
�>���G �A�/�, �i�2�H�@�y�R�y�N�j�y�R�9

�?�i�i�T�b�,�f�f�T���b�i�2�H�X���`�+�?�B�p�2�b�@�Q�m�p�2�`�i�2�b�X�7�`�f�i�2�H�@�y�R�y�N�j�y�R�9

�a�m�#�K�B�i�i�2�/ �Q�M �N �.�2�+ �k�y�R�9

�>���G �B�b �� �K�m�H�i�B�@�/�B�b�+�B�T�H�B�M���`�v �Q�T�2�M ���+�+�2�b�b
���`�+�?�B�p�2 �7�Q�` �i�?�2 �/�2�T�Q�b�B�i ���M�/ �/�B�b�b�2�K�B�M���i�B�Q�M �Q�7 �b�+�B�@
�2�M�i�B�}�+ �`�2�b�2���`�+�? �/�Q�+�m�K�2�M�i�b�- �r�?�2�i�?�2�` �i�?�2�v ���`�2 �T�m�#�@
�H�B�b�?�2�/ �Q�` �M�Q�i�X �h�?�2 �/�Q�+�m�K�2�M�i�b �K���v �+�Q�K�2 �7�`�Q�K
�i�2���+�?�B�M�; ���M�/ �`�2�b�2���`�+�? �B�M�b�i�B�i�m�i�B�Q�M�b �B�M �6�`���M�+�2 �Q�`
���#�`�Q���/�- �Q�` �7�`�Q�K �T�m�#�H�B�+ �Q�` �T�`�B�p���i�2 �`�2�b�2���`�+�? �+�2�M�i�2�`�b�X

�G�ö���`�+�?�B�p�2 �Q�m�p�2�`�i�2 �T�H�m�`�B�/�B�b�+�B�T�H�B�M���B�`�2�>���G�- �2�b�i
�/�2�b�i�B�M�û�2 ���m �/�û�T�¬�i �2�i �¨ �H�� �/�B�z�m�b�B�Q�M �/�2 �/�Q�+�m�K�2�M�i�b
�b�+�B�2�M�i�B�}�[�m�2�b �/�2 �M�B�p�2���m �`�2�+�?�2�`�+�?�2�- �T�m�#�H�B�û�b �Q�m �M�Q�M�-
�û�K���M���M�i �/�2�b �û�i���#�H�B�b�b�2�K�2�M�i�b �/�ö�2�M�b�2�B�;�M�2�K�2�M�i �2�i �/�2
�`�2�+�?�2�`�+�?�2 �7�`���M�Ï���B�b �Q�m �û�i�`���M�;�2�`�b�- �/�2�b �H���#�Q�`���i�Q�B�`�2�b
�T�m�#�H�B�+�b �Q�m �T�`�B�p�û�b�X

�1�p�Q�H�m�i�B�Q�M �/�2�b �T�`�Q�T�`�B�û�i�û�b �K�û�+���M�B�[�m�2�b �/�2�b �p�2�`�`�2�b �b�B�H�B�+���i�û�b�,
�B�K�T���+�i �/�2 �H�� �+�Q�K�T�Q�b�B�i�B�Q�M �+�?�B�K�B�[�m�2 �2�i �/�2�b �B�`�`���/�B���i�B�Q�M�b

�J���`�B�M�� �"���`�H�2�i

�h�Q �+�B�i�2 �i�?�B�b �p�2�`�b�B�Q�M�,

�J���`�B�M�� �"���`�H�2�i�X �1�p�Q�H�m�i�B�Q�M �/�2�b �T�`�Q�T�`�B�û�i�û�b �K�û�+���M�B�[�m�2�b �/�2�b �p�2�`�`�2�b �b�B�H�B�+���i�û�b�, �B�K�T���+�i �/�2 �H�� �+�Q�K�T�Q�b�B�i�B�Q�M
�+�?�B�K�B�[�m�2 �2�i �/�2�b �B�`�`���/�B���i�B�Q�M�b�X �S�?�v�b�B�[�m�2 �(�T�?�v�b�B�+�b�)�X �1�+�Q�H�2 �.�Q�+�i�Q�`���H�2 �S�Q�H�v�i�2�+�?�M�B�[�m�2�- �k�y�R�9�X �6�`���M�Ï���B�b�X
�I�i�2�H�@�y�R�y�N�j�y�R�9�=



�Ecole Polytechnique

Evolution of mechanical properties of silicate

glasses: Impact of the chemical composition

and E�ects of irradiation

TH �ESE

pr�esent�ee et soutenue publiquement le 16 Septembre 2014

pour l'obtention du titre de

Docteur de l' �Ecole Polytechnique

(sp�ecialit�e physique)

par

Marina Barlet

devant le jury compos�e de :

Pr�esident : Patrick Letallec

Rapporteurs : Russell Hand

Laurence Galoisy

Examinateurs : V�eronique Doquet

Tanguy Rouxel

Nolwenn Chouard

Directeur de th�ese : Jean-Marc Delaye

Encadrant : Cindy L. Rountree

Invit�e : Bruno Boizot

Service de Physique de l'Etat Condens�e | CEA Saclay



Mis en page avec la classe thloria.



Remerciements

Ces remerciements sont l'aboutissement de trois ans de travail durant lesquelles j'ai pu rencontrer et

travailler avec beaucoup de personnes, j'espère n'oublier personne.

Avant tout, je tiens à remercier mon directeur de thèse Jean-Marc Delaye et mon encadrante Cindy Roun-

tree pour leurs conseils, leurs disponibilités et leur con�ance tout au long de ces trois ans. Je remercie

tout particulièrement Cindy qui m'a suivi au quotidien et qui a su être disponible du début à la �n tout

en me laissant beaucoup de libertés.

Un grand merci également á Daniel Bonamy pour sa gentillesse, sa patience, sa disponibilité.

En�n Thierry Bernard... qu'aurions nous fait sans toi ? Tu as été d'une aide précieuse pendant ces trois

années car tu étais là au quotidien pour réparer/modi�er/créer des dispositifs expérimentaux. Merci à

toi !

Je remercie les membres du jury d'avoir accepter d'évaluer ce travail: M. Patrick Letallec, M. Russell

Hand et Mme Laurence Galoisy pour leur travail de rapporteur ainsi que Mme Véronique Doquet, M.

Tanguy Rouxel et M. Nolwenn Choouard pour leur travail d'examinateur.

Ce travail expérimental résulte de nombreuses collaborations. Un grand merci à Bruno Boizot pour les

mesures RPE ainsi que les discussions qui en ont découlées. Un grand merci aussi à Davy Dalmas qui

m'a permis de faire des mesures de nano-indentation à SGR au laboratoire Surface du verre et Interfaces

et Thibault Charpentier pour m'avoir permis de réaliser les mesures RMN.

En�n je remercie le chef du Laboratoire de Matériaux et Procédés actifs Christophe Jégou de m'avoir

accueilli quelques semaines par an pendant cette thèse. Sylvain, Olivier et Richard pour les discussions

autour des spectres plus ou moins compréhensibles. Un merci particulier à Richard et Mickael pour les

journées passées à indenter ou a acquérir des spectres. Je remercie également l'ensemble du LMPA.

Je �nis ces remerciements par les personnes du feu SPCSI qui ont rendu les journés de thése agréables:

Titi Bernard, Yannick Dappe (que pour la blague du vendredi), Bruno Dolomez, Jérémy Hieulle, Cather-

ine Julien, Christine Prigian, Sylvain Lattil, Luc Barbier, Bruno Lectard, Claire Mathieu d'Houlgate,

Jean-Baptiste Moussy, Julien Rault, Fabien Silly, Alexander Simogunov, Ludovic Tortech, Vincent Bart,

Sara Gonzalez, Christophe Lubin, Romain Brisse, Maxime Rioult, Jelle Dionot, Marine Gay, Rocio De

Miguel Viscasillas, Keyvan Piroid,etc. Je dois dire que Claire Mathieu d'Houlgate et Sara Gonzalez ont

particulièrement contribuée à à rendre la �n de thèse agréable que ce soit au labo ou dans les bouchons

! En�n merci à Jon Barès mon collègue de bureau pendant 2 ans pour son humour et sa bonne humeur.

Mes derniers remerciement vont à ma famille. Je tiens particuliérement à remercier mes parents qui

m'ont permis de mener à bien ces longues études.

Mon dernier merci ira à toi ,Samuel pour ton soutien, tes conseils mais également pour tous ces moments

partagés entre Paris et Hradec Kralové. Merci...

i



ii



Contents

List of Tables xix

Introduction 1

Part I Linking mechanical properties to chemical composition 3

Chapter 1 Context 4

1.1 Glass structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.1 Formation of glass oxides: Zachariasen's rules . . . . . . . . . . . . . . . . . . 6

1.1.2 Ternary borosilicate glass make up . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Contact damage in glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3 Cracking behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.1 Fracture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.2 Stress corrosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Bibliography 23

Chapter 2 Elaboration and experimental methods 29

2.1 Fabrication and composition of glass samples . . . . . . . . . . . . . . . . . . . . . . . 30

2.2 Structural investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2.1 Raman analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2.2 MAS NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.3 Physical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

iii



CONTENTS

2.3.1 Density measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.3.2 Elastic properties: Young modulus (E), Poisson's ratio (� ) . . . . . . . . . . . 33

2.4 Experimental methods : mechanical analysis . . . . . . . . . . . . . . . . . . . . . . . 33

2.4.1 Fracture experiments via Deben loading machine . . . . . . . . . . . . . . . . 33

2.4.2 Post-mortem fracture surface analysis . . . . . . . . . . . . . . . . . . . . . . . 36

2.4.3 Micro-indentation test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Bibliography 43

Chapter 3 Physical and structural investigation of SBN glasses 45

3.1 Evolution of density values with chemical composition . . . . . . . . . . . . . . . . . . 46

3.2 Evolution of Young modulus, E and Poisson's ratio,� . . . . . . . . . . . . . . . . . . 49

3.3 Raman spectroscopy of SBN glasses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.1 Low frequency Raman spectroscopy response of SBN glasses . . . . . . . . . . 51

3.3.2 Lower Mid-range frequency Raman spectroscopy response of SBN glasses . . . 52

3.3.3 Upper Mid-range frequency Raman spectroscopy response of SBN glasses . . . 53

3.3.4 High frequency Raman spectroscopy response of SBN glasses . . . . . . . . . . 53

3.4 Investigation of SBN glasses via NMR measurements . . . . . . . . . . . . . . . . . . 54

3.4.1 Investigation of the boron environment through [11] B MAS NMR . . . . . . . 54

3.4.2 Investigation of sodium environment through [23] Na NMR MAS . . . . . . . . 55

3.5 Discussion on structural investigation of SBN series glasses . . . . . . . . . . . . . . . 56

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Bibliography 58

Chapter 4 Mechanical properties 61

4.1 Evolution of the contact damages with chemical composition . . . . . . . . . . . . . . 62

4.1.1 Evolution of hardness (HV ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.1.2 Crack resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.1.3 Toughness,K C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.1.4 Complementary measurements of Vickers indentations . . . . . . . . . . . . . 67

4.2 Evolution of SCC curves with chemical composition . . . . . . . . . . . . . . . . . . . 71

4.2.1 SBN curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.2.2 Shift in KE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.2.3 Changes in slopes in stress corrosion regime . . . . . . . . . . . . . . . . . . . 74

4.3 Evolution of fracture surfaces with chemical composition . . . . . . . . . . . . . . . . 76

4.4 Discussion on the mechanical properties of SBN series . . . . . . . . . . . . . . . . . . 77

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Bibliography 81

Conclusion part I 84

iv



Part II Impact of irradiation on structural and mechanical properties of pure

silica and simpli�ed borosilicate glasses 87

Chapter 1 Introduction: A review of structural and mechanical properties due to

irradiation in nuclear glasses 88

1.1 Nuclear waste management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

1.1.1 Origin of nuclear waste and classi�cation . . . . . . . . . . . . . . . . . . . . . 89

1.1.2 HLW con�nement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

1.1.3 French nuclear waste glass: R7T7 . . . . . . . . . . . . . . . . . . . . . . . . . 91

1.2 Interaction of particles within the long term storage con�nement . . . . . . . . . . . . 92

1.2.1 Origin of the irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

1.2.2 Interaction between� decay and matter . . . . . . . . . . . . . . . . . . . . . 93

1.2.3 Interaction between� decay and matter . . . . . . . . . . . . . . . . . . . . . 93

1.3 Laboratory testing methods employed . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

1.4 Structural modi�cations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

1.4.1 Pure silica glasses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

1.4.2 Simpli�ed borosilicate glasses: 6 or less oxides . . . . . . . . . . . . . . . . . . 96

1.4.3 Heavy ion irradiation on R7T7 and complex borosilicate glasses . . . . . . . . 100

1.4.4 Correlation density-structure variations . . . . . . . . . . . . . . . . . . . . . . 101

1.4.5 Ballistic disordering and fast quenching . . . . . . . . . . . . . . . . . . . . . . 102

1.5 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

1.5.1 Young modulus evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

1.5.2 Hardness evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

1.5.3 Evolution of fracture toughness (K C ) . . . . . . . . . . . . . . . . . . . . . . . 105

1.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

Bibliography 108

Chapter 2 Experimental methods dedicated to the irradiated samples 113

2.1 Glass composition investigated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

2.2 Conditions of irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

2.2.1 � e� -irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

2.2.2 He2+ -irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

2.2.3 Au+ -irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

2.3 Physical and structural investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

2.3.1 Density measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

2.3.2 Electronic paramagnetic resonance, EPR . . . . . . . . . . . . . . . . . . . . . 116

v



CONTENTS

2.3.3 Raman analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

2.4 Mechanical investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

2.4.1 � e� -irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

2.4.2 Ion irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

2.4.3 Micro and nano-indentation tests . . . . . . . . . . . . . . . . . . . . . . . . . 118

Bibliography 121

Chapter 3 Pure silica glass: Impact of electron, light and heavy ions irradiation 122

3.1 Damages induced by irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

3.1.1 � e� irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

3.1.2 Light and heavy ions: SRIM calculations . . . . . . . . . . . . . . . . . . . . . 123

3.1.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

3.2 Structural analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

3.2.1 � e� irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

3.2.2 Light and heavy ions irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . 128

3.2.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

3.3 Mechanical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

3.3.1 Hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

3.3.2 Fracture experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

3.3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

3.4 Linking mechanical properties to structure variations . . . . . . . . . . . . . . . . . . 138

3.4.1 Hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

3.4.2 SCC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

Bibliography 140

Chapter 4 SBN glass: Impact of electron irradiation on glass structure and mechan-

ical properties 144

4.1 Damages induced by� e� irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.2 Evolution of physical and structural properties of SBN glasses . . . . . . . . . . . . . 146

4.2.1 Density variations induced by � e� . . . . . . . . . . . . . . . . . . . . . . . . . 146

4.2.2 Structural variations induced by � e� -irradiation . . . . . . . . . . . . . . . . . 146

4.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

4.3 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

4.3.1 Hardness properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

4.3.2 Stress corrosion behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

Bibliography 166

vi



Chapter 5 SBN glass: Impact of light and heavy ions irradiations on glass structure

and mechanical properties 169

5.1 Damages induced by light and heavy ions . . . . . . . . . . . . . . . . . . . . . . . . . 170

5.1.1 Damages induced byHe2+ and Au+ irradiation . . . . . . . . . . . . . . . . . 170

5.1.2 Structural damages induced byHe2+ irradiation . . . . . . . . . . . . . . . . . 171

5.1.3 Structural damages induced byAu+ irradiation . . . . . . . . . . . . . . . . . 177

5.1.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

5.2 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

5.2.1 Hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

5.2.2 SCC behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

5.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

Bibliography 189

Conclusion part II 191

Discussion and general conclusion 193

Appendices 195

Appendix A AFM image analysis: extraction of information 196

vii



List of Figures

1.1 Egyptian glass jar from 1500-1000 BC [4] and strained glass created in 1987-1994 by P.

Soulages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 SiO2 ring organization in cristobalite and silica glass. The solid black circles represent

silica atoms. Open black circles represent oxygen atoms. . . . . . . . . . . . . . . . . . . . 6

1.3 A modi�ed random network for a 2 dimensional oxide glass. The dashed zones correspond

to areas enriched in network formers. Black points represent network modi�ers [30]. . . . 7

1.4 Ternary diagram of the SiO2-B2O3-Na2O system. A is the crystallization domain, B the

Na2O-SiO2 metastable demixion domain, C composition range used for laboratory glasses

and D the SiO2-B2O3-Na2O metastable demixion domain. . . . . . . . . . . . . . . . . . . 8

1.5 Schematic sketch of the deformation processes. Depending on the Poisson's ratio, the glass

favor densi�cation or shear �ow mechanisms [65]. . . . . . . . . . . . . . . . . . . . . . . . 10

1.6 Relationship between Poisson's ratio and the volume ratio of recovery (VR ) for various

glass compositions (data from [81]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.7 Description of the coordinate system ahead of the crack tip. . . . . . . . . . . . . . . . . . 13

1.8 Di�erent modes of fracture: mode I (opening), mode II (shearing) and more III (tearing) [1]. 13

1.9 Typical v(G) or v(K) diagram for subcritical crack propagation in glass. From [17]. . . . . 14

1.10 Reaction steps for water enhanced fracture of vitreous silica: a) the Michalske and Freiman

model [56], and b) the Michalske and Bunker model [54]. . . . . . . . . . . . . . . . . . . . 17

1.11 Representation of the reaction for bond rupture in silica. The solid line indicates rupture

in vacuum, whereas the dashed line depicts the rupture with water from [56]. . . . . . . . 17

1.12 The average (microscopic scale) crack velocity (blue curve) is the slow advancement of the

crack front (red curves with low slopes) along with the instantaneous jumps (discontinuous

part of the red curves) of the front when it merges with damage regions [61]. . . . . . . . 20

1.13 Sequence of topographical AFM images showing SCC at the surface of a glass samples. The

scan size is 75� 75 mm2 and the height range is over 2 nm. The crack front propagates from

the left to the right with an average speed of 10� 11m.s� 1. Image a) evidence the nanometric

damage before the fracture advance; b) nucleation of damage and c) coalescence of damage

with the advancing crack front. From [15]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

viii



1.14 The stress gradient at the crack front enhances sodium di�usion. This �gure images the

sodium as it leaves the glass network to migrate to the glass surface. Dots on the image

are due to sodium. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.15 Evolution of the crack in the 15 million atoms system. From [62]. . . . . . . . . . . . . . . 21

2.1 Thermal cycle of SBN glass's elaboration.TE depends on glass composition. . . . . . . . . 30

2.2 Drawing of Double Cleavage Drilled Compression samples DCDC1 used to investigate

failure in stress corrosion regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3 Deben machine used during experiment to propagate cracks in the SCC regime. . . . . . . 34

2.4 Example of determining the shift between two images through cross-correlation function.

The time between these two pictures is thirty minutes. Figure (a) is the reference and (b)

is taken 30 minutes later. The red rectangle is the area selected for the cross-correlation

technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.5 Example of images analysis step by step a) original picture rotated such that the crack

front propagates from left to the right b) enhancement of the contrast between the crack

and its background c) manual selection of the crack path d) determination of the cuto� e)

position of the crack tip resulting from the automatic computation procedure. . . . . . . . 37

2.6 Drawing of an atomic force microscopy. A laser spot re�ects o� the top of the cantilever

onto the array of photodiodes via a mirror. . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.7 Schema of Vickers Pyramid Diamond Indenter . . . . . . . . . . . . . . . . . . . . . . . . 39

2.8 A typical indentation imprint used in determining the indentation diagonal length, ( di and

marked by a continuous line) and in evaluating the pile up pro�le (dotted line). . . . . . . 40

2.9 Schematic of a generic image from a Vickers indent used in determiningK C . di is the

indentation diagonal length, and d is the averagedi for one indent. c is the crack length

measured from the indentation center . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.10 Example of the variation in the indentation prints before and after annealing . . . . . . . 42

3.1 Density as a function of RSBN for K SBN =[SiO 2]/[B 2O3]� 2.5 (blue series) and KSBN � 4.5

(red series). The density increases and, then, reaches a plateau. . . . . . . . . . . . . . . . 46

3.2 Volume ofV2 and V 0
3 units as a function of RSBN . The V2 volume correspond tof 2 fraction,

i.e. the BO4 units. The V 0
3 volume correspond toQ3 fraction, i.e. SiO4 tetrahedrons with 1

NBO units. The di�erent colors correspond to di�erent values of K SBN : red K SBN � 4.5,

blue K SBN � 2.12 and greenK SBN � 4.4. . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3 Evolution of Young modulus (E) in GPa and the Poisson's ratio (� ) with the mol % of Na2O. 49

3.4 (Left) Evolution of glass packing fraction (Pf ) as a function of the Poisson ratio (� ).

(Right) Evolution � as a function of the number of NBO. A good correlation is found

between the Poisson' ratio and the glass organization' paramaters such as: NBO andPf . 51

3.5 Room-temperature Raman spectra for SBN series at constantK SBN (Left) K SBN � 2:4;

(Right) K SBN � 4:6 and 3:75 (SBN 14). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.6 [11] B MAS NMR spectra for the K SBN � 2.5 series collected at ambient temperature. The

intensity of each spectrum is normalized. From the bottom to the top, the sodium content

increases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

ix



LIST OF FIGURES

3.7 [23] Na NMR MAS spectra for the SBN series KSBN � 2.5 collected at ambient temperature.

The intensity of each spectrum is normalized. . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.8 Correlation between the[23] Na chemical shift and: (left) the concentration of [Na2O]; and

(right) the concentration of NBO as deduced from the [11] B MAS NMR measurements. . . 56

4.1 Evolution of indentation imprints for the K SBN � 2:5 series (SBN 12, SBN 25, SBN 30,

SBN 35) at 50 g in ambient conditions. An optical camera coupled with the Vickers's

indenter captures the imprint 5 minutes after indentation. From the left to the right the

sodium content increases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2 Evolution of indentation prints from the SBN 12 to the SBN 35 glasses at 50 g in ambient

conditions captured via an AFM. From the left to the right the sodium content increases. 62

4.3 Hardness values as a function ofRSBN for SBN glasses (at 50 g in ambient conditions;

maximum load held for 15 s). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.4 (Left) Evolution of hardness, HV , as a function of the concentration of Non Bridging

Oxygen (NBO) deduced from the NMR measurements (at 50g in ambient conditions).

(Right) Evolution HV versus[4] B concentration deduced from the NMR measurements (at

50g in ambient conditions). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.5 Evolution of hardness as a function of the Poisson's ratio (� ) (indentation at 50g in ambient

conditions). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.6 Set of optical images in SBN 14 acquired at increasing loads. As the loads increases the

number of cracks initiating o� the corners of the indenter increases. . . . . . . . . . . . . . 65

4.7 Crack appearance probability as the function of the indent load for all the SBN glasses.

Blue symbols are to be associated with theK SBN =2.1 series and red symbols are to be

associated with theK SBN =3.7 series. Note that the SBN 12 presents a singular behavior. 66

4.8 Toughness valuesK C of SBN glasses as a function ofRSBN for K SBN � 2:5 series (blue)

and K SBN � 4:5 series (red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.9 Toughness values (K C ) as a function of � for all the SBN glasses. The line (K C = m� + b

where m = � 4:46 � 0:27 and b = 1 :75 � 0:06) depicts a linear �t through all the data,

excluding SBN 12. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.10 (Left) The normalized ratio (V +
i =V �

i ) of the glasses pile-up withRSBN displays two trends

depending onK SBN . For K SBN � 2:5, the ratio initially increases, and then stabilizes.

For K SBN � 4:5, the ratio �rst displays a slight decrease. (Right) Evolution of V +
i =V �

i

as a function of Poisson' ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.11 The recovery volume decreases withRSBN . Yet the slopes (mK SBN � 2:5 = � 0:409 and

mK SBN � 4:5 = � 0:0431) depend signi�cantly on the K SBN value. . . . . . . . . . . . . . . 68

4.12 Pile up ratio (VP ) which characterizes the volume-conserving shear �ow versusRSBN . The

tendencies are drastically di�erent for approximately constant K SBN .) . . . . . . . . . . . 69

x



4.13 (Left) The �gure depicts the evolution of the volume recovery ratio (VR ) as a function of

the Poisson's ratio (� ) for the SBN data. The blue color line depicts a linear �t to the data

for K SBN � 2:5 (VR = mK SBN � 2:5� + bK SBN � 2:5 where mK SBN � 2:5 = � 8:40 � 0:60 and

bK SBN � 2:5 = 2 :34� 0:13). The red color line depicts a linear �t to the data for K SBN � 4:5

(VR = mK SBN � 4:5� + bK SBN � 4:5 where mK SBN � 4:5 = � 1:02 � 0:30 and bK SBN � 4:6 =

0:68 � 0:07). (Right) The �gure depicts a comparison of VR versus � relationships found

herein along with published data, black data points [21, 30, 41]. The black dashed line

depicts the sigmoid �t proposed by Sellappan et al. The brown solid �t depicts the best

sigmoid �t, ( � R , � R ,� R , � R ) = (.99, .003, 29, -.007), for the SBN data assuming 2 sudo

points: (0,1) and (.5, 0). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.14 (Left) The �gure depicts the evolution VP versus � for SBN data. The purple color line

depicts a linear �t to the data for K SBN � 2:5 (VP = mK SBN � 2:5� + bK SBN � 2:5 where

mK SBN � 2:5 = 0 :30� 0:022and bK SBN � 2:5 = � 0:42� 0:05). For K SBN � 4:5, the data does

not �t a linear extrapolation. (Right) The �gure compares the curve VP vs � resulting

from our work with other published data [21, 30, 41]. The black dashed line depicts the

sigmoid �t proposed by Sellappan et. al. The beige color �t depicts the best sigmoid �t,

(� R , � R , � R ) = (.94, 152, -16), for the SBN data herein assuming 2 sudo points: (0,0) and

(.5, 1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.15 Evolution of stress-corrosion curves for SBN glasses. (Left) The SCC curves for SBN 12,

SBN 30 and SBN 35, i.e. [Na2O] increases forK SBN (� 2.5) remains constant. (Right)

The SCC curves for SBN 14, SBN 63, SBN 59 and SBN 55, i.e. [Na2O] increases yetK SBN

(� 4.5) remains constant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.16 Correlation between KE and the sodium content [Na2O]. . . . . . . . . . . . . . . . . . . . 73

4.17 Schematic representation of shielding e�ect and its impact on the Kf , stress felt at the

crack tip. K appl is the external stress applied and K� is the contribution of the dissipative

zone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.18 Correlation between Si-O-Si, Si-O-B, B-O-B with two coordinated O and OSi3, OSi2B,

OSi1B2, and OB3 units with three coordinated O calculated by MD simulations and (left)

the slope b from the Wiederhorn's model and (right) the slope n from Maugis equation. . 75

4.19 Correlation between the slope: (left) b from the Wiederhorn model [40] where b is linked

to �V � ; and (right) n is the slope from the power law relationship [27] and the sodium

content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.20 Correlation between the slope: (left) b from the Wiederhorn model [40] where b is linked

to �V � ; and (right) n is the slope from the power law relationship [27] with the Poisson's

ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.21 AFM images of fracture surface of SBN glasses (top) (K SBN � 2.5) SBN 12 (light blue) to

SBN 35 (dark blue) 5 � m � 5 � m in Tappingmode in 10� 7-10� 8 m.s� 1 regime; (bottom)

KSBN � 3.7 SBN 14 (light red; left) and K SBN � 4.5 SBN 63 to SBN 55 (dark red) 5� m

� 5 � m in Tappingmode in 10� 7-10� 8 m.s� 1 regime. . . . . . . . . . . . . . . . . . . . . . 78

4.22 RMS values extracted from the fracture surfaces of the SBN series. . . . . . . . . . . . . . 79

4.23 Schematic of a crack (and its subsequent surface) passing through weak regions in an

inhomogeneous glass structure. The fracture surface is indicated by the black solid curve [14]. 79

xi



LIST OF FIGURES

1.1 Scheme of the waste classi�cation from [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . 90

1.2 Hot crucible process of R7T7 glass elaboration from [1]. . . . . . . . . . . . . . . . . . . . 91

1.3 Raman spectra of pristine and� -irradiated (5 � 109 GGy) silica glass samples after sub-

traction of linear baseline (From [8]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

1.4 Comparison of EPR spectra for low and high amount of total alkali ions from [6]. . . . . . 97

1.5 Evolution of the Raman spectrum of the 4-oxide glass as a function of the� -radiation dose

from [12]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

1.6 Density evolution for simpli�ed borosilicate glasses (3-7oxides) submitted to gold irradiation. 98

1.7 Si-O-Si bending band peak versus deposited nuclear energy dose for SBN 14 irradiated

by gold ions. The dash curve was obtained by �tting the experimental data with an

exponential law (from [52]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

1.8 11B spectra for simpli�ed glasses (CJ1) before (black line) and after (red line) irradiation

by gold ions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

1.9 Raman spectra of the SON 68 glasses doped with curium from [52]. . . . . . . . . . . . . . 100

1.10 Decrease of Si-O-Si angles depending on the deposited energy for SBN 14 glass from MD

simulations. Displacement cascade commenced by a 0.600 keV heavy ions [21]. . . . . . . 101

1.11 Experimental and simulated relative variation of Rayleigh velocity in CJ1 (3 oxides) irra-

diatied simpli�ed glasses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

1.12 Evolution of the mean hardness of glasses irradiated with electron (circles) and He ions

(stars) irradiation versus energy deposition [66]. . . . . . . . . . . . . . . . . . . . . . . . . 104

1.13 Hardness variation in SON68 and simpli�ed glass irradiated under various condition with

energy dose deposited by electronic interaction (left) and nuclear interaction (right) . . . 104

1.14 Evolution of crack appearance probability versus load for Vickers microindentation of the

non-radioactive glass (SON68), and the glass irradiated by He, Kr and Au ions from [52]. 105

1.15 Four images of the SBN 14 glass fracturing. (Top left) 26ps; (Top right) after 32ps; (Bottom

left): after 40ps; (Bottom right) after 44ps from [39]. . . . . . . . . . . . . . . . . . . . . . 106

2.1 (Left) Sketch of Double Cleavage Drilled Compression samples, DCDC2, used to investigate

failure in stress corrosion regime in� e� -irradiated samples. The diameter is 0.4 mm, the

thickness 0.8 mm, the width 2 mm and the length 25 mm.; (Right) Drawing of the guide

used to perform SCC experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

2.2 Drawing of 4-point bending experimental set-up. . . . . . . . . . . . . . . . . . . . . . . . 118

2.3 Sketch of a Berkovich indenter. Hardness values will be referenced asHB . . . . . . . . . 119

2.4 (Left) Position of nano-indentation depending on the type of irradiation; (Right) AFM

images of indentation for the SBN 12 irradiatedHe2+ . . . . . . . . . . . . . . . . . . . . . 120

3.1 Stopping power of the electrons in pure silica (EStar input: SiO2 and � =2.2g/cm 3) from

ESTAR program. The lines refer to collision stopping power (dotted purple), radiative

stopping power (hashed blue) and total stopping power (black line). . . . . . . . . . . . . 124

xii



3.2 SRIM simulation for pure silica irradiated by 6 MeV helium ions at a dose of 3.8� 1015

ions/cm2 with the penetration depth: (Left) Electronic (blue line) and nuclear (red line)

stopping power; (Right) Electronic (blue line) and nuclear (red line) deposited energy dose.

