dual phase Mg-Li alloy (with 7.5 wt% Li). The results obtained by Li indicate the dissolution
protection ability of bcc Mg-Li alloy does not necessitate other alloying elements. Therefore,
the influence of the observed Al in the surface film to the dissolution protection ability of the
Mg-Li(-Al-Y-Zr) may be limited and merits further study.

In the study of Xu et al. [14], a depletion of Li was reported in the matrix near the
surface film of a Mg-Li(-Al-Y-Zr) alloy. Herein, GDOES clearly observed similar depletion
of Li near the surface film after exposure (Figure 7). Moreover, GIXRD showed higher hcp
Mg-Li signal when using smaller incidental angle. Given the sample used for GIXRD was
only air-exposed for 4 hours without immersion, the oxidation to the sample surface should
be limited and very superficial and the selective oxidation/dissolution of bcc Mg-Li phase
should be limited. Therefore, the observed high intensity hcp Mg-Li signal in the GIXRD
spectra may suggest the bcc Mg-Li matrix near the surface film transferred into hcp Mg-Li
structure during exposure. Since the hcp Mg-Li phase is a relatively Li lean phase comparing
with the bcc Mg-Li phase, the depletion of Li may also indicate the formation of Li lean phase
near the surface. From previous study, a combination of hcp Mg-Li phase and bcc Mg-Li
phase was proposed to be very detrimental to the corrosion resistance of the alloy owning to

the galvanic coupling between different phases [18, 38, 39]. The formation of the hcp Mg-Li
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phase near the surface can disturb the homogeneity of the microstructure and may be
potentially harmful to the corrosion resistance of the alloy.

A schematic that illustrates the structure of surface film formed on the Mg-Li(-Al-Y-
Zr) alloy is proposed in Figure 10.
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5. Conclusions

The surface composition, structure and elemental distribution of the protective film

formed upon Mg-Li(-Al-Y-Zr) after immersion in aqueous chloride electrolyte and air-

exposure was studied by complementary characterisation methods. The utilisation of a

number of methods was necessitated to provide a holistic interpretation of the alloy surface —

which included the need for physical observation and chemical analysis through the surface

film. Furthermore, the requirement to determine lithium concentration (not possible by

EDXS) was possible by techniques with no imaging but spectroscopic capability. From the

results herein, the following conclusions may be drawn:

1.

A surface film that provides good surface coverage was observed by SEM. There
were superficial regions of ‘attack’ on the Mg-Li(-Al-Y-Zr) alloy surface, with
features that do not correspond to significant visual corrosion to the eye. Such
regions were seen to contain a higher proportion of surface film relative to the
unaffected regions of surface.

The cross section of the surface film as revealed by STEM, indicate a multilayered
structure, including a well-defined outer porous and inner compact layer. When
coupling visual inspection with analytical spectroscopic methods, the surface film
upon Mg-Li(-Al-Y-Zr) was characterised as having four layers: the outermost
Li,COs layer; a porous layer that is also comprised of needle-shaped Mg(OH)»
objects; a thin intermediate layer that contains a relatively intense signal of Al; and a
more compact inner layer that may contain Mg(OH),, MgO, as well as Li»CO3 and
dypingite (Mgs(CO3)4(OH)2-5H20). In addition, the sub-outer-surface depletion of
Li was detected by GDOES and the formation of hcp Mg-Li phase was observed via
GIXRD. This may suggest a phase transformation occurs during exposure as Li is
selectively dissolved from the bulk alloy — locally transforming the Li-rich bcc Mg-
Li matrix near the surface to the Li-lean hcp Mg-Li phase. This phenomenon merits
future, focused study.

A film that contains only Li2COs was observed at the outermost area of the surface
film. This film of Li2CO3 was relatively thin with short air-exposure time (around 15
to 30 nm after 7 days of air-exposure, measured by STEM) but could grow to a much
larger thickness after longer air-exposure (around 250 nm after 60 days of air-
exposure, measured by GDOES).

Dypingite florescence was observed by Raman spectroscopy after air-exposure for

60 hours and became more intense after air-exposure for 60 days. It is proposed that

180



the Mg(OH); in the surface film gradually transformed into dypingite by reacting
with COz in air.

5. The thin Al-rich intermediate layer may contain Li-LDH
(Li2[Al2(OH)s]2-CO3°-nH20) particles. However, judging by the morphology of the
proposed LDH particles and the low Al content in the alloy, the protection ability of

this Al-rich layer is unknown.
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Figure 1. (a) Backscattered electron images of polished Mg-Li(-Al-Y-Zr) alloy
sample and (b) corresponding EDXS maps.
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Figure 2. XRD spectra of the Mg-Li(-Al-Y-Zr) alloy after air-exposure for 4 hours.
GIXRD spectra were obtained with incidental angles of 0.2° and 1°. An XRD spectrum

without using small incidental angle was also acquired.
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Figure 3. Secondary electron images of Mg-Li(-Al-Y-Zr) alloy sample after
immersion in 0.1 M NaCl at 25 °C for 24 hours then air-exposed for 7 days: (a) image at low
magnification, (b) image at higher magnification. Two types of surface morphology can be
observed on sample surface, with “Type 1” be the region of surface attack and “Type 2” be

the relatively unaffected region.

500 nm

Figure 4. Secondary electron imaging of the “Type 1” region (in Figure 3) showing
visible surface modification of a Mg-Li(-Al-Y-Zr) alloy sample after immersion in 0.1 M

NaCl at 25 °C for 24 hours then air-exposed for 7 days.
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500 nm

Figure 5. Secondary electron imaging of the “Type 2” region (in Figure 3) showing a
relatively unaffected surface of a Mg-Li(-Al-Y-Zr) alloy sample after immersion in 0.1 M
NaCl at 25 °C for 24 hours then air-exposed for 7 days.
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Figure 6. Raman spectra acquired on the Mg-Li(-Al-Y-Zr) alloy sample surface after
immersion in 0.1M NaCl at 25 °C for 24 hours then: (a) air-exposed for 60 days, (b) air-
exposed for 60 hours. Li2COs peak is more intense on the sample that was air-exposed for 60
days while the Mg(OH), peak is more obvious on the sample that was air-exposed for 60
hours. Big florescence can be found between 1000 to 4000 cm™ on both samples which is

proposed to be the florescence created by dypingite [23].
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Figure 7. The GDOES depth profile obtained on Mg-Li(-Al-Y-Zr) alloy samples: (a)
immersed in 0.1 M NaCl for 24 hours then air-exposed for 60 hours, (b) immersed in 0.1M
NacCl for 24 hours then air-exposed for 60 days. The evolution of Li and Mg content suggests
the presence of two major layers in the surface film of both samples. The outermost 250 nm
of the surface film on sample that was air-exposed for 60 days contains only Li, O and C,

which is proposed to be a layer of Li»COs.
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Figure 8. Scanning transmission electron micrographs and corresponding EDXS maps
for Mg, O, C and Al of the surface film formed on Mg-Li(-Al-Y-Zr) alloy sample after
immersion in 0.1M NaCl at 25 °C for 24 hours then air-exposed for 7 days. Y and Zr were

not detected in this area.
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Figure 9. Scanning transmission electron micrographs and corresponding SAD pattern
of the outer layer of the surface film formed upon Mg-Li(-Al-Y-Zr) after immersion in 0.1 M
NacCl for 24 hours at 25 °C then exposed in air for 7 days.
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Figure 10. The proposed structure of surface film formed on the Mg-Li(-Al-Y-Zr)
alloy sample after 24 hours of water immersion and 7 days of air-exposure. The surface film
can be divided into four layers: I .the outermost Li2COs layer; II. The outer layer that mainly
consist of Mg(OH), objects; III. the Al-rich intermediate layer that contains Li-LDH; IV. the
more compact inner layer that mainly consist of Mg(OH), along with possible dypingite
(Mgs(CO3)4(OH)2-5H20), MgO and Li»CO;. The under-lying matrix near the surface is
relatively depleted with Li and contains some hcp Mg-Li phase.
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Appendix 2

