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AVANT-PROPOS

Le présent mémoire a pour objectif de dresser lanlde mes activités d’enseignement et de
recherche réalisées ces dix derniéres années été gieamaitre de conférences a I'Université de
Lorraine (UL). Ainsi, depuis le®1septembre 2010, date de ma nomination a 'emgl@nMCF
0282, j'exerce le métier d’enseignant rattachéExdle Européenne d’Ingénieurs en Génie des
Matériaux (EEIGM) et le métier de chercheur ratéaal’Institut Jean Lamour (UMR 7198 CNRS).

Mon activité d’enseignement se déroule exclusivandehEEIGM, école d’ingénieurs a cycle
préparatoire intégré qui forme des ingénieurs gliétes en science des matériaux avec un profil
culturel résolument tourné vers I'Europe et l'imaional. Je réalise une charge d’enseignement
annuelle moyenne de 267 heures au sein de la kihgcjghysique. Mes enseignements concernent
principalement le socle de physique de premier ecydniversitaire (thermodynamique,
électromagnétisme, optique) que je donne sousrilaefale cours magistraux, de travaux dirigés et
de travaux pratiques. J'encadre par ailleurs plusiprojets pédagogiques.

Mon activité de recherche se déroule a I'Instiedn) Lamour, laboratoire de recherche dédié a
I'élaboration de nouveaux matériaux et a la misea@uat de nouveaux procédés de traitement et de
transformation des matériaux. Je suis intégré ewdgel’équipe Plasma, Procédés et Surfaces (PPS)
du département Chimie et Physique des Solidessetddaces (CP2S). Les membres de I'équipe
s’intéressent aux interactions entre des plasmés ®trface des matériaux. Particuliéerement, mon
theme de recherche porte sur le procédé d’oxydapan plasma électrolytique, procédé
électrochimique de traitement de surface d’alliapésalliques Iégers assisté par des micro-plasmas
en phase liquide. Avec Gérard Henrion, directeuredberche au CNRS et parrain scientifique de
la présente demande d’habilitation a diriger deteeches, nous tentons de mieux comprendre les
mécanismes physico-chimiques régissant le procéd®. Pour cela nous adoptons une approche
expérimentale singuliére au carrefour du génieptesédeés, de la physique des plasmas et de la
science des matériaux.

Le présent mémoire se scinde en trois chapitrexhpitre 1 est un bilan d’activité rédigé de
maniére synthétique ou le lecteur trouvera les motkes chiffres clés des différentes missions
menées jusqu’a maintenant. La production scienifigst également intégrée a ce premier chapitre.
Sa lecture permet ainsi de mieux appréhender lpittha3 qui dresse un bilan détaillé de mes
travaux de recherche et de la maniére dont il$timenés. Sur la base de ce bilan, le chapitre 3
propose une suite a ces travaux sous la formepijet de recherche pour les prochaines années.

Enfin, il me semble important de rappeler l'avisigpar ma section CNU de rattachement (33,
« Chimie des Matériaux ») a lissue du dépdét oltiga du dossier «suivi de carriere des
enseignants-chercheur » et de son expertise en. 2@1¢ite : 4« a section 33 souligne un bon
niveau d’activité dans chacune des missions duemétenseignant-chercheur. La section 33 vous
encourage a préparer I'Habilitation a Diriger deseBherches. La démarche que j'entreprends
aujourd’hui par le présent dossier suit la reconthagion formulée par ma section CNU de
rattachement.



CHAPITRE 1
CURRICULUM VITAE

1.1. Etat civil et situation professionnelle

MARTIN Julien , 37 ans, nationalité francaise, en couple avedanés (6 et 11 ans)
Maitre de Conférences a I'Université de Lorraine

Titularisé le £ septembre 2011

Section CNU de rattachement 33 (Chimie des Matg)iau
julien.martin@univ-lorraine.fr

Chercheur a I'Institut Jean Lamour (IJL) - UMR 7198 CNRS silkersité de Lorraine
Département Chimie et Physique des Solides et uidacgs (CP2S)

Equipe Plasmas Procédés Surfaces (PPS)

2, allée André Guinier —BP 50840

F-54011 Nancy Cedex

+33(0)3.72.74.24.97

Enseignanta I'Ecole Européenne d’Ingénieurs en Génie dehNaix (EEIGM)
Discipline Physique / Péle Propriétés StructuredieBonctionnelles des Matériaux
6 rue Bastien Lepage

F-54000 Nancy Cedex

+33(0)3.83.36.83.24

1.2. Titres et qualifications universitaires

2011: Titularisation en qualité de Maitre de Conféesnde classe normale
Poste n°33 MCF 0282

2010: Qualification aux sections du Conseil Nationas dUniversités
28 Milieux denses et matériaux
30 Milieux dilués et optique
33 Chimie des matériaux
60 Mécanique, génie mécanique et génie civil

2009: Dipldme de Docteur en Physique des Matériaux
Université Paul Verlaine de Metz (UPVM)

2006: Diplome de Master Recherche en Science et legénies Matériaux
Institut National Polytechnique de Lorraine (INPL)

2005: Dipldme d’Ingénieur de I'Ecole Européenne d’'Inggairs en Génie des Matériaux
Institut National Polytechnique de Lorraine (INPL)

2003: Dipléome First Certificate in English (FCE), Uensité de Cambridge
Dipléme Zertifikat Deutsch (ZD), Goethe Institut



1.3. Expériences professionnelles universitaires

Depuis le £ septembre 2010 Maitre de Conférences
Institut National Polytechnique de Lorraine (INPL

Septembre 2009 — Aolt 2010 Attaché Temporaire d’Enseignement et de Redigerc
Institut National Polytechnique de Lorraine (INPL

Septembre 2006 — Aolt 2009 Allocataire de Recherche MESR
Université Paul Verlaine de Metz (UPVM)

Septembre 2005 — Aolt 2006 Stagiaire de recherche — Master recherche
Laboratoire de Science et Génie des Surfaces®).SG
Institut National Polytechnique de Lorraine (INPL

1.4. Activité d’enseignement

Volume horaire annuel moyen 267 h. eq.TD (+75 h. eq.TD sup. / service statita

Disciplines: Thermodynamique physique, ondes mécaniquedr@eagnétisme, optique, bases
de meécanique quantique et de physique statistigégistance des matériaux, structures
cristallographiques et propriétés physiques deg iaaix

Public : Etudiants en cycle préparatoire intégré (bact2} et cycle ingénieur (bac +3, +4, +5)
Supports pédagogiques Cours magistraux (22 h. eq.TD/an), Travaux @ésig(143 h.
ed.TD/an), Travaux pratiques (43 h. eq.TD/an), Sdsvprojets et autres (59 h. eq.TD/an)

Responsabilités pédagogiguesResponsable des projets bibliographiques dwegy@paratoire
(de 2010 a 2015), Membre élu du college B au corgeil’lEEIGM (de 2014 a 2017),
Représentant des enseignants a la commission i étudiantes (depuis 2013)

1.5. Activité de recherche

Etude de polymeres par spectroscopie RamanCaractérisation de la microstructure de
polyméres semi-cristallins (taux de cristallinit@rjentation moléculaire et endommagement
volumique) lors de leur déformation (traction unée) et lors de leur mise en forme (extrusion).

Etude de traitements thermochimiques de diffusion Traitement de cémentation activée par
désoxydation de surface a 'ammoniac gazeux. Trate de nitruration assistée par plasma en
vue de structurer la surface d’alliages métalligégsrs.

Etude du procédé d’oxydation par plasma électrolytjue : Traitement électrochimique assisté
par des micro-plasmas en phase liquide. Etude dedton entre les parametres du procédé, la
microstructure des couches d’oxyde et les caratigunies des micro-plasmas.

1.6. Encadrement, production scientifigue et indicg bibliométriques

3 theses co-encadrées, 1 thése en coetrsl masters 2

26 publicationsdans des revues a comité de lecture (13"eauteur)

11 conférences invitéedans des conférences (9 de niveau international)

46 conférences oraledans des conférences internationales

1 distinction scientifique (Prix « Young Scientist Award » silver fAEPSE, septembre 2019)
1 brevet international (W0O/2013/054062 en 2013)

Nombre de citations: 455,Indice h : 13, IF moyen: 3,6 (source Google Scholar au 04/03/20)



CHAPITRE 2
RAPPORT D’ACTIVITE SYNTHETIQUE

2.1. Chronologie synthétique du parcours professiorel

Apres l'obtention du dipléme d’ingénieur de I'Ecoluropéenne d’Ingénieurs en Génie des
Matériaux (EEIGM) en 2005, dipléme complété en 2p861'obtention d’'un master en science des
matériaux au Laboratoire de Science et Génie ddac®s (LSGS), j'ai mené une thése de doctorat
au Laboratoire Matériaux Optique, Photoniques est&8yes (LMOPS) de I'Université Paul
Verlaine de Metz (UPVM) de 2006 a 2009. Sous ladion du professeur Patrice Bourson, le sujet
de these portait sur la caractérisation en temglsdes meécanismes de déformation de matériaux
polymeéres par spectroscopie Raman. Bien que todgnéle de l'activité que je mene aujourd’hui,
cette période reste néanmoins décisive dans mé&reade chercheur tant du point de vue de
'apprentissage a conduire une recherche scienéfigue du point de vue de la valorisation des
résultats scientifiques (10 publications et 1 breue les résultats de thése).

En qualité d’attaché temporaire d’enseignementeetetherche (ATER) de I'Institut National
Polytechnique de Lorraine (INPL) de 2009 a 2014i,gbuhaité m’ouvrir a une autre thématique de
recherche et ainsi élargir le spectre de mes canpés de chercheur. Mes travaux de recherche se
sont réorientés sur les traitements de surfacdiatjab métalliques par voie électrochimique, plus
particulierement sur le procédé d’oxydation parspla électrolytique (PEO). lls ont été menés a
IInstitut Jean Lamour (IJL) de I'Université de ltame (UL) aux c6tés de Gérard Henrion,
directeur de recherche au CNRS et alors chef deuipé ESPRITS En contribuant a
'encadrement d’'un étudiant en troisieme annéeh#dse (Amer Melhem), jai pu acquérir des
connaissances transverses en physique et caratt#risdes plasmas ainsi qu'en génie des
procédeés, connaissances nécessaires aux étudesockdé PEO. Finalement, le choix de la
reconversion thématique a 'issue du doctorat gfoeent contribué a mon futur recrutement a I'UL
et & mon intégration au sein de I'équipe ESPRITS

Depuis 2010 et ma nomination en qualité de mairecahférences a I'UL, mon activité de
recherche est menée au sein de I'équipe Procétsnds et Surfaces (PPS) de I'lJL. Le théme
principal de cette activité de recherche est cestré les traitements de surface d'alliages
meétalliques Iégers assistés par des plasmas. Clesrcbes a fort caractere expérimental ont pour
objectif commun de parvenir a une meilleure com@néion des interactions entre les plasmas et la
surface des matériaux pour, in finflaborer des protections et des fonctionnalitéssuléace
améliorées. Aujourd’hui, deux axes de rechercheeungjse dégagent, le premier portant sur le
procédé PEO et le second sur les procédés deidiiftreermochimique assistés par plasmas.

Le premier axe de recherche représente une parriampe de mon activité de recherche
(~ 80 %). Aux cotés de Geérard Henrion, nous étglaes micro-plasmas haute pression en milieu
liquide destinés a la protection d’alliages médakis Iégers tels que I'aluminium et le magnésium.
Dés 2011, et dans un souci de dynamiser trés mapidiecet axe de recherche, j'ai co-encadré la
these d’Alexandre Nominé dont le sujet a portd’étude de I'influence des parametres opératoires

LESPRITS : « Expérience et Simulation des Plasmastif&dnteraction Plasma Surfaces et TraitemeagsSlrfaces »
2 "équipe ESPRITS est devenue I'équipe PPS (« Rladitocédés et Surfaces ») en 2018



sur l'efficacité du procéde PEO. Afin d’accompagfieancierement cette these, j'ai porté un projet
scientifique dans le cadre du « soutien aux prajetgecherche » de I'appel d'offre 2011 de la
région Lorraine et de I'INPL (37000 €). Cette premithése a été soutenue en septembre 2014
apres 3 ans de travaux. Les résultats collectési@guché sur la rédaction de 8 publications. De
2014 a 2016, fut une période de transition ou § cértes pas encadré de doctorant mais pendant
laquelle, en encadrant plusieurs étudiants de niveaster (4 pendant cette période), combiné au
succes d’'un second projet scientifique dans leecddr’appel d’offre 2013 de la région Lorraine et
de 'UL (26000 €), jai preparé les conditions faables pour la thése suivante. Ainsi depuis 2016
et en ayant toujours dans l'idée de pérenniseragetde recherche, j'ai co-encadré la thése de
Vitalios Ntomprougkidis. Son sujet a porté sur dexen approfondi de l'interaction entre les micro-
plasmas en milieu liquide et les surfaces métatqlLe financement de cette thése a reposé a la
fois sur un soutien financier du Labex DAMA& sur un soutien financier de la région Grand Est
ce dernier ayant été assuré par un troisieme psgjentifique dans le cadre du « soutien aux
chercheurs » de I'appel d’'offre 2016 de la régiorar@ Est et de I'UL (49000 €). Aprés la
publication de 4 articles scientifiques, la soutereade these se fera en juillet 2020. Aujourd’hui,
cet axe de recherche se poursuit par I'attributimm contrat doctoral (potentiellement co-financé
par la soumission d’'un projet de recherche dawcsdiee de I'appel d’offre 2020 de la région Grand
Est et de I'UL, 46000 €) dont le démarrage est pngour septembre 2020. Le sujet consistera a
élaborer des couches céramiques protectrices auctivite électrique significative par
l'incorporation de particules conductrices au cadusprocédé PEO.En septembre 2019, lors de la
12°™ conférence internationale Asian-European Plasnmta&iEngineering (Jeju, Corée du Sud),
j'ai recu le prix « young scientist award » en metaissance de mes travaux sur le procédé PEO. Ce
fait marquant de ma carriere de chercheur m’inaiteroire en la pertinence des orientations
scientifiques que j'ai prises ces 10 dernieres asné

Le second axe de recherche que jai commencé gagsmment (en 2016) et qui représente une
part moins importante de mon activité de rechefeh20 %) porte sur la (micro-) structuration de
surfaces d’alliages métalliques par des traitemdetsliffusion thermochimique assistés par des
plasmas basse pression. Aux cotés du professearryt@zerwiec et de I'ingénieur de recherche
Grégory Marcos qui animent cette thématique au skHinl'équipe PPS, nous cherchons a
comprendre les mécanismes permettant de modifieplagraphie d’'une surface initialement plane
lorsque celle-ci est soumise a un traitement thehinoique de nitruration. Les alliages de
prédilection pour ces traitements sont des allialgstinés a l'allégement des structures tels cuie le
alliages intermétalliques a base d’aluminium. Seitec thématique, j'ai encadré 3 étudiants de
master dont les résultats ont permis la publicatien2 articles. Ces travaux préliminaires ont
également permis I'élaboration d’'un sujet de thimd la réalisation doit permettre d’ancrer cet axe
dans mes futures thématiques de recherche. Cetse tui a débutée en janvier 2020 et pour
laquelle je suis co-directeur est menée en colimwr avec le Labex DAMAS et la société CRITT
METAL 2T/ICAR.

Ces 2 axes de recherche ont également trouvé unaggites des actions scientifiques du Labex
DAMAS au sein duquel janime, en partenariat éteniec nos collégues du LEKI8e Metz, & la
fois une action sur la protection de surface duméamm par le procédé PEO et une autre sur la
meétallurgie a I'azote d’alliages intermétalliques.

3 LABEX : “ LABoratory of EXcellence — Design of Alloyletals for low-mAss Structures”
4 LEM 3 : « Laboratoire d’Etude des Microstructuetsie Mécanique des Matériaux »



2.2. Activité d’enseignement et responsabilités padogiques

2.2.1. Description des enseignements

Mon activité d’enseignement s’effectue exclusivemarn’Ecole Européenne d’Ingénieurs en

Génie des Matériaux (EEIGM). Les enseignements siisgensés au sein de la discipline
physique. Le volume horaire annuel moyen, calcal&eures équivalent TD sur dix années de
service, représente 267 h. La charge supplémert@nseignement par rapport aux exigences
statutaires (192 h) s’éleve en moyenne a 75 h.

Mes interventions se situent principalement au auivdu cycle préparatoire intégré (bac +1 et
+2) et plus occasionnellement au niveau du cydgnieur (bac +3, +4 et +5). Dans le cycle
préparatoire intégré a I'EEIGM, les thématiquesrdbes sont celles du socle commun de
physique de premier cycle universitaire a savarretions d’électromagnétisme, d’optique, de
thermodynamique ainsi que les bases de mécaniguique et de physique statistique. Dans le
cycle ingénieur a 'EEIGM, mes enseignements aburls propriétés physiques des matériaux
en relation étroite avec leurs structures crisgaiiphiques.

Tous les enseignements dispensés s’organisent 3aopports pédagogiques complémentaires,
les cours magistraux (CM), les travaux dirigés (ED)es travaux pratiques (TP). L’encadrement
de projet fait également partie de mes missionnisgignement a 'EEIGM. J'encadre en
moyenne chaque année 2 projets bibliographiqueslesumatériaux (bac +1), 1 projet de
recherche en laboratoire (bac +4) et 3 stages trnielgsde fin d'étude (bac +5). Le contenu des
différentes unités d’enseignements, classé seloivéau des étudiants, est décrit ci-apres :

1ére

année cycle préparatoire intégré, Bac +1, CM/TD/TP167 h. eq.TD/an en moyenne

Electrocinétique: Généralités sur les circuits électriques. Régipemanents, sinusoidaux
et transitoires. Notions de puissance, de résonahaamortissement. Modélisation de
systemes physiques par un circuit RLC.

Onde Mécanique Mise en eéquation du mouvement ondulatoire. OnpieEgressives.
Principe de superposition, Ondes stationnaires.ioN®t de puissance d'une onde et
dimpédance d'un milieu matériel. Coefficients dansmission et de réflexion. Cas
particulier de I'onde sonore et notions d'acoustiqu

Electrostatique : Loi de Coulomb, champ électrique, potentiel tlgne. Coordonnées
cartésiennes, cylindriques et sphériques. Progrigeésymétries du champ en fonction des
symeétries de la distribution des charges. Théomen@auss.

Magnétostatique : Loi de Biot et Savart, vecteur densité de couvatumique, propriétés
de symétries du champ en fonction des symétriea digstribution du courant. Théoréme
d'’Ampere.

Electromagnétisme: Opérateurs vectoriels (grad, div, rot), Théoredee Green et de
Stokes. Notion de flux de champ magnétique. Equoatide Maxwell. Principe de
I'induction. Ondes électromagnétiques, équatioprd@agation, ondes planes.

Optique : Optique géométrique. Principe du microscope queti Principe d’Huygens.
Réflexion et transmission d’'une onde électromaguétia l'interface entre 2 milieux.
Phénomenes d’interférence et de diffraction.

Thermodynamique physique: Définition des systémes thermodynamiques, formes
d’échange d'énergie : travail et chaleur. Premigrcype : énergie interne. Second principe :
entropie. Fonctions caractéristiques. Changemeédiatat diagrammes de phases.
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2°™ année cycle préparatoire intégré, Bac +2, TD, 27. leq.TD/an en moyenne

Initiation a la mécanique quantique: Rappels sur la physique des particules et ddeson
et introduction aux moments cinétiques, électriggemagnétiques. Eléments de relativité
restreinte. Dualité onde-corpuscule, relation dmitude. Equation de Schrddinger et
solutions stationnaires: niveaux d’énergie atomsqee niveaux d'énergie de vibration /
rotation des molécules et spectrométries associées.

Initiation a la physique statistique : Nombre de complexion, formule de Boltzmann et
distribution de Maxwell-Boltzmann. Equipartition dénergie, chaleurs spécifiques des
solides. Notion de phonons et distributions de Bxis#e Fermi.

Propriétés électroniques et de conduction des maféux : Initiation a la physique des
lasers, applications des lasers. Propriétés étaqties des matériaux conducteurs et semi-
conducteurs : conductivité électrique des métaux aliés (modele Drude-Sommerfeld),
effet Hall. Conductivité électrique des semi-cortducs (modele des bandes d'énergie).
Exemples de dispositifs a semi-conducteurs : jonctp-n, transistors unipolaires et
bipolaires. Introduction aux technologies de lanmiélectronique.

Structures cristallines: Définition d'un cristal, bases de la cristallqgree géométrique
(notions de maille, systeme cristallin, mode deaé3, notion de cristal parfait et cristal réel
Cristaux métalliques : notion d'empilement compalliages d'insertion et de substitution et
composeés intermétalliques. Cristaux ioniques sdiaiionique et principales structures-types
Cristaux covalents : liaison covalente, graphiteliamant. Cristaux moléculaires : liaisons
faibles, glace et carboglace. Relation structuopipétés : températures de changement
d'état, propriétés mécaniques et électriques.

3*™ année (£ année du cycle ingénieur), Bac +3, TD, 15 h. eq.7dh en moyenne

Propriétés électriques et diélectriques des maténe : Modeles quantiques de I'électron
libre (puits de potentiel). Densité d'états, enerdg Fermi, bandes d’énergie. Définition des
zones de Brillouin pour aborder le couplage ergsepropriétés électriques dans les métaux
et les semi-conducteurs et leurs structures dogtaphiques. Propriétés de conductivité
électrigues des alliages métalliques en fonctiotadempérature, des défauts cristallins et
de la composition de [lalliage. Propriétés électeisy des matériaux diélectriques.
Application aux condensateurs. Notions de piézdkdit€, pyroélectricité et ferroélectricité.
Propriétés thermiques des matériaux Notions de capacité thermique et de coeffictnt
dilatation thermique a travers des modeles de mil@ontinus et discontinus. Température
de Debye et phonons.
Propriétés  magnétigues des matériaux Diamagnétisme, paramagnétisme,
ferromagnétisme a travers les notions théoriques ntlgnétostatique des milieux
magnétiques, des moments dipolaires magnétiquesmdenents cinétiques orbitaux et de
spin. Cycle d’hystérésis.

18€, Fme Fme gome ot M annges, Projets pédagogiques, 59 h. eq.TD/an enymone
Projet « bibliographique » de ®1 année, Projet «Afl» de 3™ année, Projet
« caractérisation des matériaux » d&®année, Projet de fin d’étude industriel &5

année. Autres : Surveillances d’examens, visitentieprises, décharge d’enseignement
pour responsabilités pédagogiques. (Détails enose2i2.3. page 13)

5 ATl : « Atelier de Transfert et d’Innovation »
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2.2.2. Chiffres clés

La figure 1 présente sous forme d’histogramme panté&ion de mes enseignements a I'EEIGM
au cours de ces dix dernieres années universitairdenction du support pédagogique utilisé
(CM pour Cours MagistrauxiD pour Travaux DirigésTP pour Travaux Pratiques @utres
pour les tutorats de projets). La figure 1 donr&&mgent le volume horaire total annuel.

La figure 2 présente sous forme d’histogramme panéion de mes enseignements a 'EEIGM
au cours de ces dix derniéres années universi@irdésnction du niveau des étudiart# (pour
1 année bac +1, etc...).
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Figure 1: Répartition des enseignements en fonction dpatipédagogique.
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Figure 2 : Répartition des enseignements en fonction deanivdes étudiants.
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2.2.3. Encadrements de projets pédagogiques

1% année (Bac +1) : Projet « bibliographique » (+ d&0 projets encadrés)

Le projet « bibliographique » est un projet de ezche et de synthése bibliographique autour
d’'un sujet sur le domaine des matériaux, de lenth&ge jusqu’a leurs utilisations en passant par
la caractérisation de leurs propriétés. Au couehiéetiens mensuels, j'enseigne aux étudiants
les méthodes de recherche, de classement et desgrde 'information scientifique. A travers
la rédaction d’un rapport et la préparation d’'unatsnance, j'incite les étudiants a adopter les
canons standards de présentation de documentsifemqiess.

3*™ année (Bac +3) : Projet « Ateliers de Transfertstel’Innovation » (2 projets encadrés)

Le projet « ATl » repose sur une problématique stdelle réelle posée par un partenaire
industriel. Mon réle est d’accompagner les etudiaans leurs recherches documentaires puis de
les aider dans les difféerentes expérimentationsabculs qu’ils peuvent étre amenés a réaliser,
gue ce soit a 'TEEIGM ou dans un laboratoire déaeeche local.

4°™ année (Bac +4) : Projet « matériaux métalliques 8 projets encadrés)

Le projet « matériaux métalliques » est un projeagctere expérimental qui permet d’illustrer
les cours de métallurgie et de caractérisatiomugriaux. Ces projets ont lieu principalement a
I'Institut Jean Lamour et sont axées vers I'exgertou la recherche. En amont de la réalisation
du projet, mon role est de définir un sujet quitdmermettre d’aborder le plus possible les
notions vues en cours. Il consiste également adesmpagner dans le choix des expériences
clés a mettre en place et dans I'exploitation éssltats issues de techniques de caractérisation.
5°M™ année (Bac +5) : Projet « industriel » (+ de 20 pjets encadrés)

Le projet « industriel » constitue la premiere eigrice professionnelle, en qualité d’ingénieur-
matériaux, pour les étudiants de 'EEIGM. Sa dwsede 6 mois et il clot le cycle ingénieur.
L'étudiant est confronté aux exigences technologgguconomiques et relationnelles imposées
par le monde de I'entreprise. Mon réle principahsiae projet est de veiller au bon déroulement
du stage. Je rends visite au stagiaire sur largiigstriel. Je participe a la correction du rapport

de stage et je participe a la préparation de |tesance.

2.2.4. Activités d’administration

Responsable pédagogique du projet « bibliographique de £ année a I'EEIGM
De 2010 a 2015. Organisation des projets. Déchdiggeseignement de 15 h. eq.TD.

Membre élu au conseil de 'EEIGM
De 2014 a 2017. Représentant des enseignantsldgec@ (maitres de conférences et PRAG).

Membre permanent de la commission pour la vie desu@iants de 'EEIGM
Depuis 2013. Représentant des enseignants. Esgackalkbgue entre les représentants des
enseignants et les représentants de la vie asseG@atEEIGM.

Participation au recrutement des étudiants de 'lEEGM
Depuis 2010. Promotion de I'école aux salons deiefdation, confections et corrections
d’épreuves écrites (concours GEIPI-Polytech et adimm sur titre), entretiens oraux.

Réflexions sur la pédagogie a 'EEIGM
En 2014. Participation aux réflexions sur la pldes apprentissages actifs (APP) dans le cursus
De 2017 a 2018. Animation d’'un groupe de réflexsanla restructuration des enseignements.
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2.3. Activité de recherche et responsabilités d’eadrements

2.3.1. Chiffres clés et indicateurs bibliométriques

26 publications dans des revues a comité de le@org 13 en premier auteur)

9 conférences orales invitées dans des conférameesationales (dont 2 en tant qu’orateur)

2 conférences orales invitées dans une confératomale (dont 1 en tant qu’orateur)

46 conférences orales dans des conférences intgralats (dont 17 en tant qu’orateur)

8 conférences orales dans des conférences natdjdalet 5 en tant qu’orateur)

18 posters dans des conférences internationales {den tant que premier auteur)

6 posters dans des conférences nationales (dantaheque premier auteur)

9 séminaires invités en France et a I'étrangert(8amn tant qu’orateur et 3 a I'étranger)

1 distinction (Young Scientist Award, ”’l‘ZAsian-European Plasma Surface Engineering 2019)
1 brevet international (WO/2013/054062 en 2013)

4 rapports d’études industrielles (dont AREVA en@ector Manufacturing Group)

7 révisions d’articles de revue (dont 6 pour SGdat. Technol. et 1 pour Mater. Sci. Technol.)
3 co-encadrements de thése (A. Melhem 2011, A. Nér2014, V. Ntomprougkidis 2020)

1 co-encadrement d’'une these en cours (A. Maizgeayis janvier 2020)

11 encadrements d’étudiants de niveau master Rifla@dt en moyenne par an)

4 projets de recherche en tant que porteur prih¢iloat 3 projets financés et 1 en évaluation)
4 projets de recherche en tant que participantt(@qmojets financés et 1 en évaluation)
Membre d’'1 comité de suivi de thése (A. Ben Roméhsous la direction de D. Veys-Renaux)
Responsable d'1 théme de recherche dans le Lab®&ASAMg et Mg alloys)

Obtention de la Prime d'Encadrement Doctoral dkeleherche en 2018 (Note globale : B)

La figure 3 présente la répartition du nombre dblipations et de citations depuis 2009. Elle
donne également certains indicateurs bibliométsg(®ource Google Scholar en date du
04/03/2020). Le calcul du facteur d'impact moyenhkesé sur les publications internationales a
comité de lecture sans tenir compte des « procgedie conférence.

T T 1T "~ T T 17T "~ T T 17 7 T "1
. 101
1004 Publications 26 _
dont ler auteur 13
1 Nb de citations 455 87
Conférences orales 63
8 80+ dont invitée 9 75 T
2 | Indice h 13
8 Indice i10 10
8 60 Facteur dimpact moyen3,6 53 7
L 48
O
g 40 33 |
'5 30 )
T
20 .

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 201§ 2020
Année * au 04/03/2020

Figure 3: Répartition du nombre de publications et deticitss depuis 2009.
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2.3.2. Encadrements de theses et de masters 2

These :

Amer Melhem : Oxydation par plasma électrolytique : influence garameétres du procédé sur
le comportement des micro-décharges et conséquencéss couches d’oxydes

Financement bourse MESR

Soutenue publiguement le 01/12/2011

Direction: G. Henrion (40 %)

Co-direction: T. Czerwie(40 %)

Co-direction :J. Martin(20 %)

Alexandre Nominé :Micro-décharges en milieu électrolytique aqueuxeet interaction avec
les matériaux : le cas du procédé d’oxydation pasma électrolytique

Co-Financement Région Lorraine / Université de aioe

Soutenue publiqguement le 25/09/2014

Direction : G. Henrion (50 %)

Co-direction :J. Martin(50 %)

Vitalios Ntomprougkidis : Vers une meilleure compréhension du mécanisme dédoyn au
cours du procédé d’oxydation par plasma électrglyei (PEO) par un examen approfondi de
I'interaction micro-plasma / surface métallique

Financement Région Grand Est / Université de Loer&it Labex DAMAS

Soutenue publiquement le 19/05/2020

Direction : G. Henrion (20 %)

Co-direction :J. Martin(80 %)

Arthur Maizeray : Protection et fonctionnalisation de surface d’afjfes métalliques par un
traitement duplex combinant des revétements réaliggr le procédé cold spray et des
traitements électro-thermochimiques

Financement Labex DAMAS et société CRITT METAL 2CAR

These débutée le 06/01/2020

Direction: T. Czerwiec (50 %)

Co-direction:J. Martin(50 %)

Master 2 :

Sergei Denissov Travaux d’avancement sur le traitement des gaireesambustible en alliage
de zirconium par oxydation en plasma électrolytique

Financement société AREVA, février 2011 a juillét2

Direction: D. Hertz (50 %)

Co-direction:J. Martin(50 %)

Philippe Leone: Etude de I'influence de I'état de surface initiall alliage d’aluminium traité
par le procédé d’oxydation par plasma électrolygcgur le comportement des micro-plasmas et
sur les propriétés de la couche d’oxyde formée

Financement CNAM, septembre 2012 a mai 2013

Direction :J. Martin(100 %)

Anna Bezzubova: Influence de I'état métallurgique du magnésiumidgk de magnésium) sur
I'efficacité du traitement de protection par Oxydaten Plasma Electrolytique (PEO)
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Financement Labex DAMAS, février 2013 a juin 2013
Direction :J. Martin(100 %)

Jonathan Stef: Traitement de surface d'alliages lIégers de magnégiar électrolyse plasma
Financement Labex DAMAS, février 2014 a juillet 201
Direction :J. Martin(100 %)

Jose Carlos Cruz: Influence de la contre-électrode sur la croissades couches d’oxydes lors
du procédé d’oxydation par plasma électrolytiquerdalliage d’aluminium

Financement Labex DAMAS, mars 2015 a juillet 2015

Direction:J. Martin(100 %)

Ana Catarina Rocha Grey de Lima Surface characterization of nitrided FeAl alloy
Financement Labex DAMAS, septembre 2015 a jan\ié62
Direction :J. Martin(100 %)

Abderrahim Essofi: Etude de l'interaction d’une micro-décharge élaptie avec la surface
d’'un matériau diélectrique dans un milieu liquide

Financement Labex DAMAS, février 2016 a juillet 01

Direction :J. Martin(100 %)

Pierre Francois: Structuration de surface de I'alliage FeAl40 Graipar nitruration
Financement Labex DAMAS, septembre 2017 a févi0di82
Direction :J. Martin(100 %)

Pauline Haraux: Possibilité de produire et de caractériser des aparticules d’oxyde
métallique produites lors du claquage diélectriqiiane couche d’oxyde dans un électrolyte
conducteur

Financement Labex DAMAS, février 2018 a juin 2018

Direction :J. Martin(100 %)

Jules Schmitt: Estimation de la contribution des contraintes déghénomene de surrection
lors de la nitruration de l'alliage intermétalliquEeAl par une approche expérimentale et une
approche par modélisation

Financement Labex DAMAS, septembre 2018 a féviidi92

Direction :J. Martin(100 %)

Komlan Akoda : Traitement de surface duplex d'alliages métalliqlézgers par le procédé de
projection a froid (cold spray) et le procédé d’dayion micro-arcs (MAQO)

Financement Labex DAMAS, février 2019 a juin 2019

Direction :J. Martin(100 %)

2.3.3. Rayonnement scientifigue et activités densatior?

Distinction scientifique :

J. Martin Prix « Young Scientist Award »
Décernée lors de f2Asian European Plasma Surface Engineering (AEPEH), Island (Corée
du sud), (2019)

% Dans un souci de clarté, seules les conférencegrainaires invités sont reportés dans cette sectia liste compléte des
publications et des communications scientifiquealés et par affiche) est fournie a la fin du doentrau chapitre 5 page 74.
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Conférence invité€ :

G. Henrion, A. Hamdan, A. Nominé, A. Melhem, H. iKalba, Q. Gotlieb, C. Tousch, S. Cuynet,
J. Martin C. Noél, T. BelmontePlasmas et interfaces : diagnostic plasma en milieu
multiphasique 1° Rencontres plasmas froids — lasers, Toulouse ¢Eja(2019)

J. Martin V. Ntomprougkidis, A. Nominé, C. Noél, T. BelmenG. HenrionNew insights into
the electrical management of the PEO process witiphesis on energy saving2" Asian
European Plasma Surface Engineering (AEPSE), Skgind (Corée du Sud), (2019)

J. Martin G. Marcos, J. Dulcy, T. Grosdidier, T. Czerwi8tructuration de surface d’un alliage
métallique léger par nitruration sélective assispd@sma 46°™° congrés annuel de I'A3TS, Lille
(France), (2019)

G. Henrion, V. Ntomprougkidis,J. Martin A. Nominé, C. Noél, T. Belmonteklectrical
sequencing to improve the plasma electrolytic pssigy of aluminium alloys" Int. Conf. on
Advanced Plasma Technologies (ICAPT), Hue (Vietnd2(19)

G. Henrion,J. Martin V. Ntomprougkidis, C. Noél, A. Nominé, T. Belment'What can we
learn from plasma diagnostics of the PEO processihlight metallic alloys” 25" Congress of
Int. Federation for Heat Treatment and Surface aw®ing, Xi'an (China), (2018)

G. Henrion,J. Martin A. Nominé, C. Noél, T. Belmont&xydation micro-arcs : que recelent
les micro-décharges Journée technigue SGO-SST (Société Suisse de mmitede surface),
Bienne (Suisse), (2017)

G. Henrion, A. Nominé,J. Martin C. Noél, T. Belmonte, How investigation of the micro-
discharges can help understanding what is goingdoring the plasma electrolytic oxidation
process”, 6" Int. Conf. on Advanced Plasma Technologies (ICARSigm Reap (Cambodge),
(2016)

G. Henrion, A. Nominé, S.C. Troughtod, Martin A.V. Nominé, T.W. Clyne, T. Belmonte,
High time-resolution optical investigations of PE3charges: towards a better understanding
of what is going on during plasma electrolytic atidn of light alloys,19" Int. summer school
on Vacuum, Electron, lon Technol. (VEIT), Sozodulgarie), (2015)

J. Martin A. Nominé, G. Henrion, T. Belmonténovative ceramic coatings on light-weight
metallic alloys elaborated by the Plasma ElecticlyDxidation process”,1® China-France
Workshop on Advanced Materials (CFWAM), Wuhan (@&)jr(2014)

G. Henrion, A. Melhem,). Martin T. Czerwiec, T. Duchanoy, F. Brochard, J.L. Beam, T.
Belmonte,Effect of geometrical and electrical parameterstba plasma electrolytic oxidation
processing of aluminium alloy4?" European Congress on Advanced Materials and Pseses
(EUROMAT), Montpellier (France), (2011)

M. Poncot,J. Martin J.M. Hiver, A. Dahoun, M. Doux, D. Vercher new method to evaluate
the thermal stability of multimaterials during tiD-paint process4th European Congress on
Computational Mechanics (ECCM), Paris (France)1(®0

" Dans I'ensemble du document, et pour chaque corwation (séminaire et conférence), le nom de leuaest souligné.
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Séminaire invité :
J. Martin A. Nominé, A.G. Rakoch, G. Henrion, T. Belmorfeotective coatings elaborated on

light weight metallic alloys by the Plasma Elecytat Oxidation procesdJniversité Nationale
des Sciences et Technologies Moscou (NUST), MogRassie), (2012)

J. Martin A. Nominé, A.G. Rakoch, G. Henrion, T. Belmor®eotective coatings elaborated on
light weight metallic alloys by the Plasma Elecytat Oxidation procesg)niversité Fédérale de
Santa Catarina (UFSC), Florianopolis (Brésil), (201

J. Martin A. Nominé, A.G. Rakoch, G. Henrion, T. Belmoreotective coatings elaborated on
light weight metallic alloys by the Plasma Elecytad Oxidation process,Université
Technologique Fédérale du Parana (UTFPR), Cur(Bioésil), (2013)

J. Martin A. Nominé, V. Ntomprougkidis, C. Noél, G. Henrjoh BelmontePeut-on modéliser
le procédé micro-arcs,Journée de la priorité scientifique plasma, Instittan Lamour, Nancy
(France), (2017)

J. Martin A. Bezzubova, T. Grosdidier, G. Henridnfluence de I'état métallurgique initial de
lalliage de magnésium GW103 sur lefficacité duogidé d’oxydation par plasma
électrolytique,Journée scientifique du Labex DAMAS, Institut Jéamour, Nancy (France),
(2015)

J. Martin S. Bruyére,Elaboration et caractérisation de couches céramgjyeotectrices
destinées aux alliages légers : Cas de l'oxydatmicro-arcs de l'aluminium et cas de la
nitruration ionique d’un aluminure de fedournée scientifique équipes ESPRITS et POEME
Musée de I'histoire du fer, Jarville (France), (8p1

J. Martin A. BezzubovaJ. Stef, J. Carlos, T. Grosdidier, G. Henridéveloppement de
couches de protection par PEO sur des alliages Md\le Bilan et potentialités pour des
analyses locales des micro-arcdournée scientifique du Labex DAMAS, Ecole Natienal
d’'Ingénieurs de Metz, Metz (France), (2016)

G. Henrion,J. Martin A. Nominé, C. Noél, T. Belmont&xydation micro-arcs : que recelent
les micro-décharges Pournée du Club revétements et traitements decasifdijon (France),
(2017)

J. Martin P. Francgois, G. Marcos, S. Allain, T. GrosdidierCzerwiecEtude du phénomeéne de
surrection lors de la nitruration de l'alliage intmétallique lIéger FeAl4QJournée scientifique
du Labex DAMAS, Institut Jean Lamour, Nancy (Frgn¢2018)

Brevet:

P. Bourson, A. Dahoun]. Martin M. Poncot,Dispositif de détermination du comportement
meécanique local d'une éprouvette de matéridyméro de publication internationale
WO/2013/054062 le 12/04/2013

Rapport industriel :

G. Henrion,J. Martin A. Nominé, Incorporation de particules dans des couches d'exyd
d'aluminium obtenues par procédé micro-arcs en dléudier la faisabilité de rendre ces

8 POEME : « Propriétés Optiques et Electrique deslies Minces pour 'Energie »
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couches conductricesRevue bibliographique financé par consortium CMG ni@mtor
Manufacturers Group, juin 2019

J. Martin A. Melhem, T. Czerwiec, G. Henrion, D. HerBalan des traitements d’oxydation par
plasma électrolytique appliqués aux alliagesziteonium réalisés sur la période de novembre a
décembre 201Rapport d’étude financé par AREVA/CNRS, février 201

J. Martin A. Melhem, T. Czerwiec, G. Henrion, D. HerBilan des traitements d’oxydation par
plasma électrolytique appliqgués aux alliages deanium réalisés sur la période de février a
avril 2010,Rapport d’étude financé par AREVA/CNRS, septemi@E02

L. Hericher, J. Martin T. Czerwiec, H. MichelDurcissement superficiel par traitement
thermochimique de l'alliage FeAl Grade Rapport d’étude financée par MJENR/FRT n°
03K566, novembre 2006

2.3.4. Expertises, responsabilités scientifiques@ets de recherche

Expertise:

S.V. Gnedenkov et alFormation and electrochemical properties of the estygdrophobic
nanocomposite coating on Mg-Mn-Ce magnesium alloysSur Surface and Coatings
Technology, (2013)

D. Zhao et al.Effects of current density on the microstructural aorrosion resistance of
micro-arc oxidation coating on extruded AZ80 magmasalloy, pour Surface and Coatings
Technology, (2013)

M. Mohedano et al.Plasma electrolytic oxidation of aluminium alloyspfocessing and
properties,pour Materials Science and Technolology, (2016)

V. Malinovschi et al.Preparation and characterization of coatings onlmam steel by PEO in
silicate electrolytepour Surface and Coatings Technology, (2016)

P.H. Sobrinho et alinfluence of applied current density, electrolygenperature and electrolyte
aging on plasma electrolytic oxidation of AZ31BRaisilicate based electrolytppur Surface and
Coatings Technology, (2016)

W. Tu et al. Effect of frequency on black coating formation &8A magnesium alloy by plasma
electrolytic oxidation in aluminate-tungstate eletyte, pour Surface and Coatings Technology,
(2019)

M. Mohedano et al.PEO coating with Ce-sealing for corrosion protectiof LPSO Mg-Y-Zn
alloy, pour Surface and Coatings Technology, (2019)

Responsable scientifiquele I'action Innovative coatings on Mg by Plasma Electrolytic
Oxidationdu Labex DAMAS (depuis 2012)

Participation a l'animation scientifique du themeNitrogen metallurgydu Labex DAMAS
(depuis 2012)

Membre de comité de suivi de thésde Ben Romdhane Ana&nodisation multifonctionnelle
d’alliage Al-Si,Directrice de these : Delphine Veys-Renaux, (dep0is3)
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Participation a I'organisation de la conférence ITFPC (2015)

Innovations in Thin Film Processing and Characitios
Du 16 au 20 novembre 2015 - Campus ARTEM — Nancy

Participation a I'organisation de laconférence ITFPC (2017)
Innovations in Thin Film Processing and Characatias
Du 23 au 27 octobre 2017- Campus ARTEM — Nancy

Porteur du projet « Soutien aux projets de recherche,Maitrise électrique d’'un procédé de
traitement d’oxydation d’alliages métalliques légedictivé par plasma électrolytiquéppel
d’'Offre Région Lorraine — INPL, (de 2011 a 2013j000 € HT

Porteur du projet OPTI-PEO, Optimisation du procédé d’oxydation par plasma g&tdgtique
(PEO) pour la réduction des codts énergétiques dse ren ceuvieAppel d’Offre Région
Lorraine — Université de Lorraine, (de 2014 a 2026000 € HT

Porteur du projet « Soutien aux Chercheurs pEtude de l'interaction d’une micro-décharge
avec la surface d'un matériau diélectrique plong#si un liquide conducteur : cas du procédé
PEO », Appel d’Offre Région Lorraine — Université dertaine, (de 2016 a 2019), 49140 € HT

Porteur du projet de recherche doctoral ECOLO-PEQ Elaboration de Couches d’Oxyde
conductrice Lors de I'Oxydation par Plasma Electytjue,Appel a Projet Région Grand Est —
Université de Lorraine, (2020), 46200 € HT, enanse d’évaluation

Participation au projet Co-PROCLAM (Porteur G. Henrion)Corrosion protective coating on
light alloys by micro-arc oxidatiomhppel d’Offre Européen Clean Sky JTI. Collaborai@vec
GIT, Eurocopter, Liebherr Aerospace, Turbomecayshg-Westland (de 2011 a 2013)

Participation au projet A20DC (Porteur P. Schweitzer)ircs oscillants a I'ouverture en
régime continu : compréhension des phénomeéneslacixatles et application a la détection de
défauts d’arcs en aéronautiques\ppel a projets collaboratifs a I'Institut Jean Laum,
(de 2019 a 2021)

Participation au projet SOPRODSYSE (Porteur G. Ezo’y Solution de protection durable de
systemes enterresAppel a projets ICEEL Institut Carnot INTER-Domes d'Activités,
Collaboration avec CRITT METAL 2T/ICAR, CRITT TJFUaboratoire GéoRessources, Institut
Jean Lamour (de 2019 a 2021)

Participation au projet DUA (Porteur F. Brochard)Dynamics of unipolar arcs on metal
surfaces, Appel a projets FR-FCM (Fédération de Recherchédfugpar Confinement
Magnétique), (de 2019 a 2022)

Participation au projet PhoCAI-PEO (Porteur G. Henrion)Probing PEO as a tool for
preparing advanced multifunctional photoactive cogs Appel a projets Partenariat Hubert
Curien franco-serbe Pavle Savic, Collaboration dae€aculté de Physique de I'Université de
Belgrade (de 2020 a 2021)

Participation au projet CAMFRE (Porteur G. Henrion)Croissance d’alumine a faible
résistivité électriqgue par oxydation micro-ardppel a projets ANR Générique — Projet de
Recherche Collaborative PRC, Collaboration avec IRAI (Centre Inter-universitaire de
Recherche et d’'Ingénierie des Matériaux — TouleuBeance), (2020), en instance d’évaluation
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CHAPITRE 3
BILAN DES TRAVAUX DE RECHERCHE

Le bilan de mes travaux de recherche se scindeoenpgarties correspondant chacune a mes
activités de recherche passées.

La premiere partie porte sur les travaux de thésej'@i menés de 2006 a 2009. Bien que ces
travaux portant sur I'étude des matériaux polymeaasspectroscopie Raman ne soient pas le sujet
principal du manuscrit de 'HDR, cette période dectdrat reste néanmoins décisive dans ma
carriere de chercheur tant du point de vue de tapssage a conduire une recherche scientifique
gue du point de vue de la valorisation des résuliaientifiques. En effet ces travaux de these ont
donné lieu a 10 publications et le dépot d'un bréveernational. Par ailleurs, je continue a suivre
avec attention ces travaux et je continue pon@oedht a analyser certains résultats. Par
conséquent, il m'a semblé important de rappelens ame forme restreinte, le contexte de cette
activité de recherche passée, les résultats magelasnaniere dont ils ont été obtenus.

La seconde partie est consacrée a l'étude de nraites thermochimiques assistés par des
plasmas basse pression. En particulier, cetteepkaiti état de I'avancement de mes travaux sur la
possibilité de (micro-) structurer la surface dakes métalliques par le biais de traitements de
nitruration ionique. Ces travaux commenceés en 2fit6eté menés avec I'appui de 3 masters (A.
Rocha Grey de Lima, P. Francois et J. Schmitt). dig donné lieu a 2 publications,

7 communications orales et 1 communication pacladi lls se poursuivent actuellement avec la
these d’Arthur Maizeray débutée en janvier 2020.

La derniere partie, plus détaillée que les deuxn@ees, est dédiée a mon théme de recherche
principal sur I'étude du procédé d’oxydation paasgoha électrolytique (PEO) que je méne depuis
mon recrutement en 2010. Ce sont des recherchms éafactere expérimental qui se déclinent en
plusieurs actions. Elles vont de I'optimisation |@dficacité énergétique du procédé PEO jusqu’a
I'exploration de nouvelles perspectives d’applicas en passant par une meilleure compréhension
des mécanismes qui entretiennent la croissancealehes d’'oxyde. L'originalité de la démarche
gue nous adoptons, et pour laquelle nous sommesnmas, réside dans une approche
expérimentale combinant la maitrise des conditap®ratoires imposées, la caractérisation optique
in situ des micro-plasmas et la caractérisatiort pgartem multi-échelles des couches d’oxydes
élaborées. Ces travaux sont le résultat du co-emreht de 3 théses (A. Mehlem, A. Nominé et V.
Ntomprougkidis) et de 8 masters (S. Denissov, BnegA. Bezzubova, J. Stef, J. Cruz, A Essofi,
P. Haraux et K. Akoda). lls ont été possibles gafirancement de 3 projets de recherche et par
'appui financier du Labex DAMAS pour I'indemnisati des différents stages de master. lls ont
donné lieu a 14 publications, 41 communicationgesrat 12 communications par affiche.

Précisons que pour chaque partie traitée, il ngitgd@s de décrire dans le détail 'ensemble des
résultats recueillis jusqu’a aujourd’hui, mais bamrendre compte, a travers la description d’un ou
deux exemples illustratifs, de la démarche sciepief adoptée. Chaque partie seront associées aux
étudiants encadrés ainsi qu'aux publications etroanications correspondantes. Nos publications
et nos communications sont indépendamment réféesraué chapitre 5 page 74.
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3.1. Etude des matériaux polymeéres par spectrosc@Raman

3.1.1. Contexte des recherches et démarche expédlme

L’étude a fait partie d’'un contexte global qui cene le contréle non destructif des matériaux.
Aujourd’hui, les industriels sont nombreux a sermeu vers ces méthodes car elles peuvent étre
rapides tout en restant fiables et facilement atélgs au sein d’'une unité de production. Les
principaux espoirs dans ce domaine portent suride en place d’un contrdle qualité en ligne et
en temps réel pouvant réguler de fagon asservigaiesnétres contrélant une production.

C’est dans ce contexte que le laboratoire LMOPSesiu duquel j'ai réalisé ma these a choisi de
concentrer une activité de recherche dans le dépetoent de capteurs optiques basés sur
l'interaction rayonnement/matiére. En particuliarspectroscopie Raman semble étre une bonne
candidate pour ces applications car elle fourngt idéormations physico-chimiques qualitatives
et quantitatives sur les matériaux tout en assocemourd’hui, grace aux avancées
technologiques, des temps d’acquisition trés cowttsune miniaturisation instrumentale
(spectrometre Raman transportable). En amont dEalesation technologique d’un tel capteur, il
est nécessaire de bien identifier dans le speadmaR d’'un matériau les signatures spectrales
associées aux parametres physico-chimiques a estime

Pour les besoins de I'étude, le choix du matériaat gorté sur le polypropylene isotactique

(iPP), ceci pour deux raisons majeures. Tout débibprésente une réalité industrielle puisqu’il

est I'un des polymeéres thermoplastiques le pluslygtadans le monde et ses formulations sont
sans cesse améliorées pour aboutir a des graddsaute valeur ajoutée et performant

mécaniquement (polypropylene choc par exemple).pds il est, avec le polyéthyléne, un

polymere modéle de la famille des polymeres semstatlins dont la spécificité microstructurale

réside dans la mixité d’une phase amorphe et dimase cristalline [1, 2].