The arrow towards the left and the arrow towards the right axes refer to the electronic and

ballistic interactions, respectively. Electronic interactions dominate over the 30 � m into

the glass sample. The nuclear interactions are maximum around 30� m. . . . . . . . . . . 124

3.3 Electronic (blue line) and nuclear (red line) stopping power versus the irradiated depth for

the SiO2 glass irradiated by gold ions (Au+ ) at di�erent energy: 1, 3.5 and 7 MeV . . . . 125

3.4 EPR spectra on Corning 7980r pristine (black line) and electron irradiated (0.09 to

2 GGy): (Left) P=1 mW, f=9.82 GHz and (Right) P=1 � W, f=9.82 GHz. . . . . . . . . . 127

3.5 Evolution of the total defects with integrated doses (P=1 � W, f=9.82 GHz). . . . . . . . 127

3.6 (Left) Raman spectra normalized at the highest peak of pristine and electron irradiated

samples at 1 and 2 GGy. (Right) A zoom (250-700 cm� 1) of the Raman spectra around

the highest peak in pristine and 1 and 2 GGy electron irradiated samples; (� =532 nm). . 128

3.7 (Left) Raman spectra (normalized at the highest peak) from the glass' free surface (0� m;

bottom spectra) to the bulk (45 � m; top spectra); (Right) Zoom of the zone around

300-700 cm� 1. The dotted black line features the Si-O-Si position band from spectra at

45 � m(� =532 nm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

3.8 (Left) Raman spectra normalized at the highest peak from theAu+ irradiated glass free

surface (0� m; bottom spectra) to the bulk (8 � m; top spectra); (Right) Left �gure zoom

of the zone around 300-1100 cm� 1. (� =532 nm). . . . . . . . . . . . . . . . . . . . . . . . 130

3.9 (Left) Raman spectra normalized using the highest peak for pristine (black line), elec-

tron irradiated (purple line), helium irradiation (light blue line; depth 24 � m) and gold

irradiated (dark blue line; depth 2 � m); (Right) Zoom on the zone ranging from 300 to

700 cm� 1. For helium and gold irradiation, major modi�cations are observed (see text for

interpretation). ( � =532 nm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

3.10 (Left) Hardness variation with the integrated doses of irradiation, (Right) AFM pro�les

of the indentation imprint in pristine (black line) and irradiated samples at 1 GGy (red

line) 1.5 GGy (doted red line). The maximum indentation load is 50 g. The pro�les are

parallel to the edges of the indentation. The shown pro�les result from the averaging over

5 pro�les extracted from 5 di�erent indentations. The baseline refers to the surface's level. 132

3.11 (Left) A photo of the fracture surface containing the zone irradiated byHe2+ , the arrows

show the direction of irradiation. (Right) Hardness value (in GPa) as a function of the

distance from the free surface. Each point results from the averaging over 5 indents. . . . 133

3.12 Load-displacement curves for nano-indentation performed in pristine and irradiateda� SiO2.133

3.13 Velocity of the crack front versus the stress intensity factor (K I ) in pristine and electron

irradiated Corning 7980 samples at 1 and 2 GGy. Fracture experiments are conducted at

T=27 oC and H=40%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

3.14 AFM images 2� 2 � m of pristine (left) and 2GGy irradiated (right) silica glasses by � e�

fracture surfaces. Figures use the same colorbar. The RMS calculated for each image is:

0.523� 0:02 and 0.542� 0:01 for the pristine and irradiated glass, respectively . . . . . . . . . 135

xiii



LIST OF FIGURES

3.15 AFM image of fracture surface of silica irradiated by helium ions. The color represents

variations in adhesion on the fracture surface. The mode acquisition is the PeakForce

Tapping. The �gure is the result of 4 images (20� 20 � m2) taken at 10, 20, 30 and 40� m. 136

3.16 Height AFM images (5� 5 � m2) of silica surfaces. (Left) Center of the image is� 25� m

from the free surface. Spots are present and there typical size is� 4 nm; (Right) Center

of the image � 5� m from the free surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

3.17 Evolution of number and area of spots with the distance to the free surface. The method

employed to extract these information is detailed in appendix A. . . . . . . . . . . . . . . 137

3.18 Evolution of fracture surfaces for the silica glass: (left) in the bulk (black frame) and

(right) at 3 � from the free surface (red frame). The investigation is performed on the

same area by varying the distance from the free surface; thus the velocity is supposed to

be equivalent. The colorbar is kept constant for the two images. A clear increase is observed.137

4.1 Electron stopping power for SBN 14 glasses calculated from the ESTar program [1]. The

dotted lines refer to collision stopping power (purple), the hashed line to the radiative

stopping power (blue) and the black line to the total stopping power. The total stopping

powers are given in table 4.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.2 EPR spectra of SBN 14 before irradiation P=10 mW, f=9.82 GHz. The resonance of Fe3+

appear at g � 4.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.3 EPR spectra of SBN glasses: SBN 12, SBN 14. Two di�erent powers were used to charac-

terize the hole and electron trapped: (Left) P=10 � W, f=9.82 GHz and (Right) P=1 mW,

f=9.82 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.4 EPR spectra of SBN glasses: SBN 35 and SBN 55. Di�erent powers were used to investigate

electron holes and electron trapping: (Left) P=10 � W, f=9.82 GHz and (Right) P=1 mW,

f=9.82 GHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

4.5 This �gure compares the EPR spectra of SBN glasses: (Left) SBN 12 (light blue; low

sodium content) and SBN 35 (dark blue; high sodium content); K � 2.5; and (Right)

SBN 14 (green; low sodium content) and SBN 55 (dark red; high sodium content); K�

4.5. All spectra are recorded at P=10� W, f=9.82 GHz. The intensity of spectra does not

correspond to the real intensity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.6 Total amount of defects calculated by double integration over EPR spectra at P=1 mW,

f=9.82 GHz: (left) SBN 12, SBN 14, SBN 35 and SBN 55 and (right) SBN 14, SBN 35

and SBN 55. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.7 Raman spectra of SBN glasses prior and after irradiation: (Top left) SBN 12 pristine (light

blue) and irradiated (red) at 2 GGy; (Top right) SBN 14 pristine (green) and irradiated

(red) at 1.5 GGy; (Bottom left) SBN 35 pristine (dark blue) and irradiated (red) at 2 GGy;

and (Bottom right) SBN 55 pristine (dark red) and irradiated (red) at 2 GGy. Spectra of

� e� -irradiated (red curves) appear above the pristine samples. . . . . . . . . . . . . . . . 150

4.8 EPR spectra of SBN 55 glasses at P=1� W, f=9.82GHz. Each vertical line represent

the expected 1/g values of BOHC: BOHC1 (blue), BOHC 2 (green), BOHC1c (red) and

BOHC1a (black) from [21,22]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

xiv



4.9 Correlation between the concentration of defects and (left) the concentration of NBO and

(right) the percentage of Na2O. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

4.10 Di�erence between two EPR spectra after annealing at di�erent temperatures: (left)

SBN 12 and (Right) SBN 35. P=1 mW, f=9.82 GHz. . . . . . . . . . . . . . . . . . . . . . 153

4.11 Evolution of load-displacement curves obtained by nanoindentation measurements at con-

stant penetration depth for SBN 12 pristine (light blue line) and SBN 12 irradiated at

2 GGy (red line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

4.12 (Left) Crack appearance probability depending on applied load for SBN 12 pristine (blue

line) and SBN 12 irradiated at 2 GGy (red line); (Right) Indentation pro�le for SBN 12

pristine (blue dotted line) and irradiated (red dotted line) at 2GGy at 100g . . . . . . . . 156

4.13 Raman spectra of SBN 12 irradiated at 1 GGy close to the surfaces (upper and lower faces)156

4.14 (Left) Pro�le evolution obtained by AFM imaging of residual indents from micro inden-

tations for SBN 14 pristine and SBN 14 irradiated by electrons at 2 GGy. Experimental

indentation took place in ambient conditions and the load was 50 g. (Right) Evolution of

the load-displacement curves for constant depth nano-indentation tests. . . . . . . . . . . 157

4.15 Crack appearance probability depending on load applied for SBN 14 pristine (green line)

and SBN 14 irradiated at 1.5 GGy (red line) and 2 GGy (dark red line). . . . . . . . . . . 158

4.16 Crack appearance probability depending on load applied for: (left) SBN 35 pristine (dark

red line) and SBN 35 irradiated at 1.5 GGy (red line); (right) SBN 55 pristine (dark blue

line) and SBN 55 irradiated at 1.5 GGy (red line). . . . . . . . . . . . . . . . . . . . . . . 159

4.17 Evolution of failure behavior of SBN 12 pristine (light blue) and irradiated (red) in stress

corrosion regime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

4.18 Fracture surfaces prior to and after irradiation. The velocity of the crack front used to

create these two SCC surfaces was 10� 8-10� 9 m.s� 1. The color bar remains the same for

the two images. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

4.19 Evolution of failure behavior of SBN 14 pristine (green) and irradiated (red) in stress

corrosion regime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

4.20 Images depict the evolution of fracture surfaces prior to and after irradiation. The velocity

of the crack front used to create these two SCC surfaces was 10� 8-10� 9 m.s� 1 . The color

bar is the same for the two images. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

4.21 Evolution of failure behavior of: (left) SBN 35 pristine (dark blue) and irradiated (red) in

stress corrosion regime; (right) SBN 55 pristine (dark red) and irradiated (red). . . . . . . 163

5.1 SRIM simulation for SBN 14 glass irradiated by 6 MeV helium ions at a dose of 3.8� 1015

ions/cm2 with the penetration depth: (Left) Electronic (blue line) and nuclear (red line)

stopping power; (Right) nuclear stopping power. Electronic interactions dominate over the

30 � m into the glass sample. The nuclear interactions are maximum around 30� m. . . . 170

5.2 Electronic (blue line) and nuclear (red line) stopping power versus the irradiated depth for

the SiO2 glass irradiated by gold ions (Au+ ) at di�erent energy: 1, 3.5 and 7 MeV. . . . . 171

xv



LIST OF FIGURES

5.3 Raman spectra of SBN 12 glasses irradiated byHe2+ ions from the free surface towards

the bulk (bottom to top). The yellowish spectra probe regions predominantly impacted by

electronic excitations (i.e. between 0 and 20� m). The brown/black spectra concern areas

where the maximum amount of ballistic damage occurs between 25 and 30� m. . . . . . . 172

5.4 Zoom between 400-900 cm� 1 of the �gure 5.3. In the ballistic area, the D 2 peak contribu-

tion increases (gray dashed line). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

5.5 Raman spectra of SBN 14 glasses irradiated byHe2+ ions from the free surface towards the

bulk (bottom to top). Again, the yellowish spectra probe regions predominantly impacted

by electronic excitations. The brown/black spectra concern areas where the maximum

amount of ballistic damage occurs. The green spectra show the Raman features deep (i.e.

deeper than the penetration depth of the ions) into the samples. Variation in the Raman

spectra concerns the area, where ballistic interactions maximize. . . . . . . . . . . . . . . 173

5.6 Raman spectra of SBN 14 pristine (green, bottom), irradiated by electron� e� (red, mid-

dle) and irradiated by He2+ where electronic interactions govern the structural variations

(yellow, top). The variations induced by electronic interactions through He2+ are not

equivalent to those induced by � e� -irradiation. The gray dashed line marks the peak

position of the Si-O-Si bending vibration band of the pristine glass (green line). . . . . . . 174

5.7 Raman spectra in SBN 14He2+ -irradiated samples recorded at 27� m from the free surface

(dark red) and in the bulk (green). 27 � m from the free surface corresponds to where

ballistic interactions maximize. The gray dashed line marks the position of the Si-O-Si

bending vibration band in the bulk material (green line). . . . . . . . . . . . . . . . . . . . 175

5.8 Raman spectra of SBN 35 glasses irradiated byHe2+ ions from the free surface towards

the bulk (bottom to top). From bottom to top: the yellowish spectra probe regions

predominantly impacted by electronic excitations. The brown/black spectra concern areas

where the maximum amount of ballistic damage occurs. The red spectra show the Raman

features deep (i.e. deeper than the penetration depth of the ions) into the samples. . . . 176

5.9 Raman spectra of SBN 55 glasses irradiated byHe2+ ions from the free surface towards

the bulk (bottom to top). The yellowish spectra probe regions predominantly impacted

by electronic excitations. The brown/black spectra concern areas where the maximum

amount of ballistic damage occurs. The dark blue spectra show the Raman features deep.

Impact of helium irradiation is slight on this glass chemical composition. . . . . . . . . . . 176

5.10 (Left) Raman spectra of SBN 35 glasses irradiated byHe2+ ions. The dark blue spectrum

probes the bulk and the brown spectrum concerns the area where ballistic damages are

maximum; and (Right) Raman spectra of SBN 55 glasses irradiated byHe2+ ions. The

dark red spectrum probes the bulk and the brown spectrum part concerns area where the

ballistic damages are maximum; the cross marks indicate theQ2 (�rst) and Q3 (second)

peaks heights. The values are the ratioQ2/ Q3. . . . . . . . . . . . . . . . . . . . . . . . . 177

5.11 Raman spectra of SBN 12 (left) and SBN 14 (right) irradiated by Au+ ions from the

irradiated zone (top red curve; 2-3� m from the free surface) towards the bulk (bottom

curve; 10� m). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

xvi



5.12 Raman spectra of pristine (top),Au+ -irradiated (ballistic area and red curve) and He2+ -

irradiated (brown curve) SBN 12 (left) and SBN 14 (right) irradiated samples. The two

plots present a dashed gray line which marks the position of the Si-O-Si bending vibration

band for the two pristine glasses. A shift is observed towards high wavenumber values. . . 179

5.13 (Left) Raman spectra of SBN 35 before and after irradiation. The blue spectrum concerns

the non-irradiated glass and the red spectrum the gold irradiated at 2� m from the free

surface; (Right) Raman spectra of SBN 55 before (red) and after (dark red) irradiation. . 180

5.14 (Left) AFM images of nano-indentations performed on the SBN 12 from the free surface

(left side of image) towards the bulk; (Right) Evolution of the hardness from the free

surface towards the bulk for SBN 12, SBN 14, SBN 35 and SBN 55 glasses. . . . . . . . . 182

5.15 Evolution of the hardness for SBN 12 (light blue), SBN 14 (green), SBN 35 (dark blue)

and SBN 55 (dark red) glasses versus[Na2O]. The same vertical line containsHB for the

pristine and Au+ -irradiated. The left �gure presents the true values and the right one the

variations between the pristine and its irradiated counterpart. Gold irradiation induces a

decrease in hardness and the amplitude of variation depends on the chemical composition. 183

5.16 The series of images depicts the fracture surfaces from the free surface to the bulk for the

SBN 14 irradiated by helium ions. The frame color corresponds to the zone previously

de�ned: the yellow zone marks the area where interaction are dominated by electronic

interaction, the brown zone, the area where ballistic interactions are maximum and the

green area correspond to the bulk of the sample. The color bar is kept constant for all the

AFM images. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

5.17 Evolution of the RMS value of the SBN glasses after helium irradiation. The SBN 12 (light

blue), SBN 14 (green), SBN 35 (dark blue) and SBN 55 (dark red) are investigated from

the free surface (0� m) towards the bulk (45� m). For each SBN glasses, both irradiated

and pristine samples are also investigated. For clarity, only the SBN 14 (black) is plotted. 186

5.18 Evolution of the fracture surfaces roughness from AFM images at 2� m, 3 � m and 5 � m

from the free surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

5.19 Evolution of the RMS value of the SBN glasses after gold irradiation. The SBN 12 (light

blue), SBN 14 (green), SBN 35 (dark blue) and SBN 55 (dark red) are investigated from the

free surface (0� m) towards the bulk (10� m). For each SBN glasses, their non-irradiated

counterparts are also investigated. For clarity, the �gure contains only pristine SBN 14

(black). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

A.1 Adhesion AFM image of pure silica glassesHe2+ -irradiated. This area corresponds to a

zone around� 20 % from the free surface. Only a mean plane is subtracted. . . . . . . . 196

A.2 (Left) Adhesion AFM image of pure silica glassesHe2+ -irradiated. This image is the same

than presented in A.1. (Right) The image depicts resulting "mask" ("rough" binary image

due to the threshold test to detect the major defects). . . . . . . . . . . . . . . . . . . . . 197

A.3 (Left) Adhesion AFM image of pure silica glassesHe2+ -irradiated. This image is the same

as presented in A.1 with the image A.2 right removed. (Right) The image depicts the

second "mask" �ner details are revealed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

A.4 Mask obtained after two iterations: (Left) raw; (Right) after image treatment. . . . . . . 198

xvii



LIST OF FIGURES

A.5 Example of distortion before and after images treatment. . . . . . . . . . . . . . . . . . . 198

xviii



List of Tables

1.1 Nomenclature invoked herein, and commonly used in literature, for the fraction of the

di�erent borate structures [2, 7, 19, 23, 41, 83]. TheBO3/2 refers to planar 3 coordinated

boron atoms (also called[3] B). Another common symbology for the 4 coordinated boron

atom (BO4) is [4] B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2 Glass composition and description of borates units: diborate, metaborate, pyroborate,

reedmergnerite and danburite. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Targets molar compositions and real molar compositions of elaborated glass samples mea-

sured by ICP-AES with RSBN and K SBN values calculated from target compositions. The

last column depicts the symbols used in the rest of this document. . . . . . . . . . . . . . 31

2.2 Nominal features of TAP 525 (or MPP-13100-10) and RTESPA (or MPP-11123610) tips :

Tip radius (nm), Spring constant (N/m) and Resonant frequency (kHz). . . . . . . . . . . 38

3.1 De�nition of f 1, f 2, f 3,f 4,Q0,Q1,Q2,Q3,Q4 fractions . . . . . . . . . . . . . . . . . . . . . 47

3.2 A comparison of densities obtained from experiments, theory (Inoue's model [19] and

measured ICP-AES values for the chemical composition) and Voronoi volumesVunit borate

units and (V 0
unit silicate units) for each chemical composition. . . . . . . . . . . . . . . . . 48

3.3 VL , VT , E , and � calculated for each SBN glass. The last column depicts the symbols used

in �gures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.4 Experimental % RSBN , KSBN , [4] B and [3] B determined by NMR [11] B. Comparison with
[4] BY DB and [3] BY DB predicted from the Yun, Dell and Bray model. . . . . . . . . . . . . 55

4.1 Experimental values di obtained from the AFM images of the indentation prints in the

various SBN glasses. Estimates forHV and K C arises from equation 2.9 and 2.10. Section

2.4.3 describes how to estimateCR . The last column restates the symbols used in the plots

herein. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2 Experimental valuesPid , V +
i (� m 3), V �

i (�m 3), V +
i / V �

i (%), V �
a , V +

a and Pad obtained

from the AFM images of the indentation prints, VR and VP obtained from annealing

investigations in the various SBN glasses. The symbols used for each glass composition are

recalled. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

xix



LIST OF TABLES

4.3 Estimated values forb (from [36, 40], i.e. exponential), n (from [27], i.e. power law) and

K E for the SCC in �gure 4.15 for SBN glasses. The vertical line ofK E for SBN 59 and

SBN 63 was not acquired herein. The last column recalls the symbols used in the plots. . 73

1.1 Chemical composition range for the R7T7 glasses [1]. . . . . . . . . . . . . . . . . . . . . . 92

1.2 � particle and recoil nucleus features from an� -decay. . . . . . . . . . . . . . . . . . . . . 93

2.1 Target molar compositions and measured ICP-AES values.RSBN and K SBN correspond

to the measured ICP-AES values. The last column remains for SBN glasses the symbols

used in �gures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

2.2 Energy and �uences used to damage the glasses by gold irradiation. . . . . . . . . . . . . 115

3.1 Energy and �uences used to damage the glasses by gold irradiation. . . . . . . . . . . . . 125

3.2 Irradiation conditions used: energy of incident particle (E) and deposited electronic (Eelec )

and nuclear energies(Enucl ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

3.3 Summary of the H values recorded in pristine and irradiated samples. Di�erent exper-

imental set-ups were used for each sample due to technical di�culties. Indentation on

� e� -irradiation refers to Vickers indenter and includes a minor change. The hardness de-

termined by Berkovich indenter on He2+ - Au+ -irradiated sample include more important

changes in the hardness.& means a decrease. . . . . . . . . . . . . . . . . . . . . . . . . . 134

4.1 Various glass parameters presented in chapter 2 summarized here along with the total

stopping power of each glass calculated from the ESTAR program. The last column recalls

the symbols used in plots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.2 Density variation measured via helium pycnometer techniques for SBN 12 and SBN 14

glasses.& implies a decrease in� or equivalently a swelling in the glass. . . . . . . . . . . 146

4.3 Theoretical g-values of paramagnetic defects expected from literature in SBN glasses after

� e� -irradiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

4.4 g theorical values of BOHC paramagnetic defects from [21] . . . . . . . . . . . . . . . . . 149

4.5 Evolution of hardness SBN 12 glass prior to and after electron irradiation,V + / V � de-

termined from AFM imaging of indentation prints at 25 g and the average value of crack

length (c) determined after Vickers indentation at 300 g for SBN 12 pristine and irradiated

(2 GGy) samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

4.6 Hardness measurements determined at 25 g for SBN 14 pristine and irradiated at 2 GGy

by electrons andK C variations obtained by indentation for SBN 14 samples at 300 g. . . 157

4.7 Evolution of hardness for SBN 35 and SBN 55 glasses before and after electron irradiation. 158

4.8 KC variations obtained by indentation for SBN 35 and SBN 55 glasses. . . . . . . . . . . . 159

4.9 Variation of the slope n and K E of the stress corrosion curves and RMS from fracture

surfaces for SBN 12 pristine and irradiated at 2 GGy. . . . . . . . . . . . . . . . . . . . . 160

4.10 Variations in the slope (n) and in K E during SCC of SBN 14. RMS values result from

analyzing pristine and irradiated (1.5 GGy) fracture surfaces which were created with crack

tip velocities of 10� 8-10� 9 m.s� 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

xx



4.11 Variations in the slope (n) and in K E during SCC of SBN 35 and SBN 55. RMS values

result from analyzing pristine and irradiated (1.5GGy) fracture surfaces which were created

with crack tip velocities of 10� 8-10� 9 m.s� 1. . . . . . . . . . . . . . . . . . . . . . . . . . 164

xxi



LIST OF TABLES

xxii



Introduction and motivation

Glass is one of the oldest synthetic materials used by man. The interest in glasses only grows from year

to year due to their widespread applications. This results from a number of physical properties which

di�erentiate amorphous media from their crystalline counterpart.

Oxide glasses are highly homogeneous and isotropic materials at scales larger than a few nanometers.

This strong degree of homogeneity is at the origin of their most interesting properties: optical trans-

parency, electrical and heat isolation, and large hardness to name a few. Because of this, glass �nds

many industrial applications including: building materials (windows glass), laboratory glassware, cook-

ware, optical components, etc. Moreover, borosilicate glasses are integral parts of systems under external

and internal irradiation (satellites, glass packages of radioactive waste...) which gradually alters the glass

structure. Glass' main drawback is its brittleness.

Due to the extreme homogeneity of glasses, continuum elastic descriptions is adequate to describe

stress, strain and displacement �elds in the material down to very small length scales. Thus, the energy

released for growing cracks is accessible numerically. At very small length scales the homogeneity of the

glass ceases to exist: �uctuations in the glasses structure come about. Concentration of stresses near

�aws enables low loads (applied at the continuum scale) to overcome the energy barriers (i.e. the fracture

energy) needed to create new fracture surfaces or nucleate and propagate a crack. At the crack tip,

dissipation processes are present within a tiny zone, so called the fracture process zone. This separation

of length-scales, intrinsic to fracture mechanics, makes it impossible to replace the material by an e�ective

homogeneous material whose toughness or life-time is given by an "average" of the various microstructure

components. These mechanical properties, observed at the macroscopic scale, result from local events

(damage, plastic deformation, decohesions, environment assisted chemical reactions, etc.) located around

one or few dominant �aws or weak points at the scale of the material's microstructure. These things get

even more complex when the material modi�es internally its structural disorder because of self-irradiation,

for instance.

The fundamental problem tackled in this thesis is to understand how variations in the chemical com-

position, the structural properties (and their eventual modi�cation through various types of irradiations)

a�ect the mechanical properties and more speci�cally the failure properties of oxide glasses. Part I of this
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thesis concentrates on how the chemical composition (and thus structural properties) alters the mechan-

ical properties of the glass, including stress corrosion cracking behavior and hardness properties. These

studies concentrate on 8 SBN (Na2O � B2O3 � SiO2) glasses. By modulating the chemical composition,

the study exposes the role of each oxide.

Part I chapter 1 reviews the current knowledge about structural and mechanical properties of glasses

with a concentration on SBN glasses. Then, chapter 2 describes the glass composition studied and the

experimental set-up used to investigate structural and mechanical properties. Chapter 3 addresses how

the glass composition changes the physical and the structural properties of SBN glasses. Finally, chapter

4 details and links the evolution of mechanical and failure behaviors to the glass structure.

Part II of this thesis concentrates on how tweaking the structure of the glass via external irradiation

alters the mechanical properties of the glass, including stress corrosion cracking behavior and hardness

properties. These studies concern the storage of nuclear waste. Fission products (FP) and minor actinides

(MA) from spent fuel are embedded in complex alumino boro silicate glasses (frequently R7T7 in France).

Ensuring the durability of these glasses over the long-term (up to few hundreds of thousands of years)

still presents a major challenge. Safety con�ning them dictates an understanding of their variations in

micro-structural properties due to self-irradiation. Self-irradiation gives way to electronic and ballistic

interactions; the latter appears to govern the evolutions of the properties. Additionally, micro-structural

variations can scale up to variations in the macroscopic properties (� , K C , HV , SCC. . . ) which also needs

to be understood.

Complex borosilicate glasses contain over 60 di�erent oxides, plus it is undergoes self-irradiation.

Thus pinpointing the dominant features of the glass is cumbersome if not impossible. Moreover, the high

level activity of these glasses limits experimental accessibility. Hence, scientists complement complex

glasses studies with studies on model glasses. One set of model glasses used is the SBN series as the three

dominant oxides in R7T7 are sodium oxide (Na2O), boron trioxide ( B2O3), and silica (SiO2). Moreover,

the mechanical behavior of the simpli�ed glasses frequently mimics the mechanical behavior of R7T7.

These studies concentrate on pure amorphous silica and 4 SBN (Na2O � B2O3 � SiO2) glasses. The SBN

glasses implemented in this study are two low and two high[Na2O] concentration glasses. Again, by

controlling the mole ratios of each element, the study exposes the role of each oxide.

The aim of this part is to understand how minute variations in the structure of a glass alter the

glass' mechanical properties. Electron and (light and heavy) ion irradiation tweak the structure of the

glass. Subsequently, studies examine their mechanical response. Electron irradiation varies the structure

of the glasses via electronic interactions. Light and heavy ions give way to both electronic and ballistic

interactions. Chapter 1 provides a brief review of High Level Waste (HLW), and the type of self-irradiation

damage these glasses undergo. Along with examining HLW, it also presents previous studies on simpli�ed

glasses under external or internal irradiation. Samples herein frequently reuse experimental set-ups used

in Part I. However, conducting irradiation and subsequently analysis of the samples requires some new

techniques. Chapter 2 describes these set-ups. Chapter 3 details structural modi�cations induced by

electron, helium ions and gold ions irradiation on a simple glasses, pure amorphous silica. Chapter 4

presents and discusses hardness and failure properties in regard to structure modi�cations induced by

electron on the SBN series. Chapter 5 details the same for light and heavy ions on the SBN series.
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Linking mechanical properties to

chemical composition

3



Chapter 1
Context

Contents
1.1 Glass structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.1 Formation of glass oxides: Zachariasen's rules . . . . . . . . . . . . . . . . 6

1.1.2 Ternary borosilicate glass make up . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Contact damage in glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3 Cracking behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.1 Fracture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.2 Stress corrosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Glass is well known as a brittle material, i.e. it breaks abruptly without any plastic deformation. Yet,

the propagation of subcritical crack growth can limit the material's life time. Despite its brittleness, glass

has several advantageous properties: optical transparency, chemically resistant, easily cleaned, long life,

high melting temperature, etc., which means it can be used in cook ware, laboratory beakers, windowpanes,

lenses, etc. Thus, it is crucial for researchers and engineers to understand the properties of these glasses

to ensure the structural integrity glass' �nal application. This chapter presents a review of the structure,

physical, and mechanical properties of silica based glasses. The section 1.1 describes the glass structure

and how the sodium content changes the glass topology according to the Yun, Dell and Bray model. Then

the section 1.2 details brie�y how the glass behaves under the indenter and details the fracture processes in

the stress corrosion regime. Finally, the section 1.3 reviews the current knowledge of fracture mechanics.
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1.1. GLASS STRUCTURE

1.1 Glass structure

Natural glass has existed since the depths of time. Early man during the stone ages used obsidian

glass (formed naturally from magma that cools rather quickly preventing the formation of a crystalline

material) to make arrows and other tools. The �rst evidence of man-made glass objects dates back to

around 3500 BC in north Syria, Mesopotamia or Ancient Egypt. With the knowledge of how to make

glass, glasses have undergone several major historical events including:

� 1500 BC: Egyptian craftsmen began developing a method for producing glass pots (�gure 1.1).

� End of the 1st century: The discovery of glass blowing techniques.

� End of the 13th century: The glass industry began to �ourish in Europe with the development of

an industry in Venice.

� After 1890: Over the past 125 years, the development, manufacture and use of glass increased

rapidly.

� Today: Glasses make up extensive components (or the principle component) of a wide variety of

industrial applications: cookware, telecommunications, optics, nuclear waste protection, strained

glass etc.

Despite all of these applications, how a glass structure impacts its physical and mechanical behavior

remains a mystery to scientists and engineers.

Figure 1.1: Egyptian glass jar from 1500-1000 BC [4] and strained glass created in 1987-1994 by P.
Soulages.

In 1982, Zarzycki [85] de�ned glasses asa homogeneous non-crystalline solid which exhibits glass trans-

formation behavior. Non-crystalline solids concerns solids in which quenching, mechanical activation or

radiation induce excess energy. Therefore they contain more energy than the crystalline phases corre-

sponding to a metastable i.e. non-equilibrium states of matter. Glasses are usually characterized by

modi�cations of their properties, e.g. as the temperature increases the glass approaches the glass tran-
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sition (a more �uid state). As a consequence, the thermal history of glass a�ects signi�cantly the glass

properties.

1.1.1 Formation of glass oxides: Zachariasen's rules

In 1932, W.H. Zachariasen [84] described the ability of various oxides to form glass. This pioneering

work showed that the cations and anions bound together as their crystalline counterparts but they don't

have the long range order as a crystal. In the short range, the cations and anions bound together

forming polyhedral units such as tetrahedral and 5 or 6-coordinated sites. Thus, glasses and crystals

have the same building blocks arranged in di�erent patterns; e.g., glasses have broader distributions of

bond angles. A classic example is amorphous silica glass (�gure 1.2 right) versus cristobalite (�gure 1.2

left). Both have silica atoms surrounded by 4 oxygen atoms forming a tetrahedron. For the amorphous

silica glass structure, the structure does not have any periodicity or symmetry at the long range (�gure

1.2). Zachariasen's model titledRandom Network Theory attempts to describe the glass network via four

rules:

1. An oxygen atom links at most to two glass-forming atoms.

2. The coordination number of the glass-forming atoms is small (3-4).

3. The network former polyhedral share corners with each other, not edges of faces.

4. The polyhedral are linked in a three-dimensional networks.

cristobalite glass

Figure 1.2: SiO2 ring organization in cristobalite and silica glass. The solid black circles represent silica
atoms. Open black circles represent oxygen atoms.

Oxides following these considerations are callednetwork formers. They can form a highly cross-linked

network of chemical bonds. SiO2, B2O3 are the most common network formers,GeO2 and P2O5 can

be also cited. A few other elements, such asAl 2O3, Fe2O3, TiO 2..., cannot form glassy network by

themselves. Their electronegativities are less and their bonds with oxygen are more ionic. Thus they

can substitute network formers. These refer to theintermediate elements. A third category of elements

exists: the network modi�ers. Their electronegativities are less than the oxygen ones. They cannot form a

glassy network nor replace a network former as intermediates. In the glass network, they can compensate

negative charge of network formers element such as boron ([4] B ) or depolymerize the glassy network by

creating non-bridging oxygen atoms (NBO). They are called compensator and modi�ers, respectively.

Atoms included in this set incorporate alkali and alkaline earth atoms. An advantage to these elements

is a decrease in the elaboration temperature. In 1985, Greaves put forth theModifying Random Network

6



1.1. GLASS STRUCTURE

model [30]. According to this model, the modi�ers form clusters of enriched areas rather than spread

out randomly in the glassy network. Thus, the glass contains areas enriched in the network formers and

areas enriched in modi�ers �gure 1.3.

Figure 1.3: A modi�ed random network for a 2 dimensional oxide glass. The dashed zones correspond to
areas enriched in network formers. Black points represent network modi�ers [30].

1.1.2 Ternary borosilicate glass make up

Borosilicate glasses are extensively used by industry. This system presents two demixion areas. For

less than 20 % mol of Na2O, phase separation occurs. Thus, one area is enriched in silica and the

other one in boron and sodium. Increasing [Na2O] ([] � mol %) leads to a more homogeneous glass.

At [ Na2O] � 50 %mol the glass crystallization happens. In the late 1970's and early 1980's Dell et

al. published a series of papers [7, 19, 83] on how the addition of sodium to binarySiO2-B2O3 glass

modi�es the structural units of the system1 . Table 1.2 presents the chemical formula and the description

of borate units. As presented by Feil and Feller [23], the initial addition of sodium to a binary SiO2-

B2O3 glass leads to the creation of[4] B tetrahedrons and the annihilation of a planar BO3/2 units. It

is conjectured that the structure being formed during this transformation is a diborate group (2� [4] B

and 2� [3] B with zero NBO). During this process the silica network remains undisturbed. Implying

the number of NBO on silica tetrahedrons is zero. It is expected that no mixing exists between the

silica and the boron networks. This process continues untilRSBN =
[Na2O]
[B2O3]

=0.5. Subsequently between

RSBN =0.5 and Rmax
SBN = 0.5 +

K SBN

16
(K SBN = [SiO 2 ]

[B 2 O3 ] ), reedmergnerite units appear to the detriment of

diborate groups. Reedmergnerite units contain one four-coordinated boron bonded to 4 silica tetrahedrons

(chemical composition:
1
2

(B2O3 Na2O 8SiO2). The number of [4] B still increases linearly with RSBN .

Otherwise the silica network remains fully coordinated with no NBO. The table 1.1 de�nes the f 1, f 2,

f 3 and f 4 fractions. Table 1.1 de�nes nomenclature commonly used in literature [2,7,19,23,41,83]. The

BO3/2 refers to planar 3 coordinated boron atoms.f (SiNBO ) de�nes the fraction of NBOs on each silica

tetrahedra. The fractions betweenRSBN =0 and Rmax
SBN are [7,19,23,41,83]:

1Part of this review is contained in the Barlet et al. publication [2]
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SiO2

Na2O B2O3

Figure 1.4: Ternary diagram of the SiO2-B2O3-Na2O system. A is the crystallization domain, B the
Na2O-SiO2 metastable demixion domain, C composition range used for laboratory glasses and D the
SiO2-B2O3-Na2O metastable demixion domain.

Fraction Borate
f 1 BO3/2

f 2 BO4
f 3 BO3/2 with 1 NBO
f 4 BO3/2 with 2 NBO

Table 1.1: Nomenclature invoked herein, and commonly used in literature, for the fraction of the di�erent
borate structures [2,7,19,23,41,83]. TheBO3/2 refers to planar 3 coordinated boron atoms (also called
[3] B). Another common symbology for the 4 coordinated boron atom (BO4) is [4] B.

f 1 = 1 � R

f 2 = R

f 3 = 0

f 4 = 0

f (SiNBO ) = 0

9
>>>>>>=

>>>>>>;

0 < R SBN < R max
SBN = 1 +

K SBN

16
(1.1)

Beyond Rmax
SBN , additional sodium causes the formation of NBO on silica units in reedmergnerite groups.

