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Avec lidole de la certitude (qunclut celle de la certitude
imparfaite ou probabilité) tombe I'une des défenses de
I'obscurantisme, lequel met un tdde sur la voie du progres
scientifiqgue. Car I'hommage mdu a cette idole non seulement
réprime l'audace de nos questions, mais en outre compromet la
rigueur et 'honnéteté de nos teska conception erronée de la
science se révele dans la sdifxactitude. Car ce qui fait
I'hnomme de science, ce n'est pas [@ossession de
connaissances, d'irréfutables vérités, maigjleteobstinée et
audacieusement critique de laérité. - Logique de la
Découverte Scientifique

With the idol of certainty (inading that of degrees of imperfect
certainty or probability) there t& one of the defences of
obscurantism which bar the way of scientific advance. For the
worship of this idol hampers not only the boldness of our
guestions, but also the rigour ancetintegrity of our tests. The
wrong view of science betrays ifse the craving to be right;

for it is not hispossessiorof knowledge, of irrefutable truth,
that makes the man of scienbet his persistet and recklessly
critical questfor truth. - The Logic o$cientific Discovery

Karl Popper (1902-1994).
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Chapitre 0 : Synthese des démarches scigaé$ et des résultats — french version

0.1 Introduction

La tenue en service des céramiques et des @trdes matériaux fragiles en général) dépend
habituellement de leurs endommagementssddace qui se propagent dramatiquement
jusqu'a rupture. Les types d’endommagemseattrouvent essentiellement sous forme de
rayures et d'abrasions. Ainsi, I'étude duo@édé de rayage par une unique pointe dure
apparait appropriée pour i) comprendre, ii) pe@ir ainsi iii) prévenir 'endommagement de
surface des verres. Lethde ce travail de #se est I'étude de layabilité des verres silico-
sodo-calciquessoit la caractérisation de la résist@anau rayage et la compréhension de
'endommagement par rayage a la lumiére des@érations structued et d'une analyse
mécanique.

Concretement, les buts de cette étude sont :

1. Identification des endommagements dusayage des verres considérés.

2. Compréhension et discusai des différents types d'dommagement et de leurs
occurrences respectives aux vues de coraidés structurales (études de verres de
différentes compositions chimiques).

3. Mise en place d’'un modéle mécanique etlgse des resultats pour la prédiction des
endommagements.

0.2 Pré requis : comportement des verres a l'indentation

0.2.1 Introduction

D’un point de vue macroscopique ou sous détdmcontraintes localisées, il est couramment
admis que les verres présentent une déftomgpermanente sans rupture compléte de
I’échantillon étudié [1, 2], qui peut étre sdbciée i) en une déformation permanente
(abusivement nommée déformation plastique en référence a la déformation permanente
relative a la plasticité des métaux) qui intentipar densification et/ou par glissements locaux

et ii) en une déformation par rupgufamorce et propagation de fissures).

0.2.2 Zone plastique

0.2.2.1Déformation par densification/ déformation par cisaillement

Du fait de la structure ouverte du verre (cksn taux peu élevé d'ions modificateurs), la
pression d'une indentation induit une compactionédeau, augmentant ainsi sa densité [3, 4]
(ce phénoméne a d'abord été reporté suwolapaction des verres massifs soumis a une
pression quasi-hydrostatique [8]). Donc, ce procédeé, dit ddensification, est une
déformation non-conservative en volume et dsibae a la possibilité qu’ont les atomes de
bouger du fait de la relative souplesse dessdiss Si—O-Si. Les ions modificateurs
restreignent ces mouvements.

La déformation sous une indentation estlément connue pour intervenir de maniére
irréversible par déformation “plastique” ougglements locaux [1, 6]. Ainsi, le phénoméne de
pile-up (apparition de bourrelets sur les bords imeléntation [7]) est sedsapparaitre dans le
cas d'une déformation principalement gourrpar déformation plastique puisque cette
derniére s’exécute idéalement a volume constant.

0.2.2.2Comportement normal/anormal des verres

Les verres ditsiormaux sont caractérisés par I'absenme la contribution mineure de la
déformation par densification soles zone de contact. Dessais d’indentation ont montré
dans ce cas l'existence d’'une déformatiorvieréible par réarrangement "plastique”.
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A l'inverse, le comportement a l'indation et au rayage des verres disormauxest
gouverné de maniere prépondérante par le péoatd densification qui témoigne de la
capacité des verres a haute teneur en silicasift® sous un contact mécaniquement sévere.
Ainsi, les verres peuvent se déformer par girssas locaux et/ou par wigfication selon leur
composition chimique.

0.2.3 La fissuration des verres

Les différents types de fissures qui ont liets Id’'une indentationait représentés sur kag.

1 (traduite de [8]) et morgnt la différence fondamentale entre les verres normaux et
anormaux d’un point de vue deflasuration : les fissures radiale@arfois), médiane%’ et
latérales ¢ apparaissent dans les verres normaux alors que les fissures %ones
médianes/radiale$ (restreintes par les fissures cones) et latéralapparaissent dans les
verres anormaux [9]. Les indicégt® représentent 'occurrence des fissures au chargément
et/ou au déchargemehtle la séquence dustad’indentation.

Fig. 1 [8] : Coupes isométriqgues des morphologieméalisées des fissures observées pendant une
indentation : (A) fissure cbne et la fissure circulse d’amorcage associée, (B) fissure radiale avec
'empreinte de contact et la zonede déformation plastique associée (indenteur Vickers), (C) fissure
médiane, (D) fissurehalf-penny, et (E) fissure latérale.

0.3 Matériaux et dispositif expérimental de rayage

0.3.1 Matériaux

Les compositions chimiques des verres eétudiéat définies de telle sorte que leur
comportement a I'indentation va desrres normaux aux verres anormaux [9].

Un verre silico-sodo-calcique commerdjalune silice vitreuse et 4 différents verres
synthétisés [10, 11] dare diagramme de phase X&CaO-SiQ (notés SLS 1 a 4) ont été
etudiés. Le détail de Bomposition chimique de chae verre est donné dansTiable 1.

[mol. %] Planilux SLS1 SLS 2 SLS 3 SLS 4 Silice vitreuse
SiO, 70,8 71,0 74,0 77,0 80,00 100,00
Na,O 12,8 17,5 15,7 13,9 12,10 -

MgO 5,9 - - - - -
CaO 10,2 11,5 10,3 9,1 7,90 -
AL,O3 0,4 - - - - -

Table 1 : Composition chimique des verres étudiés.

! Planilux™, Saint-Gobain
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0.3.2 Le dispositif exp érimental de rayage

Pendant un essai de rayage, une pointgédenétrie connue chargée d'une force norriale
est déplacée sur la surface de I'échantillatétel es matériaux répontedifféremment selon
leur nature a la sollicitation compliquée réanttd’un test de rayage : déformation plastique,
densification, recristhsation, fissuration,...

Un dispositif expérimental appelé machineragage ou sclérometre linéaire a été congu pour
ce travail et permet un chargement variablgant les essais. Pour I'étude du rble de
I'environnement, I'appareil a étplacé dans une boite & garwstrélée en humidité (de 0 % a
100 % r.h.). L’ensemble du dispositif esprésenté schématiqguement darsida 2.

Fig. 2 : Schéma du dispositif expérimental deayage dans I'enceinte contrélée en humidité.

Le déplacement horizontal qui impose le mougetrde rayage est obtenu a I'aide d’'une table
pilotée par ordinateur, alors que le mouvementicad qui impose la p#étration de la pointe
dans le matériau est assuré pa actionneur piézo-électrique.

La pénétration ainsi que les efforts normakagtgentiel sont continuellement mesurés. Ce
dispositif expérimental permet des essais gtlaga effectués a charge normale constante ainsi
gu’en rampe charge-décharge.

0.4 Résultats expérimentaux

0.4.1 Propriétés physiques et comporte  ment a la sollicitation statique

Les propriétés physigues et mécaniques deaseweétudiés ont été mesurées et sont
rassemblées dansTable 2.

ropriétés | T4 (°C) Uglcm®) | E (GPa) H (GPa) | K.(MPa.m'?)

Verres +2 +0.01 0.5 +0.01 +0.01 +0.02
Verre a vitre 560 2.55 71.5 0.21 |6.12 0.72

SLS 1 558 2.53 70.4 0.20 |5.35 0.71

SLS 2 559 2.50 69.9 0.19 |5.11 0.70

SLS 3 560 2.47 69.2 0.18 |5.15 0.76

SLS 4 561 2.43 68.7 0.17 |5.19 0.82

Silice vitreuse 700-1200 |2.20 73.0 0.16 |8.03 1.47-0.77*

Table 2 : Composition chimique et propriétés phyisues des verres étudiés. * note une mesure de la
ténacité par S.E.N.B. [12].
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La dureté MeyerH et la ténacité par indentatiod. ont été déterminées par essais
d’'indentation avec une charge de 1 kg (mainée pendant 15 s) et a l'aide des équations
suivantes :

; / E P

avecP la charge normaleg la demi longueur moyenne ddeux diagonales de I'empreinte
résiduelle E le module d'Young et la demi longueur des dewss$ures radiales (de bout en
bout).

La densité des verres décroit avec l'augmon de la proportion de silice (les ions
formateurs S remplacent les ions modificateurs Net C&"), du fait de la capacité du
réseau siliceux a accommodedtiion de larges proptions de cations due a sa structure
ouverte. L’augmentation monotone de la masse volumiduerovient du remplissage
optimum des sites vacants du réseau tridsisemel par les cations interstitiaux comme Na
et C&". Le module d’Young décroit Iégérement al@climinution de cations modificateurs
dans le réseau : moins il y a dions formas, plus la rigidité du réseau dépend de
I'orientation mutuelle des tétraedres de siliceles angles entre chacun alors que les autres
parameétres structuraux restent inchangés [4]. coefficient de Poisson est également
gouverné par cet effet.

H et K. présentent des évolutions non monosorem fonction de la proportion d’ions
modificateurs dans le réseau et sont mininpour le verre SLS 2. Yamane et al. [13] ont
montré que plus la compacité du verre est élepkrs la dureté et les modules élastiques le
sont aussi (les présents résultats sur la sikice a exclure). Aux vuedes résultats relatés,
cela suggere qu’un faible coeffiit de Poisson favorise la dditsaition (avec la diminution
permanente de volume associée). La ténadGttnesurée par indentation augmente avec la
proportion de silice dans le verpour un pourcentage molaingpgrieur a 74 % sauf pour le
verre SLS 2 (voirGraph 1). Cela confirme que les \e3rriches en silice se déforment
davantage par densification et donc ont uneci@aupérieure que les verres avec une forte
proportion de modificateurs. En efféénergie dissipée dans le procédé de densification ainsi
gue le changement relatif de fissuration des fessmédianes/radiales vers des cones de Hertz
contribuent a la limitation enitee des fissures médianes/radildont est déduita ténacité

qui apparait alors d’autaplus élevée. L’excejpin de la ténacité da nuance de verre SLS 2
est attribuée a sa structure supposée entretkcdeux structures correspondantes aux phases
tridymite et devitritedu diagramme de phases,NaCaO-SiQ.

et
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Graph 1 : La dureté H et la ténacitéK. en fonction de la proportion ensilice pour les verres de la série
SLS.

La fragilité B ainsi que les charges critiques expentales d’amorce de fissures radidte3
et latéralePc" et théoriques (indiquégsar un exposant *) ont ététerminées et reportées
dans leTable 3B, PcT’, Pc- ont été calculées a partirsiéquations suivantes [14-17]:

H
B — Eq. 3
K. |
e K
P DH—C3 Eq. 4
. Kc*
R E HC“ Eq.5

ou K. est la ténacité la dureté Meyer, €t le module d’Young. Lesaleurs suivantes ont
été obtenues dans cette étude pdet £ 23.9 10, £4.9 1d dans le cas des verres de la
famille SLS et 22.2 1¢ pour le verrdloat (verre & vitre commercial standard - Planilux).

B = HIK, P P Pt Pt
(m™? (N) (N) (N) (N)
Verre float | 8500 0.25-0.50 0.30 1-2
SLS1 7550 0.10-0.25 |0.65 0.25-0.50 |1.07
SLS2 7300 0.10-0.25 |0.70 0.25-0.50 |1.20
SLS3 6800 1-2 0.95 2-3 1.59
SLS4 6350 1-2 1.26 2-3 2.09

Table 3 : Fragilité, charges d’amaces de fissures radias expérimentales et théoriques et charges
d’'amorces de fissures latérales expérimentales et théoriques.

Dans le cas des verres deskxie SLS, la difféerence entle comportement des verres SLS
1/SLS 2 et des verres SLS 3/SLS 4 est prddible 3). De plus, les mes SLS 1/2 semblent
les plus sensibles a la fissuration radiale etd#téainsi que les plus fragiles du fait de leur
valeur de fragilitéB. Dans le cas du verfloat, I'ajout des ions modifiateurs est responsable
de changements significatidigns le réseau vitreux.
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0.4.2 Comportement au rayage

0.4.2.1Rdle de l'effort normal appliqué sur le comportement au rayage
(verre float)

Pendant un essai d’indentati®éickers sur un ves silico-sodo-clegique, I'occurrence des
fissures dépend fortement de la charge apgéget celles-ci peuvempparaitre durant la
charge ou la décharge du test [8, 18]. Des obBengasimilaires ont étéffectuées durant des
tests de rayage [11, 19] mais I'étude ldefissuration et des endommagements reste a
explorer. Une analyse fractographique a I'échellerométrique a été menée. Par exemple,
les fissures chevrons comme définies par Riad.419], la propagabin des fissures latérales
décrite par Ahn [20] et Bulsara [21], ainsi digxaillage donné par Lélouérou et al. [11]
méritent quelques investigations supplémeesailLes observations des endommagements de
surface décrites dans les parties a suivresaignent sur la nature et l'occurrence des
phénomenes de fissuration radmllatérales et d’écaillage.

Pendant un test de rayage, le faciesndenmagement dépend fement de la charge
normale appliquée et différentéissures ont été identifiées :Igs fissures médianes, ii) les
fissures radiales (chevrons)iétles fissures latérales.

Pendant un essai de rayure effectué avecchagye croissante monotone sur un verre, trois
régimes différents d’endommagement somypiquement observés et représentés
schématiquement sur |&ig. 3 : i) le régime micro-duile | (sillon permanent sans
endommagement visible), i) le régime die, de fissuration ou d'écaillage |l
(endommagement important sous forme de fissufissures latérales aitgant la surface et
fissures radiales) et iii) le régime micabrasif Il (présence de nombreux débris et
éventuellement de petites fissures latérales débouchantes).

Fig. 3 : Rayure typique obtenue sur la surface din verre silico-sodo-calajue lors d'un chargement
monotone d'un indenteur (voir le diagramme de force associé) enicrographie d’une rayure sur verre.
Définition des régimes d’endommagement I, 1l et IIl.
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0.4.2.2Résultats préliminaires

L'influence de divers paramétres a ét&anctement étudiée. Un effet dynamique selon
I'histoire de la chargeppliquée (i.e. charge croissanted@eroissante) a étété. Par contre,
aucune dépendance de la face testée (face étain ou atmosphére diloagrmea été
remarquée dans la gamme de charge et @éggiwn considérées. Lesntraintes résiduelles
influencent grandement la sévérité du faciemdommagement de la rayure (i.e. décalage des
régimes d’endommagement qui apparaissentsactiarges normales appliquées plus faibles
en présence de contraintes résiduelles de mssaipn). Ces résultats suggérent que tous les
verres trempés devraient montrer moins deegeoptiques et esthétiques (le régime micro-
abrasif est moins dommageable de ce point de vue que le régime d'écaillage), mais davantage
de pertes des propriétés mécaniques.

La géométrie de I'indenteur influence égaletmencomportement au rayage des verres. Les
résultats expérimentaux montrent clairement pjus la géométrie de l'indenteur est sévére
(par exemple I'indenteur Vickers comparéud indenteur coniqueu encore un indenteur
conique d’angle au sommet plagu qu’'un autre indentewronique), plus les régimes
d’endommagement apparaissent rapidement (dassne de la chargegppliquée). Ainsi, un
décalage dans les charges de transitions a &éréndvis a part, I'indeerur Vickers se révéle
étre un pénétrateur donnant wss& de rayage plus stable.

0.4.2.3Rdle de I'hygrométrie (% r.h.)

La Fig. 4 montre les rayures effectuées a dé#fifés taux d’humidité (de 0 a 100 % r.h.) sur un
verrefloat recuit accompagnées du diagramme degehaormale appliquée durant les essais.

0 % d’humidite

30 % d’humidité

65 % d’humidité

100 % d’humidité

3 ' | 1

Fig. 4 : Images des rayures obtenues a différents taukhygrométrie avec un indenteur Vickers piloté en
rampe charge-décharge.
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Les charges de transition de régimes évoldsdemment avec le taux d’hygrométrie. En
effet, les régimes d’endommagement d’écaillagenicro-abrasif apparaissent a des charges
normales appliquées plus élevées a mesurdegtarix d’hygrométrie diminue comme il est
reporté dans I&raph 2.

Graph 2 : Charges de transition de régime en fonction du taux d’hygrométrie.

Le facies d’endommagement particulier obter@u% d’humidité est caractérisé par une large
fissure latérale sub-surfacig(ies. non-débouchante). Ce ploénéne s’estompe rapidement a
mesure que le taux d’humidité augmente. Umauee de fissure radiale est a mettre en cause
dans le cas de 0 % d'humidité puisque @ztgpéche les fissures latérales sub-surfaciques
d’atteindre la surface de I'échidlon qui se développent alors largement sous la surface au
lieu de former des écailles par intersectevec les fissures radiales. Ce mécanisme de
création d’écailles sera discusth détail dans lIgrochaine partie. Ainsl'occurrence des
fissures radiales est gouvernée par le tihygrométrie durant I'essai de rayage.

0.4.2.4Phénoménologie  : identification et compréhension des
endommagements lors du rayage

0.4.2.4.1Le régime micro-ductile

Le régime micro-ductile présente des endommagements a I'intérieur du sillon mais également
sous le sillon.

0.4.2.4.2L e régime fragile

0.4.2.4.2.1Apparition des fissures radiales (chevrons)

Les fissures radiales (ou chevrons) qui appanagiggendant le rayage s’inclinent rapidement
a partir du sillon créé et segmagent en suivant une formeucbe finissant habituellement
perpendiculaire a la rayusmmme illustré sur I&ig. 3. LaFig. 5 montre 'amorce et le début
de la propagation d’'une fissuradiale. L’'amorce se fait claiment au contact avec l'aréte
menante de l'indenteur Vickers et la fissuse propage rapidement dans une direction
curviligne, au départ parallelelarayure et qui tend vers la fanen étre perpendiculaire. La
fissure émerge donc du sillon avec un angle notéette propagation peut étre qualifiée de
semi-stable pour deux raisons : i) apres l'areode la fissure, cette derniere s’incline
rapidement a “"gauche" ou arbite" du sillon ; cette direction est purement statistique et
constitue la partie instable de la propagatiotadessure, et ii) la vitesse de propagation de la
fissure suggere alors une propagation stable.

10
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Fig. 5 : Amorce et propagation d'une fissurgadiale (chevron) a lasurface d'un verrefloat. (MEB)

0.4.2.4.2.Zompréhension de la création et du développement des écailles

Deux mécanismes différents de créatioicdilles ont été identifiés : i) I'écaillage peut se
produire en l'absence de fissures radialess(tiacas d'une hygromeétrie limitée par exemple)
si suffisamment d'énergie est mise en jeu dapsdpagation de la fissure latérale afin qu'elle
atteigne la surface (voir kig. 6), ou ii) I'écaillage peut se produire par combinaison de deux
fissures radiales et d'une fissure laui atteint alors la surface (voirfg. 7).

Fig. 6 : Ecaillage par propagation d'une fissure laérale — absence de fissure radiale (SLS 4). (SEM)

Fissure latérale sub- Fissure radiale
surfacique

Fissure radiale Fissure latérale aprés intersection avec la surface

Fig. 7 : Formation d'une écaille avec ledifférents endommagements mis en jeu.

Un phénomeéne dé&wist hackle [22-25] a été observé sous les écailles renseignant sur la
direction de propagation des écailles : ellemak#ent a partir du sdh de rayage et se
propagent de maniéere perpendiinda la direction de rayage.

11
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0.4.2.5R0le de la composition chimique des verres

La Fig. 8 montre une rayure représentative pchacun des six verres étudiés (obtenus pour
une charge normale croissante monotone jusURB et prouve que la résistance au rayage
des verres dépend fortement de la composition chimique de ceux-table 4 donne les
charges de transition de régimes d'endommagémn fonction de la composition chimique
des verres considérés. Ces valeurs sont desrsatatistigues obtenuaspartir de plusieurs
rayures.

Verre a vitre standard :

SLS1:

SLS 2:

SLS 3:

SLS 4:

Silice vitreuse :

Fig. 8 : Evolution de la résistance la rayure des six verres considérés.

Régimes d’endom- Micro-fragile
agement | Micro-ductile Latérales sub- Ecailles Micro-abrasif

Verres surfacigues

Verre float standard 0-04N 04-0.8N 0.8—-1.2N 12-4N
SLS1 0-0.35N 0.35-2N 2-4N — 2-4N
SLS 2 0-04N 0.4-09N 09-16N 16-4N
SLS 3 0-0.35N 0.35-1N 1-11N 11-4N
SLS 4 0-0.3N 0.3-09N - 0.9-4N
Silice vitreuse 0-0.2N 0.2-0.5N - 05-4N

Table 4 : Charges de transition de régimes d’endomagement en fonction de la composition chimique des

verres considérés. La fleche indique la difficité a dissocier les deux différents régimes.

12
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Les verres a vitre standard, SLS 1 et 2 apparaist@rement sur ces photos plus sensibles a
I'écaillage, ce qui est cohéreavec leur nature de verres m@ux : les fissures apparaissent
principalement par glissements locaux [11] dug chemins de percolation présents dans le
réseau vitreux [26]. Les verres SLS 3, 4 et liaesiitreuse qui ont dagseaux du type de la

silice sont plus résistants a jmopagation de fissures etl'acaillage durant les essais de
rayage du fait de leur nature de verrasranaux [11] qui accommodent la déformation par
réarrangement du réseau (densification) saprel de liaison intertamique [9]. Une étude
fractographique a faible échelle confirme ces tendances aussi bien pour le régime micro-
fragile que pour le régime micro-abrasif.

0.5 Modélisation mécanique

0.5.1 Introduction : extension du modeéele de Ahn

La nucléation des fissures et donc I'apparitiies endommagements associés requiert de
considérer les contraintes locales. Comparénadéle de Ahn [20] qui décrit le champ de
contraintes pendant un essai de rayage, le mpuésenté dans le cadre de cette étude prend
en compte le caractere normal/anormal des veomasidérés et la singularité de la géométrie
de I'indenteur Vickers. Ainsi, ce modéle comsien I'extension du modéle de Ahn a ces deux
considérations. Le modeéle déni\ (dérivé de celui de Yoffe gtraite de I'indentation conique
[27]) donne I'expression complete des cairttes dans la zone du matériau restié@stique

par superposition de deux changescontraintes élastiques :

X un champ de contraintes dgpe Boussinesq qui correspond a lidéalisation de
'indenteur chargé en deux forces concéesr a 'emplacement de I'indenteur (I'une
normale, I'autre tangentielle),

X un champ de contraintes, dit ddister, caractérisé par un panatre d'intensité de
champBlister B et qui correspond au champ de caimtes résiduelleslans la zone
élastique provoqué par l'influence de la zoresptue créée tout leng de la rayure. Il
est a noter quB peut dépendre de la charge agpéie, du comportement du matériau a
la déformation (densification/cisaillement)e la géométrie de l'indenteur ainsi que
d’autres parametres expérimamx (effets d’environnement,...).

En conséquence, le champ de contraintes complet s’écrit :

n t r
BMS Bous 4 Blister V Eq. 6 V

L’exposantn représente le champ de contraintes d0 a la charge normale ; I'exposant
représente le champ de contraintesda force tangentielle ; 'exposanteprésente le champ

de contraintes résiduelles.

Dans cette étude, les deux extensions du fearont mener a I'expression suivante :

n t r
normal/ a%malous Vickers Vickery Blister for scratch‘{g Eq. 7 V
Vickers normal anomalous glasses =Y
Vickers
n t oo ;
Les termes  vickers Vickerg:orrespond%t a I'indenteur chargé.

Blister for scratching £
Leterme o nomalous gjlassegorrespond aux conirdes résiduelles.

Vickers

L’extension concernant le caractere ndfar@rmal des verres sera rendue possible par
I'étude de la compétition entre la densificationestglissements locaux (cisaillement) dans la
déformation du matériau (considérations eWpéntales). L'extension du modele a la

13
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géométrie de lindenteur Vickers sera réenen remplacant le champ de Boussinesq
représentant idéalement des forces conéestpar un champ plusagdé grace a une étude
par Eléments Finis portant sur la compswai entre une indentation conique et une
indentation Vickers. Le diagranersuivant résume cette approctie modele de départ (celui
de Yoffe) au modéele final attendu passant par le modéle de Ahn.

(Eq. 85)

(Eq. 101)

(§5.6) (85.7)

(Eq. 154)

* | 'expression finale approchéeraadiscutée dans la partiec$.

Fig. 9 : Diagramme du principe d’extension des modédede Yoffe et Ahn au caractére normal/anormal des
verres considérés et a la géométrie de I'indenteur Vickers.

0.5.2 Extension du modele a la géométrie de I'inde nteur Vickers : I'étude
par Eléments Finis

Un modele 3D par élémentaifs a été mis en place a l'aidku code de calcul Abaqus
(version 6.2) et validé poupouvoir analyser les champs de contraintes dans le cas de
I'indentation Vickers en comparaison avec undentation coniquell faut noter qu'une
analyse en considérant le matériau comme éaéaht élastique suffit pour cette étude et que
pour des raisons de symétrissulement 1/8 de l'indentewet du solide indenté sont
modélisés. L’insertion de l'indenteur (modélséplement par une sade définie rigide) et

du solide indenté est illustrée suiHig. 10 sous formes maillées.
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Fig. 10 : Le solide indenté et I'indentur dans le module de maillage du cite de calcul E.F. utilisé (Abaqus)
— Vue en perspective.

La Fig. 11 montre sur une représentation schémuatd’un indenteur Vickers la définition des
plansFace(ABC) etAréte(ABD).

Fig. 11 : Représentation schématue d’un indenteur Vickers et définition des plans ABC et ABD.

Le Graph 3 représente le détde la distribution des contraés de Von Mises dans le cas
d’'une indentation conique (a), dans le plariad&ace d'un Vickers (i.e. dans le plan ABC sur
laFig. 11) (b) et dans le plan de sanéte (i.e. dans le plan ABD surHa. 11) (c).
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Graph 3 : Détails de la conparaison de la distribution des contraintes de VorMises (résultats éléments
finis) entre le cas (a) de I'indentation conique (c6néquivalent), (b) dans le plande la face du Vickers, et
(c) dans le plan de I'aréte du Vickers.

Le champ de contraintes dans le plan de la face du Vickers ressemble a celui obtenu dans le
cas d’'une indentation coniqusur un solide purement élastique. On le modélisera donc
analytiquement par les expressions des ciomés de Hanson pour une indentation conique
[28, 29] (avec des coefficients correcteurs proponels selon la coppsante de contrainte
considérée).

Le champ de contraintes dalesplan de l'aréte du Vickens'apparait pagomme étant un
champ de contraintes "classique". Cependangél@amétrie de l'indeatir considéré rappelle

un probleme simple a décrire : getl'une ligne chargée par upeession non-uniforme sur la
surface d'un solide semi-infini élastique.

De plus, la distribution de pression surligne chargée est facilement accessible par le
modele éléments finis dévelopgans cette étude. Ainsi, lasttibution de pression le long de
cette ligne chargée a pu étre détimée et est illustrée surfag. 12 (la symétrie du probléme
n'‘est pas représentée i.e. la presgigrest localisée a la pointe de l'indenteur) : elle est
uniformément décroissante avec I'eeggsion suivante pour la pressipridéterminée pour la
charge normale de 3 N) selordiatance avec le centre d'indentatian

p(r) 4370,9 97156 Eq. 8

16



Chapitre 0 : Synthese des démarches scigaé$ et des résultats — french version

Fig. 12: Représentation schématique de la ligne atgée par une pression uniformément décroissante sur
un solide élastique semi-infini.

Pour résumer, le champ de contraintes dangde de la face de l'indenteur Vickers peut
facilement étre modélisé analytiguement pachamp corrigé de contraintes de Hanson pour
une indentation conique. Le champ de contesindans le plan de l'aréte de l'indenteur
Vickers pourrait étre modélisé par la soluteun probleme d'une lignehargée sur un solide
élastigue semi-infini par une pression unifi@ment décroissante sur la demi-longueur du
contact.

Tout plan intermédiaire paramétré par un angl@oir Fig. 11) pourrait s'exprimer par une
combinaison non-linéaire de ces deux champsaldraintes fondamentaux a l'aide d'une
fonction de transformation qui dépendrait det de .. Malheureusement, il n'existe pas
encore d'expressions analytique pour modéliseindenp de contraintes dalesplan de I'aréte
de la pointe Vickers et toutdss tentatives dans ce but gosqu'alors été relativement
infructueuses. Ainsi, il a été décidé deorliger® un champ de ontraintes issu d'une
indentation conique par desoefficients de correction de contrainteterminés par
comparaison directe entre les valeurs de comés positives maximales pour une indentation
conique et une indentation mpan indenteur Vickers, ete pour chaque composante de
contraintes (voiiTable 5).

Composante de Lix 1y 1, ry
contrainte
w_wax
Rapport % 0.867 1.228 1.122 0.920
V(;none

Table 5: Coefficients de corredbn de contraintes : comparaisorentre indentation Vickers/conique.