Les propriétés physico-chimiques des matériaux meéhgs sont intimement liées a
'organisation de leur microstructure, elle-mémeithé des conditions thermomécaniques de
leur mise en forme. Particulierement pour les p@sgs semi-cristallins, les principaux
parametres microstructuraux sont la cristallinig@iX de cristallinité, polymorphisme cristallin)
[3], l'orientation des macromolécules dans les praamorphe et cristalline [3-5] ainsi que leur
capacité a s’endommager par cavitation (endommagevotimique) [6-8].

Une premiére étape du travail a consisté a rechedds criteres spectraux Raman associés a ces
parametres microstructuraux pertinents pour déarr@olymere semi-cristallin. La fiabilité de
ces critéeres spectraux Raman a été évaluée eromegacant a ceux déterminés par d’autres
techniques expérimentales éprouvées telles quéctasnopie optique et électronique a balayage
(MEB), la calorimétrie différentielle a balayageS0D) ainsi que la diffusion et la diffraction des
rayons X (DRX).

La seconde étape du travail a consisté a mettrofét pensemble de ces critéres spectraux
Raman pour suivre in situ la déformation du iPRurRse faire, nous avons développé un banc
expérimental de déformation mécanique couplant uivi spar caméra et un suivi par
spectroscopie Raman. D’autres applications a d&sag spectraux s'en sont ensuivies comme
la possibilité de cartographier par spectrosco@im&n les structures cristallines singulieres que
sont les structures sphérolitiques [9-11] ou entam@ossibilité de caractériser la microstructure
d’'un polymére au cours de sa mise en forme (exiny&njection).
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3.1.2. Signatures spectrales Raman de la micrdsteud’'un polymeére

Les études portant sur la recherche de sighaturepesctrales Raman pour la caractérisation
microstructurale de matériaux polymeéres ont donnéieu a 2 publications P06 et P0OS, 2
communications oralesO03 et O15 et 2 communications par affiches\02 et A03.

La méthodologie de recherche et de validation dggasires spectrales Raman de la
microstructure du polypropyléne isotactique (iPB) présentée ci-dessous en considérant un
exemple illustratif. Il concerne l'identificationed signatures spectrales caractéristiques de la
phase amorphe et de la phase cristalline du iRPdditre en mesure de proposer un critére
permettant d’estimer son taux de cristallinité.

Pour y parvenir, des mesures par spectroscopie Ramtaété réalisées sur des éprouvettes de
traction déformées par traction uniaxiale. En effedst établi que la déformation mécanique
génere une fragmentation des amas cristallin afit pte la phase amorphe, et donc une
diminution du taux de cristallinité [12, 13]. Plaars éprouvettes présentant des taux de
déeformation résiduelle croissants ont ainsi étba#kzes. En paralléle, et afin de valider le choix
d’'un critere spectral Raman, des analyses par DRXégalement été mises en ceuvre a partir
desquelles il est possible de déterminer de fapoou@ée le taux de cristallinité du iPP [14-16].
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Figure 4 : a) Spectres Raman enregistrés de 760 & 880stmune éprouvette non déformég (= 0) et
déformée &, ,= 0,79) de polypropyléne isotactique (iPB) Corrélation entre les variations du taux de
cristallinité <X et du critére spectral RamBRaavec la déformation résiduelig du iPP.
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La figure 4a montre les spectres de diffusion Ragdan760 & 880 ci) sur I'éprouvette de iPP
non déforméeg,, = 0) et sur une autre fortement défornfée, = 0,79). Avec la déformation,
les spectres Raman mettent en évidence une dimmdeé I'intensité des bandes attribuées a la
phase cristalline (809 et 842 dnet une augmentation de celle attribuée & la phasarphe
(835 cm). Sur la base de ces observations, nous avon®sgae suivre les variations de la
cristallinité du iPP en suivant les variations deténsité intégrée des bandes a 809, 835 et
842 cm' sous la forme du critére spectRldéfini au tableau 1. Ce rapport représente, dans |
gamme spectrale considérée, la somme des condrilsutie la phase cristalline sur la somme
totale des contributions de la phase cristallinenebrphe.

Les taux de cristallinité moyeaX:™> calculés par DRX et les rappof® déterminés par
spectroscopie Raman ont ensuite été comparés €~dpr Nous avons obtenu une trés bonne
corrélation entre les deux séries de résultatgébeession linéaire des données expérimentales
nous a permis de déterminer un taux de cristalimitoyen<X/"®™> & partir du critére spectral
RamanR; selon la relation définie au tableau 1.

Tableau 1: Différentes signatures spectrales Raman desngdras microstructuraux du polypropyléne
isotactique (iPP) et corrélation avec d’autres naples éprouveées.

Parametre microstructural Critere spectral Raman etconfiguration Technique et citere de comparaison Coglation

Rapport des intensités des bandes a 809, 835 eng42 DRX, taux de cristalinité moyen

Taux de cristalinité <X™>=0,81 R +0,01

Re = (lsogtls49) / (Isostlssstlsa), Non polarisée envolume, <X*>
Orientation macromoléculaire Rapport des intensité des bandes 2 973 et 998 cm ~ WAXS, facteur d'Hermans Fo %S _ 0 135 Riont o- 0,18
de la phase cristaline Rorient.c= lo73/ losg Polarisée de la phase cristalineyd"**® clz - rient..c= Ly
Orientation macromoléculaire Intensité relative de la bande & 835'cm WAXS, facteur d’Hermans b VXS _ g 1
de la phase amorphe Rorient.am= l3s/ lot, Polarisée de la phase amorphenfz ™ amfz = 242 Trent,am®
Déformation volumique Intensité relative du spectre global / état nouéé Radiographie d'absorption radx
L _ ., &y =0.781 Rav- 0.01
par cavitation Reav. = (hot.,0- ltot) / lot,a Non polarisée des rayons X,
Distribution axiale des contraintesPosition relative de la bande & 809'chétat non déformé O 0
dans la phase cristaline Rax.c = Vsoo/ Veogg Non polarisée
Distribution latérales des contraint3Bosition relative de la bande a 842 ¢mtat non déformé O O
dans la phase cristaline Riat.c = Vaa2/ Vaaoq Non polarisée
Distribution axiale des contraintes Position relative de la bande & 835 ¢rétat non déforms O 0

dans la phase amorphe Rax,am= Ve3s/ Vgssg Non polarisée

En suivant la méme méthodologie expérimentale alie atilisée dans I'exemple décris plus
haut, la mise au point d'autres criteres Ramanadeiicrostructure a été menée. Elles sont
décrites succinctement ci-dessous et reportéesbéeat 1.

L’orientation des chaines macromoléculaires la @hasstalline du iPP a été estimée par des
mesures de diffusion Raman dans une configuratiolarisée des radiations lumineuses
incidente et diffusée dans la direction de tractiwec la déformation, nous avons montré une
augmentation de l'intensité de la bande de diffusioc973 crit due & une augmentation de la
proportion des liaisons principales C-C du squelettrboné de la phase cristalline orientées dans
la direction de traction et donc dans la directitenpolarisation. De maniére réciproque, nous
avons observé une diminution de l'intensité de dade & 998 cthdue & une diminution du
nombre de liaisons latérales C-Ebrientées dans la direction de traction. Sur lsebde ce
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constat, il a été proposé de suivre l'orientati@nla phase cristalline du iPP en suivant les
variations du rapport des intensités intégréeshdesles de diffusion & 973 et 998 tnCe
critere spectral RamaRyrientca par la suite été corrélé par des mesures paadtitin des rayons

X aux grands angles (WAXS) sur film plan et en sraission selon la méthode Debye-Scherrer
[17].

De méme, l'orientation des chaines macromoléculaighase amorphe du iPP a pu étre décrite
par des mesures de diffusion Raman polarisée gardgues variations de I'intensité intégrée de
la bande & 835 cihcorrespondant au mode de vibration des liaisansipales C—C des chaines
macromoléculaires de la phase amorphe. Ce criggfgam @ €galement été validé en le
confrontant aux mesures WAXS.

Par ailleurs, une signature spectrale de 'endonemagt volumique par cavitation (création de
porosité dans le matériau) du iPP lors de sa défibom a été développée. La diffusion Raman
étant sensible au volume de matiere sondée, & getposé de suivre lintensité relative du
spectre Raman (par rapport au spectre de réfémdmdetat non déformé) en fonction de la
déformation. Ce criterdR.,, a été validé en le confrontant aux mesures paiogeaphie
d’absorption des rayons X [7].

Le laboratoire LMOPS dans lequel jai fait ma thé&tant spécialisé dans le domaine de la
spectroscopie Raman mais moins dans celui des imatépolymeéres, jai été amené a
rapidement initier une collaboration avec I'équipé’hysique, Mécanique et Plasticité » de
I'Institut Jean Lamour (sous la supervision desfgeeeurs Christian G’Sell et Abdesselam
Dahoun) reconnue pour ses compétences et son-4$aiveidans la caractérisation des matériaux
polymeéres principalement par voie mécanique. Cailiaboration a été fructueuse car la quasi-
totalité des publications et communications issieda thése a été co-signée par des membres
des deux laboratoires. Cette collaboration estrmérecar elle se poursuit aujourd’hui avec le
développement de dispositifs expérimentaux originpaur la caractérisation des polymeres

associant la spectroscopie Raman.

3.1.3. Application a I'étude in situ de la déforinatdes polyméres

Les études portant sur l'utilisation de la spectrosopie Raman appliquée au suivi in situ d4
la déformation des polymeres ont donné lieu a 1 bvet, 3 publicationsP05 P10et P18 7
communications oralesO02, 004, O05, 013, 018, 029 et O46 et 4 communications par
affichesA04, A10, A12 et Al3.

>

Comme expliqué précédemment, plusieurs signatyrestrales Raman de la microstructure du
iPP ont pu étre identifiées a partir de mesurespeactroscopie Raman réalisées post mortem sur
des éprouvettes de traction déformées. Ces sigisapectrales ont été mises a profit pour
suivre de maniére in situ I'évolution microstruetier du iPP au cours de sa déformation par
traction uniaxiale. L'intérét de mener de tellessores in situ est double. Tout d’abord, elles
permettent de s’affranchir du phénoméne de relematiui a lieu entre l'arrét de I'essai
mécanique et le moment de l'analyse post mortemplDs, ces mesures in situ permettent
d’avoir, avec le minimum d’essais mécaniques, ureglobale des mécanismes microscopiques
participant a la déformation d’un polymeére, du stasco-élastique jusqu’a la rupture.
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Pour cela, jai développé en 2009 aux cotés de Narg;ot, alors doctorant au sein de I'équipe
« Physique, Mécanique et Plasticité » de I'Instilean Lamour, un dispositif expérimental
original qui combine une machine de traction p#otpar le systeme de régulation
VidéoTractiort] et un spectrometre Raman transportable relié pax dibres optiques a une
sonde déportée. De cette maniére, nous avons neuctairespondre a un état de déformation du
iPP un état microstructural avec une bonne résoiugmporelle (< 1 s). La figure 5 présente
schématiqguement le dispositif expérimental aingi quelques photos associées.
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Figure 5: Schéma et photographies du dispositif expériaigregrmettant des mesures de diffusion
Raman in situ avec la déformation d’'un polyméretpi par le systéme de régulation VidéoTraction

Figure 6 : Photographie du dispositif expérimental déveéogppr la ligne PO7-PETRA 1l du synchrotron
DESY combinant des mesures de spectroscopie Rav8AXS a haute énergie.
1. Machine de traction, 2. Eprouvette, 3. Platieeldplacement, 4. Caméra, 5. Sonde Raman, 6. Caméra
VidéoTractiod, 7. Monochromateur.
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Le dispositif expérimental de la figure 5, combihde systeme VidéoTractiah et la
spectroscopie Raman, a fait I'objet d’'un breveeinational. Il est aujourd’hui exploité par la
start-up de I'UL, Provisys Engineerigpécialisée dans le développement d'essais nugemi
de matériaux, en particuliers polymeres. Récemmentcomme illustré a la figure 6, la
miniaturisation du dispositif a permis son implémagion sur la ligne synchrotron PO7 PETRA
[Il du laboratoire DESY (Hambourg), et les ligneFAMEP ET SAXS/WAXS du laboratoire
ELETTRA (Trieste). Ainsi des essais mécaniquest@@ar le systeme VidéoTractioront pu
étre réalisés sous rayonnement synchrotron hautrgién (mesures SAXS/WAXS et
tomographie X) et couplés a des mesures par sgeopie® Raman. Ces travaux ont été realisés
en 2014 en collaboration avec le laboratoire LM@PHJL.

3.1.4. Application a I'étude du polymorphisme ailbih des polymeéres

L’étude portant sur [lutilisation de la spectroscoge Raman pour caractériser le
polymorphisme cristallin des polyméres a donné liea la publication d’un article PO3.

Selon les conditions thermomécaniques imposéele paocédé de mise en forme, les polyméres
semi-cristallins présentent un polymorphisme dtistaDe maniere comparable aux alliages
métalliques, les polymorphes cristallins d’'un podym se distinguent par une maille cristalline
différente a I'échelle du réseau cristallin et pare croissance différente a I'échelle de la
superstructure sphérolitique [18, 19]. Tel estds du polypropyléne isotactique qui présente 3
polymorphes cristallins : la phase de structure monoclinique, la phafe de structure
hexagonale et la phasede structure triclinique. Nous nous sommes plugiquéierement
focalisés sur les phaseset B qui sont les variétés les plus fréquemment obssrgdus des
conditions thermomeécaniques standards de misergrefo

La micrographie optique de la figure 7a met en évid la présence d'une structure
sphérolitique cristallisée dans la phagehexagonale et entourée dautres structures
sphérolitiques cristallisées dans la phaseonoclinique. En présence d’'un sphérofitenous
avons montré que la bande de diffusion Raman &8#2(mode de vibrations des groupements
alkyles -CH des chaines macromoléculaires de la phase dristdl0-22]) se décale vers les
nombres d’onde supérieurs (+1 ¥mUne cartographie Raman de la zone observééguta 7a

a été menée (1 spectre/um soit environ 32000 gs¢ctranalyse des différents spectres Raman
collectés a été réalisée par une procédure nuneeagtomatisée que j'ai développée sous le
langage C++. La figure 7b montre la cartographiedécalage de la bande de diffusion a
842 cm' et permet d'imager avec une résolution satisfaésenmorphologie d’un sphérolife

au sein d’'une matrice de sphérolites

De plus, et a titre d’exemple, nous avons mis ditple critére spectral RamaRyyientc de
'orientation des chaines macromoléculaires de keasp cristalline pour caractériser la
distribution spatiale des lamelles cristallinessain d’un sphérolitg. La figure 7c montre la
cartographie des variations du critere sped®aln:.csur la zone observée a la figure 7a. Par
imagerie Raman, nous avons pu rendre compteaasbtropie de I'orientation cristalline dans
un sphérolitg selon une symétrie sphérique, I'orientation desdlles cristallines des régions
éguatoriales étant perpendiculaire a celle desllaseristallines des régions polaires.

® http://www.provisys-eng.com/fr/
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Figure 7 : a) Micrographie obtenue en microscopie optique emstrassion et en lumiéere polarisée de
sphérolites de structupemonoclinique et de structufehexagonale du polypropyléne isotactique.
b) Cartographie des variations spatiales de la posite la bande de diffusion Raman & 842.cm
c) Cartographie des variations spatiales du critamadhR,.n: . de I'orientation de la phase cristalline.

3.1.5. Application a I'étude de la mise en forme gdelymeres

Les études portant sur l'utilisation de la spectrosopie Raman appliquée aux procédés de
mise en forme des matériaux polyméres ont donné liea 4 publicationsP01, P04, PO7 et
P08 6 communications orales001, 010, O11, 012, O16 et O56 et 4 communications par
affichesA05, AO7, A0O8 et AD9.

Dans l'industrie de la plasturgie, les procédédtntion de produits finis ou semi-finis les plus
utilisés sont I'extrusion et I'injection plastiquié consiste a fondre un polymere par cisaillement
mécanique dans une vis sans fin puis a le faireepas I'état fondu a travers une filiere de
géomeétrie variable afin d’obtenir des joncs, des|pés, des tubes et des profilés [23]. Les pieces
mises en forme par extrusion/injection présentansda plupart des cas une hétérogenéité de la
microstructure dans leur épaisseur (structure «/pamau ») qui dépend étroitement des
sollicitations thermomécaniques imposées au polgndérant sa mise en forme [24-26]. Dans
une couche superficielle, dite de « peau », lagsicucture est fortement orientée.

Nous avons utilisé la spectroscopie Raman pouruévdées niveaux d'orientation des phases
amorphes et cristallines dans I'épaisseur de piptasiques misent en forme par extrusion et
injection selon différentes conditions thermomégaas. Ensuite, en collaboration avec le centre
technique PLASTINNOW de I'UL, nous développé une sonde Raman intégaés th filiere
d’'une extrudeuse pilote installée dans les locaKIdT de Moselle-Est afin de suivre in situ le
développement de I'orientation macromoléculaira aurface de produits en cours d’extrusion.

Sur une problématique industrielle de la sociétéefarMittat™’, I'utilisation de la spectroscopie
Raman a également été mise a profit pour étudigghnomene d’instabilité dimensionnelle
(phénoméne de rétractation) de films polymeres si&ppar co-laminage sur des tbles en aciers
lors de cycles thermiques de mise en peinture.nEwfii cours de ma these, j'ai activement
participé a I'élaboration de 2 sujets de these strikls avec la société Total Petrochemicals
France (site de Saint-Avold), celui de Nadege BAmj et celui de Richard Jumeau [28], pour le
contréle in situ de la production de polyéthylehdepolystyréne par spectroscopie Raman.

O PLASTINNOV : « Plate-forme technologique de dépglement de solution au service des industriels géalsturgie »
11 ArcelorMittal R&D Automotive Applications Montatar
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3.2. Etude de traitements thermochimiques assist@sr plasmas basse pression

3.2.1. Contexte des recherches et démarche expddime

Les études que nous menons sur les traitementsndbkimiques d’alliages métalliques,
s’intégrent dans un contexte plus global qu’esstlaicturation de surface également appelé
texturation topologique (« patterning » en anglaiE)jle consiste a modifier, a I'échelle
micrométrique voire nanometrique, le relief d’'uneface initialement plane en créant des motifs
(plots, trous, rainures, etc.) inspirés de la rafbromimétisme) [29]. Ce domaine de recherche
suscite actuellement un tres vif intérét par sembreuses applications sur des aspects aussi
divers que la mouillabilité [30-33], 'auto-nettaya [33], I'anti-givrage [33, 34], la réduction de
trainée aéro- et hydrodynamique [33, 35], le firottat [36-39] et le transfert thermique [40-42].
Pour créer ces motifs, les technologies actuell¢mdisées, principalement issues du secteur de
la micro-électronique, mettent en ceuvre des tecdlesigophistiquées et onéreuses telles que la
lithographie a faisceau d’électrons [43] et I'allatlaser [44]. Il est aujourd’hui nécessaire de
développer des procédés moins onéreux et plubfexi

Dans ce contexte, depuis une dizaine d’année et Soupulsion du professeur Thierry
Czerwiec et de l'ingénieur de recherche Grégoryddsy je participe au développement d'une
nouvelle technique de structuration de surface ébasér les procédés de traitements
thermochimiques de diffusion tels que la nitrunatiet la carburation, procédés largement
répandus a I'’échelle industrielle [45-49]. Son pipe, qui sera davantage détaillé dans la suite
du manuscrit, consiste a localiser, par l'utilisatide masques (pochoirs), le traitement
thermochimique a la surface de l'alliage métalliu&ntroduction par diffusion d’atomes
étrangers (azote et/ou carbone) dans la matricalllgée conduit a son gonflement et a son
élévation localisée. Les premieres expériences déartd la validité de cette technique de
nitruration sélective ont été menées sur des aaiersydables austénitiques ou des plots de
plusieurs centaines de nanométres de hauteur om@trpuformés [45, 46]. Aujourd’hui, en
paralléle a la compréhension des mécanismes phgkicoques responsables de cette élévation,
nous tentons d’appliquer cette technique aux aBagnétalligues légers afin de faire
correspondre les avantages de la structurationudace par nitruration sélective avec les
contraintes actuelles sur l'allegement des strestanétalliques.

Dans ce cadre, le choix du matériau s’est portd'allinge intermétallique FeAl40 Grade 3. Il
s’agit d’un aluminure de fer binaire composé de%ét. d’aluminium. En plus de sa faible
densité (5,9 g.ci) que Iui confére sa haute teneur en aluminiursieiit révélé étre un matériau
modele pour la compréhension des mécanismes redgesgle la structuration de surface par
nitruration sélective. Il présente une structurstalographique cubique centré (B2) ou un atome
d’aluminium occupe le centre d’'une maille cubiquastituée d’atomes de fer [50]. L'addition
en faible quantité de particules nanomeétriques ylexd'yttrium (1 %pds) et de zirconium (0,1
%pds) permet d’augmenter ses propriétés de résestamécanique a basse et a haute
température, en particulier sa rigidité et sa kndilastique [50-52]. Cet alliage intermétallique es
développé par métallurgie des poudres et est migrere par extrusion [51, 52].

Dans une premiére partie, préalablement a la pratsam des résultats de la structuration de la
surface de cet alliage intermétallique FeAl, unscdption détaillée et multi-échelle de la
microstructure des couches nitrurées sera faitihe @ape est en effet nécessaire pour connaitre
les transformations de phases qui s’operent etcquditionnent le phénoméne d’élévation
localisée de la matiére lors de futurs traitemeetsitruration sélective.
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3.2.2. Nitruration de l'alliage intermétallique HeA

Les études portant sur la nitruration de l'alliage intermétallique FeAl40 Grade 3 ont été
menées au cours du master d’Ana Catarina Rocha Gregle Lima. Ces études ont donn
lieu a 1 publication P20, 3 communications orale$D09, 019 et O39 et 1 communication par
affiche AOL.

DY

3.2.2.a. Cinétique de croissance de la couché migu

Un premier travail a consisté a étudier la cinéigle croissance de la couche nitrurée sur
l'alliage intermétallique FeAl40 Grade 3. Les migraphies MEB en section droite de la
figure 8 montrent les couches nitrurées élaboredifé@entes températures et différentes durées
de traitement. Elles mettent en évidence une foftigence de la température de traitement sur la
cinétigue de croissance de la couche nitrurée. rh@sographies montrent également une
interface nette et franche entre le substrat ebleche nitrurée ce qui est caractéristique d’'une
forte interaction entre Al et N conduisant a ungtique de précipitation du nitrure AIN élevée.
Sur la base de cette observation, nous avons purediEccroissance des couches nitrurées par le
modele cinétiqgue de Wagner [53, 54]. Comme le neofatrfigure 9, I'épaisseur de la couche
nitrurée est proportionnelle a la racine carréelaledurée de traitement et dépend de la
température a travers le coefficient de WagK@kgner

Q D’ ﬁgJ» | Zh_@

Figure 8 : Micrographies MEB en section droite des cougtigarées d’un alliage intermétallique
FeAl (40 %at. Al) élaborées pour différentes terapées (400 et 600 °C) et différentes durées de
traitement. (ED indique la direction d’extrusion slubstrat lors de sa mise en forme).
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Le coefficient de Wagner dépend de la température ljintermédiaire du coefficient de
diffusion effectif Dy*T%(T) de l'azote atomique dans la ferriteFe & la température T
(Figure 9b). Le modéle tient également compte deolacentration des atomes d’aluminium
ayant précipités avec lI'azote pour former le né@rdialuminium AIN. Avec une concentration en
aluminium de 40 %at., une tres bonne corrélatiarobgenue entre les coefficients de Wagner
Kwagner Calculés a différentes températures et les coeffis directeursKex, des droites
expérimentales de la figure 9a. Cela suggere @ik l& consommation totale des atomes
d’aluminium de [lalliage initial pour former les tnires d’aluminium AIN ainsi que la
décomposition de la phase ordonnée B2 FeAl entdemriFe. Cela a été confirmé par une
caractérisation microstructurale multi-échelle aenlicrostructure de la couche nitrurée.

a) Smin 30min 2h 4h gh 16 h b)
140 + ' ' + + —
e | B @400°C g AN Jr
= 120 @ 500 °C ’. . X = KUhgner (T) X1
; | B @600°C 1 Kexp gasec = 6.1%107 m.s*/?
1 o | Kysanersiore. = 6.9x107 m.s/2 —
\8 100 - . @ 645 °C //,' W g,/,6’45 (¢ KA (T 2)([‘\-]0(—& XD‘\VQ F (I
= . Wagner (1) =
E . [f”]buik
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Racine carré du temps de traitement Imin"?

Figure 9: a) Variations de I'épaisseur des couches nitrurédsoéées sur un alliage intermétallique
FeAl (40 %at. Al) en fonction de la racine carréetemps de traitement et pour différentes tempggsatu
de traitement (400 a 645 °@) Modele cinétique de Wagner permettant de déaipinétique de
croissance des couches nitrurées élaborées sillrage antermétallique FeAl (40 %at. Al).

3.2.2.b. Caractérisation multi-échelle de la coudliteurée

Afin de mieux comprendre le mécanisme de la nitromade l'alliage intermétallique FeAl40
Grade 3, un second travail a consisté a caraatéaissmuche nitrurée par différentes techniques
complémentaires et a différentes échelles. Un ditloannitruré pendant 15 min a 600 °C a fait
I'objet de cette caractérisation. Des mesures aeascopie €lectronique en transmission (MET)
couplées a des mesures de sonde atomique tomagrapbint permis une description de la
microstructure a I'échelle nanométrique.

Les mesures APT ont été réalisées en étroite aolitibn avec le Dr. Frédéric Danoix du
Groupe de Physique des Matérialaboratoire commun de I'Université de Rouen efldstitut
National des Sciences Appliquées (INSA) de Rouen.
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A I'échelle micrométrique, la figure 10 montre glae couche nitrurée consiste en une fine
couche externe de 1 a 2 um d’épaisseur et d’'unecsmuche interne épaisse d’environ 36 pm.
Les analyses DRX en incidence rasante et d’EPM#nt montré que la couche externe,
totalement dépourvue en aluminium, se compose sixelonent d’un nitrure de fgt-Fe;N dont

la dureté est de 870 Hv. En revanche, apres éltrmamae la couche superficielle externe, les
analyses DRX ont révélé la présence d’'un nitruedudhinium hexagonal hex-AIN et de ferrite
o-Fe dans la sous-couche interne. La présence ddetesphases est en bon accord avec le
modele cinétique de Wagner qui suggéere la consoiomtitale des atomes d’aluminium pour
former un nitrure d’aluminium et la formation de farrite a-Fe par décomposition de la
structure ordonnée B2 FeAl. La formation du nitrbex-AIN est responsable d’'une importante
augmentation de la dureté de la couche interneQ0(H\). Les observations MEB ont montré
une répartition inhomogéne des phases hex-Alidlee dans la couche interne, particulierement
la présence d’'un réseau de « veines » d’'une centi@manometres d’épaisseur et qui dessinent
les anciens joints de grains de I'alliage nitru¥igre 10).

Couche externe ¥ R 7 "\
s A A R s S b unsnascs o Bl STEU ctut:e\er G VeINE iy’ e
ARy _Fe4N : t - . 2 ~ X . t"’\/_}l‘ S N~
’0

“* Couche intérne
~“Hex AIN & o-Fe

Figure 10: Micrographies MEB en section droite de la coucitieirée d'un alliage intermétallique
FeAl (40 %at. Al) nitruré a 600 °C pendant 15 niistribution en éléments Fe, Al et N dans la couche
nitrurée et clichés de diffraction des électroraisés dans et en dehors d’une veine de faxrke.

12 EPMA : « Electron Probe MicroAnalyser », égalemeattnue sous I'appellation « microsonde de Castaing
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Les analyses par diffraction des électrons coupétes analyses chimiques STEM/EDX ont
révélées que ces veines sont exclusivement catestitde ferritei-Fe. En dehors de ces veines,
la structure est composé d’'un mélange des phaseélNeet a-Fe dont la répartition peut se
décrire a une échelle sub-micrométrique (Figure 11)

A I'échelle sub-micrométrique, les observations M&T haute résolution menées en dehors des
« veines » de ferrite ont révélé une morphologmeliaire (Figure 11). Des lamelles de ferrite
o-Fe de 10 nm d’épaisseur alternent périodiquemesat des lamelles composées a nouveau
d’'un mélange de nitrures hex-AIN et de fergtd-e. Nous avons expliqué la formation de cette
structure lamellaire par un mécanisme de précipitatiscontinue tel que cela peut étre observé
lors de la nitruration d’alliages du type Fe-Cr;\Feu Fe-Cr-C et pour lesquels les teneurs en
éléments d’alliages sont importantes [55-57].

99.70 at.% / sk - Fe  4591at%
0.03at.% iy ¥ Al 31.02at%

0.28 at.% N PARCTE &

[210]//[1010], 00

Figure 11: a) Micrographies TEM de la couche nitrurée montrarg sinucture lamellaire en dehors des
veines de ferrite-Fe. Distribution STEM/EDX en éléments Fe, Al etlahs la structure lamellaire.
Compositions chimiques EDX et clichés SAED réalidass les lamelles de nature différente.

Des observations par sonde APT ont été ensuite esatans les lamelles présentant un mélange
hex-AIN / a-Fe afin d’en déterminer la morphologie I'échellanométrique. La figure 12a
présente la répartition des atomes de fer danpaeiné prélevée par FIB dans la couche nitrurée
interne et dont le rayon de courbure est de qusldimines de nanométres. Une visualisation en
section droite de la distribution des élémentsdret N montre que les lamelles mixtes hex-AIN

| a-Fe sont elles-mémes organisées selon une sousaséryplus fines ou des amas de nitrures
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hex-AIN de 0 4 nm de diameétre sont séparés par des parois rdee fe-Fe ded 2 nm
d’épaisseur. Finalement, la diversité des morphefogbservées a différentes échelles montre la
complexité des mécanismes de nitruration des aliagtermétalliques FeAl a forte teneur en Al
(Figure 12b). Cela étant, nous avons pu montrerionp®rtante cinétique de croissance de la
couche nitrurée suivant le modeéle cinétique de Wagbette importante cinétique de croissance
a été mise a profit pour texturer la surface déagas intermétalligues FeAl dans le cas de
traitement de nitruration sélectifs.

b)

Y'-Fe;N
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Figure 12: a) Distribution 3D de I'élément Fe dans une pointdguée par faisceau d’ions focalisés
(FIB) dans la couche nitrurée interne puis analys&esonde atomique tomographique (APT). Profils
linéaires et distributions en section droite désnénts Fe, Al et No) Schéma descriptif de la
microstructure de la couche nitrurée d’un alliagermétallique FeAl (40 %at. Al) a différentes didwe

3.2.3. Application de la nitruration sélective alliage intermétalligue FeAl.

Les études portant sur la nitruration sélective dd’alliage intermétallique FeAl ont été
menées au cours des masters de Pierre Francois & dlules Schmitt. Elles se poursuivent
actuellement avec la these d’Arthur Maizeray. Cestédes ont donné lieu a 1 publication
P02et a 4 communications orale©49, O51, O53, O55.
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3.2.3.a. Mise en évidence expérimentale du phémmuoh@surrection

Lors de traitements thermochimique de nitruratoa 'azote atomique est introduit en solution
solide dans l'alliage métallique traité et il pgte sous forme de nitrures (Figure 13a). Si le
nitrure occupe un volume plus grand que celui dmadrice dans laquelle il est formé et /ou si
une grande quantité d'azote est introduite en wolusolide (cas des aciers inoxydables
austénitiques), une déformation locale du réseatattin se produit. Dans le cas non réaliste ou
la région affectée par la nitruration n’est pasdsdte du substrat, une déformation volumique
positive et isotrope de la couche nitrurée semaitstatée. Or, dans le cas réaliste, la couche
nitrurée est solidaire du substrat et est égalesmrdidérée comme infiniment mince par rapport
a I'épaisseur de ce dernier. Ne pouvant plus serahéir latéralement (suivant les directionst

y sur la figure 13a), la couche nitrurée est alorgrise a d'importantes contraintes internes de
compression. Sous l'action de ces contraintes neteret parce que le seul degré de liberté
autorisé est suivant la direction perpendiculaila aurface (direction z-sur la figure 13a), la
déformation volumique de la couche nitrurée s'dtfecperpendiculairement a la surface. Cet
accroissement volumique anisotrope se manifesteupak gonflement »4z de la surface
nitrurée, phénomene que nous avons appelé « sarrectar il est tres semblable au phénomene
de surrection observé en géologie pour décrirertadtion de reliefs montagneux.

a) Nitruration Cas non réaliste Cas réaliste

N

Couche nitrurée ‘ ’
contraintes de compression

b) Masquage du substrat Nitruration et surrection Retrait du masque
] ) @ @
@ © O 4 0loLot SRR

masque

Figure 13: a) Schéma de principe du phénoméne de surrectiorieokits d’un traitement de
nitruration d’un alliage métalliqué) Schéma de principe de la méthode de la nitruratbective.
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Le phénoméne de surrection n'est pas aisé a vésuatar, lors d’'un traitement de nitruration
plein champ ou la totalité de la surface est soaraisflux d’azote, la déformation volumique de
la couche s’effectue de maniere homogene sur lacgurAfin de le mettre en évidence et de
I'utiliser pour créer des reliefs topologiques a darface des substrats métalliques, il est
nécessaire de le localiser en placant un masquia surface tel un pochoir. De cette maniére,
seules les régions ouvertes du masque sont souraiseBux d'azote et donc nitrurées
(Figure 13b). C’est le principe de la nitruratiodlestive. Une fois le masque enlevé, il est
possible de visualiser une surrection différergiedhtre la surface exposée a l'azote et celle
protégée par le masque (Figure 13b).

Il convient de noter que nos expériences de niinmaélective ont été réalisées dans un plasma
déporté de type multi-dipolaires dans la configoratMatrice a Résonance Cyclotronique
Electronique Distribuée (MDECR en anglais) [58].n@airement aux procedés de type diode
pour lesquels I'échantillon sert de cathode dutaritaitement, un plasma MDECR permet de
réduire la pulvérisation de la surface traitée ientant son bombardement ionique. Il permet
ainsi d’éliminer le phénoméne d’érosion des relfefsnés a la surface des substrats lors de la
nitruration sélective. Nous avons pu le vérifiepéimentalement au cours d’expériences de
nitruration seélective réalisées dans des plasmasledi(nitruration dite « ionique »).
Non seulement, elles n'ont pas permis pas de egalise structuration positive de la surface
mais elles ont généré une structuration négatieepHénomeéne de pulvérisation dominant
largement le phénomene de surrection.

Nous avons mené plusieurs expériences de nitrara@ective sur l'alliage intermétallique
FeAl40 Grade 3 avec un plasma MDECR. Les traitem@@atitruration ont été réalisés a 475 °C
sur des échantillons polis sur lesquels sont poéaigent déposés des masques aux dimensions
variables. Il s’agit de masques présentant unenaitee de sillons ouverts au flux d’azote de
largeura et de sillons masquants de largbur
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Figure 14: a) Photographie, micrographies MEB en surface et etiosedroite, et topographie de
I'alliage FeAl40 nitruré par nitruration sélectiu®. Micrographies MEB en section droite mettant en
évidence une surrection verticalede 8 pm associée a un débordement latiérale 20 um.
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La figure 14a montre un exemple de structuratiosudéace par nitruration sélective de I'alliage
FeAl dont les largeurs des sillons ouverts et mastpusont identiques (= b = 100 um). De
maniere intéressante nous avons montré un phénodeserrection spectaculaire puisqu’'un
gonflement4z d’environ 8 um a été mesuré alors qu'il atteirffidiement 1 um dans le cas
d’un acier inoxydable nitruré dans des conditionsilaires [45, 46] (Figure 14b). Nous I'avons
attribué a la combinaison de deux facteurs, l'uistalifographique et l'autre cinétique. Le
premier correspond a la formation en volume de 4@eitrures d’aluminium hex-AIN dont le
volume de la maill&/hex.an= 0,0722 nmest trés supérieur a celui de la structure B2 FdAL
l'alliage initial Vea-reas = 0,0482 nml Le facteur cinétique correspond & une croisseayiee de

la couche nitrurée due a la forte interaction dezdte et de l'aluminium selon le modéle
cinétique de Wagner. Ces premiéres observations wnoti également permis de mettre en
évidence un autre phénomeéne qui correspond au dkybent latéradL du sillon nitruré par
rapport a la largeur de la zone ouverte du mashkigure 14b). Le phénomeéne de diffusion
latérale de I'azote est responsable de ce phénomene

Pour aller plus loin dans la compréhension du pim@me de surrection, nous avons cherché a
comprendre linfluence de la proximité des zondsurgées sur 'amplitude du phénomene de
surrection. Pour ce faire, et dans les mémes donditle nitruration, nous avons fixé la largeur
des sillons ouverts des masquea a 100 um et nous avons fait varier la largeur aledne
masquanteh de 20 pm a 1 mm.
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Figure 15: Variations du niveau de surrection vertidallmesurée expérimentalement) et de la
contrainte de compression latérajg(modélisée par €lément finis) des sillons nitrumégonction du
rapport de formé/a du masqued est la largeur des sillons ouvertded largeur des sillons masquants).
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La figure 15 présente les variations de la sumectlz en fonction du rapport de forni®a,
rapport qui traduit 'espacement des sillons nésuDe maniere intéressante, nous avons montré
que I'amplitude du phénomene de surrection estifioent affectée par la proximité avec les
sillons nitrurés adjacents. Elle passe par un maxir@lz = 9 um) pour un rappobi/a proche de

1 c’est-a-dire pour un espacement inter-sillongipeode la largeur d’un sillon nitruré. En deca,
lorsque I'espacement inter-sillons est faible, $é@kons nitrurés se chevauchent par diffusion
latérale de I'azoteb{a < 0,5) et des mécanismes d’endommagements s’attiviinterface des
zones nitrurées et non nitrurées conduisant a eahdséion (0,5 ¥v/a < 0,7) (Figure 15). Au-
deld, pour des rappoitga > 1, le niveau de surrection est modeté£ 7 um) et indépendant de
I'espacement inter-sillons, la proximité des siflonitrurés voisins ne contribuant plus au
phénomene de surrection.

Afin de mieux comprendre le réle joué par les caintes internes générées au cours de la
nitruration dans le phénomeéne de surrection, ngaasarécemment fait appel a la modélisation
par éléments finis en suivant une approche mécarétastique puis élasto-plastique.

3.2.3.b. Tentative de modélisation du phénomérsidection

Par des considérations de symétrie liées a la ¢iéiti® des sillons nitrurées et a leur longueur
infiniment grande devant leur largeur, la géométiesysteme s’est réduite a une modélisation
2D d’un seul sillon nitruré suivant la figure 16.
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Figure 16: a) Modélisation 2D de la distribution du déplacemesntical A4z (dans le cas d’un rapport
b/a= 1) et variation delz selon le profil en surface (pointillés rougds) Modélisation 2D de la
distribution de la contrainte latéradg, et variation dez, selon le profil en surface (pointillés bleus).
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En outre, les propriétés mécaniques élastiquedastiques du substrat FeAl et de la région
nitrurée, composeée de ferriieFe et de nitrures hex-AIN, ont été implémentéesnianiere tout

a fait inattendue, la modélisation nous a permisndatrer que 'amplitude du phénomene de
surrection4z que 'on mesure expérimentalement par surfométpique est la contribution
d’'un déplacement positiiz” du sillon nitruré et d’'un déplacement négafif du substrat
avoisinant (Figure 16a). De plus, I'estimation destraintes latérales de compressmpdans

la zone nitrurée est de l'ordre de -2 GPa, avecaameentration de contrainte importante au
niveau de l'interface entre la zone nitrurée et nitrurée (Figure 16b). Cette premiére tentative
de modélisation a permis d’expliquer le maximunsdeection relevé expérimentalement pour
un rapport de forme/a proche de 1. Il est la conjonction de deux phémmaén compétition :
la présence de contraintes de compression impegahtes a I'effet de superposition avec les
sillons avoisinants mais des valeurs de contraipesestent toutefois insuffisantes pour activer
des mécanismes d’endommagement mécanique a lEoedes sillons qui atténuent 'amplitude
de la surrection (Figure 15).

3.3. Etude du procédé d’'oxydation par plasma éleaptytique (PEQO)

3.3.1. Contexte des recherches et démarche expédlme

Dans le secteur économique clé des transportgvigr Imajeur pour limiter les émissions de gaz

a effet de serre tout en réduisant la consommatiénergies fossiles consiste a privilégier

I'utilisation de matériaux légers, recyclables dtatutes performances. De par leur faible densité
et un compromis entre résistance mécanique et filiBasatisfaisant, les alliages métalliques a

base d'aluminium, de magnésium et de titane peemittie répondre a ces exigences. La
maitrise des états métallurgiques de ces alliagpeyd fait I'objet de nombreuses recherches et
de développements [59]. Néanmoins, de tels matéthauts de fonderie ou de coulée restent
inutilisables pour les applications séveres auxgsels sont destinés car ils souffrent d’'une

meédiocre résistance a la corrosion et d’'une faidestance a l'usure.

En conséquence, les traitements de surface soesseies pour pallier ces déficiences. Pour les
alliages daluminium et de magnésium, le procéd@nadisation sous ses différentes
déclinaisons est largement utilisé. Il consisteoavertir le métal en une couche d'oxyde
protectrice (AJOs, MgO, TiO,), un matériau céramique dur et inerte chimiquematmi ces

procédés d’'anodisations dits « classiques », I'satidn a l'acide sulfurigue (OAS) et
I'anodisation a I'acide chromique (OAC) sont leagptépandues a I'échelle industrielle [60].

Si aujourd’hui ces procédés sont parfaitement mmé#ira I'échelle industrielle, leur mise en
oeuvre nécessite des composés toxiques directevisddd par la réglementation européenne
REACH en matiere d’interdiction et de remplacem@mtsubstances dangereuses. L’utilisation
de borates et du chrome hexavalenf{Ccomposés reconnus comme cancérogénes, mutagénes
et repro-toxiques (CMR), est malheureusement enlzgement répandue dans ce genre de
procédés. Leur utilisation constitue une préocdapatcurrente chez les industriels de la filiere
des traitements de surfaces [61].

Aussi ces industriels cherchent-ils & identifies déternatives a ces procédés conventionnels qui
permettraient de s’affranchir (ou a minima de lenitde l'utilisation de composés dangereux
pour 'homme et son environnement. Dans ce domdimeydation par plasma électrolytique
(PEO) répond favorablement aux récentes exigeneestages et environnementales en
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particulier par l'utilisation de bain dépourvu dentposés toxiques et par sa capacité a générer
des couches d’'oxyde protectrices épaisses auxi@rdpmplus intéressantes que celles formées
par I'anodisation a I'acide [62].

L’oxydation par plasma électrolytique également mgn sous la dénomination d’oxydation
micro-arcs (MAO) est un procédé de traitement ddasa par voie humide des alliages
métalliques légers dont le principe général resigelsur celui de I'anodisation. Toutefois, les
similitudes entre I'anodisation et le procédé PEQimitent a ces quelques aspects. En effet,
contrairement a I'anodisation conventionnelle gécessite I'action dissolvante des acides pour
obtenir des couches protectrices fiables, le pr@d&dO est mené en une seule étape dans des
liquides alcalins faiblement concentrés. Outre pins grande souplesse et une réduction notable
des colts de mise en ceuvre et de recyclage dabsetice de composés CMR, le procédé PEO
réduit significativement les impacts sanitaireeetironnementaux. Les conditions électriques
imposées au systéme électrochimique sont égalementifférentes puisque les valeurs de la
tension appliquée (ou du courant) atteignent géer@ent plusieurs centaines de volts ~ 300 —
1000 V (plusieurs dizaines d’ampéres ~ 10 — 50 &)sdle cas du procédé PEO alors qu'elles
dépassent rarement quelques dizaines de voltsg{eerselcentaines de milliampéres) pour
'anodisation classique [63]. C’est dailleurs souws fortes sollicitations électriques
gu’'apparaissent des décharges électriques denati®metrique [ 100 um) et de courte durée
de vie (110 ps) a la surface des piéces métalliques artiéid-67].

Ces micro-décharges qui sont la signature inhérdatg@rocédé PEO résultent du claquage
diélectrique de la couche d’'oxyde protectrice istdasoumise a un champ électrique intense
dépassant la valeur seuil du champ électrique alguabe. Loin de mener a la destruction de
cette derniere, ces micro-décharges entretienmemiécanisme de 'oxydation et activent la
croissance de la couche d’oxyde protectrice. Egt &6 vitesses de croissances rapportées dans
la littérature sont généralement de l'ordre du omcipar minute pour le procédé PEO et
seulement de quelgues micromeétres par heure modisation conventionnelle [68-70].

Enfin, au-dela de l'utilisation d’un électrolyte m@olluant, les couches élaborées par le procédé
PEO présentent des caractéristiques de résistamgEmniques et chimiques nettement
ameliorées pour des temps de traitement plus cquasceux de I'anodisation conventionnelle.
Cela s’expligue en partie par la formation doxydesstallins (sous différentes formes
allotropiques) rendue possible localement par féestsethermiques et de pression des micro-
décharges électriques [71-76].

Toutefois, malgré des avantages indéniables paorapux technigues d’anodisation usuelles, le
procédé PEO reste encore confiné a I'échelle dordabire ou pour des applications de niche a
tres forte valeur ajoutée. D’'un point de vue sdilgnte et technologique, les deux principaux
verrous qui freinent son développement industreivent étre formulés de la maniére suivante :

- Une consommation électrique excessiv&n effet, I'application de forts courants, pourtant
nécessaires a la formation des micro-décharges lat Goissance des couches d’oxydes
protectrices, conduit a une consommation excessi®rergie électrigue dont une majeure
partie est dissipée de maniere indésirable pat &ffide dans le bain électrolytique. Il a pu étre
estimé que seulement 10 a 20 % de I'énergie &getrconsommeée est efficacement utilisée
pour former la couche d’oxyde protectrice [77].

40



- Une compréhension partielle des mécanismes physicbhimiques inhérents au procéedeé
PEO. L'état des connaissances sur les mécanismesaduatde diélectrique, les mécanismes
d’amorcage et de développement des micro-déchdegesun liquide conducteur, ainsi que les
mécanismes de I'oxydation restent assez sommé&loestant, c’est bien la combinaison de ces
mécanismes qui est directement responsable deiksance rapide d’une couche d’oxyde aux
propriétés améliorées. Une attention particuliérg donc étre portée sur la clarification des
phénomenes se produisant localement aux multiptesfaces métal/oxyde/plasma/électrolyte
lors du procédé PEO.

Les recherches que je mene depuis plusieurs asnéés procédé PEO contribuent a lever ces
deux verrous. Certaines études ont été consacrbgstienisation des parametres opératoires
du procédé PEO en vue d’augmenter son efficaciégétique. D’autres, plus fondamentales,
ont permis de dévoiler plusieurs mécanismes regipbes de la croissance des couches
d'oxyde PEO. Enfin certains travaux, plus ponctueat permis d’ouvrir de nouvelles
opportunités pour le procédé PEO. Ce sont cesreliffé aspects qui sont abordés et illustrés
dans la suite du manuscrit.

3.3.2. Optimisation des parametres opératoiresacedé PEO

14

Les études portant sur I'optimisation de parameétresopératoires du procédé PEO ont ét¢
menées en partie au cours des theses d’Amer MelhediAlexandre Nominé et de Vitalios
Ntomprougkidis et des masters de Sergei Denissow ¢Philippe Leone et de Jose Carlo
Cruz. Ces études ont donné lieu a 4 publicatiori3ll, P13 P15et P23 20 communications
orales 006, 008, 014, 017, 020, 021, 022, 023 025 026, 027, 028, 033 044, 047,
050, 057, O58 063 et O64 et 8 communications par affichesAl1l, Al4, A15, A16, Al7,
A20, A21 et A23.

v)

L’optimisation énergétique du procédé PEO resteenjeu primordial en vue de son futur
développement a I'échelle industrielle. En effégnbque satisfaisant aux contraintes sanitaires et
environnementales actuelles par l'utilisation d'alectrolyte alcalin dilué et dépourvu de
composés CMR, il n'en reste pas moins que la consion électrique nécessaire a la
croissance d’'une couche d’oxyde protectrice estéélé~ 500 V ; ~ 10 A). Parmi les nombreux
parameétres opératoires du procédé PEO, la gesfjonreuse des paramétres électriques et de la
chimie du bain électrolytique est une clé pour paiva cette optimisation.

3.3.2.a. Influence des parametres électriques

De maniere générale, le procédé PEO peut étre ttoadec des alimentations électriques
fonctionnant en mode potentiostatique ou galvatigsia [62, 78-81]. Dans le premier mode,
une tension est imposée a I'électrode de travarsajue c’est le courant qui est imposé dans le
second mode. Un meilleur contréle du procédé PEO®#snu sous le mode galvanostatique car
la tension s’adapte en permanence aux propriéeésriues de la couche d’oxyde en cours de
croissance permettant ainsi d’assurer la poursditerégime de claquage diélectrique et
'apparition des micro-décharges [62, 81]. Pareail$, I'utilisation de courants alternatifs (AC)
permet de limiter l'intensité des micro-déchargésaiasi diminuer la porosité des couches
d’'oxyde protectrices [82, 83]. L'avénement de gateurs de courant pulsé bipolaire (PB)
délivrant un signal de courant asymétrique a ouwdenhouvelles perspectives quant a la gestion
électriqgue du procédé PEO [84, 85].
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Au cours des différentes études, nous avons utiliségénérateur électrique permettant
d’alimenter les électrodes avec un courant PB dast possible de modifier la forme du signal.
Ainsi il est possible d’ajuster indépendamment desplitudes des alternances anodique et
cathodique du courant, et donc le rapport des gaantle charges anodique et cathodique
délivrées aux électrodes, ainsi que la frequenceodwant (Figure 17). Enfin il est également

envisageable de changer 'ensemble de ces paranagti@ours d’un traitement.
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Figure 17: a) Evolution de la tension anodique au cours deetmzéints PEO sur I'aluminium (Al2214)
réalisée pour différents rapports des quantiteshdegesRCQ(0,9 et 1,6) et photographies des substrats a
différents temps de traitement (1, 15 et 45 nbh)Evolutions de I'épaisseur de la couche d’oxyderpou
différents rapports des quantités de chaR@Q(0,9 et 1,6) et micrographies MEB en surface et en
section droite de la couche d’oxyde a différentspe de traitement (80 et 90 min).

Une premiere étude s’est intéressé a l'influenceagport des quantités de chargse anodigyie
et cathodiqueQ, (rapport notéRCQ = Qy/Q,) sur le procédé PEO. Appliqué a un alliage
d’aluminium (Al2214), nous avons montré que l'agment de ce rapport conditionne
I'apparition d’'un régime de croissance remarquaiieégime « soft » [86]. En maintenant une
guantité de charge anodique Iégerement plus fajbée celle cathodique (0,8 RCQ< 1), ce
régime « soft » succede apres plusieurs minutésadement au régime « d’arcs ». L'origine de
I'appellation « soft » de ce régime tient au faifilgest associé a une disparition des micro-
décharges visibles a la surface de I'électrode wieabaisse significative du niveau d’émission
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acoustique. Comme le montre la figure 17, ce régiseft » s’accompagne non seulement
d’'une chute des tensions anodique et cathodiqguegttemt un gain d’énergie électrique
substantiel (Figure 17a) mais également d’'une autatien de la cinétique de croissance
(1 pm.minY) et de la compacité des couches d’oxyde (Figurg).1Ce régime « soft » est
aujourd’hui largement utilisé et fait toujours ljeb d’étude pour comprendre les mécanismes
responsables de son apparition au cours du traitei@e-89].

Par la suite, et tout en maintenant ces conditédestriques permettant I'apparition du régime
« soft » RCQ = 0,9), nous nous sommes intéressé a l'influeredadfréquence (de 100 a
1000 Hz) et de la densité du courant anodique (dé& 90 A.drf) sur le procédé PEO. Pour
cette étude, nous avons fait appel a des enregisiris par caméra rapide (125 000 images/s),
synchronisés avec le signal de courant applique,d&f déterminer le comportement statistique
des micro-décharges (nombre, distribution spattalée, durée de vie) apparaissant a la surface
de substrats en aluminium (Al2214).

