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Préambule

Mon parcours professionnel se décompose en deux étapes majeures, qui sont i) ma
thèse de doctorat au sein du l’Institut Français de Mécanique Avancée (IFMA, devenu
SIGMA Clermont) à Clermont-Ferrand et ii) mon poste actuel de Maître de Conférences
de l’ENSTA Bretagne. La rédaction de ce mémoire d’Habilitation à Diriger des Recherches
(HDR) représente pour moi l’occasion de faire le point sur mes activités de recherche, dans
ce métier passionnant, mais qui laisse parfois peu de temps pour cela. En conséquence,
je me focaliserai dans ce manuscrit sur les principales activités de recherche développées
à l’ENSTA Bretagne. Ainsi, l’objectif de ce manuscrit est de dresser un bilan des activités
que j’ai menées depuis ma thèse de doctorat, lorsque j’ai rejoint l’ENSTA Bretagne, il
y a un peu plus de dix ans. Généralement, un manuscrit d’HDR pourrait se présenter
sous différentes formes : compilation de publications, seconde thèse de doctorat ou bien
comme un document de synthèse mêlant état de l’art et contributions personnelles, etc.
La vocation d’un tel document est, bien sûr, la validation par des pairs des compétences
scientifiques et d’encadrement, mais c’est aussi et avant tout l’occasion de prendre un
peu de temps pour discuter des problématiques de recherche abordées et du recul sur
ses propres activités. Dans cette optique, j’ai cherché à proposer plusieurs niveaux de
lecture, notamment une vision globale des activités, démarches et outils, ainsi que des
présentations plus détaillées, basées sur les articles publiés.

Le choix d’une rédaction basée sur les articles permet, à mon sens, un compromis inté-
ressant : synthétiser dans un premier temps les éléments marquants de mes recherches
puis guider le lecteur tout en lui laissant le soin de creuser les différents aspects plus en
détail. C’est donc le choix qui est fait pour la structure de ce document.

De façon classique, le manuscrit se compose :

F d’une synthèse de mon parcours professionnel

F d’un curriculum vitæ détaillé décrivant mon parcours ainsi que les grandes lignes
de mes activités d’enseignement, d’encadrement et de recherche

F d’une synthèse des travaux de recherche menés à l’ENSTA Bretagne, plus particu-
lièrement au LBMS, devenu IRDL au 1er janvier 2016.

Bonne lecture !
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Résumé

La première partie de ce document décrit mon parcours professionnel et la deuxième
présente de manière synthétique les activités de recherche menées depuis 2012. Celles-
ci portent sur la caractérisation et la modélisation du comportement mécanique des
assemblages multi-matériaux. La qualité, la tenue à long terme et la durabilité des
structures complexes multifonctionnelles de dernière génération sont principalement
liées à la qualité des liaisons créées entre les différents constituants, souvent fortement
hétérogènes. Si le soudage par friction malaxage est aujourd’hui une technique avec un
niveau de maturité satisfaisant, permettant de joindre principalement des matériaux
métalliques de nature différente, difficilement réalisable au moyen de techniques de
soudage classiques, les assemblages structurels par collage permettent, quant à eux, de
répondre à un très large spectre de liaisons avec des natures de substrats très différentes
(métallique, composite, plastique, céramique, etc).

L’objectif principal de mes activités de recherche est double. D’abord i) des outils et
des démarches de caractérisation expérimentale performants ont été proposés, assurant
un spectre de sollicitations de l’assemblage très étendu, et permettant ainsi d’investiguer
l’influence de différentes conditions environnementales (température, humidité). La
caractérisation quantitative des défauts présents dans ces assemblages ainsi que l’effet
de ces derniers sur le comportement mécanique ont été abordés, en utilisant des moyens
non destructifs, in situ, de type tomographie aux rayons X. Ensuite, ii) à des fins de
dimensionnement et de prédiction du comportement à long terme, des stratégies de
modélisation ont été mises en place, permettant d’intégrer les différents comportements
élémentaires (élastique, visqueux, plastique) ainsi que la dépendance du comportement à
différents facteurs représentatifs, comme la température, l’humidité, ou les populations
de défauts.

Mots-clefs :

— Adhésifs structuraux ; Vieillissement hydrique ; Température ; Polymère

— Caractérisation expérimentale ; Défauts ; Tomographie aux rayons X
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Table des figures

Notice synthétique

Claudiu BADULESCU, 42 ans
Maître de conférences de l’ENSTA Bretagne, section 60
Chercheur à Institut de Recherche Dupuy de Lôme, UMR CNRS 6027

FORMATION ET DIPLÔMES

2010 Thèse de doctorat de l’Université Blaise Pascal - Clermont-Ferrand II
2006 DEA « Science des Matériaux, Nanomatériaux, Multimatériaux »
2005 Licence « Technologie des Constructions de Machines - (Génie Industriel) »
2000 Baccalauréat « Sciences pour l’Ingénieur »

ACTIVITÉS D’ENSEIGNEMENT

Depuis 2012 ENSTA Bretagne (Licence, M1 et M2 ∼ 220 h/an)
Université de Pitesti / Roumanie (M1 et M2 ∼ 40 h/an), depuis 2014

ACTIVITÉS DE RECHERCHE ET D’ENCADREMENT

Résumé Mes activités de recherche portent sur l’étude du comportement mécanique
des assemblages multi-matériaux collés et soudés par friction malaxage.
La durabilité des assemblages collés est principalement influencée par des
facteurs intrinsèques à l’assemblage (comportement de l’adhésif, présence
de défauts, taux de polymérisation, etc.) et par des facteurs extrinsèques
(température, l’hygrométrie, nature de sollicitation), avec des conséquences
non négligeables sur la réponse à court ou à long terme de l’adhésif et donc
de l’assemblage. L’objectif, dans un premier temps, est de pouvoir caractéri-
ser l’intensité de ces facteurs, d’investiguer leur effet sur le comportement
de l’assemblage et de proposer et valider des lois de comportement in-
cluant ses dépendances. Ensuite, ces modélisations seront intégrées dans
des stratégies de dimensionnement adaptées tant pour des sollicitations
élémentaires que pour des sollicitations complexes.

Mots-clefs Assemblages mullti- matériaux, Adhésives, tomographie, soudage FSW
Encadrement Thèses (7), Master 2 (12), Post-doctorat (3)

RESPONSABILITÉS COLLECTIVES

Responsable du Mastère Spécialisé IMANO / INO
Responsable des projets COSICO (ANR, 2014 - 2018, coordinateur du projet), CAR-
MEN(Région Bretagne, 2020-2022), MODESIM-FSW (PHC - FR/ROU, 2019-2021, coor-
dinateur en France)

9



Table des figures

PUBLICATIONS

Publications dans des revues à comité de lecture : 30
Publications dans des congrès nationaux et internationaux : 50
Chapitres dans des ouvrages internationaux : 1
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CHAPITRE

1
Curriculum Vitæ

Nom : BADULESCU
Prénom : Claudiu
Date et lieu de naissance : le 23/09/1981 à Pitesti (Roumanie), 42 ans
Nationalité : Roumaine
Adresse personnelle : 11, Impasse du Temps des Cerises, 29830, Plouguin
Téléphone professionnel : 02 98 34 89 77
E-mail : claudiu.badulescu@ensta-bretagne.fr
Fonction actuelle : Maître de Conférences de l’ENSTA Bretagne
Etablissement : ENSTA Bretagne

2, Rue Francois Verny 29806 Brest Cedex 9

1.1 Situation actuelle

Depuis 2012 Maitre de conférences de l’ENSTA Bretagne
Membre de l’Institut de Recherche Dupuy de Lôme, UMR CNRS 6027

1.2 Formation
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1. Curriculum Vitæ

2007-2010 Thèse de doctorat de l’Université Blaise Pascal - Clermont-Ferrand II intitulée :
Calcul précis des déformations planes par la méthode de la grille. Application à
l’étude d’un multicristal d’Aluminium
Soutenue le 8 Janvier 2010 à l’IFMA devant le jury composé de : F. Pierron
(Président), B. Wattrisse (Rapporteur), J. Molimard (Rapporteur), H. Haddadi
(Examinateur), X. Balandraud (Examinateur), M. Grédiac (Directeur de thèse),
J.D. Mathias (Co-encadrant)

2005-2006 Master 2 Recherche franco-roumain, double diplôme entre l’INP Toulouse et
l’Université de Pitesti/Roumanie, intitulé : Science des Matériaux, Nanomaté-
riaux, Multimatériaux

2000-2005 Ingénieur de l’Université de Pitesti/Roumanie, option « Technologie des Construc-
tions de Machines - (Génie Industriel) »

2000 Baccalauréat « Sciences pour l’Ingénieur »

1.3 Statut professionnel

Depuis 08/2012 Enseignant-Chercheur à l’ENSTA Bretagne, Brest
Enseignements : environ 220h en moyenne par an, sur les trois années
de formation du cycle d’ingénieur et du cycle d’ingénieur par alternance

02/2011 - 07/2012 Post-Doctorat au Laboratoire Brestois de Mécanique et des Systèmes,
EA4325, ENSTA-Bretagne, Brest

02/2010 - 01/2011 Post-Doctorat au Laboratoire de Mécanique et d’Acoustique, UMR 7031,
Marseille

01/2007 - 01/2010 Doctorant à l’Université Blaise Pascal - Clermont-Ferrand II et L’Institut
français de mécanique avancée (IFMA)
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1.4. Collaborations académiques et industrielles

1.4 Collaborations académiques et industrielles

. CEA Saclay / Irfu (2011)

. PSA - Peugeot Citroen (2012)

. RENAULT (2012)

. Université Polytechnique Hauts-de-France (2012)

. IFREMER (2014)

. RESCOLL (2014)

. Safran Composites (2015)

. Safran AE (2015)

. Safran Reosc (2017)

. Thales DMS (2020)

. MATEIS - INSA Lyon (2015)

. Université de Pitesti / Roumanie (2013)

1.5 Responsabilités

. Responsable des équipements "Mesure sans contact" du Centre d’Essais de l’IRDL (site
ENSTA Bretagne), depuis le 01/09/2021

. Responsable du Mastère Spécialisé "Ingénierie Marine, Architecture Navale et Off-
shore", option "Ingénierie Navale et Offshore"

. Coordinateur du projet ANR COmportement, modélisation et SImulation du COllage
structural sous une large gamme de température et de vitesse de déformation, effets du
vieillissement - COSICO

. Chairman à des conférences internationales (ICEM15, COMPLAS XII).

. Reviewer pour différents journaux : Mechanics of Materials/Elsevier, Composite Struc-
tures / Elsevier, Journal of Adhesion Science and Technology / Taylor & Francis , Journal
of Materials Research and Technology / Elsevier, Journal of Manufacturing Processes
/ Elsevier, Materials & Design / Elsevier, Journal of Materials Science & Technology /
Elsevier

. Gestion de contrats industriels et de recherche

. Participation à l’organisation du CFM 2019

. Participation aux comités de sélection d’enseignants-chercheurs et d’ingénieurs de re-
cherche

. Participation à des comités de thèse

. membre des jurys de 6 thèses (H. ALFONSO, A. ILIONI, J. DESTOUESSE, V. DUMONT,
L.DUFOUR et A. TINTATU)

. membre de jurys de Master 2 et de Projets de Fin d’Etudes (ENSTA Bretagne).
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CHAPITRE

2
Activités d’enseignement

Je suis, depuis août 2012, enseignant-chercheur à l’ENSTA Bretagne. A ce titre, je
dispense en moyenne 250 h de cours dans les différents cycles de formation de l’école.
Depuis mars 2014 j’exerce en moyenne 40 h à l’Université de Pitesti / Roumanie .
Quelques détails sur les principales activités d’enseignement dispensées sont donnés
dans le tableau 2.1.

Les interventions peuvent prendre différentes formes : simple intervenant, création
de cours (de manière collégiale dans le cas des cours-TD), proposition de nouveaux sujets,
etc. J’assure la responsabilité du Mastère Spécialisé Ingénierie Marine / Architecture
Navale et Offshore . J’assure également le suivi de projets étudiants de 3e année (entre 2
à 4 projets par an), de stages de 3e année (1 à 2 stages en moyenne par an) et participe
aux différentes soutenances qui peuvent avoir lieu tout au long de l’année.
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2. Activités d’enseignement

Année Matière Établissement Niveau Type
2014 - présent Structures

Navales
ENSTA Bretagne M2 BE (33h)

2012 - 2022 Mécanique des
Solides Indéfor-
mables

ENSTA Bretagne L3 cours (18h)+ TD (18h)

2012 - présent Mécanique
des Solides
Déformables

ENSTA Bretagne L3 TD (20h)

2012 - présent Analyse techno-
logique

ENSTA Bretagne L3 cours (9h)+ TD (15h)

2012 - présent Matériaux ENSTA Bretagne L3 TD (18h)
2016 - présent Matériaux ENSTA Bretagne M1 cours (9h)+ TD (9h)

2013 - 2021 Eléments Finis ENSTA Bretagne M1 TD (8h)
2016 - présent Mesure des

champs ciné-
matiques sans
contact

ENSTA Bretagne M2 cours (3h)

2016 - présent Architecture Na-
vale et Offshore

ENSTA Bretagne M2 BE (9h)

2016 - présent Plasticité et Élé-
ments Finis

Université de Pitesti M2 cours (7h)+ TD (7h)

2016 - présent Optimisation pa-
ramétrique

Université de Pitesti M1 cours (20h)+ TD (8h)

TABLE 2.1 – Bilan des activités d’enseignement
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CHAPITRE

3
Activités de recherche

3.1 Synthèse des actions menées

Mes activités de recherche portent principalement sur le développement d’outils
expérimentaux et numériques afin d’améliorer la durabilité des assemblages. Plus préci-
sément, mes préoccupations en matière de recherche s’articulent autour de la caractéri-
sation expérimentale et de la modélisation du comportement mécanique des assemblages,
avec un focus sur les assemblages collés, et, plus récemment, sur des assemblages soudés
par friction malaxage. L’objectif principal était la caractérisation du comportement méca-
nique d’assemblages collés utilisés dans des conditions environnementales spécifiques :
température très basse, humidité, etc., tout en utilisant des montages expérimentaux
pertinents développés au sein de l’équipe « Mécanique des Matériaux et des Assemblages
». Sur la base de ces caractérisations expérimentales, des modèles de comportement
thermomécanique ont pu être construits, identifiés et validés. Les différentes études
menées autour de l’objectif principal sont réalisées en étroite collaboration avec le tissu
industriel, et dont la finalité est le développement d’outils directement utilisables en
bureau d’études. La plupart de mes activités de recherche présentées dans cette synthèse
ont été menées au LBMS (EA4325), devenu IRDL (UMR - CNRS 6027) au 1er janvier
2016, et au sein de l’équipe « Mécanique des Matériaux et des Assemblages », devenue
pôle thématique de recherche « Assemblage Multi-matériaux ». D’une manière générale,
différentes thématiques principales se dégagent de mes activités.

Caractérisation et modélisation des assemblages collés
Le collage structural est un mode d’assemblage qui offre de nombreux avantages

vis-à-vis d’autres méthodes dites conventionnelles tel le boulonnage, le rivetage ou le
soudage. En effet, il permet d’assembler des matériaux au moyen d’une procédure simple,
de minimiser le poids de la structure ainsi que la dégradation des matériaux. L’utilisation
du collage pour l’assemblage d’éléments de structures s’est donc démocratisée dans de
nombreux domaines industriels, tels que l’automobile, la construction navale ou encore
l’aéronautique. Dans ce contexte de transport en particulier, un dimensionnement fiable

17



3. Activités de recherche

est essentiel et constitue donc un enjeu majeur pour les industriels, compte tenu de
l’intérêt porté à la réduction de masse des véhicules. La caractérisation expérimentale
du comportement mécanique de l’adhésif représente un premier axe de recherche ayant
comme finalité la prédiction fiable du comportement de l’assemblage ou de la structure
collée. Découpler les différents phénomènes physiques qui peuvent se superposer lors
d’un essai de caractérisation normalisé (comportement mécanique, amorçage ou propaga-
tion de fissures) permet de caractériser séparément chaque mécanisme et ainsi prédire
de manière robuste le comportement de l’assemblage. En conséquence, des montages
d’essais, par exemple le dispositif Scarf modifié, ont été développés afin de minimiser les
effets de bord lors de la caractérisation expérimentale de l’adhésif. Ce montage, facile-
ment utilisable en milieu industriel, assure à la fois, la minimisation des effets de bord
et l’obtention de différents états de sollicitation (traction, traction-cisaillement) dans
le joint. Sur la base de ces résultats, des modèles de comportement ont été construits
et identifiés. Leur complexité s’étale sur un large spectre, partant des comportements
mécaniques simples de type élasto-plastique 2D et 3D, jusqu’à des modèles sophistiqués
qui intègrent des comportements de type viscoélasticité ou viscoplasticité.

Contraintes résiduelles et contraintes thermiques
Le collage structural s’appuie principalement sur l’utilisation de colles dites ther-

modurcissables. Cela implique naturellement des cycles de polymérisation caractérisés
par des températures relativement élevées et qui peuvent facilement conduire à des
dilatations thermiques des substrats à assembler. Après refroidissement de l’assemblage
à la température de service, des contraintes résiduelles peuvent apparaître. De plus,
si la température de service évolue tout au long du cycle de fonctionnement, on peut
voir apparaître des contraintes thermiques. Mon deuxième axe de recherche a abordé
l’étude et l’analyse de ces aspects avec comme objectif principal la prise en compte de ces
contraintes résiduelles et thermiques dans les modèles de dimensionnement assurant
ainsi une plus grande robustesse de la prédiction du comportement de l’assemblage.

Prise en compte des effets de l’environnement
Les propriétés des adhésifs dépendent bien évidemment de la nature de ses compo-

sants. Les colles époxy sont avant tout des matériaux polymères, caractérisés par leur
sensibilité aux conditions environnementales (humidité, température, etc.). L’hygromé-
trie est un facteur qui doit être pris en compte lors du dimensionnement des assemblages
et des structures collées. Des outils sont développés pour caractériser finement l’effet
que peut avoir l’hygrométrie sur le comportement mécanique des assemblages, en pas-
sant tout d’abord par une phase de caractérisation et de modélisation du comportement
sur des échantillons massiques. La présence de l’humidité dans l’adhésif est souvent
accompagnée d’une altération des propriétés mécaniques de celui-ci. Il est également
connu que la présence de l’humidité génère une variation de volume de l’adhésif. Ainsi,
des contraintes hygrométriques peuvent s’ajouter à la dilatation thermique provoquée
par la variation de température. L’analyse fine de ces facteurs passe par une phase
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expérimentale longue et coûteuse en termes de moyens d’investigation. On peut alors
s’orienter vers des équivalences temps - température - hygrométrie, qui pour certains
adhésifs et plages de variations s’adapte très bien. Ces facteurs ont été intégrés dans
les stratégies de dimensionnement développées, permettant ainsi l’amélioration de la
prédiction. Alors, ces outils ont permis de construire des stratégies de dimensionnement
« adaptées » pour différentes applications industrielles en intégrant uniquement les
ingrédients représentatifs de l’assemblage utilisé (la température, l’humidité, etc.)
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3.2 Co-encadrements

J’ai co-encadré 7 thèses (dont 4 soutenues) et participé à l’encadrement de 11 stages
de Master 2 et de 3 Post-docs.

Thèses
Claudiu Ionut MALEA (30%, thèse en co-direction, entre l’ENSTA Bretagne et

l’Université de Pitesti/Roumanie , début octobre 2020). Caractérisation expérimen-
tale et modélisation numérique du procédé de fraisage par enlèvement de copeaux. Co-
encadrement avec Eduard NITU - directeur de thèse (Université de Pitesti / Roumanie).

Mihai Octavian CRACANEL (30%, thèse tripartite en co-direction, entre l’ENSTA
Bretagne, l’Université de Pitesti/Roumanie et l’Université Polytechnique de Bucarest
- Roumanie, début septembre 2020). Processus et systèmes de soudage innovants avec
élément actif rotatif Co-encadrement avec Younes DEMMOUCHE (ENSTA Bretagne),
directeur de thèse : Eduard NITU de l’Université de Pitesti / Roumanie .

Andreea TINTATU (33%, financement DGA et Thales DMS, début mars 2020 ).
Modélisation simplifiée d’assemblages collés pour la caractérisation mécanique d’adhésifs,
des interfaces colle-substrat et l’analyse de leur vieillissement. Co-encadrement avec
Philippe Le Grognec (directeur de thèse) et Pierre Bidaud (ENSTA Bretagne).

Vincent DUMONT (40%, contrat CIFRE Safran Reosc, début thèse :novembre 2016-
fin thèse : décembre 2019). On the durability of structural adhesive bonds in thermal
environments : application to space-oriented optical Systems. Co-encadrement avec Geor-
gios Stamoulis (IUT Brest) et David Thévenet, directeur de thèse (ENSTA Bretagne).
Rapporteurs : F. Lauro et E. Toussaint. Examinateurs : S. Roux, E. Maire. Invité : A. Le-
fèvre. Soutenue le 11 fevrier 2020. Vincent est maintenant Ingénieur synthèse technique
chez Safran REOSC.

Jaime DESTOUESSE VILLA (30%, contrat CIFRE Safran Composites, début oc-
tobre 2015, fin octobre 2018). Caractérisation et modélisation des joints de colles sous
sollicitations bi-axiales statiques. Co-encadrement avec Malick Diakhaté (IUT de Mor-
laix) et David Thévenet - directeur de thèse (ENSTA Bretagne). Rapporteurs : Lucas
F.M. DA SILVA et Z. ABOURA. Examinateurs : N. GODIN, F. JACQUEMIN. Invité :
N. CARRERE. Soutenue le 16 novembre 2018. Jaime est actuellement Ingénieur R&D
mécanique, LATTICE MEDICAL, Lille, France.

Alin ILIONI (40%, projet ANR COSICO, début octobre 2014, fin novembre 2017).
Influence of seawater ageing on the behaviour of adhesives : a rapid characterization
of the evolution of mechanical properties of bonded joints. Co-encadrement avec Peter
Davies (IFREMER - Brest) et David Thévenet - directeur de thèse (ENSTA Bretagne).
Rapporteurs : J. GALY et J.C. GRANDIDIER. Examinateurs : R. ADAMS, F. JACQUE-
MIN, S. MALLARINO. Invité : N. CARRERE. Soutenue le 27 novembre 2017. Alin est
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actuellement Ingénieur R&D mécanique chez Astroparticle and Cosmology Laboratory,
Paris, France.

Hugo Leonardo ALFONSO (50%, financement ADEME, projet Assemblage FAST-
LITE , début octobre 2013, fin décembre 2016). Caractérisation et modélisation des
assemblages multi-matériaux sous sollicitations mixtes quasi-statiques pour la concep-
tion des structures automobiles. Co-encadrement avec Nicolas CARERRE - directeur de
thèse (ENSTA Bretagne). Rapporteurs : F.LAURO et F. LACHAUD. Examinateurs : B.
CASTANIE, F. LAURIN, S. CALLOCH, G. STAMOULIS. Invité : L. TOLLIER. Soutenue
le 14 decemmbre 2016. Hugo est actuellement Chef de Projet R&D chez ArcelorMittal,
Paris, France.

Stage de Master 2

Lina Marcela RIANO VELEZ (50%, 2015). Effet des différents paramètres sur la
tenue d’assemblages collés. Co-encadrement avec N. CARRERE. Stage réalisé en collabo-
ration avec CETIM Nantes.

Gratiela Narcisa CALIN (100%, 2016). Evolution et modélisation des contraintes
résiduelles au sein d’un assemblage collé acier-aluminium sous un chargement thermo-
mécanique.

Elena VANGLAR (100%, 2016). Simulation du soudage par friction éléments finis
(MEF).

Emanuel BADULESCU (50%, 2016). Développement d’un essai pour caractériser le
comportement jusqu’à rupture d’un assemblage collé sous taux de tri-axialité variable.
Co-encadrement avec G. STAMOULIS.

Mihai-Octavian CRACANEL(60%, 2018). Caractérisation expérimentale d’un as-
semblage en alliage d’Aluminium obtenu en utilisant le procédé de soudage par friction
malaxage. Co-encadrement avec Malick DIAKHATE.

Diana SCIRLOI (100%, 2018). Effet des défauts sur le comportement mécanique
d’un joint de soudure FSW bout à bout en cuivre.

Mihaita PIRVU (50%, 2019). Influence des paramètres du procédé de soudage FSW
sur le comportement mécanique de l’assemblage. Co-encadrement avec Malick DIA-
KHATE.

Andreea TINTATU (100%, 2019). Effet des porosités sur le comportement mécanique
d’un joint de colle.

Claudiu MALEA (100%, 2019). Simulation numérique de l’usinage par enlèvement
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de copeaux, avec la méthode des éléments finis.

Roxana OPRESCU (100%, 2020). Caractérisation expérimentale et numérique d’un
assemblage en alliage de cuivre, obtenu par le procédé de soudage par friction malaxage.

Madalina LUPU (100%, 2020). Caractérisation des mécanismes d’endommagement
pour un joint de colle, en utilisant la tomographie par absorption de rayons X.

Raducu BULACU (100%, 2023). Prise en compte de la source de chaleur de type
TIG dans la simulation du procédé de soudage par friction malaxage.

Post-docs

Aurelian Denis NEGREA ( 50%, 2017, 2 mois, financement Campus FRANCE).
Caractérisation expérimentale d’un assemblage metal-metal, obtenu par le procédé de sou-
dage ’friction-malaxage’. Co-encadrement avec E. NITU de l’Université de Pitesti/Roumanie

Jan Cristian GRIGORE ( 50%, 2018, 2 mois, financement Campus FRANCE ).
Caractérisation expérimentale par DIC 3D d’un assemblage métallique sandwich, obtenu
par le procédé de soudage ’friction-malaxage’. Co-encadrement avec E. NITU, Université
de Pitesti/Roumanie

Marina BUNEA ( 70%, 2021, 18 mois, financement Région BRETAGNE - SAD).
Caractérisation et modélisation des mécanismes d’endommagement dans des assemblages
collés à l’aide d’un essai mini-Scarf. Co-encadrement avec M. DIAKHATE, UBO, IUT de
Morlaix
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CHAPITRE

4
Liste des publications et
communications

Bilan complet des publications
Nombre de publications dans des revues à comité de lecture : 30
Nombre de publications dans des congrès nationaux et internationaux avec actes : 34
Nombre de publications dans des congrès nationaux et internationaux sans actes : 16
Nombre de chapitres dans des ouvrages internationaux : 1
Nombre total de citations : 773
H index (d’après les données de Google Scholar) : 17

Articles à comité de lecture
1. Andreea Tintatu, Claudiu Badulescu, Pierre Bidaud, Philippe Le Grognec, Jérôme

Adrien, Eric Maire, Hervé Bindi and Corentin Coguenanff, Understanding of
water uptake mechanisms in an epoxy joint characterized by pore-type
defects, The Journal of Adhesion, Vol. (–), 2023,
https ://doi.org/10.1080/00218464.2023.2187293

2. E. L. Nitu, M. Diakhaté, C. Badulescu, M. Grédiac, B. Blaysat, D. M. Iordache, A.
Bosneag, J. Adrien, E. Maire, M. Dhondt, and Y. Demmouche, Analyzing defects
and their effects on the strength of a three-layer FSW joint by using X-ray
microtomography, Localized Spectrum Analysis, and Acoustic Emission ,
Materials Characterization, Vol. (190), 2022,
https ://doi.org/10.1016/j.matchar.2022.112069

3. Juan Pablo Marquez Costa, Julien Jumel, Georgios Stamoulis and C. Badulescu,
Self-Similar Crack Propagation Along Viscoelastic Interface during Double
Cantilever Beam Test, Mechanics of Time-Dependent Materials, Vol. (yyy) 2022,
https ://doi.org/10.1007/s11043-022-09559-8

4. V. Dumont, G. Stamoulis, C. Badulescu, A. Lefèvre, and D. Thévenet, Investi-
gation of the influence of the temperature on the fracture properties of
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adhesive joints, Engineering Fracture Mechanics, Vol. (269) 2022,
https ://doi.org/10.1016/j.engfracmech.2022.108524

5. Eduard Laurentiu Nitu, Monica Daniela Iordache, C. Badulescu, Numerical in-
vestigation of the radial cold rolling process of the grooves, Journal of
Engineering Manufacture :Part B, mai, 2021.

6. Monica Daniela Iordache, Claudiu Badulescu, Malick Diakhate, Marius Adrian
Constantin, Eduard Laurentiu Nitu, Younes Demmouche, Matthieu Dhondt and
Denis Negrea, A numerical strategy to identify the FSW process optimal
parameters of a butt-welded joint of quasi-pure copper plates : modeling
and experimental validation, The International Journal of Advanced Manufac-
turing Technology, Vol. 115(7), pages : 2505-2520, 2021.

7. Nicolas Leconte, Benjamin Bourel, Franck Lauro, Claudiu Badulescu, and Eric
Markiewicz, Strength and failure of an aluminum/PA66 self-piercing rive-
ted assembly : experiments and modeling, International Journal of Impact
Engineering, Volume 142, avril, 2020.

8. V. Dumont, C. Badulescu, G. Stamoulis, J. Adrien, E. Maire, D. Thévenet, and A.
Lefèvre, Investigating the influence of the curing cycle on the creation of
porosities in structural epoxy adhesives joints by means of X-ray micro-
tomography, The Journal of Adhesion,Vol. 97(12), pages : 1073-1106, 2021,

9. V. Dumont, C. Badulescu, G. Stamoulis, J. Adrien, E. Maire, A. Lefèvre, and D.
Thévenet, On the influence of mechanical loadings on the porosities in
structural epoxy adhesives joints by means of in-situ X-ray microtomo-
graphy, International Journal of Adhesion and Adhesives,2020

10. V. Dumont, C. Badulescu, J. Adrien, N. Carrere, D. Thévenet, and E. Maire, Expe-
rimental Investigation of Porosities Evolution in a Bonded Assembly by
means of X-ray Tomography, The Journal of Adhesion, 2019

11. Alin ILIONI, Pierre-Yves LE GAC, Claudiu BADULESCU, David THÉVENET, Pe-
ter DAVIES, Prediction of mechanical behaviour of a bulk epoxy adhesive
in a marine environment, The Journal of Adhesion,Vol. 95, pages 64-84, 2019

12. Destouesse, J ; Diakhate, M; Badulescu, C ; Thévenet ; Stackler, M; Albouy, W;
Carrere, N, Cluster analysis of acoustic emission data to investigate the da-
mage evolution in modified scarf joint under bi-axial loading, The Journal
of Adhesion, 2018

13. Alin ILIONI, Claudiu BADULESCU, Nicolas CARRERE, Peter DAVIES, Da-
vid THÉVENET, A Viscoelastic-Viscoplastic Model to Describe Creep tnd
Strain Rate Effects on the Mechanical Behaviour of Adhesively-Bonded
Assemblies, International Journal of Adhesion and Adhesives,Vol. 82, pages 184 -
195, 2018.

14. L. Alfonso, C. Badulescu, N. Carrere, Use of the modified Arcan fixture to
study the strength of bonded assemblies for automotive applications : ef-
fect of different parameters, International Journal of Adhesion and Adhesives,
Vol. 80, pages 104 -114, 2018.
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15. G. Stamoulis, N. Carrère,J.-Y. Cognard, P. Davies, C. Badulescu, Investigating
the fracture behavior of adhesively bonded metallic joints using the Ar-
can fixture, International Journal of Adhesion and Adhesives, Vol. 66, pages 147 -
159, 2016.

16. L. Alfonso, A. Uguen, C. Badulescu, J.-Y. Cognard, T. Bonnemains, E. Lolive and
N. Carrere, Determination of the 3D failure envelope of a composite based
on a modified Arcan test device, Composite Structures, Vol. 131, pages 185-193,
2015.

17. N. Carrere, C. Badulescu, J.-Y. Cognard, D. Leguillon, 3D models of specimens
with a scarf joint to test the adhesive and cohesive behavior of adhesives,
International Journal of Adhesion and Adhesives, Vol. 62, pages 154-164, 2015.

18. C. Badulescu, C. Germain, J.Y. Cognard, N. Carrère Characterisation and
modelling of the viscous behaviour of adhesives using the modified Arcan
device, Journal of Adhesion Science and Technology, Vol. 29, 5, pp. 443-461, 2015.

19. C. Badulescu, Noel Lahellec, Pierre Suquet Field statistics in linear viscoelas-
tic composites and polycrystals , European Journal of Mechanics A / Solids,
Vol. 49, (329-344), 2015, 10 pages.

20. G. Stamoulis, N. Carrere, J.Y. Cognard, P. Davies, C. Badulescu On the experi-
mental mixed-mode failure of adhesively bonded metallic joints, Interna-
tional Journal of Adhesion and Adhesives, Vol. 51, (148-158) , 2014, 11 pages.

21. R. Moutou Pitti, C. Badulescu, M. Grédiac Characterization of a cracked spe-
cimen with full-field measurements : direct determination of the crack
tip and energy release rate calculation , International Journal of Fracture,
Vol. 187(109 - 121), 2014, 14 pages.

22. J.Y. Cognard, C. Badulescu, J. Maurice, R. Créac’hcadec, N. Carrère, P. Vedrine On
modelling the behaviour of a ductile adhesive under low temperatures,
International Journal of Adhesion and Adhesives, Vol. 47, (46-56) , 2013, 10 pages.

23. Michel Grédiac, Frédéric Sur, Claudiu Badulescu, Jean-Denis Mathias, Using de-
convolution to improve the metrological performance of the grid method,
Optics and Lasers in Engineering, Vol.51(6), 2013, 19 pages.

24. J.Y. Cognard, L. Sohier, P. Davies, N. Carrère, R. Créac’hcadec, C. Badulescu,
Analysis of the mechanical behaviour of composites and their bonded
assemblies under out-of-plane loads using a modified Arcan apparatus,
Composite and nanostructures, Vol.1 (19-36), 2013

25. C. Badulescu, M. Bornert, J.-C. Dupré, S. Equis, M. Grédiac, J. Molimard, P. Picart,
R. Rotinat, et V. Valle, Demodulation of Spatial Carrier Images : Perfor-
mance Analysis of Several Algorithms, Experimental Mechanics, Experimen-
tal Mechanics 53, 8 pp.1357-1370, 2013, 14 pages.

26. C. Badulescu, J.Y. Cognard, R. Créac’hcadec, P. Vedrine, Analysis of the tem-
perature - dependent behaviour of a ductile adhesive under monotonic
tensile / compression-shear loads, International Journal of Adhesion and Adhe-
sives, Vol.36, 2012, 9 pages.
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27. D. Delpueyo, M. Grédiac, X. Balandraud et C. Badulescu, Investigation of mar-
tensitic microstructures in a monocrystalline Cu-Al-Be shape memory al-
loy with the grid method and infrared thermography, Mechanics of Mate-
rials, Vol. 45, 2012, 18 pages.

28. C. Badulescu, M. Grédiac, H. Haddadi, J.-D. Mathias, X. Balandraud et H.-S. Tran,
Applying grid method and infrared thermography to investigate plastic
deformation in aluminium multicrystal , Mechanics of Materials, Vol. 43(1),
2011, 18 pages.

29. C. Badulescu, M. Grédiac et J.-D. Mathias, Investigation of the grid method
for accurate in-plane strain measurement, Measurement Science and Tech-
nology, Vol.20(1), 2009, 13 pages.

30. C. Badulescu M. Grédiac J.D. Mathias et D. Roux, A Procedure for accurate
one-dimensional strain measurement using the grid method, Experimental
Mechanics, Vol.49(6), 2009, 14 pages.

Chapitres d’ouvrages scientifiques
1. R. Moutou Pitti, C. Badulescu, M. Grediac Experimental and Numerical Frac-

ture Analysis of a Pre-cracked Aluminum Specimen Using the Grid Me-
thod 01/2014 ; DOI :10.1007 978-3-319-00765-6 12 ISBN : 978-3-319-00765-6 In
book : Fracture and Fatigue, Volume 7, Edition : Sandia National Laboratories,
Publisher : Springer International Publishing, Editors : Carroll Jay, pp.79-84

Communications internationales
1. C. Badulescu, M. Diakhaté, B. Blaysat, M. Grédiac, J. Adrien, A. Bosneag, M.

Iordache, E. Nitu, Characterization of failure mechanisms in a FSW joint
by using the Localized Spectrum Analysis, Acoustic Emission and X-ray
microtomography, PhotoMechanics IDICs Conference, Nantes, 2021

2. Daniela-Monica Iordache, Roxana Oprescu, Claudiu Malea, Eduard-Laurentiu
Nitu, Mihai Cracanel, Claudiu Badulescu, Determination of Johnson-Cook
material constants for copper using traction test and inverse identifica-
tion, International Conference - Modern Technologies in Industrial Engineering,
23-26 Juin, Eforie Nord, Romania, 2020

3. M. Bunea, M. Diakhate, C. Badulescu, Different strategies for measuring the
volume displacement field of an epoxy adhesive, 6rd International Confe-
rence on Adhesive Bonding, Porto, 2021

4. A. Tintatu, P. Bidaud, C. Badulescu, P. Le Grognec, Understanding of water
uptake mechanisms in an epoxy joint characterized by pore-type defects,
6rd International Conference on Adhesive Bonding, Porto, 2021
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5. M A Constantin, M D Iordache, E L Nitu, M Diakhaté, Y Demmouche, M Dhondt,
and C Badulescu, An efficient strategy for 3D numerical simulation of fric-
tion stir welding process of pure copper plates, International Conference -
Modern Technologies in Industrial Engineering, 23-27 Juin, Constanta, Roumanie
2020

6. V. Dumont, C. Badulescu, D. Thévenet and G. Stamoulis, Investigation of the
influence of the curing cycle on the creation of porosities in adhesively
bonded assemblies using X-ray microtomography , International Conference
on Structural Adhesive Bonding, 11 - 12 Juillet, Porto, 2019

7. V. Dumont,G. Stamoulis, C. Badulescu, D. Thévenet and A. Lefèvre, Influence of
the temperature on the fracture properties of adhesive joints, Internatio-
nal Conference on Advanced Computational Engineering and Experimenting, 1-5
Juillet, Athènes, 2019

8. C. Badulescu, V. Dumont and David Thévenet, Effect of temperature on a
bi-compound epoxy adhesive in metal-composite assemblies, International
Congress on Advanced Materials Sciences and Engineering, Osaka, 22-24 juillet,
2019

9. J. Destouesse,M. Diakhate, C. Badulescu, David Thévenet, M. Stackler, W. Albouy,
N. Carrère, Methodology to characterize the mechanical behavior within
the adhesive joints, 12th European Adhesion Conference and 4th Luso-Brazilian
Conference on Adhesion and Adhesives, Lisbone, 5-7 septembre, 2018

10. C Badulescu,B. Blaysat, M. Grédiac, Measuring in-plane displacement and
strain fields with the grid method. A feasibility study on superconducting
magnet, The workshop #2 on Nb3Sn technology for accelerator magnets, Paris,
2018

11. J Destouesse, M Diakhate, C Badulescu, D Thevenet,M Stackler, W Albouy, N
Carrere, Methodology to characterize the mechanical behavior within the
adhesive joints, 12th European Adhesion Conference and 4th Luso-Brazilian
Conference on Adhesion and Adhesives, Lisbon, 2018

12. Badulescu C., Carrere N., Adrien J., and Maire E., 3D Experimental Analysis
of a Scarf Test Joint by means of X-ray Tomography , 4rd International
Conference on Structural Adhesive Bonding, Porto,2017

13. J. Destouesse, C. Badulescu, M. Diakhate, David Thévenet, M. Stackler, W. Albouy,
N. Carrère, Characterization of Damage Mechanisms in Adhesive Bonding
after Acoustic Emission Data , 4rd International Conference on Structural
Adhesive Bonding, Porto,2017

14. J. Destouesse, C. Badulescu, M. Diakhate, M. Stackler, W. Albouy, N. Carrère,
Modified Scarf joints : A new methodology to test adhesive joints , the ele-
venth European Adhesion Conference- Euradh 2016, Glasgow, Scotland, septembre
2016

15. A. Ilioni D. Thevenet, C. Badulescu, P. Davies, P.-Y. Le Gac, Influence of ageing
on the behaviour of adhesives - a rapid characterisation of the evolution
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of mechanical properties of bonded joints, the eleventh European Adhesion
Conference - Euradh 2016, Glasgow, Scotland, septembre 2016

16. Badulescu C., Carrere N., Adrien J., and Maire E., 3D experimental analysis of
a bonded assembly by means of x-ray tomography, ICEM17, Rhodes, Greece,
July 2016

17. Leonardo ALFONSO, Claudiu BADULESCU, Nicolas CARRERE, Proposition
of a characterization procedure of the out-of-plane behavior of bonded
thermoplastic composite assemblies , 3rd International Conference on Struc-
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of composite bonded assemblies using a three-point bending test, 3rd In-
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of describing the effects of strain rate and temperatures of the adhe-
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21. N. Carrere, C. Badulescu et J.-Y. Cognard, Determination of the failure en-
velop on an adhesive using a modified Arcan tests device - role of the
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tural Adhesive Bonding ,Porto/Portugal, juillet 2013
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Experimental and Applied Mechanics, Lombard (Ireland), juin 2013
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fracture analysis of a pre-cracked aluminum specimen using the grid me-
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5
Détails des projets de recherche

Projet FASTLITE Assemblage (ADEME 2013 - 2017)
et thèse de H. L. ALFONSO

Rôle : Co-encadrant de la thèse (avec N. CARRERE).

Titre : Solutions technologiques industrielles pour l’assemblage structural
de composants multimatériaux

Partenaires industriels : Renault et PSA - Groupe (coordonnateurs), Laser Cheval, ARaymond,
Böllhoff, Plastic Omnium, Solvay, CETIM, ESI Group, Altair

Partenaires académiques : ENSTA Bretagne et Université de Valenciennes

Montant : 6,7 M=C (3,3 M=C financés)

Résumé : Les objectifs du projet portent sur l’émergence de solutions d’assem-
blages multi-matériaux à un coût compétitif et compatibles avec des
cadences automobiles. Le caractère innovant du projet s’appuie sur
i) la Recherche de techniques d’assemblage multi-matériaux pour
l’industrie automobile et ii) la modélisation numérique de la tenue
des assemblages de pièces multi-matériaux. L’atteinte des objectifs
du projet se traduira par la définition de règles de conception d’assem-
blages multi-matériaux, des outils de modélisation des assemblages
ou règles d’assemblage, d’une évaluation des coûts d’industrialisation
et d’une évaluation de la recyclabilité.

Mots-clefs : Assemblage multi-matériaux ; Collage ; Industrie automobile ; Modéli-
sation numérique
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et thèse de A. ILIONI

Rôle : Coordinateur du projet et co-encadrant de la thèse (avec D. THEVE-
NET)

Titre : Comportement, modélisation et simulation du collage structural sous
une large gamme de température et de vitesse de déformation, effets
du vieillissement

Partenaires industriels : FMC Florian Madec Composite, Brest
RESCOLL, Pessac

Partenaires académiques : ENSTA Bretagne (porteur du projet) ; ENSAM - Paris ; ICube - UMR
7357 ; IFREMER et RESCOLL

Labelisations : Pôle de compétitivité Mer Bretagne Atlantique
Montant : 1950 k=C ( 533 k=C financés)
Résumé : Les structures de type pâles d’éoliennes off-shore et d’hydroliennes

sont réalisées en plusieurs parties et ensuite assemblées en utilisant
des solutions collées. Toutefois, une problématique majeure concerne
la durabilité de ces assemblages en milieu marin avec des objectifs de
durée vie très élevés. Afin de permettre une meilleure exploitation de
ces systèmes, il apparaît indispensable de disposer d’outils permettant
de prévoir leur durée de vie et le cas échéant aider à définir les délais
de maintenance. Le but de ce projet est d’utiliser la complémentarité
entre des moyens de caractérisation et de modélisation à différentes
échelles (échelle de la microstructure, échelle de l’adhésif et échelle
de l’assemblage) en prenant en compte les effets du vieillissement
en eau de mer. L’objectif final est de développer et d’identifier des
lois de comportements prenant en compte le vieillissement pour le
dimensionnement de structures collées. L’avantage de cette approche,
appliquée aux structures collées, est de permettre une évaluation plus
rapide des propriétés à long terme des structures Énergies Marines
Renouvelables (EMR) et ainsi permettre un retour plus rapide vers le
dimensionnement des structures et la formulation de colles. En effet,
l’approche classique consiste à effectuer des essais de validation sur
les structures dans les conditions de vieillissement les plus sévères.
L’approche proposée ici permettra grâce aux essais de caractérisation
à petites échelles couplés à des essais de vieillissement accéléré de
prévoir le comportement de la colle dans la structure assemblée.

Mots-clefs : Collage structural ; Vieillissement hydrique ; Durabilité ; Modélisation
numérique
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Thèse de J. DESTOUESSE VILLA
( CIFRE avec SAFRAN Composites, 2015-2018)

Rôle : co-encadrant de la thèse (avec D. THEVENET et M. DIAKHATE )

Descriptif : Le collage structural se présente comme une alternative intéressante aux méthodes
classiques d’assemblages par ajout d’éléments mécaniques pour alléger les structures
aéronautiques. Cependant, l’utilisation de cette méthode soulève de nombreuses ques-
tions en termes de conception, caractérisation ou modélisation. Ce travail, à fort
caractère expérimental, vise deux grands objectifs : i) sélectionner les moyens d’instru-
mentation les plus adaptés pour la caractérisation du comportement jusqu’à rupture
des assemblages collés et ii) prédire le comportement des assemblages collés à partir
d’une caractérisation et d’une modélisation complète sous chargements quasi-statiques
biaxiaux, en utilisant un type d’essai simple et industrialisable. Dans un premier
temps, pour atteindre ces objectifs, un nouvel essai appelé Scarf modifié a été proposé,
afin de caractériser le comportement mécanique du joint de colle, en minimisant les
effets de bord par la présence de becs. La deuxième partie du projet a porté sur le
développement d’une stratégie de caractérisation simplifiée du comportement de joint
de colle, sous certaines hypothèses (états de contraintes/déformations, continuité du
champ de contraintes). Cette stratégie a permis d’obtenir le comportement intrinsèque
de l’adhésif sous la forme de courbes σ= f (ε). La dernière partie abordée dans ces tra-
vaux s’intéresse quant à elle à l’identification et la sélection des moyens de métrologie
les plus appropriés, pour accompagner la caractérisation expérimentale et le suivi de
santé de la matière.

Mots-clefs : Assemblage collés, Essai Scarf modifié, systèmes d’instrumentation
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5. Détails des projets de recherche

Thèse de V. DUMONT
( CIFRE avec SAFRAN Reosc, 2017-2020)

Rôle : co-encadrant de la thèse (avec D. THEVENET et G. STAMOULIS)

Descriptif : Le collage structural est une technique d’assemblage se retrouvant dans de nombreux
secteurs industriels du fait de ses divers avantages. Il est entre autres possible de
réaliser aisément des assemblages multimatériaux grâce à ce procédé, ce qui est un
avantage certain dans la conception de structures de haute technologie, comportant de
nombreux éléments de tailles, matériaux et fonctions variables. Les systèmes optiques
présents dans les télescopes (actuels comme futurs) sont autant d’exemples parlants
de ce type d’applications, nécessitant à la fois fiabilité dans le temps et connaissance
précise des propriétés des adhésifs utilisés. Ces systèmes optiques sont soumis à
des chargements thermomécaniques variés, impliquant divers phénomènes à diverses
échelles du comportement des adhésifs. Pour apporter de nouveaux éléments de réponse
à ces questionnements opérationnels et scientifiques, une caractérisation des propriétés
mécaniques d’assemblages collés sous différents environnements thermiques a été
réalisée, de manière à étudier l’influence de la température sur les propriétés élastiques,
viscoélastiques et viscoplastiques d’un adhésif. Les paramètres d’une loi viscoélastique-
viscoplastique spectrale ont ainsi été identifiés. Par ailleurs, les taux de restitution
d’énergie critiques dans le plan mode I / mode II ont également été étudiés en fonction
de la température via une méthode alternative aux standards ISO et ASTM. Enfin, une
étude poussée de la microstructure de joints collés a été réalisée au moyen de mesures
de microtomographie aux rayons X, mettant en évidence divers phénomènes liés à la
polymérisation et à la croissance de porosités.

Mots-clefs : Assemblages collés ; Loi de comportement ; Mécanique de la rupture ; contraintes rési-
duelles et thermiques ; Caractérisation microstructurale ; Tomographie aux rayons X
in-situ

36



5. Détails des projets de recherche

Projet MODESIM - FSW
(PHC BRANCUSI 2019 - 2021)

Rôle : Responsable du projet en France

Titre : Modelisation numérique et simulation du procédé soudage par friction malaxage avec
élément actif rotatif-FSW

Partenaire : l’Université de Pitesti / Roumanie
Résumé :

Le projet collaboratif entre l’Université de Piteşti (Roumanie) et l’ENSTA – Bretagne (France)
s’est déroulé du juillet 2019 au décembre 2021. Ce projet avait pour objectif le développement
des modèles numériques pour simuler le processus de soudage par friction malaxage (FSW)
afin d’améliorer l’assemblage bout-à-bout d’échantillons de cuivre quasi-pur. La modélisation
numérique du procédé de friction-malaxage a été initiée dès le début du projet, en développant
des modèles numériques « simples ». Ceux-ci ont été continuellement améliorés tout au long du
projet, i) en identifiant les valeurs des coefficients dans la loi décrivant le comportement thermo-
mécanique (Johnson-Cook), ii) en appliquant la stratégie « mass scaling » pour diminuer le temps
de calcul et iii) en modélisant efficacement le frottement (dépendance à la température). À partir
des joints FSW réalisés sous différentes conditions technologiques, plusieurs échantillons ont été
prélevés, instrumentés et caractérisés. Des analyses microstructurales ont été réalisées (pour
mettre en évidence la structure et les défauts éventuels des joints), des mesures de dureté (pour
mettre en évidence l’influence des déformations et des températures lors du procédé de soudage),
des analyses aux rayons X (pour mettre en évidence les défauts dans le joint) et des essais de
traction (qui, grâce à des techniques d’investigation complexes telles que les mesures de champs
cinématiques sans contact ont permis d’identifier le comportement mécanique macroscopique et
microscopique de ces structures soudées). La nouveauté dans ce projet est liée à deux avancées
interconnectées : 1) un modèle numérique du procédé d’assemblage bout-à-bout par friction -
malaxage sur des structures en cuivre a été développé. Il permet la simulation du procédé de
friction - malaxage, avec un temps de calcul raisonnable et avec une précision suffisamment
élevée (l’erreur sur le champ de température reste inférieure à 10 %) ; 2) une stratégie a été
développée pour identifier les paramètres technologiques optimaux du procédé FSW, connaissant,
a priori, la température optimale de soudage.

Mots-clefs : Soudage par friction-malaxage ; Modélisation numérique ; Microstructure, Cuivre
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Projet CARMEN (SAD - Région BRETAGNE 2019 -
2021)

Stage post-doctoral de BUNEA Marina

Rôle : Responsable du projet

Titre : Caractérisation et Modélisation des mécanismes d’endommagement dans des assem-
blages collés à l’aide d’un essai mini-Scarf

Partenaire : Région BRETAGNE

Montant : 100 k=C
Résumé :

L’objectif du projet CARMEN, financé à hauteur de 75 % par la Région Bretagne et 25%
par l’ENSTA Bretagne, s’est concentré principalement sur la compréhension des mécanismes
d’endommagement, jusqu’alors peu étudiés. La finalité de ces investigations a été de proposer
un outil de dimensionnement qui permettra de prendre en compte la présence et l’évolution de
ces défauts, améliorant ainsi l’efficacité mécanique du joint sous différents cas de sollicitation.
On retient que les pores et les inclusions dans un joint d’adhésif époxy jouent un rôle primordial
dans l’endommagement de l’adhésif. Sur la base des données tomographiques disponibles au sein
de l’équipe d’encadrement, des volumes synthétiques ont été construits, avec une connaissance
exacte de l’ensemble de caractéristiques : distribution de pores, leur forme géométrique, fraction
volumique globale, etc. Ces volumes synthétiques ont permis de mettre en place des outils numé-
riques pour la détection de 3 principaux mécanismes conduisant à la dégradation des joints de
colle, à savoir : i) ouverture, ii) croissance et iii) coalescence. Il a été constaté que des artefacts
dans le traitement des données pourront potentiellement faire apparaître des mécanismes fictifs.
De plus, ces volumes synthétiques ont permis de voir l’influence de la qualité des données (bruit de
mesure, contraste entre les différentes phases, variation de l’intensité au voisinage de l’interface,
etc.). Les zones dégradées sont souvent accompagnées de fortes concentrations de déformation.
Alors, la présence de défauts et d’inclusions a permis de développer trois stratégies de mesure
du champ de déplacement volumique. Chacune de ces stratégies présente des caractéristiques
spécifiques (temps de calcul, efficience, robustesse) et permet de s’adapter aux différentes phases
d’analyse. La validation de ces stratégies de mesure de champs de déplacement 3D a pu être faite
sur des volumes synthétiques sous l’hypothèse que la forme et la taille des défauts n’évoluent
pas. Pour prendre en compte la déformation des pores, des volumes spécifiques plus réalistes,
basés sur un calcul par la méthode des éléments finis ont été utilisés. Ces volumes hybrides ont
grandement aidé à l’évaluation de l’efficacité de ces outils. La dernière étape du projet a permis
de mettre à l’épreuve ces stratégies de détection de mécanismes de dégradation du joint de colle
sur des assemblages réels, pour lesquels des analyses tomographiques ont pu être réalisées.

Mots-clefs : Mécanismes d’endommagement ; Tomographie aux rayons X ; Adhésif époxy ; Emission
acoustique
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Thèse de A. TINTATU
( CIFRE avec THALES (Sophia Antipolis) DMS,

2020-2023)

Rôle : co-encadrant de la thèse (avec P. LE GROGNEC et P. BIDAUD )

Descriptif : L’objectif du projet est d’étudier la diffusion de l’eau dans un matériau adhésif époxy
bicomposant et de proposer une stratégie de modélisation simplifiée du comporte-
ment mécanique d’un tel adhésif au sein d’un assemblage collé de type joint à simple
recouvrement, en prenant en compte les effets du vieillissement hydrique.
Tout d’abord, une analyse expérimentale de l’absorption d’eau dans l’adhésif est réalisée
par gravimétrie et tomographie aux rayons X. La présence de pores dans le joint
polymère permet une compréhension locale de l’évolution de la cinétique de diffusion.
En effet, deux mécanismes de diffusion sont identifiés : le premier lié à la migration
des molécules d’eau dans la matrice adhésive et le second lié à la pénétration de l’eau
dans les pores. Cette cinétique en deux régimes peut être caractérisée par un des
deux modèles : Dual-Fick ou Langmuir, présentant des résultats similaires à l’échelle
macroscopique. Cependant, à l’échelle locale, les réponses de ces deux modèles diffèrent,
en particulier après de longues périodes. Une attention particulière est donc accordée
au second mécanisme d’absorption et à la détection des fronts d’eau par l’analyse
du remplissage des pores, ce qui conduit au choix final et à la validation du modèle
Dual-Fick.
Ensuite, sur la base d’essais expérimentaux, le comportement à long terme de l’adhésif
étudié est caractérisé pour différents niveaux d’absorption d’eau. Une loi de comporte-
ment élastoplastique de type Mahnken-Schlimmer est retenue, dont les paramètres
matériaux dépendent de la teneur en eau. Un modèle de type éléments finis 1D enrichi
est ensuite développé, permettant la modélisation multi-physique d’un joint à simple
recouvrement, de manière robuste et efficace. Un tel modèle permet de décrire les états
de déformations et de contraintes au sein du joint de colle avec précision et à moindre
coût, vis-à-vis de modèles standard 2D ou 3D. Des simulations par éléments finis 2D et
des essais sur assemblages sont enfin réalisés à des fins de validation.

Mots-clefs : Assemblages collés ; Vieillissement hydrique ; Porosité ; Modèle EF 1D enrichi ; Tomogra-
phie aux rayons X, in-situ
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La conception et la réalisation de structures multifonctionnelles de dernière généra-
tion [1], [2] (forte rigidité, résistance en milieu agressif, assemblages de matériaux de
natures différentes) reposent systématiquement sur le respect strict de la réglementation
très spécifique (environnementale, dimensionnelle, tenue mécanique à long terme, coût,
masse, etc.). Dans ce contexte extrêmement exigent du fait de normes de plus en plus
contraignantes, l’obtention d’une telle structure fait appel à des techniques d’assemblage
[3] de plus en plus complexes et variées [4]. Le choix judicieux [5] de ces assemblages est
indispensable pour respecter rigoureusement le cahier des charges du produit et ainsi
aboutir à des structures performantes, et dimensionnées au plus juste tout en assurant
sa durabilité à long terme. De par la complexité de ces structures et la variété croissante
des milieux de fonctionnement, une caractérisation fine de son comportement, couplée
à une modélisation pertinente [6], [7] au sens large, est requise. Ainsi, les activités de
recherche que je mène depuis un peu plus de 10 ans visent à améliorer les stratégies de
caractérisation et de modélisation pour un dimensionnement efficace, en identifiant les
facteurs clés qui pilotent la tenue en service de telles structures.

La démarche proposée repose sur deux éléments fondamentaux :
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1. proposer des stratégies de caractérisation expérimentale à différentes échelles du
comportement thermomécanique de l’assemblage au moyen d’une multi-instrumentation
pertinente. Ces stratégies doivent être capables de mettre en évidence l’influence
de différents facteurs tels : les chargements complexes, l’effet de l’environnement
(température, humidité, procédé d’assemblage, etc.) [8], [9].

2. sur la base de ces caractérisations fines, on souhaite proposer des modélisations à
différentes échelles permettant d’intégrer les influences les plus représentatives
qui pourraient jouer un rôle sur la tenue en service de l’assemblage, tout en ne
perdant pas de vue l’applicabilité de ces outils dans un contexte industriel.

J’ai choisi d’illustrer cette démarche en me focalisant sur les différentes thèses qui ont
été soutenues. Les résultats présentés seront de ce fait restreints à certaines techniques
d’assemblage et familles de matériaux utilisés.

Ces activités de recherche ont été menées en étroite collaboration avec le milieu
industriel. Pour comprendre la stratégie d’étude adoptée, il est nécessaire de bien appré-
hender les enjeux et les problématiques industriels. C’est pourquoi il paraît opportun
de donner quelques éléments sur le contexte dans lequel s’inscrivent mes activités de
recherche.

1.1 Contexte industriel
La grande majorité de mes activités de recherche a été menée en collaboration avec

des partenaires industriels évoluant dans des secteurs très variés et dont les principaux
sont les suivants : i) astronomie et spatial (Safran Reosc), ii) aéronautique (Safran
Aircraft Engines, Safran Composites), iii) automobile (Renault, PSA Groupe) et leurs
partenaires industriels (Laser Cheval, ARaymond, Bôllhoff, Plastic Omnium, Solvay,
CETIM, ESI Group, Altair), mais également dans le secteur médical avec iv) CEA-Paris-
Saclay.

1.1.1 Secteur astronomie et spatial
De manière concrète, le projet dans lequel j’étais impliqué visait la conception d’un

télescope à réflexion (voir la figure 1.1) avec un miroir primaire segmenté d’un diamètre
de 39,3 mètres et un miroir secondaire de 4,2 mètres de diamètre. Il s’appuie sur
une optique adaptative, huit unités d’étoiles guides laser et de nombreux équipements
scientifiques. Grâce à la grande surface du miroir primaire, ce télescope devrait recueillir
100 millions de fois plus de lumière que l’œil humain. De plus, il pourra corriger la
distorsion atmosphérique. Par conséquent, les images fournies par l’ELT (Extremely
Large Telescope) [10], [11] devraient être 16 fois plus nettes que celles fournies par le
télescope spatial Hubble.

Les objectifs de ce télescope sont vastes et d’un grand intérêt scientifique :

1. L’ELT sera utilisé pour rechercher des planètes en dehors du notre système solaire,
par des mesures directes et indirectes.
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a) - Vue artistique du télescope b) - Structure mécanique du télescope

FIGURE 1.1 – Telescope extra-large (The Extremly Large Telescope - ELT) [12]

2. Grâce à son important pouvoir de collecte de lumière, l’ELT sera utile pour ob-
server des objets très lointains, c’est-à-dire des objets dans leur état. Il sera ainsi
possible de mieux comprendre les mécanismes du fonctionnement de notre univers,
grâce à l’observation des étoiles, des galaxies et des trous noirs, aidant ainsi à la
compréhension des lois de la physique telles qu’elles sont énoncées aujourd’hui.

En raison des matériaux utilisés et de la complexité du type de la structure [13],
il n’est évidemment pas possible d’utiliser les techniques d’assemblage traditionnelles.
Le collage structural est alors l’une des rares techniques d’assemblage permettant de
satisfaire la plupart des contraintes imposées aux assemblages de ces miroirs [14], [15],
[16]. Il est alors d’une nécessité absolue de mettre en place des stratégies de caractérisa-
tion expérimentale et des outils prédictifs qui permettent de statuer sur la pertinence
d’une ou plusieurs solutions. L’objectif final est de proposer un dimensionnement adé-
quat pour une durée de vie d’environ 30 ans sous conditions de chargement cyclique en
fonctionnement, mais également en prenant en compte des situations extrêmes comme
des tremblements de terre.

1.1.2 Secteur aéronautique
L’industrie aéronautique montre une croissance constante, car elle représente un

secteur stratégique pour le développement de l’économie et de la technologie. Peu de
secteurs exigent une vérification et une validation exhaustive des normes de qualité
pour la certification des structures comme celui de l’aéronautique. Dans ce secteur, la
volonté de réduction de masse [17], [18] qui anime cette industrie depuis ses débuts
reste toujours présente comme en témoigne l’utilisation de plus en plus intensive des
matériaux composites [19], [20] depuis 40 ans. Aujourd’hui, de nouvelles techniques
innovantes d’assemblage [21] de différentes pièces sont déjà implémentées dans la chaîne
de production, et d’autres sont en phase d’étude. Ces derniers sont caractérisés par des
géométries complexes pour répondre aux contraintes des environnements agressifs
(température, humidité, etc.) dans lesquels ils vont évoluer. Avant d’être en mesure
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de produire ces assemblages, ils doivent être certifiés par les organismes accrédités,
impliquant une justification du dimensionnement [22], [23] par le calcul et des validations
sur bancs d’essai. La démarche de conception profiterait à la fois d’outils prédictifs
performants (comportement et critères de dimensionnement) [24] et de méthodologies
de caractérisation reproduisant des états de sollicitation de plus en plus proches de ce
que les structures vont subir durant leur exploitation réelle, mais également le regard
attentif sur la compréhension des mécanismes de dégradation à différentes échelles [25],
[26].

L’objectif principal de ces travaux menés en collaboration avec Safran Composites se
focalise sur la mise en place d’une méthodologie de caractérisation mécanique simple
et efficace. Celle-ci doit donc permettre de comprendre les mécanismes d’endomma-
gement et de caractériser le comportement mécanique d’un assemblage en vue de sa
modélisation. Il s’agira donc de mettre en place les éléments théoriques, numériques et
expérimentaux, ainsi que de sélectionner le moyen le plus adapté pour caractériser la
rupture des assemblages collés sous chargements quasi-statiques biaxiaux. Les éléments
méthodologiques proposés concernent à la fois des technologies expérimentales, des
modèles, leur processus d’identification et des outils de calculs destinés à être mis à
disposition des filiales du groupe.

Pour atteindre l’objectif fixé, ces travaux ont dû lever des verrous scientifiques
majeurs identifiés à plusieurs niveaux. Tout d’abord, d’un point de vue expérimental : i)
choix des configurations optimales d’essais, ii) instrumentation des essais permettant des
mesures locales, mais également d’un point de vue théorique et numérique iii) modéliser
le comportement mécanique des adhésifs.

Le premier point du volet expérimental traite du choix d’un essai de caractérisation
mécanique. Il s’agit ici de développer et d’exploiter un ensemble d’essais uniaxiaux et
multiaxiaux pour caractériser le comportement mécanique et la rupture des adhésifs
sous sollicitations quasi-statiques. Ces essais doivent limiter au maximum les effets
de bords dans les joints de colle. Le deuxième point est lié à la difficulté d’obtenir des
informations locales sur la répartition des contraintes. Cette difficulté est inhérente au
caractère « fin » des joints de colle. Les mesures traditionnellement employées sur ce
type d’essais ne donnent accès qu’à des informations globales qui moyennent les informa-
tions locales. Il s’agit donc d’intégrer dans une ou plusieurs configurations d’essai, une
instrumentation capable de renseigner des informations liées aux grandeurs mécaniques
locales (contraintes et déformations), sans pour autant modifier significativement le com-
portement du milieu qui les entoure. Il est également nécessaire d’exploiter l’information
liée aux mécanismes d’endommagement et de rupture du joint de colle. De ce fait, une
analyse approfondie de l’adhésif étudié est essentielle.

Le volet théorique et numérique ont pour objectif la modélisation du comportement
de l’adhésif au sein d’un assemblage et qui peut être divisée en deux régimes : linéaire
et non-linéaire. Il s’agit donc de proposer une démarche d’identification des paramètres
d’une loi de comportement en utilisant la méthode des éléments finis. Cette approche
permettra de déterminer le comportement macroscopique de l’assemblage, à partir de la
description des mécanismes de chaque élément constituant (adhésif, substrats) : la mise
en place de ce dernier point étant rendu complexe du fait des difficultés d’observation.
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1.1.3 Secteur automobile

Depuis une vingtaine d’années, l’Agence De l’Environnement et de la Maîtrise de
l’Énergie (ADEME) ne cesse de suivre de très près les émissions de CO2/km des véhicules
particuliers fabriqués. Plus précisément, en 2021, les réglementations stipulaient pour
ces véhicules des émissions maximales qui ne devraient pas dépasser 95 grammes de
CO2/km. Ces émissions correspondent à une consommation de 4,1 L/100 km pour un
véhicule essence et de 3,6 L/100 km pour un véhicule diesel. De plus, les nouvelles normes
environnementales en vigueur (REACH et EURO6) [27], [28] contraignent davantage le
processus de conception en restreignant l’utilisation de certains composés chimiques qui
interviennent dans la formulation de certains matériaux.

Un axe essentiel d’amélioration en vue de respecter ces exigences est la réduction de
la masse des véhicules grâce à l’utilisation de matériaux plus légers [29], [30] (comme les
matériaux composites), mais également une optimisation des techniques d’assemblage
de manière à assurer une compatibilité entre ces nouveaux matériaux tout en assurant
une durabilité à long terme de ces liaisons [31], [32]. Pour répondre à ces exigences, il est
indispensable de se pencher sur le développement de nouvelles techniques d’assemblage,
leur caractérisation expérimentale pertinente pour des sollicitations complexes. Enfin,
des propositions de modélisation de ces techniques d’assemblage, applicables autant
que possible dans le contexte industriel sont indispensables afin de trouver le meilleur
compromis entre un dimensionnement fiable et des temps de calcul raisonnables, et cela
pour réduire les délais de développement.

Il est évident que les techniques d’assemblage utilisées classiquement telles que le
rivetage, le boulonnage ou la soudure posent des problèmes de compatibilité avec l’utilisa-
tion de ces matériaux [33]. Il est alors impératif, avant de pouvoir les utiliser, de mettre
au point et de maîtriser de nouveaux procédés d’assemblages multi-matériaux métal-
composite. Afin d’y parvenir, les fabricants automobiles français (Renault et PSA-groupe)
et leurs partenaires industriels (Laser Cheval, ARaymond, Böllhoff, Plastic Omnium,
Solvay, CETIM, ESI Group, Altair) se sont réunis dans le cadre du projet «FASTLITE
Assemblage» financé par l’ADEME. L’objectif global de ce projet est l’émergence de so-
lutions d’assemblage mixte à des coûts compétitifs et compatibles avec les cadences de
production de l’industrie automobile.

Dans le cadre du projet FASTLITE les assemblages multi-matériaux visés sont
les matériaux métalliques (aluminium et acier), et composites (à fibres de verre ou
de carbone et à matrices thermodurcissables ou thermoplastiques). Les travaux dans
lesquels j’étais impliqué avaient deux objectifs principaux :

1. La caractérisation de techniques d’assemblage multi-matériaux sous sollicitations
quasi statiques de traction-compression/cisaillement.

2. La modélisation de la technique d’assemblage la plus prometteuse afin de réduire
le temps de conception des structures automobiles.
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1.2 Contexte scientifique
Le contexte industriel actuel, relatif à la conception des assemblages multi-matériaux

(collage, soudage par friction – malaxage, etc.), doit répondre à des problématiques de
plus en plus complexes, et cela dans des délais de plus en plus réduits. À ces éléments
s’ajoutent les normes environnementales extrêmement contraignantes qui impactent
indirectement, mais significativement les stratégies de caractérisation et de dimension-
nement de ces liaisons. Pour des structures complexes [34], où les phases de maintenance
[35] sont très coûteuses, les stratégies de dimensionnement doivent s’appuyer sur des
démarches fiables, raisonnables en temps de calcul et compatibles avec les pratiques
des bureaux d’études. Alors ces stratégies à vocation applicative forte soulèvent des
problématiques scientifiques nombreuses à différentes échelles. Tout d’abord, si on s’inté-
resse à la durabilité à long terme des assemblages collés [36], [37], [38], [39], on identifie
deux éléments clés sur lesquels repose la qualité de ces liaisons : l’interface et le joint.
Les aspects liés à l’interface qui se crée naturellement entre l’adhésif et les substrats
reposent sur les mécanismes de l’adhésion (adhésion chimique, adhésion par diffusion,
adhésion électrostatique ou ancrage mécanique) et la préparation spécifique de la surface
à coller. Si les aspects d’adhésion sont largement investigués [40], [41], [42], [43], [44] de
manière à assurer une cohésion satisfaisante, le comportement de l’adhésif à différentes
échelles (micrométrique, mésoscopique, macroscopique) montre des aspects encore peu
étudiés en profondeur.

La difficulté pour ces adhésifs vient principalement de la complexité des mécanismes
élémentaires (élasticité, viscoélasticité, viscoplasticité) [45], [46], [12] qui gouvernent
leur comportement mécanique, activés simultanément, pour les environnements de
service considérés, mais également de la présence de différents constituants présents
dans l’adhésif : charges, pores, impuretés et qui peuvent rendre encore plus complexe
le comportement du joint de colle [47], [48]. Enfin, les conditions environnementales
agressives : humidité, haute température ou différents couplages entre ces ingrédients
apportent une complexité supplémentaire dans la compréhension du comportement à
différentes échelles [49]. Il est par conséquent ardu de comprendre, modéliser, identifier
les liens entre les mécanismes pilotant le comportement et la ruine de ces matériaux
à des échelles intermédiaires et les manifestations macroscopiques. La réponse à ces
questions passe par une combinaison des démarches de prédiction ou d’identification.
Avant de décrire les travaux de recherche réalisés en respectant une certaine logique
thématique, il m’a paru intéressant de dresser un panorama des aspects investigués aux
différentes échelles pertinentes pour les assemblages collés et les assemblages soudés
par friction malaxage.

1.2.1 Phases, constituants, défauts dans le joint
Le triplet : substrat - préparation de surface – adhésif, détermine de manière fon-

damentale l’efficacité et la qualité d’un assemblage par collage [50]. Dans la plupart
des applications, la nature des substrats ainsi que leurs techniques de préparation sont
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imposées par des protocoles respectant les exigences spécifiques à l’application finale de
manière à assurer une bonne adhésion (résistance mécanique satisfaisante et rupture
cohésive). Toutefois, le choix de l’adhésif (sous l’hypothèse de ruptures cohésives) peut
influencer significativement le comportement de l’assemblage. Pour des applications
structurelles, les adhésifs époxy sont les plus réputés en termes de résistance mécanique,
adaptabilité et stabilité [51]. Ces adhésifs sont souvent formulés avec des charges et
d’autres constituants de différentes natures. Ces formulations sont motivées par des
fonctionnalités technologiques et pratiques (assurer une épaisseur minimale, conférer
une résistance mécanique plus importante, etc.) mais complexifient grandement le com-
portement macroscopique des assemblages [52]. À ces différentes phases constitutives de
l’adhésif ( figure 1.2) s’ajoute la présence de défauts de différentes natures (pores, hétéro-
généités des mélanges de composants, gradient de polymérisation, variation d’épaisseur,
etc.) [53]. Cette vue d’ensemble questionne inévitablement sur la mise en place de stra-
tégies expérimentales efficaces pour la détection de ces phases (distribution, formes
géométriques), leurs conséquences sur le comportement mécanique, mais également leur
contribution sur l’initiation de l’endommagement ou l’amorçage et propagation d’une
fissure conduisant tôt ou tard à la rupture de la liaison [54], [55]. La compréhension de
l’origine des défauts [56], leur détection robuste pour des dimensions caractéristiques
avec une résolution de quelques µm, ainsi que leur influence sur la tenue mécanique
de l’assemblage, pourrait représenter un élément déterminant dans l’établissement des
stratégies cohérentes et efficaces de dimensionnement. De par la taille très variée de
ces constituants et défauts, s’étalant sur une plage dimensionnelle très étendue, cela
me paraît approprié d’investiguer de manière expérimentale et par modélisation leur
influence sur le comportement mécanique.