Ainsi, I'expression des contra@s pour le model semi-analytie final apres intégration des
spécificités de la géométrile I'indenteur Vickers donne :

n t r
4 4 Bous B‘éter V Eq. 9

Hanson
Les composantes de cette équatiomt slétaillées dans le chapie

0.5.3 Extension du modeéle aux verr es normaux/anormaux : identification
de la compétition dens ification/cisaillement

0.5.3.1Méthode

Les six verres considérés (verre a vitre commaéstandard, verres de la série SLS et silice
vitreuse) exhibent selon leur composition clijug des comportements a la déformation plus
ou moins intermédiaires entre le matériauspidéforme idéalement par pure densification et
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le matériau qui se déforme seulement gissements locaux (i.e. par cisaillement ou
réarrangement plastique). Ainsi, la compétitiotrefa densification et les glissements locaux
dans la déformation des verres sera étudiée a travers l'identification du paBufagtpelé
intensité du champ de contrainisster) précédemment introduit.

Une nouvelle technique a été développée pour accéder au parBrdetichampBlister : il
s'agit de considérer le voluntkes empreintes Vickers poursdiiminer les verres selon le
rapport a la conservation de volume durandéormation (au regard de leur caractére
normal/anormal).

0.5.3.2L'approche par mesures de valme d'empreintes d'indentations
Vickers
A la suite des travaux de Yoffe [27] et Ahn [20], l'intensité du champlidéer adapté au
rayage, au caractére normal/andriges verres et a la géomeétue l'indenteur Vickers peut
s'exprimer de la fagon suivante :
3Ga’ 1 SV@E

———~Fpv Eq. 10 '
2 1 8 tan RV © A °1

&c : L ..
avecT le rapport de compaction pour le matéri@i e module de cisaillement, le

coefficient de Poisson efpv le facteur de refoulementlastique en surface adapté a
I'indenteur Vickers.

L'étude consistera a mesurer ce facteurref®ulement plastique en surface adapté a
I'indenteur Vickers par mesude volume d'empreinte par AFMFpv.

L'expression da est donnée selon [28]:

a \/—1 @PtanD Eqg. 11
E

avec . le demi-angle au sommet de l'indenteRrla force normale appliqué& et les
modules élastiques du matériau.
Par analogie au travail de Ahn [20], le factEpr est donné par :

Fpv Vupward Vimpr Eq. 12

Vtotal

avecVupwardle volume de matiére refoulé errfaice (i.e. le volume des bourreletg)mpr
le volume de I'empreinte (sous le plan diénm@nce correspondant a la surface non déformée
et Vtotal, le volume total de I'empremtdu plus haut point — Bommet des bourrelets s'il en
existe — jusqu'au point le plusgiond de I'empreinte d'indentation).

0.5.3.3Résultats

Les mesures de volumes ont été effectuéesdss empreintes d'indentations menées a
différentes charges (de2ON a 3 N) pour chaque e étudié et les rapporipv ont été
déterminés. Une attention patiere a été donnée pour prendrecempte la perturbation de

la rugosité pour chaque échantillon.

Ainsi, le parametr® (qui dépend de la charge appliquée,son comportement au regard du
caractére densification/glissente de la géométrie de lindeur et d'autres parametres
expérimentaux — effet de I'environnement,..t)d&terminé pour chaque verre par la méthode
décrite auparavant. Les résultats aprés intetipalgar une loi puissance sont reportés dans le
Graph 4.
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Graph 4 : Evolution des paramétresB (champ de Blister) adaptés au rayage en fonction de la force
d'indentation P et des différents verres.

Il faut noter que les évolutions @esemblent cohérentes aveslle trouvée par Ahn [20].
Comme attendu dans cette gamme de chargeslapiesdance a la densification est présente,
plus B est élevé. Le verre SLS 2 fait exceptjmnsqu'il exhibe les VYaurs de B les moins
elevées pour la gamme de charge considéree.

0.5.4 Expression compléte du modéle

De la méme maniere que Yeff[27] et Ahn [20] I'expression compléte du champ de
contraintes est obtenue par superpositianto®es champs préalablement introduits :

n t r
V Hanson V Bous B‘éter V Eq. 13
normal/ anomalous '
Vickers

et

r
MZanson M}éous BIisteW W Eq. 14

normal/ anomalous
Vickers

L'exposani renvoie au champ de contraintes de Hanson (correspondant a la charge normale
durant le rayage) ; I'exposantenvoie au champ de contraintes di au chargement tangentiel
modélisé par l'approche d&oussinesq ; I'exposantcorrespond aux confrdes résiduelles
produites par la présence de la zone plastique.

D’aprés le choix du systeme de coordonnéeadiénodéle, I'indenteur raye suivant I'axe

dex=-" a sa position actuelle exO.

0.5.5 Résultats du modeéle semi-analytique
0.5.5.1Phénoménologie

0.5.5.1.1Prédiction de I'occurrence defissures meédianes/radiales
Le terme de contraintes dans le modéle c@méidqui correspond au clggment de l'indenteur
durant le rayage (i yy Hanson V' tyy s0u) domine largdfnent la solution compléte pour des

valeurs faible deP (typiguement < 0.6 N). L'amorcdes fissures médianes/radiales est
gouvernée par la part positive de cette compos@atesion). La valeuta plus élevée en
traction de la contrainte est située prede la surface comme illustré danSkaph 5 (a), un
peu au devant der@denteur sur I'axe des
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(a) (b)
Graph 5 : Représentation de la contraintel, dans le plan (a) XZ et le plan (b) XY (cas dB=0.5 N).

Ainsi, l'ouverture des fissuresnédianes/radiales se fait en avant du pénétrateur en
mouvement.

, t
Le Graph 5 (b) montre la composante des contrai ;y Hanson V yy Bousdans le plan V

XY (section dz=-0.1 pm).

La fissure médiane/radiale qui a été amorcée Kodenteur ne se propage pas droit en avant
puisqu'une contrainte dmmpression est présente dans daditeection mais s'incline d'un coté

ou d'un autre de la rayure comme illustré par la localisation des contraintes de traction sur le
Graph 5 (b). Ces résultats sont coné&evec les résultats expérimentaux.

0.5.5.1.2Prédiction de I'occurrenceles fissures latérales

Graph 6 : Détail de la représentation de laaomposante de la contrainte considéréé, dans le plan XZ (cas
de P=0.8 N).
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La composante résiduelle (i.e. la composantBldter) domine largement la contrainte totale
1. lorsque la force normale est suffisamment élevée (> 0.6 N). Ainsi, I'amorce des fissures
latérales est gouvernée par la part positive de cettnposante des contraintes. La valeur la
plus élevée de cette contrainte (en traction) est situéeGvaph 6) sous la surface du verre,
proche de la frontiére entre la zone plastiguée matériau élastiqu&a localisation précise
est un peu en arriere timdenteur sur I'axe descomme il a été observé pendant les essais
expérimentaux.

Les valeurs de cette composargstent élevées sur toute tmgueur de la rayure, méme si
I'indenteur s'est largement éloigné. La comptesanmpressive de cette contrainte au devant
de l'indenteur (i.e. poue>0) empéche la fissure latérale de précéder la pointe.

0.5.5.2Prédiction de [loccurrence des endommagements selon la
composition chimique

Des considérations similaires sur les cham@sontraintes obtenysur chaque verre sont
cohérentes avec les résultagpérimentaux présentés aupara dans le cadre de la
phénoménologie des endommagements et diudimce de la composition chimique sur ces
endommagements : du vefleat a la silice vitreuse (i.e. agortion de silice croissante), les
contraintes augmentent.

Les fissures meédianes/radiales (gouvernées par la contrainte

t .
w V0 tanson V' yy Bous gy Misdr apparaisséfiivant (au sens de la charge normale

appliquée) lorsque la proportion de silice aegte. Le verre SLS 2 constitue I'exception qui
vient cl6turer cette analyse : il présente laspbasse des valeurs maximales de la contrainte
considérée.

Il est également clairement établi que lessdres latérales (gouvées par la contrainte

78 V! " Wi apparaissbéht a des charges plus faibles dans la silice

7z zz Hanson
vitreuse que dans le verfleat, suivant le méme ordre dans les verres a proportion de silice
intermédiaire. Le verre SLS 2 est encore une lfexception puisqu'il gisente la plus basse
des valeurs maximales de la contrainte casiel. Ces conclusions sont cohérentes avec les
résultats expérimentaux présentés précédemment.
Tous les tests de rayure effedigamblent révéler que I'évohn des régimes micro-abrasifs
dans le cas de I'étude du role de la contiposchimique suit I'évolution des autres régimes
d'endommagement, i.e. si le nég fragile apparait a plus faibtbarge dans le cas d'un verre,
le régime micro-abrasif apparaitra également a plus faible charge. Il semblerait qu'une
contrainte locale critique serait alors atteing qui est cohérent avec les charges critiques
nécessaires pour déclencher les autreégimes d'endommagement observées
expérimentalement. Cette conclusion semidacdcohérente, méme s'il est préférable de
s'abstenir d'énoncer des interprétations fupphtaires par faute dertitudes établies.

zz Baus

0.5.5.3Remarque finale concernanie modéle semi-analytique

Une analyse quantitative n'est pas encoisonmable dans le cadre de ce modéle. Entre
autres, certaines hypotheses amse d'autres parametres divemt encore trop restrictifs
dans cette étude pour mener rigoureusementnaogiéle qui serait valé quantitativement.
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0.1 Introduction

The resistance of glasses and ceramics (antlebmiaterial in general) depends usually on
surface damage that dramatically grows untihptete rupture of the material. The damage
types are essentially in the form of surfacesahes and abrasions. Thus, the study of single-
scratch process on considered glass appears@apgie to i) understand) predict and then
i) prevent surface damage on glasses gbal of this study deals with tkseratchability of
soda-lime silica glassed.e. the resistance characteniaatand the understanding of the
damage occurring during scratei with material structureonsiderations and mechanical
analysis.
Concrete goals can be listed as follows:

1. to identify the damage during stehing of considered glasses.

2. to understand and explain the damage typelsagcurrences in the light of structural

considerations (study of differeclhemical composition of glasses).
3. to build a mechanical motland to analyze the results for damage predictions.

0.2 Required knowledge: indentation behavior of glasses

0.2.1 Introduction

From a microscopic point of view or under higlinctual stresses, it is admitted that glasses
can undergo a permanent defatimon without completely leaking [1, 2], that can be
dissociated into: i) a permartenleformation (abusively nameglastic deformationin
reference of permanent deformation occurring in metals plasticity) that occurs by
densification and/or by local earing, and ii) a deformation by damage (cracks initiation and
propagation).

0.2.2 Plastic zone

0.2.2.1Deformation by densification / deformation by shear

Due to the open structure of the glass (caskwfcontent of modifiers), the effect of an
indentation pressure is to coauh this network, increasing itkensity [3, 4] (firstly reported
in bulk glasses under nearly hgpdtatic pressure [3, 5]). €h, this proess known as
densificationis a non-conservative deformation inwwle and is attributed to the movements
of atoms due to the relativeropliance of the Si—O-Si linkageslodifiers are considered to
restrict these movements.

It is also shown that irreversible deforneatimay occur by “plastic” deformation, or shear
flow [1, 6]. Then, pile-up [7] may appearnse this deformation type is ideally volume
conservative.

0.2.2.2Normal/anomalous aspect

Normal glasses are characterized by the radeser a minor contribigtin of densification
process in the area beneath the applied contasissindentation experiments showed that in
this case, irreversible deformation occurs bkaspc" deformation. On the contrary, a flow-
densification process shewp in anomalous glasses, anddbdity of glasses with relatively

high silica content to dengifunder sharp contact loadifgas a great influence on the
indentation and on the scratdamage features. Then, glasses can deform by shear and/or
densification depending ondin chemical composition.
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0.2.3 Cracking in glass

The different cracks that occur during iadentation testan be seen iRig. 13 [8] and show
the fundamental difference between the normdlthe anomalous behavior from the cracking
point of view: radial (sometimes), medidfi and latera! cracks occur in the normal glasses
while cone', median/radial (restricted by the cone crack) and latéraracks occur in the
anomalous glasses [9]. The superscripsad" denote that the occurrence of the cracks is
during the loadingand/or the unloadingsequence during the indentation test.

Fig. 13 [8]: Isometric sections of idealized crack mofpologies observed at indentation contacts: (A) cone
crack and associated nucleating ring crack, (B) radiatrack and associated contact impression and plastic
deformation zone (Vickers indentej, (C) median crack, (D) half-pennycrack, and (E) lateral crack.

0.3 Materials and experimental scratching device

0.3.1 Materials

The chemical compositions of the studied glasser® defined in such a way that with regard
to their indentation behaviothe studied glasses cover thega from typical normal glasses
to near anomalous glasses [9].

A commercially available soda-lime silica glass fused silica and 4 different glasses
synthesized [10, 11] in the B@-CaO-SiQ phase diagram (referred as SLS 1 to 4) were
studied. The glass compositions are given inlidae 6.

[mol. %] Planilux SLS1 SLS 2 SLS 3 SLS 4 Fused Silica
SiO, 70,8 71,0 74,0 77,0 80,00 100,00
Na,O 12,8 17,5 15,7 13,9 12,10 -

MgO 5,9 - - - - -
CaO 10,2 11,5 10,3 9,1 7,90 -
AL,O3 0,4 - - - - -

Table 6: Chemical composibn of studied glasses.

0.3.2 The scratch tester

During a scratch test, a well-defined tip is dnaewer the surface of a sample while applying
a particular normal loadP. The complicated loading strefigld induced by scratch test
generates material response in various $fordepending on the maiakinature: plastic
deformation, densificatiome-crystallization, cracking,...

2 Planilux™, Saint-Gobain
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An apparatus, namextratch testealso known asinear sclerometerallowing for a variable
loading cycle during a single experiment, wasigieed for the present work. This device was
placed into a glove box in order to achieve adyowisture control in the range 0 % - 100 %,
S0 as to study the effect of the environment [Bgel4).

Fig. 14: Principle diagram of the experimental setup designed for variable loading scratch tests in a
moisture and temperature controlled atmosphere.

The indenter horizontal displacement (to proella groove) is obtained through a bearing
slide (computer controlled), whl the vertical movement isontrolled by a piezo-electric
actuator. Both the penetration and the formescontinuously monitode This device allows
constant load or monotonic loading-oatling slope load scratch processes.

0.4 Experimental results

0.4.1 Physical properties and static behavior

The physical and mechanical propertiestbé studied glasses were measured and are
summarized ifmable 7.

roperties | T4 (°C) Uglcm®) | E (GPa) H (GPa) | K(MPa.m'?)

Glasses +2 +0.01 0.5 +0.01 +0.01 +0.02
Float glass 560 2.55 71.5 0.21 |6.12 0.72

SLS 1 558 2.53 70.4 0.20 |5.35 0.71

SLS 2 559 2.50 69.9 0.19 |5.11 0.70

SLS 3 560 2.47 69.2 0.18 |5.15 0.76

SLS 4 561 2.43 68.7 0.17 |5.19 0.82

Fused silica 700-1200 |2.20 73.0 0.16 |8.03 1.47-0.77*

Table 7: Composition and physicalproperties of glasses. * denotes a S.E.N.B. measurement of the
toughness [12].

Meyer’'s hardness$i and indentation fracture toughndsswere determined by indentation
tests with a load of 1 kg (15 s of dwell 8jrand by means of the following equations:

P
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: /E P

whereP is the loada is half the mean size of the twiiagonals of the residual imprirk, is

the Young’'s modulus, anglis half the mean length of the two radial cracks (tip to tip).

The density decreases with rising silica content &sf@mer ions replace modifiers (Nand
Cc&™"), because of the ability of the silica netk to accommodate interstitial cations in a
large proportion due to its opermrstture. The monotonic increase bis explained by the
filling of the empty sites of the three dimemsal network by the intetifal cations such as
Na" and C&". Young's modulus decreases slightlyemtthe amount of modifiers decreases:
the more the amount of network modifying oas decreases, the more the network stiffness
is controlled by the variations of the Si—Q-iSter-tetrahedral angles and by the mutual
orientation of SiQ tetrahedra, whereas the other structural parameters do not appreciably
change [4]. This effect alsgoverns the Poisson’s ratio.

H andK; present a non-monotonic trend as silicaaepé modifiers anshow a minimum for

the SLS 2 glass. Yamane et al. [13] showieat the higher the glass compacity and the
hardness and the elastic mod(present results about theséd silica glass have to be
excluded). Combined with the present resultstfrongly suggests that low Poisson’s ratio
also favors densification (with an irrevelsibvolume decrease as a consequence). The
indentation—derived fracture toughnégsncreases with the silica content for $i©74 mol.

% except for the specific SLS 2 composition (&eaph 7). It confirmshat high silica content
glasses mainly deform through densifioatiand hence possess higher indentation toughness
than typical soda-lime silicate glasses witlghhiamount of modifiers. In fact, the energy
dissipation in flow-densificatioprocess and the shift toward iitian cone cracks for high
silica content glasses contribute the shortening of the radimedian cracks, so as the
indentation derived toughness increases. &weption of the toughness value of the SLS 2
grade is attributed to a pmalar structure supposed to Ilneterpenetrated tridymite and
devitrite phase field networks.

and

Graph 7: HardnessH and fracture toughnessK, with regard to silica cantent for the SLS series.

The brittleness B as well as the measured and theoretical (superscripted by *Pdadiad

28



Chapter 0: Summary of the scientific apprbarsed and results obtad — version anglaise

lateral Pc- critical loads were determined and reportedTable 8.B, PN, P- were
calculated from the following equations [14-17]:

H
B — Eq. 17
K. |
K 4
P DH_C3 Eq. 18
* K 4
- HC“ Eq. 19

wherekK; is the fracture toughnedd,is the Meyer’s hardness, akds the Young’s modulus.
The following values were obtained in the present studyJamd £ 23.9 10, £4.9 1¢ for
the SLS series and2.2 1d for the float glass.

B = HIK, PR PR Pt P
(m™?) (N) (N) (N) (N)
Float glass | 8500 0.25-0.50 0.30 1-2
SLS1 7550 0.10-0.25 0.65 0.25-0.50 |(1.07
SLS2 7300 0.10-0.25 0.70 0.25-0.50 (1.20
SLS3 6800 1-2 0.95 2-3 1.59
SLS4 6350 1-2 1.26 2-3 2.09

Table 8: Brittleness, experimental and theoreticalradial crack critical loads and experimental and
theoretical lateral crack critical loads.

In the case of the SLS glass series, thelyaween the behaviors of SLS 1/SLS 2 and SLS
3/SLS 4 is predicted (s€kable 8). Furthermore, the SLS21glasses seem to be the most
sensitive to radial/lateral cracking and also inest brittle regarding the so called brittleness
parameteB. In the case of the commercial float glass, the addition of modifiers is responsible
for significant changes in the glass network.

0.4.2 Scratch behavior

0.4.2.1Load dependence of the scratch bavior (standard float glass)

During an indentation experiment performedhwa Vickers indenter on a soda-lime silica
glass, cracks are known to occur during loadingnloading, and depd strongly on the load
level [8, 18]. Similar observations have beerriedrout in the case of scratching [11, 19] but
this field remains to be explorddrther. The fractography aryals in a micro-scale has been
carried out. For example, the chevron crackdefsied by Rice et al1p], the lateral cracks
propagation described by AHA0] and Bulsara [21] and ¢hchipping process given by Le
Houérou et al. [11] need some more invesiiget. Observations of the surface damage lead
to detailed results about the radial crackiatgral cracking and chifmrmation and are given
in the following parts.

During a scratch experiment, the scratch patsérongly depends on the level of the normal
load and different micro-cracks form: i) the nmeadicracks, ii) the radigthevron) cracks and
iii) the lateral cracks.

During a monotonic loading scratch process onasgjlthree differemegimes are typically
observed and are schematically drawrFig. 15: i) the micro-dude regime | (permanent
groove with no damage visible)) the cracking regime I({important damage by micro-
cracking: lateral cracks intersawgi the surface and radicracks) and iii) the micro-abrasive
regime Il (presence of many debris and eventually small lateral cracks).
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Fig. 15: Typical scratch pattern obtained on the sudce of a soda-lime silica (SLS) glass when scratched
by an indenter during a monotonic loading cycle (see associated loadiagram) and micrograph of a
scratch performed on a glass. Definition of the damage regimes I, 1l and 111.

0.4.2.2Preliminary results

The influence of various parameters was shatiydied. A dynamical effect due to the load
history (loading/unloading scratch process) hagen noticed. No dependence of the face of
the float glass (tin or air) was shown in the loadge of this study. The residual stresses were
found to strongly influence the severity of theasch pattern (i.e. shift of the severe damage
regimes towards lower normal loads in the prege of compressive residual stresses). It
suggests that all the quenched glasses shoulbieldss optical and aspect losses (the micro-
abrasive regime is less optically severe than the micro-cracking regime), but also lower
mechanical properties.

The indenter geometry plays a great role in tiatsh process. It appears that the more severe
the indenter shape is (a Vickers compareddoracal indenter or aomical indenter compared

to another one with a higher apex angle), theenearly (in a load sense) the damage regimes
appear. Thus, a shift in the transition loadsnsasured. By the way, the Vickers indenter
reveals a more stable scratch process.

0.4.2.3Dependence on humidity (% r.h.)and other environmental effects

The Fig. 16 shows the scratchetogether with the normal load recorded during the
experiments at different midity levels (0 to 100 % r.h.) on @mnealed standard float glass.
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0 % humidity

30 % humidity

65 % humidity

100 % humidity

3 1

Fig. 16: Pictures of scratches conducted under défent humidity levels with a Vickers penetrator
following a slope load-unload process.

The transition loads between the differengimees of damage obviously evolve with the
humidity level: the cracking and abrasive rags tend to develop at higher loads when the
moisture decreases as reporteGmaph 8.

Graph 8: Transition loads vs. the humidity level.

The particular damage obtained with 0 % of hditgiis characterized by a large lateral crack
which remains under the surface of the sample. This phenomenon fades rapidly as the
humidity level is raised. In the case of 0 % ofrindity, a lack of radial cracks is observed and
avoids that the lateral crack reaches outh surface so as it largely extends under the
surface instead of forming chip. The mechanisrohgb creation will be discussed in detail in

next part. Then, the occurrence of radial csatskgoverned by the hudity level (directly
exposed to ambient air).
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0.4.2.4Phenomenology: identification and understanding of scratching
damage

0.4.2.4.1The micro-ductile regime

The micro-ductile regime has been shown xbilgit the presence of damage i) inside the
track, and ii) under the track.

0.4.2.4.2The cracking regime

0.4.2.4.2.1Radial (chevron) cracks events

The radial cracks occurring during the cragkiregime significantly inclined toward the
sliding direction, and propagate in a curvedmhusually ending perpendicular to the scratch
direction as illustrated ifrig. 15. TheFig. 17 shows the initiation and the beginning of the
propagation of a radial crack. It clearly initiatat the leading edge of the Vickers indenter
and soon propagates from a directymarallel to the scteh track to a curvedhape that tends

to get perpendicular to the track. The cracches out from the track with an angle noted
This propagation can be qualified sami-stable: i) after the initi@n, it rapidly curves either

on the right or on the left of the track; thehoice is purely statistic and constitutes the
unstable part of the crack propagation, and @)abvance speed of the crack suggests a stable
propagation.

Fig. 17: Initiation and propagation of a radial (chevron) crack on the surface of a standard float glass.
(SEM)

0.4.2.4.2.2nderstanding of the creation and development of chips

Two different mechanisms of chipping processemeentified: i) in the case of non-existent
radial crack (case of low humidity level fexample), chipping can ouar if there is enough

spent energy to make the lateradak reach out toward the surface (B&g 18), or ii) a chip

is the combination of two radial cracks and a lateral one which then intersects the specimen
surface (se€ig. 19).

Fig. 18: Chipping by propagation of a lateralcrack — absence of radial crack (SLS 4). (SEM)
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Subsurface lateral Radial crack
cracks

Radial crack Lateral cracks intersecting the surface

Fig. 19: Chip formation with the different involved damage.

Twist hackle [22-25] was observed below thgshand indicates the direction of propagation
of the fracture: it starts from the tracktiia direction perpendilar to the scratching
direction.

0.4.2.5Dependence on the chemicalomposition of the glass

Fig. 20 shows a representative scratch grooveaoh of the six studied glasses (obtained with
a monotonically increasing normal load up to 4aN)l proves that the stcaability is greatly
affected by the chemical composition. Thable 9 gives the transition loads between the
damage regimes with regard to the chemicalpmasition. Note that these values are statistical
values and are obtaineth numerous scratches.

Standard float glass:

SLS 1:

SLS 2:

SLS 3:

SLS 4:
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Fused silica:

Fig. 20: Evolution of scratch resistace for the six considered glasses.

Damage regimes . . Micro-cracking . .
Glasses Micro-ductile Sub-surface laterals Chips Micro-abrasive
Standard float glass 0-04N 0.4-0.8N 0.8—12N 1.2-4N
SLS1 0-0.35N 0.35-2N 2—-4N —» 2-4N
SLS 2 0-04N 04-09N 09-16N 16-4N
SLS 3 0-0.35N 0.35—-1N 1-1.1N 11-4N
SLS 4 0-0.3N 0.3-09N - 09-4N
Fused silica 0-0.2N 0.2-0.5N - 0.5-4N

Table 9: Transition loads associated with changein the scratch regimes. The arrow indicates the
difficulty to dissociate the two considered regimes.

From direct analysis of the photos reportedrig. 20, standard float glass, SLS 1 and 2
appear sensitive to chipping as a direct comerge of their normal character that mainly
allows cracks to form by local shearing [11] dimeweak percolation paths in the vitreous
network [26]. SLS 3, 4 and fused silica with calllike networks appear to be more resistant
to both crack propagation and chipping duringasdh experiments as a consequence of their
anomalous character [11] that accommosidtee deformation by network rearrangement
(densification) without breakg bond [9]. A fractographic studht low scale confirms these
trends for both micro-crackg and micro-abrasive regimes.

0.5 Mechanical modeling

0.5.1 Introduction: extension of Ahn’s model

The nucleation of cracks and then the apmeee of associated damage can't be studied
without considering the local stresses. Compaecethe model of Ahn [20] which describes
the stress field during a scratch test, the rmpdeposed in this study takes into account the
normal/anomalous character of the considegledses and the Vickenndenter geometry.
Then, the model consists totemd Ahn’s model to these owconsiderations. Ahn’s model
(derived from Yoffe’s model laout conical indentation [27]yives the distribution of the
stresses in thelasticzone that is obtained lsuperposing two differemasticstress fields:

X a Boussinesq stress field correspondingstieess field due to the loading indenter
simplified in this case as a point loading,

x a stress field called@lister field characterized by 8lister strength parameted8 and
corresponding to the residual sisefield in the elastic zordue to the presence of the
plastic zone all along thscratch track. Note thaB can depend on the load, the
densification/shear behaviaf the material, the geometryf the indenter and other
experimental parameters (environmental effect,...).

Then, the complete stress field is given by:

n t r
BMS Bous 4 Blister V Eq. 20‘/

The superscript denotes the stress field due to the normal load; the supetsdeipbtes the
stress field due to the tangential load; the superscdphotes the residual stress field.
In this study, the extension of this model may lead to:
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n t r
normal/ a%malous Vickers Vickery Blister for scratch‘{g Eq. 21 V
Vickers normal anomalous glasses =Y
Vickers

n t
The terms  vickers VVickerg:orrespond %the indenter loading.

Blister for scratching i
The term normal/ anomalous glaLssegorresponds to residual stresses.
Vickers

The extension to the normal/anomalous glassdl be achieved by the study of the
densification/shearing competition (experimental considerations). The extension to the
Vickers indenter geometry wibbe achieved by enhancing tReint loadingstress field with

the help of the Finite Elements study deglwith the difference between a conical and a
Vickers indentation. The folleing organization chaisummarizes the specific approach from
Yoffe’s model to the gxected final model.

(Eq. 85)

(Eg. 101)

(§5.6) (85.7)

(Eq. 154)

* The approximated final expssion will be discussed in$8.

Fig. 21: Organization chart to extend the model tmormal/anomalous glasses and Vickers indenter.
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0.5.2 Extension of the model to the Vi ckers indenter geometry: the Finite
Elements study

A 3D Finite Elements model wakesigned with the help of thebaqus FE code (version 6.2)

and validated to analyze the stress field dua dickers indentation in comparison with a

conical indentation. Note that an elastic gs@l is sufficient inthis study and that for

symmetry considerations, only 1/8 of the geaynétad been meshe@he insertion of the

indenter (shaded) and thented body is shown kig. 22.

Fig. 22: The body and the indenter in tie mesh module of Abaqus - Perspective view.

TheFig. 23 shows a Vickers represdida with the definition of thé&aceplane (ABC) and
theEdgeplane (ABD).

Fig. 23: Vickers representation withdefinition of ABC and ABD planes.

The Graph 9 represents the detail of the Von Midestribution in a coeal 2D model (a), in
the plane of the Vickers face (i.e. ABC pland-ig. 23) (b) and in the plane of Vickers edge
(i.e. ABD plane inFig. 23) (c).
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Graph 9: Details of the F.E. comparison of Von Mses distribution between (a) conical case (equivalent
cone), (b) Vickers face case and (c) Vickers edge case.

The Vickers face’s stress field plaluoks likethe one produced by tlwenical indentation of
the elastic body and will be analytically deled in the final model by the Hanson’s
expression of the stresseg f@ conical indentation [2&9] (with proportional correction
coefficients depending on tltencerned stress component).

The field in the edge plane does not appeardike of the solution of &lassical” analytical
problem. However, the geometry of the indem&minds a problem that could be designed as
follows: a line loading on amfinite elastic halfbody, applying a non-uniform pressure along
its axis.