Nous avons pu montrer que I'augmentation de laugége au-dela de 900 Hz et le maintien
d'une densité de courant modérée a 40 Admermet une augmentation de la cinétique de
croissance de la couche d’oxyde PEO (2 pniintout en limitant une rugosité excessive en
extréme surface (Figure 18). L'étude a égalementtraajue 'augmentation de la fréquence et
de la densité de courant favorise I'apparition peécdu régime « soft » permettant ainsi de
diminuer significativement I'énergie électrique sommeée (Figure 18a). Une corrélation étroite
entre les morphologies des couches d’oxydes atrigortement des micro-décharges a pu étre
établie. Elle montre que l'utilisation d’une fréque élevée et d’'une densité de courant anodique
modérée conduit a la formation de micro-déchargésant a la fois moins nombreuses, de taille
plus petite (< 0,6 mf) et de durée de vie plus courte (< 40 ps). Edfinilisation d’'une
fréquence du courant élevée permet une meilleyartibon spatiale des micro-décharges a la
surface I'échantillon et donc a une homogénéitéadmuche d’oxyde entre le bord et le centre
de I'échantillon (Figure 18b).
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Figure 18: a) Variations du temps d’apparition du régime « soft de la cinétique de croissance des
couches d’oxyde en fonction de la fréquence eadkehsité du courant pulsé bipolalsg Micrographies
MEB en section droite des couches d’'oxyde élabaaazntre et au bord d’un alliage d’aluminium
(2214) a différentes fréquences (100 et 900 Hepasités du courant pulsé bipolaire (13 et 76 A)dm
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3.3.2.b. Faisabilité de traitements séquencés

Dans le cadre de la these de Vitalios Ntomprougkickes premiers travaux se sont récemment
poursuivis par une étude portant sur la faisabdiéeréaliser des traitements PEO séquenceés
consistant a changer les conditions électrigueicages aux électrodes au cours d’'un méme
traitement. Dans le cadre d’'une premiére approehdpujours sur un alliage d’aluminium
(Al2214), le protocole expérimental de I'étude §’'esstreint a changer uniqguement le rapport
des quantités de chargCQ a partir de 20 min de traitement, traitement dardurée totale a
été fixée a 50 min. Comme l’illustre la figure I8ux traitements séquencés ont fait I'objet
d’'une attention particuliére. Le premier a constéébuter le traitement avec un rapf@Q
faible (0,9), celui favorisant I'apparition du régg « soft », puis a terminer le traitement avec un
rapport élevé (6,0), connu par ailleurs pour awmireffet préjudiciable sur la couche d’oxyde
PEO (Figure 19a). Le second traitement correspoia sequence inverse (Figure 19b). Les
résultats expérimentaux ont été comparés a cewnabtors de traitements de référence menés
exclusivement avec I'un ou l'autre des deux rapport

a)

20 Porosité 7% Epaisseur 35 um
10 Q
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RCQ=6,0 50min

Porosité 15 % Epaisseur 53 um
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Figure 19: Traitements PEO séquencés consistant a chamgegpport des quantités de charB€Q
a 20 min de traitemend) deRCQ= 0,9 a 6,0 &) deRCQ=6,0 a4 0,9.

Nous avons montré que le premier traitement séguéte RCQ = 0,9 a 6,0) conduit a la
formation d’'une couche d'oxyde, certes relativenégisse (1,5 pm.mii), mais trés poreuse et
présentant de large cavités ouvertes (taux de p@mmgerieur a 12 %). Au contraire, le second
traitement séquencé mis en ceuvreR@ = 6,0 a 0,9) a permis I'obtention de la couchplies
épaisse (2,2 um.mii et la plus compacte (taux de porosité inférieGréa), ceci en utilisant le
minimum d’énergie électrique. Toujours pour ce sectraitement séquence, il a également été
observé que le régime « soft » se déclenche deemgaminticipé des le basculement de la
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condition électrique a 20 min, alors qu’il n'apparqu’apres 30 min pour le traitement de
référence mené uniquement avec un rapR&@Q de 0,9. Finalement, méme au travers d’'une

étude limitée a deux séquences, nous avons démontééét de réaliser des traitements PEO
séquencés comme une voie possible pour optimesféichcité énergétique du procédé PEO.

3.3.2.c. Vieillissement de I'électrolyte

Outre les parameétres électriques, la gestion rmme de la chimie de I'électrolyte revét
également d’'une importance capitale pour I'optitidsadu procédé PEO. Particuliéerement pour
les procédés d’anodisation conventionnels, la isaitte la stabilité chimique des électrolytes est
une opération récurrente et nécessaire pour gafdanteproductibilité des performances des
couches protectrices anodisées [60, 61]. Aussiarmant le procédé PEO, I'absence de données
expérimentales dans la littérature a motivée ungessystématique sur ce sujet.

Pour cela, un électrolyte composé d’hydroxyde deagsum KOH et de silicate de sodium
NaSiO; a été utilisé pendant 8h consécutives dans ledoasraitement PEO d'un alliage
d’aluminium (Al2024). Nous avons pu mettre en énikele vieillissement de I'électrolyte ainsi
gue ses conséguences sur les caractéristiquesodebes d’oxyde élaborées. L’électrolyte
s’appauvrit en éléments initialement dissous tels K, Na et Si et il s’enrichit en éléments
métalliques provenant de I'alliage tel que Al (Fig0a). Ces variations de la teneur en espéces
dissoutes dans I'électrolyte conduisent a une ditron de sa conductivité électrique.
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Figure 20: a) Variations des concentrations en ions Siletafss I'électrolyte, de la conductivité de
I'électrolyte et de I'épaisseur des couches d’'oxgdeentre et au bord d’'un échantillon d’aluminium
en fonction de la durée d'utilisation de I'élect@l. b) Aspects visuels, micrographies MEB en

section droite et topographie des couches d'oxgthsorée aprés 1 et 8h d'utilisation de I'électly

Cette instabilité chimique de [I'électrolyte altéte comportement des micro-décharges

apparaissant a la surface de la piece traitéeo(fedore de micro-décharges étant quasiment divisé
par deux aprés 8h d’utilisation) lequel in firdfecte les mécanismes de croissance et la
microstructure des couches d’'oxydes élaboréesr#igue de croissance présente une baisse de
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20 % aprés 8h d'utilisation) (Figure 20b). Finalemees résultats montrent que, comme pour
les procédés d’anodisation conventionnels, desaptians particulieres doivent étre envisagées
afin d’assurer la stabilité chimique de I'électtelyet assurer I'efficacité du procédé PEO.

3.3.3. Mécanismes de croissance des couches d'&&y@e

Les études portant sur les mécanismes physico-chiies ayant lieu lors du procédé PE(Q
ont été menées en partie au cours des theses d'Adadre Nominé et de Vitalios
Ntomprougkidis. Ces études ont donné lieu a 2 pulatationsP21 et P24, 17 communications
orales 024, 030, 032, 035, 036, 037, 038, 040, 041, 042, 043, 045 048, 054, 059,

060, 061, 062, O6%t 1 communication par afficheA06.

Dans l'objectif de maitriser les propriétés finatkess couches d’oxyde élaborées par le procédée
PEO, il reste indispensable de mieux décrire lednpiménes physico-chimiques associés a
I'apparition des micro-décharges a la surface gudee traitée et qui entretiennent le mécanisme
de I'oxydation.

3.3.3.a. Mécanisme d’accumulation de charges

En complément de I'imagerie rapide, le diagnostiguz du procédé PEO a également été mené
par l'utilisation d’'un photomultiplicateur. L’intét principal de cet outil pour I'étude du procédé
PEO est la possibilité de détecter un signal luminavec un temps de réponse de quelques
nanosecondes et de le synchroniser avec le signabulant imposé. Ainsi, selon les conditions
de traitement, nous avons remarqué au cours daésetd’Amer Melhem que I'émission
lumineuse émise par les micro-décharges était plusnoins retardée par rapport au front
montant du courant anodique, de I'ordre de 10 i $rds.

Les chronogrammes de la figure 21 mettent en évele® retard a I'apparition des micro-
décharges (notdt) qui augmente avec le temps de traitement. Plesmignent, au cours de la
these d’Alexandre Nominé, nous avons observé quension anodique présente un régime
transitoire dont la durée est variable avec leglitimms électriques et le temps de traitement. La
modélisation de la réponse temporelle de la tensioodique par un circuit équivalent RC
permet de déterminer la constante de temps (r)adé@ régime transitoire. Les chronogrammes
de la figure 21 montrent que la constante de tezspsle I'ordre de 100 us et augmente avec le
temps de traitement.

Ces deux faits remarquables que sont le retarappdrition des micro-décharges et la variation
de la durée du régime transitoire de la tensionparticulierement attirés notre attention et une
étude a été menée en conséquence pour comprent@taines et certainement en apprendre
davantage sur les mécanismes qui régissent I'afmpades micro-décharges lors du procédé
PEO.

Pour ce faire, différents traitements PEO ont étdisés sur un alliage d’aluminium (Al2024) en
faisant varier le rapport des quantités de chaR§&®du courant pulsé bipolaire (de 0,5 a 6,0) et
en ne changeant que la forme de sa partie cathmdiguforme de l'alternance anodique du
courant, période au cours de laquelle les micrdwalges apparaissent, est restée inchangée. Un
diagnostic optique (photomultiplicateur et caméxpidle) et électrique (mesure de la réponse en
tension) résolu dans le temps a été mené pourestinaque traitement PEO.
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Figure 21: Variations du courant, de la tension et de I8giain lumineuse au cours d’une période de
courant (10 ms) a différents temps de traitemer €t 30 min) et pour différents rapports des tjtémn
de chargeRCQ Estimations du retard a I'apparition des microkdrgesdt et de la constante de temps
du régime transitoire de la réponse en tension.
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Figure 22 a) Distribution spatiale des micro-décharges a difi€s temps de traitement (1 et 30 min)
pour différents rapports des quantités de charg§&Q b) Micrographies MEB en surface et en section
droite des couches d’oxydes élaborées apres 3dertiraitements pour différents rappdrRSQ
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Les résultats présentés a la figure 21 montrenteuetard a I'apparition des micro-décharges,
est faible lorsque les rappoREQsont éleves4t < 100 us pouRCQ= 6.0). Ces faibles retards
sont associés au développement de micro-déchargeses, de taille et de durée de vie élevées
et localisées a la surface du matériau (Figure,22alltant en la formation de couches d’oxyde
de qualité médiocre, a la fois minces et poreusegufe 22b). A I'oppose, les trés faibles
rapportsRCQ (RCQ= 0,5) conduisent a une extinction rapide et éothds micro-décharges a la
surface du matériau ne permettant plus de fairttrerane couche d’oxyde. En revanche, pour
un rapportRCQintermédiaire RCQ= 0,9), celui favorisant le régime « soft », |ésuitats ont
mis en évidence d’'importants retards a I'apparitites micro-déchargegit(> 1 ms). Ills sont
associés au développement de micro-décharges despitlles, de courtes durées de vie et
distribuées de maniere homogene a la surface dériaatFigure 22a), favorisant la formation
d’'une couche d’oxyde épaisse et dense (Figure 22b).

Afin d’expliquer cette relation, nous avons propasémécanisme d’accumulation de charges se
produisant a I'interface électrolyte/oxyde, avanede claquage diélectrique de la couche ne se
produise. La figure 23 illustre schématiquemenmnéeanisme.

Au cours de l'alternance cathodique du courantsais l'effet de I'orientation du champ
électrique, les charges négatives qui sont les plusbreuses dans I'électrolyte alcalin, sont
extraites de linterface électrolyte/oxyde. PourrapportRCQ éleve, et étant donnée la faible
amplitude de la partie cathodique, ce mécanismetrdetion est faible voire insignifiant. Lors
de l'inversion de la polarité et le changement idiatation du champ électrique, ces mémes
charges négatives sont redirigées vers l'interédeetrolyte/oxyde et s’y accumulent.

Dans le cas d'un rappoRCQ élevé RCQ= 6,0), ce mécanisme d’accumulation est alors trés
soutenu puisque les charges n'ont pas été suffiemiraxtraites de linterface lors de
l'alternance cathodique précédente. Leur proxinaiéc l'interface rend ainsi le mécanisme
d’accumulation rapide, si rapide que la tension aquage diélectrique de I'oxyde est
rapidement atteinte laissant apparaitre, avecamfaible retard, des micro-décharges intenses
aux effets préjudiciables pour la morphologie dedache d’oxyde.

Dans le cas d'un rappoRCQ faible RCQ = 0,5), la situation est inversée. De par la forte
amplitude de la partie cathodique, le mécanismextidietion des charges a linterface

électrolyte/oxyde est si prononcé que, lors deédiabnce anodique suivante, 'accumulation de
charges devient insuffisante pour atteindre laibende claquage. Il s’ensuit une extinction des

micro-décharges qui ne permet plus la croissanda ceuche d’oxyde.

Enfin, pour le rapport intermédiair@CQ = 0,9), les mécanismes consécutifs d’extractios pu
d’accumulation des charges a linterface électestytyde sont modérés. Méme avec un retard
important de quelques millisecondes, la tensiortldgquage diélectrique de la couche d’oxyde
finie par étre atteinte laissant apparaitre desavdécharges de faible intensité profitables pour
la croissance d’une couche d’oxyde épaisse et cciepa

Finalement, ce mécanisme d’accumulation de chagesétre conforté par le caractere capacitif
de la couche d’oxyde mis en évidence par la maaté@is de la réponse temporelle de la tension
anodique par un circuit équivalent RC. En effete @troite corrélation a été établie entre les
différentes valeurs estimées pour la constanteed®wd 7 du régime transitoire de la tension
anodique et les différentes valeurs mesurées poutarddt a I'apparition des micro-décharges
(Figure 21).
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Figure 23: Représentation schématique du mécanisme d’adatiorude charges a l'interface
électrolyte/oxyde lors de traitements PEO menésypeat courant pulsé bipolaire pour différents raggo
des quantités de charge€Q

3.3.3.b. Mécanisme de croissance en régime « soft »

Si aujourd’hui les conditions opératoires permdttapparition du régime « soft » sont connues,
il N’en reste pas moins que les mécanismes qui-wmaent son apparition demeurent mal
compris. Une étude multi-échelle de la microstriettypique d’'une couche d’oxyde PEO
élaborée sous le régime «soft » a été menée @ahsitlde remonter aux mécanismes de
croissance de la couche d’oxyde sous le régimdteso

a) Avant passage régime « soft » b) Au passage régime « soft »  C) Aprés passage régime « soft »

Figure 24 : Micrographies MEB en section droite et en swafde la couche d’oxyde élaborée sur un
alliage d’aluminium (Al2024) dans un électrolytdngiroxyde de potassium enrichie en silicate de
sodiuma) avant le passagb) pendant le passage®@tapres le passage dans le régime « soft ».
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Pour ce faire, différents traitements PEO ont étdisés sur un alliage d’aluminium (Al2024)
afin de décrire les transformations progressivetadsructure dite en « pancakes », typique du
régime « d’arcs », lors du passage vers le régimafte. Particuliérement, nous avons mis en
évidence qu'au passage dans le régime «soft», ckeatés des «pancakes » sont
progressivement remplies par la formation d’un miatédense (Figure 24).

Les observations TEM combinées aux analyses chasi@iDX/STEM ont montré qu’il s'agit
d’une structure stratifiée a I'’échelle nanométrigtigui consiste en une alternance périodique de
lamelles d’alumine AlO; pure (~ 90 nm) avec des lamelles de mullite declsitumétrie
1Al,03:1Si0, (~ 30 nm), enrichies en éléments de I'électrofgtaticulierement Si) (Figure 25).

Les enregistrements menés par imagerie rapide @tem évidence la persistance de fines
micro-décharges a la surface de I'échantillon ngalgne nette atténuation de leur intensité
lumineuse confirmant I'hypothese émise quant aidtexce de micro-décharges internes qui
semblent s’initier dans les cavités des « pancaké& outre, des mesures par spectroscopie
d’émission optique de la bande rovibrationnelle%,8 nm de la molécule OH ont permis

d’estimer la température du gaz dans les microatges a environ 3200 K.
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Figure 25: Distributions en éléments STEM/EDX dans la dtrceslamellaire nano-composite
Al,Os/ Mullite qui se développe dans les cavités deancakes » au cours du régime « soft ».

Sur la base de ces résultats expérimentaux contlidearcaractérisations microstructurales et du
diagnostic des plasmas, un mécanisme permettarplijeer la formation de la structure
composite stratifiée dans les « pancakes » lorpasdsage en régime « soft » a été proposé. Le
mécanisme est illustré schématiquement a la fi@dée Il peut se décrire selon 3 étapes
successives. (i) Sous l'effet d’'une micro-déchairgerne se produisant dans la cavité d'un
« pancake », 'oxyde d’aluminium cristallin, iniganent a la température de I'électrolyte (300
K), est rapidement chauffé & la vitesse d&® K.s” pour atteindre une température de 3200 K
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ou il se trouve alors dans un état fondu. (ii) especes chimiques dissoutes dans I'électrolyte
(N&:SiO;, KOH, H,0) se décomposent alors dans la région du plasnia uhkécro-décharge et
s’incorpore progressivement dans I'oxyde liquidar{jeulierement Si) donnant lieu a un oxyde
d’aluminium fondu et enrichi en Si. (iii) Aprés Xenction de la micro-décharge, le liquide ainsi
enrichi en Si subit un refroidissement rapide péettrolyte environnant selon une vitesse de
trempe estimée ax30° K.s’. Sous ces conditions de refroidissement sévérparee que la
composition nominale du liquide enrichi en Si site dans la lacune de miscibilité du systeme
binaire mullite / A}O;3, la solidification suit un chemin hors équilibleetmodynamique suivant
un meécanisme de décomposition spinodale. Il enteésne séparation de phase consistant en
des lamelles nanométriques d’alumine pure alterqamiodiquement avec des lamelles de
mullite lA'zOnglOz

Cette étude s’est déroulée en collaboration étenige le Dr. Flavio Soldera de I'Université de la
Sarre a Sarrebruck (Allemagne).
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Figure 26. Représentation schématique du mécanisme de fiomus la structure lamellaire nano-
composite Al0; / Mullite dans la structure en « pancake » augdurrégime « soft ».
De 1 a 2, apparition d’'une micro-décharge, fusapide et locale de I'alumine préexistante.
De 2 a 3, enrichissement de I'alumine liquide &m&nts de I'électrolyte, en particulier Si.
De 3 a 4, refroidissement rapide hors équilibreoéitlification de la structure mullite /4Ds.
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3.3.4. Micro-décharges cathodiques lors du pro&@e

Les études portant sur les micro-décharges cathodigs lors du procédé PEO ont étt
menées au cours de la these d’Alexandre Nominé eesimasters d’Anna Bezzubova et d
Jonathan Stef. Ces études ont donné lieu a 5 pulditons P12, P14, P16, P1et P22 4
communications oralesO07, 031, O34 et 052 et 3 communications par affiche\18, A19et
A22.

Une des patrticularités communément admise du péoP&®D fonctionnant en régime bipolaire
est que le claquage de la couche diélectriqueprt tlapparition des micro-décharges, ne se
produit que lors des alternances positives du obucdest-a-dire lorsque la piece en cours de
traitement joue le role d’anode (Figure 27a). Hgst de micro-décharges dites « anodiques ».
Cependant, nous avons montré pour la premiéregfaés sous certaines conditions opératoires,
certaines micro-décharges peuvent apparaitre dimiiatnance négative du courant. Parce qu'il
est tout a fait inhabituel d’'observer ces microfdgges dites « cathodiques », plusieurs travaux
leur ont été consacrés allant de leurs caracténsapar voie optique jusqu’a leurs effets sur la
couche d'oxyde en passant par une meilleure corepsétn des conditions opératoires
favorisant leur apparition.

3.3.4.a. Mise en évidence des micro-décharges dathes

Ces micro-décharges « cathodiques » ont été déseldes d’'un traitement PEO d’un alliage de
magnésium (EV31) dans un électrolyte composé daute d’ammonium (NkF) et sous un
régime de courant pulsé bipolaire. Initialementc@inme le montre la figure 27b, c’est avec
I'utilisation d’'un photomultiplicateur dont le terapde réponse est de l'ordre de quelques
nanosecondes qu’une intense activité lumineuse éa ofiservée exclusivement lors de
I'alternance négative du courant.

A l'issue de plusieurs traitements confirmant larogluctibilité de ces observations, des mesures
complémentaires menées par imagerie rapide et gymsBes avec le signal de courant ont
permis d’associer I'apparition de micro-déchargesea émissions lumineuses. La figure 27c¢
montre que le comportement de ces micro-déchambsdiques contraste singulierement avec
celui des micro-décharges anodiques telles que pousons les observer dans le cas du
traitement PEO de I'aluminium dans un électrolyaenposé d’hydroxyde de potassium (KOH).
En effet, elles apparaissent sans retard apréslitation du courant cathodique, elles présentent
un comportement collectif par des cycles d’appamitiet d’extinction de haute fréquence
(~ 10 kHz) puis elles s’éteignent progressivemamtcaurs de l'alternance cathodique du
courant.

3.3.4.b. Impact des micro-décharges cathodique$ascouche d’oxyde

Apres avoir confirmé 'apparition de ces micro-déades cathodiques, une étude a été menée
pour évaluer leur impact sur le matériau traitém@ee le montre la figure 27d, nous avons mis
en évidence que l'apparition de micro-déchargediociques a la surface du matériau est
associée a la présence de larges porosités ouaerteavers d’'une fine couche d’'oxyde MgO,
voire a la présence de zones ou la couche d'oxgdle s'étre détachée du substrat, comme
pulvérisée, laissant ce dernier non protégé.
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La mise en évidence de ces micro-décharges aeddienaniére purement fortuite en 2012 au
cours d’'un séjour invité au laboratoire MI$i%le Moscou dans lequel le doctorant Alexandre
Nominé, sous la direction du professeur AlexandakdRh, réalisait sa these en cotutelle avec
I'Institut Jean Lamour. Ces premiéres observatimmisensuite €té confirmées a notre retour en
France.
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Figure 27 Variations du courant et de I'émission lumineasecours d’'une période de courant (10 ms)

dans le cas du traitement PEd’un alliage d’aluminium dans un électrolyte d'lngglyde de potassium
et de silicate de sodium et dans le cas d’'un alliage de magnésium dans utraige de fluorure
d’ammonium.c) Variation de I'émission lumineuse au cours dddialance cathodique @} aspect

visuel et micrographies MEB d’un échantillon de mégjum traité dans les conditions de la figure 27b.

3.3.4.c. Influence de I'électrolyte sur les mickesHarges cathodiques

Afin de déterminer les conditions opératoires fabbes a I'apparition des micro-décharges
cathodiques, une étude sur l'influence de la coimtipasde I'électrolyte, et particulierement de
son pH, a été conduite. Pour cela, des traitenfela@ sur un alliage de magnésium EV31 ont
éteé réalisés dans un électrolyte de base composBudkire d’ammonium auquel a été
progressivement ajouté de I'hydroxyde de potassiam concentration croissante afin
d’augmenter le pH de 8,3 pour I'électrolyte de bade3,3 pour la solution la plus concentrée en
KOH. L'apparition des micro-décharges, synchroniaéec les pulses symétriques du courant
bipolaire, est détectée par I'utilisation d’un pdroultiplicateur.
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Comme lillustre la figure 28, les résultats ontsnein évidence I'apparition exclusive de micro-
décharges cathodiques pour des électrolytes dqguitl lest inférieur a 10. Inversement, dans le
cas d'un électrolyte dont le pH est supérieur a d8yles les micro-décharges anodiques
apparaissent. Pour une valeur intermédiaire du pkbua de 12, nous avons montré la
coexistence des micro-décharges anodiques et dgtiesdau cours d’'une méme période du
courant. Nous avons proposé un modeéle descriptifpgemet d’expliquer et de prévoir les
conditions opératoires favorables a I'apparitionrdtype de micro-décharges par rapport a un
autre en considérant I'importance du pH de I'élagte vis-a-vis du point isoélectrique (IEP) de
I'oxyde en formation.

Micro-décharges
anodiques

e ——— Cen e ot —-=Y |EP de Mg0 12,4
[NH4F (10 g.L'Y) + KOH (5 g.L'%) 4 4

, ’ ! Micro-décharges
[NH4F (10 g.L'%) + KOH (2 g.LY) ' cathodiques

Emission lumineuse /a.u.

Courant /A

_12 .l n 1 2 1 " ] n 1
0 2 4 6 8

Temps /ms

Figure 28: Variations de I'’émission lumineuse au cours d'période de courant (10 ms) dans le cas des
traitements PEO d’un alliage de magnésium dangléetolytes a base de fluorure d’'ammonium et
contenant de I'hydroxyde de potassium en concémtratoissante.

Lorsqu’il est immergé en milieu aqueux, I'lEP d'wxyde correspond au pH pour lequel la
charge de surface est nulle. Le point isoélectridgiéoxyde de magnésium MgO est de 12,4
0,3 [90, 91]. Du fait du caractere amphotére d'uyde, si son IEP est supérieur au pH de
I'électrolyte, I'extréme surface gagne alors destgms H. Par effet d'influence, une double
couche électrique (EDL) négative se forme a l'ifatee oxyde / électrolyte [92]. Dans ce cas,
sous une polarisation positive du substrat métadlide champ électrique est écranté par la
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double couche électrique négative ce qui ne pegpast d'atteindre la tension de claquage
diélectrique de la couche d’oxyde empéchant aiapphrition des micro-décharges anodiques.
En revanche, sous une polarisation négative durstiple champ électrique est renforcé par la
double couche électrique négative favorisant lanédron des micro-décharges cathodiques. La
situation est inverseée si I'lEP de I'oxyde est iid@ar au pH de I'électrolyte (EDL positive due a
la perte des protons™Ha savoir que I'apparition des micro-déchargesdanmes est favorisée
lors de l'alternance positive du courant alors Happarition des micro-décharges cathodiques
est inhibée lors de l'alternance négative.

Cette étude s’est déroulée en collaboration éteoiex le Dr. llya Bardin du laboratoire MISIS
de Moscou (Russie) et le professeur Petr LukedRIe'f de Prague (République Tchéque).

3.3.4.d. Influence des éléments d’alliage sur lesoydécharges cathodiques

Nous avons établi que pour un alliage de magnésionmé, I'apparition des micro-décharges
cathodiques pouvait étre contrélée par la modibcatde la composition de ['électrolyte,
particulierement par la modification de son pH. iREmuement, au cours d'une étude plus
récente, nous avons choisi de réaliser des traitenREO sur un alliage de magnésium dont on a
délibérément modifié la microstructure par le bidéstraitements thermiques. Pour ce faire, un
alliage de magnésium GW103K riche en gadolinium (¥pds) et en yttrium

(3 %pds) a été soumis a un traitement de mise kni®go et a un traitement de revenu de
précipitation (précipitation des phases secondaitesmétalliques type Mg(GdY) et MgY).

a) 15 T " T T " T T, 3 b) 15 T ey T U, . o’ 3
| Traitement de mise en solution | ] Traitement de précipitation )
S » 3
7 2 & 10. Micro-décharges|[“ &
5 ¥ § 5 “— cathodiques |, §
< g < £
= ] = £ | E
E 0 0 g § 0 wr r,r b 0 g
= =S 1 —
§ - 5 3+ 1 1 5
Micro-décharges @ {1 Micro-décharges @

-10 4 i = -10 i -2
anodiques - uEJ . anodiques uEJ

-15 T T T T T -3 -15 T T T T T -3

22 24 26 28 30 28 30 32 34 36
Temps /ms Temps /ms

——— """ 6 min PEO

Figure 29: Variations du courant et de I'émission lumineasecours d’'une période de courant et
micrographies MEB de la couche d’oxyde lors dug¢raent PEO d’un alliage de magnésiayapres un
traitement thermique de mise en solutiob)espres un traitement thermique de précipitation.

PP : « Institute of Plasma Physics »
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Comme le montre la figure 29, la couche d’oxyd®eétée en présence de précipités est de faible
épaisseur et présente d'importante porosité pédirement dans les régions de forte
concentration en précipités. Ces observations Ent@rélés a la présence de micro-décharge
cathodiques dont on a montré les effets négatifsascroissance des couches d’'oxyde PEO. Au
contraire, I'absence de précipité inhibe l'apparitides micro-décharges cathodiques et la
couche d’oxyde est plus épaisse, plus homogéeneseme une dureté plus élevée.

Nous avons apporté une explication a ces résudtatse basant sur la relation entre le pH de
I'électrolyte (12,6) et 'IEP des différentes coeshd’oxyde. Au contact avec I'électrolyte, les
eléments d'alliages en solution solide Gd et Y gstigponibles pour former, en plus de MgO
(IEP = 12,3), les oxydes @03 (IEP = 10,9) et ¥O3 (IEP = 8,7) dont les IEP sont plus faibles
gue le pH de I'électrolyte [90, 91]. Ainsi, 'lEPayen de la couche d’oxyde est inférieur au pH
de I'électrolyte, inhibant I'apparition des micréaharges cathodiques. Au contraire, en restant
stabilisés sous forme de précipités Mg(GdY) et Mg¥ul I'oxyde MgO peut se former au
contact de I'électrolyte. Son IEP étant proche dii ge I'électrolyte, des micro-décharges
cathodiques apparaissent provoquant des défawsXatans la couche d’oxyde. Au-dela de ces
explications, cette étude montre qu’en plus deelstign rigoureuse des parametres opératoires,
une attention particuliere doit étre portée a t'é@aétallurgique initial d’'un alliage métallique @afi
parvenir a développer des couches d’oxydes pratestpar le procédé PEO.

Cette étude s’est déroulée en collaboration étaier le professeur J.X. Zou de I'Université
Jiao Tong de Shanghai (Chine).

3.3.5. Nouvelles opportunités pour le procédé PEO

Les études portant sur les nouvelles opportunitésoprr le procédé PEO ont été menées gn
partie au cours des masters de Pauline Haraux et déomlan Akoda et se poursuivent aveq
la these d’Arthur Maizeray. Ces études ont donnédiu a la publication récente de 2 article$
P25et P26

4

3.3.5.a. Traitement duplex combinant les procéoés spray et PEO

Si aujourd’hui le procédé PEO est bien maitrisér payprotection des alliages d’aluminium, il
reste inefficace lorsqu’il est appliqué aux alliagke magnésium et inopérant pour les alliages
métalliques de grande distribution tels que lesraciDans le cas des alliages de magnésium, les
couches d'oxyde sont généralement tres poreusaegeiérent le plus souvent des post-
traitements tels que des traitements de colmatégsede cérium et de phosphate [93, 94]. Pour
les aciers et autres alliages ferreux, les traitesnede surface les plus répandus sont
I'électrodéposition (alcaline, aux acides, au cyanau fluoborate) et la galvanisation (fluxage
aux chlorure de zinc et d’ammonium) qui nécessitatitisation de produits chimiques toxiques
présentant de nombreux risques pour 'hnomme etifennement [95].

Ainsi, afin de parvenir a protéger efficacementsiaface des alliages de magnésium par le
procédé PEO mais aussi a élargir son utilisation aliages ferreux, nous avons étudié la
possibilité de réaliser un traitement de surfagdedlucombinant les procédés cold spray et PEO.
Comme illustré a la figure 30, ce traitement dupdexonsisté a déposer par cold spray une
premiere couche d’aluminium sur un substrat de msigm ou d’acier puis a convertir cette

couche d’aluminium en alumine (A);) par le procédé PEO (Figure 30b). Dans les mémes
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conditions de projections cold spray, plusieursisgears (60 et 200 um) d'un alliage
d’aluminium (AI1050) ont été déposées sur un adlidg magnésium (EV31) et sur un acier de
construction (S235J). Les échantillons ainsi px&gs ont ensuite été soumis a des traitements
PEO de durées variables (8, 20 et 35 min) (comdtiolu régime « soft»). A titre de
comparaison, des substrats massifs en alliagendialum (Al1050) ont fait I'objet des mémes
traitements PEO (Figure 30a).

Tout d’abord, nous avons pu démontrer la faisabditin tel traitement de surface duplex afin de
former des couches d’oxyde épaisses et densesssallihges de magnésium et sur les aciers. En
outre, par rapport a un traitement PEO uniqguememténsur un substrat massif d’aluminium, les
observations MEB ont montré une nette augmentat#ola cinétique de croissance de la couche
PEO par un facteur 3 (Figure 30b). Nous avons m®pme explication a I'activation de la
cinétique de croissance des couches PEO dans ld'wadraitement duplex. Elle consiste a
considérer I'importante porosité ouverte de la teud’aluminium projetée par cold spray,
porosité qui a pu étre caractérisée par des meslgranicro-tomographie par diffusion des
rayons X (Figure 31a).

a) b)

PEO Cold-spray PEO

Mg ou acier massif Mg ou acier massif Mg ou acier massif

PEO sur Al massif (20 min)

PEO sur Al cold-spray (20 min) PEO sur Al cold-spray (20 min)

Front avancé
de I’oxydation

o

et vi> e—1 00 1M
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Figure 30: a) Schéma de principe d’un traitement PEO réaliséswlliage d’aluminium massif
(AI1050) et micrographie MEB de la couche d’'oxydhérée pendant 20 mih) Schéma de principe de
traitements duplex cold spray (dép6t d’aluminiumi@80) puis PEO réalisés sur des substrats de
magnésium et d’acier, et micrographies MEB des ltesicl’'oxydes élaborées pendant 20 min.

La porosité ouverte permet a I'électrolyte de pearégn profondeur dans la couche d’aluminium

projetée. Lors de l'application du courant éleategdes micro-décharges internes permettent
I'oxydation de plusieurs sites dans I'épaisseurlaleouche cold spray qui s’étendent et se
recouvrent pour former une couche épaisse d’oxidemicrographie en section droite et les

cartographies EDX en élément Al, O de la figure 8bbfortent ce mécanisme. En effet une

importante concentration en oxygene est détectées des zones poreuses de la couche
d’aluminium cold spray formant des fronts avancg$akydation (Figure 30b).
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Figure 31: a) Image obtenue par micro-tomographie des rayonsixecdcouche duplex PEO (ADs) et
cold spray (Al1050) sur un substrat en adigMicrographie MEB en section droite et distributan
éléments (Al, Si et O) d'une couche PEO,®) et duplex cold spray (Al150) sur un substrat @era

Cette étude a été réalisée dans le cadre du piejeecherche SOPRODYSE financé par
l'institut Carnot ICEEL en collaboration étroite exvles centres de ressource technologique
CRITT METAL2T/ICAR et CRITT TJFU° et le laboratoire GéoRessources (UMR CNRS-UL).

3.3.5.b. Synthése de (nano-)particules d'oxyde liitgta

Parmi les aspects inhérents au procédé PEO, |l&mue&sde particules en suspension dans
I'électrolyte est couramment observée apres chagaieement. Bien que la synthése de
particules métalliques par des procédés électapigs cathodiques soit connue [96, 97], la
formation de particules lors de procédés électiahgts anodiques (cas du procédé PEO) n’a fait
I'objet d’aucune étude. Dans ce contexte, il apgtposé de caractériser a différentes échelles la
microstructure des résidus générés lors du prod&d® afin de mieux comprendre les
mécanismes de leur synthése, voire d’évaluer Iailpiie de synthétiser des particules aux
propriétés nouvelles pour de futures applications.

Pour cela, différents substrats métalliques (adisad’aluminium Al1050 et Al2024, un alliage de
zirconium M5) ont été traités par le procédé PE@sdies conditions opératoires semblables. A
I'issue de chaque traitement les résidus en sugpedans I'électrolyte sont filtrés a I'aide d’'une
membrane pouvant retenir des particules d’'une tentde nanométre. La figure 32a montre
clairement la présence de résidus colorés darectiélyte, résidus qui se retrouvent également
sur le filtre apres I'étape de filtration.

Nous avons montré que, quelle que soit la natutaliage métallique traité, les résidus formés
lors du procédé PEO présentent une morphologietiglen La figure 33a montre qu’ils
consistent en des particules sphériques dont teélra varie entre 10 nm et 10 um. La découpe
par faisceau d’ions focalisées (FIB) des particeledeur milieu a permis de révéler la présence
d'une cavité interne sphérique (Figure 33b). Lestipdes sont constituées d'un oxyde
métallique, d’alumine AlD; pour le traitement des alliages d’aluminium etzoleone ZrQ pour
I'alliage de zirconium (Figure 33c).

S CRITT TJFU : « Centre de Recherche d’Innovation efrd@sfert de Technologie en Techniques Jet Fluidlisimage »
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Figure 32: a) Aspects visuels de I'électrolyte avant et aprégement PEO d'alliages d’aluminium et de
zirconium.b) Filtration de I'électrolyte par filtration Biichnafin de collecter les particules en
suspension dans I'électrolyte et aspect visuelltta fipres filtration.

La microstructure de ces particules a été comparéelle de la couche d'oxyde PEO formée
pour chagque matériau. Particulierement, d’étrosiesilitudes en termes de taille et de phase
cristallographique ont été relevées avec la moggielde la structure dite en « pancake ». Sur la
base de ces observations, nous avons proposé uanisr@e descriptif de formation des
particules produites lors du procédé PEO. L’apjmerid’'une micro-décharge dans la cavité
ouverte d’'une structure « pancake » induit la fadoxale de I'oxyde. Sous l'effet de I'onde de
choc associée au développement de l'arc, la péotidue de I'oxyde est poussé a travers
I'orifice étroit de la structure en pancake. Soeffét du gradient de pression, et & la maniere
d’un ballon de baudruche, 'oxyde forme une spleeeise qui se refroidit rapidement au contact
de I'électrolyte. Les contraintes internes induipes la cristallisation induisent des fissures de
solidification qui, ajoutées a la turbulence déelérolyte, détachent la particule du substrat qui
se disperse dans I'électrolyte.

a)

‘lApres filtration’ 210 um,
N

13 pm

Figure 33: a) Micrographies MEB de la surface du papier filtvart et apres filtration d’un électrolyte
ayant servi au traitement PEO d’un alliage d’alumim(Al2024).b) Découpe par faisceau d’'ions
focalisées d'une particule d’alumine produite Idustraitement PEO d’un alliage d’aluminium.
¢) Micrographies MET, cliché de diffraction des éteas et cartographies STEM/EDX des éléments Zr
et O d’une particule de zircone produite lors @ditément PEO d’'un alliage de zirconium.
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CHAPITRE 4
PROJET DE RECHERCHE

Sur la base de ces travaux passés, le projet terobe que je souhaite mener au sein de
I'équipe PPS de l'Institut Jean Lamour peut seidéclselon 4 actions futures qui consistent a
poursuivre, a approfondir, a élargir et a appliglesr recherches sur le procédé d’oxydation par
plasma électrolytique (PEO). Méme si il est délatatablir un calendrier précis a la réalisation de
ces actions futures, elles sont néanmoins prévaasgouvrir les 10 prochaines années.

La premiére action consiste a poursuivre les degsigecherches que nous avons menées sur la
faisabilité de réaliser des traitements duplex doarit le procédé de projection cold spray et le
procédé PEO. En effet, a travers une étude explogate quelques mois, les résultats obtenus ont
révélé I'étendue des opportunités associées alagride ces deux procédes. Sur ce sujet, la thése
d’Arthur Maizeray, démarrée en janvier 2020 et ioaificée par le Labex DAMAS et la société
CRITT METAL 2T/ICAR, permettra de stimuler cettetiaa future.

La seconde action est dédiée a approfondir lerelsbs menées ces dix derniéres années sur le
procédé PEO. Particulierement, il s’agira de mettr@euvre des moyens expérimentaux permettant
de confirmer, voire de dévoiler, les mécanismessagt I'interaction des micro-décharges avec la
surface d’'un matériau diélectrique immergé dandigude conducteur. Pour y parvenir, notre
approche consistera a étudier le comportementighoiV d’'une décharge électrique unique en lien
étroit avec les conditions opératoires qui ont pereon apparition et ses effets a la surface du
matériau. Le dépdt d’'un projet de recherche JEdans le cadre de 'AAPG 2021 de I'ANR
permettra de se doter des ressources humainesetigres nécessaires a cette action future.

La troisieme action prévoit d’élargir nos recheslze 'ensemble des traitements de surface
assistés par des plasmas électrolytiques menégane cathodique (Cathodic Plasma Electrolysis
CPE). Aujourd’hui, en adoptant une méthodologieéeixpentale consistant a établir la relation
procédeé / plasma / microstructure, nous nous someséeint a I'étude de plasmas électrolytiques
en régime anodique (cas du procédé PEO). Il s'atprac de mettre a profit nos compétences et
savoir-faire acquis ces dernieres années a l'étleke traitements CPE dont les applications
potentielles sont variées (nettoyage de surfaeetréldéposition, nitruration, carburation...). Aditr
exploratoire, cette action future fera I'objet d’stage de master dont une demande de financement
a d’'ores et déja été adressée au Labex DAMAS.

La quatriéme action consiste a appliquer nos retlesrsur le procédé PEO sur une application
potentielle dans le domaine de la connectique rédiet et qui consiste a développer des couches
céramiques conductrices de I'électricité par I'impmration de particules conductrices au cours d’un
traitement PEO. Cette action est déja amorcée peits) a été retenue par nos tutelles
universitaires pour I'attribution d’'un contrat dol a la rentrée universitaire 2020. En parallele,
deux projets de recherche soumis cette annéeallprés de la région Grand Est et l'autre dans le
cadre de 'AAPG 2020 de 'ANR (projet CAMFRE), paiperont a cette action future.

16 3JCJC : « Jeunes Chercheurs, Jeunes Chercheuses »
17 AAPG de I'ANR : « Appel A Projets Générique » deAgence Nationale de la Recherche »
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4.1. Poursuivre les études des procédés duplexacepray + PEO/Nitruration

Les alliages métalliques font, pour la plupartpj&i de traitements de surface afin d’améliorer
leurs propriétés de surface sans affecter cellesoawr du matériau. En particulier, ces traitements
ont pour but d’'augmenter la résistance a l'usura kt corrosion de pieces mécaniques dans des
environnements agressifs auxquels elles peuvemt dédstinées (hautes températures, hautes
pressions, gaz acides, milieux salins, vibratioastés fréquences, phénoménes couplés de tribo-
corrosion). C’est par exemple le cas pour les adbedsirbines, les outillages de fonderie, les garoi
d’incinérateurs et de chaudieres soumis a des ggslthermo-mécaniques et des fluides corrosifs
séveres. Aujourd’hui, avec l'augmentation des @intes sanitaires et environnementales, il est
nécessaire d’augmenter la durée de vie de cesspiéeaniques, en ameéliorant la tenue des
revétements protecteurs, et utiliser des procédéstrditement de surfaces alternatifs et
economiquement viables.

Dans ce contexte, I'objectif directeur de cettenpege action de recherche est de développer de
nouveaux revétements protecteurs aux propriétémues,cvoire nouvelles, par I'utilisation de
traitements de surface duplex répondants aux es@gesanitaires et environnementales actuelles.
Deux traitements duplex, basés sur le procédéaeqpion a froid (cold spray), feront I'objet d’'une
attention particuliére. Dans les deux cas, l'idstede déposer dans un premier temps par cold spray
une premiére couche d’un métal, voire d’'un mélam@éeallique, capable d’étre transformée en une
couche céramique protectrice (oxyde, nitrure olwa) via l'utilisation, dans un second temps,
d’un traitement électro/thermochimique.

Le premier traitement duplex envisagé correspondaaplage du procédé cold spray avec le
procédé PEO sur lequel nos études ont déja débavéede stage de master de Komlan Akoda et
dans le cadre du projet SOPRODSYSEe premier couplage s’adresse plus spécifiqueneies
applications en allegement des structures pounudks les alliages métalliques Iégers tels que les
alliages d’aluminium, de magnésium et de titanet sdiisés. Les premiers résultats obtenus
montrent la potentialité des revétements obtenuscedraitement duplex. En effet, nous avons
montré qu’il était possible d’élaborer des coudRE® d’alumine dense et épaisse sur un alliage de
magneésium et un acier, matériaux pour lesquelsdeéolé PEO restait inefficace voire inopérant.
Nous avons également mis en évidence une activedgola cinétique de croissance de la couche
d’alumine lorsque le traitement PEO est effectuéusie pré-couche d’aluminium projetée par cold
spray. Cependant, et méme si nous suspectonsdaitgointrinséque du revétement cold spray, les
raisons qui permettent cette activation de la sarise restent encore mal comprises. De plus, la
caractérisation des propriétés de résistance aréust a la corrosion n'a pas été entreprise. En
outre, sur un substrat de magnésium, nous avonsréngu’il était également possible d’élaborer
des revétements multicouches,;@d/Al ou Al,O3/MgO, dont les propriétés restent a explorer
(Figure 34). Ajoutons que la possibilité de prajepar cold spray un mélange de poudres
meétalliques (par exemple Al et Zr) doit permetipres traitement PEO, d’élaborer des couches
d’'oxydes composites (mélange Bk et ZrQ,) aux propriétés intéressantes, en lubrificatiolideo
par exemple [98-101]. Ainsi, par le couplage dex@dés cold spray et PEO, il est envisageable de
développer des revétements présentant une syrirgieopriétés barrieres telles que les propriétés
de résistance thermique (faible conductivité thgumide Zr@), chimique (forte résistance a la
corrosion de AlO3) et mécanique (déformation élastique élevée daaus-couche en Al).

18 SOPRODYSE : « Solution de PROtection Durable de®8yss Enterrés », Projet ICEEL Institut Carnot d92 2021
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Figure 34: Schéma de principe de traitements duplex combiegprocédé cold spray et le procédé PEO
permettant de réaliser des revétements multicouebhexemples de revétements multicouche®AAl et
Al,Os/MgO réalisés sur un substrat de magnésium.

Le second traitement duplex que nous souhaitonranen ceuvre correspond au couplage du
procédé cold spray avec les procédés de nitruraticarburation dont les travaux ont débutés dans
le cadre du projet COSTHEI Ce second couplage s’adresse plus spécifiquemedes
applications en tenue a la corrosion haute temp@.aSur ce point il est envisagé d’élaborer des
revétements contenant des phases MAXAIO,, TiAlIC, TiLAIN, Ti4AIN3...) connues pour
présenter des propriétés de résistance mécaniqie tenue a la corrosion exceptionnelles [102-
106]. Si aujourd’hui il est possible d’élaborer ggemses sous forme de pieéces massive, par frittage
haute pression ou par frittage flash [107-110],pescédés d’élaboration de ces phases sous forme
de revétement restent onéreux a I'échelle indligtri€’est le cas de I'ensemble des techniques
basé sur la pulvérisation cathodique [111-112]. @ contexte, nous proposons une nouvelle voie
d’élaboration de revétements protecteurs contetiemphases MAX. Il consiste a projeter par cold
spray une poudre bi-métallique de Ti et Al en prtipa contrdlée a la surface d’'un acier puis a
réaliser un traitement de nitruration ou de cartbomaa haute température largement utilisé a
I'échelle industrielle. L'intérét de ce dernier akiuble puisqu’il permet en une seule étape de
provoquer par recuit la formation de l'alliage mmbeétallique TiAl dans I'épaisseur de la couche
puis a faire diffuser I'azote ou le carbone nédessa la formation des phases MAX 4AIC,,
TiLAIC, TiLAIN, Ti4AIN 3...). Les premiers résultats menés dans ce sengBoatirageants car ils
ont pu montrer la présence de ces phases MAX danmsvEtement cold spray. Cependant, elles
restent mal distribuées dans I'épaisseur du rew@&tert leur proportion reste minoritaire. Ainsi,
nous proposons de poursuivre ces travaux afin idhiger la formation des phases MAX dans les
revétements cold spray.

Afin de poursuivre les travaux menés sur ces daiteiments duplex, nous suggérons de suivre
une démarche expérimentale commune qui peut seneéatn 3 taches: (i) identifier les
mécanismes d’oxydation et de nitruration/carburatiorsque ceux-ci s’opérent sur un premier

1% COSTHEDI : «couplage COId Spray - THErmo-Dlffusipour le développement de dépéts fonctionnels aigmacle
propriétés », Projet ICEEL Institut Carnot de 201830
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revétement cold spray, (ii) maitriser la morphoogi la microstructure des revétements cold spray
afin d’optimiser la formation des couches PEO et ghases MAX et (iii) tester les propriétés
fonctionnelles de résistance mécanique et de adsista la corrosion des revétement optimisés.

Les traitements de projection cold spray serontis€&sa au CRIIT TJFU a Bar-le-Duc. Les
traitements thermochimiques (nitruration, carborgtiet électrochimiques (PEO) ainsi que les
caractérisations microstructurales (MEB, EDX, TEMRX, tomographie X) et tribologiques
(dureté, usure, scratch test, rugosimétrie) segmiisés au sein de I'Institut Jean Lamour. Cestain
essais spécifiques de tenue a l'usure et a lagiorresous conditions séveres seront meneés sur le
site d'ICAR situé a Moncel-lés-Lunéville.

Cette action de recherche future constitue le sigahése d’Arthur Maizeray qui a démarrée en
janvier 2020 et qui est co-financée par le LabexXM®S et la société CRITT METAL 2T/ICAR.
D’un point de vue du développement industriel, tcagaux de thése doivent permettre I'élaboration
de revétements « modeles » qui feront alors I'otgetaractérisations poussées, tant sur le plan de
la résistance a la corrosion haute températurersimanc d’essai dedié que sur le plan fonctionnel
(résistance a l'usure et réduction du coefficiemtfrdttement). Enfin, certaines pieces métalliques
seront traitées selon ces paramétres optimisésratast de déemonstrateurs aupres de différents
industriels partenaires de la société CRITT METALIZAR.

4.2. Approfondir les études fondamentales sur procé& PEO

Dans l'objectif de maitriser les propriétés finatkes couches d’oxyde élaborées par le procédé
PEO tout en minimisant I'énergie électrique cons@mml est indispensable de parvenir a une
description globale des phénomeénes physico-chirsigeeociés a I'apparition des micro-décharges
électriqgues qui entretiennent le mécanisme d’oxgdatOr, malgré des avancées notables ces
dernieres années, la compréhension des mécanissgmsables a la fois du claquage diélectrique
d’'une couche d'oxyde isolante plongée dans un rélgte conducteur et ceux qui permettent
I'oxydation restent sommaires. Il nous parait dproritaire d’approfondir nos connaissances sur
ces meécanismes pour in fine étre en mesure dedbenta formation des couches d’'oxyde PEO tout
en régulant la consommation énergétique du proPé&ufs

bY

Pour y parvenir, la démarche scientifique que jeppse d’adopter consiste a suivre le
comportement d'une micro-décharge unique en relaiooite avec les conditions opératoires qui
ont permis son apparition et ses effets a la sarfacmatériau. L'idée d’étudier le comportement
individuel d’'une seule micro-décharge est une agipganouvelle et originale parmi les chercheurs
de la communauté scientifique du procédé PEO. @étterche contraste singulierement avec celle
adoptée au cours des travaux antérieurs qui caitsistétudier simultanément le comportement
d’'un trés grand nombre de micro-décharges (~chi’s?) et leurs effets collectifs sur le matériau.
Les conclusions de ces travaux s'accordent sumiteque cette approche statistique nuit a la
description rigoureuse des phénomenes mis en jeuitd leur quantification. C’est principalement
pour cette raison que nous faisons le choix d'isotee seule micro-décharge afin d’en étudier le
comportement individuel et comprendre son impagctiqdier sur la surface du matériau. Par
ailleurs, soulignons qu'une démarche expérimental@parable a déja été proposée dans notre
eéquipe par Thierry Belmonte et Amad Hamdan. Ell@ceonait I'étude de micro-décharges
géneérées par I'application d’'une différence de pidééentre deux électrodes conductrices plongées
dans un milieu liquide isolant (heptane) [113, 1X3¢pendant les conditions de décharge restent
tres éloignées des conditions que nous projetons@lére en ceuvre et qui se rapprochent des
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conditions opératoires du procédé PEO, en panticplar |'utilisation d'un électrolyte conducteur.
Néanmoins, les compétences et savoir-faire acqueoars de ces précédents travaux pourront étre
transposés a I'étude d’'une micro-décharge PEO eniqu

Les objectifs & atteindre ainsi que les moyensemniseuvre pour y parvenir peuvent se formuler
selon 3 taches: (i) développer une installatiopéexnentale permettant de générer et de
caractériser une seule micro-décharge, (ii) étuliigituence des conditions opératoires sur les
caractéristiques physiques d’'une seule micro-déehaat (iii) étudier I'mpact d’'une micro-
décharge sur la surface du matériau.