1.2.2 Investigation multi-échelle volumique
Il est alors indispensable de choisir des moyens d’investigation adéquats et cohérents

avec les caractéristiques des populations de constituants et de défauts à identifier. Pour
des épaisseurs de joint classiquement observées dans une large gamme d’applications
industrielles (variant entre 100 µm et 1000µm), il nous a paru judicieux d’investiguer
ces joints à différentes échelles. Alors le choix du moyen d’investigation est essentiel
dans ce cadre. Une première approche déjà largement utilisée ( [57], [58]) s’appuie
sur la microscopie optique qui permet d’observer à des échelles micrométriques les
différents constituants observés sur des tranches d’échantillons collés ou à travers un
échantillon massique s’il est légèrement transparent. Même si ces observations apportent
des réponses intéressantes sur la complexité du joint, elles restent incomplètes, car ces
observations sont faites sur une surface (2D). La tomographie aux rayons X, largement
utilisée dans des domaines très variés ([59], [60], [59], [61]), est une alternative très inté-
ressante, car elle permet de détecter de manière quantitative la plupart des constituants
[62]. Autrement dit, cette technique, appliquée judicieusement permet d’établir pour
un rapport résolution / volume investigué raisonnable et représentatif, la distribution
3D des pores, charges minérales (bille de verre par exemple), impuretés, etc. Il s’agit
essentiellement ici d’une échelle de compréhension des phénomènes qui peut, de ce fait,
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a) b)

c)

FIGURE 1.2 – Microstructure de l’adhésif époxy bi-composant Araldite 420 A/B
a) - constituants (porosités et billes de verre) observés au microscope dans l’adhésif

Araldite 420 A/B, à l’état ’liquide’, juste après la phase de mélange de la matrice et du
durcisseur ;

b) - présence de gouttelettes d’eau dans un échantillon de colle Araldite 420 A/B de
400 µm d’épaisseur , après l’immersion de 30 jours dans eau déminéralisée, à 22oC;

c) - distribution de pores dans un joint d’adhésif, après un cycle de polymérisation de
110 oC pendant 1 heure

servir à alimenter la modélisation. Les résultats bruts issus de cette analyse permettent
par segmentation, en utilisant des stratégies adaptées et développées dans ce contexte,
de s’affranchir d’un certain nombre des artefacts [63]. Il est donc possible de proposer une
distribution tridimensionnelle de ces populations, ouvrant ainsi la voie à des analyses
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multi-échelles. Il est alors question de statuer sur les populations d’inclusions et de
défauts les plus pertinentes à intégrer dans les stratégies de modélisation, leur effet sur
le comportement du joint au voisinage de l’interface colle substrat ou au milieu du joint.
Plusieurs directions d’investigation jusqu’alors peu étudiées sont alors proposées. Tout
d’abord, la tomographie aux rayons X permet d’identifier ces populations [48], [64] de
manière quantitative [62], les localiser dans le volumique, à l’état initial, mais également
leur évolution sous sollicitation mécanique. Les effets des conditions environnantes sur
l’état du joint sont également détectables (température, humidité). Enfin, ces défauts
seront utilisés comme des marqueurs volumiques pour pouvoir aboutir à la mesure des
champs cinématiques volumiques (déplacement, déformation). Ce dernier aspect aidera
à la compréhension des états de sollicitation, a priori, très hétérogènes à des échelles
micrométriques, montrant des concentrations de sollicitations non négligeables avec
des effets significatifs sur l’endommagement localisé du joint. Ces observations sont
systématiquement complétées par des analyses au Microscopie Électronique à Balayage
(MEB), laissant sous-entendre des pistes de compréhension concernant l’endommage-
ment relativement hétérogène.

1.2.3 Mécanismes d’endommagement

Au regard des observations mentionnées précédemment, il est légitime de se poser
des questions sur les scénarios d’endommagement de l’adhésif en présence d’une micro-
structure fortement hétérogène. Pour les colles époxy bi-composantes, il a été clairement
observé que même pour des sollicitations légèrement supérieures au seuil de pseudo-
plasticité, des déformations confinées, mais parfois très intenses peuvent apparaître
au voisinage des nucléations de pores ou des pores de taille importante, en d’autres
termes là où la compacité reste très faible et l’état de sollicitation complexe [65]. Même
si le volume affecté peut rester relativement petit, sous des sollicitations cycliques, ces
déformations s’accumulent favorisant non seulement la nucléation et le grossissement
des cavités et des pores, mais également l’augmentation du volume de l’adhésif dégradé
[66] , favorisant ainsi l’initiation des fissures. Le fort contraste entre les propriétés
mécaniques de la matrice d’adhésif et les charges peut représenter également une source
d’initiation de dégradation. Dans ce cadre, le choix judicieux de diverses techniques expé-
rimentales telles que : le suivi de la fissuration par acquisition et traitement d’images
[67], la photoélasticimétrie, l’analyse fractographique des surfaces fissurées est primor-
diale. Mais ces observations sont souvent réalisées en surface, réduisant drastiquement
la compréhension volumique complète. Alors, la tomographie aux rayons X pourrait
apporter un certain éclairage sur l’initiation et l’évolution de ces d’endommagements.
Sur la base de toutes ces observations expérimentales, on peut construire des modèles
pertinents et représentatifs des phénomènes physiques identifiés, et qui permettent au
final de développer des stratégies efficaces d’investigation du comportement jusqu’à la
rupture et par conséquent d’aboutir à une prédiction plus efficace.
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1.3 Plan du document
Le plan de la deuxième partie du document suit une logique naturelle et cohérente

dans laquelle s’inscrivent ces travaux. Le document est composé de 4 chapitres.
Le premier chapitre est dédié à une introduction dense, permettant de décrire le

contexte industriel et leurs problématiques associées, mais également les collaborations
avec différents partenaires. Ensuite, le contexte scientifique est présenté, afin de mettre
en évidence les concepts et les outils scientifiques nécessaires, pour répondre aux défis
industriels.

Le deuxième chapitre concerne la caractérisation et la modélisation des assemblages
structurelles par collage. L’effet de l’environnement marqué principalement par la tem-
pérature et l’hygrométrie de différents milieux (eau de mer, eau déionisée, etc.) est
également investigué, pris en compte dans des stratégies de modélisation pertinentes,
et utilisé dans des approches de dimensionnement. Les défauts présents dans les joints
de colle, leur origine et surtout leur effet sur l’intégrité structurelle de l’assemblage ont
également été abordés en s’appuyant sur des investigations tomographiques.

Le troisième chapitre a pour objectif l’investigation des joints obtenus par soudage
de type friction-malaxage. Une stratégie numérique pertinente est alors proposée afin
d’identifier les valeurs optimales des paramètres du procédé. Cette stratégie repose sur
le développement de modèles de simulation basés sur une approche de type coupled
eulerian-lagrangian, permettant de s’affranchir, dans une certaine mesure, des problèmes
inhérents aux calculs numériques par éléments finis. Enfin, les défauts de type pores ont
pu être caractérisés par des méthodes non destructives et leur effet sur le comportement
macroscopique et local a été investigué.

Enfin, cette partie du document se termine par une conclusion étoffée qui dresse un
bilan des activités de recherche menées et présentées succinctement dans les chapitres
précédents. Elle présente également quelques pistes sur les actions en cours et les projets
à 4 ans.
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CHAPITRE

2
Caractérisation et modélisation
des assemblages structurels par
collage
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2.1 Introduction
L’assemblage d’éléments constitutifs de systèmes mécaniques représente une étape

fondamentale dans le développement et la fabrication de nouvelles structures. Au fil
du temps, de nombreuses techniques d’assemblage ont été développées puis largement
employées, telles que le boulonnage, le rivetage et le soudage. Cependant, aujourd’hui,
dans le cadre du développement d’applications de dernière génération [68], il est difficile,
voire parfois impossible, d’utiliser ces différentes techniques à cause de la nature des
matériaux mis en jeu ou de la complexité des configurations à assembler. Alors, une
alternative à ces méthodes traditionnelles aux multiples désavantages (ajout de masse,
dégradation des matériaux, etc.) est représentée par des procédés innovants tels que le
collage structural [69], [70]. D’un point de vue matériau, l’adhésif peut être considéré
comme un polymère confiné entre deux ou plusieurs substrats de nature différente ou
identique, en héritant des aspects spécifiques aux polymères (comportement visqueux,
dépendance à la température et à l’humidité, taux de polymérisation atteinte, etc.)
[71]. La difficulté est donc de comprendre, d’identifier et de modéliser les liens entre
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les mécanismes pilotant le comportement mécanique et la ruine de ces matériaux à
des échelles intermédiaires et les observations macroscopiques. C’est dans ce cadre
que mes travaux de recherche s’inscrivent avec comme ligne directrice l’amélioration
de la durabilité de ces liaisons par collage et en s’appuyant sur deux volets distincts :
caractérisation expérimentale et modélisation numérique.

2.2 Dispositifs expérimentaux et
multi-instrumentation

La première nécessité est de proposer un cadre d’investigation cohérent et en bon
accord avec les objectifs. D’abord, compte tenu de la sensibilité des adhésives à la nature
de la sollicitation [72], [73], [74] (sensibilité à la pression hydrostatique, par exemple), il
est indispensable que lors de la phase de caractérisation expérimentale les dispositifs
d’essais choisis génèrent des états de sollicitation, dans l’adhésif, proches de ceux subit
par la structure collée en exploitation réelle. Même si des essais normalisés pourront
répondre de manière satisfaisante à un grand éventail de situations, il est donc question
de proposer des montages d’essais spécifiques pour une meilleure caractérisation. Pour
répondre à ces défis, on privilégie les essais de type Arcan modifié [75], [76], [77], [78] car
il permet un large spectre de sollicitations (traction, traction cisaillement, cisaillement
et compression cisaillement) avec comme finalité, non seulement le comportement de
l’adhésif jusqu’à rupture, pour des sollicitations préalablement définies, mais également
les enveloppes élastiques et de rupture [79], [80]. De plus, ce montage favorise, grâce
à une géométrie spécifique des substrats [75], la diminution de la concentration des
contraintes, minimisant ainsi les ruptures prématurées, retrouvées systématiquement
sur les essais de type simple recouvrement par exemple. Même si ce montage suscite un
intérêt grandissant, il n’est cependant pas le plus adapté dans le milieu industriel, car
complexe à mettre en œuvre (dispositif de laboratoire). En conséquence, dans le contexte
industriel où la variabilité des résultats expérimentaux doit être maîtrisée au mieux, on
s’oriente vers un autre essai appelé Scarf Modifié [81], [82]. Cet essai a été développé
au sein de l’équipe comme une alternative au montage Arcan modifié. Caractérisé par
sa simplicité de mise en œuvre dans l’environnement l’industriel, il permet de manière
simple (à travers un serrage de l’échantillon collé dans les mors de la machine de
traction) de déterminer le comportement de la colle. Le spectre des sollicitations de
type traction-cisaillement présente des ratios plus restreints par rapport au montage
Arcan modifié, car le joint ne peut se positionner par rapport à l’axe de sollicitation
que dans un intervalle d’angle, compris entre 0° et 45° [82]. Ce type d’échantillon a été
également utilisé pour des caractérisations à des échelles plus petites notamment, quand
on souhaite des investigations fines au moyen d’une multi-instrumentation [64].

De par leur géométrie complexe, les échantillons Arcan modifié ou Scarf pourront
être considérés comme des mini structures et leur sollicitation pourrait nécessiter des
éléments d’interface pour appliquer le chargement. Ainsi, il paraît judicieux d’instrumen-
ter ces essais afin de s’affranchir de différentes sources d’incertitude pouvant polluer le
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comportement mécanique propre à l’adhésif ou de la structure collée sollicitée. Pour ces
essais on s’oriente quasi systématiquement vers de la mesure des champs cinématiques
sans contact [83], [84], en surface (plane ou gauche) à différentes échelles, en utilisant
différents types de codage (mouchetis, codage périodique, etc). Ces mesures sans contact
sont d’autant plus nécessaires lorsqu’on réalise des essais dans des environnements
contrôlés, en utilisant des enceintes climatiques.

Le suivi en temps réel de la santé de la liaison représente un défi majeur pour
les assemblages, surtout lorsque l’élément de liaison est un adhésif pour lequel le
comportement mécanique évolue dans le temps (vieillissement physique), sous l’action
de différents facteurs. Deux moyens adaptés à ce type d’environnement expérimental
ont été mis en œuvre : la fibre optique à réseau de Bragg et l’émission acoustique. Si
le premier permet de déterminer avec une grande précision la déformation au sein de
l’adhésif tant lors de la phase de polymérisation qu’au cours de la sollicitation mécanique,
elle reste toutefois intrusive pour des joints fins (épaisseur inférieure à 100µm). En ce
qui concerne l’émission acoustique, la technique apporte des éléments intéressants dans
l’optique d’identifier des indicateurs pertinents permettant de prédire le passage d’un
régime de comportement à un autre (élastique vers le non linéaire par exemple),ou bien
d’alerter sur l’initiation des endommagements et/ou l’amorçage de microfissures ainsi
que leur propagation.

Toutes ces observations sont systématiquement complétées par des analyses micro-
scopiques à différentes échelles des échantillons post-mortem, afin de confirmer et valider
le comportement mécanique identifié antérieurement.

Enfin, ces dernières années, je me suis intéressé de près à l’étude de la présence des
défauts au sein de l’adhésif et de l’effet de ses défauts sur le comportement mécanique à
long terme de l’assemblage. Pour identifier la structure interne d’un adhésif (les phases
constituantes, les défauts, etc.) on s’appuie principalement sur un moyen d’investigation
de pointe qui est la µ-tomographie aux rayons X afin de comprendre, de manière quantita-
tive l’origine de ces défauts, leur morphologie et leur distribution spatiale. Ces éléments
permettent alors de statuer sur leur degré de préjudiciabilité sur la tenue mécanique de
l’assemblage au sens large. Pour répondre à ces objectifs, on s’appuie sur des essais in
situ, afin de comprendre l’évolution de ces défauts sous sollicitations mécaniques.
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ABSTRACT
Non-destructive monitoring of damage evolution within mate-
rial or bonding assembly becomes an essential tool to better
understand its mechanical behavior, and therefore to prevent
failure risks of engineering structures that involve adhesive
bonding matters. This paper presents the experimental results
of monotonic tests that were conducted firstly to investigate
the effects of bi-axial loadings (with different shear/peel ratios)
on the mechanical damage evolution of metal/metal bonded
joint, and secondly to both detect and identify the acoustic
emission (AE) signatures of the different failure mechanisms
involved in the bonded joint damage. Results from specimens
with modified scarf joint show that the loading configuration
(shear/peel ratio) strongly influences the normal stiffness of the
adhesively-bonded joint. For each loading configuration, repe-
titive tests were performed, and loading rate effects on the
mechanical behavior of adhesively-bonded joint were ana-
lyzed. In addition to these results, a k-means++ algorithm
was used to achieve a cluster analysis of AE data, and to
allow AE events that were generated by damage evolution of
the bonded joint to be identified. A particular AE signature is
highlighted since it allows monitoring damage evolution of the
adhesively-bonded joint. Test results also show that the high-
est value of acoustic energy is detected when the slope of the
mechanical behavior curve (macroscopic scale) drastically
changes. This finding is used to perform a real-time detection
of the adhesive yield strength.
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1. Introduction

Over the last decades adhesive bonding has found many engineering applica-
tions such as marine, automobile, aerospace and construction.[1–3] The join-
ing of two or more components allows for structures to perform their
operational requirements, transferring forces from one surface to another.
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The choice of this assembly method is mainly due to the advantages that
adhesive bonding provides over traditional mechanical fixing techniques
(bolting, welding, and screwing) including weight reductions, lower manu-
facturing cost, the variety of materials that can be bonded, a uniform stress
distribution of the load, better fatigue properties, etc.

To further improve the performance and safety of adhesively bonded
joints, a deeper understanding of their behavior in relation to the loading
conditions is crucial. From literature, two major failure types are usually
observed at the surface of the bonded joint: adhesion failure, slick failure at
the interface between the adhesive and the adherent surface, and cohesion
failure, fracture within the adhesive material itself.

In a mechanical structure, the adhesive joint may be subjected to multi-
axial loadings. In laboratory, investigating the adhesive joint mechanical
properties under this stress state led some researchers to propose specific
test devices such as the modified Arcan fixture.[4,5] However, it’s not easy to
use such devices in an industrial environment, and the use of a large range of
non-destructive techniques is limited. This study consists in the development
of the modified scarf test which allows the implementation of different
monitoring techniques. It has the advantage that it can be easily performed
with a tensile test machine in an industrial environment, and it also allows
applying multiaxial loadings without having high stress concentrations near
the edges.

Although many monitoring procedures have been used in field or lab
conditions in order to analyze appears failure within adhesive joints, such
as radiography, infrared spectroscopy[6–9] and ultrasonic method, which is
widely used for monitoring the structural health of components,[1,10,11] only
few of them have proven their efficiency. In addition, the ultrasonic sensors
must be coupled to the structure following a specific procedure, which can be
time-consuming. Acoustic emission (AE) method can be used to detect
transient elastic waves emitted by a growing crack within the material.[12–
16] AE can be used in the identification of failure at extremely early stages,
thus preventing severe structural damage. Several authors have attempted to
identify AE signal signatures from various fracture mechanisms of
materials[8,17–20] or adhesive composite joints,[21,22] using computational
pattern recognition approaches, the studies showed that the AE signal were
directly related to failure mechanism.

The aim of this study is, on the one hand, to investigate the mechanical
behavior of a thin thickness adhesively-bonded joint under multiaxial load-
ings using a new specimen, showing that this test might also be used for the
characterization of the adhesive behavior considering time effects (fatigue or
creep), and on the other hand, to build a monitoring protocol (based on the
AE method) that allows real-time detection and identification of the different
failure mechanisms associated with the mechanical behavior of bonded
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joints. An unsupervised classification method (based on k-means++ algo-
rithm) is proposed to identify AE signatures of those failure mechanisms.

2. Experimental procedure

This section describes the mechanical tests conducted to investigate the
mechanical behavior of an adhesively-bonded joint under bi-axial loadings,
but also the ability of using the AE technique to detect, locate, and monitor
the different failure mechanisms within the adhesive material. The experi-
mental conditions (specimen preparation, instrumentation techniques, and
mechanical loading conditions) are described.

2.1. Modified scarf specimen

Figure 1 presents the geometry of the modified Scarf specimens inspired
from Scarf joints.[23] Arms and beaks have been added in order to have
homogeneous stress distributions along the surface and to reduce the stress
concentrations near the free edges as proposed by Cognard et al. for the
Arcan fixture.[5] The overlap length (LnÞ is a function of the angle δ of the
modified Scarf joint, and is equal to Ln ¼ L

Cos δð Þ þ 2� Larm. The angle δ at

the middle branch of modified Scarf specimens can be changed in order to
apply different bi-axial loadings within the adhesive joint. In this work, three
loading configurations (different angles δ, Figure 1) were tested: δ= 0°, 22.5°,
and 45°. Table 1 presents the stress (tensile and shear) levels that are
associated with each loading configuration.

2.2. Materials and specimen preparation

The modified scarf joint specimens are manufactured using Aluminum alloy
AW7075 T6 and high pressure water jet cutting. Surfaces to be bonded were
ground with a 220 SiC abrasive paper and cleaned with acetone solution to
remove the remaining residues; a structural epoxy adhesive film was applied over
the surfaces. In order to ensure the better positioning of substrates (two half-scarf
specimens), a bonding device has been designed and manufactured (Figure 2).

The planarity of the specimen (z direction) is ensured thanks to the
bonding table. The top cylinders and the top grid ensure the right positioning
of the top substrates. The bottom substrate is positioned thanks to the
bottom cylinder. The adhesive joint thickness is ensured using a calibrated
metal wire of 200μm, which is located at the right and left extremities of the
arms (where the stresses tend to zero). Finally the modified scarf joint
specimen was cured following the manufacturer recommended cycle of the
adhesive material.
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2.3. Instrumentation techniques: DIC and AE

In this work, stereo Digital Image Correlation (DIC) method was used for
measuring both the normal and the tangential relative displacements as
a function of the applied load, along the adhesively-bonded joint. The DIC
equipment (GOM Optical Measuring Techniques ARAMIS 3D (Widen,
Switzerland)) consists of two 5M digital CCD cameras (Figure 3), a lighting
system, and a data acquisition system. Calibration of CCD cameras was
performed using a 25mm� 20mm standard to obtain a resolution deviation
of less than 0:01μm. In this study, the images were recorded at a sampling
frequency of 2Hz. The computation of the displacement field in both direc-
tions was accomplished as the difference between two zones close to the
adhesive joint and symmetrical about the midplane of the bonded layer
(Figure 4a). Each displacement is obtained in a local coordinate system that
depends on the angle δ of the modified Scarf specimen Figure 4b.

Under mechanical loading, cracking within the adhesive bond generates
transient elastic waves, referred in this paper as AE waveforms. Thus, in
addition to the DIC equipment, a four-channel AE system designed by
MISTRAS Group (New Jersey, United States) was used to record the AE
waveforms within the adhesive joint during the tests. Since the crack path
within the adhesively bonded joint is known in advance, two AE channels

Adhesive

Adherent

Beak

Geometry of the modified scarf specimen

Description L Larm h
Value [mm] 50 20 10

Figure 1. Shape of the improved scarf joint proposed in [20].

972 J. DESTOUESSE ET AL.

59



were used in order to perform a linear localization of the acoustic sources (or
AE events). These two AE sensors (Figure 3), with optimum frequency range
from 125� 750kHz and a resonant frequency of 300kHz, were connected to
two preamplifiers, which were connected to the acquisition system. The AE
sensors were coupled to the specimen upon the static adherent with silicon
grease and held fixed in position with clamps. This procedure ensures a good
acoustic coupling and also allows performing a linear localization (as shown
in Figures 10 and 12) of the acoustic sources within the overlap length (Ln).

As a result of using an Instron servo-hydraulic testing machine, hydraulic
grips, and samples made of aluminum (Figure 3), acoustic signal acquisition

Table 1. Summary of the stress distribution and levels with
respect to the loading angle.
Angle δ (°) Tension stress level Shear stress level

0 ++++ (high) Not applicable
22:5 +++ (medium) + (low)
45 ++ (medium) ++ (medium)

Top cylinders Bottom cylinders Spring 

Top grip Bottom grip

Pressure 

system

Bonding table

Figure 2. Device for bonding the two half-scarf specimens.

(a)

Optical 
measurement 
(DIC system) 

AE sensors

Hydraulic grip 

Modified Scarf 
specimen 

(b)

Figure 3. Instrumentation techniques: (a) DIC and (b) AE systems.
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threshold was set at 55dB in order to filter out vibrations induced by the
testing machine. The sampled rate of AE waveforms was set at 40MHz.
Before mechanical tests, pencil lead breaking test was used to evaluate the
acoustic wave propagation velocity along the bonding joint.[24,25] The wave
propagation velocity of 4000m=s was used in the linear localization of the AE
sources within the adhesive joint.

Both systems were fully synchronized with the tensile machine so that, for
each recorded image and for each acoustic emission event, the corresponding
value of the applied force was also registered.

2.4. Experimental protocol

In order to investigate the adhesive mechanical behavior under different
loading configurations (0; 22:5; and45�), and at different loading rates
(0:02; 0:2; and2kN=s), three specimens of each modified scarf joint were
tested under force control until failure.

3. Mechanical behavior of modified scarf joints

In this section, experimental results on the effects of loading configuration
and loading rates are presented and discussed. For confidentiality reasons,
experimental results (relative displacements and force values) are normalized.

3.1. Effects of loading configuration

Experimental results showed that the highest load machine value is obtained
with the 45� modified scarf joint, whereas the highest normal relative dis-
placement is obtained with the 0� modified scarf joint.

1

(a) (b)

2

Figure 4. (a) Representative DIC image – (b) Scarf local coordinate system.
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Figure 5 presents the normalized load as a function of the normalized
normal relative displacement. The normal stiffness value of the adhesively-
bonded joint can be computed from this curve. For each loading configura-
tion, the applied load is normalized with respect to the highest load value
(45� modified scarf); the relative normal displacement value is normalized
with respect to the highest one (0� modified scarf).

It can be seen from Figure 5 that the loading configuration strongly
influences the normal stiffness value of the bonded joint. This is probably
due to the stress ratio (shear/peel) associated with each loading configuration
(Table 1). In addition, differences in normal stiffness values may be due to
the fact that the adhesive bonded surface (Figure 1) varies with the loading
configuration. Specimen’s geometries as well as experimental results have led
to the following correlations (1):

S22:5�

S0�
� Fe22:5�

Fe0�
� ffiffiffiffiffiffiffiffiffi

1:09
p

and
S45�

S0�
� Fe45�

Fe0�

ffiffiffi

2
p

(1)

Where Sδ� and Fe δ� represent the adhesively-bonded surface and the yield
strength values associated with the loading configuration δ.

Repetitive tests were performed at 0:2kN=s for each loading configuration.
For each specimen, the load machine as well as the relative displacement is
normalized with respect to their corresponding value at failure. Figure 6 presents
the mechanical behavior of the adhesively-bonded joint under each loading
configuration. Results show a good reproducibility of the test and also a low

Figure 5. Effect of loading configuration on mechanical behavior of the modified scarf joint.
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scatter (< 2%) at each configuration of the modified scarf joint. The overall
mechanical behavior shows two distinctive parts: the first one is characterized by
a linear dependency between relative displacements and force machine, and
the second one by a non-linear regime until the failure of the bonded joint.

(a)

(b) (c)

(d) (e)

Figure 6. Repetitive tests at a loading rate of 0:2kN=s: (a) Modified scarf 0� – (b and c) Modified
scarf 22:5� – (d and e) Modified scarf 45�.
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3.2. Effects of loading rate

As previously stated, the effect of loading rate on the adhesive mechanical
behavior is investigated (Figure 7). For each specimen, load machine and
relative displacements are normalized with respect to their corresponding
values at failure. Experimental results show that the elastic behavior is not
affected by the loading rate, whereas the non-linear regime as well as the load

(a)

(b) (c)

(d) (e)

Figure 7. Effects of loading rate on mechanical behavior: (a) Modified scarf 0�– (b and c)
Modified scarf 22:5�– (d and e) Modified scarf 45�.
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machine at failure is strongly affected by the loading rate. In addition, it can
be seen that the yield strength of the adhesively-bonded joint is not affected
by the loading rate. Further on, we will discuss how the yield strength
generates a particular acoustic signature (cf. paragraph 5.2).

3.3. Fracture surfaces

Representative fracture surfaces of two loading configurations (0� and 45�

modified scarf joint) are presented in Figure 8. Optical observations using
Keyence microscope pointed out cohesive failures for each 0� modified scarf
joint (Figure 8a), whereas 22:5� and 45� modified scarf exhibit a mixed mode
(cohesive and adhesive failures at the bonded surface, Figure 8b–c), and
sharp ridges are locally observed.

4. Damage mechanisms detection based on AE signatures

As stated previously, cracking within the adhesive bond generates acoustic
activity. This latter is analyzed with the aim of better understanding the failure
mechanisms involved in the bonding joint damage. In a first part, the unsu-
pervised classification method, which is used to both evaluate the number of
failure mechanisms and identify their acoustic signatures, is detailed. In
a second part, effects of loading configuration as well as mechanical loading
rates on acoustic signatures of those failure mechanisms are investigated.

4.1. Unsupervised classification method

This method shows how the use of statistical tools (cluster algorithms) can
help in gathering AE events into clusters (Figure 9). Among cluster algo-
rithms, the most commonly used are k-means, self-organized map combina-
tion and fuzzy-C means algorithms. The K-means method is the most
effective method for AE signal clustering, considering that the cluster

2500 µm

(a): Scarf 0°
(cohesive fracture)

(c) : Scarf 45° 
(adhesive / cohesive fractures)

(b) : Scarf 22.5° 
(adhesive /cohesive fractures)

Figure 8. Effects of bonding configuration on the fracture surfaces.
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number is defined in advance from clustering evaluation indices (as dis-
cussed in section 4.2).[26] This fact leads to more accurate minimization of
the average squared distances between the points and the cluster center. In
order to gather similar AE events into clusters, the k-means++ algorithm is
combined with the statistical tool called Principal Component Analysis
(PCA).[17,18]

4.2. Cluster analysis results

The first analysis to consider before gathering AE data into clusters is to
eliminate the irrelevant and redundant signals from the AE features (ampli-
tude, duration, energy, number of counts, rise time, and rise-amplitude, i.e.
rise time divided by amplitude, the peak-frequency, the centroid-frequency,
i.e. the center of gravity frequency, and the weighted-frequency). The selec-
tion of the most representative AE features for data clustering was achieved
using the Laplacian score and the correlation coefficients. A detailed descrip-
tion of the Laplacian score is available in.[16]

(a) (b)

(d)

Figure 9. Clustering of AE events using two AE features: (a) optimal number, effect of loading
configuration (b) δ ¼ 0�; cð Þδ ¼ 22:5�; dð Þδ ¼ 45�.
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In this study, the selection of the optimal number of clusters is based on
the values of two clustering evaluation indices, the Davies-Bouldin index
(DB) and the Silhouette Coefficient (SC). Additional details on both the DB
and SC criteria are available in.[17,18] The evaluation of these indices show
that the optimal number of clusters is four [27] (Figure 9a), which means that
four cracking mechanisms with different acoustic signatures can be identified
from the acoustic activity within the adhesive bonded joint.

For each loading configuration Scarf 0� (Figure 9b), Scarf 22:5� (Figure
9c), and Scarf 45� (Figure 9d) a projection of the four clusters of AE events
onto a two-dimensional plot is proposed. Results show that the loading
configurations Scarf 0� and Scarf 45� allow identifying the clusters bound-
aries. Cluster analysis of AE events from Scarf 22:5� do not allow obtaining
well separated clusters.

Figure 9b–d show that amplitude and peak frequency show a good separa-
tion of the clusters points in the space. However, it should be kept in mind that
peak frequency values of AE events are influenced by the resonant frequency of
AE sensors. On this basis, Figure 9b–d led to classify the AE events into three
main clusters. Separated by two borders at 65� 1:5dB and 73� 0:5dB for 0°
modified Scarf (for 45° modified Scarf the borders are slightly larger): AE events
of Cluster#1 exhibit amplitude values lower than 65� 1:5dB; AE events of
Cluster#2/Cluster #3 (which are merged) exhibit amplitude values greater
than 65� 1:5dB; AE events of Cluster#4 exhibit amplitude values lower than
73� 0:5dB (peak frequency within the range from 50 to 200 kHz).

Figure 10 shows the linear localization (between the two AE sensors,
Figure 3) of AE events of the four clusters during the mechanical test for
each loading configuration. It can be seen from these figures that the very
first AE events belong to Cluster#1 and Cluster#2, and appear when the
resulting force reaches half of its maximum value. AE events of Cluster#3
start appearing when the resulting force reaches 0:6� FMax. Beyond this
force value (60% of Fmax), AE events of all the clusters appear continuously
along the adhesive bonded joint. It can also be seen from these figures that
localization of Cluster#3 (for Scarf 0° and 45°) or Cluster#4 (for Scarf 22.5°)
AE events along the bonding joint and during the mechanical test follows
a specific shape that is discussed in section 5.1.

4.3. Effects of loading rates on AE activity

Since mechanical tests with 0� modified scarf joint generate acoustic activity
with well separated clusters (Figure 9b), force-controlled tensile tests were
performed on 0� modified scarf specimens, and at different loading rates
(Figure 11). This aims to investigate effects of these testing conditions on
cluster analysis results of AE events.
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When focusing on AE events with peak frequency within the range from
200 to 350 kHz, cluster analysis results show that under a low loading rate
(0:02kN=s) two main cracking mechanisms with different acoustic signatures
can be identified (Figure 11a), and are differentiated by the amplitude level of
AE events (lower or greater than 70dB).

5. Correlation between AE activity and mechanical behavior

In this section, the main goal is to perform an in-depth analysis of AE data in
order to identify any acoustic signature allowing a detection of the mechan-
ical behavior change during the modified scarf test. This change in the
mechanical behavior (macroscopic) may be due to microstructural changes
occurring within the adhesively-bonded joint.

(a) : Scarf 0° (b) : Scarf 22.5°

(c) : Scarf 45°

Figure 10. Linear localization of AE events within the bonded joint: Effect of loading
configuration.
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5.1. Damage propagation monitoring

As stated previously, the appearance of cluster#3 AE events during mechan-
ical test and along the adhesive bonding follows a specific shape (Figure 10).
In particular, under loading configuration scarf 0°, a bell-shape distribution
of cluster#3 AE events is clearly noticeable (Figure 10a). This finding is used
to evaluate the damage progress within the adhesive (Figure 12). As shown in
Figure 12 damage levels of the bonded surface can be evaluated at different
force values.

5.2. Yield strength/damage detection

This section will focus on the analysis of both the macroscopic mechanical
behavior of the modified scarf joints and the acoustic emission activity within
the adhesively-bonded joint. Acoustic energy is considered to be the AE
feature that is highly correlated with mechanical strain energy.[17]

AE data that was recorded during mechanical tests on each loading
configuration and at 0:2kN=s is analyzed in terms of acoustic energy evolu-
tion (cumulative energy divided by cumulative number of events). As long as
the yield strength of the material or the structure is not reached, the material

Figure 11. Clustering of AE events using two AE features: Effect of loading rate.
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continues to store mechanical energy. Once it is reached, the released strain
energy is accompanied by transient elastic waves that are highly energetic,
which can be related to permanent strain or micro-damage within the
adhesive joint. During the test, AE software records the wave signals, and
instantaneously computes and plots the corresponding acoustic energy
values. This allows a real-time monitoring of acoustic energy evolution.
Based on this evolution one can see from Figure 13 that the highest value
of acoustic energy is detected when the slope of the mechanical behavior
curve (macroscopic scale) drastically changes. This radical change in slope is
generally assumed to correspond to the yield strength of the material.

In addition, it can be seen from Figure 13 that the very first AE events
appear just before the adhesive bonded joint reaches its yield strength. These
first AE events may be considered as warning signals. In order to identify the
link between AE signals and permanent strain or damage, cyclic tests were
performed using 0° modified scarf specimens. The test was conducted by
applying ten cycles with a step of 0.09 FMax. Figure 14a shows the overlap
between the linear localization of AE events and the applied load. It can be
seen from these figures that the first big package of AE events appears after
the 6 first cycles (0.57 FMax). Also from Figure 14b it can be seen that the
unloading of the 6 first cycles has no permanent deformation, which leads to
the conclusion that these events are related to micro-damage. Further ana-
lysis using tomography scans will allow identifying the defects that generate
these particular acoustic signatures.

AE sensors
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Figure 12. Damage surface evaluation by monitoring specific AE events.
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6. Conclusions

In this study, monotonic tests were conducted in order to firstly investigate
the damage evolution of a metal-to-metal adhesively-bonded joint under bi-
axial loadings (different shear/peel ratios), and secondly to both detect and

Figure 13. Real-time yield strength detection by means of acoustic emission energy.

(a) (b)

Figure 14. Cycle quasi-static test (a) applied load, (b) mechanical behavior.
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identify acoustic emission (AE) signatures of the different failure mechan-
isms involved in the bonded joint damage. Specimens with modified scarf
joint were manufactured. Three loading configurations were tested (three
values of joint angle). In addition to the AE technique, Digital Image
Correlation (DIC) method was used for measuring both the normal and
the tangential relative displacements along the adhesively-bonded joint.

Experimental results show that the highest load machine value is obtained
with the 45� modified scarf joint since this loading configuration leads to the
highest adhesive bonded surface. Mechanical results also show that the
loading configuration strongly influences the normal stiffness value of the
bonded joint. These differences in normal stiffness values may be due to the
fact that the adhesive bonded surface varies with the loading configuration.
The effects of loading rate on the mechanical behavior of adhesive are
investigated. Experimental results show that the pseudo-elastic behavior is
not affected by the loading rate, whereas the nonlinear regime as well as the
load machine at failure is strongly affected by the loading rate.

AE data was analyzed, and the cluster analysis shows that four cracking
mechanisms with different acoustic signatures can be identified from the
acoustic activity within the adhesively-bonded joint. However, three main
acoustic signatures (cracking mechanisms) were retained. Additional tests by
means of tomographic microscopy at different loading stages are in progress in
order to identify the defects that generate these particular acoustic signatures.

Finally, an in-depth analysis of AE data was performed in order to try to
identify any acoustic signature allowing a detection of the mechanical beha-
vior change during the modified scarf test. The real-time acoustic energy
evolution is analyzed, and results show that the highest value of acoustic
energy is detected when the slope of the mechanical behavior curve (macro-
scopic scale) drastically changes. This radical change in slope curve is gen-
erally assumed to correspond to the yield strength of the material. Also, the
cyclic test showed that the preliminary AE signals (with the highest value of
acoustic energy) were linked to an abrupt change of slope which can be
related to micro-damage within the adhesive joint. Again, this will be con-
firmed by RX scans.
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ABSTRACT
Structral bonding is a very advantageous technique for lots of
application fields such as aeronautics or marine industry, which
require both advanced performances and lightweight struc-
tures. Nonetheless, adhesive joints are often subject to bond-
ing defects: kissing bonds, uneven polymerisation, or pores
within the material, for instance. These pores, depending on
their sizes and distributions, could jeopardise the mechanical
strength of the assembly. Moreover, it is legitimate to hypothe-
sise that these voids in the medium could be influenced by the
application of a mechanical stress. In order to investigate this
assertion, bonded samples are loaded by various tensile stress
levels, and the pores within the joint are visualised and char-
acterised using in-situ X-ray microtomography. This paper
deals with the evolutions of various quantities such as the
number of pores or their volumetric ratio along with the
increasing load and with the diverse phenomena (nucleation,
growth, coalescence, etc.) experienced during the testings.
These results are extracted from the microtomographic data
using a custom processing tool, whose parameters and perfor-
mances are discussed.
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1. Introduction

Structural bonded joints[1] represent today a promising technique due to its
main advantages such as: obtaining lightweight and complex structures, its
simplicity of implementation, the possibility of unification of elements of
different nature (in particular composite and metal), and providing a more
homogenous distribution of the loading state in the two bonded elements. In
recent years, a large number of studies[2–6] were carried out in the bonded
joints field, both in terms of experimental characterisation and numerical
modeling of the mechanical behaviour of adhesive.

Experimental characterisation of adhesive requires the use of different
types of tests dedicated to this area. Among the most common, one may
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include: (i) single lap joint test (SLJ), (ii) standardised thick adherend shear
test (TAST) or (iii) modified Arcan test.[5,7]

SLJ is characterised by the simplicity of its samples and of the test, which
only requires a simple test machine. However, this test is accompanied by
significant stress concentrations at the ends of the overlap length, which may
cause a significant scattering of the experimental results.

An alternative to this problem is the modified Arcan test, which
diminishes drastically the stress concentrations close to the free edges of
the adhesive. Also this test can generate different loading states in the joint
such as: pure tensile, tensile-shear, pure shear or compressive-shear. However
putting into practice the modified Arcan test involves a certain degree of
difficulty, which makes it less usable in industrial environments. An alter-
native for the modified Arcan test is the modified Scarf test.[8] This test setup
allows to generate tensile or tensile-shear loads on an adhesive joint. The
sample tested in this case is simple and can be used on standard tensile test
machines without any additional devices. Moreover, this test is perfectly
adapted for the fatigue tests investigation in the industrial environment.

Full field measurement of the displacement or strain by optical non-contact
measurement systems, are increasingly being used in order to obtain the
kinematic information necessary to characterise the mechanical behaviour.[9]

In most cases, the information obtained using non-contact measurement
systems are obtained on the surface of the sample. Notwithstanding, it is
necessary to get information inside the sample for the understanding of failure
mechanisms and of their evolutions during the test.

In the last decade, several studies have been conducted, which highlight
the major advantages of observations using X-ray tomography (XRT).[10–12]

This tool is very advantageous because it allows to access the details of the
microstructure of a material without its destruction. An original methodol-
ogy is proposed[13] to estimate 3D displacement fields from pairs of images
from X-ray computed microtomography. Contrary to local approaches,
a global approach is followed herein that evaluates continuous displacement
fields. Fast tomography combined with local crack driving force analysis has
been employed to analyse crack-tip stress/strain singularities in an alumi-
nium alloy.[11] The application of fast microtomography has made possible to
observe real crack initiation and propagation behaviours without intermedi-
ate unloading. The anisotropy of fracture toughness in AA2139 (AlCuMg)
alloy sheet has been investigated via synchrotron radiation computed tomo-
graphy of arrested cracks in Kahn tear test pieces for different loading
cases.[14] More recent work[15] in the field of bonded joints have investigated
the quantitative penetration of three coldset wood adhesives under hydraulic
pressure into different types of modified wood using fluorescence micro-
scopy and the results were compared to these of a previous study without
pressure on adjacent wood samples. The three-dimensional visualisation of
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the penetration of the adhesive into heat-treated Scots pine was also exam-
ined by X-ray tomography. X-ray microtomography is used in[16] to visualise
the distribution of melamine-urea-formaldehyde adhesive in the wood com-
posite, particle board, and to examine changes in adhesive distribution on
wood particles (flakes) before and after pressing. Also X-ray computed
microtomography (XCT) was used to analyse the 3D adhesive penetration
behaviour of different wood-adhesive bondlines.[17]

However, there are only few papers that analyse quantitatively the infor-
mation that can be achieved using X-ray tomography in the field of structural
bonded assemblies. It should be noted that the damage mechanisms are
linked mainly by the presence of defects such as: pores, lack of glue, the
presence of several phases in the adhesive structure, etc.

The present paper focuses on the quantitative analysis at the micrometric
scale of bonded joints (epoxy adhesive and aluminium alloy). The main objec-
tive is to obtain the 3D microstructure of the adhesive after polymerisation
process (i.e. to identify the phases in the glue and their distribution) and to
monitor the evolution of these phases when the sample is subjected to a tensile
loading. In the first section, the experimental procedure will be presented,
followed by the development and the validation of the adequate processing
tool. Finally, the results will be outlined and discussed in the last section.

2. Experimental procedure

2.1. X-ray tomography setup

Since its first applications in the medical field,[18] X-ray tomography has been
the subject of many studies both from a theoretical and applied point of view.
A brief description is therefore given here in order to introduce the concepts,
which will be used further in the text. Various experimental setups can be
used to perform X-ray tomography, but the basic principles of the technique
remain the same (see Figure 1). Tomography measurements are based on the
variation of the linear X-ray attenuation coefficient, hereafter written μ,
through the volume of a material. For a perfectly isotropic material this μ
coefficient is a constant with respect to the spatial coordinates ðx; y; zÞ.
However, for non-homogenous material, such as porous environments, μ is
a function of these coordinates. It is possible to obtain the spatial distribution
of this μ coefficient by sending a source X-rays beam through the bulk of the
studied sample, from different angles, and by collecting the transmitted
beam. Hence, the sample is mounted on a rotator included in the tomograph
chamber, and for each angular step, a X-ray beam is emitted, attenuated by
the internal structure of the sample, and gathered by a detector. The attenua-
tion phenomenon is described by a Beer – Lambert law depending
on μðx; y; zÞ:
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I
I0
¼ exp

ðxmax

x0
μ x; y; zð Þdx

� �
(1)

where I0 represents the source intensity (emitted), I is the detected intensity
(transmitted and collected by the X-ray detector) and x represents distance
along the transmission path ½x0; xmax�.

A series of N radiograms, or radios, is obtained through the complete
acquisition process (Figure 1). A reconstruction algorithm is then used to
build the 3D internal structure of the sample (i.e. the spatial distribution of
μðx; y; zÞ) from the radiographs series.

Those algorithms may be based on two different approaches: the software
may either solve a set of linear equations to compute μðx; y; zÞ (algebraic
approach) or use a backprojection of the detected intensity by a Fourier trans-
formation (analytical approach). Although the analytical approach is faster to
compute, it requires a full dataset with no missing views from the radiographs
series. This method is referred to as filtered backprojection reconstruction. For
more details about these techniques and about their theoretical backgrounds,
see.[10,19] The results presented in this paper were obtained by a filtered back-
projection approach. Those algorithms depend on the X-ray source used to
perform the measurements, being either a synchrotron or a laboratory tomo-
graph, for the emitted beam itself depends on the underlying technology. For
laboratory devices, the emitted beam is produced into a cone shape, rather than
being constituted by parallel rays (which is the case for synchrotron X-ray
sources). This has to be taken into account during the Fourier transformation
backprojection.[10] Although the formalism of the algorithm shall not be

Figure 1. X-ray tomography principle.
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discussed here, the reader could find more information about this particular
matter in various reference works.[10,19,20] The reconstruction step provides the
3D structure of the observed sample (Figure 1), defined with a given voxel size,
in a similar fashion as pixels constitute a picture. It is worth noticing that the
voxel size is related to the spatial resolution of the measurement, but is not
equivalent. An empirical relationship between those quantities may be estab-
lished, the spatial resolution being then twice the voxel size.[10] It is obvious that
the spatial resolution of the experimental set-up depends not only on the voxel
size, but also on various external parameters relative to the whole experimental
set-up, and that the resolution must be in compliance with the characteristic
sizes of the microstructure defects to observe. Some laboratory tomographs
allow the operator to perform in-situ measurements during mechanical and/or
thermal loadings.[21] These kinds of experiments are though complex to handle
due to the measurement artifacts it may produce. It is hence possible to access
the microstructure of the sample, which is now a function of time, as opposed to
classical, one-shot experiments delivering a unique radios series. The acquisition
time for each radiographs series comes into play and defines the time resolution
of the measurement, which has to be negligible when compared to the char-
acteristic time of the observed phenomena. The following results in this paper
are gathered using such an experimental set-up.

2.2. Sample preparation

The samples consist of twoAluminium (2017A) substrates adhesively bonded by
an epoxy resin layer of a given thickness. A simple, butt joint-like, geometry is
designed as presented in Figure 2a. The area of the bonded section is set to
6 × 6 = 36 mm2. A non-uniform stress state is then expected within the bulk of
the adhesive joint, along with stress concentration effects due to the influence of
the edges of the substrates during the mechanical loading.[1]

(a) Sample geometry (b) Sample mounted in the bonding apparatus with

controlled joint thickness

Figure 2. Samples and bonding apparatus.
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The assemblies are obtained by bonding the substrates described above
with the epoxy adhesive HuntsmanTM Araldite 420 A/B. The adhesive thick-
ness is set to a value of 400μ m and is controlled by a system of spacers. This
system, and the specially designed corresponding apparatus, are presented in
Figure 2a. This system enables both the control of the thickness of the
adhesive joint and the correct alignment of the substrates. A clear space is
also preserved in order to clean the adhesive joint once the substrates are
assembled, and thus to obtain a neatly defined sample.

In order to guarantee the good adhesion between the adhesive layer and the
substrates, a classical (chemical and mechanical) surface treatment is performed
on the bonding surfaces to remove any greasy byproducts that may remain after
the machining of the substrates and to create an adequate surface roughness for
the desired mechanical interlocking between the substrates and the adhesive. In
a first step, the substrates are placed in an acetone bath for several hours to
degrease the surfaces. They are then treated with grade 180 sandpaper to remove
the remaining impurities and to eliminate any oxide layer that could have
formed due to the exposition of the Aluminium to the ambient environment.
Moreover, this mechanical treatment creates the aforementioned surface rough-
ness required for a good adhesion. Lastly, the surfaces thusly treated are cleaned
with acetone to remove the impurities and Aluminium particles created with the
mechanical treatment. The adhesive joint is then prepared by applying the
mixed epoxy resin and hardener on both substrates, which are assembled and
installed in the apparatus (Figure 2b) carefully adjusted to obtain the desired
joint thickness. The samples are finally placed in a Secasi Technologies 100/60
thermal enclosure at 115°C for 1 hour to ensure a fully polymerised material.
Due to the very limited volume of the adhesive joints, it is assumed that the
thermal field in the material is homogeneous, and that there is no significant
influence of possible curing degree gradients in the adhesive. It can be seen in
Figure 2a that threaded holes are machined at each end of the samples to allow
the positioning of the rods necessary to the installation of the samples in the
clamping jaws of the tensile machine to be used. Those holes are also used
during the gluing process to control the relative positioning of the substrates.

2.3. Test procedure

The samples are placed inside a PhoenixTM VtomeX tomograph equipped
with a VarianTM Paxscan X-Ray detector featuring a resolution of
1920 × 1536 pixels. This detector outputs a 14-bits coded grayscale picture
of the attenuation. The chamber of the tomograph includes a 3kN tensile
machine, which allows to perform X-ray tomography measurements while
applying a mechanical load to the sample (Figure 3).

The voxel size obtained using this experimental set-up is 6 µm x 6 µm x 6 µm.
The corresponding spatial resolution is expected to be in compliance with the
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characteristic size of the pores to be observed. Also, the adhesive contains 0.16%
(weight ratio, according to manufacturer data) of glass beads, whose diameters
are about 80 m, i.e. more than 10 times greater that the resolution of the device.
The measurements are assumed to occur for a quasi-static state of the samples,
and therefore the corresponding characteristic time overshadows the acquisition
time for a radiographs series. Hence, it is concluded that the experimental set-up
is well-suited to the measurements to be performed. In order to reconstruct the
full observed volume, the acquisition is performed along with a rotational
motion of the sample. A total of 912 pictures are taken throughout the rotation,
for a complete acquisition time of 12 min. These series are then used as
previously mentioned by an algorithm based on the results presented in[4], in
the perimeter of an analytical approach of the computation of the spatial field
μðx; y; zÞ. The full volume of the samples, visualised by means of the variation of
the values of the attenuation coefficient μðx; y; zÞ, is then broken into a series of
slices (Figure 5).

An amount of 96 slices is obtained for the adhesive joint only, from the
tomographs series. As already mentioned, the tensile test machine included
in the tomograph chamber allows us to perform these measurements while
applying a mechanical loading to the samples. The decision has been made to
incrementally increase the applied load with a 200 N step (Figure 8). The
ramps between the steps are displacement-controlled (0.5 mm/min).
A stress-strain curve for the considered material is given in Figure 4b along
with the stress states corresponding to each aquisition step (Figure 4a). In
addition, the elastic properties of the adhesive are presented in Table 1.

The process goes on until the failure of the sample. It is clear from Figure 4a
that stress relaxation phenomena are occurring during these steps, especially
for the high loads. For each step, the corresponding displacement is therefore
maintained for a certain time, in order to let these phenomena occur.
Otherwise, the measurement would be disturbed by the on-going relaxation,
due to the similarity between the acquisition time and the relaxation charac-
teristic time. By considering significantly longer load steps, it is possible for the
load to reach an asymptotical value and hence to obtain a relatively steady state

Figure 3. Standard laboratory PhoenixTM VtomeX tomograph.
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(a) Load applied to the sample (b) Tensile stress-strain curve of the considered ad-

hesive [22]

Figure 4. Mechanical loading and properties of the adhesive.

(a) Section planes (b) xOy slice in the middle of the adhesive

(c) xOz slice in the middle of the adhesive (d) yOz slice in the middle of the adhesive

Figure 5. Reconstructed volume of the sample obtained from tomography investigation.

Table 1. Elastic parameters of the adhesive[22].

Parameter Value

E [MPa] 2000 ± 50
ν [-] 0.41 ± 0.01
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during the 12 minutes necessary to complete a full rotation of the sample. The
aforementioned asymptotical value is harder to reach in a reasonable time the
higher the load is, and may even not be reachable in some cases (loads greater
than 800 N, Figure 4a). This may lead to blurry acquisition data, as those
measures are critically sensitive to any disturbances, which cause significant
artifacts. It is then possible to acquire a snapshot of the 3D microstructure of
the adhesive joint for several loads. In other words, given the adequate post-
processing tools, it is possible to follow the evolution, along with the applied
load, of the microstructure, in a non-destructive in-situ fashion.

3. Postprocessing tool

A time series of radiographs sets is delivered by the experiments detailed
above. The reconstructed volume of the central part of the sample for the
initial state of load is shown in the Figure 6a. Those raw grayscale images,
display 3 visible phases (see Figure 5b–d): the adhesive, the air pores and the
glass beads introduced by the manufacturer.

The raw data is initially encoded in 16 bits. In order to reduce the volume of
data and thus facilitate post-processing steps, the raw 16-bits data were con-
verted to 8-bits grayscale levels. This step results in a lighter dataset and in faster
processing steps without damaging excessively the quality of the data to observe.
The data obtained with X-ray tomography were then post-processed in order to
extract the following information: the spatial distribution and rate of each phase
as well as their evolution during the different load applied. The complete study
of the microstructure with respect to the applied load requires the development
of a processing tool, which will: (i) eliminate unwanted artifacts from the

50 100 150 200 250

(a) Unprocessed volume slice close to the substrate

adhesive

(b) Grayscale values along a path (white line in

Fig.6a)

Figure 6. Slice of raw data.
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reconstructed slices of adhesive and extract the mean intensity; (ii) filter the
signal to remove the noise and (iii) detect the microstructural entities observed
(here, pores and glass beads) from a grayscale intensity threshold.

This processing tool should allow to automatically detect the requested
microstructural entities from the raw signal presented in Figure 6b.

3.1. Creation of synthetic microtomographic data

In order to design the processing tool, a preliminary study is performed using
synthetic microtomographic data. The main advantage of this technique is
that every property of the microstructure is accurately known, since it is
imposed. The grayscale levels of the voxels for a 2D slice taken in this
synthetic volume are given in Eq.2.

Szjðx; yÞ ¼ I0;Zjðx; yÞ þ γi � piðx; yÞ þ bzjðx; yÞ (2)

where Szjðx; yÞ are the grayscale levels of the slice j in the Z direction with
j 2 ½1; 65�, I0;Zjðx; yÞ is the mean grayscale level, γi is the contrast for each

phase i, piðx; yÞ ¼ Ni with Ni 2 ½0; 28 � 1� are 8-bits grayscale levels for each
phase i, and bzjðx; yÞ is a 8-bits grayscale level correspondong to Gaussian
measurement noise.

The intensity of the measurement noise is assumed to be independant of
the position. Therefore, the standard deviation of the Gaussian distribution
used to generate the measurement noise is the same in the entire volume.
The value of the standard deviation σ is experimentally obtained, by sub-
tracting two microtomographic acquisitions of the same volume. The proper-
ties of the generated volume are displayed in Table 2.

The spatial distribution of the generated pores can be visualised in Figure 7a.
Moreover, the distribution of their corresponding diameters is available in
Figure 7b. One may notice that the diameters distribution is not perfectly
uniform. This is due to the non-overlap condition for the pores used during
the generation of the volume. Therefore, a few of the randomly generated
diameters (mainly the largest ones) were programmatically modified or dis-
carded in order to comply with this constraint.

Table 2. Synthetic data properties.
Property Value

Size 960x960x65 voxels

Pores number npth 3114 (non-overlapping)
Pores ratio pth 9.69%
Pores diameters Uniformly distributed between 1 and 35 voxels
Noise intensity Standard deviation σ ¼ 9:62
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3.2. Postprocessing tool architecture

In order to characterise the pores located in a volume, it is necessary to
segment the tomographic data. To do so, a processing tool is designed and
programmed using MatlabTM software. The scheme of treatment of the raw
data is shown in Figure 8.

3.2.1. Preprocessing
As it may be seen in Figure 5b–d, the radiograms include a large part of the
substrates and some blank space around the samples. Hence, the recon-
structed volume also contains these elements, resulting in some useless
volume slices (with only Aluminium showing). The adhesive being absent
from these pictures, they are removed from the dataset. By doing so, it is
possible to reduce the number of slices to be analysed from several hundreds
to 65.

3.2.2. Subtraction of I0
The mean grayscale intensity is assumed to follow a polynomial expression,
as in Eq.3. The degree of this polynomial surface is left undetermined in Eq.3.
In pratice, m ¼ 3 was enough for the study presented in this paper. The value
of m may be adjusted accordingly with the shape of I0.

(a) Spatial distribution of pores (b) Equivalent diameters distribution in the syn-

thetic volume

Figure 7. Artificially generated volume for known pores amount, pore ratio and pores locations.

Figure 8. Processing tool architecture.
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I0ðx; yÞ ¼
Xm
j¼0

Xj

i¼0

ci;j�ix
iyi�j (3)

The coefficients ci;j�i in Eq.3 are identified using the grayscale levels of each
reconstructed volume slice (Figure 9a). The obtained values of I0 are then
subtracted to the grayscale levels of the volume (Figure 9b), in order to
obtain a flattened signal (Figure.9c and d).

3.2.3. Filtering and thresholding
The filtering and the thresholding steps are designed to smooth the signal (i.e.
remove as much noise as possible from the flattened signal) and to identify
precisely the transition between the adhesive and the pores in terms of
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(a) Artificially generated adhesive slice before sub-

traction of I0
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(b) Artificially generated adhesive slice after sub-

traction of I0

(c) Grayscale levels along y = 500 px for the raw

signal (white line in Fig.9a)

(d) Grayscale levels along y = 500 px for the flat-

tened signal (white line in Fig.9b)

Figure 9. Subtraction of I0.
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grayscale levels (Figure 10). To correctly tune the corresponding parameters (tf
and ns, see Figure 8), an optimisation loop is performed using MatlabTM. The
filter used in the process is a classical 2D median filter,[23] characterised by its
size tf . The main advantage of this formulation is that it is edge-preserving[24]

(i.e. it will preserve the edges between the adhesive and the pores), which is
paramount to accurately detect the pores included in the adhesive.

The threshold ns is trivially defined as the minimal grayscale level shift to
consider to detect a microstructural phase switchover. Those values are then
adjusted in order to minimise an error function, characterising the performance
of the tool. It is possible to consider two different shapes for this error function:
ErrM1 which takes into account only the difference between the pore ratios pi
(method M1, Eq.4) and ErrM2 which takes into account the difference between
the pore ratios pi and the difference between the number of pores detected npi
(method M2, Eq.5).

ErrM1ðtf ; nsÞ ¼
pth � pobtðtf ; nsÞ

pth

� �2
(4)

ErrM2ðtf ; nsÞ ¼ α1
pth � pobtðtf ; nsÞ

pth

� �2
þ α2

npth � npoptðtf ; nsÞ
npth

� �2
(5)

where pth and pobt are respectively the imposed pore ratio and the detected pore
ratio for a given ðtf ; nsÞ couple, and npth and npobt are respectively the imposed
pores number and the detected pores number for a given ðtf ; nsÞ couple.

The method M1 defines the error between the generated pores field and the
detected pores field as a function of the pore ratios whereas the method M2
defines a more extensive error function as a function of both the pore ratios and
the pores amounts (Eq.4 and 5). In the M2 formulation, a couple ðα1; α2Þ is

-40

-30

-20

-10

0

10

(a) Artificially generated slice after filtering (b) Artificial grayscale levels along y = 500 px for

the flattened signal

Figure 10. Filtering of the synthetic data.
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introduced so it is possible to assign different weights to each one of the two terms
if need be. By default, these values are set to 0.5, so as to obtain an equivalent
weight for each term in Eq.5. The optimisation loop is performed in a first stage
for the M1 approach, and delivers a first set ðtf ; nsÞM1 identified as the parameters
corresponding to the lowest error value ðtfM1 ¼ 3 and nsM1 ¼ �15Þ easily pin-
pointed on the error map (Figure 11a). The loop is then repeated for the M2
approach, which delivers two error maps (Figure 11b and c) instead of one, as two
terms are used to compute the error. By combining theminimum valleys obtained
through the M2 method, it is possible to compute the global error for this
approach (Figure 11d). Due to the removal of I0 from the baseline signal
(Figure 9c and Figure 9d), a negative value is obtained for ns. It is therefore not
a 8-bits grayscale level anymore, but a grayscale intensity.

0

1

tf=3
ns=-15

(a) Error map obtained for the M1 method as a

function of tf and ns

(b) Error map relative to the number of pores for

the M2 method as a function of tf and ns

(c) Error map relative to the pore ratio for the M2

method as a function of tf and ns

optimal parameters 
(ns=-14  and  t f=4)

(d) Optimal parameters for the M2 method

Figure 11. Identification of the ðns; tf ÞM2 set.
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From the intersection of these domains (Figure 11d), it is possible to
extract a second parameters set ðtf ; nsÞM2, which outputs not only the correct
pores volume fraction, but also the correct pores amount. From these
observations, it can be concluded that the processing tool designed in this
paper allows for a correct evaluation of the pore distribution in an adhesive
layer, in terms of both spatial distribution and radius distribution.

It is clear from Figure 12a that the M1 method is inefficient to accurately
detect the correct number of pores, especially for the lowest diameters. This
inefficiency tends to fade along with the increase of the equivalent diameters
of the pores to be detected. The M2 method displays results of overall higher
quality, and is less prone to be disturbed by very small pores. This method

(a) Comparison between methods M1 and M2 in

terms of pore detection

(b) Effect of the noise on the pore ratio

(c) Effect of the noise on the number of pores

Figure 12. Comparison between the results delivered by the M1 and M2 approaches for 5
different noise draws.
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allows the user to accurately detect the voids in the adhesive, with a fairly
high accuracy in terms of both number and equivalent diameter.

The tool, successfully calibrated here, was used on a generic adhesive volume
including a pores field whose diameters are randomly distributed in a given range
representative of the actual configuration. To be perfectly in compliance with
a real experimental case, these diameters should be normally distributed.
However, this slight inadequacy is expected to be of negligible influence, as it
seems from Figure 12a that the designed tool outputs the correct number of pores
for nearly every equivalent diameter. The only difference between a normal and
a random distribution being the number of entities for each equivalent diameter,
one should expect that the processing tool would correctly estimate the voids field
for a different distribution.

3.3. Influence of measurement noise on pores detection

Although it appears that the two approaches presented give similar results, they
can be evaluated in a more extensive fashion by studying the influence of the
picture noise level on the pore field detected. To perform this comparison, the
two resulting tools are applied to five cases with five noise draws (Figure 12b
and 12c).

From Figure 12b it is obvious that even though the two methods presented
previously give similar results in terms of pores volume fractions (which is
slightly underestimated due to the voxelisation of a continuous media), only
the M2 approach is able to deliver a correct estimation of the pores amount
(Figure 12c) in a given volume. It is then concluded that the M2 method
should be used, for tf ¼ 4 and ns ¼ �14. The obtained results are sum-
marised in Tables 3 and 4, where i and σi are respectively the mean value
and the standard deviation of the quantity i

Table 4. M1 and M2 methods results compared to the
theoretical number of pores.

npth [-] npobt [-] σnpobt [-]

Theoretical 3114 – –
M1 – 8427.2 107.7
M2 – 2930.1 12.7

Table 3. M1 and M2 methods results compared to the theo-
retical pore ratio.

pth [%] pobt [%] σpobt [%]

Theoretical 9.59 – –
M1 – 9.522 1.05.10�3

M2 – 9.516 1.80.10�3
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Even though fairly similar results are obtained in terms of pore ratio pobt
with both methods (Table 3), it is clear from Table 4 that the M1 method is
not able to accurately detect the correct number of pores in the artificial
datasets. Quantitatively, the error on the dectected number of pores is above
170% using M1, whereas it is only of 6% using M2. This is explained by the
fact that M1 tends to detect erroneous pores for small diameters (Figure 12a).

4. Results and discussion

Given the extensive use of X-ray tomography in materials science since the
early 1990s, and due to the large amount of published works based on this
method,[10] it is accepted that this experimental technique provides fairly good
results. Consequently, the measurements performed using this technique are
considered to be valid, and do not require any further characterisation.

4.1. Evolution of the pores number and of the pore ratio with respect to
the applied load

From the observations made regarding the two methods presented above, it
was chosen to use the M2 methodology, with an optimised ðtf ; nsÞM2 couple
equal to ð4;�12Þ.

An immediate output of the processing tool presented in the previous
section is the pores-to-adhesive volume ratio. It is then possible to track the
evolution of this quantity along with the increase in the applied load
(Figure 13a).

In addition, by means of the M2 method defined by the Eq.5, it is possible
to obtain a fairly accurate estimation of the number of pores included in the
adhesive layer, which may be plotted versus the increasing load as well
(Figure 13b).

It appears from these data that the mechanical solicitation applied to the
sample may lead to significant changes in the microstructural properties of
the adhesive. Both these quantities seem to follow a trend defined by two
distinct domains: F � 800 N, for which the evolution seems fairly linear with
respect to the applied load; and F � 800 N, for which the evolution becomes
non-linear as a function of the applied load, with a sudden increase in pore
volume fraction, and with a sudden decrease in pores number.

It is possible to validate the results presented above by verifying that the
developed method outputs the correct glass beads ratio, which is given by the
manufacturer.

It appears from Figure 13c that this quantity remains almost constant, as it
should be since there is obviously no external glass beads input. It is possible
to compute the mean pbeads of these values, to be compared to the manu-
facturer data:
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pbeads ¼ 0:167%

These numerical values are fairly consistent with the numbers provided by
the manufacturer regarding this adhesive, since the adhesive theoretically
contains 0.16% of beads (in terms of volume).

Finally, the distribution of the diameters of the detected glass beads may
be computed. This distribution is shown in Figure 14.

4.2. Evolution of the diameters distribution with respect to the applied load

Most of the pores are quasi-spherical, and thus may be characterised by their
equivalent diameter. More specifically, it is possible to compute the

(a) Evolution of the pore volumetric fraction with

respect to the applied load

(b) Evolution of the number of detected pores with

respect to the applied load

(c) Glass beads ratio with respect to the applied

load

Figure 13. Changes undergone by the internal microstructure of the adhesive joint along with
the increasing load.
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distribution of those equivalent diameters in the adhesive layer, and to track
the evolution of this distribution along with the increase in the applied load.

It appears from Figure 15a–c that the equivalent diameters distribution
variations are somehow negligible for a load below 800 N. Starting from this
load state (Figure 15b–c), the evolution becomes much clearer, as the dis-
tribution, which roughly follows a Gaussian shape, tends to widen.

To better visualise this trend, it is possible, for each distribution displayed
in Figure 15, to fit a Gaussian distribution function (Eq.6) to compute the
mean equivalent diameter μd and the standard deviation σd.

f ðxÞ ¼ 1

σd
ffiffiffiffiffi
2π

p exp � x� μd
σd

� �2
" #

(6)

This approach results in the data presented in Figure 15d. A clearer trend can
be seen in Figure 15d, which points out that even for the relatively low loads
(F< 800 N), the microstructure of the adhesive undergoes slight, but none-
theless visible, transformations. Both the mean and the standard deviation of
the distributions seem to follow the same trend. As it was expected from the
data in Figure 13 and Figures 15a-c, from F ¼ 800 N and higher, the
distributions start to change significantly. The increase in size of the detected
pores may be explained by two factors: (i) the increasing load tends to open
and expand the pores (Figure 16d) and (ii) the increasing load may trigger
coalescence phenomena, which cause neighboring pores to merge (Figure
16a–c). These hypotheses are directly linked with the observations formu-
lated regarding Figure 13 and Figures 15a-c, as they seem to be the most
plausible explanation for these phenomena.

Figure 14. Distribution of the equivalent diameters of the glass beads.
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It is fairly easy to notice that some entities merged due to the application of
the mechanical load, especially where the initial pores were already close to each
other. This is perfectly supported by the diminishing number of pores detected
by the processing tool, as it is shown in Figure 13b. Such merger phenomena
were expected, as they have already been reported for other materials.[21,25]

The visualisation of these simultaneous phenomena may be performed on
the reconstructed volume using FiJi software,[26] as presented in Figure 17.

The global increase in volume of the pores in the adhesive is easy to
visualise in Figure 17. This suggests that it is a phenomena which occur in
the entierety of the joint, and not only in specific, predisposed locations.
Moreover, it is possible to see in Figure 17 that there are a few locations
where the pores seem to be more concentrated. The adhesive bond is there-
fore weaker in these spots, and one may hypothesise that such concentrations

(a) F = 0 N (b) F = 600 N

(c) F = 1100 N (d) Parameters of the Gaussian distribution of the

pores diameters for every load investigated

Figure 15. Effect on an increasing mechanical load on the equivalent diameters distribution.
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of pores could trigger mechanical failure mechanisms (microcracking, stress
concentrations, localised plasticisation, etc.) when stressed, and lead to the
premature ruin of the assembly. Finally, the pores in Figure 17 may be
divided into two groups, depending on their size and incidence: (i) the
most common pores are rather small (a few tens of micrometers in terms
of equivalent diameter) and they are created during the mixing of the
adhesive, (ii) and the less usual pores (in particular 2 specimens in
Figure 17, easily identifiable), one order of magnitude bigger than the others

(a) Coalescence site, initial state ( : section plane) (b) Coalescence site, final state ( : section plane)

(c) Sliced view of coalescing pores (white: initial state /

magenta: final state)

(d) Increase in volume (F = 0 N and F = 1100 N) for an

arbitrarily chosen pore

Figure 16. Changes undergone by the pores along with the increasing load.

(a) Pores field - Initial state (b) Pores field - Final state

Figure 17. 3D visualisation of the pores fields at initial and final states.
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(a few hundreds of micrometers in terms equivalent diameter), which are
created during the spreading of the adhesive with the spatula on the adher-
ends. This last type of pores is the most critical threat to the mechanical
strength of the joint, due to the size they feature. One might expect that if
several of these large, but uncommon, pores are located within a certain
sphere of influence of each other (still to be determined), this could lead to
an important and localised decrease in mechanical properties of the joint and
once again be the cause of the unexpected mechanical ruin of the assembly.

4.3. Sphericity of the pores

The pores detected by the tomography measurements display for the most
part a sphere-like shape, therefore a description based on the sphericity
seems to be the best approach to characterise the evolution of their general
shape. The sphericity Ψ of an object is, as introduced by Wadell in 1935[27],
defined by the expression in Eq.7:

Ψ ¼ π
1
3 6Vp
� �2

3

Ap
(7)

where Vp stands for the volume of the entity and Ap for its area.
It is obvious from Eq.7 that the sphericity varies theoretically between 0

(the studied entity being a plane) and 1 (the studied entity being a perfect
sphere).

The volume and the areas of the pores being quantities easily accessible
from the tomography data, the sphericity of each pore may be computed, for
various load states. The resulting data are plotted in Figure 18.

The technique employed in this paper is then able to detect the variation
of the shape of each pore, caused by the mechanical solicitation applied to the
sample. It seems that the overall shape of the points clouds remains fairly the
same, the most significant change in Figure 18 being the increase in equiva-
lent diameters of the pores, which tends to shift these points clouds to the
right. Most of the computed sphericities are located around 1, which corro-
borates the observation according to which most of the pores are quasi-
spherical.

One can see in Figure 18 that some points are located above the theoretical
limit of 1, especially for the lowest equivalent diameters. This may be due to
the effect of the voxelisation during the measurements, as the voxel size is of
6 m. For very small objects, this may induce seemingly incorrect sphericity
values, due to areas miscalculations.[28]
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5. Conclusion

Pores are commonplace defects in adhesive joints, formed during the mixing of
the adhesive and during the bonding step. As such, adhesively bonded samples
were made in order to investigate the pore state within the bulk of their joints.
The influence of tensile loadings on this pore state was characterised using in-
situ X-ray microtomography, until the mechanical failure of the samples.

In order to process the tomographic datasets, a processing tool was
designed and calibrated on artificial datasets. This calibration was performed
using optimisation algorithms to tune the parameters of this processing tool:
the size of kernel of the median filter, and the grayscale threshold used to
identify the pores in the reconstructed volumes. Two methods were proposed
for this parameters optimisation, and their performances were discussed. It
was found that the best approach was to optimise the parameters of the tool
using both the pores number and the pore ratio.

Finally, it was experimentally proven that the application of a mechanical
stress on the adhesive bonds has a significant influence on the pores located
in the medium. Once a certain stress is reached, coalescence phenomena are
triggered, resulting in an abrupt decrease in pores number. Moreover, due to
the effect of the mechanical stress, the pores tend to expand, resulting in an
increasing pore volumetric ratio. These changes in microstructure could be
viewed as indicators that damage is occuring in the material. This is con-
firmed by the fact that the rate of growth significantly increase shortly before
the fracture of the samples. Moreover, coalescence is occuring roughly for the

Figure 18. Sphericity of each detected pore, for different load levels.
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same stress levels, leading to the possible relationship between these observed
phenomena and mechanical damage.

These results could give new ways of improvements for models developed to
predict the damage and the failure of the adhesively bonded joints. Indeed, it
seems that the damage is due to a cavitation proecess (increase in the size of
existing pores or creation of new voids) and the failure is due to the coalescence of
these pores/voids. Thus, the effects of the triaxiality should be included in the
damage model instead of only the out-of-plane stresses as commonly considered.
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2. Caractérisation et modélisation des assemblages structurels par collage

2.3 Contraintes résiduelles et contraintes
thermiques

Une pratique courante sur les adhésifs époxy bi-composants consiste à appliquer un
cycle thermique au matériau non polymérisé afin d’activer la réaction de polymérisation.
Les cycles que l’on peut appliquer sont divers et variés, comme en témoignent les fiches
techniques fournies par les fabricants de ces adhésifs. En particulier, les niveaux de
température atteints au cours de ces cycles [85], [86] sont nombreux et peuvent avoir
une importance significative sur la résistance mécanique globale des joints collés.

Les contraintes résiduelles peuvent avoir un effet négatif sur les propriétés de rupture
d’un adhésif et par conséquent sur la durée de vie en fatigue des assemblages collés.
L’intensité des contraintes résiduelles dépend principalement de quatre facteurs [12] :

F le changement de volume dû à la réaction de durcissement ;

F les propriétés mécaniques de l’adhésif et des adhérents ;

F les coefficients de dilatation thermique des matériaux impliqués ;

F la géométrie de la liaison et de l’assemblage.