On the application of in situ Raman
spectroscopy to investigation of effect of self-
assembling monolayers on the film growth

kinetics

before Mg-CP ODPA coated SA coated
2h 0.1M NacCl Mg-CP Mg-CP
2h 0.1IM NaCl 2h 0.1M NacCl

K Area observed in Raman - 100 X 100 pm \
1 Spectrum each 10 um

No black filament were in observed area — all the kinetics
curve were measured in “intact region”

15 min 120 min

K Mg-CP 0.1M NacCl /

193




Mg(OH), growth kinetics in intact region

| = NaCl = SA = ODPA

3.5
3.0-
2.5-
2.01
1_5-.
1.0-

3652 cm’' peak area / a.u.

0.5

0.0 .

Time / min

* Linearlaw for all the samples

* The Mg(OH)2 growth rate is the same for non-
coated and ODPA coated samples, for SA-coated
sample the rate is lower

* The growth rate correlates with visual
observation: SA-coated samples demonstrates less
filaments— less corroded sample.
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Appendix 3

Environmental effects on selective
dissolution from ZnAlMg alloy under low

frequency alternating current perturbations

This Appendix presents the text of published work V. Shkirskiy, A. Maltseva, K. Ogle,
P. Volovitch, Environmental effects on selective dissolution from ZnAlMg alloy under low

frequency alternating current perturbations, Electrochim. Acta. 238 (2017) 397-409.
doi:10.1016/j.electacta.2017.03.210.
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Real time measurement of elemental dissolution rates by atomic emission spectroelectrochemistry
under alternating current (AC) perturbations of ZnAlMg alloy was used to precise mechanisms
controlling selective dissolution as a function of pH in chloride containing solutions in the presence of
NH,4". At pH values of 8.5 and 10.5 Zn and Mg dissolution currents (jz,, jug) followed the total current j.*
respecting the stoichiometry of Zn,Mg at the maximum of anodic current in solution at pH 8.5. Al
dissolution current (j4;) followed j.* at pH 10.5 and 8.5 with a phase shift of 180° further called cathodic Al
dissolution. No correlation between AC perturbations and Al dissolution was seen at pH 8.5. At pH 13
anodic Zn dissolution, cathodic Al dissolution and no Mg dissolution were observed. The elemental
dissolution rates of Al at pH 8.5 and Mg at pH 13 did not vary with AC perturbations. The detected
concentrations of Al at pH 8.5 and Mg at pH 13 correlated well with the saturation concentrations of AI**
and Mg?* in studied electrolytes expected from solubility constants. Thus, their dissolution was
controlled by the solubility of the surface films observed by infrared and Raman spectroscopy. The finding
implies the separation of cathodic Al dissolution, and anodic Zn and Mg dissolution in the appropriate

equivalent circuit for an adequate analysis of conventional EIS data.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The response of metallic materials on the alternating current
(AC) perturbations in Electrochemical Impedance Spectroscopy
(EIS) measurements, used to access corrosion mechanisms of
complex materials [1-5], depends on both, material and solution
composition [6-9], which are equivalently important for the
formation of oxide films, precipitation and other factors modifying
interface dynamics. In this work we illustrate how the real time
analysis of the chemical evolution of the system under AC
perturbations can bring an additional insight into selective
dissolution of multicomponent ZnMgAl coating on steel.

The choice of ZnMgAl alloy was based on both applied and
fundamental interests of this material. On one hand, growing
commercial application of these materials in hot dip galvanization
process [10-14] is related with their superior corrosion resistance
in accelerated tests [15-17]. On another hand, these are multiphase
materials: Mg alloying in Zn matrix results in the formation of

* Corresponding authors.
E-mail addresses: viacheslav@shkirskiy.org (V. Shkirskiy),
polina.volovitch@chimie-paristech.fr, volovitch@yahoo.com (P. Volovitch).

http://dx.doi.org/10.1016/j.electacta.2017.03.210
0013-4686/© 2017 Elsevier Ltd. All rights reserved.

Zn-Mg intermetallics such as Zn,Mg, Zn;;Mg,, and binary
Zn[/Zn-Mg eutectics [18], Al alloying results in the formation of
ternary Zn/Al/Zn-Mg or binary Zn/Al eutectics [13,14,19]. As a
result, the material is susceptible to microgalvanic coupling and
selective dissolution phenomena [8,9,19,20], in particular Zn-Mg
intermetallics due to their anodic polarization when coupled with
Zn dendrites [13,15,19]. The dissolution of Zn,Mg and Zn;; Mg,
intermetallics in aqueous NaCl was demonstrated to occur in two
steps [21,22]: initial selective Mg dissolution and the dissolution of
the remaining Zn at potentials close to a standard Zn corrosion
potential. Depending on selective dissolution and electrolyte
composition, different corrosion products form on the surface
modifying reactivity of the underlying metal [9,23,24]. In particu-
lar, the formation of self-repairing isolating Mg(Il) oxide films
[13,25,26], the modification of the electronic properties of ZnO by
doping it with Mg(II) [22,27]; the pH buffering effects due to Mg
(OH), precipitation [17,28-31] and the formation of Zn,Al/- layered
double hydroxides (LDH) with low permeability for oxygen
[12,13,17,19,31-33] were reported as benefits decreasing the
corrosion rate. The formation and stability of these products are
highly influenced by the presence of CO, gas and by the presence of
ammonium ions (typical pollutants in industrial atmospheres
[24,34]. The NH4* and HCO5 ™ ions should play an important role in


http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2017.03.210&domain=pdf
undefined
undefined
undefined
undefined
http://dx.doi.org/10.1016/j.electacta.2017.03.210
http://dx.doi.org/10.1016/j.electacta.2017.03.210
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta

398 V. Shkirskiy et al./Electrochimica Acta 238 (2017) 397-409

Table 1

Solutions used in the work and the saturated concentrations of Zn?*, AI** and Mg?* in ammonium/carbonate buffer solutions and 0.1 M NaCl solutions at 25 C calculated by

Hydra Medusa software. The cases of low solubility are marked. The following species of standard software database were taken into account: Zn?*, Zn(CO3),%", Zn(NH3),

2+

Zn(NH3)32*, Zn(NH3)4%*, ZnNH52*, Zn(OH),, Zn(OH)s~, Zn(OH)42~, Zn,(OH)g?~, Zn,0H3*, Zny(OH)4**, ZnCl*, ZnCl,, ZnCls~, ZnCl,2 -, ZnCIOH, ZnCOs5, ZnHCO5*, ZnOH*, Al(OH),*,
Al(OH)3, Al(OH)4~, Al;304(0H)247*, Al,(OH),*", Als(OH)4>*, Al(OH)?*, Mg(NH;)?*, Mg4(OH),*", MgCO3, MgHCO5*, MgNH32*, MgOH*.

Case name Electrolyte composition Expected Log (saturated concentration / mol L?)