This transformation is proposed to be valid until Rd1
SBN = 0 :5 + 0:25K SBN . During this process [4] B is

constant and equal toRmax
SBN [7,19,23,41,83]:
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1.1. GLASS STRUCTURE

f 1 = 1 � Rmax
SBN

f 2 = Rmax
SBN

f 3 = 0

f 4 = 0

f (SiNBO ) =
2(R � Rmax

SBN )
K SBN

9
>>>>>>>=

>>>>>>>;

Rmax
SBN < R SBN � Rd1

SBN = 0 :5 + 0:25� K SBN (1.2)

Subsequent molecules ofNa2O are shared between the diborate and reedmergnerite units and the

formation of NBO on silica tetrahedrons. During this process diborate units are transformed into pyrob-

orate units at a rate of
(2 � 0:25� K SBN )

(2 + K SBN )
. Reedmergnerite units are transformed into pyroborate units

and silicate tetrahedrons with 2 NBOs per Si atom at a rate of
(K SBN + 0 :25� K SBN )

(2 + K SBN )
. This process

continues until all 3-coordinated boron units contain at least 1 NBO or Rd2 = 1 :5 + 0:75� K SBN . Thus,

the fractions evolve as follow:

f 1 =
(8 � K SBN )

8
�

�
0:75�

RSBN

2 + K SBN

�

f 2 =
(8 + K SBN )

12
�

�
1 �

RSBN

2 + K SBN

�

f 3 =
(R � R1d)

12
�

�
8 � K SBN

2 + K SBN

�

f 4 =
(R � R1d)

8
�

�
8 � K SBN

2 + K SBN

�
+

K SBN

6
�

�
RSBN

2 + K SBN
� 0:25

�

f (SiNBO ) =
3
8

+
13
6

�
�

RSBN � Rd1
SBN

2 + K SBN

�

9
>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>;

Rd1
SBN < R SBN � Rd2

SBN (1.3)

Thus, the fractions of each are estimated as follows:

f 1 = 0

f 2 =
(8 + K SBN )

12
�

�
1 �

RSBN

2 + K SBN

�

f 3 =
1
6

� (8 � K SBN ) �
�

1 �
RSBN

2 + K SBN

�

f 4 =
8 � K SBN

16
+

RSBN � Rd2
SBN

4
�

�
8 � K SBN

2 + K SBN

�
+

K SBN

6
�

�
RSBN

2 + K SBN
� 0:25

�

f (SiNBO ) =
3
8

+
13
6

�
�

RSBN � Rd1
SBN

2 + K

�

9
>>>>>>>>>>>>=

>>>>>>>>>>>>;

Rd2
SBN < R SBN � Rd3

SBN

(1.4)

At this point, models do not predict further evolution of the silicate and borate structure. One would

assume that orthoborate units are formed in this region, but not much research currently exists on this

topic. Over the past 20 years, the validity of these fractions has been questioned [20,51,52]. How silicate

and borate phases are mixed together is a relevant parameter. Recently, Raman investigations identify

other units called danburite (2 B2O3 and 3 SiO4) [11, 51]. This units emphasized the mixing of the
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two networks below RSBN < 0:5. As a consequence, Manara et al. [51] proposed to replace theRd1
SBN

limit by Rd1
SBN = 0:5 + K SBN =(2N ) with N being the concentration of SiO2 in the borosilicate groups

(reedmergnerite and danburite).

1.2 Contact damage in glass

Improvement of glass' strength favors the development of experimental techniques such as nano/micro

indentation. Depending on the load applied to a glass surface, permanent deformation is feasible inde-

pendent of a visible �aw. The cracking response results from residual stresses and processes occurring

during loading and unloading. Indent pattern and crack response is linked to the glass structure and

processing technique. Less brittle glass shows less contact damage and fewer cracks appear.

Glasses with the same hardness value can exhibit di�erent indentation patterns or cracking behaviors.

This is why the question of how matter �ows under indenter is of prime interest. Under hydrostatic

pressure, some glasses, such as amorphous silica (a � SiO2), predominantly densify in a permanent

manner [8, 21, 50]. Yet, other glasses, such as bulk metallic glasses, undergo volume conservative shear

�ow processes [81]. Thus, the contribution from each process highly depends on the glass's chemical

composition [3,12,66].

Two predominant behaviors prevail when studying a glass' response to a sharp indenter:anomalous

and normal behavior. Anomalous glasses mainly densify under high external pressure, (e.g.a� SiO2). In

these glasses, the atomic packing density is low; thus, under pressure the glasses favor volume shrinkage

[64] via the relative movement of the Si-O-Si linkage [21, 50, 73]. On the other hand,normal behavior

implies volume conserving shear �ow. In this case, the indenter causes a pile-up on the surface of the

glass by plastic �ow. Under these circumstances, the density of pile-up region equates that of the bulk

region [37�39, 59]. Typically, glasses with non-bridging oxygens and cations favor this phenomenon [3].

The �gure 1.5 depicts these two processes.

Figure 1.5: Schematic sketch of the deformation processes. Depending on the Poisson's ratio, the glass
favor densi�cation or shear �ow mechanisms [65].
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1.2. CONTACT DAMAGE IN GLASS

Borate units Chemical composition
Description

Diborate Na2O.2B2O3

Metaborate 1/2.Na2O.B2O3

Pyroborate 1/2.(2.Na2O.B2O3)

Reedmergnerite 1/2.( Na2O.B2O3.8SiO2)

Danburite 2.B2O3.3SiO2

Table 1.2: Glass composition and description of borates units: diborate, metaborate, pyroborate, reed-
mergnerite and danburite.
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In order to discriminate the contribution of each process, researchers developed a simple test to estimate

the amount of permanent densi�cation under an indenter in glasses and the amount of plastic �ow

[50, 68, 69, 81, 82]. Studying the volume ratio (VR ) of an indenter's imprint before and after annealing

provides an easy way to estimate the amount of densi�ed volume. Sellappan et al. [69] evidenced a

sigmoid trend between the Poisson's ratio,� , and VR :

VR =
1

� R + � R exp(� R � )
+ � R (1.5)

(� R , � R , � R , � R ) are �tting parameters. As � increasesVR decreases, thus the contribution due to

densi�cation decreases. Figure 1.6 presents the data Sellappan et al. [69] collected along with their

sigmoid �t.

Figure 1.6: Relationship between Poisson's ratio and the volume ratio of recovery (VR ) for various glass
compositions (data from [81]).

1.3 Cracking behavior

1.3.1 Fracture

Crack propagation

Linear Elastic Fracture mechanics (LEFM) e�ectively describes the fracture of brittle solids under tension

by reducing the problem to a destabilization and growth of a dominant pre-existing crack. Irwin [42]

estimated the local stress around a crack tip in mode I (opening mode; �gure 1.8 left) as:

� i;j �
K Ip
2�r

f i;j (�; v ) (1.6)
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1.3. CRACKING BEHAVIOR

for an in�nite plane. Figure 1.7 depicts the coordinate system ahead of the crack front: x and y (in

cartesian coordinates) correspond to the direction of crack propagation and the direction of strain, re-

spectively; andr and � are in polar coordinates. v is the crack tip velocity, f i;j is a dimensionless function

of the angle � and the fracture mode. K I is the stress intensity factor which is the key parameter to

quantify the macroscopic forcing applying on the crack tip. K I depends on the external load (� ) and

the sample geometry. In general, cracks are not simply in mode I loading. They also undergo shearing

Figure 1.7: Description of the coordinate system ahead of the crack tip.

(mode II or in-plane shearing) and tearing (mode III or out-of plane shearing). Figure 1.8 depicts the

three independent loading modes. Due to linear superposition, the total stress at the crack tip is the sum

of the three contributions:

� total
i;j =

X

mode

� mode
i;j =

X

mode

K modep
2�r

f mode
i;j (� ) (1.7)

The sum is over the di�erent modes of fracture (i.e. I, II, and III). The stress �eld takes a singular form

similar to the equation 1.7 with K I , K II and K III associated to the tensile, shearing and tearing modes,

respectively. Nevertheless, the singularity at the crack tip is physically impossible. This implies that the

Mode I Mode II Mode III

Figure 1.8: Di�erent modes of fracture: mode I (opening), mode II (shearing) and more III (tearing) [1].

material is not linear elastic around the crack tip any more. The area where the stress �eld is too high

to apply the LEFM is called the Fracture Process Zone(FPZ) and encompasses all damage and failure

mechanisms.
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According to Gri�th's theory [31], the onset of fracture occurs when the amount of elastic energy

stored in the system exceeds the energy required to create two surfaces.G corresponds to the mechanical

energy released at the onset of crack propagation and is related to the stress intensity factors. In a simple

case of pure tensile loading,G is related to K I by:

G =
K 2

I

E
(1.8)

where E is the Young modulus of the material. The energy dissipated to create two new surfaces of unit

area is called thefracture energy (� ) and is considered as a material constant. The Gri�th criterion for

unstable crack growth is:

G > � (1.9)

The balance between the mechanical energy �owing into the FPZ and� governs the crack front's ad-

vance. Furthermore, a moving crack progresses along a direction so as to remain in pure tension in an

homogeneous isotropic solids. The direction of propagation is chosen such as:K II = K III =0.

1.3.2 Stress corrosion

A glass's life-time can be reduced by the propagation of subcritical cracks (i.e.K I < K C value). This

phenomenon is called stress-corrosion cracking. Wiederhorn in the late 1960's and early 1970's extensively

studied subcritical crack propagation [77�79]. Figure 1.9 presents a typical velocity (v) versus stress

intensity factor ( K I ) curve. Subcritical crack propagation involves three regions: (1) region I is limited

Figure 1.9: Typical v(G) or v(K) diagram for subcritical crack propagation in glass. From [17].

by time of the chemical reaction at the crack tip; (2) region II is limited by the kinetic transport of

corrosive molecules to the crack tip; and (3) region III still corresponds to sub-critical crack propagation
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1.3. CRACKING BEHAVIOR

and depends on temperature; however, it is independent on the amount of water in the environment [17].

Depending on the glass chemical composition another region (region 0 or the environmental limit,K E )

may exist. For stress intensity factors less thanK E , the crack front does not propagate.

Since the middle of last century, multiple models were proposed to describe the crack velocity depen-

dence [16, 47, 53, 54, 56, 60, 71, 72, 74�76, 78�80] with stress and environmental parameters. The sections

below detail region I and region 0 as they are the primary focus of this thesis. (Details on region II and

III can be found in these references [17,55,78,79]; however they will not be detailed herein.)

Region I Stress-corrosion cracking involves a complex interplay between the di�usion of reactive

molecules into the crack cavity and into the glass network: the corrosion or the dissolution of the glassy

network, the migration of weakly bonded alkali ions under chemical or stress gradient: : : . These phe-

nomena are ideally very slow in ambient conditions for the unstressed material, but small stresses at

the continuum level concentrate at the crack tip giving a high stress �eld at the crack tip. In region I,

the crack tips velocity (v) increases as a function of stress intensity factorK I (�gure 1.9). Empirical

models have been proposed to explain this trend [16,47,53,60,78] Some authors propose an exponential

�t [47,60,78] others a power law �t [24,35,53]. One of the original and most commonly used models is by

Wiederhorn [78�80]. His model for Region I depends on the temperature and humidity as follows [78,80]:

v = v0 exp (�K I ) = A
�

pH 2 O

p0

� m

exp
�

�
�E a � bKI

RT

�
(1.10)

wherepH 2 O is the partial pressure of vapor phase in the atmosphere,p0 is the total atmospheric pressure,

R is the gas constant, andT the temperature. A, m, �E a and b are four �tting parameters that depend on

the glass' composition. Wierderhorn's model originates from the reaction-rate theory [80]. The reaction

rate constant is:

K r = �
�

kT
h

�
exp

�
� �G �

0

RT

� �
f a

A f b
B :::

f �

�
(1.11)

where � is the transmission coe�cient, �G �
0 is the Gibbs free energy of activation, andf a

A ,f b
B ...f � are

the activity coe�cients for the reactants and for the activated state. The Gibbs free energy of activation

is related to the standard chemical potentials of the reactants and the activated complex. By making

the assumption that the growth rate is proportional to the rate of chemical reaction at the crack tip the

velocity, v, is:

v = v0as exp(
� s0 + � g � � �

0

RT
) (1.12)

where as is the activity of the water in solutions, � s0, � g and � �
0 refer to the chemical potentials of the

reactants: of the water in solution, the reactive species in the glass (Si-O bonds in the case of pure silica

glass) and the activated complex, respectively. Wiederhorn et. al. assumes� s0 does not depend on the

stress at the crack tip. On the other hand, both � g and � �
0 depend on the stresses at the crack tip. It

should be notice that these parameters change with the stress applied. For increasing stresses at the crack

tip, the crack front propagates faster. Hence, the stress applied to the crack tip increases and� �
0-� g must

decrease to expect an increase in the rate of crack growth. Finally, the slope in stress corrosion regime

depends on the sensitivity of� �
0-� g to the applied stress. The greater is the sensitivity, the steeper is the

slope in region I. A measurable treatment of free energy of activation (�G � = � �
0-� s0 � � g) stems from
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two assumptions: (1) the chemical reaction occurs at the crack tip which has a radius of curvature of� ct ,

and (2) Inglis relation controls the stresses on the individual bonds at the crack tip [77,80]. Wiederhorn

writes �G �
0 as [80]:

�G � = � T �S � + �E � �
�

2K I
p

�� ct

�
�V � �

(
 � V � � 
V )
� ct

(1.13)

where �S � , �E � and �V � are the activation entropy, energy and volume, respectively. For a system

containing a crack under loading, equation 1.13 reveals that the load will accelerate the reaction provided

�V � > 0. If �V � < 0, then the reaction at the crack tip will be inhibited [77]. Substituting equation

1.13 into equation 1.12 gives:

v = v0as exp
�

� ct (T �S � � �E � ) + ( 
 � V � � 
V )
RT � ct

+
�

2�V �

RT
p

�� ct

�
K I

�
(1.14)

(
 � V � � 
V ) changes with �uctuations in the surface curvature are frequently considered negligible. In

practicality, equation 1.14 simpli�es by assuming constant temperature:

v = v0 exp ((� �E a + bKI ) =RT) (1.15)

where b =
�

2�V �

p
�� ct

�
. Thus b is proportional to the activation volume for the chemical reaction. An

increase in�V � implies an increase in the di�erence between the reactants and the activation complex

[77, 80]. Usually �V � is determined by measuring how the reaction rate changes with stress [27]. The

lack of data on the impact of tensile stress on�V � makes a general prediction tricky [27]. There is no

clear proof an exponential relationship links v to K I . Literature contains other proposals [24, 53]. For

example, Maugis [53] proposed a power law relation betweenv and K I :

v = v0

�
K I

K 0

� n

(1.16)

where n is the slope of the curve called the fatigue parameter [35]. Generally n remains between 12

and 50 for silica based glasses [22]. This theory associates the basic mechanism of SCC with the stress-

enhanced thermal activation of the dissociative hydrolysis reaction. Michalske and Freiman [56] attempt

to describe the region I by a molecular mechanism by which the water can react with a strained Si-O

bond. They distinguished three steps (�gure 1.10a): (1) the adsorption of water molecule on strained

crack tip; (2) the formation of two silanol groups by cleavage of Si-O and O-H bonds; (3) the formation

of two fracture surfaces. The change in the step 1 (reactants) and 3 (products) a�ect the energy barrier

and thus the fracture rate [56]. This model explains also how molecules such as ammonia, hydrazine,

etc are able to give rise to linear stress intensity versuslogv relationships: any molecule which is (1)

capable to donate a proton on a side and with a lone pair of electron on the other side and (2) small

enough to reach the crack tip is capable to react with strained Si-O bonds. Figure 1.11 represents the

potential energy for the reaction of Si-O-Si rupture in vacuum and the reaction of Si-O-Si with a water

molecule. Changes in the step 1 (reactants) and 3 (products) alter the energy barrier and subsequently

the fracture rate [56]. This model also explains how other solutions (including ammonia, hydrazine, etc.)
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1.3. CRACKING BEHAVIOR

Figure 1.10: Reaction steps for water enhanced fracture of vitreous silica: a) the Michalske and Freiman
model [56], and b) the Michalske and Bunker model [54].
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Figure 1.11: Representation of the reaction for bond rupture in silica. The solid line indicates rupture in
vacuum, whereas the dashed line depicts the rupture with water from [56].

give rise to linear relationships betweenK I and log(v) . Any solution at the crack tip will cause SCC

if it is capable of donating a proton on one a side and with a lone pair of electron on the other side.

Also the solution's molecule must be small enough to reach the crack tip and react with the strained

Si-O-Si bonds. However, Michalske and Freiman's model does not take into account the impact of strain

on the chemical reactivity of the solid [54]. Mischalske and Bunker continued the research and developed

a �ve steps model to incorporate strain on the Si-O-Si bonds [54]. Figure 1.10 b) depicts Michalske and

Bunker's model. This model has �ve steps:(1) one silica ring undergoes an external stress, (2) the silica
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ring adjusts to the external stress by changing its con�guration, (3) the extension of Si-O-Si bond angles

and variations in the O-Si-O angles, (4) adsorption of a reactive molecule, and (5) the bond rupture.

West and Hench [74�76] examined the impact of the ring size with bond rupture using �rst principle

calculations. They simulated the reaction of a water molecule with a strained 3- 4- and 5-fold silica

rings. This study reveals that during SCC 5-membered rings accommodate stress better by reorganizing

themselves. Smaller rings are extremely limited by the amount of reorganization possible; thus they react

with water at lower energies.

Tomozawa proposed an alternative to the Wiederhorn's model to explain the interaction between the

crack tip and a water molecule. For this model, the water molecule penetrates into the stressed regions.

For example, Nogami and Tomozawa [58] subjected silica slides to four point bending tests under high

pressures and elevated temperatures. After treatment the samples contained a hydrated layer several

micrometers thick. This work was further extended by Tomozawa et al. in 1991. This test uses DCDC

(Double cleavage drilled compression) samples for SCC experiments conducted in water, air, and oil.

These experiments found hydrogen at depths of 10 nm [71] on post-mortem fracture surfaces. It is

highly unlikely that Hydrogen penetrates to such depths in unstressed states. Recently, Lechenault et

al. conducted a similar experiment as Tomozawa's et al. in 1991. These experiments were performed

in heavy water atmospheres. Subsequently, the penetration depth of the heavy hydrogen was measured

by neutron re�ectivity [48]. Heavy water penetrated � 6.5 to 8.5 nm perpendicular to the direction of

stress corrosion crack growth in pure silica fracture surfaces. This highlights the fact high stresses near

the crack front enable the water di�usion [71]. The water molecules damage the zone and aids in the

further propagation.

All of these models are based on pure silica glasses. Bunker [10] attempted to enumerate the main

reaction for silica and silicate glasses. Three reactions can take place: (1) hydration (penetration of

water molecule into the glass network); (2) hydrolysis and condensation (break and form Si-O-Si network

bonds); and (3) ion-exchange reactions (replacement of a modi�er cation by a hydrogen or hydronium

ion). The two last reactions are detailed below:

� Si � O � Si � +H 2O , 2[� Si � OH]

[� Si � O � Na+ ] + H 3O , 2[� Si � OH] + NaOH

For more complex glasses, other reactions can take place and impact the stress-corrosion behavior.

Region 0 The appearance of region 0 depends on the glass composition. To date, no evidence of an

environmental limit exists for pure silica [5, 57]. On the other hand, soda-lime and borosilicate glasses

exhibit a steep downturn at low values ofK I suggesting afatigue limit or environmental limit (K E ) below

which the crack does not grow [24, 25, 29, 33, 34, 46, 79]. Two predominant theories exist to explainK E .

In 1965, Charles and Hillig modeled the delayed onset of crack propagation by crack tip blunting. This

is the result of dissolution of the crack tip [29,40]. More recently, Gehrke et al. [29] proposed a di�erent

mechanism to explainK E . They attributed it to alkali leaching at the crack tip which provides a retarding

layer. Due to the ion-exchange, the alkali ions are replaced by protons, molecular water, or hydronium
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1.3. CRACKING BEHAVIOR

in the glass network [25, 26, 29, 33, 34]. Another idea linked to this one is the replacement of alkali ions

by larger molecules within the fracture process zone. This leads to the development of a compressive

stress which in turn prevents the crack from propagating [25,26,33,34].Impact of parameters, such

as glass composition, pH, temperature, humidity, etc. Literature has multiple studies on how

the chemical composition of complex glasses a�ectsK E and the slope in region I [18, 28, 29, 70, 78, 79].

Freiman et al. [28] compared subcritical crack growth in pure silica to that of alkali-silicate glasses. They

attribute di�erences to the presence of modifying ionsNa+ and Ca2+ . The ions change the Si-O bond

reactivity or change the elastic properties of the glassy networks. A priori there is no way to predict the

glass behavior under stress corrosion. As for the case of chemical composition, literature has multiple

studies on how temperature and pH alterK E and region I [35,36,78]. The slope in region I decreases as

the pH increases in pure silica glass. The position of region I shifts to the left for higher temperatures

in pure silica, but the slope remains about constant [78]. Recently, it has been shown that the �ctive

temperature change the glasses response to fatigue [45,49]. But the relation betweenTf and the corrosion

behavior is tricky [36].

Fracture in glass at nanometer scale

The fracture energy of glass is� 5 J/m 2 whereas surface's energy is� 0.3 J/m 2 [67]. Dissipative

phenomena occur in a small fracture process zone around the crack tip. Direct observations of such

mechanism are di�cult because of the small length scales involved in the fracture of silicate glasses.

Experimentally, atomic force microscopy (AFM) uncovers fracture mechanism at the nanometer scale

during SCC. It should be noted that AFM imaging can acquire images only in the SCC as the crack

needs to be "virtually stationary" during the time it takes to acquire one image.

Figure 1.13 presents an advancing crack front in aluminosilicate glasses captured by an AFM. Crack

fracture takes place through growth and coalescence of cavities [5,6,13�15,43,61�63]. In pure amorphous

silica, cavities grows to a typical size of 100 nm in length and 20 nm in width (penny shaped) then coalesces

with the advancing crack front [61]. Consequently a continuous advancing crack front does not occur.

Rather, it progresses by steps. Furthermore, the macroscopic velocities (captured by optical microscopes)

do not capture these details but rather seize the overall picture [61]. Thus, the average (microscopic scale)

crack velocity is the slow advancement of the crack front along with the instantaneous jumps of the front

when it merges with damage regions. Figure 1.12 [61] is a schematic of the crack fronts movement. The

origin of cavitation is found in the intrinsic toughness �uctuations induced by the amorphous structure.

Glass is not homogeneous at the atomic scale (< 5 nm). Pure silica glass presents heterogeneities:

silicon atoms form tetrahedral units which form rings of various sizes (predominantly 5-6 membered

rings but a scatter does exist from 3 to 10). This leads to a large selection of Si-O-Si angles, yet the

Si-O-Si angle centers predominantly at 146� [9, 63]. These �uctuations lead to low toughness/densities

regions which concentrate stresses. They subsequently give birth to damage zones ahead of the crack tip.

J.P. Guin and S. Wiederhorn attempted to evidence plastic deformations on fracture surfaces by AFM

analysis [32, 34]. They concluded an almost perfect overlapping of the two specimens (� 5 nm). One of

the major di�erence in the two results is that one is of post-mortem surfaces and the other is in-suite

measurements. Thus in-suite measurements acquire both plastic and elastic e�ects whereas the elastic
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Figure 1.12: The average (microscopic scale) crack velocity (blue curve) is the slow advancement of the
crack front (red curves with low slopes) along with the instantaneous jumps (discontinuous part of the
red curves) of the front when it merges with damage regions [61].

e�ects have recover in post-mortem analysis. Crack propagation through the growth and coalescence

of cavities is experimentally observed for di�erent chemical compositions. F. Célarié found a similar

mechanism for aluminosilicate glasses (Figure 1.13). Di�erence between pure silica and aluminosilicate

glasses remain in the size and distribution of cavities. In aluminosilicate, the cavity size is around 10 nm.

In complex glasses, heterogeneities enhance the cavities birth. Also, Célarié et al. found an enhanced

di�usion of sodium ions in the stress-gradient �eld in the sub-micrometric vicinity of the crack tip (�gure

1.14) [13, 15]. The elevated stresses at the crack tip enable the glass network to undergo structural

modi�cations. This causes long-range structural changes and leads to modi�cations of bond angles, bond

lengths, and consequently enhanced mobility of alkali. Heterogeneities in the glassy network increase

Figure 1.13: Sequence of topographical AFM images showing SCC at the surface of a glass samples. The
scan size is 75� 75 mm2 and the height range is over 2 nm. The crack front propagates from the left
to the right with an average speed of 10� 11m.s� 1. Image a) evidence the nanometric damage before the
fracture advance; b) nucleation of damage and c) coalescence of damage with the advancing crack front.
From [15].
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5 � m

Figure 1.14: The stress gradient at the crack front enhances sodium di�usion. This �gure images the
sodium as it leaves the glass network to migrate to the glass surface. Dots on the image are due to
sodium.

with the complexity of the glass composition. Molecular Dynamics is an excellent way to probe the

�uctuations in the glass structure [9,43,44,63]. Without stress, silica glass presents ring size �uctuations.

Under loading, these �uctuations concentrate stress and in turn form cavity growth. L. Van Brutzel

observed cavity growth in regions containing a mixture of large and small rings rather than regions

containing a mixture of 5 and 6 membered rings. Unlike silica glasses, alkali-silica glasses exhibit cavities

randomly spread out [43]. Furthermore, areas enriched in sodium relax stresses [43, 44]. Molecular

Dynamics results reveal similar mechanisms of damage growth and coalescence. L. Van Brutzel [9]

simulated crack propagation in silica glass. During fracture, the deformation of local structure remains

small: Si-O bond lengthening and Si-O-Si angles increase slightly [9]. Disorders such as �uctuation of

ring densities appear su�cient to nucleate and grow damage in the fracture process zone. Rountree

et al. attempted to estimate cavities size during fracture in pure silica by MD. Pores predominantly

nucleate ahead of the crack front. Simulations reveal these damage regions then grow and merge with

other damage regions. Subsequently they merge with the advancing crack front. Thus, the crack front is

not a continuous breaking of bonds directly at the front.

Figure 1.15: Evolution of the crack in the 15 million atoms system. From [62].

L.H.Kieu investigated the impact of chemical composition on fracture properties in ternary borosilicate

glasses by MD simulations. The crack propagation occurs by the growth and coalescence of cavities. Four

steps are presented: (1) elastic (nucleation of cavities), (2) plastic (cavities growth), (3) coalescence and

21



CHAPTER 1. CONTEXT

(4) decohesion. Existence of dissipation areas is con�rmed during fracture. Crack propagation in SBN

glasses depends on the oxide concentrations. More [Na2O] decreases the number of Si-O and B-O bonds

broken. Indeed as the [Na2O] increases, less Oxide Former-O bonds break, yet there are also less of

them to break because the [Na2O] causes NBO on the oxide formers. Such result explains the variations

in nucleation of cavities with sodium. For low sodium SBN glasses, the nucleation of cavities take

place through an increase of ring size which breaks the OxideFormer-O bonds. A correlation between

tri-coordinated boron and plasticity may exist. [3] B-O bonds align with the stresses easier making the

glasses more "plastic".

This chapter highlights the current knowledge on the structural, physical and mechanical properties

of silica based glasses. The Yun, Dell and Bray model gives access to the evolution of the borate and

silicate units depending on the chemical composition. As [Na2O] changes, the coordination number of

B atoms and the number of NBO evolve. Consequently, mechanical properties such as hardness and

failure behavior are impacted by the glass composition. The indentation studies highlight two deformation

processes: densi�cation and shear �ow. The contribution of each of them is directly linked to the glass

structure. Finally, subcritical crack growth can limit the life time of a glass material. Extensive studies

investigate the glass in the stress corrosion regime. Literature reported the glass breaks by nucleation

and propagation of cavities ahead of the crack tip. But, how does the chemical composition a�ect the

SCC behavior remains unclear. The �rst part of this thesis reveals how modulating the glass's chemical

composition aids in understanding the SCC properties. The next chapter presents the glass elaboration, the

techniques used to investigate the structural behavior and the mechanical properties. Chapter 3 presents

results on the physical and structural test invoked on the SBN series herein. Chapter 4 details how the

chemical composition (which is highly dependent on the structural properties) alters the mechanical (SCC,

K E , hardness, etc.) properties.
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The previous chapter reviews current knowledge on the structural and the mechanical properties of

silicate glasses. How the glass's structure impacts the mechanical properties remain unclear. To link

variations in the glass structure to variations at the macroscopic scale, I chose to investigate ternary

SiO2-B2O3-Na2O model glasses. By modulating the chemical composition, I attempt to understand the

role of each oxide in the glass. This chapter presents the conditions of glass elaboration and experimental

methods used to characterize their structural, physical, and mechanical properties. Section 2.1 details

the fabrication techniques for the glasses with di�erent molar concentrations in silica, boron and sodium.

Understanding how the chemical composition in�uences the mechanical behavior requires two intermediate

steps. First, sections 2.2 and 2.3 highlight spectroscopy tools (i.e. RAMAN and MAS NMR) used to

study variations in the structural and the physical properties, respectively. The �nal section details the

experimental set-ups used to study the mechanical response of the glasses (including: stress corrosion

cracking tests, hardness tests...)
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2.1 Fabrication and composition of glass samples

The compositions studied (Table 2.1) contain modulated amount of silica (SiO2), diboron trioxide ( B2O3)

and sodium oxide (Na2O). As presented in chapter 1 both silica and boron are glass formers. The addition

of B2O3 reduces the melting point of the glass. Na2O can have one of two roles in the glass (part 1):

network modi�er or charge compensator. This results in a depolymerization of the glass which leads to

a further decrease of the melting point.

I prepared the glass in the SECM (Service d'Études et Comportement des Matériaux de condition-

nement) at CEA Marcoule with Théodore Cozzica. Figure 2.1 sketches the thermal sequence involved in

the elaboration of the SBN glasses. Glasses with molar sodium concentrations ranging between 14 and

35 % are perpetrated. Silica, orthoboric acid (H3BO3) and sodium carbonate (Na2CO3) powders were

manually homogenized and put in a platinum/gold (Pt/Au) crucible for the elaboration. Pt/Au crucibles

facilitate slow cooling and thermal treatments. Moreover, it enables the unsticking of the glass specimen

from the crucible.

Initially, the furnace's temperature is stabilized at 200� C for 2 h. Increasing the furnace's temperature

from 200� C to 800� C ensures the decarbonatation of the sodium carbonate. This step also avoids bubbles

in the �nal glass. In a �nal step, glass fusion occurs at TE (between 1100� C and 1300� C depending on

the glass composition) for 3 h . Subsequently, the glass melt leaves the furnace, and it is poured into a

preheated (600� C) carbon crucible. The glass melt enters a second furnace, and the cooling rate occurs

at a much slower rate (10� C/h) to release the residual stresses.

Time (h)

Temperature (� C)

200 � C

800 � C

TE

Annealing

3h

2h

3h

Figure 2.1: Thermal cycle of SBN glass's elaboration.TE depends on glass composition.

To con�rm the chemical composition a third party (PrimeVerre located at Montpellier) conducted

chemical analyses by means of MEB-EDS (Environmental Electronic microscope coupled with an Energy

Dispersive Spectrometer) and/or ICP-AES (Inductively coupled plasma atomic emission spectroscopy).

MEB-EDS results revealed small amounts of impurities, less than 0.5%. The results reported in table 2.1

come from the ICP-AES measurements and have an uncertainty of 10%. The chemical compositions of

the fabricated glasses are within the range of the target values. Table 2.1 also contains the ratios RSBN

and KSBN based on the measured values.
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2.2. STRUCTURAL INVESTIGATION

Name Target values Measured via ICP-AES RSBN K SBN Symbols
SiO2 B2O3 Na2O SiO2 B2O3 Na2O measured measured

SBN 12 59.6 28.2 12.2 59.4 28.5 12.1 0.4 2.1
SBN 25 50.7 23.9 25.4 52.6 20.6 26.8 1.3 2.5
SBN 30 47.3 22.3 30.4 51 20.1 28.6 1.4 2.5
SBN 35 44 20.6 35.4 46.9 18.6 34.5 1.8 2.5
SBN 14 67.8 18 14.2 70 15.8 14.2 0.9 4.4
SBN 63 63.2 16.8 20 66.7 14.1 19.2 1.3 4.5
SBN 59 59.2 15.8 25 61.1 13.3 25.5 1.9 4.5
SBN 55 55.3 14.7 30 58.0 12.9 29.1 2.3 4.5

Table 2.1: Targets molar compositions and real molar compositions of elaborated glass samples measured
by ICP-AES with RSBN and K SBN values calculated from target compositions. The last column depicts
the symbols used in the rest of this document.

2.2 Structural investigation

2.2.1 Raman analysis

Raman spectroscopy techniques invoke the inelastic scattering of a monochromatic light. A laser source

illuminates the specimen surface. The sample either absorbs or re�ects the photons. Absorbed photons

are reemitted. The relevant information stems in the frequency of the reemitted photons, which can be

either equal or shifted with respect to the frequency of the laser source: Most of the incident photons

undergo elastic Rayleigh scattering and the excited molecules return back to their fundamental state by

emitting photons at the same frequency as that of the source; This component represents 99.999% of

the total signal and is useless for molecular characterization. Conversely, 0.001% of the incident photons

undergoinelastic scattering, yielding a shift in the frequency of the reemitted photon. This shift, so-called

Raman e�ect, provides information on the vibrational, rotational and other transitions in the molecule

involved in the process. Raman shifts toward higher and lower values are called Anti-Stokes and Stokes

frequencies, respectively.

The spectra were recorded at LMPA (Laboratoire des Matériaux et Procédé actifs) in CEA Marcoule

with Richard Caraballo and Mickael Gennisson. Raman spectra employ a Jobin Yvon HR800 spectrome-

ter. The laser is a YAG laser (� =532 nm) with an adjustable output power. Experiments are in ambient

conditions. Maintaining a low laser power limits undesired heating of the samples. Resulting spectra are

the average of ten measurements accumulated over ten seconds.