Tout naturellement, en raison du décalage très important entre les propriétés thermo-
mécaniques des adhérents métalliques et celles de la plupart des adhésifs, des contraintes
résiduelles sont susceptibles d’apparaître lorsque les joints passent de la température
de durcissement à la température ambiante. De même, un champ de contraintes sup-
plémentaire peut être introduit par la variation de température de l’environnement.
Ces contraintes résiduelles thermiques contribuent donc au champ de contraintes à
l’intérieur du joint de colle, durant la sollicitation mécanique et peuvent entraîner des
défaillances prématurées de l’assemblage [87], [88]. En outre, ces contraintes pourraient
également avoir une incidence sur l’identification des paramètres d’une loi de comporte-
ment donnée, et principalement pour deux raisons. Premièrement, certaines hypothèses
exprimées à des fins pratiques et de simplification et, bien que valables pour un état
de contrainte initial nul, peuvent être remises en question si l’on tient compte des
contraintes résiduelles et thermiques initiales. Dans le cas des travaux que j’ai supervi-
sés, la pression hydrostatique a été supposée marginale pour les charges de cisaillement.
Cette hypothèse s’est avérée particulièrement utile au cours du processus d’identification
des paramètres, puisque tous les paramètres relatifs à la pression hydrostatique ont
été considérés comme négligeables pendant les charges de cisaillement. Le champ de
contraintes réelles σm(x, y, z) dû à la charge mécanique appliquée n’est donc pas égal
au champ de contraintes totales dans le joint σ(x, y, z). On peut donc écrire la relation
suivante :

σ(x, y, z)=σm(x, y, z)+σr(x, y, z)+σth(x, y, z)

avec σr(x, y, z) le champ de contraintes résiduelles dues aux phénomènes liés au durcis-
sement de l’adhésif et σth(x, y, z) le champ de contraintes induites par le changement
de température après la fin du durcissement. Il est donc légitime d’étudier l’influence
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2.3. Contraintes résiduelles et contraintes thermiques

des termes σr(x, y, z) et σth(x, y, z) sur le comportement mécanique de l’assemblage collé.
Cette étude nécessite deux étapes :

1. identifier les champs de contraintes induites ;

2. inclure ces champs de contraintes dans l’analyse par éléments finis réalisée lors
de l’identification des paramètres du matériau, afin d’accéder à leurs valeurs
réelles, correspondantes uniquement au comportement mécanique (c’est-à-dire à
σm(x, y, z)).

Une pratique courante pour étudier les contraintes résiduelles dans les assemblages
collés consiste à utiliser des méthodes de courbure de poutre bilame ou trilame [89],
[90], [91]. Ces méthodes permettent de visualiser les déformations induites par les
contraintes résiduelles créées pendant le durcissement de l’adhésif. Alors il est légitime
de se pencher sur le développement des stratégies de détermination numérique des
champs de contraintes thermiques dans les assemblages collés.

L’estimation des contraintes résiduelles créées pendant le cycle de durcissement né-
cessite une méthodologie numérique, basée sur une analyse par éléments finis. L’objectif
est d’identifier la température libre de contraintes, c’est-à-dire la température qui, une
fois appliquée à un modèle de type éléments finis de l’échantillon, conduit à la même
courbure que celle obtenue expérimentalement.Alors, la notion de température libre de
contraintes [92], [93] peut être considérée comme représentative du champ de contraintes
résiduelles créé par le cycle de durcissement et ses mécanismes associés.
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a b s t r a c t

Various models exist to describe the non-linear behaviour of an adhesive in an assembly, taking into

account the two stress invariants, hydrostatic stress and von Mises equivalent stress, which can be

explained by the nature of the adhesive, i.e., a polymer. The identification of the material parameters of

such pressure-dependent constitutive models requires a large experimental database taking into

account various tensile–shear loadings. Under quasi-static loadings at low temperature, for a given

strain rate range, viscous effects can be neglected, but only a few experimental results are available to

model the behaviour of an adhesive in a bonded assembly accurately under realistic loadings.

Moreover, edge effects often have a large influence on the mechanical response. This paper presents

the possibility of combining the use of a modified Arcan device, which strongly limits the influence of

the stress concentrations, with a usual thermal chamber. Experimental results, underlining the

temperature-dependent non-linear responses of an adhesive, are presented in the case of various

tensile/compression–shear monotonic loadings for a temperature range between 20 1C and �60 1C.

The analysis of experimental results, obtained in the load-displacement diagram, focuses herein on the

modelling of the initial temperature-dependent yield surface; but such results are also useful for the

development of the flow rules in the case of pressure-dependent models.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Bonded assemblies are increasingly used in the design of
mechanical structures due to major advantages of this technique,
i.e., the weight reduction and the facility to join different
materials and especially composites [1–3]. However, bonded
assemblies are often characterised by large stress concentrations
at the ends of the overlap length which are mainly associated
with a high ratio of the mechanical properties between the
adhesive and the adherends (mainly the Young’s modulus), the
low thickness of the adhesive in the assembly and the mechanical
load [4,5]. Moreover, the use of bonded assemblies at different
temperatures [6] can lead to an increase in the stress concentra-
tion associated with the thermal stresses [7,8]. Thus, specific
studies are required as the mechanical behaviour of the adhesive
and the stress concentrations in bonded assemblies can depend
on the service temperature. For instance, the development of
huge superconducting magnets requires a cooling system using a
4 K pressurised bath of Helium [9]. For such systems, the use of
adhesively bonded assemblies is of great interest, especially to

ensure the electrical insulation by using composites. Therefore, a
precise analysis of the mechanical behaviour of the adhesive for
very low or cryogenic temperatures is necessary, to allow an
optimisation of the design of such superconducting magnets. Few
experimental studies have been developed at low temperatures
and therefore at cryogenic temperatures: bulk, lap-shear and
pull-off tests under various temperatures are usually proposed
[10,11]. Such experiments give information about the mechanical
behaviour of the adhesive but the influence of defects and the
influence of stress concentrations are often difficult to take into
account. Moreover, in order to model the complex behaviour of
adhesives in assemblies, non-associated pressure-dependent con-
stitutive models have to be used [12–14], The identification of the
material parameters of such models requires a large data base of
experimental results under various compression/tensile–shear
tests and a precise analysis of the non-linear behaviour of the
adhesive; for instance, for such models, the initial yield surface is
represented using the two stress invariants, hydrostatic stress
and von Mises equivalent stress. Usual tests such as lap-shear
and pull-off tests are often associated with stress concentrations.
Some improvements can be proposed in order to increase the
accuracy of the analysis of the mechanical behaviour without
taking into account crack propagations (which is, itself, a complex
problem). For instance, in the case of cryogenic analysis (at 4 K)

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/ijadhadh

International Journal of Adhesion & Adhesives

0143-7496/$ - see front matter & 2012 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.ijadhadh.2012.03.009

n Corresponding author. Tel.: þ33 2 98 34 88 16; fax: þ33 2 98 34 87 30.

E-mail address: jean-yves.cognard@ensta-bretagne.fr (J.Y. Cognard).

International Journal of Adhesion & Adhesives 36 (2012) 56–64

102



[15], TAST type specimens (standard thick adherend shear test),
using grooves, have been proposed; such geometries allow, at
room temperature, a reduction in the stress concentrations
[16,17]. In order to determine, at low temperatures, the behaviour
of adhesives in an assembly under various tensile–shear loads, it
is interesting to analyse the possibilities of the modified Arcan
device developed to strongly limit the stress concentrations and
used mainly at present time at room temperature [18]. The long
term objective is to define a reliable strategy for analysing the
mechanical behaviour of adhesive bonded joints at very low
temperatures (cryogenic ones).

The objective of the paper is to characterize the temperature-
dependent behaviour of a ductile adhesive under monotonic
tensile/compression–shear loads at low temperature. The first
part presents, starting from 2D numerical simulations, the influ-
ence of the service temperature on the stress concentrations in
order to define the requirements of the bonded specimens
analysed using the modified Arcan device. Second, experimental
results are presented for a temperature range between 20 1C and
�60 1C which is available using a usual thermal chamber. The
last part analyses the influence of temperature on the so-called
‘‘initial elastic limit’’, and on the failure limit in stress and
deformation at failure.

2. Experimental details

2.1. Modified Arcan device

A modified Arcan fixture, which enables compression or tension
to be combined with shear load was previously developed. By the

use of beaks, careful cleaning of the free edges of the adhesive, and
by designing a special fixing system for the bonded specimen, the
influence of edge effects can be significantly reduced, and pre-
loading of the adhesive is avoided [5,18]. For a previous project
associated with the analysis of the influence of the hydrostatic
pressure on the mechanical behaviour of an adhesive, using a
pressure vessel, a small Arcan fixture with an external diameter of
155 mm was developed [14]. Special fixing systems were used to
fix the modified Arcan device in order to prevent parasitic loadings
(Fig. 1). An advantage of this device, with respect to the old one, is
the lower requested time in order to reach the prescribed tem-
perature, as tests were realised with respect to temperatures
between 20 1C (room temperature) and �60 1C.

2.2. Bonded assemblies

To ensure a precise adhesive thickness and a good relative
positioning of the two substrates during the bonding process,
spacers are manufactured during the machining process of the
substrates (Fig. 2(a)). It can be noted in Fig. 2(b) that beaks are
machined all around the substrates close to the bonded area and a
cleaning of the free edges of the adhesive is performed before the
curing process in order to limit stress concentrations [5,18].
Screws are used to ensure the relative positioning of the two
substrates during the bonding process; moreover, a torque of
2.5 mN is applied with a screwdriver to limit the scatter in the
adhesive thickness. After the curing process, the spacers are cut to
obtain the bonded specimen to be used with the modified Arcan
device. For such specimens, the area of the bonded section is
50 mm�9 mm.

adhesive

substrate 
fixing system 

loading pin  

x

y

x

v
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Fig. 1. Modified Arcan device. (a) test under tensile–shear loading g¼451, (b) tensile loading g¼01, (c) shear loading g¼901, (d) compression–shear loading g¼901 and

(e) fixing system.
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Fig. 2. Presentation of the bonded specimens. (a) bonding procedure, (b) geometry of the bonded specimens.
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The different results presented in the following were obtained
using the epoxy resin HuntsmanTM Araldites 420A/B with a joint
thickness of 0.2 mm. The bonding procedure adopted starts with
an immersion of the machined substrates in acetone for three
hours to eliminate any presence of cooling oil used in the
machining process, which will undoubtedly affect the bonding.
After that, surfaces are prepared with sandpaper (grade of 180) to
remove any impurities and oxide layer that can potentially exist;
moreover, the associated roughness increases the adhesion.
A degreasing and cleaning of the surface is accomplished to
remove any particles that may remain after sanding. The curing
process used is: 1 h at 110 1C.

2.3. Experimental environment

Tests were performed using a hydraulic tensile testing
machine (Instron), with a maximum load of 100 kN and a thermal
chamber (Servatin) available in the laboratory (Fig. 3). The
thermal chamber has a view-glass which allows us to use an
optical 3D measuring system by digital image correlation [19] in
order to measure the relative displacement of the two substrates,
and thus the deformation of the adhesive, in the x and y directions
(Figs. 1 and 2). In the following, DN and DT denote the relative
displacements of both ends of the adhesive in the normal
(direction y, Fig. 1) and tangential directions (direction x, Fig. 1).
It is important to notice that the displacement measurement

through the view-glass of the thermal chamber requires specific
adjustments in order to obtain images with a good quality. FN and
FT represent the normal and tangential components of the applied
load in the normal and tangential directions.

It should be noted that, the time required to stabilise the
temperature of the sample, is more than 2 h for a temperature of
�60 1C. This time has been determined using a specific bonded
specimen with a thermocouple in the middle of the adhesive.
Moreover, during the cooling phase a constant load of 0.6 kN is
prescribed (a chosen preload) to prevent a possible increase in the
stress in the adhesive and little movements of the modified Arcan
system in relation to the tensile testing machine.

3. Influence of thermo-mechanical loads on the stress state
in the adhesive

This section presents the influence of service temperature on
the stress state in the adhesive in a bonded assembly in order to
validate the proposed experimental approach.

3.1. Simplified mechanical model

Starting from 2D finite element simulations (Abaqus software
[20]) under elastic assumption of the components, the influence
of the local geometry close to the free edges of the adhesive is
analysed with respect to the mechanical load and to the thermal

tensile 
machine 

view-glass 

thermal 
chamber 

optical 
measurement 

system

modified 
Arcan 
device

Fig. 3. Presentation of the experimental configuration (tensile testing machine, thermal chamber, modified Arcan device and optical measurement system). (a) global view

(b) Arcan device in the thermal chamber.

Fig. 4. Presentation of two geometries of the bonded assemblies (not to scale). (a) geometry A: specimen with straight edges (b) geometry B: specimen with beaks and

cleaned edges.
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stress state associated with a change in service temperature.
For this analysis, one assumes that no residual stress exists at room
temperature. Following previous works [5], results are presented
for two geometries of the bonded specimens used with the
modified Arcan device (Fig. 4). The first geometry is associated
with straight substrates and straight edges of the free edges of the
adhesive (Fig. 4(a)). The second geometry (Fig. 4(b)) represents
the bonded specimens proposed for the experimental tests; they
are characterised by the use of beaks on the substrates and a
cleaning of the free edges of the adhesive in order to obtain
a significant reduction in the stress concentrations in the
adhesive under mechanical loads [5]. Geometries are defined
with the following parameters: L¼50 mm, H1¼20 mm, a¼301,
h¼0.1 mm, d¼0.5 mm, r¼0.1 mm and e¼0.2 mm.

The elastic properties of both materials are: Ea¼2 GPa (Young’s
modulus), na¼0.3 (Poisson’s ratio) for the adhesive and Es¼75 GPa,
ns¼0.3 for the substrates. The coefficient of thermal expansion used
in this study is equal to 2.3�10�5

1C�1 for the substrate and

4.6�10�5
1C�1 for the adhesive (value obtained experimentally

by analysing the deformation of a bulk specimen with respect
to temperature). Computations were made under plane strain
assumption using eight node rectangular elements. Refined meshes
are used in order to obtain good numerical results, especially in the
case of high stress concentrations which are required [5] (40
elements were used in the adhesive thickness of 0.2 mm). It can
be noted that it is possible to analyse only half of the model using
adequate boundary conditions.

3.2. Stress under thermo-mechanical loads

In order to analyse the stress concentrations, the evolution of the
equivalent von Mises equivalent stress is plotted over half of the
bonded overlap length ([Ox], Fig. 4). Under mechanical loads, the
maximum value of the stress in the adhesive is obtained close to
the substrate–adhesive interface for geometry A, and within the
adhesive for geometry B [5]. Thus, in order to simplify the
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Fig. 5. Influence of the geometry of the substrates on the mechanical, thermal and thermo-mechanical stress distributions in the adhesive under tensile and shear loadings.

(a) tensile loading, d¼0.02 mm, (b) shear loading, d¼0.02 mm, (c) thermal loading DT¼�80 1C, (d) tensile and thermal loadings and (e) shear and thermal loadings.

C. Badulescu et al. / International Journal of Adhesion & Adhesives 36 (2012) 56–64 59

105



presentation, we have chosen to plot the maximum value of the von
Mises equivalent stress through the adhesive thickness for a given
point of the overlap length, with respect to the overlap length x.

For the mechanical load, displacements (in the x and y direc-
tion) are prescribed on the upper and lower lines of the model
presented in Fig. 4. These boundary conditions can be justified by
the fact that the Arcan support is nearly rigid with respect to the
adhesive rigidity. Fig. 5(a) and (b) present the evolution of the
maximum value of the equivalent von Mises stress with respect to
the overlap for geometries A and B. A prescribed displacement of
0.02 mm is prescribed in the direction y and x, respectively in order
to analyse results under tensile and shear loads. It can be noted
that the stress states are different for the two loading conditions
and that geometry B allows a large reduction in the stress
concentrations close to the free edges of the adhesive [5].

For the thermal load, one assumes that only a variation in
temperature is prescribed without mechanical constrains (the fixing
system of the bonded specimen on the Arcan support has nearly no
influence on the stress state under such loading). As the aim of
this study is to analyse the influence of low temperature on the
mechanical behaviour of an adhesive, a variation of DT¼�80 1C (test
at �60 1C) is prescribed (analysis between room temperature (20 1C)
and �60 1C). Fig. 5(c) underlines that such a loading leads to a quite
low stress state in the adhesive, but for geometry A, larger stress
concentrations can be noted than for geometry B.

For the thermo-mechanical loads, Fig. 5(d) and 5(e) present the
stress state for a variation in temperature of DT¼�80 1C followed
by a prescribed displacement of 0.02 mm. It represents a test at
�60 1C. The superposition of the thermal load to the mechanical
load leads to an increase in the stress concentrations close to the
free edges of the adhesive for geometry A. A complete analysis of
this problem requires an increase in the mechanical load after
applying the thermal load. Therefore, for geometry B, an increase
in the mechanical load leads to a decrease in the stress state close to
the free edges of the adhesive with respect to the stress state in the
middle of the joint; thus it leads to a reduction in the stress
concentrations associated with the initial thermal stress state. On
the other hand, it has been shown that for tests with quite large
stress concentration, cracks can appear quickly at the two edges of
the joint, close to the adhesive–substrate interfaces [21,22], and thus
can lead to an incorrect analysis of the behaviour of the adhesive.
Therefore, for geometries characterised with large stress concentra-
tions under mechanical loads (such as geometry A) a decrease in the
temperature of the mechanical test is associated with an increase in
the stress concentrations and thus to earlier crack initiation.

Moreover, for geometry A, associated with large stress concen-
trations, better precision of the numerical results can require more
refined meshes. However, this point does not affect the conclusion
of the study: a large reduction in the stress concentration, associated
with the mechanical load is an important point in order to obtain
accurate experimental results taking into account thermal loadings.

In this study, constant elastic properties of the adhesive (Young’s
modulus and Poisson’s ratio) with respect to temperature is assumed.
In fact, the decrease in the temperature can lead to a slight increase in
the Young’s modulus of the adhesive; thus, it can lead to only a little
reduction in the stress concentrations. Therefore, in the case of the
temperature range analysed, the numerical results presented pre-
viously give a good representation of the real behaviour.

4. Experimental results with respect to temperature

4.1. Behaviour under tensile/compression–shear loads

The different tests were made with a displacement rate of the
crosshead of the tensile testing machine of 0.5 mm/min. Different

loading paths were analysed using the modified Arcan device
(Fig. 1): tensile (g¼01), tensile–shear (g¼451), shear (g¼901) and
compression–shear (g¼1351). Moreover, different temperatures
were taken into account starting from room temperature: 20 1C,
0 1C, �20 1C, �40 1C and �60 1C. The experimental results are
presented in the load-displacement diagrams in Fig. 6. The results
present the mechanical load transmitted by the bonded assembly
for a given temperature. A more precise analysis requires the
stress state associated with the thermal loading to be taken into
account; such a study is not presented herein.

For compression–shear loads (g¼1351), the failure load is not
easy to determine. In fact, for such tests, in the non-linear phase of
the adhesive behaviour, the change in the slope of the response in
the load-deformation diagram can be associated with the failure of
the joint. These points are represented using the following marks
‘‘x’’ in Fig. 6(f). After this inflexion point, the experimental results
are not representative of the behaviour of the adhesive in an
assembly (the load can be transmitted by friction after failure of
the joint). For the analysis of the experimental results, these points
are associated with failure under compression–shear loads
(g¼1351). Moreover, for such compression–shear loads (g¼1351)
the scatter in the experimental results is higher for the normal
displacement (Fig. 6(e)), mainly associated with the view-glass
of the thermal chamber; in fact for such loadings, the tangential
displacement is much higher than the normal displacement
(Fig. 6(e) and (f)).

Fig. 7 presents the failure modes for the different loadings in
the case of a temperature of 20 1C. It can be seen that mainly
mixed failure (cohesive and adhesive–substrate interface failures)
is obtained for the different loadings, with the mechanical surface
preparation and the curing process used. For compression–shear
tests, the compression stress leads to adhesive–substrate inter-
face failures. As mentioned previously the failure load is not easy
to determine; in fact after the adhesive failure, an increase of the
load can be noted which can lead to adhesive–substrate interface
type failures. For the other temperature, nearly same failures
modes are observed (a slight increase in adhesive–substrate
interface failures can be noted).

4.2. Discussions

First, it can be noted that the scatter in the experimental
results is quite low for the different temperatures. For instance,
under tensile (g¼01) and shear (g¼901) loads results of two tests
are presented for T¼20 1C, �20 1C and �60 1C (Fig. 6(a) and (b);
it can be noted that experimental responses in the load-displace-
ment diagram are nearly identical. Similar low scatter in the
results has been obtained with such a modified Arcan device
designed to limit stress concentrations significantly [22].

Second, it can be noted that a decrease in the temperature,
leads to:

– a low increase in the rigidity of the adhesive,
– a low reduction in the deformation at failure of the adhesive,

especially under tensile, shear and compression–shear loads,
– a large increase in the elastic limit and in the failure stress of

the adhesive for the different compression/tensile–shear loads.

The last property explains that for some tests, the failure has
not been reached as the maximum transmitted load has been
limited to 50 kN in order to prevent permanent deformation of
the Arcan device and of the loading pins, as they have not been
designed for such heavy loads.
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4.3. Influence of the temperature on the elastic and failure envelopes

This section provides precise analyses of the temperature
evolution of the elastic and failure envelopes of the adhesive
for the stresses and the deformations associated with the
mechanical loads.

In the case of linear elastic behaviour, the stress distribution
is not constant in the adhesive for the modified Arcan test;

thus, inverse identification techniques have to be used in order
to analyse the experimental results [22,23]. For ductile adhesives,
such as the used adhesive, it has been shown that simplified
approaches can be used to determine the so-called elastic limit of
the adhesive and the maximal stress at failure [24]. The first
important point is that under elastic assumptions, starting from
3D finite element results, the maximum values of the peel and
shear components of the stress are obtained from the average

Fig. 7. Failure modes for different loadings for T¼20 1C. (a) g¼01, (b) g¼451, (c) g¼901, (d) g¼1351.
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stress [14], based on the components of the loads measured
during the experimental test, and the section of the adhesive (Sc):

smax ¼ 1:12saverage with saverage ¼ FN=Sc ð1Þ

tmax ¼ 1:29taverage with taverage ¼ FT=Sc ð2Þ

where s and t denote, respectively the normal and shear stresses.
The second important point is that close to failure, nearly a

homogeneous stress state is obtained in the case of ductile
adhesives.

Fig. 8 presents the influence of the temperature on the elastic
and fracture envelopes in the shear stress-normal stress diagram,
starting from the experimental results presented in Fig. 6. These
results underline that compression stress increases the elastic and
the rupture shear stress of the adhesive significantly, which is
very important for industrial applications. Fig. 9 presents the
elastic and fracture envelopes in the shear strain-normal strain
diagram with respect to the temperature. The relative displace-
ment of both ends of the adhesive (DN and DT) is normalised by
the adhesive thickness (e), in order to propose a more intrinsic
result for this adhesive; such results are acceptable for a given
range of adhesive thicknesses [5]. This figure underlines the
different level of deformation in the normal and tangential

directions at failure; it is important to notice that for the failure
envelope different scales are used in the two directions.

4.4. Modelling of the temperature-dependent elastic limit of the

adhesive

This section presents two simple models to represent the
temperature dependent elastic limit of the adhesive.

In the case of 2D models, the yield surface can be defined using
an elliptic function taking into account the differences between
traction and compression:

/sS2
þ

ðRþ ðTÞÞ
2
þ

/sS2
�

ðR�ðTÞÞ
2
þ

t2

ðSðTÞÞ2
¼ 1 ð3Þ

where s and t denote, respectively the normal and shear stresses,
/xSþ and /xS� are, respectively the positive and negative parts
of the real x; and Rþ , R� and S are material parameters [23]

The experimental results show a nearly linear evolution of
various parameters of the elastic limit of the adhesive with respect
to the temperature. Thus, in order to model the elastic limit, a global
optimisation using the different experimental results (Fig. 8(a))
was proposed taking into account a linear evolution of the material
parameters with respect to the temperature. The temperature
evolution of the material parameters are such that:

Rþ ðTÞ ¼ A1UTþB1

R�ðTÞ ¼ A2UTþB2

SðTÞ ¼ A3UTþB3 ð4Þ

The results of the identification are presented in Table 1.
Fig. 10(a) presents a comparison between the experimental results
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Fig. 8. Influence of the temperature on the elastic and fracture envelopes in the
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Table 1
Material parameters for the initial yield surface (2D model, shear stress-normal

stress diagram).

A1 (MPa/1C) A2 (MPa/1C) A3 (MPa/1C) B1 (MPa) B2 (MPa) B3 (MPa)

�0.65 �0.84 �0.56 48.6 147.3 33.3

Table 2
Material parameters for the initial yield surface (3D model, hydrostatic pressure-von

mises stress diagram).

C1(SI units) C2(/1C) C3(MPa/1C) D1(SI units) D2 D3(MPa)

�1.65 E�6 9.43 E�4 �0.62 1.35 E�4 3.1 41.32
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and the numerical model for the different studied temperatures
in the shear stress-normal stress diagram; a good agreement is
observed.

Various studies underline that an accurate representation of
the elastic yield surface of an adhesive requires the use of a
pressure-dependent constitutive model, i.e., a model taking into
account the two stress invariants, hydrostatic stress and von
Mises equivalent stress. For this study, only elastic behaviour of
the adhesive is used. An exponential Drucker–Prager yield func-
tion allows a good representation of the experimental data for the
so-called ‘‘initial elastic limit’’ [14]:

F0 ¼ aðTÞUðsvmÞ
bðTÞ
þPh�Ph0ðTÞ ¼ 0 ð5Þ

where svm is the equivalent von Mises stress and Ph is the
hydrostatic stress. a, b and Ph0 are material parameters.

A similar optimisation approach, as for the previous model,
was developed taking into account a linear evolution of the
material parameters with respect to the temperature. The tem-
perature evolution of the material parameters are such that:

aðTÞ ¼ C1UTþD1

bðTÞ ¼ C2UTþD2

Ph0ðTÞ ¼ C3UTþD3 ð6Þ

The results of the identification are presented in Table 2.
Fig. 10(b) presents a comparison between the experimental results
and the numerical model for the different studied temperatures in
the hydrostatic pressure-von Mises stress diagram. A good repre-
sentation of the experimental results is obtained using such type
of model.

5. Conclusions

A modified Arcan device, which has been designed to strongly
limit the influence of the stress concentrations, combined with a
usual thermal chamber have been used to analyse the influence
of temperature on the mechanical behaviour of an adhesive.
Tests have been performed on bonded assemblies under various
tensile/compression–shear monotonic loadings for a temperature
range between 20 1C and �60 1C. The behaviour of a ductile
adhesive under a given strain rate has been analysed. The
experimental results underline that a diminution in the tempera-
ture leads, on the one hand to a low reduction in the deformation
at failure of the adhesive, especially under tensile, shear and
compression–shear loads; and on the hand, to a large increase
in the elastic limit and of the failure stress of the adhesive for

the different compression/tensile–shear loads. The analysis of
the results has shown that an exponential Drucker–Prager yield
function, using linear evolution of the material parameters
with respect to temperature, allows a good representation of
the experimental data for the initial elastic limit. Moreover, these
results constitute a large experimental database, which is essen-
tial in order to define accurate models for the thermo-mechanical
behaviour of an adhesive in an assembly using non-associated
pressure-dependent constitutive laws.

As the stress state in an adhesive joint is quite complex,
inverse identification techniques using 3D finite element models
are necessary to analyse the experimental results accurately.
Moreover, an optimisation of the geometry of the bonded joint
can be done to improve the tests for a large range of temperature:
the aim is to limit the stress concentrations close to the free
edges of the joint taking into account the effects of the thermo-
mechanical loads. Thus, the proposed experimental strategy can
be interesting to analyse the temperature-dependent visco-plastic
behaviour of an adhesive in an assembly under various thermo-
mechanical loads.
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a b s t r a c t

The objective of the paper is to propose a strategy in order to develop accurate numerical models to
describe the behaviour of a ductile adhesive in an assembly under mechanical proportional monotonic
loads at different low temperatures. This study requires the use of precise 3D numerical analysis of the
stress state within a bonded assembly in order to develop an inverse identification technique starting
from the load–displacement curves obtained using a modified Arcan apparatus. First, the influence of the
geometry of the bonded assembly close to the free edges of the adhesive on the stress state under a
mechanical load at a given temperature is analysed with a 2D numerical analysis. These results allow us
to propose some rules in order to define accurate experimental devices for such thermo-mechanical
loads. The second part is associated with the estimation of the residual stresses within an adhesive in an
assembly and the identification of the material parameters of a 3D elastic–plastic Mahnken–Schlimmer type
model, for tensile/compression–shear proportional monotonic mechanical loads and for a temperature range
between 20 1C and �60 1C.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Adhesive joints are widely used as a structural element in various
applications (automotive, aerospace, naval…) [1,2]. Two of the main
advantages of this joining technique are the weight reduction and
the facilitation of joining different materials, especially composites;
in fact, this technique does not require holes, as riveted or bolted
joints do, which can lead to stress concentrations. However, adhe-
sively bonded joints are also often characterised by significant edge
effects associated with geometrical and material parameters. Various
simplified approaches, using 1D or 2D models, have been proposed
in order to describe the behaviour of some bonded joints [3,4], but
often such models cannot describe the effect of stress concentrations
which often have an influence on the maximum stress state in the
bonded assemblies. Therefore, understanding the stress distribution
in an adhesive can lead to improvements in adhesively-bonded
assemblies; for instance, designing assemblies which strongly limit
the edge effects can be very interesting as stress singularities can
contribute to the initiation and propagation of cracks in the adhesive
[5,6]. In order to optimise the design of high-tech applications, it is
also necessary to take into account the complex, non-linear beha-
viour of the adhesive (influence of viscous effects, of hydrostatic

pressure, complex anelastic flow rule, etc. [7–9]). Moreover, the
curing process of adhesives and thermal loads can also induce
stresses within the adhesive, especially for stiff substrates [10–12].
The curing process is complex as it involves phase transformations
and chemical reactions with volume changes [13]. Moreover;
associated with difference in thermal expansion of the adhesive
and substrates, thermal stresses evolve during cool down from the
curing temperature and during a variation in the service tempera-
ture [14]. It is important to notice that various applications are
subjected to a wide range of temperatures (for instance between
�40 1C and 80 1C for some automotive applications). Such stresses,
in combination with the temperature-dependent mechanical beha-
viour of the adhesive [15] can have a significant influence on the
service life of the bonded assemblies [16] and can also change the
stress concentrations close to the free edges of the joint [17–19].
Various experimental techniques, often associated with strain mea-
surement, exist to analyse the residual stresses in a bonded joint
(neutron and X-ray diffraction techniques…). The analysis of the
deformation of a bi-material beam is an easy experimental techni-
que which is often used for the determination of the stress free
temperature of the adhesive in an assembly [10,20,21]. However, the
viscous mechanical behaviour of the adhesive can reduce the
residual stresses [22]. The influence of aging during the service life
of a bonded assembly is often associated with a modification in the
mechanical properties of the adhesive and can also modify the stress
distribution within the assembly [23,24]. It has been shown that the
identification of the material parameters of representative models
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for adhesives requires a large data base of experimental results
under various compression/tensile–shear tests [25]. Bulk, lap-shear
and pull-off tests are usually proposed [15,26] to analyse the
mechanical behaviour of the adhesive but the influence of defects
and the influence of stress concentrations are often difficult to take
into account with such specimens. Herein, experimental results
obtained using modified Arcan apparatus, designed to strongly limit
influences of edge effects under mechanical loads [27] have been
used. In a previous study, results were determined under low
temperature (from 20 1C to �60 1C) [19].

The objective of the paper is to develop an accurate numerical
model to describe the influence of temperature on the non-linear
mechanical behaviour of a ductile adhesive in an assembly under
proportional monotonic mechanical loads, i.e. the definition of
the temperature-dependent initial elastic limit of the adhesive and
the definition of the temperature-dependent flow rules. This study
requires the use of precise 3D numerical analysis of the stress state
within a bonded assembly in order to develop an inverse identifica-
tion technique starting from the load–displacement curves obtained
using the modified Arcan apparatus results. First, the influence of
the geometry of the bonded assembly close to the free edges of
the adhesive on the stress state under a mechanical load at a given
temperature is analysed in the case of shear and tensile loads.
The aim is to underline the influence of stress concentrations under
such thermo-mechanical loads in order to propose some rules to
define accurate experimental devices. The second part is associated
with the estimation of the residual stresses within an adhesive in an
assembly and the identification of the material parameters of a 3D
elastic–plastic Mahnken–Schlimmer type model, for tensile/com-
pression–shear proportional monotonic loads and for a temperature
range between 20 1C and �60 1C.

2. Description of the materials

In order to analyse the influence of the geometry of the speci-
mens on stress concentrations under thermo-mechanical loads, a
comparison of numerical results is firstly presented in the case of
shear type loadings using the TAST (standard thick adherend shear
test [28]) and modified Arcan apparatus [29]. In a second stage,
the influence of the local geometry of a bonded specimen, close to
the free edges of the adhesive is analysed using modified Arcan
apparatus in the case of tensile loads which are often associated
with large stress concentrations [27].

2.1. TAST specimen

The single lap joint is the most used test in order to analyse the
behaviour of an adhesive in an assembly as the manufacturing of
such specimens is quite easy, and they require only a classic tensile
testing machine. However, such specimens are associated with
complex loading of the adhesive i.e. non uniform shear stress
along the overlap length, quite high peel stress at the two ends of
the overlap and significant edge effects associated with geome-
trical and material parameters. TAST type specimens (Fig. 1) [28],
and its variant proposed by Althof [30], were designed to simplify

the stress distributions in the adhesive. Therefore, they can be
seen as optimised simple lap shear configurations but edge effects
still exist. Moreover, it has been shown that the use of grooves
(Fig. 2) allows a reduction in the stress concentrations [31,32];
thus, such geometries are used herein.

2.2. Modified Arcan device

A modified Arcan fixture, which enables compression or tension
to be combined with shear load was previously developed [29].

The use of substrates with thin beaks and clean free edges of
the adhesive can significantly limit the peel stress state close to
the free edges of the joint. Moreover, an optimisation of the fixing
system for the bonded specimen can avoid the pre-loading of
the adhesive. In order to prevent parasitic loadings special fixing
systems were used to fix the modified Arcan device (Fig. 3).
The external diameter of the modified Arcan apparatus used was
of 155 mm [33]. To ensure a precise adhesive thickness and a good
relative positioning of the two substrates during the bonding
process, spacers were manufactured during the machining process
of the substrates, in order for the surfaces of the spacers to be used
as reference for the manufacture of the bonded surfaces (Fig. 3b).
The relative positioning of the two substrates during the bonding
process is ensured using screws. Before testing, with the modified
Arcan device, the spacers were cut. For such specimens, the area of
the bonded section was 50 mm�9 mm.

Numerical results are presented for two geometries of the bonded
specimens used with the modified Arcan device (Fig. 4). The first
geometry is associated with straight substrates and straight edges of
the free edges of the adhesive and the second represents the bonded
specimens proposed for the experimental tests (use of beaks on the
substrates and cleaning of the free edges of the adhesive). By clean
free edges we mean the surfaces we obtain after eliminating the
excess adhesive. The geometry of the clean free edges presents
a curvature r shown in Fig. 4b. Geometries are defined with the
following parameters: L¼50 mm, H1¼20 mm, α¼301, h¼0.1 mm,
d¼0.5 mm, r¼0.1 mm and e¼0.2 mm.

The different experimental results presented in the following were
obtained using the epoxy resin Huntsman™ Araldites 420 A/B with a
joint thickness of 0.2 mm and a curing process of 1 h at 110 1C [19].

2.3. Parameters of the numerical simulations under elastic
assumption

The elastic properties of both materials, at room temperature,
are: Ea¼2 GPa (Young's modulus), νa¼0.3 (Poisson's ratio) for the

tested adhesive  

Fig. 1. Presentation of the TAST specimen (width: 25.4 mm) [6]. (a) Geometry and (b) useful zone.

Fig. 2. Geometry of the TAST specimen with deep grooves (central part, not to
scale).
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adhesive and Es¼70 GPa, νs¼0.3 for the substrates. The coefficient
of thermal expansion used in this study is equal to 2.3 E-5 1C�1

for the substrate and 8 E-5 1C�1 for the adhesive [19]. Various
simulations have shown that good numerical results are obtained
using meshes with 20 linear rectangular elements for a 0.1 mm
thickness of adhesive, especially when stress concentrations are not
too large. By good numerical results we understand that, for the
geometry shown in Fig. 4b, the convergence of the finite element
model is attained. Moreover, it is important to notice that the aim of
this study is to analyse specific geometries which significantly limit
the influence of edge effects. Computations were made under plane
strain assumption.

Various studies underline that an accurate representation
of the elastic yield surface of an adhesive requires the use of a
pressure-dependent constitutive model, i.e. a model taking into
account the two stress invariants, hydrostatic stress and von Mises
equivalent stress [9–25]. For the first numerical study, only elastic
behaviour of the adhesive is used. An exponential Drucker–Prager
yield function allows a good representation of the experimental
data for the initial elastic limit [33]:

F0 ¼ aðsvmÞbþPh�Ph0 ¼ 0 ð1Þ
where svm is the equivalent von Mises stress and Ph is the
hydrostatic stress; a, b and Ph0 are material parameters. A good

representation of the experimental results is obtained using such a
type of model. In this case the yield criteria was not part of the
material model, but was only used for post-processing the results.
The results of the identification [19] are presented in Table 1 for
a temperature test of �60 1C; this initial elastic yield surface is
used in this section as an example.

3. Stress state in the adhesive under thermo-mechanical
loadings

3.1. Behaviour under shear loadings

Fig. 5 presents the stress state within the adhesive for the TAST
specimen (Fig. 1) with quite deep grooves (δ¼e/2, where e is the
joint thickness, Fig. 2) and for the modified Arcan (Fig. 3) with
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Fig. 3. Modified Arcan device. (a) Test under tensile–shear loading γ¼45, (b) bonding procedure and (c) geometry of the bonded specimens.

Fig. 4. Presentation of two geometries of the bonded assemblies (not to scale). (a) Geometry A: test under tensile-she specimen with straight edges and (b) geometry B:
specimen with beaks and cleaned edges.

Table 1
Material parameters for the initial yield surface for a temperature test of �60 1C
[19].

a (�) b (�) Ph0 (MPa)

2.34E-04 3.10 41.32
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specimens with beaks and cleaned edges (geometry B, Fig. 4)
under shear loads. Results are presented in the case of an average
shear stress of 1 MPa as the overlap length is different for the two
tests and as the analyses are developed under linear elasticity.
In order to simplify the presentation, as the stress state is
symmetrical with respect to point O (Fig. 4), only the maximum
and minimum values of the stress components (sxx; syy: peel
stress and sxy: shear stress), are presented with respect to the
overlap length. The maximum and minimum values of the stresses
components are obtained in each point x throughout the adhesive
thickness. The right-hand side of the graphs (overlap part asso-
ciated with x40) gives the maximum values and the left-hand
side of the graphs (overlap part associated with xo0) presents the
minimum values of the stress components in the thickness of the
adhesive for a given point of the overlap length. It should be noted
that, for the TAST specimen, the stress state is quite complex;
in particular, high peel stresses are observed close to the free edges
of the adhesive. The stress concentrations are mainly associated
with the influence of the peel stress [27]. On the other hand, for
the Arcan specimen, mainly a shear stress is observed, with a
maximum value in the middle of the joint, and only low stresses are
observed close to the free edges of the adhesive.

Fig. 6 presents the stress state within the adhesive in the hydro-
static stress–von Mises equivalent stress diagram for a mechanical
shear load. The different points represent the stress states of the
different integration points of the mesh in the adhesive; moreover, the

stress state in the middle of the joint (the circles) is also presented in
order to underline the stress distribution within the central part of the
adhesive. This figure underlines the influence of the stress concentra-
tions in the case of the TAST specimen. The stress state is not maximal
in the central part of the joint as for the Arcan specimen under shear
loads. Moreover, the stress states are not exactly identical in the
middle of the joint for the two specimens as the stress state in the
middle of the TAST specimen is not pure shear and results are
presented in the case of an average shear stress of 1 MPa.

Fig. 7 presents the stress state in the adhesive for the maximum
transmitted load under elastic behaviour for an experimental test
at �60 1C (difference of temperature of ΔT¼�80 1C with respect
to the room temperature) in the hydrostatic stress–von Mises
equivalent stress diagram. The maximum transmitted load is the
load at which yield would first be predicted to occur based on the
FE modelling. This maximum transmitted load is obtained for an
average shear stress (sxy) of 12.3 MPa for the TAST specimen and
for an average shear stress of 83 MPa for the modified Arcan
specimen. Moreover, in Fig. 7 the elastic limit of the adhesive for
an experimental test at �60 1C is plotted. Only for the Arcan
specimen, is the elastic limit first reached in the middle of the joint
as this bonded joint has been designed to strongly reduce stress
concentrations under mechanical loads. Moreover, the elastic limit
is not reached for the same average shear stress for the two tests.
Table 2 presents the values of the average shear stress in the
adhesive for the maximum transmitted load by the two assemblies
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under elastic behaviour computed for tests at room temperature
(20 1C) and at �60 1C.

These results underline the possible strong influence of edge
effects in the case of thermo-mechanical loads. The stress con-
centrations can contribute to fracture initiation in adhesive joints
and thus can lead to an incorrect analysis of the behaviour of the
adhesive [5,6].

3.2. Behaviour under tensile loadings

It has been shown that, for a given specimen geometry using
the modified Arcan apparatus, the maximum values of the stress
concentrations are obtained under tensile loading [27]. Thus, it is
interesting to analyse the influence of thermo-mechanical loads
on the stress state throughout the adhesive thickness for such
loadings.

Figs. 8 and 9 present the minimum and maximum values of the
stress components throughout the thickness of the adhesive along
the overlap length for a modified Arcan specimen with geometries A
and B respectively under a tensile load in the case of an average peel
stress of 1 MPa and under a thermal load associated with a test at
�60 1C. It can be noted that geometry B is associated with lower
stress concentrations with respect to geometry A. Under mechanical
loads, stress concentrations are mainly observed for the peel stress
(yy stress component). For the thermal load, stress concentrations
exist for the two geometries, but they are lower for geometry B. For
thermal loadings the stress state is mainly associated with the xx
stress component in the case of the studied specimens.

Fig. 10 presents the stress state in the whole adhesive under
a tensile loading associated with an average peel stress (syy) of
34.3 MPa, and under thermal loading at �60 1C, for geometries
A and B. Moreover, Fig. 10 also presents the elastic limit of the
adhesive for an experimental test at �60 1C. The elastic limit is
reached in adhesive close to the free edges for geometry A, for this
thermo-mechanical load, with an average peel stress of 34.3 MPa.
It is noticeable that the stress state in the middle part of the joint is
identical for the two geometries for the same prescribed load.
Once again, it can be noted that quite large stress concentrations
can lead to a reduction in the transmitted load by the assembly.

Fig. 11 presents, the stress state in the adhesive for a test at
�60 1C for geometry B. With only the thermal load (Fig. 11a) the

stress state is not maximal in the central part of the joint. Fig. 11b
shows the stress state in the adhesive for the maximum trans-
mitted load under elasticity (average peel stress of 96 MPa); it can
be noted that the elastic limit is reached in the central part of the
adhesive. For geometry B, the superposition of the mechanical
load to the thermal load leads to a reduction in the stress state
close to the free edges of the adhesive with respect to the stress
state in the central part of the joint. On the other hand, for
geometry A associated with large stress concentrations in the case
of mechanical loads, the superposition of the mechanical load to
the thermal load leads to an increase in the stress concentrations
close to the free edges of the adhesive.

3.3. Influence of thermal loads and of residual stresses

In the previous section, it has been shown that some stress
concentrations can exist in the adhesive under thermal loads. Thus,
it is interesting to use geometries of bonded assemblies which are
associated with low stress states close to the free edges of the adhesive
under mechanical loads to reach amaximum stress state in the central
part of the joint in the case of an increasing mechanical load (such
as for geometry B for the modified Arcan apparatus). An intermediate
behaviour can be observed at the beginning of the prescribed
mechanical load as a coupling between the components of the stresses
of the two loads exists (associated with a non-proportional loading).
In particular, for a prescribed monotonic mechanical load, a non-
monotonic evolution of the stress state can be observed especially for
the von Mises equivalent stress and for the hydrostatic stress. There-
fore, it is interesting to determine, for a given geometry of the
specimen and for a given proportional mechanical load, the value of
the mechanical load required to obtain the maximum stress state in
the middle part of the adhesive with respect to the level of the
thermal load. Such properties should be determined in order to ensure
the quality of the experimental tests. In the following, the minimum
values of the average shear and tensile stresses are respectively
denoted by sm and τm in order to respect such conditions. In fact,
under such conditions, the influence of the mechanical load is
preponderant with respect to the thermal load. For a given thermal
load state, it is possible to apply a mechanical load in order for the first
point that reaches the yield stress to be in the central part of the
adhesive. This procedure is used to determine sm and τm by drawing
the stress state in the hydrostatic stress–von Mises equivalent stress
diagram.

If TR represents the room temperature and TT the temperature
of the test, the thermal load is defined by the following difference
in temperature:

ΔTTh ¼ TT �TR ð2Þ
Assuming that the stress free temperature (TFS) of the adhesive

in an assembly is known [10,20,21], the residual stresses are
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equivalent stress diagram. (a) TAST specimen with grooves (average shear stress of 12.3 MPa), (b) modified Arcan specimen (average shear stress of 83.0 MPa).

Table 2
Average shear stress in the adhesive for maximum transmitted load under elastic
behaviour computed for tests at room temperature (20 1C) and at �60 1C.

20 1C �60 1C

TAST with deep grooves (MPa) 5.9 12.3
Modified Arcan under shear (MPa) 26.4 83.0
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associated with the following difference in temperature:

ΔTRS ¼ TR�TSF ð3Þ
Fig. 12 presents for modified Arcan specimens with geometry B,

in the case of a constant coefficient of thermal expansion and
TR¼20 1C, the influence of the temperature test and of the value of
ΔTRS (associated with the residual stresses) on the values of the
parameters sm and τm. It is important to notice that an increase in
the residual stresses and a decrease in the test temperature lead
to an increase in the value of the mechanical load required to
reduce strongly the stress state close to the free edges of the joint,
especially under tensile loading. Moreover, the values of sm and τm
depend on the type of tensile–shear loading.

Thus, these results, which are only indicative, underline that
the experimental characterisation of the mechanical behaviour
of an adhesive in an assembly can be more difficult when the
temperature test decreases, associated with stress concentrations,
especially for brittle adhesives.

4. Modelling of the temperature-dependent non-linear
behaviour

This section presents the results of the identification of the
temperature-dependent behaviour of the non-linear behaviour of
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the adhesive in an assembly taking into account an estimation of
the residual stresses and the thermal stresses.

4.1. Stress free temperature of the bonded joint

An investigation of residual stresses in a bonded assembly is
proposed using a bi-material beam. Such an approach is easy to
develop and does not require specific measurement techniques
[10,20,21]. The same materials (adherend and adhesive) and the
same bonding procedure were used for manufacturing the bi-
material beam as used for the experimental tests presented in [19].
Aluminium beams (160 mm�9 mm), cut out from a 1.5 mm thick
plate and an adhesive thickness of 1.5 mm were used. During the
curing process, the bi-material was clamped above the beam using
an aluminium plate. Fig. 13 presents the deformed shape of the

beam, two weeks after the curing process, which was analysed
using a high-resolution digital camera. Two samples were ana-
lysed and similar results were obtained.

A reduction in the curvature of the beam with respect to time for
an exposure under room environment was observed. The displace-
ment of the extremity of the beam was equal to about 3.2 mm just
after curing, was equal to about 2.3 mm after two weeks and was
equal to about 2 mm after a month. The reduction in the curvature of
the beam can be associated to the viscous behaviour of the adhesive
and to the influence of the environment [21]; but the geometry
of the beam used is not exactly representative of a real bonded
assembly (joint thickness, only one adherend and adhesive area
exposed to environment conditions). 2D finite element simulations
were used to estimate the stress free temperature of the adhesive,
using a simplified model, i.e. constant material elastic properties with
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respect to temperature and assuming a constant coefficient of
thermal expansion. Using such a model under plane strain assump-
tion, a stress-free temperature of about TSF¼40 1C was obtained two
weeks after the curing process (Fig. 13); this value was chosen for the
following computations. The value of TSF¼40 C was chosen as being
the most representative for the Arcan specimens because, if we
consider the associated thermal model, we must add 20 1C (value
identified with the bi-material beam) to the 201 room temperature in
order to attain stress free temperature. A glass transition tempera-
ture of the adhesive of around TG¼60 1C was obtained using the
Modulated Differential Scanning Calorimetry tests. Thus, the results
obtained are in good agreement with literature results [10].

4.2. Non-associated elastoplastic pressure dependent model

The model proposed by Schlimmer was chosen following a
previous study [25]. The yield surface, FMS, is given by

FMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2VMþa1Y0pþa2p2

q
�Y ð4Þ

where sVM is the von Mises equivalent stress, p the hydrostatic
stress component defined according to the decomposition of the
stress tensor (s ) into a deviatoric (S ) and a hydrostatic part:

s ¼ SþpI
d

sVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2
S : S

r
p¼ 1

3
trðs Þ ð5Þ

a1 and a2 are two parameters defining the shape of the function
in the von-Mises-hydrostatic pressure (Mises-p) plane, Y0 the von
Mises stress at the elastic–plastic limit in pure shear and I

d
the

third order identity tensor. The hardening is defined by

Y ¼ Y0þqð1�e�bev ÞþHev ð6Þ

where q, b and H are the three parameters to be identified.
The internal strain-like variable of model, ev, is given by the relation:

_evY0 ¼ s : _ε pl ð7Þ

_ε pl is the plastic strain tensor which is defined by a classical
normal rule such as

d_ε pl ¼ dλ
∂G
∂s

ð8Þ

where dλ is the plastic multiplier and G the flow function:

G¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2VMþan

2p
2

q
�Y when pZ0 ð9:1Þ

G¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2VMþan

3p
2

q
�Y when pr0 ð9:2Þ

This definition allows the representation of the differences
between the responses under tensile–shear and compression–
shear loadings [25]. Continuity of the flow direction ∂G

∂s is assured

by the horizontal tangent at the point of zero hydrostatic stress (p).
For such a model, a simplified inverse identification approach was

developed for proportional loads using experimental results obtained
using the modified Arcan apparatus [25]. Taking into account thermal
stresses as initial state of specimen, it involves a sequential approach,
using a minimum number of optimisation/FEA coupling steps:

– Identification of the initial yield surface (a1, a2 and Y0), using
mainly elastic simulations,

– Identification of the hardening function (q, b and H), using
inverse identification and experimental results under
shear loads,

– Identification of the flow rule parameters (a2n and a3n), using
inverse identification and experimental results under tensile/
compression–shear loads.

This technique of obtaining a1, a2, Y0, q, b, H, a2n and a3n is
explained in detail in reference [25].

4.3. Modelling of the temperature-dependent non-linear behaviour
of the adhesive

Experimental tests were performed using a thermal chamber
[25] with a view-glass allowing the use of an optical 3D measuring
system by digital image correlation in order to measure the
relative displacement of the two substrates, and thus the deforma-
tion of the adhesive, in the x and y directions (Fig. 3). In the
following, DN and DT denote the relative displacements of adja-
cent sides of the adhesive in the normal (direction y, Fig. 3) and
tangential directions (direction x, Fig. 3). It is important to notice
that the displacement measurement through the view-glass of the
thermal chamber requires specific adjustments in order to obtain
images of sufficient quality. FN and FT represent the normal and
tangential components of the applied load in the normal and
tangential directions. The experimental results obtained using the
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Fig. 13. Deformed shape of the bi-material beam two weeks after the curing
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modified Arcan apparatus developed in the laboratory are char-
acterised by a low scatter in the results [19]. Thus, the experi-
mental results are presented in the load–displacement diagrams in
Fig. 16 for only one test for each loading condition. Different
loading paths were analysed (Fig. 3): tensile (γ¼01), tensile–
shear (γ¼451), shear (γ¼901) and compression–shear (γ¼1351).

Moreover, different temperatures were taken into account starting
from room temperature: 20 1C, 0 1C, �20 1C, �40 1C and �60 1C.

Starting from the experimental results the first stage is asso-
ciated with the modelling of the initial yield surface for the different
studied temperatures. The temperature evolution of Young's mod-
ulus was firstly identified; results are presented in Table 3. In Fig. 14,
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the different points, of the temperature-dependent initial elastic
limit are plotted in the von Mises equivalent stress—hydrostatic
stress diagram. The points represented by the marks “ ” are
obtained using only the mechanical load and the marks “▲” are
computed using the residual stresses, the thermal stresses and the
mechanical load. The differences between the two results are quite
large. Thus, for each temperature, it is possible to model the initial
elastic limit using Eq. (4). The values of the material parameters
(a1, a2 and Y0) are presented in Table 3 for each temperature.

In order to obtain an accurate representation of the initial
elastic limit at the different temperatures studied, the following
time evolution of the material parameters was chosen:

a1ðTÞ ¼ c1Tþc2

a2ðTÞ ¼ c3Tþc4

Y0ðTÞ ¼ c5T
2þc6Tþc7 ð9Þ

The results of the identification are presented in Table 4. Fig. 14
presents a comparison between the experimental results (marks)
and the numerical model (dashed lines) for the different tempera-
tures studied in the hydrostatic pressure–von Mises stress diagram.
A good representation of the experimental results is obtained using
such a type of representation.

The simplified inverse identification approach developed for the
hardening function [25] cannot be directly used under thermo-
mechanical loads. In fact, the initial thermal load changes the
stress state associated with a mechanical shear load: the hydrostatic
stress is not equal to zero for such loading which leads to plastic

deformations in the normal and tangential directions. In order to
reduce the numerical cost of the material parameter identification, a
first step is proposed using the simplified approach. In a second step,
starting from the previous results, a global approach, for the hard-
ening function and the flow rule parameters is taken. It can be noted
that the results obtained in the first step are quite good.

The identification of the material parameters for the hardening
function and the flow rule (parameters q, b, H, a2n and a3n) was
accomplished for the following temperatures (20, �20 and
�60 1C) and the results are presented in Table 5. A representation
of the temperature dependence of the material parameters has
been proposed as follows:

q Tð Þ ¼ d1Tþd2

bðTÞ ¼ d3Tþd4

HðTÞ ¼ d5Tþd6

a2nðTÞ ¼ d7Tþd8

a3nðTÞ ¼ d9Tþd10

The results of the identification are presented in Table 6.
Fig. 15 presents the evolution of the hardening functions and

the flow functions with respect to temperature. This figure under-
lines, through the non-associated elastoplastic pressure dependent
model used, the influence of the temperature on the non-linear
behaviour of the adhesive. The shape of the initial flow rules close
to pure shear loadings (hydrostatic stress equal to zero) underlines
the feasibility of the first step of the proposed inverse identifica-
tion technique, especially for the identification of the hardening
functions.

In order to increase the precision of the identification of the
model for compression–shear mechanical loads, we recommend a
more precise measurement of the normal displacement for such
tests to be performed. It is important to notice that the measure-
ment of the displacement is made through the view-glass of the
thermal chamber and the relative displacement of the two sub-
strates is very low in the normal direction for such tests.

Fig. 16 presents in the load–displacement diagrams (in the normal
and tangential directions) experimental results and numerical solu-
tions obtained with the proposed non-associated elastoplastic pres-
sure dependent model taking into account residual and thermal
stresses. For the temperatures (20, �20 and �60 1C) the following
loadings were used for the identification procedure (tensile–shear
(γ¼451), shear (γ¼901) and compression–shear (γ¼1351)). Results
under tensile loading can be considered to be a validation test for the
proposed numerical model.

The comparisons between experimental and numerically identified
results (identification at a given temperature and temperature-
dependent model) are presented in Fig. 16. In each case, the numerical
results are in good agreement with the experimental results.

In order to complete this modelling study an analysis of the
influence of the different material parameters on the response of
the numerical model has to be performed. Moreover a global
identification of the temperature-dependent material parameters
of the 3D elastic–plastic Mahnken–Schlimmer type model taking
into account the whole experimental results (for the different
tensile/compression–shear loads and for the different tempera-
tures) can also improve a little the prediction of the numerical

Table 3
Temperature evolution of the elastic parameters of the adhesive and of the material
parameters for the initial yield surface.

T (1C) Ea (MPa) νa (�) a1 (�) a2 (�) Y0 (MPa)

20 2200 0.34 0.988 �0.024 40.72
0 2480 0.34 0.905 0.045 53.01

�20 2764 0.34 0.923 0.029 70.23
�40 2965 0.34 1.024 0.023 94.70
�60 3152 0.34 1.066 �0.067 123.22

Table 4
Material parameters for the modelling of the temperature-dependent initial yield
surface.

c1 (1/1C) c2 (�) c3 (1/1C) c4�(�) c5 (MPa/1C2) c6 (MPa/1C) c7 (MPa)

0.0002989 0.9745 �0.008077 0.5171 0.00758 �0.7588 55.21

Table 5
Material parameters for the evolution laws for the following temperatures (20,
�20 and �60 1C).

T (1C) q (MPa) b (�) H (MPa) a2n (�) a3n (�)

20 4.0 21.0 14.28 0.97 0.97
�20 10.94 20.07 19.79 1.43 0.50
�60 9.71 5.03 18.17 2.07 0.10

Table 6
Material parameters for the modelling of the temperature-dependent flow rules.

d1 (MPa/1C) d2 (MPa) d3 (1/1C) d4 (�) d5 (MPa/1C) d6 (MPa) d7 (1/1C) d8(�) d9 (1/1C) d10 (�)

�0.04733 8.305 0.2546 20.69 �0.0684 17.9 �0.01375 1.215 0.0109 0.7408
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model by giving nearly the same weight for the different experi-
mental results.

5. Conclusions

The behaviour of adhesively-bonded joints under thermo-
mechanical loadings has been analysed; especially, the influence of
low temperatures has been studied for a ductile adhesive. It has been
shown, using finite element simulations with refined meshes, that for
bonded assemblies a coupling between the influences of edge effects
under mechanical loads and under thermal loads can exist. Therefore,
the results of experimental analysis can be greatly influenced by the
stress concentrations at the ends of the overlap length. Numerical
simulations, under elastic assumptions, have shown that the modified
Arcan device, which was previously designed to strongly limit the
influence of the edge effects under mechanical loads, is also suitable
for the analysis of the influence of low temperatures on the mechan-
ical behaviour of an adhesive in an assembly.

Starting from experimental results under various compression/
tensile–shear tests and under low temperature (from 20 to 60 1C)
it has been shown that a 3D elastic–plastic Mahnken–Schlimmer
type model can accurately represent the temperature-dependent
behaviour of a ductile adhesive under a wide range of proportional
monotonic mechanical loads. The analysis of the results of experi-
mental tests under thermal load followed by a mechanical load
has to take into account the non-proportional properties of such
loads. Moreover, such an analysis can also take into account the
residual stresses in the adhesive in a bonded assembly associated
with the curing process.

Accurate numerical models of adhesive behaviours for a wide
range of thermo-mechanical loads are necessary to optimise the
design of bonded assemblies for high-tech applications. Thus, it is
interesting to extend this study for very low or cryogenic tem-
peratures, for instance in order to analyse the behaviour of huge
superconducting magnets using cooling system with a 4 K pres-
surised bath of Helium [34]. Moreover, it is interesting to extend
this study to high temperatures. Such condition, require taking
into account the influence of viscous effects of the adhesive and
the possible increase in stress concentrations associated with the
decrease in Young's modulus of the adhesive with respect to the
increase in the temperature.

References

[1] da Silva LFM, Öchsner A. Modeling of adhesive bonded joints. Berlin: Springer;
2008.

[2] da Silva LFM, Öchsner A, Adams RD. Handbook of adhesion technology.
Heidelberg: Springer; 2011.

[3] Volkersen O. Die Nietkraftverteilung in Zugbeanspruchten Nietverbindungen
mit Konstanten Laschenquerschnitten. Luftfahrtforschung 1938;15:41–7.

[4] Lubkin JL, Reissner E. Stress distribution and design data for adhesive lap joints
between circular tubes. Transactions of the ASME 1956;78:1213–21.

[5] Dean G, Crocker L, Read B, Wright L. Prediction of deformation and failure
of rubber-toughened adhesive joints. International Journal of Adhesion and
Adhesives 2004;24:295–306.

[6] Cognard JY, Créac’hcadec R, Sohier L, Davies P. Analysis of the non linear
behaviour of adhesives in bonded assemblies. Comparison of TAST and ARCAN
tests. International Journal of Adhesion and Adhesives 2008;28:393–404.

[7] Raghava RS, Cadell RM. The macroscopic yield behaviour of polymers. Journal
of Materials Science 1973;8:225–32.

[8] Wang CH, Chalkley P. Plastic yielding of a film adhesive under multiaxial
stresses. International Journal of Adhesion and Adhesives 2000;20:155–64.

[9] Mahnken R, Schlimmer M. Simulation of strength difference in elasto-
plasticity for adhesive materials. International Journal for Numerical Methods
in Engineering 2005;63:1461–77.

[10] da Silva LFM, Adams RD. Stress-free temperature in a mixed-adhesive joint.
Journal of Adhesion Science and Technology 2006;20:1705–26.

[11] Yu Y, Ashcroft IA, Swallowe G. An experimental investigation of residual
stresses in an epoxy–steel laminate. International Journal of Adhesion and
Adhesives 2006;26:511–9.

[12] Jumbo FS, Ashcroft IA, Crocombe AD, Abdel Wahab MM. Thermal residual
stress analysis of epoxy bi-material laminates and bonded joints. International
Journal of Adhesion and Adhesives 2010;30:523–38.

[13] Li C, Potter K, Wisnom MR, Stringer G. In-situ measurement of chemical
shrinkage of MY750 epoxy resin by a novel gravimetric method. Composites
Science and Technology 2004;64:55–64.

[14] Wang X, Geng H, He S, Pokhyl YO, Koval KV. Effect of thermal expansion
coefficient on the stress distribution in solar panel. International Journal of
Adhesion and Adhesives 2007;27:288–97.

[15] da Silva LFM, Adams RD. Measurement of the mechanical properties of
structural adhesives in tension and shear over a wide range of temperatures.
Journal of Adhesion Science and Technology 2005;19:109–41.

[16] Kim MG, Kang SG, Kim CG, Kong CW. Tensile response of graphite/epoxy
composites at low temperatures. Composite Structure 2007;79:84–9.

[17] Ioka S, Kubo S, Ohji K, Kishimoto J. Thermal residual stresses in bonded
dissimilar materials and their singularities. JSME International Journal-Series
A: Solid Mechanics and Material Engineering 1996;39:197–203.

[18] Apalak MK, Gunes R. On non-linear thermal stresses in an adhesively bonded
single lap joint. Computers and Structures 2002;80:85–98.

[19] Badulescu C, Cognard JY, Créac’hcadec R, Vedrine P. Analysis of the temperature-
dependent behaviour of a ductile adhesive under monotonic tensile/compression-
shear loads. International Journal of Adhesion and Adhesives 2012;36:56–64.

[20] Wang HB, YangWG, Yu HH, SunWM. Assessment of residual stresses during cure
and cooling of epoxy resins. Polymer Engineering and Science 1995;35:1895–8.

[21] Loh WK, Crocombe AD, Abdel Wahab MM, Ashcroft IA. Modelling anomalous
moisture uptake, swelling and thermal characteristics of a rubber toughened
epoxy adhesive. International Journal of Adhesion and Adhesives 2005;25:1–12.

[22] Liljedahl CDM, Crocombe AD, Wahab MA, Ashcroft IA. The effect of residual
strains on the progressive damage modelling of environmentally degraded
adhesive joints. Journal of Adhesion Science and Technology 2005;19:525–47.

[23] Humfeld GR, Dillard DA. Residual stress development in adhesive joints
subjected to thermal cycling. Journal of Adhesion 1998;65:277–306.

[24] Bordes M, Davies P, Cognard JY, Sohier L, Sauvant-Moynot V, Galy J. Prediction
of long term strength of adhesively bonded joints in sea water. International
Journal of Adhesion and Adhesives 2009;29:595–608.

[25] Maurice J, Cognard JY, Créac’hcadec R, Davies P, Sohier L, Mahdi S. 3D modeling
of the behavior of an adhesive in an assembly using a non-associated elasto-
plastic pressure dependent model. Journal of Adhesion Science and Technology
2012:1–17, http://dx.doi.org/10.1080/01694243.2012.701528.

[26] Lee CS, Chun MS, Kim MH, Lee JM. Debonding failure characteristics of multi-
laminated bonding system under cryogenic temperature. International Journal
of Adhesion and Adhesives 2011;31:226–37.

[27] Cognard JY. Numerical analysis of edge effects in adhesively-bonded assem-
blies. Application to the determination of the adhesive behaviour. Computers
and Structures 2008;86:1704–17.

[28] ASTM D5656-95. Standard test method for thick-adherend metal lap-shear
joints for determination of the stress–strain behavior of adhesives in shear by
tension loading. ASTM; 1995 www.astm.org.

[29] Cognard JY, Davies P, Sohier L, Creac’hcadec R. A study of the non-linear
behaviour of adhesively-bonded composite assemblies. Composite Structures
2006;76:34–46.

[30] Althof WCreep. Recovery and relaxation of shear-loaded adhesive bondlines.
Journal of Reinforced Plastics and Composites 1982;1:29–38.

[31] Sancaktar E, Simmons SR. Optimisation of adhesively-bonded single lap joints
by adherend notching. Journal of Adhesion Science and Technology
2000;14:1363–404.

[32] Cognard JY, Creac’hcadec R. Analysis of the non linear behaviour of an
adhesive in bonded assemblies under shear loadings. Proposal of an improved
TAST. Journal of Adhesion Science and Technology 2009;23:1333–55.

[33] Cognard JY, Créac’hcadec R, da Silva LFM, Teixeira FG, Davies P, Peleau M.
Experimental analysis of the influence of hydrostatic stress on the behaviour
of an adhesive using a pressure vessel. Journal of Adhesion 2011;87:804–25.

[34] Rey JM, Gallet B, Kircher F, Lottin JC. Epoxy resin developments for large
superconducting magnet impregnation. Cryogenics 1998;38:19–23.

J.Y. Cognard et al. / International Journal of Adhesion & Adhesives 47 (2013) 46–5656

121



2. Caractérisation et modélisation des assemblages structurels par collage

2.4 Influence de l’environnement à différentes
échelles

Les structures collées étudiées se retrouvent dans des secteurs industriels divers et
variés comme l’aéronautique, le médical, le naval, l’automobile ou bien le spatial. La
nature des adhésifs est principalement imposée par les spécifications de l’application
visée, en étroite cohérence avec le cahier de charges. Pour les liaisons structurelles, les
adhésifs thermodurcissables époxy bi-composants sont les plus adaptés. Néanmoins ces
adhésifs sont avant tout, des matériaux de type polymère pour lesquels l’environnement
pourrait avoir une influence significative sur la résistance mécanique du joint [94], [95],
[96], et plus particulièrement sur son comportement thermo-mécanique. Deux facteurs
majeurs sont susceptibles d’influencer de manière significative la tenue d’une telle
liaison : i) la température [97], [98], [99] et ii) l’humidité [100], [101]. Alors ces influences
doivent être prises en compte tant sur le comportement mécanique jusqu’à rupture que
dans les stratégies de dimensionnement.

D’abord, l’influence de la température a été étudiée sur des adhésifs époxy pour un
large spectre de températures (entre -60°C et 120°C). En collaboration avec le CEA
de Saclay nous avons pu réaliser des essais Arcan modifié à 4°K dans des cryostats à
hélium liquide. La difficulté ici est d’obtenir le comportement mécanique fiable dans ces
conditions extrêmes, et qui sera ensuite la base pour la construction et l’identification des
modèles de comportement mécanique. En conséquence, des approches expérimentales
ont été développées et appliquées pour mettre en évidence l’effet de la température
sur le comportement mécanique non linéaire tant de l’adhésif lui-même (échantillons
massiques), que de l’assemblage. Sur la base de ces investigations, des modèles de
comportement ont été proposés en modélisant les différentes briques élémentaires de
comportement mécanique comme l’élasticité, la viscosité, la plasticité, etc., mais surtout
l’influence de la température sur ces mécanismes élémentaires [12], [9]. De plus, ces
connaissances expérimentales ont été intégrées dans les stratégies d’identification des
paramètres de modèles afin de s’affranchir de différents biais qui pourraient altérer les
différentes hypothèses. Pour rappel, que les contraintes thermiques et résiduelles sont
systématiquement intégrées dans la procédure d’identification des paramètres matériels.

Ensuite, l’effet de l’humidité sur le comportement de l’adhésif a été examiné. Des
échantillons massiques obtenus dans des conditions similaires à celles de l’assemblage
ont été conditionnés de différentes manières (immersion dans de l’eau déionisée ou de
mer ou maintien à différents taux d’humidité) jusqu’à saturation. Des essais mécaniques
sur ces échantillons sont alors réalisés et finement dépouillés permettant ainsi de mettre
en évidence l’effet de l’eau sur le comportement mécanique de l’adhésif. Toutefois, la
question relative au temps de maintien dans l’environnement humide pour atteindre
la saturation est encore ouverte, car très difficile de déterminer expérimentalement le
front d’eau dans l’échantillon d’adhésif même si sa masse n’évolue quasiment plus. Il est
légitime de se poser alors des questions sur la modélisation de l’évolution de la prise en
eau. Des modèles phénoménologiques (Fick, dual Fick ou Langmir, etc.) sont disponibles,
mais le choix judicieux entre l’un ou l’autre reste encore une question ouverte [102],
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[103], [104]. Alors des analyses plus fines en utilisant la tomographie aux rayons X sont
proposées. Cette technique a permis de mettre en évidence, dans un premier temps, la
microstructure volumique du joint (matrice adhésive, défauts, charges, etc.) et par la
suite le gonflement hydrique comme une conséquence directe de prise en eau [49]. Pour
des adhésifs époxy bi-composants, les défauts de type pores sont clairement visibles. La
variation de volume et la cinétique de remplissage des pores par l’eau ont été identifiées
avec précision. L’étude du remplissage de ces pores au cours du temps de vieillissement
a permis de choisir entre différents modèles de manière plus judicieuse. Ces choix de
modèles de diffusion sont cruciaux dans une logique de prédiction du comportement local
via des modèles numériques, notamment pour des assemblages complexes où le front
d’eau est susceptible de présenter un gradient. Très récemment, des résultats obtenus
dans la thèse d’Andrea TINTATU montrent une corrélation très encourageante entre les
résultats expérimentaux et numériques.

Enfin, il a été également observé que le couplage entre la température et l’humidité
[105] pourrait conduire à des évolutions de comportement mécanique inattendues. Ces
évolutions pourraient être expliquées, en partie, par l’effet de remplissage des pores sur
le comportement mécanique, mais également par des phénomènes complexes liés au
vieillissement physique du polymère.
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ABSTRACT
This article describes an approach to predict the behaviour of
an epoxy adhesive in bulk form in a marine environment. First,
the material, the experimental conditions and the predictive
framework are described. Then the experimental results are
presented, which indicate that the effects on yield stress of
either a uniform water profile or elevated testing temperature
can be shown to be equivalent when plotted versus T-Tg.
Moreover, a discussion of these results shows how they can
be used to predict changes in the mechanical properties of the
adhesive. Prediction results for yield stress are in good agree-
ment when they are compared with experimental results for
the case of a water profile gradient, in order to evaluate the
relevance and limitations of the model.
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1. Introduction

Structural adhesives have a long history in marine applications, playing a key
role in the assembly of pleasure boats and racing craft.[1] The interactions
between water and polymers have been studied by many authors, and effects
are usually classified as either reversible (plasticisation[2], swelling[3]) or
irreversible (hydrolysis[4], oxidation). The influence of water on epoxy resins
has received particular attention. Zhou & Lucas described how water bonds
with epoxy resins[5], and how this reduces the glass transition temperature.[6]

Various studies have shown that significant amounts of water can enter
epoxies. For those with amine hardener water content is usually less than
5%. Much higher water content can be observed when the polarity of the
polymer increases or when fillers are used. Epoxy based adhesive formula-
tions are more complex, often containing small amounts of fillers and other
additives to assist bonding operations. For some epoxy adhesives and expo-
sure conditions the weight gain plots show Fickian behaviour, e.g.[7], in
others more complex behaviour is observed. For example, De Nève and
Shanahan showed an initial Fickian response followed by a second increase
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in weight for an epoxy adhesive[8], while Mubashar et al.[9] proposed a dual
Fickian model for water ingress into a rubber toughened 120°C cure one-part
epoxy system.

This water can be quite detrimental to both adhesive properties and their
assembled joints, and environmental effects are often cited as one of the main
reasons for not using adhesive assembly more extensively.[10] For example,
Bordes et al.[11] showed drops in adhesive tensile modulus and strength after
saturation of up to 50% of initial unaged values.

In many cases, complete restoration of property losses has been noted after
drying e.g.[12], suggesting that adhesive plasticisation is the dominant
mechanism.

In assembled joints the adhesive/substrate interfaces must also be consid-
ered. For example, Zanni-Deffarges & Shanahan described diffusion of water
in adhesives and bonded joints.[13] They found considerably higher diffusion
coefficients for the bonded joint, and suggested that capillary diffusion
exacerbates water ingress, but when focusing on water diffusion in bulk
specimens, these considerations can be neglected. Brewis et al.[12] found a
linear relationship between joint strength and the water content of metal/
epoxy joints, but a strong dependency on the aluminium surface preparation,
with strength either decreasing or increasing as water content increased. This
is not the subject here but it is interesting to note that some authors have
suggested that the presence of a critical amount of water at the interface leads
to interface failure.[14] A reliable diffusion model is essential to predict the
local water concentration. Finally, it should be noted that residual stresses
may also have a significant influence on the environmental degradation of
adhesive assemblies[15]

There are several useful reviews available concerning moisture effects on
adhesive joints; Bowditch presented an overview of the influence of water on
durability[16] and Comyn and colleagues have provided detailed reviews of
environmental effects.[17–19]

This brief overview shows that there are a number of relevant test results
in the published literature, and there is also considerable practical experience
of the long-term reliability of adhesives in water. However, it is also clear that
there is a range of behaviours which depend on adhesive formulation and
environmental conditions, and there are few predictive tools available to the
designer looking to develop bonded assemblies in new marine applications,
such as renewable marine energy structures. There are some exceptions, in
particular, the work of Crocombe et al.[20–22], who have developed an overall
methodology and also specific approaches based on both damage mechanics-
[23] and cohesive zone models[24] to account for the influence of moisture in a
coupled approach.