Zn2+ A|3+ Mgz+

Case (l) — buffered 0.1 M NH4'/0.09 M NH3+ 0.01 M HCO3', -3.35 -4.11 -3.81
initial pH 10.5

Case (Il) — buffered, precipitation of Mg(ll) 0.1 M NH4*/0.09 M NHs + 0.01 M HCO3 -3.73 -1.55 -7.48
initial pH 13

Case (Ill) — buffered, precipitation of Al(lll) 0.1 M NH4*/0.09 M NH; + 0.01 M HCO3 -2.78 -6.12 -2.45
initial pH 8.5

Case (IV) — unbuffered, precipitation of Zn(ll) 0.1 M Nacl, -5.18 -4.11 -4.07

initial pH 10.5 or 8.5

corrosion mechanisms of Zn based materials. Taking into account
the commonly accepted importance of Cl anions in corrosion
studies, we have chosen for this work 0.1 M Cl~ aqueous solutions,
containing or not NH;* and HCO3 ™ ions. The choice to vary the pH
between 8 and 13 was motivated by different saturation
concentrations of AI>*, Zn?* and Mg?* cations in this pH range
and hence different surface films formation that can influence
ZnMgAl dissolution mechanisms (see Table 1).

The methodology chosen for this work is a combination of an
electrochemical measurement with the real time analysis of the
elemental dissolution rates in the flow electrochemical cell (atomic
emission spectroelectrochemistry — AESEC, [35]) and the follow-
ing surface analysis by vibrational spectroscopy. In the recent
work, a coupling of EIS and AESEC was proposed [36]. In this way,
the frequency response of the anodic and cathodic reactions was
decoupled allowing the quantitative determination of kinetic
parameters for each half reaction independently. In this work, we
apply this approach to a ZnMgAl alloy under AC perturbations in
order to precise the mechanisms controlling selective dissolution
in this alloy as a function of pH in solutions containing or not NH,*
and HCO3™ ions.

2. Experimental
2.1. Materials

Samples of 0.7 mm thick cold rolled steel with model 20 wm
thick coatings (93.3wt. % Zn, 3.7wt. % Al and 3.0wt. % Mg)
produced by galvanizing process were cut in 2 cm x 8 cm plates for
testing. The microstructure of the model samples contained Zn
dendrites, binary eutectic of Zn/Zn,Mg and ternary eutectic Zn/Al/
Zn,Mg [24]. Prior to the experiments, the samples were degreased
in an ether solution at room temperature during 20 min.

The experiments were performed in naturally aerated ammo-
nium/carbonate solutions (0.1M NH4CI/0.09M NH3+0.01M
HCO5™) at the initial pH of 8.5, at the initial pH of 10.5 (natural
pH) and 13, and in 0.1 M NadCl at the initial solution pH 10.5 and 8.5
(Table 1). The electrolytes were prepared in the purified water
(Millipore™ system, 18.2 M) cm) using NH3 solution (25 wt. %
solution in water, VMR Prolabo), NH4Cl (analytical grade, VWR
Prolabo), NaHCOs; (analytical grade, VWR Prolabo) and NaCl
(analytical grade, VWR Prolabo). The initial pH values were
adjusted by 0.1 M HCI for pH 8.5 or by 0.1 M NaOH for pH 10.5 and
by the addition of solid NaOH to reach pH 13.

2.2. AESEC technique

2.2.1. Measurement principle

Low frequency AC perturbations coupled with online measure-
ment of partial elements dissolution were performed on
Zn3.7A13.0Mg alloy (see Table 2 for notations) by means of atomic
emission spectroelectrochemistry (AESEC) technique described
elsewhere [35]. Briefly, it consists of an electrochemical flow cell
connected with an inductively coupled plasma atomic emission
spectrometer (ICP-AES). In the flow cell a reaction between the
sample (ZnAIMg) and an aggressive electrolyte occurs, leading to
the production of dissolved cations and/or slightly soluble species.
Then, the electrolyte is transported downstream to the ICP-AES,
where its composition is continuously analyzed. The ICP-AES
analysis shows only the concentrations of the released Zn, Al and
Mg species present in a soluble form, while the low soluble
products or surface films are not directly detected. This flux of
soluble species of X, i.e. metal cations X"* (where X=Zn?" AI*" or
Mg?"), away from the metal surface trough the diffusion layer to
the solution bulk, J, can be expressed as the dissolution rate of the
element X (Jx) calculated from its instantaneous concentration in

the solution bulk (C¥):

X

=1 ).

The units, used in calculations of numerical values in this work,
as well as the definitions of symbols and notations, are given in
Table 2. The normalization of Jx by the geometric surface area was
done only for convenience and does not imply that the flux of
cations was uniformly distributed on the surface. Using the
Faraday’s law, Jx can be expressed as the metal dissolution current
density (jx):

Jx = nxFx (2)

2.2.2. Experimental protocol
The AC/AESEC experiments were performed as follows:

1. Measurement of the ICP-AES background signals of Zn, Al and
Mg in the tested electrolyte was carried out for 5 min prior to the
AESEC experiment. At this step the solution went directly to ICP-
AES.

2. At t=0s the valve of the flow system was switched so that the
electrolyte passed through the electrochemical cell and con-
tacted the surface of the working electrode.
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Table 2
Notations.
Symbol Description Units
ZnAlMg Zn based alloy with Al and Mg -
ZnxAlyMg Zn based alloy with x wt. % of Al and y wt. % Mg -
X metal component of an alloy -
XNt cation of metal X with a charge of N+ in solution -
X(N) slightly soluble product containing element X in oxidation state +N .
jx current density associated with dissolution of metal X to soluble species mA cm 2
ot total current density of dissolution of metal X mA cm 2
Je total or electrical current density mA cm 2
je convoluted je mA cm 2
%ol Jjx where metal dissolution is limited by the solubility of metal X mA cm 2
Jx dissolution rate of metal X (or flux of cations away from the metal surface trough the diffusion layer) mole s~'cm 2
E electrode potential V vs Ag/AgCl
Eoc E at open circuit V vs Ag/AgCl
f flow rate of electrolyte cm3s!
F Faraday’s constant mC mol !
X concentration of specie X in the solution bulk mole L™!
s concentration of specie X in the diffusion layer near the working electrode mole L!
A area of working electrode cm?
ny number of electrons consumed for the reduction of metal X -
§ diffusion layer thickness on the working electrode cm
Dy diffusion coefficient of X specie cm?s!
Ry polarization resistance ohm cm?
h residence time distribution or transfer function -
T parameter of h s
B parameter of h -
t Time s

3. The solution of 1 M HCI was used as the first electrolyte for 5 s in
order to eliminate the natural oxides that improved the
reproducibility of AC experiments [34].

4, Then the tested electrolyte started to flow through the cell and
the open circuit (OC) reactivity was measured for approximately
10 min until the signals of metal dissolution and open circuits
potential were stable (the OC variation less than 10mV in
10 minutes).

5. Potentiostatic AC perturbations with + 10 mV root mean square

(rms) around OC potential were applied.

. The OC reactivity was measured for 3 min.

7. During the 1 — 6, the solution coming after the cell was analyzed
in real time by AESEC. In steps 1, 4-6 the solution pH after the
cell was measured as described below.

8. The valve of the flow system was switched so that the tested
solution went directly to ICP-AES without contacting the sample
surface in order to verify that the background signals of Zn, Al
and Mg were identical to the background signals in period 1.

9. To calibrate the signal, standard solutions of 0.5 ppm, 1 ppm and
5 ppm Zn(NO3),, Al(NO3)3; and Mg(NOs3); in the same electrolyte
were measured.