2.2.2 MAS NMR

The NMR techniques use the nuclear magnetic moment of an atomic nucleus to extract quantitative

information on the glasses structure via an external magnetic �eld. Most of the nuclei in the periodic

table possess a nuclear magnetic moment proportional to the nuclear spin angular momentumI :

� = 
I; (2.1)
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where the gyro-magnetic ratio 
 is speci�c to each nucleus. Then, the angular momentum of a nuclear

spin is a vector and can point in any direction of space. Therefore, for di�erent nuclei with di�erent

gyromagnetic ratios, di�erent frequencies must be applied in order to achieve resonance.

Applying a magnetic �eld yields a spin precession around the magnetic �eld axis. The associated

frequency is called the Larmor frequency,! 0. Appling an external radio-frequency pulse is added (an

oscillating magnetic �eld of speci�c frequency and duration perpendicular to the magnetic �eld, B0), the

pulse resonates when! 0= ! rf . An oscillating magnetic �eld associated to the applied radio frequency

pulse appears. Therf pulse �ips the magnetization vector into the transverse plan, while the spins keep

rotating around the magnetic �eld at a frequency ! 1 = � 
B 1. After rf pulse, the spins go back to their

thermal equilibrium state with a certain time called the spin-lattice relaxation. The precession of the

transverse magnetization induces oscillating electric currents that can be detected and is the NMR signal.

By Fourier transform, the oscillating signal can be transformed into frequency domains. The atomic nuclei

are surrounded by electrons and other nuclei. The main interaction of the nucleus is the interaction with

the static magnetic �eld. This external interaction is called the Zeeman interaction. Other interactions

exist due to internal interactions: chemical shift, dipolar couplings, quadrupolar couplings...

I performed NMR measurements at LSDRM (Laboratoire de Structure et Dynamique par Résonnance

Magnétique) in CEA Saclay with Thibault Charpentier and Mélanie Moskura. Tests herein invoke ten

cylinder samples (0.8� 2.96 mm2) for each of the SBN composition studied in this PhD. These samples are

specially designed for MAS NMR measurements. For the experiments, a boron free probe with a spinning

rate of 14 kHz holds the samples. Bruker AVANCE 500 spectrometer collects the MAS NMR spectra at

a frequency of 160.14 MHz and 143,03 MHz to probe boron and sodium environments, respectively.
[11] B magic angle spinning nuclear magnetic resonance (MAS NMR) experiments provide information

on the glass structure via revealing the boron environment. The spectra collections invoke a recycle delay

of 2 s and a pulse length of 1� s in order to have quantitative data. Probing the bore environment reveals

the proportion of [3] B and [4] B. The high symmetry around [4] B leads to a large quadrupolar coupling.

[23] Na MAS NMR experiments provide information on the sodium atoms environment in the glass

structure (compensator or modi�er). The spectra collections invoke a recycle delay of 1 s and a pulse

length of 1 � s in order to have quantitative data.

2.3 Physical properties

This section details the techniques used to extract the various physical properties, including� , E , and � .

2.3.1 Density measurements

Archimedes' principle provides a simple method to estimate the density,� , of the glasses. Sample ge-

ometries were cylinders of thickness 10 mm and diameter 30 mm. Tests are conducted at 24� C using an

hydrostatic balance. Initially, the glass samples are weighted in air (md) and water (mw ). Then, knowing

the density of water (� w ), the density of the sample (� ) is deduced:
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� =
md

md � mw
� w (2.2)

The density measurements were done at LDMC (Laboratoire d'Étude et de Développement de Ma-

trices de Conditionnement) in CEA Marcoule with Bruno Penelon.

2.3.2 Elastic properties: Young modulus (E), Poisson's ratio ( � )

Ultrasonic echography techniques provide an excellent technique to determine the elastic moduli (Young

modulus and Poisson ratio). These tests make use of piezoelectric acoustic transducers at 10 MHz. Tests

invoke the same specimens as for the density tests (section 2.3.1). A digital micrometer measures precisely

the specimen width with an accuracy of� 1 � m. The velocities of longitudinal (VL ) and transverse (VT )

acoustic waves arise from the knowledge of this thickness and the time at which the acoustic pulses

bounces at the specimen surface. Elastodynamics theory relatesVL and VT to the Young modulus (E)

and Poisson ratio (� ):

E = � � (
3V 2

L � 4V 2
T

(VL =VT )2 � 1
) (2.3)

� =
V 2

L � 2V 2
T

2(V 2
L � V 2

T )
(2.4)

2.4 Experimental methods : mechanical analysis

This section details methods used to gather velocity (v) versus stress intensity factor (K I ) curves in the

stress corrosion regime. The following subsection presents how information on the advancing crack front

can be obtained by analyzing the post-mortem fracture surfaces. The last section details indentation

tests which not only reveal the hardness and fracture toughness but also inform on the nature of the

densi�cation and plasticity processes involved under the indenter.

2.4.1 Fracture experiments via Deben loading machine

Fracture experiments invoke several techniques to understand how stress corrosion cracking occurs in the

glasses. The next subsection details the experimental setup. Subsequently, the following section explains

post-imaging techniques to acquire velocity (v) versus stress intensity factor (K I ) curves.

Stress corrosion cracking (SCC) techniques

Fracture experiments invoke Double Cleavage Drilled Compression (DCDC) samples [7] which permit

SCC [2, 13, 14]. The geometry of the samples within part I are cuboids of size 5� 5� 25 mm3 (DCDC 1)

with a 1 mm diameter hole drilled in the center. Figure 2.2 presents a diagram of the sample used in

part I. All fracture experiments employ DCDC sample geometry.

Figure 2.3 presents the experimental fracture set-up. The specimens (schematic in �gure 2.2) is placed

between two jaws of the Deben machine, so that they undergo a compressive load applied perpendicu-

larly to the two 5 � 5mm2 surfaces. The jaws are brought closer at constant velocity (0.02 mm.min� 1).
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Diameter 1 mm

Thickness 5 mm

Width 5 mm

Length 25 mm

Figure 2.2: Drawing of Double Cleavage Drilled Compression samples DCDC1 used to investigate failure
in stress corrosion regime

I frequently monitor jaws alignment and o�set were corrected by Thierry Bernard. At some time, two

symmetric pre-cracks pop open o� the hole along the 25 mm length of the specimen. The jaw displace-

ment ceases. The propagation of the pre-crack slows due to the sample geometry (under constant force

K I decreases as the crack length increases). Under vacuum, the propagation would stop when the stress

intensity factor K I at the crack tip became smaller than the glass toughnessK C . However, in a corro-

sive environment, slow crack propagation occurs and depends on the glass's composition,K I , and the

experimental conditions (temperature and humidity). Hence, a glove box monitors the temperature and

humidity of the environment during fracture experiments.

Stress gauge

Displacement gauge

Sample position

Figure 2.3: Deben machine used during experiment to propagate cracks in the SCC regime.

Due to the overall geometry of the sample (Figure 2.2) [4, 10], the crack front propagates in mode

I (opening mode). The Deben loading machine monitors the time evolution of the force applied to the

samples. The stress intensity factor,K I , is calculated using references [4,10]:

K I =
F
w2 �

p
�a

2w=a+ (0 :470w=a� 0:259) � c=a
; (2.5)
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where F (units: N) is the load applying on the 5� 5mm2 surface, a (units: mm) is the diameter of the

hole drilled in the center, w (units: mm) is the thickness of the sample andc (units: mm) is the length

of the crack.

Optical system A tubular microscope coupled with an IDS uEye (1465LE-C) camera images the crack

propagation at the specimen surface. The Deben machine sits on three Newport linear stage motors (LTA

motor for focusing options and two CMA motors to follow the crack front). These motors permit the

sample to be displaced when the crack front moves outside the tubular microscope's zone of observation.

Image processing provides the time-evolution of the crack tip, and the crack velocity is subsequently

inferred. The area imaged with the microscope is 2� 1.5 mm2 and the resolution is 2� m per pixel.

Experiments take place for long period of time during which drifts occur. The relative position of the

camera with that of the sample moves. It is important to correct these drifts on the obtained images to

get the right velocity. The next section details the post-imaging processing.

Image analysis Six pictures spanning a 5 minute interval are recorded every thirty minutes and aver-

aged. Each picture has to be checked and perhaps re-placed in case of improper lighting. Subsequently,

the position of the crack tip is determined in these images and the velocity is deduced. Steps are detailed

below:

� Correction of the shift: The �rst image of the series of six is considered as the reference. Due to

the image size and the speed of the crack front, regions far away from the crack tip are not altered

by the crack propagation. They can be used to determine the undesirable drift and to reposition

the images. This is achieved by computing the 2D cross-correlation function of the images two-by-

two (the image of interest and the reference image) and by determining the in-plane shift of the

maximum. Shifts in x and y directions are then known and translations are applied. Figure 2.4

presents an example.

Figure 2.4 presents the reference picture (a) and the subsequent picture (b) used in the cross-

correlation. Cross-correlation techniques reveal a shift of 2 and 3 pixels in the x and y directions,

respectively.

� Determination of the crack tip's position: For simplicity, images undergo a rotation such that the

crack propagation moves from left to right. Figure 2.5 exempli�es the successive steps taken to

determine the crack tip's position. Filters and smoothing techniques enhance the contrast between

the crack and the background, as seen in Figure 2.5 a) and b). The path containing the crack

is manually selected (Figure 2.5 c). Figure 2.5d reveals the mean pixel values along this selected

path. The crack front in this setup has a high pixel value, corresponding to a whitish color in the

�gure. Yet, the bulk material has a low pixel number. The transition from high to low pixel values

signi�es the crack front position (�gure 2.5e). Moreover, a Matlab program is setup for automatic

detection. Figure 2.5e) displays a sample result of the automatic detection with a cross at the crack

front. These images are veri�ed one by one. The program also creates a �le with the coordinates

of the crack tip position as a function of time.
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a) b)

Figure 2.4: Example of determining the shift between two images through cross-correlation function. The
time between these two pictures is thirty minutes. Figure (a) is the reference and (b) is taken 30 minutes
later. The red rectangle is the area selected for the cross-correlation technique.

v versus f (K I ) curves: For a given load, the crack front propagates for some amount of time. Then

the sample undergoes unloading which creates an arrest lines on the fracture surfaces due to backlash

in the gears of the system. This is helpful to isolate the velocity regions on the post-mortem fracture

surfaces. Furthermore, the position of the crack tip can be precisely determined from the post-mortem

fracture surfaces. The loads applied on the DCDC1 samples range from 1300 to 2300 N. From the

knowledge of the crack length as a function of time and the value of the force, I can deduce thev versus

K I curves. The v vs K I curves is impacted by the temperature and the humidity during experiments.

During glass fracture, these parameters are controlled. Parameters don't vary much from one experiment

to the others.

2.4.2 Post-mortem fracture surface analysis

Fracture surfaces unveil the fracture processes at the mesoscale. Post-mortem fracture surfaces result

from atomic force imaging.

Atomic Force Microscope (AFM) principle

Atomic force microscopy (AFM) is a high-resolution scanning probe microscopy tool reaching fractions

of a nanometer. The AFM consists of a cantilever with a sharp tip on the end. When the tip is brought

in close contact with the sample surface, forces between the tip and the sample de�ect the cantilever.

Depending on the situation, these forces include mechanical contact forces, Van der Waals forces, capillary

forces, etc. A laser spot re�ects o� the cantilever onto an array of photodiodes, as presented in �gure

2.6. As the tip scans the surface, the photodiode details the tips movement with the surface. A feedback
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a)

b)

c)

d)

e)

x

Pixel's value

Figure 2.5: Example of images analysis step by step a) original picture rotated such that the crack front
propagates from left to the right b) enhancement of the contrast between the crack and its background
c) manual selection of the crack path d) determination of the cuto� e) position of the crack tip resulting
from the automatic computation procedure.

mechanism enables the repositioning of the tip/cantilever to maintain constant height with the surface.

Experiments herein invoke a Dimension Icon head Nanoscope V by Bruker. An optical microscope

enables the user to select the region of interest. The AFM head includes a piezoelectric tube scanner,

a laser, and a quadrature optical detector to focus on the sample's analyze area. Due to the glass' high

Young's modulus (70-90 GPa), tips with a high spring constant have been used. Bruker's TAP 525 and
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Figure 2.6: Drawing of an atomic force microscopy. A laser spot re�ects o� the top of the cantilever onto
the array of photodiodes via a mirror.

RTESPA tips are frequently invoked. Table 2.2 presents the standard features of the tips.

Name Tip radius (nm) Spring constant (N/m) Resonant frequency (kHz)
TAP525 8 200 525
RTESPA 8 40 200

Table 2.2: Nominal features of TAP 525 (or MPP-13100-10) and RTESPA (or MPP-11123610) tips : Tip
radius (nm), Spring constant (N/m) and Resonant frequency (kHz).

Most of the experiments herein invoke the PeakForce Tapping mode rather than contact or tapping

modes. This mode controls the force applied to the sample by the tip at every pixel. It also acquires load

and unload displacement curves at every pixel. Processing the load and unload curves reveals not only the

topography but nano-scale material properties such as modulus, adhesion, deformation and dissipation.

All the investigations use PeakForce Tapping because this mode also minimizes damage to the probe or

sample. On the other hand, the AFM tip does not penetrate signi�cantly into the surface due to low

force.

Fracture surface roughness

The RMS roughness is de�ned as the standard deviation of the height of the surface (hi ) from the average

height of a plane (hf it
i ) passing through the surface:

RMS =

vu
u
t (

1
N

) �
NX

i =1

(hi � hf it
i )2: (2.6)

2.4.3 Micro-indentation test

Micro-indentation tests provide information on a material's resistance to permanent deformation induced

by a harder material under stress. Directly imaging the indents gives way to calculations of the hardness,

crack resistance, and fracture toughness. Annealing the indented samples provides estimates of the
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fraction of densi�cation and the fraction of isochoric shear �ow. This section details the experimental

procedures used to acquire these measurements.

Sample preparation

Indentation experiments require samples with two parallel surfaces. Samples herein are rectangular

parallelepipeds of size 5� 5� 25 mm3. Indentations take place on one of the 5� 25 mm2 faces. The surface

quality a�ects the crack behavior of glasses; therefore diamond grinding discs are used to obtain optical

polish. This work is done by Prime Verre or OPA Opticad.

Vickers Indentation

The indenter is a diamond with a square-based pyramid (i.e. standard Vickers indenter). The angle

between the two opposite faces is 136� and that between two opposite edges is 148� (Figure 2.7).

d1

d2

136�

148�

Figure 2.7: Schema of Vickers Pyramid Diamond Indenter

Once the material is indented, a camera captures the residual indent pattern. The standard residual

deformation pattern is a square-based pyramid. The image reveals d, where d is the diagonal of the

indentation pattern. The area of the square based pyramid is:

A =
d2

2 sin 68
: (2.7)

I performed indentation tests at LDMC ((Laboratoire d'Étude et de Développement de Matrices de

Conditionnement)) in CEA Marcoule with Mickael Gennisson. The indentations are performed in a

thermally regulated room, at 25 � C in air with an Anton Paar MHT-10 hardness tester. The indentation

load (F), varies from 25 g to 300 g at a constant load rate. The dwelling time at maximum load is 15 sec

for all tests. The tests are repeated at least 10 times.

After indentation and optical imaging, an AFM precisely characterizes various parameters. For these

images, the AFM uses Bruker's RTESPA cantilever which has a silicon tip with a nominal radius of

8 nm and a nominal force constant of 40N/m (table 2.2). The scan size is su�ciently large to avoid

any modi�cations of the indentation print during post-analysis (i.e. subtraction of one order plan �t).

Typically the image sizes are greater than twice the indentation diagonal. The estimated errors for
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measuring the length of indentation by AFM are less than2% in X and Y directions and about 2% in Z

direction. Post-image analysis reveals 4 parameters per indent (Figure 2.10):

1. Residual indentation depth, Pid

2. Indentation diagonal length, di

3. Indentation volume, V �
i , volume measured below the free surface

4. Volume of pileup, V +
i , volume measured above the free surface

di

Figure 2.8: A typical indentation imprint used in determining the indentation diagonal length, ( di and
marked by a continuous line) and in evaluating the pile up pro�le (dotted line).

Hardness tests

Hardness tests apply a strain on the material by a sharp or a blunt indenter. The load causes the indenter

to penetrate the material leading to elastic and plastic deformations. Once the indenter is unloaded, a

residual deformation remains. The hardness is the ratio of the load applied (F) and the imprint surface

area (A):

H =
P
A

: (2.8)

Depending on the test, A is the projected area for Vickers indentations. Combining equation 2.7 and 2.4

gives:

HV =
1:8544F

d2 : (2.9)

Due to the precision of the AFM, d in the above equation is actually the averagedi from one indent as

measured from the AFM. HV is the average of at least 10 indents.

Crack resistance, CR

Vickers's indentation can cause cracks to pop out from the corners of the indenter. The probability of

crack appearance,PC , is the average number of radial crack per corner for a given load. This is measured

at multiple loads. The load where PC exceeds 50% de�nes the crack resistance [5].
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K C measurements from indentation

Fracture toughness (K C ) characterizes the material's resistance to failure under vacuum. Herein estimates

of K C arise from the measure of the length of the cracks generated o� the corners of the indenter (see

�gure 2.9). Various models exist in literature to estimate K C by indentation. A common model is the

Evans and Marshall's model ( eq. 2.10).

d/2

c

Figure 2.9: Schematic of a generic image from a Vickers indent used in determiningK C . di is the
indentation diagonal length, and d is the averagedi for one indent. c is the crack length measured from
the indentation center

Evans and Marshall's model is only valid when half-penny median-radial cracks develop [9]. These

cracks emerge when the load is su�ciently high ensuring c
d > 1:25 (c being the distance from the in-

dentation center to the crack tip and d the mean of di values obtained for one indent). For half-penny

median-radial cracks, Evans and Marshall's model is valid and is as follow:

K C = 0 :057� HV �
p

d=2
�

E
HV

� 2=3

�
�

c
(d=2)

� � 3=2

(2.10)

Most of the samples herein present well-de�ned indentation patterns with cracks lengths ful�lling the

condition c > 1:25 d at 50 g. Thus, a force of 50 g has been selected for theK C measurements. Note

that, due to stress corrosion cracking,c can vary with time after indentation [1]. To avoid substantial

errors, an optical microscope images the surface crack pattern within 5 minutes after indentation.

Densi�cation vs Shear �ow

Densi�cation and conservative shear �ow are the two processes leading to permanent deformation in

glasses [3, 8, 11, 12, 17]. The high pressures beneath the indenter trigger these two irreversible processes.

Yoshida et al. [17] proposes a 3D technique to study indentation imprints before and after annealing to

estimate the fraction of densi�cation. Annealing the samples changes the shape of the indent pattern

which is linked to the recovery of densi�ed areas [6,8,16,17]. Thus, studying the volume ratio before and

after annealing provides an easy way to estimate the amount of densi�cation volume. Indented samples

then undergo an annealing treatment at 0.9Tg for 2 h in air. This is su�ciently long to achieve the

recovery of a large proportion of the densi�ed regions [6,8,16,17]. After annealing, imprints are imaged

again. Post-treatment of the images revealsda , la , Pad , V �
a and V +

a (�gure 2.10). Post-analysis of the
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data unveils the following recovery volume ratio, VR [18]:

VR =
(V �

i � V �
a ) + ( V +

a � V +
i )

V �
i :

(2.11)

Pid

Pad

Figure 2.10: Example of the variation in the indentation prints before and after annealing

Shear �ow implies plastic �ow generating a displacement of matter but no volume change. The pile

up around the indentation sites exposes the amount of shear �ow. Pro�les are extracted from �gure 2.8

following the dotted blue line. Sellappan et al. [15] proposeVP to study the volume-conserving �ow ratio:

VP =
(2V +

i � V +
a )

V �
i

(2.12)

(V +
a -V +

i ) removes the densi�ed volume contribution in the pile-up area. The denominator normalizes

the shear �ow.

This part presents the entire experimental set-up used to investigate the glasses structure and their

mechanical properties. Density measurement, elastic moduli determination, Raman and NMR analysis

give access to the physical and the structural properties of SBN glasses. The estimation of mechanical

properties take place through the hardness determination,K C , and the failure behavior. Speci�cally, the

steps to extract the SCC curves are detailed. The two next chapters present the results on: the physical

and structure properties of SBN glasses (chapter 3) and their mechanical response (chapter 4).
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Chapter 3
Physical and structural investigation of SBN

glasses
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The previous chapter details the elaboration and experimental set-up used to investigate the structural

and the mechanical properties. This chapter presents investigations on the structural properties of SBN

glasses. Initially, section 3.1 describes previous models predicting how the density of the glasses evolves

with elementary units. These results are part of the publication [3]. Subsequently, section 3.2 presents

the evolution of Young modulus (E) and the Poisson's ratio (� ) with the glass composition. Correlations

between these properties and other structure properties are examined. Sections 3.3 and 3.4 investigate

the glass structure via Raman and NMR. Speci�cally, this section compares and contrasts11B and 23Na

MAS NMR spectra with the Yun, Dell and Bray model. Section 3.5 summarizes information obtained on

the glass structure.
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CHAPTER 3. PHYSICAL AND STRUCTURAL INVESTIGATION OF SBN GLASSES

3.1 Evolution of density values with chemical composition

The density of glasses is directly linked to the variations of the underlying structural units [8,11�13,15,19].

Figure 3.1 presents the density variations as a function ofRSBN =
[Na2O]
[B2O3]

at two constant values of

K SBN =
[SiO2]
[B2O3]

. The density increases as RSBN increases, and reaches a plateau whenRSBN gets larger

than � 1.5.
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Figure 3.1: Density as a function of RSBN for K SBN =[SiO 2]/[B 2O3]� 2.5 (blue series) and KSBN � 4.5
(red series). The density increases and, then, reaches a plateau.

Theorical models attempt to describe the evolution of the density values with the glass' chemical

composition. Feil and Feller [15] proposed an equation to relate� to RSBN and KSBN :

� =

P i =4
i =1 M i f i +

K
2

M 0

P i =4
i =1 Vi f i +

K
2

V 0
(3.1)

M i and Vi (where i varies from 1 to 4) correspond to the mass and volume of the borate structural units.

f i refers to the borate units de�ne in the table 3.1. The M i values are textbook values [33]. TheVi

values come about through least square �ts on the density measurements from the binaryB2O3 � Na2O

systems [15]. M 0 is equal to the mass of the silica network plus the mass ofNa2O attached to it.

V 0 is the volume of the silica network with bridging and non-bridging oxygen atoms (NBOs) plus the

Na+ ions associated with the NBOs. The derivation ofV 0 involves a least squares �t of the tertiary

SiO2 � B2O3 � Na2O system. The factor 1/2 comes from the fact that two B atoms exist for every Si

atom. Feil and Feller's parameters in equation 3.1 underestimates� by � 8 %.

Other authors modi�ed the Feil and Feller's model [8], and recently Inoue et al. [19] proposed a new

equation to estimate the density. They invoke a �rst-order mixture model for all the components:

� =
2B2O3

P
i f i M i + SiO2

P
i Qi M 0

i

2B2O3
P

i f i Vi + SiO2
P

i Qi V 0
i

(3.2)

46



3.1. EVOLUTION OF DENSITY VALUES WITH CHEMICAL COMPOSITION

Fraction Borate units
f 1 BO3/2

f 2 BO4
f 3 BO3/2 with 1 NBO
f 4 BO3/2 with 2 NBO

Fraction Silicate units
Q0 SiO4 tetrahedrons with 4 NBO
Q1 SiO4 tetrahedrons with 3 NBO
Q2 SiO4 tetrahedrons with 2 NBO
Q3 SiO4 tetrahedrons with 1 NBO
Q4 SiO4 tetrahedrons with 0 NBO

Table 3.1: De�nition of f 1, f 2, f 3,f 4,Q0,Q1,Q2,Q3,Q4 fractions

where f i and Qi are the mole fractions of thei th component of the borate and silicate units. Table 3.1

recalls the f i units and present Qi units.

Even if Inoue's �t gives a better estimation of the density, the values measured on the SBN series are

still underestimated.

Molecular dynamics (MD) simulations provide access to the basic structural building blocks of SBN

glass systems. Jean-Marc Delaye performed MD simulations which give an estimation of the volumes of

these elementary units by means of Voronoi tesselation. Each elementary unit's volume is de�ned as:

Vunit = V V (F ) +
1
2

BOX

i

V V (BO) +
NBOX

j

V V (NBO ) + NNa Vavg (Na) (3.3)

Here, V V (F) is the average Voronoi volume of the network former (Si or B atom) in the group.

V V (BO) and V V (NBO ) are the average Voronoi volume of the bridging oxygen (BO) and non-bridging

oxygen (NBO) atoms, respectively, making up the elementary unit of interest. The last term corresponds

to the number of sodium ions (NNa ) participating to the local group multiplied by the average Voronoi

volume of the Na ions which were averaged over the full box. The weighted average volume for each

borate and silicate unit, Vunit , is estimated as follow:

hVunit i = 2 [B2O3]
X

i

f i V
f i unit

i + [ SiO2]
X

i

Qi V
Q i unit

i (3.4)

where the sum is taken over the di�erent SBN compositions.f i represents the fraction of borate elemen-

tary units and Qi represents the fraction of silicate elementary units in each SBN glass.

A comparison between the density measured experimentally, the density predicted theoretically (from

the Inoue's model) and that obtained from the MD simulations is presented in table 3.2. The MD

simulations provide a good estimation (less than 0.3% di�erence with the experimental values). This

stems from the fact that each elementary volume unit in MD simulations is independent of the other

results. The values for each units are detailed in publication [3]. StudyingVunit and V 0
unit for each SBN

glass reveals that they vary with [Na2O]. Specially,V1, V2 and V 0
4 are inversely proportional to the sodium

content. Figure 3.2 highlights this trend for two volumes: V2 and V 0
3 . A clear decrease in the volume of

these structural units occur with [Na2O]. A dependence withK SBN is also evidenced.
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CHAPTER 3. PHYSICAL AND STRUCTURAL INVESTIGATION OF SBN GLASSES

Name � exp � theo � V or Symbols
SBN 12 2.4619� 0:0003 2.452 2.462
SBN 25 2.5446� 0:0003 2.527 2.550
SBN 30 2.5407� 0:0001 2.530 2.537
SBN 35 2.5368� 0:0001 2.537 2.527
SBN 14 2.4736� 0:0003 2.449 2.486
SBN 59 2.5344� 0:0005 2.535 2.539
SBN 55 2.5383� 0:0004 2.545 2.526

Table 3.2: A comparison of densities obtained from experiments, theory (Inoue's model [19] and measured
ICP-AES values for the chemical composition) and Voronoi volumesVunit borate units and (V 0

unit silicate
units) for each chemical composition.
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Figure 3.2: Volume ofV2 and V 0
3 units as a function of RSBN . The V2 volume correspond tof 2 fraction,

i.e. the BO4 units. The V 0
3 volume correspond toQ3 fraction, i.e. SiO4 tetrahedrons with 1 NBO units.

The di�erent colors correspond to di�erent values of K SBN : red K SBN � 4.5, blue K SBN � 2.12 and
greenK SBN � 4.4.

The variation in volume of structural units with [ Na2O] is excluded from the theoretical �ts. This is

one reason explaining the discrepancy. This correlation is probably linked to the sodium behavior in the

silicate network. The sodium ions introduced in a homogeneous silicate network occupy the interstitial

free volumes, leading to a decrease of the average Voronoi volumes of the other chemical elements.

Finally, the density values �rst increase with RSBN , with [ Na2O]. The sodium content changes the

glass structure. First, the sodium content changes the coordination number of B atoms (formation off 2

units (BO4) at the expense off 1 (BO3/2 )). The values of each units from the Yun, Dell and Bray model

and the MD simulation are in publication [3]. Such units are denser [14] explaining the increase in� exp .

As the [Na2O] increases again, the silica network is impacted: theNa+ attached to the silica network

decreases free volume of the glass structure because the alkali ion occupy the interstitial sites [30]. The

MD simulations pointed out a decrease in the local volumes of the borate and silicate units with [Na2O].

This can explain the plateau observed.

In the rest of this work, � refers to the experimental data, � exp .

48



3.2. EVOLUTION OF YOUNG MODULUS, E AND POISSON'S RATIO, �

Name VL (m/s) VT (m/s) E (GPa) � Symbols
SBN 12 3074� 17 1835� 6 80.1� 0:03 0.208� 0:06

SBN 25 3053� 10 1789� 8 80.3� 0:04 0.238� 0:008

SBN 30 2938� 6 1713� 8 74.7� 0:05 0.255� 0:001

SBN 35 3057� 15 1727� 6 76.7� 0:04 0.264� 0:002

SBN 14 3049� 21 1851� 32 81.8� 1:02 0.2100:015

SBN 63 3046� 11 1809� 8 81.9� 0:06 0.226� 0:009

SBN 59 2968� 24 1767� 15 77.2� 0:03 0.230� 0:007

SBN 55 2931� 20 1689� 4 72.8� 0:06 0.251� 0:005

Table 3.3: VL , VT , E , and � calculated for each SBN glass. The last column depicts the symbols used in
�gures.

3.2 Evolution of Young modulus, E and Poisson's ratio, �

Macroscopic characterizations such as the elastic properties provide a glimpse of the short- and medium-

range orders. Part I.2.3.2. details ultrasonic techniques used to acquireVL and VT . From VL and VT ,

equation 2.3 and 2.4 providesE and � , respectively. The table 3.3 presentsVL , VT , E , and � calculated

for each SBN sample.

Both E and � depend on the chemical composition of the glasses. Figure 3.3 shows thatE varies

with [Na2O]. Literature connects the variations in E to changes in the interatomic bonding energy, the

coordination, the degree of polymerization, etc.
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Figure 3.3: Evolution of Young modulus (E) in GPa and the Poisson's ratio (� ) with the mol % of Na2O.

Yet, the relation between E and Na2O is not straightforward. For the high K SBN series (K SBN � 4:6),

a non-linear decrease ofE occurs. For the lowK SBN series (K SBN � 2:5), the behavior is more complex.

This observation con�rms the fact that E depends on many parameters. One of these parameters is

the amount of [4] B in the glass. As stated previously, when [Na2O] increases andNa+ ions are in charge

compensator role,[4] B elements increase at the expense of[3] B elements. Initially this leads to an increase

in � which subsequently leads to an increase inE . As more sodium is added to the glass, some[4] B switches

to [3] B elements, with NBO and Na+ ions acting as network modi�ers. Also, during this phase someNa+

ions enter into the silica nework and yield the formation of NBO. Both these NBO, and the structural
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CHAPTER 3. PHYSICAL AND STRUCTURAL INVESTIGATION OF SBN GLASSES

transformations lead to a decrease ofE due to the weaky binding BO3 planar units [22].

There does not seems to be a one-to-one relation betweenE and [Na2O]. Conversely, the Poisson ratio

(� ) appears to be linearly correlated with [Na2O] (�gure 3.3). � is an important material parameter

relating a material's reaction to a uniaxial strain and its response in the other two directions. A �rst

order approximation for a cubic isotropic system is as follows:

� = �
�L 0

�L
: (3.5)

�L is the change in length in the direction of uniaxial strain and �L 0 is the materials reaction in the other

directions. Rouxel et al. link � with the packing fraction ( Pf ) and the glass network's dimensionality [32].

Thus, � provides an interesting insight into a glass's short- and medium-range order.� depends on the

dimensionality of the structural units. The packing fraction ( Pf ) relates the amount of volume occupied

by the atoms (Vi ) to the total volume of the glass:

P f = � �
P

f oxide
i V oxide

iP
f oxide

i M oxide
i

(3.6)

� corresponds to the experimental density presented in the previous section (table 3.2) .f oxide
i , V oxide

i ,

and M oxide
i are the molar fraction, the molar volume, and the molar weight of the i th oxide. For oxide

Ax Oy , V A x Oy
i is:

V A x Oy
i = 4=3� � N � (xr 3

A + yr 3
O ) (3.7)

N is the Avogadro number, r A and r O are the radii of each element contained in the oxide. The packing

fraction ( Pf ) cannot be accurately determined since the actual atomic radius are not known, but reference

[34] gives an estimate of these values. Figure 3.4 reveals an increasing trend of� with Pf . This trend is

not limited to the SBN glasses herein; Rouxel et al. [18,31] demonstrated this trend for a wide range of

glass compositions.

Figure 3.4 left reveals that Pf increases with � for SBN samples herein. For low[Na2O] and � , the

glass structure has a large fraction of free volume (i.e. low glass packing density). As[Na2O] increases,

both � and Pf increase; consequently the free volume decreases in the matrix of these glasses. Rouxel et

al. [32] associated this increase with a reorganization of the glassy network. This speci�cally alters the

connectivity of the glass network. Figure 3.4 right presents the evolution of� with the concentration of

NBO (estimated via NMR measurements see section 3.4). The higher is the polymerization degree (i.e.

the less numerous are NBOs), the lower is the Poisson's ratio.

Finally, the Poisson's ratio appears to be a relevant parameter to characterize the glass's organization.

Low � value reveals a large degree of free volume and stronger bonds, whereas high� value corresponds

to less free volume and a lower degree of polymerization.

3.3 Raman spectroscopy of SBN glasses

Raman analysis characterizes the structure of borosilicate glass. Figure 3.5 presents the spectrum evolu-

tion for di�erent SBN glasses of increasing sodium amounts. The two panels in �gure 3.5 correspond to
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3.3. RAMAN SPECTROSCOPY OF SBN GLASSES
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Figure 3.4: (Left) Evolution of glass packing fraction (Pf ) as a function of the Poisson ratio (� ). (Right)
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and the glass organization' paramaters such as: NBO andPf .

two di�erent values of K SBN : KSBN � 2.5 (left) and K SBN � 4.5 (right).

500 1000 1500 2000
Wave number (cm� 1)

In
te

ns
ity

(a
.u

.)