Bordes et al.[11] also describe a partially coupled approach to predict long
term behaviour during immersion, while other recent work includes that of
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Arnaud et al.[25], who applied aMahnken–Schlimmermodel[26] with parameters
identified on unaged and aged Arcan specimens. Leger et al.[27] have also
studied coupling effects; they examined temperature/humidity equivalence in
a highly filled adhesive and modelled the influence on mechanical behaviour.
Moreover, Viana et al presented a review on the temperature and moisture
degradation of adhesive joints[28] and correlated the glass transition tempera-
ture of a bulk epoxy adhesive with the water uptake to determine the evolution
of its properties as a function of environmental temperature and moisture.[29]

The aim of the present article is to focus on how water ingress in a two-
part epoxy adhesive, widely used in marine applications, affects its mechan-
ical behaviour, in order to provide a physically based relationship for sub-
sequent predictive modelling. First, results from a wet aging study are
presented. Samples have then been characterised in tension; a first set was
tested after conditioning to saturation for different humidity conditions, to
produce uniform water profiles through the sample thickness; a second set
was tested at different temperatures. A semi-coupled model is then applied,
to predict the water profiles in immersed samples and predict their tensile
behaviour. Finally, predictions of stress-strain plots are compared to test
results from a third set of tensile samples immersed for different times.

2. Material and Methods

2.1. Material

Samples studied here were obtained using thin bulk samples made from the
epoxy based HuntsmanTM (Europe, B-Everberg) adhesive Araldite 420 A/B.
This is an epoxy with a Bisphenol A diglycidyl ether prepolymer and a
diamine hardener mixed in stoichiometric conditions. Table 1 summarises
initial properties of the bulk adhesive.

2.2. Samples Preparation

The samples used for this study were obtained from a sheet of adhesive made by
mixing 100 parts by weight of the resin A and 40 parts by weight of the hardener
B using a Speedmixer at 2500 rpm for 5 minutes. The mixture was compressed
between two aluminium plates and the final thickness was controlled using

Table 1. Main characteristics of the Araldite 420 studied here.
Property Value

Density 1075 g/cm3

Inorganic filler content 4 ± 1%
Tg 66°C ± 2°C
Young’s Modulus 1850 ± 80 MPa
Yield Stress 36 ± 1 MPa
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1mm thick spacers. Then the polymer was cured for 1h10 at 115°C. After
curing, sheets were removed from the mould and thermally post treated for
1 hour at 80°C (i.e. above Tg) in order to remove any residual stresses. Samples
were then cut out from the sheets using a water jet cutting system.

2.3. Ageing

Two kinds of ageing were considered here. The first is immersion in con-
tinuously renewed natural sea water taken directly from the Brest estuary,
more details about Ifremer ageing tanks are available in.[30] The second is a
humid ageing at three humidity level (33, 50 and 75%) carried out in a
Memmert™ conditioning chamber, type HP110. All ageing was performed at
40 ± 1°C and all samples were dried prior to ageing at 40°C in a desiccator
until mass stabilisation.

2.4. Water Absorption

The water diffusion was determined from the weight change of square
samples (30x30mm2). Mass gain was followed by periodic weighing on a
Sartorius™ LA 310 S balance (precision 0.1 mg). Samples were removed from
the ageing containers and wiped with article towels before weighing to dry
the surfaces, three samples were tested per condition. The change in water
content in each sample (Mt) with time is defined with respect to the initial
mass of the sample (m0) using Eq.1, where m(t) is the mass of a sample at a
time t and m0 the initial mass.

Mt ¼ m tð Þ �m0

m0
� 100 (Eq:1)

Given the dimensions of the samples, the water diffusion was considered
unidirectional. The diffusion coefficient is determined on the initial linear
part of the sorption curve; Mt

M1
� 0:5, M1 being the mass at complete

saturation. Its value is calculated using Fick’s 1D law (Eq.2):

D ¼ π

16
e2

t
� Mt

M1

� �2

(Eq:2)

where, e is the sample thickness in mm and t is the immersion time in s.

2.5. Glass Transition Temperature (Tg) easurements

Tg was measured using DSC analysis. The experimental device used for this
measurement is a Q200 machine from TA Instruments™, with a temperature
scan between 0°C and 100°C at a heating rate of 10°C/min.
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2.6. Tensile Tests

Tensile tests were performed using at least three dog-bone samples per
condition (type 3 in ISO 37[31]) and an Instron™ machine with a cross head
speed of 0.5 mm/min. The load was measured using a 500N load cell and the
strain using a digital image correlation system (DIC).

If not specified, the testing temperature was 21°C. When samples were
tested at higher temperature the samples were held for 20 minutes in the
thermal chamber, at the testing temperature, to homogenise the temperature
in the thickness of the sample before testing.

Young’s modulus is defined as the slope between 0 and 2% strain. An
average and a standard deviation are then calculated using all the tested
samples for each condition. The yield stress is considered to be the point
where the first derivative of the stress-strain curve changes by more than 5%
of the initial value. Poisson’s coefficient is defined as the ratio between the
average transverse and longitudinal strains measured by DIC.

2.7. Modelling of Mechanical Behaviour

The mechanical model used here to predict the changes in mechanical
properties with water conditioning is a simplified version of a more complete
viscoelastic-viscoplastic model developed to describe the mechanical beha-
viour of the adhesive in a bonded joint. The total strain (εtot) is supposed to
be the sum of the elastic strain (εel), the viscoelastic strain (εve) and the
viscoplastic strain (εvp), as shown in Eq.3.

εtot ¼ εel þ εve þ εvp (Eq:3)

The viscoelastic part εveð Þ is described using a modified version of the
viscoelastic spectral model developed by Badulescu et al.[32] and the para-
meters were identified using the presented method. The viscoplastic strain
(εvp) is based on an approach developed by Cognard et al.[33] In the current
version, it was used in an associated model where both the yield and flow
functions are defined using the same function which has a linear dependency
on the hydrostatic pressure.

The viscoelastic parameters and the hardening parameters were identified
using initial state behaviour (no ageing) and were considered here not to be
dependent on environmental conditions. The parameters used to model the
evolution of the mechanical properties of the tensile behaviour as a function
of water quantity are the Young’s modulus, Poisson’s ratio and the yield
stress.

The mechanical model has been implemented in Abaqus™ software. In
parallel a diffusion model was developed using the equivalence between the
water diffusion and the heat transfer (Eq.4):
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D ¼ λ

ρC
(Eq:4)

where D is the diffusion coefficient in the immersed condition, ρ the density
of the material, C the heat capacity and, λ the thermal conductivity. Using
this model, it is possible to establish the water profile in the thickness of a
sample that was immersed in water for a defined period. For this approach,
the diffusion was supposed to be unidirectional and the quantity of water
diffused through the edges of the sample was considered negligible.

The Finite Elements (FE) mesh, more precisely, the number of elements in
the thickness of the specimen (Figure 1a) is very important in order to obtain
a good prediction of the water diffusion at the beginning of the process.
Therefore, a convergence analysis has been performed. The results are shown
in Figure 1b. It can be seen that 100 elements in the thickness of the sample
are sufficient to obtain a good prediction of the mass change of the sample
due to water absorption.

This diffusion model enables the water profiles through the thickness
direction to be established. The changes in the mechanical properties are
then related to the water content and integrated at each point of the speci-
men through the FE mesh.

3. Results

This section is devoted to the presentation of experimental results. First, we
will focus on water absorption and then on the consequences of the presence
of water on both tensile behaviour and Tg changes.

a) b) 

Figure 1. FE model used for used for mechanical behaviour prediction (a), convergence study for
water uptake prediction (b).
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3.1. Water Absorption

The mass variation measured during exposure of the polymer to a wet
environment at 40 °C is plotted in Figure 2. For each of the conditions
considered herein, i.e. a relative humidity of 33%, 50% and 75% and immer-
sion in sea water, Fickian behaviour is observed, with increasing weight gain
during the first stage of ageing and then the appearance of a saturation
plateau. Based on these results it is possible to consider two main character-
istics for water diffusion: the water diffusivity and the amount of absorbed
water.

The water diffusion coefficient is equal to 1.15x10−12 m2.s−1 at 40°C and
independent of the relative humidity as shown in Figure 3a. This value is in
accordance with existing results in the literature for epoxy material with an
amine hardener.[3,34]

The water uptake in the epoxy adhesive at saturation when immersed in
sea water at 40°C is 4% by mass, this amount of water is also similar to
previous results obtained on epoxy with amine hardener; the presence of a
polar group such as amine leads to this high-water absorption. Moreover, as
expected, the amount of absorbed water at saturation depends on the water
activity in the surrounding environment. The higher the water activity the
higher the water content at saturation in the polymer as shown in Figure 3b.
However, it also appears that water content at saturation is not directly
proportional to the partial pressure of water indicating that Henry’s law is
not verified here. The water content in the epoxy adhesive has been described
based on an existing relationship (Eq.5) developed elsewhere[35,36]:

WH20 ¼ H � aþ N � am (5)

where WH20 is the water content in the polymer in %, a is the water activity
in the surrounding environment and H, N and m are parameters identified
experimentally.

Figure 2. Water absorption in the polymer for ageing conditions considered here (symbols are
experimental data and lines are modelling with Fickian behaviour).
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This behaviour is usually explained by a clustering phenomenon where the
molecules can form microscopic droplets of water.[37,38] This will not be
considered in detail in this study.

3.2. Tensile Behaviour Changes with Water Content

This section is focused on the effect of the presence of water in the polymer
on its mechanical properties. It is worth nothing that all the results presented
in this section were obtained on fully saturated samples but with different
amounts of water, meaning that there is no water profile through the speci-
men thickness. Tensile behaviour for several water contents is plotted in
Figure 4. The presence of water leads to large change in the mechanical
behaviour of this epoxy with a large decrease in yield stress, modulus and an
increase in strain at break. All these changes in properties are plotted in
Figure 5 together with the Poisson’s ratio.

3.3. Decrease of Tg with the Water Content at Saturation

Figure 6 shows the Tg values as a function of water content in samples. A
large decrease from 66°C in the dry state to 40°C after saturation in sea water
(i.e., with 4% of water) is observed. The water solubility in polymers is not
related to the state of the material meaning that the amount of water
absorbed by a polymer (with no fillers) is not significantly affected when
the polymer goes from the glassy to the rubbery state. This behaviour can be
explained by the fact that the presence of water in the polymer leads to an
increase of the macromolecular chains mobility and so a decrease in Tg. This

(b)(a)

Figure 3. Influence of the water activity in the environment on water diffusion coefficient (a) and
water content at saturation in the epoxy (b).
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Figure 4. Tensile behaviour as a function of water content at saturation (i.e. without any water
profile gradient through the thickness).

a) b) 

c) d) 

Figure 5. Change in yield stress (a), Young’s modulus (b), Poisson’s ratio (c), and Strain at break
(d), as a function of water content in the polymer.
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decrease in Tg with water content can be described by the Simha-Boyer
equation[39]:

1
Tg

¼ 1
Tg polymer

þ A� vH2O with A ¼ 1
TgH2O

� 1
Tg polymer

(Eq:6)

where Tg is the predicted glass transition temperature, Tg polymer is the glass
transition temperature of the polymer in the initial state, TgH2O

is the Tg of
the solvent (here water), taken equal to 100K (a value between the range of
accepted values since the real Tg of water is difficult to measure[40]), and
vH2O is the volume fraction of water in the sample.

3.4. Tensile Tests at Different Temperatures

Since the presence of water increases the mobility in the polymer it leads to
large changes in mechanical behaviour. An alternative way to increase mobi-
lity was then investigated, by increasing the testing temperature with dried
samples. Tensile results are plotted in Figure 7. Large changes in the tensile
behaviour are induced by an increase of the testing temperature up to 50°C
(i.e., we are still in the glassy state). In fact, here again an increase of strain at
break and Poisson’s ratio are observed, as well as a decrease in the Young’s
modulus and the yield stress. All these properties are plotted in Figure 8.

Figure 6. Decrease in Tg as a function of water content at saturation in the epoxy adhesive.
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Figure 7. Tensile behaviour as a function of testing temperature on dry samples.

a) b) 

c) d) 

Figure 8. Change in yield stress (a), Young’s modulus (b), Poisson’s ratio (c), and Strain at break
(d), as a function of testing temperature.
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3.5. Tensile Tests during Ageing in Sea Water

The tensile behaviour of the bulk adhesive was also investigated after several
immersion durations in sea water at 40°C before saturation of the sample,
meaning that in this case there was a water profile gradient through the
specimen thickness. A summary of the samples tested is presented in Table 2
and tensile behaviour is plotted in Figure 9. Here again the presence of water,
even if there is a profile through the sample thickness, leads to a large
decrease in modulus and yield stress. An increase of strain at break and
Poisson’s ratio is also observed; all these values are plotted as a function of
immersion time in Figure 10.

Furthermore, samples aged at 40°C for 14 days in sea water have then been
dried in a desiccator at 40°C at less than 1%RH to remove all the absorbed water.
Tensile results before and after drying are plotted in Figure 11 and compared to
those for unaged samples. A similar behaviour is observed, with the same
modulus, yield stress and strain at break after drying, compared to unaged
samples. It is interesting to note that there is a small strain softening effect

Table 2. Summary of ageing duration in sea water and corre-
sponding amount of absorbed.
Ageing duration at 40°C in sea water
(hours)

Amount of absorbed water
(%)

6 1
24 1.8
55 2.8
336 4

Figure 9. Tensile curves obtained for samples immersed in sea water at 40°C for several
durations.
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after yield for unaged specimens; the reasons for this are not clear and further
work is underway to examine the parameters which affect post-yield behaviour.

4. Discussion and Prediction

This section is devoted to the discussion of results presented previously with
the aim to be able to predict the tensile behaviour of the epoxy studied here
as a function of ageing.

4.1. Degradation Mechanism

When exposed to humid environment, water diffuses into the polymer
through a Fickian mechanism and the material absorbs up to 4% when
immersed in sea water. The presence of water leads to an increase in mobility
of the macromolecular chains and a decrease in Tg from 66°C to 41°C, this
phenomenon is well known as plasticisation. Large changes in mechanical
behaviour are induced by the plasticisation: a decrease in stiffness as well as
yield stress and an increase in strain at break and Poisson’s ratio. The
increase in the Poisson’s ratio can be explained by the fact that the polymer

a) b) 

c) d) 

Figure 10. Change in yield stress (a), Young’s modulus (b, and Poisson’s ratio (c), Strain at break
(d) as function of immersion time in sea water.
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tends towards its rubbery behaviour when Tg decreases. It is worth noting
that the degradation observed here is fully reversible (Figure 11) meaning
that plasticisation is the only mechanism involved (for the ageing conditions
used in this study).

4.2. Prediction Set Up

A prediction of the mechanical behaviour of the bulk adhesive is now
proposed using a multi-step process. First, the water diffusion is modelled
using a numerical FE approach. Second, the decrease in yield stress is
described, based on physical considerations. Then changes in Young’s’ mod-
ulus are considered, and finally we will focus on the increase in Poisson‘s
ratio with water content.

4.3. Prediction of Water Diffusion

The prediction of water content through the thickness is the first step of the
prediction and can be done using a typical Fickian behaviour coupled with
the Eq.3. Water profiles are presented in Figure 12a for several immersion
durations. Results obtained by modelling are then compared to experimental
results in Figure 12b, and a good agreement is observed. This means that we
are able to predict water content in the polymer as a function of thickness or
external environment.

Figure 11. Tensile behaviour for unaged sample, fully saturated sample and sample dried after
14 days of ageing in sea water at 40°C.
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4.4. Prediction of Yield Stress with Water Content

Prediction of the yield stress is possible based on physical considerations. In
fact, it has been shown that the yield stress is strongly affected by the mobility
in polymer molecules and moreover is directly proportional to the difference
between the polymer Tg and the testing temperature. This relationship can
be expressed by the following Eyring relationship (Eq.7) that has been
checked experimentally for several polymers[41–43]:

σy ¼ A: Tg � T
� �þ B (7)

Here again, using both results on dry samples tested at different temperatures
and samples saturated at several levels of water content (tested at 21°C), it is
possible to show that the Eyring relationship is verified here (Figure 13) with
A equal to 0.77 and B equal to 0.2. The correlation factor R2 is equal to 0.96
based on experimental results.

a) 

b) 

Figure 12. Modelling of water diffusion when epoxy adhesive is immersed in sea water at 40°C
a) water profile through thickness b) comparison between modelled water content (red dots)
and experimental data (blue).
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Because we are able to model the water diffusion in the epoxy through the
thickness and the Tg is related to water content through the Simha-Boyer
equation it is possible to predict the local value of Tg. Moreover, once the Tg
is known it is possible to calculate the local value of Yield stress using the
Eyring relationship.

4.5. Description of Young’s Modulus Decrease with Water Content

The presence of water leads to a decrease in Young’s modulus that can be
explained by two main phenomena; the decrease in Tg and a decrease of the
secondary transition. Unfortunately, due to the presence of these two
mechanisms this behaviour cannot be described easily using physical con-
siderations, thus an empirical relationship (Eq.8) was used to relate water
content and the Young’s’ modulus value:

E ¼ 1850� 220�WH20 (8)

where E is the Young’s modulus in MPa and WH20 is the water content in the
polymer in %.

This basic relationship is plotted in Figure 5a and compared to experi-
mental results. It appears that despite its simplicity, it is useful to describe the
Young’s modulus loss. However, it is important to note that this relationship
is only valid for a given test temperature, here 21°C. It cannot be used to
predict the evolution of properties at any other temperature.

Figure 13. Relationship between yield stress and Tg-T obtained from tensile tests with several
water contents at 21°C, and at several testing temperatures on dry specimens.
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4.6. Description of Poisson’s Ratio Changes with Water Content

With the presence of water that leads to a decrease of Tg, the polymer
tends to move from glassy to rubbery behaviour. This leads to an increase
of the Poisson’s ratio that becomes closer to 0.5, the value for a rubber.
Here again this increase has been described using a linear empirical
relationship:

ν ¼ 0:395þ 0:015�WH20 (9)

Where Nu is the Poisson’s ratio and WH20 is the water content in the
polymer in %.

Figure 5c shows that (Eq.9) can describe the increase in Poisson’s ratio
with water content at 21°C, but again only for this temperature.

4.7. Validation of the Prediction

Using the parameters identified in the previous section it appears that a
prediction of the tensile behaviour at 21°C can be made during humid
ageing: we are able to predict the water content through the thickness
using a Fickian behaviour model. Knowing the local water content, it is
then possible to define values for Young’s modulus and Poisson’s ratio
using empirical equations 5 and 6 respectively. In parallel, it is possible to
relate the water content to the Tg of the polymer and hence to define local
yield stress using the physically-based relationship (section 4.4). The validity
of this approach can now be considered by comparing experimental results
obtained for different immersion durations in sea water (with water profile
gradients) with predictions obtained by the model proposed here. The
material models have been integrated in ABAQUS FE software (section
2.7) and the tensile specimen has been modelled. From the water profile
the mechanical behaviour was calculated for increasing loads, and the result-
ing stress-strain behaviour was determined after different immersion times.

Results are plotted in Figure 14. A good agreement is observed between
the predicted tensile behaviour and experimental data.

4.8. Limits of the Prediction

As for all predictions of mechanical changes during ageing, the one that is
proposed here has some limitations. First, this prediction is limited to a
mechanical behaviour at 21°C (testing temperature) because the temperature
effect on Young’s modulus and Poisson’s ratio have not been considered here.
Moreover, the model used here is not able to predict the strain at break, which
is strongly affected by the presence of water. And finally, the relationships that
have been identified in this study depend on the nature of the polymer,

80 A. ILIONI ET AL.

140



meaning that the approach developed here can be applied to other adhesives,
but it is not possible to use directly the values identified from this study.

5. Conclusions

This article describes an approach to predict the influence of water on the
tensile properties of an epoxy adhesive. It has been shown that for yield stress
there is an equivalence between moisture content and test temperature, when
these are expressed in terms of (T-Tg), while Young’s modulus and Poisson’s
ratio can be expressed as a function of moisture content. Using these relation-
ships and an FE model to predict water profiles the influence of aging condi-
tions on the tensile stress-strain behaviour has been predicted. Results are in
good agreement with tests for specimens with different water profile gradients.
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ABSTRACT
This work aims to characterize the water uptake mechanisms of 
a two-component epoxy adhesive joint immersed in deionized 
water. The pore-type defects in the bulk adhesive after the cure 
cycle are highlighted and characterized using X-ray µ- 
tomography. Two population patterns of defects are generated 
and analyzed, for two different thicknesses. The waterfront is 
not detectable by µ-tomography for this adhesive because the 
densities of the water and the adhesive remain relatively close 
to each other. Instead, the volume variation and kinetics of pore 
water filling have been accurately identified. This analysis was 
completed by optical observations and gravimetric 
measurements.
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1. Introduction

The complexity and efficiency of underwater systems including composite 
structures and multi-material watertight assemblies must be constantly 
increasing, showing long-range, real-time investigation capabilities. The con-
stitution of such complex systems passes by a phase of assembly of various 
subsystems. Although most structures can be assembled by screws or riveting 
systems,[1] adhesive bonding is becoming an increasingly attractive alternative, 
due to its numerous advantages: (i) lightweight, (ii) more uniform load dis-
tribution, (iii) ease of implementation, and (iv) possibility of joining different 
materials (metal with composite).[2] The structural mechanical resistance as 
well as the durability of bonded structures are closely related to the degrada-
tion mechanisms to be integrated in the dimensioning stage. In structural 
assemblies, epoxy adhesives are most often used because they are characterized 
by a relatively high mechanical resistance to failure, allowing them to reach 
load levels close to those that the primary structure supports. Nevertheless, 
these adhesives require careful characterization of their thermo-mechanical 
behavior so as to correctly predict the long-term mechanical response of the 
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assembly. Additional complexity is experienced if the mechanical behavior of 
the adhesive is influenced by the humidity of the water environment that 
diffuses into the material.

The influence of water on the mechanical behavior of adhesives is a widely 
studied topic.[3–5] The phenomenon of aging of an adhesive, when water 
diffuses into it, is manifested by a loss of its mechanical properties. Also, 
humidity could lead to a degradation of the assembly interface, an aspect that 
is not addressed in this paper. Generally, the studies investigating the effect of 
water on the mechanical behavior of an assembly may be very costly in terms 
of time and experimental means deployed. When possible, accelerated aging 
investigations are a good alternative, remedying to these difficulties. In the 
context of accelerated aging, bulk adhesive samples drastically reduce the time 
required to obtain a uniform humidity inside the material, due to the very 
large contact surface between the wet medium and the adhesive. Moreover, the 
increase of the temperature of the hydrous environment used to age the 
samples (immersion in water or humid atmosphere controlled at a certain 
percentage of RH) drastically decreases (from months to weeks) the time 
necessary for the samples to reach the water saturation. This accelerated 
aging strategy has already been successfully applied to several adhesives, 
confirming its relevance.[3] However, phenomena such as the physical aging 
of adhesives cannot be observed over short durations associated with rapid 
investigation strategies.

Many authors agree that the sorption of water by polymeric materials, such 
as epoxy adhesives, causes a weakening of the mechanical properties and also 
a swelling of the samples.[6] These swelling changes are relatively small and 
difficult to measure by conventional means. In previous works,[7,8] the authors 
proposed an experimental strategy to measure the moisture in an adhesive 
using a fiber optic sensor (Bragg or Fresnel). However, this method of inves-
tigation is intrusive and, considering the diameter of the fibers, this approach 
is not suitable for thin adhesive joints (with thicknesses less than 1 mm). 
Direct experimental measurements of the percentage of water in an adhesive 
are difficult to perform and, in the few cases where it is possible (using 
Neutron Radiography, for example), it is necessary to deploy very sophisti-
cated means and methods of investigation.[9] A potential technique to deter-
mine the moisture gradient in a joint is represented by X-ray µ-tomography. 
This technique has been successfully used in several studies,[10,11] mainly for 
the detection of the advancement of the moisture front in concrete or other 
civil engineering structures. Recently, Dumont et al.[12] also used X-ray µ- 
tomography successfully to identify, at the micrometric scale, the pore-type 
defects present in an adhesive joint and their evolution depending on the 
mechanical loading.

The objective of this paper is to investigate by X-ray µ-tomography the 
mechanisms of water uptake within a structural bi-component epoxy adhesive. 
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More precisely, the aim is to understand the mechanisms of water linked to the 
water uptake during hydric aging, but also to study the influence of pore-type 
defects on global sorption. These investigations are completed by gravimetric 
measurements and optical observations in order to better understand the 
mechanisms that govern the absorption of water in such an adhesive. The 
paper is organized in two main sections. In Section 2, the adhesive material is 
described, and the different methods used to investigate its water uptake are 
presented. Section 3 displays then the results of the tomographic analyses 
performed directly after curing and at different aging times, so as to highlight 
the changes in the microstructure due to water uptake. These results are finally 
correlated with classical gravimetric measurements and confronted to micro-
scopic observations.

2. Material and experimental methods

2.1. Sample preparation

The nature and characteristics of the samples used must be carefully selected, 
depending on the final application. The main objective of the overall project in 
hand is to understand, characterize and model the water uptake and its effect 
on the mechanical behavior of a bonded assembly (such as between 
a composite material and a polyurethane, but not only). The adhesive thick-
ness within the assembly is supposed to vary between 300 µm and 500 µm. 
Such an assembly is designed to remain immersed in seawater for long periods 
of time. Owing to the low mechanical load that this adhesive joint must 
withstand, one will mainly focus on the degradation of the mechanical proper-
ties caused by water absorption.

The specimens used in this study are bulk samples made of an epoxy-based 
adhesive with a bisphenol A diglycidyl ether prepolymer and a diamine hard-
ener mixed under stoichiometric conditions. Table 1 summarizes some main 
properties of this material.

The two components of the adhesive were mixed according to the manu-
facturer’s specifications in the following proportions: 100 parts by weight of 
resin A and 40 parts by weight of hardener B, using a Speedmixer planetary 
mixer (FlackTek Inc., Landrum, USA). The mixing parameters correspond to 
a rotation speed of 2500 rpm during 4 minutes. With this type of adhesive, it 
has been observed that the mixing process was prone to generate porosities 

Table 1. Main characteristics of the considered adhesive.
Property Component A Component B Mix

Density 1,2 g/cm3 1,0 g/cm3 ⁓ 1,07 g/cm3

Glass transition temperature (DSC) ⁓ 55°C
Young modulus 1700 MPa
Known fillers Glass beads
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inside the material.[13] This mixture was then cast between two aluminum 
plates, each 300 × 300 × 30 mm3 in size. These plates were wrapped in a Teflon 
film, in order to avoid the adhesion of the adhesive material once it has cured. 
The distance between these two plates is controlled with calibrated spacers, so 
as to obtain the desired adhesive thicknesses. Two adhesive plates were finally 
made with two different thicknesses, namely 0.4 mm and 1 mm. A third plate, 
with a thickness of 0.4 mm, was made by vacuuming the adhesive mixture 
during 5 minutes before pouring it in the apparatus, for further comparison 
purposes.

The curing cycle used for the three types of samples was set at 50°C for 12  
hours. It was performed using a MEMERT UF110+ thermal chamber which 
allows the temperature to vary between 20°C and 310°C. The density of the 
adhesive was determined to be equal to 1087 kg/m3. DSC analyses have shown 
that this curing process ensures a polymerization rate of 95%. Several samples 
were then taken from the three adhesive thin plates, respectively named E1–1  
mm-P1, E2–0.4 mm-P1 and E3–0.4 mm-P2. In this paper, for clarity purposes, 
they will be referred to as E1, E2 and E3, respectively.

First, three samples of size 30 × 30 mm2 for each of the three plates were cut 
as shown in Figure 1a, using a waterjet cutting machine. These dimensions are 
chosen following the recommendations proposed by previous studies,[3] in 
order to ensure unidirectional (through-the-thickness) patterns while mini-
mizing edge effects, which could have a non-negligible influence for small 
sample sizes. These first specimens were used for gravimetric analyses.

a) Sample for classical gravimetry 
investigation (1 mm thickness)

b) Samples for X-ray tomography 
investigation

Figure 1. Geometry of the samples (dimensions in mm).
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Thereafter, samples of size 25 × 6 mm2, taken from each sheet (A, B and C), 
were put together in a holder, as shown in Figure 1b. The interest in placing 
together these last three samples is to decrease the tomographic analysis time. 
In other words, with such a configuration, a single tomographic scan allows 
one to obtain the results for the three samples simultaneously.

Samples E1, E2 and E3 were obtained for a curing cycle (12 h @ 50°C) by 
varying two parameters: (i) thickness and (ii) porosity ratio, as presented 
above. For a better understanding of the effect of water uptake in the samples 
and the influence of thickness and porosity ratio, the study is focused on two 
investigations: classical water absorption by gravimetric measurements on 
immersed samples, and analysis by X-ray tomography. For efficiency reasons 
and coherence with the availability of experimental means, the temperature of 
aging was established at 22°C.

2.2. Optical microscopy

Experimental observations were performed using the KEYENCE VHX-7000 
3D microscope. The corresponding samples, 30 × 30 × 0.4 mm3 in size, were 
investigated using the through illumination system, with which the observa-
tion device is equipped. The aim here is to observe qualitatively the porosity 
distribution but also the time needed for the first water droplets to occur in the 
pores of the samples.

2.3. Global water uptake

The three samples of size 30 × 30 mm2 (collected from each plate) were first 
dried in order to remove residual moisture. The presence of moisture in the 
samples can be explained first by the absence of moisture control during the 
curing cycle, but also by the contact of the samples with water, during the 
cutting operation. This drying phase was carried out by placing the samples in 
a glass container with Silica gel at 35°C. Periodic measurements of mass 
decrease were performed to determine the necessary time for mass stabiliza-
tion. Twenty-one days were needed to reach a quasi-dry state of the samples. 
These dried samples were then immersed in demineralized water for practical 
reasons (manufacturing and water control). Deroiné et al.[14] have also shown 
that water diffusion kinetics are slightly faster in demineralized water. The 
density of demineralized water is 1020 kg/m3. The aging tanks containing the 
demineralized water, at a temperature of 22°C ±0.3°C, are equipped with 
a water circulation system, responsible for the homogenization of the tem-
perature in the whole water mass. Weight measurements were periodically 
performed during 4 months. These measurements were carried out with 
a more important frequency at the beginning of the water uptake (every 12  
hours for the first three days) and a less important one thereafter. Water 
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diffusion was determined from the change in weight of the square samples. 
Samples were removed from the aging tanks and wiped before weighing. The 
mass increase was followed by periodic weighing on a Kern AEJ 200-4 CM 
balance with an accuracy of 0.0001 g.

2.4. X-ray tomography

Since its first applications in the medical field,[15] X-ray tomography has been 
the subject of numerous studies from both a theoretical and applied point of 
view. A brief description is therefore given here to introduce the main con-
cepts. A wide variety of experimental setups can be used to perform X-ray 
tomography, but the basic principles of the technique always remain the same 
(see Figure 2). Tomography measurements are based on the variation of the 
linear X-ray attenuation coefficient, denoted μ, through the volume of 
a material. For a material considered as homogeneous, the coefficient μ 
turns out to be constant with respect to the spatial coordinates (x, y, z). 
Conversely, in heterogeneous materials such as porous environments, μ is 
a function of these coordinates.

It is possible to obtain the spatial distribution of this coefficient µ by sending 
a beam of X-rays into the mass of the studied sample, under different angles, 
and by collecting the transmitted beam. In practice, the sample is mounted on 
a rotator included in the tomograph chamber, and for each angular step, an 
X-ray beam is emitted, attenuated by the internal structure of the sample, and 

Figure 2. Principle of tomography measurements.
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collected by a detector. The attenuation phenomenon in the ~x direction is 
described by a Beer-Lambert law depending on µ(x, y, z): 

I
I0
¼ exp ò

xmax

x0

μ x; y; zð Þdx
� �

(1) 

where I0 represents the initial intensity of the source (emitted), I is the detected 
intensity (transmitted and collected by the X-ray detector) and x represents the 
distance along the transmission path between x0 and xmax.

A series of N radiographs is obtained by the complete acquisition process. 
A reconstruction algorithm is then used to generate the 3D internal structure 
of the sample (i.e. the spatial distribution of µ(x, y, z)) from the series of 
radiographs. This algorithm can be based on two different approaches: the 
software can either solve a set of linear equations to compute µ(x, y, z) 
(algebraic approach) or use a back-projection of the detected intensity by 
a Fourier transformation (analytical approach). Although the analytical 
approach is faster to compute, it requires a complete data set with no missing 
pictures of the X-ray series.

The results presented in this paper were obtained using a filtered back- 
projection approach. The X-ray computed tomography equipment (model 
Phoenix vTomeX/X-ray, see Figure 3) that is used during this experimental 
study is located in the MATEIS laboratory (INSA Lyon, France). The tomo-
graph is equipped with a Varian Paxscan™ flat-panel detector with a resolution 
of 1920 × 1536 pixels2. This detector produces 14-bit coded grayscale pictures 
of the attenuation.

The acquisition was performed with a rotational movement of the sample in 
order to reconstitute all the investigated volume. A total of 1200 pictures were 
taken throughout the rotation, for a complete acquisition time of 15 min. The 
X-ray source was operated with a voltage of 60 kV and a current of 80 μA. 
These values are chosen so as to ensure the best compromise between 

Figure 3. X-ray computed tomography equipment, model Phoenix vTomex (MATEIS/INSA Lyon).
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transmission and contrast. Concerning the current, the maximum value 
(before defocusing) is used in order to obtain the maximum photon flux 
without increasing the size of the source spot.

In parallel to the measurements of mass changes, measurements of X-ray µ- 
tomography were made periodically with a similar frequency to the previous 
tests. The samples used are shown in Figure 1b. Only the upper part of these 
samples is analyzed, namely a volume of 6 × 6 × 6 mm3 as described in 
Figure 2. Under these conditions, a voxel of 4.5 × 4.5 × 4.5 µm3 is obtained. 
The samples were placed in a cylindrical container made of transparent plastic 
material. This container, filled with demineralized water, ensures the immer-
sion of the sample and significantly facilitates the execution of the tests. The 
samples are positioned centrally and then fixed to a metal rod as shown in 
Figure 3. The purpose of the rod is to ensure an almost identical positioning 
between the X-ray tube and the specimen, during the acquisition of the various 
radiograms, and thus to facilitate the setting up of the acquisition.

3. Results and discussions

3.1. Preliminary observation of the samples by optical microscopy

In Figure 4, two images of two samples E1 and E3, both with a thickness of 0.4  
mm, are depicted. These images were obtained with the KEYENCE VHX-7000 
microscope with an illumination of the sample by the bottom side. When the 
sample is semi-transparent and not too thick, this illumination serves to 
highlight the different phases within the samples. The presence of porosities 
after curing can be qualitatively observed in Figure 4a, in the form of dark 
small spheres, which are characterized by a relatively uniform distribution. 

 
a) Sample E1 (0.4 mm thick) after 

curing 
b)Sample E3 (0.4 mm thick) after 1 
month in demineralized water 

Figure 4. Different types of porosities observed by microscope within the samples obtained from 
the two mixtures.
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Regular white dots are also detected, which represent glass beads. Figure 4b 
illustrates the microscopic image of a sample E3. In this case, the adhesive 
mixture has been put under vacuum during 5 minutes (before the process of 
curing) and then immersed into water during 30 days. The vacuum effect 
clearly appears through the absence of small porosities and the presence of 
very large ones (these large pores could have further a significant influence on 
the long-term mechanical strength of the adhesive). What is remarkable is that 
keeping the adhesive in a viscous state under vacuum cannot completely 
eliminate the presence of porosities. Moreover, from 21 days of immersion, 
the first water droplets appeared inside the largest porosities closest to the two 
faces of the sample. Water-filled porosities positioned in the vicinity of the 
adhesive-substrate interface in assemblies may also accelerate local degrada-
tion of the interface with significant consequences for the integrity of the 
structure.

Although these observations are only qualitative, they give an insight of the 
mechanisms of water absorption in the adhesive, e.g. the migration of water 
through the material to the pores so as to occupy the free volumes. The 
kinetics of such a mechanism will clearly be influenced by the distribution 
and size of the porosities.

As these preliminary observations remain qualitative, analyses by X-ray µ- 
tomography were carried out in order to understand more deeply these 
mechanisms in a quantitative and local way. The interest is to investigate 
whether it is possible to determine the concentration profile of water in the 
adhesive during aging. Mass change measurements were performed in parallel 
so as to complete these observations.

3.2. Global water uptake

The purpose of gravimetric tests is to determine the kinetics of water uptake in 
adhesive samples. These macroscopic measurements will complement tomo-
graphic investigations. The mass change measurements were performed on 
square-shaped samples, as presented in Section 2.1. Regarding the sample 
dimensions used, the assumption of a unidirectional diffusion is made. The 
temperature of water has been set to 22°C. Nine samples per condition were 
used with three measurements at each time. Specimens were dried with lint- 
free tissue before recording the final weight. The water uptake was determined 
by gravimetric measurements. The mass water content in the adhesive can be 
calculated from: 

C tð Þ ¼
m tð Þ � m0

m0
� 100 (2) 
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where m tð Þ and m0 represent the mass of the adhesive during immersion and 
the initial mass, respectively. The water uptake results for the three sample 
types are plotted in Figure 5.

In the present case of unidirectional diffusion, the evolution of the mass 
water content C tð Þ can be classically represented as a function of the square 
root of time. It allows one to identify a first linear part in the sorption kinetics. 
Furthermore, the linear growth in the second part instead of a plateau suggests 
a non-Fickian water uptake kinetics for the adhesive in hand. All the results 
were normalized with respect to the thickness, so as to be free from thickness 
effects, while considering sufficiently thin samples in such a way that water 
diffusion remains unidirectional.

3.3. X-ray tomography and image analysis

3.3.1. Configuration choice
The quality of the tomographic measurements is a key point for obtaining 
reliable results. For the scale being considered, three phases are supposed to be 
determined in the adhesive composition: the polymeric medium (adhesive 
phase), the glass beads and the pores, as shown in Figure 4. The measurement 
parameters of the tomograph have been selected in order to detect at best these 
three phases in a robust manner.

Regarding now the scanning investigations performed, two configurations 
were considered: (i) samples immersed in water and (ii) samples without water 
in the container. The first configuration avoids water desorption during the 15  

Figure 5. Water uptake of the three samples during immersion.
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minutes of scanning. It also eliminates some artifacts occurring at the interface 
between the glass beads and the adhesive phase, as shown in Figure 6b (see the 
blue ellipses). However, in this configuration, it is no longer possible to 
distinguish the edges of the sample, which further complicates the analysis 
of each volume. Also, the water that penetrates the pores cannot be separately 
identified. Moreover, the measurement noise is more important in this con-
figuration. Conversely, the second configuration allows the separation of the 
ambient air surrounding the volumes and the measurement of their variation. 

Figure 6. Two configurations of tomographic analyses.
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Gravimetric analyses were also performed so as to determine the loss of mass 
of the samples in configuration (ii). These measurements showed that about 
0.15% of the mass is lost in 15 minutes if the sample is in ambient air at the 
temperature of 22°C and a humidity of 75% RH. This desorption phenomenon 
could therefore be considered as negligible, when compared to the long-term 
water uptake.

Figure 6c shows an overlay of the gray levels along the AB path (which is 
represented with a yellow line in Figure 6(a,b) for both configurations. It can 
be observed that the measurement noise decreases slightly for the configura-
tion (ii). On top of that, the pore contrast increases, which facilitates the 
segmentation step of the different pores with fewer errors. Based on these 
preliminary investigations, it can then be justified that configuration (ii) 
provides more advantages than configuration (i). Nevertheless, it is important 
to note that a systematic loss of mass could explain some discrepancies in the 
comparison between the gravimetric measurements and the tomographic 
observations.

3.3.2. Image analysis
In order to make the best use of data arising from the reconstructed volumes, it 
is necessary to perform segmentation so as to isolate properly the different 
phases. This is a common concern in the field of image processing and 
computer vision, and it has been the subject of many studies, which have 
proposed a wide variety of methodologies.[16]

The simplest way to segment grayscale data with multiple phases is based on 
thresholding segmentation. Even if this method is rather basic, it generally 
provides satisfactory results, taking into account that the histogram of the data 
is adequate (i.e. the phases are easily distinguishable). The threshold can be 
chosen manually or calculated algorithmically; the latter being often preferred. 
The numerical determination of the threshold can be achieved in different 
ways: it can be based on the analysis of the histogram,[17] or by grouping the 
grayscale levels,[18] for example. More details concerning such methods are 
presented in Dumont et al.[19]

The processing strategy adopted in this study, dedicated to the segmenta-
tion of the three phases in hand, is described in the sequel. First, the recon-
structed volume, represented by the red parallelepiped in Figure 7a, takes the 
following dimensions of 6.5 × 6 × 5 mm3. This volume, initially coded on 14 
bits, is converted to 8 bits in order to facilitate data exploitation on conven-
tional computers. The coding depth degradation affects insignificantly the 
phase segmentation. The three volumes of each sample are then separated as 
shown in Figure 7b, using the Fiji software.[20] Some artifacts are visible 
around glass beads for sample E1. In Figure 7(c,d) a section in the xy plane 
at half thickness is shown for samples E1 and E3, respectively. In these two 
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figures, the porosities, the glass beads and the adhesive phase as well as their 
distribution are clearly visible.

The air surrounding each sample was removed by detecting the effective 
contour of the sample (marked in yellow in Figure 7(c,d)). This contour was 
identified for each image in the xy plane. Finally, the volume of sample E1 is 
composed of 227 images parallel to the xy plane, each image having a size of 
1300 × 1400 pixels2. As for samples E2 and E3, the corresponding volumes 
contain respectively 103 and 86 images parallel to the xy plane, with the same 
size of 1300 × 1400 pixels2.

The identification of the sample contour in each image was obtained using 
the Random Walks algorithm proposed in Grady[21], which turns out to be 
very efficient in this case. Hence, the total volume occupied by the sample can 
be considered as the sum of all the pixels that are inside the contour of all the 
images. A mask can be then constructed for each image. In Figure 8b, the mask 

Samples and volume investigated 
by X-ray µ-tomography (dimensions in 

mm)

Section in the plane of the 
reconstructed volume of the three samples

Reconstituted CT-scan in plane 
(sample E1)

a) b)

c) d) Reconstituted CT-scan in y plane 
(sample E3)

Figure 7. Reconstituted volumes of the samples obtained from the CT scan.
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Figure 8. Results obtained from the segmentation of the phases in the adhesive.
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associated with the image shown in Figure 8a is presented. White pixels 
represent the volume of the sample and black pixels represent the area 
surrounding the sample.

The thresholds that allow the segmentation of phases in the sample volume 
are automatically detected using the Otsu algorithm.[18] Thus, a multi- 
threshold process is used with Nthr = 3, aiming to discriminate the following 
phases: (i) pores, (ii) adhesive and (iii) glass beads. These multi-threshold 
values are obtained by maximizing the inter-class variance of grayscale levels 
for each class. To minimize the influence of the Charge-Coupled Device 
(CCD) sensor noise on the segmentation of each phase, a 3D median filter is 
applied to the complete raw volume. The filter size adopted here is of 3 × 3 × 3 
voxels3. The effect of the filter can be seen in Figure 8c when compared to the 
raw image shown in Figure 8a. Measurement of noise effect on the detection of 
pores or glass beads has been analyzed in-depth in Dumont et al.[13], where the 
detection accuracy of pore volumes can go down to 1:8 � 10� 3%.

In Figure 8d, the adhesive phase is represented alone. The glass beads are 
shown in Figure 8e and the pores in Figure 8f. No pores or glass beads smaller 
than 3 voxels in diameter (13.5 µm) were considered in the analysis because 
the effect of CCD sensor noise on these features remains important despite the 
filtering used. At the end, all entities (pores or glass beads) for which the 
diameter is less than or equal to the size of the 3D median filter are excluded 
from the analysis.

3.3.3. Initial state of the adhesive
For an accurate understanding of the water absorption effect in adhesive 
materials, it is of great interest to know the microstructure, the distribution 
and the proportions of each phase at the initial state. The initial state can be 
referred to as the state of the adhesive immediately after curing. If the classical 
optical analysis with the KEYENCE VHX-7000 microscope was able to reveal 
the presence of each of these phases, the X-ray µ-tomography allowed us to 
determine quantitatively the different phases that compose the adhesive.

In Figure 9a, the spatial distribution of pores in sample E1 (with a thickness 
of 1 mm) is shown. A mostly homogeneous distribution is observed with some 
larger pores located close to the ~y axis. The origin of these pores could mostly 
be linked to the mixing process of component A and component B. In a direct 
manner, the process performed in atmospheric conditions could incorporate 
some air bubbles in the mix. Furthermore, the matrix contains glass beads, 
added by the manufacturer to ensure a minimum thickness during the bond-
ing process in the case where the thickness of the adhesive is not imposed by 
specific elements. These glass beads could then be responsible for these larger 
porosities, as observed by Dumont et al.[19]

Figure 9c shows the pore distribution in sample E2. This distribution is 
mostly homogeneous and very similar to that of sample E1, despite the lower 
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thickness of about 0.4 mm. Besides, the distribution of pores in sample E3 has 
been represented in Figure 9e. The effect of vacuum on pore size and dis-
tribution is clearly visible. Few pores are observed and characterized by very 
large diameters. The distribution of glass beads within the samples E1, E2 and 
E3 is shown in Figures 9(b,d,f) respectively. The glass beads have a rather 
spherical geometric shape. They are mostly solid, but hollow beads were also 
observed with a wall thickness between 20 µm and 30 µm.

The distribution of pores is plotted in Figure 10a versus their equivalent 
diameter for the three samples. The distribution is rather Gaussian for E1 and 
E2, with equivalent diameters varying between 10 µm and 90 µm. More pores 
are detected for sample E1 than for E2, what was expected because of the larger 
thickness of sample E1, leading to a volume about 2.2 times greater.

Conversely, for sample E3, the distribution is mostly linear, with an equiva-
lent diameter varying between 20 µm and 274 µm. The distribution of glass 
beads versus their equivalent diameter is shown in Figure 10b. The equivalent 
diameter of glass beads varies between 18 µm and 120 µm, with a similar trend 
for the three samples. More beads are detected in sample E1 again since its 
volume is larger.

a) Distribution of porosities (E1) b) Distribution of glass beads (E1)

c) Distribution of porosities (E2) d) Distribution of glass beads (E2)

e) Distribution of porosities (E3) f) Distribution of glass beads (E3)

Figure 9. Distribution of the phases in the adhesive samples.

16 A. TINTATU ET AL.

160



In order to further understand the differences between the three samples, 
the volume fraction of each phase was represented in Figure 11a for each of 
them. The porosity rate differs for the three samples. In the present case, 
porosity fractions of 1.54% and 1.37% were found, respectively for sample E1 
and E2. Therefore, the thickness variation seems to influence the volumetric 
fraction of porosities, in the sense that the pore volume fraction increases with 
the thickness. In the literature,[22–25] it has been shown that thicker joints had 
a lower breaking strength. This decrease in the maximum breaking strength 
could find an explanation in the presence of pores with a greater density in 

a) Pores b) Glass beads

Figure 10. Number of pores and glass beads in the samples.

Figure 11. Volume fractions and numbers of pores and glass beads in the different samples.
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thicker joints. In Figure 11a, it can also be seen that the effect of creating 
a vacuum on the adhesive, in the pasty state just after mixing, brings 
a significant improvement. The volume fraction of porosities is reduced 
from 1.37% for sample E2 (without vacuum) to 0.65% for sample E3 (with 
vacuum). Even though the overall porosity rate is much lower in sample E3, 
the presence of large pores can be very detrimental to the long-term mechan-
ical strength of the adhesive joint. The volume fraction of glass beads is worth 
about 0.33% and is quasi-similar for the three samples. Furthermore, the 
numbers of pores and glass beads per unit volume are shown in Figure 11b. 
For sample E1, one finds 263 pores per mm3 versus 255 pores per mm3 for 
sample E2. In this way, the effect of thickness on the formation of pores can be 
hardly observed. In contrast, only 6 pores per mm3 are found in sample E3. 
Besides, the density of glass beads is about 16 beads per mm3, whatever the 
sample considered.

In Figure 12, the real architecture of the reconstructed volume containing 
adhesive has been represented by eliminating the pores and excluding 1/8 of 
the volume in order to better visualize the adhesive phase inside the volume. 
The change in the effective section is a semi-local indicator that could provide 
relevant information about the compactness of the adhesive.

Figure 13 shows the three relative effective sections, according to the three 
directions of the reference frame displayed in Figure 12. These relative effec-
tive sections are obtained by using the following expressions:

Sx ¼
Sex

Stx
(3) 

Sy ¼
Sey

Sty
(4) 

Sz ¼
Sez

Stz
(5) 

a) Effective volume of adhesive for 
sample E1

b) Effective volume of adhesive for 
sample E3

Figure 12. 3D representation of the effective volume of adhesive for samples E1 and E3.
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where Sex, Sey and Sez represent the effective sections in the ~x, ~y and ~z 
directions, respectively. To determine Sex, for instance, a section is 
carried out in the adhesive at a given value of x, with a plane perpen-
dicular to the ~x axis (such a section is similar to the one proposed in 
Figure 8d). Sex is defined by the intersection of the plane with only the 
polymeric material (adhesive phase). Stx, Sty and Stz represent the total 
section dimensions considered in the ~x, ~y and ~z directions, respectively. 
To determine Stx, a section is carried out in the adhesive as previously 
done, but all the phases are considered here in the determination of the 
intersection of the plane with the sample.

Figure 13. Evolution of the effective sections for the three samples.
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In Figure 13a, the evolution of the relative effective section Sx is plotted for 
the three samples. A rather homogeneous distribution in the ~x direction is 
observed for all three samples. The average value of each curve is very con-
sistent with the associated porosity rate determined earlier. In samples E1 and 
E2, normal sections without any porosity (with Sx = 1) are not observed. The 
range of variation of Sx is wider for sample E3. This is due to the fact that, 
locally, there may be relatively large porosities that could reduce the section Sx 
by almost 4% and, by contrast, there are also several sections with no porosities 
at all. The evolution of the relative effective section Sy is shown in Figure 13b, 
which turns out to be very similar to the previous one in the ~x direction. This 
means that the pore-type defects are uniformly distributed in sections per-
pendicular to the xy plane. On the contrary, in Figure 13c, significantly 
different evolutions are observed for the relative effective section Sz. 
Considering first samples E1 and E2, there is a sharp decrease/increase in Sz 
on the top/bottom surfaces, which indicates a significant localization of pores 
far from these surfaces. The explanation could be that, close to the two 
aluminum plates used, there is enough surface energy to “attract” the poly-
meric material, and the pores would be “pushed” towards the center of the 
joint. A similar evolution is observed for sample E3 where the largest pores are 
positioned in the middle of the joint, leading to a decrease/increase of 2% of 
the effective section for a variation of the through-thickness position of about 
100 µm, located here at mid-thickness.

In addition to the previous analysis, the shape of the pore-type defects was 
thoroughly characterized by calculating their sphericity, which represents the 
level of similarity between the shape of an object and a sphere. The formula 
used here to calculate the sphericity was initially proposed by Wadell[26] and 
writes: 

ψ ¼
π1

3 6Vp
� �2

3

Ap
(6) 

where Vp and Ap represent the pore volume and surface area, respectively. 
The sphericity rate necessarily lies between 0 and 1. As an example, ψ is 
equal to 1 for a sphere, 0.806 for a cube, 0.874 for a cylinder and 0.671 for 
a tetrahedron.

In Figure 14, the sphericity distribution of the pores with respect to their 
equivalent diameter is plotted for the three different samples. It can be 
shown that most pores have a geometry close to a sphere. Only very few 
pores have a sphericity value below 0.6. These pores may result from the 
fusion of several pores and are characterized by a small equivalent diameter, 
often less than 20 µm, which gives rise to complex geometric shapes after 
voxelization.
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3.3.4. Water effect on the adhesive
Visualization of the waterfront. Dealing with water diffusion, several authors 
have been interested in the detection of the waterfront, particularly in hetero-
geneous media such as concrete, for example.[11] During diffusion, the water 
penetrates the material and may change its density locally, allowing one to 
detect the presence of water by X-ray investigations.

In Figure 15, a cross-section of sample E3 is represented. This section is 
obtained by cutting the sample with a plane parallel to the xz plane at mid- 
distance between the edges (see Figure 7a). In order to get the visualization of 
the evolution of the water profile, this section is represented for eight succes-
sive aging times between the initial state (0 days) and a final state, 4 months 
later (120 days). Unfortunately, the waterfront within the sample, which 
should have been located through a variation of gray levels in the normal 
direction to the sample surface, is not detected here. Several reasons are likely 
to explain that.

First, the water is supposed to fill the free volume of the sample by 
capillarity. The free volume is the difference between the total macroscopic 
volume of the sample and that actually occupied by the molecules that con-
stitute it. This free volume is localized between the chains of molecules[27] with 
a characteristic size lower than a micrometer and does not represent, in any 
case, the porosities. Hence, if this scenario occurs, the volume change should 
not be detected during the water uptake until this free volume is completely 
filled. That being said, it can be noticed in Figure 15 that the width of sample 
E3, denoted as l0 at the initial state, slightly changes from 5 days of immersion, 

Figure 14. Sphericity of the pores.
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becoming then li. This variation in size is certainly due to hydric swelling. 
Most of all, if the pores end up filling with water (whereas the glass beads 
remain quasi-unchanged), the water occupying the pores displays a gray level 
almost identical to the one of the adhesive phase, due to the closeness of the 
respective densities of the demineralized water and the adhesive.

Figure 16 depicts the same observations performed on a section of sample 
E1 for similar aging times. Although this sample is 1 mm thick, no variation in 
gray level has been detected either, which could represent the water profile in 
the sample. However, the pore filling is more visible, especially in the vicinity 
of the faces normal to the ~z direction. As for the glass beads, they do not 

Figure 15. Gray levels in sample E3 versus aging time.

Figure 16. Gray levels in sample E1 versus aging time.
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present a detectable evolution, keeping their diameters virtually constant. 
Some artifacts are also visible on the beads near the left edge.

In order to further analyze the pore filling, a section in the xy plane was 
performed at a distance of 54 µm from the surface of sample E2. Figure 17 
shows the filling evolution at this section between the initial state (Figure 17a) 
and after 28 days (Figure 17b). The pores seem to shrink considerably and 
change their geometric shape due to the water that occupies their volumes.

Evolution of volume ratios of adhesive, pores and glass beads. Despite the fact 
that one cannot detect the evolution of the waterfront in the samples, it is 
however possible to determine the evolution of each phase constituting the 
adhesive material in terms of volume ratio. First of all, the evolution with the 
aging time of the volume with a density (gray scale) close to that of the 
polymeric material or water is investigated. This volume change is calculated 
as follows: 

ΔVa %ð Þ ¼
Vadh tð Þ � Vadh0

Vadh0

� 100 (7) 

where Vadh tð Þ represents the polymer and water volume for an aging time t, 
and Vadh0 the polymer and water volume in the initial state. At each time t, the 
polymer and water volume Vadh tð Þ is determined as the difference between the 
total volume of the sample Vtotal tð Þ and both the volume of glass beads Vbeads tð Þ

and the pore volume Vpores tð Þ: 

Vadh tð Þ ¼ Vtotal tð Þ � Vbeads tð Þ � Vpores tð Þ (8) 

The volumetric fractions of pores and beads are determined using the 
following expressions: 

Figure 17. Sections in sample E2 illustrating the pore filling.
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ΔVp %ð Þ ¼
Vpores tð Þ � Vpores0

Vadh0

� 100 (9) 

ΔVb %ð Þ ¼
Vbeads tð Þ � Vbeads0

Vadh0

� 100 (10) 

where Vpores tð Þ and Vbeads tð Þ represent respectively the pore and bead volumes at 
an aging time t, and Vpores0 and Vbeads0 represent the same volumes at the 
initial state.

Figure 18a displays the relative evolution of the polymer and water volume 
ΔVa for each sample as a function of the square root of time normalized by the 

Figure 18. Evolution of the different phases of the adhesive material.
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sample thickness. This representation is similar to the one depicted in 
Figure 5. This evolution in volume should be correlated with the variation of 
mass mentioned previously. However, a slight shift is observed between these 
two quantities, as will be discussed later.

In Figure 18b, the evolution of the porosity fraction ΔVp is represented, 
again as a function of the square root of time divided by the sample 
thickness. For sample E1, a first regime is observed during which the 
global pore volume remains quasi-constant, followed by a slow decrease 
from 2� 106 ffiffi

s
p

. This reduction may be attributed to the filling of pores 
with water, which starts in the pores closest to the sample free surfaces 
and gradually evolves towards the center of the sample. A similar beha-
vior is observed with sample E2, for which the first regime ends around 
1� 106 ffiffi

s
p

with a very slight decrease. In both cases of samples E1 and E2, 
the second regime allows one to determine the pore filling speed when 
the sample is immersed in water. For sample E3, the first regime ends at 
nearly 3� 106 ffiffi

s
p

. This first regime seems to be influenced as much by the 
joint thickness as by the size and spatial distribution of pores. If the first 
regime ends so late, it is probably due to the quite significant average 
distance between the free surfaces of the sample (normal to ~z) and the 
first closest pores. Owing to the relatively large size of pores in this 
sample, they are found to be located more at mid-thickness than close 
to the free surfaces. Moreover, the average distance between pores (still 
significant in sample E3) could also be a factor influencing the pore filling 
start time.

Figure 18c presents the evolution of the volumetric fraction of glass beads 
ΔVb. The three samples show a quasi-constant volumetric fraction of glass 
beads during the entire measurement period, which suggests that water does 
not penetrate the beads, as naturally expected. By the way, these results 
enhance the robustness of the image processing method and enable one to 
ensure that the volumes investigated are representative with respect to the 
phases analyzed.

Further understanding of the correlation between the polymer and water 
volume change ΔVa and the mass change C was achieved by plotting their 
relative dependence in Figure 19. It can be observed, at the initial stage of 
water absorption, that the mass of the samples increases without detecting 
a variation in volume. This phenomenon may be explained by the fact that 
water penetrates the sample in filling first some free volumes by capillarity. 
Once these free volumes are filled, a linear dependence between the mass of 
the samples and their volume is observed. This pattern is in perfect agreement 
with previous works in the literature (see Adamson[28], for instance).

Sphericity of the pores. The water which penetrates the pores modifies 
considerably their geometry. The relevant parameter to characterize the 
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geometric shape of the pores during water aging is again the sphericity. In 
Figure 20, the sphericity distribution of pores in sample E2 is represented at 
four aging times (including the initial state) with respect to their equivalent 
diameter.

As formerly observed in Figure 14, most of the pores have initially a quite 
spherical shape, but with a large variety of diameters. Only few pores (whose 
diameter is around 20 µm) have a sphericity index lower than 0.8. Such pores 
are mainly close to the free surfaces of the sample and have been generated by 
the waterjet cutting, or these are small pores which must certainly have merged 
during the curing cycle. The sphericity of pores after 5 days of immersion is 
shown in Figure 20b. For most of them, there is no relevant change in the 
geometric shape, except for some characterized by an equivalent diameter 
between 20 µm and 30 µm. As said before, such pores of small diameter are 
generally located near the free surfaces and water naturally begins to penetrate 
them, leading thus to a decrease of their sphericity. Bigger pores also localized 
not far from the edges may also fill up with water. However, at this time, the 
amount of water brought into play is very small when compared to the size of 
the larger pores and it does not result in any significant change of their shape, 
unlike smaller ones. After 28 days of water aging, it is observed that the 
geometric shape of a considerable proportion of pores is affected. As pre-
viously noted, the lowest sphericity level is obtained with the smallest pores, 
reducing down to 0.55. However, water begins to modify significantly the 
sphericity of pores of intermediate diameters. At this aging time, an average 
decrease in sphericity from 1 to 0.92 is observed for pores between 30 µm and 

Figure 19. Mass change of the samples versus variation in the effective volume of the adhesive.
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70 µm, with a maximum change for pores between 45 µm and 50 µm. This 
decrease in sphericity can be further visualized in Figure 20d, where it is 
obvious that the larger pores are also affected by water penetration. In 
Figure 20d, it is even possible to notice a separation between two regions, 
a first one where the pores are not yet affected by water (with a sphericity close 
to 1), and a second one where sphericity has dropped down to 0.9 at the 
minimum, due to the increasing amount of water in the material. The com-
parison between the initial and final states is also represented in Figure 21 in 
a different manner.

Sphericity distribution after 28 
days of immersion

c) d) Sphericity distribution after 120 
days of immersion

a) Sphericity distribution at the 
initial state

b) Sphericity distribution after 5 days 
of immersion

Figure 20. Evolution of the sphericity distribution of pores with aging time for sample E2.
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Local distribution of water in the pores. A straightforward way to better 
understand the evolution of pore filling in a preferential direction (along the 
thickness of the samples, for example), when the sample is immersed in water, 
amounts to studying the evolution of the pore sections. Figure 22 depicts the 
global area Spores occupied by the pores (in pixels2), for several sections in the 
xy plane at different positions along the thickness. The parameter ws repre-
sents the effective thickness of the sample. As formerly shown, between the 
free surfaces of the sample and the first pores, there is a slice of adhesive with 

Figure 21. Evolution of the sphericity distribution of pores in terms of frequency.

Figure 22. Evolution of the pore sections along the thickness direction in sample E2, at the initial 
state and after 120 days of aging.
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a thickness wm varying between 12 µm and 25 µm (depending on the process 
and the sample), in which no pores are present.

At the initial state, the variation of the pore section along the thickness of 
the sample is quite consistent with the porosity profile according to the ~z 
direction represented in Figure 13c, with two peaks of pore concentration in 
the vicinity of the two free surfaces normal to the ~z axis. Then, the water effect 
on the evolution of these pore sections is clearly visible. A significant decrease 
is particularly observed around the free surfaces between the initial state and 
the final state after 120 days of immersion. Therefore, this evolution only 
concerns the areas with high pore concentration, i.e. for z varying between 
±0.2 mm and ±0.1 mm. Conversely, almost no changes occur in the central 
part of the sample, i.e. for z in the interval [−0.1 mm, 0.1 mm].

The filling percentage of the initial pore sections, determined from the 
section evolution, is calculated with the following expression: 

Clocalp=p %ð Þ ¼
Spores 0ð Þ � Spores tð Þ

Spores 0ð Þ
� 100 (11) 

This analysis is performed in each section at a whole and does not provide 
a filling value for each pore individually. This pore filling percentage Clocalp=p is 
plotted in Figure 23a. It is observed that, after only 5 days, the first sections 
tangent to the first pores are affected by the presence of water, even if it is not 
possible to clearly detect any water droplets at the local scale (probably because 
of the insignificant amount of water existing in the pores). After 28 days of 
immersion, the first pores closest to the free surfaces are filled to an average 
amount of 80%. At this time, it is also noticed that the first pores in which 
water is detected are found to lie at about 65 µm from the corresponding 
external surface. After 120 days, the pores closest to the free surfaces are 

a) Percentage of water in pores 
related to the section area of 

pores

b) Percentage of water in pores 
related to the entire section area of 

adhesive

Figure 23. Evolution of water proportion in pores along the ~z direction in sample E2.

THE JOURNAL OF ADHESION 29

173



almost totally filled (with a percentage of water close to 100%) and the area 
along the ~z direction in which water is detected is about 130 µm thick.

Furthermore, the average percentage of water in the pores, related to the 
initial entire section area of the adhesive Stz 0ð Þ, has been determined using the 
following expression, for each successive section in the ~z direction: 

Clocalp=a %ð Þ ¼
Spores 0ð Þ � Spores tð Þ

Stz 0ð Þ
� 100 (12) 

Figure 23b displays this water percentage Clocalp=a in the pores. It can be 
observed that the two areas where the pores are almost filled (after 120 days) 
show a global percentage of water equal to 1.4% at the maximum on the left 
side and 1.76% on the right side, respectively. This dissymmetry should 
naturally be correlated with the pore concentration which is slightly higher 
on the right side.

All these results show that a tomographic analysis allows one to characterize 
the water uptake inside an adhesive material with a very good accuracy. The 
evolution of the waterfronts shall be deduced from the evolution of the 
volumes of the pores within the adhesive. Then, these evolutions will provide 
relevant information on the kinetics of water uptake, allowing one to tend 
more judiciously towards an optimal diffusion model.

4. Conclusions and perspectives

This paper presents an investigation on the mechanisms of water uptake in 
a bi-component epoxy structural adhesive by using X-ray µ-tomography (a 
non-contact and therefore non-intrusive technique), by measuring weight 
variations, and by performing microscopic analyses. At the initial state, the 
adhesive joint is heterogeneous and also displays a population of pore-type 
defects. These porosities are mainly generated during the mixing process 
between the two components of the adhesive. The curing cycle may contribute 
additionally to the creation of pores, but it remains relatively inconsequential, 
due to the low cure temperature in the present study. The number of porosities 
highly increases with the thickness of the adhesive specimen, which weakens 
its effective section. Concerning the initial state, it has been finally shown that 
no pores appear near the free surfaces of the samples (at the interface with the 
substrates in the bonded assembly) with a minimal distance between these 
surfaces and the first pores varying between 15 µm and 20 µm.

Dealing now with water uptake, attempts were made to measure the waterfront 
and thus the filling speed throughout the adhesive material. Unfortunately, water 
could not be identified separately from the adhesive material, due to the proximity 
between the polymer and water densities. Weight and volume measurements 
allowed one, however, to rule on the course of events. The water that penetrates 

30 A. TINTATU ET AL.

174



the adhesive fills in first the free volume of the material by capillarity and then, the 
absorbed quantity of water is found almost entirely in the volume of pores. The 
dependence relationship between the mass and volume of samples is quasi-linear, 
with a shift upon the beginning of aging corresponding to the filling of the free 
volume. The occurrence of water in the shape of droplets inside the pores has then 
been detected, first qualitatively by microscopic observations, and then quantita-
tively by tomographic investigations. Finally, the evolution of the pore filling front 
may alternatively contribute to a judicious choice of a water diffusion model.

This work opens up a number of perspectives. Primarily, the proportionality 
between the change in mass and the change in volume of the adhesive is probably 
related to the affinity of water with the adhesive. This aspect associates the 
diffusion of water within the polymer with the presence of polar chemical groups. 
These groups have the capacity to create hydrogen bonds with the water mole-
cules, which increases the global volume of the material. Hydroxyl or amine 
groups, found in most epoxy resins or epoxy adhesives, are highly hydrophilic. 
The dependence between mass and volume could also enable the determination of 
a swelling coefficient. Next, the definition and prediction of swell is interesting 
with the idea of estimating its effect on the distribution of mechanical stresses 
within the adhesive during water aging. Subsequently, all these tomographic 
observations, when performed during sorption/desorption cycles, may show the 
irreversibility and the damage that an adhesive joint could suffer during the 
cycling of water aging.
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2. Caractérisation et modélisation des assemblages structurels par collage

2.5 Origine de défauts et mécanismes
d’endommagement

La qualité des collages dépend de divers facteurs : taux de polymérisation, qualité du
mélange des constituants de la colle ou bien les défauts de collage comme la variation
de l’épaisseur ou les défauts à l’intérieur du joint. Ceux-ci peuvent prendre la forme
de pores, de géométries et de tailles différentes, et constituent une menace potentielle
pour la résistance mécanique des joints [106], surtout lorsqu’on évalue l’intégrité de
la liaison à long voire très long terme. Plus précisément, ces pores peuvent favoriser
des concentrations de contraintes de très forte intensité et sont susceptibles d’affaiblir
localement le joint d’adhésif. Comme ils sont créés au cours du processus de collage [56],
l’hypothèse selon laquelle les conditions de collage et de cuisson devraient influencer
leurs propriétés est bien fondée. Afin de valider cette affirmation, des échantillons
collés ont été réalisés, pour différents adhésifs et différents cycles de durcissement.
En particulier, l’influence de la température maximale atteinte pendant le cycle de
durcissement a été étudiée. Les pores des joints ont ensuite été observés et étudiés à
l’aide de la µ-tomographie aux rayons X.

En fonction de leurs caractéristiques, ces pores sont susceptibles d’influencer le
comportement mécanique des joints collés, car ils induisent un affaiblissement local dans
la liaison collée et peuvent également créer des concentrations de contraintes, par endroit
très intense. On peut également constater que les caractéristiques des pores à l’intérieur
d’un joint adhésif peuvent varier lorsque les assemblages sont sollicités mécaniquement
par des charges externes différentes. Afin d’étudier en profondeur ces changements dans
la microstructure de l’adhésif, des échantillons collés ont été fabriqués, à l’aide de deux
adhésifs structurels époxydiques bi-composants différents.

Il a été constaté qu’une température de polymérisation plus élevée peut induire
des phénomènes notables de croissance des pores (principalement la dilatation et la
coalescence). En particulier, cette croissance semble être prédominante à mi-épaisseur
des joints, ce qui entraîne une diminution détectable de la section effective.

Des mesures in situ par tomographie aux rayons X ont été effectuées simultanément
à l’application d’une charge de traction sur les échantillons. Il a ainsi été possible de
caractériser l’état de la porosité de chaque échantillon sous charge mécanique et de
calculer diverses grandeurs (rapport volumétrique de la porosité, nombre de pores,
distribution des diamètres équivalents, etc). Il a été constaté que les pores dans les
joints sont affectés par l’augmentation de la contrainte mécanique, ce qui entraîne la
nucléation, la croissance et la coalescence des pores. En outre, des analyses plus poussées
montrent que ce comportement microstructural ne peut pas être généralisé [12], car des
adhésifs différents peuvent présenter des propriétés différentes.
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ABSTRACT
Adhesive bonding is increasingly used in numerous industrial
branches (aeronautics, space, etc.) for the many advantages this
technique features. The quality of the adhesive bonds depends
on diversified factors, and bonding defects within the joints are
common. These defects may take the shape of pores, of various
sizes, which are a possible threat to the goodmechanical strength
of the joints. These pores may create unwanted stress concentra-
tions, and they are susceptible to locally weaken the adhesive
joints. As they are created during the bonding process, the
hypothesis that the bonding and curing conditions should influ-
ence their properties is well-founded. In order to validate this
assertion, adhesively bonded samples were made, for different
adhesives and different curing cycles. In particular, the influence
of the peak temperature reached during the curing cycle was
studied. The pores in the joints were then observed and studied
using X-ray microtomography. The performances of the segmen-
tation technique developed for the data processing were studied
beforehand on synthetic data, in order to identify the limitations
of the suggested methodology and to quantify the uncertainty
on the computed quantities. It was found that a higher curing
temperature may induce noticeable pore growth phenomena
(mainly dilation and coalescence). In particular, this growth
seems to be predominant halfway-through the thickness of the
joints, resulting in an observable decrease in the effective section.
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1. Introduction

Structural bonding has known a surge in use and popularity in the past two
decades, for several reasons: (i) this technique allows engineers to design lighter
and more energy-saving structures, (ii) it is well-suited to multimaterials assem-
blies, (iii) it paved the road to mechanical assemblies using materials incompatible
with traditional techniques (welding, bolting, riveting, etc.), and (iv) bonded
structures feature fairly interesting stress distribution properties. Therefore,
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more andmore industrial fields started to include this technique in their processes
and in their designs, as in aeronautics, space, medical, etc. However, these
advantages come with some drawbacks: the quality of the adhesive bond is
sensitive to the bonding process,[1] themechanical behaviour of adhesives is highly
non-linear,[2,3] and the strength of the adhesive joint depends on a multitude of
factors, related to both adhesion and cohesion phenomena. Due to the numerous
elements impacting the quality of the joint, bonded structures are highly sensitive
to defects which may occur during the bonding process. Among these common-
place defects that cannot be avoided in standard bonding conditions, one may
reference the creation of pores throughout the mixing, bonding, and curing steps.
These pores could possibly be a significant disturbance to the good mechanical
resistance of the bond, as (i) they decrease the cross-section of the joint, (ii) the
continuum and the stability of the adhesive are challenged and put at risk, (iii) they
may induce unwanted stress concentrations, and (iv) theymay lead to predisposed
crack propagation paths within thematerial. As these voids within thematerial are
created during the bonding and the curing of the adhesive, it is fair to hypothesise
that the bonding conditions and the curing conditions should have an influence
on their characteristics (mainly number, volume fraction, and size).

Unfortunately, as they are located inside the material, they are not easily
detected and visualised. It is nonetheless possible to do so, using advanced
imaging technologies such as X-ray microtomography. This technique has
multiple advantages: (i) it is a non-destructive technology, (ii) it provides
information from the bulk of opaque materials, (iii) the resolution can reach 1
μm (or even below) and (iv) the gathered data are three-dimensional. In the
scope of materials science, it was at first used mainly on metallic alloys as in the
work of Liu and Bathias[4] on the influence of defects on both tensile and fatigue
properties of an aluminium alloy reinforced composite. They showed that the
presence of pores and misorientation of fibres had a significant influence on
the decrease in terms of fatigue life, and therefore the authors bring to attention
the importance of a carefully controlled manufacturing process regarding these
aspects. Composite materials were also the subject of such measurements. It is
also worth referencing the works of Hirano et al. who performed damage
characterisation and assessment in 1995 using in-situ tomography measure-
ments on aluminium alloy matrix composites with SiC fibre reinforcements.[5]

X-ray microtomography is nowadays widely used in materials science papers,
for the many advantages it features. These studies use tomography measure-
mentsmainly for two purposes: the characterisation of the processing conditions
for given materials,[6] and damage characterisation. Regarding this aspect, the
possibility to perform in-situ X-ray tomography measurements, while
a mechanical load is applied, is a definitive edge. In particular, the teams of
Maire et al., and Adrien et al. took advantage of this tool to investigate the
creation of damage in metals under tensile loading[7] and in polymeric syntactic
foams under compressive stress.[8] In the 2007 study of Maire,[7] it is notably
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shown that data from acoustic emission measurements and X-ray tomography
measurements lead to similar conclusions in terms of crack and void detection,
which validates the use of X-ray tomography for such purposes. It is also an
interesting tool to build accurate finite element models, as it was done by Maire
et al.[9] in the case of metallic foams. It was then possible to reconstruct their
structure down to the cellular level and to use this geometry in finite element
softwares.