(o))

The downstream solution was accumulated every 3 minutes
and the pH was measured for each portion in order to survey the
pH evolution in the bulk solution during the experiment.

2.2.3. AESEC parameters
The dissolution was surveyed by monitoring the emission
intensities of Zn, Al and Mg at 213.86 nm, 167.08 nm and 285.21 nm

Table 3

Analytical parameters of AESEC experiments: detection limits (DLs) of Zn, Al and Mg
under the conditions of the experiments, expressed in units of concentration and
current density.

DL / ppb DL / mAcm—2
Zn 6.9+0.7 (20+02)x 1073
Mg 32+09 (94+03)x107*
Al 8.7+05 (3.8+£0.2)x 1073

consequently. The detection limits of Zn, Al and Mg in used
electrolytes calculated as the three times standard deviation of the
signal of blank solution expressed in the units of concentration and
current density are shown in Table 3.

The reactive surface area was 0.51 +0.01 cm?, the flow rate of
the electrolyte was fixed at 0.050+0.002cm3s~! and the
temperature was 25 +1°C (298 + 1K). The residence time distri-
bution of the flow electrochemical cell obeyed an empirical
function in the form of a log-normal distribution [35]:

1 t
ney=4 /L e 3B.eT ife=o0 3)
T
0 ift—0

The parameters of log-normal distribution (3 =0.99 & 0.02 and
7=10.2 4+ 0.2 s) were taken from our previous work [36] where it
was measured under identical flow conditions. The time offset of

CX detection due to the transport of electrolyte through the
capillaries was 12.0 +0.3s.

The electrochemical tests were performed with a Gamry
Reference 600™ potentiostat with Ag/AgCl (in saturated KCI)
reference electrode and a Pt mesh counter electrode. AC
perturbations were applied around the open circuit potential
from 100 kHz to 5 mHz with 10 points per decade and 4 or 3 cycles
per frequency with the voltage amplitude of 10 mV rms. The analog
signals of potential and current were routed into the measuring
circuit of the ICP-AES to guarantee the same time scale for
acquisition of jzs, jmg, jai je and E signals. All signals from ICP-AES
were collected with the sampling rate of 1 point per second.

The measures of j. and E are essentially instantaneous whereas
jx values are affected by the hydrodynamics of the flow cell,
described previously. Therefore, jo and jx cannot be directly
compared due to their different time scale. To overcome this
difficulty, the numerical convolution [35] of j, signal was
systematically applied to total currents using the residence time
distribution (h) defined above:

t

Jo = JeDh(t —1i) (4)

i=0
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Table 4

Solution pH, E,. vs Ag/AgCl of Zn3.7A13.0Mg dissolution before and after AC application along with R, defined at the lowest 0.0046 Hz frequency in Figs. 1-5. In case of
unbuffered NaCl solution with the initial pH 8.5 the AESEC and electrochemical responses were similar to obtained in unbuffered NaCl solution with the initial pH 10.5.

Eoc vs (Ag/AgCl)/V Solution pH Rp/ohm cm?
before after before after
Case (I) - -1.22 -1.23 10.5 10.2 261
0.1 M NH4"/0.09 M NH3 + 0.01 M HCO3
Case (II) - —1.47 -1.45 13 13 1217
0.1 M NH4"/0.09M NH; + 0.01 M HCO3™~
Case (III) - ~112 ~112 8.5 8.3 227
0.1 M NH,*/0.09M NHs + 0.01 M HCO3~
Case (IV) - -1.06 -1.04 10.5 9.8 666
0.1 M NaCl adjusted to pH 10.5 by NaOH
2.2.4. Analysis of low frequency AC experiments by AC/AESEC method 3. Results

The approach, used in this work is to explore the relationship
between j. and jx (X=Zn, Al or Mg), i.e. the total current consumed
to oxidize the material and the current associated with the
formation of soluble species of X, to access rate limiting steps (RDS)
of the dissolution as was previously illustrated on the example of
Zn dissolution under alternating AC perturbations [36]. For
instance, in the absence of adsorbed or low soluble intermediates
(the life time of any adsorbed or insoluble species is less than the
time of the charge transfer, necessary to form these species), an
oxidation of a single metal X is simultaneous with the formation of
soluble species of X implying that jx evolves in phase with j. under
AC perturbations. If insoluble species are present at the surface but
the diffusion through them is quicker than the charge transfer, it
can generate a phase shift between jyx and j. responses on AC
perturbations. Finally, for the case when the diffusion is slower
than the charge transfer, jx will not depend on the potential
evolution and hence will not respond on AC perturbations. In this
work we will also try to explore the ratio between metal
dissolution currents at their maximum under AC perturbations
to verify stoichiometry of the dissolution and the selective
dissolution of some specific phases.

Note that unstable insoluble products with the life time less
than the time constant of the flow cell (r=10.2s) cannot be
detected in this methodology. Moreover, the formation of a surface
film and the precipitation because of solubility limitations cannot
be distinguished if the precipitation equilibrium is reached faster
than 7=10.2s.

2.3. Analysis of surface oxides/hydroxides after AC/AESEC

The surface of ZnAlMg after AC/AESEC experiments was
characterized using Fourier-transform infrared spectroscopy in
the attenuated total reflection mode (ATR — FTIR) and Raman
spectroscopy.

Infrared spectra were measured with a Thermo Scientific
Nicolet 6700 FTIR spectrometer equipped with a mercury
cadmium telluride detector cooled at 77K by liquid nitrogen.
Spectral resolution was 4cm~', and spectra were averaged from
256 scans. The ATR accessory was a horizontal ZnSe crystal coated
with diamond (surface area=2.54 mm?) with single reflection and
an angle of incidence of 45° (Smart Miracle from PIKE). OMNIC
software was used for the data collection and treatment.

Raman spectra were recorded using Renishaw InVia confocal
Raman microscope with the Nd: YAG laser source (532nm,
100 mW) and objectives x20, x50 and x100. The typical spectral
acquisition time was in the range of 1 to 10s. Spectra in one point
and mapping of the surface were recorded and treated with WiRE4
software.

3.1. Elemental dissolution under AC perturbation in different
electrolytes

Solution pH and open circuit potential, E,., of ZnMgAl alloy in
different electrolytes before and after AC application as well as R,
defined at 0.0046 Hz frequency in each solution are summarized in
Table 4. One should note that the values in Table 4 called herein R,
present an impedance of the system determined at frequency
0.0046 Hz using Eq. (5):

AE

Ry = Aj )

3.1.1. Case I: NH,*/HCO3~ buffer at pH 10.5

Fig. 1 demonstrates j., jzn ja and Jmg variation during AC
application to ZnMgAl in ammonium/carbonate buffer at pH of
10.5. The solution pH did not change after the reaction in the
electrochemical cell (Table 4). It should be underlined that the
decrease of jz, ja and jug and convoluted current je with the
frequency increase is the result of the influence of the flow
hydrodynamics in the cell (or convolution procedure) and does not
reflect the electrochemical behavior. For the AC frequencies close
and higher than 1/7=0.1 Hz the system does not have enough time
to clear away all dissolved cations from the cell that results in the
smoothing of the elemental dissolution currents. More details
about the relationship between j. and j. can be found in
Appendix A (Fig. A1). Oscillations of j,  at frequencies less than
0.1 Hz result in the appearance of oscillations of all jz, ja and jyg
metal currents. Note that the high frequency variations (> 0.1 Hz) of
e jzns jar and Jmg currents cannot be reliably detected from the
dissolution profiles due to t=10.2 s (or 0.1 Hz) time constant value
of the residual time distribution of the electrochemical flow cell.
Further focus will be addressed only on the low frequency
(< 0.1 Hz) AC perturbations.