Moreover, this distribution of the pressuretbe line loading is easily available by the F.E.
developed model. Then the idealized case @flitte loading on an elastic body is reduced to
the distribution of pressure illustrated Kig. 24 (the symmetry of the problem is not
represented i.e. th® pressure is located on the very-clpsent to the tip) with the following
expression for the pressupe(determined for the normal load of 3 N) depending on the
contact radius:

p(r) 4370,9 97156 Eq. 22
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Fig. 24: Representation of a line loading on an infinite elastic half body, applying a uniform pressure.

To summarize, the stress field in the face plahthe Vickers indenteran easily be modeled
in analytical form by the field designed by Handor conical indentation. The stress field in
the edge plane of the Vickeindenter should be modelég the field corresponding of a
progressively line-loadingn an elastic half body.

Any intermediate plane’s s8g field noted by an angle(seeFig. 23) should be expressed by
a non-linear combination of ¢ése two fundamentals stre$ield with the help of a
transformation function that would dependsrand .. Unfortunately, no expression to model
the edge plane’s stress field isadable yet and the different attempts in this aim failed. Then,
it was decided to “correct” aoaical stress field by applyingtress correction coefficients
determined by direct comparison between higteastile stresses of conical and Vickers edge
stress field for each stress component Tsd#e 10).

Stress component Lix 1y L, S
ax
Ratio % 0.867 1.228 1.122 0.920
Cone

Table 10: Stress correction coefficientsvickers-conical indentation comparison.

Thus, the expression die stresses for the final semi-analytical model after integration of the
geometry of the indenter gives:

n t r
V Hanson V Bous B‘éter V Eq. 23

The components of this equation are fully detailed in ch&pter

0.5.3 Extension of the model to norma |/anomalous glasses: identification
of the densification/shear competition

0.5.3.1Method

The six considered glasses (standard floasgl SLS series and fused silica) exhibit a
deformation behavior under stress that is nwrkess intermediate between an “ideally-pure”
densifying or shearing glasdepending on each glass composition. Thus, the competition
between densification and shewyiin the deformation of the agses will be studied through
the identification of the parametd8 (called strength of theBlister field) introduced
previously.

The choice in this work had be&minvestigate a new technigteeassess the parameter of the
Blister field B: it is to consider the volume of the Vickers imprints due to more or less (with
regard to the normal/anomalous chargotelume conservative deformation.
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0.5.3.2Volume measurements approach

Considering the work of Yoffe [27] and Ahn [20], the scratclttigter strength adapted to
the present case (Vickers indentemmal/anomalous glasses) is given by:

3Ga’ 1 SV@
—— Fpv Eq. 24
2 1 & tan RV © A

where%is the compaction ratio for glass,the shear modulus,the Poisson ratio of the

material and=pvis the upward plastic flow fact@adapted to the Vickers indenter.

The study will deal with the measurement of tipward flow factor adapted to the Vickers
indenter by volume measurements by the AFM technigpe:

The expression fa is chosen as [28]:

Q

a \/21— PtanC Eq. 25
E

with . the semi-apex angle of the indentethe normal load: and the elastic properties of
the material.
By analogy to Ahn [20], th&pv factor is given by:

Fpv Vupward Vimpr Eq. 26

Vtotal

with Vupwardthe volume of the upward flow/impr the volume within the imprint (under
the undeformed plane) amiotal, the total imprint volume (from the upper point — the top of
pile-up if it occurs — to theakpest point of the indentation).

0.5.3.3Results

The volume measurements had been carriecboundentations (from 0.2 N up to 3 N) for
each studied glass and the ratifgs/ had been determined. Particular attention was paid to
take into account the disturbance of the roughness for each sample.

Then, the parametelB (depending on the load, the dermsifion/shear behavior of the
material, the geometry of the indenter anteotexperimental parameters — environmental
effect,...) is assessed for each glass by ththadedescribed previously. After fitted by a
power law, the results are summarize@Gnaph 10.

Graph 10: The evolution of the sliding indentationBlister field constantB with the indentation load P and
the different glasses.
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Note that the evolutions & make sense compared to Ahn’s one [20].

As expected in this load range, the more the densifying tendency is, the ldghgstars.
The exception must be noted for theSSR glass which exhibits the lowed3tin this load
range.

0.5.4 Complete expression of the model

As for Yoffe [27] and Ahn [2Q] The complete stress field abtained by direct superposition
of the three different stress fields:

n t r
|/Hanson|/ Bous B‘l/ster V Eq. 27
normal/ anomalous a.
Vickers
and
r
MZanson M}éous BIisteW W Eq. 28
normal/ anomalous a-

Vickers

The superscriph denotes the stress field due te thormal loading and uses the Hanson’s
equations; the superscriptlenotes the stress field due te tangential loading and uses the
Boussinesq’s equations; the superscrigenotes the residual stefield due to the plastic

zone.

Note that because of the chosen coordinate system linked to the model, the indenter is
considered to scratch the material alongxtagis, from -x=-" to its current position at0.

0.5.5 Results of the semi-analytical model
0.5.5.1Phenomenology

0.5.5.1.1Prediction of the mediaffradial crack occurrence

. . t
The component corresponding to the cone loading ;y Hanson V yy Boud largely V

dominates the complete streggfor low values ofP (typically < 0.6 N). The initiation of the
median/radial cracks is driven ltiye tensile part of this cqgonent. The highesénsile stress
is located close to the surface as showiaph 11 (a), just under and a bit in front of the
indenter on the axis.
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() (b)

Graph 11: Representation of theconsidered part of the stressly in the XZ plane (a) and XY plane (b)
(case ofP=0.5 N).

Then, the opening of the median/radial crackuos in front of the moving penetrator.

t
The Graph 11 (b) shows the compon: ;y Hanson V yy Bousin the plane X (section at

z=-0.1 An).

The median/radial crack thatsjuinitiates under the indentdoes not propagate straight due
to a compressive stress component inxldgection as shown oGraph 11 (b). Then, as the
indenter moves, the crack tentts propagate by inclining either on the left or the right as
observed in experiments.

0.5.5.1.2Prediction of the lateral crack occurrence

Graph 12: Detail of the representation of the considered stres$, in the XZ plane (case 0fP=0.8 N).
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The residual component (i.e. tBéster component) largely dominates the complete stigss
when the normal loa® is high enough (> 0.6 N). Then, timtiation of the lateral crack is
expected to be driven by thenstle part of this componenthe highest tensile stress is
located (se&raph 12) in the depth of the body clos¢hte boundary between the plastic zone
and the elastic body). Itsqxise location is a bit bend the indenter on theaxis as observed
in experiments.

High values of this componentagtall along the scratch, evertlie indenter passes far away.
The compressive component in tkred prevents the propagation thie lateral crack in front
of the indenter.

0.5.5.2Prediction of the damage occurrace with regard to the chemical
composition

Equivalent considerations on the stress fieldsiobt for each glass are consistent with the
experiments achieved for the phenomenology ehemical composition dependence studies
previously treated: from the standard float gl&s the fused silica following the increase of

silica content, the highest stress increases.

The median/radial cracking (governed ., Vr;,y Hanson |/tyy Bous ryy Y .stresses) V

appears “earlier” as ¢hsilica content increases. The exaap of the SLS 2 completes this
analysis: it exhibits the lowest “highest” stress.
It is clearly established that the lateral cracking (governed by

t .
s Vo vanson V' 2r Baus s WisStresses) appears at lowestrmal load in the fused

silica than in the standard float glass, follogithe same order in the intermediate glasses.
The SLS 2 is again the exception: it exhiliiie lowest “highest” stress. These conclusions
are consistent with experimentakults previously reported.

All the scratch tests seem to reveal that the micro-abrasive regimes follow the same evolution
than the rest of the scratch, i.e. if the micracking regime appears early (i.e. at low normal
load), the micro-abrasive regime appears eadywell. It seems that the local stresses
involved in the scratching just reach critical \vedudor the micro-abrasivegime to occur that

is consistent with the critical local stressesded for the other damage events (i.e. micro-
cracking regime appearance for example), Whicere experimentally observed. Then it
seems that this conclusion is consistentdalis for caution for further interpretation.

0.5.5.3Final remark about the semi-analytical model

No quantitative analysis is togl@easonable with this model. There are still some parameters
and hypothesis pointed out in tlm®rk that are too restrictive lead to a quantitative model
in the case of this study.
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Chapter 1: Introduction

1.1 Thesis remarks

The goal of this thesis is to provide a scientific work of research in the field of interest but
also to give complete details and as pedagagipossible explanations for involved problems
that belong to direct surroundirigpics. Thus, the akibr’'s will is to gve details in every
fields of work which are treated in this thesis, from purely research considerations as
analytical mechanical modelingf stress distribution under andentation to engineering
considerations as developmentao$cratching and instrumentedientation tester. The details

will sometimes be reported in appendix for reading convenience.

1.2 Context

Nowadays, glasses are more and more @setbad-bearing parts: windows in buildings,
windscreens of cars, pathways maalglass,... Then the resistarineuse is of prior interest
and is closely linked to the wadlkie glass piece is elaboratedaghining, floating, extrusion,
blowing,...). In fact, theesistance of glasses (and brittletengls in general) depends usually

in surface damage that dramatically grows uctinplete rupture of the material. Thus, the
industrial challenges faglass makers for instance lie in tw@in points: i) to control damage
during producing, stocking andindling processes; ii) to provideglass with the appropriate
behavior for its expected given use. Becausssgls are essentially used for optical and/or
structural properties, the lattpoint considers what the werslamage could be: the larger
damage (large chips for example) for opticakskes and the more severe damage (deep and/or
sharp crack for example) for mechanical los3é® ultimate goal on this point of view may
be to avoid in part or compldyeboth quoted types of damage.

Cutting, machining, handling, manufacturing, spartation, glazing, eppropriate storing,
handling, and cleaning are some of the numenoeshanical sources of glass surface damage.
The types of damage are usually in the farihsurface scratches and abrasions which could
be enhanced by thermal stresSduus, the study of the scratclopess on glass appears to be
appropriate i) to understand, ii) to predict dhen iii) to prevent sugice damage on glasses.
Grinding and abrasion can be considered as multi-scratch process on the surface of glasses but
will not be studied here. Static indentatiomisonvenient test to study damage occurrence but
remains far from the reality of glasses in their “everyday life” use.

1.3 Research goals

In this context, this work is not focused scratch-resistant glass kiag. Numerous studies
in chemistry and material science (see [10,307,31] among others)rahdy deals with this
point. The goal of this study deals with theratchability of eda-lime silica glasses.e. the
resistance characterization atfg understanding of the damagecurring during scratching
with material structure considgions and mechanical analysis.
Precise goals can be listed as follows:

1. to identify the damage during stehing of considered glasses.

2. to understand and explain the damage tyged their occurrencesm the light of

structural considerationst(gly of different chemicatompositions of glasses).
3. to build a mechanicahodel and to analyze the resufiderms of damage predictions.
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2.1 Materials
2.1.1 Context

2.1.1.1Generalities about glass & ceramic

The wordceramiccomes from the Greekeramosthat refers to “burnt stuff” or “burned
earth”. Then, it designates aopuct obtained through the actionfwé upon earthy materials.
Ceramics is one of the three classes of soliterias that also include metals and polymers.
They can be defined as inorganic, non-metati@terials that are typically produced using
clays and other minerals from the earth or chemically processed powders. Ceramics are
compounds formed between metallic and non-metallic elements such as aluminum and
oxygen (alumina — AD3), silicon and nitroger(silicon nitride — SN,) and silicon and
carbon (silicon carbide — SiCgand usually found in crystale form in nature [32].
“Classical” ceramic applicatiorgo from traditional pvducts (potteries, biks...) to advanced
ceramics (artificial bones and teeth, electromipplications, space shuttle tiles, engine
components, cutting tools,...), also knowrteahnical ceramics.

Glasses are part of ceramics. Their main sexityl and also interestis that they are
amorphous, i.e. they exhibit no long range crystalline order. It can be compared in structure to
certain liquids in which the atoms assumdemporary arrangement. The only difference
being that in glass the t@orary structure has beenZem into place by quenching.

The field of applications of thglasses is large (windowsgetronic applications, computer

and television’s screens, nuclear waste endapsn,...) and growing as they continue to
replace more traditional materials in manylagations. Let’'s notie some outstanding and
historical applications: usesf glass in the constructionduastry include various types of
windows of course, but also fibers for useimsulation, ceiling panels and roofing tiles
instead of traditional matergl In 1879, Sir Thomas Edisamvented the incandescent light

bulb that changed the lives of millions ofgmée all around the world. This is a typical
application that would not bpossible without the use ofafls because of its necessary
properties: hard, transparent, able to holduumn and withstand high temperatures at the
same time. Another revolutionary application gilss is the optic fibers in the area of
telecommunications. Information is being carriddough transparensilica glass fibers
instead of copper wires. The vohe and speed information hasafty increased as well as

the reliability of the transmission.

Even if today the wide spreactll of applications ofjlass is a reality, sthistory shows that

this field had tend to stay dramatically narrow for a long time early on.

2.1.1.2History of glass

The first glasses can be found in many parts @fetlrth due to their vaaic origin and were
used by the early man. In this time, this volcanic material calbsttian(a dark translucent
glass — sed-ig. 25) has been brokdnto sharp tools, chippethto decorations and later
melted and form different kind of recipients. Note thelttitesobjects, probably of extra-
terrestrial origin, are other examplafsnaturally occurring glasses.
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Fig. 25: Photo of a péce of obsidian glass.

Archaeological findings indicatthat it's around 3500 B.C. tha#he first glass objects were
manufactured, in the Middle East. Glass botikese found in the tomb of Thutmose | (1507-
1497 B.C.) of Egypt. Surviving Cuneiform textengraved in tablet fragments and
documenting the process for making glass m khesopotamian region, were found in the
library of Assyrian’s King Assurbanipal (6687 B.C.). Glasses were still considered as
luxury because of their cost due to thehtacal difficulties to produce them. Since these
ancient times, the technology ane tipplications of glasses halinost not evolved up to 300
B.C.: the Greeks learned to use a blowpipe t&emarger and more useful vessels. In tfie 1
century A.D., the Romans who acquired the gl@ghnique forming frorereek by initiation,
manufactured glasses for windows by spigtiand flattening blow cylinders. Around 1000
A.D., the Grand Council of Venice moved all gganaking to keep thetrade secrets (and
avoid fire in the city...) to the island of Murma where Soda-Lime Silicaags, that represents
nowadays 90 % of the globglass production, calledristallo was soon developed. When
these trade secrets were lost, the glass raaturfng rise rapidlyin France, Germany,
England and in the rest of Europe. In 158@ss telescope and noscope lenses were
developed in Netherlands and used for fivet time. In the late 1890’s, the better
understanding of forming glass science erthbie considerably delop the uses and
manufacturing of this materidi the early 1950’s, Sir AlastaRilkington [33] introduced a
new revolutionary production niedd to obtain flat glass: theofit process, by which 90 % of
flat glass is still manufactured today. Thdldaing part introduces th process and gives
details about the obtained material.

2.1.1.3Float glass

Several techniques were inventedprovide flat glasses (my for windowsapplications).
Among all of these techniquesathremain rarely used toglgthe Romans’ one in the®'1
century A.D. is part of them), let's mentiongoime ways of giving adt distortion free glass:

I) one way was to squeeze semi-molten glass deriviwo metals rollers (still use for glass
with patterned surfaces), ii) a second one twagrind and polish both surfaces after it had
cooled down. It was obviously terribly sloand costly. A more effective technique was
required. In 1952, Alastair Pilkgton invented the float process [33] which allows for the
production of flat glass with aexcellent surface finishing aridat is processed continuously
with no extra processing steps required.

The process is illustrated Fig. 26. The main componentssidda-lime silica glass are: silica
sand (73 %), calcium oxide @), soda ash (13 %), magnesiyt %) and various other
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added materials in small quantity. These mateaaé weighted and mixed (usually also with
recycled glass) before be@mtroduced into a furnace whetbkey are melted at 1500°C. A
continuous ribbon of glass flows from the furnatd 050°C to a bath of molten tin. The glass
which is highly viscous and the tin which isrydluid do not mix. Because of the dead flat
surface of the tin and the time of this opiena the glass cools dowto around 600°C as it
goes continuously along the tin bath. It becoffegsand both sides g@arallel. The glass is
then cooled down sufficiently to pato an annealing chamber callelor where it is precisely
cooled down to 200°C. At the exit of the lehmgs cutters cut the ribbon into panes of glass
that have a uniform thicknesand bright polished surfacesithout the needfor further
processing. This float line is agpimately half a kilometer long.

Fig. 26: Float process of glass manufacturing.

2.1.2 Definition of a glass & thermodynamic considerations

The theoretical understanding which suggested gheattically all liquids could be rendered
into glassy state if crystal growth could hgpressed [34] raised some forty years ago. The
glassterm consists of a non ctgdline solid obtained by quehing an over-cooled liquid.
Then, it exists a vitreous stain certain material whose vasity progressively increases as
the temperature goes down becoming solid witlwoystallizing [35]. The capacity to form a
glass does not only depend on the chemical natuteeohaterial but also on the cooling rate.

Graph 13 [35-37]: Variation of the specific volumeV or the enthalpyH with respect to the temperature.

To illustrate the difference between crystallization and vitrification, let's tak&taph 13
[35-37]. The specific volume/ (or the enthalpyH) evolves with the decrease of the
temperature. A material crigdlizes at the temperatufigwith usually a contraction of volume

Vt (or 'Hf) and then continues to coactt until totally cooled dow. In the case of glass
forming, the material linearly contracts down to the temperalgyrealled glass transition
temperature, lower thah. Then the glass contracts a bit less than for the crystal solid and the
change in the slope of the curve occurdgatthat corresponds to a viscosity of4p (1

53



Chapter 2: Literature Review

Poise=1 P=0.1 Pa.s). The solid has a shorteramder similar to thécorresponding” crystal
but has no long-range order [38].

2.1.3 Oxide glasses

Only the oxide glasses will be developed here because the glasses of this study belong to this
amorphous family. Silica SiQis the base of this kind aflasses. The structure is a 3-
Dimensional tetrahedral (SiPpnetwork. Each topf a tetrahedron iéinked to one top of
another tetrahedron as illustratedig. 27 [39].

Fig. 27 [39]: Schematic repesentation of adjacent SiQ tetrahedra showing Si—O-Si bonds angle. Small
spheres = Si; big spheres = O.

Most of the oxide glasses are obtained from the fusion of ®ith addition of some
modifiers that make a significiy decrease in themelting temperature (from ~1800°C to less
than 1400-1500°C). The ternary glasses,$@,0-Ca0O, called Soda-Lime Silica glasses, are
the base of the plate glass industry. For information;Tdide 11 [36] gathers the chemical
composition of common glass applications.

Glasses / Components SiO, | B,O; | AlL,O3 | P,Os | LibO | Na,O | K,O CaO | BaO | MgO | PbO | ZnO | Fe,0O3
Soda-lime silica glass (plate glass) | 72,5 - 1,5 - - 13 0,3 9,3 - 3 - - 0,1
Bottle glass 73 - 1 - - 15 - 10 - - - - 0,05
Light-bulb glass 73 - 1 - - 16 0,6 52 - 3,6 -
Boro-silicate glass (Pyrex) 80,6 | 12,6 2,2 - - 4,2 - 0,1 - 0,05 - - 0,05
Alumino-silicate glass (E glass) 54,6 8,0 14,8 - - 0,6 0,6 17,4 - 4,5

Crystal glass 55,5 - - - - - 11,0 - - - 33

Optical glass (flint) 28 - - - - 1 1 - - - 70

Glass for Sodium lamp - 36 27 - - - - - 27 10

Radiation protecting glass 29 - - - - - - - 9 - 62

Hydrofluoric acid resistant glass - - 18 72 - - - - - - - 10
Virieation (French sompositor) | %2 | 179 | 63 | - |2s | &8 | - |51 | - | - | - |2

Table 11 [36]: Chemical composition (in % of weight) of some industrial glasses.

2.1.4 Notions of glassification

Many chemical studies tried to @ain the formation or non-formatn of glasses. In this part,
the work of Zachariasen [38], who estabéd some correlations between structure and
glassification aptitude, will be preded and limited to oxide glasses.

Some oxides are liable torfo a glass and are calleggass formerswhich involve either
covalent or ionic chemicdlonds. When adding a non-former dxito a former oxide, the
supplementary oxygens break some bonds of tlggnal glassy network. For instance, if
adding NaO in SiG, one bond of the Si—O-Si groip broken and give one Sg-radical
composed of an atom of silicon and a so-catied-bridgingoxygen. The negative charges of
two non-bridging oxygens are competeshby a couple of cations Nanaking the whole
structure electrostatically neutrdlhese kinds of oxides are callewdifiers(already quoted

in the previous part)intermediatesoxides can behave like formers as well as modifiers,
depending on the chemical composition of the glass.
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The Table 12 gives the main former, modifiand intermediate oxides, classified by
Zachariasen [38]. Readers can find maegails in Kingery et al. [39].

Formers Modifiers Intermediates

SiO,, Ge0O,, B,03, P,Os5, As,0s5, Li,O, Na,O, K,0, MgO, CaOo, .
As,05, V,05 SrO, BaO A|203, PbO, ZnO, CdO, TiO,

Table 12 [38]: Main formers, modifiersand intermediates in glass making.

2.1.5 Structural considerations

There has been a large amount of work publisivethis topic concerning the soda-lime silica
glasses (see [6, 31, 38] amongess) since the 1930’s. Frometde early years, great steps
where made in the understanding on how thengbal composition, that influences the
network at an atomic scale, also modifies thacro-properties of thgdasses. The chemical
changes are usually rather simple: it consissdding modifiers in precise proportions to the
amount of silica when preparing the glass. Ehe®difiers are supposed to change the basic
SiO, structure and Zachariasen svene first to propose a modelr the glass structure: the
Continuous Random Network (CRN)odeling a disordered structure. Unlike a crystalline
structure, in which the atoms are located gul&r intervals in the tee directions of space
(depicted inFig. 28 (a) [39] in schematic planarew), a disordered structure can only be
defined in a statisticananner. Then an order can be désd in short scale, but not in
intermediate nor long scale. This#i of structure is illustrated iRig. 28 (b) [36, 39]. Non
bridging oxygens were envisap@s just being singly coorthted to the network and only
loosely bound to modifying. Conversely mfyilng cations were envisaged as occupying
occasional sites or voids in the disereld network cations as illustratedRig. 28 (c) [36].
Moreover, cations and non-bridgiraxygens have important structural roles, as they often
dictate the morphology of the network.

The work of Greaves [26] is of great intstrdo understand the effect of this adding of
modifiers in the vitreous network. Greavesroduced a Modified Random Network model
(MRN) for the glasses. The bonllstween modifiers and the strul units of the original
“polymerized” network(tetrahedra of SiQin the case of the SLS glasses), were found to be
lonic because of the non-bridging oxygens, whetieathers are covalent. Such a structure,
as proposed by Greaves, iDitnensionally drawn in th&ig. 28 (d) [26]. The shaded parts,
that represent the original network regioaie defined by the boundary that runs through the
non-bridging oxygens. The highlight places arentlthe conducting channels of modifiers,
called percolation channels. As the modifier @amntration is raised, the ionic regions become
increasingly prevalent [26].
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() (b)

() (d)

Fig. 28: Schematic planar represetation of (a) ordered crystalline form [39]; (b) Continuous Random
Network (CRN) of the glass [36, 39]; (c) glassyetwork with included modifiers [36]; (d) Modified
Random Network (MRN) of the glass [26].

The relationships between chemical compositginjcture and properseare still far from
being precisely understood [34].

2.1.6 General properties
In this part, the main general propertdsa standard float glass are reported:

X

X X X X X X X X X

Chemical composition: mainly Sp@71 %), NaO (13 %) and CaO (10 %),
Melting temperatureT;~800-850 °C,

Glass transition temperaturg;~550 °C,

Coefficient of thermal expansion10.10°°C™,

Volumic weight; ~2-3.16 kg.m?,

Young’s moduluse~60-80 GPa,

Poisson’s ratio: ~0.2-0.25,

Hardness ~600

Fracture toughneskc~0.7-0.8MPa/m,

Stress birefringence (applidity to photo-elasticity).
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2.1.7 Subcritical crack grow th of silica-based glasses

The interaction between water and glass carsdreetimes not negligible at all. Actually,
environment can influence greatly the physit@mical or mechaoal properties like
strength, toughness [40], hardness [41],... A passible reaction can occur when water stays
on the glass surface: it exchanges hydrogen atathsthe sodium ions of the material. The
result is a stained glass. Ahet possible reaction with water that can damage the glass is the
chemical dissociation that daks a Si—O bond and create® twOH radicals. This is the
notion ofstatic creep Then, a molecule of water entensd reaches the tip of a crack, makes
it grow by a chemical reaction callelissociative chemisorptioriNote that only the defects
that are located on the surface swbject to this phenomenon. Thig. 29 [42] illustrates this
reaction: i) the molecule of watesaches the tip of the crack (6g. 29 (a)); ii) the atom of
oxygen gets linked with a silicaxtom of the vitreous netwomvhile his oxygen neighbor gets
linked to one of the atom of hyatyen of the water molecule (SEg. 29 (b)); iii) The original
bonds break and give place to two silentlgugrs at the (new) swate of the glass (séeg. 29

(€)).

(@) (b) (€)

Fig. 29 [42]: Dissociativechemisorption: (a) the molecule of watereaches the tip of the crack, (b) the Si—
O bond breaks, (c) the two —OH radicals are created.

Then, the simple equation of this reaction is:

Eg. 29

This chemical reaction is very slothe crack growth speed is around‘ién.s* [42]. But,
adding stress makes this reaction gossefa it can go up to more than 1 mrh[d2]. The
mechanism of this enhancementloé crack growth is rather simple: the extreme stresses that
occur near the tip of the crack, due to thesstreoncentration effect, deform the network.
Then the atom of silicon can react more gasiith the molecules of the environment.
Obviously, the effectiveness dhe reaction depends on tls&ze and the nature of the
molecules of the environment that reach theadfighe crack. For example, water (size of
molecule: 0.26 nm) reacts more easily than methanol (0.36 nm), which also reacts more easily
than aniline (0.42 nm) [42]. This phenomengoints out the importance of the molecular
diffusion process close to the tip of a crg4k]. One common way in the industry to avoid
the occurrence of thighenomenon is to apply a polymelayer on the glass that will protect

it to direct interaction with the environment.

This phenomenon of growth of a crack is calbedbcritical crack growtlor stress corrosion
cracking[43, 44]. This can lead to failure when the length of the crack validates the Griffith
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[45] criterion. Note that the curvature of the crack tip is usually increased by this
phenomenon, which increases thesglatrength in some cases [40].

2.1.8 Notion of global de nsification in glasses

It has been well established that glassesestéq to high pressurean display significant
permanent increases in density. Thigversible compaction is known asdansification
process. Due to the opened structure of tlessg(especially in thease of low content of
modifiers), it is generally accepted that the effettpressure is to compact this network,
increasing its density [3, 4].

Fig. 30 [5]: Increase of density wh applied pressure at room temgrature for silica glass. A, Roy and
Cohen [46]; B, Christiansen et al[47]; C, Bridgman and Simon [3; o, Mackenzie and Laforce [5].

Fig. 30 [5] reports results of global densification vitreous silica from studies of Roy et al.
[46], Bridgman et al. [3], Chstiansen et al. [47] and Mashzie et al. [5]. A threshold
pressure is observed for silica-based glasseker which no more permanent densification
takes place [5]. The large disparity betweenrtmilts is explained to come from the shear
proportion of the solicitabin that is greatly affected by tle&perimental sefp and procedure.
Actually, numerous studies [3, 4, 48] dealinghwglobal densification ofjlass report that the
densification is much greater when large slst@ss is superposedhpdrostatic pressure.

Fig. 31 [3]: Relative increase of density with applig pressure for three silicate glasses with 10, 23, and 31
molar percent NgO.
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Fig. 31 [3] reports the densification of threiécate glasses with 10, 23 and 31 molar percent
of NaO with regard to te applied pressure. Densificatios affected by the amount of
modifiers (N&) which fill the interstices into the silica network. Actually, the compressibility
of the glass generally decreases with indrepsilkali ions in the network: a permanent
densification becomes more difficult.

2.1.9 Indentation behavior of glasses

2.1.9.1Introduction

From a macroscopic point of viewlasses exhibit an elastic/brittle behavior. However, from
a microscopic point of view, arnder high punctual igsses, it is admitted that glasses can
undergo a permanent deformation without congtyebreaking [1, 2]. Two main deformation
phenomena can be distinguished:

X a permanent deformation (abusively namadstic deformationin reference to
permanent deformation occurring in metalagticity) that occurs by densification
and/or by local shearing,

x a deformation by damage (cracks initiation and propagation).

The next parts deal with thedeferent deformation phenomena.

2.1.9.2Plastic zone

2.1.9.2.1General

It is usual to speak aboutpdastic zonebeneath the indenter ingdass during an indentation
test, even when performed at low loads [149), This term, taken from the material science
about metals, deals with the fact that evetoatload, a permanent deformation is observed
beneath the indenter, without occurrence of macacking phenomena. It is usually accepted
that its shape is hemispherical and extends filwerfree surface to the depth of the material
[2]. In crystallized metals, in fact especially time ideal plastic materials, the origin of this
permanent deformation under thadohas been determined aagpicity due to nucleations
and movements of dislocations [50, 51]. The ezadould find details of the plasticity theory
in metals elsewhere (see [51] for example)tHa case of the soda-lime silica glasses, the
notion of dislocations can’t obviously be inttaetd due to the amorphous character of their
structure. Then, the question can be formulatethe following one: what is the deformation
behavior in the plastic zone wur glasses? Several authorséhdeen discussing this topic
since the 1960's.