Regarding the study of polymers specifically, a few studies may be found in
the literature. A topic often encountered is the fabrication of polymeric
structures via additive manufacturing techniques, as they are prone to gen-
erate voids in the material. For instance, a 2016 paper by Pavan et al.
characterised the porosity of laser-sintered polyamide structures, of various
sizes.[10] It was found that the size of the structure influenced the properties
of the pores created during the process. More recently, Wang et al. proposed
a micromechanical model in order to characterise the mechanical behaviour
of 3D-printed polymers.[11] Nonetheless, few studies may be found specifi-
cally on adhesives, and even more so regarding adhesively bonded assem-
blies. This is probably explained by the a priori low risk of pores creation for
these materials when compared to additive manufactured polymers.

As far as the field of structural bonding is concerned, X-ray tomography
has been used on bonded wooden structures in order to characterise the
bonding process and the adhesive penetration in the wood by McKinley
et al.[12] Still in the context of wooden structures, Schwarzkopf[13] coupled
tomography observations with numerical simulations to describe the micro-
mechanical strains in the joints and in the substrates, where the adhesive
tends to diffuse due to the fibrous nature of wood. This results in a fairly
accurate description of the kinematics of the interfaces, even though the
authors highlight a few limitations, such as the commonplace reconstruction
artefacts. No particular attention has been given so far to the microstructural
characterisation of adhesive joints through this technique, and the use of
X-ray microtomography is hence fairly new in the field of structural bonding
for this type of subject, as opposed to other materials: minerals,[14] food,[15]

composites,[16,17] etc. Nonetheless, a 2019 paper by Dumont et al. investi-
gated the evolution of the microstructural characteristics of adhesive joints
under mechanical stress by means of in-situ X-ray microtomography.

In the following study, the authors investigate the effects the curing process
may have on the pores within adhesive joints. This study is performed using two
different bicomponent epoxy adhesives, for two curing cycles, with means of
X-ray microtomography. First, the samples and their preparation are detailed.
Then, the experimental procedure for X-ray microtomography measurements is
presented. The authors also describe the tomographic data segmentation tool
which was developed and discuss its performances and abilities using synthetic
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data, before its use on experimental data. Lastly, the experimental results are
outlined, along with a discussion on the observed phenomena.

2. Motivation

The observation of failure profiles of ruined samples after tensile tests through an
optical microscope (Figure 1a) and a scanning electronmicroscope (Figure 1(b,d))
highlights the presence of pores in the material. Moreover, these pores seem to
play a part in the failure of the samples, as it is illustrated in detail by Figure 1(a,c
and d) where cracks can be spotted in the neighbourhood of pores.

Even if any characterisation is impossible this way due to the lack of
provided information, it is fairly easy to visualise the creation and the growth
of pores within an adhesive using a mere optical microscope. In a first stage,
a layer of bicomponent epoxy adhesive (Araldite 420 A/B from the German
manufacturer Huntsman TM) is spread between two sets of glass sheets, to be

(a) Optical microscope view (b) Scanning Electron Microscopy (SEM - secondary elec-

trons) view

(c) Cracked pore (SEM - secondary electrons) (d) Crack propagation through pores (SEM - secondary

electrons)

Figure 1. Microscopic observations of failure profiles of adhesively bonded samples (adhesive B –
tensile tests).
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observed using a KeyenceTM VHX electronic optical microscope. The com-
ponents of this adhesive were mixed together using a planetary mixer, so as
to obtain a homogeneous material. One of these glass-adhesive-glass assem-
bly was then left at ambient temperature for 12 hours, and the other one was
polymerised at high temperature for a short period of time (1h10 at 110°C).
They were then put back under the microscope. The picture of these samples
can be found in Figure 2.

It is then quite obvious that the high curing temperature used for the
material in Figure 2(a,c) had a significant influence on the pores inside the
adhesive: they greatly increased in volume, and decreased in number, mean-
ing that coalescence phenomena were very likely to happen during the
polymerisation. Also, it is possible to detect these pores even in the initial
state (Figure 2a), meaning that they are created as soon as the joint is formed
(and possibly as soon as the components of the adhesive are mixed).

Moreover, it is possible to detect lighter, circular areas on these pictures:
these denote the presence of glass beads in the adhesive, as it is common for

(a) Pores created within an adhesive joint before curing (b) Pores within an adhesive joint after 12h at ambient

temperature

(c) Pores within an adhesive joint after 1h10 at 110◦C (d) Glass beads spotted on microscopy pictures (extracted

from Fig.2a)

Figure 2. Highlighting the presence of pores in the adhesive as soon as the joint is shaped using
an optical microscope.
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various reasons (mainly, to guarantee a minimal thickness for adhesive
joints). Such beads are shown in Figure 2d, as an example. The adhesive
used here is also used in the following microtomography measurements and
is referred to adhesive B.

As stated in preamble, these microscopy techniques only allow for visua-
lisation, and they are not suitable for characterisation. X-ray tomography is
a fairly interesting answer to this defect, as it features high-resolution data
acquisition, three-dimensional visualisation and measurements-oriented cap-
abilities. These pores being structural defects, the assumption that they have
an influence on the mechanical properties of the material seems reasonable,
as expressed in[18] for composite materials. The conditions about this influ-
ence (in terms of pores size, number, volumetric ratio, etc.) are however not
investigated in this study.

3. Preparation of the specimen

3.1. Samples geometry

The geometry of the samples must meet two criteria, to remain in the scope of this
study: (i) they must be bonded assemblies (as opposed to bulk samples), and (ii)
their dimensions must be adequate to the resolution of the X-ray microtomogra-
phymeasurements to be performed. Bonded samples are required as this study on
the effect of curing is part of a more complete and extensive tests campaign
performed on bonded assemblies. In order to check these requirements, mini-
Scarf samples (Figure 3c) will be used. These samples are made out of traditional
aluminium2017A Scarf samples, where a rake-like shape ismachined usingwater-
jet cutting (Figure 3a). They are to be bonded using two different bicomponent
epoxy adhesives, whose general characteristics are presented in Table 1). The
adhesives are spread on each bonding surface of this pattern, and the Scarf samples
(Figure 3a) are then assembled for the curing (Figure 3b). After the curing of the
adhesive, each individual is then water-jet cut from themain structure to form the
mini-Scarf samples, whose dimensions are presented in Figure 3c.

Moreover, in order to install the samples in a device for subsequent X-ray
tomography in-situ tensile tests, threaded holes are accommodated at each end
of the samples (Figure 3c). In the following study, no mechanical loading will be
applied, but the aforementioned tensile machine is used as a mounting setup.

3.2. Bonding and curing

The substrates are prepared so as to remove any potential impurities, oily
components, dirt, and oxides: (i) they are first degreased with acetone, (ii)
a mechanical treatment (grade 180 sandpaper) is then applied, and (iii)
another acetone cleaning is performed.
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As it has been evoked in introduction, two different adhesives will be
tested in this study; hereafter they will be referred to as adhesive A and
adhesive B (namely, Huntsman Araldite 420 A/B). The commercial reference
of the adhesive A will not be expressed in this paper for confidentiality
reasons. Both are bicomponent epoxy adhesives. Some general properties
about these materials may be found in Table 1, as provided by the suppliers.
The glass transition temperatures in Table 1 were measured using
Differential Scanning Calorimetry (DSC).

6

1,
5

14

105

90

(a) Mini-Scarf samples layout (dimensions in mm)

(b) Bonded modified SCARF samples

(c) In-situ microtomography tensile samples geometry

Figure 3. Modification of SCARF geometries for in-situ tomography applications.
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The components of the considered adhesives are mixed according to the
guidelines provided by the manufacturers. The mixing is performed using
a planetary mixing device, at 1500 rpm for 7 minutes. These parameters are
arbitrary, but chosen for the resulting product to be homogeneous (i.e. the
hardener and the resin are visually indissociable).

In spite of the variation in terms of texture (Table 1), the application on
the substrates follows the same pattern no matter the adhesive: a layer of
adhesive is spread using a stainless steel spatula on both the substrates
constituting a sample, which are then assembled (Figure 3b). The excess of
adhesive dripping from the joint is cautiously cleaned. The alignment of the
substrates and the thickness of the joints (set to 0.4 mm) are controlled using
a specially designed setup (Figure 3b).

Two curing cycles are performed, in order to investigate the effects of this
factor on the resulting pores in the adhesives. Their characteristics may be
found in Table 2.

The curing is done with a Memmert UF110+ TM thermal chamber. It
should be noted that these cycles yield a satisfyingly polymerised material
for both adhesives, even though they are different in durations and tempera-
tures. This was checked with DSC measurements, by comparing the cross-
linking enthalpies of the uncured and cured material. It should be noted that,
even though it is advised to cure such adhesives above their maximal glass
transition temperatures,[19] the low-temperature cycle has been designed to
meet other additional requirements whose details are out of the scope of this
study. Nonetheless, even if the high temperature configuration features
a slightly higher curing degree, the low temperature curing configuration
displays curing degree higher than 95%, leading to the assumption that both
cycles yield rather similar materials.

Once the curing cycle completed, the samples were water-jet cut from their
Scarf base, to create microtomography individual samples such as presented in
Figure 3c. For the present study, one sample is considered per case. It should be

Table 1. A few properties for the considered adhesives.
Property Adhesive A Adhesive B

Texture paste-like honey-like
Known fillers – Glass beads
Glass transition temperature (DSC) , 90°C , 60°C
Young’s modulus [MPa] 1400 2000
Poisson ratio [-] 0.33 0.41
Coefficient of Thermal Expansion [ppm.°C�1] 83 78

Table 2. Curing cycles steps and temperatures.
Cycle Step 1 Step 2

Low temperature 23°C for 24h 80°C for 2h
High temperature 110°C for 1h10 –
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noted that two other specimens were examined for the following configura-
tions: adhesive A cured at low temperature, and adhesive B cured at high
temperature. A very low scattering was found in terms of porosity and number
of pores. Consequently, it was decided to keep the number of investigated
samples to one for each test case, in order to reduce the CPU usage on the
computing cluster used to process the tomographic results.

4. Experimental procedure

4.1. X-ray tomography principle

Microtomography is an imaging technique which offers the possibility to
reconstruct the internal structure of an object without causing any damage.
This non-destructive characteristic is a significant advantage in materials
science, in the case of in-situ acquisition for instance, as extensively presented
by Buffière.[20] Moreover, it is superior to many other imaging techniques
such as any microscope-based methods, as it provides three-dimensional
data, with a resolution down to 1 μm,[20] and even below, depending on
the X-ray source used in the tomograph.

Tomography is based upon the variation of the linear X-ray attenuation coeffi-
cient (μ) within amaterial. For anisotropicmaterials, such as composites or foams,
μ depends on the spatial coordinates ðx; y; zÞ. Hence, building the three-
dimensional map of μðx; y; zÞ is equivalent to reconstruct the internal microstruc-
ture of the observed sample. More detailed information may be found concerning
the theoretical background of tomography imaging.[21] The sample to be studied is
mounted on a rotary platform (Figure 4), which incrementally performs a 360°
rotational movement in order to perform the data acquisition on a variety of
organised propagation paths for the X-ray beams. The reconstruction of the
volume is then performed using a Fourier transform-based algorithm. Extensive
details on the theory of the reconstruction techniques may be found in the
reference work of Kak.[21]

4.2. Test procedure

The samples are placed in the chamber of a Phoenix VtomeX laboratory tomo-
graph, which contains a Varian Paxscan X-ray detector featuring a resolution of
1920 × 1536 pixels. This detector outputs a 14-bits coded greyscale pictures (or
radiograms, see Figure 4) of the attenuation. The tensile machine in the chamber
of the tomograph (Figure 5) is used as a mounting setup for the samples.

The voxel size obtained using this experimental set-up is 4.5 μmx 4.5 μmx 4.5
μm, which suits the typical size of the pores that are expected. Moreover, the
glass beads included in the adhesive B feature a diameter above 60 μm according
to SEM observations, meaning that they will not be difficult to detect.
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The acquisition is performed for 1200 angular positions (Figure 4), for a total
duration of approximately 10 minutes, with an exposure time of 500 ms for
each projection, and an X-ray source operated with a voltage of 80 kV and
a current of 280 μA. The size of the reconstructed volume is 1500x1500x500
voxels. Examples of tomographic slices may be found in Figure 6.

5. Analysis technique

5.1. Preliminary discussion

In order to exploit the data from the reconstructed volumes, it is necessary to
perform a segmentation, in order to isolate the different phases. It is
a common concern in the image processing and computer vision fields,
and it has been the object of many studies, which suggested a large variety
of methodologies to answer this issue.[23]

The easiest way to segment biphasic greyscale data is to use a threshold:
a greyscale level (i.e. the threshold) is chosen, and the pixels of the image are

Figure 4. Tomography measurements principle.[22]

Figure 5. Experimental setup.[22]
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separated whether they are brighter or darker than this value. Even though
this method is fairly basic, it usually gives satisfactory results, given the fact
that the data histogram is adequate (i.e. that the phases are easily distinguish-
able). The threshold can be manually chosen or algorithmically computed,
the latter being preferable. The numerical determination of the threshold can
be performed in various ways: one may base the calculation upon the analysis
of the histogram,[24] or by clustering the greyscale levels,[25] for instance. The
thoroughly documented paper of Sezguin et al.[23] compiles an extensive list
of methodologies and should be consulted for advanced details. Other meth-
ods, not necessarily based on thresholding, are available, but they will not be
discussed here, as it is out of the scope of this paper.

Due to the shape of the histogram in Figure 7a, an Otsu thresholding[25] is
used. In this paper, Otsu demonstrates that it is possible to compute an optimal
threshold to segment bimodal data by maximising the interclass variance of the
greyscale levels in each class. It is though necessary to generalise this approach to
a thresholds number Nthr greater than 1, as Figure 7a displays a trimodal
histogram. Otsu suggests that it is easily performed, by definition of the dis-
criminant criterion chosen to optimise the thresholds values,[25] upon which
there is no constraint regardingNthr. In this study, a multithresholding process is
used forNthr ¼ 2, in order to discriminate the following phases: (i) the pores and
the surrounding air in the tomograph chamber, (ii) the adhesive matrix, and (iii)
the substrates (added to the glass beads, depending on the adhesive). It should

(a) Region of interest of the mini-Scarf samples (b) CT-scan after reconstruction (adhesive B, XY plane)

(c) CT-scan after reconstruction (adhesive A, XZ plane)

Figure 6. Reconstructed data after filtering and cropping.
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also be noted that no significant change in illumination for the same phase has
been experienced, which could have prevented us from using such a method.

It is then obvious that the weak spot of the chosen methodology is the
sensitivity to the noise in the experimental data. In order to minimise the
influence of this measurement noise, it is then advised to filter the data in
order to increase as much as possible the signal-to-noise ratio. It is however
paramount not to damage the data, and especially the contours of the objects
that must be segmented (i.e. the pores). A great number of filters (two-
dimensional or three-dimensional) are available.[26] Among all these possibili-
ties, the median filter and its derivates stand out with their edges preservation
properties, as it was proven by Gallagher et al.[27] The filter used for the works
presented in this paper is a three-dimensional median filter, whose kernel size
will be discussed further.

(a) Histogram of a reconstructed volume and thresholds

computed using Otsu’s method

(b) Example of raw volume data (c) Pixels below the first thresh-

old (i.e. pores, )

(d) Pixels above the second

threshold (i.e. glass beads,)

Figure 7. Segmentation principle.
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5.2. Preprocessing

As mentioned previously, the reconstructed data need to be filtered, using a 3D
median filter. The size of the kernel of the median filter will determine the
minimal size of the segmented entities to consider. The filtering is performed
withMatlab. A kernel size of 5 voxels is chosen, to remain relatively small when
compared to the majority of the pores. As a consequence, any segmented pore
whose volume is lesser than 125 voxels (i.e. the volume of the kernel) will be
considered as too uncertain, and therefore will be discarded. The chosen filter is
three-dimensional to prevent as much as possible the loss of information during
the filtering.

The shape of the reconstructed volumes is a ð1500; 1500; 500Þ matrix. They
are cropped to keep only the region of interest (the adhesive joint and a small
part of the substrates, Figure 6a).

5.3. Segmentation

As stated in preamble, the segmentation is performed using Otsu algorithm[25] to
compute the required thresholds. The greyscale values of these thresholds are
hence unsupervisedly computed, using the histogram of the data and the statistics
of the greyscale levels. Such data display well-defined peaks and valleys in-between
(in Figure 7a, from left to right, pores, adhesive, and substrates and beads which
show roughly the same attenuation coefficient), enabling an histogram-based
segmentation method. The computed thresholds may be visualised on the histo-
gram inFigure 7a, which is provided as an example.Onemaynotice that the lowest
threshold does not exactly fit the minimum between the two corresponding peaks
in Figure 7a, which is rather counter-intuitive. This is due to the slight asymmetry
in terms of measurement noise, as it will be addressed later in the study.

Using these thresholds, it is then possible to build volumes containing only the
identified phases so far: pores + surrounding air, adhesive, and substrates + beads.

These volumes need to be filtered either to remove unwanted objects (the
air surrounding the sample in the tomograph chamber, the measurements
artefacts which may occur near the interfaces and the objects whose size is
too small to be taken into account) or to separate different objects that were
placed in the same phase (typically, the glass beads if the adhesive contains
some and the aluminium substrates). This step is easily completed by con-
sidering the sizes of all these items, to identify those that should be discarded.
For instance, the air surrounding the sample features a volume significantly
larger than any other pore in the adhesive joint, and thus may be easily
labelled in the segmented volume to be erased. The same method may also be
used to classify the objects contained in the (substrates + glass beads) phase
since the substrates volumes are several orders of magnitude greater than the
volume of a glass bead.
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Before being used on the experimental data, this tool needs to be char-
acterised on synthetic representative data, in order to validate its architecture
and to investigate its limitations.

6. Characterisation of the analysis tool

6.1. Creation of synthetic volumes

In order to validate the methodology proposed in this paper, it was important to
verify the segmentation performances of the tool on synthetic data. These
artificial datasets should be representative of the experimental data in terms of
(i) greyscale levels, (ii) noise, and (iii) pores sizes. The diameters of the pores are
assumed to be following a Gaussian distribution, whose parameters will be
discussed later. Their centroids are assumed to be randomly distributed within
the adhesive joint. This hypothesis is validated further in this paper.

The creation of such a volume is divided into four steps. Firstly, a reference
boolean volume is created, where true values denote the presence of pores pixels,
and false values denote the absence of pores. Secondly, this boolean volume is
turned into a 16-bits greyscale volume, where the pores display a unique grey-
scale level, and where the adhesive displays another, distinct, greyscale level.
Then, padding is added (i.e. the air surrounding the sample and the substrates),
since it influences the shape of the histogram of the data. Lastly, Gaussian noise
is added to the synthetic volume, and a slight blurring of the contours is applied
in order to best resemble the experimental data. The process adopted to create
these synthetic volumes is summarised in Figure 8(a,b).

6.1.1. On the boolean reference generation
A representative volume of ½300; 300; 100� voxels for the adhesive joint is
used in the following considerations. The complete synthetic volume will be
slightly larger, due to the padding operated in the following steps, as pre-
sented in Figure 8b. The pores diameters follow a Gaussian distribution
whose mean and standard deviation are, respectively, μd and σd. The study
is done for 200 pores randomly located in the adhesive joint. The boolean
reference is under the shape of a matrix ½300; 300; 100� Mref , whose elements
ði; j; kÞ are defined by Eq.1.

Mref
ijk ¼ 1; if

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ði� xcÞ2 þ ð j� ycÞ2 þ ðk� zcÞ2

q
� rpor

Mref
ijk ¼ 0 else

8<
: (1)

where rpor is the radius of the considered pore, and ðxc; yc; zcÞ the coordinates
of the centre of this pore. As a side note, the properties of the pores are not
constrained to be integers (i.e. the quadruplet ðxc; yc; zc; rporÞ 2 R

4).
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The process mathematically expressed in Eq.1 also simulates the voxelisation
which occurs during the microtomography measurements, with the discretisa-
tion of continuous quantities (i.e. the material) by the X-ray detector.

It is conspicuous that the parameters chosen for the diameters Gaussian
distribution will play an important part on the segmentation performances of
the designed tool: the smaller the generated pores, the poorer the tool will
compare to the reference. The values of these ½μd; σd� parameters will be
discussed later in the study.

6.1.2. On the greyscale levels of the different phases
The determination of the greyscale values to be used for each phase is
straight-forward, as the histograms of the reconstructed volumes are pro-
vided. The nominal greyscale value for each synthetic phase is the peak value
evaluated on the histograms of the experimental data (see Figure 7a for
example). The greyscale values (before the addition of the Gaussian noise,
see in Figure 8b) are summarised in Table 3.

Figure 8. Generation of synthetic data to characterise the performances of the proposed analysis tool.
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6.1.3. On measurement noise
The measurement noise is estimated by acquiring data for the same volume
twice, and by subtracting one of the resulting reconstructed volumes to the
other. The remaining greyscale values correspond to the measurement noise
caused by the X-ray detector. A significantly higher noise for the substrates
and the glass beads is expected due to their higher X-ray linear attenuation
coefficient μ. The noise values for each phase are listed in Table 4.

A light Gaussian filter (σ ¼ 0:4 voxel) is applied in order to slightly blur
the edges of the pores to replicate the experimental data. The comparison
between the histograms of the simulated data and of the experimental data
should provide a good indicator of the quality of the synthetic volumes, and
of their representativeness of the actual microtomographic data (Figure 9).
The data represented in Figure 9 have been normalised with respect to the
total numbers of pixels in each case (synthetic data and experimental data),
and therefore they are expressed in terms of frequencies.

A few remarks should be made at this point of the study: (i) one can see
a slight mismatch in terms of frequencies for each peak, certainly due to the
padding added during the creation of the synthetic volume; (ii) the in-between
zone for the pores and adhesives peaks is seemingly representative of the real
data; (iii) the brightest pixels for the synthetic adhesive (greyscale levels between
20000 and 30000, Figure 9) are lacking a few occurrences to match the experi-
mental frequencies. Due to the large difference between the peak values for the
adhesive pixels and for the substrates pixels, this particular mismatch should not
impact too much the computation of the corresponding threshold. Moreover,
the pixels of the substrates in this in-between zone are mostly located within the
bulk of the aluminium (visible in Figure 6c), meaning that segmentation errors
potentially occurring in these area can easily be fixed by morphological opera-
tions if need be (i.e. opening, closing, filling, etc.). Alternatively, this mismatch
(due to the fact that each phase does not follow a perfectly symmetrical Gaussian
distribution) could be corrected by stretching the greyscale levels in this interval

Table 3. 16-bits nominal greyscale values for each phase in the investi-
gated adhesives.
Phase Adhesive A Adhesive B

Pores + ambient air 10407 10563
Adhesive material 18250 17220
Substrates (+ glass beads if needed) 44980 44700

Table 4. 16-bits noise greyscale values for each phase in the investigated
adhesives.
Phase Adhesive A Adhesive B

Pores + surrounding air 2281 2254
Adhesive material 2554 2462
Substrates (+ glass beads if needed) 6586 6681
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by amultiplicative factor until the synthetic histogrammatches the experimental
histogram. It is however not performed in this study as it is assumed to be
a second-order factor on the segmentation abilities of the developed tool.
Another indicator of the representativeness of the simulated volume is the
similarity between the thresholds computed for the synthetic data and the
ones computed for the experimental volumes, which were used as a reference
pattern to build the artificial data. A comparison is made for the two adhesives
studied in this paper in Table 5, where the first (pores/adhesive) and second
(adhesive/substrates) thresholds values are provided.

6.2. Segmentation abilities

The segmentation tool is then applied to these synthetic volumes, in order to
compare the segmented data with the reference pores patterns (Figure 8a). As it
has been evoked earlier in this paper, significant variations are expected in terms
of performances depending on the size of the pores to be segmented. Various
diameters distributions are therefore considered, included in several simulated
volumes as detailed previously. In practice, the parameters of the diameters
Gaussian distribution (½μd; σd�) will be incrementally increased in two intervals,
in order to sweep a matrix of values for this couple. The mean value μd will be
varied from 8 to 20 voxels, and the standard deviation σd will be varied from 1 to
5 voxels. Due to the similarity in terms of greyscale levels between the adhesive

Figure 9. Comparing the histogram of synthetic data with the histogram of experimental data
(adhesive B).
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A and the adhesive B (see Tables 3, 4 and 5), the study will be carried out only for
one adhesive (adhesive B). For each couple ½μd; σd�, a relative error ε for the
pores number and the pores ratio with respect to the references values will be
calculated, as shown in Eqs.2 and 3. It should be noted that these errors are

expressed as percentages, due to the normalisation with respect to Nref
por and ηrefpor

in Eqs.2 and 3.

εN ¼ 100 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ndet

por � Nref
por

� �2
r

Nref
por

(2)

εη ¼ 100 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηdetpor � ηrefpor

� �2
r

ηrefpor

;with ηpor ¼
Vpor

Vjoint
(3)

where Ndet
por and Nref

por are, respectively, the numbers of pores detected and of

reference, ηdetpor and ηrefpor are, respectively, the detected and reference pores

volumetric ratio, and Vpor and Vjoint are, respectively, the volumes of the
pores and of the joint. In order to reduce the influence of the greyscale
noise on the results, 5 computations will be carried out for each couple
½μd; σd� for different Gaussian noise draws (the standard deviation of this
noise being tuned using the data displayed in Table 4). The results of this
parametric study are displayed in Figure 10, where the mean values for εN
and εη are presented.

Apart from the extreme cases of small pores distributions, satisfactory
results are obtained (typically, for μd � 10 voxels), as the relative errors ε
remain circa 5% or below. The major part of the segmentation errors are
expected to happen near the edges of the pores, due to the slight blurring
occurring at these locations.

These results on synthetic volumes ensure us that once applied on the
experimental data, our method should yield fairly satisfying results, to be
pondered with the size of the segmented pores, which was labelled as an
important factor in terms of results accuracy.

Table 5. Comparison between the experimental and synthetic
16-bits greyscale thresholds for adhesive A and B.
Thresholds Adhesive A Adhesive B

First threshold (exp.) 15009 14035
First threshold (synth.) 14151 13781
Second threshold (exp.) 32192 31531
Second threshold (synth.) 31085 30466
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7. Results

Data similar to Figure 11(b,d) are obtained once the segmentation process is
completed. It is then possible to carry out various considerations on these
datasets, whether geometrical (volume, shape, equivalent diameter, etc.) or
microstructural (pore-to-joint volumetric ratio, pores number, etc.).

A 3D view of a reconstructed sample computed with FiJi software[28] can
be seen in Figure 12. The Cartesian coordinate system defined in this figure is
used in the following sections to express the location of the pores. As one
may notice, the surfaces of the substrates are not perfectly parallel to one
another. This is most certainly caused by the machining of the substrates, the
mechanical treatment applied to the bonding surfaces and more generally an
imperfect bonding process. This misalignment, however, does not disturb the
observations made in this study.

7.1. Pores numbers, volumetric fractions, and diameters distributions

The X-ray microtomography measurements data are segmented (see Figure 13
for 3D viewing) using the previously detailed methodology in their initial state.
Two different curing cycles are then to be investigated, for two different adhe-
sives. As a reminder, the studied curing cycles are the following: (i) 110°C for
1h10, hereafter referred to as “high temperature” and (ii) 23°C for 24h + 80°C for
2h, hereafter referred to “low temperature”. For each case, it is possible to
compute the number of pores included in the adhesive joint, and the volumetric
fraction of these pores with respect to the whole joint. These results are shown in
Figure 14(c,d). The uncertainty on the considered quantities (cf. the error bars in

(a) Mean value of the relative error on the detected pores

number εN

(b) Mean value of the relative error on the detected pores

volume ratio εη

Figure 10. Segmentation performances on the pores numbers and volume ratio as functions of
½μd; σd�.
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Figure 14(c.d)) was estimated by cross-referencing the data in Table 7 and in
Figure 10. It is also possible to compute the distributions of the equivalent
diameters of the pores for each case, as it is done in Figure 14(a,b). The pores
count in each bin in these histograms is normalised with respect to the total

(a) Raw data (b) Adhesive (white pixels)

(c) Pores (white pixels) (d) Glass beads (white pixels)

Figure 11. Segmentation step results (adhesive B, slice in the middle of the adhesive joint).

Figure 12. 3D view of a reconstructed sample (outlined contours for better visualisation).
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number of pores, in order to obtain frequencies histograms, in order to easily
compare the different samples, each one containing a different number of pores.

From the data displayed in Figure 14, it appears that the two adhesives
investigated in this paper feature different sensitivities to the curing conditions,
at least for the considered thermal cycles examined in the present study.

On one hand, the adhesive A seems rather unresponsive to the curing
temperature: very little changes can be identified between high temperature
curing and low temperature curing, in terms of pores number (Figure 14c),
porosity volume ratio (Figure 14d) and diameters distribution (Figure 14a).
Detailed numerical values may be found in Table 6.

On the other hand, the adhesive B is farmore impacted by an increased curing
temperature, as it may be seen in Figure 14(b,d). From these data, one may
notice that a higher polymerisation temperature for the adhesive B translates
into a slightly higher average pore diameter (from 43 μm to 50 μm, Table 7).

A possible conclusion to these findings could be that the high temperature
cycle tends to trigger void growth phenomena, either relying on material
expansion, or on coalescence mechanisms possibly activated by the thermal
environment.[15] Another finding of these initial state measurements is that,
no matter the curing cycle, the microstructural properties of the adhesive
A and those of the adhesive B are extremely different (see Figures 14a and
14a), even though they are similar materials: both are bicomponent epoxy

(a) Adhesive A, low temperature curing (b) Adhesive A, high temperature curing

(c) Adhesive B, low temperature curing (d) Adhesive B, high temperature curing

Figure 13. 3D views of segmented pores in adhesive joints.
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structural adhesives, with similar mechanical properties. The major differ-
ences between the two considered materials (aside from their chemical
compositions, as they are not available) are shown in Table 1.

(a) Influence of the curing cycle on the pores diameters,

adhesive A

(b) Influence of the curing cycle on the pores diameters,

adhesive B

(c) Influence of the curing cycle on the pores number (d) Influence of the curing cycle on the pores volumetric

fraction

Figure 14. Comparisons of the pores diameters, numbers, and volumetric fractions for high and
low temperatures curing cycles.

Table 6. Characteristics of the created pores in the adhesives A and B for
different curing cycles.
Adhesive Curing Pores [-] Pores ratio [%]

A Low temperature 5866 2.63
A High temperature 4862 2.57
B Low temperature 3806 2.61
B High temperature 2849 3.67

1094 V. DUMONT ET AL.

201



As a reminder, it was evoked earlier in this paper that two additional
specimens were studied for the following cases: adhesive A cured at low
temperature and adhesive B cured at high temperature. Given for informative
purposes only regarding the experimental scattering, these samples displayed
the following properties, respectively: 2.63% pores ratio with 5828 pores, and
3.87% pores ratio with 3108 pores.

7.2. Pores shape

From the gathered data (Figure 2a,d, 6b, 6c and 11, for example), the pores in the
adhesives are assumed to be rather spherical. It is however possible to quantify
their roundness and their resemblance to a sphere. A quantity useful for such
considerations is the sphericity, defined by Wadell in 1935.[29] The sphericity Ψ
of a particle of volume Vp and of area Ap is defined according to Eq.4.

Ψ ¼ π
1
3 6Vp
� �2

3

Ap
(4)

In the case of a perfect sphere, Ψ ¼ 1. Thus, the closer to 1 is the sphericity,
the more spherical the considered object is. Using connected components
analysis on the segmented pores volumes, it is possible to extract, for each
pore, its volume and its surface, and to use the expression in Eq.4 to compute
its sphericity. The data plotted in Figure 15 represent these sphericities with
respect to the equivalent diameters of the pores for all the considered cases.

It is fairly obvious from Figure 15(a,b) that the majority of the detected
pores are almost perfectly spherical, since for both the adhesives and for both
the curing cycles, there are clusters of point located near Ψ ¼ 1. This asser-
tion is confirmed by the data in Figure 15(c,d), where the distributions of the
sphericities values are presented. These distributions are normalised with
respect to the total number of pores, yielding frequencies instead of counts
for each interval in the histograms. One may clearly see that the vast majority
of these values are close to Ψ ¼ 1.

The definition of the sphericity introduced by Wadell[29] assumes that Ψ ¼ 1
is a theoretical limit for Ψ. However, values slightly greater than 1 may be
noticed in Figure (15a,d). The fact that these paradoxical values occur for
small diameters tends to suggest that it may be an effect of the voxelisation,

Table 7. Pores diameters statistics for all the considered cases.
Adhesive Curing Mean diameter [μm] Standard deviation [μm]

A Low temperature 43.1 12.0
A High temperature 42.9 11.9
B Low temperature 49.5 14.1
B High temperature 56.3 18.2
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(a) Sphericitiy of the pores in adhesive A plotted with

respect to their diameter

(b) Sphericity of the pores in adhesive B plotted with

respect to their diameter

(c) Sphericity values distribution for the adhesive A (d) Sphericity values distribution for the adhesive B

(e) Average sphericities for all the considered cases

Figure 15. Sphericities of the created pores.
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leading to slightly erroneous areas or volumes calculations. It is easy to under-
stand that the smaller the size of the pore, the greater the effect of voxelisation,
and therefore the greater the potential error on the sphericity.

One may also notice a few sphericity values rather small when compared
to the trend on each graph (see in Figure 15(a,d)), lesser than 0.7. These
points may be due to coalescing pores or to segmentation errors for pores
very close to one another (and mistakenly identified as one unique entity).
Examples of these punctual values can be found in Figure 16, where pores
with Ψ< 0:75 are displayed. It is, however, arduous to determine whether
these values are segmentation errors or whether they are due to actual
coalescence phenomena occurring during the curing of the adhesive. For
this reason, it was chosen not to disconnect them, even though several
algorithms such as the watershed transform exist to answer similar issues.

No noticeable difference between the adhesives and between the curing cycles
can be highlighted in terms of shape of the pores, though, as the points clouds
displayed in Figure 15(a,b) feature highly similar shapes. This is put into
perspective in Figure 15e, where the average points of each point clouds pre-
sented in Figure 15(a,b) are plotted together. The error bars are computed using
the standard deviations of the equivalent diameters and of the sphericities
(� 2σ). Almost no gap between the adhesive A data can be spotted, which
suggests that this particular adhesive is rather insensitive to the polymerisation
conditions, at least with respect to the adhesive B. This conclusion should
nonetheless be pondered by the fact that phenomena similar to the adhesive
Bmay be happening in the adhesive A, but at a lower scale, undetectable with the
measurements performed in this configuration. A slight shift is however detect-
able for the adhesive B (Figure 15e), both in terms of diameter (which was
expected, see the data in Table 7, for example) and in terms of sphericity. Several
factors could explain this difference between these samples: (i) it could simply be
due to the experimental discrepancy from one adhesive joint to another and
therefore be unrelated to the curing conditions, or (ii) the dilation happening
throughout the curing cycle due to the increase in temperature could counter the
effect of the slight mechanical load applied to the Scarf samples in their bonding
apparatus (visible in Figure 3b) in order to control the joint thickness. More
advanced and extensive measurements are needed in order to validate this
hypothesis or to develop another possible explanation of this phenomenon.

7.3. Effective section of the adhesive joint

One of the most critical effects of the presence of pores within an adhesive joint
is the decrease in effective section. The effective section is defined in Eq.5 as the
ratio between the surface of adhesive Sadh and the surface of joint (i.e. the sum of
the surfaces of adhesive Sadh, of pores Spor and of glass beads Sbeads).
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Σ ¼ Sadh
Sadh þ Spor þ Sbeads

(5)

This Σ ratio (somehow similar to a surface ratio, by analogy with the
volumetric ratio used earlier in our study) can then be computed for each
slice of reconstructed volume containing adhesive (i.e. the slices where there
is only aluminium are excluded). As the investigated bonded assemblies are
designed for tensile loadings, the section planes are defined to be parallel to
ðxyÞ in Figures 6a and 12. It is then possible to compute Σ with respect to the
distance along~z (defined in Figure 6a). It is assumed that z ¼ 0 for the first
slice where adhesive is segmented.

Once again, the differences for the adhesive A are small for the two curing
cycles studied in this paper. It should, however, be noticed that the pores seem to
be concentrated at the center of the joint (, z ¼ 0:2 mm) for both cycles, with
a sharper trend in the case of a high temperature curing. This remark is also to be
made for the adhesive B, for which the differences between curing temperatures
are once again more pronounced. If the rate of change of Σ with respect to z
seems to be rather equivalent for both curves in Figure 17b in the first and last
quarters of the joint (z � 0:08 mm and z � 0:3 mm, roughly), it is however not
the case in the middle: there is a sudden gap between low and high temperature
curing, which could be explained by void growth patterns thermally activated
during the polymerisation of the material. Such coalescence phenomena have
been widely observed and studied for porous materials. The works of Pinzer[15]

in particular show that coalescence mechanisms can be thermally activated,
which could explain the differences experienced between low temperature and
high temperature curing for the adhesive B. This phenomenon is seemingly
localised in the middle of the thickness of the joint, where the pores are more
numerous. Additional work focused on the creation of the pores during the

Figure 16. Merged pores inducing low sphericities (adhesive B, high temperature curing).
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fabrication and the curing of the joint could bring elements to understand the
mechanisms leading to the trends seen in Figure 17.

7.4. Compactness

Similar considerations can be pursued to investigate the existence of concentra-
tion zones for pores in the plane of the adhesive joint (as opposed to the data
provided in Figure 17, where concentration zones along the direction normal to
the adhesive joint were investigated). To do so, a similar approach is used, and
define a compactness quantity C computed along the~z axis (see Figure 6a for
axis definition). Therefore, this C quantity will take the shape of a ½m; n� matrix
for a given segmented adhesive phase and a given joint (adhesive+pores+beads)
represented, respectively, by ½m; n; p� boolean matrices Madh and Mjoint, as it is
expressed in Eq.6. The value of C is an indicator of the effective thickness, by
analogy with Figure 17 and its corresponding discussion.

Cði; jÞ ¼
Pp

k¼1Madhði; j; kÞPp
k¼1Mjointði; j; kÞ

(6)

The resulting maps of the compactness C for all our experimental cases can be
found in Figure 18. From these data, it seems that there are no noticeable zones
for which the compactness of the adhesive joint is lower. In other words, there is
no part of the joint where pores are more abundant or bigger in the ðxyÞ plane.
As such, this would imply that the shift in curing temperature does not induce
any major changes in terms of planar distribution of the centroids of the created
pores and that the concentration mechanisms which appear to exist are occur-
ring along the thickness of the joint, as demonstrated by Figure 17.

(a) Effective sections throughout the thickness of the ad-

hesive joint (adhesive A)

(b) Effective sections throughout the thickness of the ad-

hesive joint (adhesive B)

Figure 17. Effective sections evolutions along the thickness of adhesive joints.
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This can be confirmed by analysing the distributions of the coordinates of the
pores for each segmented volume, as it is done in Figure 19. In these graphs, each
one of the three plotted lines shows the distribution of the coordinates x, y and z
respectively. The distribution of a given coordinate component (x, for instance)
is evaluated disregarding the values of the two others (i.e. y and z). Moreover,
these distributions are not evaluated in terms of numbers of individuals in each
kernel, but in terms of volumetric fraction of each kernel with respect to the
complete volume of pores. It should be noted that the count of each interval used
to compute these distributions has been normalised with respect to the total
number of individuals to obtain frequencies.

As it may be easily seen in Figure 19(a,d), there are no prevalent coordi-
nates for the pores centroids along the ~x and ~y which corroborates the

(a) Adhesive A, low temperature curing (b) Adhesive A, high temperature curing

(c) Adhesive B, low temperature curing (d) Adhesive B, high temperature curing

Figure 18. Compactness maps computed for all the adhesive joints under investigation.
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observations done in Figure 18. In addition, the concentration of the pores in
the middle of the joint following ~z can be quite clearly visualised, as
expressed earlier in this paper (Figure 17).

7.5. Local pores volumetric fraction

The data displayed in Figure 19(a,d) provide with knowledge about the number of
pores as a function of the coordinates, but any volumetric ratio consideration is left
aside in this approach. In order to obtain such information, the computation of
a local porosity ratio is suggested, hereafter referred to as ηloc, in a sliding window
sweeping the complete volume. The dimensions of said window can be selected

(a) Adhesive A, low temperature curing (b) Adhesive A, high temperature curing

(c) Adhesive B, low temperature curing (d) Adhesive B, high temperature curing

Figure 19. Pores coordinates distributions within the adhesive joint.
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arbitrarily, but it was chosen to use the sizes of the pores as a basis for their
calculation. The window used to compute these local ratios needs to be sufficiently
large to not be outweighedby large pores (i.e. not to yield caseswhere there are only
pore-related pixels in thewindow), but at the same time it needs to be small enough
to remain local. As such, a window size Δ defined with respect to the statistics
computed on the diameters distributions is used for each studied case, as expressed
in Eq.7. The resulting kernel sizes vary between 20 and 29 pixels. The size of the
window along~z is set equal to the joint thickness. Therefore, ηloc will be computed
in ½Δ;Δ; p� subvolumes within the complete adhesive joint.

Δ ¼ μd þ 4σd
� �

(7)

where μd and σd are the average diameter and the diameters standard
deviation for a given pores dataset.

The value maps for ηloc can be found in Figure 20. These maps are to be linked
with the data presented in Figure 18(a,d), as they give similar but complementary
information. Several conclusions may be extracted from these figures: (i) a higher
curing temperature does not induce local increase of porosity ratio, (ii) the
physico-chemical properties of the investigated adhesives do not impact this
quantity for the studied cases, and (iii) the only concentration zones are linked
to high diameters pores. These larger pores are hopefully the most uncommon as
well (as demonstrated by the diameters distributions displayed in Figure 14) and
usually created while spreading the adhesive on the bonding surfaces. There does
not seem to be a general trend once these peculiar values put aside, leading the
authors to conclude that there are no favoured sites for pores concentrations in the
place of the joint, may it be in terms of number or in terms of volumetric fraction.

Very high values for ηloc are reached in all the studied cases (up to 75% for the
adhesive B cured at 110°C), comforting the hypothesis that pores within an
adhesive joint are, to some extent, a threat to the mechanical strength of the
bonded structure.

8. Conclusion

Adhesively bonded samples were made for two different curing cycles and two
different bicomponent epoxy adhesives. These sampleswere placed in the chamber
of an X-ray tomograph, in order to characterise themicrostructure of the adhesive
joints. The goal of these measurements was to detect the pores created during the
bonding and during the curing inside the adhesive joints, and to investigate the
potential change of their properties depending on the adhesive formulation and on
the polymerisation cycle used to cure the materials. A segmentation-oriented
image processing tool was then developed, so as to process the resulting CT-
scans. This tool has been tried on artificial datasets to ensure its performances and
to check its limitations. There are multiple findings for this study.
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First, it has been shown that the curing cycle and the adhesive formulation could
have significant influences on the pores created during the manufacturing of the
joint. These differences could be explained by the disparities between the adhesives
in terms of texture and chemical compositions, but no tangible answer can be
provided at this stage of the study regarding these aspects. However, among the
two adhesives tested, one seemed to be relatively insensitive to the curing condi-
tions (adhesive A), as little to no difference was experienced for the curing cycles
used in this study. This implies that different adhesives may have different
sensitivities to the bonding and curing conditions, but the factors driving this
sensitivity remain unknown so far. Further information could be obtained through
in-situ X-ray microtomography observations during the curing of the materials.
Particularly, such experiments would provide interesting data regarding the effect
of the viscosity changes which happen during the curing, due to the increase in

(a) Adhesive A, low temperature curing (b) Adhesive A, high temperature curing

(c) Adhesive B, low temperature curing (d) Adhesive B, high temperature curing

Figure 20. Local pores volumetric fractions.
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temperature and to the cross-linking reaction. Directly related to the curing
reaction, the effects of the chemical shrinkage and of the residual stresses should
also be investigated, in spite of their relative difficulty to be quantified.

It was also shown that pores are likely to be concentrated halfway through the
thickness of the adhesive joint. Depending on the porosity volume fraction, this
could be a factor to take into account in mechanical dimensioning computations,
as the cross-section of the joint could be decreased by a noticeable and easily
detectable amount, and the proximity of several large pores could also create
preferred crack propagation paths since the adhesive bond would be locally
weaker. Therefore, it would make sense, for mechanical strength reasons, to
decrease as much as possible their creation during the bonding and the curing of
the adhesives, especially for critical industrial fields such as aeronautics or space
industry. Depending on the sensitivity of the material to the curing temperature,
this decrease in pores number and volumetric ratio could be achieved by optimis-
ing the curing cycle so as to be as complete as possible in terms of polymerisation
rate of the adhesive, and at the same time to be as low-temperature as possible. It is
common for adhesives manufacturer to provide advised curing cycles in their
datasheets, some of them being high-temperature cycles. This study shows that
even if these advised cycles result in a fully polymerised material, the induced
microstructure could trigger premature failure mechanisms, not necessarily for
basic loadings such as monotonic or even creep, but perhaps for cyclic and fatigue
loadings, or any long-term loading from a general standpoint. Working on the
curing cycles is however not the only solution, as it is conceivable to mix the
adhesive components in a vacuum environment, for example, which could
decrease the pores created during the mixing.
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A B S T R A C T   

Structural bonding is a beneficial technique extensively used in numerous industrial fields. This technique is 
however prone to structural defects such as pores, which are created during the mixing of the adhesive and 
during the shaping of the joint. Depending on their characteristics, these pores are likely to influence the me-
chanical behaviour of adhesively bonded joints, as they induce local decreases in the cross-section of the bonds 
and they may also create threatening stress concentrations. It is also fair to assume that the characteristics of the 
pores within an adhesive joint are subject to changes when the assemblies are submitted to external loads. In 
order to investigate these changes, adhesively bonded samples were made using two different bicomponent 
epoxy structural adhesives. These samples were placed inside an X-ray tomograph, containing a tensile machine. 
In-situ X-ray tomography measurements were made simultaneously with the application of a tensile load on the 
samples. It was therefore possible to characterise the porosity states of each sample under mechanical loading, 
and to compute various quantities (porosity volumetric ratio, the pores number, equivalent diameters distri-
butions, etc.). It was found that the pores in the joints are impacted by the increasing mechanical stress, resulting 
in pore nucleation, pore growth and coalescence. Moreover, the present study shows that this microstructural 
behaviour cannot be generalised, as different adhesives may display different properties.   

1. Introduction 

A wide range of industrial fields nowadays use structural bonding for 
their applications, such as aeronautics, automotive or renewable en-
ergies. This extensive use is explained by the many advantages adhesive 
bonding features as opposed to bolting or riveting: multimaterials as-
sembly capabilities, decrease in weight, preserved structure integrity, 
etc. Unfortunately, this technique also has disadvantages [1]: the quality 
of the bond highly depends on the bonding process (surface treatment, 
curing, etc.) [2], the mechanical behaviour of structural adhesives is 
non-linear and difficult to model accurately, and bonding defects are 
very likely to happen during the shaping of the joint. These imperfec-
tions, often unavoidable, include the presence of pores within the ma-
terial. These pores, created during the mixing of the adhesive 
components and during the shaping of the adhesive joint, can be a threat 
to the good mechanical strength of the bond: they damage the integrity 
of the material, they decrease the cross-section of the joint, and they can 

induce unwanted stress concentrations. These pores being structural 
defects inside the adhesive joint, it is fair to hypothesise that they could 
have an influence on the mechanical properties of a bonded assembly. 
To validate this assertion, it is however essential to be able to detect 
these pores inside an adhesive joint. 

X-ray microtomography is a fairly popular solution to detect and 
visualise such entities located in a bulk of a medium. This technique is 
increasingly used in materials science due to its various advantages as it 
is detailed by Buffi�ere et al. [3]: it is non-destructive, the measurements 
are three-dimensional, it allows the visualisation of the internal struc-
ture of non-transparent media, etc. Moreover, depending on the tomo-
graph, the resolution of the measurements can be lesser than 1 μm, 
which is a quite attractive feature for damage and defects detection. 
That is why this tool has been used in the past on a variety of materials 
for similar purposes such as alloyed metals and composite materials. For 
instance, Liu and Bathias studied the effects of the presence of pores in a 
Aluminium alloy reinforced composite in terms of tensile and fatigue 
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properties [4]. In a similar fashion, Breunig et al. managed to detect 
fibre fracture and interface debonding in a SiC/Al MMC material under 
wedge and 3-points bending loadings using X-ray tomography [5]. 
Polymeric materials were also studied using such a technique: in 
particular Garcea et al. succeeded in visualising cracks in a polymer 
composite [6], in spite of the many experimental issues specific to X-ray 
measurements performed on these materials. Notably, the authors used 
the reconstructed volumes to build a Finite Element Model, so as to be 
able to predict both damage initiation and propagation in the material. 
As far as damage characterisation is concerned, in-situ microtomography 
measurements are particularly useful, as they enable the tracking of both 
the appearance and the evolution of damage-related phenomena under 
mechanical stress (crack propagation, pores coalescence, delamination, 
etc.), as shown in numerous studies carried on by the teams of Maire, 
Adrien and Buffi�ere [7–11]. Most of these reference works take advan-
tage of in-situ X-ray tomography to characterise materials under various 
types of loadings: metals under tensile loading [10], polymeric syntactic 
foams under compression [11], metal matrix composites loaded in 
tension [8], etc. 

On the subject of polymers, a few studies may be found in the 
literature. A commonly found topic is the fabrication of polymeric 
structures by means of additive manufacturing processes. These tech-
niques tend to generate voids in the resulting materials, which are easily 
studied using X-ray microtomography. For instance, a paper released by 
Pavan et al. in 2016 characterised the porous network of laser-sintered 
polyamide structures, for different sizes [12]. It was found that the 
size of the structure had a significant influence the characteristics of the 
voids created during the process. More recently, Wang et al. proposed a 
micromechanical model in order to characterise the mechanical 
behaviour of 3D-printed polymers [13]. Nonetheless, few studies may be 
found specifically on adhesives, and even more so regarding adhesively 
bonded assemblies. This is probably explained by the a priori low risk of 
pore creation for these materials when compared to additive manufac-
tured polymers. X-ray tomography has been fairly recently applied to 
the field of structural bonding, but mainly to characterise the interfaces 
between adhesives and adherend. For example, Schwarzkopf [14] used 
tomography measurements coupled with simulations to build a micro-
mechanical model of adhesive-wood interfaces. McKinley et al. [15] 
took advantage of this experimental technique to characterise the 
bonding process and the penetration of the adhesive in the fibrous 
structure of wooden pieces. Virtually no attention has been given to the 
precise study of the microstructure of adhesive joints, whereas it may be 
an important factor to describe macroscopic phenomena, such as crack 
propagation. It should however be reminded that microtomography is 
not the only experimental technique able to quantify the porous state of 
polymers, or materials in general. For instance, one can use gas sorption 
and Hg injection, as it has been done by Rohr et al. [16] for porous resins 
derived from acrylate monomers. Such techniques are able to provide 
valuable data for extremely small pores, which cannot be visualised 
through X-ray tomography. However, it should be noted that less 
extensive knowledge regarding the geometry of the pores is obtained 
using these techniques, and they may not be suited to the study of 
bonded assemblies for in-situ testings, for example. 

In this paper, the authors characterise the effect of an out-of-plane 
tension stress on the detectable pores included in adhesives joints 
using in-situ X-ray microtomography measurements. This is achieved on 
bonded assemblies, using two bicomponent epoxy adhesives. This 
characterisation is performed for various values of the applied load, in 
order to track diverse porosity-related quantities, such as the number, 
the volume fraction, the diameters distribution etc. A discussion on the 
results is finally proposed, so as to explain the highlighted phenomena. It 
should be reminded that this aim of this study is not the absolute 
characterisation of the porous network of these materials, but the 
detection of phenomena achievable with state-of-the-art laboratory to-
mography on adhesively bonded assemblies. 

2. Preparation of the samples 

2.1. Design 

The samples used in this study are butt-joint samples, bonded using a 
structural bicomponent epoxy adhesive. The dimensions of the samples 
are kept relatively small, in order to fit in the tomograph used for the 
tests campaign. As such, they are designed to feature a 6 � 6 mm2 

bonded surface (Fig. 1a). These samples are waterjet cut from 
aluminium 2017A Scarf samples to form a rake-shaped pattern as shown 
in Fig. 1b. Each specimen is then to be cut from its Scarf base after the 
curing (Fig. 1c), as it is detailed further. 

A standard surface treatment procedure is applied to the samples to 
obtain good adhesion conditions. This treatment sequentially includes 
acetone degreasing, grinding with grade 180 sandpaper, and a final 
acetone cleaning. These steps ensure the removal of any oily impurities 
and oxide layers which could have been formed during the machining, 
the storage and the handling of the substrates. 

As it has been stated in the introduction section, the study is per-
formed on two different bicomponent epoxy adhesives (adhesive A and 
adhesive B). Adhesive B is commercially known as the HuntsmanTM 

Araldite 420 adhesive. The trade name of adhesive A cannot be 
communicated for reasons of confidentiality. A few general properties 
are given in Table 1. These adhesives have similar curing properties in 
terms of duration and temperature, according to the datasheets provided 
by the manufacturers and to Differential Scanning Calorimetry (DSC) 
measurements. The mixing of the components is performed with a 
planetary mixing device (1500 rpm for 7 min) in order to guarantee 
homogeneity. 

The HuntsmanTM Araldite 420 is an epoxy-based adhesive with a 
bisphenol A diglycidyl-ether prepolymer and a diamine hardener mixed 
in stoichiometric conditions. The adhesive A is also an epoxy-based 
adhesive, with a bisphenol A epichlorohydrin prepolymer, and a tita-
nium dioxide charged propylamine hardener. 

The adhesives were spread on the bonded surfaces using a stainless 
steel spatula, and the two Scarf substrates are then assembled together 
(Fig. 1c) with a specially designed setup. The role of this setup is to 
control both the alignment of the substrates and the thickness of the 
adhesive joint. In this work, the thickness is set to 0.4 mm, using cali-
brated spacers (Fig. 1c). 

The Scarf assemblies are then put inside a Memmert UF110þTM 

thermal chamber to be cured (1h10 at 110 �C). DSC tests were per-
formed on the adhesives thusly cured, to check that the polymerisation 
rates were above 95% (i.e. that the adhesives can be considered to be 
fully polymerised). 

Finally, the microtomography samples (Fig. 1a) were waterjet cut 
from their Scarf base (Fig. 1b), and threaded holes are machined at each 
end so as to apply a mechanical load. 

3. Experimental method 

3.1. X-ray tomography principle 

The interested reader may find detailed information on this partic-
ular matter in Ref. [17]. 

Microtomography is a non-destructive, three-dimensional imaging 
technology originally developed and used for medical applications [3, 
18]. As such, it quickly became of interest for materials science, as it 
allows researchers to access data from the bulk of a non-transparent 
material. Moreover, these data are three-dimensional, with a resolu-
tion down to 1 μm per pixel [3]. 

The technique relies upon the variation of the X-ray attenuation 
phenomenon within an inhomogeneous material, when crossed by X-ray 
beams. This variation, closely linked to the internal structure of the 
medium, can be used to reconstruct the complete volume of the 
observed sample. To do so, the investigated volume is exposed to X-rays 
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along various propagation paths using different angular positions 
(Fig. 2). The gathered data from the X-ray detector (Fig. 2) for each of 
these paths allow for the reconstruction of the complete volume by 

means of a reconstruction algorithm, provided by the manufacturer of 
the tomograph. More information about the possible reconstruction 
techniques may be found in Ref. [17]. The reconstruction step allows for 
the visualisation of the map of the linear attenuation coefficient μðx;y;zÞ, 
which results from the X-ray attenuation phenomenon within the ma-
terial. This coefficient being inherently linked to the medium structure, 
the spatial map of μðx; y; zÞ is equivalent to the spatial reconstruction of 
the medium microstructure. 

In the following paper, it is assumed that this technique is reliable 
enough to give an accurate description of the microstructure of the 
investigated joints. This is moreover validated by comparing the di-
mensions of substrates measured by an optical microscope on one hand 
and by the tomograph on the other hand. A gap lesser than 0.15% was 

Fig. 1. Modification of SCARF geometries for in-situ tomography applications2.2. Bonding and curing.  

Table 1 
A few properties for the considered adhesives.  

Property Adhesive A Adhesive B 

Texture paste-like paste-like 
Known fillers  glass beads 
Glass transition temperature (DSC) e90 �C  e60 �C  
Young’s modulus [MPa] 1400 2000 
Poisson ratio [� ] 0.33 0.41  

Fig. 2. Tomography measurements principle.  
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found. 

3.2. Test procedure 

The tomograph used in the following study is a PhoenixTM VtomeX 
equipped with a 1920x1536 pixels Varian PaxscanTM X-ray detector. The 
chamber of this tomograph includes a 3 kN electromechanical tensile 
machine to perform in-situ measurements as shown in Fig. 3. The ra-
diograms (Fig. 2) delivered by the detector are 16-bits greyscale pic-
tures, to be used by the reconstruction software to build the 3D volume 
of the investigated sample. The measurements are performed with a 
voxel size of 4.5 μm � 4.5 μm x 4.5 μm, which is the best achievable 
resolution with respect to the dimensions of the samples. As it is shown 
in Fig. 2, attenuation data for several propagation paths (i.e. several 
angular positions of the sample with respect to the X-ray beam) are 
needed. For these measurements, 1200 radiographs were recorded 
during the 360� rotation (Fig. 2) with an exposure time of 500 ms each, 
resulting in an acquisition time of roughly 10 min. The X-ray source was 
operated with a voltage of 80 kV and a current of 280 μA. 

This was performed for various tensile loads in order to investigate 
the influence of the application of a mechanical stress to the detected 
pores in the adhesive joints. During the acquisition time, the displace-
ment of the moving part of the tensile machine was stopped (Fig. 4). The 
displacement was then increased to proceed to the next step, with a rate 
of 0.4 mm min-1. This process was continued until the failure of the 
sample. The resulting load on the samples is shown in Fig. 5. It is clear 
that the load is evolving for each step, especially for the higher levels, 
due to stress relaxation mechanisms. In order to reduce the influence of 
this phenomenon on the measurements, a stabilisation time is kept 
before launching the acquisition. 

3.3. Tomographic data processing 

The main challenge is to isolate the different phases in the recon-
structed volumes: the air in the pores, the adhesive, and the aluminium 
substrates. If the adhesive contains glass beads or other mineral charges, 
such as the adhesive B, they are included in the substrates phase, for they 
appear at similar greyscale levels. This step, known as segmentation, is 
very common in image processing and a large number of methodologies 
has been suggested to segment greyscale or colour data. 

An easy approach is to use one or several thresholds depending on 
the number of phases to be segmented. These thresholds divide the 
pixels in the data depending on their greyscale level, to form the desired 
phases. The value of the thresholds can be chosen, or preferably 
computed by means of various algorithms [19]. 

Other methodologies, which do not rely on thresholds, also exist. 
Among these, the watershed algorithm [20] was successfully applied to 
image segmentation [21]. Another popular approach is to use region 
growing algorithms [22], adapted from the random walker probabilistic 
model [23]. Due to the shape of the histogram of the reconstructed 
volumes (Fig. 6), a threshold-based method is chosen: the three phases 
within the material are well-defined (see the peaks on the histogram in 

Fig. 6). 
The thresholds are calculated using Otsu’s method [24]. This method 

optimises the thresholds values so as to obtain maximal inter-phase 
variance in terms of pixels greyscale levels. Firstly introduced for the 
calculation of one threshold to segment bimodal data, it may also be 
generalised to a greater number of thresholds [24]. In the scope of this 
study, two thresholds are needed (i.e. multithresholding), in order to 
segment trimodal data (Fig. 6). Thresholding is however sensitive to 
measurement noise; that is why a contour-preserving [25] 
three-dimensional median filter is previously applied to reduce this 
disturbance. The kernel size of this filter is set to 5 voxels. As a result, all 
the segmented objects whose size is lesser than that of the kernel of this 
filter were removed (which roughly corresponds to a 22 μm pore 
diameter, since too high of an uncertainty impacts their segmentation). 

The volumes are then segmented using the computed thresholds, 
resulting in the data shown in slices to Fig. 7. 

The segmented volumes are then screened to remove segmentation 
errors or unwanted objects (i.e. pores whose volumes are lower than the 
median filter kernel size, for instance). Finally, connected components 
analysis can be performed on these screened volumes to obtain various 
geometrical and statistical quantities. 

In order to investigate the influence of the measurement noise on the 
segmentation, artificial tomographic results were generated, in such a 
way they resemble the experimental volumes as well as it is possible at 
this stage of the study, in terms of greyscale levels, noise, and pores sizes. 
In particular, the experimental noise was estimated by subtracting two 
microtomographic acquisitions of the same volume. The standard de-
viation of the resulting greyscale levels was then used to generate an 
artificial Gaussian noise, to be applied on the synthetic volumes. The 
tool was then applied to these artificial datasets, and the detected pores 
numbers and pores volumetric ratios were compared to the values 
imposed during the creation of the artificial data. The results are pre-
sented in Fig. 8. 

From these data, one may notice that the error committed during the 
segmentation can be divided into two separate parts: a systematic error 
(i.e. a global offset from the reference values) and a punctual error, 
resulting in fluctuations around a mean value (Fig. 8c and d). 

The systematic error is expected to be a consequence of the pro-
cessing method itself. Since the pores from one load step to another are 
subjected to minor changes, this component of the error should lead to 
an offset between the actual experimental values and the detected 
experimental values, fairly independent of the applied load. On the 
other hand, the measurement noise varies from one load step to the next, 
and therefore may have a quantifiable influence on the results, mostly in 
terms of uncertainty on the detected quantities. This influence may be 
estimated using the standard deviation of the detected data in Fig. 8a 
and b. More precisely, it is possible to compute a relative error for each 
noise draw in Fig. 8a and b, and to extrapolate these error values and 
their statistics to the experimental data, so as to estimate the uncertainty 
on the detected results. 

Fig. 3. Experimental set-up.  
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4. Results 

4.1. Porosity volumetric ratio and number of pores 

As these tomographic measurements were performed for various 
loads applied to the samples, it is possible to apply the analysis tech-
nique presented above to each dataset, in order to track the evolution of 
some characteristics that may be extracted from the segmented volumes. 
In a first stage, the following quantities shall be investigated: the 
porosity ratio η (Equation (1)), and the number of pores in the adhesive 
joints. 

η ¼ 100*
Vpor

P
i 2 phases Vi

(1)  

where Vpor is the volume of the pores and Vi is the volume of the phase i. 
Three-dimensional views of the detected pores in each adhesive joint 

(in their initial state) can be found in Fig. 9. An immediate observation 
that can be made is that the pores properties depend on the adhesive, 
since the segmentation yields very different results between adhesives A 
and B. 

These quantities are computed for each load step, and the results are 
given in Fig. 10 and Fig. 11. It should be noted that the porosity pre-
sented in Equation (1) is expressed as percentages in Fig. 11. The data in 
Figs. 10 and 11 feature error bars estimating the uncertainty caused by 

Fig. 4. Displacement steps applied to the samples.  

Fig. 5. Resulting load on the samples.  

Fig. 6. Histogram of a reconstructed volume and thresholds computed using 
Otsu’s method. 
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the experimental noise. These error bars were computed using the 
relative errors displayed in Fig. 8c and d. It should also be noted that the 
error bars in Fig. 11b are plotted but almost undistinguishable from the 
data. 

It appears from Fig. 10 that the two adhesives exhibit very different 
behaviours when the joint is mechanically stressed. The adhesive A 
shows an ever-increasing number of pores, which tends to suggest that 
voids nucleate all along the experiment. On the contrary, the behaviour 
of the adhesive B may be divided into two successive regimes. At first, 
the number of detected pores slowly increases, similarly to the behav-
iour of the adhesive A, until a critical load value Fcr (approximately 700 
N). Once this critical value is reached, there is an abrupt decrease in the 

number of pores from this Fcr value to the failure of the sample, which is 
typical of pores coalescence. Those two domains seem to be linear with 
respect to the applied load, as is the behaviour shown by the adhesive A. 
One may also notice that the adhesive A contains significantly more air 
voids than the adhesive B (Fig. 10, roughly between 2.8 to 3 more pores 
in the adhesive A than in the adhesive B). 

This piecewise definition is also valid for the porosity ratio in the 
adhesive B when it is plotted versus the applied load (Fig. 11). The 
transition between the first and the second regime for the porosity ratio 
occurs at the same Fcr as for the pores number. However, contrary to 
what could be expected from the data presented in Fig. 10, the second 
regime for the porosity ratio consists of a steeper increase of this 

Fig. 7. Data segmentation output (Adhesive A, initial state, sliced halfway through the joint thickness).  

Fig. 8. Comparison between imposed and detected properties for various noise draws in a synthetic dataset.  
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quantity. Even though this observation may seem paradoxical in a first 
stage, it could also be the appearance of a coalescence phenomenon, 
meaning that the pores are merging, rather than disappearing. This 
coalescence phenomenon has been widely observed and studied for 
various materials [26–28]. One may visualise this phenomenon, coupled 
with pore growth, on the CT-scans images, located in various sites. Once 
the segmentation is performed, it is possible to build the 3D geometry of 
the pores from the binary segmented volumes, and one may clearly see 
that the coalescence of the relevant pores has been correctly detected. 
One can also notice in Fig. 12a and b that in addition to the merging of 
the voids, the pores undergo an increase in volume and tend to expand. 

New pores also opened, through nucleation phenomena (Fig. 12b). 
Even though an influence of the applied load is detected using the 

segmentation tool, little to no changes can be pinpointed visually on the 
reconstructed volumes, as it is shown in Fig. 13. This is due to the fact 
the changes undergone by the material from the initial to the final state 
of the experiments are very tenuous. For most cases, these changes 
correspond to differences of a few pixels, which makes them difficult to 
visualise. 

Fig. 9. 3D view of the pores in the adhesive joints.  

Fig. 10. Number of pores detected in the adhesive A and the adhesive B versus the applied load.  

Fig. 11. Porosity ratios in the adhesive A and the adhesive B versus the applied load.  
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4.2. Equivalent diameters distributions 

The apparent absence of coalescence for the adhesive A could be 
explained by the very different characteristics of the corresponding 
detected pores field. This difference may be highlighted by the com-
parison of the distribution of the equivalent diameters of the voids, as 
already suggested for the comparisons in the initial state (see Fig. 14a 
and b). The equivalent diameter of an object is defined as the diameter of 
the sphere featuring the same volume. 

It is obvious from Fig. 14a that the large majority of the pores in the 
adhesive A are rather small (the average diameter being of approxi-
mately 36 μm), while the average diameter for the adhesive B is roughly 
1.6 times greater (e57 μm, Fig. 14c and d). Due to the limitations in 
terms of measurement resolution, and given the shape of the distribution 
presented in Fig. 14a, one could possibly conclude that there are some 
data and phenomena related to adhesive A that cannot be detected in 
this test configuration. The shape of the diameters distribution given in 
Fig. 14a suggests that there is a fair number of pores whose diameters 
are lesser than 20 μm going undetected. 

It is worth noticing that the fluctuations of the statistics of the dis-
tribution for the adhesive A are one order of magnitude lower than those 
for the adhesive B (Fig. 14c and d), and therefore should be pondered 
with respect to the resolution of the measurements. One possible 
conclusion would be that very few changes of the microstructure are 
occurring for the adhesive A. This could be confirmed by Fig. 14e, which 

shows seemingly identical distributions, contrary to Fig. 14f, for which a 
slight offset towards the increasing diameters is observed. This corre-
sponds to the increase of the average diameter shown in Fig. 14d and 
visible in Fig. 12. 

4.3. Pores shape 

The extracted pores seem to be spherical in all the investigated cases, 
as it is suggested by Fig. 12. It is possible to quantify this roundness, for 
each individual, by computing its sphericity Ψ as shown by Wadell [29]. 
This quantity, defined by Equation (2), is useful to characterise the 
similarity between a particle of volume Vp and of area Ap, and a sphere. 

Ψ¼
π1

3
�
6Vp
�2

3

Ap
(2) 

Thanks to connected components analysis, it is easy, for each 
segmented pore, to access its volume and its area, and therefore to 
compute Ψ . This allows to track the possible variations in shape that may 
occur during the application of a mechanical load. The corresponding 
data is displayed in Fig. 15. 

From the data in Fig. 15a and b, it is clear, as it was assumed, that the 
large majority of the pores, are quasi-spherical for both adhesives. One 
may also spot a few values greater than 1, especially for small equivalent 
diameters, which is seemingly paradoxical. This is due to the effect of 
voxelisation which can lead to slightly erroneous areas calculations, as it 
is explained in Ref. [30]. 

Even if the data provided in Fig. 15a and b are very exhaustive and 
give a good visualisation of the pores shapes for a given load state, due to 
the large amount of points it is difficult to extract a trend from one point 
cloud to another. In order to do so, it was chosen to compute the average 
point for each point cloud, as shown in Fig. 15c and d. These average 
points are simply located at the coordinates ðμd;μΨ Þ, μd being the mean 
of the equivalent diameters and μΨ being the mean of the sphericity 
values. The error bars on these figures are calculated using the standard 
deviations of the equivalent diameters and the sphericities respectively. 
These graphs highlight the shift occurring towards the decreasing 
sphericities, especially in the case of the adhesive B (Fig. 15d). This 
result seems consistent with the application of a mechanical load, as the 
initially spherical pores (due to the surface tension) are slightly 
deformed into ovoids due to the normal stress applied to the adhesive 
joints. 

This leads to the conclusion that the geometrical transformations 
undergone by the pores within an adhesive joint under mechanical 
loading are strongly influenced by the nature of the adhesive (i.e. me-
chanical properties, chemical formulations, fillers, etc.): even though 
both adhesives A and B are bicomponent epoxy adhesives, the pores in 
the adhesive B are more prone to changes that those in adhesive A. These 
changes being mainly growth and coalescence, it is plausible that they 
may contribute to premature failure mechanisms. 

Fig. 12. Coalescence sites visualised for two different load levels, adhesive B.  

Fig. 13. Reconstructed volumes sliced in the middle of the bonded surface.  

V. Dumont et al.                                                                                                                                                                                                                                

221



International Journal of Adhesion and Adhesives 99 (2020) 102568

9

It is also important to investigate the influence of the spatial local-
isation of the pores on their sphericity. In a first stage, the influence of 
the position in the ðxyÞ plane is studied (see in Fig. 12 for the plane 
definition), as presented in Fig. 16. Only the data for the initial state 
(F ¼ 0 N) are displayed, since they are sufficient to analyse the influ-
ence of this factor. 

No significant influence of the coordinates along x! and y! can be 
evidenced so far, regardless the adhesive. In particular, it seems that the 
proximity of the edges of the substrates does not impact the roundness of 
the pores. However, due to the significant decrease in sphericity caused 
by merged pores, it is rather difficult to extract a trend for the variation 

of Ψ with respect to the localisation in the plane of the adhesive joint. 
This trend is expected to be undetectable on the sphericity maps in 
Fig. 16. Another convenient way to study this effect is to consider the 
radial distance of the pores with respect to the central axis of the ad-
hesive joint (collinear with the z! axis, Fig. 12). This radial distance is 
computed using Equation (3). 

ρ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx � xcÞ
2
þ ðy � ycÞ

2
q

(3)  

where x and y are the coordinates of the centre of a given pore, and xc 
and yc are the coordinates of the centre of the joint. 

Fig. 14. Comparison of the diameters distributions and evolution of their statistics.  
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Such an approach allows for a better visualisation of the effect of the 
pore localisation on its shape, even though it is downgraded to a 1D 
quantity where Fig. 16 featured a 2D mapping. The corresponding re-
sults are plotted in Fig. 17, for the initial load and the final load. 

The data in Fig. 17a and b show a fairly interesting trend, which was 
somehow overlooked in the sphericity maps in Fig. 16. For both the 
studied adhesives, it seems that the roundness of the pores decreases 

with the radial distance to the centre of the joint. This could be explained 
by an effect of the surrounding material being different depending on 
the position within the joint (i.e. a confinement effect more homoge-
neous for a pore near the centre than for a pore close to the edges). 
Moreover, the decrease in sphericity caused by the application of a 
mechanical stress can also be seen in these curves, similarly to Fig. 15c 
and d. Nonetheless, an additional aspect is brought to light in Fig. 17: the 

Fig. 15. Influence of a mechanical load on the sphericities of the pores.  

Fig. 16. Sphericity maps with respect to the coordinates along x! and. y!
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decrease seems to be more localised in the centre of the joint for the 
adhesive A, while it is more homogeneously distributed for the adhesive 
B. One may even notice a seemingly more intense decrease near the 
edges (radial distance above 2500 μm, Fig. 17b). One may argue that it is 
a manifestation of the transversal strains caused by the tensile stress on 
the adhesive. This explanation could be supported by the fact that the 
Poisson ratios of the two adhesives are different (Table 1), that of the 
adhesive B being greater than that of the adhesive A. Therefore, the 
subsequent transversal strains being greater, the Poisson effect would 
explain the difference in behaviour for the considered adhesives. 

Similar considerations can be made for the position of the pores 
centroids along z!, displayed in Fig. 18. 

The pores featuring the lowest sphericities tend to be located near the 
middle of the adhesive joint following z!, for both the adhesive A and 
the adhesive B. This could be explained by the fact that they are larger 
and more numerous in these parts, as shown later in this study. These 
characteristics are prone to induce segmentation errors for agglutinated 
pores, which are sometimes incorrectly merged into one unique binar-
ised connected component during the segmentation. An example of such 
defects may be found in Fig. 19. It is also possible to encounter actually 
merged pores, which probably coalesced during the curing. It is also 
clear that these coalescence phenomena are more likely to happen in the 
areas where the pores are bigger and more plentiful. 