Concernant la premiére tache, il s’agira de mettrgpoint un dispositif expérimental capable de
générer et d’isoler dans le temps et dans I'espaeemicro-décharge unique tout en étant dans les
conditions proches d’'un traitement PEO. L'utilisatid’un générateur électrique capable de délivrer
des impulsions haute tension (~ 1 kV) avec desctaniatiques temporelles tres bréves (~ 100 ns),
ouvre des possibilités de claquage diélectrique awecontréle précis de la quantité de charges
électriques délivrées. Un espace volontairemessdalibre autour de la cellule permet d’accueillir
des outils de diagnostics optiques. Parmi ceukitiagerie rapide permettra de visualiser avec une
bonne résolution temporelle (< 1 ps) I'évolutionrptwlogique de la micro-décharge au cours de
son développement. Le couplage de deux caméragespn position stéréoscopique apportera une
information supplémentaire en 3 dimensions suryl@achique de la micro-décharge. Un montage
optique de visualisation par ombroscopie sera égaié utilisé afin d’observer le développement
de I'onde de choc associée a I'apparition de lagni@charge ainsi que la dynamique des bulles de
gaz environnantes (Figure 35a). En outre, il sadaspensable d'utiliser la spectroscopie d’émission
optique pour caractériser le rayonnement émis @aldsma de la micro-décharge. L'analyse des
spectres permettra I'identification des especesicjuies (ions, atomes ou molécules) présentes
dans la phase plasma ainsi que leurs évolution®metion du temps. Les grandeurs physiques
pertinentes a la caractérisation des plasmas tgllesla densité électronique et les températures
électroniques et rotationnelles pourront étre déduile I'analyse de ces spectres. Du point de vue
de la caractérisation électrique de la micro-déphadeux sondes hautes tensions seront utilisées.
L'une, placée aux bornes de la cellule électrootpiraj permettra de suivre I'évolution de la tension
au cours du temps. L'autre, placée en aval dellale&lectrochimique aux bornes d’une résistance
de faible valeur, donnera I'évolution du courantcaurs du temps. Les réponses électriques ainsi
collectées avec une résolution temporelle élevémgitront d’identifier la signature électrique
d’'une micro-décharge en fonction des conditionséerpentales utilisées. Une sonde de pression
constituée d’'un capteur piézo-électrique serasetli Plongée dans la cellule électrochimique a
proximité du matériau, elle aura pour réle de mesie pression associée a la propagation de
I'onde de choc lors de I'apparition de la micro-daage.

Pour la seconde tache, il s’agira principalement cdenprendre comment les conditions
opératoires peuvent influencer les caractéristiqugsiques de la décharge. Parmi les nombreux
parametres qui sont susceptibles de régir le campeant de la décharge, la quantité de charges
injectée au systeme électrolyte/oxyde/métal estiotie le plus déterminant. Comme expliqué
précédemment, la distribution de cette quantitéckarge sera contrélée par l'utilisation d’'un
générateur de haute tension (1 a 15 kV) en séde an commutateur ultra-rapide. Des impulsions
de haute tension pourront ainsi étre généréesdegtemps de montée et des durées d’application
variant dans une large gamme (20 ns a 100 ms).dboaat la dissipation des charges électriques
injectées dans le systeme, il est envisagé deearmitrelation la nature de I'oxyde diélectrique- pré
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déposé a la surface d'un matériau sur les propridéela micro-décharge. Plus spécifiguement, il
s’agira de mieux comprendre dans quelles mesugépsiseur, la qualité structurale (cristallinité,
porosité) et la nature chimique (impureté, présafiéEments d’alliage) de I'oxyde influe sur les
phénomeéenes d’accumulation de charges a ses irgerfaterfaces liquide/oxyde et oxyde/métal) et
par suite sur les mécanismes du claquage diéleetrigour ce faire, des couches d’oxydes@4l
MgO, ZrO,, TiO,) seront pré-déposeés sur plusieurs substrats méesl (Al, Mg, Ti) soit par des
techniques d’élaboration de couches minces partgédp8ique en phase vapeur (PVD), soit par des
techniques de projection (Cold spray, HVOF, Plasi@praying), soit par anodisation
conventionnelle & l'acide ou encore par l'utilisatid’'un pré-traitement PEO. Ainsi, une large
gamme d’épaisseur (de 10 nm a 100 um) et de quig#t€ouches d’oxydes seront disponibles pour
servir les besoins de cette étude. Enfin, parce aps également un parameétre décisif dans la
compréhension des mécanismes du claquage diélextritj est également envisagé d’étudier
I'influence de la chimie de I'électrolyte (pH, camdivité, composition) dans lequel est plongée la
couche d’oxyde diélectrique pour mieux comprendsedffets inhibiteurs ou catalyseur des especes
moléculaires et ioniques a I'interface liquide/ogyglir les mécanismes de claquage diélectrique.

: - B b, 3
AccV " Spat Magn® Det WD o110/
7o

500kv 30 15000x  SE 5.1

. AccV’ SpotMag Det WD,
. 500KV 30 8000x SE 52 . -
: ’ 4

Figure 35: a) Génération, développement et extinction d’une oad&Echarge a la surface d’'un oxyde
d’aluminium plongé dans un liquide conducteur figngar caméra rapide (1ithages/s) eb) différents
impacts créés a la surface de I'oxyde sous I'efigbe micro-décharge.
(Résultats issus du master d’Abderrahim Essofi)

Pour la troisiéme tache, il s’agira d'étudier l8réction entre une micro-décharge unique avec la
surface d’'un oxyde pré-déposé sur un substrat lo@l Particulierement, la caractérisation
morphologique, cristallographique et chimique dédents impacts formés sous l'effet de micro-
décharges aux caractéristiques connues et cordrfd@ecours de la tadche 2) sera entreprise. Du
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point de vue de la topologie de I'mpact, la dgsiton de sa taille, de sa forme et de sa profondeur
sera réalisée par l'utilisation de techniques coes telles que la surfométrie optique, la
microscopie optique et la microscopie électronigudalayage (MEB) (Figure 35b). Pour des
observations plus détaillées de la topologie dmpadct, la microscopie a force atomique (AFM)
ainsi que des découpes FIB pourront étre misesigifwation. Du point de vue de la caractérisation
de la composition chimique de I'impact, des anayseront menées par EDX et par EPMA
(microsonde de Castaing). Pour des analyses élamemtplus fines de l'extréme surface, un
dispositif nano-SIMS pourra ponctuellement étréigéti Du point de vue de la caractérisation des
phases cristallographiques présentes dans la rédgidimpact, la technique de (micro-) diffraction
des rayons X (DRX) sera utilisée. Afin de vérifiarprésence de ces phases mais aussi d’observer
leur distribution a I'échelle micro- et nanométrgudes caractérisations microstructurales seront
menées par microscopie électronique en transmigM&T). L'établissement des liens de causalité
entre les caractéristiques morphologiques et nticrasirales des impacts et les caractéristiques
physico-chimiques des micro-décharges constitueara source riche dinformations sur les
mécanismes qui régissent l'interaction entre laroadecharge et la surface du matériau. En outre,
et connaissant I'énergie €électrique injectée darsysteme électrochimique, ces liens de corrélation
permettront de dresser un bilan énergétique dé&tadl'interaction entre une micro-décharge et le
matériau. Particulierement, ce bilan énergétiquenptira de décrire comment I'énergie électrique
se répartie parmi les mécanismes qui servent effinant la croissance d’'une couche d’oxyde
protectrice (génération des especes actives dafske plasma de la micro-décharge, oxydation du
métal, transformation de phases cristallines hatgempérature) et ceux qui dissipent
infructueusement cette énergie (échauffement dudey dissolution du métal, création de bulles,
propagation d’une onde de choc).

Afin de parvenir a ces objectifs, nous nous appmeisur des compétences internes et externes a
I'JL. Tout d’abord, aux cotés de Frédéric Brochactiercheur au CNRS au sein de I'équipe
physique des plasmas chawd$lJL et spécialiste dans le diagnostic optigae caméra rapide de
poussiéres dans les plasmas de fusion, nous d@eetors les montages par stéréoscopie et
ombroscopie [115, 116]. La visualisation en 3 digiens de la décharge et des bulles
environnantes permettra d’estimer la vitesse d’esjwa de I'onde de choc et la pression associée a
la décharge. Nous serons également accompagnés smiété APREX SolutiofSqui développe
des algorithmes pour I'analyse d'images et de vidgide et avec qui nous avons déja travaillé au
cours de la these de Vitalios Ntomprougkidis. Dinpde vue de la caractérisation du plasma de la
micro-décharge par spectroscopie d’émission optiquoeis solliciterons les compétences du
professeur Yann Cressault du laboratoire LAPLACH mene une recherche théorique et
expérimentale sur le transfert radiatif et les piéips de transport dans les plasmas des arcs
électrigues. Ses compétences seront trés utiledgpmpdélisation des spectres expérimentaux et le
calcul des différentes composantes spectralesil(pteé raies d’émission) [117, 118]. Elles
permettront ainsi d’estimer I'évolution temporetles especes (électrons, ions, neutres) en fonction
des variations de pression et de température esllitrs des différentes phases d’amorcage, de
développement et d’extinction de la micro-décharge.

La réalisation de cette action future a déja étoraée des 2016 par le stage de master
d’Abderrahim Essofi. Les premiers résultats ontnpsr de valider un premier montage
expérimental (électrodes en configuration poinggiplainsi qu'une procédure de préparation des

20 https://www.aprex-solutions.com/fr/
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échantillons (pré-dépot d’alumine sur Al élaboré PRO et PVD) (Figure 35). Le dép6t d’un projet
de recherche JC3Edans le cadre de I'AAPG 2021 de I'ANR?® permettra de se doter des
ressources humaines et financieres nécessairgmarsuite de cette action future.

4.3. Elarqir les études aux procédés par plasmasétrolytiques cathodiques

Le procédé d'oxydation par plasma électrolytiquE@P, que nous avons étudié jusqu’alors, est
une branche particuliere de la famille des traiteiassistés par des plasmas électrolytiques. Dans
ce cas les micro-décharges qui assurent la craissdm la couche d’oxyde se produisent lorsque
I'électrode de travail est polarisée positivemeasgime anodique) [62]. Cependant, une seconde
branche concerne les traitements assistés par ldesas électrolytiques en régime cathodique
(Cathodic Plasma Electrolysis CPE) au cours dudiédectrode de travail est polarisée
négativement [119]. Dans ce régime cathodique, pEsmas consistent en une décharge
luminescente « stable » entre I'électrode de ttastai’électrolyte ce qui tranche singuliérement
avec les micro-plasmas furtifs observés lors dhaitdément en régime anodique (cas du procédé
PEO) [120]. De plus, contrairement au procedé PEd¥daux alliages métalliques valves (Al, Mg,
Ti, Zr), le procédé CPE autorise des traitementssaigaces sur de nombreux autres alliages
meétalliques, en particulier les aciers pour lesgjush traitement de surface est généralement
nécessaire. Parmi les traitements CPE, nous pouwitarsles traitements permettant le nettoyage
des surfaces métalligues (Cathodic Plasma EletizoGleaning CPEC) [121, 122], la diffusion
d’éléments interstitiels tels que le carbone, Itazou le bore (Cathodic Plasma Electrolytic
Saturation CPES) [123-128], le traitement thermi¢l@9, 130] ainsi que le dépdt de métaux et
d’oxydes (Cathodic Plasma Electrolytic DepositidPED) [131-134].

Si les travaux concernant les plasmas électrolgga des fins de traitement de surface sont
relativement nombreux (> 10 000 articles au coes2D dernieres années), la plupart concernent le
procédé PEO (> 95 %). L'intérét pour les procéd&ECeste donc limité alors méme que les
applications potentielles sont tres variées. Dersil; tous les travaux publiés autour des procédés
CPE ont porté pour la plupart exclusivement surpiespriétés structurales et fonctionnelles des
surfaces traitées. Seulement quelques travauxné@ndéressés au role joué par le plasma dans les
effets recherchés a la surface du matériau tragédyage, enrichissement en élément interstitiel,
déposition...). lls rapportent que la génération thsma résulte de la vaporisation du liquide au
voisinage de la surface créant une enveloppe gazeastinue autour de la piece traitée.
L’augmentation progressive de la tension de patide au-dessus d’une valeur seuil provoque
alors le claguage de cette enveloppe gazeuse 1209135, 136].

Méme si ce mécanisme est repris par de nombretsdsse il reste spéculatif a bien des égards.
En effet, le mécanisme proposé s’inspire d’'une dégeh luminescente habituellement initiée dans
un gaz maintenu a basse pression ce qui est |étredvérifié pour celui contenu dans I'enveloppe
gazeuse piégée dans un liquide a pression atmagpebDe plus, le mécanisme proposé fait face a
certaines contradictions expérimentales liées msthibilité de la décharge luminescente et a
'apparition soudaine de micro-décharges a la serfdu matériau. Cela pose la question de la
compétition entre le chauffage de I'électrolyte&lirface du matériau menant a son évaporation, la
formation et la coalescence des bulles de gaz adla piece traitée et le mécanisme de claquage
de l'enveloppe gazeuse. En outre, le mécanismeopéopeste sujet a caution car il a été

2L JCJC : « Jeunes Chercheurs, Jeunes Chercheuses »
22 AAPG : « Appel A Projet Générique »
Z ANR : « Agence Nationale de la Recherche »
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initialement établi & partir du suivi électrique pocédé mais aucun diagnostic optique minutieux
n'a été mis en ceuvre pour le conforter. Ainsi, g@ample, la nature méme du plasma autour de la
piece métallique immergée dans I'électrolyte reséé caractérisée. De méme linteraction de cette
enveloppe de plasma avec la surface reste a explore

Dans ce contexte, I'objectif principal de cettei@ttde recherche future est clairement
d’apporter une justification rigoureuse aux méaa@is mis en jeu lors de la création de I'enveloppe
gazeuse (coalescence des bulles de gaz), lors thiienad’'une décharge luminescente (et lors
d’éventuelle apparition de micro-décharges), de &olution respective au cours de traitements
CPE ainsi que de leurs effets escomptés sur lacidu matériau (nettoyage, enrichissement et
diffusion, déposition). De plus, une attention fgattére sera portée sur les traitements CPES
(Cathodic Plasma Electrolytic Saturation) qui peterd de nitrurer, carburer voire carbonitrurer un
acier [123-128, 135, 136]. Le choix de ces traitetneCPES s’est imposé par I'expertise existante
au sein de I'équipe PPS en matiere de traiteméetsnbchimiques de diffusion par voie gazeuse
gu’ils soient menés a haute température ou asgatédes plasmas a basse pression [47, 58]. Pour
ces traitements particuliers, et en plus de mieampmendre les mécanismes d'amorcage et
d’entretien de la gaine de plasma, l'objectif egalément de parvenir a identifier les sources
d’enrichissement superficiels en azote ou carborésemtes dans la décharge luminescente
(radicaux NH, azote atomique, azote moléculaire excité...), ssude nature certainement tres
différente de celles observées traditionnellemanuse base d’équilibre thermodynamique.
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Figure 36:a) Caractéristique courant/tension typique d’untéraent par plasma électrolytique cathodique
[121], b) Photographies d’'un échantillon de molybdéne auscdwn traitement d’oxydation par plasma
électrolytique cathodique [137] et micrographie MEB d’une couche carburée sur urr d&s-carbone

élaborée par le traitement de carburation par @a&ectrolytique cathodique [130].

Pour parvenir a réaliser cet objectif, je proposentettre a profit notre expérience dans la
caractérisation et la compréhension des plasmas@igiques en régime anodique (cas du procédé
PEO) au service de l'étude des plasmas électroltigen régime cathodiques. Je propose
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€galement d’organiser le projet autour de troide&cinteractives : (i) étudier la formation de
I'enveloppe gazeuse couvrant la piece traitéegfiiflier les mécanismes d'’initiation et de maintien
de la décharge luminescente et (iii) étudier lésractions du plasma avec la surface du matériau.

Concernant la premiére tache, il s’agira de congneta formation de I'enveloppe gazeuse en
amont de son claguage et de I'apparition de laat@ehluminescente. En faisant appel a I'imagerie
rapide, nous visons I'observation, a I'échelle temefie de la microseconde et a I'échelle spatiale
de la dizaine de micrométres, de la dynamique dedbon des bulles dans le liquide environnant
la surface de I'échantillon ainsi que la dynamigigecoalescence de ces bulles pour former une
enveloppe couvrante. Spécifiguement, il est engsditiliser I'imagerie rapide dans deux
configurations géométriques complémentaires, lan@nee selon un montage par stéréoscopie et la
seconde selon un montage par ombroscopie.

Pour la seconde tache, et pour parvenir a remantemeécanismes de claquage, d’apparition et
de maintien de la décharge luminescente a trai@mrgdioppe gazeuse, il s’agira de caractériser le
plasma de la décharge luminescente. L'utilisatienlal spectroscopie d’émission optique résolue
dans le temps a l'échelle de quelques microsecomeemetira d’identifier et d’étudier le
comportement des espéeces présentes dans le plRamai. les nombreux parametres opératoires
susceptibles de modifier la composition du plasiamdorme des signaux électriques imposeés et la
composition du bain électrolytique feront prioniganent I'objet d’investigations. En outre, un
aspect crucial sera d’accéder a la températurerdiece nécessaire a la vaporisation de I'électeolyt
et a la formation des bulles de gaz.

bY

La troisieme tache s'intéressera a la caractéoisathicrostructurale et fonctionnelle des
matériaux traités par les traitements CPE. En dieact avec les deux taches précédentes, cette
derniere tache permettra d’établir des corrélatienge les parametres opératoires (électrique,
chimie de I'électrolyte), les caractéristiques tmeloppe gazeuse, la nature du plasma de la
décharge luminescente et les propriétés de surficanatériau traité. Particulierement pour les
procédés CPES de nitruration et de carburation,coeselations devraient contribuer a mieux
identifier les mécanismes d’enrichissement en agbtn carbone dans la matrice métallique. A ce
titre une comparaison étroite entre les couchesrags/carbonitrurées élaborées par les traitements
CPES et des traitements plus conventionnels pa gazeuse ou plasma basse pression sera
conduite.

Concernant plus spécifiguement I'étude des espa@ésentes dans I'enveloppe de plasma, nous
serons en relation étroite avec les professeurk®¥asilic et Stevan Stojadinovic de la Faculté de
physique de l'université de Belgrade (Serbie). dtst spécialisés dans la caractérisation des
plasmas électrolytiques par spectroscopie d’émmssiptique [137-140]. Leur expérience des
plasmas électrolytiques nous permettra d’appréheledemécanismes réactionnels dans la phase
plasma de I'enveloppe gazeuse, en particulier Esamsmes de décomposition des espéces azotées
et carbonées dans le cas des traitements de tigruet de carburation. Cette collaboration est
récente puisqu’elle a été initiée en 2020 par Eeprcommun PhoCAI-PE® dans le cadre du
partenariat Hubert Curien franco-se®&vle Savi. Enfin, a travers cette action de recherche future
nous souhaitons nous associer avec des profes®dsema Banakh et Pierre-Antoine Gay de
I'équipe ingénierie des surfacede la Haute-Ecole Arc (Suisse) qui sont spécislisatre autres,
dans la caractérisation tribologique de couchesesilaborées selon différents procédeés sous vide

Y PhoCAL-PEO : « Probing PEO as a tool for preparing advanced multifunctionnal photoactive coatings»
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(PVD, CVD, ALD) et en phase liquide (galvanoplaktj@41l, 142]. Leur expérience dans ce
domaine, en lien étroit avec le monde industrieif germettre d’évaluer in fine le potentiel de
développement de ces nouveaux traitements CPES.

Afin de démarrer ce projet rapidement, une demalediinancement a d’ores et déja été adressée
au Labex DAMAS afin de recruter un stagiaire detergsour février 2021. Enfin, nous sommes en
contact étroit avec Fanny Deloye (chargée de prdet’IRT M2P* de Metz avec laquelle nous
avons déposé, en 2019, un projet de rechercheragdgoletude de la nitruration assistée par des
plasmas électrolytiques. Méme si ce projet n’a §asretenu, nous renouvellerons nos échanges
collaboratifs avec I''RT M2P afin d’apporter unenainsion technologique appliguée a ces
nouveaux traitements de surface par plasmas édigairees.

4.4. Appliquer les études a une problématigue indtiselle

Pour répondre aux besoins industriels en matiergaitement de surface de I'aluminium et de
ses alliages, une solution alternative aux procéct@sventionnels existants est le procédé
d’oxydation par plasma électrolytique (PEO). Auadde I'utilisation d’'un électrolyte non polluant,
les couches céramiques €laborées par le procédéFédséntent des caractéristiques de résistances
meécaniques et chimiques nettement améliorées pEsuteinps de traitement plus courts que ceux
de I'anodisation conventionnelle aux acides comésntOAS®, OAD, OAC) [143, 144].

Par ailleurs, selon la composition des électrolytiiisés dans le procédé PEO, des éléments
issus de celui-ci, anions ou cations, peuventiatrerporés dans les couches formées, conduisant
ainsi a des propriétés de résistance mécaniquasneiques étendues, voire de nouvelles propriétés
fonctionnelles de surface [145-147]. Il en est d&nma de micro- ou nano-particules qui peuvent
étre ajoutées en concentration variable dans trélgte, étendant encore les propriétés
fonctionnelles des couches ainsi realisées [148]. IHarmi les nombreuses études qui se sont
intéressées a l'incorporation de particules dasscéeiches micro-arc, certaines ont démontré la
possibilité d’incorporer des nanotubes de carbamesvméme des nano-fibres de carbone [150-
153]. Cependant, tous les travaux réalisés dardog®ine se focalisent sur quatre domaines : la
stabilité chimique, protection contre la corrosi¢h54-157], les propriétés mécaniques et
tribologiques [158, 159], les applications biomatks [160, 161] et les applications liées au
domaine de I'énergie [162, 163]. Si aujourd’hundbrporation de particules dans les électrolytes
du procédé PEO permet d’élaborer des couches miotscaux propriétés variées, il n’en reste pas
moins que certaines propriétés restent encoreeasaitdes. C'est en particulier le cas des progriété
de conduction électrique. En effet, les couchexydes élaborées par le procéde PEO sur
aluminium sont des céramiques diélectriques (alemiilhO3) bien connues pour leur fort caractére
isolant @ < 10" S.n%). Aucuns travaux publiés ne traitent des propsiéle conduction électrique
des couches d'alumines obtenue par conversionagbohique.

Particulierement dans le secteur industriel de danectique qui produit les boitiers de
connecteurs électriques en alliages d'aluminiurg, sierfaces doivent non seulement résister a
l'usure et a la corrosion mais également étre ccoindes de I'électricité. En plus de cette exigence
sur les propriétés des surfaces, ce secteur imelugipit également faire face aux exigences
sanitaires et environnementales actuelles car rlternents de surface appliqués jusqu’alors
utilisent des composés (Cr Cd) désormais interdits par les réglementaticfsentes. Bien

%5 |RT M2P : « Institut de Recherche Technologique Mati Métallurgie et Procédés »
2 OAS : « Oxydation anodique sulfurique », OAD Oxydation anodique dure », OAC : « Oxydation agodichromique »
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gu’'ayant réussi a obtenir une ultime autorisatianilgsation de ces composeés jusqu'en 2029, les
industriels de la connectique, regroupés au seincdosortium CMG’ se sont engagés
conjointement & rechercher en urgence des traitsndersurfaces alternafifs

by

Ainsi, l'objectif du projet consiste a élaborer,r da biais du procédé PEO, des couches
protectrices d'alumine a conductivité électriqugniicative sur des alliages d'aluminium de grande
production (série 2XXX ou 6XXX). Ainsi, l'originaé du projet est de parvenir & satisfaire la
double exigence imposée au secteur de la connecéigetrique a savoir la possibilité d’élaborer
des surfaces a la fois barriéres (résistantessarkuet a la corrosion) et conductrices de |'éleitér
tout en utilisant un procédé électrochimique al&fnrépondant aux exigences sanitaires et
environnementales actuelles (électrolyte alcalibléanent concentré et complétement dépourvu de
métaux lourds et autres composés toxiques).

Pour atteindre l'objectif fixé, nous envisageomscdrporer dans les couches d'oxyde PEO, via
I'électrolyte, des particules fines (taille typiqid — 20 um), de faible résistivité (métalliquéee
carbonées) afin de conférer a la couche d'oxydecaneluctivité électrique superficielle et en
volume. En exploitant le principe du dépbt par gtgahorése tel que cela est proposé dans la
littérature [164-166], la stratégie consiste a clanta porosité des couches d’oxyde PEO par ces
particules conductrices. Particulierement, nougepoas de réaliser cette incorporation au cours du
régime de croissance « soft », que nous maitrigamsailleurs et pour lequel la porosité est
homogene dans I'épaisseur de la couche en crosgaigure 37). Cela doit permettre d’atteindre
le seuil de percolation dans toute I'épaisseuradeouche et atteindre des valeurs acceptables de
conduction, compatibles avec les exigences desatélirs finauxg 010° S.m%).

a) Régime « arc » b) Régime « soft »

Ajout de particules
conductrices

Sans ajout de particules | Ajout de particules
conductrices conductrices

Figure 35: Schéma de principe montrant I'incorporatiorpdeticules conductrices dans des couches
PEO élaborées) dans le régime d’ « arc » gt dans le régime « soft » et pour laquelle la pa¥osterne
doit permettre d’atteindre le seuil de percolati@eessaire pour augmenter significativement la ectdgté
électrique de la couche d’alumine.

27 CMG : « Connectors Manufacturers Group »
28 https://www.amphenol-socapex.com/sites/defawtfivysiwyg/acsiel_cmg_lettre_clients_jan2017_fr.pdf
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Ainsi, les tdches a mener pour réaliser I'objegifncipal peuvent se décliner selon la
chronologie suivante : (i) explorer la faisabild@ncorporer des particules conductrices dans les
couches d'alumine PEO, (i) comprendre les mécamssnd’incorporation des particules
conductrices au cours de la croissance des cowthi@g optimiser l'incorporation des particules
conductrices pour atteindre un niveau de conducddiectrique satisfaisant pour les applications
envisagées.

Pour la premiere tache, il s'agira de tester exp&mitalement et de maniére systématique la
possibilité d’'incorporer différents types de partes (métalliques ou carbonées, de taille variée et
en concentrations variables). D’'un point de vudigua, et selon un plan d’expérience optimiseé,
une série de traitements PEO avec des compositiendains électrolytiques différentes et
contrblées sera menée. L'incorporation et la distion des particules dans I'épaisseur des couches
PEO ainsi élaborées seront alors vérifiées paadak/ses microstructurales et chimiques standards
(MEB, EDX, DRX). Ce premier travail exploratoire uq@é a des mesures ponctuelles de la
conductivité des couches doit permettre d’oriefgerhoix d’'un type de particules le plus a méme
d’étre incorporé dans les couches d’alumine PEO.

Pour la seconde tache, il s’agira de mettre a Jear mécanismes physico-chimiques qui
conduisent a l'incorporation des particules sébectées lors de la premiere action. Pour cela, nous
appliguerons notre approche expérimentale qui stsi établir les relations de causalité entre les
parameétres opératoires du procédé (suivi des signélectriques), les caractéristiques
microstructurales des couches élaborées (analysds-éohelles par MEB et MET) et les
caractéristiques physique des micro-décharges dphdtiplicateur, imagerie rapide et
spectroscopie d’émission optique) qui apparaisaemours d’un traitement PEO.

Pour la derniere tache, et fort d’'une meilleurenaassance des mécanismes d’incorporation des
particules conductrices dans les couches PEQOagjirsl d’optimiser les parameétres électriques du
procédé PEO afin dincorporer efficacement les ipalgés conductrices et ainsi atteindre des
niveaux de conductions électriques proches de etiendus dans le secteur de la connectique
(> 10* S/m). D’un point de vue expérimental, il s'agira aire varier différents paramétres
électrigues (courant pulsé bipolaire d’amplitude,flildquence et de rapport cyclique variable). Les
couches élaborées seront caractérisées d’'un peimtiel microstructural mais également du point
de vue de leurs propriétés barriéres (résistaes@re par des tests pion-disque et scratch-test e
résistance a la corrosion par des mesures de apempie d'impédance électrochimique et des
essais au brouillard salin) et de conduction élpotr (sonde a effet Hall ou sonde a 4 pointes).
A l'issue de cette tache, il est envisagé d’élabdes couches d’alumines conductrices « modeles »
qui serviront de démonstrateurs aupres des differ@adustriels du secteur de la connectique, en
particulier ceux du consortium CMG (Alliance Elestique ACSIEL) avec qui hous sommes en
relation sur ce sujet depuis février 2019.

La réussite de ce projet reposera sur une colléiborpluridisciplinaire entre différentes équipes
internes a I'IJL. L’équipeMatériaux Carboné®st spécialisée dans la synthése et la caratignisa
des matériaux carbonés. En particulier, Claire Hdér@lirectrice de recherche au CNRS) et
Sébastien Fontana (maitre de conférences) appurteeors compétences et savoir-faire dans
l'intercalation de particules carbonés dans lesenmix et dans la fonctionnalisation de surface de
ces particules afin de les maintenir dispersées dlalectrolyte. L’équipeSurface et Interface :
Réactivité Chimique des Matériawest spécialisée dans I'étude des phénomeénes desicorr
d’'alliages métalliques et de dégradation des cépaesi En particulier, Emmanuel Rocca et
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Delphine Veys-Renaux (maitres de conférences HR)meénent également des recherches sur le
procédé PEO, apporteront leur expertise dans kEcté@arsation de la résistance a la corrosion des
couches d’oxydes PEO contenant des particules ctmzhs.

Le présent projet de recherche est d’ores et déjpers puisqu’il a été retenu par notre institut
et le pole de recherche Kf4de I'UL pour lattribution d’un contrat doctoral & rentrée
universitaire 2020. En novembre 2019, j'ai soureipiojet de recherche doctoral ECOLO-BEO
aupres de la région Grand Est pour participer afinemcement de ce contrat doctoral. En
parallele, et afin de venir en appui au futur deog, un contrat de recherche avec le CMG
permettra le financement d’'un stage de master @24 2ur cette thématique. Enfin, le projet
CAMFRE®! porté par Gérard Henrion, actuellement en instatéealuation auprés de 'ANR et
auquel je participe, doit également permettre d'emiscientifiquement cette nouvelle thématique
de recherche dans les années a venir avec la aatan nouvelle de plusieurs membres de
I'équipe de rechercheRevétements et Traitements de Surfakte laboratoire CIRIMAT,
particulierement le professeur Laurent Aruraultlet maitres de conférences Jérdbme Roche et
Pascal Lenormand.

2 M4 « Matiére, Matériaux, Métallurgie, Mécanique »

30 ECOLO-PEO « Elaboration de Couches d’Oxyde conibesti_ors de 'Oxydation par Plasma ElectrOlytique

31 CAMFRE « Croissance d’AluMine & Faible Résistivitédfiigue par oxydation micro-arc », APP GénériqidRA2020

32 CIRIMAT : « Centre Inter-universitaire de Recherchiedéngénierie des MATériaux », Université TouloudePaul Sabatier,
UMR 5085 CNRS, Equipe RTS « Revétements et TraitentenBurface »
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CHAPITRE 5
PRODUCTION SCIENTIFIQUE

5.1. Publication

P26J. Martin P. Haraux, V. Ntomprougkidis, S. Migot, S. Bruge6. HenrionSynthesis of metal
oxide micro/nanoparticles by plasma electrolytiddation of aluminium and zirconium allays
Surface and Coatings Technology, en révision, (2020

P25 J. Martin K. Akoda, V. Ntomprougkidis, O. Ferry, A. MaizgraA. Bastien, P. Brenot,
G. Ezo'o, G. HenrionDuplex surface treatment of metallic alloys conrmncold spray and
plasma electrolytic oxidation technologieSurface and Coatings Technology, 392, 125756 (10
pages), (2020), doi.org/10.1016/|.surfcoat.20207585

P24 J. Martin A. Nominé, V. Ntomprougkidis, S. Migot, S. Brugei. Soldera, T. Belmonte, G.
Henrion,Formation of a metastable nanostructured mulligeinly Plasma Electrolytic Oxidation of
aluminium in “soft” regime condition, Materials & Design, 180, 107977, (2019),
doi.org/10.1016/j.matdes.2019.107977

P23V. NtomprougkidisJ. Martin A. Nominé, G. HenrionSequential run of the PEO process with
various pulsed bipolar current waveforn&jrface and Coating Technology, 374, 713-724, (019
doi.org/10.1016/j.surfcoat.2019.06.057

P22J. Martin A.V. Nominé, J. Stef, A. Nominé, J.X. Zou, G. Hiem, T. GrosdidierThe influence
of metallurgical state of substrate on the efficigiof plasma electrolytic oxidation (PEO) process
on magnesium alloylaterials & Design, 179, 107859, (2019)
doi.org/10.1016/j.matdes.2019.107859

P21 J. Martin A. Nominé, F. Brochard, J.-L. Briancon, C. No#&l, Belmonte, T. Czerwiec,
G. Henrion,Delay in micro-discharge appearance during PEO bfEvidence of a mechanism of
charge accumulation at the electrolyte/oxide irded, Applied Surface Science, 410, 29-41,
(2017), doi.org/10.1016/j.apsusc.2017.03.088

P20 J. Martin A. Martinavicius, S. Bruyere, H. P. Van Landeghetn Gendarme, F. Danoix,

R. Danoix, A. Redjaimia, T. Grosdidier, T. Czerwiddultiscale analysis of an ODS FeAl40
intermetallic after plasma-assisted nitridingpurnal of Alloys and Compounds, 683, 418-426,
(2016), doi.org/10.1016/j.jallcom.2016.05.119

P19A. Nominé,J. Martin C .Noél, G. Henrion, T. Belmonte, I.V. Bardin,lRkeS,Surface charge
at the oxide/electrolyte interface: Toward optintiaa of electrolyte composition for treatment of
Aluminum and Magnesium by Plasma Electrolytic Otkaolga Langmuir, 32, 1405-1409, (2016),
doi.org/10.1021/acs.langmuir.5b03873

P18 M. Poncot,J. Martin S. Chaudemanche, J.P. Tinnes, O. Ferry, T. SchenkCharpon,

I. Royaud, P., A. Dahoun, P. Bourso@pmplementarities of high energy WAXS and Raman
spectroscopy measurements to study the crystafiirese orientation in polypropylene blends
during tensile test?olymer, 80, 27-37, (2015), doi.org/10.1016/j.podyrR015.10.040
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P17 T. Belmonte, C. Noél, T. Griesl. Martin G. Henrion,Optical emission spectroscopy for
analysis of atmospheric pressure plasma, j@imsma Sources Science Technology, 24, 064003,
(2015),doi.org/10.1088/0963-0252/24/6/064003

P16 A. Nominé,J. Martin G. Henrion, T. Belmonteffect of cathodic micro-discharges on oxide
growth during Plasma Electrolytic Oxidation (PECHurface and Coating Technology, 269, 131-
137, (2015), doi.org/10.1016/j.surfcoat.2015.01.076

P15 J. Martin P. Leone, A. Nominé, D. Veys-Renaux, G. Henridn,Belmonte Influence of
electrolyte ageing on the Plasma Electrolytic Oxiola of aluminium,Surface and Coating
Technology, 269, 36-46, (2015), doi.org/10.1016/f=0at.2014.11.001

P14 A. Nominé, J. Martin C. Noél, I.V. Bardin, V.L. Kovalev, T. Belmonté.G. Rakoch,
G. Henrion, The evidence of cathodic micro-discharges duringsipla electrolytic oxidation
processApplied Physic Letters, 104, 081603, (2014)

doi.org/10.1063/1.4866425

P13 1. Shchedrina, A.G. Rakoch, G. Henriah, Martin Non-destructive methods to control the
properties of MAO coatings on the surface of 202dmanium alloy, Surface and Coatings
Technology, 238, 27-44, (2014), doi.org/10.1016/f=0at.2013.10.032

P12D. Veys-Renaux, E. Roccd, Martin G. Henrion,Initial stages of AZ91 Mg alloy micro-arc
anodizing: Growth mechanisms and effect on theaosion resistanceflectrochemica Acta 124,
30-45, (2014), doi.org/10.1016/j.electacta.2013P8.

P11 J. Martin A. Melhem, I. Shchedrina, T. Duchanoy, A. Nomi&&, Henrion, T. Czerwiec,
T. Belmonte, Effects of electrical parameters on plasma elegtiol oxidation of aluminium,
Surface and Coatings Technology, 221, 70-76, (2013)
doi.org/10.1016/j.surfcoat.2013.01.029

P10 J. Martin M. Poncot, J.M. Hiver, P. Bourson, A. DaholReal-time Raman spectroscopy
measurements to study the uniaxial tension of csiotgoolypropylene : a global overview of
microstructural deformation mechanisnmigurnal of Raman Spectroscopy, 44, 776-784, (2013),
doi.org/10.1002/jrs.4244

P09 M. Pongot,J. Martin J.M. Hiver, D. Verchére, A. Dahour§tudy of the dimensional
instabilities of laminated polypropylene films chgi heating treatmentsjournal of Applied
Polymer Science, 125, 3385-3395, (2012), doi.or@daP/app.36450

P08S. Chaudemanche, M. PoncdtMartin J.M. Hiver, P. Bourson, A. DahouBtudy, by Raman
spectroscopy, of the microstructure evolution aftastic polypropylene during tensile test and
relaxation: measuring the chains orientatioAmerican Institute of Physics-Conference
Proceedings, 1353, 815-819, (2011), doi.org/10.108389616

P07 M. Poncot,J. Martin A. Dahoun , J.M. Hiver, P. Bourson, D. Verché®érinkage study of
polypropylene films laminated on steel - influentéhe confirmation processeSmerican Institute
of Physics-Conference Proceedings, 1353, 744-249,1() doi.org/10.1063/1.3589604

P06 J. Martin M. Pongot, P. Bourson, A. Dahoun, J.M. Hiv&tudy of the crystalline phase
orientation in uniaxially stretched polypropyleng BRaman spectroscopy: validation and use of a
time-resolved measurement meth&lymer Engineering and Science, 51, 1607-161611R0
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deformation, Plastics Research on-line, Society of Plastics m’eeing, (2011),
10.2417/spepro.003627

P04 J. Martin S. Margueron, M. Fontana, M. Cochez, P. Boursstudy of the molecular
orientation heterogeneity in polypropylene injentimolded parts by Raman spectroscdpglymer
Engineering and Science, 50, 138-143, (2009)
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P03 J. Martin P. Bourson, A. Dahoun, J.M. Hivefhe p-spherulite morphology of isotactic
polypropylene investigated by Raman spectroscApplied Spectroscopy, 63, 1377-1381, (2009),
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5.2. Communication orale invitée
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European Plasma Surface Engineering (AEPSE), Skgind (Corée du Sud), (2019)
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the metallurgical state of a magnesium alloy sudtstron the efficiency of the PEO proge33*
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Real-time Raman spectroscopy measurements
to study the uniaxial tension of isotactic
polypropylene: a global overview of
microstructural deformation mechanisms

J. Martin,»® M. Poncot,” J.M. Hiver,” P. Bourson®* and A. Dahoun®

ABSTRACT: Micro-Raman spectroscopy was used to investigate the main deformation micromechanisms of isotactic polypro-
pylene uniaxially stretched at constant temperature (T =30°C) under a constant true strain rate (c,, = 5.10 s '). To accurate
measurements namely to be free of the recovering phenomenon which causes in most of the cases interference during
post-mortem analysis, we introduced a new experimental setup combining a Raman spectrometer with a tensile machine
piloted by the VidéoTraction™ system. Microstructure is described by essential parameters such as the crystallinity index,
the macromolecular orientation both in the crystalline and the amorphous phase, and distribution of the internal stress at
the chemical bonds scale. For each, a well-tried Raman spectral criterion was used. Cross-checking of these results, obtained with
a minimum of tensile tests, allows a more complete understanding of the deformation micromechanisms of semi-crystalline poly-

mer. Copyright © 2013 John Wiley & Sons, Ltd.

Keywords: polymer; deformation micromechanisms; crystallinity index; macromolecular orientation; in situ
]

Introduction

Macroscopic properties of materials, such as the mechanical
behaviour, are closely related to their own microstructures' In
the case of semi-crystalline polymers, the crystallinity index and
the macromolecular orientation in the crystalline and the amor-
phous phase are considered to be the essential parameters to
understand this relationship and to optimize the end-use proper-
ties of such kind of materials.'3! At the macroscopic scale,
mechanical properties are determined on normalized sample
shapes using conventional uniaxial tensile tests. At the micro-
scopic scale, a number of indirect analytical techniques can be
used to investigate the microstructure such as thermal analysis,
microscopic observations, X-ray scattering, birefringence and
nuclear magnetic resonance.”~" By collecting both these macro-
scopic and microscopic data, numerous experimental works have
attempted to associate one state of the deformation (such as a
strain value) to one state of the microstructure (such as a macro-
molecular orientation level) in order to propose elementary
descriptive models of the deformation micromechanisms.2~'2 A
good review of these deformations mechanisms has been published
by Bowden and Young.™® In that vein, the papers of Peterlin®,
focused on polyethylene and polypropylene, developed the first
models showing how the crystalline structure are sheared, rotated
and fragmented under uniaxial tension. Numerous studies have
improved existing models by introducing the metallurgical concept
of dislocation and glide systems involving slip within the lamellar
crystals during the yielding.!"*'® Contribution of the amorphous
phase was then introduced by Treloar et all'”, Young et all'® and
Bartczak et al!'® and then computed by Van der Giessen et a/!*
and G'Sell et al® by considering a composite approach of the
material. Central role of the tie molecules localized inside the

amorphous interlamellar layers in the specific stages of viscoelastic
and plastic deformation, and then in failure was evidenced in pio-
neering works by Nitta and Takayanagi*>** However, in many
cases, interpretation of these mechanisms is debatable for two
major experimental limits. (1) In the case of ductile materials which
experience a pronounced necking due to their plastic instability
(such as polymers), conventional mechanical tests used widely by
the past and giving access to the nominal stress — strain curve are
inappropriate to reveal their real mechanical behaviour at pre-
scribed temperature and strain rate.**?>! In order to perform quan-
titative measurements, geometry variations in the necking zone of
the stretched sample have to be taken into account along the
entire course of the tensile test.?>?”? (2) Furthermore, conventional
analytical techniques suffer from a common difficulty related to
their rather elaborate instrumental setup, often costly and bulky,
which requires in most of the cases post-mortem analysis and
destructive sampling procedure coupled with serious risks of struc-
tural damage. For accurate measurements, one has to consider the
microstructural evolution in real time with the deformation espe-
cially to avoid the material recovering which occurs after sample
unloading."283% The main purpose of this work is thus to

*
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overcome these two experimental difficulties by coupling two orig-
inal experimental instruments:

i) On the one hand, by using a video-controlled testing device
(called VidéoTraction™), developed in our laboratory
by G'Sell and Hiver®'%], the true constitutive mechanical
behaviour of semi-crystalline polymers is determined under
a constant true strain rate by taking into account the
plastic instability of the polymer which occurs during
the deformation.

ii) On the other hand, a Raman spectrometer is coupling to the
tensile test machine allowing in situ acquisitions. Due to its
recent instrumental improvements in particular the advent
of laser radiations and the development of couple charge
device detectors, Raman spectroscopy is adapted for polymer
microstructure characterization with reliability, rapidity and
commodity.®*3¢! |t gives access to the vibrational frequen-
cies of the covalent chemical bonds of polymers and allows
analysis of molecular species at different scales, from the
chemical repetitive unit to the conformational architecture
of the macromolecular chain.”*®

In this paper, we propose to apply this experimental setup in a
practical application, e.g. to follow the microstructural evolution
of an isotactic polypropylene (iPP) in real time with its uniaxial
stretching over a large true strain range, from the elastic to the
stress hardening deformation domains. Major microstructural
features are considered such as the crystallinity index, the macro-
molecular orientation (both in the crystalline and the amorphous
phases) and the internal stress distribution at the chemical bonds
scale. On this point, Colomban et al2*° reported some valuable in
situ results performed on polyethylene terephtalate, polyamide
66 and iPP. However, these investigations are only based on the
low-wavenumber spectral range of the Raman spectrum (collective
modes), and the deformation domain under consideration was lim-
ited to the viscoelastic response of the polymers. Moreover, numer-
ous studies relating Raman spectroscopy in situ measurements deal
with the stress-induced Raman wavenumber shifts™'=*# but only
few papers about Raman bands intensity.*>¢!

On the basis of previous elementary descriptive models, our
results are principally discussed in terms of deformation micro-
mechanisms which explain the narrow relationship between the
polymer mechanical behaviour and its microstructure.

Experimental details
Material

The investigated polypropylene was manufactured by
Atochem under the reference 3050 MNI. It is an iPP grade.
The weight index of crystallinity, <X, >,is determined by dif-
ferential scanning calorimetry measurements performed at a
heating rate of 10°C.min~". Results show a melting point
located at T,,=165°C with an enthalpy of fusion, AH,,, equal
to 109).g™". This corresponds to a weight index of crystallin-
ity of about 66% (the theoretical enthalpy of fusion consid-
ered for a perfect crystal of infinite size, AH.., is 165J.
g )78 The glass transition temperature, T, is measured
at 5°C. X-ray scattering measurements evidence the presence
of the a-monoclinic form of the iPP crystals. Spherulites of
about 55um average diameter are observed by means of
polarized optical microscopy.

Experimental setup and samples

To follow evolution of the iPP microstructure in real time with its
uniaxial deformation, we customized a system coupling a video-
controlled tensile machine with a Raman micro-spectrometer. A
schematic view of this experimental setup is displayed in a previ-
ous paper.?”'The video-controlled mechanical testing method
used here the VidéoTraction™ system developed by G'Sell and
Hiver.B™ This device provides direct access to the true mechani-
cal behaviour of polymers under uniaxial tension at prescribed
temperature, T, and strain rate, €,,, up to very large levels of
deformation locally in the neck. Along the entire course of a ten-
sile test, geometry instabilities localized in the necking zone of
the polymer sample are taken into account by video measure-
ments. The VideoTraction™ system is widely described in previ-
ous papers by G'Sell et al®%3*3! and Addiego et al.**!

Raman spectra are collected in backscattered geometry using an
iHR250® spectrometer developed by Horiba Jobin Yvon linked to a
remote head of probe by means of two optic fibres: one fibre for
sending the incident radiation to the sample and the second one
for collecting and sending the backscattered radiation to the spec-
trometer. The head of probe, placed in face to face to the video-
controlled system, is equipped with an Olympus long working
distance objective lens (x 50 as objective length, x 500 as total
magnification, 12mm as focal distance). Laser radiation coming
from a diode laser, producing a A = 785 nm wavelength radiation,
is maintained focused onto the flat surface in the centre of the test
sample where necking is expected. At maximum laser power
(300 mW), the probe typically delivers an illumination power
density of about 15 mW.um 2 The head of probe is also equipped
with a linear polarizer and analyser which allow polarizing the inci-
dent laser beam and the Raman scattering radiation, respectively.
Rayleigh scattered light is eliminated through a holographic Notch
filter placed on the light path just before the diffraction grating
(1200 grooves.mm™"). The spectral resolution achieved is about
0.5cm™ . Previously, the Raman shift is calibrated using a reference
sample of pure silicon which shows a well-reported scattering band
at 521cm™". A micro-computer interfaced with the spectrometer
allows recording raw spectra by means of the Labspec® acquisition
software (Horiba Jobin Yvon). A self-written fitting least-square
procedure based on the Levenberg-Marquardt method is used
to process raw data®” Residual fluorescence background is
eliminated by a polynomial baseline cutting procedure. A mixed
Gaussian-Lorentz function is used to decompose each scattering
band, and the final adjustment gives access to the useful spectral
features such as position, v (cm™"), integrated intensity, | (a.u) and
full width at half maximum (cm ™).

All specimens are stretched at T=30°C under a constant true
strain rate ¢,=5.10 3s " until their rupture at &,,=1.6. During
the entire course of the tensile test, 40 Raman spectra are
recorded. For each Raman spectrum, acquisition time is fixed at
5s. Note that results are based on the repetition of 10 tensile
tests in exactly the same experimental conditions in order to
ensure reproducibility.

Measurement procedures

To describe microstructure of iPP under deformation, four micro-
structural features are considered such as (1) the crystallinity index,
(2) the orientation of macromolecules in the crystalline phase,
(3) the orientation of macromolecules in the amorphous phase
and (4) the distribution of internal stress at the chemical bonds

J. Raman Spectrosc. 2013, 44, 776-784

Copyright © 2013 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jrs




Journal of

RAMAN
SPECTROSCOPY

J. Martin et al.

scale. For each, we adopted a particular Raman spectral criterion
developed in our previous study™'~® on the basis of fundamental
works on vibrational mode assignments.””~*" Table 1 summarized
the vibrational mode assignments and the phase belonging
(crystalline and/or amorphous) of the Raman scattering bands used
to design theses spectral criterions.

The crystallinity index noted < X.> is deduced from depolarized
Raman spectroscopy measurements by determining the criterion
Re = (lgpg + lg42) / (lg35+ lgoo + lg42) Of integrated intensity of scatter-
ing bands located at 809 (60% crystalline), 835 (0% crystalline)
and 842 cm ™' (65% crystalline) (Table 1). Due to the fact that bands
at 809 and 842cm ™" are not pure crystalline bands, we proposed
in a previous study to adjust R. by balancing factors in order to
estimate < X. > according to the following matching relation:

< X¢ >= 0.81 Rc 4 0.01 )

The macromolecular orientation is estimated from Raman
spectroscopy by performing measurements in a particular
polarization geometry of the incident and scattered radiations
noted x(zz)x (as Porto’s notation'®®) where both the incident
and scattered radiations are polarized along the z-stretching di-
rection. In these conditions, we demonstrate in previous papers
that the ratio Rorientc =lo73 / logg Of the integrated intensity of
the two particular Raman scattering bands at 973 (symmetric
stretching mode of the C-C skeletal backbones in crystalline
phase) and 998cm ' (rocking mode of CH; lateral alkyl groups
in crystalline phase) enable to estimate orientation of crystalline
phase chains in the z-tensile direction. In uniaxial tension, G’Sell
and Dahoun®®! show the development of a fibrillar texture which
can be characterized by the determination of only one orienta-
tion function, F.,, describing the spatial distribution of the
crystallographic c-axis towards the z-tensile direction. A match-
ing relation between Ryyientc and Fe, was established as follow:

Fe/z = 0.135 Rorientc — 0.18 2)

Keeping the same polarization configuration, x(zz)x, we used
the ratio Rorientam =l835 / lot Of the unique band at 835 cm™!
(stretching mode of the C-C skeletal backbones in amorphous
phase) as a spectral criterion of amorphous chains orientation. Iy,
is the integrated intensity of the entire recorded spectrum. By the
same reasoning, a linear relation was established between Rgyient,
am and orientation function of the amorphous phase Fam/z
describing the spatial distribution of amorphous macromolecules
towards the z-tensile direction.