2.1.9.2.2Deformation by densification

It has been clear for a long time tll@nsification process described i2.8.8 can also occur
during indentation on glasseshis irreversible compaction of the network due to the
complicated inhomogeneous stress field incredseally the density othe material. Then,
this process is a non-conservative deformaitionolume. This process has been pointed out
by Infra-Red interferometritechnique [52] or refractevindex measurement [1].

Like in the global denfcation case (see 8.1.8), it is generally accepted that the explanation
of anomalous behavior lies in the tetrahedy@hd structure of the ber silica network. The
relative freedom of the atoms dteethe Si—O-Si linkages (s€&g. 27) enables relatively free
motions of the elementary tetrahedra of @in@orphous structure. Modifiers are considered to
restrict these movements.

59



Chapter 2: Literature Review

2.1.9.2.3Deformation by shear

Indentation experiments show that irrevieles deformation may occur by shear flow
(sometimes abusively namepthstic deformatiopas suggested by the presence of slip lines in
the plastic zone [6]. This fact has also bpemted out by Peter [1] gsle-up appears at the
surface surrounding the contact boundary Ege32 [1]) as it should happen on St. Venant
bodies (ideal volume-conservatideformation). The same authsinows a system of curved
lines that are developed duritige last stage of the indatibn sequence as reported-ig. 33

[1]. It looks like the “rosette” pattern oflig lines occurring in theoretically well-known
problems of plasticity in metals as illustrated-ig. 34 [1]. Then, intvducing a yield point is
justified like in classical plasticity theory.

Fig. 32 [1]: Indentation on plateglass with a 70° pyramid. SEM.

Fig. 33 [1]: Ball indentation on plate glass. Obsesntion during indentation parallel to the surface and
perpendicular to the applied outer force; the doubling ofthe line system is producedby total reflection on
the surface. Light microscope.

Fig. 34 [1]: Slip line system @nax=const.) around a circular cylindrical tube inside a plastic body caused
by normal pressure on the wall.
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2.1.9.2.4Normal/anomalous aspect

Normal glasses are characterized by the radeser a minor contribigtn of densification

process in the area beneath the applied contasissindentation experiments showed that in

this case, irreversible deformati occurs by shear flow, as sugtgl by the pr&snce of "slip”

lines in the elastic-plastic contatone [53] as reported inZ1.9.2.3. On the contrary, a flow-
densification procgs shows up in anomalous glasses, aadhbility of glasses with relatively

high silica content to dengifunder sharp contact loadiftas a great influence on the
indentation as reported in31.9.2.2 and on the scratch dgmdeatures. The densification

was found to occur as soon as a permanent impression is formed [54]. Thus, these phenomena
are of primary interest. For instance, tiable 13 gathers the deformation processes
depending on the considered glass (from Peter [1]).

Table 13: Deformation processes depending on theonsidered glass. The + and — signs stand for the
occurrence or non-occurrence of the consated event respectively. (from Peter [1])

Peter [1] also pointed out anteresting result: the blunter the indenter is, the more the
deformation occurs by densification and the legshear flow. In the same scheme, Hagan et
al. [53] found similar trends when changing #q@ex angle of the indenter, or the chemical
composition of the glass. Kurkjian et al. [55)idied the role of the temperature on the silica
glass behavior and concludtidht in liquid nitrogen theilica glass behaves normal.

To summarize, glasses can deform by shedfoa densification depending on their chemical
composition. This leads to the classicairmal/anomalous behaviors illustratedFig. 35
(from [9]). Fig. 36 [7] shows schematically the pue-(case of normal glasses) and sink-in
(case of anomalous glasses) phenomena tlat daring an indentatn test depending on the
considered glass.

(a) (b)

Fig. 35: Vickers indentations (normal load: 30 N). Soddime (left) and silica (right) glasses. M, L and C
denote median, lateral and cone cracks respectively. (from [9])
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(@) (b)

Fig. 36 [7]: Schematic diagram showmg indentation of a material with a pyramidal indenter. (a) Pile-up
formation, (b) sink-in pattern. Top: cross view; bottom: surface view.

2.1.9.3Cracking in glass

Many studies deal with theawking in glass. Among them, Cook et al. [8] summarized the
cracking occurrence in glasses during indeotatests. The main ones are the cone cracks,
radial cracks, median cracks, half-penngois and lateral cracks and are illustratelign 37

[8]. Note that half-penny cracks are usuallganbination of radial and median cracks that
intersect each other.

Fig. 37 [8]: Isometric sections of idealized crack moipologies observed at indentation contacts: (A) cone
crack and associated nucleating ring crack, (B) radiatrack and associated contact impression and plastic
deformation zone (Vickers indentej, (C) median crack, (D) half-pennycrack, and (E) lateral crack.

These different cracks can be seerfig. 35 and show the fundeental difference between

the normal and the anomalous behafiom the cracking point of view: radia{sometimes),
median" and lateral" cracks occur in the normal glasses while chnmedian/radiaf
(restricted by the cone crack) and latéralracks occur in the anomalous glasses [9]. The
superscripts and" denote that the occurrence of the cracks is during the loadind/or
unloading” sequence during thiedentation test.

It has been proved [6] that the cracks can initiate because of the slip bands that can be
observed in the surroundj area of the indenter in the buikaterial (i.e. out of the plastic
zone). Because it seems to be non systemdti¢hi® comprehension of the damage in glass
need to understand first the deformation of tleesgin the direct surrounding of the indenter.

62



Chapter 2: Literature Review

2.1.10 Scratching behavior of glasses

The scratch process is still far less studiedhm literature than the quasi-static indentation
process. Two main directions were historicédiijowed to study the scteh process. The first

one deals with the friction ctigient measurement and hence the force ratios to discuss the
material removal during scratching, grinding machining. The second one focuses on the
cracking occurrences, which are particularly aérast in this study. 8ce the 80’s, the study

of scratching on brittle materials, from the diag point of view, can be summarized as an
extension of the indentatiorocepts [14, 49, 56]. In facBwain [57] found out that the
microfracturing occurrence during scratchinghboittle materials is very similar to the one
happening under quasi-static indentation bith wangential load provided by the sliding
movement. Swain defined threlamage regions depending on the normal applied load: i)
between 0 and 0.1 N, the scratching track remains fully plastic, ii) between 0.1 and 1 N,
median and lateral cracks occur, and iii) at higher loads median cracks and poorly developed
lateral cracks are observed combined withuslaing track. The phenomemppear similar in

the different brittle materials that were tesfedda-lime silica glass, alumina,...) with some
variability in the load values.

Ahn [20] reported the summary of the crackswcence in the second damage region defined
by Swain as illustrated in the drawing fing. 38. Chevron cracks were also observed with
their typical inclination towal the scratching direction.

Fig. 38 [20]: Schematic view of the cracking around scratch in brittle solid with a sharp indenter.

Bulsara [21, 58] carried a detailed work by itiigtmg the different cacks occurring during a
scratch test. His results are in agreement witrdéisults previously give and he went further

in the observation of the lateral crack phenoame He found that subsurface lateral cracks
appear only after the indenter lift off frothe sample surface during a constant-load test.
Then, the lateral crack propagates from the nteleplace to the begning of the scratch.
Evans et al. [59] reported thtte lateral cracking dominates the material removal in brittle
material and is then of major interést machining proess understanding.

Marshall et al. [60] pointedut a dynamical phenomenon ohgr scratching reported iRig.

39 (section view along the scratclt) shows that the median crack does not propagate like
one long and unique median crack but like suceessiedian cracks thare created all along
the scratch.

Fig. 39 [60]: Schematic representation of the crackonfigurations generated by linear damage processes
and the crack front at failure.

63



Chapter 2: Literature Review

As for the indentation, there could be a size eféédhe tip of the indenter if the load is very
low or if the indenter is sayusly damaged as it has been dieahown by Li [61]. The same
authors [61] performed also few tests under wiaterication on the standard soda-lime silica
glass that exhibit stick-slip phenomenon wattspherical indenter. Nevertheless, no study of
the scratching damage dependence on the environment was performed up to now.

2.2 Mechanical models in indentation

2.2.1 Introduction

Even if they are usually convenient to performaentation tests which will be fully described
in § 3.2.1 (as well as scratchsts) are complicated experinte for several reasons: many
different indenters are available, the test tiyedeals with the contact mechanic, the loading
sequence can play an importanieras well as the environment or the lubricating conditions,
different materials can responsearwide range of behavior arige loading stress field is a
complicated inhomogeneous state of stresthinv the sample. As a consequence, the
mechanical models of indentani tests are multiple. Even thpproaches differ considerably
In certain cases. The main apaches can be quoted: i) thecrokmechanical models, ii) the
analytical models, iii) the numerical models like the F.E.M. and iv) the cracking models.
There are also mixed approaches (reverseysisal..) that deal with different methods
“mixed” with others in order tget rid of some obstacles.

2.2.2 Micro-mechanical models

The first approach that was chosen in nagotal modeling of ind&ation is so-callednicro-
mechanicalmodeling. It has been built to attentptcharacterize the average pressure, the
stresses, the displacement andher strain that occur during amdentation test. These models
have often different hypothesis as basis, sonetihifferent ways tdreat the considered
problem, and usually deal with different mategidih the next part, a non-exhausted list of
micro-mechanical models is drawn up, frtime most basic to the most complicated.

Tabor [50] formulates the mean pressure edectly plastic materiainder an indentation
by a conical indenter of apex an /2

p, C Y u Eq. 30

with Y the yield stresandC a constant@~2.8-3 for a wide rangef isotropic metals).
Sneddon [62] gives also the mean pressure umdéndentation by a caral indenter of half
apex angle / but in the case of a perfectly elastic material:

Ecot/

e Eq. 31
P 21 0 q

Stillwell et al. [63] derived the previous ediaa to assess the total vertical displacenyeoit
the indenter:

$.al Q
E

wherea is the contact radius of the indentation.
Theoretically, Hill [64] developed the expanding itain an elastic perfectly-plastic material
model and found out for=0.5:

Eq. 32

Pon 0.40 EIn E§ ' Eq. 33
Y 3 Y© 51
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As suggested by Bishop et al. [65], Marsh faund with experimeral considerations
(various materials with a Vickers indenter) the following expression:

Pn 0.07 0.6In ES ' Eq. 34

Y Y© 51
The difference between Hill's expression and tast one illustrates the discrepancy between
the expanding cavity model and the experimeptakcess as reported by Tabor [66]. Hill
treated the problem as the expansion of a cavalyishdifferent from the experimental reality
measured by Marsh (probably because of the use of a Vickers indenter).
Sneddon [62] had interest in finding the pressdistribution in contact during a conical
indentation performed on a pwetlastic material. The pressullestribution onthe indenter
depending on the abscissap(r) is given byEq. 35 andp(r)/pn is plotted on half of the
indenter f/a [0,1]) in Graph 14.

Ecot D cosh? ag

p(r) o o 1

Eq. 35

Graph 14: Distribution of the pressue under a conical indenter loading on a semi infinite purely elastic
material.

Johnson [67] studied the strain under a conicdénter. He found outhat the strain is
constant under a conical or a Vickerdenter. It can be illustrated by:

XY ¢ M otonst 8 ' Eq. 36

a a® a -1 © s 1

The friction influence can aldee taken into account. Numerostsidies (seeahnson [68] for
instance) deal with thiproblem. However, in the presenudy, the same test conditions will
be always used in order to get rid of this parameter.

2.2.3 Stress field models

2.2.3.1Notation remark

Following Johnson [68], Yoffe [27], Gladwelb9], Maugis [70], Ahn et al. [20, 71, 72],

Cook et al. [8] among others, analytical exgsiens of stress fields will be given in the
complete form of their equations. In this wywaonvenience of reading will be a bit altered
because of complicated equations. However, readers interested in computing these
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equations for building new models or verifgi some results, this choice of notation is
immeasurably preciouas is illustrated in th®escription and new computation of Ahn’s
Model part (85.2).

2.2.3.2Context

Micro-mechanical models givimteresting results about meg@nessure, strain, macroscopic
displacement and profile considéons through simple modelsdlowever, the expression of

the stress field (in a complete or partial foim}the indented material is often required when

the problem involves complicated geometries dh# goal is to obtain the local stresses (for
crack initiation for instance).

Then the direct mechanical approach of the problem lies on assumptions regarding the
displacement field, the boundary conditionstled system and the knowledge of the precise
material parameters (the adapted constitutive laws of the studied glasses for the considered
loading conditions). Thus the problem apge@omplicated because of the number of
variables. Moreover, finding theonstitutive laws of the stueli glasses raises important
problems because of their complicated b#brato indentation and scratching.

This part presents the different existing nmed#epending on the soifation type or/and the
behavior of the material to indentation te$his part will be divided in two parts: the
analytical approach and tiénite Elements approach.

2.2.3.3Analytical approach

2.2.3.3.lntroduction

Main contributions into the undganding of the contact of elastic solids have been made by
Hertz, Boussinesq and Sneddon. Then, plastelasto-plastic models were developed (Hill,
Chiang, Yoffe,...). This part will present the main models.

In a first step, existing analytical modelsoat perfectly elastic materials will be reported
(Boussinesq, Hertz). Then, a d& about conical indentatiothat takes into account an
elasto-plastic behavior of the indented madewill be reported (¥ffe). This model can
represent the behavior of the considered studied materials in some cases that will be discussed
later.

2.2.3.3.2Boussinesq’s model

The goal of this model is to study the stresses rerfectly elastic seamfinite solid loaded

by a point force which is concentrated on a surface that tends to zero. Then, the force is
considered to be concentrated on one point.

The coordinate system is a classical Cartesian system wikkytptane corresponding to the
surface of the indented material and ztsxis oriented toward the depth of the solid.

After preliminary assumptions on the displacetremd the definition of the Boussinesq and
Cerruti’s potentials, the stresglfi for a normal concentrated foredocated on the origin of

the coordinate system is given lby. 37 toEq. 42 [68, 72]:

Y.
p P 120, /X ¥ Z?@ 3% Eq. 37 %
2 r So r « U U,
% Vs
W — 2 220 _z_§y’-2>8 Z)%® 325)1 Eq. 38 :5/4
4 Eis Eq. 39
250
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P 1 2Q z8 xy Xxyz -3 xyz Yo
— 1 == R 4 Eq. 39
W 2 r? Seor’ -1 g U ‘ U
3P y7Z
Srys Eq. 41
¥ 256 |
3P xZ
SF Xz Eq. 42
W 3s@ |

U X y* z Eq. 43

Eq. 44

The superscriph denotes the stress field due to the normal load.

2.2.3.3.3Hertz’'s model

2.2.3.3.3.1General problem

The problem of the Hertz’'s contact is foriaied in the same manner as the one of
Boussinesqg. However it differs from Boussinesodel on the assumption of the concentrated
force on an area of the surfacatthends to zero. A surface adifferent to zero is obviously
justified by the real consideration of the @mttsurface between two solids. Hertz also makes
the hypothesis that this area @afrface has an ellipsoidal sleawith negligible dimensions
compared to the ones of the two perfectly edalsodies. The solids arconsidered without
roughness.

The coordinate system is cylindrical with the@xis passing through ehcentre of each solid
and the polar plane passing through the contact plane.

The expression of the mean pressuiés determined b¥q. 45.

o118 -
R Ro 1
pm Vﬁ Eq. 45
E E

with a the contact radius between the two soli@sand R, the radius of curvature of the
solids andE; andE; their Young’s modulus respectively.

2.2.3.3.3.2ase of solids of revolution shape
First of all, equivalent noteons have to be introduced:

i —1 é —1 Q? Eq. 46
E E E

and
i1 1 Eq. 47
R R R

with 1 and » the Poisson’s ratios of the solids in contact.
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The complete stresses provided by a Hertziariaab were determined by Hiber [73]. They
are reported in their corrected form (from Love [74]kEbp 48 toEq. 51.

3 0 2 a
_‘4 i 1 £§ & — 1] \/atan%ﬂ lQ u 2 Eqg. 48 ]Q
pp 32 Juo« Ju-: »/u 1u y?y?
= /4 4
S _ 8 o
Mro12 , Q8 4/ Q\/ﬁtan%_l] L Eq. 49
P 38 Juog Jur pu 1 u Ya
3

Y% 178 | Eq. 50
o s Juo 1
w7 U] Eq. 51
pp  Juslu
with

1 2 ,,2
u > us 1 ¢ Eq. 52

2 .2 .2
s . 8 1" 4 U Eq. 53
3P

— Eq. 54

2%

r
U — Eqg. 55

a
] zla Eq. 56

2.2.3.3.3.3ase of the solids of general shape

Solids of general shape are accommodated byH#wz theory if they are considered as
perfectly elastic and if the contaciagie can be approximated by an ellipse.

2.2.3.3.4Hanson’s model for conical indentation

The work of Hanson [28, 29], derived from Falank's one [75], agrees with the solutions of
Sneddon on the problem of the conical indentatio a purely elastic material [76]. However,

the expressions of Hanson arean easier form to comput&he development principle is
rather simple but it is complicated to calculate the expressions of the solutions due to
mathematical obstacles: Hanson found po#ffiiinctions from the expression of thig stress
component of Sneddon [76] that he derivealbtain the expressions tfie complete stress
field. In fact, in Hanson’s equations that are giverEm 57 toEg. 65, only two length
parameterd;(a) andl(a) need to be introduced, and theuking expressions are given in
simple forms.

l, a %\/ a’ Z \/U a’ 7 U Eq. 57

I, a %\/ a’ Z \/U a’ 7 U Eq. 58
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with a the contact radius// acot D and ! defined inEq. 44.

The notations will not be explained further here. The stre§sed,, %, 2, % and 2, are
directly derived from the previousxpressions witlthe help ofEq. 63 toEq. 65. The reader
should report to [28, 29] for more details.

V oV, V Eq. 63
K LV, 2Y w Eq. 64
W, W, w Eq. 65

2.2.3.3.5Direct plotting of some analyticalmodels and possible application to
material considerations

These analytical models are devoted to tlwein application: concentrated force for the
Boussinesqg’'s model, spherical contact foe tHertz’s model and conical contact for the
Sneddon/Hanson’s model. However, a direomparison between these models can be
justified through material consdations. Actually, in the fraenof this study, one can wonder
what differentiate these three models on the ifleagon initiation in the glass for instance.
This part attempts to illusite through this exapte of application how results from these
analytical models can be analyzed.

As reported in 8.1.9.2, densification is admitted to occur in glass (in bulk material or locally
due to an indentation test fexample) and the process is nhairelated to high hydrostatic
pressure. Plotting the hydrostatgtress of the different @viously introduced elastic
analytical models can help tocate the first point that isupposed to densify. Theig. 40
represents the hydrostatic sses distribution (normalized ltlye mean pressure) through the
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depth of the material (norrized by the contact radiug of (a) the Boussinesq’'s model, (b)
the Hertz's model, and (c) the Sneddon/Hanson’s model.

(@) (b) (©)

Fig. 40: Hydrostatic stresses in the depth of the material for (a) the Boussinesq's model, (b) the Hertz's
model, and (c) the Sneddon/Hanson’s model.

Then, the zone that is expected to firstly densify is:
a) of spherical shape and locateght under the identation for the concentrated normal
force,
b) of flatten portion of sphere shajpocated on the full contact area,
c) of flatten portion of spherghape under the contact but the highest hydrostatic stresses
are located right under thip of the penetrator ft represented here).
However, due to the elastic character of thesedets in contrast with the permanent character
of the densification process, these results rhadimited to the approximation of the location
of the first zone expected to densify. Aalty, these elastic models do not represent the
elasto-plastic behavior of é¢hmaterial, and a second limitati lies in the ifluence of the
shear stress on the densificationgass. Actually, as reported in2&1.8, shear stresses are
admitted to enhance the densification. Thertak@ into account only the hydrostatic part of
the loading is insufficient, especially duringdentation that produceshear stress in large
proportion.

2.2.3.3.6Yoffe’s approach [27]

2.2.3.3.6.1Assumptions of Yoffe’'s model

Peter showed [1] that the contact pressursvéen the indenter and the material can be
considered as constant andateely independent of the geetny of the penetrator. This
hypothesis enabled Yoffe to build a model thategithe complete elastic stress field within
the indented body. This model is adaptebritile materials and for conical indenters.

To achieve this model, a hypothesis on thenmament deformed zone was assumed: the
plastic zone appears under the indenter afidaly assumed to be of hemi-spherical shape.
It spreads with regard to the load. This defation can be due to botensification and/or
shear deformation during therpdration of the indenter.

2.2.3.3.6.2Principle
The distribution of th stresses in thelastic zone is obtained by superposing two different
elasticstress fields:
X a Boussinesq stress field capending to a stress field eluo the loading indenter
simplified in this case as a point loading,
X a stress field calledlister field corresponding to the ress field that idealize the
residual stresses in tedasticzone due to the influence of thkasticzone.
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Then, the complete stress field is given by:

n t r
BMS Bous 4 Blister V Eq. 66‘/

The superscriph denotes the stress field due to the normal load; the supetsdeipbtes the
stress field due to the tangential load; the superscdphotes the residual stress field.

2.2.3.3.6.Detail of the Blister field

2.2.3.3.6.3.Principle

The inelastic zone located under the indenteryeshbke a nucleus ofrstin located on a free
surface as reported in thegg. 41.

Fig. 41: Schematic representation othe inelastic zone located under the indenter as a nucleus of strain.

Then the stress field outside the plastic zonthéscombination of a symmetrical centre of
pressure with a double force in tlkedirection [77].Fig. 42 (a-e) illugtates the approach
which allows calculating the stress state thgfosome simple drawings that represent the
procedure ensuring the boundary conditions dfea surface with the help of an inward

double force. Note that this kind of approatdaling with the boundary conditions has been
also used by Chiang et al. [78, 79kisimilar model (Hill's cavity-based).

(@) (b)
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(© (d)

(e)

Fig. 42: Procedure ensuring the boundary condition of a free surface in the model of a nucleus of strain.
(a) the centre of pressure, (b) the creation of a sure plane, (c) the cutting into a half-space with the
distribution of stresses in the iterface, (d) the creation of the ffee surface with the upward displacement
as a consequence, (e) the addition of the invdaforce P to compensatehe upward displacement.

Then, Yoffe [27] models th8lister field as equivalent to twoutward double forces in the
surface plane and an inward double force of equal magnitude normal tokigsd8) using
the solutions proposed by Love [77]. This conaltion leaves the surfadese of stress as
required by the boundary conditions of the indénh problem. The elastic stresses in the

indented body decrease%, with r the distance to the loading point.

P

v .
o X

VA
Fig. 43: The outward double foces and the inward double forcesnodel used by Yoffe [27].

The corresponding stresses are given by Yoffe [27]:
B

Vv FA' 25 codQ 2 9, T £2. 67
v Ba1 o 0 T
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V %21 2 2 3co& Eq769
r

., B .

W —41 SIQ cos T T Eq. 70
;

whereB is the strength of thBlister field.
The superscript denotes theesidualstress field as thBlister field.

2.2.3.3.6.3.Determination of the strengof theBlister field

2.2.3.3.6.3.2.1ntroduction

Several studies deal with the detéation of the strength of tHglister field that represents
the difficulty of this model. This part shewthe approach of each author to assess the
parameteB.

2.2.3.3.6.3.2.Zontinuous stresses condition approach

Yoffe [27] considered the lotian of the maximum tensile stresses (i.e. where the cracks are
expected to initiate). Thigosition is a function oB, which depends on the densification and

the apex angle of the indenter. Theedir consequence is that the value Biister field
changes as a consequence of the densificatiore aétibed material (this is what differs in the
series of glasses of this study), and with thengetry of the considered indenter. Then this
model seems to be adaptable to the present study as it will be discussed in Chapter 5.
Theoretically, the conditions of continuous stessat the frontier be®en the elastic and the
plastic zones lead to a gpie solution for the value & that is reported ikq. 71 [27].

B 0.006p a° Eq. 71

2.2.3.3.6.3.2.&reated plastic volume approach

Cook et al. [8] and Wagner [80] considered thcrease of plastivolume as defined bigq.
72 (with =0.25)

58
6 E
This increase of plastic volume can be equahtvolume of the contact impression during

the indentation that is given for a Vickandenter with regd to the hardnedd and the load
P byEq. 73.

\% Eq. 72

3
v 0o06sf -8 Eq. 73
Ho

>1

with f an arbitrary constant of densificatioequal to O in the case of a complete
accommodation (purely idealized densifying mairand 1 in the case of no densification
(deformation with volume conservation).

CombiningEqg. 72 andeq. 73 leads t&q. 74.

3
B 0.026fE ©5° ' Eq. 74
H©O©

>1

Moreover,H can be determined with the helpkx. 75 [80].
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H 1.8544i Eq. 75
4a*

with P=Pnax and a=amax In this model,B varies in function ofP during the indentation
loading andH is considered constant.

2.2.3.3.6.3.2.£nergy conservation approach

Bobji et al. [48] determine® by considering the energy camgation during indentation as
defined inEq. 76.

E E E Eq. 76

with E; the input energy to the systef, the core energy (i.e. the energy dissipated in the
plastic zone) an#;, the energy stocked in the elastic hinterland (i.e. the elastic zone).
X E is determined considering the worktbe normal load at the estimated maximum
depth througheq. 77 with the stiffness of the material [81]

P
[
with a simple model of two springs in ssirepresenting the elastic and the plastic
behaviors that leads &q. 78.

K Eq. 77

2
1 1 8
k ’ Eq.78
\/kelastic \/kplastic© 51
Kolastic IS given by Loubeet al. [81] as:
Kpasic  SH tan’ D Eq. 79

Kelastic IS given for a flat punch by Sneddon [82] as:

16G?
kelastic - 2 Eq. 80
HI1 Q
This leads to the final expressionfreported irEq. 81.
3 1 .
E 2 gHZ—Q —SH § Eg. 81
3 4G tanlp *1
X Ecis determined with the help of ¥fe's calculations [27]. They lead &q. 82.
2,3
E. f, 2 cotanD Ha Eq. 82
with f; a constant given by Bobji et al. [48].
X Epis directly determined by:
E, % ? u , uw,ds, V Eq. 83
With the help of the calculations of Yoffe [27], it leadEip. 84.
Ha’ HB HB?
E, sz st f“Ga” Eq. 84
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wheref,, f3, f4 are constants given Bobji et al. [48].
Then theEg. 76 gives an equation with as a variable that can be solved for a considered
material.

2.2.3.3.6.4The results of Yoffe's model

As reported in 82.2.3.3.6.2, the global stress @iebf the Yoffe’s model is obtained by
superposing the two differemtiastic stress fields (se&q. 85): the Boussinesq's one that
represents the normal load point andBlister one that represents the influence of the plastic
zone on the elastic zowoé the indented solid.

n r

V Bous V Blister V Eq. 85

with the common notatiordefined previously.
The results are the predictions of the locatiohef initiation of cracks. Actually, the radial

3

crack initiationsis governed by the ,, V Eé l:omponent'.1 The occurrence of the conical

3%

cracks is governed by the, V EE@Tcomponent:1 The occurrencé the median cracks is

governed by the .,V 0 @omponent. Finally, The occerce of the lateral cracks is

governed by the . V' 0 €omponent. The different occurrescwill be analyzed further in
the case of Ahn’s model and the mechanmadteling developed in the present work.

2.2.3.3.6.3.imitations of Yoffe’s model

Yoffe’s model is restricted by some limitatis: i) the quantifiddon is not reasonable
compared to experimental dapmobably because of the strengBhthat is theoretically
assessed in Yoffe’s work, ii) adjument of the different paramees, iii) the model was built

for the conical indenter and)ithe other basic assumptions of the model (the shape of the
plastic zone for instance).

2.2.3.4Finite Elements approach

2.2.3.4.1ntroduction / field of study

The stress field models provideeprous results (especially forettocal stresses in the direct
surrounding of the indentatiorthat are not assessable witie micro-mechanical models.
Nevertheless, theoretical limitations are ofterakes for the use and the development of
analytical stress field models for obvious reasdince 20 years, the numerical capabilities
of computers provide powerfubols to treat numerous rids of problems. This method
remains of course limited in tencost, convergence of solutiondavalidation of the different
models but allows researchers to treat problenth involved complicatd geometries which
are totally impossible to treat with the tvather previously menticed approaches. This
method can also “help” another mechanical epph when numerical kdgions are partially
required to solve the whole problem as it will be demonstrated in this present work.

In this part devoted to a liteture review of finite elementstudies, the prestation of the
work of different authors doesot have the pretension to lexhaustive, but provide an
explanation for the choice takém the numerical approach tie problem: software, mesh,
boundary conditions, constitutive laws, friction ffaéent,... The choices were guided by the
results of the different works quoted in thiart, and the onexggected in our study.
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2.2.3.4.2The Finite Elements softwares

The modeling by Finite Elements first calls fosaftware that is adapted to the problem. The
most widely used is surely the Abaqus sofevi83-86]. Note thaForge 3 was successfully
used for the 3-D modeling of the scratchqa®ss by an axi-symmetric indenter on polymers
[87]. The reasons of the use of this software is $pecial case are i) its technical availability
for the author and, ii) its aessibility for specific conditian (automatic re-meshing of the
deformable body, movable mesh block,...).

2.2.3.4.3The mesh

2.2.3.4.3.1Mesh of the indented body

The mesh of the indented body is surely thg &éthe indentation ahscratching model.
Actually, only an optimized mesh can lead fgrecise results withaubeing too slow in
calculations.

First, let's review the 2-D meshes that arged to model indentation in axi-symmetric
conditions (conical indentersnd flat punch). The choices abadtle elements type and the
refinement of the mesh vafyom one author to another.

Carlsson et al. [86] used the she(conical indentation) reportddg. 44 (treatment of the
Vickers and the Berkovich indenters by an gglént cone), which is composed of 5094
nodes and 4798 4-noded elements with bilinear-approximation for the displacement and a
constant value for the hydrostatic pressume each element (advantage: improve the
convergence in strain the incompressible case).