4.4. Effective section 

The effective section is defined in Equation (4) as the ratio between 
the surface of adhesive SFk

adh and the surface of joint (
P

i 2phases
SFk

i ). Each 

quantity in Equation (4) exists for all the applied loads Fk, resulting in 
the following expression for the effective section ΣFk

eff . 

ΣFk
eff ¼

SFk
adh

P
i 2phasesS

Fk
i

(4) 

This quantity can be computed for each reconstructed slice along the 
z! axis (see Fig. 12 for the z! axis definition). It provides information 
about the concentration zones of pores along this axis, which is also the 
loading direction. Moreover, by computing Σeff for various mechanical 
loads, it is possible to monitor the evolution of these concentration zones 
within the thickness of the adhesive joint. Fig. 20 displays these evolu-
tions for both adhesives A and B. 

Both of the investigated adhesives feature lower effective sections 
approximately halfway through the thickness of the joint. This is 
explained by the fact that the largest pores tend to be located in the 
middle of the joint, as demonstrated by Fig. 21. The pores tend also to be 
more numerous in this region (Fig. 22). Furthermore, the application of 
a tensile loading accentuates this trend (dashed curves in Fig. 20a and 

Fig. 17. Effect of the radial distance on the sphericity of the pores.  

Fig. 18. Sphericities fluctuations along. z!
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b). 
Several possible explanations of this phenomenon can be expressed. 

Due to the applied tensile loading, the Poisson effect along the x! and y!, 
coupled with the expansion of the pores along z! (suggested by the 
modification of their sphericities, Fig. 15), could contribute to the 
reduction of the effective section. 

Moreover, as shown in Figs. 10 and 11, the application of the tensile 

load tends to nucleate new pores (which may or may not coalesce af-
terwards), resulting in an increasing porosity ratio. It is therefore a 
similar observation that is made in Fig. 20, except that instead of being 
volumetric quantities (such as the porosity ratio, see Equation (1)), it is 
merely planar (surfaces in Equation (4)). 

One may notice that rather low values of Σeff are reached in the case 
of the adhesive B (Σeffe0:93 in the worst case). An impact on the 

Fig. 19. Segmentation defects and coalescence inducing low sphericity values (adhesive B, halfway through the joint thickness).  

Fig. 20. Evolution of the effective sections Σeff of adhesive joints under tensile mechanical loadings.  

Fig. 21. Equivalent diameters of the pores plotted versus their location along z! (initial states only).  
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mechanical strength of the assembly could be expected from these low 
Σeff , especially due to the fact that the higher the load, the more Σeff 

decreases. Even in the scope of an approximate dimensioning, based on 
average stresses in the adhesive joint, the effect of such a decrease in the 
effective section is easily evidenced. In the case of the adhesive B, the 
application of a 900 N load on a 36 mm2 bonded surface results in an 
average stress of σ ¼ 25 MPa. However, by taking into account this 
reduction in terms of effective surface, the average stress rises to σ ¼ 27 
MPa, i.e. an 8% increase. In addition to this point, the stress concen-
trations induced by the presence of pores suggests that, depending on 
their characteristics (size, relative spacing, etc.), their impact on the 
mechanical behaviour (in the context of both the strength of materials 
theory and the fracture mechanics theory) could be significant, such as 
premature failures due to unexpected stress concentrations in a low 
effective section zone of the bond. 

5. Conclusion 

Samples were bonded using structural epoxy adhesives in order to 
perform in-situ microtomography measurements under mechanical 
loads. Two adhesives were studied under out-of-plane tensile loadings, 
to investigate the influence of the applied load on the pores inside the 
joint. Using a specially designed segmentation tool, the tomography 
reconstructed volumes were segmented into their different constitutive 
phases. The isolated pores were firstly characterised using global 
quantities over the whole joint, such as their number and their volu-
metric fraction. It was shown that, depending on the adhesive, the evi-
denced phenomena were different: in both cases the tensile load induce 
the nucleation of new pores, but coalescence was experienced for only 
one of the materials. At this stage of the study, no particular explanation 
of this variation in behaviour can be brought into light. 

The geometrical properties of the created pores were also studied. 
The distributions of their equivalent diameters showed different char-
acteristics from one adhesive to another, and the impact of the tensile 
loading on these distributions was also quantified. Moreover, the 
computation of their sphericity demonstrated that the pores tend to 
deform from quasi-spherical into ellipsoidal entities. 

Finally, the effective sections of the adhesive joints were calculated 
in all the investigated cases, resulting into two main conclusions. Firstly, 
the pores tend to be larger and more numerous halfway through the 
thickness of the adhesive bond, resulting in a fairly low effective section 
in this region of the joint. Secondly, this tendency is intensified by the 
application of a mechanical load, leading to even lower effective sec-
tions. This is an indicator of the threat that can be induced by the cre-
ation of pores in these materials. It can be easily understood that such 
structural defects can lead to stresses higher than expected, either due to 

precisely this decrease in effective section, or due to stress concentra-
tions; and therefor trigger the premature mechanical failure of the 
assembly. 

Another lead for future research worth to be mentioned is the pos-
sibility to perform a finer characterisation of the microstructure of such 
materials, either through X-ray microtomography with a higher reso-
lution, or using other experimental techniques, such as N2 sorption and 
Hg injection. Such experiments would provide interesting information 
regarding the minimal size of pores encountered in these materials, but 
significant difficulties are expected for them to be employed on assem-
blies. Therefore, at a first stage, a study on bulk samples would likely 
yield better results on this aspect. 
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2. Caractérisation et modélisation des assemblages structurels par collage

2.6 Modèles de comportement thermomécanique
Comme annoncé en introduction, l’un des objectifs de ces études est la mise en place

de stratégies de modélisation de ces assemblages collés, de manière à mieux prédire
le comportement mécanique, soumis à des chargements multiaxiaux complexes, en
s’appuyant sur des caractérisations expérimentales adaptées aux modèles proposés.
Bien que ces adhésifs soient essentiellement des polymères avec un comportement
visqueux [107], [108] plus ou moins prononcé, le transfert de charge entre les composants
du joint collé est généralement lié à leurs propriétés pseudo-élastiques instantanées
[109]. Cependant, le comportement visqueux représente une caractéristique majeure des
matériaux adhésifs polymères. Par conséquent, la compréhension de ces phénomènes
est importante pour prédire avec précision la défaillance ainsi que la durée de vie
des structures collées. Plusieurs modèles ont été développés au fur et à mesure de
différents projets. Certains adhésifs peuvent être modélisés très simplement, en se
limitant uniquement aux mécanismes de déformation élastiques ou viscoélastiques [107].
De manière plus générale, il a été montré qu’un modèle élasto-plastique [110], [72]
pouvait être parfaitement adapté pour prédire le comportement de ce type d’adhésif en
intégrant la dépendance du comportement mécanique à la pression hydrostatique. La
nécessité d’une meilleure prédiction du comportement mécanique à long terme étant
une de mes préoccupations, nous avons alors proposé et intégré une dépendance du
comportement mécanique de la colle aux vitesses de déformation. Cela a permis d’enrichir
et de développer des modèles plus complets de type viscoélastique linéaire et/ou non
linéaire pour la prédiction du comportement des adhésifs.

Pour certains adhésifs, malgré les mécanismes de viscoélasticité introduits, la réponse
macroscopique de ces modèles ne conviendrait pas. En conséquence, nous avons opté
pour le développement de stratégies de modélisation plus sophistiquées qui s’appuient
sur un modèle élasto-viscoélastique-viscoplastique pour la description du comportement
mécanique d’adhésifs structuraux. L’idée principale est de disposer d’un modèle capable
de décrire de manière quasi exhaustive l’ensemble des mécanismes pouvant apparaître
au cours de la durée de vie de de tels matériaux, en considérant une grande variété
de chargements mécaniques et en s’intéressant au comportement jusqu’à rupture. La
loi de comportement développée à ce stade est alors basée sur deux modèles distincts
permettant tous les deux de rendre compte de l’influence de la pression hydrostatique :
un modèle spectral viscoélastique introduit dans les travaux de Maire [111] et un modèle
viscoplastique dérivé du modèle élastoplastique de Mahnken et Schlimmer [72]. Ces
deux modèles sont associés conformément à la décomposition additive suivante de la
déformation en trois composantes : élastique, viscoélastique et viscoplastique. Ce type de
modèle a été utilisé en particulier par Ilioni [46], [112] et dans les travaux de Dumont
[12] pour modéliser le comportement à long terme d’assemblages collés en intégrant la
dépendance des paramètres à l’hygrométrie ou à la température.
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Characterization and modelling of the viscous behaviour of
adhesives using the modified Arcan device
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The non-linear behaviour of an epoxy adhesive has been studied thanks to the use
of a modified Arcan test device. Multilevel creep tests have been performed in order
to characterize the time-dependent behaviour. A visco-elastic model has been chosen
to describe the behaviour of the adhesive. This model is based on the decomposition
of the visco-elastic strain into elementary viscous mechanisms. The non-linear
behaviour of the visco-elasticity is taken into account thanks to a non-linear function
which depends on the stress. A specific identification procedure based on a single
test has been proposed. Finally, the model has been validated using tests that have
not been used for the identification. The model proposed in this paper enables the
time-dependent non-linear behaviour of adhesives to be reproduced in a correct
manner.

Keywords: time-dependent behaviour; Arcan tests; visco-elasticity; temperature;
inverse identification

1. Introduction

Adhesively bonded joints present many advantages when assembling a range of diverse
materials. As compared with mechanical joints (bolts or fasteners), adhesively bonded
joints permit weight saving or the reduction of stress concentrations near the hole of
the mechanical joints that could be catastrophic for the strength of composite struc-
tures.[1] However, the load capability transfer of such joints is associated to the instan-
taneous elastic properties of the adhesive.[2] Indeed, it has been shown that adhesive
could exhibit time-dependent behaviour like classical polymers. This non-linear behav-
iour has been revealed in the literature thanks to different tests, with different loading
rates, using bulk specimens [3,4] or shear tests with thick adherent [5,6] specimens. A
review of the different tests used in the literature to characterize the behaviour of
adhesives, can be found in Da Silva et al. [7]. The time-dependent behaviour could also
be characterized using creep/recovery tests. While the tensile or shear tests at different
strain rates permit the study of the instantaneous non-linear mechanisms, the creep and
recovery tests permit the characterization of the long-term behaviour of materials.
Different experimental devices have been proposed in the literature to assess the long-
term behaviour of adhesives. Some authors perform creep tests thanks to the same kind
of device as the ones used for the monotonic tests i.e. bulk specimens or single (or
double) lap joint specimens.[8,9] However, these tests can be difficult to perform. For
instance, the use of bulk tests requires significant expertise in order to manufacture

*Corresponding author. Email: nicolas.carrere@ensta-bretagne.fr

© 2014 Taylor & Francis
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specimens without any defects.[10] Single or double lap joint specimens are more rep-
resentative of the adhesive inside a joint, but they present high-stress singularities near
the edges.[11] These edge effects could lead to the initiation of fracture at the interface
between the adhesive and the substrate and thus, could lead to a premature failure of
the specimen.[12] In order to overcome this problem, Cognard and his coworkers have
developed a modified Arcan device. This device permits (i) the adhesive to be sub-
jected to proportional multiaxial loadings and (ii) the edge effects to be strongly
reduced thanks to a specific geometry of the substrate.[13] It has been shown that using
this device, it is possible to characterize the non-linear behaviour of adhesives [14]
without premature failure as compared with classical specimens.[12] In the present
paper, this device will be used to characterise the time-dependent behaviour of an adhe-
sive using monotonic tests at different loading rates and creep tests.

The non-linear behaviour of adhesives is often described in the literature by (visco)
plastic,[15–18] which is characterized by a permanent strain and an elastic limit. Some
authors proposed using visco-elastic models. In this case, the visco-elastic strain is cre-
ated from the beginning of the loading. Moreover, theoretically, the visco-elastic strain
can be totally recovered. Many models can be found in the literature to describe the
visco-elastic behaviour. The simplest ones are based on rheological models (for
instance the Maxwell or the Kelvin–Voigt models). These models are characterized by
a single relaxation time which is sufficient. This is why some authors have proposed to
take into account more than one relaxation time.[19] However, these models are not
able to describe the non-linear evolution of the visco-elastic strain as a function of the
applied stress. In order to attain this goal, non-linear visco-elastic models have been
proposed.[20–22] These models permit the experimental results to be described in a
correct manner, but are difficult to identify and to implement in a 3D general finite
element (FE) code. However, it is obvious that for large strains, the behaviour is a
combination of visco-elastic strains and permanent strains. Some authors have proposed
visco-elastic and visco-plastic models to describe the behaviour of polymer-based
materials [23,24] or adhesives.[25] However, this kind of model is difficult to
implement and to identify.

The aim of this article is to propose a model able to describe the non-linear behaviour
of adhesives under various kinds of loading conditions (monotonic with different loading
rates, creep with different applied loads) using a non-linear visco-elastic model that only
necessitates a few tests to be identified. In order to attain this goal, it is first necessary to
obtain new experimental results that permit to show that a non-linear visco-elastic model
is adequate to describe the behaviour of adhesives subjected to monotonic tests. The
experimental procedure based on a modified Arcan test device is described in Section 2 of
this article. In this section, the model used to describe the behaviour of the adhesive is also
presented. The experimental results are presented in Section 3. The identification proce-
dure of the model that necessitates only two creep tests (one for the normal behaviour and
one for the shear behaviour) is also shown in this section. Finally, the last section is
devoted to the discussion of the effect of the viscous behaviour on the stress distribution
in the Arcan specimen and to the validation of the identification.

2. Methodology

2.1. Experimental procedure

In the present work, we have used the crash-optimized single-component epoxy adhe-
sive SikaPower®-498 (made of a rigid epoxy matrix containing soft, tough polymer
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inclusions that provide additional ductility to the adhesive layer). The cure cycle
provided by the manufacturer has been followed (1 h in a 180 °C pre-heated furnace)
to obtain a fully cured adhesive.

The bonding procedure is divided into the following steps:

� First, the surfaces that will be bonded are cleaned with sandpaper of granulation
180, in order to remove the layers of oxides or other impurities that can be
deposited on these surfaces.

� The next step is to degrease the surface using acetone, followed by cold air cur-
rent drying.

� The adhesive is applied on the two surfaces. The thickness of the adhesive is
controlled thanks to spacers that are removed before the test. The substrates are
maintained in this position during the curing process by two screws (see Figure 1
(a)) screwed with a torque screwdriver set to a torque of 2.5 Nm.

� The adhesive is cured following the curing cycle proposed by the manufacturer.

To generate different loading states, a previously developed [26] modified Arcan
apparatus is used (see Figure 2(a)). It enables tension or compression to be combined
with shear load, changing the orientation of the Arcan apparatus as compared with the
axis of the tensile loading system. For example, a pure shear loading in the adhesive
can be generated by positioning the Arcan apparatus as shown in Figure 2(b) (γ = 90°).
In order to apply a tensile shear loading, the Arcan apparatus must be positioned as
shown in Figure 2(a). Special fixing systems have been designed to fix the modified
Arcan device in order to prevent parasitic loadings (see Figure 2(c)). It has already
been shown in previous study that the use of this experimental device permits to obtain
very reproducible results.[27]

The relative displacement between the two substrates is measured thanks to a Digi-
tal Image Correlation System.[28] This is a system based on 3D digital image correla-
tion, which has two CDD synchronized cameras that can capture 1040 × 1600 pixel2

images. The focus of the images is ensured by two objectives with a focal length of
50 mm. The objectives are also equipped with polarizing filters. The contrast of the
images taken is ensured by a polarized light system with LEDs and polarizing filters.
The image acquisition frequency varies during the test. At the beginning of the tests
(elastic part), the frequency is one image per second; the frequency of the acquisition
increases (three images per second) when the pseudo-elastic limit is exceeded. The
value of the force is registered for each image acquired. In the following, DT

bonding procedure (b)(a)  geometry of the bonded specimens 

screw

substrate

substrate

spacer Adhesive

substrate

substrate

beak

adhesive

x

y

Figure 1. Presentation of the bonded specimens.
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(respectively DN) denotes the relative displacements of both ends of the adhesive in
the tangential direction x (respectively the normal direction y). FT (respectively FN)
represents the tangential component of the applied load (respectively the normal
component of the applied load).

Tests were performed using a hydraulic tensile testing machine (Instron Model
1342), with a maximum load of 100 kN and a thermal chamber (Servatin) available in
the laboratory (Figure 3(a)). The thermal chamber allows temperature variation between
−70 and 200 °C and humidity variation for temperatures between 0 and 100 °C, which
enables a wide range of test conditions. In addition, the thermal chamber has a view
glass, which allows us to use the optical 3D measuring system (Figure 3(b)). The time
required to stabilize the temperature inside the adhesive for a temperature range from
20 to 50 °C is 40 min. This time has been determined using a specific bonded
specimen with a thermocouple in the middle of the adhesive.

Figure 2. Modified Arcan apparatus.

(a) global view (b) Arcan device in the thermal chamber

thermal
chamber

tensile
machine

optical 
measurement 

system

modified 
Arcan 
device

view-glass

Figure 3. Presentation of the experimental configuration (tensile testing machine, thermal
chamber, modified Arcan device and optical measurement system Gom).
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2.2. Numerical procedure

The stress state being non-uniform in the adhesive, the analysis of the behaviour of a
bonded assembly using the modified Arcan device necessitates a numerical analy-
sis.[26] The aims of this numerical analysis are: first, to generate a numerical model
that allows us an easy integration in inverse identification procedure of the parameters
of the visco-elastic spectral model; and second, to analyse the influence of temperature
on the visco-elastic behaviour of the adhesive.

A 2D numerical model, under the assumption of plane strain, was achieved with a
dual purpose: first, to reduce computation time because the number of elements is
much lower in a 2D FE model and second, to highlight the beaks near the free edge,
which provide significant reduction in stress concentration near the free edge.

The geometry of the FE model is defined using the following parameters (see
Figure 4(a)): L = 50 mm, H1 = 20 mm. α = 30°, h = 0.1 mm, d = 0.5 mm, r = 0.1 mm
and e = 0.4 mm, where r is the radius of curvature of the free surface, which in reality
results from cleaning the adhesive and e represents the thickness of the adhesive which
in this case is equal to 0.4 mm.

The boundary conditions imposed are the following:

� the line CD of the inferior substrate (Figure 4(a)) is blocked,
� the load is applied on a reference point to which the line AB is attached. The

mesh is progressively refined near the edges (see Figure 4(b)). A study has been
performed in order to determine the number of elements necessary to obtain a
correct result (see the end of this section).

The mechanical behaviour of the two substrates is assumed to be linear elastic
isotropic, characterized by Young’s modulus E = 70 GPa and Poisson ratio equal to
0.34. The adhesive is modelled using a spectral thermo-visco-elastic model. This model
has first been proposed to describe the non-linear behaviour of polymer matrix compos-
ite especially under shear loadings [29,30] and polymer materials taking into account

Figure 4. Presentation of the geometries of the FE model of the bonded assembly: (a) specimen
with beaks and cleaned edges (not to scale) and (b) the mesh of the FE model. P1 and P2 are
used to define the relative displacement between the two substrates.
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the effect of hydrostatic pressure.[31] The behaviour of the adhesive is described as
follows

r ¼ Cðe� eth � eveÞ (1)

where r is the stress, C the elastic stiffness, e the total strain, eth the thermal strain and
eve the visco-elastic strain. The thermal strain eth is introduced in order to take into
account the residual stresses due to the manufacturing process, which have an influence
on the initial state of the adhesive as shown in [32]

eth ¼ aðT � T0Þ with a ¼ aI (2)

where α is the thermal dilatation coefficient and I the second-order unit tensor.
The visco-elastic strain eve is decomposed into a series of nt elementary viscous

mechanisms

_eve ¼ gðrÞ
Xnt
i¼1

_n
i
with _n

i ¼ 1

si
ligðrÞSR : r� n

i

� �
(3)

The function gðrÞ which depends only on stress permits the possible non-linear nature
of the viscosity to be described. The fourth-order tensor SR is the visco-elastic compli-
ance. It is worth mentioning that gðrÞ and SR are the same for all the elementary vis-
cous mechanisms, and these mechanisms only differ by their relaxation times τi and
their weights μi. The function gðrÞ is divided into a linear part and a non-linear part

gðrÞ ¼ 1þ wðrÞ withwðrÞ ¼ K r : SR : r
� �p=2

(4)

where K and p are material parameters that must be identified.
The parameters τi and μi introduced in Equation (3) are, respectively, the relaxation

time and the weight associated to the ith elementary viscous strain n
i
. These two quan-

tities defined the spectrum of the relaxation time (which gave its name to the model)
that is supposed in the present article to have a Gaussian form.

si ¼ exp nið Þ and li ¼
1

n0
ffiffiffi
p

p exp � ni � n0
nc

� �2
 !

li ¼
liPnt
i¼1 li

(5)

where n0 and nc are two material parameters that must be identified. ni is comprised
between two limits n1 and n2 that permit to eliminate the too low or too high relaxation
times. To illustrate this point, the relaxation times and the associated weights are shown
in Figure 5 for nt = 30 elementary viscous mechanisms, n1 = −20, n2 = 30, n0 = 5 and
nc = 10.

The visco-elastic compliance SR has the same symmetry as the elastic ones. It is,
thus, defined by two parameters, for instance, the visco-elastic Young’s modulus Er and
the visco-elastic Poisson ratio νr.

This model has been implemented in Abaqus via a UMAT subroutine.[33]
Only two tests are necessary to identify this model: a multiple stress level creep test

under shear loading and another under tensile loading. The inverse identification
procedure is explained in Section 3.2.

A parametric study has been performed in order to highlight the influence of the
number of elements in the thickness of adhesive, on the macroscopic curve relative dis-
placement of the substrates. Two models were analysed: the first model, named model

6 C. Badulescu et al.
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a (see Figure 6), that includes five elements in the thickness of the adhesive, and the
second model, named b, that includes 80 elements in the thickness. The parameters of
the visco-elastic model have been chosen to be representative of a classical non-linear
behaviour of a polymer. The load imposed on the two models corresponds to a multiple
stress creep/recovery test (see Figure 6). It was observed that for the two models,
the macroscopic curve force vs. relative displacement remains closed. Therefore, in the
following, model a has been chosen, because the computation time decreases from
75 min for model b to 4 min for model a.

3. Results

3.1. Experimental results

In this paper, we have focussed on the shear behaviour (using the modified Arcan
device with γ = 90°), because the non-linear behaviour is greater for this kind of load-
ing as compared with the tensile loadings (γ = 0° with the Arcan test device). Two
kinds of tests have been performed: monotonic tests in order to determine the general
behaviour of the adhesive and multiple creep tests at different stress levels (to identify
the visco-elastic behaviour). These tests have been performed at two different tempera-
tures: 20 °C (room temperature) and 50 °C temperature, inferior to the glass transition
temperature of the adhesive studied here.

The results of the two monotonic shear tests performed with a displacement rate of
the tensile testing machine crosshead of 0.5 mm/min, for the two different temperatures
mentioned above, are plotted in Figure 7. DT stands for relative displacement in the
tangential direction of the joint between the two adherents, and FT stands for the load
applied.

These tests allowed us to have a general view of the behaviour of the bonded
assembly for the two temperatures. It can be observed from Figure 7 that the fracture
load is about 25% smaller for a temperature of 50 °C than for a temperature of 20 °C
(while the fracture strain is slightly bigger at 50 °C temperature). The slope of the

Figure 5. Definition of the spectrum (relaxation time τi and weight μi) for, n1 = −20, n2 = 30,
n0 = 5 and nc = 10. Each point represents one of the 30 elementary viscous mechanism.
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force/displacement curve is a combination of the instantaneous part (Young’s modulus
E in Equation (1)) and of the visco-elastic strain (which increased as a function of the
applied load following Equation (3)). For very low loadings (lower than 2 kN), the two
curves are very close, but their slopes tend to differ when the stress increases (it means
that the visco-elastic strain increases). Above a threshold (around 11 kN at 20 °C and
7 kN at 50 °C), the behaviour becomes highly non-linear.

Two other tensile tests have been performed at 50 °C with displacement rates of the
tensile testing machine crosshead equal to 0.05 and 5 mm/min. The displacement–load
curves are given in Figure 8. For very low loadings (lower than 2 kN), the force/dis-
placement are very close. This part of the curves is related to the instantaneous elastic
part (Young modulus E in Equation (1)). The curve tends to differ as the stress
increases (due to the increase of the visco-elastic strain). However, the curve is closer
to the instantaneous elastic behaviour on a larger range, when the loading rate
increases. The threshold at which the behaviour becomes highly non-linear is also a
function of the loading rate (form 8 kN at 0.05 mm/min to 13 kN at 5 mm/min – see
Figure 8).

Figure 6. Tangential displacement as a function of time for the two different meshes for a
multilevel creep/recovery test (3.5, 7 and 10 kN).

8 C. Badulescu et al.
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The second type of tests represents a multiple creep test at five levels, the load at
each level representing 20, 40, 60, 80 and 100% of the fracture load. The period where
the force is maintained constant is 1000 s for each level test and the passage from one
level test to another is made with a load speed of 0.1 kN/s for the two temperatures.
The purpose of these tests is to characterise and model the time-dependent behaviour
of this type of adhesive with respect to temperature.

Figure 7. Macroscopic response of a monotonic test at 20 and 50 °C test for a displacement rate
of the tensile testing machine crosshead of 0.5 mm/min.

Figure 8. Macroscopic response of a monotonic test for a displacement rate of the tensile
testing machine crosshead of 0.5, 0.05 and 5 mm/min at 50 °C.
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D
ow

nl
oa

de
d 

by
 [

E
ns

ta
 B

re
ta

gn
e]

, [
N

ic
ol

as
 C

ar
re

re
] 

at
 0

0:
27

 2
3 

D
ec

em
be

r 
20

14
 

238



The load applied to the sample, with respect to time is plotted in Figure 9 for the
two different temperatures. Immediately below this figure, we can see the macroscopic
response of the sample under this share test, represented by the relative tangential dis-
placement. These experimental results will be used in order to identify the parameters
of the spectral visco-elastic model (Er, νr, p and K).

The viscous part of the displacement (defined as the differences between the
displacement at the end and at the beginning of the different levels of creep) and the
elastic part of the displacement (defined as the difference between the total displace-
ment at the end of the different levels of creep and the viscous part DTe = DT − DTv)
for each step of the multilevel creep test are given in Figure 10. For room temperature
(20 °C), the elastic part is greater than the viscous part, but this is no longer true for
higher temperature (50 °C).

Figure 10 presents the evolution of the viscous displacements (defined as the
difference between the total displacement and the elastic displacement at the end of the
different levels of creep) as a function of the applied load. This evolution is clearly
non-linear which means that the viscous behaviour is non-linear as a function of the
stress.

It is apparent that even for an applied load lower than the threshold revealed during
the monotonic test (around 11 kN at 20 °C and 7 kN at 50 °C), a viscous strain takes
place. It means that the non-linear behaviour could not be easily described by a classi-
cal elasto-visco-plastic (even if slow creep could occur below the elastic limit in visco-
plastic material). In our point of view, a visco-elastic model seems more suitable.
Moreover, the viscous behaviour is non-linear as a function of the applied load. This is
the reason why a non-linear visco-elastic model (presented in the next section) has

Figure 9. Macroscopic response of the multiple stress creep test. (a) and (b) the imposed shear
load at 20 and 50 °C; (c) the response of the adhesive under shear loading at 20 and 50 °C; (d)
the response of the adhesive under shear loading at 50 °C; (e) zoom at the beginning of curve
(c); (f) zoom at the beginning of curve (d).
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been chosen. It could be easily implemented in a FE code, is valid under various kinds
of loading conditions (the domain of validity is discussed in Section 4) and necessitates
only few tests to be identified (see next section).

3.2. Identification of the visco-elastic model parameters

As explained previously, the stress state being non-uniform in the adhesive, it is neces-
sary to use an inverse identification procedure to identify the parameters of the model.
A FE calculation is performed and the results in terms of displacements (DT and DN)
are compared with the experimental results.

The spectral visco-elastic model is defined by 10 parameters that must be identified.
These parameters could be classified into three groups: parameters related to the initial
elastic behaviour, parameters that define the viscous spectrum of the model (i.e. the shape
of a creep curve) and parameters that characterize the viscous behaviour of the adhesive.
This classification makes the identification of the parameters easier, by decoupling these
parameters. In order to identify the parameters of this model which are related to the
behaviour of the adhesive, only two types of tests are required. The first type refers to
monotonic tests, such as the tests represented in Figure 7, and allows the identification of
the elastic parameters of the model, E and ν, respectively. The second type are the tests
represented in Figure 9 and they allow the identification of the other parameters of the
model. The identification of the parameters is made in the following steps.

3.2.1. The identification of the elastic parameters (Young’s modulus E and Poisson
ratio ν)

The instantaneous elastic properties are identified using the loading part of the first
level of the multilevel creep tests. The Young’s modulus and the shear modulus are
identified using an Arcan test, respectively, at γ = 0° and γ = 90° (the adhesive being
isotropic G = E/2(1 + ν).

The elastic properties of the adhesive are given in Table 1.

3.2.2. The identification of the parameters that define the spectra of the model (n0, nc,
n1 and n2)

The n1 and n2 parameters have been set at n1 = −20 and n2 = 30, which are classical
values used for epoxy resins to which SikaPower belongs. The number of elementary

Figure 10. Evolution of the elastic part and the viscous part of the displacement at the end of
each step of the creep tests at 20 °C (a) and 50 °C (b).
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viscous mechanisms nt has been chosen equal to 30 (it has already been shown [29]
that 30 elementary viscous mechanisms permits to describe in a correct manner the
spectrum with a reasonable computational cost). The identification of the n0 and nc
parameters uses the isochronism principle of the spectral visco-elastic model. The iso-
chronism principle used the normalized DT vs. time curves for each level of creep
(each creep level must have the same duration). The normalization is defined as
follows

DTnorm ¼ DTðtÞ�DTðtbeganÞ
DTðtendÞ�DTðtbeganÞ

tnorm ¼ t�tbegan

tend�tbegan

(
(6)

where tbegan is the time corresponding to the beginning of the creep level and tend is the
time corresponding to the end of the creep level. Figure 11 shows the normalized DT
vs. time curves for the first three levels of creep at 20 and 50 °C (defined in Figure 9(a)
and (b)). If all the curves fit to a master curve (that is the case in Figure 11) it means
that the spectral description of the relaxation time is adapted. In this case, the spectrum
of the relaxation time is having an influence only on the shape of the curve, the nor-
malized curves permit to identify this spectrum (parameters n0, nc, n1 and n2). If this
principle is not verified experimentally, the identification of the parameters, as well as
the use of this model is not suited to the behaviour of the adhesive.

Figure 11 shows that the response of the adhesive under a multiple level creep test
respects the isochronism principle for the first three levels for 20 °C temperature, as
well as for 50 °C temperature. The results presented in Figure 11 also show that the
normalized creep curves are the same for both temperatures. It means that temperature
has no effect on the global shape of the creep curves.

Table 1. Elastic properties of the adhesive SikaPower 498 at 20 and 50 °C.

E (MPa) ν

8000 0.34

Figure 11. Normalized displacement vs. time for each loading level at two different tempera-
tures (a) T = 20 °C and (b) T = 50 °C. All the curves fitting a master curve, the description of the
relaxation time by a spectrum is adapted.
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A parametric study using the FE model presented in Section 3.1 has been carried out
with the purpose of identifying the two parameters (n0 and nc each of them varying
between 1 and 20 with an increment of 1). The values of the other parameters of the
model Er, νr, p and K, respectively, are chosen arbitrarily, as they do not influence the
shape of the normalized curves. The loads applied to the FE model are the first three lev-
els of the curves in Figure 9(a) and (b), for a period that varies from 0 to 3120 s. The rel-
ative displacements obtained as a result of FE simulation are expressed as the difference
between points P1 and P2 (see Figure 4), found in the centre of the substrate area.

A quality factor (QF) used to compare the numerical and the experimental curves is
defined as follows

Quality Factor ¼ 1�
Xn
i¼1

jjDTexp
norm � DTFE

normjji
� �

(7)

where n is the number of points of the curve DTexp
norm and DTFE

norm are, respectively, the
experimental and the numerical normalized displacements. The QF values obtained for
all the (n0; nc) pairs are plotted in Figure 12. If the QF value is very close to 1, then
the pair can be considered as acceptable.

In addition, we can observe that there are many acceptable pairs (the grey ridge in
Figure 12). However, from all these acceptable values, we shall choose the value that
is closest to 1 (the black circle in Figure 12), which, for us, corresponds to n0 = 7 and
nc = 18. Indeed, it has been shown in a previous study on composite materials that
choosing one pair randomly from all the best pairs has a low influence on the final
result.[34]

3.2.3. The identification of the parameters Er, νr, p and K

The parameters Er and νr define the visco-elastic compliance (which is considered to be
isotropic) and the parameters p and K define the non-linear character of the visco-
elasticity (function g see Equation (4)).

Figure 12. Evolution of the QF as a function of the nc and n0. The black circle represents the
best solution.

Journal of Adhesion Science and Technology 13

D
ow

nl
oa

de
d 

by
 [

E
ns

ta
 B

re
ta

gn
e]

, [
N

ic
ol

as
 C

ar
re

re
] 

at
 0

0:
27

 2
3 

D
ec

em
be

r 
20

14
 

242



The basic principle used in this stage is to minimize the error function (Ef) defined
by relation (8) related to the four parameters of the model Er, νr, p and K

Ef Er; mrp;Kð Þ ¼
Xn
j¼1

DTexp
norm � DTFE

norm Er; mrp;Kð Þ� �2
j (8)

where n is the number of point if the DT/time curve. The comparison between the
model and experimental results is performed using the curve DT vs. time. For this pur-
pose, a coupling between the finite element software Abaqus© and the Matlab© soft-
ware has been performed. Using the fminsearch function in Matlab© permits the error
function in relation with the four parameters to be minimized. The algorithm used by
the fminsearch function is a ‘the Nelder–Mead Simplex Method’ descent algorithm,
described in detail in [35].

The communication between the software is based on the following principle: Mat-
lab software, using the fminsearch function, generates a set of values for the four
parameters. Abaqus software will automatically detect that those parameters have been
generated and will start the FE task. Finally, FE results are post processed, and then
the values of the DTFE vs. time curves are generated. Matlab software computes the
value of the Ef, using the curve obtained previously, as a result of the FE task. The
fminsearch function reads this value and generates a new set of parameters. The optimi-
zation is finished when the difference in value of the error function for two successive
iterations is less than the imposed tolerance.

In this case, 18 iterations have been necessary to find the value of the parameters
that can represent the results of the experiment very well.

The comparison at the end of the identification procedure is shown in Figure 13. It
is important to note that only the first three steps of the multilevel creep tests have been
used.

The values of the parameters are given in Table 2. It is interesting to note that, con-
trary to the other part of the model (elastic compliance and visco-elastic spectrum), the
visco-elastic compliance and the non-linear visco-elastic function (g) are very sensitive
to temperature.

Figure 13. Comparison between the FE results and the experimental results for two different
temperatures (a) T = 20 °C and (b) T = 50 °C.

14 C. Badulescu et al.

D
ow

nl
oa

de
d 

by
 [

E
ns

ta
 B

re
ta

gn
e]

, [
N

ic
ol

as
 C

ar
re

re
] 

at
 0

0:
27

 2
3 

D
ec

em
be

r 
20

14
 

243



4. Discussion and validation of the model

In order to validate the model, comparison between numerical prediction and
experimental results has been performed thanks to other tests not used during the
identification.

Table 2. Evolution of the visco-elastic modulus and of the parameters of the non-linear function
g as a function of the temperature.

Er (MPa) νr p K

20 °C 2062 0.4 4.43 14.8
50 °C 492 0.4 4.19 2.76

Figure 14. Validation of the model for a creep relaxation test at the temperature of 50 °C. The
three dots represent the first level of creep (the end of the loading: 33 s; at the end of the creep
phase: 992 s; at the end of the unloading: 1085 s and the end of the recovery: 2085 s).
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The first test is also a multilevel creep test, but with unloading and relaxation between
each level of the creep test. The first step of this test could be compared with the one pre-
sented in Figure 13b that allows highlighting the reproducibility of the Arcan tests as it
was pointed out in Section 2.1. The comparison between the numerical prediction and the
experimental results is given in Figure 14(b). The model permits the unloading and the
relaxation to be described very accurately, even if such a type of loading had not been
used during the identification procedure. It is worth mentioning that the visco-elastic
strain is not totally recovered, even for very long relaxation times. However, the slope of
the DT vs. time curve is low but not null, which tends to indicate that the relaxation is not
total. It could be seen that the relaxation predicted by the model is lower than that
obtained experimentally. This difference will be discussed in the conclusion. In an experi-
mental point of view, it will be interesting to increase the duration of the recovery steps in
order to determine if a complete relaxation could be attain (as predict by the visco-elastic
model for long time of relaxation) or if a permanent strain could be observed.

The evolution of the shear stress and the shear visco-elastic strain during the first
level of the multilevel creep test (defined in Figure 14) is presented in Figure 15 (at the
end of the loading: 33 s; at the end of the creep phase: 992 s; at the end of the unloading:
1085 s; and the end of the recovery: 2085 s). At the end of the loading step, the stress
field in the adhesive presents a parabolic shape close to the one obtained with a pure elas-
tic model.[26] During the creep phase (constant loading), the visco-elastic shear strain
increases and the stress field in the adhesive becomes latter. At the end of the unloading
phase, the stress field is no longer parabolic and is greater near the edge (however, it is
worth mentioning that the stress is still equal to 0, which means there is no edge effect).
The stress evolves a little during the recovery phase and tends to become flatter. The
shape of visco-elastic strain is still the same (more or less parabolic), only its intensity
increases as a function of the applied stress or of the time during creep tests.

The other tests used to validate the model are monotonic shear tests at different
loading rates (displacement rates of the crosshead of the tensile testing machine equal to
0.05, 0.5 and 5 mm/min). The experimental and numerical displacement-load curves are
given in Figure 16. It should be noted that the model permits the reproduction of the main
characteristics revealed by the experiments: the apparent elastic modulus is constant as a
function of the loading rate and the pseudo-elastic limit increases as a function of the

Figure 15. Stress (a) and strain (b) distribution in the middle of the adhesive for a different
stage of the multilevel creep test (t = 33, 1085 and 2085 s correspond to the end of the loading
steps representing 20, 40 and 60%; t = 1026, 2056 and 3081 s correspond to the end of the creep
tests for each level of stress).
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loading rate. The difference between the numerical prediction and the experimental
results in the non-linear part of the curves increases when the loading rate increases. This
result could be explained by the fact that only low characteristic times are activated
during creep tests. Thus, the model gives better results at low loading rates. In order to
overcome this problem, one solution should be to increase drastically the loading rate
used during the loading part of the creep tests (then high characteristic times are activated
during the loading part and low characteristic times during the creep part).

5. Conclusions

The non-linear behaviour of an epoxy adhesive has been studied thanks to the use of a
modified Arcan test device. We have focused on shear loadings, the non-linear behav-
iour being greater in this direction. First, monotonic tests at different loading rates have
been performed. It has been shown that the stress corresponding to the non-linear
plateau and the stress at failure increase as a function of the loading rate. Multilevel
creep tests have also been performed in order to characterize the time-dependent
behaviour. It has been shown that the creep occurs even for loadings which were con-
siderably lower than the pseudo-elastic limit. Moreover, the evolution of the non-linear
displacement is non-linear as a function of the applied load.

Thanks to these experimental results, a visco-elastic model has been chosen to
describe the behaviour of the adhesive. This model is based on the decomposition of
the visco-elastic strain into elementary viscous mechanisms. The non-linear behaviour
of the visco-elasticity is taken into account thanks to a non-linear function which
depends on the stress.

The identification of this model necessitates only one multilevel creep test for each
direction of loading (i.e. 0° and 90°). The identification procedure is divided into three
groups: the instantaneous elastic behaviour, the spectrum (i.e. the shape of a creep
curve) and the viscous behaviour of the adhesive. In the present study, we have focused
on the shear behaviour, because the non-linear behaviour is more significant for this
loading for two different temperatures: 20 and 50 °C. It has been shown that the
instantaneous elastic properties and the spectrum are not a function of the temperature.

Figure 16. Validation of the influence of the loading rate on the visco-elastic behaviour at a
temperature of 50 °C.
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On the other hand, the viscous behaviour (visco-elastic modulus and the non-linear
function g) is very sensitive to the temperature.

Finally, the model and the identification have been validated using tests that have
not been used for the identification. The validation case is a multilevel creep test with
unloading and recovering. The second validation concerns the prediction of the effect
of the loading rate during a monotonic shear test. The present model is essentially vali-
dated for monotonic loadings (tensile loads, creep and recovering). In order to describe
in a correct manner cyclic loadings and the high-cyclic fatigue behaviour, the non-
linear function must be modified to improve the description of the hysteresis loops.
Moreover, in order to improve the long-term behaviour prediction, it should be neces-
sary to improve the identification procedure, for instance, using less level of stress in
the multilevel creep tests, but by increasing the duration of each creep steps. Finally, as
explained in Section 4, an increase in the loading rate during the loading steps of the
creep tests could also improve the prediction of the loading rate effects.

The visco-elastic spectral behaviour has been used to model the behaviour of an
adhesive subjected to unidirectional loadings. It is well known that there is a large dif-
ference between the behaviour in shear and in tension. In order to reproduce this phe-
nomenon, the model will be modified in order to take into account the effect of the
Von-Mises stress σVM and the hydrostatic stress σH as proposed in [31]. Further work
will be also done in order to introduce the progressive damage in order to model failure
of adhesively bonded structures.
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A B S T R A C T

Most of the adhesives used in the marine industry are polymers with a mechanical behaviour which is strongly
influenced by the strain rate. Therefore, it is important to predict with accuracy their viscous behaviour. To
describe their mechanical behaviour in a bonded joint, a viscoelastic-viscoplastic constitutive law is proposed
here. The viscous effects on the elastic behaviour are described using a spectral distribution, which divides the
viscous strain as the sum of the strains of several viscous mechanisms, each of them with a different char-
acteristic time and weight. The viscoplastic component of the model permits a better description of the strong
non-linear behaviour of the adhesives. The parameters of the constitutive law are obtained using an inverse
identification procedure coupled with a finite element model. Two creep tests, in two loading directions, are
needed in order to identify the viscoelastic part. The viscoplastic part is identified using monotonic tests. In order
to validate the behaviour law and the identification procedure, the adhesive HuntsmanTMAraldite 420 A/B has
been investigated and modelled. All the experimental tests have been conducted using the modified Arcan de-
vice.

1. Introduction

Composite materials have found many applications in naval and
other marine structures over the past 50 years. In order to join the
composite to other parts of the structure, adhesives represent an in-
teresting solution. They can reduce the weight (avoiding bolts and
fasteners) and decrease the stress concentrations that can be cata-
strophic for the strength of the structures [1].

Different tests can be used to characterize the adhesive directly in
the bonded joint as shown by Adams et al. [2]. Single or double lap
joints are an interesting solution to this problem [3], but due to the
geometries of the substrates, they may present high stress singularities
near the edges that can cause a premature failure of the joint [4].
Cognard et al. proposed the modified Arcan device in order to char-
acterize the mechanical behaviour of adhesives in bonded joints up to
failure. This can be achieved using substrates with special geometries
[5] that can reduce the stress concentrations near the edges. This device
has been used in this paper in order to characterize the behaviour of the
studied adhesive.

Characterizing the mechanical behaviour of the adhesive used in
bonded joints is a very important step in order to be able to describe the

failure of this kind of structure. Even though these adhesives are es-
sentially polymers with a viscous behaviour, the load transfer between
the components of the bonded joint is usually linked to their in-
stantaneous elastic properties [6]. However, the viscous behaviour re-
presents a major characteristic of polymeric adhesive materials.
Therefore, the understanding of these phenomena is important in order
to accurately predict the failure and the lifetime of bonded structures.
The experimental tests performed on bulk specimens show a non-linear
behaviour of adhesives that is very sensitive to the strain rate [7,8]. The
viscous response of different structural adhesives was also highlighted
under impact loadings in previous studies [9]. All these tests require
homogeneous bulk specimens, without any defects, that may be diffi-
cult to obtain [10].

Different models have been proposed in the literature in order to
predict the mechanical behaviour of epoxy adhesives. In some cases,
viscoelastic models [11–14] can be perfectly adapted to characterize
the time-dependent behaviour and to predict the influence of the strain
rate. Other authors have proposed elastoplastic models [15,16] or vis-
coplastic models [17–19] which are characterized by a threshold and a
permanent strain. While various models of adhesive behaviour have
been presented, the originality of the present approach is that the
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viscoelastic response is treated in two separate parts, hydrostatic and
deviatoric. This has allowed different viscoelastic behaviour to be at-
tributed to shear and tensile loading components. In addition, an ori-
ginal identification method for the viscoelastic parameters is presented.
A viscoplastic contribution is also modeled, derived from the Mahnken-
Schlimmer model, but again simplifications have been made to reduce
the number of parameters.

The article presents a viscoelastic-viscoplastic model that is able to
describe the nonlinear behaviour of adhesives over a wide range of
strain. The proposed viscoelastic part of the model is able to describe
the adhesive behaviour in tensile and shear loading conditions. The
viscoelastic strain is decomposed into a number of viscous mechanisms,
each of them with a specific relaxation time. The viscous compliance is
modelled in a manner that takes into account the effect of the hydro-
static pressure and its evolution to describe the non-linear behaviour as
a function of the loading. This approach allows an accurate character-
ization of time-dependent behaviour. The viscoplastic part of the model
is able to take into account the dependency of the elastic threshold as a
function of the strain rate. The paper presents the development of the
model and its identification procedure based on multi-level creep tests
for the normal behaviour and for the shear behaviour using a modified
Arcan device. The validation of the model by comparison with experi-
mental results with different ratios of peel/shear stress is then pre-
sented.

2. Characterization tests and experimental results

2.1. Experimental procedure

2.1.1. Modified Arcan device
A bonded joint is an assembly that is very sensitive to testing con-

ditions. There are several important details that should be taken into
account in order to be able to perform a valid test. The tests presented
have used the modified Arcan device. This device enables different
types of loadings to be applied to bonded joint. The positioning angle
on the tensile machine defines the state of load that is applied to the
adhesive(Fig. 1a). Using a uniaxial tensile machine, it is possible to
apply shear (Fig. 1b) or tensile (Fig. 1c) loads on a bonded joint. It is
also possible to combine tensile or compression with shear loading
(Fig. 1d,e). All these loadings can be applied because of the design of
this experimental device.

An important aspect to be considered when performing this test is
the complex stress. state for different loading conditions. Much detailed
information concerning this subject can be found in literature [20,21].

2.1.2. Specimens
The substrates (Fig. 2a) used in the tests are made from aluminium

alloy, AW2017.
Their geometry was developed and optimized previously as de-

scribed in the literature [21]. They are provided with spacers (Fig. 2a)

that are directly machined from a single block of aluminium alloy.
These have an important role in order to obtain a correct alignment and
keep a constant thickness when bonding a specimen. The results pre-
sented in this paper are obtained using a thickness of the bonded joint
that is equal to 400±10 µm. During the curing cycle the substrates are
kept in the final position by screws (Fig. 2b).

A constant torque of 2.5 Nm is applied to the screws.
Before starting the process of bonding, the bonded surfaces of the

specimen (S0 = 50 × 9.5 mm2) are subjected to a mechanical treatment
that involves a sanding process with different tapes of emery cloth (220
− 180 grit cloth) in order to ensure a clean surface. The next step is to
degrease it using acetone. To ensure an homogeneous joint, the ad-
hesive is applied on the surface of each substrate that will form the
specimen. The excess adhesive after the bonding process is cleaned with
a spatula.

The final bonded specimen can be seen in Fig. 2c. After the curing
process, the spacers are removed. An important characteristic of the
specimens is the beaks (Fig. 2d). They allow the edge effects to be re-
duced, as shown by Cognard et al. [22] and could lead to a cohesive
failure of the assembly.

2.1.3. Equipment
To perform the experimental tests, the Arcan device was inserted in

a hydraulic tensile testing machine (Instron 1342). The temperature in
the testing room is controlled at about 23°C. The load cell can measure
a maximum load of 100 kN.

The relative displacement of the substrates was measured using a
DIC (digital image correlation) system (Fig. 3a) and no other in-
dependent measuring system was used in the present study. The spe-
cimen is speckled on one face before installing it in the Arcan device
(Fig. 3b) and the shaded zone represents the area of interest for cal-
culating the displacements. This relative displacement is correlated
with the load measured by the tensile machine load cell.

The relative displacement between the two substrates during a test
is decomposed into a normal displacement, (ND) and a tangential dis-
placement (TD), (Fig. 3c).

2.2. Experimental results

The following results were obtained using the Huntsman Araldite
420A/B adhesive.

This is a bi-component epoxy. The two components are mixed using
a Speedmixer at 2500 rpm for 5 min. After the bonding process the
specimens are cured for 1 h15 at 115 oC.

Two types of tests have been performed to characterize the beha-
viour of this adhesive: monotonic tests in order to characterize the
general behaviour of the adhesive up to failure and multi-level creep
tests at different loading levels. The latter were performed to highlight
the viscoelastic behaviour of the adhesive and to identify the con-
stitutive law that will be presented later in this paper.

Fig. 1. Different types of Arcan device loading - (a) positioning angle (b) Shear = °γ 90 (c) tensile = °γ 0 (d) tensile/shear = °γ 45 (e) compression/shear = °γ 135 .
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It should be noted that in the two cases, tensile and shear loading, a
cohesive failure is obtained in most of the tests (Fig. 4a,b). For each
type of load, between two and three specimens were tested since low
scatter could be observed, particularly in shear loading (Fig. 5b). It is
also important to note that the relationship between the elastic limits is
statistically equivalent for the different loading rates.

2.2.1. Stress-strain curves representation
In order to make possible the correlation of the adhesive behaviour

with other published results, a stress-strain representation of the force-
displacement curves is proposed. Hence, a mean stress σ was defined as
the applied load”F” divided by the bonded are S0 (Eq. 1):

=σ F
S0 (1)

Moreover, the normal and shear strains (), ε are defined as in Eq.
(2):

= =ε DN
e

ε DT
eN T (2)

where DN and DT represent the normal and tangential measured dis-
placements and e the thickness of the adhesive layer.

2.2.2. Monotonic tensile tests
Using the Arcan, device it was possible to characterize the mono-

tonic behaviour of this adhesive in tensile (γ = 0o) and shear load (γ =
90o). For each condition, two loading rates have been used: 0.4 MPa/s
and 4MPa/s. It is clear for the two cases (tensile and shear), this ad-
hesive has a mechanical behaviour that is influenced by the loading
rate, Fig. 5a, b.

In tensile tests (Fig. 5a), the apparent elastic threshold is increased
about 12% from 28 MPa to 34 MPa when the applied loading rate is
multiplied by ten. The failure load is also influenced by the loading rate.
The same happens in the shear test. This time it can be seen that the
apparent elastic threshold is increasing by about 15% when the loading
rate is increased. Some additional combined tensile/shear tests (γ =
45o) have also been carried out. These tests were used for validation
and they will be presented in Section 3.4.

2.2.3. Multi-level creep tests
In order to be able to characterize the viscous behaviour of this

adhesive, multi-level creep tests have been performed. Only two tests
will be used to identify the constitutive law that will be presented next
in this paper. The aim was also to highlight any differences between the
viscous behaviour under tensile and shear loading conditions.

In tension (Fig. 6a), three load levels have been applied for a period
of 2000 s. These values correspond to 25%, 50%, and 80% of the ap-
parent elastic limit at 0.4 MPa/s loading rate. This loading rate was
used to make the passage from one level to another.

Under shear load, (Fig. 6b), four load levels have been applied.
These levels represent 20%, 40%, 60%, 80% of the apparent elastic
threshold observed in monotonic shear tests for a loading rate of
0.4 MPa/s. Four levels of load have been applied (and not three as in
tensile loading) since in shear loading condition, a more significant
creep response was observed.

The constitutive law was developed by analysing these two results.
Based on the work of Badulescu et al. [11] the observed strains (εN total

i ,
εT total

i ) at the end of each creep level were divided into two parts, as in
Eqs. (3) and (4), where εN elastic

i , εT elastic
i represent the strains generated by

the applied load at the beginning of each creep level and εN viscous
i ,

εT viscous
i are the strains measured at the end of the creep levels:= + =ε ε ε i 1 : 3N total
i

N elastic
i

N viscous
i (3)

Fig. 2. Modified Arcan specimen – (a) substrate (b)
screw (c) specimen (d) beaks.

Fig. 3. Measurement of substrates displacements – (a) GOM
system (b) speckled specimen ready for test (c) digital image
correlation.

Fig. 4. Cohesive failure in (a) tensile and (b) shear loading.
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= + =ε ε ε i 1 : 4T total
i

T elastic
i

T viscous
i (4)

By analysing the results obtained in Fig. 7a and b it is possible to
note that even though the applied load is below the apparent elastic
threshold, viscous strains are taking place in both cases: tensile and
shear. Another important aspect is that the viscous behaviour is not
linear and it depends on the applied load. Moreover, viscous strain
observed in shear behaviour is more important than the viscous dis-
placement measured in tensile.

Due to these observations, the non-linear viscoelastic model devel-
oped by Badulescu et al. [11] was adopted and modified to describe the
creep behaviour. The changes made in the model will be presented in
the next section.

3. Modelling the mechanical behaviour of an epoxy adhesive in a
bonded joint

3.1. Numerical procedure

In order to describe the mechanical behaviour of the adhesive in the
bonded joint it is necessary to develop a realistic FEM model. The
model has been developed to be implemented in 3D models that are
subjected to complex 3D stress states. In this case, a 2D plane stress
analysis would have been sufficient but we were constrained to use a
model with one element in the width direction to have all the compo-
nents of the stress and strain tensors. This approach implies an im-
portant reduction in terms of computation time. As has been shown in
other studies by Cognard et al. [21], the stress state in the adhesive is

not uniform, therefore an inverse identification method will be used in
order to identify the parameters of the constitutive law.

Because of the geometry of the sample, only half of the sample has
been modelled. An anti-symmetry boundary condition has been applied
in the middle of the bonded joint. The load is computed in the loading
point ”A” (Fig. 8a) and the relative displacements are calculated at the
point located in the same zone as that the one used for the experimental
characterization. Depending on the direction of the applied force, it is
possible to obtain the expected stress state (tensile or shear).

The geometry used for the beaks (Fig. 8b) allows the reduction of
the stress concentration near the free edge. As can be observed in
Fig. 8a, the dimensions of the mesh have been decreased near the beaks.
A convergence study has been performed in order to determine the
right number of elements. The mechanical behaviour of the substrates is
assumed to be linear elastic with a Young's modulus equal to 70 GPa
and a Poisson's ratio of 0.34. These are the mechanical characteristics of
the aluminium alloy used for the substrates.

The bonded joint has a thickness of 0.4 mm. Eight elements have
been used to model half of the joint thickness because of the symmetry
of the sample. This number has been chosen after a convergence study
in order to obtain good results in terms of time and precision. The
mechanical behaviour of the adhesives is described using the con-
stitutive law presented in the next section of this paper.

3.2. Constitutive law

The final constitutive law used to describe the mechanical beha-
viour of the adhesive in the bonded joint is based on a viscoelastic-
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viscoplastic model. As will be shown in the next subsections, the vis-
coelastic part of the model was not sufficient to describe accurately the
mechanical behaviour of the adhesive.

The development of the behaviour law will be presented step by
step, starting with a method of identification for the elastic parameters.
The viscoelastic part is then described and all the parameters presented.
Finally, the viscoplastic part is added to the model in order to obtain the
constitutive law.

It is important to note that in each case, the total strain ε is written
as the sum of the different strains: elastic strain εel, viscoelastic strain εve,
and viscoplastic εvp (Eq. 5).

The stress tensor σ will then be written as in Eq. (6), where C re-
presents the instantaneous elastic stiffness.= + +ε ε ε εel ve vp (5)= − −σ C ε ε ε:( )ve vp (6)

3.2.1. Identification of the elastic parameters
The elastic parameters of the model (Young's modulus E and Poisson's

ratio ν) are the first parameters that have to be identified. It is important
to note that in this step the viscoelasticity and the viscoplasticity have
no influence on the mechanical response of the model. The experi-
mental curves (load vs displacement), obtained in monotonic tensile
and shear Arcan tests, are used to determine an experimental elastic
stiffness (Eqs. 7 and 8) using the measured load (F) and displacements
(ND and TD).

=K F
NDN (7)

=K F
TDT (8)

In parallel, using the finite element model, a series of simulations are
made using different couples of (E, ν). The range of Young's Modulus is
chosen between 500MPa and 6000MPa (with a step of 100MPa), and
the Poisson's ratio between 0.2 and 0.45 (with a step of 0.01). These are
classical values that can be found in the literature for this kind of ad-
hesive. The numerical stiffness values obtained for each couple in both
cases (tensile and shear) are compared with the experimental ones.

At the end of each simulation an error is calculated between the
numerical and the experimental stiffness. This error is represented in
Fig. 9a for the tensile loading and in Fig. 9b for the shear loading case.
The shadowed zone in those figures represents the couples (E, ν) that
have a minimum error compared to the experimental results. In Fig. 9c
the couples with the minimal error are superposed in order to find the
best couples that fit in both cases (tensile and shear loading). In Table 1
can be found the obtained values for the elastic parameters.

3.2.2. Modified viscoelastic spectral model
In a first step, the viscoelastic spectral model has been chosen to

model the viscous behaviour of the adhesive. This model has been de-
veloped by Maire et al. [23] to describe the non-linear behaviour of
polymer matrix composites.

In this model, the total strain ε is equal to the sum of the elastic
strain εel and the viscous strain εve, Eq. (9). The mechanical behaviour of
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the adhesive written in the referential of the bonded joint is the fol-
lowing: Eq. (10); where σ is the stress tensor, C is the elastic stiffness.= +ε ε εel ve (9)= −σ C ε ε:( )ve (10)

The spectral viscoelastic model describes the viscoelastic strain εve
as the sum of the strains of a fixed number nt of viscous mechanisms ξi.
The presented results are obtained with a number of nt = 20 me-
chanisms. Each of these mechanisms is defined by a relaxation time τi, a
weight µi in the total viscous strain and the viscoelastic compliance SR,
see Eq. (11).= ∑ = −ε ξ ξ μ S σ ξ̇ ̇ ̇ ( : ̇

¯
)ve i

n
i i τ i R i

1t
i (11)

The relaxation times are defined as in Eq. (12) where ni ∈ [n1, n2] is
a value situated between two limits that depend on the material. In the
case of an epoxy material, n1 = −20 and n2 = 30. This means that the
characteristic times are situated between 10−9 s and 1013 s. The me-
chanisms with high relaxation times have low weight in this case and
they are not activated. By decreasing the upper limit and keeping the
same number of viscous mechanism, it would be possible to increase the
accuracy of the model but it wouldn’t be possible to predict the creep
behaviour for very long periods of time.=τ exp n( )i i (12)

= ⎛⎝− ⎞⎠ =− ∑( )μ exp μwithi n π
n n

n i
μ

μ
1 2i c i

i
nt i0 0 (13)

The weight of each elementary viscous strain depends on two
parameters, n0 and nc which are introduced in Eq. (13). They have to be
identified using the creep tests.

These two quantities, the relaxation time and the weight, define the
so called spectrum of the model. The form of this spectrum is defined by
two parameters n0 and nc. Each of the points in Fig. 10 represents the
relaxation time and the weight of a viscous elementary mechanism.

The term SR in Eq. (11) represents the viscoelastic compliance. This
is a fourth order tensor that has been modified from the previous ver-
sion of the viscoelastic spectral model [11]. Observing the results ob-
tained in Fig. 7, it is possible to note that the adhesive mechanical

Fig. 9. Calculated error obtained for different couples of (E, ν) in (a) tensile and (b) shear behaviour. (c) Intersection of the best couples (E, ν).

Table 1
Elastic parameters.

Parameters: E ν

Units MPa [-]
Value 2000±50 0.41± 0.01

Fig. 10. Spectrum definition.
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behaviour depends on the loading conditions. In shear loading, the
viscous displacements are more important than in tensile loading.
Moreover, a non-linear evolution of the viscous behaviour can be seen
in the two cases. These observations led to the next equation re-
presenting the viscoelastic compliance (Eq. 14).= − + −S

d a
H

d a
H1

(1 )
1

(1 )R
H H

H
D D

D
(14)

The SR tensor is divided into two parts by the tensors HH and HD

which allow the hydrostatic and the deviatoric mechanical behaviour to
be defined. The I and I are the 2nd and 4th degree identity tensors re-
spectively.= ⊗ = −H I I H I H1

3H D H (15)

Also, the terms aH and aD in Eq. (14) define the viscosity in the
hydrostatic and deviatoric directions. These two parameters need to be
identified. The non-linearity is introduced using the variables dH and dD
Eq. (16) which depend, each of them, on three parameters that need to
be identified. The terms yD° and yH° are the threshold of the non-linear
behaviour of the viscosity and yDc and yHc define the kinetics.

⎜ ⎟ ⎜ ⎟= ⎛⎝ − ⎛⎝ ⎞⎠⎞⎠ = ⎛⎝ − ⎛⎝ ⎞⎠⎞⎠− − − −d d exp d d exp1 1H H
max y y

y D D
max y y

y
H H

H
C

D D

D
C

0 0

(16)

The internal forces of the model are yH and yD, Eq. (17). These de-
pend on the hydrostatic and deviatoric stress tensors.= =y σ H σ y σ H σ( : : ) ( : : )H a H D a D

1
2

1
2H D (17)

This modified viscoelastic spectral model has a total of 10 para-
meters that need to be identified (Table 2).

3.2.3. Identification of viscoelastic parameters
The viscoelastic parameters of the model only need two experi-

mental multi-level creep tests in order to identify them (in two loading
directions: tensile and shear). The hydrostatic parameters are identified
using the tensile multi-level creep test shown in Fig. 6a. In the case of
the deviatoric parameters, the results obtained in Fig. 6b will be used
for identification. Because the method of identification is the same in
both cases, in the next section, it will be applied only for the deviatoric
parameters (shear loading).

3.2.3.1. Identification of the spectrum's parameters: n0, nc. The two
parameters that define the spectrum are identified using the viscous
displacements measured for each creep level. For this, the isochronism
principle of the spectral viscoelastic model is used. In order to apply this
principle, each creep level should have the same duration. The viscous
displacements are normalized using Eq. (18), where j represents the
number of the creep level, j ∈ {1,2,3,4} because of the four shear creep
levels (Fig. 6b). In the same equation, tj

begin is the time at the beginning
of the jth level and tj

end is the time at the end of the same level. It is also
important to mention that the normalized creep curves are not a
function of the applied load.

= −−TD
DT t DT t

DT t DT t
( ) ( )

( ) ( )viscous
j viscous

j
viscous
j

begin
j

viscous
j

end
j

viscous
j

begin
jnormalized

(18)

In Fig. 11b, the normalized viscous displacement can be observed
for the four creep levels in Fig. 11a. The normalized time for each creep
level has been calculated using Eq. (19).

= −−T
t t

t tnorm
j begin

j

end
j

begin
j

(19)

It can be observed in Fig. 11b that the isochronism principle is re-
spected for the four creep levels. In this case, these curves can be su-
perposed to a master curve that is a function of the spectrum. The
spectrum is then defined by only two parameters that need to be
identified: n0 and nc.

Using the finite element model presented in Section 3.1, it is pos-
sible to apply an inverse identification to fit the obtained master curve.
For this, a numerical simulation of the first creep level is made. The
elastic parameters applied to the model are those identified using the
monotonic tests.∑= −=

( )Error DT DT
m

viscous
FE

viscous
EXP

1

200

normalized normalized
(20)

Couples of parameters (n0, nc) have been generated using Matlab
software: nc ∈ [1 : 10] and n0 ∈ [1 : 20] - a total number of 200
combinations. For each couple, a numerical simulation is made. After
normalizing the time and the viscous displacements obtained, the re-
sults are compared with the master curve created from the experimental
curves (Fig. 12a). In this stage of the identification process, by nor-
malising the time and the viscous displacement the influence of the rest
of the parameters is not taken into account. This process is made au-
tomatically using a Python routine.

For each couple an error is calculated using Eq. (20). The couple
with the closest error to zero is then used. The results are then nor-
malized and they can be represented in an error map, as in Fig. 12b. The
best couples are those that minimize this error and they have a low
influence on the final results.

3.2.3.2. Identification of the linear viscoelastic parameters: aH, aD. Once
the spectrum is defined, it is now possible to identify the parameters
that correspond to the linear viscosity: aH, aD. These parameters are
identified on the first creep level (corresponding to the linear
viscoelastic behaviour) of the creep tests performed in tensile (aH)
and in shear (aD), using the inverse identification method and the
numerical model. It is important to note that in this step of the
identification, the non linear part of the model is not considered. A
very high value is fixed to the yH and yD parameters. The results are
shown in Fig. 13a,b (curve corresponding to the visco-linear
behaviour).

The identification has been made for the two cases of loading
(tensile and shear) using the experimental results obtained in the multi-
level creep tests.

3.2.3.3. Identification of the non-linear viscoelastic parameters: dmax
D , yD°,

yDc, yH°, yHc, dmax
H . Examining Fig. 13b, it can be noted that a linear

viscoelastic model is not sufficient to describe correctly the behaviour
of the adhesive in the multi-level creep tests. Therefore, the variables dH
and dD were introduced in the definition of the compliance tensor.

The threshold between the linear and non-linear viscosity is, in this

Table 2
Identified viscoelastic parameters.

Spectrum Hydrostatic Deviatoric

Parameters n0 nc aH dH
max yH

0 yH
C aD dD

max yD
0 yD

C

Unit – – MPa−1 – – – MPa−1 – – –
Value 5 10 4000 0.9 0.03 0.015 1500 0.6 0.01 0.02
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case, at the end of the second creep level (Fig. 13b). Using the FE
model, it is possible to evaluate the internal force yD in the middle of the
bonded joint where its value is maximal. This value will correspond to
the threshold yD°. The same approach is applied to find this variable in
the case of a tensile creep test.

The last parameters of the model yDc and dmax
D and the hydrostatic

equivalents are identified using the last two creep levels. These influ-
ence the kinetics of the displacements for the last creep levels. It can be
seen in Fig. 13b that using the non-linear viscosity it is possible to have
a good fit between the experimental curve and the numerical results.

Once the model is validated using the creep tests, it is now possible
to evaluate if the model is able to predict the monotonic behaviour.

Fig. 14 represents the response of the identified viscoelastic model
when simulating a monotonic shear or tensile test with the identified
parameters (Table 2). These results are showing that even though the
model is describing accurately the creep behaviour, it is not sufficient to
predict the mechanical behaviour in monotonic loading. A solution to
solve this problem would be to use an elasto-viscoplastic model. But the
use of this kind of model would involve setting the elastic limit to a very
low value to be able to model the creep behaviour for low loading le-
vels. Thus, in order to predict the mechanical behaviour at high
loading-levels, a viscoplastic part has been added in the present con-
stitutive law.

3.3. Viscoelastic-viscoplastic behaviour

In the last section, it has been shown that the viscoelastic model is

not sufficient to describe correctly the mechanical behaviour of this
adhesive. In order to be able to predict the monotonic behaviour, a
viscoplastic part has been added to the model. In this case, the total
strain ε will be composed of the elastic strain εel, the viscoelastic strain
εve and the viscoplastic strain εvp, as was shown in Eq. (5).

The viscoplastic part of the model is inspired by the model proposed
by Mahnken-Schlimmer et al. [15]. In this case, the yield surface is
described using a linear relation (Eq. 22), between von Mises and hy-
drostatic stresses. Other forms of this model could be found in literature
[24,25]. This is a simple model that has a few parameters to be iden-
tified as it will be shown in the next section.

3.3.1. Constitutive law for viscoplastic behaviour
The stress tensor σ is decomposed into a deviatoric part σD and a

hydrostatic part σHI. The von Mises stress (σM) is then calculated using
the Eq. (21).= = − =σ σ σ σ σ σ I σ trace σ: where and ( )M D D D H H3

2
1
3

(21)

The yield surface of the viscoplastic behaviour is determined using
the Eq. (22), where.

σM represents the von Mises stress tensor, σH is the hydrostatic
component and R is the hardening parameter. a1 is a parameter that
defines the shape of the yield function (the slope) in the von Mises -
hydrostatic pressure plane.= + −f σ a σ RM H

1 (22)
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Fig. 12. (a) Normalized viscous displacement for
different couples(n0,nc) (b) Error calculated for dif-
ferent couples (n0,nc).

A. Ilioni et al. International Journal of Adhesion and Adhesives 82 (2018) 184–195

191

256



The Eq. (23) represents the evolution of the hardening parameter R.
The parameters H, Q, b influence the monotonic non-linear behaviour
of the adhesive and are identified from a pure shear test using the in-
verse identification method. It is important to note that when those
parameters are identified, the viscoelastic part of the model is activated.
R0 is the elastic threshold.= + + − −R R He Q exp be(1 ( ))vcum vcum0 (23)

The hardening is driven by the internal strain variable evcum defined
in Eq. (24). The parameters K and n are identified after all the other
parameters of the model are fixed. Because they depend on the strain
rate, their identification needs a shear test at a different strain rate.

= ⎛⎝ 〈 〉 ⎞⎠e f
K

̇ 3
2vcum

n

(24)

The viscoplastic strain rate can finally be written as in Eq. (25). In
this particular case, in order to reduce the number of parameters, an
associative model has been developed, which means that the flow rule
is described using the same function as the yield surface.

[15].= ∂∂ε e f
σ

̇ ̇vp vcum (25)

3.3.2. Identification of viscoplastic parameters using monotonic tests
The viscoplastic parameters of the model are also determined using

an inverse identification method. It is important to note that the vis-
coelastic part is enabled during this operation.

3.3.2.1. Identification of the elastic limit: R0, a1. The elastic threshold R0

is calculated at the end of the linear part of the mechanical behaviour.
Because of the definition of the yield surface (Eq. 22), only two
monotonic tests, performed in tensile (γ = 0o) and shear (γ = 90o)
loading, are needed to obtain the experimental yield surface (see the
points in Fig. 15a). These values of the elastic threshold are then used to
perform a numerical simulation of the two loading conditions. For each
case, the stress tensor in the middle of the adhesive joint, is plotted in a
von Mises vs hydrostatic pressure plane [24]. It is clear that for γ= 90o,
no hydrostatic pressure is obtained in the middle of the joint. However,
for tensile behaviour, due to the complex state of the stress in the
bonded joint, the same point, in the middle of the joint is characterised
by a hydrostatic and a deviatoric stress. The yield function is then
analytically identified. The slope of this function allows the
determination of the a1 parameter (Fig. 15a).

3.3.2.2. Identification of the hardening: H, Q, b. The hardening
parameters are also identified using the inverse identification method.
The 0.2kN/s monotonic shear test (Fig. 15b) is used for the parameters
identification. An optimization between the experimental curve and the
numerical response of the finite element model has been performed in
order to minimize the error between the two behaviours.

It is important to notice that since the model is not able to predict
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the hardening observed at the end, the last part of the curves was not
considered during the identification process. This complex phenom-
enon can be explained by the presence of porosities or charges and to be
able to model it, other components should be added to the present
version of the model.

3.3.2.3. Identification of the viscous parameters: K, n. Once the
hardening parameters have been determined, the couple (K, n) is
identified. Because they depend on the strain rate, a second
monotonic shear test (2 kN/s) is used for the identification (Fig. 15b).

It is important to note that in order to identify the viscoplastic be-
haviour, two monotonic shear tests have been entirely used. The yield
surface has been determined using the elastic parts of tensile and
combined tensile/shear tests. These tests can be used to validate the
non-linear behaviour. The identified parameters can be found in
Table 3.

3.4. Validation of the viscoelastic-viscoplastic model

The model validation is based on the comparison between experi-
mental results and numerical predictions. In order to do this, experi-
mental data that have not been used in the identification procedure are
analysed.

The first test used to validate the model is a combined tensile/shear
monotonic test. The positioning of the Arcan device can be observed in
Fig. 1a, where γ= 45°. The load and the displacements are decomposed
into a normal component and a tangential one.

The prediction of the model and the experimental curves are com-
pared in Fig. 16a,b. As it can be observed, the obtained results are very
satisfying. Moreover, this test was also used to validate the yield
function. The elastic threshold for this type of test was calculated as it
has been presented in Section 3.3.2.a). The representation of the yield
stress for the combined tensile/shear test (γ= 45o) in Fig. 17a indicates
that the yield function is correctly predicting the evolution of the yield
stress.

The prediction of the strain rate effects was validated using a
monotonic tensile test at 2kN/s (Fig. 17b). The elastic modulus does not
depend on the loading rate for this type of adhesive, instead, the failure
load is increasing. It can be observed that by multiplying the loading
rate by ten, the failure load is increased by about ten percent. This
change in the mechanical behaviour of the adhesive can be predicted by
the presented model.

For both tensile and shear creep behaviour, multi-level recovery

Fig. 15. (a) Experimental and numerical yield
function (b) Identification of the viscoplastic
parameters.

Table 3
Identified viscoplastic parameters.

Parameters R0 a1 H Q b n K

Unit MPa – MPa MPa – – –
Value 32 0.2 2 2.5 45 3.5 10

Fig. 16. Viscoelastic-viscoplastic model valida-
tion in combined tensile/shear test.
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tests were also used to validate the model. As it can be observed in
Fig. 18, in the two cases, even though the model has been identified on
the creep levels it can predict the behaviour of the recovery levels. An
interesting point that should be mentioned is that looking at the last
recovery level in shear(Fig. 18a) the viscoelastic strain is not totally
recovered when completely unloading the bonded joint. The prediction
of this recovery level is still very accurate. Regarding the tensile re-
covery levels(Fig. 18b), the model is a little bit less accurate but this can
be explained by the very small displacements that are measured.