SBN 14

SBN 63

SBN 59

SBN 55

500 1000 1500 2000
Wave number (cm� 1)

In
te

ns
ity

(a
.u

.)

SBN 12

SBN 25

SBN 30

SBN 35

[Na2O] [Na2O]

Figure 3.5: Room-temperature Raman spectra for SBN series at constantK SBN (Left) K SBN � 2:4;
(Right) K SBN � 4:6 and 3:75 (SBN 14).

Several variations occur by increasing the sodium content: (1) a shift of the main band at 430 cm� 1

towards higher frequencies; (2) a decrease in features between 550-850 cm� 1 , (3) a change in the contri-

bution around 900-1200 cm� 1; and (4) an increase in the peak at 1450 cm� 1.

These Raman spectra merge several di�erent vibrational modes. Hence, their interpretation herein

emerges from the comparison and confrontation with other results of literature.

3.3.1 Low frequency Raman spectroscopy response of SBN glasses

In the low frequency region (300 to 600 cm� 1) several contributions appear:
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CHAPTER 3. PHYSICAL AND STRUCTURAL INVESTIGATION OF SBN GLASSES

The mixed stretching and bending modes of Si-O-Si units gives way to the broad band over the 300-

500 cm� 1 wave number. Pure amorphous silica has a broad band centered at 430cm� 1. This broad band

implies multiple di�erent Si-O-Si bond angles [27].

In densi�ed silica, two additional peaks occur: D1 (� 495cm � 1) which is attributed to the vibrational

modes of 4 membered rings; and D2 (� 608 cm� 1) which is attributed to the vibrational modes of 3

membered rings [24, 27]. The addition of[Na2O] to pure silica (e.g. in binary Na2O � SiO2) leads to a

reduction of the 435 cm� 1 peak and the appearance of a peak at� 520 cm� 1 [16]. Additional sodium

shifts the 520 cm� 1 peak to higher wave numbers. Some authors link this shift to a decrease in the Si-

O-Si bond angle [2,4], and to the formation of additional D1 and D2 [9,23,24]. An argument supporting

this scenario is the creation of NBO on the Si atoms, which induces a reduction in the Si-O(NBO) bond

length. This causes a shift to higher frequencies [24]. Matson et al. linked a peak at 500 cm� 1 in binary

Na2O � SiO2 glasses to delocalized vibrations of the silicate network with bridging and non-bridging

oxygen atoms [24].

Figure 3.5 reveals a clear shift in the Si-O-Si bending vibration band to higher values with [Na2O].

It can be due to the decrease in the average Si-O-Si bond angle or the formation of NBOs on the silica

tetrahedral. Note that a decrease in polymerization degree is predicted in the Yun, Dell and Bray

model [7,10,37].

3.3.2 Lower Mid-range frequency Raman spectroscopy response of SBN glasses

The zone around (600-850 cm� 1) is to be associated with the borate- and borosilicate-ring units groups.

� 633 cm � 1 band: This band is linked to danburite (Si2O7B2O7) units and/or metaborate (a planar

BO3/2 group with 1 NBO and 1 Na+ ion nearby) groups [5]. Others attribute this peak solely to

danburite units.

� 703 cm � 1 band: This peak is linked to the metaborate units [6,21]

� 770 cm � 1 peak: This peak is linked to the vibrational mode of the borate rings with 1 or more

four-coordinated boron in diborate stuctures [5,28]

� 780 cm � 1 peak: This peak is linked to the vibrational mode of "caged" silica tetrahedral [6,21,25]

� 806 cm � 1 peak: The peak corresponds to the three-coordinated boron in boroxols rings [20,28]

The contribution of borate and borosilicate ring structure change from the SBN 12 to the SBN 35,

i.e. by increasing [Na2O]. The danburite/metaborate peak (630 cm� 1) increases and the intensity of

most of the other peaks between 700 - 808 cm� 1 decreases with increasing concentration of sodium. A

minor shoulder is observed to grow at 730 cm� 1. This could be due to a chain of metaborate units [21],

but this peak is rather unclear. This observation is in good agreement with the well-known fact that

the Na+ ions acts as charge compensators and favor the formation of[3] B at the expense of[4] B once

RSBN > 0:5 + K SBN
16 . The increase of the danburite peak betrays an increase in the mixing of the silica

and borate networks [23].
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3.3. RAMAN SPECTROSCOPY OF SBN GLASSES

3.3.3 Upper Mid-range frequency Raman spectroscopy response of SBN glasses

The region of the spectra around 850-1250 cm� 1 reveals the contribution of Si-O� stretching band.

Studies performed on pure silica and alkaline silicate and alumino-silicate glasses and melts permit the

assignment of bands in this region [21,26]. The bands are assigned as follow:

� 900-920 cm � 1 Si-O� stretching with 3 NBO and 1 bridging oxygen (BO) (Q 1)

� 950-980 cm � 1 Si-O� stretching with 2 NBO and 2 BO (Q 2)

� 1050-1100 cm � 1 Si-O� stretching with 1 NBO and 3 BO (Q 3)

� 1120-1190 cm � 1 Si-O� stretching with 0 NBO and 4 BO (Q 4).

From the techniques proposed by Mysen et al. [29], a deconvolution using �ve gaussians bands permits

an estimation of each Qn contribution. This has been applied to the investigation of the SBN glasses by

G. Bureau [9] and Manara et al. [23]. They showed that the ratio Q4/Q 3 decreases with [Na2O]. We

observe the similar behavior in theQn band from low to high sodium content. A depolymerization of

the silicate network takes place as the sodium content increases. This result may also contribute to the

shift in the Si-O-Si bending vibration band.

3.3.4 High frequency Raman spectroscopy response of SBN glasses

Finally, the high frequency (1200-1600 cm� 1) Raman response provides information on theB � O� bond

vibrations [6, 16, 21]. This region involves numerous di�erent types of bonds and many interpretations

exist. A few of them corresponds to:

� � 1250 cm � 1: B-O� vibrations in pyroborate units [21].

� 1260 cm � 1: Fraction of BO3 units in boroxol rings [35].

� � 1325 cm � 1: Loose BO3 units [35]

� � 1380 cm � 1: Metaborate units bound to [4] B [1]

� � 1490 cm � 1: metaborate units bonded to other planar BO3 units [1]

� � 1530-1540 cm � 1: BO3 units in boroxols rings [35]

A signi�cant increase of the contribution around 1480 cm� 1 is observed in our data. Literature

attribute this increase to an increase in metaborate units. This observation is correlated to the increase

of the shoulder around 700 cm� 1 (metaborate units). The addition of sodium induces a conversion of
[4] B to [3] B, which explains the results.

[Na2O] impact both the borate and the silicate network. The shift in the Si-O-Si bending vibration

band is probably correlated to a decrease in the mean Si-O-Si angle and to an increase in NBO close to

silicon atom. The Raman analyzis qualitatively describes the change in the glass structure induced by

sodium content. The NMR investigation attempts to quantify variations observed.
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CHAPTER 3. PHYSICAL AND STRUCTURAL INVESTIGATION OF SBN GLASSES

3.4 Investigation of SBN glasses via NMR measurements

MAS NMR measurements probe the local environment of the boron and sodium atoms.

3.4.1 Investigation of the boron environment through [11]B MAS NMR

Boron atoms have a huge impact on the structural and physical properties of glasses. This impact is

conventionally referred to asthe boron anomaly[23,36]. [11] B NMR MAS spectra reveals the evolution of

the boron environment with sodium content. Figure 3.6 presents the evolution of[11] B NMR MAS with

the sodium content for K SBN � 2:5.

0 10 20
Chemical shift (ppm)

SBN 12

SBN 25

SBN 30

SBN 35

[Na2O]

Figure 3.6: [11] B MAS NMR spectra for the K SBN � 2.5 series collected at ambient temperature. The
intensity of each spectrum is normalized. From the bottom to the top, the sodium content increases.

The [11] B MAS NMR spectra of both series consist of two broad peaks centered at 0 and 11 ppm which

correspond to [4] B and [3] B, respectively. Integrating the area under each peak quanti�es the relative

proportion of [4] B with respect to [3] B. Thibault Charpentier proposed to deconvolute the spectra by

considering four main contributions : Two for the [4] B and two for the [3] B.

Table 3.4 presents the results of the deconvolution. For both series, the[4] B fraction initially increases

with [ NaO2] and then decreases. The initial increase stems from the fact that sodium initially makes
[3] B switch into [4] B and acts as a [4] B charge compensator. But after a su�cient amount of sodium

is added to the system, the trend reverses. [4] B transfer back into [3] B. Yet, the [3] B have NBOs on

them, and the Na+ ion acts as a network modi�er. During this second stage, theNa+ ions also modify

the silica network. In the SiO2-B2O3-Na2O system, the sodium ions, which do not contribute to the

formation of [4] B units aid in the depolymerization of the glass network by breaking Si-O-Si or Si-O-B

bonds. [4] BY DB and [3] BY DB display the percentage of each boron according to the Yun, Dell and Bray

models as explained in the previous section. These values correspond to the concentration of oxides as

obtained from the ICP-AES measurements.

At K SBN � 2.5, the absolute value of[4] B increases from SBN 12 to SBN 25. Theoretically the
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Name RSBN KSBN
[4] B [3] B [4] BY DB

[3] BY DB % NBO Symbols
SBN 12 0.4 2.5 60 40 65.6 34.4 2.1
SBN 25 1.30 2.5 71.5 28.5 62.2 37.8 12.5
SBN 30 1.44 2.5 68.9 31.1 59.5 40.5 15.8
SBN 35 1.85 2.5 62.2 37.8 51.5 48.5 25
SBN 14 0.89 4.4 72 28 77.5 22.5 2.7
SBN 59 1.91 4.5 79.5 20.5 73.5 26.5 15.9
SBN 55 2.25 4.5 76.3 23.7 68 32 20.9

Table 3.4: Experimental % RSBN , KSBN , [4] B and [3] B determined by NMR [11] B. Comparison with
[4] BY DB and [3] BY DB predicted from the Yun, Dell and Bray model.

Yun, Dell and Bray model [7, 10, 37] suggests that the number of[4] B should display a maxima at

Rmax
SBN = :5 + K SBN =16 � 0.656. Results herein predict the peak should occur between SBN 12 and

SBN 25. After Rmax
SBN , the sodium causes the formation of NBO on the silica units in the reedmergnerite

groups. From SBN 25 to SBN 35, both experimental and theoretical values predict a decreasing trend in
[4] B. Similarly, a decreasing trend occurs for higher silica content,K SBN � 4:5. Apart from the [3] B/ [4] B

quanti�cation, the [4] B units may evolve as evidenced by the shift in the[4] B peak towards � 0 ppm

(�gure 3.6). NMR spectra give the amount of [4] B in the system. Using this value and assuming that one

Na+ ion compensates one[4] B unit, an estimation of the fraction of sodium atoms bonded to the NBO

can be done [17]:

NNBO = NNa � N [4] B ; (3.8)

whereNNa , NNBO , and N [4] B are the total number of Na+ ions, the number of NBO, and the number of

Na+ ions acting as network compensators (equivalently the number of[4] B) in the system, respectively.

Table 3.4 details the percentage of NBO in the system. The number of NBO increases with [Na2O]. This

result is coherent with the analysis of the Qn band and the B � O� band in the Raman spectra (section

3.3).

3.4.2 Investigation of sodium environment through [23]Na NMR MAS

Figure 3.7 displays the [23] Na NMR MAS spectra for SBN glasses with KSBN � 2.5. Each spectrum

contains a single, broad asymmetrical peak which shifts to the right as the sodium content increases

(from SBN 12 to SBN 35). Figures 3.8 left and right depict the correlation between the23Na chemical

shift and the [Na2O] and the concentration of NBO, respectively.

The chemical shift depends on the role of theNa+ ion in the SBN glass structure. This is coherent

with literature: Na-O bonds length depends on if the oxygen atom bridges or not [2]. Na-NBO bond

length is shorter than Na-BO. Varying the local environment of the sodium ions alters the chemical shift.

The NMR analyses quantitatively describe the evolution of the local environment of the B and the

Na atom. The 11B quantify the coordination number which increases and then decreases with [Na2O].

A change in the Na+ environment expresses a change in the role of sodium in the glassy network.

55



CHAPTER 3. PHYSICAL AND STRUCTURAL INVESTIGATION OF SBN GLASSES

-100 0 100
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Figure 3.7: [23] Na NMR MAS spectra for the SBN series KSBN � 2.5 collected at ambient temperature.
The intensity of each spectrum is normalized.
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Figure 3.8: Correlation between the [23] Na chemical shift and: (left) the concentration of [Na2O]; and
(right) the concentration of NBO as deduced from the [11] B MAS NMR measurements.

3.5 Discussion on structural investigation of SBN series glasses

This part inverstigates the physical and structural properties of the SBN glasses. Density measurements

provide an easy way to access to the structural units variations. Theoretical Inoue's model yields predic-

tions of � in borosilicate glasses which di�ers from the experimentally measured by� 3%. MD simulation

permits a better estimation of the volume for each unit. [Na2O] decreases the volume of such structural

units. This e�ect is not taken into account in the theorical models; this is one reason explaining the

discrepancies between experimental values and theorical values. The Poisson's ratio is a relevant macro-

scopic mechanical parameter to characterize the organization of the glassy structure. Low Poisson's ratio

(and low packing fraction) display a large amount of free volume and stronger bonds (e.g. silica glass:

� � 0:17). Whereas, high Poisson's ratio implies less free volume and weaker bounds. Speci�cally, a
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3.6. CONCLUSION

good correlation arises between the glass connectivity and the Poisson ratio. This is con�rmed by Raman

analysis. Raman analysis qualitatively depicts the variations of the borosilicate structure depending on

[Na2O]. As the sodium content increases, the number of NBO increases leading to a depolymerization of

the glass's network. As a consequence, the silica and borate networks evolve and NBOs emerge on both

networks. The quanti�cation of structure properties require NMR investigations. The [4] B concentration

�rst increases, then decreases. Variation in theNa+ NMR spectra reveals the two successive roles of the

sodium ions in the glassy network: charge compensator (low sodium content) and modi�er (high sodium

content)

3.6 Conclusion

Spectroscopy techniques highlight the variations in the SBN glass structure as a function of the chemical

composition. Moreover, the macroscopic properties (E,� and � ) depend on the basic building blocks

constituting the glass network. Addition of sodium leads to major changes in the glass structural and

physical properties:

1. Theoretical roles of sodium atoms in a glassy network:

i) Charge Compensator: The sodium ions initially attack the borate network causing the [3] B units

to be transformed into [4] B unit with a sodium nearby acting as a charge compensator.

ii) Network Modi�er : Once Rmax
SBN occurs, the additional sodium ions attach to the silica network

forming NBO. After Rd1 = :5 + 0:25 � K SBN , theoretically Na+ ions attacks both the silicate and

borate network causing the formation NBO in both networks.

2. Conversion of [4] B to [3] B : Raman analysis and NMR measurements evidence variations in
[4] B / [3] B with sodium content. Na+ ions �rst yield a conversion of [3] B to [4] B .

3. Depolymerization of the glass network : Qn analysis highlights the creation of NBO associated

with the silica network. Depolymerization of the glass network can explain the decrease of the Young

modulus.

4. Change in the glass organization : � appears to be the relevant mechanical parameter char-

acteristics of the organization of the glassy matrix at the mesoscopic scale. Low� corresponds

to glasses with high connectivity, strong bonds, and high free volume (low density). Conversely,

glasses with high� have a high sodium content, weaker bonding, and are more dense.

This chapter provides a better understanding of structural properties of SBN glasses. This chemical

composition presents two advantages: (1) simple glass composition (in short) highlights the role of each

oxide. Sodium content plays a major role by modifying glass topology. The Poisson's ratio supplies access

to the short-medium range order in the glass organization. The next chapter estimates the mechanical

properties and links them to the glass structure.
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Chapter 3 investigates the structural and physical properties of SBN glasses. After an initial increase

in the [4] B count due to [Na2O], [Na2O] leads to an increase in the number of[3] B and NBO. A a con-

sequence, the glassy network has a lower polymerization degree. Finally,� (the Poisson's ratio) provides

a continuum means to describe the glasses short and mid-range order: (1) low� expresses reticulated

glasses with low packing fraction, and (2) high� corresponds to glasses with higher packing fraction and

low degree of polymerization. This chapter presents the evolution of the mechanical properties in SBN

glasses. Section 4.1 discusses the variation of the glass hardness with the chemical composition. Then,

section 4.2 investigates the di�erent behaviors of SBN glasses in stress corrosion. Finally, the last section

summarizes and contrasts results on mechanical properties regarding the methods employed.
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CHAPTER 4. MECHANICAL PROPERTIES

4.1 Evolution of the contact damages with chemical composition

After unloading the Vickers' indenter, an optical microscope visually captures the features of the indents.

Figure 4.1 displays examples of indentation prints for theK SBN =
[SiO2]
[B2O3]

� 2:5 series (SBN 12, SBN 25,

SBN 30, SBN 35). The examination of �gure 4.1 reveals a clear in�uence of the sodium amount on the

crack behavior. For low amounts of sodium (i.e. SBN 12) at 50 g, no cracks emerge, while cracks are

visible at the surface in glasses with higher sodium content. In addition, the light re�ection seen in

SBN 35 glass can be a sign of pile-up. Figure 4.2 displays indentation prints for theK SBN � 2:5 series

SBN 12 SBN 25 SBN 30 SBN 35

15 � m15 � m 15 � m 15 � m

[Na2O]

Figure 4.1: Evolution of indentation imprints for the K SBN � 2:5 series (SBN 12, SBN 25, SBN 30,
SBN 35) at 50 g in ambient conditions. An optical camera coupled with the Vickers's indenter captures
the imprint 5 minutes after indentation. From the left to the right the sodium content increases.

SBN 12 SBN 25 SBN 30 SBN 35

15 � m15 � m 15 � m 15 � m

[Na2O]

Figure 4.2: Evolution of indentation prints from the SBN 12 to the SBN 35 glasses at 50 g in ambient
conditions captured via an AFM. From the left to the right the sodium content increases.

(SBN 12, SBN 25, SBN 30, SBN 35) at 50 g in ambient conditions via an AFM. Subsequently, these AFM

images aid in enumeratingPid (the residual penetration depth), di (the diagonal length), V �
i (the volume

below the surface), andV +
i (the volume above the surface). These measurements facilitate estimates of

the hardness, crack resistance,K C , etc. Tables 4.1 and 4.2 summarize obtained values after averaging

over at least 10 di�erent indents.

4.1.1 Evolution of hardness ( HV )

Equation 2.9 provides a means to calculateHV (Hardness via a Vickers indenter) knowing the maximum

load applied during the indent (F = 50 g) along with di of the imprints (4.1). For each sample, I performed
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Name Diagonals di (� m) HV CR K C Symbols
d1 d2 (MPa) (g) (MPa.m � 1=2)

SBN 12 10.4 10.6 8200� 300 270 0:98� 0:09

SBN 25 11.9 12.15 6340� 100 26 :69� 0:07

SBN 30 12.7 13.3 5400� 200 32 :61� 0:06

SBN 35 13.5 13.7 5000� 200 29 0:56� 0:06

SBN 14 11.2 11.3 7200� 300 45 0:81� 0:08

SBN 63 12 11.9 6400� 200 38 0:74� 0:05

SBN 59 13.1 13.1 5370� 90 37 0:71� 0:07

SBN 55 14 13.25 4900� 100 40 0:65� 0:05

Table 4.1: Experimental valuesdi obtained from the AFM images of the indentation prints in the various
SBN glasses. Estimates forHV and K C arises from equation 2.9 and 2.10. Section 2.4.3 describes how
to estimate CR . The last column restates the symbols used in the plots herein.

10 indentations and de�ned the HV values after averaging over these 10 indents. Table 4.1 presents the

obtained values. Figure 4.3 reveals the evolution ofHV (MPa) as a function of RSBN =
[Na2O]
[B2O3]

. The

chemical composition of silicate glasses a�ects signi�cantly the hardness values. For constantK SBN =
[SiO 2 ]
[B 2 O3 ] and increasingRSBN (and increasing [Na2O]), HV value decreases. The decrease is less pronounced

for the K SBN � 4:5 (i.e. samples with moreSiO2). This decrease inHV corresponds to an increase of

the residual penetration depth (Pid ) as determined from AFM imaging (see table 4.2). As the sodium

content increases, the indenter penetrates deeper into the glass.
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Figure 4.3: Hardness values as a function ofRSBN for SBN glasses (at 50 g in ambient conditions;
maximum load held for 15 s).

Linking this variation to the structure is the key to understand the glass behavior. High levels of

[Na2O] reduce the SBN glasses resistance to Vickers' indentation. Above a threshold amount of sodium

(i.e. RSBN > R max
SBN from the Yun, Dell and Bray model) a conversion in [4] B into [3] B occurs and

NBOs form. Figure 4.4 left and right present the evolution of hardness values for the SBN series with
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the concentration of NBO and the [4] B concentration, respectively. An inverse correlation come about

with HV and the NBO concentration. On the other hand, no distinct correlation occurs between the
[4] B concentration and HV . NBO reduces the connectivity of the glass, which in turn alters the short
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Figure 4.4: (Left) Evolution of hardness, HV , as a function of the concentration of Non Bridging Oxygen
(NBO) deduced from the NMR measurements (at 50g in ambient conditions). (Right) Evolution HV

versus [4] B concentration deduced from the NMR measurements (at 50g in ambient conditions).

and medium-range order. Poisson's ratio (� ) provides an interesting insight into the glass's short- and

medium- range order. The Poisson's ratio relates a material's reaction to a uniaxial strain and its response

in the other directions. Herein, the SBN glasses exhibit a� range of values from 0.21 to 0.27 (Table 3.3).

HV values decrease almost linearly with� (�gure 4.5). When � is low (i.e. the glass network is reticulate),

HV is high.
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Figure 4.5: Evolution of hardness as a function of the Poisson's ratio (� ) (indentation at 50g in ambient
conditions).

As stated above, additional [Na2O] yields changes in� . It also a�ects the packing fraction ( Pf )

which is a measure of how densely the system is packed [18]. For low values of [Na2O] and � , the glass

structure has a large fraction of free volume (i.e. low glass packing density). Conversely, high amount
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4.1. EVOLUTION OF THE CONTACT DAMAGES WITH CHEMICAL COMPOSITION

of [Na2O] yields high � and high Pf . This implies that free volume should decrease as [Na2O] increases,

so as theHV value. Thus, it appears that the atomic bond strength and the reticulation of the glassy

network control the behavior upon indentation. The hardness measures a materials resistance to external

pressure deformation induced by a harder material. Still, two glasses with the sameHV value may exhibit

signi�cantly di�erent overall behavior upon indentation: cracking behavior, damage, densi�cation, plastic

�ow, etc. The next three subsections address these di�erences.

4.1.2 Crack resistance

25g 50g 100g 200g

20 � m20 � m 20 � m 20 � m

Figure 4.6: Set of optical images in SBN 14 acquired at increasing loads. As the loads increases the
number of cracks initiating o� the corners of the indenter increases.

The evolution of the average number of cracks per corner de�nedPC , the probability of crack ap-

pearance. Figure 4.6 displays optical images for SBN 14 at di�erent loads. At low loads (F � 25 g), no

crack are observed to pop up from the corners of the Vickers's indenter. The average number of cracks

initiating o� the corners of the Vickers' indenter increases between 25 g and 200 g. At 200 g, all four

corners have, on average, one crack. The probability of crack appearance,PC , is the average number of

cracks per corner over at least 10 indents at a given load. Figure 4.7 exempli�es the probability of crack

appearance in SBN 14 (dark green stars) along with the other SBN samples. All SBN glasses, except

SBN 12, rapidly increase their crack appearance probability at low loads. 100% PC was never reached

for SBN 12 due to limitations of the experimental setup (i.e. higher loads were not feasible with the

hardness tester).

As recalled in the part I chapter 2 in the section 2.4.3, the crack resistance,CR , is de�ned as the load

at which PC equals 50% (estimated by looking at when the data in �gure 4.7 crosses the 50% gray dotted

line). Table 4.1 presentsCR for the di�erent SBN samples. SBN 12 is signi�cantly di�erent than the other

glasses. The crack appearance depends on the processes involved in the glass deformation. Processes

occurring during indentation do not favor growth of median/radial cracks in SBN 12 as observed for

other SBN glasses. Thus, complex processes such as densi�cation and shear �ow are non-negligible for

CR estimates.

4.1.3 Toughness, K C

Part I chapter 2 in the section 2.4.3 details the requirements for estimatingK C from indentations. The

formation of the median/radial cracks length permit the use of Evans and Marshall's model. Comparing

K C from one glass to another requires an equivalent maximum load. For almost all the samples, reasonable

65



CHAPTER 4. MECHANICAL PROPERTIES
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Figure 4.7: Crack appearance probability as the function of the indent load for all the SBN glasses. Blue
symbols are to be associated with theK SBN =2.1 series and red symbols are to be associated with the
K SBN =3.7 series. Note that the SBN 12 presents a singular behavior.

indentation prints plus su�cient energy to propagate cracks ( CR > 50%) occurs at 50 g. The only

exception here is SBN 12, which does not forms well-developed cracks and, hence, does not satis�es the

criterion c > 1:25 d at 50 g. As SBN 12 is the only sample which does not exemplify median/radial

cracks, the Evans and Marshall's will still be invoked for comparison purposes.
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Figure 4.8: Toughness valuesK C of SBN glasses as a function ofRSBN for K SBN � 2:5 series (blue) and
K SBN � 4:5 series (red).

Figure 4.8 shows thatK C decreases asRSBN increases for constantK SBN . It should be noted that K C

for SBN 12 probably overestimates the correct value due to the lack of well-developed cracks. Conversely,

the variations of K C with � (plotted in �gure 4.9) reveals a fairly good collapse. A notable exception is

the SBN 12 glass. Otherwise, �gure 4.9 reveals thatK C decreases linearly with� (K C = m� + b where
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m = � 4:46� 0:27 and b = 1 :75� 0:06).
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Figure 4.9: Toughness values (K C ) as a function of � for all the SBN glasses. The line (K C = m� + b
where m = � 4:46� 0:27 and b = 1 :75� 0:06) depicts a linear �t through all the data, excluding SBN 12.

This collapse highlights the fact that K C is linked to the glass's short- and medium order. To inves-

tigate how � is correlated to matter �ow under the indenter, I performed complementary measurements.

Measurements ofK C should be taken with care beacause is not applicable for glasses which densify under

indenter (ex: pure silica).

4.1.4 Complementary measurements of Vickers indentations

AFM imaging reveals shape changes of the indentation patterns with glass chemistry (�gure 4.2). Ana-

lyzing AFM images reveals changes in the volume of the pile-upV +
i and the volume of the indent V �

i .

Table 4.2 presents these calculations along with their ratioV +
i =V �

i . Variations in V +
i =V �

i convey the

glass's tendency with [Na2O] to pile up around the indenter under pressure [20]. Figure 4.10 left presents

the normalized ratio (V +
i =V �

i ) of the pile-up as a function of RSBN . Figure 4.10 unveils two di�erent

scenarios depending on the value ofK SBN . For K SBN � 2:5, the ratio initially increases, and subse-

quently stabilizes. For K SBN � 4:5, the ratio �rst slightly decreases, an then remains stable within the

error bars. Examining the two series together reveals an initial increase in the ratioV +
i =V �

i , and then a

stabilization. In order to further con�rm a general trend more SBN glasses of varyingRSBN and K SBN

values should be elaborated and tested.

A good correlation exists betweenV +
i / V �

i and � (�gure 4.10 right). This indicates that glasses with

lower degrees of polymerization favor densi�cation processes. Changing the chemical composition alters

the way matter �ows under the indenter. The high pressure under the indenter can cause material

compaction [7,16,17,26,33]. The original structural con�guration can be recovered if su�cient activation

energy is supplied to the material (for instance by heating) as demonstrated by Bridgman and Simon [2]

and later by Mackenzie [26]. Table 4.2 presents the parameters acquired from AFM imaging of indents

before (Pid , V �
i and V +

i ) and after (Pad , V �
a and V +

a ) annealing. These values are average values over

at least ten indents. VR (in part I chapter 2 in equation 2.11) provides an estimate on the amount of
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Figure 4.10: (Left) The normalized ratio (V +
i =V �

i ) of the glasses pile-up withRSBN displays two trends
depending onK SBN . For K SBN � 2:5, the ratio initially increases, and then stabilizes. ForK SBN � 4:5,
the ratio �rst displays a slight decrease. (Right) Evolution of V +

i =V �
i as a function of Poisson' ratio.

densi�cation due to an indenter. Table 4.2 reveals the averageVR for the various SBN samples. It is well

noted that annealing may not relieve all regions of densi�ed material due to geometrical constraints.

For samples with low K SBN values, the recovery volume decreases roughly linearly withRSBN .

(VR = mK SBN � 2:5RSBN + bK SBN � 2:5 where mK SBN � 2:5 = � 0:409 � 0:005 and bK SBN � 2:5 = 0 :800 �

0:002). On the other hand, the K SBN � 4.6 series exhibits a signi�cantly less pronounced decrease but

approximately linear (VR = mK SBN � 4:6RSBN + bK SBN � 4:6 where mK SBN � 4:5 = � 0:0431� 0:003 and

bK SBN � 4:6 = 0 :38� 0:01) (Figure 4.11).
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Figure 4.11: The recovery volume decreases withRSBN . Yet the slopes (mK SBN � 2:5 = � 0:409 and
mK SBN � 4:5 = � 0:0431) depend signi�cantly on the K SBN value.

VP (equation 2.12 in part I chapter 2) provides an estimate of the amount of shear �ow process.

It permits the removal of the densi�ed portions in the pile-up by imaging before and after annealing.
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Name Pid V +
i V �

i V +
i =V �

i V +
a V �

a Pad VR VP Symbols
� m) (� m3) (� m3) (%) (� m3) (� m3) (� m)

SBN 12 1.012 5 36.7 13.6 4 14.4 0.665 52.8 16.3
SBN 25 1.037 13 54.8 23.7 12 31.1 0.805 30.8 25.6
SBN 30 1.19 17 62 27.4 16.3 47.2 0.912 12.6 28.6
SBN 35 1.2 19.1 70.1 27.3 15.5 60.2 1.08 9 32.4
SBN 14 0.88 7 35.2 19.8 10 26.1 0.822 34.3.0 11.3
SBN 63 0.99 10.8 49.3 21.9 9 31.7 0.844 32 25.6
SBN 59 1.03 12 55.3 21.7 15 41.7 0.846 30 16.3
SBN 55 1.1 12 56.8 21.1 15 43.9 0.857 28 15.8
Errorbar � 5 % � 5 % � 10 % � 5 % � 5 % � 5 % � 10 % � 10 % � 10 %

Table 4.2: Experimental values Pid , V +
i (� m 3), V �

i (�m 3), V +
i / V �

i (%), V �
a , V +

a and Pad obtained
from the AFM images of the indentation prints, VR and VP obtained from annealing investigations in the
various SBN glasses. The symbols used for each glass composition are recalled.

Annealing relieves densi�ed areas; this highlighting variations in isochoric shear �ow. Figure 4.12 depicts

how VP varies with RSBN for the di�erent series of glasses. ForK SBN � 2:5, the ratio increases roughly

linearly. Yet, for K SBN � 4:6, the ratio decreases, but it appears not to be linear. Literature suggests
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Figure 4.12: Pile up ratio (VP ) which characterizes the volume-conserving shear �ow versusRSBN . The
tendencies are drastically di�erent for approximately constant K SBN .)

that the chemical compositions have more impact onVR than on HV [28,29,41,42]. Figure 4.13 unveils

two di�erent scenarios when looking at approximately constant K SBN . For samples with K SBN � 2:5,

the recovery volume decreases with� (VR = mK SBN � 2:5� + bK SBN � 2:5 where mK SBN � 2:5 = � 8:40� 0:60

and bK SBN � 2:5 = 2 :34 � 0:13). As the sodium content increases for lowK SBN � 2:5, VR decreases

quickly. On the other hand, the K SBN � 4:6 series exhibits a signi�cantly less pronounced decrease

(VR = mK SBN � 4:5� + bK SBN � 4:5 where mK SBN � 4:5 = � 1:02� 0:30 and bK SBN � 4:6 = 0 :68� 0:07).

Nevertheless, Sellappan et al. attempted to develop an universal behavior forVR with � [30](equation

4.1). As � increasesVR decreases, thus the contribution of densi�cation occurring in the system decreases.
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Figure 4.13 presents the data collected herein, their data, and the sigmoid �t they proposed (dash black

line):

VR =
1

� R + � R exp(� R � )
+ � R (4.1)

(� R , � R , � R , � R ) are �tting parameters. The data for the SBN glasses does �t the spread of data presented

in Sellappan et al. [30]. Yet, we can observed left shift (toward smaller values of� ) as compared to the

glasses of Sellappan et al. A better �t (solid brown line in the �gure 4.13 for the SBN glasses would occur

with ( � R , � R , � R , � R ) = (.99, .003, 29, -.007).
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Figure 4.13: (Left) The �gure depicts the evolution of the volume recovery ratio (VR ) as a function of the
Poisson's ratio (� ) for the SBN data. The blue color line depicts a linear �t to the data for K SBN � 2:5
(VR = mK SBN � 2:5� + bK SBN � 2:5 where mK SBN � 2:5 = � 8:40 � 0:60 and bK SBN � 2:5 = 2 :34 � 0:13). The
red color line depicts a linear �t to the data for K SBN � 4:5 (VR = mK SBN � 4:5� + bK SBN � 4:5 where
mK SBN � 4:5 = � 1:02� 0:30 and bK SBN � 4:6 = 0 :68� 0:07). (Right) The �gure depicts a comparison of VR

versus � relationships found herein along with published data, black data points [21, 30, 41]. The black
dashed line depicts the sigmoid �t proposed by Sellappan et al. The brown solid �t depicts the best
sigmoid �t, ( � R , � R ,� R , � R ) = (.99, .003, 29, -.007), for the SBN data assuming 2 sudo points: (0,1) and
(.5, 0).