Fig. 44: Complete Finite Elements mesh used for theumerical calculations in the analysis of the cone
indentation test by Carlsson et al.[86]. A preschied indentation depth was applied in the negative X
direction.

The mesh used by Bucallle et al. [83] is casgd of 1700 quadrilateral elements (4-noded).
Close to the indenter, the elentgeare refined so that theizsiis 1.25x3 pm2. The maximum
depth of penetration of the indenter is 15 pma @t least 20 elemendse in contact with the
indenter (conicaindentation model).

Finally (flat punch indentation model), Giaakopoulos et al. [85proposed the mesh
represented irFig. 45 (before and after deformation). It is composed of 24 elements are
allowed to come into contaetith the indented body in ordéo obtain a goodesolution in

the calculations in the diresurrounding of the indenter. @hndented body is modeled by a
solid 50 times bigger than the contact size (nafetb satisfy the boundary conditions of a
semi-infinite body.
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Fig. 45: The deformation under a flat circular punch. Homogeneous casks0, =0.25,wy/a=0.005, withw
the penetration depth. Displacemets are magnified. (from [85])

The 3-D meshes, mainly used to model ind@otatests performed by\dckers indenter, are
of course far more imposing than the 2-DesnDue to symmetryoasiderations of the
Vickers indentation problem, onll/8 of the indented body amudenter is generally meshed
as justified by Giannakopoulos ak [84]. Carlsson et al8f] obtained a mesh with 14055
iso-parametric 8-noded elements and 16527 nddes displacements are interpolated by tri-
linear functions and the hyaltatic pressure is kept constanteach element (like in the 2-D
model presented previously from the samihais). A detail of this mesh is shownkig. 46.
The complete mesh is shownhkig. 47 reported by Giannakopoulesal. [84] who used the
same mesh.

Fig. 46: Detail of the mesh close to the region ed for the numerical calculations in the Vickers
indentation test by Carlsson et al. [86]. A prescribd indentation depth was applied in the negative X
direction.

Other tests were performed by the same authdhsmeshes that include fewer elements in
order to study the influence of this parameterthe result accuracy witkespect to the mesh
limits. Using the final mesh previously described is justified this way.
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Fig. 47: General view of the F.E.MVickers mesh used in the numericatalculation by Giannakopoulos et
al. [84] (14055 eighrnoded elements).

Finally, Bucaille [87] modeled thscratch process with a conigadenter in 3 dimensions: the
mesh represents 1/4 of the body only (35x220 itimyn25 mm of depth to obtain a negligible
edge effect — depth of pendtoa: 3 mm). Note that suchraodel requires an automatic re-
meshing procedure during the calculation. A spemahmand of Forge 3 is used for this aim:
a mesh box of the indented body “follows” timelenter all along thecratch. The obtained
mesh is illustrated ifrig. 48 [87] with 13000 tetrahedr@lements that are 4 noded.

Fig. 48: Three dimensional view of the indenterand the meshed body for the scratch simulations by
Bucaille [87].

2.2.3.4.3.Z2The indenter

In almost all cases, the indenter is considereifastely rigid. Bucalle et al. [83] modeled
this way the conical indenters of half apex angl 42.3° (conical indenter equivalent to the
cube-corner indenter), 50°, 60° et 70.3° (cahiindenter equivalent to the Vickers and
Berkovich indenters), while @nnakopoulos et al. [84] mddd only 1/8 of the Vickers
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indenter as illustrated ifrig. 49 (shaded region), becaust the previously mentioned
symmetry reasons.

Fig. 49 [84]: Schematic view othe geometry of the Vickers indenrgr: (a) top view, (b) side view.

In this last case, the indenter geometryaasidered perfect. Thuke edges are “sharp” as
well as the tip; it is obvious that these paramset@ave no experimentetality. Nevertheless,
the values of hardness are unchanged for peioetrdepth above 1/4 of the radius of the tip
(numerical results).

2.2.3.4.4Boundary conditions

This part summarizes the boumglaconditions imposed to the different models by their
authors.

Carlsson et al. [86] consideredattihe displacements are consteal to be equi-biaxial at the
extreme boundaries of the body in order to simeulesidual stresses. This is for example
illustrated inFig. 50 [86].

Fig. 50 [86]: Schematic of the loadingu is the prescribed radial displacement at the outer surface
generating applied stresses and strains.

Due to the symmetry reasons that are puesho reported, Giankapoulos et al. [84]
considered that i) the nodes of the face& Ill (see corresponding figure of the mesh from
these authors ifig. 47 in the 8.2.3.4.3.1) can only move these two planes, ii) the plane
IV undergoes vertical displacement and iii) ghene | and the surface V are free of stress.
The boundary conditions are usually not more detailehe literature, beg almost trivial.

2.2.3.4.5Constitutive laws

The constitutive laws are oftedifferent for the quoted authortndeed, the gal of their
studies are usually rather differérdm one to the other (diffené materials, study of different
test parameters and their influence on the mqatesence of a residustress field,...), that
leads to the choice of special and differemstitutive laws adapted to each case.
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Thus, Carlsson et al. [86] modeled a perfeelgsto-plastic material, a hardening-plastic
material and a non-regular hardening plastitemal. In details, the constitutive laws, which
are integrated in the simulations, are reportethible 14 and able 15, with regard tBq. 86:

Mat no. E 1, 1 | m
1 200 GPa 0.3 200 MPa Elastic-perfectly plastic material
2 200 GPa 0.3 50 MPa 1000 MPa | 3.3
3 70 GPa 0.28 * *
* Material 3: irregular behavior according to Table 15

Table 14: Materials investigated by Carlsson et al. [86].

1
vV b H, , o 74 Ed¥s6 H
Q 1(Q) [MPa]

0.0 175
0.0025 197.5
0.005 210
0.0075 220
0.0175 240
0.0325 260
0.04 270

0.2 377

No hardening when @>0.2

Table 15: Details of coefficients usd by Carlsson et al. [86] forconstitutive laws represented byeEq. 86 for
the considered glasses.

Giannakopoulos et al. [85] treatedetlproblem of indentation with #at punchin the
perfectly elastic material case. But, the ditasve law has the p#cularity to exhibit a
gradient of the elastic propewién the depth direction. TwoftBrent laws were studied: the
power lawE E,Zand the exponential laE E,e”.

Giannakopoulos et al. [84hodeled precisely the indentati behavior through the indentation

of materials that are sensitive to hydrostatespure. Thus, the chosen constitutive law in this
case is:

v ,VH E H Eq. 87
with
2%
E 3 Eq. 88
% 9
3

(properties of the studied materi&g=205 GPa, =0.3, 4=350 MPaH/E=1/40 and 1/3ay=-
6/5, 0, 3/5, 6/5).
Lastly, Bucaille et al. [83] used an elasto-plastic constitutive law as:

V KA Eq. 89

(the simulations had been performeith a large strain formulation).
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2.2.3.4.6Results

2.2.3.4.6.1Preliminary remark

As for the constitutive laws, the aims of thdfatient studies reported in the literature are
often far from each other. Hence, the resultsaiteer different, even if the technical basis of

the different models is similar. This factudtrates the reason farsing such a numerical
technique (i.e. the Finite Elements Methaaljpwing treating differat problems and being
effective in each case. The results reported in this part are multiple and more or less of interest
in the context of the present study.

2.2.3.4.6.Zriction coefficient

The influence of the friction coefficient is well known to be negligible on the results of Finite
Elements calculations in stdard cases (Carlsson et @6] found out maximum 10 % of
deviation between the different resultspiannakopoulos et al.8#, 85] modeled the
indentation tesas frictionless.

However, Bucalille et al. [83] stlied precisely the influence tfe contact friction and of the
indenter geometry on the indentation problérhese authors withdrew from the standard
models in which the friction is neglected.é€Tfriction coefficient is modeled by a Coulomb’s
friction coefficient and tis formula is proposed:

F $R? 1 —tat:lti 5'1 Eq. 90

with R; the radius of contact andthe true friction coefficient,7the half apex angle anuthe
contact pressure assumed to be constant on the surface.

H

For p>0 and high enough—
tan 7

is negligible compared to 1. The results of the model are

given in part 8.2.3.4.6.
Bucaille [87] also took a stanahCoulomb’s frictioncoefficient tomodel the fiction at the
interface between the indenter and the body.

2.2.3.4.6.30ther various results

Carlsson et al. [863xplored the hardne H ; and the area rat c? A
2

with A, for a conical indenter (being the angle between the surface and the

2

tan £
4h?
2

edge) andA,,, o E

for a Vickers indenter is the depth (initial surface-depth under

load).

The results show three important facts (&eaph 15 reported by Carlsson et al. [86])and
c2rise as the material harden; tmfluence is not very important dth contrary toc?; the Eq.
91 fits these results well.

H C |'( representative H residuz) Ed-/ a1

81



Chapter 2: Literature Review

Graph 15 [86]: Influence of stress and strain orhardness and area ratio for a power-law hardening
material no. 2 (resp. for an irregubrly hardening material no. 3) in Table 14 — details (a) and (b) (resp.
details (c) and (d) —. In all cases, the sign sfress and strain coincide. (a) (resp. (c)) Hardness$. (b) (resp.
(d)) Area ratio ¢ (*) Cone indentation. No applied stress, {) Cone indentation, the Von Mises effective
stress due to applied stress equal¥ @= Q.9.

Note that this study dsenot present any criterion of validation for the Finite Elements model:
there are no test of convergence with thénnparameters, no comparison with experimental
values ofH, no extraction of load-displacement cunkes, no determination of long scale
effect; these criteria are only repatteom the existinditerature [88].

The hardnesHl of the non-regular hardening material can be expressed by:

H K1|{ Kz"ﬁ Eqg. 92

.V (0.02)
3an
.V (©35))

Vickers indenter. These resuéise in good agreement withetlfrinite Elements results.

with dK;=1; K,=1.55 for a conical indenter £22°) andK;=K,=1.4 for a

The influence of the Poisson’s ratio was stdldby Giannakopoulos etl. [85] and it was
found out that the influence snall on the stress fields idsi the indented body beneath the
indenter because the singularmtythe indenter dominates thewmon. The results close to the
contact singularity are obvioushrong but become consisteahd close to the analytical
values when moving of 1 or 2 element(s).eThR.E.M. was only used here to confirm the
analytical development proposed by their authors.

The F.E. method enabled to study the reajguted area of contact as illustratedrig. 51
reported by Giannakopas et al. [84].
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Fig. 51 [84]: Projected true contact areaA. The common indentation depth is also shownE(. 87 etEq.
88) (a) =0, H/E=1/3, Vickers; identical to a=-6/5, H/E=1/3 (the contact areas foH/E=0 and 1/40 are also
shown with continuous and dashed lines, respectively). (B)=3/5,H/E=1/3, Vickers.

The same authors also extracted the laadlacement curves from the simulations. The
comparison with hard metals or glasses on wigxperimental tests were performed show a
good correlation for the first modeled materiut, the results show a relatively bad
agreement with the second matkitbecause of the constitutive law that does not take into
account the cracking phenonaetiat occur in glass.

Finally, Bucaille [83] reported results about teraction of stress-strain curves by reverse
analysis. The original data for the reverapalysis are instrumesd indentation tests
performed (numerically) on elasto-plastic materidtteresting results are the influence of the
friction coefficient on the simulations. The caat friction can be neglected when using a
conical indenter with Hhapex angle higher than 60° (th¢he friction effect on the Vickers

or Berkovich indentation seems to be neglg)bOn the other hand, the influence of the
friction coefficient cannot be gécted for indenters with half apex angle less than 60° as
illustrated onGraph 16 [83]. For the equivalenbree of the cube coer indenter (=42.3°)

and pu=0.15 (typical for a metal-diamond contad¥)jncreases by 16 %. The friction is not
negligible in this case a@rhas to be taken into ammt in such simulations.

Graph 16 [83]: Influence of the friction coefficient onthe normal force in indentation as a function of the
included angle, . Results obtained in simulations on an aluminum alloy. For "60°, an increase in
increases the normal load.

The complete depth of penetratibnis also influenced by the friction coefficient. The more
the friction coefficient is, the mot® decreasessraph 17 shows the profiles obtained for half
apex angles of=70.3 and 42.3°:
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Graph 17 [83]: Indentation profiles for four values ofthe friction coefficient for an aluminum alloy for (a)
=70.3° and (b) =42.3° conical indenters (half apex angle)the height of the pile-up is larger for a
frictionless contact.

2.2.4 Cracking models

The materials, which are studied in thisriyoexhibit complex deformations as reported
earlier. In addition to the plastic deformatioomposed of the combination of densification
phenomenon and plastic flow deformation, perfing indentation oscratch tests induces
damage in the form of cracks. Several models attempt to treat directly the phenomena of
initiation or/and propagation of the cracks. Thuawn et al. [14] proposed for instance a
model based on stress intensity factors to ptelécpropagation of median/radial cracks. The
principle is based on the assumption that theliel materials are elasto-plastic. Then, to
superpose two differentrsss fields, the first elis and the second plastic, is fully justified.

The elastic stress field is aoBssinesq point-loading stress dielThe plastic stress field is
based on the solution of the cavity problem of Hill. For each stress field, one expression of the
intensity factor is giveniKe and K; depending on experimentaloefficients that are
independent of the indenter/material couple.

The toughness is equal to the sum of thegtkess intensity factors as reportedto 93.

K., K, K Eq. 93

c

The Eq. 94 is derived and represents the eguilm equation of the propagation of median
cracks during the loading cycle.

K Eq. 94

with P the normal loadXe andX; the elastic and the residual stress factors respecto/tig,
crack mean length and. the material toughness. Followg the same procedure, similar
equations are obtained for the unloading cycle.

Similar models were developed for the sulfee lateral crack system [15]. Equivalent
considerations were also démeed to model not only the progation but also the initiation
of cracks (see [16] among others).
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2.3 Mechanical models in scratching

2.3.1 Principle and development

The extension of Yoffe’s model [27] (adapténl a conical indentation) to a quasi-static
scratch model (i.e. with a negligible scratclees) following the coordiate system depicted
in Fig. 52 [20, 71, 72] was developed.
Let’s remind that the principle of Yoffe’model is to superpose two differatastic stress
fields to model the stress field due to th@mal loading indenteand the presence of the
plastic zone in the indented solid.
Two fundamental points have to be taken extoount to adapt Yoffe'lsiodel to scratching:

X the elastic stresses duefiation during the motion,

x the effect of the loading history duettee accumulation of plastic deformation behind

the indenter.

This model has been developed by Ahn [20, 71, 72].

Fig. 52 [20, 71, 72]: Schematic side view of the sliding indentation showing the applied loads, the
coordinate system and the plastic zone boundary.

In order to take into account the elastic sées due to friction dumy the indenter motion,
Ahn introduced the Boussinesq's stress fieldresponding to an applied tangential force
concentrated on the surface at the indenter positfibus, this stress figglconcentrated in the
origin of the coordinate system is givenby. 95 toEq. 100 [20, 71].

a

N gﬁ 1 ¥ —X3 3x X > 2)6(2 R«  Eq.95

2 S§° U vwo @ 0 zed U
a

v 3—3)(32 1 ¥ —)i X Xy > 2 xy < Eq. 96
2 S U U W o w0 oz U

V gsxf Eq. 97
25 0

Ky g_sxi/z Eq. 98
25 U

Ky gsxi)z Eq. 99
25 U

a

Y gﬁ 1w y x2y2 2>€y3®« Q Eq. 100

2 S U Uz * &' 0 zvy

85



Chapter 2: Literature Review

with Q the concentratethingential load (seféig. 52).

The required slidin@lister stress field models the local residual stress field accumulated in
the elastic zone behind the imder all along the scratch armds to be taken into account.
Normal and tangential Boussinesq stressiéiedre not concerned by accumulation as they
pass with the moving indentefhen the accumulation of éhresidual stresses is done by
integrating theBlister field all along the scratch. The tdded procedure and the complete
expression of the stress fields will be integrally given :a&for the required new calculation

of Ahn’s model. The global expresesi of the stress field is given ig. 101.

n t r
BMS Bous 4 Blister El(lOl V

The superscriph denotes the stress field due to the normal load; the supetsdeipbtes the
stress field due to the tangential load; the superscdgehotes the residual stress field.

2.3.2 Determination of the strength B of the sliding Blister field:
Experimental considerations approach

The residual stress field givenhiy. 101 represents the slidiBgjster field characterized by a
strengthB. Ahn et al. [20, 71, 72] determineB adapted to the scratching case by
experimental consideratiom®nsidering the increasé plastic volume given big. 102.

2 A1l 20Q
3 G

Two experimental parameters are introdudée: upward plastic flow factor defined k.
102 with the help oFig. 53 [20] and the compaction rati®/V given by Chen et al. [89].

AreaOAD AreaABC AreaDEF
P AreaOBE

The final expression d with regard to the upward flofactor, the compaction ratio and the
contact radiust is given byEq. 104.

V' Eq. 102

Eg. 103

, 1 18Vs§
3°% a7 2V o° 1

B 2 an © Eq. 104
2 15 0

Finally, the contact radiusis found by profilometry measurements and leadsqtol05.
a=0.67P">’ Eq. 105

Then,B is given in function oP in Graph 18 [20].

Finally, note that this procedure to assBswas designed only for the sliding case. That
means that the obtained value Bfis the strength of the slidinBlister field that will be
defined later in 8.3.1. However, this procedure da@ used directly to assess the vauef

the “static”Blister field with almost no need for adaptatito the static probm. This will be
discussed in Chaptér
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Fig. 53 [20]: Schematic of the profile of a typical satch track made with a sliding Vickers indenter in
soda-lime glass (load 5-50 gm). The ratio of vertical magnification to horizontal is 5:1.

Graph 18 [20]: The variation of the slidng indentation Blister field constantB with indentation P for the
soda-lime silica glass.

2.3.3 Results of Ahn’s model [20]

The magnitudes of the different stresses joesly found are now comped to predict which
crack patterns are most likely occur at a given load.

The V x,0,a component governs (s€gy. 52) the initiation of lateral cracks and is plotted

in Graph 19. This residual stress is tensiléowethe scratch with its maximum value just
behind the indenter. Thus, lateral crackingupposed to occur at this location.

Graph 19 [20]: Residual stress distribution at the edge of the inelastic zone (B/P=0.005).

The I x,0,a component governs theitiation of median crackand is plotted iGraph 20.

This stress is maximal in tension right belthe indenter. Thus, meat cracking is supposed
to occur at this location.
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Graph 20 [20]: Complete normal stress distribution at the edge of thénelasticzone (B/P=0.0025).

The I x,a,0 component governs theitiation of radial cracks and is plotted Graph 20.

This stress is maximal in tension fer-1.3a below the indenter. Thus, radial cracking is
supposed to likely occur at this location.
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3.1 Materials

The glass compositions were defined in suclagy that with regard to their indentation
behavior, the studied glassesepthe range from typical noringlasses to near anomalous
glasses [9]. According to Peter [1], oxide gkes become normal when the modifier content
exceeds 15-20 mol. %.

A commercially available soda-lime silica glasgas studied. 40x15x4 mnspecimens were
cut using diamond-type cutting tools frapane annealed 860 °C (i.e. at J+ 15 °C) in air
during 1 hour and cooled at 2 °C.iirn addition, different glsses were synthesized by S.
Dériano (see [10, 11] fdurther details) in the N®-CaO-SiQ phase diagram given (Braph

21 [90]. These glasses are referred as SUs 4), and were obtag¢d by substituting Sifor
(NaO+CaO) while keeping N®/CaO ratio constant and equal to 1.52. A fused silica glass
was also studied. The glass compositions are given ifidble 16.

[mol. %] | Planilux | SLS1(c) | SLS2(d) | SLS3(e) | SLS4(f) | Fused Silica
SiO, 70,8 71,0 74,0 77,0 80,00 100,00
Na,O 12,8 17,5 15,7 13,9 12,10 -

MgO 5,9 - - - - -
CaO 10,2 11,5 10,3 9,1 7,90 -
AL,O; 0,4 - - ] .

Table 16: Chemical compositia of the studied glasses.

Graph 21 [90]: N&O-CaO-SiO, phase diagram in mol. %, with the four SLS glasses synthesized for this
study.

3 Planilux™, Saint-Gobain
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Glasses through the SLS series werelmgized starting from pure and dried $i0aCQ,
NaHCG; powders. Small quantitiesn(ia total proportion of lessdah 0.5 mol. %) of fluxing
agents, such as ZnO, Bag;GrCQ and AsO; were added to ensusegood homogeneity of
the glasses. Batches were then melted at 1606 &Cplatinum (Pt/Rh 10 %) crucible in air
during few hours and stirred with a platinustirrer for one hour to refine the melt.
Approximately 200 g of glass meiltere finally poured into a caon mould, preheated at 550
°C, and slowly cooled to room temperaturedogting off the furnace. After determination of
their Ty (located between 558 an@5°C) by calorimetric measement (DSC), glasses were
annealed for half an hour af &nd slowly cooled a rate equal to 1 °C.miin(see [10] for
further details).

Note that the same samples were used for all measurements. Glasses from the SLS series were
cut and their surfaces were polished carefully up pion grid. Glass specimens were kept in a
dried atmosphere to avoid muuise pollution before testing.

3.2 Mechanical characteristi c¢s and Measurement devices

3.2.1 Instrumented indentation

It is today common to instrumeatclassical hardness test@i]. A conventional hardness test
consists in a classical indentation test, i.ecahsists in loading &ard penetrator called
indenter with a normal loaB on the surface of a sample. Isuéts in a perteation of the
indenter into the mat&l by a depth noteld as illustrated irFig. 54 [92].

Fig. 54 [92]: Schematic representation of a sectichrough an indentation using a conical indenter.

During an instrumentedindentation, experiment consigy usually in a single loading-
unloading cycle, the load and the penetration degthare recorded asfanction of time. The
different characteristics measdrduring an instrumented indation experiment are reported
in Fig. 54:h is thefinal depthof indentation after unloading (i.after elastic recovery of the
matter);h. is thecontact deptha is named theontact radiusand represents a characteristic
length of the post-experimental indentation impf{equal to the contact radius for spherical
or conical indenters and usuahglf the diagonal of the indenter edge for Vickers).

The different indenters used for indatmdn are schematically illustrated Fing. 55 and some
geometric details are reportedTable 17 [50, 93]. Among all thexisting type of indenters,
mostly pyramid indenters areads but spheres of various dietar and conical indenters are
also sometimes specifically usdglerkovich indenters depicted #ig. 55 (b) (three-sided
pyramidal diamond) are preferred for very lbvad indentation, i.enano-indentation (to
assess properties of thin coatings for instabeepuse they can have a tip radius in the order
of 50-100 nm due to fabricath considerations. Thus, theufr-sided pyramidal Vickers
indenters drawn ifrig. 55 (a), difficult to obtain with sn small tip radius, are usually used
for higher load indentation, i.e. micro-imttation, and for conventional measurements.
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(€)

(@) (b)

d
(d) ©

Fig. 55: Indenter geometries — (a) Vickers indenter(b) Berkovich or cube corner indenter; (c) Brinell
indenter (sphere); (d) Knoop indenter; (e) conicalndenter. Characteristic dimensions are not respected.

Angle from axis to Vickers Berkovich Cube corner Knoop
edge 74 77 54.7 86.2/75
face 68 65.3 35.3 -

Table 17: Summary of angle data for the foumost commonly used indenter geometries.

Graph 22 (inspired fronMalzbender et al. [92]) repor® typical load-displacemenP-)
curve of an instrumented indentation experin@nan elasto-plastic material (the same curve
Is followed for loading and unloadingeeence in the purely elastic case).
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Graph 22: Schematic represerdtion of a typical indentation load-displacement curve.

Finally, the P-h curves can be investigated in theeyy approach [81, 94]. Actually, the
surface defined by ABCA oGraph 22 represents the necessaoyk for the creation of the
indentationWr. The BCDB surface corresponds to the work released by the spetimen,
Lastly, ABDA corresponds to the retained wo,. Thus it comes:

W W W, Eq. 106
3.2.2 Scratch test

3.2.2.1Introduction

The scratch test could be summarized amging a hard point fdenter) on the sample
surface. The first scratch test in order to assessrial properties is historically the procedure
to get the Mohs’s hardness fonneralogists (1824): it consisis scratching or abrading a
material with a harder one [66, 95]. Thukjs test appeared chronologically before the
indentation test. Thenthe scratch test has been naturally used for metals, in order to
investigate the resistance of metals to scrptolsess and to study theratch test as well in a
more simplified case than with minerals. Thetftrseeories and modebbout friction, sliding
hardness or wear were built on the basis of dead experiments or single scratch pendulum
tests. One can note the work@fiallen et al. [96, 97] who shed interesting results on the
occurrence of sliding, wave pushing or chimoxal depending on the friction coefficient and
the penetrator angle. These three dufdion modes are reported bellowHig. 56 [96].
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Fig. 56 [96]: Two-dimensional deformation modks of scratching by a hard wedge. (a) theubbing model,
(b) the wearmodel and (c) therestricted contact cuttingmodel.

As reported earlier, the scrhtdest is nowadays used study the resistance of brittle
materials, glasses and many kinds coatings. It is used either for qualitative scratch
resistance or for material properties assessrandt this test is more than ever of great
research interest.

3.2.2.2General principle

During a scratch test, a well-defined tip is dnaewer the surface of a sample while applying

a particular normal loaB. This normal load may be constant during the experiment as it may
be stepwise or even it mayomotonically increase (resp. decredsejn an initial value (resp.
maximum load) to a maximum load (resp. a lowalue) at the end of the scratch. As for
instrumented indentation treated 3.1, various different inaers may be used for scratch
experiments as illustrated kig. 55.

The complicated loadingtress field induced by scratchstegenerates material response in
various forms depending on the material natykastic deformation, densification, re-
crystallization, cracking,...

Indentation technique is usualpyreferred to the scratch experiment to assess most of the
material mechanical properties. In fact, pmjes such as the elastic modulus, the hardness
and the fracture toughness can only be relativedysady estimated from scratch experiments
due to over simplifications [92]. Howevecgharacteristics provided by the scratching
technique about scratch resistanéeéulk or coated materials egmtly fill the gap of contact
mechanics right between quasi-static damggelentation,...) and tribology science

(grinding,...).

3.2.2.3Parameters assessment

Aside some of the mechanical properties quatethe previous paragph that will not be
treated in this document, some convenieesults are usually collected, measured or
calculated from scratch experiments amnel shortly presented in this part.

Scratch testers are usually instrumented witaxis load cell that enables to measure the
normal loadF, and the tangential loaé:; simultaneously. Then, the apparent friction
coefficient is simply given by:
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P % Eq. 107

n

It is sometimes convenient to introduce the appiafriction coefficient as the superposition
of adhesion and ploughing contribarts [95]. Thus it gives:

P ., P, P Eq. 108

where Ris the adhesion compamteof the friction and £ is the ploughinggomponent of the
friction. One can also see Lafageal. [98] for further development to assess the local friction
coefficient.

Hardness expressions specific to scratch empmaris but related to indentation values are
derived as reported #Bg. 109 andeqg. 110 [95].

H, By Eq. 109
Ag
whereA g is the projected load bearing area &pdhe normal load.
H, i Eqg. 110
A

whereA, is the projected contactes seen in the direction norhta the relative motion of
the indenter ané; the tangential load.

Hs and H, are namedscratch hardness&nd ploughing hardnessespectively. Both lead to
consistent values with the indentation hastnef the considered materials [95, 99, 100].

3.2.2.4The scratch tester

An apparatus, namestratch testealso known asinear sclerometerallowing for a variable
loading cycle during a singlexperiment was designed for tpeesent work. This device was
placed into a glove box in order to achieve adymoisture control in the range 0 % - 100 %
r.h., so as to study the et of the environment (séég. 57).

Fig. 57: Principle diagram of the experimental setup designed for variable loading scratch test in a
moisture and temperature controlled atmosphere.
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The horizontal displacement of the indan{to produce a groove$ obtained through a
bearing slide, while the verticabovement is controlled by a piezo-electric actuator. Both the
penetration and the forces are continuouslkgnitored. The main characteristics of the
apparatus are a maximal normal la#dess than 5 N with an agacy of 0.02 N, a vertical
penetration displacement limited to 1@, and a scratch displacenmaccuracy better than 1
An and a maximum speed of 5 mm/s. The displeent of the bearing slide is computer
controlled, and both displacements (horizontal eertical) and environmental parameters are
continuously monitored with the help of angputer and Labview pgrams. The different
loading programs that were designed for theppse of this study arér a constant loading
scratch, ii) a uniform slope of loading sclatend iii) a uniform slop®f loading-unloading
scratch.

The solution adopted for the study of the influsio¢ the environment was a classical “glove
box” with a pumping system that allows to psety control the humidityevel (% r.h.) inside
the enclosure (< 3 % of deviation in r.h. idigra whole test). Theubber gloves enable the
manipulation of the samples inside the box ansetsup the different parameters before each
test that are not computer controlled.

Several details abouonception, building, strumentation and testingf the scratch tester
are given in Appendix 1.

3.2.3 Material properti es measurements devices

3.2.3.1Density

The density of the samplesusually found by determining é¢hmass of a determined volume
of the samples. The variougpes of materials withdifferent structurerequired different
methods of density measurement. The densityypically measured using buoyancy and
liquid or gas pycnomtry techniques.

Pycnometer is used worldwide to obtain temml density measaments. This method
provides a more rapid and more accurateasarement of the true density than the
Archimedean technique. The resolution thle method is 0.0001 g/cc. Helium, under
precisely-known pressure, is used to fill small voids within a specimen. The volume change of
helium in a constant volume chamber allows deieation of the solid volume. The ratio of
sample mass to its true volume for materialhout closed porosity ges the true density.
For materials with closed porosityjshresult is the apparent density.