4. Conclusion and perspectives

This paper presents an original development of a viscoelastic-vis-
coplastic model capable of describing the mechanical behaviour of an
adhesive in a bonded joint. As it can be seen in literature, the me-
chanical behaviour of some types of adhesives can be modeled only by
using a viscoelastic constitutive law. In the case studied here, viscoe-
lasticity was not sufficient to describe the important non-linearity in the
behaviour of the studied adhesive. Moreover, the viscoelastic spectral
model, initially developed to describe the composites matrix mechan-
ical behaviour and then adapted by Badulescu et al. [11] for adhesives,
has been modified in order to take into account the effect of the von
Mises and the hydrostatic stress as proposed by Carrere et al. [26].

For identification and validation of the viscoelastic part of the
model, only one multilevel creep recovery test is needed in two direc-
tions (tensile and shear). The loading of each level should be below the
elastic threshold. For a better understanding of the timedependent

behaviour, long creep levels are recommended. The creep levels are
only used for identification of the model parameters. The validation of
the model is made afterwards using the recovery levels of the same
sample.

Once the viscoelastic part of the model is defined, the viscoplastic
part of the model can be identified. The pseudo yield surface is de-
termined using monotonic tests in three directions (γ = 0°, γ = 450, γ
= 900). For the identification of the loading rate dependent parameters
K and n, a second monotonic shear test (γ= 900), performed at another
loading rate was needed.

Even though the proposed model has an important number of
parameters (10 for the viscoelastic part and 7 for viscoplasticity), only
two creep tests and three monotonic tests are needed to identify all
these parameters. It is also important to highlight the method of iden-
tification which is simple to implement. Each parameter is determined
step by step using the inverse identification method.

For further investigations, the sensitivity of each parameter of the
model can be studied. In order to quantify it, first, the relevant tests
should be defined for each type of parameters (viscoelastic or visco-
plastic). In a second phase, an approach should be developed to cal-
culate an error with respect to the global mechanical response after
changing a specific parameter with a certain ratio.

As from a qualitative point of view, it can be confirmed that the
viscoelastic parameters (ai, dmax

i ,yi0, yiC where i = {H,D}) have a great
influence in creep behaviour but they don’t seem to influence that much
the global mechanical response in monotonic tests. The spectrum
parameters (n0, nc) characterize the form of the creep behaviour but

(a) (b)

Fig. 17. (a) Validation of the yield function; (b)
Strain rate effect validation in monotonic tensile
tests.
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they will not impact the predicted strains. Viscoplastic parameters have
great influence in both shear and tensile monotonic behaviour but they
will not influence the creep behaviour as long as the applied load is be
below the elastic limit.

Results show that a good agreement with the experimental curves is
obtained. To test its capability, it would be interesting to test the pre-
diction of the model in more realistic joints such as single lap joints. In
further investigations, the model can be used to predict the cyclic me-
chanical behaviour, which is very important when considering fatigue
lifetime prediction. Another aspect is to identify the evolution of the
model parameters as a function of water ageing of the material, in order
to predict the influence of water on the mechanical behaviour.
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2.7. Etudes en cours et perspectives

2.7 Etudes en cours et perspectives

Le premier axe porte sur les travaux dédiés à l’étude des assemblages collés,
en particulier l’analyse fine de la génération des défauts et leur influence sur
la tenue mécanique du joint. Il a été démontré à travers plusieurs publications
que les premiers pores qui apparaissent dans l’adhésif sont souvent générés pendant
de la phase de préparation de la colle (mélange de la résine et du durcisseur). Plus
précisément, la résine utilisée pour produire la colle contient des charges (billes de
verre, par exemple) qui lors de la phase de mélange peuvent générer de petites bulles.
Il a été également démontré que le cycle de polymérisation de l’adhésif peut aussi
contribuer à la création de pores augmentant ainsi la fraction volumique globale. Si le
cycle de polymérisation est caractérisé par des valeurs élevées de température durant la
première rampe (phase de cuisson), on a pu observer que cela engendre d’une part, le
grossissement des pores générés par l’opération de mélange, mais également l’apparition
d’autres pores. Cette deuxième population est engendrée par l’emprisonnement du gaz
dégagé durant la phase de cuisson et qui n’a pas la possibilité de se dissiper, car i)
soit la viscosité de la colle diminue avec l’augmentation du taux de polymérisation,
soit ii) les joints, d’une épaisseur de quelques centaines de µm, sont souvent confinés
entre des substrats. Ces deux populations peuvent par ailleurs interagir, au moins
en début de polymérisation, donnant naissance à des pores ou des régions poreuses
très hétérogènes et caractérisées par une compacité du joint très faible. Il est alors
question de comprendre de manière fine ce qui se passe au cours de cette phase de
polymérisation. On rappelle également que si la température de polymérisation est
élevée, le taux de réticulation peut atteindre des valeurs proches de 100 % assurant ainsi
une résistance mécanique élevée. Il semblerait qu’il existe, en fait, une compétition entre
le taux de réticulation et le taux de pores. Pour faire simple, une faible température de
cuisson conduit à des taux de réticulation réduits et une résistance mécanique moindre
avec, en conséquence, un faible taux de pores, et inversement. Une analyse fine de ces
aspects méritera d’être menée afin de trouver un cycle de polymérisation qui maximise
la résistance mécanique (taux de polymérisation maximale et taux de porosité minimale)
tant pour des sollicitations monotones que pour des sollicitations cycliques. De plus, nous
avons pu observer que les taux de pores augmentent avec l’épaisseur, du moins pour
les adhésifs époxy bi-composantes investigués. Cet aspect mériterait également d’être
abordé, notamment pour analyser la nature de la dépendance entre l’épaisseur, le taux
de pores et la température de polymérisation.

Un autre point qui mériterait d’être abordé porte sur la mise en place d’une procédure
de mesure de champ de déplacement volumique. Cela dit, on peut considérer les pores ou
les différents constituants de l’adhésif comme des marqueurs qui serviront à mesurer le
champ de déplacement volumique. Évidemment, on peut utiliser la corrélation d’images
volumiques, mais cette méthode reste peu adaptée et très lourde en termes de temps
de calcul. Ainsi, pour avoir une précision et une résolution plus rapide, on s’appuie sur
des méthodes de suivi de marqueurs pouvant être utilisées du moment où leur volume
reste quasi constant. Si leur volume ou leur forme géométrique varie dans le temps, des
erreurs plus importantes que les quantités induites par le phénomène étudié pourront
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apparaître. On prend ici comme exemple le cas d’adhésifs qui sont vieillis par immersion
dans de l’eau déionisée. Dans ce cas précis, les pores n’évoluent pas beaucoup au début,
mais au fur et à mesure de l’immersion, on peut constater que les pores les plus petits
vont se remplir progressivement d’eau, en commençant par celles qui sont les plus
proches de la surface de contact entre l’adhésif et l’eau. Ces pores sont susceptibles de ne
plus être détectés une fois leur remplissage complète. Dans ce cas, on préfère s’appuyer
sur des marqueurs qui n’évoluent pas ou du moins leur modification reste très faible. Les
marqueurs qui respectent ce critère dans ce cas de vieillissement sont les billes de verre
présentes dans la résine de l’adhésif Araldite 420 A/B. La finalité de l’obtention d’un tel
champ de déplacement et par dérivation, le champ de déformation, pourrait alimenter
grandement l’investigation du phénomène de gonflement hydrique.

Un deuxième axe d’investigation de mes travaux de recherche porte actuel-
lement sur l’effet du vieillissement à des échelles micrométriques. C’est princi-
palement un travail expérimental qui consiste à mieux appréhender ce qui se passe à
l’échelle micrométrique quand l’eau pénètre dans l’adhésif. Nous avons pu constater
récemment (thèse d’Andreea TINTATU) que le front d’eau reste difficilement identifiable,
ou du moins n’est pas identifiable directement en analysant le niveau de gris des images
tomographiques. Toutefois, nous avons pu démontrer que le remplissage de pores peut
aider de manière indirecte à la compréhension de l’évolution du front de prise en eau.
Si ces éléments ont grandement contribué aux choix des modèles de diffusion adaptés à
l’identification de la quantité d’eau qui rentre dans les pores, ce phénomène physique
reste pour l’instant indétectable, du moins par la tomographie aux rayons X. Nous avons
tout de même identifié une piste d’avancement, en cours d’exploration, pour lever ce
verrou scientifique en nous appuyant sur l’évolution du gonflement dans l’adhésif.

L’étude du phénomène de gonflement par des analyses expérimentales représente
une autre préoccupation en cours d’investigation, avec l’objectif de pouvoir exprimer de
manière quantitative, la dépendance entre la quantité d’eau et la variation du volume
produite. À terme, nous souhaitons modéliser finement ce phénomène pour pouvoir
ensuite remonter aux contraintes induites dans l’assemblage, dans un premier temps
sur une configuration homogène puis sur une configuration plus réaliste intégrant
la distribution de défauts et la présence de différentes phases (charges minérales, par
exemple). Des modèles à différentes échelles seront nécessaires afin de mieux comprendre
l’effet du gonflement sur l’assemblage, de même que l’impact qu’auraient ces contraintes
sur le dimensionnement de ces structures sous différentes natures de sollicitation :
monotone ou cyclique.

L’absorption et la désorption d’eau, de manière cyclique et en présence ou non d’un
chargement mécanique, pourraient apporter des changements significatifs dans la micro-
structure de l’adhésif (gonflement et rétrécissement périodique) induisant potentielle-
ment un endommagement à long terme de celui-ci. Ces aspects pourront influencer de
manière non négligeable la tenue mécanique de l’assemblage. Ces points mériteraient
d’être examinés par des analyses tomographiques en se focalisant sur la détection du
champ de déformation volumique. Enfin, toutes ces observations évoquées précédem-
ment peuvent grandement aider à l’enrichissement des lois de comportement utilisées
dans nos modélisations de l’assemblage, en intégrant dans un premier temps la fraction

262



2.7. Etudes en cours et perspectives

globale de pores dans ces adhésifs. Ces modélisations pourront être mieux adaptées dans
certains cas (pour les forts taux de porosité en milieu humide par exemple) afin de prédire
fidèlement le comportement mécanique de l’adhésif et de l’assemblage. Plus précisément,
il serait intéressant de voir comment le taux de remplissage en eau des pores pourrait
affecter le comportement mécanique de l’adhésif. Il a également été observé à l’échelle
mésoscopique que la présence de pores s’accompagne d’une variation de volume. Si les
pores sont remplis d’eau, alors ce comportement sera modifié, avec des conséquences sur
l’état de contraintes ainsi obtenu.

Un troisième axe qui est actuellement abordé porte sur la caractérisation
des mécanismes d’endommagement dans les joints collés. Toutes les analyses qui
sont en cours, traitent principalement des mécanismes associés aux ruptures cohésives
et non celles adhésives. Compte tenu de la complexité de la microstructure des adhésifs
époxy bi-composants, il m’a paru important d’identifier et de comprendre les scénarios
d’endommagement qui apparaissent dans l’adhésif lorsque celui-ci est sollicité dans son
domaine de comportement non linéaire. Dans ce contexte d’étude, je m’appuie à nouveau
sur des essais tomographiques interrompus afin de pouvoir comprendre, par exemple,
comment les pores vont évoluer et ce qui se passe lorsque les pores se déforment de façon
excessive. Jusqu’à présent, nous avons pu examiner de manière globale l’évolution du
nombre de pores ainsi que la fraction volumique en fonction du niveau de chargement.
L’idée et de mieux comprendre comment un tel adhésif s’endommage sous différents
états de sollicitation et quels sont les mécanismes qui s’y retrouvent à l’initiation des
microfissures. Pour faciliter la compréhension de ces mécanismes, nous avons déjà
réalisé plusieurs études. D’abord ces études s’appuient sur l’analyse expérimentale des
échantillons massiques sollicités en traction et couplée avec l’analyse tomographique.
Nous avons pu observer que les pores s’allongent dans la direction de sollicitation avec des
déformations maximales dans les zones les plus éloignées de la direction de sollicitation
locale. Nous avons également pu constater que pour ces zones où les déformations sont
les plus importantes, des fissures se sont amorcées et se sont propagées dans la direction
perpendiculaire à la direction de sollicitation. De plus il a également été observé que
des amorçages de microfissures se produisent également à l’interface entre les charges
et la matrice adhésive. La dégradation de l’adhésif semblerait être influencée par trois
mécanismes : i) des déformations excessives au voisinage des pores, ii) de l’amorçage de
microfissures dans les zones fortement déformées et iii) des microfissures à l’interface
entre la matrice adhésive et les billes de verres. Enfin, la détection de l’apparition de ces
mécanismes de dégradation, sur des assemblages collés industriels, reste difficilement
détectable en temps réel par des techniques d’imagerie comme la tomographie aux
rayons X. Une potentielle solution à ce problème permettant de suivre l’intégrité et
la santé d’un tel assemblage, s’appuie sur l’utilisation de l’émission acoustique. Cette
technique pourrait apporter des informations très intéressantes sur l’apparition d’un
des mécanismes d’endommagement, sur des périodes de monitoring très longues, si, au
préalable, les signatures acoustiques des différents mécanismes d’endommagement sont
clairement identifiées. Cette étape de corrélation entre les signaux acoustiques et les
mécanismes de dégradation de l’adhésif peut se faire en couplant la tomographie aux
rayons X avec l’émission acoustique sur des essais in situ interrompus, portant sur des
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échantillons modèles avec des défauts maîtrisés.
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CHAPITRE

3
Caractérisation des assemblages
soudés par friction malaxage
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3.1 Introduction
Le soudage par friction-malaxage (FSW) est une technique de soudage proposée par

le Welding Institute en 1991 [113] et qui permet d’assembler des alliages (tels que le
cuivre, l’aluminium, le titane ou des combinaisons hybrides : aluminium et cuivre par
exemple) difficiles à souder avec les techniques d’assemblage conventionnelles. Depuis
qu’il a été inventé, ce procédé suscite un intérêt croissant, car il permet de surmonter les
problèmes courants associés aux procédés classiques de soudage par fusion, tels que :
les grandes distorsions, les fissures de solidification, l’oxydation ou la décoloration de
la surface, la formation d’intermétalliques fragiles entre des matériaux dissimilaires,
une large zone affectée thermiquement (HAZ), les structures dendritiques grossières,
une consommation d’énergie élevée, la pollution de l’environnement [114], [115], etc. En
outre, la possibilité de contrôler la microstructure et d’en obtenir d’autres difficiles à
générer par d’autres techniques d’assemblage signifie qu’il est essentiel de comprendre
la relation entre les conditions de soudage et la microstructure obtenue. afin de mieux
adapter les propriétés de la soudure. En conséquence, le soudage par friction-malaxage
est exploité dans un large spectre d’applications industrielles telles : l’aéronautique, le
navale, l’automobile, le ferroviaire, etc.
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Durant le procédé de soudage FSW, le matériau dans la zone de soudure subit de
fortes déformations thermomécaniques qui entraînent des processus de recristallisation
[116]. La rotation de l’outil entraîne un brassage et un mélange du matériau autour du
pion rotatif par écoulement plastique, tandis que le frottement entre l’outil et les tôles
à assembler contribue principalement à la production de chaleur. Une grande partie
(entre 70% et 80%) du travail lié à l’écoulement plastique est dissipée sous forme de
chaleur [117], ce qui donne lieu à un échauffement local. Par conséquent, les champs
imposés (thermique, déformation ainsi que leur variation) sont fortement non uniformes,
et varient en fonction de la distance par rapport au pion et à l’épaulement en rotation.
Par ailleurs, ces champs sont influencés par la force axiale de l’épaulement de l’outil
sur la pièce, sa forme, ses vitesses de rotation et de déplacement, l’inclinaison du pion
[118], [119] et les propriétés des matériaux soudés, telles que la conductivité thermique,
la contrainte d’écoulement en fonction de la température, etc. De manière plus macro-
scopique, la qualité du cordon de soudure ainsi obtenue dépend principalement de la
présence ou non des défauts (pores, défauts de types tunnel, couches d’oxydes, etc.) et
dans une moindre mesure de la microstructure obtenue [120], [121]. Tout d’abord, la
minimisation de la quantité de défauts de type pores est étroitement liée à la valeur
absolue de l’écart entre la température effective de soudage et celle dite optimale [122],
[123] au voisinage de la matière qui forme le cordon. Cette température optimale est
une fonction qui dépend de plusieurs paramètres, dont les plus importants sont i) les
paramètres du procédé (exemple : vitesse de rotation et vitesse d’avancement dans le cas
d’un soudage par friction malaxage linéaire) et ii) les comportements thermomécaniques
des matériaux à souder. Cette température dite optimale pourrait être déterminée à
travers d’une étude expérimentale paramétrique sur des configurations simples [124],
[125]. Il est beaucoup plus difficile d’identifier cette température pour des configurations
complexes, surtout lorsqu’elles sont composées de matériaux dissimilaires. Ainsi, une
des préoccupations majeures de l’industrie est de pouvoir estimer, avec un coût minimal,
ces paramètres optimaux du procédé de soudage associés à une configuration donnée. La
modélisation et la simulation numérique représentent une alternative déjà utilisée pour
apporter des réponses satisfaisantes. La manière la plus simple pour estimer le champ
de température et son évolution durant la formation du joint s’appuie principalement
sur des modèles analytiques [126], [127]. Ces modèles sont toutefois associés à des confi-
gurations simples (position des pièces à assembler et géométrie du pion). Elles peuvent
devenir moins performantes pour des cas où les conditions aux limites changent au
cours du procédé et/ou lorsqu’on veut enrichir les phénomènes physiques accompagnant
le processus de soudage. Les modèles semi-analytiques [128] ou numériques de type
éléments finis [129], représentent un moyen très efficace pour estimer les paramètres
optimaux, à condition que les phénomènes physiques représentatifs y soient intégrés.
Des travaux scientifiques récents montrent clairement la pertinence d’une telle stra-
tégie [130], mais pour des configurations simples. Néanmoins la mise en place de ces
modèles multiphysiques fait appel à des connaissances très spécifiques afin d’aboutir à
des résultats exploitables [131]. On rappelle au passage que le temps nécessaire pour ces
simulations pourrait devenir vite incompatible avec les approches paramétriques pour
lesquelles l’optimisation nécessite la mise en place de techniques de diminution de temps
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de simulation en s’appuyant sur des stratégies de type « mass scaling » ou « time scaling
». Même si ces outils numériques ne peuvent toujours pas répondre de façon satisfaisante
à tout type de problème, ils aident toutefois à restreindre le domaine d’investigation et
proposer des solutions pour des paramètres de soudage initiaux pertinents. Ces derniers
aident à trouver expérimentalement, plus facilement et plus rapidement, les valeurs des
paramètres du procédé qui permettent de générer une température proche de l’optimale
et, par conséquent, une diminution de la quantité de défauts dans le joint. L’homogé-
néisation de la microstructure, fortement hétérogène après le soudage FSW, pourrait
améliorer la tenue mécanique du joint, et plus particulièrement son comportement en
fatigue [132], [133]. Nous nous appuyons sur un large spectre de traitements spécifiques
(thermique, thermique + mécanique, etc), permettant ainsi d’arriver à une résistance
mécanique du joint avoisinant celle du matériau de base [116], [134].

La détection des défauts dans le joint soudé et à différentes échelles pourra être
réalisée de différentes manières : visuellement, pour des défauts de taille importante
et proche de la surface extérieure, par des observations destructives en prélevant des
échantillons dans des zones d’intérêt, ou alors par analyse avec des moyens d’observations
optiques à différentes échelles. Plus récemment la tomographie aux rayons X, basée
sur le principe d’atténuation des rayons X à travers le matériau, conduit à l’obtention
d’images en niveaux de gris en lien avec les intensités transmises. Cette technique est
donc particulièrement employée dans la détection de porosités et de fissures internes
au sein de matériaux [135], [136]. Appliquée aux joints soudés par FSW, elle permet
de mettre en évidence les différentes phases constituant le joint [137], la distribution
des défauts, la caractérisation, la distribution et le réarrangement des matériaux à
l’interface, etc.

3.2 Estimation des paramètres optimaux du procédé
de soudage FSW par des stratégies numériques

La détermination des paramètres optimaux du procédé de soudage par friction-
malaxage (FSW), et qui conviennent à une configuration de joint donné, reste un grand
défi et est souvent réalisée au moyen d’études expérimentales extrêmement longues et
coûteuses [138], [139]. Ces paramètres optimaux qui sont recherchés doivent permettre
l’obtention d’une part d’un joint qui minimise le nombre de défauts et d’autre part d’une
microstructure semblable à celle du matériau de base. L’approche adoptée ici s’appuie sur
l’existence d’une température optimale dans la matière qui forme le joint, pour laquelle
le malaxage se fait de manière optimale.

Cette stratégie d’identification des paramètres optimaux a été développée pour un
joint soudé de type bout-à-bout constitué de plaques de cuivre quasi pur de 3 mm
d’épaisseur. Elle est basée sur des simulations en utilisant des modèles basés sur la
méthode des éléments finis et la température optimale du procédé supposée connue.

La modélisation du procédé FSW est une tâche difficile, car elle doit traiter d’un
problème multi-physique caractérisé par des déformations plastiques, des distorsions im-
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portantes et une température élevée. Alors, des modèles Coupled Eulerian-Lagrangian
(CEL) ont été mis au point pour simuler les déformations plastiques importantes. Les
modèles de type CEL, qui à l’origine étaient utilisés pour décrire la réponse thermoméca-
nique (forces et distribution de la température), permettent maintenant de prédire les
défauts (de type tunnel, cavités et formation d’excès de flash) [140], [141] qui peuvent se
produire. Le schéma d’intégration directe a été adopté et la résolution a été explicite. Ce
schéma d’intégration est bien adapté aux problèmes qui comprennent de nombreuses
non-linéarités, des phénomènes dynamiques et des effets thermiques. Il a été constaté
qu’un coefficient de frottement dépendant de la température, améliorait la qualité du
champ de température [142], [143]. En conséquence, dans cette stratégie de modélisation,
le coefficient de frottement utilisé est supposé dépendant de la température, et identifié
de manière indirecte. Afin d’améliorer le temps de calcul et permettre l’utilisation d’un tel
modèle dans une approche d’optimisation ou une étude paramétrique, une stratégie de
type « mass scaling » a été implémentée. Cette stratégie a permis de réduire le temps de
calcul d’environ 20 fois avec une erreur qui ne dépasse pas 10%. Pour améliorer la qualité
des champs de température obtenue par simulation, le comportement thermomécanique
du joint soudé bout-à-bout a été modélisé à l’aide d’un modèle de plasticité Johnson-Cook
et a été identifié sur le matériau de base au moyen d’essais en laboratoire, à différentes
températures et vitesses de déformation. Des résultats d’une étude paramétrique a per-
mis de tracer la surface de réponse en température, à l’aide de laquelle, les paramètres
optimaux du procédé ( la vitesse d’avancement va[mm/min] et de rotation vr[rot/min])
sont déterminés. Ces paramètres optimaux, estimés numériquement, basés sur la surface
de réponse en température, ont été validés par une bonne concordance avec les résultats
expérimentaux. En outre, des études expérimentales couplant la radiographie aux rayons
X ,la méthode de corrélation d’images numériques et des faciès de rupture ont permis de
mieux caractériser les joints soudés par friction - malaxage.
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Abstract
Determining the optimal parameters of the friction stir welding (FSW) process, which are suitable for a given joint configuration,
remains a great challenge and is often achieved through extremely time-consuming and costly experimental investigations. The
present paper aims to propose a strategy for the identification of the optimal parameters for a butt-welded joint of 3-mm thick
quasi-pure copper plates. This strategy is based on FEM (finite element method) simulations and the optimal temperature that is
supposedly known. A robust and efficient finite element model that is based on the Coupled Eulerian-Lagrangian (CEL)
approach has been adopted and a temperature-dependent friction coefficient has been used. Besides, the mass scaling technique
has been used to significantly reduce the simulation time. The thermo-mechanical behavior of the butt-welded joint was modeled
using a Johnson-Cook plasticitymodel that was identified through lab tests at different temperatures. The results of the parametric
study help to define the numerical surface response, and based on this latter one can find the optimal parameters, advancing (va)
and rotational (vr) speeds, of the FSW process. This numerical surface response has been validated with good agreement between
the numerical prediction of the model and the experimental results. Furthermore, experimental investigations involving x-ray
radiography, digital image correlation method, and fracture surface analysis have helped a better understanding of the effects of
FSW parameters on the welded joint quality.

Keywords Friction stir welding . Optimal process parameters . Cu-DHP copper . Finite element method . Mass scaling . Digital
image correlation

1 Introduction

Copper and its alloys are widely used in many engineering
applications since they have particular properties such as
electrical and thermal conductivity, ductility, mechanical

strength, and corrosion resistance. However, these mate-
rials are difficult to weld using conventional welding pro-
cesses (fusion melting) because of the high thermal con-
ductivity and the higher oxidation rate at temperature
values close to fusion one [1]. Thus, an alternative and
promising solution is friction stir welding (FSW). This
joining process, environmentally friendly since it releases
no toxic gas or radiations, is solid-state welding based on
the generation of heat due to both the friction of the pin
(rotating element) at the interface of the two plates to be
joined and the plastic deformation of the material being
welded. FSW is a metal-working process commonly char-
acterized by a flow progressing through preheating, initial
deformation, extrusion, forging, and cool-down processing
zones. The rotating FSW pin plunges into the junction of
two rigidly clamped plates until the shoulder touches the
surface of the materials being welded before traversing
along the weld line under the applied normal force [2, 3].
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Many research studies have focused on the use of FSW to
joint aluminum-based alloys, such as [4–7], while limited lit-
erature on dissimilar FSW of copper is available. The limited
research on FSW, and consequently its industrial application,
is due to both the high melting point and the good thermal
conductivity of the cooper as they lead to increasing the heat
input during the welding process to obtain a joint without
defects. This also results in higher requirements of materials
and design of the welding tools. The effects of pin rotational
speed on the microstructure, the mechanical properties, and
the fracture localization of copper butt joints have been inves-
tigated [7]. The effects of both the shoulder cavity and the
welding parameters on the applied torque, the formation of
weld defects, and the mechanical properties of deoxidized
copper (thin films) butt joints have been studied [8]. From
the industrial point of view, the major challenge today is to
able to predict the optimal welding parameters (advancing and
rotational speeds of the pin), and many researchers have ex-
perimentally investigated this challenge [9, 10]. Most recent-
ly, some studies [11] have shown an optimal welding temper-
ature at which the joint is free from defects, the homogeneity
of the grain size within the joint is close to that of the base
material, and the mechanical properties of the joint are opti-
mum. This optimal temperature, which is associated with a
welding configuration (material and geometry of the pin, the
relative positioning of the parts to be welded), is often exper-
imentally evaluated, thus leading to costly and long tests cam-
paign. Furthermore, this optimal welding temperature seems
to be an intrinsic parameter of the material, and the torque, the
geometry of the pin, and the kinematics of the process help to
achieve this temperature. Another recent study [12] used, for
the first time, a fuzzy logic model to investigate and optimize
the effect of FSW parameters on the tensile properties of the
copper joints, such as ultimate tensile strength (UTS) and
elongation. The microstructure of the optimum joint was char-
acterized using different microscopy techniques to elucidate
the origin of its behavior.

Several researchers have investigated the relationship be-
tween the microstructure of the welded assembly and the
resulting mechanical properties. Findings from these studies
show that the microstructural evolution of pure copper joint
during the FSW process is mainly influenced by welding tem-
perature. At temperature values lower than around 0.5 times
Tf (Tf being the material fusion temperature), the microstruc-
ture is mainly governed by continuous recrystallization. The
grain structure development at welding temperature values
greater than around 0.5 times Tf is mainly dominated by dis-
continuous recrystallization, thus resulting in a relatively
coarse grain structure in the stir zone [13]. Dynamic and static
changes of grain size and texture of copper during the FSW
process have been studied by Xu et al. [13]. They have shown
that during the plastic deformation stage, the initial coarse
grains in the base metal were subdivided with the increase in

strain and temperature, and the stir zone exhibits ultrafine
grains with a large number of low angle boundaries and a
symmetrical simple shear texture. The effect of stacking fault
energy on the restoration mechanisms and the mechanical
properties of joints has been studied by Heidarzadeh et al.
[14]. Authors have shown that in pure copper, the continuous
dynamic recrystallization was the only restoration mechanism
that leads to new grain formation. Moreover, the effect of
restoration mechanisms on both the yield strength and the
strain hardening of joints has been studied. For a deeper un-
derstanding, one can read the review paper recently published
[15] which highlights the latest progress made in the micro-
structure analysis during the FSW process.

Based on the literature review [9, 10], one can identify the
optimal parameters of the process through numerical simula-
tions, thus leading to a drastic reduction of the experimental
campaign. This finding highlights the importance of develop-
ing modeling strategies as well as efficient and robust numer-
ical simulations. Today, the modeling of heat generation and
material flow during the FSW process are addressed using
different modeling techniques such as computational solid
mechanics (CSM) and computational fluid dynamics (CFD)
methods. The current literature proposes some approaches
useful to tackle the mesh distortion. With this in mind, Al-
Badour et al. [16] proposed the coupled Eulerian-Lagrangian
(CEL) model. In this method, the plates being welded,
governing the equations, are discretized using the Eulerian
formulation whereas the welding tool is modeled as a
Lagrangian body. These methods are based on explicit inte-
gration schemes which imply an extremely reduced step time,
a high number of increments, and a high computational time.
This is why most of the FSW numerical simulations are re-
stricted to short computational times (penetration phase of the
pin).

However, there are very few studies that propose ro-
bust numerical strategies and help to estimate the opti-
mal process parameters without having to conduct ex-
tremely time-consuming and costly experimental para-
metric studies.

The current work aims to develop an efficient strategy to
determine the welding process parameters based on numerical
simulations with the finite element method and the optimal
temperature that is supposedly known for all materials that
will be welded. The numerical model developed in this work
should be able to simulate within a reasonable computational
time (1 to 2 days) an FSW process characterized by a welding
time of about a few tens of seconds and a traversing length of
the pin of about 100 mm. The mass scaling technique is used
to minimize the computational time. Also, the numerical mod-
el has enabled us to take into account the thermo-mechanical
boundary conditions (heat exchange with the ambient air), and
the heat dissipation from plastic deformation, and that from
the friction between the pin and the materials being welded.
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The friction coefficient was supposed as a function of the
temperature.

This strategy has been used to simulate the butt-welded
joint of 3-mm-thick quasi-pure copper and has been validated
by comparison with experimental results (identification of de-
fects using x-ray technique, local mechanical behavior of the
joint analyzed using digital images correlation, and fracture
surface analysis through fractography technique).

2 Finite element model description

2.1 Finite element approach

Numerical simulations have been conducted to assess the ef-
fect of different FSW process parameters on the quality of the
FSW joints. Modeling the FSW process is a challenging task
since it needs to address a multi-physical problem that is char-
acterized by large plastic deformation and high temperature.
The more difficult to suitably model is the material flow in the
vicinity of the pin. Nowadays, several numerical simulation
strategies are proposed to model the FSW process. In the non-
flow-based models, excessive deformations appear and thus
leads to early termination of the computation. The ALE for-
mulation is often used to ensure a better mesh quality during
the simulation [17]. However, because of extremely large de-
formations, this strategy cannot eliminate the mesh distortion
and consequently leads to prohibitive computation time [18].
Recently, Coupled Eulerian-Lagrangian (CEL) models have
been developed to simulate severe plastic deformations [19].
CEL models, which were originally used to describe the
thermo-mechanical response (forces and temperature distribu-
tion), now allow predicting defects (tunnel defects, cavities,
and excess flash formation) that may occur [19].

In this work, a 3D thermomechanical finite element model
based on the CEL formulation has been developed using
ABAQUS software. The direct integration scheme was
adopted, and the resolution was explicit. This integration
scheme is well suited for problems that include numerous
nonlinearities, dynamic phenomena, and thermal effects. The
finite element model is described below.

2.2 Geometry of the model and applied boundary
conditions

The two workpieces to be welded are 100 mm in length,
40 mm in width, and 3 mm in thickness. As shown in Fig.
1a, these workpieces are positioned into the Eulerian domain.
This latter has a thickness of 3.5 mm. The geometry of the tool
has a conical shape with diameters of 4 mm at its base and
3 mm at its upper part and a length of 2.8 mm (Fig. 1a). The
tool is considered to be rigid and the workpieces deformable.
All the lateral and bottom faces of the Eulerian domain are

embedded. The tool is characterized by three movements. The
first one is the rotation at a constant speed (vr) coupled with a
penetration speed (vp) of about 2.8 mm/s for all the simula-
tions. Once the penetration step is completed, the tool will
begin the actual welding phase over a distance of 90 mm in
the x-direction (Fig. 1a). During this latter, the tool keeps its
rotational speed constant while at the same time it is subjected
to an advancing speed. Several sets of parameters, which are
characterized by different pairs of welding speed (vr, va)
values, are simulated. To save computational time, the tool
retraction phase was not modeled. A constant ambient tem-
perature field (22 °C) is applied to the whole Eulerian domain
and at the beginning of the simulation. The heat exchange
during the welding process has been taken into account by
using a convectionmodel that is characterized by a convection
coefficient (hf) of 30 W/m2. ° C [20]. The heat exchange
through the tool is not taken into account firstly to limit the
size of the numerical model and secondly because of the low
heat exchange that should be simulated since the thermal con-
duction coefficient of the copper remains relatively greater
than the one of the tool. This step allows defining the bound-
ary conditions at the surface to be welded.

2.3 Mesh

The Eulerian domain mesh comprises 6785 thermally coupled
8-node Eulerian elements (EC3D8RT) and 8364 nodes as
shown in Fig. 1b. The mesh was progressively performed by
increasing the element width from the joint line to the edge.
The tool is a Lagrangian rigid body and wasmeshed using 785
quadratic tetrahedral elements. The mesh has been adapted
based on the following two main reasons. The first one is to
ensure that each part of the tool which comes into contact with
the plates being welded has the same contact surface by en-
suring a relatively homogeneous of both friction and local
distribution of the contact pressure, with effects on the tem-
perature field distribution. The second main reason is to ease
the modeling of complex geometries such as the tool’s one.
The number of elements has been chosen in the view of
obtaining a good compromise between the computation time
and the convergence of the field temperature.

2.4 Thermomechanical behavior of the material

In this work, the material being welded is phosphorus
deoxidized copper (DHP-Copper) with 99.9% pure copper.
This material is commonly used in industry due to its good
corrosion resistance, high thermal conductivity, and electrical
conductivity [21]. The linear thermo-elastic behavior of the
used material is described using the following constitutive
equation [21] :

σ ¼ 2μεe þ λ tr εeð Þ−α T−T 0ð Þ½ �I ð1Þ
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where σ is the stress tensor; εe is the linear-elastic strain
tensor; λ and μ are the Lamé coefficients; T is the real tem-
perature; T0 is the reference temperature; α is the thermal
expansion coefficient, and I is the identity matrix.

The thermal field equation is expressed as follows [22]:

−k∇2T ¼ αλT 0tr ε̇e
� �

þρceṪ ð2Þ

where k is the thermal conductivity, ρ is the density, and ce is
the specific heat.

The first term on the right-hand side of the previous equa-
tion (Eq. 2) describes the strain rate effect on the temperature
field. The mechanical behavior is formulated using Navier’s
equations for thermoelectricity and is given hereafter [22]:

μ∇2uþ λþ μð Þ∇tr εeð Þ−αλ∇T ¼ ρ
∂2u
∂t2

ð3Þ

where u is the displacement vector and t is the time.
The physical properties of the DHP copper at room tem-

perature are given in Table 1.
In this study, the Johnson-Cook’s model is used to describe

the material flow. The model uncouples the plastic, viscous,

and thermal behaviors and describes each of them through
three independents terms [24].

σ ¼ Aþ B⋅ εp
� �n� �

� 1þ C⋅ln
ε˙
�

pl

ε˙
�

0

Þ� 1−
T−Tre f

Tmelt−Tre f

� 	m
 �
0
BB@

2
664 ð4Þ

where σ is the flow stress; εp is the effective plastic strain; ε̇pl
is the effective plastic strain rate; ε̇0 is the normalizing strain
rate; A, B, C, n, Tmelt, and m are material constants; Tref is the
room temperature (22°C in this study).

In the previous equation (Eq. 4), the parameter n takes into
consideration the hardening of the material, whereas m de-
pends on its fusion. C is influenced by the strain rate.

The material’s constants were determined based on the
experimental results from tensile tests that were carried out
at different speeds (3 mm·min−1 and 30 mm·min−1), which a

re equivalent to strain rates of 1.67 × 10−2s−1 and 1.67 ×
10−3s−1 and temperatures (22 °C, 300 °C, and 500 °C). During
the FSW process, the applied strain rate can sometimes,

a) Geometry and boundary conditions of the FEM 

b) Central line mesh of the FEM

Fig. 1 Geometrical model,
boundary conditions, and mesh of
the FEM. a Geometry and
boundary conditions of the FEM.
b Central line mesh of the FEM
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depending on the welding configuration to perform, reach
1600 s−1 [25, 26]. Nevertheless, such high-performance
equipment is not available in our research entities. The inverse
identification method was used. A hydraulic testing machine
(INSTRON 1342) equipped with a load cell (±100 kN capac-
ity) was used to apply the loading rate and a climatic test
chamber (CERHEC 1400), which can generate a controlled
temperature for up to 1500 °C, helps regulate the testing tem-
perature. For the sake of clarity, only results from tests at 22
°C and 500 °C are presented in Fig. 2.

The identified values of the constants of Johnson-Cook’s
model for DHP copper are obtained by fitting the equation
(Eq. 4) with the experimental results and are shown in Table 2.

2.5 Friction model

A critical aspect of the FSW process simulation is the contact
condition modeling between the tool and the plates being
welded since the Eulerian domain interacts with the
Lagrangian one. Many studies have focused on the develop-
ment of contact models suitable for the FSW process. Most of
them have opted for a friction coefficient that is kept constant
during the simulation [27, 28]. However, the friction coeffi-
cient depends on speed, temperature, and deformation rate.
Recently, Kareem et al. [29] have used the Coulomb friction
model with a non-linear coefficient that is dependent on both
the local temperature of the melted material and the deforma-
tion rate. This evolution of the coefficient has been previously

proposed by Meyghani et al. [30] through a highly original
work that integrates the shear stress of the contact interface
(dependent on the temperature), the partial sliding/sticking
condition, and the geometry of the tool.

Very promising results from experimental tests [30], which
were carried out using various FSW parameter sets, have vali-
dated this evolution of the friction coefficient as a function of
temperature. Thus, this methodology was used in this work to
describe the relationship between the friction coefficient evolu-
tion and the temperature (Fig. 3). At ambient temperature, μ0 =
0.22 (evaluated by using the inverse identification method).

2.6 Mass scaling strategy

In the FEM model, an explicit integration scheme was used
for the resolution. One of the major criticisms of this integra-
tion scheme is the extremely long computational time that is
associated with it, so it is mainly used for dynamic simulations
(simulation time relatively short). If the time increment is less
than a critical value Δtcrit, the integration scheme is considered
conditionally stable. The critical time increment Δtcrit is com-
puted from the mass and stiffness characteristics of the model
and is expressed as follows [31]:

Δtcrit ¼ min
Lc i

Cd

� 	
ð5Þ

where Cd ¼
ffiffiffi
E
ρ

q
is the wave propagation velocity within the

material and Lc i is the characteristic length of each element “i”
of the mesh.

Mass scaling is a way of reducing the computational time,
and it increases artificially the masses of the elements and can
be applied even though there is rate dependency. The mass
(Eq. 3) is scaled by replacing the density term ρ with the
fictitious density ρ∗ = κm ∙ ρ, with κm > 0 [22]. The mass scal-
ing factor κm has to be chosen in such a way that the inertial
forces, the right-hand side of the equation (Eq. 3), remain
small. The substitution of the density ρ for a fictitious density

Table 1 Physical properties of
the DHP copper [23] Material Elastic

modulus

(GPa)

Poisson’s
ratio

Density

(kg/m3)

Thermal
conductivity
(W/m°C)

Specific
heat

(J/Kg°C)

Thermal expansion
coefficient (10−6/°C)

Cu-DHP 117.2 0.33 8913 388 385 16.8

Fig. 2 Macroscopic behavior of base material as a function of
temperature, where εv is the logarithmic strain and σv is the true stress

Table 2 Constants of Johnson-Cook’s model for DHP copper

Material Tmelt (
oC) Tref (

oC) A (MPa) B (MPa) C n m

DHP-Cu 1083 22 250 250.4 0.0137 0.81 0.73
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ρ∗ leads to a change in the thermal time constant (Eq. 2). This
effect can be compensated by introducing the fictitious specif-
ic heat c*e ¼ ceκ−1

m . Thus, we obtained the two following
scaled thermo-elastic equations (Eq. 6 and Eq. 7). Mass inertia
effects can be seen explicitly on the right-hand side of the
equation (Eq. 6) [22].

−k∇2T ¼ αλT 0tr ε̇e
� �

þ ρ*c*e Ṫ ð6Þ

μ∇2uþ λþ μð Þ∇tr εeð Þ−αλ∇T ¼ ρ*
∂2u
∂t2

ð7Þ

To achieve a reasonable accuracy of simulation results, the
ratio of kinetic energy to internal onemust be less than 2% of the
simulated model. According to [20], a value of m= 1000 was
chosen. Thus, the temperature error is less than 10% and the
computational time is reduced by 25 times. As a consequence,
the use of the mass scaling method combined with a reasonable
computational time leads to a significant reduction in the incre-
ment number as well as the inherent numerical errors.

3 Validation of the finite element model

To allow validation of the FEM, two DHP copper plates with
dimensions of 100 mm (length) × 100 mm (width) × 3 mm
(thickness) have been welded with two sets of welding param-
eters. The assembly process is performed by using a welding
machine FSW-4-10 that is characterized by a rotating speed in
the range of 300 to 1450 rpm and an advancing speed between
10 and 480 mm/min. Throughout the welding process, this
machine also allows both controlling the displacement and
recording the force in the z! direction (Fig. 1b). The temper-
ature has been measured using an infrared camera (FLIR
A40M) with an accuracy of ±2 °C, and at the interface be-
tween the tool and the plates being welded (precisely at 1 mm
behind the tool and pointing to the weld bead). The infrared
camera moves with the tool.

The first welded assembly, which is labeled W-90-800,
was obtained with an advancing speed of 90 mm/min and a

rotating speed of 800 rpm. The second welded assembly,
which is labeled W-90-1000, was obtained with an advancing
speed of 90 mm/min and a rotating speed of 1000 rpm. The
rotational speed value of the tool was modified while the ad-
vancing one was kept constant. This choice was motivated by
the fact that the welding temperature increase is mainly influ-
enced by the rotational speed than the advancing one and this
temperature value could be less affected by measurement
errors.

The evolution of maximal welding temperature is plotted
against the position of the tool during the welding of W-90-
1000 (Fig. 4). This first result helps to evaluate the initial value
of the friction coefficient μ0 (Fig. 3) by minimizing the differ-
ence between values that are predicted by the model and those
obtained from the experimental measurements.

Once the value of μ0 identified, the validity of the numer-
ical model can be evaluated by comparing the temperature
distributionmeasuredwithin the secondwelded assembly dur-
ing the tool advance with the one predicted by the finite ele-
ment model (Fig. 5). Moreover, the numerical axial force is
compared with the experimental one (Fig. 5b). These findings
indicate that the experimental results are in good agreement
with those obtained from the numerical simulation; the force
axial error is less than 6%.

4 Parametric study

It has been proven [1] that it is crucial to reach the optimal
welding temperature for obtaining a welded joint of high qual-
ity characterized by a mechanical strength close to that of the
base material. This temperature can be experimentally evalu-
ated and is about 0.4 to 0.5 times Tmelt for quasi-pure copper
materials [1]. The optimal welding temperature of DHP cop-
per materials [1, 32] is about 550 °C. At this temperature, the
base material is in a pasty state, so this allows a homogeneous
melting while avoiding defect formation. If this temperature is
exceeded and approaching that of melting, the material

Fig. 3 Evolution of the friction coefficient as a function of temperature

Fig. 4 Predicted versus measured temperatures against the position of the
pin, in the x! direction
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becomes too fluid, which will result in both void formation
within the joint and inhomogeneous melting. This latter also
leads to excessive burr of the weld bead and, under tensile
loading, fracture at the welded joint.

This parametric study aims at carrying out numerous sim-
ulations which subsequently will help to identify the optimal
welding parameters. Twelve simulations are carried out using
the welding parameters specified in Table 3. Each simulation
is individually labeled, indicating the speeds of both advanc-
ing and rotating.

For instance, Fig. 6a shows the computation field temper-
ature obtained during the simulation of the welding configu-
ration S-90-1000 and precisely when the tool position is at
85 mm from point A. As shown in Fig. 5a, both experimen-
tally and numerically, the welding temperature takes time to
reach its optimal value. In these welded areas where the tem-
perature is not stabilized, defects likely have appeared.
Consequently, for each numerical simulation, the temperature
is recorded at a tool position greater than 85mm from point A.
These temperature values are shown in Fig. 6b by the red
points. For a clear presentation of these temperature results,
a polynomial surface interpolation was performed. This high-
lights the effects of the FSW process parameters on the stabi-
lized welding temperature. This finding is in good agreement

with experimental observations [33]. At a given advancing
speed va, the stabilized temperature increases with the rotating
speed vr. However, when this latter is fixed, a decrease in the
advancing speed leads to an increase in the stabilized process
temperature.

5 Simulation results

From the obtained results, one can compute a thermal efficien-
cy surface indicator (TE) that is defined in the following for-
mula (Eq. 8):

TE va; vrð Þ ¼ 1−
abs TS va; vrð Þ−TO½ �

TO


 �
� 100 ð8Þ

where TS(va, vr) represents the stabilized temperature obtained
from the simulation with the speeds va and vr, and TO repre-
sents the optimal welding temperature identified from the lit-
erature [1, 32]. The maximal value of the indicator TE might
give a valuable indication of the optimal area of the welding
process.

The thermal efficiency surface (TE) mapping is shown in
Fig. 7.

This mapping clearly shows an area, the one colored in red,
that is characterized by values of TE close to 100%, in other
words, by stabilized temperature values close to the tempera-
ture TO. This result means that, inside that particular area, one
can identify FSW process parameters that help to obtain
welded joints with mechanical strengths close to that of the
base material. Ideally, it is recommended to perform the
welding at relatively high speeds (va = 120mm/min and vr =
1150 rpm) to avoid heat loss in the weld bead, but also to
increase productivity. It should be noticed that these values

a) Comparison between numerical and

experimental temperature distributions 

for W-90-1000 sample 

b) Comparison between numerical 

and experimental forces , for W-

90-800 and W-90-1000 samples

Fig. 5 Validation of the finite element method. a Comparison between numerical and experimental temperature distributions for W-90-1000 sample. b
Comparison between numerical and experimental forces Fz, for W-90-800 and W-90-1000 samples

Table 3 Simulation labels and speeds selected in the parametric study

va (mm/min) 60 90 120 150

vr (rpm)

1200 S-60-1200 S-90-1200 S-120-1200 S-150-1200

1000 S-60-1000 S-90-1000 S-120-1000 S-150-1000

800 S-60-800 S-90-800 S-120-800 S-150-800
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could be limited due to both the kinematics and rigidity of the
welding machine. Conversely, selecting low optimal values
leads to the use of both moderate kinematics and less effective
welding machines, on the condition that the heat losses did not
become too high. In this parametric study, only the heat ex-
change with the ambient air is integrated into the model.
However, evaluating the effects of more realistic thermal
boundary conditions remains possible.

From Fig. 7, the optimal dependency between the rotating
speed and the advancing one might be expressed as follows
(Eq. 9).

vr ¼ kT � va þ kr ð9Þ
with kT = 5.52 rot/mm and kr = 483 rot/min. These two con-
stants depend on both the tool geometry and the material being
welded. Their values are identified from the equation of the
black-colored line plotted in Fig. 7.

The equation (Eq. 8) allows evaluating the optimal value of
the tool rotating speed based on an imposed advancing speed
value. Some experimental tests are then needed to both vali-
date this strategy and evaluate the difference between the

stabilized temperature and the optimal one (TO), as well as
the joint strength.

6 Experimental validation

6.1 Experimental setup

In addition to twowelding configurations (labeledW-90-800 and
W-90-1000) that were used for both identification and validation
of the finite element model, five other FSW assemblies have
been manufactured using the same material (Cu-DHP) and ge-
ometry (length, width, and thickness). The labels (process param-
eters) of the five other welding configurations are specified in
Table 4. The non-destructive testing using penetrating radiation
(X-ray radiography) was performed on ANDREX X-ray
Equipment model CMA357 using high contrast, very fine grain
KODAK INDUSTREX T200 Film. The focal distance was 50
cm, current intensity 2 mA, working voltage 120 kW, and the
exposure time 1 min and was performed on four specimens
(labeled W-90-1200, W-150-1200, W-90-800, and W-150-
800). This investigation aims at qualitatively evaluating the pres-
ence or absence of defects having a dimension greater than
300 μm within the joint. For each FSW specimen, the investi-
gated volume size is graphically represented by the blue-colored
parallelepiped shown in Fig. 8b. The x-rays pass through the

a) distribution of the temperature from 

the S-90-1200 simulation

b) stabilized surface temperature 

Fig. 6 surface temperature from numerical simulation. aDistribution of the temperature from the S-90-1200 simulation. b Stabilized surface temperature

Fig. 7 Thermal efficiency surface, TE(va, vr)

Table 4 Welding configurations tested investigated during the
experimental study

va (mm/min) 90 120 150

vr (rpm)

1200 W-90-1200 W-150-1200

1000 W-90-1000 W-120-1000 W-150-1000

800 W-90-800 W-150-800
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specimen, and two of its faces (Fig. 8b) are projected for the
defects analysis: the frontal one bounded by points A, B, C,
and D, and the lateral one bounded by points B, F, E, and C.

For each welding configuration to be investigated through
monotonic tensile tests, three specimens have been extracted
from the welded stabilized area and at the following positions
(from point A, Fig. 5a): 55 mm, 70 mm, and 85 mm respec-
tively. The geometry of the extracted specimens is shown in
Fig. 8a. Additional details about the specimen geometry are
l0 = 100 mm and L = 200 mm.

During tensile tests, the digital images correlation (DIC)
method was used to monitor the local strain field εyy simulta-
neously on both the frontal face (area bounded by points G, H,
I, and J in Fig. 8b) and lateral face (area bounded by points H,
K, L, and I in Fig. 8b).

The experimental setup used to measure the displacement
field on the abovementioned faces is shown in Fig. 9.

The testing machine used to investigate the mechanical
behavior of the welded joint is the same as that for the
thermo-mechanical characterization of the base material,
namely INSTRON 1342. Monotonic tensile tests were per-
formed at a loading rate of 3 mm/min. The displacement field
measurement on the two perpendicular faces (frontal and lat-
eral) of the sample was performed by simultaneously using
two CCD cameras that are fully synchronized with the

INSTRON machine: an Aramis-GOM system equipped with
a 2448 × 2050 pixels CCD sensor and a Retiga 6000 equipped
with a 2758 × 2208 pixels CCD sensor. The resulting strain
field is computed by deriving the displacement field.

Before installing the specimen in the testing machine, its
two perpendicular faces were speckled and on an area of in-
terest which is 45 mm long and centered on the welded joint
(Fig. 8b). This length has been selected so that a wide area
around the welded joint can be monitored and recorded up to
failure. A polarized lighting device was also set up for record-
ing images with high contrast at a frequency of 1 Hz.

The mechanical loading is applied along the y! -direction
(Fig. 8). For image analysis, the spatial resolution is set to 19
pixels, and the standard deviation of the displacement field to
±0.5 μm.

To complete this experimental investigation, a digital mi-
croscope (KEYENCE VHX) was used to analyze the fracture
surfaces of three specimens (labeled W-90-1000, W-120-
1000, and W-150-1000) at ×100 magnification to highlight
the failure scenario through different zones of FSW joints.

6.2 Results from X-ray analysis

The results from the X-ray analysis of the four specimens are
shown in Fig. 10.

a) Ray radiography  

b) Position of theX-Ray radiography and DIC investigated areas

Fig. 8 Geometry and monitored
faces of the sample. a Sample
dimensions. b Position of the X-
ray radiography and DIC investi-
gated areas
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As shown in Fig. 10, false-color images of the
abovementioned faces (frontal and lateral) allow detection of
the defects along both the axis (y-direction) and width (z-
direction) of the joint.

From image analysis, it can be noticed that there is no
detectable defect within the specimen labeled W-90-1000
(Fig. 10a). Consequently, this FSW specimen should exhibit
higher mechanical properties (maximum values of stress and
strain at failure). The defects detected within the specimen
labeled W-150-1000 (Fig. 10b) seem to be a tunnel type de-
fect, are characterized by a variation in its width along the
welding direction, and are located in the root of the weld
(retreating side). The defects within the two other specimens

labeled W-80-800 and W-150-800 (Fig. 10c and d,
respectively) have a size bigger than that of those detected
within the specimen labeled W-90-1000, extend over the
whole width of the specimen, are located in the root of the
weld (retreating side), and are characterized by a 1 mm in
depth. These specimens are likely to exhibit low mechanical
strength.

6.3 Results from monotonic tensile tests

The macroscopic mechanical responses of the welding con-
figurations that were tested under tensile load (Table 4) are

Fig. 9 Tensile test setup to investigate the mechanical behavior of the FSW joint

a) W-90-1000 b) W-150-1000 c) W-90-800 d) W-150-800

Fig. 10 Defects identification from X-ray radiography. a W-90-1000. b W-150-1000. c W-90-800. d W-150-800
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shown in Fig. 11. In this figure, the true stress σvð Þ is plotted
as a function of the logarithmic strain εvð Þ.

Results from tensile tests (Fig. 11) highlight the effects of
the welding parameters on the macroscopic mechanical be-
havior of the welded joint. For some process parameters, the
values of both the logarithmic strain and true stress at the
specimen failure are close to the ultimate strength of the base
material. For a suitable analysis of the results, the mechanical
efficiency EM of the joint is computed by using the following
formula:

EM va; vrð Þ ¼ σv maxFSW va; vrð Þ
σv max BM

� 100 ð10Þ

where σv maxFSW represents the maximum value of the true
stress resulting from the tensile test on an assembly welded at
the speeds (va, vr), and σv max BM represents the maximum
value of the true stress of the base material. Based on the
results shown in Figs. 11 and 2, EM values are plotted on
Fig. 12a as a function of the two welding speeds (va, vr).
This result (Fig. 12a) highlights an area, around the white-
colored line, within which the selected welding speeds lead
to a joint characterized by a mechanical efficiency value close
to 90%. It is also clear from Fig. 12a that one can notice a very
good correlation between the mapping of the EM values and
that of the thermal efficiency surface (TE) values. Moreover,
Fig. 12b shows a good agreement between the welding speeds
(va, vr) selected from the mapping of the TE values and the
resulting strain value at specimen failure (εv max FSW ). These
findings validate the strategy for identifying the optimal pro-
cess parameters.

The maximum strain (εv max FSW ) value is around 0.3
when the welding is performed at the optimal process speeds,
and that strain value is close to the one obtained when the base
material fails. The key parameter for manufacturing a joint of

high quality is mainly governed by the welding temperature
obtained in the vicinity of the tool. Optimizing this welding
temperature prevents the generation of both tunnel and kissing
bond defects.

6.4 Strain map results

Differences between the macroscopic behavior of FSW joints
(Fig. 11) could be better explained by analyzing the local
behavior of the different zones of the joint. For this purpose,
the strain fields (εyy) obtained on both faces (frontal and later-
al) of the specimens W-90-1000 and W-150-1000 are shown
in Fig. 13. Local strain maps (in the loading direction)
resulting from seven different values of macroscopic stress
(Fig. 13a) are compared. As stated previously, the analysis
of X-ray results allows concluding that the defects detected
within the specimen W-150-1000 are of tunnel type. This
explains why the yield strength of that specimen is lower than
that of the specimen labeled W-90-1000. From Fig. 13b, one
can see on the strain maps of the lateral face (W-150-1000)
that the defect starts appearing at a stress value of around
130 MPa (from point C, Fig. 13a). This localization reflects
the tunnel defect propagation from the root of the joint to the
welded area.

This propagation scenario is highlighted on strain maps
labeled d and e. The sudden decrease in the macroscopic stress
value of the specimen W-150-1000 is because of the sudden
propagation of the defect to the opposite face.

When analyzing the strain field on each frontal face of the
two specimens, one can see that the defect starts being detect-
ed from the stress level labeled d. These localizations are
undoubtedly associated with defect propagation. From these
strain maps, one can also notice that defects are located on the
retreating side and their appearance leads to high strain values
in their vicinity. Under the same loading rate level, the highest
strain value is about 0.2 for the specimen W-150-1000 and
0.02 for the specimen W-90-1000.

To better understand the mechanisms that govern the frac-
ture of joints, fracture surface analysis was performed on three
specimens (labeled W-90-1000, W-120-1000, and W-150-
1000) using a high-resolution digital microscope. The results
are shown in Fig. 14.

From Fig. 14, one can notice a cross-section reduction of
about 67.5%, 30.6%, and 15.9% for the specimenW-90-1000,
W-120-1000, and W-150-1000 respectively. The specimen
W-90-1000 exhibits a ductile fracture. Periodic striations are
observed on the fracture surface of specimens W-120-1000
and W-150-1000. Similar striations have already been ob-
served [34] on the fracture surface of an aluminum AA5083-
H112 alloy FSW joint. Zettler et al. [35] have observed ma-
chining grooves that can be associated with the tool advancing
along both the cross-section and welding direction of an alu-
minum AA6063-T6 alloy FSW joint.

Fig. 11 Effects of process parameters: macroscopic behavior of the
welded joint plotted in the plane true strain (εv ) versus true stress
σv MPað Þ
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Fig. 12 Correlation between the optimal welding speeds and the resulting maximum strain of the FSW assembly. a Mechanical efficiency (EM)
compared with the thermal one (TE). b Maximum strain (εv max FSW ) as a function of the welding speeds (va, vr)

a) Macroscopic mechanical behavior of two specimens

b) Local strain maps in the loading direction of two specimens

Fig. 13 Strain maps comparison
between W-90-1000 and W-150-
1000 samples. a Macroscopic
mechanical behavior of two
specimens. b Local strain maps in
the loading direction of two
specimens
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In the present study, the striations at the fracture surface of
W-120-1000 are localized in its lower side of the FSW joint
and at a periodic interval. The localization of these striations in
the lower half of the cross-section highlights the fact that the
insufficient temperature at the root of the weld does not ensure
melt quality, thus leading to the appearance of kissing bond
defects. By comparing the specimens W-120-1000 and W-
150-1000 (having the same rotating speed but different ad-
vancing speed), one can observe striations over the entire
cross-section of the specimenW-150-1000 and are distributed
at low density compared to the specimen W-120-1000. This
pattern was more pronounced at the root of the weld.

6.5 Microstructure, microhardness, and fracture
surfaces

Microstructure and microhardness of joints have been
analyzed and compared to those from specimens obtain-
ed under extreme welding conditions, i.e., based on ther-
mal and mechanical efficiency surface indicators TE and
EM. Thus, the configuration W-90-1000 was obtained
with the best indicators and the configuration W-150-
1000 with the worst one (Fig. 16). The microstructures
of both the base material and the weld nugget were an-
alyzed for the two abovementioned welding configura-
tions. For each of these, the specimen dedicated to the

microstructure analysis was the one located in the vicin-
ity of the specimen mechanically tested. The lateral face
of the specimen was first polished to a depth of 3 mm
using 600 to 1200 grit papers before it received a dia-
mond polishing (3-μm granularity) to achieve a smooth
and even surface. Then, a chemical attack, which was
formulated with 50% of distilled water and 50% of
HNO3, was performed for 30 s and followed by rinsing
with ethanol. One can see that the microstructure of the
base material (Fig. 16a) is quite uniform and polyhedral,
and is composed of grains having an average size of
about 35 μm. The microstructure of the weld nugget of
the specimen W-90-1000 (Fig. 16b) is less uniform and
is composed of grains having a smaller average size (21
μm) and strongly deformed with diffuse edges compared
to those of the base material. In Fig. 16d, one can see
that the weld nugget of the specimen W-150-1000 is
composed of grains having an even smaller average size
(about 15 μm) than those of the weld nugget of W-90-
1000. The welding temperature determines the dynamic
recrystallization of the material in both configurations.
However, the lower welding temperature of the configu-
ration W-150-1000 led to the appearance of grains hav-
ing an average size smaller than the one of grains from
W-90-1000. This has also influenced the microhardness
of both configurations (Fig. 16c). The microhardness of

Fig. 14 Fracture surface analysis
of three welded joints
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W-150-1000 is higher than the one of W-90-1000.
However, the insufficient heat induced by the welding
of W-150-1000 did not allow the material to be in its
optimal plastic state, thus generating weld defects of type
“kissing bond” (Fig. 16f). This type of defect has not
been detected in the configuration W-90-1000 (Fig. 16e).

One last result is about the failure localization refer-
ring to the joint axis. Figure 15 shows the observations
from each welding configuration tested. It can be seen
that among the seven tested specimens, only the
welding configuration W-90-1000 exhibits a fracture
path localized outside the welded joint. This indicates

Fig. 15 Fracture path localization

a) microstructure of the base material b) microstructure of the weld nugget 
(configura on W-90-1000) 

c) welding joints microhardness for W-
90-1000 and W-150-1000 

configura ons

d) microstructure of the weld nugget
(configura on W-150-1000)

e) microstructure of the root of the 
weld bead (configura on W-90-1000)

f) microstructure of the root of the 
weld bead (configura on W-150-

1000)

Fig. 16 Microstructure and
microhardness of the welds for
different process parameters. a
Microstructure of the base
material. b Microstructure of the
weld nugget (configuration
W-90-1000). c Welding joints
microhardness for W-90-1000
and W-150-1000 configurations.
d Microstructure of the weld
nugget (configuration W-150-
1000). e Microstructure of the
root of the weld bead (configura-
tion W-90-1000). f
Microstructure of the root of the
weld bead (configuration W-150-
1000)
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that for this specimen, the process parameters (welding
speeds) are optimal (Fig. 16).

Moreover, one can notice that for each of the other FSW
configurations, the resulting fracture path is localized within
the weld bead and always at the retreating side (RS). These
findings are in good agreement with the prediction of the
optimum parameters.

7 Conclusion

This work has enabled us to study the friction stir welding
process applied on a quasi-pure copper material. A robust
and efficient numerical strategy is proposed and aims at
predicting the optimal welding parameters for which a butt
joint welding of 3-mm-thick quasi-pure copper exhibits the
maximum values of both mechanical strength and strain to
fracture.

The simulation tool, which is based on the CEL (Coupled
Eulerian-Lagrangian) model, takes into account some key as-
pects that make it robust and efficient: firstly, a friction coef-
ficient that depends on the temperature has been used and its
initial value was computed based on the ambient temperature
and using the inverse identification method; secondly, the
computational time has been reasonably optimized (2 days
for the welding configurations simulated in this work) thanks
to the use of the mass scaling technique, which has a low
impact of the accuracy of the results since the temperature
field is lowly overestimated (less than 10%); thirdly, the
values of the constants of Johnson Cook’s law were deter-
mined experimentally.

The key parameter of this simulation strategy lies in
evaluating the optimum value of the welding temperature,
which is intrinsic to both the welding configuration and
material. This optimum value of welding temperature can
be often found in the literature. However, for welding
configuration that has never been studied, this optimum
welding temperature could be identified through extreme-
ly long and costly experimental investigation. Thus, the
simulation model developed in this work allows identify-
ing the best combinations of welding speeds (va, vr). An
extensive testing campaign involving tensile test, X-ray
technique, analysis of local strain fields, and analysis of
fracture surfaces highlights the robustness of the simula-
tion strategy proposed in this work. The experimental re-
sults were in good agreement with the FE simulations and
then have enabled us to determine the suitable set of FSW
parameters for the studied material.
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3.3. Identifications des défauts et de leur effet sur les joints FSW

3.3 Identifications des défauts et de leur effet sur les
joints FSW

Si la quantité de défauts ainsi que leur taille pourraient être réduits à travers l’utili-
sation des paramètres de soudage qui génèrent un champ de température autour du pion,
avoisinant la valeur optimale, il n’en est pas de même pour les configurations complexes,
comme par exemple avec trois tôles d’alliage d’aluminium superposées. Dans un premier
temps, il est nécessaire de définir l’ordre de superposition par rapport à l’épaulement
du pion. En conséquence, j’ai trouvé intéressant, à ce stade d’identifier la température
optimale pour chacun des alliages utilisés et tenter de disposer les tôles d’aluminium
par ordre décroissant de température optimale. Il est question ici, d’une analyse des
défauts ainsi obtenus et de leur effet sur la résistance du joint constitué de trois couches
en utilisant une stratégie d’investigation multi-instrumentation combinant : la micro-
tomographie aux rayons X, la mesure des champs de déformation par l’analyse spectrale
localisée et l’émission acoustique (EA) afin de détecter l’initiation des mécanismes d’en-
dommagement au sein d’un joint FSW et de suivre son évolution au cours d’un essai
mécanique. L’échantillon a été fabriqué en superposant et en soudant ensemble trois
feuilles d’alliage d’aluminium de nuances AA6061, AA7075 et AA2024. Les défauts de la
structure interne du joint ont été identifiés à l’aide de la micro-tomographie aux rayons X,
avant sollicitation. L’échantillon a ensuite été soumis à un essai de traction. L’évolution
des défauts en fonction de la contrainte de traction a été suivie en utilisant l’émission
acoustique (EA) [144] couplée à des mesures de champs de déformation sans contact,
simultanément sur deux faces perpendiculaires de l’échantillon. Les résultats mettent
en évidence une bonne corrélation entre les zones de concentration de déformation et
celles caractérisées par une forte densité de défauts de soudure, , tels qu’identifiés à
partir de l’analyse des résultats de la micro-tomographie. La comparaison entre les
résultats de l’EA et ceux obtenus à partir de l’analyse de la micro-tomographie a permis
d’affirmer que les premières sources de fissuration ont été causées par les zones dites
de faiblesse, où la densité de pores est maximale, et détectées dans l’état initial du joint
soudé. Les résultats d’une classification non supervisée de l’activité EA, montrent que
trois principaux mécanismes ont régi l’évolution de l’endommagement du joint FSW
étudié. Une analyse approfondie des résultats expérimentaux met en évidence une bonne
corrélation entre les résultats de l’EA et ceux de l’analyse des champs de déformations.
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A B S T R A C T   

The present work aims at proposing an experimental strategy involving three measurement techniques, namely 
X-ray micro-computed tomography, Localized Spectrum Analysis, and Acoustic Emission (AE) in order to detect 
the initiation of damage mechanisms within an FSW joint and to track its evolution during a mechanical test. The 
specimen was manufactured by superimposing and welding together three aluminum alloy sheets named 
AA6061, AA7075, and AA2024. First, the defects within the internal structure of the joint were identified by 
using X-ray micro-computed tomography. The joint was then subjected to a tensile test. The evolution of the 
defects as a function of the tensile stress was monitored by using acoustic emission coupled with non-contact 
strain fields measurements on two perpendicular faces of the specimen. The findings highlight a good correla-
tion between the strain-concentration zones and those characterized by a high density of weld defects, as 
identified from the analysis of the microtomography results. The comparison between AE results with those 
obtained from the computed microtomography analysis enabled us to state that the first crack sources were 
caused by the weakness zones detected within the initial state of the welded joint. The findings from an unsu-
pervised classification of the AE activity are that three main mechanisms governed the damage evolution of the 
studied FSW joint. The acoustic signature of each cracking mechanism is defined by a pair of values (peak 
frequency, amplitude), each within a specific range. A deep analysis of the experimental results highlights a good 
correlation between the AE results with those from the strain analysis.   

1. Introduction 

The major challenge today mainly focuses on the reduction of energy 
consumption in different economic sectors. The conversion of energy 
significantly affects our environment and leads to high levels of air 
pollution. As an example, transport is the activity that contributes to 
most of the greenhouse gas emissions in France since it was estimated in 
2019 at around 31% of the whole emissions [1]. Based on this obser-
vation, the design of mechanical structures in the transport industry 
should lead to a high strength/weight ratio [2]. Indeed, the use of these 
structures is an effective way to reduce the total weight of future vehi-
cles, thus improving energy efficiency while reducing fuel consumption 

[3]. These structures are obtained by assembling different materials 
which are characterized by both a lightweight and a high mechanical 
strength. Such materials are generally difficult to weld and thus are 
conventionally joined by riveting, bolting, or screwing. One disadvan-
tage of these joining processes is that they increase the weight of the 
assembly. An alternative to these assembling processes is the friction stir 
welding (FSW) technique. The latter was invented and patented by The 
Welding Institute (TWI) [4]. This is solid-state welding characterized by 
a low heat generation and a welding temperature lower than the fusion 
one of the materials involved in the joint. Because of the insignificant 
thermal distortions generated by the FSW process [5], the latter is suited 
for welding dissimilar materials. Many studies showed that the FSW 
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technique is well suited for assembling similar or dissimilar materials 
[6] by using either the lap joint [7] or the butt-joint method. Some 
recent studies have addressed welded joints made up of two super-
imposed sheets using the FSW process by performing several welding 
passes [8,9] and by varying the depth value of the welding tool. Welding 
defects were observed from the result analysis. However, their number, 
as well as their distribution, were not quantitatively evaluated. These 
defects could be of tunneling and kissing bond types [10] or pore types 
[11] that are specific to welding configurations of superimposed sheets. 

The appearance of defects within this welding configuration is one of 
the most important issues because the heat generated by the friction 
between the shoulder of the pin and the alloy sheet is not always ho-
mogeneously spread at the interlayer between sheets. Another reason is 
that the values of both the mechanical and the thermal properties of the 
sheets being welded are generally different. Considering these experi-
mental conditions involves choosing the joining parameters (advancing 
speed and rotational speed) in such a way that an optimal welding 
temperature is obtained in the stir zone [12]. This also ensures the 
strongest interface between the welded sheets and minimizes the crea-
tion of defects in the joint. 

Compared to the studies mentioned above in which two super-
imposed and welded sheets were investigated, an FSW joint made of 
three superimposed steel sheets was investigated in [13] to understand 
the effect of the direction of the tool rotation on the joint quality, 
especially in terms of the formation of hooking defects [14]. Three ultra- 
thin aluminum alloy sheets, each having a thickness of 0.254 mm [15], 
were superimposed and welded by using micro friction stir welding 
before being experimentally tested. The authors were able to demon-
strate that the shape of the tool highly affects the joint strength and that 
the creation of defects during the welding process can be minimized by 
selecting appropriate welding parameters. Nevertheless, few studies 
focus on quantifying these defects as well as their effect on the in-service 
life of FSW joints obtained by superimposing metal sheets. Recently, 
some authors [11,16] have successfully detected defects within FSW 
joints by using non-destructive testing such as X-ray micro-computed 
tomography (CT). Moreover, the authors have highlighted the de-
pendency between the welding process parameters and the resulting 
number of defects. As a general conclusion of this brief bibliography, 
there is a need for coupling several experimental techniques to better 
understand the evolution of the defects in FSW joints as well as their 
effect on the in-service life of the joints when subjected to mechanical 
loading. 

While the heterogeneity in the vicinity of the welded zone can be 
analyzed through strain fields measurements on the specimen surfaces 
[17,18], it is more difficult to investigate the internal structure of the 

joint, particularly when focusing on the identification of the damage 
mechanisms [19]. For this purpose, the acoustic emission [20,21] is a 
suitable technique for monitoring the creation of defects within the 
welded joint but also for identifying the acoustic signatures that could be 
associated with each of the damage mechanisms. 

The present work aims at proposing an experimental strategy 
involving three different complementary measurement techniques (X- 
ray micro-computed tomography, Localized Spectrum Analysis, and 
Acoustic Emission), the main objective being to detect both the initia-
tion and the evolution of damage mechanisms within an FSW joint. 
These three techniques were chosen because of their non-destructive 
and non-contact nature (except the acoustic emission). They also pro-
vide full-field measurements, which leads to a wealth of data. This turns 
out to be useful to understand the mechanisms that govern the me-
chanical behavior of the joint. Moreover, the synchronization of these 
three techniques enabled us to correlate the results that they provided. 
First, the defects within the internal structure of the joint were identified 
by using X-ray micro-computed tomography before subjecting the joint 
to tensile loading. The evolution of these defects as a function of the 
applied tensile stress was monitored by using acoustic emission coupled 
with non-contact strain fields measurements on two perpendicular faces 
of the specimen. These faces were marked with periodic patterns such as 
checkerboards to ensure a high quality of the displacement and strain 
fields measurement. This technique also aimed at detecting very early 
the appearance of strain concentrations on the two investigated surfaces 
of the specimen. The originality of this work is mainly the fact that the 
three experimental techniques which were used provided complemen-
tary information. This enabled us to investigate in detail a complex 
welding configuration. This would not have been the case if they had 
been employed separately. 

2. Materials and experimental methods 

2.1. Specimen preparation 

Fig. 1 provides an overview of the studied specimen as well as the 
size of the zones under investigation. In this experimental study, (as 
shown in Fig. 3) three aluminum alloy sheets designated AA6061, 
AA7075, and AA2024 were superimposed in this order and welded 
together by using the FSW process. The initial size of each alloy sheet is 
250 mm in length, 140 mm in width, and 2 mm thick. Once the sheets 
were welded, the specimen to be tested was cut by machining from a 
region where the FSW process could be considered as stabilized (i.e. 
roughly 70 mm away from the edge of the initial sheets), the measured 
welding temperature remaining constant and being no longer influenced 

Fig. 1. Geometry of the FSW specimen with details of the investigated areas and the tool.  
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by the welding tool (pin) advance. 
The mechanical properties as well as the melting temperature of each 

of the three aluminum alloy sheets [22,23] are given in Table 1. 
The chemical composition and the density of each aluminum alloy 

sheet [22] are provided in Table 2. The welding tool (pin) that was used 
to assemble the three alloy sheets (see Fig. 1) is made from highly 
alloyed steel, as required by the DIN 1.2312 standard for tools that are 
categorized P20 + S (40 CrMnMoS 8–6). The pin is an M6-thread and its 
length of 5.3 mm covers 85% of the specimen thickness to be welded. 