.

Understanding shear �ow requiresVP . Figure 4.14 (left) unveils two di�erent scenarios when looking at

approximately constant K SBN . For samples withK SBN � 2:5 , VP increases with� (VP = mK SBN � 2:5� +

bK SBN � 2:5 where mK SBN � 2:5 = 0 :30 � 0:022 and bK SBN � 2:5 = � 0:42 � 0:05). On the other hand, the

K SBN � 4:5 series exhibits a drastic decrease inVP with � . Sellappan et al. [30] evidenced a sigmoid

increasing trend between� and VP (equation 4.2). Thus, the amount of volume-conserving shear �ow

increases with� . Figure 4.14 right presents the data collected herein, their data (black point), and their

sigmoid �t (dash black line):

VP =
1

� P + � P exp (� P � )
(4.2)

(� P , � P , � P ) are �tting parameters. Our data for the SBN glasses does �t the spread of data presented

in Sellappan et al. [30]. A better �t for the SBN glasses would occur with (� P , � P , � P ) = (.94, 152, -16).

SBN glasses do �t the general spread of data when considering previously publishedVP verse � data.
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Conversely, the sigmoid �ts miss the subtleties of the SBN glasses for constantK SBN . Moreover, the VP

curve is drastically di�erent for the two K SBN series herein. K SBN � 2:5 has a tendency to increase;

and K SBN � 4:5 has a tendency to decrease. A possible explanation as to why SBN 55 and SBN 59

decrease is annealing may not only relieve densi�ed regions, but it may of also induced some plastic �ow.

To understand this more research is required.
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Figure 4.14: (Left) The �gure depicts the evolution VP versus � for SBN data. The purple color line
depicts a linear �t to the data for K SBN � 2:5 (VP = mK SBN � 2:5� + bK SBN � 2:5 where mK SBN � 2:5 =
0:30� 0:022and bK SBN � 2:5 = � 0:42� 0:05). For K SBN � 4:5, the data does not �t a linear extrapolation.
(Right) The �gure compares the curve VP vs � resulting from our work with other published data
[21, 30, 41]. The black dashed line depicts the sigmoid �t proposed by Sellappan et. al. The beige color
�t depicts the best sigmoid �t, ( � R , � R , � R ) = (.94, 152, -16), for the SBN data herein assuming 2 sudo
points: (0,0) and (.5, 1).

The VR and VP trends are coherent with results in literature [30]. The SBN 12 presents a singular

behavior regarding the SBN series. No cracks are visible after Vickers' indentation at 50 g. Furthermore,

increasing the load (200 g) did not facilitate the development of cracks popping up from the indentation

corners (�gure 4.7). Complementary investigation highlights the huge contribution of the densi�cation

process during the indentation (50%). This changes the mechanism yielding crack formation: (1) change

in the residual stresses resulting from these processes [1], (2) appearance other type of cracks under inden-

tation which would limit the propagation of visible cracks. This section highlights the signi�cant impact

of the glass composition on the hardness and deformation mechanisms. The next section investigates the

failure behavior of SBN glasses in stress corrosion regime.

4.2 Evolution of SCC curves with chemical composition

In vacuum, the stress intensity factor must exceed the fracture toughness value,K C , to make the prop-

agate. However, stress corrosion cracking (K I < K C ; i.e. chemically assisted cracking) can lead to

premature failure of a material. This is because water opens strained bonds at the crack front. This

section investigates the impact of the chemical composition on stress corrosion cracking. This test re-
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quires DCDC samples. Under compression, two cracks emerge and the displacement of the crack front

is recorded. From the external stress applied to the samples, I am in a position to determineK I via

equation 2.5. Chapter 1 reviews two di�erent models to �t the SCC curves: Wiederhorn proposed an

exponential relationship (equation 1.15) whereas other authors suggested a power law (equation 1.16).

The results herein take the both models into account. Theb value refers to the slope of the curvelog(v)

vs K I whereasn refers to the exponent provided a power law relationshipv / K n .

4.2.1 SBN curves

Figure 4.15 displays the crack front velocity (v) versus the stress intensity factor (K I ) for all the SBN

glasses. As expected from literature [25,38,39] two distinct regions appear:

� Region 0: environmental limit (K E ) below which the crack front will not propagate.

� Region I: the stress corrosion zone where the chemical reactions at the crack tip control the prop-

agation of the crack front.

Variations are observed as the glass's chemical composition changes. Two major modi�cations take place

as the sodium content increases: (1) the SCC curves shift toward higherK E values; and (2) the slope in

region I increases. Table 4.3 presentsb (from [36,38,40]);n (from [27]) and K E for the SBN glasses. The

vertical line of K E for SBN 59 and SBN 63 was not acquired herein.

0.35 0.4 0.45 0.5

10-10

10-8

10-6

K I (MPa.m1=2)

v
(m

.s
�

1
)

SBN 55
SBN 59
SBN 14
SBN 63

0.3 0.35 0.4 0.45 0.5
10-9

10-8

10-7

10-6

K I (MPa.m1=2)

v
(m

.s
�

1
)

SBN 12
SBN 35
SBN 30

Figure 4.15: Evolution of stress-corrosion curves for SBN glasses. (Left) The SCC curves for SBN 12,
SBN 30 and SBN 35, i.e. [Na2O] increases forK SBN (� 2.5) remains constant. (Right) The SCC curves
for SBN 14, SBN 63, SBN 59 and SBN 55, i.e. [Na2O] increases yetK SBN (� 4.5) remains constant.

4.2.2 Shift in K E

Figure 4.16 presents the evolution ofK E with [ Na2O]. Clearly the K E values increase with [Na2O].

This result means that the crack propagation commences at higher loads as [Na2O] increases. Literature

highlights the important role of the alkali content on K E [8,9,12,13,38,39]. An important phenomenon
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Glass name b n KE Symbols
SBN 12 46� 3 19� 1:3 0.356� 0:017

SBN 30 59� 3 23.3� 0:4 0.380� 0:019

SBN 35 113� 5 33� 2 0.407� 0:012

SBN 14 50� 3 19.9� 0:7 0.352� 0:015

SBN 63 52� 3 20� 1:6 //
SBN 59 53� 2 23.5� 1:2 //
SBN 55 68� 3 29.4� 1:2 0.413� 0:012

Table 4.3: Estimated values forb (from [36, 40], i.e. exponential), n (from [27], i.e. power law) and K E

for the SCC in �gure 4.15 for SBN glasses. The vertical line ofK E for SBN 59 and SBN 63 was not
acquired herein. The last column recalls the symbols used in the plots.
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Figure 4.16: Correlation between KE and the sodium content [Na2O].

occurring is ion exchange [3,5]. During SCC experiments, the stress applied to the crack front enhances

the mobility of Na+ permitting an easy exchange between the glass and the environment (See part I

chapter 1 in section 1.3.2). To date it is inconclusive as to whetherH+ , H2O, or H3O+ , enters the glass

network. Yet, Fett [8, 9] and Guin [12, 13] suggest that hydronium H3O+ enters the glass network. In

this case, the fracture process zone develops a compressive stress leading to a shielding e�ect. Impact of

this shielding e�ect on the crack tip causes a decrease in the applied stress at the crack tip. Figure 4.17

presents a schematic representation of this mechanism [25]. The light gray block represents the material

which obeys linear elasticity. The dark gray zone deviates from this and dissipative phenomena occur.

The stress felt at the crack tip K f is [25]:

K f = K appl + K � (4.3)

where K appl is the external stress applied andK � denotes the shielding contribution to the material

toughness. A shielding contribution requiresK � < 0. In this case, as the shielding zone develops due to
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the globally applied stresses, the stresses at the crack tip decreases. Other phenomena are feasible. For

example, the width of the hydrated layer varies from low to high sodium glasses. Indeed, the hydrated

layer thickness can increase with the sodium content as observed in pure corrosion experiments. In this

case, the thickness changes the shielding contribution which decreasesK f . Finally, the sodium content

may impact an indirect e�ect of global stresses in glass structure.

Kappl

K �

K felt

Figure 4.17: Schematic representation of shielding e�ect and its impact on the Kf , stress felt at the crack
tip. K appl is the external stress applied and K� is the contribution of the dissipative zone.

The chapter 3 of this thesis highlights the role of sodium content on the ternary glass structure. For

the two series herein, the number of NBO increases and the coordination number of boron decreases from

4 to 3. These changes alter the way the glass can accommodates the stress. Kieu et al. [23] studied

the impact of the structure on the failure properties of SBN glasses by means of Molecular Dynamics

simulations. He drew attention to the fact that [3] B induces more plasticity than [4] B. This is because the
[3] B structures have more degrees of freedom. It is also likely, but to date unstudied, that NBO atoms

yield additional degrees of freedom to the glass network in SBN glasses. He also observed an increase of

glass plasticity due to Na-NBO and [3] B bonds because they deform plastically [22]. These changes in

the glass topology induced by sodium content probably increase the dissipative phenomena in the FPZ.

4.2.3 Changes in slopes in stress corrosion regime

From low sodium glasses (SBN 12 and SBN 14) to high sodium glasses (SBN 35 and SBN 55), the slope

changes signi�cantly. The slope in region I equates
d logv

dK
. Thus, an increasing slope implies a signi�cant

increase of the velocity: a step of 0.02 MPa.m1=2 in K I , increase the velocity by 150% for the SBN 12

and 240 % for the SBN 35. There is no common understanding on mechanisms occurring at the crack

tip.

� The Wiederhorn's model From the reaction rate theory, Wiederhorn links the slope in region I to an

activation volume �V � [40]. Other authors [10] suggest that change in elastic properties of the network

bond also in�uence the slope in SCC zone. Yet, all models limit their interpretation of b (or n) to the

reaction of water with � Si� O� Si � . In the case of SBN glasses, the interaction of Si-O-Si with water is

probably not the predominant reaction. MD simulation performed by J-.M. Delaye on SBN glasses (with

chemical compositions similar to the ones used herein) evidence possible paths along which the crack

front can propagate so that it never breaks a� Si � O � Si � bond. Due to the slowly evolving dynamics
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of the SCC regime, the crack growth is slow enough to pass through the weakest points. From [36, 40],

b is proportional to the activation volume, �V � and inversely proportional to
p

� ct (� ct is the crack tips

curvature radius).

Inverse proportionality of
p

� ct with b implies that as the slope increases the crack tip's radius should

get smaller. Yet, as the sodium content increases the crack tip is expected to blunt more [12] or show no

variation [15]. Thus, these two ideas are incompatible at the light of our data.

Turning to �V � , �V � represents a variation in volume between the activated complex (with water

molecule) and the unreacted state. Table 3.3 depicts the elastic properties for the SBN glasses herein.

In general, the Young modulus varies from 72 to 82 GPa and the Poisson's ratio from 0.21 to 0.26.

The change is to slight to expect such a huge increase in b and n. From MD simulation, it is possible

to extract the bonds inside the di�erent SBN compositions: Si-O-Si, Si-O-B, B-O-B bonds and OSi3,

OSi2B, OSi1B2, and OB3 units. Figure 4.18 presents the relation between these terms andb and n.

These plots reveal no clear relationship. The slope in stress corrosion is not governed by one bond in

the glassy network. This correlation exempli�es the fact that considering the Si-O-Si bonds only cannot
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Figure 4.18: Correlation between Si-O-Si, Si-O-B, B-O-B with two coordinated O and OSi3, OSi2B,
OSi1B2, and OB3 units with three coordinated O calculated by MD simulations and (left) the slope b
from the Wiederhorn's model and (right) the slope n from Maugis equation.

prodive a full picture of the fracture behavior. The chemical reaction may change drastically from one

glass to another. The experimental set-up does not give us access to these mechanisms at the crack tip.

West and Hench pointed out the role of the ring sizes in pure silica glasses on the SCC properties [34,35].

Due to changes in ring structure and changes in polymerization degree with sodium content, the reaction

rate changes with stresses. Today, ReaxFF could provide the keys to understanding the chemical reactions

at the crack tip. They are big enough to take into consideration the glass structure, but also can simulate

chemical reactions at and near the crack tip.

The slope variation has been discussed with respect to the Wiederhorn's model and the reaction rate

theory. Tomozawa proposed another explanation for the subcritical crack growth.
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� The Tomozawa's model Tomozawa concluded that di�usion of water into the crack tip aids subcritical

crack propagation. Moreover this decreases the toughness and permits crack propagation [31,32]. Figure

4.19 depictsb (from [36,40]) and n (from [27]) with [ Na2O] content. From one composition to the other,
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Figure 4.19: Correlation between the slope: (left) b from the Wiederhorn model [40] where b is linked to
�V � ; and (right) n is the slope from the power law relationship [27] and the sodium content.

the water penetration may favor non-bridging oxygen atoms. Hence, changing the chemical composition

favors water penetration and hence increases the slope. Célarié [4,6] speci�cally observed the migration

of sodium ions towards the free surface. If this mechanism occurs, preferential paths may be created for

the penetration of water from Tomozawa's theory. Finally, Tomozawa found a better resistance of glass

which he attributes to an enhanced plastic �ow at the crack tip [19, 24]. It is true that plastic �ow at

the crack tip will shift K E to higher K I values, but if it was to aid in deterring the velocity of the crack

front the slope should be lower. This is not compatible with our data, since the glasses with the higher

slopes are found to be the ones with the higher plastic �ow as determined by indentation studies.

The interpretation of the slope in the region I cannot be captured by the Wiederhorn's model. To-

mozawa's theory may explain the huge variation in slope due to the sodium content. On the other hand,

if the slope was impacted by plastic �ow processes, the slope should decrease rather it increases. The

penetration of water molecules sets up a preferential path along sodium rich regions (and their corre-

sponding NBO). Moreover, the increase in[Na2O] increases the glasses reactivity with water. This in

turn forms a weaker glass and due to the depolymerization of the glass the slope increases (Figure 4.20).

4.3 Evolution of fracture surfaces with chemical composition

Post-mortem fracture surfaces reveal how a crack front propagates through the bulk of the glasses. Thus,

they unveil the fracture processes at the microscale and mesoscale. Once the crack propagates throughout

the sample, two stress-corrosion fracture surfaces exist. Figures 4.21 top (K SBN � 2.5) and bottom (left

K SBN � 4.5; othersK SBN � 4.5) depict AFM images of these fracture surfaces when the velocity of the

crack front was approximately 10� 7-10� 8 m.s� 1.
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Figure 4.20: Correlation between the slope: (left) b from the Wiederhorn model [40] where b is linked to
�V � ; and (right) n is the slope from the power law relationship [27] with the Poisson's ratio.

In general, the roughness and other features of a fracture surface depend on the velocity of the crack

front. Slower velocities give rougher surfaces [37]. Hence, all the measurements presented in �gure 4.21

are done in the same velocity range. Figure 4.22 presents the evolution of the RMS values for SBN glasses.

RMS variations depend signi�cantly on the K SBN series. ForK SBN � 2:5, a noteworthy decrease in

the roughness occurs between SBN 12 and SBN 25. In the same series (K SBN � 2:5), a signi�cant

increase of the RMS values occur between SBN 25 and SBN 35. On the other hand, theK SBN � 4:6

series present a linear increase in the RMS value with a lower amplitude. The principle of local symmetry

governs the growth direction [11]. This leads to a local value ofK II =0 (stress intensity factor in mode II).

This means than an initially homogeneous material loaded in mode I would grow along a straight plane.

But inhomogeneities yield distortions in the crack front. Thus, the roughness and its variations can be

attributed to microscopic stresses associated with structural variations within the glass's microstructure.

The Yun, Dell and Bray model assumes that SBN 12 glass consists of two networks with areas enriched

in silica and in boron. This leads to heterogeneities which explain the high RMS value of SBN 12. As

the sodium content increases, the two networks mix together, leading to a more homogeneous glass.

A further increase of [Na2O] leads to a depolymerization favoring inhomogeneities. This explains the

variations observed in the red series too (i.e. the small increase in the RMS from SBN 14 to SBN 55).

The discrepancy between the blue and the red series highlights the degree of homogeneities.

4.4 Discussion on the mechanical properties of SBN series

The mechanical properties strongly depend on the glass structure. The hardness values appear to be

linked to the reticulation of the glassy network: lower network reticulation (i.e. higher is the NBO)

decreases the hardness. But glasses with similarHV values present di�erent behaviors regarding the

cracks appearance, the fracture toughnessK C , etc. Poisson's ratio (� ) appears to be the key parameter

in understanding how the matter �ows under an indenter. Densi�cation and shear �ow contributions
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SBN 14 SBN 63 SBN 59 SBN 55

SBN 12 SBN 25 SBN 30 SBN 35

-7 nm 7 nm-3 nm 3 nm-2.5 nm 2.5 nm-4 nm 4 nm

-2.5 nm 2.5 nm-2 nm 2 nm-2 nm 2 nm-2 nm 2 nm

Figure 4.21: AFM images of fracture surface of SBN glasses (top) (K SBN � 2.5) SBN 12 (light blue) to
SBN 35 (dark blue) 5 � m � 5 � m in Tappingmode in 10� 7-10� 8 m.s� 1 regime; (bottom) K SBN � 3.7
SBN 14 (light red; left) and K SBN � 4.5 SBN 63 to SBN 55 (dark red) 5� m � 5 � m in Tappingmode
in 10� 7-10� 8 m.s� 1 regime.

depend on� . Decreasing� favors densi�cation process, whereas as increasing� favors shear �ow processes.

Consequences of these two processes are not equivalent regarding the cracking behavior. High� favor

the propagation of well-developed median/radial cracks. The residual stress �eld contribution change

depending on � : the stress �eld enhances the propagation of median-radial cracks at high� . As a

consequence,K C does not truly express a toughness but rather how the glass �ows under indenters.

This leads to a good correlation between theK C and � and the lack of well-developed crack for low�

glasses. The stress corrosion investigation highlights two major changes: a shift inK E towards higher

K I and an increase of the slope in region I as the sodium content increases. The shift inK E signi�es an

increased plasticity (irreversible phenomena) of SBN glasses which occurs during the load. As the sodium

content increases the glass accommodates higher external stresses. This plasticity can be explained by

the structural variations (creation of NBO, sodium pockets, conversion of[3] B at the expense of[4] B, etc.)

and/or the di�usion of sodium. Interpreting variations in the slope is tricky due to a lack of a general

understanding on the mechanisms at the crack tip. Increasing the amount of [Na2O] impacts the SCC
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Figure 4.22: RMS values extracted from the fracture surfaces of the SBN series.

Figure 4.23: Schematic of a crack (and its subsequent surface) passing through weak regions in an
inhomogeneous glass structure. The fracture surface is indicated by the black solid curve [14].

response of the glass.[Na2O] increases the glasses reactivity with water creating a weaker glass and due

to the depolymerization of the glass the slope increases. Topographical changes in the fracture surfaces

underline signi�cant change in the crack path. The RMS is correlated to the amount of disorder along

with the number of weakest points.

Chapter 2 highlights the change in the glass topology with [Na2O]. After an initial increase in the [4] B

count due to [Na2O], [Na2O] leads to an increase in the number of[3] B and NBO at the expense of the
[4] B count. This decreases the degree of polymerization of the glassy network. This change increases the

glass's plasticity. This impacts both the behavior during indentation and the failure mechanisms. Under

the indenter NBO favor plastic �ow processes. This leads to a decrease in theK C values determined

from indentation. Plastic �ow processes also favor shifts inK E to higher values due to a shielding e�ect.

Yet, the decrease in the degree of polymerization and the increase in[Na2O] forms a weaker and more

reactive glass with water.

4.5 Conclusion

This chapter clearly displays a dependence of the mechanical properties on the chemical composition.
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� The Poisson' ratio ( � ) is a key parameter in understanding the mechanical response of

the glass. It gives information on mechanisms occurring during indentation and is highly correlated

to K C . Thus, the toughness determined by indentation is not a true estimate of the glass's resistance

to fracture. Rather, it re�ects how matter �ows under the Vickers' indenter giving way to crack

propagation.

� Both indentation and SCC tests evidence a clear increase in the glass's plasticity with

sodium content. Hardness investigations point out an increase of pile-up process with [Na2O].

The SCC studies feature a shift inK E with the sodium content. Thus the glass is better able to

adjust under external stresses. The plasticity decreasesK C as determined by Vickers indentation

whereas it increases the load at which the cracks propagates in stress corrosion regime.

This chapter presents the evolution of the mechanical properties of SBN glasses. This study highlights

the important role of the Poisson's ratio in the mechanisms of deformation under pressure. Glasses

with high sodium content present a lower hardness and a lowK C from indentation measurements. The

stress corrosion behaviors depend on the chemical composition. Clearly plasticity increases theK E values.

Current models in literature cannot simply explain the increase in slope with[Na2O]. Rather, � (which

gives a measure of the degree of depolymerization due toNa+ ions and the strength of the glass network)

is correlated with the slope. Thus, [Na2O] weakens the glass and makes it more reactive with water.
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Conclusion Part I

Part I investigates the evolution of the physical, structural and mechanical properties of SiO2-B2O3-

Na2O (SBN) glass system. I chose to investigate model glasses by modulating the chemical composition

to highlight the role of each oxide on their properties.

Glass sample elaboration occurred at CEA Marcoule. The concentration of [SiO2], [B2O3] and [Na2O]

varied from one set of glasses to another. Many researchers group SBN samples based on theirRSBN =
[Na2O]
[B2O3]

and K SBN =
[SiO2]
[B2O3]

ratios. Hence, two K SBN series (i.e. K SBN held constant) were chosen

herein. After elaboration, studies analyzed the physical and structural properties of the glasses. Tables 3.2

and 3.3 revealed density and the elastic moduli of the samples. Raman analysis and NMR measurements

describe and quantify the structural variations, respectively. Then, mechanical property tests employ

hardness tests and fracture experiments on the SBN glasses. Indentation tests estimateHV , K C plus

matter �ow via sample annealing. Stress corrosion experiments make use of DCDC samples under

compressive loads. Crack propagation occurs for subcritical stresses,K I < K C .

By maintaining K SBN � constant, an inceasing [Na2O] changes the topological network of the glasses.

For RSBN < 0:5, sodium attacks the borate network causing the conversion of[3] B into [4] B . The

sodium acts as a charge compensator. Furthermore, during this phase, many authors report a demixing

of the silicate and borate network. Subsequently, between0:5 < R SBN < R max
SBN , sodium continues to

attach to the borate network; however Reedmergnerite groups form assisting the connectivity of the two

networks. Raman spectra of SBN 12 revealed signs of phase separation; this glass boarders these two

zones. IncreasingRSBN (i.e.Rmax
SBN < R SBN < R d1), the sodium begins to attach to the silica network

forming NBO on the silicate network. For Rd1 < R SBN < R d3, Na2O modi�es both the silicate and the

borate network by adding NBO to the network. During this phase, [3] B form at the expense of[4] B . As

a consequence, glass's degree of polymerization decreases. A quantity easily assessable and related to the

degree of polymerization is the Poisson's ratio,� . Generally literature attributes an increasing degree of

polymerization with a decrease in� , results herein corroborate this result.

Understanding how the chemical composition impacts the glass' toughness aids in insuring structural

integrity of glasses. Hardness tests provide an estimation ofHV , K C plus the proportion of densi�ca-
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tion/shear �ow after indentation. HV values depend on the glass network reticulation: increasing the

NBO concentration decreasesHV . The SBN glasses also exhibit di�erent behavior regarding to their in-

dentation patterns and their cracking behaviors. � appears to be the key parameter in understanding how

matter �ows under an indenter. Glasses with low values of� favor densi�cation. Increasing � decreases

the densi�cation processes and increases shear �ow processes. Variations in both processes alter cracking

behavior. Higher � values favors the propagation of the lateral-radial crack. Thus, a good correlation

exists between theK C determined by indentation and � . Rather than a real glass toughness,K C values

for the SBN glasses studied herein express how matter �ows under Vickers' indenter.

Understanding how the chemical composition impacts the glass' SCC behavior will aid in preventing

premature failure of systems. ForK SBN � constant, increasing [Na2O] shifts K E towards higher K I

values. This shift corresponds to an increase in the glass' plasticity. Topological changes (increase in[3] B,

sodium pockets, etc) in the glass' structure enable it to accommodate higher stress loads. These changes

in e�ect allow for a greater shielding of the crack tip from externally applied stresses. Finally, the slope

drastically increases with [Na2O]. Results herein discount mechanisms currently proposed in literature.

Herein, three parameters display trends with the slope (n or b): � ; the number of NBO; and [Na2O]. Yet,

these parameters are intrinsically linked. The mechanisms at the crack tip lead to variations in the crack

path as displayed by the variations in the RMS.

Future works concerns the understanding on the mechanisms occurring at the crack tip. Due to the

complexity of the systems, how the chemical composition impacts the slope in region I remains unclear.

Simulations using ReaxFF could help in a better understanding of these processes.
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Chapter 1
Introduction: A review of structural and

mechanical properties due to irradiation in

nuclear glasses
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1.1. NUCLEAR WASTE MANAGEMENT

This part concerns the storage of nuclear waste. Frequently, complex alumino boro silicate glasses

(frequently R7T7 in France) embed �ssion product (FP) and minor actinides (MA) from spent fuel. En-

suring the durability of these glasses over the long-term (up to a few hundreds of thousands of years) still

presents a major challenge. Moreover future high level wastes (HLW) will contain more �ssion product

(FP) and minor actinides (MA). As a consequence, radioactivity and time of storage will increase. To

safety con�ne them, it's crucial to know how irradiation impacts the structural and the mechanical prop-

erties of glasses.

This chapter presents the motivation behind studying the impact of irradiation on the mechanical proper-

ties of borosilicate glasses. In order to understand the issues, the �rst section brie�y details the origin of

HLW and its management. Section 1.1 details the origin and types of self-irradiations the HLW glasses

undergo. These self-irradiations (along with external irradiation) lead to structural modi�cations. Sec-

tion 1.4 presents these modi�cations in pure silica, sodium borosilicate glasses and complex borosilicate

glasses. These structural modi�cations subsequently invoke modi�cations in the physical and mechanical

properties of the glasses (detailed in section 1.5).

1.1 Nuclear waste management

1.1.1 Origin of nuclear waste and classi�cation

Radioactive waste comes from various sources. As a consequence, scientists deal with radioactive mate-

rials of di�erent concentrations and di�erent physical and chemical forms. The predominant source of

radioactive wastes comes from the nuclear industry: operation or decommissioning of nuclear installa-

tions, research reactors, spent fuel, etc. The �rst step in the nuclear fuel cycle is the production of the

nuclear fuel. The uranium or thorium ores are mined. Tailings resulting from the mining of uranium

ores generally contain elevated levels of radionuclides (such as radon) and required to be managed as

radioactive waste for safety reasons. Mills process richer ores containing uranium to extract uranium

from other elements. This involves crushing and chemical processing. At each step managing byproducts

which contain decay products is essential. Moreover, tailings from processing contain signi�cant amounts

of heavy metals which also need to be safety con�ned. Once the nuclear fuel pellets are formed they enter

into a nuclear reactor. After usage in the reactor core, the fuel is considered asspent fuel. They contain

�ssile material ( 235U), fertile material ( 238U) and other radioactive elements such as �ssion product (FP)

and minor actinides (MA). France chose to chemically reprocess uranium and plutonium from spent fuel.

The PUREX (Plutonium and Uranium Recovery by EXtraction) process is a liquid-liquid extraction

method used to extract uranium and plutonium from the �ssion product. Reprocessed plutonium and

uranium reenter the fuel cycle as MOX (Mixed OXide) fuel. Organic solvents require treatment and

safety management. The life cycle of nuclear fuel produces varying forms of nuclear wastes. These wastes

are chemically and physically di�erent and have varying levels of activity. To facilitate the con�nement

and subsequent disposal, nuclear wastes are classi�ed. The classi�cation parameters include the levels of

activity and the half-lives of the radionuclides contained in the waste. Figure 1.1 presents a conceptual

illustration of the waste classi�cation. The vertical axis presents the waste's activity content and the

horizontal axis the half-lives of the radionuclides contained in the waste.
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Half-life

Activity content

Figure 1.1: Scheme of the waste classi�cation from [36].

Exempt waste (EW) does not require regulatory control for radiation protection. Then very short

lived wastes (VSLW) and very low level wastes (VLLW) are under regulatory control, but they do not

require high level of con�nement. Low level wastes (LLW) can include short lived radionuclides at higher

levels of activity concentration. LLWs also include long lived radionuclides with relatively low levels of

activity concentration. This class concerns steel and concrete during the decommissioning process of

nuclear power plants. Such wastes are stored near surface facilities for a period of up to a few hundred

years. The intermediate level wastes (ILW) contain long lived radionuclides and require a greater degree

of isolation than LLW. Wastes with highest levels of activity (HLW) frequently arise from spent fuel or

reprocessing solutions containing FP and MA. HLW emit � particles and produce a signi�cant amount of

heat due to the radioactive decay process. They also contain a large amount of long lived radionuclides.

One solution for long-term storage of these wastes is deep geological disposal (tens to a few hundred of

meters) in stable geological formations. France vitri�es HLW frequently in La Hague (AREVA).

1.1.2 HLW con�nement

High level wastes account for over 95% of the total radioactivity produced in the nuclear power process

but less than 3 % of the total volume (with LLW � 90% and ILW � 7%). After reprocessing, high level

wastes are in liquid state. To avoid any leakage, waste storage requires a stable and compact solid. The

release of radionuclides should be insigni�cant, i.e. the matrix should have a good chemical durability.

Packaging �ssion product requires a structure able to accommodate the multiple elements and to be

chemically resistant to water and self-irradiations, etc. Vitri�cation appears to be the most favorable

from an industrial point of view [7]. Moreover, glasses partake in numerous advantages. The glassy

network can incorporate both FP and MA. Also, it presents a good chemical durability, low porosity and
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permits the con�nement in low volume for transportation.

Elaboration of French R7T7 glass at La Hague involves two steps (�gure 1.2):

� Evaporation of water and calcination step: converts most of the elements present into oxides. This

step takes place at elevated temperatures (100� C to 400� C).

� Vitri�cation step: the output of the calcination step is mixed with glass frit via rotating tube and

vitri�ed forming the glass melt. The frit is incorporated into the network of oxides produced in

the calcination step and forms the glass package which embeds the �ssion products into its glassy

network.

The steps are carried out in a continuous manner, on two distinct pieces of equipment.

Figure 1.2: Hot crucible process of R7T7 glass elaboration from [1].

The formulation of nuclear glasses permit:

� High solubility of elements contained in the nuclear wastes.

� Temperature of elaboration below 1150� C for industrial process.

� Chemical durability to leaching, self-irradiation and demixing.

1.1.3 French nuclear waste glass: R7T7

France chose to develop the R7T7 glass, which contains� 30 oxides. Table 1.1 details the composition

of R7T7. Network formers, which aid in the polymerization of the glass network, typically found in

R7T7 include silicon, boron, and aluminum. They induce strong bonds whereas network modi�ers such

as sodium break these bonds, decreasing the polymerization degree. Network modi�ers also decrease the

melting point and have a favorable e�ect on the viscosity and reactivity of the molten glass. Hence, they

facilitate the elaboration processes. CaO increases the chemical durability. Other elements facilitate the
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processes from industrial point of view: e.g. nickel oxide permits a control of the thermal conductivity.

The incorporation of �ssion products is restricted to 18.5 %. At the end of the fabrication the R7T7 glass

is homogeneous at the macroscopic scale. The non-active equivalent to R7T7 is SON68 glass.

Oxydes %mass
SiO2 45.1
B2O3 13.9
Na2O 10.0
CaO 4.0

Al 2O3 4.9
F e2O3 3.0
ZnO 2.5
P2O5 0.3
NiO 0.4

Cr2O3 0.5
Li 2O 2.0
ZrO 2 1.0

Platinoids 1.6
PF 10.4
MA 0.4

Table 1.1: Chemical composition range for the R7T7 glasses [1].

The advantage to glass networks is the composition �exiblility. Thus it can be modi�ed to incorporate

more FP. Current research and technology permits the incorporation of 22.5% mass of FP into the glass

network in laboratory. Finally, other matrixes con�ne speci�c elements such as iodine, cesium, etc.

Ceramic matrixes present also advantages for the immobilization of high level waste: (1) good chemical

durability, (2) ability to con�ne radioactive elements, (3) good behavior under self-irradiation. However,

their elaboration processes are di�cult to manage (ex: high pressure). The con�nement of the iodine

requires low temperature process such as Spark Plasma Sintering (SPS) and can be con�nement in apatite

ceramics. A good candidate to con�ne radionuclide elements is glassy-ceramics which are polycrystalline

materials produced through controlled crystallization growth in glasses. They can increase the ability of

glasses to incorporate certain elements with low solubility in glass, good thermal stability and mechanical

properties and easier to elabore than ceramics.

1.2 Interaction of particles within the long term storage con�ne-

ment

1.2.1 Origin of the irradiation

Irradiation during the long term storage mainly arises from �ssion products (e.g. 137Cs) and the minor

actinides (e.g. 241Am) through � - and � -decay, respectively. FP contained in HLW (137Cs, 90Sr) induce

� -decay, whereas minor actinides contained in HLW generate� -decay characterized by the emission of
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helium nuclei (� particles) and a recoil nucleus:

244
96 Cm ) 240

94 P u + 4
2 He: (1.1)

(� ,n) reactions (ex:10B(n,� )7Li) also induce irradiation but at lower magnitude. Interactions of � - and

� -decays with matter depend on whether the energy is dissipated in elastic or inelastic manner. The

energy of a particle can be lost in two independent manners:

�
dE
dx

�

total
=

�
dE
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�

inelastic
+

�
dE
dx

�

elastic
(1.2)

� -decay is the main source of irradiation for the �rst 300 years of storage. Then,� -decays dominate

during the remainder of the glasses' life-time. It's crucial to understand how these two components

impact the long term behavior of the glass matrix.

1.2.2 Interaction between � decay and matter

During � -irradiation, energy dissipation mainly takes place through electronic excitation or ionization.