3.2.3.2Elastic parameters - ultrasonic device

At room temperature the vast majority of teitmaterials are linearly elastic up to their
fracture stress. Basic elastic matepabperties such as Young’s modulisand Poisson’s
ratio (as well as derived parameters: shear mod@lasd bulk modulu¥), which are of
interest in many manufacturingnd research applications, can be determined quickly and
easily through computations based on soundcitees. The sound vebity can be easily
measured using ultrasonic pukseho techniques where an akiound transducer generates an
ultrasonic pulse and receives its “echo”. Theaslonic transducer operates as both transmitter
and receiver in one unit. Two transduceaslongitudinal wave transducer and a normal
incidence shear wave transducer are reqdwegulse-echo sound velocity measurement in
longitudinal and shear modes. The test samplag be of any geometry that permits clean
pulse-echo measurement of sound transit timeutih a section of knowthickness. Ideally
this would be a slug or bar at least 12.5 mioktlwith smooth parallel surfaces. The diameter
on cross-section must exceed about five iiinal wavelengths. Téh elastic modulus is
determined from the acoustic velocities o fbngitudinal and transverse elastic waves and
from the density because the deformation inat@ustic case is believéa be purely elastic.
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The elastic modulE and G are deduced from the measured velocilfgesand Vr of the
propagation of the longitudinaind transversal waves respeely, with help of theEq. 111
andEq. 112:

2 2
E du Eq. 111
Vs
V;© °1
and
G dV? Eq. 112

with d the density of the material. The accuracyssally accepted to kel %, even if in
most cases, it is limited by the density measiiris then of the order of the GPa.
The Poisson’s ratio iderived through:

E
— 1 Eq. 113
QZG q

The accuracy on the Poisson’s ratio is about + 0.01.

Fig. 58: Ultrasonic method by reflection with a contact transducer
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3.3 Imaging Tools
3.3.1 Optical microscope

3.3.1.1Classical optical microscope

Fig. 59: Schematic principle of a clasical optical microscope. (from [101])

The optical microscope is used to createeatarged view of an g¢bct typically in the
magnification range of 5x to 1 000x. The resauntdepends on the physical properties of lens
and on the wavelength of light that is passerough the lens. The physical properties are
summed up in a value known as thenerical aperturevhile the wavelength is determined

by the light color.

Increasing the visibility of objects under thecnaiscope has followed kiaus routes. Several

of these techniqgues make use of the fact light is deflected, reflected, or diffracted at
boundaries between two materials with differeefractive indices. These techniques are
named: Absorption, Refraction, Fluorescence, RefleemDiffraction.

There are three modes by which opticalcnmscopy is commonly conducted, namely,
brightfield illumination, darkeld illumination, and intedrence contrast (Nomarski).

Brightfield illuminationis the normal mode of viewing witin optical microscope. This mode
provides the most uniform illumination of the sample. Under this mode, a full cone of light is
focused by the objective on the sample. The obdamage results from the various levels of
reflectivities exhibited by the compositional and topographical differences on the surface of
the sample.

Underdarkfield illumination the inner circle area of the lightne is blocked, such that the
sample is only illuminated by light that impinges on its surface at a glancing angle. This
scattered reflected light usuattpmes from feature edges, paustates, and other irregularities

on the sample surface. Structure in the objepears bright on a dark background. ). Either
incident or transmitted light may be used. Dl illumination is therefore effective in
detecting surface scratches and contamination.

The interference contras{Nomarski) makes use of polaed light that is divided by a
Wollaston prism into two orthogonal light rays. eBe slightly displaced light rays hit the
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specimen at two different positand return to the prisrthrough different paths. The
differences in the routes of the reflected rayi produce interference contrasts in the image
when the rays are recombined by the prism upem tbturn. Surface defexbr features such
as etch pits and cracks trere difficult to see under brighgdd illumination can stand out
clearly under the Nomarski mode.

3.3.1.2Long-distance microscope

Even if the principle is rather simpléong Distance Microscopé& a non-conventional
microscope. The aim of this device is to mak®ges of objects ienclosures, in hostile
environments, in process and on-line. Micrgscaesolution could bachieved from a longer
distance without clutteng the work area with instrumentation.

It has a working range of about 50 cm to 150 en30 to 1 variability in view field, and a
noteworthy depth of fielda linearity and chromatic correati. It is alsoequipped of a CCD
video camera and a complete video acquisitomputer and software. Two Barlow lenses
are also available to magnify the observatibhBx and 2x (can be mounted simultaneously).
The optical resolution is 2.7m at 55.9 cm of working distance. The field of view (2/3"
format) is 0.9 mm to 15 mm. Filyg the microscope can betsan axial position (horizontal)
or 90 degree position (vertical).

Then, thanks to this gize (Questar QM100 — ségg. 60), images and deos of indentations
and scratches can be taken in-sitie to the long working range the microscope. This is of
prior interest in tts study for understanding damage processes.

Fig. 60: Views of the long-distace microscope Questar QM100.

3.3.2 Confocal microscope

Confocal microscope is a very powerful tdof the investigation of crack morphologies in
transparent or translucent materials. In tb&se, the techniquedl@avs observing three-
dimensional subsurface features and pravidiepth information without the need for
mechanical sectioning of the samples. Theraement of lenses and apertures in the
confocal microscope allows ligltiginating from only one focadlane within a samples to be
detected, resulting in an image that is brighttfse parts of the samples that are in focus,
and dark for other part of the samghat are out of the focal plane.

A laser is usually used to prald intense illumination, and, because only one point at a time is
illuminated, a scanning system must besdusLight from thatpoint (which may be
fluorescent) is focused on a point detector lisag a pinhole in front of a photomultiplier) and
is illustrated inFig. 61.

Layers of the object away from the point beimgwed are not illuminated as brightly because
the illuminating light is not on focus there, #we light coming from those layers is not
focused on the detector pinhole. As a resuit thyers of relatively thick objects can be
examined. This is obtained by an arrangemerdigphragms which, at optically conjugated
points of the path of ¥&, acts as a point light sourcedaas a point detemt respectively.
Rays from out-of-focus are suppressed by the detection pinhole as illustr&igd &2 that
depicts the principle of a camfal microscope. The depth tife focal plane is, besides the
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wavelength of light, determined in particulay the numerical aperture of the objective used
and the diameter of the diaphragm. At a widetection pinhole theonfocal effect can be
reduced. To obtain a full image, the image point is moved across the specimen by mirror
scanners. The emitted/reflected light passimgugh the detector pinhole transformed into
electrical signals by a photomultiplier and displayed on a computer monitor.

Fig. 61: Schematic principle of in plane fous with a laser or lightsource. (from [102])

Fig. 62: Schematic principle of aconfocal microscog. (from [102])

The confocal microscope used i fhresent study is a Leica ICM 1000.

3.3.3 Scanning Electron Microscope (S.E.M.)

SEM produces images by detecting secondagtens which are emitted from the surface
due to excitation by the primary electrogaln and its principle is depictedkig. 63.

In a typical SEM configuration, electrons d@hermally emitted from a cathode. The electron
beam, which typically has an energy rangingnfra few keV to 50 keV, is focused by two
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successive condenser lenses into a beam haviexy dine spot size (~ 5 nm). Then, the beam
passes through the objective lens, where pairscahning coils deflect the beam either
linearly or in a raster fashion over a rectdagarea of the sample surface. As the primary
electrons strike the surface, they interact wihh surface atoms which lead to the subsequent
emission of electrons and x-raywhich are then detected lay scintillator-photomultiplier
device to produce an image.

Because the secondary electrons come fromn#a surface region, the brightness of the
signal depends on the surface area that is exgost@ primary beam. This surface area is
relatively small for a flat surface, but increasfor steep surfaces. Thus steep surfaces and
edges (cliffs) tend to be brighter than flurfaces resulting in images with good three-
dimensional contrast. Using thischnique, resolutions of tleeder of 5 nm are possible.

In addition to the secondary electrons, backsoad electrons (essentially elastically scattered
primary electrons) can also be detected. Beattsred electrons may lised to detect both
topological and compositional details, thmlugh due to their much higher energy
(approximately the same as the primary bedrhgse electrons may be scattered from fairly
deep within the sample. This results in a s$enalopological contrast than in the case of
secondary electrons. However, the probabilitypbatkscattering is aweak function of the
atomic number, thus some catdt between areas of differasfiemical compositions can be
observed especially when the average atomimber of the differ® regions is quite
different.

The spatial resolution of the 8Edepends on the size of theeeron spot which in turn
depends on the magnetic electron-opticateasyyn which produces the scanning beam. The
resolution is also limited by the size of the interaction volume, or the extent of material which
interacts with the electrorebm. The magnification for a common SEM can be up to x50 000.

Fig. 63: Schematic principk of a SEM. (from [101])
The SEM used in the present study is a Zeiss DSM 962.

3.3.4 Atomic Force Microscope (A.F.M.)

The atomic force microscope measures allgeaperty (such as the height, the optical
absorption, or the magnetism) with a probe“tg” placed very close to the sample. To
acquire an image the microscope raster-stamprobe over the sample while measuring the
local derived property. The rding image is monitored on a screen. AFMs can achieve a
resolution of 10 pm, and unlike electron micigses, can image samples in air and samples
immerged in liquids.
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AFM operates by measuring attraetior repulsive fares between a tip and a sample as given
on Graph 23. To do so, it uses a sharp probging over the sample surface in a raster scan.
The probe (seEig. 64) is a tip at thenel of a cantilever which bends response to the force
between the tip and the sample. The AFM mess the vertical caitever deflection by
reflecting a laser beam off the cantilever. Hrgular deflection of the cantilever causes a
twofold larger angular deflection of the laseeam. The reflected laser beam strikes a
position-sensitive photodetector consisting of four side-by-side photodiodes as illustrated in
theprinciple of AFMrepresentation ifig. 65. The difference beeen the photodde signals
indicates the position of the lasgpot on the detector and thus the angular deflection of the
cantilever.

Graph 23: Inter-molecular force curve.

Fig. 64: The tip at the end of the cantilever that composed the AFM’s probe.
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Fig. 65: Schematic principle of an A.F.M.

The three main classes of interaction used in AFM imaging amtitact modgethetapping

modeand thenon-contact mode

x Contact modethe tip and the sample remain in daontact as the scanning proceeds. By
“contact” it is meant the repulsive reginoé the inter-molecualr force curve (se6&raph
23). The vertical deflection of the cantileviadicates the local sample height. Thus, in
contact mode the AFM measures hard spmepeilsion forces bewen the tip and the
sample.

X Tapping modewhen operated in air or other gastee cantilever is oscillated at its
resonant frequency using a piezo-eleciciystal (often hundredsf kilohertz) and
positioned above the surface so that it onlytlig touches or taps the surface. During
scanning, the vertically oscillating tip attately contacts the surface and lifts off,
generally at a frequency of 50 000 to 5000 cycles per second. As the oscillating
cantilever begins to intermittently contatite surface, the cantilever oscillation is
necessarily reduced due émergy loss caused by the tpntacting the surface. The
reduction in oscillation amplitude is usedidentify and measure surface features. When
imaging poorly immobilized or soft samples, tapping mode may be a far better choice than
contact mode for imaging. In this mqod#he AFM derives topoagphic images from
measurements of attractive forces becausdithdoes not really touch the sample. This
method was developed as a method toieaeh high resolutio without inducing
destructive frictional forceloth in air and fluid.

X Non-contactthe cantilever must be oscillating abdlie sample surface at such a distance
that the force is no longer in the repulsivginge of the inter-molecular force curve (see
Graph 23). This is a very difficult mode ¢perate in ambient conmns with an AFM
because of the thin layer wfater contamination which exists the sample surface that
causes the tip to "jump-to-contact". Even unagrids and in vacuum, jump-to-contact is
difficult to avoid.
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Fig. 66: The Topometrix Explorer A.F.M. used in the present study.
The A.F.M. used in the present studwi$opometrix Explorer depicted kig. 66.

3.3.5 White-light optical profilometer

(a) (b)
Fig. 67: Principle of a white-light ogtical profilometer: (a) principle scheme; (b) view of the optical probe.

A lens that exhibits an axial chromatismayd the role of a prism that separates the
wavelengths of a halogen whitelight in an &daection. Each wauvength is one point of
measure. The result is a spot of separated wavelengths (diametgrtiat scan the sample
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surface. The perfect focus of a wavelengtlconverted through €&CD spectrometer and
analyzed by the signal processor. Then, vegithe altitude corresponding to the detected
wavelength for the measurgedint reported as M in thieig. 67 (a).

The scan movements are produced by two bealidgs, X axis for the scanning drive and Y
axis for the line-return of scan with 0.5m and 1 m of resolution respectively. The
maximum speed of scan is 10 500/s. The Z axis is moved by a third bearing slide.

The optical probe (se€ig. 67 (b)) has a depth of measure of 300 with 10 nm of
resolution. The working distance is 4.5 mmeThaximum acquisition speed of the probe is 1
000 Hz.

The optical profilometer used in tpeesent study is a Cotec Altisurf 500.

3.3.6 Image analysis

Image analysis is required this study in part $.7.4. The measurenmtsmperformed with the
A.F.M. on indentation imprints are quantitativehnalyzed with regard to the volume of
upward flow and the real imprints volume. Threethods are available to treat the volume of
peaks and/or holes from the 3-D reconstarctilata with the Mountain Altimap Universal
software. Because it is difficult to discriminabe most adapted method to our case, the three
methods will be used.

The first step is to delimit a hole (respeclva bump) using the mouse, to calculate its
volume. After, the detaibf these methods is:

X Method (a): the volume is calculatedlumn by column as illustrated éig. 68 (a):
for eachCx column of the surface, one takes the 2 points situated under the drawn
contour (the edge dhe hole). One traces a line segm8rbetween these 2 points.
The basic void volume for this columntise one between the segment and the bottom
of the hole. When the surface is higher tiiamsegment, the basic volume is measured
between the segment and the top of the bufhs corresponds to the basic material
volume. The total volume of the hole (resptldé bump) is the sum of the basic void
volumes for each column. The drawback s $ensibility to the roughness altering the
hole edge.

x Method (b): similar to the previoumit this method calculates per lingsas shown in
Fig. 68 (b). The choice between thesethods (a) and (b) depends on the shape
orientation of the feature to be measured.

X Method (c) (seéig. 68 (c)): the volume calculatedirecluded between the bottom of
the hole (resp. the top of the bump) and Bhplane, where th® plane is the least
squares plane calculated onthk points outside of thentour drawn. This method is
applied when the outside areasidficiently flat to be considered as the top of the hole
by extrapolation (resp. ¢hbase of the bump).

(@) (b) (©)

Fig. 68: lllustration of the methods (a), (b) and (c) of volume measurements.
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3.4 Tests

3.4.1 Studied parameters

It was decided to study the influence ofwéde range of parameters on the scratching
behavior. They are summarized in the following list. Note that some are preliminary
parameters which were studieabaothers were discovered to ingeresting parameters during
this study:

x Influence of the normal load
Influence of the loading kiory (dynamical effect)
Influence of the nature of the gkaside (only for the float glass)
Influence of the residual stresses
Influence of the indenter geometry
Influence of the glass chemical composition

X X X X X

3.4.2 Performed tests

The glass density was measured on powdered samples by the pycnometry method. Young'’s
modulusk and Poisson’s ratio were measured by the puleeho technique on 4 mm thick
rectangular specimen. Vickersdientations were performedittv a load of 9.8 N applied
during 15 s to assedmth Meyer’'s hardneskl and indentation fracture toughndss by
means of the following equations:

H F Eq. 114
a

K, 0.016;/5(:3—F,)2 Eq. 115

whereP is the loada is half the mean size of the twitagonals of the residual imprirk, is

the Young’s modulus, andis half the mean length of the two radial cracks (tip to tip).

The scratch resistance (tangential load) w#levied through constant normal load and low
rate loading-unloading experiments (from O Nthe maximum load and reverse to O N at a
sliding velocity (slow regime) of 0.01 mm/s) tire 6 studied glasses. Such experiments allow
first to study a wide load rangethin a single experiment arsgcond, to reveal any possible
dynamical effect, by studying the symmetry of scratch pattern. Then, a commercial float
glass and an annealed ormth sides), the 4 SLS grademd a fused silica glass were
scratched with a Vickers penetrator follogithe described loading-unloading cycle.

In order to characterize ghinfluence of humidity on #h glasses scratch resistance,
experiments were conducted under humidayels of 0 %, 30 %, 65 % and 100 % of
humidity. The particular value of 100 % béimidity was obtained by placing boiling water
inside the enclosure.

In order to study the influence of the inderdepmetry, tests were jermed on the annealed
commercial float glass following the describedding-unloading cycle with three different
indenters: i) a Vickers indenteif) a conical indenter with aapex angle of 136° and iii) a
conical indenter with an apex angle of 90°.

The Vickers penetratdinverse pyramidal, 136° face to faargle) was always used with a
leading edge orientation.

If not especially mentioned, the tests were grenkd in a relative humidity of about 65 % r.h.
(ambient humidity).

Other complementary scratching indentagéxperiments were occasionally performed.

and
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3.4.3 Caution on the samples

The samples and the indenters were cleaned etlthnol before each test. At least, three
different grooves were maaa each glass to ensure a good reproducibility of the results.
Scratch patterns were observed by means ajpdical microscope under Nomarski contrast
conditions. The observations wesgstematically made 2 min afthhe mechanical testing, so
that the possible incidence sftress-corrosion phenomenonabout the same for all the
specimens. AFM measurements were perfor(tegaping mode) on the scratched samples that
were stored in dry atmosphearamediately after testing. At last, the samples were observed
by SEM after being coated with a thin layef gold-palladium estimated to 12 nm of
thickness.
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4.1 Static behavior
The physical and mechanical propertiesasured on glasses are summarizéekhivie 18.

roperties | T4 (°C) Ug/cm®) | E (GPa) H (GPa) | K.(MPa.m')

Glasses +2 +0.01 +0.5 +0.01 +0.01 +0.02
Float glass 560 2.55 71.5 021 [6.12 0.72

SLS1 558 253 70.4 0.20 [5.35 0.71

SLS 2 559 2.50 69.9 0.19 [5.11 0.70

SLS 3 560 2.47 69.2 0.18 |[5.15 0.76

SLS 4 561 2.43 68.7 0.17 [5.19 0.82

Fused silica 700-1200 [2.20 73.0 0.16 [8.03 1.47 - 0.77%

Table 18: Composition and physicalproperties of glasses. * denotes a S.E.N.B. measurement of the
toughness [12].

Some properties such agE and showed a monotonic e with increasing Si@content,
while H andK. exhibit minima for the SLS 2 compositi (i.e. for glassantaining 74 mol. %

of silica).

The density decreases with rising silica content &sf@mer ions replace modifiers (Nand
Ccd™). In fact, the silica network has an open stitewith a lot of vacancies, and is therefore
able to accommodate interstitial cations anlarge proportion. T present results are
consistent with those of Dowdar [31] who showedhat linear relations can be found in
simple silicate systems. Yousgmodulus decreases slightihen the amount of modifiers
decreases. Two opposite effects seem to lm®nmpetition: the increase of the bond strength
(Esi.o >> Eca.o > Enao [103]) and the decrease of thend density when less and less
modifiers fill the voids of the high silica contentreous network. Thigatter effect leads to a
more flexible network and predominates otiee first effect, which is a short range one.
Indeed, the less the amount of network modifygagons is, the more the network stiffness is
controlled by the variations of the Si—O-fiter-tetrahedral angles and by the mutual
orientation of the SiQtetrahedra, whereas the other sualt parameters do not appreciably
change [4]. This effect alsgoverns the Poisson’s ratio.

More interesting are the changeshbfandK. that are plotted ifisraph 24 for the four SLS
glasses. In fact, these twooperties present a non-monotoniend as silica content rises and
show a minimum for the SLS 2 glass. Silibas a small Poisson'atio equal to 0.16,
reflecting a great tendency for afastic (or reverslp) volume changender stress. Yamane
et al. [13] proposed a relationship between $wi% ratio and a parameter reflecting the glass
network compacity where is proportional toc ( @ c¢-0.3). A detailed theoretical and
experimental investagion of the hardneskl and the elastic properties of glasses [13]
confirmed this tendency and further showed thathigher the glass ewpacity, the higher the
hardness and the elastic moddlhe present results about theséd silica glass have to be
excluded. These previous investigpns together with the pregersults strongly suggest that
a low Poisson’s ratio also favors densificatigvith an irreversible volume decrease as a
consequence). The maximum veduobtained for the SLS lagls can be explained by an
optimum filling of the three-dimensional netwoin fact, interstitial cations, such asNand
Cd", enter into the empty sites until the network structure becomes saturated and so lead to a
monotonic increase d&, and Un this range. It is anticipaiehowever that when all these
latter sites are filled, the silica netwdrskcomes disrupted and begins to weaken.
Noteworthy, hardness and indation fracture toughness extibon-monotonichanges with
the minima for the SLS 2 composition. In arde explain these experimental observations,
the lecture of the phase diagram of the ternary-8i®0-CaO system is helpful [90]. In fact,
one can see frosraph 21 (p91) that the SLS 2 grade has intermediate composition
between two different primary phase fields, namely the tridymite ;jSgbase field,
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containing SLS 3 andbLS 4 glasses, and the devitrite §8e83Ca0-6SiQ) phase field
containing the SLS 1 composition. The hardressounts for the resistance of a glass to a
permanent deformation process. Babcock has sibat a linear relation can be drawn inside
each primary phase field for Knoop’s hardngatues as a function of glass composition
[104]. In accordance with this work, it suggetstat the non-monotonicend of the measured
properties relates to a transition between balase fields: two interpenetrated different
networks may induce these particulaogerties as suggested by Babcock [104].

The indentation—derived fracture toughnkssncreases with the silica content for $i©74

mol. % (seeGraph 24). Again the shift toward a reoand more anomalous indentation
behavior has to be evoked. Indeed the energgihtion due to thedlv-densification process
beneath the indenter resultsaress important micro-crackingnd in shorter radial-median
cracks. The progressive shift todaHertzian cone cracks (whiele typically observed in the
vitreous silica) also contributes to the shontg of the radial-median cracks. However, one
must keep in mind that a quantitative comparisotKobetween glasses with significantly
different silica contents calls for cautionnae the experimental method is based on a pure
normal behavior. Here, the apparent fragtioughness has the meaning of the glasses
resistance against crack propagation when swgdocta sharp surface contact. It is now well
established that radial and lateral crack systemtiate and grow as ¢hindenter is removed
from the glass surface. Thefdemation mechanism has therefore a strong influence on the
crack propagation via the resaludriving forces. Let's redlathat densification is an
irreversible process, which spends energy byramgement of the tefnedral network, while
volume-conservative deformation takes placalshear displacement of the matter under the
contact zone, and involves a localized sh#aw process along modifying cation rich
channels. The previous results suggest thegethtwo different processes may be combined
together in the considered gias. Nevertheless, our resulsfirm that high silica content
glasses mainly deform through densifioatiand hence possess higher indentation toughness
than typical soda-lime silicatglasses with high amount afodifiers. What seems clear
though is that a high silica content in tharshg powder mixture faors flow-densification
and enhances the fracture toughness, as wagpsgv noticed by Seghal et al. [17] (Note
that a fracture toughness of 0.77 MP4 was obtained on pure viges silica by means of a
single edge notch beam method [12]).

Graph 24: HardnessH and fracture toughnessK; for the SLS glass series.
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In the aim to correlate indentation behaviansiexes or parameters combining both flow and
fracture properties are useful. Among them, the brittleness parddieteoduced by Lawn et

al. [105] and given b¥eg. 116 accounts for two competitive processes: plastic deformation
and crack propagation. €hhigher the value foB is, the more “brittle” the glass is
considered.

B — Eqg. 116

whereK. is the fracture toughness aidds Meyer’s hardness.

B values allow for a comparison of the britéss of glasses belonging to the same family
(example: SLS glasses). However, to interghe indentation and scratch behavior, the
appearance or the disappearancthefdifferent crack systems is of paramount importance. In
first attempt to characterize the sensitivitf glasses to micro-cracking, indentation
experiments were made at 0.1, 0.2500.1, 2 and 3 N. The critical lo@@t® and Pc- for
crack initiation were measured for radaid lateral cracks respectively (Seable 19). The
experimental values were compared with theotbtical ones proposed by Lawn et al. [14] or
Hagan [16] for radial critical loaBc™ which is expressed as:

K4

P DH—C3 Eq. 117
and for the lateral critical loa@:"" given by Marshall et al. [15]:
. K.*
R E HC“ Eq. 118

whereE is Young’'s modulus. The following values m@eobtained in th present study folD
and £ 23.9 16, £4.9 1¢ for the SLS series anf2.2 1d for the float glass.

Parameters | B = H/K, PR PCR* P PCL*
Glasses (m™*? (N) (N) (N) (N)
Float glass 8500 0.25-0.50 |0.30 1-2
SLS1 7550 0.10-0.25 |0.65 0.25-0.50 |1.07
SLS2 7300 0.10-0.25 |0.70 0.25-0.50 |1.20
SLS3 6800 1-2 0.95 2-3 1.59
SLS4 6350 1-2 1.26 2-3 2.09

Table 19: Brittleness, experimental and theoreticakadial crack critical loads and experimental and
theoretical lateral crack critical load.

Regarding the glasse§able 19 gathers the values consadebrittleness, experimental and
theoretical radial crackritical loads and experimental atigeoretical latedacrack critical
loads. The gap between the behaviors of SISk 3/2 and SLS 3/SLS 4 is predicted. So, the
SLS 1/2 glasses seem to be the most sensdittee radial/lateral cragkg and also the most
brittle regarding the so called brittleness parantgter

In the case of the commercial float glasse #ddition of modifies is responsible for
significant changes in the glass network. Mepecifically, the void concentration and the
flexibility of the (SiQy) tetrahedral arrangement is assumed to be much lower than in a model
glass (SLS series) of nominaligentical silica contentAlthough the changes on the bulk
properties are small, major conseqees on theoretical parameters I&ePcN andPc- are
noticed.

113



Chapter 4: Expemental Results

4.2 Scratching behavior

All the micrographs of scratche(from optical microscope, SEM,...) presented in this part
have been shot so that tlseratching direction was fronthe left to the right Kig. 83
excluded).

4.2.1 Statistic remark

To mechanically test glasses calls for cautimm a probabilistic point of view. In fact,
because of their brittle naturihe weakest link concept introcked by Weibull (see [106]) fits
well to these materials. Characterizing thesesgiashould require at l¢d9 tests to ensure a
good reproducibility. It will not beghe case in this study. Actlgl even if the cracks, that
occur during two successiveratch tests performed with giar conditions, are not exactly
the same, the critical loads are almost idahtemd do not lead teeproducibility problems.
This fact was determined to be probably due to:

x the small volume of matter involved in the test,

X the stresses undergone by the maleare mainly compressive.
Several photos of scratches performed on the studied glasses will be exposed in this chapter.
Attention was paid ta@hoose representative photos in tight of the scriching patterns.
However, to avoid imprecisiomd misunderstandings witlegard to the atistical numerical
values that will be reported in tables, almaost transition loads wilbe reported on these
photos.

4.2.2 Load dependence of the scratch ing behavior (standard float glass)

During an indentation experiment performedhwa Vickers indenter on a soda-lime silica
glass, cracks are known to occur during loadingnloading, and depd strongly on the load
level [8, 18]. Similar observations have beerriedrout in the case of scratching [11, 19] but
this field remains to be expled further. For example, thealron cracks as defined by Rice
et al. [19], the lateral cracks propagation diésd by Ahn [20] and Bulsara [21] and the
chipping process given by Le Houérou effal] need some more investigations.

Then, the fractography analysis in a misgale has been carried out in this work.
Observations of the surface damage lead talddteesults about the dal cracking, lateral
cracking and chip formation andeagiven in the following parts.

Then, during a scratch experiment, the scraiatiern strongly depesdon the level of the
normal load, and for low loads the differenhdts of micro-cracks which form during the
scratch process are namely: i) the median crapkihe radial (chevron) cracks and iii) the
lateral cracks. This last kind of crackduces chipping when ipropagates toward the
specimen surface and reaches out.

Monotonic loading/unloadg cycles were conducted inder to screen all the possible
damage events in a single scratch experintaitowing Ahn [20] and Bulsara [21, 58], three
different regimes are typically obsed and are schematically drawn Fig. 69 (only the
loading process is reported): i) the first one is associated with a permanent groove with
eventually the formation afub-surface lateral cracks undee fhlastic track, and corresponds
to a micro-ductile regime I, ii) the second oge;called cracking regime Il, is characterized
by an important damage by miccoacking (lateral cracks integsting the surface and radial
cracks) and iii) the third one is a micro-abvasregime Il and give birth to many debris,
with sometimes small latal cracks along the track.
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Fig. 69: Typical scratch pattern obtained on the sudce of a soda-lime silica (SLS) glass when scratched
by an indenter during a monotonic loading cycle (see associated loadiagram) and micrograph of a
scratch performed on a glass. Definition of the damage regimes I, 1l and 111.

The transition forces between the differengim@es were recorded and are summarized in
Table 20. They were found to be unaffecteg the load history inthe sense that the
application of a constant loading rate during ®triag gives a coherent i (i.e. in the same
range) than obtained by quasitgtasteps. Note also thatratching speed in the range 0.01
mm/s to 0.1mm/s is commonly considered [2@t to influence greatly the scratching
behavior of this kind of glass. So, the comparisomable 20 is justified. The values for the
critical loads are slightly lwer than those found by Ahn or Bara, likely because of the
difference between the glass compositions.

Experiment Constant loading experiments Monotonic loading experiments
Fracture Pattern Normal load (N) Normal load (N) Normal load (N) Normal load (N)
(Ahn et al. [72])* this study ° loading rate 0.01 N/s ° Unloading rate 0.01 N/s °

No crack ~0-0.05
Med!an crack ~0.05-0.8 ~0-03 ~0-07 ~04-0
Median crack and lateral crack under

) ~08-15
plastic scratch
Median, radial cracks and lateral -15-3 ~03-09 ~07-11 ~12-04
crack intersecting the surface
{\:I:éjklan crack and crushed scratch ~3_6 >0.9 >11 12>

* scratching sped 5mm/min~833um/s
° scratching speed: 10pum/s

Table 20: Transition loadsduring scratch experiments.