[llustrated on the example for the lowest 0.0046 Hz frequency
in the inset of Fig. 1, jz; and jug vary in phase with j.” whereas ju; is
shifted by 180°. Such a correlation between jz, and jy, and e
indicates that the transport of the released cations was not limited
by diffusion. The ratio of the amplitudes of jz, and jy, during the
whole AC/AESEC experiment was about 10 (Table 5) which is much
higher than the value of 2 expected from the selective dissolution
of Zn,Mg phase as often reported for this type of alloys [19,20].

Despite the fact that the dissolution of Al under high cathodic
over potentials is a well-known process [37-41], the 180° phase
shift between j, and j, variation near the open circuit potential of
ZnMgAl alloy (E,.=-1.2V vs Ag/AgCl electrode, Table 4) was
observed for the first time. It can be explained by the fact that
because of high open circuit potential E,.=— 0.69V vs Ag/AgCl of
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Fig 1. Evolution of elemental leaching rates of Zn, Al and Mg (jzn, ja: and ju,) and total convoluted current (j.*) in AC/AESEC experiment in 0.1 M NH4"/0.09 M NH3 + 0.01 M
HCO;" electrolyte, pH 10.5 (case I). AC perturbation parameters (schematically presented by the upper line): frequency decreased from 10° Hz to 0.0046 Hz, 10 mV amplitude,

10 points per decade.

Table 5

Stoichiometry of dissolution response on applied 10 mV AC perturbations (0.046 Hz) in NH,*/HCOs/Cl~ solutions at different pH as presented in Table 1. Measured
amplitudes of dissolution current oscillations A jx (X=Zn, Mg, Al) and amplitudes of the calculated cathodic current A j. are presented. The evolution of j. was calculated for the
1stand 2nd case using an approximation j. =je* — jzx — jmg — jar because only in these cases all elements were dissolved. No data are presented for unbuffered NaCl solutions

because A jx=0 for all elements (no jx response on AC perturbation).

Amplitudes A jx «peak to peak» (mAcm~2) and their ratios (unitless)

Case (1) - pH 10.5

A jzn A jumg A ja Ajzo/ Ajmg Ajzo/ Ajai Aje AjalAje

0.085 0.008 0.02 10.625 4.25 0.039 1.95
Case (2) - pH 13

A jzn A jumg A ja Ajzn/ Ajai Aje AjalAje

0.015 0 0.023 0.65 0.03 0.77
Case (3) - pH 8.5

A jZn A ng A jAl AjZn/Ang

0.01 0.006 0 1.666667

pure Al [41], it is strongly cathodically polarized in the alloy which
potential is defined by the active dissolution of Zn and Zn,Mg
intermetallic.

Assuming that all oxidized species are present in a soluble form,
one can try to estimate the evolution of the cathodic current, j. as

(6)

and evaluate the stoichiometry of the soluble Al complex as
previously proposed [37,40,41]. The calculated in this way ratio of
the amplitudes of Aj/Aja; at the maximum of cathodic perturba-
tion presented in Table 5 differs from the values reported for
cathodic dissolution of pure Al and high content Al alloys
[37,40,41].

jc =je* _jZn _ng _jAl

3.1.2. Case (1I): NH,*/HCOs~ solution at pH 13

Fig. 2 shows the dissolution profiles of ZnMgAl during AC
application in ammonium/carbonate electrolyte at the solution pH
13. The measured value of bulk solution pH was identical before
and after the experiment (Table 4). In contrast, the open circuit
potential was more anodic after the experiment indicating the
surface passivation during the experiment. One should note that

the open circuit potential variation was only about 20mV,
however, it was detectable and reproducible. The combination
of the high R, of 1217 Ohm cm 2 (Table 4), the slight shift of the
potential in the anodic direction, the absence of the response of jyg
on AC perturbation at pH 13 and its low absolute value (close to the
detection limit) (Fig. 2) can be interpreted as the formation of a
stable surface film containing magnesium oxy-hydroxides. This
hypothesis is also coherent with the behavior of pure Mg in strong
alkaline conditions [42] and will be verified in Section 3.1.5.

Jjzn and ju, variations at pH 13 show the same tendencies as the
tendencies observed at pH 10.5 (compare insets in Fig. 2 and Fig.1):
jzm oscillates with j. indicating anodic Zn dissolution forming
soluble species, whereas j4; variations demonstrates close to 180°
phase shift. However, some differences are still visible between the
results. First, a small but detectable phase shift between j, and j.
is present, indicating the delayed dissolution response on the AC
perturbation which is also consistent with some transport
limitations probably because of the surface film. Secondly, the
jar at open circuit potential is significantly higher at strongly
alkaline pH which correlates with the favored “chemical” Al
dissolution without any external current due to the formation of
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Fig. 2. Evolution of elemental leaching rates of Zn, Al and Mg (jzn, ja and jig) and total convoluted current (j*) in AC/AESEC experiment in 0.1 M NH,"/0.09 M NH; + 0.01 M
HCOs5~ electrolyte, pH 13 (case II). AC perturbation parameters: frequency varied from 10° Hz to 0.0046 Hz, amplitude 10 mV rms, 10 points per decade.
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Fig. 3. Evolution of elemental leaching rates of Zn, Al and Mg (jzn, ja and jig) and total convoluted current (j*) in AC/AESEC experiment in 0.1 M NH,"/0.09 M NH; + 0.01 M
HCO;~ electrolyte, pH 8.5 (case IIl). AC perturbation parameters: frequency varied from 10° Hz to 0.0046 Hz, amplitude 10 mV rms, 10 points per decade.

soluble complexes destabilizing the oxide layer in the areas
containing Al species. And finally, the amplitude of jz, under
applied AC decreases with pH (see Table 5) which can be related to
the film formation at higher pH, which increases the OC potential
with time.

3.1.3. Case (Ill): NH,*/HCO3~ buffer at pH 8.5

The dissolution profile of ZnMgAl during AC application in
ammonium/carbonate buffer with the solution pH of 8.5 is shown
in Fig. 3. The pH and E,. values were similar before and after this
experiment (Table 4). In contrast with the data at pH 10.5 (Fig. 1)

and 13 (Fig. 2), ju does not follow oscillations of j, . This assumes
that the Al dissolution is limited by the solubility of the oxide film.
An interesting observation from Fig. 3 is a “sigmoidal” evolution
(initial decrease and following increase) of the AC independent Al
signal at long time scales. Concerning the response of other
elements j., jzz and Jjmg evolve in correlation with the AC
perturbation, however, some shift between the peak maximums
is visible. As in the case of the Al response, which is time or
frequency dependent, the phase shift between jz,, jug and je as
well as the amplitude of jy; variation seems to decrease at lower
frequencies which were applied the lasts. This decrease of the
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Fig. 4. Responses of ZnMgAl in experiments for AC frequencies decreasing with time from 10> Hz to 0.0046 Hz (curves 1) and AC frequencies increasing with time from
0.0046 Hz to 10° Hz (curves 2). Figure (a), (b) and (d) show Zn, Mg and Al dissolution currents (jzn» jmerjar), figure (c) represents the ratios jzn/jug. Electrolyte: 0.1 M NH4*/0.09 M

NH; + 0.01 M HCO;~, pH 8.5.

internal dynamics can indicate either the film growth or increasing
diffusion limitation.