The tool shoulder diameter of 22 mm sheets (see Fig. 1) was suffi-
cient to generate the required heat for assembling the three sheets 
together by using an FSW machine (4–10 model). This machine allows 
selecting the rotational speeds vr, within the range of 300 to 1450 rpm, 
and advancing speed va from 10 to 480 mm/min. This machine also 
allows monitoring the plunging depth of the pin along the z-direction 
(Fig. 1) while recording the corresponding force value all along the 
welding process. The temperature was measured using an infrared 
camera (FLIR A40M featuring a temperature resolution of ±2 ◦C) at the 
interface between the tool and the plates being welded (precisely 1 mm 
behind the tool and pointing to the weld bead). The kinematics pa-
rameters used in this study are as follows: vr= 1400 rpm et va= 70 mm/ 
min. 

2.2. X-ray tomography 

Computed microtomography (μCT) is an imaging technique that 
helps to have an overview of the internal structure of a test specimen 
without causing any damage. The non-destructive ability of this tech-
nique is a significant advantage in material science, particularly when 

performing in situ acquisition, as successfully experienced by Buffière 
et al. [24]. Moreover, this inspection technique is by far more efficient 
than numerous imaging methods such as microscopy-based ones since it 
provides 3D data with a resolution of up to 1 μm [24] and even lower, 
depending on the X-ray source used in the tomography equipment [25]. 
The X-ray computed tomography equipment (model Phoenix vTomeX / 
X-ray, see Fig. 2) that was used during this experimental study is located 
in the MATEIS laboratory (INSA de Lyon, France). 

The analysis of the FSW specimen required the use of incident X-rays 
that were characterized by a voltage of 80 kV and an intensity of 280 μA 
without any filtering. The voltage of 80 kV was chosen to obtain the best 
compromise between transmission and contrast. Concerning the current, 
the maximum value (before defocusing) was used to obtain the 
maximum photon flux without increasing the source spot size. 

Under these conditions, the source spot size was about 2–3 μm. The 
Varian Paxscan X-ray detector used in this study has an active surface of 
200 mm × 250 mm along with a matrix of 1920 × 1536 pixels2. This 
detector records radiograms that are encoded in greyscale, with a gray 
depth equal to 14 bits. The size of the reconstructed volume is 1500 ×
1000 × 500 voxels3 and the size of a voxel after reconstruction is equal 
to 18 × 18 × 18 μm3. The data acquisition was performed by using the 
following procedure: 912 projections of X-rays were considered during 
the 360-degree rotation of the specimen and the exposure time for each 
angular position was equal to 333 ms. The resulting 3D images were 
reconstructed by using a filtered back-projection algorithm [26] which 
is implemented in the software provided with the tomograph. Infor-
mation on the theory and the techniques used to reconstruct 3D images 
can be found in [27]. 

2.3. Localized spectrum analysis 

The purpose here is to measure the strain fields that occur on both 
the front and the lateral faces of the specimen and to observe whether 
some coupling exists between the pattern of these strain fields and the 
internal structure of the solder characterized by tomography, or be-
tween these patterns and AE events. The constitutive material being 
strongly heterogeneous in this zone, strain fields are also expected to be 
heterogeneous. The technique to be used should therefore ideally be 
able to distinguish close features in the strain maps, and these maps 
should be as little as possible impacted by noise and systematic errors. 

Table 1 
Mechanical properties of the aluminum alloy sheets at the initial state before 
FSW joining.  

Aluminum 
alloy 

Melting 
temperature 
[◦C] 

Tensile 
strength 
Rm [MPa] 

Yield strength at 
0,2% plastic 
deformation Rp0.2 

[MPa] 

Elongation at 
break At [%] 

AA 6061 585 120 65 22 
AA7075 635 590 524 12 
AA2024 500 465 340 17  

Table 2 
Chemical composition and density of each aluminum alloy sheet.  

Aluminum alloy Chemical composition (in percent by weight) Density (kg/m3) 

Si Fe Cu Mn Mg Cr Zn Ti Ti + Zr 

AA6061 0,74 0.40 0.22 0.14 0,90 0.18 0.09 0.05 – 2700 
AA7075 0.05 0.10 1.60 0.05 2.70 0.19 5,80 0.05 0.06 2810 
AA2024 0.10 0.11 4,40 0.47 1.50 0.01 0.14 0.04 0.05 2773  

Fig. 2. X-ray computed tomography equipment, model Phoenix vTomeX (MATEIS/ INSA de Lyon).  
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Digital Image Correlation is the most popular full-field measurement 
technique [28]. It consists of retrieving displacement and strain fields 
from images of speckled surfaces taken before and after deformation. 
However, it has been recently shown in [29] that considering periodic 
patterns like checkerboards instead of random speckles, and processing 
the corresponding images with a suitable spectral technique named 
Localized Spectrum Analysis (LSA) led to much better metrological 
performance, especially in terms of noise level, ability to distinguish 
close features in strain maps and systematic errors. The present spec-
imen was therefore marked with such checkerboard patterns by using 
the transfer technique described in [30]. The period of the checkerboard 
was 0.1 mm, and the size of the squares forming the checkerboard was 
50 μm. Fig. 3 shows a close-up view of such a pattern. It can be seen that 
the natural symmetry axes of the checkerboard are inclined by an angle 
of 10 degrees with respect to the borders of the image. This enables us to 
avoid the presence of possible parasitic fringes in the strain maps due to 
aliasing, as explained in [31] in the case of periodic grid patterns. The 
LSA technique as described in [32] was finally used to process the 
checkerboard images to extract the displacement and strain fields. 

2.4. Acoustic emission (AE) monitoring 

The purpose of AE monitoring is to analyze the mechanical vibra-
tions emitted by the specimen after a sudden modification of the internal 
structure of the welded joint during the test. These vibrations can be due 
to damage, cracking, or plastic deformation for instance. Thus, under 
mechanical loading, the rapid release of energy from localized cracks 
within the welded joint generates transient elastic waves, referred to in 
this paper as AE waveforms. The latter propagate from the crack 
throughout the specimen before being detected by AE sensors. Thus, in 
addition to the displacement field measurement, a four-channel AE 
system equipped with Physical Acoustics' PCI-8 AE boards and pre- 
amplifiers was used to record the AE waveforms during the test. Due 
to the small dimensions of the specimen (see Fig. 1), two lightweight 
miniature piezoelectric sensors with an optimum operating frequency 
range of 200–750 kHz were bonded on the specimen with a double-face 
adhesive tape. They were used to perform a linear localization of AE 
sources (also termed AE events). The propagation velocity of AE 
waveforms was set at 4000 m/s following the pencil lead-breaking tests. 
The AE signal acquisition threshold was set at 50 dB, which is slightly 

Fig. 3. LSA checkerboard patterns and AE sensors.  

Fig. 4. General overview of the laboratory experimental setup  
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above the surrounding noise. 

2.5. Tensile test set-up 

The main dimensions of the specimen subjected to monotonic tensile 
loading are reported in Fig. 1. An INSTRON servo-hydraulic testing 
machine (model 1342) equipped with a +/− 100 kN cell force was used 
to perform the tensile tests at a controlled crosshead speed of 0.5 mm/ 
min. 

The displacement and strain fields occurring on two perpendicular 
faces of the FSW specimen (the front and the lateral ones) were 
measured by simultaneously using two cameras (Aramis-GOM system), 
as shown in Fig. 4. Their CCD sensor size is 2448 × 2050 pixels2. The two 
cameras were synchronized with each other and with the INSTRON 
testing machine. Hence the tensile force corresponding to every couple 
of images was recorded. The checkerboard patterns were transferred to 
both the front and the lateral faces. These latter are represented in Fig. 1 
as the IJKL and LKMN rectangles that are centered over the welded joint. 
Their length was equal to 40 mm to allow recording the images of the 
whole faces until specimen failure. A polarized lighting device was also 
set up for recording images with high contrast at a frequency of 1 Hz. 
The mechanical loading was applied along the x-direction (Fig. 1), 
which corresponds to the longitudinal direction of the specimen. For 
strain analysis, the spatial resolution was equal to 36 pixels with a 
standard deviation of about 200 με. 

The AE sensors were placed on the specimen, symmetrically on both 
sides of the welded joint. They were spaced 40 mm apart. The moni-
toring of AE activity from the specimen was synchronized with both the 
image acquisition system and the testing machine. 

3. Results and discussions 

3.1. Thresholding and segmentation 

The specimen volume investigated by using X-ray computed micro-
tomography is shown in Fig. 1. It is represented by the blue parallele-
piped (ABCDEFGH) centered over the median plane (see dotted lines) of 
the welded joint. The size of this volume was chosen to identify rela-
tively small size defects (voxel size in reconstruction = 18 μm) but also 
the morphology of the melted alloys mixture. As mentioned in Section 
“2.2 X-Ray Tomography” above, the initial state of the internal structure 
of the specimen has been analyzed using the ImageJ software [33]. This 
is an open-source software dedicated to image processing and analysis. It 
can be extended with plugins and macros. The data processing steps 
described below were applied to the reconstructed volume. First, the 
quality of this latter was improved through the use of a 3D median filter 
of size 3 × 3 × 3 voxels3. This allows reducing the noise level that could 
affect the different steps of both the thresholding and segmentation 
steps. Then, to analyze the whole volume and not be dependent on the 
random-access memory, the encoding of the volume was reduced from 
14 to 8 bits. Loss of information following this re-encoding had almost 
no effect on the qualities of detected phases. To illustrate this, Fig. 5-a 
shows five sections that are parallel to the FEHG face (Fig. 1) for 
different values of y. The average gray level for a 8 bit gray depth is 99.5, 
136.1, and 120.7, for the AA6061, AA7075, and AA2024 alloys, 
respectively. This difference is in good agreement with the density 
variation of each alloy, as shown in Table 2. Indeed, the density is 
slightly different for each alloy being welded. This is a great advantage 
to fully understand the mixing of these three materials. 

For efficient analysis of data from the studied volume, it is necessary 
to perform segmentation to separate the different phases: the air sur-
rounding the specimen, the pores, or the spatial distribution of the 

Position 

y (mm)
Cross section

gray 
level

Defects identification

14

11

7.2

3.6

0.5

a) - several cross-sections from the 

reconstructed volume. The 
welding tool geometry is 

superimposed over each picture 

and represented by the blue dotted 

line.

b) - porosities detected within several 

cross-sections

Fig. 5. Reconstructed data after filtering and pores identification.  
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different welded aluminum alloys. The simplest way to segment data 
into polyphasic gray levels consists of using thresholds [34,35]. The 
latter can be manually selected or preferably computed algorithmically. 
Because of the form of the volume histogram, a so-called Otsu threshold 
[36] was applied. In his paper, Otsu demonstrates that a threshold can 
be computed to segment bimodal data by maximizing the inter-class 
variance of the gray levels in each class. Yet, it is necessary to gener-
alize this approach to some thresholds greater than one. The idea here is 
not to separate each alloy sheet, even if the reconstructed data allow it, 
but also and particularly to automatically block out the air surrounding 
the specimen before identifying the porosity. Both components were 
detected by using the same thresholding level. In this case, the differ-
entiation between the air surrounding the specimen and the porosities 
generated during the FSW process lies in the volume of the characteristic 
size associated with each phase as it is quite obvious that the air sur-
rounding the specimen is characterized by a volume greater than that of 
the biggest identified porosity. Then, the thresholding step (grayscale 
level lower than 30) was applied again over the specimen volume 
without its surrounding air to separate the pore-type defects within the 
join. The pores distribution is shown in Fig. 5-b. All pores having a size 
lower or equal to that of the 3D median filter (pores with sizes lower 
than 60 μm) are not considered representative, the noise effect on their 
detection being too high. One can also notice by superimposing the pin 
over the different cross-sections shown in Fig. 5-a that the highest vol-
ume fraction of pores is located on the advancing side at the edge of the 
pin, and at the interface between the AA7075 and AA2024 aluminum 
alloy sheets. 

3.2. Defects measurement by X-Ray μtomography 

3.2.1. Distribution of the pores in the joint 
Computed microtomography is a highly efficient tool for the analysis 

of a structure consisting of several phases characterized by various 
densities [37]. This experimental technique provides relevant details on 
the investigated welded joint, as shown in Fig. 5. These pictures allow an 
in-depth understanding of the effects of the welding parameters on joint 
quality. It helps predict different failure mechanisms (initiation and 
propagation of cracks) which occur when the joint is subjected to me-
chanical loading. First, one can observe the spatial distribution of the 
three alloys in the vicinity of the pin. This visualization was made 
possible because of the difference in the density values of the tested 
alloys (see Table 2). One can see that the AA6061 and AA7075 alloys are 
well mixed. Few pore-type defects are visible at the interface between 
the two alloys. These defects are located in the welding direction. In 
Fig. 5-a (at y = 14 mm), hooking defects are also observed. This leads to 
a lift of the interface between two sheets. These hooking defects are 
generated by the translation of the material in its pasty state. This 
translmation is caused by the threaded welding tool. The formation of 
the hooks as well as their contribution to the mechanical behavior of the 
welded joints have been studied in [14] for instance. Different hook sizes 
and shapes were observed in this reference. These features depend on 
the welding parameters (welding speed, rotational speed, and advancing 
speed). By coupling digital image correlation (DIC) and tomographic 
analysis during tensile-shear tests, it was found that the hook charac-
teristics govern the fracture behaviors and, consequently, the mechan-
ical properties of the whole welded joints. 

We focus here mainly on the characterization of the pores and their 
distribution within the joint. The spatial distribution of the detected 

Fig. 6. Internal defects distribution within the welded joint.  

E.L. Nitu et al.                                                                                                                                                                                                                                   

291



Materials Characterization 190 (2022) 112069

7

pores is visualized in three dimensions (Fig. 6-d). The porosity is eval-
uated along each of the three directions of the specimen volume in order 
to identify the areas that are highly affected by the defects. The formula 
used to calculate these porosity values are as follows: 

X porosity (x) =
Spores(x)

S0x
× 100 (1)  

Y porosity (y) =
Spores(y)

S0y
× 100 (2)  

Z porosity (z) =
Spores(z)

S0z
× 100 (3) 

Where S0x is the FBCG cross-section (see Fig. 1) along the x→-direc-
tion and between points G and H within the reconstructed volume. The 
cross-section is considered as constant over the calibrated area of the 
specimen. S0y represents the FEGH cross-section (see Fig. 1) along the 
y→-direction and over the whole width of the specimen. S0z is the ABFE 
cross-section (see Fig. 1) along the z→-direction and over the thickness of 
the specimen. Spores(x) represents the cross-section of the pores. It is 
perpendicular to the x→ axis and computed between points G and H, 
within the reconstructed volume. Spores(y) is the cross-section of the 
pores on areas that are parallel to FEHG (see Fig. 1) along the y→-di-
rection. Spores(z) represents the cross-section of the pores on zones which 
are parallel to ABFE along the z→-direction (see Fig. 1). Fig. 6-a shows the 
evolution of X porosity (x). Monitoring this porosity provides some in-
formation that are useful for understanding the evolution of the real 
cross-section of the joint. First, one can note that the pores are mainly 
located along a segment that is nearly centered (±3 mm) around the 
location of the welding tool axis along a zone, which is greater than the 
pin diameter. The zone, which is the most affected by the pores is located 
within the advancing side and at − 3 mm from the pin axis. At this po-
sition, the cross-section of the specimen is reduced by slightly more than 
2.5%. This is likely the zone where the very first cracks would be initi-
ated. One can also point out a rapid and gradual decrease in the number 

of pores towards point E since the value of the cross-section at this po-
sition is nominal. Fig. 6-b shows the evolution of Y porosity (y). This 
characterizes the distribution evolution of the pores along the specimen 
width, in other words in the welding direction. Based on the analysis of 
this evolution, one can conclude that the welding process is locally not 
completely stabilized. This is probably due to a discontinuous interfacial 
contact during the welding phase and to the fact that the fusion tem-
perature of the AA7075 alloy is higher than those of the AA6061 and 
AA2024 alloys. It is worth noting that this evolution should lead to 
heterogeneous stress distribution during a tensile test. Consequently, the 
strain distribution should also be heterogeneous over the whole width of 
the specimen. Finally, the pore distribution along the z→-direction is 
analyzed through the parameter Z porosity (z). This quantity is plotted in 
Fig. 6-c. 60% of the specimen width is affected by the pores, with a high 
concentration at the interface between the AA7075 and AA2024 alloys. 
This zone featuring high pore concentration is located at about 4 mm 
below the contact surface between the pin shoulder and the 
AA6061alloy sheet. This is, firstly, because the heat, which is generated 
mainly from friction between the pin shoulder and the AA6061alloy 
sheet, is not continuously spread out due to some discontinuities such as 
the thin air layers, which are visible in Fig. 5-a. They appear between the 
alloy sheets to be welded and in the vicinity of the pin, and as a 
consequence the appearance of a strong temperature gradient in the 
joint thickness and a reduction in the effective welding temperature of 
the AA7075 and AA2024 sheets. A significant difference between the 
effective welding temperature and the optimal one (supposed to be 
equal to [0.7 to 0.8] times Tf(◦C) [38], this latter being the melting 
temperature) can result in pores appearance. The volume fraction of 
these pores is proportional to the difference between the effective 
welding temperature and the optimal one. 

Given the foregoing, it can be argued that the zone where the fraction 
of pores is maximal is represented by point “Q” in Fig. 6-d. The co-
ordinates of this point are the following: x = − 2.4 mm, y = 0 mm, and z 
= 3.94 mm. 

3.2.2. Local porosity fraction 
Similar strategies can be applied to identify in the x→O z→ plane and 

along the y→-direction (see Fig. 1) the zones that are characterized by a 
high volume fraction of pores. To this end, a similar approach has been 
applied thus allowing to calculate the compacity parameter ηloc, defined 
in Eq. 4. This parameter, referred to as the local porosity volume frac-
tion, takes the form of either a matrix Mpores = [m,p] for the segmented 
pore phase or a Boolean matrix Mjoint = [m,n,p] for the whole joint. 
These matrices are computed as follows: 

ηloc(i, k) =
∑n

j=1Mpores(i, j, k)
∑n

j=1Mjoint(i, j, k)
× 100 (4) 

The map, shown in Fig. 7, allows one to point out that the zone which 
exhibits the highest pore volume fraction is located within the AA7075 
alloy sheet and on the advancing side. In this area, the maximal value of 
ηloc is 2.5% (shown by point Q1in Fig. 7). There is a good agreement 
between the ηloc map and the details observed on the lateral face of the 
specimen shown in Fig. 3. However, the most affected zone, in other 
words, the one characterized by a value of ηloc greater than 1.5%, is 
mainly located within the AA7075 alloy sheet and along the whole 
width of the specimen ( y→-direction). 

3.2.3. Equivalent diameter, maximal length of the major axes, and shape of 
defects 

Another method could be used to analyze the defect distribution 
within the joint. It consists of evaluating both the size and the center of 
gravity of each defect along the welding line. The distribution of the 
diameter of 4275 pores is plotted in Fig. 8. Once again, only the pores 
having a diameter greater than 60 μm are considered in this histogram. 
Significant fluctuations of the equivalent diameter of the defects can be 

Fig. 7. Compacity of the joint in the y→-direction.  

Fig. 8. Number of defects as a function of their equivalent diameter.  
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observed. This diameter lies between 0.06 mm and 1.2 mm, with a high 
concentration between 0.06 and 0.3 mm. 

The equivalent diameter is well suited to characterize spherical- 
shaped defects. Thus, one can see in the present study (see Fig. 5) that 
the shape of larger defects is far different from a sphere. To better un-
derstand the defect distribution within the joint and to have a more 
realistic picture of the effective size of the defect, we focused on the 
longest major axis of the defect. This axis represents the major axis of the 
ellipsoid that has the same normalized second central moments as the 
defects under investigation [39]. 

Fig. 9-b shows the spatial distribution of the defects as a function of 
their center of gravity as well as the size (color level) of the longest major 
axis. It should be noted that the defects under 0.5 mm in size are 
asymmetrically distributed (78% of them are located on the advancing 
side) with respect to the welding line. It is very clear from Fig. 9-a that 
the defects characterized by a maximal length of the major axes greater 
than 1 mm are all located on the advancing side, with a downward trend 
for positive values along the y-axis. It should also be noted that the 
defects are spread out over three main zones that are defined by their 
position along the y-axis. This result is in very good agreement with the 
Y porosity evolution shown in Fig. 6-b. 

Fig. 9-c shows that these defects are mainly located within the melted 
area of the three alloys. A high density of defects was also observed in 
the initial position of the AA7075 alloy sheet. As a complement to the 

above analysis, we plotted the six largest defects in Fig. 9-d. In this 
figure, it is clear that the shape of the defects is complex since it looks 
like a network of interconnected defects, as previously observed in [11]. 
It's worth noting that the largest defect is characterized by a maximal 
half-axis of length 3 mm. It is located close to the EFGH plane. These 
complex shapes that spread out over a few millimeters should probably 
negatively affect the strength of the assembly because they should be 
activated first when the joint is subjected to mechanical loading. 

3.2.4. Sphericity of the defects 
As a complement to the above analysis, the shape of defects has been 

thoroughly characterized by computing its sphericity denoted by ψ . The 
latter represents the similarity level between the shape of an object and a 
sphere. The rate of sphericity ranges between 0 and 1. For example, it 
equals 1 for a sphere, 0.806 for a cube, 0.874 for a cylinder, and 0.671 
for a tetrahedron. 

The formula used to compute the sphericity is the one proposed by 
Wadell in 1935 [40]. It is given in Eq. 5. In this formula, Vp and Ap 
represent respectively the volume and the surface of the defect. 

ψ =
π1

3
(
6Vp

)2
3

Ap
(5) 

The evolution of the sphericity as a function of the equivalent 

Fig. 9. Centroid, maximal length of the major axes, and shape of defects. The color scale represents the size (the major axes) of defects in mm.  
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diameter is plotted in Fig. 10-a. It can be seen that most of the defects, 
particularly those under 0.1 mm in diameter, exhibit a shape close to a 
sphere whereas the largest defects are characterized by sphericity 
slightly lower than 0.2, which means highly complex shapes. To 

illustrate this, we superimposed on the same figure the shape (not to 
scale) of different types of defects that are characterized by sphericity of 
0.96, 0.45, and 0.16. One can also see from this figure that for some 
defects, the sphericity is greater than the theoretical limit of 1, partic-
ularly for those with the smallest equivalent diameters. This can be due 
to the voxelization effect during data acquisition since the size of the 

Fig. 10. Defects distribution as a function of their sphericity. The color scale represents the sphericity of defects.  

Fig. 11. Macroscopic mechanical behaviors of a specimen made of the studied 
alloy sheets, a specimen made of non-welded superimposed alloy sheets, and 
the FSW specimen under study. 

Fig. 12. Macroscopic behavior of the FSW specimen.  
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voxel is 18 μm. For very small objects, this can lead to aberrant rates of 
sphericity because of miscalculations of the volume [40]. 

It is also interesting to plot the sphericity as a function of the initial 
position of each defect. This position is represented by the coordinates of 
the center of gravity. Fig. 10-b shows the spatial distribution of the 
defects. The color scale is correlated with the rate of sphericity. The red 
dots have a rate of sphericity close to one while the blue ones indicate a 
value close to zero. It is clear that defects with a low rate of sphericity, in 

other words, characterized by a high equivalent diameter, are located on 
the advancing side of the joint. Based on another graphical presentation 
(Fig. 10-d) it can be seen that the defects characterized by a sphericity 
lower than 0.4 are spread out over three main zones. The first one 
located between y = 0 and y = 4 is the most affected (presence of 8 
defects characterized by an equivalent diameter greater than 0.4). This 
leads to a weakening of the strength of the joint because its effective 
cross-section is reduced in this zone. The appearance of these zones is 

Fig. 13. Local strain field (εxx [in μdef]) maps on the joint lateral face.  

Fig. 14. Local strain field (εxx [in μdef]) maps of the joint front face.  
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undoubtedly due to the inhomogeneity of the mixing during the welding 
process associated with a local change in both the welding temperature 
and the force applied by the welding tool. 

Fig. 10-c shows the distribution of defects over the thickness of the 
joint. It should be noted that the most irregular defects, which are 
characterized by a complex shape, are located in the AA7075 alloy sheet 
and at the interface between this sheet and the other two alloy sheets. 

3.3. Macroscopic and local behavior 

The macroscopic mechanical behavior (nominal stress σ(MPa) versus 
nominal strain ε(%)) of the three alloy sheets subjected each to mono-
tonic tensile loading is shown in Fig. 11. A loading rate of 1 mm/min 
(crosshead speed) was applied in each case. Three tests were carried out 
with a very good repeatability in terms of elongation and maximum 
stress at failure. For each configuration, good reproducibility of the 
tensile tests is observed. However, only one curve by tested configura-
tion has been plotted for the sake of clarity. These results show that the 
welded configuration leads to a tensile strength lower than those of the 
other specimens except the AA6061 alloy sheet. The presence of a sig-
nificant density of defects within the joint is undoubtedly the cause of 
the early cracking of the assembly and thus the low strength of the weld. 
This strength is 37% lower than that of the non-welded configuration 
obtained by only superimposing the three aluminum alloy sheets. As a 
consequence, the macroscopic nominal strain at specimen failure is 
equal to 1.4%, which is also low compared to its counterpart obtained 
with a specimen made up of three superimposed but non-welded alloy 
sheets. The latter configuration leads to a nominal strain at failure of 
about 7.75%, see Fig. 11. 

Based on the microtomographic analysis presented above, one can 
state that this FSW welding configuration is characterized by a very 
heterogeneous defect distribution. This distribution leads to the 

appearance of stress concentrations which are added to the residual 
stresses resulting from the welding process. To better understand the 
effect of the defects on the joint behavior, we investigated the strain 
local fields along the loading direction. Fig. 12 shows the macroscopic 
strain of the FSW specimen. The nine black dots represent the moments 
at which the strain field (εxx) evolution was finely analyzed along the 
loading direction, on the front and lateral faces (IJKL and LKMN, 
respectively), see Fig. 1. The first four dots, labeled a, b, c, and d, lie in 
the quasi-linear elastic portion of the macroscopic response whereas the 
last five, labeled e, f, g, h, and i, are located in the non-linear portion of 
the response. 

Fig. 13 shows with a good spatial resolution the strain field (εxx) 
measured on the front face of the joint. Thanks to the LSA technique that 
is powerful to get small strains values over small regions, it can be seen 
that small strain peaks are detected early (dot labeled b), namely for 
macroscopic stress levels lower than 20 MPa. These strain peaks are 
located at the interface between the AA7075 and AA2024 alloy sheets 
and on the advancing side. There is a very good agreement between the 
deformed zone and the one characterized by a high density of defects, as 
identified from the microtomography results analysis. In addition, the 
location of the deformed zone is very close to that of the point Q rep-
resented in Fig. 6-d above. It should be noted that this deformed area is 
progressively widening when the nominal stress reaches the values 
represented by the dots c and d (Fig. 12), leading to an increase in the 
local deformation of nearly 2% for a corresponding macroscopic strain 
ten times lower. The transition between the elastic-linear portion and 
the non-linear one, which is materialized by the dot labeled e, highlights 
a significant growth of the value of the local strain field, which clearly 
means a crack initiation. This crack propagates when the stress level 
reaches that of dots f, g, and h, successively. The crack propagation path 
is easily visible from the strain maps (see Fig. 13). The form of the crack 
path shown on these maps only makes sense for the lateral face of the 
specimen under investigation. This crack path may have a three- 
dimensional shape within the volume of the welded joint but this is 
not detectable by this 2D strain measurement technique. 

The strain field map associated with the testing moment labeled i 
(Fig. 13) exhibits a crack bifurcation when the specimen fails, thus 
enabling monitoring of the crack propagation through each alloy sheet. 

The strain maps measured on the front face (see Fig. 14) provide 
additional information. These maps computed at the first four testing 
moments (dots: a, b, c, and d) do not put in evidence notable deforma-
tion zones. Strain values observed on these maps are in good agreement 
with both the deformation measured on the front face (on the AA6061 
alloy sheet) and the macroscopic nominal strain. Similarly, one can see 
on these maps a 2 mm-wide strip where the local strain value is close to 
zero. This strip is still visible in the non-linear portion of the macroscopic 
behavior (dots labeled e to i). It represents the area where the specimen, 
particularly the front face, fails. To understand why the strain value is 
low within this strip, it is necessary to correlate the strain maps with the 
different results obtained from the microtomography analysis and pre-
sented in Fig. 5. One can see from this figure that the AA7075 alloy sheet 
moves and penetrates in the AA6061 alloy sheet. Fig. 11 shows a sig-
nificant difference in the yield strength values of the alloy sheets. This 
suggests that when the FSW specimen is subjected to mechanical 
loading, the AA6061 alloy sheet deforms, which is not the case for the 
strip of AA7075. Moreover, the welded area, which is composed of an 
AA7075 portion melted with AA6061, exhibits a low strength. Indeed, 
this is where the crack initiates, as shown on the maps corresponding to 
points f, g, h, and i (Fig. 14). One last analysis of the strain maps of the 
front face, particularly those labeled g, h, and i, highlights a localized 
deformation, which is much larger on the advancing side than on the 
retreating one. 

To show a very representative evolution in the strain field measured 
on the front face, two cross-sections of the maps at points b, e, and i 
along the x→- and the y→-direction, labeled P1P2 and P3P4 respectively, 

Fig. 15. Mean values of εxx projected along two directions.  
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are shown in Fig. 15. First, Fig. 15-a shows the strain field evolutions 
along the x→-direction (cross − section P1 between P2) at different values 
of the time. The curve deduced from map b is fairly regular whereas the 
curves from maps e and i are more heterogeneous. Sharp strain peaks 
appear as the FSW specimen is close to failure. This graphical 

representation highlights once again the existence of a strip of AA7075. 
It corresponds to the portion of the strain fields measured along the 
loading direction and on the front face is close to zero. Fig. 15-b puts in 
evidence the strain field evolution along the y→-direction (cross-section 
between P3 and P4). Even though the strain curve deduced from map b 

Fig. 16. Acoustic emission activity map during the tensile test.  
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remains constant and small, one can see that the one from map i exhibits 
values ranging between 1.5% (in the vicinity of the point P3) and 4.5% 
(in the vicinity of the point P4). A linear trend is observed. This evolution 
along the y→-direction can be linked to that of the Y porosity (y) curve 
shown in Fig. 6-b. It can be seen from this figure that the value of the Y 
porosity (y) is about 0.2% and 1.4% in the vicinity of the points P3 and P4, 
respectively. This evolution of Y porosity (y) could locally reduce the 
effective cross-section of the specimen, thus leading an important part of 
the tensile loading to be transferred through the AA6061 and AA2024 
alloy sheets. This is especially true in the vicinity of the point P4. These 
results show once again how it is complex and difficult to investigate this 
type of welding configuration by using classic measurement tools and 
standard approaches. 

3.4. Acoustic emission activity 

The AE activity during the tensile test is first analyzed by focusing on 
the localization of AE events within the FSW joint (Fig. 16). The results 
show that cracking starts in the lower half of the joint before spreading 
throughout the assembly. The very first AE events appear for a stress 
value equal to 73 MPa. 

For better visualization of the zones of the welded joint featuring a 
high concentration of cracks, the AE event distribution along the weld is 
plotted in Fig. 16 as a function of the tensile stress. It can be seen from 
this map that the first zone with a high crack concentration is detected 
when the FSW joint is subjected to a tensile stress of 77 MPa. Fig. 16-b) 
also shows that the zones with a high crack concentration appear at 
various levels of the tensile stress, and these “hot” areas may be asso-
ciated with crack nucleation. 

4. Correlation between results 

4.1. Mechanical behavior versus AE activity 

In this section, the macroscopic mechanical behavior of the welded 
joint is compared to the AE activity generated during the test. The 
evolution of the energy level associated with each AE event is plotted as 
a function of the longitudinal deformation (Fig. 17). 

It can be seen from this comparison that the very first AE events 

occur well after the test has started. These results also point out that the 
highest released acoustic energy level is detected at a stress level of 75 
MPa, and at the testing time at which the first crack concentration is 
detected and localized (see Fig. 16). As successfully experienced in a 
previous study [41], acoustic energy is a feature that helps evaluate, 
through its evolution, the yield strength of a material or a joint in the 
present study. Indeed, as long as the yield strength of the material or the 
assembly is not reached, the latter continues to store mechanical energy. 
Once reached, the released strain energy is accompanied by transient 
elastic waves that are highly energetic, which can be related to perma-
nent strain or micro-damage within the material. During the test, the AE 
software records the wave signals and instantaneously computes and 
plots the corresponding acoustic energy value. It allows for real-time 
monitoring of acoustic energy evolution. Based on this evolution 
plotted in Fig. 17, one can point out that the second-highest acoustic 
energy value is detected when the slope of the macroscopic mechanical 
behavior curve drastically changes, thus for a tensile stress value of 96 
MPa and a longitudinal deformation value of 0.34%. 

By comparing the results plotted in Fig. 17 and Figure Fig. 16, it can 
be observed that this radical change of slope is accompanied by the 
detection of crack concentration. In this study, the analysis of the AE 
activity shows that beyond the detection of first mechanical damage 
(crack concentration accompanied with AE events highly energetic), the 
FSW joint continues to store mechanical energy before reaching its yield 
strength. This analysis methodology may be used to compare the me-
chanical efficiency of several welding configurations by evaluating the 
impact of an early appearance of mechanical damage within the joint on 
its capacity to have an elastic response. 

The evolutions of the mechanical and acoustic emission energies are 
compared in Fig. 18 to investigate in deep the welded joint behavior, in 
particular beyond its yield strength. One can see in Fig. 18-a that for a 
tensile stress value greater than 78 MPa, the evolutions of the two types 
of energy show the same trend. There is a ratio of about 1.1021 between 
these two quantities. 

As successfully experienced in a previous study [42], the so-called 
Sentry function allows analyzing in-depth the mechanical behavior of 
the joint, since it combines both mechanical and acoustic energies. This 
function is given in eq. (6). It involves the logarithm of the ratio between 
the strain energy Es(x) and the acoustic energy Ea(x), where x is the test- 
driving variable (usually displacement or strain). 

Fig. 17. AE energy analysis to detect the yield strength of the welded joint.  

E.L. Nitu et al.                                                                                                                                                                                                                                   

298



Materials Characterization 190 (2022) 112069

14

f (x) = ln
[

ES(x)
Ea(x)

]

(6) 

The Sentry function f(x) is divided into four distinct portions, and 
each one describes a particular signature of the mechanical behavior of 
the material (or the joint in the present study). Additional information 

on this Sentry function can be found in [42,44]. By analyzing the results 
from Fig. 18-b, it can be seen that the first stage of the Sentry function is 
characterized by the sudden release of the strain energy. Following this 
stage, one can notice some abrupt drops in the Sentry function. Each of 
them is associated with a sudden release of one part of the strain energy 
that was stored previously. This sudden release of mechanical energy is 

Fig. 18. Sentry function: Dependency between mechanical behavior and AE activity.  
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accompanied by the generation of acoustic waves with a high level of 
energy. These results also show that before each abrupt drop in the 
Sentry function, the joint exhibits an energy-storing phase. 

4.2. Initial state of the internal structure versus localization of the AE 
events 

In this section, the main objective is to highlight the correlation 
between the initial state of the FSW joint and the localization of the very 
first cracks. In practice, it consists in comparing the results of the X-ray 
microtomography analysis with those obtained with acoustic emission 
(see Fig. 19). 

Results from the X-ray microtomography analysis show a high con-
centration of initial defects close to the center of the specimen (along the 
longitudinal axis). As stated in Section 3.4 above, the results from the AE 
activity (Fig. 19-b) show that the very first crack sources are located in 
the lower half of the joint. This good correlation between the results 
allows stating that the first crack sources are caused by the weakness 
zones detected in the initial state of the welded joint. 

In addition to the previous analysis of the experimental results (see 

Fig. 19), the size effect of the initial defect (Fig. 20-a) on the acoustic 
signature of the resulting event is analyzed. This signature is expressed 
in terms of AE energy (Fig. 20-b). The results lead us to state that the 
bigger the initial defect, the higher the corresponding AE energy level. 

4.3. AE signature of damage mechanisms 

As successfully experienced in previous studies [41–43] the k- 
means++ clustering algorithm is used to perform an unsupervised 
classification of the AE events to allow the number of cracking mecha-
nisms (based on the optimal number of clusters) and their crack acoustic 
signatures to be identified. The optimal number of clusters is statistically 
determined based on the values of two clustering evaluation indices 
[42,43]: the Davies-Bouldin index (DB) and the Silhouette Coefficient 
(SC). 

In the present study, seven AE features (amplitude, rise-time, counts, 
energy, duration, centroid frequency, and peak frequency) were selected 
in the clustering process. This optimal number of clusters led to a value 
of 0.61 for the DB index and 0.71 for the SC index. With these values, the 
clusters are dense and well separated, which corresponds to the standard 

Fig. 19. X-ray microtomography versus AE: Localization of initial defects versus very first AE events.  

Fig. 20. X-ray microtomography vs AE: Localization of initial defects versus AE energy of the very first events.  
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concept of cluster. In general, an SC index value greater than 0.6 ensures 
that the clustering is of sufficient quality. As a result of the clustering 
process, similar AE events in terms of features can be statistically 
gathered into four clusters. This means that four cracking mechanisms 
with different acoustic signatures can be identified from the AE activity 
of the welding joint. 

Fig. 21 proposes a projection of the four clusters onto a two- 
dimensional plot. The cluster analysis of the AE events enables us to 
represent the four clusters either in the peak frequency-amplitude co-
ordinate system (see Fig. 21-a) or in the energy-amplitude one (see 
Fig. 21-b), the idea being to get the best separation of the clusters. One 
can conclude from these results that three main clusters (#1, #2, and 
#4) can be selected. They are comprised of AE events with a peak fre-
quency value lying between 100 and 250 kHz. This interval falls within 
the frequency range where the AE sensors that were used are very sen-
sitive. The bounds of these clusters are consequently deduced from the 
amplitude levels of the AE events. 

To complete this analysis of the cracking mechanisms within the 
FSW joint, the clusters that were previously identified are used in the 
plot of the linear localization of the AE events (between the two sensors 

and along the x-axis, Fig. 1) as a function of the tensile stress (Fig. 22). 
It can be seen from Fig. 22 that the very first AE events that are 

detected belong to clusters #2 and #4. They are characterized by an 
amplitude greater than around 77 dB and an energy level greater than 
around 35 aJ (attojoule). Based on the localization of these two first 
events and by comparing Fig. 22 and Fig. 20, one can see that the AE 
event of cluster#4 is certainly caused by the cracking of the biggest 
initial defect. 

Fig. 21 shows that cluster#4 gathers all AE events that exhibit an 
acoustic energy level greater than around 200 aJ. The linear localization 
of these events (Fig. 22) is in good agreement with the acoustic analysis 
presented in Fig. 20 (focused on events with an energy level greater than 
200 aJ). Besides, one can see by comparing Fig. 20, Fig. 22, and Fig. 17 
that the AE events of cluster #4 appear at specific moments of the joint 
mechanical response. They can be due to macroscopic changes in the 
internal structure of the welded joint. 

Fig. 22 shows the nucleation of AE events with low amplitude 
(cluster#1) in the vicinity of those of cluster#2. In the current state of 
the AE analysis, results from Fig. 22 tend to show that at any location in 
the welded joint AE events of cluster#2 appear before those of 

a) Cracking signatures based on the values of peak frequency and amplitude of the AE signal

b) Cracking signatures based on the values of energy and amplitude of the AE signal

Fig. 21. AE signatures of the cracking mechanisms.  

E.L. Nitu et al.                                                                                                                                                                                                                                   

301



Materials Characterization 190 (2022) 112069

17

cluster#1. Based on these analyses, the AE events of cluster#1 could be 
due to micro-cracking and, those of cluster#2 be related to macro 
cracking or crack nucleation. Events of cluster#4 could be associated 
with crack initiation. 

Fig. 23 shows how the monitoring of AE events that are characterized 
by particular acoustic signatures (clusters #2 and #4) can help to pre-
dict where the failure zone of the specimen will potentially be located. It 
provides information about the evolution of the cracked area as a 
function of the applied tensile stress. As previously highlighted by the 
analysis of both the strain fields (Fig. 13) and AE activity (Fig. 20) the 
very first concentration of deformation is located less than 5 mm from 
the center (welding line) of the specimen and exhibits the very first AE 
events (Fig. 22 and Fig. 23-a) that are characterized by particular 
acoustic signatures in terms of amplitude, energy, and peak frequency 
levels (Fig. 21). The monitoring of these particular AE events during the 
test allows showing how the cracked length (based on projected AE 
events localizations) spreads over the welding line delimited by the two 
AE sensors (Fig. 23). Fig. 23-b and Fig. 23-c show that some AE events 
are located in areas where no notable deformations are detected on both 
investigated surfaces. These AE events are probably due to cracks 
located either within the specimen volume or on the surface of the 
aluminum alloy sheet AA2024 since the AE sensors are fitted on this 
material. 

Fig. 24 shows, that when the joint fails, the strain field (εxx) distri-
bution on both the lateral and the front faces as well as the AE events (all 
clusters) localizations along the welded joint. The presence of a band 
perpendicular to the sample with very low εxx value (dark blue) is 
visible. This can be explained as follows: looking in Fig. 5-a, one can see 
that during the mixing of the three alloy sheets, the AA7075 alloy moved 
to the contact with the tool shoulder, removing thus the part of the 
AA6061 alloy located in the vicinity of the pin. When analyzing Fig. 11, 
one can see that the AA7075 and AA6061 alloys exhibit very different 
mechanical behavior. Thus, based on the macroscopic stress level of our 
welded sample, the AA7075 alloy remains in its elastic domain (very 
small deformation εxx) while the AA 6061 one is fully in its plastic 
domain, with a stress value in the x-direction of about 65 MPa. This 
confirms the good correlation between the experiment results. Since the 
AE technique allows real-time monitoring of the cracking mechanisms it 

could be helpful in further experimental works for the identification of 
the optimal welding process parameters. 

5. Conclusions 

FSW process was used to weld three superimposed aluminum alloy 
sheets, namely AA6061, AA7075, and AA2024 (from top to bottom). 
Three samples were tested with good repeatability but results from only 
one sample were presented due to the richness of the experimental data. 
The experimental results show that under tensile loading, the strength of 
the welded assembly is about 40% lower than that of the configuration 
made up of three superimposed but non-welded alloy sheets. This rela-
tively low effectiveness compared to that of butt-welded joints is mainly 
caused by the defects created during the assembling process. Even 
though the current work is not aimed at identifying the optimal pa-
rameters of the welding process, it brings to light how important it is to 
simultaneously use various experimental techniques for a better un-
derstanding of the phenomena that occur during the mechanical loading 
of the joint. 

The use of X-ray micro-computed tomography seems to be essential 
for a good understanding of the internal structure of the joint before 
being subjected to mechanical loading. Indeed, it highlighted the mixing 
of the alloy sheets after manufacturing on the one hand and enabled us 
to evaluate both the distribution and the dimensional characteristics 
(shape, location, etc.) of the defects on the other hand. This analysis 
shows that the majority of the defects are characterized by an equivalent 
diameter lower than 0.2 mm and a rather spherical shape (sphericity 
rates larger than 0.5). The defects that are characterized by both a rate of 
sphericity lower than 0.4 and an equivalent diameter greater than 0.6 
mm have a very particular shape. Such defects have been already 
observed in previous studies. In the present study, results show that their 
locations are correlated with micro-cracks initiation and damage evo-
lution. Two perpendicular faces of the specimen were marked by using 
periodic patterns, namely a checkerboard, in order to ensure a high 
quality of the displacement and strain fields measurement by processing 
the pattern images shot during the test by a spectral method like the 
Localized Spectrum Analysis. The experimental results confirm the 
ability of this non-contact measurement technique to detect very early 

Fig. 22. 1D-localization of cracking mechanisms within the welded joint and during the tensile test.  
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the appearance of strain concentrations on the two surfaces of the 
specimen that were investigated at the same time. The findings highlight 
a good correlation between the strain concentration zones and those 
characterized by a high density of defects, as also observed from the 
microtomography results analysis. Moreover, the presence of a signifi-
cant density of defects within the FSW joint is undoubtedly the cause of 
the early cracking of the assembly, and thus also the cause of the quite 
low strength of the weld. 

By analyzing the localization of AE events within the FSW joint, it 
can be seen that cracking starts at the lower half of the joint before 
spreading throughout the assembly. Moreover, the monitoring of the 

acoustic energy evolution during the mechanical test helped evaluate 
the yield strength of the welded joint. AE results were also compared 
with those obtained with the computed microtomography analysis in 
order to highlight the correlation between the initial state of the FSW 
joint and the localization of the very first cracks. This comparison 
allowed stating that the first crack sources were caused by the weakness 
zones detected at the initial state of the welded joint. In a deep analysis 
of the AE results, the k-means++ clustering algorithm was used to 
perform an unsupervised classification of the AE events, which led the 
number of cracking mechanisms and their crack acoustic signatures to 
be identified. The findings were that three main mechanisms governed 

Fig. 23. Monitoring of AE events and comparison with the corresponding local strain field during the tensile test. The color bar associated with Fig. 23-a remains 
valid for all the deformation maps (εxx [in μdef]) shown in the other figures (b, c, d). 
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the damage evolution of the studied FSW joint. The acoustic signature of 
each cracking mechanism was defined by a pair of values (peak fre-
quency, amplitude), each within a specific range. The results highlight a 
good correlation between the AE results with those from the strain 
analysis. Thus, the ability of the AE technique to provide real-time re-
sults should be helpful to identify the optimal welding process param-
eters in further experimental studies. It should also be relevant to 
investigate the evolution of the defects distribution in the bulk of such 
FSW joints by performing microtomography analysis at several levels of 
the mechanical loading. The experimental strategy developed in the 
framework of this study will be followed in our future works to identify 
the optimal welding parameters, thus optimizing the in-service life of 
the joint. 
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3. Caractérisation des assemblages soudés par friction malaxage

3.4 Etudes en cours et perspectives

Les études en cours, que je mène avec l’équipe constituée de chercheurs de l’ENSTA
Bretagne, de l’IUT de Morlaix et de l’Université de Pitesti / Roumanie, sur la thématique
de soudage par friction malaxage, s’articulent autour de trois axes principaux, avec une
cohérence logique vis-à-vis des études réalisées précédemment.

Le premier axe a pour ambition d’augmenter la productivité du procédé de
soudage sur des alliages de cuivre. Une première option pour augmenter la productivité
(faire augmenter la vitesse de réalisation du cordon) s’oriente vers l’utilisation d’une
source supplémentaire de chaleur de type Tungsten Inert Gas (TIG). Cette source de
chaleur pourrait générer un champ de température proche de la température optimale
au voisinage du pion, sans avoir besoin d’attendre que cette température soit atteinte par
frottement et déformation. Des analyses expérimentales par thermographie infrarouge
montrent clairement que l’utilisation d’une telle source de chaleur impose un champ
volumique de température très différent du champ obtenu par le procédé de soudage sans
source de chaleur supplémentaire. Naturellement, nous nous posons alors la question
sur les jeux de paramètres à utiliser pour le procédé, afin d’obtenir un joint avec un
minimum de défauts et une résistance mécanique proche de celui du matériau de base.
Les paramètres optimaux sont d’abord estimés par une étude numérique, similaire à
celle proposée dans le travail précédent [124]. Dans cette stratégie numérique, nous
avons intégré la source de chaleur supplémentaire, au préalable modélisée et identifiée.
Plus précisément, des mesures expérimentales ont été réalisées afin de caractériser la
source de chaleur à utiliser. Premièrement, la source de chaleur a été appliquée sur une
des faces d’une tôle en cuivre de 3 mm, et le champ de température sur l’autre face a été
enregistré : autant pour une source fixe, que pour une source en mouvement. L’effet des
différents paramètres de cette source a été investigué expérimentalement. Ces résultats
on permis d’identifier, finement, un modèle mathématique de cette source de chaleur,
permettant ainsi la construction robuste d’une stratégie numérique d’optimisation des
paramètres.

Basées sur cette stratégie d’identification de paramètres optimaux, des études para-
métriques ont été réalisées et ont permis d’identifier des zones dans le plan : vitesse de
rotation (vr [rot/min]) - vitesse d’avancement (va [mm/min]), pour lesquelles ces para-
mètres sont optimaux. Ces résultats numériques ont été confrontés et validés avec des
résultats expérimentaux. Dans un cas particulier, pour une configuration de soudage
composée de tôles en cuivre quasi pur, d’épaisseur égale à 3mm, assemblées bout-à-bout,
on obtient une augmentation de la productivité avec un facteur 3, par rapport à un
soudage FSW classique, tout en obtenant une résistance mécanique quasi-identique.

Des analyses locales par mesure de champs cinématiques de déformation, au voisi-
nage du joint, ont pu être réalisées. Les cartographies de ces champs de déformation
montrent principalement que pour une même résistance mécanique, des joints obtenus
avec ou sans apport de chaleur, présentent des comportements mécaniques très diffé-
rents, surtout dans la zone soudée. La confrontation essais-calcul, très encourageante,
ouvre plusieurs pistes d’amélioration et beaucoup de perspectives. La forme de la source
de chaleur, influencée par différents paramètres (intensité du courant, distance ente

306



3.4. Etudes en cours et perspectives

l’extrémité de la source et l’échantillon, l’inclinaison de la source, etc) pourrait conduire
à une distribution du champ volumique de la température moins étendue et qui n’af-
fecte uniquement que la zone malaxée, diminuant ainsi la zone affectée thermiquement
ou thermo-mécaniquement. Des analyses microscopiques de la microstructure, de la
présence de différentes phases ainsi que leur évolution, méritent d’être réalisées pour
approfondir la compréhension des mécanismes associés à l’apport supplémentaire de
la chaleur. Enfin, des pistes d’amélioration sur la qualité du joint et la productivité, à
travers l’utilisation d’autres sources de chaleur, représentent un point à aborder dans un
futur proche.

Le deuxième axe concerne la minimisation des défauts sur des configura-
tions soudées par friction malaxage complexes, caractérisés par i) des géométries de
l’outil (pion fileté et/ou avec des formes géométriques complexes) ou bien ii) des configu-
rations de soudage où l’assemblage est constitué d’un empilement de plus de deux tôles
d’alliages différents. Plus précisément, l’investigation qui est en cours, est constituée de
3 couches d’alliages d’aluminium superposées. Le premier objectif est de proposer l’ordre
d’empilement optimal permettant de minimiser la quantité de défauts de type pores. Il
est également important de se poser la question sur l’origine des défauts engendrés. Cela
dit, des défauts pourraient apparaître du fait d’une température de malaxage insuffi-
sante pour transformer la matière en état pâteux optimal ou bien d’une température
trop importante qui transformerait alors la matière en un état fluide générant ainsi des
défauts d’une taille significative. Ce champ de température pourrait être mesuré à la
surface de l’échantillon, mais pas à l’intérieur de celui-ci.

Il est alors question de mettre en place un modèle numérique, capable de prédire de
manière satisfaisante, la distribution et l’évolution du champ de température au sein de
l’assemblage. Ces distributions de champ de température apportent des informations pré-
cieuses permettant d’évaluer l’écart entre la température des différentes tôles assemblées
et leurs valeurs spécifiques optimales, identifiées au préalablement par des analyses
expérimentales plus simples. Si cette distribution de température est trop éloignée des
valeurs optimales, on pourrait se focaliser sur i) l’optimisation de la géométrie du pion et
éventuellement sur ii) les paramètres du procédé. L’aboutissement de ces investigations
proposées pourrait conduire à l’obtention d’un champ de température qui peut satisfaire
au mieux les températures optimales de chaque tôle.

Une deuxième piste qui pourrait réduire la quantité de défauts générés repose sur
l’utilisation de sources de chaleur supplémentaires, destinées à modifier le champ de tem-
pérature déjà formé par le pion afin d’obtenir une distribution proche de celle considérée
comme optimale. Cette stratégie nécessite, dans un premier temps, des investigations
numériques afin de pouvoir statuer sur la faisabilité et l’efficacité d’une telle approche.
Dans ce cas, des structures soudées par FSW constituées de 3 tôles superposées ont été
analysées par tomographie aux rayons X afin de déterminer la distribution de défauts en
fonction de différents paramètres. Ultérieurement, ces configurations seront analysées
avec l’objectif d’identifier une correspondance entre le champ de température obtenu
expérimentalement et la distribution de défauts afin de valider ou non la stratégie
proposée précédemment. Ensuite il serait également intéressant de l’implémenter expé-
rimentalement avec un certain nombre de verrous scientifiques à lever. Il se peut, pour
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des configurations relativement complexes, qu’il ne soit pas toujours possible d’éliminer
complètement la présence de défauts. Alors dans ce cas, il est légitime de se poser la
question sur la préjudiciabilité des défauts vis-à-vis de la résistance mécanique ultime.

Le troisième axe investigué dans le cadre des essais de soudage par friction ma-
laxage, porte sur l’amélioration des soudures d’aciers à haute limite élastique.
La principale difficulté est liée à la durabilité de l’outil. Ces investigations se concentrent,
dans un premier temps, sur la soudure par friction- malaxage de type point. Les al-
liages en acier à haute limite élastique en général, posent des difficultés relativement
importantes sur le soudage par friction malaxage. Ces difficultés sont principalement
liées à la conductivité thermique de l’acier qui est extrêmement réduite par rapport aux
alliages en cuivre ou en aluminium. La conséquence directe liée à ce paramètre est la
localisation trop importante de la température, limitant drastiquement l’échauffement
d’un volume suffisamment important pour qu’ils puissent être malaxés. On constate que
les zones de jonctions de ces matériaux sont nettement inférieures à celles obtenues
avec les alliages d’aluminium ou de cuivre. En conséquence, des stratégies numériques
ont d’abord été utilisées afin d’estimer les paramètres du procédé conduisant à des
résistances mécaniques satisfaisantes.

La caractérisation expérimentale de tels assemblages repose souvent sur des essais de
type simple recouvrement, générant globalement un état de cisaillement. Il y a bien des
applications où l’état de sollicitation est très éloigné de cet état de cisaillement, auquel
cas, il faudra adapter la nature de l’essai à utiliser pour la caractérisation expérimentale.
Des échantillons spécifiques sont en cours de réalisation, conçus et réalisés de manière à
pouvoir solliciter un tel assemblage avec un spectre balayant des états de sollicitation
très divers : cisaillement, traction-cisaillement ou traction, et en s’appuyant sur un
montage de type Arcan modifié. Cette méthodologie de caractérisation, déjà utilisée
pour d’autres types d’assemblage, permettra d’accéder non seulement à la résistance
mécanique ultime d’un tel joint, mais surtout de pouvoir identifier l’enveloppe de rupture,
indispensable pour dimensionner de manière satisfaisante un tel assemblage.
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CHAPITRE

4
Synthèse et présentation des
projets à 4 ans
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Comme expliqué en préambule, ce document cherche à donner dans sa deuxième
partie, plusieurs niveaux de lecture de mes activités de recherche. Les chapitres 6 et
8 dressent un panorama des points abordés dans le cas d’assemblages collés et soudés,
mettant en avant les aspects d’instrumentation, l’effet de l’environnement, l’identification
et l’effet des défauts sur le comportement mécanique de l’adhésif et/ou du joint soudé
par friction malaxage. Chaque section propose, une vision détaillée des pistes en cours
pour chacun des grands axes de recherche. Le chapitre 9 souhaite avant tout proposer
une vision synthétique des points marquants développés au cours de ces travaux de
recherche et des principaux thèmes de développement à poursuivre.
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4.1 Principaux objectifs atteints
Avant de reprendre les différents résultats obtenus, je tiens à souligner qu’ils sont

majoritairement issus, directement ou indirectement de la collaboration très efficace
mise en place avec les partenaires industriels suivants : Safran Reosc, Safran Composites,
Thales, l’ADEME et l’ANR, mais également au sein du Pôle Thématique de Recherche «
Assemblages Multi-matériaux » de l’IRDL. Je tiens à souligner la très bonne collaboration
avec le laboratoire MATEIS de l’INSA de Lyon, caractérisé d’une grande efficacité, et
m’a permis d’avancer de manière significative sur ces thématiques de recherche.

4.1.1 Adhésifs structuraux époxy bi-composants
F Mise en place de protocoles de caractérisation expérimentale pour déterminer les

contraintes résiduelles ( voire thermiques) dans les assemblages structuraux au
moyen de techniques sans contacts ou par l’utilisation de fibres optiques ;

F Développement de modèles de comportement mécanique phénoménologiques, inté-
grant les comportements :viscoélastique, élasto-plastique et élasto-viscoplastique
prenant en compte la pression hydrostatique, l’effet de vitesse, etc ;

F Caracterisation et l’intégration des contraintes résiduelles dans la stratégie de
modélisation et de dimensionnement d’assemblages structuraux multi-matériaux.
Identification des paramètres des modèles en intégrant la présence de ces contraintes
à l’état initial.

F Prise en compte dans la modélisation du comportement mécanique de l’effet de la
température et du conditionnement en environnement humide sous l’hypothèse
d’un adhésif homogène ;

F Caractérisation des défauts dans les assemblages collés, en utilisant la tomographie
aux rayons X. Détermination quantitative du pourcentage de phases, distribution
spatiale, morphologie de défauts ;

F Identification de l’origine des défauts de type pores et de l’effet du cycle de polymé-
risation sur la génération des défauts. Mise en place d’une stratégie expérimentale,
au moyen d’essais mini-scarf et de la tomographie aux rayons X pour la caractéri-
sation de l’effet du chargement mécanique sur l’évolution des défauts ;

F Mise en évidence des principaux mécanismes de dégradation dans les joints de
colle, sous sollicitations mécaniques.

4.1.2 Joints soudés par friction malaxage
F Mise en place d’une stratégie numérique de simulation du procédé de soudage

par friction malaxage, efficace et basée sur une approche de type CEL (Coupled
Eulerian Lagrangien) et adaptée à des études paramétriques ou d’optimisation ;

F Proposition d’une stratégie numérique pour l’identification des paramètres opti-
maux du procédé de soudage par FSW, validée sur une configuration de soudage de
type bout-à-bout en cuivre quasi-pur ;
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4.2. Principaux thèmes de développement

F Évaluation quantitative de défauts dans des configurations complexes de joints
FSW en utilisant la tomographie de rayons X ;

F Investigation de l’effet de défauts sur le comportement local d’un joint obtenu par
friction- malaxage, en couplant la tomographie aux rayons X, l’émission acoustique
et les mesures du champ.

4.2 Principaux thèmes de développement

4.2.1 Approfondissement de la caractérisation de l’effet de
l’hygrométrie sur les joints collés avec de l’adhésif époxy
bi-composants

F Mise en place d’une procédure expérimentale de détection du gonflement, à l’échelle
locale, par des analyses tomographiques et mesures du champ de déformation locale
volumique ;

F Prédiction des contraintes de gonflement dans les assemblages collés et leur prise
en compte dans la stratégie de modélisation et dimensionnement ;

F Investigation de l’effet de sorption – désorption sur les adhésifs époxy, en utilisant la
tomographie aux rayons X avec l’objectif de déterminer les éventuelles déformations
résiduelles résultant de ces chargements hydriques ;

F Application de la stratégie de caractérisation des colles par la tomographie aux
rayons X.

4.2.2 Utilisation des outils de mesure de champs, pour la
compréhension fine de mécanismes de comportement
élémentaires de joints de colle

F Détection sans contact et en surface de champs cinématiques à des échelles micro-
métriques (mesure sur MEB) sur des adhésifs structuraux présentant des défauts ;

F Étude des mécanismes élémentaires de dégradation (effet de la présence de charges)
par utilisation des mesures de champs cinématiques à différentes échelles ;

F Compréhension du comportement de l’adhésif proche de l’interface colle-substrat,
ainsi que l’effet du substrat sur son comportement mécanique.

4.2.3 Compréhension de mécanismes de distribution des
différents alliages en aluminium dans les joints FSW à
l’aide de la tomographie aux rayons X

F Compréhension de mécanismes de distribution des différents alliages d’aluminium
dans les joints FSW à l’aide de la tomographie des rayons X ;
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F Identification expérimentale par l’utilisation de la tomographie aux rayons X pour
détecter l’écoulement de la matière autour du pion, sur une configuration complexe
obtenue par superposition de trois alliages d’aluminium. Des observations au mi-
croscope électronique à balayage seront conduites pour compléter la compréhension
de ces phénomènes ;

F Effet de la géométrie de l’outil sur la distribution de différents alliages au sein du
joint soudé afin d’optimiser la qualité du joint ;

F Analyse par mesure locale des champs cinématiques et de l’effet de la distribution
de la matière sur la tenue mécanique du joint ;

F Analyse de l’évolution des défauts au cours d’essais de traction, in situ, sous
tomographe et de leur impact sur la dégradation du joint.

4.3 Présentation des projets à 4 ans
Les perspectives aux différentes actions présentées dans la section précédente sont

bien évidemment nombreuses et motivantes. Nous allons nous appuyer essentiellement
sur les études récentes ou qui vont démarrer prochainement, mettant ainsi en lumière les
nouveaux verrous scientifiques associés. Mes activités de recherche dans les 4 prochaines
années s’articuleront autour de plusieurs projets ou thématiques, et dont les détails sont
donnés ci-dessous.

4.3.1 Caractérisation des défauts et de leur effet dans les
assemblages multi-matériaux collés

La plupart des études sur l’investigation de joints et d’assemblages collés se sont
limitées pour l’instant aux adhésifs structuraux considérés homogènes, isotropes et
sans défauts. Ces hypothèses facilitent grandement les investigations associées et par
conséquent les moyens de modélisation mis en jeu. Des investigations réalisées au
cours de mes dernières études montrent clairement qu’en réalité ces joints présentent
différents défauts tels les pores, de la colle mal mélangée, du moins pour les colles
bi-composants, des inclusions ou autres. Mon ambition est de déterminer, de manière
non destructive et quantitative de ces défauts, à différentes échelles, d’analyser leurs
effets sur le comportement mécanique de l’assemblage et de les prendre en compte dans
la stratégie de dimensionnement.

La première échelle s’étend sur quelques centaines de microns. Nous nous intéressons
ici à la caractérisation fine des défauts à l’origine de la dégradation de l’adhésif et ensuite
à la compréhension fine des mécanismes d’endommagement afin de mieux comprendre
les phénomènes activés à l’échelle des défauts et des charges. Des mesures physiques
de la microstructure seront réalisées (en particulier par micro-tomographie, dans un
premier temps au laboratoire MATEIS). Ces investigations pourront être accompagnées
par une caractérisation thermomécanique fine à l’aide d’une caméra infra-rouge et
d’un objectif spécifique. Cette dernière étape est un réel challenge expérimental, qui
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est en passe d’être relevé. En parallèle, une démarche de modélisation est en cours
de développement pour permettre d’analyser les données expérimentales et de faire
ressortir les mécanismes représentatifs du comportement mécanique provoquant une
dégradation du joint (amorçage des microfissures, rupture d’interface charges-matrice
adhésive, plasticité).

La deuxième échelle est celle des éprouvettes : un volume de quelques dizaines de
mm3, d’abord sur un échantillon massique et ensuite sur un assemblage adapté en
termes de taille et d’état de sollicitation, afin de poursuivre à la fois, le développement
de la technique de caractérisation par tomographie aux rayons X, mais également de
comprendre l’effet des défauts sur un échantillon représentatif. De plus, ces essais seront
couplés à un suivi de l’activité acoustique permettant ainsi d’instrumenter sur le long
terme, les différents assemblages et d’être informé en temps réel de son évolution, en
particulier lorsqu’il s’approche d’un seuil critique.

Dernière échelle d’investigation, la structure, qui nous permettra d’étudier les in-
fluences du procédé de collage (population de défauts, cuisson, géométrie de la structure,
etc.) et de confronter les prédictions de la stratégie de dimensionnement dans le cas
de structures de ce type, accompagnée de gradients de propriétés de paramètres méca-
niques par le vieillissement hydrique ou gradient de température. Outre les mesures de
thermographie évoquées plus haut, les mesures par tomographie pourront alimenter la
description des effets des défauts.

4.3.2 Identification expérimentale des mécanismes
d’endommagement

Identifier les défauts d’un joint de colle peut être considéré comme un objectif ambi-
tieux et difficilement atteignable, surtout si les tailles caractéristiques de ces défauts
sont petites. Les dernières études menées ouvrent des pistes plutôt encourageantes.
Même si l’état initial des défauts, avant application de la sollicitation mécanique, suscite
un grand intérêt, l’aboutissement de ces travaux a pour objectif de mieux comprendre
les mécanismes de dégradation de la colle. La nature de la sollicitation de l’adhésif,
incluant ces populations de défauts, différentes d’un cycle de polymérisation à un autre,
peut conduire à des mécanismes d’amorçage et d’évolution d’endommagement difficiles
à anticiper. Des échantillons spécifiques avec des populations de défauts différents et
d’états de sollicitation (traction, traction-cisaillement, cisaillement) permettront, à tra-
vers une analyse de la microstructure, et à l’aide de la tomographie aux rayons X, de
dégager des conclusions solides sur la description de ces mécanismes de dégradation.
Par conséquent, une fois ces informations obtenues, elles faciliteront la construction de
modèles plus robustes assurant non seulement une description fine du comportement
jusqu’à rupture, mais permettant aussi d’estimer le niveau d’endommagement et la
rupture de l’assemblage. Des éléments concrets dans ce sens sont déjà initiés durant le
stage post-doctoral de Marina BUNEA que j’ai co-encadré. Par ailleurs, une proposition
de thèse est en cours de rédaction afin d’investiguer ces aspects très importants tant
pour le milieu académique qu’industriel.
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4.3.3 Caractérisation d’assemblages collés à base de bio-colles
et colles auto-cicatrisantes

Si les outils de caractérisation et de dimensionnement d’assemblages collés semblent
avoir atteint un degré de maturité, il me semble opportun de mettre à l’épreuve ces
développements en étudiant deux familles d’adhésifs : les bio-colles et les adhésifs
cicatrisants. Le contexte actuel lié aux pollutions dues à différents agents chimiques
impose une réflexion sur les matériaux à privilégier. Les bio-colles semblent être des
matériaux d’avenir et surtout très encouragés de nos jours, et permettront ainsi de
proposer de nouveaux produits « verts » sur le marché. Une caractérisation fine et
des modélisations pertinentes de ces colles seront des éléments indispensables pour
améliorer la confiance des industriels vis-à-vis de ces nouveaux produits.

Une première étape, dans cette direction d’étude, est de dresser un bilan consistant
sur les résistances mécaniques de ces adhésives. Ensuite, il est nécessaire d’interroger
ces adhésifs sur leur adéquation avec des milieux agressifs en termes de température
et/ou l’humidité. Même si actuellement, leur performance mécanique reste nettement
inférieure à celle des colles thermodurcissables époxy, un panel d’applications varié,
rend susceptible l’intégration de ces adhésifs au sein de différents domaines industriels.
L’optimisation du cycle de polymérisation, la caractérisation des défauts engendrés lors
de la phase de collage ou de polymérisation sont autant d’inconnues qui à l’heure actuelle
freinent largement leur utilisation. Des réponses précises et solides apportées à ces
questions permettront d’élargir les champs d’application et aider à l’émergence de tels
adhésifs dans les structures assemblées. Des discussions avec quelques partenaires
académiques et industriels ont eu lieu sur ces aspects dans l’idée de développer ces
thématiques de plus en plus d’actualité.

Les colles auto-cicatrisantes offrent un potentiel d’autoréparation dès l’apparition de
défauts dans l’adhésif. Le développement de ces colles très convoitées passe tout d’abord
par des innovations chimiques permettant ainsi à l’adhésif de détecter l’amorçage d’une
fissure et par la suite de déclencher des mécanismes de cicatrisation. Les défis chimiques
ont eu des avancées significatives ces dernières années, et il me paraît opportun d’investi-
guer finement cette famille de colles, afin de déterminer l’apparition de défauts au moyen
de la tomographie de rayons X, le pouvoir de cicatrisation de la colle et finalement "le
regain" de propriétés mécaniques suite au processus d’auto-réparation. Des discussions
avec des partenaires américains et roumains ont eu lieu sur ces sujets.
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[131] Murat TÜRKAN et Özler KARAKAŞ. “Numerical modeling of defect formation in
friction stir welding”. In : Materials Today Communications 31 (2022), p. 103539.

324



Bibliographie

[132] Bijan ABBASI-KHAZAEI, Abbas JAHANBAKHSH et Reza BAKHTIARI. “TLP bon-
ding of dissimilar FSX-414/IN-738 system with MBF-80 interlayer : The effect
of homogenizing treatment on microstructure and mechanical properties”. In :
Materials Science and Engineering : A 651 (2016), p. 93-101.

[133] S HADIBEYK, Behrooz BEIDOKHTI et Seyed Abdolkarim SAJJADI. “Effect of
bonding time and homogenization heat treatment on the microstructure and
mechanical properties of the transient liquid phase bonded dissimilar GTD-
111/FSX-414 TLP superalloys”. In : Journal of Alloys and Compounds 731 (2018),
p. 929-935.

[134] Matthieu B LEZAACK et al. “Towards ductilization of high strength 7XXX alumi-
nium alloys via microstructural modifications obtained by friction stir processing
and heat treatments”. In : Materialia 20 (2021), p. 101248.

[135] Amlan KAR et al. “Effect of niobium interlayer in dissimilar friction stir welding
of aluminum to titanium”. In : Materials Characterization 145 (2018), p. 402-412.

[136] EL NITU et al. “Analyzing defects and their effects on the strength of a three-
layer FSW joint by using X-ray microtomography, localized spectrum analysis,
and acoustic emission”. In : Materials Characterization 190 (2022), p. 112069.

[137] Florent HANNARD et al. “Ductilization of aluminium alloy 6056 by friction stir
processing”. In : Acta Materialia 130 (2017), p. 121-136.

[138] AK LAKSHMINARAYANAN et V BALASUBRAMANIAN. “Process parameters op-
timization for friction stir welding of RDE-40 aluminium alloy using Taguchi
technique”. In : Transactions of Nonferrous Metals Society of China 18.3 (2008),
p. 548-554.

[139] Yahya BOZKURT. “The optimization of friction stir welding process parameters
to achieve maximum tensile strength in polyethylene sheets”. In : Materials &
Design 35 (2012), p. 440-445.

[140] Yingxin ZHAO et al. “Investigation of void formation in friction stir welding
of 7N01 aluminum alloy”. In : Journal of Manufacturing Processes 37 (2019),
p. 139-149.

[141] Atul Kumar CHOUDHARY et Rahul JAIN. “Numerical prediction of various de-
fects and their formation mechanism during friction stir welding using coupled
Eulerian-Lagrangian technique”. In : Mechanics of Advanced Materials and
Structures 30.12 (2023), p. 2371-2384.

[142] B MEYGHANI et al. “Developing a finite element model for thermal analysis of
friction stir welding by calculating temperature dependent friction coefficient”.
In : 2nd international conference on mechanical, manufacturing and process plant
engineering. Springer. 2017, p. 107-126.

[143] Henrik B SCHMIDT et Jesper H HATTEL. “Thermal modelling of friction stir
welding”. In : Scripta Materialia 58.5 (2008), p. 332-337.

325



Bibliographie

[144] Veeresh MURTHY et al. “Application of image processing and acoustic emission
technique in monitoring of friction stir welding process”. In : Materials Today :
Proceedings 4.8 (2017), p. 9186-9195.

326


	Préambule
	Résumé
	Remerciements
	Notice Individuelle
	Notice synthétique
	Curriculum Vitæ
	Situation actuelle
	Formation
	Statut professionnel
	Collaborations académiques et industrielles
	Responsabilités

	Activités d'enseignement
	Activités de recherche
	Synthèse des actions menées
	Co-encadrements
	Liste des publications et communications
	Bilan complet des publications
	Articles à comité de lecture
	Chapitres d'ouvrages scientifiques
	Communications internationales
	Communications nationales
	Détails des projets de recherche
	Document scientifique
	Introduction
	Contexte industriel
	Secteur astronomie et spatial
	Secteur aéronautique
	Secteur automobile 

	Contexte scientifique
	 Phases, constituants, défauts dans le joint 
	Investigation multi-échelle volumique
	Mécanismes d'endommagement

	Plan du document
	 Caractérisation et modélisation des assemblages structurels par collage
	Introduction
	Dispositifs expérimentaux et multi-instrumentation
	Contraintes résiduelles et contraintes thermiques
	Influence de l'environnement à différentes échelles
	Origine de défauts et mécanismes d'endommagement
	Modèles de comportement thermomécanique
	Etudes en cours et perspectives

	 Caractérisation des assemblages soudés par friction malaxage 
	Introduction
	Estimation des paramètres optimaux du procédé de soudage FSW par des stratégies numériques 
	Identifications des défauts et de leur effet sur les joints FSW
	Etudes en cours et perspectives
	 Synthèse et présentation des projets à 4 ans
	Principaux objectifs atteints
	Adhésifs structuraux époxy bi-composants
	Joints soudés par friction malaxage

	Principaux thèmes de développement
	Approfondissement de la caractérisation de l'effet de l'hygrométrie sur les joints collés avec de l'adhésif époxy bi-composants
	Utilisation des outils de mesure de champs, pour la compréhension fine de mécanismes de comportement élémentaires de joints de colle
	 Compréhension de mécanismes de distribution des différents alliages en aluminium dans les joints FSW à l'aide de la tomographie aux rayons X

	 Présentation des projets à 4 ans 
	 Caractérisation des défauts et de leur effet dans les assemblages multi-matériaux collés 
	 Identification expérimentale des mécanismes d'endommagement 
	 Caractérisation d'assemblages collés à base de bio-colles et colles auto-cicatrisantes 

	Bibliographie