The three different damage regimes definefuirction of normal load are closely linked to
the crack occurrences that are expected ppéra This had been stgmatically confirmed
during the whole experimentatudy, by different ways and different instruments (SEM,
A.F.M., profilometer, classical and long distanoptical microscope,...). For instance, Fige

70 shows the sections of the annealed comuaiefioat glass for théhree different damage
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regimes (the samples were brokeriquid nitrogen in 3-pointbending tests)lThese pictures
were performed with the confocal microscopegdwuse of its very large field depth. The crack
occurrences are confirmed. Last but not tleamother convenienand efficient way to
investigate the scratch featuieghe optical profilometer. Theig. 71 shows t detail of two
cracking regime parts with rige chip grooves (chips wememoved by cleaning process
before imaging) and a crushing track from thiero-abrasive regime with its mean profile.
They illustrate that thehips can be deeper on one side of the tr&u. (71 (a)), that the
borders of chips cahe straight to the&epth of the matterg. 71 (b)) andhat the micro-
abrasive regime (presented here with a large) éhiptatically regular so as the mean profile
(Fig. 71 (c)) makes sense.

(@) (b) (€)

Fig. 70: Sections of scratches on an annealed commaitdioat glass: (a) micro-gastic regime, (b) micro-
cracking regime, (c) micro-abrasive regime.

(@) (b)

(© (d)

Fig. 71: Pictures of damage features on glass obtained by optical profilometer: (a) (full scale: 400x400x18
Pn® and (b) (full scale: 500x500x30M®) micro cracking regimes; (c) micro-abrasive regime (full scale:
150x150x18Rn°) and its mean profile (d).

4.2.3 Preliminary results: infl uence of various parameters

4.2.3.1Non-symmetry of scratches upon the load history

As shown on the picture of scratch reported-ig. 72, that will be also studied later, the
symmetry of the scratch that could have bexgmected between the loading and the unloading
part does not appear. seems that a dynamical effect doethe applied load influence the
damage in the material during the scratcbcpss. Though, the tangential force which is
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recorded all along the test isrfextly symmetrical to respect the maximum load of 3 N as
shown inFig. 72. I/1l and 1I/1ll refers to the trations between the plastic to the cracking

regimes and the cracking to the abrasive regimesgectively. [/l and lll/ll refer the reverse

transitions.
Moreover, the transition loads on the unloading @a#hslightly lower, likely because crack

initiation and propagation are unstable phenomena.
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Fig. 72: Photo of a loading-unloading scratch sequence on an annealed standard float glass with graph of
forces.

4.2.3.2Dependence on tin/air face of the float glass

The float glass differs from the other glassesnfrits chemical composition but also because
it has two different faces. The fatleat was in contact with then bath during the cooling is
calledtin face and the other onair face because of its contaetith air during the float
process. The influence of this parametersmibe studied before investigating other
parameters.

The corresponding pictures of the scratches apeoging the load scalare represented in
Fig. 73. No significantdifference was observed in the behavior of both faces of the float
glass: the damage regimes appear at the &sads; the cracks and chips have the same size.
Similar results were obtained with different hdity levels (0 %, 30 % and 100 %), as well
as with the conical indenter of 136° of ap@&gle. Then, it concludes to a similar behavior in
scratching between the tin face and the air fa¢cbeo§lass, within theonsidered load range.

Tin face
Air face
0 1 2 3 2 1 ON
| | | | | | |
0 1 2 3 2 1 0 mm

Fig. 73: Photos of loading-unloading scratching segnces on both sides of an annealed standard float
glass (tin and air faces).
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4.2.3.3Dependence on the redual thermal stresses

The photos reported ifrig. 74 show scratches perforthen an as-received standard
commercial float glass and on annealed one. The provider cie that the residual stresses
that exist on the surface and in few micro-meters deep (due to partial quenching during
industrial process) was estimated7 MPa and rapidly decreasegh rising depth. On the
contrary, the annealed samplaipriori free of residual stress.

Commercial standard float glass

Annealed commercial standard float glass

Fig. 74: Scratches (loading-unloading sequence with 3 N maximum) on a standard float glass and an
annealed one.

The first remark deals with the shift of thmansition loads between the different damage
regimes with rising residual stresses. Thistdoifows the apparition of damage regimes at
lower load when the residual stees increase. The morphologies of the scratches on the two
glasses differ in few pointsthe morphology of the scrditcperformed on the annealed
specimen show only few cracks and chips indtaeking regime and are very limited in their
size. The transition load for the micro-abrasivgime is slightly higher than in the standard
float glass case. The fact that the damaggze-limited in the case of the annealed glass
indicates that the lateral cracks are small.

The transition loads shift of damage regimesxglained by local streg®nsiderations in the
surrounding of the indenter/material interfadkctually, the larger the residual thermal
stresses in the material, the larger the locakses in the direct surrounding of the indenter.
This is rather obvious when assuming that thiéase of contact is the s& in both cases: the
residual thermal stresses are compressive strekmesto the surface drthe triaxial stress
loading of an indentation greatly dominated by a high comgsive component. Then, these
two added components give higleampressive local stresses thiaithe case of the annealed
standard float glass. That explameturally the described phenomenon.

The study of the dependence of the residual thHestresses on the behavior of the glasses to
scratch process seems to be of prior interest daghértinent to try to predict the behavior of
the industrial glasses. It is clear that the case of quenched glasses, sometimes
commercially-callegsecuritglasses, the damage correspogdb one precise applied normal
load will be more severe than in a standardtfigass or for an annealed standard float glass.
The problem is to define here what “the dam@ggwill be more severe” means in this case.
For instance, a relatively slight scratch (in kb&d sense) will produce a cracking regime in a
standard float glass and then will leave big chiiyag will considerably alter optical and aspect
properties. At the same load, thecuritglass may exhibit a micro-abrasive regime that leads
to less optical and aspect losses. But, andishise conclusion of thuse of such quenched
glasses, the abrasive regimeydes deeper cracks that altee mechanical properties of the
material more than the cracking regime does. Then, the optical and aspect losses may be less
important in quenched glasses, but the mechaproperties may be certainly decreased.

4.2.3.4Dependence on the indenter geometry

Like explained in 84.1, the cracks initiation and tressociated damage can’'t be studied
without considering thiocal stresses. This lfy justifies the following study on the influence
of the indenter geometry as a preliminary study.
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Three geometries of indentersr@aised for scratch tests:

X a Vickers indenter,

X a conical indenter of 136° of apex angle,

X a conical indenter of 90° of apex angle.
The photos of scratches with the graph of appafrction coefficient(i.e. the value of the
tangential force on the value of the normal ota)ing the tests witlthe different involved
indenter geometrieare reported ifrig. 75,Fig. 76 andrig. 77. Note that the imposed normal
load was a loading-unloadirsippe with 3 N as maximum.

100 pm 100 pm 100 pm

() (b) (c)

Fig. 75: Loading-unloading scratching sequence (3 N max) on an annealed standard float glass with a 136°
conical indenter.

100 pm 100 pm 100 pm

@) (b) ©

Fig. 76: Loading-unloading scratching sequence (3 N max) on an annealed standard float glass with a 90°
conical indenter.

Fig. 77: Loading-unloading scratching sequence (3 N max) on an annealed standard float glass with a
Vickers indenter.
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Fig. 76 (b)

Fig. 76 (a) Fig. 75 (b) Fig. 76 (c)

Fig. 75 (a) / Fig. 75 (¢)

\

Graph 25: Apparent friction coefficient evolutions during the scratch tests for the three considered
indenter geometries. Correspodence to micrograph figures.

The first remark about theseesults deals withthe evolution of te apparent friction
coefficient (seésraph 25). First, for small values of the tangential loads (case of small values

. F . . .
of the normal load), the ratleF—t varies greatly. Then, the values of this ratio are not

n

representative for a normal load less than 0.3 N (i.e. both borders Girdpb 25). In the
Vickers case, the evolution ofeHriction coefficient is almostonstant, witnessing that the
evolution of the tangential foe rigorously follows the normé&brce one, whereas the curves
followed by the two coical cases exhibidccidents In addition, the average value of the
friction coefficient is not the same as well. Actually, the apparent friction coefficient
corresponding to the 90° conicamidenter is higher (in averagon the stable parts of the
curve) than in the cas# the 136° conical and Vickers inderg. This result is in agreement
with the work of Li et al. $1] who reported that the friction coefficient increases with the
sharpness of the indenter.

The accidents on the curves are probably due terrahinstabilities under the indenter (that
will be discussed further in the light of micrographs reportelign 75 andrig. 76) and are
strictly reproducible (at least three testghe same conditions were performed) and do not
exist in the Vickers indenter test. Note tkla¢ scratching sequenoa the linear sclerometer

IS governed by imposing the loahd not controlled by difgcement. Unfortunately, this
situation is obviously favorable to instability occurrences.

First of all, let's discuss thaccidents that were previoudiyund on the scratches performed
with the conical indenters. The pbsetof singular points reported kig. 75 and~ig. 76 were
magnified for better analysis of the ploenena corresponding these accidents.

Let’s study the scratch oled with the 136 conical indenter illustrated dfig. 75. The first
magnified detail, corresponding to the first aecit on the friction coefficient curve,
illustrates the transition from the chipping regitndhe micro-abrasive regime. The origin of
the second accident may only remain as a thgsis: the damage seems important and may
show that it has reached a critical point.duld be caused by a glassfeld# at this point, a
dynamical effect or a control faie due to the loading-unloadj transition, or a removing of
debris under the indenter. Lastly, the third deot is clearer: it qoesponds actually to the
reverse regime transition obsenatt analyzed in the first adent: from the micro-abrasive
regime to the micro-chipping gane. Moreover, a chip precedtdss singularity, witness of
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the instability behavioof the material at this load. Thesyb-surface lateral cracks start to
appear just after this transition.

Let's study now the scratch @ined with the 90° conitandenter reported ifrig. 76. The

first and last singular eventpointed out by the magnifiefames, are similar to the
equivalent events found on the scratch preWostudied. The singularity of these points can
also be pointed out ahe friction curve (seG&raph 25) by consideringdtchange in the slope

of the curve occurring on these two points. The huge accident that occurred around 3 N is
certainly due to the load thatached a critical value. Moreayelata collected during tests
showed that the normal load doesn’t followetgpected straight slopk.might come from a

local break down of the matal under the indenter.

These kinds of events don’t app@&athe curve obtained durirggscratch tegterformed with

a Vickers indenter (se@raph 25). Then the geometry difference between a Vickers and a
conical indenter influences strgly the material response. Aatly, the Vickers indenter has
aploughingshape whereas the conical indenter has a revolution shape. Then, the deformation
process of the material due tftte contact between the indengerd the sample is obviously
different depending of the penetrator shape e material behawi to penetration.

Graph 26: Damage transitionloads measured in the case of scrdtes performed with a Vickers indenter
and a conical indenter (136° of apex angle).

The second remark deals with theverityof the surface damage. Thjsalitative criterion is
used in this work following theule: the more severe the falo®ks, the lower the transition
loads between the different damage regimes@oacerning the threscratches, the tendency
Is clear: the severity of theurface damage goes from tberatch performed with: i) 136°
conical indenter to the one with ii) 908rdcal indenter to iii) Vickers indenter.

The evolution of the severity of the damggmterns can be quaméifl by determining the
transition loads that are plotted@raph 26 only for the case thfe 136° conical and Vickers
indenters for reading convenience. The tramsitoads were determined by average on five
similar scratches. Similarly with the study thle dependence on the residual stresses, these
evolutions can be explained by the three-axiphrtion of the stresses with regard to the
indenter. It is obvious that impant stress concentrationppear in the surrounding of the
front edge of a Vickers indenter comparedatoonical indenter on which the stresses will be
regularly spread on the half sack of revolution. The stresseg also more important in the
case of a 90° conical indenter than in the 1&&8. The shift of the different transition loads
of damage regimes is thenetitly explained by these sitepgeometric considerations.

The damage regimes will appear more eanly giload sense) with rising local stresses.
Actually, the damage behavior of the matersakessentially dictatethy the local stresses.
Then, the micro-plastic regime af136° conical scratch will Béonger” than with a Vickers
indenter. It is the same for the cracking negi These considerations lead to the observed
shift of the transition loads depending oe thdenter geometry that are reporte@Gmaph 26

for the 136° conical anthe Vickers indenters.
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4.2.3.5Dependence on humidity (% r.h.)and other environmental effects

Fig. 78 shows the scratches together with thenabload recorded during the experiments at
different humidity levels on an annealed standérdt glass. The only parameter that varies
during these experiments is the hdity level in the enclosure.

0 % humidity

30 % humidity

65 % humidity

100 % humidity

0 1 2 3 2 1 0
Fig. 78: Pictures of scratches conducted under défent humidity levels with a Vickers penetrator
following a slope load-unload process (3 N of maximum normal load).

As expected from the background studies oreffext of humidity on the fracture behavior of
soda-lime silica glasses [42, 61], the scratelterns significantlydepend on the humidity
level: the more important the humidity leveltise earlier (with regard to the normal load) the
different damage processes appear. Thenirémsition loads between the different damage
regimes obviously evolve with the humidityvéd: the plastic, crackingnd abrasive regimes
tend to develop at higher loads whea thoisture decreases as reporte@raph 27.

Graph 27: Transition loads with regard to the humidity level.
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Another observation concernsetlscratch obtained with 0 % dfumidity. Note that the
particular level of 0 % of humidity corresponidsa real humidity less than 50 ppm of water
vapor in the atmosphere of the glove box. lis ttase, damage is characterized by a large
lateral crack which remains under the surfacahef sample. A similar but shorter crack
occurs during the unload process. This phemmmefades rapidly as the humidity level is
raised. The particular morphology thie scratch made at 0 % laimidity is interesting. From

a morphological point of view, iis difficult to determine if the micro-abrasive regime is
established between 2.5 and 3 N becauseeoftimerous chips on both sides of the track. A
test up to 4 N was then justified. The result ison-evolution of the scratch pattern between 3
and 4 N. Briefly, the micro-abrasive regimeestablished after 2.5 N. One can notice that
there is almost a total lack @dial cracks while the lateralak extends over a large distance
under the surface~{g. 78) without reaching out befo25 N of normal load. Sub-surface
lateral cracks, which propagate after the expent, were found to be insensitive to the
humidity level and remain undére surface of the material. Chipping process usually occurs
when radial cracks intersect adeal crack. This mechanism ofiph creation will be analyzed

in detail and discussed in pard&.4. In the case of 0 % btimidity, this phenomenon does
not occur because of the lack of radial crathen the chipping occurs at higher load. The
radial cracks, located on the surface of thegkre directly exposed to ambient air and then
to static creep phenomenon as described M1187. On the contrary, the sub-surface lateral
crack does not undergo any interactwith the moisture of thambient air. It explains why
lateral cracks occur whatever the humidityeleis in the enclosure during the tests.

The explanation of théack of radial crack remains $ti hypothesis: it may be due to the
nature of the interface between the indentet i@ material because of the humidity level
that certainly dictates theitcal loads for cracking. Aexond hypothesis could be that the
humidity level in the case of an ambienimasphere makes possililee sub-critical crack
growth of the radial cracks (and median &sgvhen enough developed) like defined in §
2.1.7.

In conclusion, the particularitgf this scratch is not mora large sub-surface lateral crack
than the lack of radial crack because of thve kumidity level. This explains the impressive
size of the leeral crack.

It is also interesting to compe the indentation belar of the glasses to their scratching
behavior. This comparison expresses the infleeof the sliding movement of the indenter,
I.e. the potential dynamical effect this test. Then, indentat tests were performed in order
to complete the study of the influence of themidity level on the sindard annealed float
glass. The scratch tester was used as a nmdemtation machine, esgally developed (see

X

details in appendix 2) for aE constant control with h the penetrating depth as it will be

discussed further in this study %87.3.1). Even if this micraadentation machine is controlled
and instrumented, Load-Displacement curves there recorded during these tests will not
discussed. The direct advage of using the same machine for scratching and micro-
indentation on glass is to emeuhe same machine compliance during the two different tests.
The comparison between the results is notestildjp doubts like it may be if two different
machines were used. The applied normal loadimgltine indentation tests were: 0.2, 0.4, 0.6,
0.8,1,1.2,14,1.46.8, 2, 2.5 and 3 Nrig. 79 presents the two sesiof indentations: the 0

% humidity level and the ambient (~65 %) humidity level respectively.
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Fig. 79: Series of indentations wth 0 % humidity level and ambient (-65 %) humidity level respectively.

The conclusion of these tests is that theicalitioad for radial/median and lateral cracks
occurrence slightly shifts in higher loads the 0 % humidity level tests. These results were
expected in the light of the scratch tests wislsbw the same tendency. However, the shift in
indentation results is not so important thiatcould have been expected: no significant
differences (in apparition loads, length ofcks,...) were pointed out by these indentation
tests, so it is not possible to clearly conclutieen, the clear behavior exhibited by the glass
during scratching in humidity-camtled atmosphere seems to degen the influence of the
humidity level but combined ith the dynamical effect of éhsliding move that probably
enhances the observed diffecen in indentation tests.

A remark can be drawn on the video shots which will be presented furtfigr B3 about the
role of humidity level on the scratching behaviactually, the video was directed in situ in a
SEM, in which a high vacuum is maintaingmoviding this way a dr atmosphere for the
tests. Moreover, the indenter was a cube cattmaris a very sharp indenter compared to a
Vickers one as mentioned ifable 17. Nevertheless, the noin@ad that was required to
generate a radial crack was no less than 500whigh is a very high value! This confirms
and illustrates that radial crackeanhibited by a low humidity level.

4.2.4 Phenomenology: identification and understanding of scratching
damage

4.2.4.1The micro-ductile regime

The micro-ductile regime in SLS glassessists on a permanent scratch track without
damage on each side and visible debris. Thimitlen does not exclude damage inside and
under the track, as long as they stay localibesl way and they do not modify dramatically
the scratch track appearance. To get insight into the comprehension of this regime, a lot of
accurate post mortemobservations were performed 8EM. Among these numerous
observations, two were Iseted and reported iRig. 80 andrig. 81. TheFig. 80 represents a
“classical” scratch track on the SLS glass. Féghscracks inside the track are visible. Their
occurrence doesn’t match with the frequencg tlu the relative compliance of the machine
(potential “stick-slip” effect othe indenter on the surface). Tihig. 81 is far less classical. It
shows a detail of a scratch track created atN\).4lose to the transition load of the micro-
ductile/cracking regimes. The particularity tifis picture is that the considered sample
exhibits a side of its track putleup while the other remains intact. There is even a part of the
scratch that is left attached by a ligament locatetie middle of the track. This suggests that
the removal process inside the track goes ftbenborder toward the middle of the plastic
imprint. This picture illustrates from an unusgaint of view the damage that takes place
under a plastic track, composed of a rough surfatteperpendicular fracture orientation that
disappears as it approaches the middle of the track.

124



Chapter 4: Expemental Results

Fig. 80: Detail of the micro-ductile regime on the surface of a standard float glass. (SEM)

Fig. 81: Detail of a standard float glass scratchelly a Vickers indenter in the micro-ductile regime. The
plastic imprint and the damage under the scratch track are visible. (SEM)

4.2.4.2The cracking regime

4.2.4.2.1General

According to Rice et al. [19], the crackinggime is composed of different damage
phenomena: i) median cracks that propagate deephe material, ii) lateral cracks that take
place under the indenter in theptle of the sample corresponding to the limit of the so-called
plastic zone as introduced by Cook et al. jB],radial also known as chevron cracks that
occur on the surface and iv) chipping. This pamsists in the description of the three last
guoted damage mechanisms (radials, latemats chipping) during thecratching of a glass
with added fractographic considerations.

4.2.4.2.2Radial (chevron) crack events

At high magnification, the radial cracks regudt from the scratch pcess don't look exactly
as those described by Ahn [20]. These crackssagnificantly inclined toward the sliding
direction, and propagate a curved shape usuakyding perpendicular tihe scratch track as
illustrated inFig. 69, if there is no combination witmother damage phenomenon (i.e. lateral
cracks as will be discussed further). Thanks to the SEMFithe82 shows the initiation and
the beginning of the propagation of a radial crdicklearly initiates athe leading edge of the
Vickers indenter and sogropagates from a direction paralielthe scratch track to a curved
shape that tends to get perpendicular to tthek. The, it would bebetter qualified as
median/radial crack. The crack reaches foon the track with an angle notedon Fig. 82
that probably depends on the friction coeé#fiti and the environmental parameters. Actually,
it usually looks as if the crack initiates on the border of the track with the arigien the
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scratch because the crack initetiand propagation at the earlisgps is usually not visible
in the track as it is probabBrasedby the moving indenter. Thethe chevron crack remains
really close to the indenter tigt the contact. Note théte non-uniformity of the coating
around the damage on the sample surface makeSEM observations underline the different
cracks as they are charged of electrons. Thusada is more visiblbut the drawback using
a SEM is that the potential magnificatiwith a good resolution is restricted.

Fig. 82: Initiation and propagation of a radial (chevron) crack on the surface of a standard float glass.
(SEM)

Fig. 83 shows a sequence of shots taken &randeo. It deals with a scratch performeditu

in a SEM and was performed in EMPA. The inte penetrates the glass and then move
forward (transition in frame n°8). It enablesiliastrate the crack advance during a scratch
test. The major result is that the crack advdoltews a stable propagation. In fact, the speed
of the crack front advance is sl@s the loading indenter moves.

This propagation can be qualified semi-stable: i) after the initian, it rapidly curves either
on the right or on the left of the track; thehoice is purely statistic and constitutes the
unstable part of the crack propagation, and @)ablvance speed of the crack suggests a stable
propagation; actually, the crack advances aitpeed that is abotite moving tip one (about
0.1 um/s). Then, the semi-stable character gagesunt for both the stable propagation of the
crack and the instability ithe very first directiorf the crack propagation.
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Fig. 83: Picture sequence from a video takeim situ in a SEM. The cube-corner indenter scratches the
glass surface, generates and makes a radial crack propagate. The full scale is equal td?28
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4.2.4.2.3Understanding of the creation ahthe development of chips

Subsurface lateral Radial crack
cracks

Radial crack Lateral cracks intersecting the surface

Fig. 84: Chip formation with the different involved damage.

Fig. 84 shows a chip. Its observation puts lighto the mechanism of the chipping process
occurring during scratching: aiphis the combination of tweadial cracks and a lateral one
which then intersects the espmen surface. Two consecutive radial cracks located on the
same side of the scratch track may intergaath other as a result of a deviation process
resulting from the attractive forces betweea tWo close cracks. The coupling with a lateral
crack leads to a chip and thus to matter neahoWhen only one radial crack frames the
lateral one, this latter crackay remain under the surface.

Then, the mechanism is clear: a chip is ckatben two radials (othe same side of the
scratch track) intersect a sulbdfsige lateral crack, and emesgthen to the surface of the
specimen.

Fig. 71 (a) and (b) confirm thimechanism showing straight vegidorders of chips as they
reach the surface suddenly duethe influence of the radiadracks (the borders may be
smoother in the case of the absence of radedk as suggested by Whittle et al. [107]).

To summarize, the interaction of radial antétal crack events gives rise to chipping when
the load is high enough. Complementary SEM stigations confirm this description. The
Fig. 85 illustrates clearly this mechanism thainslerlined by the two black arrows: the radial
cracks interact with the lateral crack that stayteeach out to the surface with an inflexion of
the shape on the surface ag timtersection. Under the hyposire that sufficient energy is
involved, the last step of the chip formatidrosld be, for the couple radial/lateral on the left
of Fig. 85 for instance, that the lateral progi®s to the surface when it reaches the second
radial.
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Fig. 85: Interaction between radialand lateral cracks without compléde chip creation (SLS 1). (SEM)

Fig. 86: Chipping by propagation of a lateralcrack — absence of radial crack (SLS 4). (SEM)

In the case of non-existent raticracks (case in low humiditgvel for example as discussed
in 8§4.2.3.5), chipping can also@a if there is enoughpent energy to make the lateral crack
reach out toward the surfadeilg. 86 shows a lateral crack tHagins to create a chip as it
almost reaches the surface.

Fig. 87 shows the surface below a chip in details. Note that the chip was removed by a
cleaning process before been coated for Stglervation. Twist hackle [22-24] is clearly
visible on the fracture surface. #uggests that the fracture dsiven mainly in mode |
combined with a weak mode Il component. Theerilines pattern indicas the direction of
propagation of the crack thatitiates without surprise underelhrack and propagates far from
the track, usually perpendicular to the scratchlimgction. The rivefines are approximately
equally spaced well below 1m that is in good agreementitlv results repded in the
literature [25].
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Fig. 87: Chip and its details. River lines give the dire@n of the propagation ofthe lateral crack (SLS 4).
(SEM)

4.2.5 Dependence on the glass chemical composition

SLS glasses generally fall in a narrow rammjecompositions a@ng the boundary between
devitrite (NaO-3Ca0-6Sig) and tridymite (SiQ) in the NaO-CaO-SiQ phase diagram

(see Graph 21). Shifting away from this maw range affects various important
characteristics, such as the glass melting behastiystallization tendency, glass workability,
chemical durability and statlmehavior like developed in4&1.

As noted earlier, the scratchability is greatffected by the chemical composition [10, 11] as
shown inFig. 88 with a representative scratclogre of each of the six studied glasses
obtained for the present studytlwia monotonically increasingormal load up to 4 N. The
scratches are quite different. The aim of this part is to interpret the results in the light of
structural considerations linki¢o the amount of modifiers their vitreous network.

Standard float glass:

SLS 1:

SLS 2:

SLS 3:
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SLS 4:

Fused silica:

Fig. 88: Evolution of scratch resisance for the six considered glasses

The transition loads between the different damage regimes for the six glasses are summarized
in Table 21. The lecture of this table in paraltethe following interpetations all along this

part can be helpful. Note that the values reportélchlrie 21 are statistical values obtained on
numerous scratches (typicatiypout 10). These measurementye obtained on recomposed
micrographs of scratches as those reportedign 88: a scale permits to determine the
transition loads with@uracy about 0.1 N.

Damage regimes . . Micro-cracking . .
Glasses Micro-ductile Sub-surface laterals Chips Micro-abrasive
Standard float glass 0-04N 0.4-0.8N 0.8-12N 1.2-4N
SLS1 0-0.35N 0.35-2N 2—-4N —» 2-4N
SLS 2 0-0.4N 0.4-09N 09-16N 16-4N
SLS 3 0-0.35N 0.35-1N 1-11N 11-4N
SLS 4 0-0.3N 0.3-09N - 09-4N
Fused silica 0-0.2N 0.2-05N - 05-4N

Table 21: Transition loads associated with changein the scratch regimes. The arrow indicates the
difficulty to dissociate the two considered regimes.

As a first glimpse, standard float glass, SLS 1 and 2 reportEdyir8B8 appear sensitive to
chipping as a direct consequerafeheir normal character thatainly allows cracks to form

by local shearing [11] due to percolation patb§] [that are lines of weakness in the vitreous
network. SLS 3, 4 and fused silica with silideel networks appear to be more resistant to
both crack propagation and pping during scratch experiments as a consequence of their
anomalous character [11] that accommasldtee deformation by network rearrangement
(densification) without breaking bond [9].

As a result of these reminders, time scratch pictures shown Ifg. 88, a micro-abrasive
regime appears in the low-lo@dmain for the fused silica, SL3 and SLS 4, with high-silica
contents, whereas lateral chipping occurs tfee standard float glass, SLS 1 and SLS 2
compositions. The SLS 2 glass is the weakeatnag lateral and radial crack propagation,
while an increase in silica leads to the dig@arance of chippinghe maximum compactness
of the SLS 2 glass is consistent with tlisservation: the rearrangent of matter at the
atomic or molecular scale is difficult and thjass responds to the high contact stress by
allowing cracks to form and propagate. To sumrea glasses from devitrite phase field are
sensitive to chipping and glasseshnsilica-like networks appe&n be much more resistant to
both crack propagation and chipping during straexperiments. Note that a similar
conclusion was drawn in a study devoted to the indentation-scratching behavior of silicon-
oxycarbide glasses [12], where the covHyefmonded carbon in 4-fold coordination was
found to induce a more normal behavior.

This kind of behavior considations linked to the chemicabmposition can also be applied
to fractographic analysis in lawest scale. For instancEig. 89 shows parts of the micro-
cracking regime with its detailsn the standard float glass athe SLS 4 glass. Even if the
global shape of the damage remains the sameebattithe two materials in form of large chips

131



Chapter 4: Expemental Results

(note that the cracking regimmes not occur at the same [patthe detail of the scratching
track is totally different. In the case of thergtard float glass, the scratch track exhibits small
damage. The potentialiging sites in the structure ofdhglass are randomly located. Then,
the shear bands can potentially make theumgpbifurcate and leads to a “fine” tortuous
fracture pattern like shown on the detailFag. 89. In the case of the anomalous SLS 4 glass,
the scratch track is composedfadctures that can be qualified Qsasi-cleavageattern as
described by Hull [25]. The hapgeneity of the structure peltsicleavage on relatively large
surface due to the equal strength of bondséatammet by the tips of propagating cracks.

Fig. 89: Micro-cracking regime of a standard float glass and the SLS 4 glass and details of their scratch
tracks. (SEM)

Lastly, the observation of the damage ire tabrasive regime in function of the glass
composition leads also to consistent conclusieitls respect to sensitivity of the glasses to
normal/anomalous behavior. TR&. 90 shows details of abrasikegimes in the cases of the
fused silica, the SLS 3 and thamtlard float glass. The fusedica exhibits the less tortuous
track as expected in the light of previousidasions; the SLS 3 showarge chipping process
all along the track with quasiedvage patterns due to a highentt to potential shearing in
comparison to fused silica; undére sliding indentethe standard float glass produces long
cracks and very fine and tortuodamage inside the track, coampble to the ones visible in
the cracking regime.