Table 1. Vibrational and phase assignments for Raman scattering

bands of iPp 51761

Position v (cm™") Intensity  Assignment Phase

809 strong vs(C-C), r(CH2)  Crystalline (60%)
Amorphous (40%)

835 medium  v4(C-C) Amorphous

842 strong r(CH2) Crystalline (65%)
Amorphous (35%)

973 strong Vas(C-Q), r(CH3)  Crystalline

998 strong r(CH3) Crystalline

I:am/z =144 Rorient.,am =1 (3)

The position dependence of Raman bands versus applied
stress, commonly called stress-induced Raman shifts, is of funda-
mental importance in understanding how a macroscopic stress is
distributed at the chemical bonds scale.**~** These wavenumber
shifts are interpreted on the basis of the anharmonicity of chem-
ical bonds, stress inducing an interatomic distance alteration
which changes the atomic vibration frequencies.*”’ Shifts are
expected different according to the nature of the chemical bonds
and their orientation towards the macroscopic applied stress di-
rection. A shift towards the low wavenumbers means that bonds
are under an extension stress while a shift towards the high ones
is related to a compressive stress. In a depolarized configuration,
we proposed to follow the normalized shift evolution, RE°=vgye/
Vgog, R§35:V835/Vg35 and R?42:V842/Vg42 of bands at 809, 835 and
842cm ™! as a function of the true axial strain ,,. V39 is the ref-
erence position of the 809cm ' band reported for no applied
stress. Objective is to explore the evolution of stress distribution
both in crystalline (809 and 842cm™ ') and amorphous phase
(835 cm™") during the deformation.

Results
Mechanical behaviour

Uniaxial tension of the iPP was performed at T=30°C remaining
a constant axial true strain rate & ,,=5.10>s~". Evolution of the
true axial stress — strain curve (c,, — €,,) is presented in a previous
paper.*® Three different stages can be enlightened. The first one,
£,,=0 - 0.09, corresponds to the elasto-viscoelastic behaviour of
the iPP. The initial slope of the curve corresponds to the elastic
Young's modulus, E=1.7 GPa. The yield point is defined when
stress oY, achieves 36 MPa and passes through a round-off max-
imum at strain &%, =0.09. The second stage, ¢,,=0.09 - 0.8, corre-
sponds to the stress-softening regime. At the beginning, stress is
marked by a small but significant stress decrease while necking
occurs and spreads towards the RVE. This is then followed by a
symmetric propagation of the neck shoulders towards the speci-
men heads at almost constant stress, G,,=32MPa (easy plastic
flow). The last stage, &,,=0.8 — 1.6, termed as the plastic stress-
hardening regime, shows a nearly exponential increase of the
stress from 32 to 71 MPa.

Crystallinity index

Figure 1 shows fitted Raman spectra recorded in the useful spec-
tral range 780 — 860 cm ™" at growing true axial strain level, &,, =
0,0.1, 0.8 and 1.4. Intensity of bands at 809 and 842 cm ™', which
are characteristics of the crystalline phase, decreases regularly
with the increasing deformation. On the contrary, intensity of
one at 835cm !, exclusively associated to the amorphous phase,
increases with the increasing deformation. This observation evi-
dences qualitatively a loss of the amount of crystallinity in iPP
semi-crystalline microstructure along stretching. Chains initially
present in the crystalline phase go through the amorphous one.
On the same figure, we note shifts of bands. This point will be
discussed further in details. Figure 2 presents evolution of the
crystallinity index of iPP, <X.>, versus the axial true strain, &,,. It
confirms the general decrease of the crystalline phase amount
with the increasing deformation. Evolution marked a three-stage
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Figure 1. (a) Depolarized Raman spectra and (b) fitted scattering bands
at 809, 835 and 842 cm ! of iPP stretched at different strain levels.
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Figure 2. Evolution of the true axial stress, 6., and the crystallinity in-
dex, <X.>, as a function of the true axial strain, &,, of iPP uniaxially
stretched at T=30°C under a constant true strain rate &, = 5.10 >s "

evolution corresponding to the three domains enlightened in the
true mechanical behaviour curve: (1) in the elasto-viscoelastic
regime, from 0 to 0.09, the crystallinity index is high and quite
constant, <X.>= 0.67, (2) then drops drastically in the stress-
softening deformation regime, from 0.09 to 0.8, passing from
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Xc.>=0.67 to 0.57 and (3) finally decreases softly in the stress-
hardening regime, from 0.8 to 1.6. Just before rupture, the crystal-
linity index is low and equal to < X, > = 0.54.

Orientation of macromolecules in the crystalline phase

Figure3 reports fitted Raman spectra recorded in polarized config-
uration, x(zz)x, at growing true axial strain level, €,,=0, 0.1, 0.8 and
14. The spectral range under consideration, 950 — 1010cm ™',
includes the useful scattering bands at 973 and 998 cm ™' required
for estimating orientation of chains in the crystalline phase. Inten-
sity of the band at 973 cm ™' (symmetric stretching vibration mode
of the C-C bond of the skeletal backbones) increases with strain.
This corresponds to a larger proportion of C-C skeletal backbones
oriented in the z-polarization direction parallel to the z-stretching
axis. Just the opposite is observed for band located at 998 cm ™'
(rocking vibration mode of the CHs lateral alkyl groups) because
number of CH; lateral groups becomes lower in the z-stretching
direction. Figure 4 shows the evolution of the orientation function
of the crystalline phase, F/,, and the true axial stress 6, as a func-
tion of the true strain ,, from 0 to 1.6. Increasing evolution of F.,,
with deformation is consistent with a gradual orientation of crystal-
line chains towards the z-tensile direction and can be described
into three major domains with respect to the true axial strain, €,

(a) ] T T . T T T T
g,=510°s7 % — &=
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172}
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Figure 3. (a) Polarized x(zz)x Raman spectra and (b) fitted scattering
bands at 973 and 998 cm™" of iPP stretched at different strain levels.
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Figure 4. Evolution of the true axial stress, 6,,, and the orientation func-
tion of the crystalline phase, F./,, as a function of the true axial strain, €,,,
of iPP uniaxially stretched at T=30°C under a constant true strain rate &,,
=5103s"".

i) In the elasto-viscoelastic regime, from 0 to 0.09, F, is low
and quite constant, F¢,=0.05. It indicates that crystalline
chains are still randomly oriented in the material.

ii) In the stress-softening deformation regime, F., increases
gradually from 0.05 to 0.48. This is related to the beginning
of the crystalline chains orientation towards the z-tensile
direction. We can notice that the inflection point of the
increasing evolution of the orientation function is localized
at nearly g,,=0.85, F.;, =0.36. It suggests that the orientation
mechanisms of crystalline chains take a predominant place
for this particular strain level.

iii) In the last stress-hardening regime, F, is still increasing but
its progression becomes milder. Approaching the fracture,
Fe;z is maximal and quite constant F.,=0.74 suggesting
that crystalline chains have almost achieved their maximal
orientation level before the material rupture.

Orientation of macromolecules in the amorphous phase

Figure 5 shows fitted Raman spectra recorded in polarized config-
uration, x(zz)x, at growing true axial strain level, ¢,,=0, 0.1, 0.8
and 1.4. In the spectral range considered,780 — 880cm™', is only
plotted the useful polarized scattering band at 835cm™"' which

: 3 -
€,=510"5s" . — g,=
—-g,=01
T=30°C —-§,=08
x(zzx d g,=14
Z
(2}
=1
8
=
:
~
780 800 820 840 860 880

-1
Wavenumber /cm

Figure 5. Fitted Raman scattering band at 835cm " for different strain
levels of iPP recorded in the x(zz)x polarized light configuration.
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allows calculation of the orientation function of the amorphous
chains F,,/, taking the z-tensile direction as reference. Intensity
of this band increases simultaneously with the deformation. This
observation is interpreted by considering both the chemical
bond associated to this scattering band, e.g. the symmetric stretch-
ing mode of the C-C skeletal backbones in the amorphous state
and the polarization direction. An increasing intensity
evidences an increase of C-C bond proportion oriented parallel to
the z-polarization direction which is also the stretching direction.
Thus, chains of amorphous phase tend to be preferentially oriented
along the z-tensile direction. Figure 6 presents the evolution of the
orientation function of the amorphous phase Fam/., and the true
axial stress o,, as a function of the true strain ¢,, from 0 to 1.6.
Increasing evolution of F,,/, with deformation confirms our prelim-
inary observations: macromolecular chains tend to be oriented
towards the z-tensile direction. It can be delimited with respect to
the true axial strain, €,,: (1) in the elasto-viscoelastic regime, from
0 to 0.09, chains are profoundly affected by the deformation
since Fam/z raises from 0.03 to 0.3; (2) in the stress-softening regime,
from 0.09 to 0.8, orientation of amorphous is milder passing
from Fam/z=0.3 to 0.6 and (3) becomes more and more moderate
Famz=0.6 — 0.7 in the stress-hardening regime, from 0.8 to
1.6. Approaching the fracture deformation, Fam/z exhibits a maximal
and quite constant value, Fym/z =0.7, suggesting that amorphous
chains have almost achieved their maximal orientation level
before rupture.

Stress distribution

In Figs. 1 and 3, we have noted that bands at 809, 835 and
841 cm ™" exhibit opposite wavenumber shifts with deformation.
Bands at 809 and 835cm ' possessing both a high contribution
of the C-C skeletal backbones move towards low wavenumbers.
This indicates that these chemical bonds experience an increas-
ing extension stress with the increasing deformation as described
by. On the contrary, crystalline band at 842cm™', principally
attributed to the CH, lateral groups, moves up to high wavenum-
bers. This evidences the compressive solicitation that endures
C-H lateral bonds during stretching. These observations are in
good agreement with previous studies of Wool et al. ®? in case
of polyethylene. Figure 7 shows evolution of the normalized
position, v/v° of the crystalline bands at 809 and 842 cm ™' whereas
Fig. 8 plots the amorphous one at 835 cm ™. v° represents position

80

(=)
o

True axial stress 6,, /MPa
Ey
o

Index of amorph. phase orientation F, ,

K 2 Pt
00 02 04 06 08 0 12 14 1.6
True axial strain g,

Figure 6. Evolution of the true axial stress, G,,, and the orientation func-
tion of the amorphous phase, F,./, as a function of the true axial strain,
€,,, of iPP uniaxially stretched at T=30°C under a constant true strain rate
i, =5103s".
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Figure 7. Evolution of the true axial stress, 6,,, and the normalized posi-
tion, v / V%, of crystalline bands at 809 (C-C) and 842cm ™" (CH,).
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Figure 8. Evolution of the true axial stress, 6,,, and the normalized posi-
tion, v / v°, of amorphous band at 835cm ™" (C-C) as a function of the true
axial strain, €,,, of iPP uniaxially stretched at T=30°C under a constant
true strain rate é,, = 5.10 >s .

of bands for the non-deformed iPP. Despite that shift of crystalline
bands at 809 and 842cm™' have an opposite behaviour, their
evolutions are comparable as a function of the true axial strain, €,,:

i) In the elasto-viscoelastic regime, from 0 to 0.09, normalized
shifts of both bands are very low. This indicates that applica-
tion of extension stress on the C-C skeletal backbones and
compressive stress on C-H lateral bonds is weak as if crystal-
line chains are not yet regarded by the deformation.
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i) In the stress-softening regime, from 0.09 to 0.8, positions
of bands move gently meaning that stress is progressively
applied on chemicals bonds.

i) In the last stress-hardening regime, from 0.8 to 1.6, bonds are
strongly constrained since shifts exhibit important variations.

By comparing evolution of the extension stress on C-C bonds
between crystalline (Fig. 7) and amorphous chains (Fig. 8),
we note major differences particularly in the elasto-viscoelastic
regime where amorphous C-C bonds are highly constrained
while crystalline ones are not yet affected.

Discussion

Discussion focuses on the description of the deformation micro-
mechanisms occurring in the semi-crystalline structure of iPP by
clearly discerning the three different regimes of the true mechan-
ical behaviour: (1) the elasto-viscoelastic regime, (2) the stress-
softening regime and (3) stress-hardening regime. Discussion is
based on the cross-checking of the results obtained previously
and summarized in Table 2. Such a rigorous description has to
take into account two special crystal features of the o-iPP spher-
ulites: (1) the high dependence of the initial orientation of
lamellae, distributed in equatorial, diagonal and polar regions of
the spherulite, with respect to the macroscopic applied stress z-
direction®!; (2) the cross-hatch type lamellar branching which
exhibits radial (‘'mother’) and tangential (‘daughter’) lamellae
nearly oriented orthogonally one to the other.”*® Radial lamellae
correspond to the c¢q-crystallographic axis and the tangential
ones to the cy-axis. This last point explains strongly the mechan-
ical behaviour differences observed with the B-iPP spherulites
which consist of broad, locally stacked radial lamellae, just as in
spherulites of polyethylene.®®®”) Under tensile loading, it has
been shown that the a-iPP spherulites exhibit brittle behaviour
whereas the B-ones deform plastically with little damage (occur-
rence of cavitation) up to strain of about &,,=0.25.

Elasto-viscoelastic regime

In the elasto-viscoelastic regime (Fig. 9), €,,=0 - 0.09, results dem-
onstrate that it is only the amorphous phase which plays a major
role in the deformation process: orientation of amorphous chains
is high and accompanied by the application of an important exten-
sion-stress level on the amorphous C-C skeletal backbones. On the
contrary, deformation mechanisms involving crystalline phase are
not yet active: neither the crystalline chains orientation nor the

5.10 s ' from the elastic to the stress-hardening regime

Table 2. Raman spectroscopy results on major microstructural aspects of iPP uniaxially stretched at T=30°C under a constant true strain rate &,, =

Deformation regime

Microstructural aspect Descriptive Elasto-viscoelastic regime Stress-softening regime Stress-hardening regime
parameter

0.00 - 0.09 0.09 - 0.80 0.80 - 1.60
Crystallinity index <Xc> 0.67 - 0.67 0.67 - 0.57 0.57 - 0.54
Crystalline phaseorientation Fez 0.05 - 0.05 0.05 - 0.48 0.48 - 0.74
Amorphous phaseorientation Fam/z 0.03 - 0.30 0.30 - 0.60 0.60 - 0.70
Stress on C-C cryst.bonds Va0o/Va09 1.0000 - 1.0000 1.0000 - 0.9995 0.9995 - 0.9980
Stress on C-C amor. bonds Vg35/Va3s 1.0000 - 0.9990 0.9990 - 0.9985 0.9985 - 0.9960
Stress on C-H cryst. bonds Vgaa/Vasr 1.0000 - 1.0000 1.0000 - 1.0005 1.0005 - 1.0020
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Figure 9. A schematic illustration of micro-structural mechanisms occur-
ring in uniaxially stretched iPP during the initial elasto-viscoelastic regime,
the stress-softening deformation regime and the stress-hardening regime.

crystallinity index changes. This is usually explained by considering
the soft amorphous phase behaviour compared with the rigid crys-
talline blocks. In the analogous case of polyethylene, Schultz et al.
19 show that the nanoscopic elastic modulus of one chain is 16
times higher than the macroscopic one evidencing the essential
contribution of the soft amorphous phase. For T > T, the Van der
Waals interactions are overcome, and the amorphous part exhibits
a rubber-like behaviour. Initially, under an interpenetrating coils
configuration, chains in the interlamellar layers have enough mac-
romolecular mobility to orient themselves towards the z-tensile
direction in order to accommodate the deformation. It involves
disentanglement, extension and alignment of the tie molecules
between two adjacent crystalline lamellae. This is particularly veri-
fied for stacked lamellae oriented perpendicularly to the stretching
direction such as for the radial and the tangential ones in the equa-
torial and the polar regions, respectively. Adjacent lamellae are
separated, and the average length of the amorphous interlamellar
layer increases."®! The important extension stress measured on
the amorphous C-C skeletal backbones is in good agreement with
this interpretation. On the contrary, lamellae in polar regions un-
dergo locally a compressive stress leading to move lamellae closer.
Amorphous chains are confined in the interlamellar layer. Radial
and tangential lamellae in diagonal regions, inclined at 4 45 ° with
respect to the macroscopicz-tensile direction, are locally subject to
a shear stress which promotes lamellae sliding. This leads to a pro-
gressive extension and alignment of amorphous chains. Deforma-
tion of amorphous phase is always at least partially reversible in
the elastic domain and time-dependent in the viscoelastic

one!"'® This is due to the thermodynamic tendency of the
stretched chains to return to their coiled geometry.

Stress-softening regime

In the stress-softening regime (Fig. 9), ,,=0.09 — 0.8, results show
that orientation of the crystalline chains towards the z-tensile direc-
tion is dominant, the crystallinity index drops drastically, the macro-
scopic stress is more and more disseminated on the chemical
bonds of the crystalline macromolecules and the volume damage
is activated. These important changes noted for the crystalline
phase signal clearly the activation of new deformation mechanisms
differing from these encountered during the viscoelastic regime.
After a critical stress is achieved corresponding to the yield point,
amorphous phase cannot accommodate any more the increasing
deformation because interlamellar extension and/or shearing pro-
cess is limited by the finite extensibility of the highly entangled
chains (or tie molecules). Therefore, these are crystals which are
affected at their turn by dissipative deformation mechanisms as
plastic flow and formation of micro-voids in the amorphous layers
and / or at inter-spherulitic boundaries.!"® In the true stress — strain
curve of iPP, the stress drop occurring just past the yield point is
caused by the catastrophic and cooperative failures of the lamellae
accompanying deformation. In the equatorial regions, Nitta and
Takayanagi®>?®! proposed that the tie molecules linking two adja-
cent lamellae through the interlamellar amorphous zone support
the external force and induce a local concentrated load at the la-
mellae surfaces leading to bending, as shown in Fig. 9. Moreover,
the same authors show that under a critical bending stress value,
calculating as a function of the tie molecules fraction, lamellae are
broken up into smaller blocks. In parallel, our results on crystallinity
show that a part of crystalline chains is pulled-out from the folded-
chains lamellae. This is commonly termed as the mechanically
induced melting process. At the same time, micro-crazes appear
in the amorphous layers perpendicularly oriented to the stress di-
rection, and they progressively transform themselves into cavities
with the increasing deformation.’? In the polar regions, the exis-
tence of a local compressive stress induces also a lamellar bending
in the meaning of Nitta and Takayanagi.*>**' Crystal blocks are at
first pulled out of the lamellae, then rotate towards the z-tensile
axis and are subject in part to destruction."” Deformation mechan-
isms in diagonal regions are quite different since radial and tangen-
tial lamellae are oriented at 4 45 ° versus the z-tensile axis which
promotes fine crystallographic slips by generation and glide of
dislocations leaving the lamellae intact.">'® In uniaxially stretched
iPP, it was demonstrated that minimum value of the critical
resolved shear stress is first achieved for chain slip mode along
the (100)[001], (010)[001], (110) [001] and ( 1 10)[001] glide
systems.[®*! For further deformation, this crystal plasticity, that read-
ily accommodates most of the applied deformation, leads to conse-
cutives secondary effects such as (1) plastic tilt of crystallites
towards the z-tensile axis, (2) lamellae fragmentation owing to
coarse slip process, (3) crystalline phase destruction by chains
pull-out process and (4) micro-voids formation in the amorphous
layers.®"3 On this last point, it is worth to note that voiding
appears earlier in the equatorial and polar regions of the spherulites
where plastic slip is less favourable compared to the diagonal ones.
These interpretations were assessed by previous microscopy stud-
ies on the transition from yielding to crazing in polypropylene
concluding to a competition between crystal slip and voiding in
governing the propagation of cavitation across the spherulite./®
In addition, the fact that voids occur at the same time in the
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equatorial and polar regions is related to the cross-hatched struc-
ture of the a-iPP spherulites and gives credit to the assumption that
radial lamellae in equatorial position deformed similarly as the
tangential ones in the polar regions and vice versa. In the case of
polyethylene and polybutene which present both only radial lamel-
lae, Addiego et al*®’ and Weynant et al.®® show, respectively, that
the structural damage occurs first in the equatorial regions and
long after in the polar ones.

Strain hardening regime

In the last strain-hardening domain (Fig. 9), £,,=0.8 — 1.6, results
show principally that deformation mechanisms involving crystal-
line and amorphous phase become stable: orientation of the
crystalline and amorphous chains is less active, the loss of crystallin-
ity slow down and volume strain achieves practically its maximum
level. This means that mechanisms of plastic deformation are
depleted, and the initial isotropic lamellar structure is transformed
into a highly anisotropic and damaged micro-fibrillar structure
oriented towards the tensile direction."® Contrary to the stress-
softening regime, deformation mechanisms in the strain-hardening
one are quite identical in the equatorial, diagonal and polar regions
of the o-iPP spherulite as illustrated in Fig. 9. The microstructure
accommodates the continuing deformation only by the extension
and the valence angle opening of the chemical bonds. The force re-
quired for displacing the C-C bonds from their equilibrium distance
(related to the Morse’s potential) is such important that the stress
increases drastically in this last deformation regime. Our results
showing important variations of the local stresses at the chemical
bonds assesses this interpretation: C-C skeletal backbones of both
the crystalline and amorphous macromolecules are more and more
under extension since they are oriented in the tensile direction. In
contrast, the C-H lateral bonds are more and more compressed
since they are practically oriented towards the compressive
direction of the uniaxial stress tensor. At large deformations, the
ellipsoidal geometry of the voids observed in numerous micros-
copy studies is directly related to the application of a dilatation
and a compaction stress (hydrostatic stress) along the axial and
transversal directions, respectively. Approaching the polymer
probe failure, crystalline and amorphous chains have achieved their
maximal orientation level, the proportion of crystalline phase is low
and degraded in favour of the amorphous one and microstructure
is highly damaged by the generation of crazes resulting from the
nucleation, growth and coalescence of micro-voids (cavity). When
chemical bonds cannot support the applied stress anymore,
rupture of the polymer occurs by the rapid propagation of a crack
(having a critical size) breaking craze fibrils as it grows./””!

Conclusion

The deformation mechanisms of iPP during its uniaxial tension are
investigated at the macroscopic scale by means of a 2D video ex-
tensometer (VidéoTraction™) giving access to the intrinsic stress
— strain curve of the polymer for a constant true strain rate at con-
stant temperature, and at the microscopic scale by micro-Raman
spectroscopy. The new combination of these both analysis techni-
ques is introduced in this work and allows to characterize the poly-
mer microstructure in real time with its deformation by
being free of the microstructure relaxation widely observed during
post-mortem analysis. By this means, we demonstrate that rapidity
of the spectral acquisitions presents a particular advantage in

performing time-resolved measurements such as the ‘step by step’
following of the deformation micromechanisms. On the basis of the
use of simple but reliable (previously validated) Raman spectral
criterions appropriated for crucial features of the iPP microstructure
(crystallinity index, chains orientation of both amorphous and crys-
talline phase and volume strain), we describe evolution of the iPP
microstructure in a large deformation domain from its elastic
response to its rupture. Deformation of the spherulite microstruc-
ture results from a number of mechanisms involving both
amorphous and crystalline phase. Such mechanisms are highly
dependent on the orientation of structural elements with respect
to the stress axis (equatorial, diagonal and polar regions). Results
evidence clearly the transformation of the initial isotropic lamellar
structure into a highly anisotropic and damaged micro-fibrillar
structure oriented towards the stress direction. The main
results show:

+  The major role played by the amorphous phase during the ini-
tial elasto-viscoelastic deformation regime leading to interla-
mellar and / or shearing mechanisms.

+ The major role played by the crystalline phase during the
stress-softening deformation regime such as crystal plasticity
(for diagonal regions), lamellae destruction owing to a chains
pulling-out mechanism, crystal tilting towards the stress direc-
tion, fragmentation and voids generation,

+  The major role played by the chemical bonds in resisting to
the deformation during the last strain-hardening regime.

Further works should be devoted to a closer examination of
the amorphous and crystalline phase evolution during loading
and unloading cycles in order to have a better understanding
of structural mechanisms occurring at the time of the relaxa-
tion/recovering of the material microstructure.
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ABSTRACT

The binary B2 (ordered bcc-type structure) FeAl40 Grade 3 aluminide containing 40 at.% Al was nitrided
at 600 °C for 15 min with a pulsed DC plasma in a 95% N,/5% H, gas mixture. The nitrided layer was
described at the micro-, nano- and atomic scales. The nitrided layer consists of a thin outer sublayer
(~1 um in thickness) containing y’-Fe4N and having a moderate hardness (870 Hv) below which a thicker
(~36 um in thickness) and harder (1400 Hv) inner sublayer is formed. While the outer sublayer is
completely depleted in Al, the inner sublayer is made of a mixture of hex. AIN and a-Fe phases regularly
structured at different levels: i) At the micrometre scale, observations showed a network of a-Fe “wave-
like” veins (~2 um in length and ~100 nm in width) located at the grain boundaries and preferentially
aligned parallel to the nitrided surface. ii) At the nanometre scale, observations evidenced that such veins
are embedded in a “lamellar-like” morphology matrix alternately composed of a-Fe and a-Fe/hex. AIN
lamellae (~300 nm in length and ~10 nm in width). iii) At the atomic scale, analysis pointed out that each
a-Fe/hex. AIN lamella presents a finer structural arrangement in which hex. AIN-rich clusters (~4 nm in
diameter) are trapped between thin a-Fe walls (~2 nm in thickness). The diversity of the morphologies
evidenced in the present study highlights the complexity of the nitriding mechanisms of iron-based
aluminides. The observations support however a mechanism of discontinuous precipitation in the in-
ner nitrided sublayer which seems to be strongly promoted by the high amount of Al in the FeAl40 grade
3 alloy (40 at.%).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

resulting in a grain size reduction, the grain boundary strength was
also optimised [3,4] while the oxidation resistance was improved

Binary B2 iron aluminides (Fe-Al) are attractive intermetallic
compounds as lightweight and structural materials [1]. However,
they are rather brittle at room temperature and offer poor strength
and creep resistance at high temperature. Efforts have been
devoted to improve these properties for applications in the ambient
to 600 °C temperature range [2]. A significant progress has con-
sisted in developing an oxide dispersed strengthened (ODS) creep
resistant version of the FeAl intermetallic, the FeAl Grade 3 alloy,
from a powder metallurgy route involving ball milling followed by
hot extrusion at 1100 °C [3]. From micro-alloying with Zr and B
combined with the fine dispersion of the nanometre size Y,03

* Corresponding author.
E-mail address: julien.martin@univ-lorraine.fr (J. Martin).

http://dx.doi.org/10.1016/j.jallcom.2016.05.119
0925-8388/© 2016 Elsevier B.V. All rights reserved.

[5,6]. Other processing powder metallurgy routes including
consolidation by forging, rolling or swaging [7], spark plasma sin-
tering [8,9], thermal spraying [10,11] and even additive
manufacturing [12] have been attempted. The development of this
new generation of Al-rich B2 FeAl alloys has raised some hopes for
promising applications as a substitution material of steels and su-
peralloys for the fabrication of transmission shafts, brakes or valves
for the aerospace and automotive industries as well as protective
coatings for heat exchangers or piping [3,13].

Although major progresses have been made in improving the
mechanical properties of these B2 iron aluminides and despite
some additional attempts to play with the microstructure for
improving ductility [14] and/or texture for improving stiffness
[15—17], these alloys often still suffer from a major lack of ductility
due to (i) a well-known moisture induced environmental
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embrittlement [18,19], a high temperature brittle-to-ductile tran-
sition temperature (BDTT) at high (41—45 at%) Al contents [20] or a
lack of cohesion at the former inter-particle boundaries in powder
processed materials [21]. In addition, the wear resistance of iron
aluminides remain poor due to the insufficient surface hardness
[22,23]. This additional handicap could slow down their future
applications in which high loads and strong surface contacts are
applied to the FeAl structural material. Thus, several studies have
proposed surface engineering approaches such as thermal oxida-
tion [19,24,25], boronizing [26] and nitriding treatments (gaseous
atmosphere, ion implantation, plasma-assisted) [27—29] to
improve the surface hardness. At the same time, as was proved by
mechanical tests on pre-oxidized samples of B2 iron aluminides
[19,25], these techniques should provide a physical protecting layer
to avoid the moister-induced embrittlement originating from the
interaction, at the crack tip, of the aluminium atoms with the
hydrogen contained in the environment.

Among all the previously mentioned surface treatment pro-
cesses, it has been shown that the nitriding treatments are the most
promising for hardening and that they lead to thick and compact
protective layers. In order to better understand the response of the
B2 FeAl alloy to nitriding, particularly those containing large
amounts of Al, few pioneer studies have been conducted to gain a
deeper scientific understanding of the mechanisms involved during
the growth of the nitride layers [27—29]. Owing to the complexity
of the nitride microstructures in the B2 alloys, it is likely that the
possible proposed mechanisms for nitriding remain still debateable
mainly due to the fact that the nitrided FeAl microstructure has not
yet been observed and described at very local scales. To this end,
the present paper reports a detailed multi-scale description of the
ODS FeAl (40 at. % Al), the FeAl40 grade 3 model alloy, nitrided at
600 °C for 15 min within a pulsed d.c. plasma nitrogen discharge.
Complementary analytical techniques, such as scanning electron
microscopy (SEM), electron probe micro-analysis (EPMA), grazing-
incidence X-ray diffraction (GIXRD), transmission electron micro-
scopy (TEM) and atomic probe tomography (APT), were used to
depict the chemical and morphological description of the nitrided
layer at various scales, from the micrometre to the atomic scale. In
addition, micro-hardness measurements were carried out to ensure
that nitriding was successfully applied and to confirm the duplex
nature of the nitride layer that was, in fact, depicted as two suc-
cessive layers through the nitride depth.

2. Material and methods

The investigated material is an ODS aluminide intermetallic
alloy manufactured using powder metallurgy route under the
reference FeAl40 Grade 3 (Fe-40 at.% Al) [3]. Plasma nitriding was
performed at 600 °C for 15 min using a 800 Hz pulsed d.c. discharge
with a 0.8 duty cycle ratio [30]. The plasma was ignited in a 95%
N,—5% H; gas mixture under a 180 Pa pressure.

Mechanical properties of the nitrided layer were evaluated with
hardness measurements using a Duramin micro-indenter (Struers).
In-depth micro-hardness profiles were performed on cross-section
using a constant load (100 g). Complementary to these cross-
section measurements, the topmost surface hardness of the
nitrided layer was also investigated by indenting the surface with
increasing loads (50, 100, 300, 500 and 1000 g) and the recorded
hardness were related to an equivalent penetration depth [31,32].
In this way, from top surface hardness measurement, it was
possible to estimate, by extrapolation, the hardness of the very thin
layer that formed at the top surface of the treated sample.

At the micrometre scale, the morphology of the nitrided layer
was observed using a scanning electron microscope in back-
scattered electron imaging mode (SEM — BSE mode) while the

elemental composition was quantitatively measured using a elec-
tron probe micro-analysis (EPMA). SEM observations were per-
formed on a Philips XL30 S-FEG microscope operating in the
backscattered electron imaging mode at an acceleration voltage of
25 kV. The EPMA measurements were carried out on a JEOL JXA
8530-F electron probe micro-analysis with an acceleration voltage
at 15 kV and a probe current at 30 nA. Depth profiles were carried
out to determine the elemental distribution of nitrogen (N), iron (Fe)
and aluminium (Al) with depth. Profiles were performed directly on
the cross-section of the sample, from the topmost surface of the
nitrided layer to the substrate material with a step size of 1 um. The
analyser spectrometers were calibrated with standards before
measurements: an Al03 standard was used to quantify the amount
of Al while Fe and N were quantified using a y’-Fe4N standard. The
conventional ZAF matrix correction procedure was used to calculate
the weight and atomic compositions from the measured X-ray in-
tensities [33]. The crystalline phase identification of the nitrided
layer was carried out on a INEL CPS 120 diffractometer using a
grazing incidence X-ray diffraction (GIXRD) geometry. The GIXRD
measurements were conducted at various incidence angles (o = 6°
and 3°) using a Co-K, incident radiation (A = 0.17903 nm). GIXRD
patterns were recorded in the 20 = 30°—115° angular range, with a
step size of 0.027° and 25 s per step.

At the micro- and nanometre scale, transmission electron mi-
croscopy (TEM) and atom probe tomography (APT) were conduct-
ed. Specimens for TEM and APT were prepared within the nitrided
layer using a focused ion beam (FIB) microscope (Zeiss® NVision-
40). For TEM, the foil was extracted from a mirror polished cross
section of the nitrided specimen. It was prepared perpendicular to
the specimen surface, at the midpoint between the surface and the
bulk. Specimens for APT were lifted-out from the same cross-
section, but parallel to the sample surface, at a depth of
3 + 0.1 um. These specimens were thinned to their final dimensions
(<70 nm in thickness for the TEM foil, and to a final radius of cur-
vature of about 50 nm for the APT tip) using 30 keV Ga' ions
[34,35]. A final milling step with 2 keV Ga't ions was applied to
reduce the ion damage on the TEM foil. TEM observations were
carried out on a JEOL ARM 200 — cold FEG UHR transmission
electron microscope operating at 200 kV and equipped with a Cs
corrector. In scanning mode (STEM), EDS analyses (EDS elemental
maps) were obtained using a DRY SD30VG energy-dispersive X-ray
spectrometer with a probe size equal to 7 nm and a dwell time
equal to 5 ms. The APT analyses were conducted on a CAMECA-
LEAP 4000 HR, with a base temperature of 80 K, a pulse repeti-
tion rate of 200 kHz and an average detection rate of 0.1%. Several
peak overlaps in APT mass spectra were encountered, and treated
as follows: the common isobar between >#Cr** and *Fe** was
assigned to Fe, because of very low Cr concentration, and the
possible overlap between ?’Al* and >*Fe*" was neglected in favor
of Fe, as the presence of 2Al* is marginal in Fe based materials. In
addition, peaks at 14, 14.5 and 15 Da were assigned to N* and N3 *
ions. The presence of N3+, manifested by the (*N—""N)** peak at
14.5 Da, signifies that the peak at 14 Da is also composed of
(¥N—"N)"* in addition to N jons. From the natural abundance
of N isotopes, according to the procedure described in Ref. [36], 38%
of counts in the main peak at 14 Da are due to (*N—N)** jons.
This correction was applied for the quantitative data in Table 1, but
not on the illustrating concentration profiles provided in Fig. 7c.
Also, the standard deviations indicated on concentration profiles
are calculated from detection statistics [37], but do not include the
uncertainty due to the presence of N3 ions.

3. Results and discussion

The SEM micrograph in Fig. 1a reveals two distinct sublayers
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Table 1

Atomic composition of the different morphologies observed at various scales in the FeAl40 grade 3 nitrided sample at 600 °C for 15 min in a 95% N + 5% H; d.c. plasma.

“Wave-like” region® “Nodular-like” region®

o-Fe lamellae® hex. AIN/a-Fe lamellae”

Fe-rich walls Fe-lean clusters

Fe 98 +1 100 + 1
Al 1+1 —
N 1+1 _
Cr — —
C — —

99.69 + 0.02 79.82 + 0.56 19.00 + 0.28
0.03 + 0.01 11.75 + 0.16 48.28 + 0.36
0.28 + 0.02 8.37 +0.14 3231 +034
- 0.12 + 0.04 0.23 + 0.03
- 0.02 + 0.02 0.18 + 0.03

@ From STEM/EDS analysis in regions respectively reported in Fig. 5b.
b From APT analysis in regions respectively marked A, B and C in Fig. 7b.
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Fig. 1. (a) SEM cross-section micrograph of the FeAl40 grade 3 sample nitrided at 600 °C in 95% N, + 5% H, d.c. plasma for 15 min. showing a network of “wave-like” veins in the
thick inner sublayer and the yellow circle indicates the presence of “nodular-like” segregated regions. (b) SEM cross-section micrograph evidencing the spatial distribution of the
“wave-like” veins through the inner nitrided sublayer. (c) SEM cross-section micrograph highlighting the presence of “nodular-like” segregated domains through the inner nitrided
sublayer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

throughout the nitrided layer depth: a 1—2 um-thick outer sublayer
on the topmost surface (see close-up micrograph in Fig. 1c) and a
34—36 um-thick inner sublayer directly in contact with the sub-
strate. The first outer sublayer is thin and appears quite homoge-
neous within its thickness. The second inner sublayer is thick and
presents two specific features which will be the subject of a close
examinations in the present study: i) a network of light contrasted
“wave-like” veins of 1-3 pm in length that mainly follow the grain
boundaries and are preferentially extended parallel to the surface
(Fig. 1b) and ii) some light contrasted segregated “nodular-like”
domains of 500 nm—1 pm in diameter located in the inner nitrided
layer (marked in Fig. 1a and c). It is also worth noting that the BSE
imaging mode used here being strongly related to the atomic
number of the probed elements, suggests that the brighter areas
observed in Fig. 1a—c (the thin outer sublayer, the “wave-like” veins

and the “nodular-like” regions) are much richer in Fe than in Al
Micro-hardness results carried out on the nitrided layer are
given in Fig. 2a, b. As depicted in the experimental part, two
hardness measurement protocols were used: a first which con-
sisted in performing indentations on the sample surface with
increasing loads (50, 100, 300, 500 and 1000 g) (Fig. 2a) and a
second which consisted in carrying out an indentation line scan-
profile on the sample cross-section at constant load (100 g)
(Fig. 2b). The Fig. 2a highlights differences in the hardness between
the topmost nitrided surface (about 870 Hv evaluated from the
lowest indentation load of 50 g at the minimum penetration depth
of 1.4 pm) and the remaining nitrided layer (about 1390 Hv eval-
uated with the highest indentation load of 1000 g at the maximum
penetration depth of 5.2 um). Such differences are caused by the
presence of the thin outer sublayer (1—2 pm in thickness) which
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Fig. 2. Variation of the hardness with depth measured: on the top surface of the
nitrided sample from 1 to 5 um depth with increasing loads (50, 100, 300, 500 and
1000 g) and on the cross-section of the nitrided sample from 5 to 76 um depth with a
constant load of 100 g.

exhibits lower mechanical properties and surely different micro-
structural characteristics compared to the inner nitrided sublayer.
This point will be further explored within the next section. The
micro-hardness line scan-profile given in Fig. 2b evidences the
strong surface hardening of the FeAl40 Grade 3 iron aluminide
when subjected to the nitriding treatment. While the hardness of
the base material is about 410 Hv, the hardness of the inner nitrided
layer is about 1400 Huv. It is also worth noting that a good agreement
is observed between the two protocols of the micro-hardness
measurement that were applied since the hardness value
measured on the top surface using the maximum load
(Hv1000g = 1390 in Fig. 2a) is very close to the one measured within
the inner layer (Hvqoog = 1400 in Fig. 2b).

EPMA-depth profiles recorded along the cross-section of the
nitrided layer are given in Fig. 3. Concerning the outer sublayer, the
EPMA analysis performed at 1 um- depth show that the nitrided
layer consists mainly in Fe and N and is totally depleted in Al The
strong presence of Fe and the absence of Al in the outer sublayer are
consistent with the image contrast of the previous SEM observa-
tions carried out under the BSE imaging mode (Fig. 1). Moreover,
the atomic ratio N/Fe is about 0.24 which is very close to the y’-Fe4N
iron nitride composition. This is confirmed with the XRD patterns
given in Fig. 4 which were recorded in grazing-incidence geometry
on the nitrided surface. Indeed, the increase in the relative intensity

A== AN hex.

%

Intensity (a.u.)

A e S S R e e e S e S

:

T
110

w
o
N
o

26 (%)

Fig. 4. Phase composition of the nitrided layer determined from grazing-incidence
XRD measurements at various incidence angles o = 6° and 3°.

of the y’-Fe4N peaks with the decrease in the incidence ¢-angle
(from 6° to 3°) of the X-ray beam evidences that y’-Fe4N is pref-
erentially located at the topmost surface of the nitrided material.
The presence of the y’-Fe4N iron nitride in the thin outer sublayer
explains the lower value in the hardness (870 Hv) measured at the
topmost surface with the minimum indentation load (50 g).
Interestingly, the extrapolation of the hardness data in Fig. 2a gives
a hardness range between 500 and 800 Hv for this outer sublayer
which is rather consistent with the values reported in the literature
for the y’-Fe4N iron nitride [38,39]. In their pioneer work on the
nitriding of a Fe-40 at.% Al alloy, the presence of the y’-Fe4N on the
processed surface was also observed by Spies et al. [28]. Using a
sufficiently high temperature to enable Fe atoms mobility (>550 °C)
and a sufficiently high nitriding potential Ky (>1) to control the
nitrogen supply at the surface, they propose that the diffusion of Fe
atoms towards the nitrogen located at the surface is the main
mechanism for the growth of such iron nitride layer at the topmost
surface. The nitriding conditions used in the present study are close
to those recommended by Spies et al. [28] since the nitriding
temperature was set at 600 °C and the pulsed dc-plasma nitriding
process ensures a high nitrogen supply at the processed surface
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[30]. More recently, the unusual formation of y’-FesN at the
nitrided surface was also reported by Meka et al. [40] upon
nitriding a Fe-4.75 at.% Al alloy. They proposed that the growth of
the y’-Fe4N iron nitride is due to the negligible solubility of Al
within y’-Fe4N in association with the obstructed precipitation of
the AIN aluminium nitride in the a-Fe ferrite. This results in the
nucleation and the growth of a y’-Fe4N needles which deeply
penetrate the nitrided layer (up to about 40 um from the surface).
Although this mechanism is well adapted to describe the formation
of the y'-Fe4N phase during nitriding of Fe-Al alloys with low Al
content (4.75 at.% Al), it remains debatable for Al-rich Fe-Al alloys
for which y’-Fe4N is developed as a thin layer at the topmost sur-
face (less than 2 um). In addition, it is not easy to explain where the
aluminium atoms which are rejected from the y’-Fe4N superficial
layer are going since no accumulation of Al is observed at the outer/
inner sublayer interface. Finally, another possible explanation
which could explain the absence of Al in the outer sublayer consists
in considering the selective evaporation of this element due to a
local higher temperature at the topmost surface of the processed
sample compared to the bulk material (where the temperature
probe is located). Indeed, it is quite possible that some “edge” ef-
fects take place at the extreme surface of the processed sample
mainly due to the ionic bombardment of the surface and the local
distribution of the electric field at the vicinity of the cylindrical
processed sample. These “edge” effects are known to promote a
slight increase of the temperature locally at the topmost surface.
This last explanation should be the subject of further investigations.

Concerning the inner nitrided sublayer, the EPMA-depth profile
given in Fig. 3 shows the presence of both the Fe, Al and N elements.
A weak composition gradient is observed from the surface to the
substrate (36—40 at.% Fe, 37 to 33 at.% N and 26 to 24 at.% Al). A
discussed previously, and taking into account that y’-Fe4N is
associated to the outer sublayer, the GIXRD patterns given in Fig. 4
tend to indicate that the inner sublayer consists in both the hex. AIN
aluminium nitride and the a-Fe ferrite. As the atomic ratio N/Al is
higher than 1, an excess in nitrogen is reported into the inner
sublayer which contains more nitrogen than necessary for precip-
itation of all Al atoms as AIN together with the equilibrium satu-
ration with nitrogen in the a-Fe solid solution. Although the storage
of this amount of excess nitrogen is still the subject of discussion, a
widespread explanation in the literature considers that the nitro-
gen atoms in excess could be trapped at dislocations, phase in-
terfaces and within the strained «-Fe ferrite lattice [40,41,44—53].
As will be discussed hereafter, it is also possible that some excess N
atoms form N, molecules that coalesce in residual porosity.

After crossing the nitrided layer/metal substrate interface, the N
concentration drops sharply to zero while the Fe and Al amounts
increase to reach the base composition of the FeAl40 Grade 3. Such
a sharp decrease in the nitrogen content indicates that there is no
diffusion zone or chemical gradient in the base substrate. Conse-
quently, this suggests that the interaction of Al atoms in the B2 bcc-
ordered matrix and the diffusing nitrogen is of a strong character,
which is to known to give rise to domains separated with a sharp
diffusion boundary [28]. The combination of the Al and the N atoms
to form the hex. AIN aluminium nitrides results in the decompo-
sition of the ordered B2 FeAl base material structure and the
appearance of the a-Fe ferrite structure as indexed on the GIXRD
patterns provided in Fig. 4.

At a sub-micrometre scale, the TEM micrographs given in Fig. 5a
show that the “wave-like” veins of about 100 nm in width are
interconnected and join the segregated “nodular-like” domains.
The STEM/EDS elemental maps shown in Fig. 5b and the quanti-
tative elemental analysis reported in Table 1 evidence that the
“wave-like” veins and the “nodular-like” domains are exclusively
composed of Fe atoms which crystallized into the a-Fe ferrite bcc-

“wave-like” veins

(a)

“nodular-like”
Segregated region

2 um

X § 1.0 pm

Fig. 5. (a) TEM micrographs of the FeAl40 grade 3 sample nitrided at 600 °C in 95%
N, + 5% H; d.c. plasma for 15 min showing a network of segregated “wave-like” veins
and the presence of a segregated “nodular-like” region. (b) STEM/EDS elemental maps
showing the spatial distribution of Fe, Al and N over the segregated “wave-like” veins
and “nodular-like” region.

structure consistently with the previous GIXRD phase identification
(Fig. 4). Without having determine the crystallographic structure
and the elemental composition of such “wave-like” veins, Spies
et al. [28] were the first to report their presence within the nitrided
layer of a Fe-40 at.% Al iron aluminide alloy. Recently, Zhang et al.
[29] have shown that these veins are rich in Fe and they proposed a
mechanism for their formation. Taking into account both the
diffusion of N through the original FeAl grain boundaries and the
strong interaction character between Al and N to form the
aluminium nitride, they suggested that the N atoms preferentially
located along the grain boundaries attract the Al atoms leaving
behind the centre of the nitrided grains depleted in Al and enriched
in Fe. Assuming this explanation, the Fe-rich “wave-like” veins
should be located intragranularly and not at the grain boundaries.
This is clearly not the case since SEM observations such as the
micrographs given in Fig. 1b clearly evidence that: i) these a-Fe
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“wave-like” veins are mainly located at the grain boundaries and ii)
they are preferentially aligned parallel to the nitrided surface.
Looking at the literature corresponding to other systems, the
presence of similar intergranular veins was also observed in
nitrided chromium-alloyed steels. Van Wiggen et al. [41] were the
first to report the presence of Fe3C cementite at the grain bound-
aries of the steel matrix. With prolonged nitriding time, they
showed that the percolation of these cementite domains results in
veins preferentially aligned with respect to the nitrided surface.
Shortly after, using quite the same type of alloyed steel and
applying quite the same nitriding conditions, Barrallier et al. [42]
and Traskine et al. [43] proposed a mechanism of formation of
these oriented carbides. They established that the probability of the
Fe3C cementite precipitation is strongly dependent on the orien-
tation of the grain boundary with respect to the local stress axis
generated in the nitrided layer during the nitriding process. Spe-
cifically, they showed that the nucleation of the Fe3C precipitates is
promoted for the grain boundaries which are oriented parallel to
the nitrided surface because they correspond to the macroscopic
plane of the maximum compressive stress. The TEM micrographs in
Fig. 5a and the STEM/EDS elemental maps in Fig. 5b show the
presence of porosities of about 200 nm in diameter (appearing in
dark under the dark field imaging in Fig. 5b) which are precisely
located within the Fe-rich “nodular-like” region. In the case of
nitriding of iron-based metallic alloys, and to the best of our
knowledges, few authors have reported and discussed the forma-
tion of pores in nitrided layers [41,44,45]. They proposed that the
formation of pores proceeds by the local recombination of N atoms
initially dissolved in the a-Fe ferrite phase, to form N, molecules
which coalesce and produce voids containing nitrogen gas. The fact
that these pores are located within the Fe-rich “nodular-like” re-
gions, often at the intersection of several a-Fe veins (Fig. 5a, b),
suggest that this mechanism can also be valid for the nitriding of
the investigated FeAl40 Grade3 alloy.

At the tens of nanometre scale, the TEM micrograph in Fig. 6a
shows the presence of a “lamellar-like” morphology which fills the
space between the a-Fe “wave-like” veins. The TEM micrographs
also reveal the occurrence of many differently oriented colonies of
lamellae which start from the original FeAl grain boundaries. The
lamellae exhibit a length of about 300 nm on average (Fig. 6a) and a
width of 10 nm (Fig 6¢). The STEM/EDS elemental maps given in
Fig. 6b show that Fe-rich lamellae alternate periodically with Fe-
lean lamellae, the latter being mainly composed of Al and N and
in lower amount of Fe. This results was confirmed with the APT
elemental quantification performed locally on each type of lamella
and reported in Table 1. The selected area electron diffraction
(SAED) pattern recorded on a colony of lamellae (Fig. 6a) reveals the
presence of both the hex. AIN aluminium nitride and the a-Fe
ferrite while the Fourier fast transform (FFT) pattern performed
locally on a single Fe-rich lamella shows the exclusive presence of
the a-Fe ferrite (Fig. 6¢). Consequently, it could be deduced that the
observed lamellar morphology consists in a-Fe lamellae which
alternate periodically with AIN/a-Fe lamellae. The growth of such a
“lamellar-like” morphology has been widely reported in the liter-
ature dealing with the nitriding of iron-based alloys, for example in
the binary Fe-Cr and Fe-V alloys and the ternary Fe-Cr-C alloys

Fig. 6. (a) TEM micrographs of the FeAl40 grade 3 sample nitrided at 600 °C in 95%
N3 + 5% H; d.c. plasma for 15 min showing “lamellar-like” domains and the associated
SAED pattern evidencing the presence of both a-Fe and hex. AIN. (b) STEM/EDS
elemental maps showing the spatial distribution of Fe, Al and N over a “lamellar-like”
domain. (c) High-resolution TEM micrographs of a “lamellar-like” domain and the
associated FFT pattern showing a periodic alternation of o-Fe lamellae and «-Fe/hex.
AIN lamellae.
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Fig. 7. (a) Reconstructed APT microstructure of the FeAl40 grade 3 nitrided at 600 °C in 95% N3 + 5% H; d.c. plasma for 15 min. (b) Top-views of a 3 nm thick transverse section
(indicated with a black rectangle in (a)) showing Al, Fe and N distribution. The black points referred as A, B and C line perimeter indicates regions for which the chemical
composition is given in Table 1. (c) Composition profile of Al, Fe and N integrated through the cylindrical volume indicated in the Fe atoms 3D distribution (14 nm in length and 5 nm

in diameter).