In order to distinguish the effect of the time duration of the
experiment and the applied AC frequency, the experiment was
repeated with the reverse order of AC frequencies application. In
Fig. 4 a-d the results of the experiment 1, in which the AC was
applied in descending order of frequencies, are presented by curves
1; the results of the experiment 2, when the frequencies were
applied in the ascending order of frequencies, are presented by
curves 2. Note, that only the results corresponding to the
frequencies 0.01 Hz till 0.0046 Hz are presented, since, as discussed
in Section 3.1.1., at higher frequencies the results cannot be
interpreted correctly because of the cell hydrodynamics. Several
observations can be drawn from the figure.

1) Fig. 4b shows no correlation between the AC frequency and the
amplitude of jy, oscillations. Some decrease of the mean jy,
signal with longer experiment time is detected.

2) The values of jy, (Fig. 4b) and jz, (Fig. 4a) are twice higher in the
experiment 1, in which the AC was applied in descending order
of frequencies than in the experiment 2 when the frequencies
were applied in the inverse order from lower to higher.

3) Even though the poor reproducibility of the absolute values of
Jzn and jyg, the jzn/jimg ratios show a similar behavior in both
experiments (Fig. 4c). The ratio jz/jmg corresponding to the
maximum of the anodic impulse on AC perturbation (negative
peaks values on the curves in Fig. 4¢) is very close to 2 in the
initial time period indicating the stoichiometry of the dissolu-
tion typical for Zn,Mg intermetallic under anodic polarization
in this solution. The increase of this ratio with time indicates
either the formation of Mg-rich film or activation of the anodic
dissolution of Zn phase because of the surface enrichment by Zn
dendrites because of the selective dissolution of Zn,Mg.

4) The sigmoidal form of the j, background signal is related to the
time and not frequency evolution. The origin of this oscillations
is difficult to determine exactly but it could be periodical film
formation and dissolution or the film modification due to local
changes of the solution chemistry.

3.1.4. Case (1V): unbuffered NaCl

For comparison, the last experiments were made in unbuffered
NacCl solutions at initial pH 10.5 and 8.5. In both experiments the
OCP value was very close to —1.02 V vs. Ag/AgCl and the solution pH
decreased after the AC experiment till pH 9.8 from the initial pH

Case (IV)

0.04 0.1Hz 0.0046 Hz

y / mA cm2

Current densit

Fig.5. Evolution of elemental leaching rates of Zn, Al and Mg (jz,, ja; and jy,) and the
total convoluted current (j.*) in AC/AESEC experiment in 0.1 M NaCl, initial pH 10.5
or 8.5 (case IV). AC perturbation parameters: frequency varied from 10°Hz to
0.0046 Hz, amplitude 10 mV rms, 10 points per decade.
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10.5 and to pH 7 from the initial pH 8.5 (Table 4), which can be
explained by the hydrolysis of the dissolved AI**, Mg?* and Zn?*
cations and precipitation of Zn oxides. The buffer properties of
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ammonium and carbonate solutions can be responsible for the

stable pH value in the previous experiments shown in Figs. 1-4.
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The AESEC response of ZnMgAl in both cases was similar. Fig. 5
presents an example of dissolution profiles during AC application
in 0.1 M NaCl at the initial solution pH of 10.5.

None of jz,, jug and ja follows the variations of j. during AC
application Fig. 5 and the values of j,; and jy;g decrease rapidly with
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Fig. 6. Infrared (a) and Raman (b, c¢) spectra of samples after the experiments shown in in Figs. 1-5 (electrolytes 1-4 in Table 1). Fig. 6a and b represent general spectra
evidencing the main compounds present all over the surface while Fig. 6¢ illustrates several local points for case IlI, demonstrating local formation of spinels and sodium
aluminate along with carbonates and hydroxycarbonates. The peaks identification is explained in the text and in Table 6.
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time approaching zero for the last half of the experiment within
the limits of the technique, indicating the passivation of the
surface. The absence of jz, oscillations and the stabilization of Zn
dissolution rate suggest diffusion limited dissolution. These results
as well as the R, value of 666 ohm cm? (Table 4) are in favor of the
film formation. Note, that the R, value in this case is twice less than
in the case (II) when the passivation is related to the formation of
Mg oxy-hydroxide film.

3.1.5. Surface state after AC/AESEC experiments

Fig. 6 shows typical (a) infrared (IR) and (b) Raman spectra of
ZnMgAl surface after AC/AESEC experiments. The range of 2700 —
3800cm~! in Raman spectra was not representative and it is not
shown. The main information from this region was the absence of
the characteristic narrow peaks of microcrystalline magnesium
hydroxide (brucite, Mg(OH),) at 3652 cm ™! [43] and simonkolleite
(Zns(OH)sCl,-H,0) at 3480 cm™~! [44]. The IR signal irregularity in
the region 2000 cm~'-2400 cm™! (Fig. 6a) is a consequence of the
presence of CO, from the air. The most important peak positions
are labeled and their detailed assignation are given in Table 6 (data
from [18,43-52] as well as from the mineralogical database RRUFF
[53]). The results presented in Fig. 6 can be summarized as follow:

1) Case (I): none of species are detected in IR spectrum whereas
the Raman spectrum reveals the presence of wurtzite (ZnO —
440cm !, 563cm 1), the partially reduced Zn oxide with Zn;
O composition (551 cm~!, [48]) and Mg-Zn-Al hydrocalcites
(Mg,Zng_xAl,(OH)6C03-4H,0, 495cm™'). CO52~ symmetric
stretching modes are observed at 1077 cm~! were previously
ascribed to the CO5;2~ units bonded to one OH™ in ZnAl
hydrotalcite (x=0 for Mg in the stoichiometric formula shown
before) [52]. The peak is very broad and can also be a
convolution of the band at 1092 cm™~! which is due to the
€052~ units bonded to two OH™~ and 1061 cm™! for Mg-Zn-Al
hydrocalcites or/and hydrozincite (Zns(CO3),(OH)g).

Table 6
Assignation of peaks in (a) IR and (b) Raman spectra presented in Fig. 6. The
references complementary to the RRUFF database are presented.

(a) Infrared spectra

Wavenumber, cm™! References
Hydrozincite (Zns(CO3),(0OH)g) 833 [18]
942
1040
1384
1490
3325
Brucite (Mg(OH),) 3695 [18]
Mg-Zn-Al hydrocalcites 1370 [43,45]
(MgxZng xAly(OH);6C03-4H,0) 1630
3450
Nesquehonite (MgCO3-3H,0) 1525 [18]
Magnesite (MgCO3) 1445 [18]
(b) Raman spectra
Raman shift, cm™! References
Wurtzite (ZnO) 204 [44,46]
380
440
563
Partially reduced wurtzite (Zn;.,0) 551 [48]
Amorphous alumina (Al,05) 563 [49]
Hydrozincite (Zns(CO3),(OH)s) 380 [44]
1061
Mg-Zn-Al hydrocalcites 495 [43,45,52,53]
((MgxZng_xAlx(OH);6C03-4H,0) 1061
Magnesite (MgCOs) 216 [50]
1091
AlOg-groups in gels 505-515 [55]

2) Case (II): IR spectrum clearly shows the presence of brucite Mg
(OH), (a narrow peak at 3695cm™') and Mg-Zn-Al hydro-
talcites; weak peaks at 1445cm~! and 1525cm™! could be
attributed to a mixture of amorphous Mg carbonates (magne-
site MgCOs5 and nesquehonite MgCO5-3H,0). The Raman spectra
confirms the formation of Mg-Zn-Al hydrotalcites but also
suggests the presence of ZnO. More complete information was
found in the frequency region of Raman spectra (not shown in
Fig. 6) — despite the absence of the narrow peak at 3652 cm™,
the spectra presented a broad peak around 2930cm™!
previously assigned to nanocrystalline brucite [54] corroborat-
ing the results of IR analysis which is insensitive to such
microstructural variations.