Point defects and ionic/covalent bonds rupture can also occur. The energy of electrons is from 0.1 to

1.18 MeV. � decay also produces recoil nucleus of low energy (� eV) and photons 
 .

1.2.3 Interaction between � decay and matter

� -decay occurs when an atom spontaneously decays emitting 2 protons and 2 neutrons (i.e. an4
2He

also called an� -particle). The atom ( A
Z X) which releases the� -particle decays undergoes the following

transformation

A
Z X ) A � 4

Z � 2 Y + 4
2 He (1.3)

A � 4
Z � 2Y is the recoil nucleus with high mass. It invokes ballistic damage with rather low energy, approx-

imately 0.1 MeV, through collision cascades. The collision cascade involves secondary projectiles which

also interact with the glassy network. The � -particle in equation 1.3 has a high energy and a small

atomic mass. Interactions involving � -particles predominantly undergo inelastic interactions. As its ki-

netic energy decreases (i.e. the path in the matter increases), probability of nuclear interaction increases

leading also to atom displacements. In this case, dissipation of the initial energy takes place through

electronic (� 99 %) interactions then ballistic (less than 1%) interactions. Table 1.2 summarizes the

di�erent contributions due to � -decay.

Particule Energy (MeV) Path length Dissipation of initial energy through
Electronic interaction Nuclear interaction

� -particule � 5 � 20 � m � 99.7 % � 0.3 %
Recoil nucleus � 0.1 � 40 nm � 37 % � 63 %

Table 1.2: � particle and recoil nucleus features from an� -decay.
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1.3 Laboratory testing methods employed

It is mandatory to accelerate the time scale to simulate possible consequence of self-irradiation on the

glass structure and mechanical properties. Several laboratory aging methods exists:

� Actinide doped glassesActinide doped glasses are frequently used to understand how� -decay in-

vokes modi�cations in the glassy structure. Model � -decay experiments incorporate short-lived

elements in the glass matrix. This method is close to the phenomena occurring during �nal stor-

age because: (1) it takes into account the impact of particles and helium accumulation; and (2)

the actinides are homogeneously distributed in the glass. The main drawback is the activation of

samples which leads to regulatory conditions to con�ne the samples and limit techniques used to

characterize the glass evolution.

� External irradiation Frequently, light and heavy ions, electrons, or
 -ray bombardment of samples

simulate the nuclear and elastic interaction issued from the� - and � -decays, and recoil nucleus.

By varying the projectile (mass, charge and energy), one can shifts the expected damage from

predominantly electronic to ballistic damage. Thus, scientists can isolate how the electronic damage

di�ers from the ballistic damage. Helium, krypton and gold ions can be implemented. Samples

remain non-active and a complete set of characterizations can be employed (Raman, NMR, WAXS,

XANES, etc.). However, external irradiation does not homogenously irradiate the samples as in

the case of doped R7T7 samples: in particular, heavy ions bombardment only deposits energy with

in a thin layer close to the surface.

� Atomistic simulation Molecular dynamics (MD) simulation gives access to displacement cascades

due to recoil nucleus in simpli�ed borosilicate glasses. This method follows a display cascade in a

glass under irradiation, i.e. simulation of recoil nucleus' path and all dynamic phenomena resulting

from its passage is feasible.

The study herein employs external irradiation by electron, light (He2+ ) ion and heavy (Au+ ) ions irradi-

ation. The next section summarizes previous results on irradiated simpli�ed and complex glasses.

1.4 Structural modi�cations

1.4.1 Pure silica glasses

� and light ion and heavy ion irradiation change the structure of the silica glasses, speci�cally its density

[26,43,65]. Electron irradiation (� e� ) commonly creates paramagnetic defects, which can be probed via

EPR (Electron Paramagnetic Resonance) measurements. Griscom et al. [30�32] extensively characterized

these point defects in pure silica glasses:

1. E' centers: E' centers are electrons trapped at an oxygen vacancy (� Si� ). Oxygen vacancies form

either by elastic collisions with energetic particles or radiologically by decaying of self-trapped

excitons (bound electron-hole pairs created by ionizing radiation). The displaced oxygen atoms

move to an interstitial positions where they readily dimerise to form molecular oxygen [65].
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2. NBOHC centers: Non-bridging-oxygen centers (� Si-O� ) results from radiolysis of the OH group:

� Si-OH ! � Si-O� +H �

3. POR centers: Peroxy radical centers represented as� Si-O-O� . EPR signal is very similar to the

NBOHC centers.

4. STHs: Self-trapped holes on the Si atom (� Si� )

The dose kinetics of defect creation processes arises by considering intrinsic (breaking of Si-O bond) and

extrinsic (due to impurities) defects creation processes and a possible recombination of defects under

irradiation [37,64].

Boizot et al. [8] studied pure amorphous silica glass structurea � SiO2 before and after electron

irradiation by Raman analysis. Signi�cant modi�cations were evidenced: (1) a shift in the band around

450 cm� 1 which is correlated to a decrease of the mean Si-O-Si angle together with a decrease in the

dispersion around this mean value; (2) an increase of the band localized at 602 cm� 1 (D2) assigned to

3-membered silica rings; and (3) an appearance of O2 explained by the following reaction: 2Si � O� !

Si � O � Si + 1/2 O2. These variations are consistent but weaker than those observed by neutron [26,57]

and � -irradiation [44]. Buscarino et al. [17] examined the role of impurities such as Cl and OH on the

Raman shift (cm� 1)
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Figure 1.3: Raman spectra of pristine and� -irradiated (5 � 109 GGy) silica glass samples after subtraction
of linear baseline (From [8])

glass structure. Cl is not a relevant element under electron irradiation; yet, as the OH content increases

the local degree of densi�cation decreases [17].

The similar compaction and increases in the refractive index of silica glass occur for electron and ion

irradiations [3,27,56]. Recently Mendoza et al. [44] observed a densi�cation of 3.3% for silica submitted

to 74 MeV Kr ions. a � SiO2 undergoes several structural variations due to neutron/ion irradiations:

(1) densi�cation; (2) increase in the D2 peak (3-membered rings); (3) signi�cantly larger decrease in the

average bond angle as compared to samples which undergo hydrostatic pressure at room temperature [25];
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and (4) increased etching rate [26]. Devine hypothesized that neutron irradiation induces inhomogeneity

in a � SiO2: an increase in D2 (3-membered rings) count via Raman spectra; and a creation of voids

which lead to an increase in the acid etching rate [26]. These variations in irradiateda � SiO2 cannot

be attributed solely to the concentration of irradiation-induced E' centers because they saturate before

signi�cant densi�cation occurs.

MD simulations of 0.6 keV heavy atom cascade displacements ina � SiO2 uncovered an increase in

the number of three-membered silica rings [21]. Structural and density changes inSiO2 during ion and

� irradiation could be explained by the fact that point defects act as precursors for structural evolution

under irradiation. Both processes (electronic and ballistic interactions) densify the silica

glasses. However nuclear interactions appear to be more e�ective [3, 27, 56].

1.4.2 Simpli�ed borosilicate glasses: 6 or less oxides

The understanding of the structural evolution of nuclear glasses is crucial to ensure the long term

disposal. However, the structural behavior of complex glasses remains unclear. Simpli�ed borosilicate

glasses with 3, 4, 5 or 6 oxides (the principal oxides in R7T7 glass) are usually employed to investigate

the structural modi�cation induced by irradiation. � and light and heavy ions irradiations change the

structure of the simpli�ed borosilicate glasses. Yet, the scaling up of these microscopic variations to

macroscopic variations depends on the glass's chemistry [13,16]. The next section details the microscopic

variations due to � e� -irradiation. The subsequent section presents the variations in simpli�ed borosilicate

glasses due to ion irradiation.

Electronic excitation, � e� -irradiation

The silicate network in SBN glasses can undergo the same type of electronic excitations as presented in

section 1.4.1. Nonetheless, the boron, sodium and aluminum atoms also introduce a further source of

point defects. Defects associated in addition of the defects detailed in section 1.4.1 are:

1. BOHC: Boron oxygen hole center concerns a non-bridging oxygen atom bonded to a B atom (� B-

O� ) [35].

2. HC1 and HC2: HC are hole centers trapped on oxygen atoms near alkali ion (� Si-O� Na+ ) [34]

3. ALOHC: Al Oxygen Hole Center, (� Al-O � ) may also appear [11]

Paramagnetic centers resulting from electron trapping processes on Fe3+ and Zr4+ also exist. Two

di�erent BOHC signals in the form of a quartet and a quintet (�gure 1.4) are known for low and high

alkali content [6].

Boizot et al. [9, 10] studied the impact of impurities on the defect creation in simpli�ed borosilicate

glasses. A few percent of iron limits the defect creation in the structural changes [18, 33, 46, 62]. The

reduction processes of Fe3+ under irradiation may explain this result. Debnath [18] proposed a possible

hopping process consuming the excitons produced during the electron irradiation which cannot be used

for the production of defects. This charge trapping processes on cations under irradiation induced by

electronic excitations are common in glasses containing, e.g. Fe3+ , Zr4+ , and U4+ . These processes could
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Figure 1.4: Comparison of EPR spectra for low and high amount of total alkali ions from [6].

therefore limit structural changes under irradiation if a correlation between some precursor defects and

migration of alkaline ions exists. No dose rate dependence exists in a range between 2� 103 and 2� 104

Gy.s� 1 [11]. Boizot et al. [12] performed Raman analysis on 4-, 5- and 6-oxide glasses irradiated by

electron. Spectra presented below are similar to those obtained previously. Several changes occur: (1)

Wave number (cm� 1)
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Figure 1.5: Evolution of the Raman spectrum of the 4-oxide glass as a function of the� -radiation dose
from [12].

.

shift of the Si-O-Si band interpreted as a decrease of the mean Si-O-Si angle and a decrease in the mean

size of the silica ring, (2) variation in the Qn band and an increase of the Q3/Q 2 ratio, i.e. an increase of

the polymerization degree of the silica network due to alkali migration, then (3) appearance of molecular

oxygen. During irradiation, a large number of Si-O� bonds are produced by the migration of alkali ions in

glasses. The recombination of Si-O� lead to the formation of Si-O-Si, which increase the polymerization
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of the silica network. Such changes in the chemical composition are also accompanied with changes of

glass structure and the formation of � Si-O-O-Si� bonds implying the formation of new big rings [66].

Finally, phase separation or oxygen bubbles can take place [63]. At 1012 GGy, borosilicate glass

presents phase separation with areas enriched in silica and other areas in boron. Number, size and bubble

distribution depend on the temperature, �uence and type of irradiation [47]. For electron irradiation,

bubble can appear between 1010 and 1013 GGy; they are not randomly spread out in the glass structure

and depend on the ability of alkali to di�use. Among these alkali, sodium is the most susceptible alkali

to migrate due to variation of the local electric �eld by charged particles. Moreover, sodium can move

towards the free surface of the glassy network depending on the charge of the ion irradiating. [45].

Heavy ions irradiation in simpli�ed borosilicate glasses

To improve the understanding of structural modi�cations induced by irradiation, J. de Bon�ls [13]

studied simpli�ed nuclear glasses irradiated by heavy ions. Figure 1.6 presents evolution of density in

simpli�ed borosilicate CJ1 and CJ7 glasses irradiated byAu+ ions. The swelling appears to increase with

Figure 1.6: Density evolution for simpli�ed borosilicate glasses (3-7oxides) submitted to gold irradiation.

the irradiation �uence and depends on the chemical composition, especially the alkali content.Na+ ions

in a modifying role increases the swelling. The swelling can originate from the structural modi�cations.

Raman analysis permits to investigate structural variation induced by Au+ irradiation [13,15].

Figure 1.7 presents the evolution of Si-O-Si band shift with deposited nuclear energy dose. The peak

of the band shifts by about 10 cm� 1 (from � 496 to 506 cm� 1). This change is associated to a decrease

of the mean angle between the silicon tetrahedra. Morever, this band shift stabilizes for a deposited

nuclear energy dose equivalent to an energy deposited of 5� 1018 � .g� 1. These experiments revealed also

changes in the silica environment (change in Qn bands), especially Q3 species increases which reveals the
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Figure 1.7: Si-O-Si bending band peak versus deposited nuclear energy dose for SBN 14 irradiated by gold
ions. The dash curve was obtained by �tting the experimental data with an exponential law (from [52]).

creation of NBO on the silica network. MD simulations also con�rm this trend. Other authors suggest a

depolymerization induced by the conversion of[4] B to [3] B [16].

Figure 1.8: 11B spectra for simpli�ed glasses (CJ1) before (black line) and after (red line) irradiation by
gold ions.

Figure 1.8 shows the11B spectra before and after gold irradiation. 11B MAS NMR measurements

reveal a conversion of[4] B to [3] B (17 %) and a decrease in the Na-O distance. Again, the variation's

amplitude depends on the initial coordination state of boron atoms. Sodium ions are then free to move

and to become modi�ers in the glassy network. Moreover, G. Bureau [16] emphasized the importance of

the initial polymerization degree to irradiation impact.

Structural variations are assessed by MD simulation during ballistic irradiation [22�24]. The glass

possesses a good capacity to reorganize after irradiation by recoil nuclei. Nevertheless, a depolymerization

of the glass network is still observed: it goes along with an increase of[3] B and NBOs.
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Finally, the analysis of ion irradiation uncovers the dominating in�uence of nuclear interaction on the

structural modi�cations. Yet, some authors [4, 5] link density changes to ionization processes through

investigations of irradiation by ions at lower energies.

1.4.3 Heavy ion irradiation on R7T7 and complex borosilicate glasses

R7T7 glasses irradiated by electrons do not exhibit density variation [29]. R7T7 is a very complex

chemical composition; thus, glass is probably less sensitive to electronic interactions than simpli�ed glass.

For example, additions of transition elements or lanthanides reduce or vanish the structure modi�cation

induced by electron irradiation. Peuget et al. investigate the impact of � -decay on the density of SON68

glasses [52]. Figure 1.6 displays the density variation for SON68 glass after irradiation. A swelling is

observed followed by stabilization in the density variation. At low doses, the density rapidly decreases

of about (0.5/0.6 %). Some authors [41] suggest a possible role of the dose rate on the amplitude of the

density variation, but Peuget et al. did not con�rm this e�ect [49, 52, 54]. The radioactivity of doped

glasses limits structural characterizations.

Figure 1.9: Raman spectra of the SON 68 glasses doped with curium from [52].

Raman analysis exposes the structural evolution of SON 68 glass doped with curium [49, 51],(�gure

1.9). Modi�cation of the glass structure occurs between 2.1017 � /g and 2.1018 � /g. First, examining the

signatures of the silicate network (band peaked around 490 cm� 1) reveals variations in the Si-O-Si angle

(shift in the Si-O-Si band to higher wavenumbers). Then, theQn band changes between 2.1017 � /g and

2.1018 � /g. After 10 19 � /g, no modi�cations occur. Structure changes coincide with results obtained

by J. de Bon�ls on external irradiated simpli�ed glass samples [13, 14]. Xanes measurements show a

decrease of the boron coordination number in SON 68 doped glass. Furthermore, no phase separation or

crystallization take place in the dose range presented. Interpretation of such variations is tricky because

R7T7 contains a signi�cant number of oxides. Some authors suggest [4, 5] that ionization or presence

of bubbles induce glass swelling. However, T. Fares showed no correlation between glass swelling and
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helium content after irradiation in reactor on SON 68 glass in which reactions10B(n,� )7Li generate high

concentration of helium. Moreover, density variation in doped glasses, externally irradiated glasses, and

MD simulations tend to highlight the role of ballistic e�ects with structural variations to explain density

changes [15,21,54].

1.4.4 Correlation density-structure variations

The volume variation observed in glass irradiated samples by neutron, heavy ions and actinides-doped

glass are coherent [2,13,16,52,54]. However a slight discrepancy in the amplitude is found: irradiations

by heavy ions (Au+ ) lead to a swelling of 1% whereas a swelling of 0.5% occurs in doped complex glasses.

Molecular dynamics simulations highlight the reorganization in the glassy network after the displacements

cascades due to a primary knock on atom (i.e. a simulated recoil nucleus) [22�24].

MD simulations observe a density variation as their experimental counterparts: the glass swells fol-

lowed by a stabilization phase [16]. Swelling in SBN glasses appears to originate from a decrease in the

local coordination number of B, Na and O atoms. The number of NBOs increases, and boron undergoes

a conversion from [4] B to [3] B changing the sodium role (from charge compensator to network modi�er).

Other structural modi�cations occur but are not linked to density variations [21]: (1) a decrease of the

mean Si-O-Si angles (�gure 1.10); (2) a decrease of the mean ring size; and (3) a widening of the structural

distributions (angle, distance, etc.) [21]. Simulations reveal more disordered in the glass structure due to

irradiation. Finally, MD simulations showed that the cores of displacement cascades have a lower density:

the PKA atom knock other atoms outside of the track of the projectile leading to a density �uctuation.

The global similarities between simulations and experiments (external and internal irradiation) suggest

the origin of modi�cation arise from the same mechanism.

Figure 1.10: Decrease of Si-O-Si angles depending on the deposited energy for SBN 14 glass from MD
simulations. Displacement cascade commenced by a 0.600 keV heavy ions [21].
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1.4.5 Ballistic disordering and fast quenching

Analogy between the structural state created by ballistic interaction and thermal quenching is usually

invoked to explain the structural variation [16, 26, 28, 53, 60]. Cascades of displacements in the glass

network disorganize the structure: the local disorganization of the glass due to a displacement cascade

is equivalent to a signi�cant temperature rise. The glass structure resembles a structure frozen from a

high temperature state because it cannot relax [26]. In a nuclear glass, the variations of the structural

properties can then be considered in terms of �ctive temperature caused by irradiation. This hypothesis

has been postulated to account for the evolution of amorphous silica under irradiation by several authors

[26,28,60]. Based on this hypothesis, the accumulation of events throughout the glass volume results in

a totally damaged material. A new glass structure is then formed at the end the accumulation leading to

a quenchedglass, i.e. glasses with higher �ctive temperature. Authors [42] propose to describe structural

changes in the glass under ballistic irradiation via the ballistic disordering fast quenching accumulation

model. Destabilization of [4] B units due to the cascades of displacements and formation of[3] B units

coincides with variations in the [4] B/ [3] B fraction observed for high temperature [61]. This is also coherent

with the depolymerization of the silicate network. MD simulations also reveal this phenomenon [22]:

the quenching rate after cascade displacements is higher than the quenching rate used for elaboration.

Moreover similarities between both mechanisms come into sight. The increase of quenching rate leads

to a decrease of the polymerization degree (decrease of mean Si-O-Si angle), increase of NBOs, and an

increase of[3] B. This description of the quenched glasses follows the Marples' model which explains the

saturation observed once the entire glass is damaged. New perturbations in this volume do not give

further structural variation because the new glass structure reaches an equilibrium state with irradiation.

Recently, di�erences in variations induced by ion irradiations and fast quenching were highlighted [44]

and this comparion has to be taken with care.

In summary, simple and complex borosilicate glasses swells after irradiation, either due

to doping or to external irradiation. The density of SON 68 glasses doped with curium

decreases by about 0.6 %. The glass remains homogeneous and no bubbles formation takes

place in the � -decay doses investigated. Experimental results plus MD simulations point out

that the ballistic e�ects have the potential to signi�cantly alter the structure. After cascade

of displacements, the structure evolves toward a more disordered structure. Moreover, the

accumulation of displacement cascades lead to a quenched glass, i.e. glasses with higher

�ctive temperature. Recently, research highlights the di�erences induced by these two

processes.

1.5 Mechanical properties

As stated in the introduction, irradiation can lead to variations in the physical and mechanical properties

of glasses. This section reviews the current knowledge of the evolution of the physical and mechanical

properties under irradiation.
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1.5.1 Young modulus evolution

Complex glasses irradiated by helium ions at 1.7 MeV present a decrease of 0.6% in the acoustic velocity;

whereas the same glasses irradiated by heavy ions display a decrease of 8.7% [20,49,52]. Peuget et al. [49]

studied the evolution of the reduced modulus,ER in complex glasses (SON 68) doped with actinides (144

Cm). ER is approximately 15 % less than its pristine counterpart. This result is con�rmed by MD

simulations. The acoustic velocity has been measured throughout the accumulation of displacement

cascades [19, 20]. The relative variations for the longitudinal and transverse velocity decrease with the

number of accumulated cascades, as presented in �gure 1.11

Figure 1.11: Experimental and simulated relative variation of Rayleigh velocity in CJ1 (3 oxides) irradi-
atied simpli�ed glasses.

After electron irradiation until E elec equivalent to 2.3 1018 � /g no variation is observed. This suggests

that nuclear interaction is the predominant process responsible for changes in the value of Young modulus.

1.5.2 Hardness evolution

External � e� irradiation

Yang et al. studied the impact of electron (1.2 MeV) on the hardness properties (H ) in borosilicate

glasses [66]. Figure 1.12 depicts the evolution ofH with energy deposited by external irradiation. For the

electron irradiated glasses,H value decreases slightly. Yang et al. [66] attributed this decrease with an

increase of the polymerization in the silica network and formation of new ring in the electron-irradiated

glass.

External irradiation by light and heavy ions

Along with � e� irradiation, Yang et al. [66] also examined the e�ect of irradiation with light ions ( � , 0.5

MeV). Figure 1.12 depicts the evolution ofH with energy deposited by external irradiation. H decreases
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Figure 1.12: Evolution of the mean hardness of glasses irradiated with electron (circles) and He ions
(stars) irradiation versus energy deposition [66].

steadily from 0 to 1022 keV/cm � 3. The total reduction in hardness is � 14%. Subsequently,H stabilizes

at � 14% reduction. Yang et al. concluded that the nuclear energy deposition governs the reduction inH .

J. de Bon�ls studied the evolution of H in simpli�ed borosilicate glasses irradiated by gold ions [13,14].

H values decrease by about� 35% at 1018 � /g. After which, H stabilizes. Authors linked the hardness

decrease to depolymerization of the glass network by irradiation [14]. Over the past decade, Peuget et al.

Figure 1.13: Hardness variation in SON68 and simpli�ed glass irradiated under various condition with
energy dose deposited by electronic interaction (left) and nuclear interaction (right)

conducted multiple experiments on howH varies in complex glasses (SON 68) with varying external doses

and irradiation type (i.e. light and heavy ions) [48,49,52,54]. Figure 1.13 displays the hardness evolution

in SON 68 and simpli�ed glass irradiated under several conditions with energy deposited. Concerning
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He2+ irradiation, the hardness is not impacted until Eelec exceeds 3� 1018 � /g. On the other hand,

H decreases whenEnucl exceeds 1.5� 1018 � /g for Au- and Kr-ions irradiation. SON68 actinide-doped

glasses also present a decrease in hardness of� 30 %. Figure 1.13 compares the hardness evolution with

the energy deposited by electronic and nuclear interaction. Examining variations ofH due to electronic

and nuclear deposited energy, Figure 1.12 evidences a collapse of the data with deposited nuclear energy.

This suggests that ballistic e�ects are responsible for hardness variations [49]. Recently, Kilymis et al.

suggested that the change in the glass topology (e.g. increase in the number of NBOs and[3] B) increases

the glass plasticity giving way to decrease inH [40].

1.5.3 Evolution of fracture toughness ( K C )

K C variation by indentation measurement

Indenting the glass samples can cause crack to propagate o� the indenter. Examining their length and

the quantity of cracks, as revealed in part I chapter 2, givesK C (fracture toughness) and PC (crack

appearance probability).

Figure 1.14: Evolution of crack appearance probability versus load for Vickers microindentation of the
non-radioactive glass (SON68), and the glass irradiated by He, Kr and Au ions from [52].

Figure 1.14 reveals the crack appearance probability,PC for a Vickers indenter in SON68 glass irradiated

by di�erent ions: He, Kr, and Au. Helium irradiation gives similar results as pristine SON68 samples;

thus Helium irradiation does not change signi�cantly PC 1.14) [50, 52]. On the contrary, Kr and Au

irradiation in�uence PC . The irradiated glasses appear to be moreplastic, and their crack resistance

increases. PC decreases when the dose increases in doped curium SON68 glasses [49]. Again nuclear

interactions appear to govern the evolution ofPC .

The toughness value (K C ) increases by about 25% after gold irradiation [50]. Similarly, Matzke

studied the evolution of K C in R7T7 like glasses, MCC 76-88 (American glass), and GP 98/12 (German

glass). These glasses were doped with curium and stored for 10 years. During this period,K C increases

by 100 %.
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K C variation by fracture test through MD simulations

Molecular dynamics simulations investigated fracture properties in simpli�ed glasses (3-oxides glasses)

[38,39]. L.-H. Kieu evidenced crack propagation in SBN systems via the nucleation, growth and coales-

cence of nanocavities (�gure 1.15) [38,39]. Literature also evidences a similar scenario in pure amorphous

silica [55,58,59].

SBN fracture simulations reveal two competing e�ects: (1) the swelling as presented in section 1.4.2,

and (2) the increase of[3] B at the expense of[4] B. As the free volume increases, nanocavitation occurs

and the resistance to crack propagation decreases. On the other hand,[3] B are more able to accommo-

date stress [38, 39] and this process increases the resistance to fracture propagation. Kieu et al. also

investigate the Si-O, B-O and Na-O radial distribution functions at di�erent times during fracture ex-

periment. They highlight elongation of the Si-O and B-O bond in [4] B units. On the other hand, B-O

bond in [3] B units and Na-O bonds do not elongate rather they adapt to local stresses. As a consequence,

Figure 1.15: Four images of the SBN 14 glass fracturing. (Top left) 26ps; (Top right) after 32ps; (Bottom
left): after 40ps; (Bottom right) after 44ps from [39].

L.-H. Kieu found an increase, decrease and stabilization of theK C in the disordered structure regard-

ing to their counterparts because the impact of both e�ects depends on the initial glass composition.

Mechanical properties evolve after irradiation. Accumulation of � -decay in actinide-doped

SON68 glasses diminishes their hardness ( � 30 %), their Young modulus and increases their

fracture toughness determined by indentation. The behavior during fracture experiments

is complex due to di�erent competing e�ects. Overall, the ballistic e�ects appear to be

predominant in these mechanical changes.

1.6 Summary

Variation in the structural properties of the glass due to irradiation can lead to the swelling or densi�cation

of the glass packages [2,13,16,49,54]. Due to the con�nement of the glass package within the canister this

will lead to variations in the stresses. � decay causes curium doped SON68 to swell by� 0.6 % [52,54].

106



1.6. SUMMARY

At 2 � 1018 � /g the glass package reaches a stabilization point. From 2� 1018 � /g to 1019 � /g, the

density does not evolve. Raman, NMR and XANES studies plus MD simulations pointed out changes

in the glassy network for simple and complex glasses [13, 14, 16, 22�24, 50�52]. Changes in the boron

coordination number and increase of NBO take place. Beside, modi�cation in the medium-range order

also occur: bond angles between network formers, broadening of the ring size distribution. Glass structure

appears to be more disordered after irradiation. As a consequence, mechanical properties vary. Young

modulus decreases after� -decay [20, 52, 54]. This appears to be well correlated to the decrease of the

polymerization degree in the glassy network. After irradiation, the glassy network appears less rigid due

to (1) increase of NBOs in the silica network and (2) conversion of[4] B to [3] B, increasing freedom around

boron atoms. Ballistic interactions induce signi�cant variations in the mechanical properties: (1) decrease

of H (30 %) and (2) increase ofK C . As previously noticed, a stabilization appears between 2� 1018

� /g to 1019 � /g [52]. Several explanations have been proposed to elucidate the hardness and fracture

toughness variations. Several authors concluded the glass depolymerization aids in their variations [40,44].

Moreover, the increase of[3] B favors viscous �ow at the crack tip [38,39].

This chapter presents the current knowledge on how the structural, physical and mechanical properties

of silica based glasses are impacted by irradiation. Literature reports irradiation increases in the glass dis-

order and plasticity. As a consequence, the hardness decreases and the toughness increases. Comparison

between electronic and ballistic interactions pointed out the dominant role of the latter one. I investigate

the impact of external irradiation on the simpli�ed borosilicate samples. As presented, the interactions

are localized in a thin layer of the glass samples. Speci�c experimental set-up is required to estimate the

impact on mechanical properties. The next chapter presents the chosen chemical compositions for the

studied glasses, the techniques used to investigate the structural behavior and the mechanical properties

after irradiation.
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CHAPTER 2. EXPERIMENTAL METHODS DEDICATED TO THE IRRADIATED SAMPLES

Chapter 1 presents the current knowledge of impact of irradiation on the structural and mechanical

properties. Due to the glass complexity, I chose to study SBN series because they contain the three

dominant oxides in R7T7 (the real glass used in France to store nuclear byproducts). This chapter

details the experimental set up used to investigate irradiated glass samples. Structural, physical, and

mechanical analysis techniques implement many of the same techniques presented in Part I Chapter 2.

The descriptions herein concern modi�cations to these techniques. From the eight glasses studied in

the part I, four glass compositions plus pure silica are selected and presented in section 2.1. Samples

undergo one of three types of external irradiation: electron, helium or gold ions. Section 2.2 details

conditions chosen for each irradiation. Structural and physical analysis techniques implement many of

the same techniques presented in chapter 2 of the �rst part. Section 2.3 presents the other techniques that

were used during my phD work to analyze the density and electronic paramagnetic response of irradiated

samples and brie�y reviews the Raman spectra protocols. Section 2.4 presents the mechanical response

tests implement herein including SCC tests and micro-indentation tests. However, the thin layer of

damage due toHe2+ and Au+ irradiation requires new techniques to study this region. This chapter also

addresses these techniques. A prototype is underway to overcome the limitations of SCC and is presented

in this section.

2.1 Glass composition investigated

Four SBN glass samples from part I plus pure silica underwent irradiation for the tests herein. Studies

herein employ glasses with low/high sodium content to highlight the role of glass composition on its

response to irradiation. Table 2.1 summarizes the chemical compositions of the samples. It should be

noted that SBN 14 contains (in proportion) the same amount of silicon, boron and sodium as R7T7.

Name Target values Measured via ICP-AES RSBN K SBN Symbols
SiO2 B2O3 Na2O SiO2 B2O3 Na2O

Silica 100 // // 100 // // // // //
SBN 12 59.6 28.2 12.2 59.6 23.9 16.5 0.4 2.5
SBN 35 44 20.6 35.4 46.9 18.6 34.5 1.7 2.5
SBN 14 67.8 18 14.2 70 15.8 14.2 0.7 4.4
SBN 55 55.3 14.7 30 58.0 12.9 29.1 2 4.5

Table 2.1: Target molar compositions and measured ICP-AES values.RSBN and K SBN correspond to
the measured ICP-AES values. The last column remains for SBN glasses the symbols used in �gures.

2.2 Conditions of irradiation

Radioactive decay and transmutation processes can lead to high energy particles being ejected from an

atom along with a recoiling nucleus. When possible, conditions of irradiation are chosen to be close to

reality.
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2.3. PHYSICAL AND STRUCTURAL INVESTIGATION

2.2.1 � e� -irradiation

The � e� -irradiation employs a Van de Graa� accelerator (SIRIUS). I performed experiments with Bruno

Boizot at LSI (Ecole Polytechnique, Palaiseau,France). SIRIUS bombards samples with 2.5 MeV electrons

with an average current of 13 � A to prevent signi�cant heating of the sample. Moreover, the sample

temperature remains below 40� C to avoid recombination of defects. The integral doses for samples range

from 0.05 to 2 GGy depending on the chemical composition.

2.2.2 He2+ -irradiation

He2+ -irradiations were done at JANNuS Saclay at CEA-Saclay, France. The energy of theHe2+ ions is

6 MeV. This energy was selected since in the problem of nuclear storage, radioactive decay and transmu-

tation processes yield the emission of high energy alpha particles at 5 MeV (see chapter 1). The dose is

3.8� 1015 ions/cm2. Again, the temperature remains below 40� C to avoid any impact of the temperature.

2.2.3 Au+ -irradiation

The Au+ -irradiation was done at JANNuS-Orsay, France with Cyril Bachelet. This irradiation employs

multi-energy doses to maintain an almost constant elastic deposition on the �rst 3 � m from the free

surface. Table 2.2 presents the energy and �uence during theAu+ -irradiation.

Ions Energy (MeV) Fluence (ions/cm2)
Au+ 1 4.6� 1013

Au+ 3.5 1.4� 1014

Au+ 7 3.2� 1014

Table 2.2: Energy and �uences used to damage the glasses by gold irradiation.

2.3 Physical and structural investigation

2.3.1 Density measurements

The Archimedes' principle presented in previous part I, requires large samples, yet� �
e -irradiation em-

ploys small samples. Thus, the density measurements require a helium pycnometer. Moreover, density

measurements only involve� e� -irradiation as the other samples are not uniformly irradiated. The density

is simply the ratio of the mass of the sample (md) divided by the volume of the sample (Vd). The glass

samples are weighted in air (md) at 24� C using an hydrostatic balance. Then, the pycnometer operates by

Archimedes principle of gas displacement to determine the volume. In other words, the sample displaces

an amount of �uid equal to its volume. A gas pycnometer measures the pressure di�erence between an

empty sample cell and the cell including sample. The increase in pressure corresponds to the volume of

gas displaced.
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CHAPTER 2. EXPERIMENTAL METHODS DEDICATED TO THE IRRADIATED SAMPLES

2.3.2 Electronic paramagnetic resonance, EPR

The EPR techniques probe and quantify paramagnetic elements. Paramagnetic e�ects correspond to

unpaired electron. EPR measurements reveal impurities such as Fe3+ , Mo+ or Zr (even at very low

concentrations, a few ppm) and defects induced by irradiation. The simplest example of EPR techniques

corresponds to the case of one single unpaired electron. Applying a magnetic �eld to an unpaired electron

with spin s = +1 =2 invokes a splitting between the two Zeeman levels (2s + 1 = 2 ), i.e. the Zeeman

E�ect. The level energies are

E = ms � g � � B � H (2.1)

wherems = � 1=2 is the spin quantum number, H is the magnetic �eld intensity, � B Bohr magneton and

g is the Lande factor of the considered element. The energy between the two states is

�E = g � � B � H: (2.2)

The existence of two Zeeman levels, and the possibility to invoke transitions from the lower energy level

to the higher energy level is the essence of EPR spectroscopy. Applying an electromagnetic wave with

frequency� causes the electron in the lower state to absorbs the wave's energy (h� , whereh is the Planck

constant) when �E = h� . This equation is the resonance condition in EPR.