[46—48,53]. The similarity between the lamellar morphology
observed in the nitrided Fe-1wt% Cr alloys forming CrN/o-Fe
lamellae or in the nitrided Fe-2 wt% V alloys forming VN/a-Fe
lamellae and the lamellar morphology observed in the present
nitrided material strongly suggests that the nitriding of the FeAl40
Grade 3 alloy proceeds also through a mechanism of discontinuous
precipitation. With the exception of Zhang et al. [29], who were
recently the first to observe this lamellar morphology in the FeAl40
Grade 3 alloy but without mentioning the possibility of a discon-
tinuous precipitation mechanism, the growth of this specific
lamellar morphology has never been reported in the literature for
the nitriding of the Fe-Al binary alloys [49—52]. This could be
explained by the fact that most of the referenced studies remains
focused on the nitriding of Fe-Al alloys with low amount of Al (a
maximum of 4.75 at.% Al for Ref. [52]) for which the precipitation
proceeds only according to a “continuous” mechanism. In com-
parison, in the case of iron-based alloys (Fe-Cr, Fe-V and Fe-Cr-C
alloys), it has been established that the concentration in the
alloying elements is the main factor that influences the amount of
discontinuously transformed areas in the nitrided layer [47,48,53].
The larger the concentration in Cr or V alloying elements in the
alloy, the larger the amount of discontinuous precipitation taking
place in the ferritic matrix. For example, it has been demonstrated
that below 1 wt% of Cr, the nitrided Fe-Cr alloy shows only a
“continuous” precipitation morphology with dispersed coherent
submicroscopic CrN “platelet-like” nitrides. Comparatively, in the
range of 1-13 wt% of Cr, the “continuous” precipitation mechanism
is concomitant with a “discontinuous” precipitation of CrN/a-Fe
lamellae, the latter occurring only in few grains of the nitrided
layer. Finally, with amounts in Cr above 13 wt%, the nitriding

process involves only a “discontinuous” precipitation for which the
resulting CrN/a-Fe lamellar morphology covers the whole nitrided
layer. In our case, these literature results suggest that the “discon-
tinuous” precipitation is the main mechanism involved for the
nitriding of the FeAl40 Grade 3 because of its high amount of AL

At the nanometre and atomic scales, the APT analyses presented
in Fig. 7a, b and reported in Table 1 were carried out in a probed
volume spreading over a Fe-rich lamella and a Fe-lean lamella.
Within the Fe-lean lamella, a finer structural arrangement is
observed in which Fe-lean clusters are separated by Fe-rich walls.
The detailed spatial distribution of Al, Fe and N species through a
3 nm thick cross-section described by the rectangle in solid lines in
Fig. 7a supports the same description. This is shown in Fig. 7b
where a Fe-rich region located on the left hand side corresponds
actually to the a-Fe lamellae. On the right hand side, within the hex.
AlN/o-Fe lamellae, the Al and N species are localized in Fe-lean
clusters (~6 nm in thickness) which are trapped between two
successive thin Fe-rich walls (~2 nm in thickness) (Fig. 7c). Com-
bined with the high resolution TEM results given in Fig. 6, it is
reasonable to expect that these Fe-rich walls are composed of a-Fe
phase while the Fe-lean clusters probably consists in a hex. AIN/a-
Fe mixture structured at the nanometric scale.

4. Conclusion

A binary B2 bcc-ordered FeAl40 Grade 3 iron aluminide was
nitrided at 600 °C for 15 min with a pulsed DC plasma in a 95% N/
5% H, gas mixture. The microstructure of the nitrided layer was
fully described at the micro-, nano- and atomic scales in order to
propose a better understanding of the nitriding mechanisms that
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occurs in Al-rich Fe-Al alloy (40 at.% Al).
Within the nitriding conditions used, the nitrided layer con-
sisted of two sublayers having very different characteristics:

e An outer sublayer forms at the top surface because of a suffi-
ciently high nitriding temperature (600 °C) combined with the
use of the pulsed-dc plasma nitriding technology which ensures
a high nitrogen supply at the metal surface. This resulted in the
formation of a thin outer sublayer composed of the y’-Fe4N iron
nitride (~1—2 um in thickness) which exhibits a moderate
hardness (between 550 and 850 Hv).

e An inner sublayer which is thicker (36 um in thickness) and
harder (1400 Hv). Within this inner sublayer, the strong inter-
action character between the Al atoms with the diffusing N
atoms results in the formation of the hex. AIN aluminium nitride
and the decomposition of the B2 bcc-ordered structure (fully
depleted in Al) into the a-Fe ferritic structure. An excess in ni-
trogen was revealed in this sublayer. In addition to possible N
trapping at dislocations, interfaces or within the strained lattice
the presence of porosity was revealed which was attributed to
recombination of N atoms, initially present in the a-Fe ferrite
phase, to form N, gas molecules and porosity exclusively located
at the intersection of a-Fe veins.

The microstructure within the inner sublayer was rather com-
plex and revealed a number of interesting additional features at
different scales of analysis:

e The a-Fe phase formed during the nitriding process followed an
intergranular network of o-Fe “wave-like” veins (1-3 pm in
length, ~100 nm in width) that were essentially oriented along
the grain boundaries parallel to the nitrided surface. It is sug-
gested that they form specifically at these boundaries because
they experience the maximum compressive stress.

e When submitted to nitriding, the FeAl40 Grade 3 containing
high amount of Al (40 at.% Al) is subjected to a mechanism of
“discontinuous” precipitation. This mechanism leads to the
growth of a “lamellar-like” microstructure which starts from the
grain boundaries and fills the space between the a-Fe “wave-
like” veins. The lamellar morphology is composed of o-Fe
lamellae which alternate periodically with AIN/a-Fe lamellae
(300 nm in length, 10 nm in thickness).

e The formation of lamellae containing both «-Fe and AIN is rather
unusual. The observations conducted by high resolution trans-
mission electron microscopy and atom probe tomography show
that within an AIN/a-Fe lamella, a finer structural arrangement
is observed with the presence of AIN rich clusters (~6 nm in
thickness) separated by thin o-Fe walls (~2 nm thick).

The diversity of the morphologies evidenced in the present
study highlights the complexity of the nitriding mechanisms of
iron-based aluminides, particularly those containing large amounts
of Al. Further experiments and analysis should be undertaken to
confirm the proposed mechanisms of formation of the multi-scale
morphological features observed in the present study.
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The plasma electrolytic oxidation (PEO) of aluminium alloys is investigated for different electrical working condi-
tions using a pulsed bipolar current supply. A particular attention is paid to the effect of the anodic current density
(from 10 to 90 A dm~2) and current pulse frequency (from 100 to 900 Hz) on the resulting oxide layer.
Micro-discharges are characterized during the process by means of fast video imaging with a time and a space
resolution of 8 ps and 0.017 mm?, respectively. Correlations are established between the micro-discharge charac-
teristics (surface density, lifetime and size) and the elaborated oxide layers (morphology, growth rate and surface
roughness). The highest coating growth rate measured (2.1 um min~!) is achieved with the combination of the
highest current density (75.7 A dm~2) and the highest current pulse frequency (900 Hz). Within these specific
current conditions it is concluded that the detrimental effects of numerous micro-discharges are minimized. The
results also show that the surface roughness may be largely affected by the presence of long-lived and large
micro-discharges which develop over the processed surface. The strongest micro-discharges (live duration up to
0.3 ms and cross-sectional area up to 1 mm?) are mainly observed with the combination of the highest current
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density (75.7 A dm—2) and the lowest current pulse frequency (100 Hz).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Plasma electrolytic oxidation (PEO), also known as micro-arc oxida-
tion (MAO) is a particular technique to produce oxide ceramic coatings
on light-weight valve metals (such as Al, Mg, Zr, Ti and their alloys).
Growth of the oxide layer takes place at potentials above the dielectric
breakdown voltage of the insulating oxide surface layer resulting in the
development of a large number of short-lived micro-discharges (MDs)
which move randomly over the processed surface [1-3]. The resulting
coating exhibits improved surface performances in terms of hardness,
wear protection and corrosion resistance [4-7]. Associated with the use
of environmentally friendly diluted alkaline electrolytes, PEO process
gains a growing interest in various industrial domains (transport, energy,
medicine) to replace conventional chromic acid anodizing (CAA) or hard
acid anodizing (HAA) [2,8].

Numerous studies on the growth mechanisms of PEO coatings have
been carried out. All evidence the key role played by the MDs. Plasma
during the PEO process has been investigated by using optical emission
spectroscopy [9-13]. In this field, Konjevi¢'s research group reports sev-
eral studies on the determination of the electron number densities Ne
and electron temperature T, in real time with the PEO process [14-17].
MDs have also been studied by video imaging in order to determine

* Corresponding author. Tel.: 433 383584 251.
E-mail address: julien.martin@univ-lorraine.fr (J. Martin).

0257-8972/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.surfcoat.2013.01.029

their surface number density, lifetime and size at different stages of the
treatment. Yerokhin et al. [18] recorded video images at 24 Hz (41 ms
time resolution) when AC PEO processing of aluminium samples.
Matykina et al. [19] observed the MDs on titanium with a time resolution
of 10 ms, while Mécuson et al. [20] studied the MD behaviour during
bipolar pulse PEO of aluminium using an exposure time of 2 ms. More re-
cently, Melhem et al. [21,22] demonstrated the necessity of improving
the time resolution to the microsecond range in order to get a more reli-
able estimation of the MD characteristics.

In the present work, MDs were examined during the bipolar pulse
PEO treatment of Al alloys using fast-video imaging with a time resolu-
tion of 8 ps. Measurements allowed us to investigate the influence of
the imposed bipolar current pulse on processed materials. A particular
attention was paid to the current density and the current pulse frequen-
cy values which are known to have strong effects on the performances
of the grown oxide layers [23,24]. The latter were characterized by
roughness measurements and by scanning electron microscopy obser-
vations of both the top surface and coating cross sections. An attempt
is made to draw close correlations between measurements on the
MDs and material characteristics to better understand the growing
mechanisms of the protective coatings.

2. Experimental procedure

The experimental set-up consists basically of an electrolysis tank
containing an electrolytic solution made of KOH and Na,SiOs diluted
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Table 1

Chemical composition of 2214 and 1050 Al alloys (wt.%).
Al grade Al Cu Mg Mn Fe Si Zn Ti Cr
Al 2214 Balance 39-5 0.5-1.2 04-12 03 05-1.2 025 0.15 0.1
Al 1050 Balance 0.05  0.05 0.05 04 025 0.07 005 -

in distilled water in the range of 1 g 17!, A cooling device allows us to
maintain the temperature of the electrolytic solution below 30 °C
(303 K) during the process. The electrolyte electrical conductivity and
pH are 2.8 mS cm™ ! and 13, respectively. Two rectangular titanium
counter-electrodes (cathodes) face both sides of the sample (anode).
The electrode gap between each counter-electrode and the sample is
28,5 mm. A bipolar current pulse generator (Ceratronic® process
[25]) working in galvanostatic mode is used to supply both the sample
and the counter-electrodes. As reported by Mécuson et al., different
shapes of the applied current waveform can be achieved by adjusting
the current parameters (rising and fall time, frequency, amplitude,
offset) over a wide range of values [10,11,20]. So, the amplitude of the
positive (I,) and negative (I,) currents, the current pulse frequency
(F) and the anodic to cathodic charge quantity ratio (R=Q,/Q,) can
be adjusted to suitable values [20]. In particular, they established that
applying a higher negative charge quantity than the positive one (R=
0.89 hereinafter referred to as “soft” regime) to the Al alloy sample
greatly improves the resulting oxide layer properties by reducing the
detrimental effects of strong arc discharges. With this particular soft re-
gime conditions, the positive current density (J,) and current pulse fre-
quency (F) are investigated in the range 10 to 90 A dm~2 and 100 to
1000 Hz, respectively. Two grades of Al alloys were used as substrate
in this work. The effect of the positive current density was investigated
using 2214 grade Al alloy while 1050 grade Al alloy was used to study
the effects of the current pulse frequency. The chemical composition
of both Al alloys is given in Table 1. Samples have a rectangular shape
of 50 mmx 30 mmx 6 mm. Prior to be processed, samples are polished
with 320 grit SiC abrasive papers, ultrasonically cleaned with acetone
and dried. Samples in 2214 grade Al alloy were processed for 70 min
while samples in 1050 grade Al alloy were treated for 40 min.
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Fig. 3. Pictures of the spatial distribution of micro-discharges events over the surface of
the Al1050 alloy sample processed with J,=75.5 A dm~? and F=100 Hz at various
stages: a) 1 min; b) 5 min; ¢) 10 min and d) 15 min. Each picture corresponds to the
integration of 11,250 successive images recorded over 90 ms (9 pulse periods).

Video images of the MDs during PEO processing are recorded
using a Photron SA1.1 camera which allows us to study the MD evo-
lution either along the current period or over the processing time.
For the present study, the sampling rate is set at 125,000 frames per
second (125 kfps) which corresponds to a time resolution of 8 ps.
Under these specific recording conditions, the spatial resolution of
the camera was set at 0.017 mm? which is much lower (by a factor
of ~15) than the minimum area of MDs that was detected in the ex-
periments. Automatic image processing is done using a homemade
software [26,27] allowing us to follow the MD surface number density
per unit time, the lifetime (ms) and the size (area in mm?) distribu-
tions of the MDs on the surface as a function of the processing time.

Top views and cross-sections of the PEO-treated samples were exam-
ined by field emission gun scanning electron microscopy (FEG-SEM —
Philips XL30) working in backscattered electron mode. Prior to be exam-
ined, samples were cut, mounted in resin, polished through successive
grades of SiC abrasive papers and finely polished to 1 um with diamond
paste. The centre and the edge of the treated samples were closely exam-
ined. The centre of the sample is defined as an investigated area
(2 mmx2 mm) centred at the intersection of the two diagonals of the
rectangular shape of the sample. Concerning the edge of the sample,
the investigated area (2 mmx 2 mm) is located at 1 mm from the centre
of its longest side. In both regions, the coating thickness was determined
as the average value of 20 measures taken on cross-section over 20 dif-
ferent positions (each 100 pum). The average mean surface roughness of
the coating, R, (um), was assessed using a Surfscan 3S profilometer
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Fig. 4. Micro-discharge surface number density as a function of the PEO process time
for various a) current densities J, (for Al2214 alloy sample processed with F=
100 Hz) and b) current pulse frequencies F (for A11050 alloy sample processed with
Jpb=757 Adm™?).

with lateral and depth resolutions of 8 um and 0.1 pm, respectively.
Roughness of the samples before PEO treatment is 0.20 pm.

3. Experimental results and discussion
3.1. Establishment of the “soft” sparking regime

In our previous studies, it was established that setting the anodic to
cathodic charge quantity ratio R less than 1 leads to a total modification
of the growth regime that switches from an “arcs” regime to a “softer”
one [20,21]. The latter does not exhibit the strong arcs that were reported
as detrimental to the oxide layer properties thus resulting in thicker,
more dense and more homogeneous (in terms of thickness over the
sample area) layers. The “arcs” to “soft” regime switching time is
detected by the drop in the anodic voltage amplitude (Fig. 1) due to
the change in the impedance of the substrate/layer system [20,28]. The
dependence of the switching time on the anodic current density and cur-
rent pulse frequency is plotted in Fig. 2a and b respectively. The higher
the current density and the current pulse frequency, the earlier the
process switches to “soft” regime. Transition appears at 62 min with
252 Adm™2 at 100 Hz and drops to 14 min with 75.7 A dm™2 at
900 Hz. It is also worth noting that after 100 min of treatment with the
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Fig. 5. Lifetime distribution of micro-discharges recorded at 10 min processing time
(before “soft” sparking regime) for various a) current densities J, (for Al2214 alloy
sample processed with F=100 Hz) and b) current pulse frequencies F (for Al1050
alloy sample processed with J,=75.7 A dm~2).

lowest investigated current density (12.5 A dm™2) and pulse frequency
(100 Hz), the “soft” regime is not reached.

3.2. Micro-discharge characteristics

Fig. 3 shows the spatial distribution of the MDs over the sample
surface (at 75.5 A dm~2 and 100 Hz electrical conditions) at various
processing times (1, 5, 10 and 15 min). Each plot consists of an integra-
tion of the 11,250 processed images over 9 periods of the current pe-
riods (90 ms). It clearly appears that the number of MDs which
develop over the surface decreases progressively as the PEO process
time increases. Moreover, at the beginning of the PEO treatment (espe-
cially before 5 min treatment time), the MDs do not cover the sample
surface uniformly. Indeed, a large amount of MDs are preferentially lo-
cated at the corners and at the edges of the sample. Such kind of
non-uniformity of the PEO treatment has already been reported by
Melhem et al. [21] within similar processing conditions.

Fig. 4 shows the evolution of the surface number density of MDs deter-
mined by means of video-imaging as a function of the PEO processing
time for the different anodic current densities (Fig. 4a) and current
pulse frequencies that were investigated (Fig. 4b). Whatever the electrical
conditions used MD surface density at the beginning of the process (after
1 min treatment time) is higher than 5.10°> cm 2 s~ . As the PEO process
goes on, the surface density of MDs decreases nearer to 10* cm =2 s~ ! at

a) 100 T T T -
F=100Hz ceokes J,=63.1 Adm
_ —ae= J, =379 Adm?
E =12.6 A.dm™
‘\.'UE 105 L —e— J,=126Adm
g
L2
2 104t
2]
=
)
ko]
]
2 103 Sk
€ N
& 102k <
= £
101 | ' ' ' '
0,0 0,5 1,0 1,5 2,0 2,5 3,0
Size /mm?
b) 109 e . . . . .
Jp=757Adm?2 [ S Foo00Hz 1
in — el ¢ e F=500Hz
(\;’3 105_ S ——— F=100Hz 1
= &
L
>
a’ 104_
=
]
<
8 10
8 10°
i
=
w
5 102 £
S E
101 L L L L i
0,0 0,5 1,0 1,5 2,0 2,5 3,0

Size /mm?

Fig. 6. Size distribution of micro-discharges recorded at 10 min processing time (before
“soft” sparking regime) for various a) current densities J, (for Al2214 alloy sample
processed with F=100 Hz) and b) current pulse frequencies F (for AI1050 alloy sam-
ple processed with J,=75.7 A dm™2).

longer treatment times (up to 50 min). The decrease is much stronger as
the current density and the current frequency get higher. It is worth not-
ing that with the specific electrical conditions (12.6 A dm™2; 100 Hz),
the process does not switch to the soft regime. Consequently, the surface
density of MDs remains quite high (~1.10° cm~2s~!), even at long treat-
ment times.

The fitting of the experimental data points using a double exponen-
tial decay law (solid line in Fig. 4a) clearly points out that the decay of
the MD number on the surface results from two distinct phenomena
which are likely due to the breakdown mechanisms and consequently
to the layer thickness and dielectric properties. However, further
works are needed to clearly identify these mechanisms.

The lifetime distributions of MDs were determined for the various
electrical conditions investigated. Such distributions recorded at
10 min processing time and before the establishment of the “soft”
sparking regime are plotted in Fig. 5. It shows the surface density of
MDs as a function of the MD life-time. Integration of this distribution
curve allows us to determine the arithmetic average of the MD
life-time. Irrespective of the applied electrical conditions, most of the
MDs last less than 200 ps. The MD lifetime increases with the increase
in the current density with an average duration of ~21, ~41 and
~56 ps at 12.6, 37.9 and 63.1 A dm 2, respectively. Long-lived MDs
are observed at high current density. The lifetime of MDs decreases
with increasing the current pulse frequency with an average duration
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Fig. 7. Backscattered electron micrographs of the cross-sections of PEO processed samples:

a) AI2214 — 100 min — 12.6 A dm~2 — 100 Hz — at the centre of the sample

b

Al2214 — 100 min — 12.6 A dm~2 — 100 Hz — at the edge of the sample

Al1050 — 40 min — 75.5 A dm~2 — 100 Hz — at the centre of the sample

)
)
d) AI1050 — 40 min — 75.5 A dm~2 — 100 Hz — at the edge of the sample
e)

Al1050 — 40 min — 75.5 A dm~2 — 900 Hz — at the centre of the sample
f) Al1050 — 40 min — 75.5 A dm~2 — 900 Hz — at the edge of the sample.

of ~49, ~47,and ~38 ps at 100, 500 and 900 Hz, respectively. Long-lived
MDs are produced at low frequencies.

Fig. 6 is the distribution in size of MDs recorded at 10 min process-
ing time for three different current density values (Fig. 6a) and three
different pulse frequencies (Fig. 6b). It shows the surface density of
MDs as a function of the MD size. It can be seen that whatever the
processing conditions used a large amount of MDs exhibit a small
size (area) between 0.5 and 1 mm?. Fig. 6a illustrates the influence
of the current density on the size distribution of MDs. It shows that
the large MDs are promoted at high current density. The arithmetic
average size calculated from the integration of the size distribution
curve is about ~0.54 mm?, ~0.72 mm? and ~0.76 mm? at 12.6, 37.9
and 63.1 Adm™2, respectively. At very low current density
(12.6 A dm™2) size of the MDs doesn't exceed 2.0 mm?. Fig. 6b illus-
trates the effect of the current pulse frequency on the size distribution
of MDs. It can be seen that size of the MDs tends to decrease with
increasing the current pulse frequency with an average size of
~0.77 mm?, ~0.63 mm? and ~0.56 mm? at 100, 500 and 900 Hz, re-
spectively. Large size MDs are promoted when working at low cur-
rent pulse frequencies.

3.3. Discussion about the elaborated oxide layer characteristics

Fig. 7a-f shows scanning electron microscopy micrographs of
cross-section of PEO layers achieved within different electrical condi-
tions. Micrographs in Fig. 7a-b were taken at the centre (Fig. 7a) and
at the edge (Fig. 7b) of Al2214 sample processed for 100 min at low
current density (12.6 Adm~2) and low current pulse frequency
(100 Hz). Whatever the location on sample, the oxide layer consists
of plates and appears as non-homogeneous with an irregular metal-
oxide interface. It is rather thin with large porosities. This morpholo-
gy, which is characteristic of a PEO discharge regime made of “arcs”,
can be explained by the fact that no transition from “arcs” to “soft” re-
gime was observed for these specific electrical conditions (see
Fig. 2a). Jaspard-Mécuson et al. [20] demonstrated that under “arcs”
regime, such thin and damaged coating results from a competition
between oxidation and erosion mechanisms which are both assisted
by numerous arc discharges. This is consistent with our previous ob-
servations regarding the surface number density of MDs which re-
mains high even after long treatment duration for these specific
conditions (Fig. 4a). Fig. 7c-d shows micrographs of Al1050 sample
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Fig. 8. Dependence of the average growth rate of the oxide layer at the centre and the
edge of PEO processed samples on a) the current density J, (for Al2214 alloy sample
processed with F=100 Hz, after 70 min treatment) and b) the current pulse frequency
F (for AI1050 alloy sample processed with J,=75.7 A dm™?2, after 40 min treatment).

treated for 40 min at high current density 75.5 A dm~—2 and low cur-
rent pulse frequency (100 Hz). Observations were done at the centre
(Fig. 7¢) and at the edge (Fig. 7d) of the sample. Whatever the loca-
tion on sample, micrographs evidence that increasing the anodic cur-
rent density improves the coating thickness and morphology. This
trend is closely connected to the “arcs” to “soft” regime transition
which occurs earlier with higher current density leading to an earlier
decrease in the MD surface number density (Fig. 4a). The oxide layer
thus elaborated is typical of a PEO treatment under “soft” regime con-
ditions and can be divided into two sub-layers as described in the lit-
erature: an outer layer constituted of fine pores and an inner, more
compact layer [10,20]. Fig. 7c-d also illustrates that the oxide layer
in the centre (Fig. 7c) and in the edge (Fig. 7d) of the sample exhibits
different morphology. Thickness of the oxide layer is thicker at the
edge than at the centre. Homogeneity of the thickness is also im-
proved at the edges than at the centre where it can be observed
some residual large discharge channels and a plate-like layer at the
top surface. This variation in the oxide layer morphology is related
to the spatial gradient in the MD number observed previously in
Fig. 3. At the edge, where MDs are numerous at the beginning of the
PEO treatment, oxide layer is thicker and more compact than at the
centre where less numerous MDs have been observed. Influence of
the current pulse frequency on the oxide layer morphology is illus-
trated in Fig. 7e-f that shows cross-sections of Al1050 sample
processed for 40 min at high current pulse frequency 900 Hz at the
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Fig. 9. Dependence of the roughness of the oxide layer at the centre and the edge of PEO
processed samples on a) the current density J, (for Al2214 alloy sample processed with
F=100 Hz, after 70 min treatment) and b) the current pulse frequency F (for Al1050
alloy sample processed with J,=75.7 A dm™?, after 40 min treatment).

centre (Fig. 7e) and at the edge (Fig. 7f). It can be clearly seen that
the coatings become thicker and more compact as the working fre-
quency increases which matches the earlier occurrence of the “soft”
PEO treatment regime (Fig. 4). It is also accompanied by a more reg-
ular oxide layer/substrate interface and a more homogeneous treat-
ment over the sample surface.

The average coating growth rate of the PEO coatings determined
under different current densities and different current pulse frequencies
is presented in Fig. 8a and b, respectively. Such average growth rate is
calculated by dividing the final layer thickness by the treatment time.
In the range of the investigated electrical conditions, the current density
seems to have a more pronounced influence on the growth rate than the
current pulse frequency parameter. It is also noteworthy that there is an
enhancement of the average growth rate with the increase in both the
current density and the current pulse frequency. For example, the
highest coating growth rate observed (2.1 um min~!) is achieved with
the combination of the highest current density (75.7 A dm™2) and the
highest current pulse frequency (900 Hz). In contrast, the lowest oxida-
tion kinetics is attributed to the lowest current density (12.5 A dm~2)
and the lowest current pulse frequency (100 Hz). This result is closely
correlated to the MDs which become less numerous earlier and earlier
as the surface is processed for higher current densities and higher cur-
rent pulse frequencies. This promotes the occurrence of the “soft” regime
transition as described above (Figs. 2 and 4). Fig. 8a and b also illustrates
another interesting feature: irrespective of the electrical conditions used,
the average growth kinetics is always higher at the edge of the sample
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than at the centre. Nevertheless, it can be noted that this spatial gradient
in the coating growth rate is more pronounced when working with high
current density and low current pulse frequency.

Fig. 9 reports on the dependence of the surface roughness of the
oxide layers on the current density (Fig. 9a) and current pulse fre-
quency (Fig. 9b). Fig. 9a shows that roughness increases with the in-
crease in current density while Fig. 9b evidences a decrease in
roughness with the increase in current pulse frequency. This depen-
dence can be associated with the strength of the MDs in terms of life-
time and size as discussed above which exhibits a similar tendency:
MDs last longer and are larger for both higher current density and
lower current pulse frequency. Roughness may be at least partly a
consequence of the long-lived and large size MDs which have detri-
mental effects on the growing oxide surface. Within the electrical
conditions used, Fig. 9 shows that roughness measurements exhibit
differences between the centre and the edge of the treated samples.
Roughness is always higher at the edge of the sample than at the cen-
tre. Moreover, such spatial gradient in the roughness is stronger at
high current density and low current pulse frequency.

4. Conclusion

In this study, the effects of the anodic current density (from 10 to
80 A dm~2) and the current pulse frequency (from 100 to 900 Hz) on
the resulting oxide layer in the bipolar PEO processing of aluminium al-
loys have been investigated. Correlations between the micro-discharges
characteristics (surface density, lifetime and size) and the processed
material (thickness, homogeneity and roughness) have been discussed.

Firstly, results show that fast-video imaging with a time resolution of
8 s makes it possible to accurately investigate the micro-discharges
in real-time over the PEO process.

Secondly, it has been found that the increase in the anodic current
density and the pulse frequency provides a qualitative improvement
in the coating growth rate and homogeneity. This is explained by
the surface number density of micro-discharges which falls down
more rapidly with higher current density and higher frequency,
leading to an earlier “soft” regime occurrence.

* Thirdly, results evidence that long-lived and large size micro-
discharges (up to 0.3 ms and 1 mm?, respectively) observed for
high current density and low current pulse frequency are detrimental
to the oxide layer roughness. On the contrary, short-lived and small
size micro-discharges (down to 0.2 ms and 0.5 mm?, respectively)
measured at low current densities and high pulse frequency appears
to have less detrimental effect on the material roughness.

Finally, within the PEO process parameters investigated, our results in-
dicate a spatial heterogeneity in morphology over the PEO processed
sample area which becomes more pronounced at high current density
and low current pulse frequency. Average growth rate and roughness
are higher at the edge than at the centre of the samples.
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PEO was conducted on Al by applying a pulsed bipolar current. The role of the cathodic polarization on
the appearance of micro-discharges (MDs) and on the subsequent formation of the PEO oxide layers is
investigated. Various ratios of the charge quantity RCQ =Q,/Q, (defined as the anodic Q, to cathodic Q;
charge quantity ratio over one current pulse period) in the range [0.5; 6.0] were selected by changing
the waveform parameters of the cathodic current while keeping the waveform of the anodic current
unchanged. Results show that the appearance of MDs is delayed with respect to the rising edge of the
anodic current; this delay strongly depends on both the processing time and the applied cathodic charge
quantity. It is also evidenced that shorter delays promoted by high RCQ values (RCQ > 1) are associated
with stronger MDs (large size and long life) that have detrimental effects on the formed PEO oxide layers.
Thicker and the more compact oxide layer morphology is achieved with the intermediate RCQ value
(RCQ=0.9) for which the delay of the MDs appearance is high and the MDs softer. Low RCQ (RCQ<0.9)
results in an earlier extinction of the MDs as the process goes on, which leads to poorly oxidized metal. A
mechanism of charge accumulation taking place at the oxide/electrolyte interface and arising before the
occurrence of dielectric breakdown is proposed to explain the ignition of MDs during pulsed bipolar PEO
of aluminium. A close examination of the voltage-time response which can be adequately simulated with
an equivalent RC circuit evidences the capacitive behaviour of the oxide layer and therefore confirms this
proposed mechanism of charge accumulation.
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1. Introduction

Plasma Electrolytic Oxidation (PEO) is a plasma-assisted elec-
trochemical conversion process of metallic surfaces to produce
protective ceramic coatings. [1-4]. PEO is particularly dedicated
to light-weight metals (Al, Mg, Ti) and their alloys. When applied
to aluminium alloys, the resulting PEO coating exhibits improved
thermal-, wear- and corrosion-resistance because thick, hard, com-
pact and adherent crystalline oxide layers can be achieved [5-10].
By applying high voltages to the electrodes, usually beyond the crit-
ical dielectric breakdown threshold of the growing oxide layer, the
PEO process is characterized by the generation of numerous tiny
and short-lived micro-discharges (MDs) that occur continuously
over the processed surface [11-15]. As the PEO process can be con-
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ducted in diluted alkaline electrolytes and therefore complies with
the recent environmental and health regulations, it gains consid-
erable promises in various technological and industrial domains to
replace conventional acid anodizing processes. Nevertheless, one
of the main drawbacks of the PEO process, which restricts its use at
the industrial level, lies in the relatively high costs of the treatment
arising from high electric energy consumption associated with the
application of high current densities (typ. 10-60 A/dm?) and volt-
ages (up to 400-700V). Research works devoted to improve the
energy efficiency of the PEO process are abundant in the litera-
ture and the main ways that are proposed consist in adopting an
engineering approach by adjusting the PEO processing parameters
such as the electrolyte composition [16-21] and the applied elec-
trical signal [22-29]. For example, when a pulsed bipolar current is
applied to the electrodes, Jaspard-Mécuson et al. established that
the right setting of the current waveform parameters and the right
control of both the anodic and cathodic charge quantity delivered
to the electrodes over one current pulse period is crucial to pro-
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mote the rapid formation of compact and thick oxide layers [23],
thus reducing the energy consumption.

On the other hand, the large-scale application of the PEO pro-
cess is also limited because there is still no clear understanding of
the physical mechanisms that are responsible for the oxide growth
during PEO, even if progresses have been made over the past few
years in proposing phenomenological description. In this context,
few authors have provided mechanisms of PEO coating forma-
tion. It is also generally accepted that such mechanisms can be
divided into two categories, those that tend to explain the oxi-
dation of the metal under the presence of the MDs [30-35] and
those that tend to describe the dielectric breakdown of the grow-
ing oxide immersed in a conductive electrolyte, which results in
the MDs ignition [36-41]. In the first category, by considering the
metal/oxide/electrolyte system, Klapkiv proposed a one-discharge
model directly inspired from the model of steam and gas vial
[30,31]. Later, on the basis of experimental data, Sundararajan et al.
have proved that the growth of oxide layers results from the molten
material that is subsequently oxidized during ejection from the dis-
charge channel, rapidly solidified by the surrounding electrolyte
and re-deposited on the processed surface [32,33]. Yerokhin et al.
considered two concomitant mechanisms of oxidation including
electrochemical surface oxidation and plasma chemical oxide syn-
thesis in discharge channels [34]. Matykina et al. used the 180
isotope as a tracer to explain the oxidation mechanism within PEO
conditions [35]. They showed that transport of oxygen is performed
owing to two mechanisms including diffusion of oxygen in the
solid state and decomposition of water molecules trapped in small
defects (porosities and cracks) to form ions and radicals under the
plasma. Concerning the second category of mechanisms, i.e. those
describing the ignition of MDs during PEO, Hussein et al. [36,37]
proposed a multi-discharge model involving three types of MDs
occurring at different places and times through the oxide thickness:
A-type MDs occur in relatively small holes or impurities near the
topmost surface of the oxide layer, B-type MDs develop through-
out the overall thickness of the oxide layer and C-type MDs ignite
in the micro-pores of oxide layer. On the basis of optical emission
spectroscopy results performed during PEO of aluminium, Jovovic
etal. confirmed the presence of these three types of MDs [38]. In the
case of PEO in silicate electrolyte, Dehnavi et al. show that A-type
MDs occurring at the topmost surface of the oxide layer are due to
silicon anions adsorbed on the metal surface [39]. More recently,
Cheng et al. modified Hussein’s model by adding two other types
of MDs (D- and E-type) in order to take into account the presence
of an outer porous layer and an inner compact layer separated by
large porosity regions filled with electrolyte [40-42]. Concerning
the appearance of MDs recorded under AC PEO conditions, Arrabal
et al. were the first to report a delay between their detection and
the anodic current pulse, MDs occurring later with respect to the
rising edge of the current [43]. Though the authors observed slight
differences in the delay as a function of the nature of the magne-
sium alloys that were studied, no thorough investigation into the
origin of such phenomena has been conducted since then. By using
a pulsed bipolar current, Mehlem also observed that MDs events
are delayed with respect to the rising edge of the anodic current
[44]. Nevertheless, clear explanations about the origin of such phe-
nomena are still pending and more systematic investigations are
needed.

Based on the use of pulsed bipolar PEO conditions on aluminium,
the present study focuses on the influence of the anodic to cathodic
charge quantity ratio on the delay of the MDs appearance in order
to better understand the mechanisms that are responsible for the
dielectric breakdown of the growing oxide and therefore for MDs
ignition. To this purpose, the collected results from the in situ
PEO process characterization (voltage- and current-time responses,
light emission and MDs parameters) and from the ex situ PEO coat-

Table 1
Pulse parameters for PEO of Al (Anodic pulse waveform is kept unchanged,
Qp =62+ 2C, tanod, =4 mS, lynoa, =20+ 0.5A).

Ratio of charge

quantity RCQ=Q,/Qx

Cathodic charge
quantity Q, (C)

Cathodic pulse Cathodic pulse
duration teye (ms) current Iy, (A)

0.5 123.0 6 -21
0.9 68.5 6 -12
1.5 41.0 6 -7
1.6 38.5 3.5 -12
6.0 103 1.2 -12
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Fig. 1. Evolution of the anodic and cathodic voltage amplitudes with the processing
time for different values of the charge quantity ratio RCQ.

ings characterization (morphology, elemental and crystallographic
composition) are firstly introduced. Secondly, based on the discus-
sion of the collected results, a mechanism of charge accumulation
occurring at the electrolyte/oxide layer interface is proposed.

2. Experimental
2.1. Material and PEO treatments

Acommercial 2214 grade aluminium alloy was used as substrate
(content in weight%, 3.9-5 Cu, 0.5-1.2 Mg, 0.4-1.2 Mn, 0.5-1.2 Si,
0.5 Fe, 0.5 Ti, 0.25 Zn, Al as balance). Prior to process, all the sam-
ples (50 x 30 x 6 mm? in size) were ground with 1200 SiC paper,
ultrasonically degreased in acetone, dried in warm air, and then
immersed in the electrolyte. The PEO process was run in a solu-
tion of potassium hydroxide ([KOH]=1gL-1=0.018 molL~1) and
anhydrous sodium silicate ([Na,SiO3]=1.65gL~!=0.014molL-1)
diluted in deionised water. The measured pH of the fresh electrolyte
is 12.5. Two titanium plates of 200 x 200 x 1 mm? in size were
used as counter-electrodes. They were symmetrically located at
90 mm apart from the aluminium sample. A cooling device allowed
the electrolyte temperature to be kept in the range of [25-30°C].
As suggested in Ref. [45], after each treatment, the aged elec-
trolyte was removed from the electrolysis tank and replaced with
a fresh one in order to limit the ageing effect of the electrolyte.
The PEO treatments were conducted by using a pulsed bipolar cur-
rent from an electrical generator working in current control mode
(Ceratronic® process [46]). An asymmetrical quasi-square current
waveform was applied to the processed samples. As depicted in
Ref. [23], all the waveform parameters can be adjusted over a wide
range of values. The charge quantity ratio (RCQ) is defined as the
ratio of the anodic (Qp) to cathodic (Q) charge quantity [23]. As
reported in Table 1 and as illustrated in Fig. S1 in Supplementary
data, various values of the anodic to cathodic charge quantity ratio
(RCQ=0.5; 0.9; 1.5; 1.6 and 6) were tuned and applied to the elec-
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trodes. They were designed by adjusting either the cathodic current
amplitude I, (from —7 to —21A) or the cathodic period dura-
tion t.q. (from 1.2 to 6 ms). For all RCQ values, the anodic current
waveform was unchanged. The anodic current amplitude was set
at Ign0q. =20 A, which corresponds to an anodic current density of
50.5 Adm~2. The anodic period duration was set at typ,q. =3.4 ms.
Duration of the PEO process was set at 30 min for each sample.

2.2. Material characterization

The grown oxide layers were observed by scanning electron
microscopy (FEG-SEM Philips XL30). Top views of the processed
surfaces and cross-section views of the oxide layers were exam-
ined in SE (secondary electron) and BSE (back-scattered electron)

mode, respectively. Prior to their characterization, samples were
cut, mounted in resin, polished with successive grades of SiC abra-
sive papers and finely polished with a 1 wm diamond paste. The
phase composition of the layers was investigated by X-ray diffrac-
tion measurements (XRD) using a Bruker D8 ADVANCE (Cu-Kg
radiation A =0.1542 nm at 40kV and 30 mA) instrument operated
in Bragg-Brentano geometry with a step size of 0.005° and a scan
range from 10 to 100°. XRD measurements were performed on the
surface of all the processed samples. The relative content of corun-
dum phase (a-Al;03) in the oxide layer was deduced from XRD
peak adjustment and calculated from the integrated intensity of
a-Al, 03 peaks compared with the integrated ones of both a- and
T]—A1203 [45]
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2.3. PEO process characterization

The light emitted by the micro-discharges (MDs) was detected
with a Hamamatsu R928 photomultiplier whose output signal was
amplified by a 300 MHz bandwidth current amplifier (Standford
Research Systems SR445). The photomultiplier signal, together
with current and voltage waveforms, were collected and recorded
using a 1 GHz bandwidth oscilloscope (Agilent 54832B) over more
than 20 periods of the current. As a complement, videos of the MDs
during PEO processing were recorded using a Photron SA1.1 high
speed camera, which allowed us studying the MDs evolution with
time. As described in a previous work [45], only half-part of the
sample is filmed over an area of 7.5cm? (30 mm x 25 mm). For
the present study, the sampling rate was set at 125,000 frames
per second (125 kfps) which corresponds to a time resolution of
8 ws. Under these specific recording conditions, the spatial reso-
lution of the camera was set at 0.017 mm? which is at least three
times lower than the average area of MDs that was detected in
the experiments. Automatic image processing was done using the
TRACE software to discriminate MDs and to follow some of their
characteristics as a function of the processing time such as their
spatial distribution, surface density (per unit time), lifetime (js)
and size (cross-sectional area in mm?2) [47,48].

3. Experimental results
3.1. Insitu characterization of the PEO process

Fig. 1 shows the evolution of the anodic and the cathodic voltage
amplitudes as a function of the processing time for the different
RCQ investigated. The voltage-time responses of the PEO treat-
ments reveal quite similar trends for all the investigated RCQ. In
current control mode, as the PEO process starts, a sharp increase in
the voltage occurs during the first seconds, which is then followed
by a much reduced voltage increase rate. The anodic potential, at
which slope changes, is designated as the sparking potential and is
usually associated with the ignition of the first MD over the pro-
cessed surface [2,16,40,45]. Increasing the RCQ value from 0.5 to 6.0
results in a higher anodic breakdown voltage from 625V to 652V,
respectively. In the specific case of the lowest value (RCQ=0.5), a
decrease in the anodic voltage amplitude is observed after 8 min.
Although this electrical behaviour can be interpreted as the occur-
rence of the “soft” regime, the fact remains that it does not result in
the formation of a thick and homogeneous covering oxide layer as
shown below. However this specific electrical condition will be con-
sidered throughout the study because its contribution supports the
proposed mechanism of charge accumulation which will be discuss
hereinafter.

Chronograms in Fig. 2 show the evolutions of the light emission
as a function of the corresponding current and voltage waveforms
recorded over 10 ms for the different RCQ investigated and after 1,
8 and 30 min of the process. As usually encountered within the pro-
cessing conditions used in this study, MDs appear only during the
anodic polarization. At the beginning of the treatment (1 min) and
for all investigated RCQ light emission is detected simultaneously
with the anodic current pulse. This suggests that at the beginning
of the process, the delay between the MDs appearance and the ris-
ing edge of the anodic current is null. However, after 8 min and
depending on the RCQ value, light emission is detected after delay
ranging from a few microseconds to a few hundreds of microsec-
onds with respect to the rising edge of the current. It appears that
the delay in the MDs appearance is longer for lower RCQ values.
As the process goes on, the delay increases for all the investigated
RCQ. At the end of the process (30 min), no light emission is detected
for the lowest RCQ=0.5, which suggests an extinction of the MDs
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Fig. 3. Evolution of the delay of light emission with the processing time for various
values of the charge quantity ratio RCQ.

during the PEO treatment. Concerning the voltage-time response,
once the current starts, the voltage increase rate is not constant.
Moreover, the voltage-time response varies as the process goes on
and it strongly depends on the RCQ value. Indeed, the increase in
the voltage is slower for greater processing time and for lower RCQ.
This point will be investigated in detail hereinafter.

Fig. 3 shows the variation of the delay in the MDs appearance
as a function of the processing time for the different RCQ that were
investigated. As the process starts, Fig. 3 confirms that no delay is
detected between light emission and the rising edge of the anodic
current. At the end of the process (30 min), the highest value of the
delay (2.06 ms) is recorded for the sample processed with the inter-
mediate RCQ=0.9 while the lowest value (0.18 ms) is obtained for
the highest RCQ=6.0. Until the thirteenth minute of the process,
the evolution of the delay for the intermediate ratios RCQ=0.9, 1.5,
1.6 follow a similar trend. After that, the delay increases almost
linearly for R=0.9 while for the two other close ratios R=1.5 and
1.6, the delay stabilizes to an almost constant value at 0.8 ms. In
addition, Fig. 3 also evidences that in the specific case of the low-
est RCQ=0.5, the delay increases rapidly with the processing time
and extinction of the MDs occurs after 8 min, which coincides with
the onset of the anodic voltage decrease observed in Fig. 1. It is
also worth noting that evolutions of the delay for the RCQ=1.5 and
RCQ=1.6 conditions are close to each other even though they were
obtained by varying two different parameters of the cathodic cur-
rent waveform (see Fig. S1 in Supplementary data). This confirms
that RCQ is an important parameter in controlling the process.

Fig. 4 shows the spatial distribution of the MDs over the samples
processed with various RCQ at various processing times (1, 8 and
30 min). Each plot consists of an integration of the 475 processed
images spanning over the anodic half period duration (3.8 ms).
Regardless of the RCQ applied to the sample, the number of MDs
that develop over the processed surface gradually decreases as the
PEO process goes on. At the beginning of the process (1 min), MDs
are numerous and they are preferentially located at the corners
and at the edges of the sample, while from 8 min on, they grad-
ually cover the centre of the sample leaving the corners and the
edges depopulated. Parfenov et al. showed that this edge effect can
be explained by considering the electric field distribution over the
rectangular geometry of the sample, the strength of the electric field
being stronger at corners than on a flat surface [49]. At the end of
the process (30 min), MDs have completely disappeared from the
surface of the sample processed with the lowest RCQ=0.5 while
they are more and more grouped together in some locations of the
surface as the RCQ value gets higher. This is particularly evident
for the sample processed with the highest RCQ=6.0. A recent study
by Nominé et al. evidenced that MDs occur in “cascades” at spe-
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events that were detected.

cific locations over the processed surface during the anodic regime
[50,51]. This seems to be in good agreement with Fig. 4 which
also suggests that i) this mechanism of localized MDs appearance
is accentuated as the process goes on and ii) the number of MDs
involved at each particular location becomes higher for higher RCQ.

For the different RCQ values investigated, Fig. 5 depicts the
evolution of some characteristics of the MDs as a function of the
processing time such as their surface density (Fig. 5a), their aver-
age size (Fig. 5b) and their average lifetime (Fig. 5¢c). Whatever the
RCQ condition, the surface density at the beginning of the pro-
cess (<1min) is high in a narrow range around 1000cm—2 ms~!.
As the PEO process goes on, the surface density of MDs decreases
by one order of magnitude to reach an almost constant low value
around 100cm~2ms~! at the end of the process. Except for the
specific case of the lowest RCQ = 0.5 for which MDs disappear after
8 min of process, the surface density of MDs decreases much faster
as the RCQ gets higher. The surface density stabilizes at a con-
stant low value ~100cm~—2 ms~! after ~5, ~17, ~17 and ~30 min
for the samples processed with ratio RCQ=6.0, 1.6, 1.5 and 0.9,
respectively. Then, during the entire course of the PEO process,
the sample processed with the intermediate RCQ=0.9 undergoes

much more MDs than the other samples. Fig. 5b shows that the
average size of the MDs increases with the processing time and
the RCQ. From 30 s to ~9 min of process, the mean size of the MDs
increases gradually from ~0.045 mm? to ~0.060 mm? and no dif-
ference is observed between the samples processed with different
RCQ. After 9 min, the average size increases more rapidly for high
RCQ values than for the low ones. As the process approaches the
end, at 25 min, the average size is about ~0.059 mm?, ~0.078 mm?,
~0.101 mm? and ~0.140 mm? at R=0.9, 1.5 and 1.6 and 6.0, respec-
tively. Thus, Fig. 5b evidences that large MDs are promoted at
high RCQ conditions while lower charge quantity ratio results in
smaller MDs. Fig. 5¢ shows that irrespective of the applied electri-
cal conditions, the average lifetime of the MDs increases with the
processing time. During the first minutes of treatment, from 30s
to 9 min, no significant differences are observed between the dif-
ferent processed samples, the average lifetime increasing gradually
from 22 s to around 30 s, respectively. Nevertheless significant
deviations occur from the ninth minute since the average lifetime
increases more rapidly for the high RCQ values than for the low
ones. At 25min, the longest average lifetime (49 us) was mea-
sured for the sample processed with the highest RCQ=6.0 while
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Fig.5. a) Evolution with the processing time for different values of the charge quan-
tity ratio RCQ of a) the surface density of the micro-discharges. b) The average size
of the micro-discharges with the processing time for different values of the charge
quantity ratio RCQ. c) The average lifetime of the micro-discharges.

the shortest average lifetime (34 j.s) was measured for the sam-
ple processed with the intermediate ratio RCQ=0.9. Thus, Fig. 5¢
evidences that long-duration MDs are promoted at high RCQ. In
addition, for RCQ=1.5 and RCQ=1.6, MDs characteristics in terms
of size and lifetime are quite different despite close RCQ conditions
(Fig. 5b and c). This is in constrast with the observations done on
the MDs appearance (see Fig. 3) and surface density (see Fig. 5a).
This suggests that the RCQ plays certainly a major role in the MDs
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Fig.6. SEM micrographs of the topmost surfaces and cross-sections of the PEO oxide
layers fabricated for 30 min under different values of the charge quantity ratio RCQ.

ignition, while the size and lifetime of the MDs seem to be more
affected by the cathodic current amplitude I 4y, and duration tguy.
However, further works are needed to clearly decouple the respec-
tive influence of each parameter of the current waveform on the
MDs behaviour.

3.2. Ex situ characterization of the PEO coatings

Fig. 6 shows top-view and cross-section SEM micrographs of the
PEO oxide layers grown for 30 min within the different RCQ condi-
tions. They were recorded at the centre of the samples. The surfaces
exhibit the typical morphology of the PEO coatings consisting in a
mixture of pancake-like structures surrounded by a sponge-like
structure [24]. The pancake-like structure is the usual feature of
PEO layers grown on aluminium substrates. It is associated with a
discharge channel (5-30 pm in diameter) usually localized at the
centre of the “pancake” structure and is considered as an open pore.
In contrast, the sponge-like structure known to incorporate ele-
ments from the electrolyte (e.g. Si, Na, K) is characterized by thinner
pores with diameters in the range of 0.1 wm-1 pm. The topmost
surfaces of the oxide coatings grown with RCQ greater than 1.5 are
largely dominated by the pancake-like structure surrounded by a
few sponge-like structures. In contrast, by applying the intermedi-
ate RCQ = 0.9, these large open pores disappear concomitantly with
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Fig. 7. Variations of the average total thickness of the PEO oxide layer and of the
average thickness of the inner layer with fines porosities as a function of the charge
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the disappearance of large discharge channels and the sponges-
like structure is more developed and cover the whole processed
surface. From the cross-section SEM micrographs, all the generated
PEO coatings exhibit two distinct sublayers that are characteristic of
PEO layers grown on aluminium alloy: an inner sublayer adjacent to
the aluminium substrate which is recognizable from its thin pores
(down to 1 wm in diameter) homogeneously distributed through-
out the layer and an outer sublayer that consists of cracked plates
and large open pores (up to 10 wm in diameter). In Fig. 7, the over-
all thickness is observed to be quite the same for all the processed
samples (~82 wm) except for RCQ=0.5. However, the proportion
of each sublayer in the total coating thickness strongly depends on
the RCQ value. The presence of the outer sublayer with large open
pores is promoted by high RCQ values while low RCQ conditions
promote the thickening of the inner layer with thin porosity. For
the highest RCQ = 6.0, the thickness of the inner sublayer is below
~36 wm. In contrast, for the intermediate RCQ=0.9, the thickness
of the inner sublayer is higher than ~53 pwm. Concerning the low-
est RCQ=0.5 and even though the sample was also processed for
30 min, the morphology of the topmost surface looks as if it has been
poorly processed. The oxide layer is thin and does not cover homo-
geneously the metal surface. At some locations over the processed
surface, the oxide layer seems to have been removed.

Fig. S2 in Supplementary data shows the X-ray diffraction pat-
terns recorded on the PEO layers grown for 30 min with various
RCQ conditions. All coatings are predominantly composed of crys-
talline o and m Al,O3phases of. The presence of aluminium peaks
is due to the incident X-ray beam that crosses the entire PEO coat-
ing and reaches the aluminium metallic substrate. As proposed by
Xue et al. [6], the relative intensity of (113) a-Al,03 (at 43.6°) and
(400) n-Al,03 (at 45.96°) peaks are used to estimate the relative o~
and n-Al,03 content in the oxide layer. Fig. S2b, shows that such a
relative intensity of the a- and 1-Al,03 peaks increases noticeably
with the increase in RCQ value. This means that the proportion of
the a-Al, O3 phase increases at the expense of the 7 phase as the
RCQ gets higher as shown in Fig. S2c. With the lowest RCQ=0.5,
the a-Al,03 content is about 5% while it reaches about 37% with
the highest RCQ=6.0. The a-Al, 03 content abruptly increases from
about 5% to about 35% when the RCQ value increases from 0.5 to
1.6. Above RCQ=1.5, the a-Al;03 content seems to stabilize to an
almost constant value at 37%. For the intermediate RCQ=0.9, the
a-Al, 03 content takes an intermediate value at about 30%.