3) Case (III): IR spectrum looks like a fingerprint of hydrozincite
[18]. ZnO, Mg-Zn-Al hydrotalcites and magnesite are observed
in Raman spectra. Relatively intense peak at 563 cm ™' in Raman
spectrum and the absence of peak at 440 cm ! is coherent with
the presence of defective zinc oxide or amorphous alumina,
which should also appear at 563 cm ™. More detailed analysis by
pRaman mapping permitted to identify other characteristic
peaks to complete this information (Fig. 6c¢). Firstly, hydro-
zincite was also observed. Secondly, in several deeply attacked
zones we observed a relatively narrow peak at around 505-
515cm~! which can be assigned to isolated (or surface) AlOg
octahedra from sodium aluminates [55] in particular taking into
account that a broad peak around 560 cm™! is usually explained
by condensed AlOg[49,55]. The presence of sodium aluminates
is coherent with higher values of local pH which could explain
oscillations of the soluble Al in the solution. Peak at 400 cm ™! is
characteristic for MgAl,04 spinel.

4) Case (IV): no peaks appeared in IR spectrum after background
correction of adsorbed water and carbon dioxide whereas
Raman spectrum reveals defective zinc oxides and probably
amorphous alumina.

4. Discussion
4.1. Stability of the system

AC/AESEC coupling gives a unique tool to verify if the system
can approach the essential conditions needed for the interpreta-
tion of conventional EIS data in terms of the system stability. The
general trends of jz, ja; and jug in all figures Fig. 1-5 clearly
demonstrate that the dissolution is not stable as can be seen, for
instance, from the 40% difference between the initial and the final
jx values in Figs. 1-5. At the same time validation of the
conventional EIS spectra by Kramers-Kronig transformation
demonstrated less than 5% error for all experiments which were
presented in Figs. 1-5. Hence, it seems that the Kramers-Kronig
transformation is not as sensitive to the variations of partial metal
current dissolution as AESEC technique.

Variations of the open circuit potentials (E,.) values before and
after the AC experiments (Table 4) were small but reproducible.
The interpretation of the general trends of j, variation in Fig.1-3, 5
during potentiostatic AC application based on the mixed potential
theory was coherent with the observed selective dissolution
behavior and the surface state. For the experiment in Fig. 1 (Case
(I)) Eoc decreased from —1.22V vs Ag/AgCl to —1.23V vs Ag/AgCl
after AC application. Since the potential variation during AC test
was performed 4+ 10 mV rms around the initial value of —1.22V vs
Ag/AgCl, the contribution of anodic current to j. increased (Fig. 1).
Similarly, the supremacy of cathodic currents in Fig. 2 (Case (II))
and Fig. 5 (Case (IV)) can be explained by the increase of the E,.
before and after the AC application due to the surface film
formation (Table 4).
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Comparing the R, values summarized in Table 4 with the
dissolution responses presented in Figs. 1-3 and 5 one can note
that the dissolution behavior cannot be predicted from the R,
values. For example, the highest R, values are measured at pH 13,
for which the dissolution rate of Al is the highest, as shown in Fig. 2.
This illustrates that the system cannot be considered as homoge-
nous and it is therefore necessary to draw individual equivalent
circuits for some alloying elements or phases, the idea which was
previously proposed in the literature [4,5] but is not generally used
in practice.

To summarize, the studied system is fundamentally unstable
and the interpretation of the conventional EIS data from the
experiments presented in Figs. 1-5 appears impossible and is not
provided in the present work. In a general case, the conventional
EIS data about the dissolution of ZnAlMg alloys should be
interpreted with caution. Along with the careful examination of
the stability of je, jzn, jar and jyg currents one must distinguish the
anodic dissolution of Zn and Mg from the cathodic dissolution of Al
in the appropriate equivalent circuit or/and kinetic model of the
system.

4.2. Mechanisms of reactivity in different electrolytes

General trends of the ZnMgAl dissolution in NH4CI/NaHCO;
mixtures observed in AC/AESEC experiments (Figs. 1-3) correlate
well with the behavior expected from the saturation concen-
trations of Zn?*, AI>* and Mg?* in selected electrolytes calculated by
Hydra Medusa software [56] (see Table 1).

Case (I). The results suggest that the dissolution of freshly
prepared surface of ZnMgAl in ammonium/carbonate buffer at
pH 10.5 is controlled by the charge transfer processes and
suggest no ion transport limitation. The results are coherent
with the absence of detectable by IR thick layers of surface
hydroxides and basic salts and the localized corrosion products
detected locally “in depth” of the material suggesting very rapid
transformation of the oxides in contact with the electrolyte.

Case (II). rapid formation of low soluble brucite and hydro-
talcites at pH 13.0 decreased surface reactivity in 10 times
compared with the previous case. The film continuously
improves its barrier properties because both, the total current
and the elemental dissolutions, decrease with time. However,
the localized character of Mg distribution in the microstructure
and the rapid film formation result in non-blocked reactivity of
Zn dendrites at least at the times scales we used. High pH favor
Al reactivity.

Case (III). the detection by vibration spectroscopy of sodium
aluminates and several mixed Mg-Al compounds confirms the
hypothesis of the Mg rich film formation on ZnMgAl surface
after the contact with the NH4Cl/NaHCOs solution at pH 8.5
expected from the AESEC data. Hydrozincite could be formed
after the experiment from the soluble Zn?* ions which were
complexed by ammonium.

Case (IV). In unbuffered slightly alkaline NaCl jy and ja
approach their detection limits (Fig. 5) whereas Zn forms ZnO
film confirmed by Raman data in Fig. 6b. The barrier properties
of this film are usually considered to be poor [19,22,29] which
correlates with the low R, value (Table 4). Since Zn is the major
component of the alloy and is present in all phases, formed ZnO
film can block the diffusion of ejected Mg?* and Al**. Therefore,
jzn Will be determined by the saturated concentration of Zn?*
under local conditions with j4;=0 and jug=0.

Solution bulk

XYZ alloy

Fig. 7. Schematic representation of the processes considered to estimate a
correlation of elemental dissolution in AC/AESEC experiment and solubility of
selected species. The model includes: 1-electrochemical dissolution of metal X with
the formation of low soluble products X(N); 2-dissolution/precipitation processes,
equilibrium between X(N) and X"*; 3-diffusion of X" to the bulk through a
diffusion layer with the diffusion thickness é.

4.3. Solubility control of partial metal dissolution

A simple schema presented in Fig. 7 describes the dissolution
process by 3 steps: (1) oxidation of the metal with formation of an
insoluble or adsorbed species of X(N) at the interface, (2) release of
XN* in the solution close to the surface (in equilibrium with re-
precipitation) and (3) diffusion of XN* to the bulk solution. In such a
schema, diffusion limited dissolution (AC perturbation does not
affect dissolution rate) should furnish the surface concentration of
species of X (C?) at steady state. Indeed, a flux of cations X™* from
the surface (Jx) to the solution bulk through the diffusion layer of a
thickness & can be described by the 1st Fick’s law:

X X
=D )

where the concentration of XN* in the solution bulk (Cff ) can be
calculated from the AESEC data. Combining Eqgs. (1), (2) and (7)

cg‘:cﬁ(/{—&ﬂ) (8).