Experimentally, other phenomena change the number, the shape and the intensity of the EPR transi-

tions. It is possible to do a complete quantic description of the paramagnetic resonance:

Ĥ = � B � g � H � S: (2.3)

g and H are tensors andS the spin matrix of the considered species. In the speci�c case of glasses, i.e.

amorphous materials, the magnetic moments are randomly oriented. Thus, the EPR spectra are the sum

of the transitions in all directions. In reality as compared to the simple 1 electron case, more interactions

have to be taken in consideration. In EPR measurements, three types of interactions can occur:

� Hyper�ne interaction: This corresponds to the interaction of the magnetic nucleus moment with

the magnetic moment of its own unpaired electrons.

� Super hyper�ne interaction: This corresponds to the interaction of the magnetic nucleus moment

with the magnetic moment of unpaired electrons in another atom.

� Spin-spin interaction: This corresponds to the interaction between two unpaired electrons on dif-

ferent atoms normally within a molecule.

I have done experiments at LSI with Bruno Boizot using a MX Bruker EPR spectrometer. This

equipment has a 100 kHz �eld modulation. Experiments utilize microwave powers of 10� W, 1mW and

10W. The measurements take place in ambient conditions and use a �xed frequency (X band� =9.82

GHz).
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2.4. MECHANICAL INVESTIGATION

2.3.3 Raman analysis

The chapter 2 of the �rst part details the Raman protocols; herein is a basic review. The same experi-

mental set-up were used for irradiated samples as pristine. Raman spectra employ a Jobin Yvon HR800

spectrometer. The laser is a YAG laser (� =532 nm) with an adjustable output power. Experiments are in

ambient conditions. Maintaining a low laser power prevents signi�cant heating of the samples. Resulting

spectra are the average of ten measurements accumulated over ten seconds.

2.4 Mechanical investigation

� e� -irradiated samples require a slight modi�cation for homogeneous irradiation. On the other hand,

light and heavy ion irradiations do not permit uniform irradiation. Direct SCC results are not available

for these samples. Hence, samples are broken in two via the regular DCDC samples presented in part I

chapter 2. A new experimental protocol overcomes the limitations of the DCDC samples and propagates

cracks only in the damaged region. Section 2.4.2 presents the experimental protocol. However it is still

in the testing phase, so SCC results are not available for light and heavy ion irradiations.

2.4.1 � e� -irradiation

Fracture experiments invoke DCDC samples for SCC tests of� e� -irradiation. The conditions of � e� -

irradiation permit homogeneous irradiation though 0.8 mm of glass. Thus, DCDC sample thickness was

reduced along with the other parameters. To avoid confusion the name for the� e� -irradiated sample will

be referred to as DCDC2. DCDC2 samples are cuboids of 2� 0.8� 25 mm3 with a 0.4 mm diameter hole

drilled in the center as presented in �gure 2.1. The samples undergo a compressive load applied normal

d

width
thickness

le
ng

th

Figure 2.1: (Left) Sketch of Double Cleavage Drilled Compression samples, DCDC2, used to investigate
failure in stress corrosion regime in� e� -irradiated samples. The diameter is 0.4 mm, the thickness 0.8 mm,
the width 2 mm and the length 25 mm.; (Right) Drawing of the guide used to perform SCC experiments.

to the 2� 0.8mm2 surface via the Deben machine. Due to the thin thickness and to avoid buckling, a

guide keeps the sample in plane. To verify that the sample geometry and the guide did not in�uence the

SCC behavior, at least two samples of DCDC2 (i.e. samples for� e� -irradiation) and at least 3 samples of

the regular DCDC1 samples (i.e. samples from part I) were broken for each of the composition presented

in table 2.1. Neither sample geometry nor the guide greatly in�uenced SCC properties. Variations result
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CHAPTER 2. EXPERIMENTAL METHODS DEDICATED TO THE IRRADIATED SAMPLES

from the uncertainties in the positioning on the sample, the location of the hole, the size of the hole, etc.

Finally, the sample thickness hinders the observation of the crack path and the automatic determination

of the crack tip position during propagation. This leads to an increase in the error bar. The path

containing the crack is manually selected and the position of the crack front manually determined.

2.4.2 Ion irradiation

Both He2+ - Au+ -irradiation fracture tests invoke DCDC 1 samples as presented in part I. A drawback

of this format is the bulk of the samples dominate the SCC properties. Thus, little information on SCC

properties can be gained in suit.

To overcome this short coming, we developed a new experimental device with Thierry Bernard. Coupled

with the AFM for imaging, the crack is initiated by Vickers indentation and then propagates in SCC in the

irradiated zone [2,3]. Figure 2.2 depicts the experimental setup. Samples are specially designed for this

Figure 2.2: Drawing of 4-point bending experimental set-up.

apparatus. They are thin plates of size 1� 2 � 40 mm3. A Vickers indenter produces four perpendicular

crack in the center of the 2� 40 mm2 rectangular face. The sample is then loaded into a 4-point bending

experimental set-up (�gure 2.2). The samples positioning is such that the indentation mark is between

the two cylinders (light blue) which rotate. The other two points of contact are two semi-circles shown

in green. The load (brownish cube) comes from a mass uniformly distributed on the green semi-circles.

The gray block and the red pillars (guides) help in equally disturbing the load. Controlling the load

ensures slow crack propagation. Once upon stress, the setup becomes AFM compatible by removing the

mass, the gray block, and the red pillars. Moreover, the crack front propagates in mode 1, opening mode.

The AFM then images the propagation of the crack front at the nano-scale. Currently, techniques are

beginning developed to extract the nanoscale stress intensity factors from AFM images ( [1]).

2.4.3 Micro and nano-indentation tests

Indentation tests provide information on the material's resistance to permanent deformation induced

by a harder material under stress. Part 1 chapter 2 details the micro-indentation tests which will be

used for � e� -irradiated samples herein. Recalling, subsequent AFM imaging of the indents gives way

118



2.4. MECHANICAL INVESTIGATION

to hardness measurements. Herein, the experiments repeat the procedures in chapter 2; however, they

occur on the smaller samples (2� 25mm2 faces). Surface polishing and quality are the same as in the

previous part. Only � e� -irradiated samples (due to homogeneous irradiation) can take advantage micro-

indentation tests. Inhomogeneous irradiated samples require nano-indentations which can probe the

thin irradiated zone. Nano-indentation tests use a nanoindenter XP (MTS Nano Instruments) with a

Berkovich tip. These experiments were done at Saint-Gobain Recherche with Davy Dalmas. Figure 2.3

presents a drawing of a Berkovich indenter. The control parameter is the depth of penetration rather

Figure 2.3: Sketch of a Berkovich indenter. Hardness values will be referenced asHB

than the load, and the load (F ) is an output of the test. The hardness, is the ratio of the load applied

(F ) and the imprint surface (A) in equation 2.4 :

H =
P
A

: (2.4)

However, the area of the imprint changes due to a variation in the shape of the indenter. The theoretical

area of the triangular based pyramid is: :

A = 26:43� h2: (2.5)

After indentation, AFM imaging characterizes h and the area of the indent at the surface. To distinguish

measurements performed by Vickers and Berkovich indenter, we noteHV the hardness determined by

Vickers indentation (only used for � e� -irradiations) and HB the hardness from Berkovich indentation.

Figure 2.4 left depicts the indentation position depending on the type of irradiation. The black crosses

present the nano-indentation position. For helium irradiation, the zone impacted by irradiation is about

30 � m. Nano-indentations were done on fracture surfaces from the free surface towards the bulk with

constant depth of penetration. Figure 2.4 depicts a series of these tests. Unfortunately, the layer for

Au+ -irradiation was too thin (3 � m) for experiments on the fracture surface. The indentations were done

on the irradiated surface.

This part presents the experimental set-up used to investigate the glasses structure and their mechanical

properties after irradiation. The glass composition selected from the part I is recalled. Then condition of

� e� -, He2+ - and Au+ -irradiations are presented. Density measurement, Raman and EPR analysis give

access to the physical and the structural properties of SBN glasses after irradiation. The estimation of
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CHAPTER 2. EXPERIMENTAL METHODS DEDICATED TO THE IRRADIATED SAMPLES

He2+ ions Au+ ions

Figure 2.4: (Left) Position of nano-indentation depending on the type of irradiation; (Right) AFM images
of indentation for the SBN 12 irradiated He2+ .

mechanical properties take place through the hardness determination, that ofK C , and the failure behavior.

The three next chapters present the results on: Impact of irradiation on pure silica glasses (chapter 3)

and impact of electron irradiation and ions irradiation on SBN glass composition (chapters 4 and 5,

respectively).
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3.1. DAMAGES INDUCED BY IRRADIATION

The previous chapter details the experimental set-up employed to investigate the impact of irradia-

tions on glasses. The EPR and Raman analysis give access to the structural modi�cations, whereas the

indentation tests and failure analysis probe the mechanical properties. This chapter presents the evolution

of the mechanical properties of pure amorphous silicaa � SiO2 irradiated by electron (� e� ), light ions

(He2+ ) and heavy ions (Au+ ). Barlet et al. [4] contains the results on the structure, hardness, stress cor-

rosion properties of pristine and � e� -irradiated pure amorphous silica (Corning 7980r ) presented herein.

Section 3.1 details the predictions in terms of energy deposition via electronic and nuclear interactions.

Section 3.2 presents the structural variations induced by the di�erent types of irradiations. Raman and

Electronic Paramagnetic Resonance (EPR) spectra were used to record these structural variations. The

last section details the variations of mechanical properties, including the hardness evolution and the stress

corrosion experiments.

3.1 Damages induced by irradiation

Irradiation can induce electronic and/or nuclear interactions depending on the conditions of irradiations

(energy, �uence, ions, etc.). In order to isolate the e�ects of electronic and nuclear damage, we selected

di�erent particles (electron and light ions and heavy ions) to irradiate the samples. However, we chose

to never use a combination of particles onto the same sample. The structural, physical, and mechanical

properties are demonstrated to depend on the nature of the irradiating particles, their incident energy

and the �ux. This section uses programs such as ESTAR and SRIM/TRIM to estimate the stopping

power of the incident particles on the glass.

3.1.1 � e� irradiation

EStar is a NIST (National Institute of Standards and Technology) program used to calculate electron

stopping power and range of electrons [1]. It uses as input the type of material (chemical formula and

density) and the energy of the bombarding particles (2.5 MeV). From this data, it provides: 1) the

collision stopping power (average energy lost per unit length due to Coulomb collisions); 2) the radiative

stopping power (average energy lost due to collisions with atoms and their electrons per unit length); and

3) the total stopping power (sum of collision and radiative stopping power).

For pure silica (EStar input: SiO2 and 2.22 g/cm3), �gure 3.1 (EStar's output) provides an estimation

of the stopping power during irradiation. For the current experiment with 2.5 MeV incidented electrons,

the stopping power is about � 3:55� 10� 4 keV/nm. In the case of 0.8 mm thick samples, the energy is

homogenously deposited throughout the whole sample.

3.1.2 Light and heavy ions: SRIM calculations

SRIM calculations [51] estimate the stopping power and range of ions [2]. It uses as input the type

of target material (chemical formula and density) and the bombarding ion's mass, energy, and incident

angle.
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Figure 3.1: Stopping power of the electrons in pure silica (EStar input: SiO2 and � =2.2g/cm 3) from
ESTAR program. The lines refer to collision stopping power (dotted purple), radiative stopping power
(hashed blue) and total stopping power (black line).

Helium irradiation ( He2+ )

Part II chapter 2 presents the irradiation facility and conditions for He2+ -irradiation. For pure silica

irradiated with 6 MeV He2+ ions, SRIM calculations provides an estimation of the nuclear and electronic

stopping power during the irradiation with the penetration of helium ions in pure silica glass (�gure 3.2

left). The energy deposited mainly takes place through electronic interactions (� 99%), which increases
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Figure 3.2: SRIM simulation for pure silica irradiated by 6 MeV helium ions at a dose of 3.8� 1015

ions/cm2 with the penetration depth: (Left) Electronic (blue line) and nuclear (red line) stopping power;
(Right) Electronic (blue line) and nuclear (red line) deposited energy dose. The arrow towards the left and
the arrow towards the right axes refer to the electronic and ballistic interactions, respectively. Electronic
interactions dominate over the 30 � m into the glass sample. The nuclear interactions are maximum
around 30 � m.
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3.1. DAMAGES INDUCED BY IRRADIATION

from the free surface (0� m) to (30 � m). The electronic deposited energy dose is maximum� 30 � m .

From the SRIM estimation, only the �rst 30 � m of the glass thickness will be damaged by the 6 MeVHe2+

ions. To observe the ion track formation, (dE=dx) should be on the order of 2 to 4 keV/nm [3, 26, 27].

In these conditions, the maximum value of(dE=dx) is � 0.34 keV/nm, which is far below the threshold

value for ion track formation in pure silica. Thus, the amount of ion track formation is expected to

be negligible. The right �gure 3.2 presents the electronic and nuclear deposited energy doses with the

irradiated depth in silica. For signi�cant damage in silica, the nuclear energy dose should exceed 1020

keV/cm 3 [39]. Herein, nuclear interactions (� 1018 keV/cm 3) are below the dose required. Consequently,

irradiation's condition should not lead to ion tracks formation.

Gold irradiation ( Au+ )

Ions Energy (MeV) Fluence (ions/cm2)
Au+ 1 4.6� 1013

Au+ 3.5 1.4� 1014

Au+ 7 3.2� 1014

Table 3.1: Energy and �uences used to damage the glasses by gold irradiation.

Part II chapter 2 presents the irradiation facility. Au+ -irradiation uses three di�erent energies in order

to have a signi�cant ballistic region near the surface. Table 3.1 presents theAu+ -irradiation conditions.

Figure 3.3 provides the electronic and nuclear energy loss(dE=dx) with the penetration depth of Au+

ions estimated by SRIM computations.
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Figure 3.3: Electronic (blue line) and nuclear (red line) stopping power versus the irradiated depth for
the SiO2 glass irradiated by gold ions (Au+ ) at di�erent energy: 1, 3.5 and 7 MeV

Nearly, a homogenous nuclear energy stopping power occurs over the �rst layer 2� m in the glass

sample (�gure 3.3). 75 % of the energy loss is due to electronic interactions [10, 11]. Energy deposited

through nuclear excitation is 5� 1020 keV/cm 3, i.e. above the dose required to damage the silica glass

sample [39]. These conditions should create ions tracks formations and damage the silica glass.
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Type of irradiation E (MeV) Eelec (keV/cm 3) Enucl (keV/cm 3)
He2+ 6 1.3� 1022 5.8� 1019

Au+ 1/3.5/7 5.0� 1020 1.7� 1021

Table 3.2: Irradiation conditions used: energy of incident particle (E) and deposited electronic (Eelec )
and nuclear energies(Enucl ).

3.1.3 Conclusion

Table 3.2 summarizes the experimental conditions for the irradiations, and the simulation results for the

stopping power. � e� and He2+ irradiation should not lead to signi�cant structural changes in silica. Gold

irradiation should create ion track formation and associated structural changes.� e� irradiation induces

homogeneous irradiation through the glass sample. BothHe2+ and Au+ irradiations remain localized

within the �rst 30 � m and 2 � m from the specimen surface, respectively.

3.2 Structural analysis

3.2.1 � e� irradiation

EPR measurements

EPR spectra reveal the creation of paramagnetic defects in a-SiO2 due to � e� -irradiation (�gure 3.4).

A null EPR signal occurs for non-irradiated silica glass (black line), and a non-zero signal for irradiated

samples. Literature [20,43] permits the interpretation of the signals. The weak signal aroundg � 2.002

is well known as the E' center and evidences an electron trapped at an oxygen vacancy (� Si� ) [43].

The broad signal exists aroundg � 2.004-2.008 is attributed to the Non-Bridging Oxygen Hole Centers

(NBOHC, � Si � O.) or Peroxy Radical defects (� Si � O � O.). Figure 3.4 depicts the EPR spectra of

� e� -irradiated samples at microwave powers of 1 mW (left) and 1� W (right). Modulating the microwave

power highlights certain defects: the NBOHC/POR centers are better imaged at 1 mW and the E' centers

are acquired at 1 � W. E' center EPR line saturates for microwave power higher than 10� W. We can

therefore conclude from the �gure 3.4 that the defects produced in silica glass are mainly hole centers.

The inset of �gure 3.4 left zooms in on NBOHC and POR gz components. From �gures 3.4, the damage

as measured from EPR spectra depend on the integrated dose.

Quanti�cation of the defect requires a double integration of the EPR spectra after normalization.

Figure 3.5 depicts the total amount of defects as a function of the dose. For the doses herein, the

total amount of defects increases with the irradiation dose and does not reach a saturation point. The

defects concentration does not increase linearly with integrated doses. Vaccaro et al. [42] also highlight

this trend. Authors reported two growths: (1) a growth with a saturating tendency and (2) a sublinear

growth. During irradiation two processes take place:extrinsic processlinked to the rupture of OH linkage

and intrinsec process associated to the rupture of Si-O bonds [21,42].
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Figure 3.4: EPR spectra on Corning7980r pristine (black line) and electron irradiated (0.09 to 2 GGy):
(Left) P=1 mW, f=9.82 GHz and (Right) P=1 � W, f=9.82 GHz.
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Figure 3.5: Evolution of the total defects with integrated doses (P=1 � W, f=9.82 GHz).

Raman

Figure 3.6 presents the Raman spectra for pristine and� e� irradiated samples (1 and 2 GGy) between 150

and 1650 cm� 1. The black line represents the Raman spectra of pristine sample. The intense broad band

around 450 cm� 1 dominates the Raman spectrum. This broad peak is associated with the bond bending

vibrations of Si � O � Si angle which corresponds to the �ve- and six- membered ring structures [18,34].

There is generally an inverse correlation between the frequency of this band and the Si-O-Si angle in

silicate glasses [30]; the width may be linked to angle distributions. The sharp bands at 490 cm� 1

(D1) and 602 cm� 1 (D2) correspond to the symmetric oxygen breathing vibration of the four and three

membered (respectively) siloxane rings ofSiO4 tetrahedra [35]. The band at 810 cm� 1 re�ects the Si� O
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Figure 3.6: (Left) Raman spectra normalized at the highest peak of pristine and electron irradiated
samples at 1 and 2 GGy. (Right) A zoom (250-700 cm� 1) of the Raman spectra around the highest peak
in pristine and 1 and 2 GGy electron irradiated samples; (� =532 nm).

symmetric bond stretching [32]. Weak Raman bands at 1060 cm� 1 and 1200 cm� 1 are attributed to

asymmetric Si � O stretching vibration. The region around 850-1250 cm� 1 reveals the contribution of

Si-O� stretching band. This band is the Qn band where Qn corresponds to Si-O� stretching with n

bridging oxygen atoms. The position of eachQn band is detailed in the part I in chapter 3. Finally two

contributions may appear at the high wave number: (1)O2 dissolved into the glass structure and (2)vO2

of air [8]. No signi�cant di�erences are observed in the Raman spectra between pristine and irradiated

samples. Especially, no contribution ofO2 molecular is observed.

3.2.2 Light and heavy ions irradiation

Both light and heavy ions irradiations impact a thin layer near the surface of bombardment. EPR spectra

cannot access this information. The Raman analysis can probe the structural evolution with the depth

of penetration. Thus, this section contains information on how the structure of the glasses evolves with

the ion type and the depth of penetration.

Helium irradiation

Raman analysis investigates the structure evolution with the depth of penetration. Figure 3.7 depicts

Raman evolution from the free surface (0� m) to the bulk for a He2+ -irradiated sample. Unlike elec-

tron irradiation, Raman spectra of helium irradiated silica evidence huge structural variations. These

variations include: (1) a shift of the Si-O-Si bending vibration band to higher frequencies and a slight

decrease in the FWHM (full-width half max); (2) a shift and broadening of D1 band at 495 cm� 1; (3) an

increase of D2 peak at 603 cm� 1; and (4) an appearance of luminescence contribution. These variations

concentrate between 15-35� m.
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Figure 3.7: (Left) Raman spectra (normalized at the highest peak) from the glass' free surface (0� m;
bottom spectra) to the bulk (45 � m; top spectra); (Right) Zoom of the zone around 300-700 cm� 1. The
dotted black line features the Si-O-Si position band from spectra at 45� m(� =532 nm).

The broad band around 450 cm� 1 is associated with the vibrational modes of the Si-O-Si bond. The

position and width of Si-O-Si band is correlated to the mean Si-O-Si angle and the angular distribution,

respectively. A typical Raman response in pristine glasses corresponds to vibrational modes of �ve- and

six- membered ring structures. Close to the free surface (0� m) and deeper into the glass (35-40� m) the

Raman spectra resemble that of pristine silica. On the other hand, the signal shifts towards higher wave

numbers between 15 and 35� m implying smaller Si-O-Si bond angles. A decrease of the band width also

occurs. This implies that (1) the mean value of the Si-O-Si bond angle get smaller and (2) the standard

deviation of this angle is also reduced. In addition, the D2 peak increases between 15 and 35� m implying

a larger number of 3-membered rings. This response is similar to what is seen in densi�ed silica [7, 18].

The interpretation of spectra after 1000 cm� 1 is tricky due to the luminescence contribution. The major

modi�cations take place at the Bragg's peak (�gure 3.2), i.e. where the nuclear interactions reach a

maximum.

Gold irradiation

Figure 3.8 left depicts the Raman spectra from the free surface (0� m; bottom) to the bulk for a Au+ -

irradiated sample. Raman spectra of theAu+ irradiated silica samples exhibit huge structural variations.

These variations include: (1) a shift of the Si-O-Si bending vibration mode band to higher frequencies

and a decrease in the FWHM; (2) a shift and broadening of the D1 band at 495 cm� 1; (3) an increase

of the D2 peak at 603 cm� 1; and (4) a variation in the Qn band. An increase of the O2 molecular peak.

These variations take place between 8� m and 5 � m in depth. The Si-O-Si bending vibration mode band

shifts towards higher wave numbers for depths smaller than 5� m, which implies smaller Si-O-Si bond

angles. The width of this band is also observed to decrease. This implies that both the average Si-O-Si

bond angle and its standard deviation decreases. The glass densi�es under gold irradiation.
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Figure 3.8: (Left) Raman spectra normalized at the highest peak from theAu+ irradiated glass free
surface (0 � m; bottom spectra) to the bulk (8 � m; top spectra); (Right) Left �gure zoom of the zone
around 300-1100 cm� 1. (� =532 nm).

3.2.3 Conclusion

Contrary to what was observed for electronic irradiation, irradiation upon He2+ and Au+ change the glass

structure. Figure 3.9 depicts the evolution of Raman spectra for the pristine, electron and ions irradiated

glasses. No signi�cant variation take place for � e� -irradiation. Both He2+ and Au+ ions irradiations

change the glass structure and lead to a denser glass structure. Furthermore, ballistic interactions due

to He2+ and Au+ ion irradiation reveals similar types of structural variations.
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Figure 3.9: (Left) Raman spectra normalized using the highest peak for pristine (black line), electron
irradiated (purple line), helium irradiation (light blue line; depth 24 � m) and gold irradiated (dark blue
line; depth 2 � m); (Right) Zoom on the zone ranging from 300 to 700 cm� 1. For helium and gold
irradiation, major modi�cations are observed (see text for interpretation). ( � =532 nm).
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� e� irradiation

Microscale paramagnetic point defects, revealed by the EPR measurements (�gure 3.4), do not scale up

with the signi�cant variations observed in the RAMAN spectra (�gure 3.6). This is coherent with the

literature since variations in the Si� O� Si angle and ring size were only observed in samples subjected to

electronic irradiations above 5 GGy [7]. Indeed, defect accumulation in pure silica during the irradiations

leads to slight structural variations at a critical point. Buscarino et al. reported local densi�cation in

pure amorphous silica (a-SiO2) depending on the electron irradiation doses [12]. The discrepancy between

previous works and the work herein may be due to impurities which can moderate the e�ect of the electron

irradiation [13]. Finally, two types of structural damage occur in silica glass: intrinsic/extrinsic processes.

Ions irradiation

Various researchers investigated the e�ects of ion tracks in amorphous silica [5,22,23,25,49]. Depending

on the experiments [3, 26, 27], the threshold values of ions track formation range from 2 to 4 keV/nm.

Considering the values of energy loss (electronic and nuclear) computed herein (see section 3.1), I do

not expect ion tracks formation for the helium irradiation. Au+ irradiation should induce ion tracks

formations. After ions irradiation, major modi�cations take place: (1) shift of the Si-O-Si bending

vibration band attributed to a decrease in the mean Si-O-Si angle [33, 38]; and (2) increase of the D2
peak assigned to the formation of additional small rings [35]. For the two types of irradiation, the

silica densi�es. We can also notice the similar e�ects induced by theHe2+ in the ballistic part and the

Au+ -irradiation.

3.3 Mechanical analysis

3.3.1 Hardness

The part II chapter 2 presents micro- and nano-indentation techniques. Herein these techniques probe the

material's resistance to external forces. For� e� -irradiation, I used micro-indentation tests to determine

the hardness since the irradiation damage are uniformly distributed throughout thea� SiO2 samples. For

ion irradiated samples hardness tests invoked nano-indentation techniques since the irradiation damage

are localized in a thin layer at the specimen surface. In this case, the hardness tests make the use of a

Berkovich tip ( HB ). For helium irradiated samples, the layer impacted is of� 30 � m. Investigation of

hardness can be performed on the fracture surfaces. After gold irradiations, the layer impacted is over

� 3 � m, thus, the indentation tests were done on the irradiated surface.

Electron

Figure 3.10 left presents the variations of hardness (HV ) as a function of the irradiation dose. There is

a slight tendency for the hardness to decrease at 1.5 GGy. However, due to the large error bars and the

limited number of irradiation doses, we cannot therefore make any real conclusion.

Figure 3.10 right depicts the indentation pro�les in pristine and � e� -irradiated samples under high

pressures. At indentation load of 50 g, the Vickers' indenter penetrates deeper in the pristine sample
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than at the 1 GGy and 2 GGy-irradiated samples. Corning 7980r samples do not evidence pile-up, i.e.

no volume of matter exist above the surface of the indentation (V +
i , i.e. matter above the baseline).
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Figure 3.10: (Left) Hardness variation with the integrated doses of irradiation, (Right) AFM pro�les of
the indentation imprint in pristine (black line) and irradiated samples at 1 GGy (red line) 1.5 GGy (doted
red line). The maximum indentation load is 50 g. The pro�les are parallel to the edges of the indentation.
The shown pro�les result from the averaging over 5 pro�les extracted from 5 di�erent indentations. The
baseline refers to the surface's level.

Ions irradiation

Nano-indentation experiments permit an evaluation of the hardness in the thin layer. Here, the inden-

tation estimation occurs via a Berkovich indenter. HB denotes the hardness of the Berkovich indenter.

Thus this technique is excellent for ion-irradiated samples where damage concentrates near the surface.

Helium irradiation He2+ -irradiated samples contain a large zone of damage (up to� 35 � m). I per-

formed nano-indentation measurement on the post-mortem fracture surfaces (see �gure 3.11 left). This

provides HB as a function of the ion penetration depth (distance from the bombarded surface). Figure

3.11 (right) presents the depth pro�les for HB . Over the �rst 5-15 � m HB value is approximately con-

stant (within the errorbars). Then, HB decreases with a minima occurring around� 25 � m. Finally,

above � 25 � m, HB increases again and saturates. This saturation value 9.2 GPa corresponds to the

value deeper into the system , at� 50 � m. This also corresponds toHB measured in pristine silica via

nano-indentation. It should be noted that the hardness over the �rst 5-15 � m is slightly lower than

HB determined in the bulk. Gold irradiation As presented in section 3.1.2, the impact of irradiation

appears over the �rst � 3� m of the glass sample. In this case, indentation experiments come about

on the surface of ion bombardment. Figure 3.12 presents the load-displacement curves in pristine and

Au+ -irradiated glasses. Table 3.3 presentsHB in pristine and Au+ -irradiated samples using the same

experimental set-up. Au+ -irradiation induces a decreaseHB by � 10%.

Discussion

Table 3.3 presentsH for the di�erent irradiations. � e� -irradiation induces minor changes inHV . On the

other hand, He2+ and Au+ -irradiation provoke signi�cant changes. In the case ofHe2+ -irradiation, the
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Figure 3.11: (Left) A photo of the fracture surface containing the zone irradiated by He2+ , the arrows
show the direction of irradiation. (Right) Hardness value (in GPa) as a function of the distance from the
free surface. Each point results from the averaging over 5 indents.
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Figure 3.12: Load-displacement curves for nano-indentation performed in pristine and irradiateda� SiO2.

most signi�cant variation in HB occurs at depths between 15 and 30� m from the free surface. Raman

analysis demonstrates densi�cation of the silica network in this region after irradiation. The decrease

in this region may be related to an increase of the weak points [6] and an increase of glass plasticity.

Moreover, Devine suggested the formation of voids after irradiations; this should also lead to a decrease

in hardness values. Again, the ballistic part of He2+ ion irradiation induces similar variation of HB as

found in Au+ ion irradiation.

3.3.2 Fracture experiments

Mechanisms localized at the crack tip govern the stress corrosion cracking (SCC) behavior. Thus due to

the high stresses at the crack tip, minute defects can play a major role in SCC. Samples and techniques

used to extract SCC curves are presented in chapter 2 of the parts I and II. SCC experiments revealv

versusK I curves for pristine and � e� -irradiated samples. v refers to the velocity of the crack front, and
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Type of irradiation Hpristine H irradiated � (%)
Silica � e� 7.82� 0:15 7.58� 0:1 & 3

Silica He2+ 9.14� 0:18 8.31� 0:15 & 9
Silica Au+ 8.55� 0:08 7.68� 0:22 & 10

Table 3.3: Summary of theH values recorded in pristine and irradiated samples. Di�erent experimental
set-ups were used for each sample due to technical di�culties. Indentation on� e� -irradiation refers to
Vickers indenter and includes a minor change. The hardness determined by Berkovich indenter onHe2+ -
Au+ -irradiated sample include more important changes in the hardness.& means a decrease.

K I refers to the external stress applied on the system. The SCC fracture surfaces reveal variations in the

crack path due to irradiation. This is assembled in for all types of irradiations investigated. The RMS of

the surfaces is also presented herein.

Electron

SCC curves

Figure 3.13 presents variations of the SCC curves (i.e.v vs. K I ) for pristine and � e� -irradiated (1 GGy

and 2 GGy) samples. As presented in the part I.1.3.2,v in region I increases with the stress intensity

factor (K I ) [19,29,46,47]. Crack propagation in pure silica occurs by the hydration (penetration of a water

molecule into the glass network) and hydrolysis (breaking of theSi � O � Si network bonds) [14,40,48].

Results in literature [37, 46, 47] do not evidence a static fatigue limit for pure silica. Moreover, pure

silica experiments were done in our laboratory by S. Pradès, and also evidence a crack propagation until

v � 10� 11m.s� 1. Data are available in [9]. Within the error bars, results herein do not evidence a static

fatigue limit neither for pristine and irradiated samples.

A small shift in the position, i.e. v vs K I , of the curve occurs. Conversely, no signi�cant variation of

the slope is observed between pristine and samples at 1 GGy and 2 GGy. Hence, due to experimental

uncertainties the hypothesis that the curves are the same cannot be eliminated.

Fracture surface analysis Post-mortem fracture surfaces are the signature of the crack path during

the fracture experiment. Figure 3.14 presents image of the fracture surfaces in pristine and� e� -irradiated

(2 GGy) samples. The surface morphology before and after irradiation look the same, the RMS presents

the roughness of these surfaces. The RMSpristine and RMSirradiated 2 GGy are also similar. It appears

that � e� -irradiation does not signi�cantly impact the crack path. The glass disorder is not changed

signi�cantly after � e� -irradiation.

Irradiation by ions

The bulk region dominates SCC properties in ion irradiated samples. Thus, no information can be directly

extracted on the SCC properties in the ion-irradiated zone. Statistical analysis of fracture surface can

provide clues on whether or not the crack path varies (in comparison to the bulk zone) in the irradiated

zone. Fracture surface analyses, He2+ A nano-mechanical atomic force microscope captures the

variations in the surface topography, adhesion, and reduced modulus from the free surface (i.e. surface

of bombardment) towards the bulk. Figure 3.15 presents the adhesion of the AFM tip with the fracture
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Figure 3.13: Velocity of the crack front versus the stress intensity factor (K I ) in pristine and electron
irradiated Corning 7980 samples at 1 and 2 GGy. Fracture experiments are conducted at T=27oC and
H=40%.
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Figure 3.14: AFM images 2� 2 � m of pristine (left) and 2GGy irradiated (right) silica glasses by � e�

fracture surfaces. Figures use the same colorbar. The RMS calculated for each image is: 0.523� 0:02 and
0.542� 0:01 for the pristine and irradiated glass, respectively

surface in the irradiated zone. The free surface of the sample is on the right, and this area corresponds

to 0 � m. Between 0-15� m from the free surface, the surface is featureless. From 15-30� m, features

as spots appear perpendicularly from theHe2+ beamline. The size and the number of spots increase

and reach a maximum at 30� m. After this point, the features disappear. Similar patterns appear in

the topographical images. Figures 3.16 left and right display height images centered at 25� m and 5� m,

respectively. Analyzing topographical images, the area close to the free surface (i.e. RMS) compares

favorably with results acquired in the bulk area. Yet, morphological variations are observed between
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