4. Discussion

Fig. 8 is the schematic diagram of the proposed mechanism of
charge accumulation which takes place at the oxide - electrolyte
interface during pulsed bipolar PEO process of aluminium. This
mechanism of charge accumulation which was experimentally evi-
denced by varying the RCQ conditions is described over 1 period of
the current according to 3 subsequent stages: (i) in the course of the
cathodic regime (stage 0 to stage 1), (ii) during the transition from
the cathodic to the anodic regime (stage 1 to stage 2) and (iii) in the
course of the anodic regime (stage 2 to stage 3). Effect of the RCQ
conditions on this mechanism is also illustrated in Fig. 8 by con-
sidering 3 extreme ranges: low (RCQ« 0.9), intermediate (RCQ=0.9)
and high (RCQ »0.9). In each case, a schematic morphology directly
issued from the cross-section SEM micrographs in Fig. 6 is also con-
sidered: a thin oxide layer with thin open porosity for RCQ« 0.9, a
thick oxide layer with a network of thin porosities for intermediate
RCQ=0.9 and a thick oxide layer with large open pores for RCQ » 0.9.
To start the description of the proposed mechanism of charge accu-
mulation and due to the basicity of the electrolyte (pH=12.5), it is
assumed that the initial state of the description (referred to as stage
0inFig.8)is characterized by the presence of an excess of hydroxide
anion OH~ and a low proportion of proton ions H* at the vicin-
ity of the electrolyte/oxide interface. Depending on the substrate
bias polarization, cations (H*) and anions (OH™) are expected to be
the most important species in terms of number density and mobil-
ity that can accumulate. When applying an external electric field,
the ionic migration can be oriented in one direction or the other
depending on the charge sign with respect to the direction of the
applied electric field.

4.1. In the course of the cathodic regime

In the course of the cathodic regime (from stage O to stage
1 in Fig. 8), the processed substrates are negatively biased. The
direction of the cathodic electric field is oriented locally from the
electrolyte to the substrate. As a consequence, negative charges,
in particular hydroxide anions OH™, are extracted from the elec-
trolyte/coating interface towards the surrounding electrolyte while
positive charges, mainly the cations H* move towards the elec-
trolyte/coating interface. It would be reasonable to expect that the
magnitude of such a negative charge extraction process strongly
depends on the duration t.;, and the current amplitude I, of
the cathodic regime (schematically represented by a more or less
broad arrow of the electric field in Fig. 8). In the case of low RCQ
for which a strong cathodic regime holds (high amplitude and/or
long duration of the cathodic current), the dynamic of the extrac-
tion process is strong and the negative charges are repelled far from
the electrolyte/coating interface. This results in a large double layer
which separates OH~ anions and H* cations. In contrast, this extrac-
tion of anionic charges from the interface is much more limited
with higher RCQ, negative charges remaining therefore closer to
the electrolyte/coating interface. In this case, the formed double
layer is therefore very thin. For RCQ=0.9, the extraction process
of the negative charges is moderate which leads to the formation
of an intermediate double layer. Following this mechanism, at the
end of the cathodic half-period, the density of charges accumu-
lated at the vicinity of the electrolyte/coating interface is directly
affected by the magnitude of the cathodic phenomena that occurred
just before, the density of OH~ ions remaining high when the
charge transport was limited. Such differences have crucial effects
on the subsequent anodic regime and consequently on both the
MDs behaviour and the PEO oxide layers.
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Fig. 8. Schematic description (over 1 current pulse period) of the mechanism of charge accumulation which takes place at the oxide/electrolyte interface during the PEO
process of aluminium for three extreme ratios of charge quantity: RCQ«0.9, RCQ=0.9 and RCQ»0.9.

4.2. Transition from the cathodic to the anodic regime

As the current polarity switches from negative to positive values
(from stage 1 to stage 2 in Fig. 8), the direction of the applied elec-
tric field is reversed. Therefore negative charges, SiO32~ and mainly
OH~ anions, are now attracted towards the electrolyte/coating
interface while positive charges, mainly Na* cations, are repelled
from this interface toward the bulk electrolyte. For the sample

processed with high RCQ » 0.9, the dynamic of the charge accumu-
lation at this interface is strong. Indeed, OH~ charges that stayed
close to the oxide coating at the end of the prior low cathodic
half period, move rapidly through the thin double layer and reach
rapidly the oxide interface. As a consequence, once the anodic cur-
rent starts to increase, the value of the local electric field reaches
rapidly the breakdown field value of the oxide layer. This explains
why the delay of the MDs ignition is short for high RCQ»0.9 (see
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Figs. 2 and 3). In addition, it is also worth considering that accu-
mulation of charges takes place at certain insulating zones of the
oxide, where the matter is dense and the electrical conductivity
is low. In contrast, the accumulation of charges in open pores is
lower due to the presence of the conductive electrolyte that fills
the pores. For high RCQ » 0.9, the proportion of areas of dense oxide
where the accumulation proceeds is considerably reduced because
of large discharge channels and large open pores that are observed
all over the surface. Consequently, the MDs number density is small
(Fig. 5a) and these MDs are grouped together in bundles at given
locations on the surface (Fig. 4). There, the mechanism of charge
accumulation is locally so strong that dielectric breakdown is asso-
ciated to MDs with high intensity which are known to cause local
damage to the PEO oxide layer. This is in good agreement with the
experimental results on MDs and on the grown oxide layers, which
evidences that high RCQ » 0.9 promote long-life and large-size MDs
(Fig. 5band c). This results in the formation of large discharge chan-
nels and the development of large open porosity (Figs. 6 and 7).
The increase in the a-Al,03 content in the oxide coating coincides
with the use of high RCQ values and the occurrence of intense MDs
(Fig. S2 in Supplementary data). It is reasonable to claim that the
thermal heating enhanced by these powerful MDs promote the n-
— a-Al, 03 phase transition inwards from the wall of the discharge
channels. Inversely, for the sample processed with intermediate
RCQ=0.9, the dynamic of the anionic charge accumulation at the
electrolyte/coating interface is much more moderate. This can be
explained by the joint effect of a high extraction of electric charges
occurring in the course of the prior cathodic regime and a high dis-
sipation of electric charges through the network of the thin porosity
filled with electrolyte. Consequently, once the anodic current starts,
the local electric field throughout the oxide coating has not yet
reached its breakdown value. This is evidenced experimentally by
the fact that MDs are delayed with respect to the rising edge of
the anodic current (See Figs. 2 and 3). Such a delay corresponds to
the required period during which the value of the breakdown field
of the as-formed dielectric layer is locally reached. Concerning the
particular case of low RCQ«0.9, and for similar reasons as those
described for the intermediate RCQ =0.9, the mechanism of charge
extraction that occurs during the previous cathodic half period is
so strong that no sufficient anionic charges are accumulated at the
electrolyte/oxide interface during the subsequent rise of the anodic
current pulse and no MDs appear. At this point, these findings may
be cross correlated with results obtained by S.P. Sah. et al. who
applied a single burst of anodic/cathodic/anodic voltage pulses on
a pre-anodized coating [52]. Although their experimental condi-
tions were quite different than those presented here - in particular
the use of voltage pulses instead of continuous current waveforms
as depicted in Table 1 and in Fig. S1-both findings converge to the
conclusion that a long duration cathodic pulse may suppress the
subsequent anodic breakdown.

4.3. In the course of the anodic regime

In the course of the anodic regime (from stage 2 to stage 3 in
Fig. 8) and whatever the electrical condition applied to the pro-
cessed samples, OH~ anions accumulate at the electrolyte/coating
interface. For samples processed with high RCQ»0.9, the layer
breakdown that occurred earlier during the anodic regime induced
a local contact between the metallic electrode and the electrolyte.
Alarge amount of anionic charges accumulated close to that break-
down location hence flows through the discharge channel, oxidizes
locally the aluminium metallic substrate and thus limits locally fur-
ther charge accumulation. The next dielectric breakdown of the
oxide layer has therefore a low probability to occur in the vicin-
ity of the formerly-created open channel. Consequently, because
coatings grown at high RCQ values present numerous large open

pores that behave as shortcuts, the new charge accumulation holds
at other dense and thick locations over the processed surface, far
from the aforementioned discharge channels. This explains that
MDs do not cover the processed surface homogeneously and are
more localized at some spots of the surface with higher RCQ con-
ditions (Fig. 4). At these new unaffected locations, until the end
of the anodic half-period, the dynamic of the anion accumulation
continues to be high and MDs that are ignited follow the similar
detrimental behaviour that has been described in the previous part.
In the case of the sample processed with intermediate RCQ=0.9,
for which the breakdown value of the as-formed coating could not
be reached during the first step of the anodic alternation, the two
mechanisms of negative charge accumulation and charge dissipa-
tion through thin pores continue in the course of the anodic regime.
At this point, it is worth noting that although pores are thin in the
oxide layer, they are quite homogeneously distributed throughout
the coating thickness and the level of porosity remains high (Fig. 6).
This implies that walls of dense oxide, localized between adjacent
pores, are numerous and thin. In the course of the anodic regime,
electric charges accumulated on both sides of such walls reach
the breakdown electric field and MDs appear. Because thickness
of oxide walls is thin, the required charges to induce breakdown is
low. Consequently, in the case of the samples processed with inter-
mediate RCQ=0.9, it would be reasonable to expect MDs to follow a
smooth behaviour which is known to have a beneficial effect on the
growing oxide coating. This assumption is in good agreement with
experimental results on both MDs and the as-grown oxide coating.
Indeed, results evidenced that MDs exhibit the smallest size and
the shortest lifetime and they are quite homogenously distributed
over the processed surface (See Figs. 4 and 5). SEM observations
showed that within such a soft MDs regime, the morphology of
the resulting oxide layer is improved. Oxide layer is thicker, covers
homogeneously the metal and the coating — substrate interface is
smoother (Fig. 6). It is also worth noting that the moderate con-
tent of the a-Al, 03 phase in the oxide coating can be related to the
moderate intensity of the MDs that induces a limited local heating
ofthe oxide layer (Fig. S2 in Supplementary data). In the critical case
of the sample processed with very low RCQ« 0.9, extraction of elec-
tric charges occurs far away from the electrolyte - coating interface
during the prior cathodic half-period. The magnitude of this phe-
nomenon is so high that the subsequent process of anionic charge
accumulation at the electrolyte/oxide interface is made inefficient
during the subsequent anodic polarization. The dielectric break-
down value of the thin oxide layer is therefore difficult to reach
in the course of the anodic half-period. As a result, very few, if
any, MDs are expected to occur over the processed surface. This
assumption was experimentally verified since extinction of MDs
discharge is observed after 8 min (Fig. 3). The fact that MDs stop
definitively suggests that the mechanism of charge accumulation
that takes place during the anodic regime does not compensate for
the effects of charge extraction during the prior cathodic regime.
As a consequence, no visible MDs are ignited over the processed
surface and the growth of the protective oxide coating is therefore
inhibited and stopped. This is consistent with the fact that, for low
RCQ« 0.9, the processed sample appears as shortly processed, or
even unprocessed at some locations (Fig. 6).

4.4. Evidence of the capacitive behaviour of the PEO oxide layer

The proposed mechanism of charge accumulation that takes
place before dielectric breakdown, and thus before MDs, is related
to the capacitive behaviour of the growing PEO oxide layer. This
capacitive behaviour can be evidenced from the deep analysis of
the voltage-time response of the system, which is composed of the
electrolyte/oxide/metal stack. Whatever the applied conditions,
chronograms in Fig. 2 clearly show that the voltage signal exhibits
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atransient regime during the first milliseconds after the start of the
anodic polarization. One example of anodic voltage-time response
is depicted in more detail in Fig. 9. The experimental data of the
anodic voltage can be adequately fitted by the exponential function

of Eq. (1):
) (1)

Table 2 reports some results of the fitting procedure performed
at various processing time (1, 8 and 30 min) for the different RCQ
investigated. Fit of the experimental data using Eq. (1) gives access
to the amplitude of the anodic voltage u max for which the asymp-
totic regime is reached and also to the time constant T of the
transient regime. From Table 2 and Fig. 10, it can be seen that
the time constant increases gradually with the processing time.
After about ten minutes and except for the sample processed with
RCQ=0.5 for which t falls after 8 min, this time constant remains
constant and is clearly higher for lower RCQ.

Previous works from Gao et al. [53] and Fatkullin et al. [54] pro-
pose a simplest equivalent RC circuit to describe the relaxation of
the PEO electrolyser system during the anodic voltage pulse-off
period which includes capacitor discharging. In this work, which is
focused on the voltage-time response during the voltage pulse-on
period, one can also consider a simplest equivalent RC circuit sup-
plied by a current generator to describe the voltage-time response
of the electrolyser system. This circuit is given in Fig. 11a. It consists
of the electrolyte resistance R, in series with the parallel combina-
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Fig. 11. a) Equivalent circuit proposed as a physical interpretation of the transient
anodic voltage-time response of the PEO electrolyser system during pulsed bipolar
PEO of aluminium. Evolution of the circuits parameters with the processing time
for various values of the ratio of charge quantity RCQ: b) Resistance of the PEO
oxide layer Rox (deduced from Eq. (4) and c) Capacitance of the PEO oxide layer Cox
(deduced from Eq. (5)).

tion of the oxide coating resistance Rox and its capacitance Cyx for
which the voltage-time response follows Eq. (2):
U = (Ryt + Rox (1 — e~ Foxcar )) i 2)

The resistance of the electrolyte R, =4+ 12 is assumed con-
stant with time and for the different processing conditions
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Table 2

Approximation parameters (Umax and 7) of the transient voltage recorded at different processing times (1, 8 and 30 min) during PEO of Al in various RCQ conditions (0.5, 0.9,
1.5, 1.6 and 6.0). The transients have been approximated by a non-linear squares method using Eq. (1).

RCQ Proc. Time (min) Umax (V) Aumayx (V) T(x1074s) AT(x107°s) R?
0.5 1 656 4 14 1 0.966
683 6 4.7 2 0.984
30 467 5 2.9 3 0.942
0.9 1 645 5 1.2 1 0.941
8 694 8 24 2 0.971
30 733 6 3.7 2 0.979
1.5 1 674 4 1.1 1 0.937
8 725 7 2.8 2 0.961
30 778 5 3.2 1 0.985
1.6 1 653 4 1.0 1 0.924
707 5 21 1 0.963
30 760 4 2.9 1 0.981
6.0 1 639 4 0.6 1 0.892
8 696 3 0.9 1 0.951
30 766 5 1.5 1 0.959

used. It is calculated by solving Eq. (3), which involves the
aluminium/counter-electrodes distance (D=9cm), the electrolyte
conductivity (0,=4x103Scm~!) and the cross-section area
of the current flow between the aluminium and the counter-
electrodes (S=255cm?).

D

Rel = ae,.S

(3)

Then, from the identification of terms between the fitted
voltage-time response in Eq. (1) and the voltage-time response of
the proposed equivalent RC circuit in Eq. (2), the oxide layer resis-
tance Rox and its capacitance Cyx can be calculated using Eqgs. (4)
and (5), respectively.

Umax — Re;.i

Rox = M (4)
T

COX = Riox (5)

The oxide layer resistance Ryy is related to the thickness of the
oxide layer and also to the permeability of the oxide coating to the
conductive electrolyte. The oxide layer capacitance C,x is usually
associated with the surface area available for the electric charge
storage. Particularly for PEO oxide coatings, which exhibit a high
porosity level, the oxide capacitance is directly associated with the
specific surface area of porosities. Table 3 gives the circuits param-
eters Rox and Cox determined at various processing times (1, 8 and
30min) for the different investigated RCQ conditions. The evolu-
tion of Ryx and Cox with processing time is shown in Fig. 11a and
b, respectively. As the PEO process starts, Ryox and Cpy increase with
time. This mainly reflects the gradual thickening of the oxide layer
and the gradual development of small pores through the thickness,
respectively. From about 10 min, although the oxide resistance still
increases with time (except in the specific case of the sample pro-
cessed with RCQ=0.5), the oxide capacitance tends to stabilize at
a constant value that depends on the applied RCQ value until the
end of the process. This means that the gradual thickening of the
PEO oxide layer continues after about 10 min while the density of
thin pores that store charges through the oxide layer remains con-
stant as the process goes on. This is in good agreement with the
morphology of the generated oxide layers observed in Fig. 6 and
measurements in Fig. 7. The fact that the capacitive behaviour is
higher for the intermediate RCQ = 0.9 is explained by the formation
of a thicker oxide layer, completely filled by a network of thin pores
(Fig. 7). In contrast, the capacitive behaviour is the lowest for the
oxide layer formed under the highest RCQ=6.0 because the overall
oxide layer consists mainly in large open pores for which the spe-
cific surface area necessary to store charges is lower than numerous
and fine pores (Fig. 7). In the specific case of the sample processed

%) J

S

P

"g J

*g 4 Q/Q =05

o) o Q/Q =09 J

[ pon

) o Q/Q =15

£ ‘1 =

= 0.1 Q/Q =16 4
* QJQ =6.0

0.0

0.0 0.5 1.0 1.5 2.0 25
Delay of light emission /ms

Fig. 12. Correlation between the delay in the micro-discharges appearance (delay
between the rising edge of the anodic current and the light emission) and the time
constant of the electrolyser system during the anodic polarization of a pulsed bipolar
PEO of aluminium.

under the lowest RCQ = 0.5, the time constant decreases distinctly at
8 min mainly because of the sharp decrease in the oxide resistance.
It suggests that during the first minutes of the treatment, an oxide
layer grows up over the metal substrate, which becomes gradu-
ally degraded, thinner and less impermeable to the electrolyte after
8 min. This is in good agreement with cross-section micrograph in
Fig. 6 where the presence of a very thin and a porous oxide layer
which does not even seem to cover the metal substrate at some
locations is observed. In this specific condition, RCQ = 0.5, the mech-
anism that takes place after 8 min and that is responsible of the
gradual degradation of the oxide layer grown during the first min-
utes of the PEO treatment is not well understood and should be the
subject of further investigation.

The variation of the time constant T of the voltage-time response
versus the delay in light emission is plotted in Fig. 12. The linear
correlation variation observed for low values of the delay confirms
that charge accumulation is the main mechanism inducing the MDs
ignition. Nevertheless, it appears that after a certain delay, depend-
ing on the RCQ used, T remains constant while the delay in the MDs
appearance still increases. Even if this point should be the object
of further investigations, it can be explained by the development
of inner MDs through thin pores before the appearance of external
(i.e. visible) MDs. For short treatment times for which the delays
of MDs appearance are short, the good correlation with the time
constant means that accumulation of charge throughout the oxide
layer is the main mechanism responsible for the dielectric break-
down of the oxide layer and thus the MDs appearance. For longer
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Table 3

Component values of the equivalent circuit in Fig. 11a determined at different processing times (1, 8 and 30 min) in various RCQ conditions (0.5, 0.9, 1.5, 1.6 and 6.0).

RCQ Proc. Time (min) Re (2) ARg () Rox (£2) ARoyx (R2) Cox (x1076F) Acox (x1076F)
0.5 1 4 1 28.8 1.5 4.8 0.1
8 4 1 30.2 1.5 15.6 15
30 4 1 194 1.2 14.8 1.8
0.9 1 4 1 283 14 4.1 0.4
8 4 1 30.7 1.6 7.9 0.8
30 4 1 32.7 1.6 114 1.1
1.5 1 4 1 29.7 14 3.6 0.3
8 4 1 32.3 1.5 8.6 0.8
30 4 1 34.9 1.6 9.2 0.8
1.6 1 4 1 28.7 14 3.5 0.3
8 4 1 314 1.5 6.7 0.6
30 4 1 34.0 1.6 8.6 0.8
6.0 1 4 1 27.9 14 2.2 0.2
8 4 1 30.8 14 3.1 0.3
30 4 1 343 1.6 4.4 0.4

processing time, as the time constant T remains constant while the
delay in MDs still increases, we infer that the gradual development
of small pores in the oxide tends to gradually promote the develop-
ment of inner and not detectable MDs through the pore network.
The presence of internal MDs, already discussed in literature but
never experimentally highlighted, will need a particular attention
in the future, especially to explain the growth of PEO oxide layers
generated under the “soft”-regime during which MDs disappear
from the external surface of the processed sample.

5. Conclusion

The influence of the cathodic regime on the pulsed bipolar PEO
of a 2214 aluminium alloy has been investigated. Various ratios
of charge quantity RCQ=Q,/Q; (defined as the ratio between the
anodic Qp to cathodic Q, charge quantity) in the range [0.5-6.0]
were investigated by changing only the magnitude of cathodic
regime. The following conclusions can be drawn from the presented
results:

a) Occurrence of micro-discharges (MDs) is delayed with respect
to the rising edge of the anodic current. By applying too low
RCQ=0.5, ignition of MDs is highly delayed (1.11 ms at 8 min)
and progressively inhibited in the course of the process. With
intermediate RCQ=0.9, the delay is also high (2.06 ms at 30 min)
and no extinction was observed until the end of the process. The
delay is the lowest for the highest RCQ (0.18 ms at 30 min for
R=6.0).

b) The behaviour of the MDs is affected by the RCQ conditions.
Size and lifetime of MDs increase with the increase in the
RCQ value. By using the intermediate RCQ=0.9, even though
MDs remain numerous over the processed surface, they are
homogeneously distributed and exhibit small size and short life-
time (~0.059 mm? average size and ~34 s average lifetime at
25 min). In contrast, by applying higher RCQ values, MDs are big-
ger and present longer lifetime (~0.140 mm? average size and
~49 s average lifetime at 25 min for R=6.0).

c) Characteristics of the as-formed oxide coating depend on the
RCQ condition. Using the intermediate RCQ=0.9 results in the
formation of a thick oxide layer with thin pores. By using too
low RCQ=0.5, the surface of the processed sample appears as if
shortly processed. It appears that, in the course of the treatment
(after 8 min), the PEO oxide layer grown during the first min-
utes is gradually degraded. The mechanism responsible of such
degradation is not well understood and will be the subject of
further investigation. The use of RCQ > 0.9 results in oxide layers
with large open pores.

d) A mechanism of electrical charge accumulation taking place at
the electrolyte/coating/substrate system until dielectric break-
down occurs is proposed to explain the collected results from
the in situ process characterization and from the ex situ PEO
oxide layers characterization. The close correlation established
between the delay in the MDs appearance with respect to
the current and the time constant of the transient regime
of the anodic voltage-time response supports the proposed
mechanism of charge accumulation which takes place at the
electrolyte/oxide interface.
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ARTICLE INFO ABSTRACT

Article history: This paper demonstrates the possibility of producing a lamellar ceramic nanocomposite at the top-most surface
Received 7 February 2019 of oxide coatings grown with the Plasma Electrolytic Oxidation process (PEO). PEO was conducted on aluminium
Received in revised form 19 June 2019 in a silicate-rich electrolyte under the so-called “soft” regime. Nanoscale characterisation showed that the tran-
25;325‘: iidﬁ:g?%ge 2015 sition from the “arcs” to the “soft” regime was concomitant with the gradual formation of a 1:1 mullite/alumina

lamellar nanocomposite (~120 nm thick) that filled the cavity of the PEO “pancake” structure. Combined with
plasma diagnostic techniques, a three-step growth mechanism was proposed: (i) local melting of alumina
under the PEO micro-discharges (=~3200 K at high heating rate ~3 x 108 K-s™1); (ii) progressive silicon enrich-
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Micro-arcs oxidation (MAO)
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ment of the melt coming from the electrolyte; and (iii) quenching of the melt at a cooling rate of ~3.3
x 107 K-s~! as the micro-discharge extinguishes. Under such severe cooling conditions, the solidification process
was non-equilibrium as predicted by the metastable SiO, — Al,03 binary phase diagram. This resulted in phase

Transmission electron microscopy (TEM)
Optical emission spectroscopy (OES)

separation where pure alumina lamellae alternate periodically with 1:1 mullite lamellae.
© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

Data availability: creativecommons.org/licenses/by-nc-nd/4.0/).

The data that support the findings of this study
are available from the corresponding author,
JM, upon reasonable request.

1. Introduction

In a context of increasing demand in structure lightening, Al, Mg, Ti
and their respective alloys are gaining a growing interest in various in-
dustrial domains, mainly the transport industry. However, their poor
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surface performance in terms of wear and corrosion resistance still
limits their use as critical parts in aeronautics or automotive industries.
For decades, conventional anodising processes (acid or hard anodising)
have been used to grow protective oxide ceramic coatings on Al, Mg and
Ti based alloys. However, conventional anodising technology has
reached some technical limits (e.g. low growth rate, limited thickness),
and faces environmental and health issues because of the use of hazard-
ous carcinogenic, mutagenic and reprotoxic (CMR) compounds (e.g.
highly concentrated acids, borates, heavy metals, hexavalent chro-
mium). To overcome these limitations, the Plasma Electrolytic Oxida-
tion process (PEO) appears as a credible alternative to grow protective
coatings on Al, Mg and Ti alloys [1-5]. Indeed, PEO is conducted in a di-
luted alkaline electrolyte (typically NaOH, KOH) free of hazardous com-
pounds. In the case of aluminium, the resulting PEO layers exhibit
improved hardness (1500 HV) and wear resistance (1
x 1074 mm>-N~'-m™!) properties since the index of crystallinity of
the grown aluminium oxide is close to 100%, compared with amorphous
alumina in the case of conventional acid anodising. The PEO coatings on
aluminium contain a significant proportion of high-temperature phases
such as a-Al;03 [6,7]. This is mainly due to the high temperature of non-
equilibrium micro-discharges that develop over the processed surface.
However, high energy consumption and lack of understanding of the in-
terrelationships between processing conditions, discharge characteris-
tics and resulting coating microstructure are the main restrictions for
PEO coatings achieving a wider range of applications.

In this context, a pioneer work from Jaspard-Mécuson et al. [8] has
shown that the suitable setting of the current waveform parameters
promotes the appearance of a particular “soft” regime that occurs after
a certain initial period of conventional PEO “arcs” regime. The “soft” re-
gime is always associated with a gradual decrease in the electrical volt-
age, a lower intensity of the optical emission due to the gradual
disappearance of micro discharges (MDs) and a reduction in the acous-
tic emission [8-10]. Despite the gradual disappearance of visible MDs
during “soft” regime, advantages of PEO process are kept and some
are even enhanced (e.g. higher growth rate, higher proportion of high
temperature crystalline phases, lower porosity). The appearance of
this “soft” regime is mainly promoted by the use of a bipolar current
at the electrodes for which the ratio of positive to negative charge quan-
tities (Qp/Qy) is lower than one, preferably in the range 0.8-1 [11]. Even
in these conditions, the “soft” regime appears only after a delay that
mainly depends on the current density and frequency [9,12]. On the
other hand, the “arcs” regime designates either a treatment conducted
with Q,/Qn N 1 or the period prior to “soft” regime for Q,/Q, b 1. Grow-
ing attention has been paid to this “soft” regime, even though only few
MDs are visible. This regime is associated with an increase in growth
rate and a reduction of the oxide layer porosity [13,14], while the pro-
cess energy consumption is reduced by 20-30%. Nevertheless, the
mechanisms that govern the transition from the detrimental “arcs” re-
gime to the beneficial “soft” regime are not well understood yet. More
specifically, the relationships that exist between the PEO processing
conditions and the discharge mechanisms in the formation of the PEO
coatings are still under debate [15-21].

Based on optical emission spectroscopy observations, Hussein et al.
[15] and Jovovic et al. [16] proposed a PEO mechanism involving several
types of discharges with different physical properties. As a continuation
of these works, Cheng et al. [17-19] proposed the existence of “inner”
discharges that would remain confined within the coating, in the open
(unsealed) discharge channels (also called “pancake” structure). There-
fore, these discharges would be invisible to an outside observer or to any
optical sensor, but would affect the coating growth. In particular, they
demonstrated that discharges occurring in the “pancake” cavity and re-
ferred to as D-type by Hussein et al. [15] and Cheng et al. [17-19] fill the
cavity with a solidified material that contains a significant amount of
electrolyte species, thus improving the wear resistance of the coatings.
More recently, Rogov et al. [20,21] suggested that cathodic polarization
could cause local acidification of the oxide/electrolyte interface (the

electrical double layer (EDL)). This would result in a decrease in the
EDL potential, an increase in the electrical conductivity of the coating
under the subsequent anodic polarization and a decrease in the proba-
bility of discharge ignition. However, although these mechanisms de-
scribe some specific behaviours of the PEO process conducted in the
“soft” regime conditions, the typical microstructure of the PEO coatings
prepared within this particular “soft” regime conditions is still not accu-
rately characterised at the sub-micrometer scale.

Though it is generally established that PEO processing of aluminium
results in the formation of different crystallographic phases of alumin-
ium oxide (mainly y-, - and o-Al,03 in various proportions depending
on the process conditions), some studies reported the additional pres-
ence of a 3:2 mullite phase (3Al,03.2Si0,) especially when using
silicate-rich alkaline electrolytes [22-26]. Curran et al. [22] demon-
strated that these mullite-based PEO coatings offer considerable prom-
ise as thermal barriers (K ~ 0.5 W-m~'-K™!) compared to pure
alumina PEO coatings (K ~ 2 W-m~!-K™1). From a mechanical point
of view, Kalkanci et al. [23] pointed out that mullite-based PEO coatings
exhibit a low global stiffness (~40 GPa) compared to pure alumina PEO
coatings (~170 GPa), which reduces the magnitude of thermally-
induced stresses in the coating whose resistance to spallation during
thermal cycling increases. Using glancing angle X-ray diffraction mea-
surements, Dehnavi et al. [24-26] showed that this mullite phase was
mainly localised at the top surface of the PEO coatings. Nevertheless,
among these works, no study reported a detailed microstructural de-
scription of this specific PEO mullite phase that could give clues to un-
derstand the mechanism responsible for its growth and thus help
optimising mullite-based PEO coatings for thermal-barrier applications.

Based on an experimental approach which combined material and op-
tical characterisation, this present paper focuses on the formation of
mullite-based PEO coatings grown on aluminium in a silicate-rich electro-
lyte within the “soft” regime conditions. The microstructure of the
mullite-rich PEO coatings is described at atomic scale using high resolu-
tion transmission electron microscopy (HR-TEM). To complement, optical
emission spectroscopy (OES) was carried out to analyse the light emitted
by the micro-discharges to estimate the gas temperature that could ex-
plain phase transitions induced by the discharges. Finally, a mechanism
is proposed for the formation of a metastable mullite during PEO of alu-
minium in the “soft”-regime condition using a silicate rich-electrolyte.

2. Experimental procedure

A 5 mm thick plate of Al2024 aluminium alloy (3.8-4.9 at.% Cu,
1.2-1.8 at% Mg, 03-0.9 at% Mn, balance Al) was cut into
parallelepipedic samples with dimensions of 50 x 30 x 5 mm (working
area of 38 cm?). The samples were PEO processed in a solution of potas-
sium hydroxide ([KOH] = 1g-L~"=0.018 mol-L~") and anhydrous so-
dium silicate ([Na,SiO3] = 1.65 g-L™! = 0.014 mol-L™") diluted in
deionized water. The electrolyte temperature T, Was maintained at
300 K using a cooling system. PEO treatments were conducted by apply-
ing a square bipolar current to the electrodes. The use of a current con-
trolled power supply made it possible to optimally set and control the
anodic and the cathodic current amplitude, and therefore to control
the respective charge quantities delivered to the electrolyser system.
In this work, the positive to negative charge quantities ratio (Q,/Qy)
was kept at 0.9 in order to allow the occurrence of the “soft” regime
[8-11]. The current frequency and the anodic current density were set
at 500 Hz and 40 A-dm 2, respectively.

At the micrometer scale, the PEO oxide layers produced were ob-
served by scanning electron microscopy (SEM) using a Phillips XL30
FEG instrument equipped with an EDX detector (TSL). For each processed
sample, the top-most surface and the cross-section were examined using
secondary electrons (SE; 5 kV accelerating voltage) and backscattered
electrons (BSE; 25 kV accelerating voltage) detection modes. Cross-
sections were prepared as follows: samples were cut, mounted in resin,
polished with successive grades of SiC abrasive papers and polished
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with a 1 um diamond paste. Prior to SEM observations, the samples were
coated with gold. For each sample, a minimum of 10 different SEM cross-
section views were considered to determine an average coating thick-
ness. The elemental composition of samples was determined by EDX
measurements at different locations on the top-most surface of the coat-
ings (25 kV accelerating voltage). Phase identification of the oxide layers
was performed by X-ray diffraction (XRD) measurements using a Bruker
D8 ADVANCE diffractometer (Cu-K, incident radiation, A = 0.15056 nm)
operating in the 6/26 Bragg-Brentano geometry with a step size of 0.02°
over a scan range from 30 to 70°. The relative volume content of the c-
Al,05 phase with respect to the 1-Al,05 was deduced from XRD peak ad-
justments and calculated from the integrated intensity of a-Al,O3 peaks
compared to the integrated ones of both a- and M- Al,O3 [27]. It must
be mentioned here that, from a crystallographic point of view, y- and m-
Al,03 belong to the same space group (Fd3m) and exhibit the same lattice
parameter (0.790 nm) making it difficult to discriminate each other by
conventional XRD measurements conducted in 6/26 Bragg-Brentano ge-
ometry. In the present study, in a better accordance with the JCPDS
cards, the - Al,O3 is suggested to be present in the produced PEO coating
instead of the y- Al,Os. Additionally, the phase characterisation of the
top-most surface region of the oxide layers was carried out on an INEL
CPS 120 diffractometer (Co-K, incident radiation, A = 0.17903 nm) oper-
ating in the grazing incidence X-ray diffraction geometry (GIXRD). GIXRD
measurements were conducted with an incidence angle of 3° and the
GIXRD patterns were recorded with a step size of 0.027° over the range
20-110°.

At the micro- and nanometre scales, the structure of the produced
oxide layers was investigated by high-resolution transmission electron

b) 15 min
Integrationtime
8 ms- g

microscopy (HR-TEM). The specimen for HR-TEM was a cross-section
slice of the oxide coating prepared by means of a focused ion beam
(FIB) technique on a SEM dual beam facility (FEI Helios 600). The slice
was extracted at an acceleration voltage of 30 kV and different ion cur-
rents. The last polishing step was done at 5 kV in order to reduce possi-
ble material amorphisation and defect formation. A JEOL ARM 200F -
cold FEG UHR - transmission electron microscope operating at 200 kV
and equipped with a Cs corrector was used for HR-TEM observations.
In scanning mode (STEM), EDX analyses were obtained using a JEOL
CENTURIO energy-dispersive X-ray spectrometer with a probe size of
1 nm. The quantification limit of the EDS detector is +1 at.%. EDX ele-
ment distribution maps recorded over an area of 512 nm x 512 nm (1
measurement point per nm) were produced by using an acquisition
time of 1 ms per data point and by repeating 20 scans over the same
area. In addition, an EDX line-scan profile consisting of 40 measure-
ments points distributed over a line of 330 nm in length was also re-
corded with an acquisition time of 1 min per measurement point.

In addition, optical emission spectroscopy (OES) measurements
were performed during the PEO process, using a 550 mm focal length
monochromator (Jobin-Yvon TRIAX 550) equipped with a
1800 g/mm grating (resolution of 0.02 nm) and coupled to an ICCD
detector. Optical emission spectra were recorded within the wave-
length range 200-900 nm. To ensure that the maximum light inten-
sity was collected and to avoid absorption of near-UV wavelength
radiations by the glass window of the PEO treatment cell, an appro-
priate optical fibre connected to the entrance slit of the spectrometer
was immersed in the electrolyte and located at 30 mm from the
sample.
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Fig. 1. Voltage-time response of an A12024 aluminium alloy PEO processed within the “soft” regime electrical conditions (Q,/Q, = 0.9, F = 500 Hz, j = 40 A.dm™2). Inset depicts the
processing time of the samples A, B and C. Pictures recorded in similar PEO conditions illustrate the evolution of the micro-discharges aspects with time [8].
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Fig. 2. a) XRD patterns of the processed samples with the calculated a-Al,05 content (in vol%). and b) GIXRD pattern of the processed sample B. (Al for aluminium, o for a-Al,03, 1) for -

Al,03; Mul. for mullite).

3. Results
3.1. Voltage-time response

Fig. 1 shows the anodic voltage-time response of the system as a
function of the PEO processing time. Four successive stages can be
distinguished. During the first seconds, a barrier-type anodic film
developed on the surface by conventional anodising mechanisms
with a rapid increase in voltage amplitude (=40 V-s~!). Then,
the process suddenly entered in a discharge mode characterised
by the appearance of white-orange discharges over the processed
surface. During this “arcs” regime that ranged from 10 s to
28 min, the slope of the voltage-time curve reduced to
0.04 V-s~'. The third stage, ranging from 28 min to 32 min,
corresponded to the “arcs” to “soft” regime transition, which was

characterised by a gradual drop of the anodic voltage amplitude.
This phenomenon is typical of bipolar PEO of aluminium conducted
in “soft” regime conditions [8-11]. This voltage transition was di-
rectly correlated with a change of the optical and acoustic behav-
iour of the discharges that gradually turned to increasingly tiny
discharges with shorter lifetimes, which limit the detrimental ef-
fects on the PEO layers [8,9]. Finally, the fourth regime (“soft” re-
gime), was observed after 32 min of processing time. This
ultimate regime had a constant and lower working voltage ampli-
tude. Based on the voltage-time response presented in Fig. 1,
three samples were processed differently. Sample A was processed
till the end of the “arcs” regime (process stopped at 28 min). Sam-
ple B was processed until the “arcs” was changing to the “soft” re-
gime (stopped at 30 min). Sample C was processed until the
“soft” regime was fully established (stopped at 32 min).
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Fig. 3. SEM-BSE micrographs of the cross-sections (first row) and SEM-SE micrographs of the top-most surfaces (second row) of the samples processed: (a) and (d) just before the “soft”
regime appearance (sample A), (b) and (e) transition of “arcs” to “soft” regime (sample B), (c) and (f) after the complete establishment of the “soft” regime (sample C). EDX spectra: (g) of
the hollow “pancake”-like structure (red spot 1), (h) of the filled “pancake”-like structure (blue spot 2), and (i) of the “sponge”-like structure (green spot 3).

3.2. Multi-scale characterisation of the PEO oxide layers

Indexing the XRD patterns in Fig. 2a revealed that oxide coatings
were composed of crystalline aluminium oxides o-Al,05 (JCPDS card
00-010-0173) and 1-Al,03 (JCPDS card 01-077-0396) in various pro-
portions. The transition to the “soft” regime was concomitant with the
appearance of a-Al,03 diffraction peaks whose intensity increased
gradually as the “soft” regime proceeded. Indeed, just before the appear-
ance of the “soft” regime (sample A), the coating was mainly composed
of M-AlLO3 (7 £ 3 vol% o-Al,03), while the one grown until the “soft” re-
gime was completely established (sample C), exhibited the highest con-
tent of a-Al,03 (18 + 3 vol% a-Al;03). This observation is in good
agreement with previous studies which also showed a gradual enrich-
ment in a-Al,03 through the inner sublayer of the PEO coating when
PEO process switched from the “arcs” to the “soft” regime [10,13]. The
usual explanation considered the difference in the discharge behaviour
before and after occurrence of the “soft” regime. In “arcs” regime (sam-
ple A), the B-type micro-discharges crossed the whole coating and
therefore the major heat transfers occurred from the discharge to the
substrate and the cooled electrolyte. Inversely, in the “soft” regime
(sample C), the incomplete propagation of the inner D-type micro-
discharges confined a significant part of heat within the coating rather
than in the electrolyte, promoting the gradual transformation of the

metastable 1-Al,03 into the thermodynamically stable o-Al;03. The
Al-peaks on the XRD patterns (JCPDS card 00-004-0787) were due to
the scattering of the aluminium substrate under the oxide layer. When
the “soft” regime started, the intensity of the Al-peaks started to de-
crease, suggesting that the oxide coating became thicker and more com-
pact as the “soft” regime occurred. The grazing incidence XRD (GIXRD)
pattern recorded on sample B is presented in Fig. 2b. The disappearance
of Al-peaks on the GIRXD pattern in Fig. 2b confirmed that Al peaks de-
tected on the XRD pattern in Fig. 2a originated from the substrate and
showed that no crystalline aluminium existed in the PEO coating. In ad-
dition, the GIXRD pattern in Fig. 2b shows that the top-most surface of
the grown oxide layer was composed of amorphous material and
crystallised phases. These crystalline phases consisted of a mixture of
alumina and mullite, the latter being a solid solution phase of 1-Al,03
(alumina) and SiO, (silica) in the Al,03-SiO; binary system [28]. The
presence of mullite in PEO coatings was reported by Dehnavi et al.
[24-26] who also showed that the mullite phase was mainly located
in the outer sublayer of the PEO coatings.

SEM micrographs of the cross-sections and the top-most surface of
the processed samples are shown in Fig. 3. With the transition from
“arcs” to “soft” regime, the morphology of the PEO coatings gradually
transformed into a more compact and thicker oxide layer (26 + 8 pm,
31 4 5 um, 55 £ 5 um thick for samples A, B and C, respectively). For
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Fig. 4. (a) SEM-BSE micrograph of the top-most surface of the sample B. Dotted line shows the location of the extraction of the FIB foil cross-section. (b-d) Bright field STEM micrographs of
the “pancake”-like structure and the associated SAED patterns. Integrated EDX spectra for: (e) outer porous sublayer located on the dome of the “pancake”-like structure (blue square) and

(f) filled cavity of the “pancake”-like structure (red square).

sample A, processed before the occurrence of the “soft” regime (Fig. 3a
and d), the morphology was characterised by large and unfilled oxide
layer bulges. These bulges, commonly referred to as “pancake” struc-
tures [13], are typical of PEO coatings grown within the “arcs” regime
and they are caused by strong electrical MDs. The EDX spectra recorded
on the dome of a hollow “pancake” structure showed it mainly
consisted of Al (=31 at.%) and O (=67 at.%) (Fig. 3g), which is consis-
tent with the detection of alumina from GIXRD measurements
(Fig. 2b). A small amount of Si (=1 at.%) coming from the electrolyte
was also detected while the presence of Au (=1 at.%) was due to the
gold sputtered coating of the surface prior to SEM observations. For
sample B (Fig. 3b and e), collected during the transition from the
“arcs” regime to “soft” regime, the cavity of the “pancake” structures

was mainly filled with some solidified material. The EDX spectra re-
corded on this filler material showed it consisted mainly of Al
(~24 at.%) and O (=63 at.%), but also Si (=7 at.%), Ca (=1 at.%), K
(=1 at.%), Na (=1 at.%) Cu (=1 at.%), Mg (=1 at.%), and Au (=1 at.%)
(Fig. 3h). At the same time, the growth of an interconnected network
of a “sponge”-like morphology was observed around and across “pan-
cake” structures on the topmost surface of sample B (Fig. 3e). This
“sponge”-like morphology, highly porous and with filaments, seemed
to incorporate elements from both the electrolyte e.g. O (=54 at.%), Si
(=13 at.%), Ca (=5 at.%), K (=2 at.%) and Na (=1 at.%) and from the
Al substrate e.g. Al (=18 at.%), Cu (=4 at.%) and Mg (=2 at.%)
(Fig. 3i). This observation is in good agreement with previous studies
that showed that the formation of this “sponge”-like structure usually
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Fig. 5. High resolution TEM micrograph of the lamellar structure observed in the filled “pancake”-like structure of the processed sample B and the FFT patterns associated with the bright

(red central region) and the dark lamellae (yellow lateral regions).

appears concomitantly with the transition to “soft” regime, whatever
the processing conditions applied [9,10,13,29,30]. For sample C, when
the “soft” regime was fully established (Fig. 3c and f), this “sponge”
structure still continued to grow until it covered the entire surface of
the sample as already reported [29,30]. Consequently, the previous
“pancake” structure was progressively modified into a porous outer
sublayer as the process went on. Although this “sponge” structure ex-
hibits poor mechanical properties in terms of hardness and wear resis-
tance due to its high porosity, several studies reported an interest in
this porous outer sublayer. Particularly, some authors demonstrated
that this “sponge” structure promoted the in situ incorporation of
(nano-) particles from the electrolyte to the oxide layers, and can
endow the PEO coatings with new functionalities such as hydrophobic-
ity and biocompatibility [31-33]. The microstructure of sample B was
thoroughly characterised at a sub-micrometer scale using TEM. For
this, a thin slice of ~60 nm in thickness was prepared from the surface
using a FIB facility. This thin foil was vertically extracted through a filled
“pancake” structure, as illustrated in Fig. 4a. The bright-field STEM (BF-
STEM) micrograph in Fig. 4b shows two regions: a thin “sponge” like
outer sublayer that seemed to cover the dome of the “pancake” struc-
ture (identified by blue dashed lines in Fig. 4b) and a thick denser
inner sublayer (identified by red dashed lines in Fig. 4b). Indexing the
selected area electron diffraction (SAED) pattern revealed that the
“sponge”-like outer sublayer was completely amorphous (Fig. 4c). The
EDX spectrum collected in this “sponge”-like region showed Si and O
in large amounts (Fig. 4e), while other elements from the electrolyte
(e.g. Na, K and Ca) and from the aluminium alloy substrate (e.g. Al, Cu,
Mg and Fe) were in lower amounts. The formation of a thin Si-rich
amorphous border on the top-most surface of the “pancake” structure
was consistent with the detection of an amorphous phase with the
GIXRD measurements (Fig. 2b). In contrast, indexing the SAED pattern

recorded for the filled cavity of the “pancake” structure indicated the
presence of the crystalline n-Al,05 phase (Fig. 4d), suggesting that the
crystalline a-Al,05 phase, identified by XRD measurements (Fig. 2a),
was located deeper in the PEO coating. This observation is in good
agreement with experimental results by Tillous et al. [7] who showed
from micro-focused X-ray synchrotron diffraction measurements that
the a-Al,03 phase was preferentially located under the “pancake” struc-
tures. These results were partly explained by Yerokhin et al. [34] who
simulated the temperature field in a cylindric discharge channel by tak-
ing into account the heat dissipation into the adjacent oxide layer, the
presence of the bulk Al substrate and the cooled electrolyte. With simi-
lar electrical conditions to those used here, they predicted that the n- to
a-Al,03 phase transition was more likely to occur in the internal
sublayer than in the outer one, the latter being subject to a higher
cooling rate. In addition, the SAED pattern in Fig. 4d also shows that
each bright diffraction spot had a diffuse streak, suggesting the presence
of defects in the m-alumina crystal structure. The BF-STEM micrograph
of the filled cavity of the “pancake” structure revealed nanoscale lamel-
lae (Fig. 4d). Bright and thin lamellae alternated periodically with dark
and thick lamellae. The EDX spectrum in Fig. 4f, integrated over this la-
mellar arrangement, showed the presence of Al and O in large amounts
and Si, Ca and Mg in lower amounts. Fig. 5 shows an HR-TEM micro-
graph of this lamellar structure and the associated FFT patterns recorded
on both the bright and the dark lamellae. Indexing the FFT patterns con-
firmed crystallised n-alumina. However, the presence of long and dif-
fuse streaks on the FFT pattern recorded on the bright lamellae clearly
shows that m-alumina lamellae had numerous crystallographic defects,
while dark lamellae were weakly-faulted crystals, confirmed by the
presence of well-defined circular spots on the corresponding FFT pat-
tern. For this particular lamellar arrangement, a closer examination of
the element distribution was done with STEM/EDX analyses. The latter
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Fig. 6. Dark-field STEM (DF-STEM) micrograph recorded over a 500 nm x 500 nm square area in the filled “pancake”-like structure of the processed sample B and the associated STEM/EDX

elemental maps.

were performed over a 500 nm x 500 nm square area as defined in the
dark-field STEM (DF-STEM) micrograph in Fig. 6. The thin and faulted
lamellae were enriched in Si, Ca and Mg, while the thick and weakly-
faulted lamellae were depleted in these elements. The EDX spectrum
given in Fig. 7a was recorded in the weakly-faulted alumina lamellae
(spot #1 in Fig. 6). The associated amount in each element is also
given in Fig. 7a. The presence of Mg, Si, and Ca can be neglected, since
the their respective amount is in the same range as the quantification
limit of the EDX detector (1 at.%). Thus, weakly-faulted lamellae
consisted mainly of O (59.7 at.%) and Al (39.3 at.%), close to stoichiomet-
ric Al,Os. In contrast, the EDX spectrum given in Fig. 7b and recorded in
the faulted lamellae (spot #2 in Fig. 6) shows that they mainly
contained O (62.8 at.%), Al (18.9 at.%) and Si (16.5 at.%). This result
clearly suggests that the faulted lamellae likely consisted of the mullite
phase as previously detected with GIXRD measurements in Fig. 2b. In-
deed, the presence of stacking faults in the HR-TEM micrograph in
Fig. 5 and the diffuse streaks on each electron diffraction spot in

Fig. 4d can be attributed to the formation of the mullite phase. It can
be explained by considering the n-alumina structure that consists of
chains of AlOg octahedra cross-linked with chains of AlO, tetrahedra.
When the mullite phase is forming, SiO4 tetrahedra randomly replaced
AlQO4 tetrahedra through the initial r-alumina structure, giving rise to
structural defects and a distorted m-alumina structure [28]. From the
STEM/EDX elemental line-scan defined on the DF-STEM micrograph in
Fig. 6, the average periodicity of this lamellar nanocomposite structure
was estimated at about 120 nm (Fig. 8). The average thickness of each
type of lamella was determined at 30 nm for the thin and faulted Si-
rich lamellae, and 90 nm for the thick and weakly-faulted Si-poor
lamellae.

3.3. Optical characterisation of the micro-discharges (OES)

The accurate determination of the temperature inside the micro-
discharges is needed in order to describe the microstructure formation
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Fig. 7. EDX spectra and the associated element quantification recorded a) on the thick and
defect-free lamellae (spot 1) and b) on the thin and defect-full alumina lamellae (spot 2).
Locations of the spot #1 and the spot #2 are defined in the DF-STEM micrograph in Fig. 6.

during PEO. Its value can be estimated in part by conducting optical
emission spectroscopy (OES) measurements as described by
Bruggeman et al. [35,36] and Belmonte et al. [37]. Fig. 9 shows the OES
spectrum recorded during the PEO processing of the aluminium alloy
in a KOH/Na,SiOs-containing electrolyte. This spectrum was collected
during the transition from the “arcs” to the “soft” regime. It shows emis-
sion lines of the electrolyte species (e.g. Na, Hy, Hp, K, OH, O) and some
others from the aluminium alloy substrate (e.g. Al, Cu). Analysis of this
spectrum allows determining the excitation temperature Teyc USING
the Boltzmann plot method [35-37]. This excitation temperature Texc
is similar to the electron temperature T, provided the plasma is in ther-
modynamic equilibrium, at least in local thermodynamic equilibrium
(LTE). The latter can be reasonably assumed for PEO discharges that
consist of arc discharges. However, depending on the emission lines
that are used, different values of T, can be obtained. For instance, Jovovic¢
et al. [16] estimated T, to =~4000 K from Mg emission lines, while during
the same treatment T, has been estimated at ~33,000 K when using 0"
lines. This effect was observed in the present case where T, determined
from Al lines was 10,000 K =+ 2000 K, while the same determination
using O lines gave an average value of 40,000 K + 10,000 K (Fig. 10).
These two temperature values can be due either to the presence of
two groups of discharges with different properties, or to discharges
composed of two regions, a hot and dense core and a colder and less
dense outer region. All OES measurements were integrated over the
whole sample surface and over several periods of the applied current.

Fig. 8. STEM/EDX element line-scan profile through the lamellar nanocomposite
morphology observed in the filled “pancake”-like structure. The location of the line-scan
is defined in the DF-STEM micrograph in Fig. 6.

Therefore, reported T, values were averaged values and the determina-
tion of two T, values is still under debate in the PEO community. If T is
usually considered as valuable information on the physical processes
taking place within the plasma, it only characterises the electrons inside
the plasma and reflects neither the gas, nor the surface temperature; it
is therefore unsuitable to support the possibility of phase transitions in
the solid in contact with the plasma.

However, in presence of molecules in the plasma, OES makes it pos-
sible to measure vibrational T, and rotational T, temperatures. Since ro-
tational levels are very sensitive to Brownian motion, rotational
temperature gives an excellent estimate of the gas temperature [38].
The OES spectrum during PEO processing of aluminium revealed only
two molecular bands, corresponding to the transitions AlO (B23", v'
=0 A’X",v=0)at484.2 nmand OH (A%3",v' = 0> X?[I,v =
0) at 306.8 nm. In the present study, the OH band was chosen because
of the strong interference between Hg, line and AlO band which would

Intensity (a.u.)