The calculated by Eq. (8) surface concentrations C); of Zn?*, Mg?*
and APP* after the application of AC perturbations in different
electrolytes are presented by spots in Fig. 8 a and b. The
experimental bulk concentrations were taken from the results
of the experiments presented in Figs. 1-3 and 5 The used diffusion
coefficients for Zn?*, AI** and Mg?* are listed in Table 7 (from [57]),
§ was approximated as 0.01 mm [58,59], A=0.51 cm? and f=0.05
cm’s~! in AESEC experiment. The saturated concentrations
presented by solid lines in Fig. 8 were calculated using the Hydra
Medusa software [56] in solutions relevant for this work. Fig. 8

demonstrates a clear correlation between the ratio of CX and G
and the behavior of the system. For the cases (II), (IIl) and (IV)
where measured concentrations of Mg, Al and Zn coincided with
the saturated concentrations, low soluble species modified the
response on AC perturbation. No evolution of Mg dissolution is
visible in Fig. 2 because of formation of hydrotalcites, Al(III)
(compare with Fig. 3) and Zn(II) (compare with Fig. 5). In all other
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Fig. 8. Correlation between the surface concentrations (point results) of Zn (blue, *), Al (green, ) and Mg (black, x) calculated by Eq. (11) from the experimental data after AC
application shown in Fig. 1-3 and 5 and saturation concentration of Zn?*, AI>* and Mg?* cations at 25 'C in (a) 0.1 M NH4*/0.09 M NH; + 0.01 M HCOs™~ and (b) 0.1 M NaCl
solutions as a function of pH calculated by Hydra Medusa software [56], the species considered in calculation are listed in the legend for Table 1.

Table 7

Diffusion coefficients Dy of Zn?*, AI** and Mg?* ions in water at 25°C [57].
Cation AP+ Zn%* Mg?*
(D 107%) | cm?s™! 0.541 0.703 0.706

cases C¥ < C¥' and the AESEC data show direct dissolution of
X to XN, This result is interesting because the expected
tendencies in the AESEC response on AC perturbations from the
solubility considerations promises a useful approach for optimiz-
ing the experimental conditions of AC/AESEC coupling for
other alloys.

5. Conclusions

1) Real time measurement of elemental dissolution rates by
atomic emission spectroelectrochemistry under AC perturba-
tions of Zn3.5%Al3%Mg alloy was used to precise the mecha-
nisms controlling selective dissolution as a function of pH in
chloride containing solutions with and without the presence of
NH,". The surface state after the experiment was characterized
by ATR IR and Raman spectroscopy.

2) At pH values of 8.5 and 10.5 Zn and Mg dissolution currents (jz,
and jyg) followed the total current j.* respecting the stoichi-
ometry of Zn,Mg at the maximum of anodic current at pH 8.5. Al
dissolution current (ja;) followed the AC oscillations with the
phase shift 180° relative to j.* at pH 10.5 (cathodic Al
dissolution). No correlation with AC perturbation and j,; was
at pH 8.5.

3) Al dissolution from ZnMgAl alloy near its open circuit was
controlled by the cathodic reaction. The cathodic dissolution of
Al is widely known phenomenon, however, in this work it was
observed for the first time at so anodic potentials and for the
low amplitude (10 mV) AC perturbation for ZnAlMg alloy. The
phenomenon was explained by the strong cathodic polarization
of Al component in ZnMgAl matrix.

4) In strong alkaline solutions faradaic anodic Zn dissolution,
cathodic Al dissolution and no Mg dissolution was observed.

5) In all the cases where the elemental dissolution did not depend
on the AC perturbation or presented a phase shift, the results
demonstrated the formation of low soluble products: Mg(OH)s,
Mg-Zn-Al hydrotalcites, etc. in the solution with pH 13;
magnesium carbonates, hydrozincite, presumably amorphous
Al,03 and spinel based compounds in ammonium/bicarbonate
buffer at pH of 8.5; and defective Zn;.xO in unbuffered 0.1 M
NaCl with initially alkaline pH.

6) In studied cases when insoluble product controlled the
dissolution, the expected from the thermodynamics saturated
concentrations of Zn?*, AI** and Mg?* in the selected electro-
lytes correlated well with the measured in real time metal
dissolution rates.

7) The results suggest that until the surface is not completely
passivated by the surface oxides, the response in AC/AESEC
experiment is controlled by the saturated concentration of
cations ejected from the metal surface in chosen electrolyte,
which can help to optimize the experimental conditions for any
other alloy.

8) Variations of Zn, Al and Mg elemental currents in all experi-
ments did not permit to interpret the conventional EIS spectra.
Even though the validation by the Kramers-Kronig transforma-
tion demonstrated less than 5% error, elemental currents varied
approximately 40% relative to its initial values before AC
application. In application to ZnMgAl, the finding implies the
separation of cathodic Al dissolution, and anodic Zn and Mg
dissolution in the appropriate equivalent circuit for the
adequate analysis of the conventional EIS data.
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Appendix A.
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Résumé

La réactivité des alliages de Mg est
fortement influencée par la formation
et la stabilité des films de surface,
rendant primordiale leur
compréhension fondamentale pour
une stratégie anticorrosion. En
général, ils sont analysés par des
techniques ex situ qui peuvent
modifier la chimie et la morphologie
de surface. Dans ce travail, la
spectroscopie Raman a été adaptée
pour cartographier in situ la cinétique
de I'évolution du film de surface lors
des étapes initiales de corrosion de
Mg gréce a une cellule en circulation.
De plus, la spectroscopie a décharge
luminescente a été appliquée a
'analyse des surfaces corrodées,
démontrant qu’elle peut rapidement
et  précisément déterminer la
distribution en  profondeur des
éléments, y compris les impuretés
présentes a des concentrations entre
10 et 100 ppm. L’approche analytique
développée a été appliquée a la
compréhension de l'effet du pH, des
ions chlorure et de plusieurs
inhibiteurs  organiques dans les
mécanismes de dégradation de Mg.

Mots Clés

Produits de corrosion, Inhibiteurs de
corrosion, Magnésium, Spectroscopie Raman
in  situ, Spectroscopie  a Décharge
Luminescente

Abstract

The reactivity of Mg alloys is strongly
affected by formation and stability of
surface films making their
fundamental understanding primordial
for intelligent anticorrosion strategy.
In general, their chemistry and
morphology are approached by ex-
situ technics, which can modify the
chemistry and morphology of the
surface. In the present work in-situ
confocal Raman spectroscopy was
adapted to map the local kinetics of
surface film evolution at initial stages
of Mg corrosion in thin layer cell.
Additionally, the applicability of Glow
Discharge Optical Emission
Spectroscopy (GD OES) for corroded
surfaces was analyzed demonstrating
that it provides a fast and robust way
to obtain elemental depth distribution
within the surface film thickness for
major elements and minor impurities
(10 to 100 ppm). Developed
analytical approach was applied to
understand the effect of pH, CI-
content and several organic inhibitors
on the mechanisms of Mg
degradation.

Keywords

Corrosion products, corrosion inhibitors,
Magnesium, In situ Raman spectroscopy,
Glow Discharge Optical Emission

Spectroscopy
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