300 400 500 600 700 800

Wavelength (nm)

Fig. 9. Typical low resolution emission spectrum (260 nm-800 nm) of the micro-
discharges recorded during PEO of aluminium (Al2024) in silicate-rich electrolyte.
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Fig. 10. Variation of the excitation temperature (assumed to be close to the electron
temperature T,) in the micro-discharges as a function of treatment time. Temperatures
were estimated from the Boltzmann plots of the Al™ lines (Al II) and the O™ lines (O II).

have jeopardised the band profile fitting. The spectrum of the OH rota-
tional bands given in Fig. 11 was fitted with the rotational temperature
as a fitting parameter. The best fit was obtained for a temperature of
3200 K, which is consistent with that obtained by Stojadinovic et al.
(3500-4000 K) [39,40].

4. Discussion

The discussion hereafter focuses on the description of a melting/
solidification route to explain the formation of the 1:1 mullite/alu-
mina lamellar nanostructure that gradually filled the “pancake” cav-
ity during the PEO “soft” regime. Estimation of key parameters
determining the development of such a nanostructure was needed
first, as detailed in the following sections. Estimation of the heating
rate HR experienced by the solidified material under the micro-
discharges, estimation of the cooling rate (CR) experienced by the
alumina-siliceous melt in contact with the cooled surrounding

1.2 T T T T T T T T T T
----- Experimental spectrum |
10 Simulated spectrum @ T, = 3200 K
~ 08 4
=
<
S
> 0.6
A
7] .
5
E 0.4 -8t %
0.2 -
0.0L 1

0
306 308 310
Wavelength (nm)

Fig. 11. Emission spectrum of the molecular OH (A?S™, v' = 0 = X?[1, v = 0) band from
the micro-discharges recorded during PEO of aluminium in silicate-rich electrolyte
(dotted blue line). Simulated emission spectrum for a rotational temperature T, =
3200 K (red line). Emission lines of Al (transition multiplet at 308,217 nm, 309.271 and
309,284 nm) were deliberately removed from the spectrum before applying the
adjustment procedure.

electrolyte and estimation of the crystallisation temperature (T;) at
which the material solidification starts were successively conducted.
These key thermodynamic parameters were estimated based on the
combined results from the multi-scale characterisation of the “pan-
cake” structure and from the optical characterisation of the micro-
discharges. In addition, and as a first assumption, this interpretation
was exclusively based on the phase transitions predicted by the SiO,
- Al;03 binary phase diagram [28] because Al, Si and O were the main
elements detected in the lamellar nanocomposite, while Mg and Ca
can be considered as negligible (Fig. 7).

4.1. Estimation of the heating rate (HR)

Estimation of the heating rate (HR) experienced by the solidified
material under the micro-discharge was based on the optical emission
spectroscopy results. As discussed above, the rotational temperature T,
of the OH molecules in the plasma of the micro-discharge can reason-
ably be assumed equal to the gas temperature Tgqs, Toas =~ Tr = 3200 K.
This temperature was therefore a good estimate of the temperature
the material experienced within the micro-discharge. Considering the
SiO, - Al,O5 binary phase diagram reproduced in Fig. 12 [28], and no
matter the SiO, fraction in Al,O3, the material is liquid at that tempera-
ture. Therefore, the PEO alumina coating, initially in a solid state at the
electrolyte temperature T = 300 K, is locally melted within the
micro-discharge and reaches the gas temperature Tgos =~ 3200 K. Addi-
tionally, previous studies using ultra-fast video imaging established
that the average lifetime of the micro-discharges, Atyp, is in the range
of 10 ps [41-46]. Thus, the heating rate HR can be estimated as:

NATheat
HR=—— 1
A (1)

where ATpeqt = Tgas — Tetee. Using the above values for Tygs, Terec and Atyp
gave HR =~ 3 x 108 K-s~'. This value was probably underestimated,
since the high temperature reached in the micro-discharges did not
hold over the entire MD lifetime. Indeed, Aty;p includes the ignition
and the extinction time during which the gas temperature was lower.

4.2. Estimation of the crystallisation temperature (T.)

Estimation of the crystallisation temperature, T, at which the mate-
rial solidification started was based on the nanoscale characterisation of
the 1:1 mullite/alumina lamellar arrangement that filled the “pancake”
structure.

First, the volume fraction of alumina lamellae, V4, (accordingly
Vimur = 1 — Vaum is the volume fraction of 1:1 mullite lamellae) in the
nanocomposite arrangement was estimated using HR-TEM image anal-
ysis according to the parallelepipedic shape of mullite identified in liter-
ature [47-49]. In the nanostructured region in Fig. 4d, a minimum of 10
different views (400 nm x 400 nm) were considered for the estimation
of the surface fraction of alumina lamellae. Thus, Vp,, was in the range
of 75 to 85 vol% (accordingly Vj,, is in the range of 15 to 25 vol%).From
Vaum, the weight fraction of the alumina lamellae Wy, in the nano-
composite arrangement (where W,y is the weight fraction of the 1:1
mullite lamellae) was calculated according to:

Pano, Vaum 2

WAlum =
PabosVaum + P1:1 mutV mut)

where par,0, = 3.96 g.cm ™2 and py.1 pw = 3.05 g. cm > are the density
of pure alumina and 1:1 mullite phases, respectively. Hence, Wy, was
estimated in the range of 79 to 88 wt%] (accordingly Wy, is in the range
of 12 to 21 wt%]). From W, the molar fraction of the alumina lamel-
lae My, in the nanocomposite arrangement (where My, is the molar
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Fig. 12. Phase diagram for the Al,05-SiO; binary system showing metastable regions in the mullite/Al,0; domain and the proposed schematic representation of the formation of
nanostructured metastable mullite in the pancake cavity during PEO of aluminium in “soft” regime condition [28]. 1: Arc discharging inside the pancake cavity that is associated with
the propagation of a shock wave and the development of a spatial gradient of temperature from about 3200 K. 2: Melting of the pre-existing solidified alumina associated with the
enrichment in Si. 3: Rapid quenching at about 3.3 x 107 K-s~" due to the cooled surrounding electrolyte that filled the pancake cavity. 4: Mullite formation from a metastable phase
transformation (solidification temperature at about 1300 K) and generation of new arc discharging which gradually leads to the filling of the pancake cavity.

fraction of the 1:1 mullite lamellae) was calculated using:

WAlum /AAIZ 03
W atum /a0, + (1=Waum) /Ar:1 mul

3)

MAlum =

where Ay,0, = 10196 g - mol~!and A;.q yu = 162.04 g - mol~! are the
molar weights of pure alumina and 1:1 mullite phases, respectively.
Thus, Map,m was estimated in the range of 86 to 92 mol% (accordingly
My is in the range of 8 to 14 mol%).

Second, the amounts of O, Al and Si in the pure alumina lamellae
were CO/A[um =59.7at. %, CAI/AIum =39.3at.%and CSi/Alum =0.3at. %, re-
spectively. The amount of Si was very low and lower than the accuracy
of the EDX, about 1 at.%, so it was reasonable to assume that the alumina
lamellae mainly consisted of pure crystallised Al,0s. Thus, using the
SiO; - Al,O5 binary phase diagram [28], the molar fraction of Al,03 in
the alumina lamellae at room temperature (X, in Fig. 12) is 100 mol%.
In contrast, EDX of the 1:1 mullite lamellae shows that the amounts of
the O, Al and Si were Co/pny = 62.8 at. %, Cayni = 18.9 at. % and Csinpu
= 16.5 at. %, respectively. From the amount of Si in the mullite lamellae,
the molar fraction of the Al,03 phase in the mullite lamellae (X; in
Fig. 12) was estimated at 50.47 mol. % following Eqs. (4)-(8). The
amount of Si in mullite can be expressed as a function of the number
of Si, Al and O atoms in the 1:1 mullite lamellae according to:

Nai/mut
Csijmu = 4
Si/hul Nai/mur + Naymu + Nomu @

where Nsi/nui, Naynvin and Nojg can be expressed as a function of the

molar fraction of the Al,03 phase in the mullite lamellae (X;) and the
Avogadro's number (noted Ny):

1

Nsi/mul = §(1 —X1)Na (5)
2

Naymu = §X1NA (6)
2 3

Nomui :§(1—X1)NA+§X1NA (7)

X; was then determined from Egs. (4)-(7):

X1 = 1=3Csi/mul (8)

Third, the nominal molar fraction of Al,05 in the molten material at
3200 K (X in Fig. 12) can be estimated from the lever rule:

X=X ®)

Thus, Xo was estimated in the range of 93 to 96 mol%.

Finally, by considering both the estimated molar fraction of Al,O3 in
the nominal composition of the molten material and a metastable solid-
ification route due to the high cooling rate experienced by the molten
material (Section 4.3), the crystallisation temperature of the lamellar
nanocomposite was estimated at about T, = 1300 K. On the SiO; -
Al,O3 binary phase diagram reproduced in Fig. 12 [28], this
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crystallisation temperature corresponds to the boundary of the liquid
miscibility gap between mullite and alumina at the nominal composi-
tion of the alumina-siliceous molten material.

4.3. Estimation of the cooling rate (CR)

The cooling rate, CR, experienced by the alumina-siliceous melt in
contact with the cooled surrounding electrolyte required to form the
metastable 1:1 mullite/alumina nanocomposite arrangement can be esti-
mated according to:

EATmol
Tsi

CR (10)

where ATcoor = Te = Teree = 1000 K is the difference between the
crystallisation temperature and the electrolyte temperature, and 7s; = 3
x 107> s is the diffusion time constant of Si in the solid Al,Os. Ts; was cal-
culated from the average diffusion length =60 nm, measured from the
STEM/EDX profile in Fig. 8:

6 = 1/2.Dsj/a,0,(T).Tsi (11)

where Dsja1,0,(T) = 7 x 107" m?/s is the diffusion coefficient of Si in the
Al,0O3 phase at the metastable crystallisation temperature and at the cor-
responding estimated nominal composition X, between 93 and 96 mol%
[50,51]. As suggested by Takamori et al. [50] and Chiang et al. [51], this dif-
fusion coefficient can be calculated from the Stokes-Einstein equation:

kT

Dsi/an,0,(T) = Brrgll

(12)
with k = 1.38 x 10723 J.K~! the Boltzmann constant, yt= 0.1 Pa-s, the es-
timated dynamic viscosity at liquidus temperature for the nominal com-
position X, [52] and rs; = 1.36 x 10~ '° m the equivalent radius of Si
estimated from:

1 (Vas\ /3
1/ Vusi
=y () (13

where Vy;, =12 x 107® m®-mol " is the molar volume of Si, and V', =
6.022 x 10?2 mol ™! the Avogadro's constant. Hence, the cooling rate was
estimated at C =~ 3.3 x 107 K-s~!, which is in good agreement with the
calculation of Yerokhin et al. (107 K-s~") [34].

4.4. Mechanism of melting/solidification route resulting in the lamellar
nanocomposite

The mechanism proposed hereafter only focuses on the formation of
the lamellar nanostructures observed inside the pancake cavity, and
does not claim to be a full description of the growth mechanisms of PEO
layers. Therefore, some precautions are needed and the discussion draws
some assumptions. Firstly, it is assumed that the material transformations
discussed here result from the ignition of a single micro-discharge. Hence,
the combined effect of several micro-discharges that could appear at the
same time in a close vicinity, especially the collective thermal effect, is not
taken into account. For that, further studies are needed to introduce re-
finements of the proposed mechanism. Secondly, the discussion focuses
on the exclusive presence of O, Al and Si elements that are distributed
in various proportions through the 1:1 mullite/alumina lamellar nano-
composite. Indeed the amounts measured for Mg and Ca (Cyg/amm=
0.6 at.%, Cygmmu= 0.7 at.%) and calcium (Ceq/arum= 0.0 at.%, Ceanmm=
1.1 at.%) elements being within the detection limit of the STEM/EDX
(1 at.%), the presence of Mg and Ca can be reasonably neglected. Conse-
quently, the discussion is based on the SiO, - Al,05 binary phase diagram
that also shows metastable phases (Fig. 12) [28]. The schematic model in
Fig. 12 illustrates the proposed mechanism of formation of the metastable

1:1 mullite/alumina lamellar nanocomposite observed into the cavity of
the “pancake” structure.

First of all, although the electrical parameters fulfil the “soft” regime
conditions, it is well established that the PEO process always starts con-
ventionally with an “arcs” regime [10,13]. The PEO process gradually
switches to the “soft” regime only after a certain processing time, usually
after 10 to 30 min depending of the other process parameters. The “arcs”
regime is characterised by visible and intense micro-discharges (mainly
with strong B-type micro-discharges according to Hussein et al. [15])
which occur throughout the thickness of the PEO coating and induce
large and unfilled discharge channels (“pancake” structure). In contrast,
with the gradual appearance of the “soft” regime, visible and intense
micro-discharges progressively change to tiny micro-discharges which
develop inside the discharge channels that fill the “pancake” cavities. Ac-
cording to Cheng et al. [17-19] these tiny discharges are mainly of D-type.
Consequently, with the appearance of the “soft” regime, the ignition of D-
type discharges increasingly occurs inside the “pancake” cavity. With the
ignition of a D-type micro-discharge, the solidified material that initially
consisted of quite pure Al,03 previously formed during the “arcs”-regime
is locally and rapidly heated above Tg.s =~ 3200 K with a heating rate of HR
~ 3 x 108 K-s™. At this temperature, the pure alumina solid phase trans-
forms into liquid. In addition, the elements present in the electrolyte can
be more easily accepted into the coating through the surface discharging
process. The SiO3™ anions present in the electrolyte enter the discharge
channels through electrophoresis under the strong electric field, and un-
dergo various excitation and dissociation processes in the micro-
discharges. Dehnavi et al. [24-26] showed that SiO%~ anions dissociated
into Si atoms in the plasma core. Klapkiv [53] described the transport in
the channel of O and Si atoms from the core to the shell of the plasma
due to temperature gradients. After about 10 ps, which is the average life-
time of the PEO micro-discharges in “soft” regime, the micro-discharge
extinguishes and the plasma transport stops suddenly. The atomic species
recombine to form gaseous O, and liquid SiO,. Ultimately, just before the
cooling step starts, the molten Al,O3 and the freshly formed SiO, combine
in a liquid phase, resulting in an alumina-siliceous melt (Fig. 12). It is also
worth noting that after one micro-discharge, it is expected that the melt is
quite exclusively composed of alumina (X, ~ 100 mol. %). In turn, after
repetitive ignition/extinction cycles of micro-discharges that are known
to appear in successive bursts at the same location over the substrate
[45], the alumina-siliceous melt is gradually enriched in SiO, and reaches
the estimated nominal molar fraction of Al,Os between 93 and 96 mol%.

As the micro-discharges extinguish, the pressure in the “pancake”
cavity decreases and the cooled electrolyte enters into the open dis-
charge channel. Consequently, the alumina-siliceous melt is quenched
at cooling rate CR =~ 3.3 x 107 K-s™ . Within such severe cooling condi-
tions, the solidification is expected to follow a non-equilibrium route as
predicted by the SiO,-Al,03 phase diagram (Fig. 12) [28]. For a nominal
molar fraction of Al,05 in the range of 93 to 96 mol%, the solidification of
the alumina-siliceous melt starts at the critical solidification tempera-
ture T, =~ 1300 K as it is defined by the boundaries of the mullite/
Al,03 metastable immiscibility dome in Fig. 12. Therefore, a mechanism
of phase separation takes place due to the precipitation of metastable
mullite lamellae that alternate with metastable alumina lamellae.
Close to the crystallisation temperature, the metastable mullite lamellae
freshly formed are enriched in alumina (=65 mol% Al,03; =~35 mol%
Si0,). Oppositely, the metastable alumina lamellae that are freshly
formed are not 100% pure and contains a significant amount of SiO5,
up to 5 mol%. As the cooling process continues, and as predicted by
the metastable branches of mullite and Al,Os (blue-coloured and
green-coloured in Fig. 12), the metastable mullite lamellae are progres-
sively enriched in SiO, while the metastable alumina lamellae are grad-
ually depleted in SiO, due to diffusion in the solid state [47-49]. At 870 K
(limit of the phase diagram in Fig. 12 [28]), the alumina lamellae con-
sists of Al,03 (X5 = 100 mol%), while the mullite lamellae contains
about 50 mol% SiO, (50 mol% in Al,03) that corresponds to the metasta-
ble 1:1 mullite. The molar fraction of the alumina lamellae M4y, is also
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higher (in the range of 86 to 92 mol%) than the molar fraction of the
metastable 1:1 mullite M, (in the range of 8 to 14 mol%). Finally, the
microstructure predicted at 870 K by the proposed solidification mech-
anism remains close to the microstructure observed and characterised
at room temperature in the present study.

5. Conclusions

A 2024 aluminium alloy was PEO processed in a KOH/Na,SiOs elec-
trolyte within the well-established “soft” regime electrical conditions.
The microstructure of the “pancake” structure formed during the transi-
tion from the “arcs” regime to the “soft” regime was fully described. The
cavity of the “pancake” structure was closely examined using high-
resolution transmission electron microscopy. The main result showed
that the beginning of the “soft”-regime was concomitant with the for-
mation of a lamellar nanocomposite that gradually filled the cavity of
“pancake” structure. This nanocomposite consisted of Al,05 lamellae
(=90 nm in thickness) that periodically alternated with a metastable
1:1 mullite lamellae (=30 nm in thickness). Combined with optical
emission spectroscopy measurements performed during the transition
to “soft” regime, a growth mechanism based on the metastable solidifi-
cation route of a silicon-enriched alumina melt was proposed. Under
the micro-discharge, alumina was locally melted above ~3200 K at a
high heating rate ~3 x 108 K-s~'. It was then gradually enriched in sil-
icon due to the electrolyte decomposition and then cooled by the elec-
trolyte at a high cooling rate ~3.3 x 107 K-s~! after the micro-
discharge extinction. Within such severe cooling conditions, the solidi-
fication process followed a non-equilibrium route as predicted by the
metastable SiO, - Al,O3 phase diagram. It resulted in a phase separation
consisting in a nanoscale lamellar arrangement of pure alumina
(=90 nm thick) and 1:1 mullite lamellae (=30 nm thick).
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ARTICLE INFO ABSTRACT

Keywords:

Duplex treatment

Cold-spray deposition

Plasma electrolytic oxidation (PEO)
Aluminium

Magnesium

Ferrous metals

Plasma electrolytic oxidation (PEO) is widely used to improve the corrosion and wear resistance of lightweight
metals such as aluminium alloys by the formation of a ceramic oxide coating. However, the PEO process remains
ineffective for ferrous metals and, when applied to magnesium alloys, oxide coatings are usually thin and porous.
To overcome these limitations, the feasibility of applying a duplex treatment combining cold-spray deposition
(CS) and PEO is investigated. Cold-sprayed aluminium coatings are deposited on magnesium (EV31) and steel
(S235) substrates prior to PEO processing. Investigation of this duplex process evidences the efficiency of such a

two-steps process to form thick, dense and crystalline alumina coatings on both magnesium and steel substrates.
The growth kinetic of the duplex CS-PEO oxide layer is enhanced by a factor of 3 compared to single-step PEO
processing of bulk aluminium substrates. Results are discussed by considering the effect of the porosity through
the cold-sprayed aluminium coating on the mechanism of oxidation during the subsequent PEO treatment.

1. Introduction

Plasma electrolytic oxidation (PEO), also referred to as micro-arc
oxidation (MAO), is a plasma-assisted electrochemical technology to
synthesize protective ceramic-like oxide coatings on lightweight metals
like aluminium, titanium and magnesium alloys [1-4]. PEO process is
gaining a growing interest in various industrial domains (transport,
energy, medicine) to replace conventional chromic acid anodizing
(CAA) or hard acid anodizing (HAA) [5,6]. Indeed, PEO results in im-
proved wear and corrosion resistance together with enhanced thermal
stability and biocompatibility properties. The use of environmentally
friendly alkaline electrolytes is an asset as well [6-8]. PEO process is
carried out at a voltage slightly higher than the breakdown voltage of
the growing oxide layer. Consequently, PEO coatings grow under a
sparking regime leading to the gradual conversion of the processed
metal to a crystalline oxide layer [9-12]. The growth mechanisms of the
protective PEO coatings remain complex due to the combination of both
electrochemical, thermal and plasma phase reactions that simulta-
neously occur in a small affected volume (few tens of um3) [13-17].

In the case of aluminium alloys, PEO process parameters are well
controlled to form thick and compact oxide achieving a long-term
protection. Numerous studies were devoted to the electrolyte

composition according the requested coating properties [5,6,18].
Especially, the addition of (micro-) particles in the electrolyte aims at
forming composite oxide layers (metal/oxide, oxide/oxide), that en-
dows the protective layer with new functionalities [19-22]. In parallel,
other studies sought the optimization of the electrical conditions, such
as the applied supplying mode (AC, DC, bipolar, etc.), the current and/
or voltage amplitude, or the frequency and duty cycle of the applied
voltage or current [23-26]. Using a pulsed bipolar current to supply the
electrodes promotes the appearance of a particular “soft” regime that
occurs after a certain period of processing time [27-29] provided the
current waveform parameters are suitably set. The occurrence of this
“soft” regime is associated with the gradual decrease in the voltage
response, the gradual disappearance of visible discharges as well as an
increase in the growth rate and a lowering of the oxide coating porosity
[30].

Although the PEO process of aluminium alloys is now well con-
trolled, PEO processing of magnesium alloys faces some issues and PEO
layers grown on magnesium are generally thin and porous, poorly ad-
herent to the substrate and often need additional post-treatments
[31,32]. Sealing method based on cerium and phosphate appears to be
the most effective way to significantly improve the corrosion properties
of PEO coatings on magnesium [33-35]. In addition, the PEO process is
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Fig. 1. Schematic description of the duplex surface treatments performed on
$235 steel and EV31 magnesium substrates combining cold-spray (CS) and
plasma electrolytic oxidation (PEO) processes.

Table 1
Elemental composition of the commercial EV31 magnesium substrate.
Elements Nd Gd Zn Zr Mg
in wt% 2.60 1.38 0.25 0.66 Balance
Table 2
Elemental composition of the commercial S235 steel substrate.
Elements Mn C Si P S Fe
in wt% 1.4 0.17 0.05 0.035 0.035 Balance
Table 3

Elemental composition of the commercial 1050 aluminium used as substrate
and as cold-sprayed powder.

Elements Fe Si Zn Cu, Mg, Mn, Ti Al
in wt% 0.40 0.25 0.07 < 0.05 Balance
Table 4

Conditions of elaboration of the different samples using cold-spray (CS) and
plasma electrolytic oxidation (PEO) processes.

Substrate CS process PEO process Reference name

(thickness of Al (processing

1050) time)
Al (1050) 0 pm 8 min Al + CSOum + PEO8min
Al (1050) 0 pm 20 min Al + CSOpm + PEO20min
Al (1050) 0 um 35 min Al + CSOpm + PEO35min
Mg (EV31) 66 = 15um 0 min Mg + CS66pm + PEOOmin
Mg (EV31) 66 = 15um 8 min Mg + CS66um + PEO8min
Mg (EV31) 66 * 15um 20 min Mg + CS66um + PEO20min
Mg (EV31) 66 = 15um 35 min Mg + CS66 um + PEO35min
Mg (EV31) 220 = 25pum 0 min Mg + CS220pm + PEOOmin
Mg (EV31) 220 *= 25 pum 8 min Mg + CS220um + PEO8min
Mg (EV31) 220 = 25pum 20 min Mg + CS220pum + PEO20min
Mg (EV31) 220 = 25um 35 min Mg + CS220um + PEO35min
Steel (S235) 80 + 15um 0 min St + CS80um + PEOOmin
Steel (S235) 80 + 15pum 8 min St + CS80um + PEO8min
Steel (S235) 80 = 15um 20 min St + CS80um + PEO20min
Steel (S235) 80 + 15 pum 35 min St + CS80um + PEO35min
Steel (S235) 190 *= 25 um 0 min St + CS190um + PEOOmin
Steel (§235) 190 + 25 pum 8 min St + CS190 pm + PEO8min
Steel (S235) 190 #= 25 pum 20 min St + CS190um + PEO20min
Steel (S235) 190 *= 25 um 35 min St + CS190um + PEO35min

Table 5
Parameters of the cold-spray (CS) process.

Parameters Values

Sprayed powder Commercial 1050 aluminium alloy

Powder shape Spherical
Powder size 10 = 3pum
Carrier gas type Nitrogen (N»)
Gas pressure 2.4 MPa

Gas temperature 340 °C
Nozzle traverse speed 90 mm.s !
Nozzle stand-off distance 30 mm
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Fig. 2. Evolutions of the anodic voltage amplitude as a function of the PEO
processing time a) for Al 1050 substrate (without cold-sprayed Al coating) and
Mg substrates (with 66 and 220 pm cold-sprayed Al coatings) and b) for Al
1050 substrate (without cold-sprayed Al coating) and steel substrates (with 80
and 190 pum cold-sprayed Al coatings). Vertical dash lines indicate the PEO
processing time at which the “soft” regime occurs. Reference name of each
sample is given in Table 4.

strictly limited to aluminium, titanium, magnesium and zirconium al-
loys and it remains ineffective on other metals [5,6]. For example, it
does not allow surface protection of ferrous metals for which electro-
deposition of Zn- and Ni-based alloys are still widely used at the in-
dustrial scale. However, electrodeposition technologies use con-
centrated acids (e.g. boric acid) or alkaline electrolytes containing toxic
cyanides compounds [36].

In this context, duplex treatments can address these issues and
widen the use of the PEO process. In this paper, it is proposed to in-
vestigate the feasibility of a duplex surface treatment combining cold-
spray deposition and PEO technology. Studies reporting on the com-
bination of cold-spray and PEO are scarce in the literature, and to the
knowledge of the authors, only two recently published works men-
tioned its use on an AZ91 magnesium alloy [37,38]. Although, im-
provements in the corrosion and wear resistance were observed, the
effect of this duplex treatment on the growth mechanisms of the PEO
coatings has not been considered as well as the feasibility to apply such
duplex treatment on another magnesium alloy and also on a steel
substrate.

2. Experimental procedure

As illustrated in Fig. 1, the process consists in first cold-spraying an
aluminium coating on a metallic substrate that will be converted into
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aluminium oxide by the use of the PEO process in a second step. For
comparison reasons, bulk aluminium substrates were also processed
using the same PEO conditions.

2.1. Materials

A commercial EV31 grade magnesium alloy and a commercial S235
steel were used as substrates. The chemical composition of Mg EV31
and S235 steel is given in Tables 1 and 2, respectively. All samples had a
rectangular shape of 45 x 25 x 6 mm?>. Prior to be processed, the
surface of the samples was shot blasted with corundum particles under
5 bars pressure. It allowed cleaning the surfaces (e.g. removal of organic
contaminations or oxidation residues) as well as providing a sufficient
roughness level to ensure adhesion of the aluminium sprayed coating.
The resulting surface roughness R, of the prepared samples was
R, =25 * S5pymand R, = 17 * 5 pum for the magnesium and for the
steel substrates, respectively. PEO coatings on pre-deposited aluminium
were compared with PEO layers achieved on pure aluminium (Al 1050)
bulk substrate using the same PEO conditions. The composition of Al
1050 grade material is given in Table 3. Table 4 summarizes the dif-
ferent samples that were processed for this study.

2.2. Cold-spray conditions

In the cold-spray (CS) process, also known as cold gas-dynamic
spraying (CGDS), coatings are applied in the solid state by spraying
metal powder at a high velocity on a substrate at greatly reduced
temperatures compared to thermal spray techniques [39-41]. A sche-
matic view of a typical cold-spray facility is presented in reference [40].
A carrier gas, usually nitrogen or helium, at pressure as high as 6 MPa
and temperature ranging from 100 to 1100 °C, is expanded to super-
sonic speed through a converging-diverging De Laval nozzle. Particles
are introduced in this gas flow at the inlet of the nozzle. Depending of

Al +CS 0 um + PEO 35 min

Mg+ CS 66 pm + PEO 35 min

Mg+ 220 pm +PEO 35 min

St + CS 80 pm + PEO 35 min

St+ 190 pm +PEO 35 min
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Fig. 3. Cross-section SEM micrographs of the cold-
sprayed and PEO processed samples for different PEO
processing time. Reference name of each sample is
given in Table 4. Black arrows indicate the substrate
(Al, Mg or Steel), green arrows indicate the cold-
sprayed Al coating and red arrows indicate the PEO
coating. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

the processing conditions applied, as well as on the morphology and the
density of the sprayed particles, the metallic particles are accelerated
through the nozzle at speeds exceeding 1600 ms™!. The particles im-
pact the substrate located approximately between 20 and 100 mm from
the exit of the nozzle and form a more or less dense metal coating de-
pending on the velocity of the particles. Thickness of the sprayed
coating is also adjusted by repeated scans over the same area. Table 5
gives the main parameters of the cold-spray process that were used in
the present study. The sprayed metallic powder consisted in a com-
mercial 1050 grade aluminium for which the chemical composition is
given in Table 3. Two different ranges of pre-coating thickness were
prepared on both magnesium and steel substrates. For magnesium
substrates, thicknesses of the aluminium layer deposited by cold-spray
were 66 = 15 pym and 220 *= 25 pum (see Table 4). For the steel
substrate, thicknesses were 80 = 15 um and 190 *= 25 pm.

2.3. Plasma electrolytic oxidation conditions

A schematic view of a typical PEO treatment unit is presented in
reference [5]. PEO treatments were run in a solution of potassium hy-
droxide ([KOH] = 1 g~L_1 ~ 0.018 molL™!) and anhydrous sodium
silicate ([Na,SiOs] = 1.65 gL.™ ! = 0.014 mol-L ™) diluted in deionised
water. The measured pH and conductivity of the fresh electrolyte were
12.5 and 2.8 mSem ™ ?, respectively. In order to limit the ageing effect
of the electrolyte, a fresh electrolyte was renewed for each substrate.
Two titanium plates 200 X 200 x 1 mm? in size were used as counter-
electrodes. They were systematically located at 90 mm apart from the
working electrode (A11050, Mg EV31 and Steel S235). All the PEO
treatments were performed using a pulsed bipolar current generator
within the “soft” regime conditions [30]. The anodic to cathodic charge
quantity ratio, RCQ = Q,/Q,, was set at a value of 0.9. The current
pulse frequency (f) and the anodic current density (j.) were set at
100 Hz and 48 A-dm™? respectively. As reported in Table 4, the
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Fig. 4. Evolutions of the PEO oxide layer thickness as a function of the PEO
processing time a) for Al 1050 and Mg substrates and b) for Al 1050 and steel
substrates. Coloured boxes indicate thickness range of the different pre-deposit
cold-sprayed Al coatings. Reference name of each sample is given in Table 4.

duration of the PEO treatments was set at 8, 20 and 35 min. After the
PEO treatment, the processed sample was rinsed with ethanol, dried
and stored in a dry environment before ex-situ characterization. The
voltage-time response was recorded using a 1 GHz bandwidth oscillo-
scope (Agilent 54832B).

2.4. Ex-situ characterization of the coatings

Cross-sections of the treated samples were examined by SEM (FEG-
SEM Philips XL 30S) working in backscattered electron mode (25 kV
accelerating voltage). Prior to SEM observations, specimens with
5 X 5 x 6 mm® in size were cut, mounted in resin and finely polished
with 1 ym diamond paste. SEM investigations were systematically done
at the centre of the sample in order to avoid possible artefact due to
edge effect. The coating thickness was determined as an average value
of 10 measures taken on cross-section over 10 different positions (every
100 pm). Chemical composition and distribution of elements in the
synthesized duplex coatings were determined by EDX analyses. The
phase composition of the coatings was determined by X-ray diffraction
(XRD) measurements in Bragg-Brentano geometry using the Cu-Ky;
radiation at A = 0.1542 nm (Bruker D8 ADVANCE diffractometer). The
step size and the scan range were set at 0.005° and from 20 to 90°,
respectively. For XRD, specimens with 5 x 5 x 6 mm? in size were
used. Finally, some X-ray micro-computed tomography (uCT) mea-
surements were carried out to characterized porosities through the
cold-sprayed aluminium coatings as well as through the PEO oxide
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layers. A Phoenix Nanotom X-ray uCT facility was used to characterize
the morphology and the space distribution of pores in both the cold-
sprayed and PEO coatings. Rectangular specimens with 2 x 2 x 2 mm?®
in size were characterized by uCT. The uCT procedure was based on the
acquisition of a series of X-ray radiographs of a sample that rotated step
by step around a vertical axis perpendicular to the incident X-ray beam.
Images were recorded over a period of 6 s. A total of 1440 images were
recorded for a scan duration of 144 min. A mathematical algorithm was
used to reconstruct the internal 3D volume structure of the samples.
The final resolution of the 3D-images was voxels of dimensions
1.5 x 1.5 x 1.5 um>. Below these dimensions, porosities were not
detected.

3. Results
3.1. Establishment of the “soft” sparking regime

Fig. 2 shows the evolution of the anodic voltage amplitude as a
function of the PEO processing time for the different duplex treatments
summarized in Table 4. As previously reported, the “arc” to “soft” re-
gime switching time is usually detected by the gradual drop in the
anodic voltage amplitude during the PEO process [12,22,26]. The time
at which “soft” regime occurs is usually determined at the inflexion
point of the voltage curve. During the first minutes of treatment, i.e. in
the “arc” sparking regime, Fig. 2 shows that the presence of a cold-
sprayed aluminium coating on magnesium and steel substrates has a
significant influence on the voltage amplitude compared to the re-
ference PEO treatment performed on the bulk aluminium substrate. For
instance, at t = 5 min, the anodic voltage amplitude is higher than
900 V for the duplex treatments while it is lower than 760 V for the
reference PEO treatment performed on the bulk aluminium. Moreover,
for this reference treatment, transition from the “arc” to the “soft” re-
gime appears at about 28 min. In contrast, Fig. 2 evidences that all the
duplex treatments performed on magnesium and steel substrates result
in an earlier appearance of the “soft” sparking regime. This is particu-
larly obvious for the thicker cold-sprayed aluminium coatings for which
transition occurs before 18 min. For the thinner pre-deposited alumi-
nium coatings, it is also apparent that the establishment of the “soft”
regime is accompanied with a sharp drop in the anodic voltage am-
plitude (> 300 V).

3.2. Morphology and growth kinetic of the coatings

Fig. 3 shows the cross-sectional SEM micrographs of the PEO oxide
layers grown within the different conditions as defined in Table 4.
Cross-sectional views of the pre-deposited aluminium coatings on the
magnesium and steel substrates are also presented in Fig. 3 (left-hand
side column). The latter show that all the cold-sprayed aluminium
coatings studied here are porous. For the bulk aluminium substrate, the
cross-sectional SEM micrographs show the typical morphology of PEO
coatings produced on aluminium alloys during the “arc” regime (at 8
and 20 min) and the “soft” regime (at 35 min). The pancake-like
structure is the usual feature of PEO layers grown under the “arc” re-
gime while a sponge-like structure known to incorporate elements from
the electrolyte (e.g. Si, Na and K) is more developed over the top-surface
under the “soft” regime. It is also apparent that with the transition from
the “arc” to the “soft” sparking regime that occurs at about 28 min for
the bulk aluminium substrate, the morphology gradually transforms
into a more compact and a thicker oxide layer.

Interestingly, Fig. 3 clearly demonstrates the possibility to grow a
PEO oxide layer through a cold-sprayed aluminium coating previously
applied on magnesium and steel substrates. Whatever the nature of the
metallic substrate (i.e. magnesium or steel), the thickness of the cold-
sprayed aluminium coating and the PEO processing time, the duplex
treatments result in thicker and more compact PEO oxide layers than
those grown by PEO on pure aluminium substrate. Additionally, the
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Fig. 5. Cross-sections SEM micrographs and the corresponding EDX element maps for the duplex coatings grown on a) bulk Al 1050 (Al + CSOum + PEO35min), b)
Mg EV31 (Mg + CS66um + PEO20min) and c) S235 steel substrate (St + CS80um + PEO20min). Coloured crosses indicate the localization of EDX measurements

and element quantification given in Fig. 6 and Tables 6, 7 and 8.

top-surface of the PEO oxide layers grown for 20 min or more already
exhibits the particular sponge-like structure achieved under the “soft”
sparking regime. This agrees well with the voltage-time responses
(Fig. 2) that show an earlier transition to the “soft” regime by using
duplex treatments.

Concerning the cold-sprayed aluminium coatings < 80 um in
thickness, growth of the PEO oxide layers is different depending on the
processed substrate. In the case of the magnesium substrate, after
20 min processing time, the thickness of the PEO oxide layer reaches
and then exceeds the thickness of the pre-deposited aluminium coating
(samples Mg + CS66um + PEO20min and
Mg + CS66um + PEO35min in Fig. 3). This suggests that the magne-
sium substrate is PEO converted in magnesium oxide beyond the total
conversion of the sprayed Al layer. This is particularly obvious at
35 min where signs of delamination can be observed exactly at the
location of the former aluminium/magnesium interface. In contrast, for
the steel substrate, the PEO oxide layer reaches the aluminium / steel
interface at about 20 min after which growth of the oxide layer seems to
stop (samples St + CS80um + PEO20min and
St + CS80um + PEO35min in Fig. 3). Interestingly, after 35 min, no
delamination is observed at the interface between the elaborated PEO
coating and the steel substrate. This can be explained by the initial high
level of roughness over the steel surface that ensures an efficient anchor
of the coating.

Fig. 4 depicts the evolution of the average thickness of the overall
PEO oxide layer with the processing time for the different treatments
summarized in Table 4. Fig. 4 evidences an enhancement of the growth
kinetic of the PEO oxide layer, by a factor 3 or more, when applying
duplex treatments (~6 pummin~') than using one-step PEO process
(~1.5 ym'min ~ ). For thinner cold-sprayed aluminium coatings (down
to 80 um in thickness), and as previously observed in Fig. 3, a difference
in the growth kinetic is pointed out between the magnesium and the
steel substrates. Indeed, for the magnesium substrate, the final thick-
ness of the PEO oxide layer (215 # 20 pm at 35 min) clearly exceeds
the thickness of the sprayed aluminium coating (66 = 15 pm). Thus, it
confirms the fact that the magnesium substrate is PEO converted in
magnesium oxide beyond the total conversion of the cold-spray

deposited Al layer. Oppositely, for the steel substrate, once the sprayed
aluminium coating is PEO converted, at about 20 min, growth of the
PEO oxide layer stops. Finally, for the thicker cold-sprayed aluminium
coatings (up to 190 pm in thickness), and whatever the processed
substrate (Mg or steel), a slight decrease in the growth kinetic is ob-
served after about 20 min (~4 pmmin ™).

3.3. Chemical and crystallographic compositions of the coatings

Fig. 5 shows specific cross-sectional SEM views and the associated
EDX elemental map distributions (Al, O, Si, Ca, K, Mg and Fe elements)
throughout the coatings synthesized using a single 35 min PEO process
on a bulk aluminium substrate (sample Al + CSOum + PEO35min) and
using the duplex treatments on magnesium and steel alloys (samples
Mg + CS66pum + PEO20min and St + CS80um + PEO20min). In
complement, Fig. 6 shows EDX spectra recorded at different locations
over the sample cross-sections (indicated by coloured crosses in Fig. 5).
The corresponding quantifications in elements are given in Tables 6, 7
and 8. First of all, whatever the processed substrate (Al, Mg or steel),
these element maps evidence an outer sponge-like structure that in-
corporates elements from the electrolyte e.g. O, Si, Ca and K. This is
usually encountered for PEO treatments conducted on aluminium under
the “soft” sparking regime. In addition, for the bulk aluminium sub-
strate, Fig. 5a shows that the inner sublayer exclusively consists of Al
and O (Table 6). For the magnesium substrate with a thin aluminium
pre-coating (Mg + CS66um + PEO20min), the synthesized PEO coat-
ings consist of (i) a sponge-like outer sublayer enriched in Si, Ca and K,
(ii) a denser intermediate sublayer rich in Al and O, and (iii) an inner
sublayer rich in Mg and O close to the magnesium substrate (Fig. 5b).
This inner sublayer exhibits cracks that mainly develop parallel to the
metal/oxide interface. The element quantification performed in this
inner sublayer clearly suggests the presence of a magnesium oxide and
the absence of an aluminium oxide (Table 7). In the case of the steel
substrate (St + CS80um + PEO20min) (Fig. 5c), the PEO coating
shows a thick sponge-like outer sublayer and a compact inner sublayer
rich in Al and O (Table 8). It is also worth mentioning that the EDX
measurements do not show the presence of oxidized iron even close to
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a) Table 6
Al
Elemental composition from EDX measurements performed at different loca-
tions over the cross-section of the processed Al1050 substrate (without cold-
sprayed Al coating).
o Si i Elements Al o] Si Ca K Na
s A Na K Ca Spot 3
3 I N
£ Al Spot 1+ (in wt%) 100 - - - - -
::b Spot 2 (in wt%) 57 43 - - - -
g Spot 3 (in wt%) 39 41 12 2
] o
£ A Spot 2 * Location of the different spots is defined in the SEM cross-section in Fig. 5a.
Al Table 7
Elemental composition from EDX measurements performed at different loca-
Spot 1 tions over the cross-section of the processed Mg EV31 substrate (with cold-
P sprayed Al coating).
T T * T T T L T T T ¥ T
05 10 15 20 25 30 35 40 45 50 Elements Mg Al o Si Ca K Na
Energy /keV )
* Spot 1.. (in wt%) 100 - - - - - -
b) Al Spot 2 (in wt%) 58 3 39 - - - -
Spot 3 (in wt%) 2 54 44 - - - -
o Spot 4 (in wt%) - 32 45 9 6 4
Na St K Ca
n * Location of the different spots is defined in the SEM cross-section in Fig. 5b.
3
< o
= Mg Spot 3 Table 8
z = Elemental composition from EDX measurements performed at different loca-
2 s tions over the cross-section of the processed S235 steel substrate (with cold-
S . sprayed Al coating).
= Al Spot 2 ;
- Elements Fe Al (0] Si Ca K Na
Spot 1% (in wt%) 100 - - - - - -
Spot 2 (in wt%) - 100 - - - - -
Spot 1 Spot 3 (in Wt%) - 56 44 - - - -
———r—— Spot 4 (in wt%) - 27 42 16 6 6
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Fig. 6. EDX spectra recorded at different locations over the cross-section of the
coatings grown on a) bulk Al 1050 (Al + CSOum + PEO35min), b) Mg EV31
(Mg + CS66um + PEO20min) and <¢) S235 steel substrate
(St + CS80um + PEO20min). Location of the different spots is defined in the
SEM cross-section micrographs in Fig. 5.

the steel interface.

XRD analyses of the processed samples point out the presence of Al
as well as crystalline a- and n-alumina peaks (Fig. 7). The Al peaks
originate from the aluminium substrate or from the cold-sprayed alu-
minium coating. The presence of a- and n-alumina is usual for PEO
oxide layers grown on aluminium. The transition from the “arc” to the
“soft” sparking regime is known to be concomitant with an increase in
the a-alumina proportion in the PEO layer. This is confirmed by the

* Location of the different spots is defined in the SEM cross-section in Fig. 5c.

relative increase in the intensity of the a-alumina peaks with the pro-
cessing time compared to the intensity of the n-alumina peaks. For the
magnesium substrate with a pre-deposited aluminium coating (Fig. 7b),
XRD patterns also show the presence of magnesium oxide (MgO) and
forsterite (Mg,SiO,4) peaks after 20 min processing time. It definitively
confirms that the oxidation of the magnesium substrate takes place
after the complete oxidation of the pre-deposited aluminium coating.
Their low peak intensity is due to the fact that the MgO- and Mg,SiO4-
containing sublayer is located beneath the thick aluminium oxide outer
sublayer as observed in Fig. 5b. Interestingly, by using a duplex treat-
ment involving cold-spray and PEO processes on a magnesium sub-
strate, this result also demonstrates the possibility to produce a com-
posite ceramic-based multilayer on a lightweight metal. Finally, for the
steel substrate on which an aluminium pre-coating was sprayed, XRD
patterns in Fig. 7c only show the presence of Al peaks as well as crys-
talline a- and n-alumina peaks. For longer PEO processing time, al-
though growth of the PEO coating stops, the relative intensity of the a-
alumina peaks seems to increase compared to the intensity of the 7-
alumina peaks. This suggests the gradual transformation of the n-alu-
mina into a-alumina for longer PEO processing time. This point needs
however further detailed investigations. In addition, Fig. 7c also con-
firms the absence of oxidized iron through the PEO coating.

4. Discussion

The discussion hereafter focuses on the influence of the porosity on
the PEO process of aluminium. Particularly, a descriptive mechanism is
proposed to explain the role played by the porosities through a pre-
deposited aluminium coating on the subsequent growth of a PEO oxide
layer. Indeed, results have shown that growth kinetic of PEO oxide
layers is greatly enhanced (by a factor up to 3) when applied to cold-
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Fig. 7. XRD patterns (using Bragg-Brentano geometry) of the coatings synthe-
sized using cold-spray and PEO treatments at different processing time (0, 8, 20
and 35 min) for a) Bulk Al 1050 substrate, b) Mg EV31 substrate and ¢) S235
steel substrate. Reference name of each sample is given in Table 4.

sprayed aluminium coatings compared with a bulk aluminium sub-
strate. At the same time, results also show that the cold-sprayed alu-
minium coatings exhibit a high level of porosity throughout their
thickness (see Fig. 3). This is particularly obvious in the cross-sectional
SEM view of a steel substrate covered with a cold-sprayed aluminium
coating (80 *= 15 um in thickness) that was then shortly PEO processed
(for 8 min processing time) (Fig. 8). Large and extended pores up to
50 um in length are observed through the pre-deposited aluminium
coating.

In complement to these SEM observations, X-ray micro-computed
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tomography (UCT) measurements were also carried out to characterize
these porosities in both the cold-sprayed aluminium coatings and the
grown PEO oxide layers. Fig. 9 shows the uCT visualizations of pores
into the PEO coating elaborated on a cold-spray coated steel substrate
(St + CS190um + PEO35min). The associated schema in Fig. 9 allows
localizing the puCT probed volume. The PEO outer sublayer consists in
small numerous pores while the cold-sprayed aluminium coating ex-
hibits fewer but larger pores. The size of pores into the PEO oxide layer
is < 1.5 pm in length, which is the detection limit of the uCT equipment
(< 3.38 x 107° mm? in volume). For the cold-sprayed coating, the
length path of the detected porosities varies between 10s and 100 s of
um while the average volume ranges between 10~ % and 10> mm?>.
Interestingly, and contrary to observations performed on cross-sectional
SEM micrographs, the uCT visualizations in Fig. 9 evidence the pre-
sence of interconnected pores through the cold-sprayed aluminium
coating forming a network of large porosities. At the beginning of the
PEO process, when the sample is immersed into the electrolyte, it would
be reasonable to expect that the presence of such open porosities allow
the electrolyte to fill in the porosities and deeply penetrate into the
cold-sprayed aluminium coating.

The EDX element maps in Fig. 8 confirm this statement since ele-
ments from the electrolyte, especially Si and O, are detected into the
porosities of the pre-deposited aluminium coating. These elements are
found far advanced from the front line of the aluminium oxidation. For
these advanced sites, it suggests that conversion of aluminium into
alumina has already started. This is confirmed in Fig. 10 where oxidized
regions ahead from the PEO oxidation front line are observed. Inter-
estingly, these oxidized regions clearly exhibit the same shape and size
than the porosities detected by uCT through the cold-sprayed alumi-
nium coatings.

Based on these observations, a growth mechanism of PEO coating in
porous aluminium is schematically depicted in Fig. 11 and described
hereafter. Before applying the current to the electrodes, the sample is
immersed in the electrolyte. This electrolyte penetrates into the con-
nected porosities of the cold-sprayed aluminium layer. When applying
the current, and during the first seconds of treatment, the voltage in-
creases rapidly due to the growth a thin insulating oxide layer over the
processed surface. In the case of the sprayed coatings that exhibit open
porosities, breakdown value appears at higher voltage than for the bulk
aluminium substrate (see Fig. 2) due to higher specific surface. Indeed,
accumulated charges throughout the insulating layer that are needed to
reach the dielectric breakdown voltage remain higher with a higher
specific surface. As the PEO process continues, the “arc” regime takes
place first and arcs appear over the processed surface. Strong arcs ignite
but, in the case of the sprayed aluminium coatings, they turn earlier
into tiny or even not visible micro-discharges whose behaviour is
comparable to the inner D-type micro-discharges appearing inside the
PEO coating during the “soft” regime [2,12,30]. On this point, although
the high level of porosity through the cold-sprayed aluminium coating
seems to be responsible, it remains that further investigations are
needed to better understand the earlier occurrence of the “soft” regime
in the case of a duplex treatment (see Fig. 2). Once the “soft” regime is
established, a sponge-like phase enriched in elements from the elec-
trolyte grows at the top-surface of the PEO coatings. This can explain
that, after just ten minutes of PEO treatment, a well-developed sponge-
like structure is observed at the top surface of the duplex coating. In
contrast, for the bulk aluminium, this sponge like structure grows later,
after about 20 min (see Fig. 3). Inner micro-discharges that appear
inside porosities of the pre-deposited aluminium coating gradually
convert the surrounding aluminium into alumina. Thus, the growth
front of the PEO oxide layer extends not only vertically as observed for
the bulk aluminium but also laterally. As the process progresses, the
porosities are gradually filled with aluminium oxide trapping elements
from the electrolyte inside the inner dense PEO oxide sublayer. This
explains the presence of such elements, mainly Si, throughout the
overall PEO coatings (see Fig. 8). In contrast, for the PEO process of the
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Fig. 8. Cross-sections SEM micrographs and corresponding EDX element maps (Al, Si and O) of a PEO coating grown on a pre-deposited steel substrate

(St + CS80um + PEO8min).

Steel substrate

PEO coating
3

CS sprayed Al

Steel substrate

Fig. 9. X-ray micro-tomography images of a PEO coating grown on a steel substrate (St + CS190pum + PEO35min). V is the volume of porosities. d is the path length

of the porosities.

bulk aluminium, the inner oxide sublayer is depleted in such elements.
Finally, for the duplex treatments, the oxidized areas that consist in
advanced fronts of oxidation overlap with the adjacent ones forming a
thicker PEO coating compared to those observed for the PEO process of
bulk aluminium.

5. Conclusions

The feasibility of duplex surface treatments involving cold-spray
(CS) and plasma electrolytic oxidation (PEO) techniques was in-
vestigated. For this purpose, cold-sprayed aluminium coatings with
various thicknesses were pre-deposited on magnesium and steel sub-
strates and they were then PEO processed during various processing

time. Results clearly demonstrate the possibility to grow an alumina
PEO coating on magnesium and steel substrates cold-sprayed with
porous aluminium. Compared to conventional PEO treatments per-
formed on bulk aluminium substrates, growth kinetic of the PEO oxide
layer is greatly enhanced by using a duplex treatment. While porosities
in the cold-sprayed coatings are generally undesired, they seem here to
have a very positive effect on the PEO growth kinetics. A descriptive
growth mechanism was proposed. Such a duplex treatment offers new
opportunities to protect surface of magnesium alloys and ferrous metals
for which direct PEO process remains tricky and even not possible.
Further investigations are now needed to study the properties of such
duplex coatings such as wear resistance and corrosion resistance.
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Fig. 10. Cross-section SEM micrographs of the cold-
sprayed and PEO processed samples (for 20 min) for a) a
steel substrate with 190 um cold sprayed Al coating and
b) a Mg substrate with 220 pm cold-sprayed Al coating.
Yellow rings indicate advanced fronts of the oxidation.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)

Planar growth front

Fig. 11. Schematics of the influence of the porosities inside a cold-sprayed aluminium coating on the growth of a PEO oxide layer, a) before applying the current to

the electrodes, b) during the first minutes of the PEO process and c¢) after longer PEO processing time.
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