Fig. 90: Details of the micro-abrasive regime of a fusksilica glass, the SLS 3 glass and a standard float
glass. (SEM)
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5.1 Introduction: extension of Ahn’'s model

The nucleation of cracks and then the appearahtiee associated damage can’t be studied
without considering the local st® distribution. This is a fitsclue in order to answer the
following question: why is there some differentetween the damage regimes with different
indenter geometries? This is also true whesinging the apex angle afconical indenter as
pointed out by Hagan et ab3], or when testing differemtormal/anomalous glasses.

Moreover, most of studies (see [, 27] among others) considéat the singularities of an
indenter like the Vickers one for example sliaited within the plastic zone and then does

not influence the elastic strefisld outside. This hypothesis cdr@ considereds valid in

most of the cases of indentatitests, but the proximity ahe plastic zone boundary with a
sliding indenter in the scratetg direction suggesthat this hypothesis mabe too far from
reality.

The first extension of Ahn’s model that this nkawill deal with is to adapt Ahn’s model to

the singularity of a Vickrs indenter. The part$4 deals with this extension.

The second main extension concerns the materials. The chemical composition of the glasses
influences dramatically their response deformation and their damage behavior. The
challenge in this study i® integrate these mai@ particularities inthe considered model.

The part &.3 deals with this extension.

This chapter is dedicated to these two extensions of the existing model introduced by Ahn
[20] derived from the work of Yoffe [27].

5.2 Description and new computation of Ahn’s Model

Before adapting the model of Ahn to théickers indenter geometry and to the
normal/anomalous behavior of glasses, thetails of the existent method and a new
calculation are needed. It could have been safficto quote the abor’s results, but the
mismatch of the different sources about the fdation of the stress fields [20, 71, 72] calls
for caution.

The model of Ahn is based on the axi-symneeitndentation model pposed by Yoffe [27].
As quoted earlier (8.2.3.3.4), the complete stress figidAhn is the supgosition of the
Boussinesq field (due tthe point loading) and th8lister field for sliding (residual) as
follows:

n t r
BMS Bous 4 Blister V |’éq. 119

The coordinate system is a Cartesian one withxthigolane corresponding to the surface of
the indented material and thaxis oriented toward the depth of the solid.

The normal Boussinesq field correspondini V2 _ is given by Johnson [68]:
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already reported in 8.2.3.3.2 ag&q. 37 toEq. 42.r and ! are defined ifEq. 43 andeq. 44
respectively.
The tangential Boussinesq field correspondin 1/
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Is given by Johnson [68]:
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already reported in 8.3.1 a€q. 95 toEg. 100.

Q is the concentrated tangential load ($ég 52) that can be replaced b® with Pthe
friction coefficient of the considered contact &the normal load;, and ! are defined irEq.

43 andEq. 44 respectively.

It remains to find the slidin@lister field for the Eq. 119 which is calculated from the
expression of Yoffe’sndentation model.

The stresses of tHalister field are formulated as follow ia spherical coordinate system by
Yoffe [27]:

| >

v 5425 codQ 2 9, T £2. 132

V A2 12 T

TS codQ Eq. 133

v 221 2 2 3coi0 T

| = co Eq7134
A .

W —41 SIY cos T T Eq. 135

r
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already reported in 8.2.3.3.6.3 ag&q. 67 toEqg. 70 withr defined inEq. 43. Note that to
avoid ambiguities in the followindevelopment, the notation of tBdéister field strength have
been changed & (instead oB).

The spherical form of Yoffe's equatis gives in Cartesian coordinates:

o L2 X 2y 5 40x 1 @ 2¢ 3 7 15¢”°

w r2 3 U° (25 U = ¢ Eq. 136

yooa 12 20V 540y 1@ X ¥ 7 1577

y 2A 73 e PR U7 e Eq. 137
12024 Z 1B 154 Q

VvV  2A — T T U Eq. 138 U

r 12 xy 5 @ xy 12 xyz 15§72

W 2A r_2 3 U5 rz 5 U 7 (_(I U 8:] 139 U

. 6yz 15y72 o
6xz 15xz72 0

W 2A — — Eq. 141
" 2

The superscript denotes the residual charactetho# stresses in this fieldand ! are defined

in Eq. 43 andeq. 44 respectively.

The scratching model of Ahn takes tBg. 119 and the detail of tHields expressions as a
basis. The scratch process is assumed to besgice quasi-static indentation steps, so that
the superposition of the stress field can be censal Practically, it aoesponds to the plastic
deformation accumulation along the scratch bekfedindenter. The residual stress field due
to the plastic zone in the indentation problem is Yoffdister field. Then, this field has been
integrated by Ahn to constitute thsdiding Blister field (i.e. adapted to scratching), as a
superposition of the gsastatic indentatioBlister field all along the scratch. Then, the static
Blister field is integrated from —infinity (the sdcd beginning is considered as infinitely far)
to O (the actual indenter position) to take into account the accumulation effect of the residual
stresses. To do so, lAtbe the strength of the sta@ister field andB the strength of the
Blister field per length unit as:

A B /d/ Eq. 142
Let’s take the following notation:
o Af, Xy, z Eq. 143

Then, the accumulation of tiesidual stress field gives:
v 3B f,x/.yzd [ Eq. £44
X

for an indenter which scratches frogto x;.
Let's consider that the scratch starts infinitely far. The integration goes fom fto

X O:

139



Chapter 5: Mechanical Modeling

74 §fB()fV(x[,y,z)d / Eq/ 145

Then, this slidingBlister field represents the residualests field due to the accumulated
plastic zone all along the scratch. TPeint Loadingstress field does naoteed modification
for scratching because it represents the strekbdue to the loading indenter on the sample,
which continuously moves and does not accumulate along the scratch. Then, the Boussinesq
field is kept like in the quasi-static indentationodel. The complete stress field of Ahn,
compared to Yoffe’'s expression for indentatieop 85, can be summarized as follows:
n t r
V Bous V Bous B‘éter for scratchi,é Eq. 146

After the integration oEq. 136 toEq. 141, the final result of the scratchiBgster field
gives:

“20y 7 X
2B « i __wxX'y 28y 6 XY 2f 4y 2 %7
«y 7 y Z U

X =

APy 2 RYZ 3Y2 @ Y2 254 4 k% %2 O Eq 147
v
Syt Y 37 x

« oy oz )/2223(5

—

< =

2B 2y BRY RRY 4y 2 f 6KV 2

Xy 6 XY'Z 2yV7Z ® Y7 12%x926 %xY215YQ

(o]

12 y'z* X2 DX? 8y72 8 y2 % 20%» Eq.148 Q
2
27 3¢ 7
v 2B < Y _ XZZ3 6x'y? 15¢y" 9y 2X7Z 10R y 2
« yZ v 7 U
12y*z> 557 3y 7 67 » Eq. 149
232 2 % 2 Z 2 72
kW 2B y X X y; Ry Z © Eq.%o
®4 X
W 2B « vz ¥ _ 2 axty? 10@y 6y 472 3y 7 10% 2
« y 7 v Z U
12y*z* 97 » Eq. 151
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z2xX 2y 7?2 °
3 < » Eq. 152
v S 7
B represents the strength of the slidBigter field, !is defined inEq. 44.
The mismatch of the differetiterature sources about the formulation of the slidshigter
stress field can now be clarifie@Eq. 136 toEq. 141 have been cewtly written in the
references [20, 71] arfflg. 147 toEq. 152 in the references [71, 72].

W 2B

5.3 Extension of Ahn’'s model to the normal/anomalous glasses -
Principle

Everything tends to prove that the key in understanding the mechanisms of deformation and
damage in glasses is the competition between densification and shear. In fact, while their
chemical compositions are relatively clotiee difference between regimes apparition during
scratching of the six different considered glasses is effective.

It is the view point of the author that the intermediate behavior (normal/anomalous) is not
expected to be linear (densification occuingil maximum compaction and then shear appears
for example). Then the problem of the defotiora under load of thigjlass series can be
formulated as follows: the deformation behavior is due to both i) the deformation by
densification and ii) the deformation by local shearing. The tendency to densification depends
greatly from the chemical composition of the considered glass. Then, the subject of this study
is to analyze the proportion of densificatiand the shearing procesontribution in the
deformation: thecompetition Densification/Shearinghich is completely unknowa priori.

To the knowledge of the author, no analyticeddel exists yet and em the understanding of

the competition and its consequences on the glass behavior is an almost pristine field of
research. Then the contribution of densification or shearing process will essentially be
determined from experimental consideratiofise identification of the densification/shearing
competition in order to integrate it into teemi-analytical model will be discussed iB.8.

Adapting the previously given stress fieleg( 135) to normal/anomalous glasses will lead to

the form:

V n t r

Bous Bous Blister for scratching Eq.|1/53
normal/ anomalous glasses

normal/ anomalous glasses

5.4 Extension of Ahn’s model to the Vickers indenter - Principle

Because of its geometric singularities, thesstrigeld derived from the contact of a Vickers
indenter had never been modekaaalytically and its integrain in an analytical model is
obviously issued from a numeal way and then leads tesami-analytical model

Contrary to the extension of the model to normal/anomalous glasses, botlBEstessand
Point Loadingfields are concerned by the extension to Vickers geometryP®im Loading
model needs to be replaced by a model closéhdoexperimental reality of a scratch by a
Vickers indenter. This extension will be developed 6.8 through a Finite Elements study
performed with the help of the Abaqus cddersion 6.2) and dealing with the difference
between a conical and a Vickers indentation. LastlyBiister field will be extended to the
Vickers geometry at the same time as it willdd@ended to the normati@amalous glasses. In
fact, the experimental development detailed in5.§ will take into account both the
normal/anomalous characters and Vickers singularétiehe same time. These considerations
will be integrated in the expected final model and HBwg 153 previously adapted to
normal/anomalous glasses will become:
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n t r
normal/ a%malous Vickers Vickery Blister for scratch‘{g Eq. 154 V
Vickers normal anomalous glasses =Y

Vickers
n V t ) )
The terms  vickers Vickerg£orrespond %the indenter loading.

Blister for scratching i
The term normal/ anomalous glaLssegorresponds to the residual stresses.

Vickers

The way chosen in this work to treat the Vickertegration is to use the F.E. method in order
to give some analyticaldnds of the stress fields.

5.5 Summary of the method / expected final stress field form

It is useful to keep in mind the followgnorganization chart which summarizes the method
used to extend the Yoffe and Ahn’'s modielsthe normal/anomalous character and Vickers
indenter geometry in scratching.

(Eq. 85)

(Eg. 101)

55 (85.7)

(Eq. 154)

* The approximated final expssion will be discussed in$8.

Fig. 91: Organization chart to extend the model taormal/anomalous glasses and Vickers indenter.
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5.6 Extension of Ahn’'s model to th e Vickers indenter: the F.E. study

5.6.1 Introduction

The Finite Element Method (F.E.M.) approachndt the final goal of this study. Actually, it
will take place in the extension of the analyticeddel of scratching to the Vickers geometry.
However, the role of this numerical approaclvesy important: it deals with the analysis of
the stress field in a material that is penetlaby a Vickers indenter in comparison with the
stress field imposed by a conical indentation. fiiln@ goal is to integrate relevant parameters
in the semi-analytical model ah will take into account thgeometric singularities of the
Vickers indenter. This semi-analytical modelbigsed on formulae derived from indentation
models. So, the study will takplace in the indentation camdt. Finally, the analytical
formulae, that will be obtained, will be integedtto lead to the expected model of scratching
adapted to the Vickers geometry of the@nter. Thus the topic of this study Besigning
Finite Elements tools for thenalysis of stress field due to Vickers indentation in comparison
to the conical indentatiorThis study prompts for a 4-monthsllaboration at EMPA in Thun
(Switzerland) in summer 2004 the Micromechanics and Migpatterning Group directed by
J. Michler.

Lastly, note that the stress field in the gtiehl model as defirce by Ahn and Yoffe are
elastic fields that are added. As a consequettige,numerical simulations need only to be
carried out with a perfectly elastic material.

5.6.2 General aim of the study

This study is divided in three main parts. The first pa%.@3) will be about the simulation
in two dimensions of a conical indentation amperfectly elastic body. It will be also the
opportunity to improve the mesh and simulatiomapaeters in the aim to tackle the second
part more easily. This second part §%.4) is far more critical. It deals with the three
dimensional simulation of a Vickers indentation a perfectly elastic body. The third part
deals with the comparison between the indemgterformed with a conical indenter and the
one performed with a Vickers indenter.

5.6.3 2-D problem

5.6.3.1Involved geometries

The geometries involved in this problem consist in two parts: i) the conical indenter defined
as rigid and, ii) the indented body defined as a deformable and perfectly elastic solid. Its
mechanical characteristics will be the ones of a soda-lime silica B&3:GPa and=0.21.

5.6.3.2Mesh

The mesh was built for the half space of the problem. Several meshes were designed before
reaching aroptimizedone for the problem. The detail of this choice and the different tries are
reported in Appendix 2. The optimized mesh is depictétgn92.
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\

Fig. 92: Optimized mesh for the axi-sgnmetric 2-D problem of indentation.

The different characteristics of the mesh are summarized as follows:

Number of elements: 3282

Smallest size of element: 0.2n

Size of the indented body: 73.8x150 m?

Note that all the elements that compose thehrere quadrilateral elements of linear type
(CAX4 Abaqus code).

5.6.3.3Boundary conditions

The boundary conditionare illustrated ifFig. 93. During the loading-unloading sequence,
the bottom of the sample is constrained to @henaxis 2. The left bouady of the mesh (axis
of symmetry) is constrained to evolve only on this &< This is also the case for the indenter.
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Fig. 93: Scheme of boundary conditions applied on the indented body.

5.6.3.4Loading sequence

The loading sequence had been designed as follows:
1. Initial: initial step of the simulation.
2. Contact: initiation of the contact betwettre indenter anthe elastic body.
3. Load: loading part of the sequence; the losatches a value of 3 N at the end of this
step.
4. Unloading: unloading part of theceence; the load goes back to O N.
5. Indenter_Escape: the indenter leaves the surface.

5.6.3.5Validation

5.6.3.5.1Criteria to discriminate the meshes

The 2-D model was designed in order tokmat evolve to the 3-D Vickers model.
Nevertheless, the direct validation of the 3-D model leads to several difficulties: problems in
comparison with experimental data, no th&oed expressions avalie for comparison,...
Then, it will consist in validating only th2-D model by comparison to some theoretical
parameters. Afterwards, the validation of the 3-D model will be assumed by the simple
validation of the 2-D one.
In order to validate the 2-D elastic simulationmsocriteria inspired from literature have been
designed:
1. An interesting parameter is the ratiaween the maximum depth of indentatioon the
depth between the last point in contastd the deepest point of indentatibp as
illustrated onFig. 94.
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Fig. 94: Definition of the depthsh and h, used to determine the coefficient.
This ratio is namedjf82]:

J —

Eq. 155
hp
The comparison betweentleoretical value of the coefficient and a simulated one is
needed.

Theoretically, J —j [77] in the elastic case (conical indenter) and does not vary with the

material parameters and . A simple test is to make these parameters vary and validate
the hypothesis.

2. The theoretical deformed shape of the atefis given by Sneddon [76]. The comparison
with the simulated one is a third good criterion to validate the elastic model.

3. Sneddon [82] gives the pressulistribution on the indenter Bq. 156 (also reported by
Johnson [68]). It is possible to verifyigtdistribution in the elastic F.E. model.

p(X) ECOtD ht 28 ' Eq. 156

21 Q) x© 1

Note that it is assumed in this validation part that some of these criteria are based on the work
of Sneddon. Nevertheless, it has to be noted that Sneddon’s model is open to criticism.
Actually, the radial displacement of the matlering the conical indentation has been largely
ignored by Sneddon as pointed out by Hay et al. [108].

5.6.3.5.2 evolution criterion

The coefficient was determined for different loads up to 3 N during a simulation. The results
are reported in th&raph 28.

Graph 28: evolution with respect to the normal load.
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Due to the mesh sampling, the first points laseuracy compared to points at higher loads.
At sufficient high loads to avoid this effe@te. > 0.3 N), the relative error between the
theoretical value and the Finite Elementcoefficient is less than 3 %. This validates the
model for this point.

Theoretically, the coefficient does not depend on the &taproperties, i.eon the values of
the Young’'s modulug and the Poisson ratio[77]. Simulations with varying from 10 GPa

up to 300 GPa were performed with 3 N of normal load. The result on the evolutiaa of
reported in th&raph 29.

Graph 29: evolution with respect to the Young's modulug.

The relative error beveen the theoreticalvalue and the Finite Elementoefficient, wherk
varies, is less than 6 %.

In the same way, was made to vary from 0.1 up to 0.5 and the evolutionwsds studied
with 3 N of normal load. The results are shown inGnaph 30.

Graph 30: evolution with respect to the Poisson’s ratio.
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The relative error between the theoreticablue and the Finite Elementsoefficient, when
varies, is less than 4.11 %.
These criteria validate the mddeom this point of view.

5.6.3.5.3Profile of the surface under load
The theoretical profile of the dace is given by Sneddon [76]:
u,(r)> 1H@L-§ wBenr a Eq. 157
z z 0 2 a® a

51

2 3
u, L_§Z " Hsint 0)3 g 3 £®--§vhenr' a Eq. 158
ad, , 1 . Ve 12 o -1

with H acot Dwherea is the contact radius, the semi-apex angle ¢ihie conical indenter
andr defined inEq. 43.

The Graph 31 shows the profiles tained with Finite ElementMethod for different loads
from 0.322 N up to 3 N. The two thick linespresent the Sneddon’s profiles for the extreme
loads. The F.E.M. profiles are in gbagreement with the theoretical ones.

60 70 80

Sneddon at 3N

Sneddon at 0.32N

—3,22E-01
7,28E-01
1,09E+00

—— 1,64E+00

—— 2,24E+00
2,84E+00
3,00E+00

m)

Depth of indentation (

Distance from the tip ( m)

Graph 31: Profile of indentation with respect to the normal load.

5.6.3.5.4The pressure distribution on the indenter

This last criterion considers the pressure distribution on the indenter under lodeh. THs6
gives the theoretical pressure on the inde&eaiph 32 represents the pressure distribution on
the indenter given by the F.E.Nbr different normal loads arttie Sneddon’s solution for the
two extreme loads (0.485 N up to 3 N), represented by the two thick lines.

148



Chapter 5: Mechanical Modeling
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Graph 32: Repartition of the pressure on a coical indenter. Plotted on the half indenter.

The theoretical distribution of pressuexhibits an infinite value fox=0 because of the tip
singularity at this abscissa. This value is ofirse not reported in ¢hF.E.M. distribution
because not realistic. This explains the deviabibtihe pressure values for points close to the
tip. The global load is the same between therttazal distribution of pressure and the F.E.M.
one. The deviation of the pressuclose to the tip has a diterepercussion on the whole
distribution. This explains the slightly deviation of the global distribution of the pressure.
Note the pressure decreases dityton the closest points todhip with the F.E.M. method.
This corresponds to over-deformed elemenét #re “turned upside-down” and relaxed (in
displacement sense) by Abaqus in ondefinish the numerical calculation.

5.6.4 3-D Problem

5.6.4.1Mesh: Strategy

The strategy adopted was to generate a mesh from the optimized 2-D mesh that was validated
previously. The “symmetric model generation” command of Abaqus software was used. It
allowed in our case to generate the 3-D migghevolution of the 23 mesh along the axis
common with the indenter on 45° becausesgimmetry considerations of the Vickers
indentation problem as evoked in282.3.4.3.2.. Then 9 stages of elements were designed
along the revolution of 45° of the origin2lD mesh for the Vickers model (ségg. 95).
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Fig. 95: 3-D mesh of the indented body addgd to Vickers indentation — perspective view.

5.6.4.2Boundary conditions and loading sequence

The boundary conditions are somewhat sinathose of the 2-D model. During the loading-
unloading sequence, the bottom of the sample is constrained to 0 on the axis 2. The two
extreme faces (at 0° and 45°) have a symmaindition to their respective normal vectors.

The top and the “behind” parts are free surfatls.indenter is constrained to evolve only on

the axis 2. The boundary conditions are summariz&jin96.
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Fig. 96: Boundary conditions on the 3D mesh adapted for the Vickers problem.

5.6.4.3Loading sequence

The loading sequence is exactly the same mth®2-D axi-symmetric case and is designed
as follows:

1. Initial: initial step of the simulation.

2. Contact: initiation of the contact betwettre indenter anthe elastic body.

3. Load: loading part of the sequence; the losaches a value of 3 N at the end of this

step.
4. Unloading: unloading part of the seaque; the load goes back to O N.
5. Indenter_Escape: the indenter leaves the surface.

5.6.4.4Insertion of the Vickers indenter in the 3-D model

As for Giannakopoulos et al. [84], only 1/8tbke Vickers indenter Wibe modeled because
of its symmetry order of 8. The indenter idided as discrete rigidnd only the surface that
may enter in contact with the indented mateigsanodeled. The elements used for the mesh
are only 2-D elements. The advantages ofehd®ices are i) the astic reduction of the
number of elements (because the volume of tleriter is not meshed) and, ii) the calculation
on 2-D rigid elements is greatly simplified. Itsartion on the F.E.M. model is represented on
Fig. 97 andrig. 98.
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Fig. 97: The body and the indenter in tie mesh module of Abaqus - Perspective view.

Fig. 98: The body and the indenter in the mesh module of Abaqus - View from the top.
5.6.5 Comparison Cone/Vickers — integr ation in the semi-analytical model

5.6.5.1Method & first results

Fig. 99 represents the Von-Msequivalent stress distribution the elastic body with the
F.E. method.
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Fig. 99: Von-Mises distribution in the elastic body with the F.E. method.

The stress field appears to bemplicated and not obvioyshnalytically treatableGraph 33
and Graph 34 represent the detail of the Vors&$ distribution in # conical 2D model

(equivalent cone: 140.6° of apex angle), in phene of the Vickers’ face (i.e. ABC plane in
Fig. 100) and in the plane of the Vickers’ edge (i.e. ABD plarkégn100).

Graph 33: F.E. comparison of Von-Mises distributionbetween (a) the conical case (equivalent cone), (b)
the Vickers' face case and (c) the Vickers’ edge case.
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Graph 34: Details of the F.E. comparison of VorMises distribution between (a) the conical case
(equivalent cone), (b) the Vickers’ facease and (c) the Vickers’ edge case.

Fig. 100: Vickers represetation with definition of ABC and ABD planes.
But let’s investigate further these stress representations.

5.6.5.2Results in the Vickers’ face plane

The field in the Vickers face plareoks likethe one produced by tle®nical indentation of

the elastic body. This result was expected. Abtuen a first approximation one can assume a
state close to plane strain in the plane thas dbmugh the tip, the ceptof the base of the
indenter and the middle of the face border (ABCFig. 100). The investigation of the
different stress components{ 1y,...) shows a similarity for # distribution that can be
simply linked to the one of the conical imdation by introducingoroportional correction
coefficients, determined between about 0.73 and 1.21 depending on the considered stress
component. This stress field in the Vickersté plane (the referencace: 0° of angle — ABC

in Fig. 100) can then be modeled by the atiedy stress field of Sneddon for a conical
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indentation [76], or by the one of Hanson [28, 29] presented?i2.8.3.4, which is however
easier to compute. This lattstress field will be used.

5.6.5.3Results in the Vickers’ edge plane

Graph 33 andsraph 34 represent the Vitises distribution in the phe of the Vickers’ edge

(face at 45° - ABD irFig. 100). The geometry of the indentappears as a problem that could

be designed as follows: a line loading on dmite elastic half body, applying a non-uniform
pressure along its axis as idealizedrig. 101 (the problem symmgtrs not represented i.e.

the pp pressure is located on a point very-close to the tip). This loading process may be
visualized as that produced by a non-unifigrpressed like-knife antact on the half-space.

Fig. 101: Representation of a line loading on an infinite elastic half body, applying a non-uniform
pressure.

This distribution of the normal pressure om time loading is easily available by the F.E.
developed model, and is given@raph 35 for the normal load of 3 N.

Graph 35: Contact pressure on the distance from the céme point of indentation in the edge plane of the
Vickers indenter for a normal load of 3 N.

Note that similar proportional evolutions can be drawn for different loads during the
indentation. It is also interesting notice that the closest pointsrte0 exhibit abnormal low
values due to the over-distortion of the ebets close to the tip. The slope of the curve
slightly changes from the linear fit 8 m andr~15 m: this phenomenon is explained by
the changes of mesh element size in@éheg places. The linear fit is given iBg. 159
(determined for the normal load of 3 N).

p(r) 4.37x16r 9.7x10 Eq. 159

wherep is the contact pressure anthe distance to the centre of the indentation.
Thus the idealized case of thedilbading on an elastic bodyrisduced to the distribution of
pressure as illustrated kig. 102.
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Fig. 102: Representation of a line loading on an infinite elastic half body, applying a uniform pressure.

5.6.5.4Summary of the stress field causd by a Vickers indentation

To summarize, the stress field in the face plahthe Vickers indenter can easily be modeled
in analytical form by the field described by Handor conical indentation. The stress field in
the edge plane of the Vickers indenter shduddmodeled by the field corresponding to a
progressively line-loading on an elastic half body.

It remains to find the stress field for any intermediate plane, i.e. for a plane with an.angle
between 0° and 45° from the reference plane Esgel00). The solution that was adopted is
to design a transformation function that is equal to 0.f@°, 1 for .=45° and that represents
the transformation in the stress field showntly Finite Elements method. As the work of
Galanov [109] lets expect, this function depends bt also orr.

5.6.5.5Theoretical limitations

The main problem in this analysis is to moted second stress field. To the knowledge of the
author, no analytical model was developedthis line loading problem. One solution could
have been to integrate a Boussinesq point loading field on the contact line with a decreasing
normal load as suggestedhig. 102. Such integrations give analytical results actually when
computed with Mathemati€¥ for example... After performinthis integration, it was found

that a formula for one stress field componerdtifeast 1 page long. A classical linearization
helped a bit but was far from being etige enough. Obviously, these results are not
acceptable for the present model.

Because it is not directly possible to rigorqusiodel the stress field as described previously,
the model will be developed and analyzed as a conical indentation. Nevertheless, the
comparison with the experimental Vickers schas is possible. A has been shown in §
4.2.3.4, using a conical indenter instead of ek®lis one leads to a shift in the transition load
values as a consequence. The expected evolutions may be respected. However, further
guantitative analysis is not reasonable in this case.

An alternative solution was tried to have idea on the stress field evolution for a Vickers
indentation: stress correctionefticients were determined between the Vickers edge field and

a conical field obtained with an equivalenneo both given by the F.E. model. The method
used was to compare the highest tensile steeach component to the one corresponding to
the conical indentation F.E. model. S8eaph 36 toGraph 39 for a representation of the
stresses distribution for each component of stress field. With theéhelp of these latter
figures, the comparison of the location of #ndsghest stresses was the first criterion of
validation. That means that the location of lighest tensile stress was checked first, before
comparing these stresses and introducing sttegection coefficients. The highest tensile
stresses were determined by taking the averateedfO highest tensile stresses that are ina 1

% standard deviation range. This may suppthsssingular high values that should come
from over-stretched elements which don’t esg@nt pertinent values. These coefficients are
determined this way, component of strés component through direct comparison. The
results are given imable 22.
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Graph 36: Comparison between the distribution of 1, in the F.E. conical case and in the Vickers edge
plane case with regard to the depth of the indented body.

Graph 37: Comparison between the distribution of 1, in the F.E. conical case and in the Vickers edge
plane case with regard to the depth of the indented body.
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Graph 38: Comparison between the distribution of L, in the F.E. conical case and in the Vickers edge
plane case with regard to the depth of the indented body.

Graph 39: Comparison between the distribution of 2, in the F.E. conical case and in the Vickers edge
plane case with regard to the depth of the indented body.
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Stress component s 1y 1, %
ax

Ratio ﬁ 0.867 1.228 1.122 0.920
Cone

Table 22: Stress correction coefficientsVickers-conical indentation comparison.

Interpreting these coefficients is of greatenmest and tends to gue that the difference
between a Vickers and a cone peaietr in an indentation experiment is that the values of the
components 1, and %, will be higher with the Vickeyr than with the cone, while the
componentsly and 2 will be lower. This remark is also valid in the case of the scratch test.
Then, the occurrence of the median and latenatks may be at lower load when using the
Vickers penetrator. This is verified gerimentally as reported in pard&.3.4.

Note that theZ, and g, components and their influea have been largely ignored.

5.6.5.6Contribution of this study in the global work

The results presented in this study are esdgntezused on the model of a perfectly elastic
indented material. One can wonder what is the gbalich a study that is apparently far from

the material behavior in reality. As guiously reported in the introduction 6.1, the
ultimate goal of this study is to understand the influence of a singular indenter like the
Vickers one on the stress and strain fieldernder to integrate the singular character of the
problem in the analytical model. Then this MEwork can seem to be a bit fundamental and
out of experimental considerations, but its aim stands in its participation to the semi-analytical
model for the scratching of different glasses.

5.6.5.7Conclusion about the semi-analytical model

To integrate the Vickers geometry in the equations of the semi-analytical model rigorously as
tried in 85.6.5.1 is not possible yet. The coeffidenf stress concentration determined in §
5.6.5.5 give clues to make analogies betwinenVickers stress fields and the well-known
conical stress fields.

The decision was taken to integrate in the semi-analytical model only a new Hanson stress
field to replace the Boussinesq normal streskifin order to approach the reality of the
indentation test as demonstrated in this part. Thus, the expression of the stresses of our semi-
analytical model after integration ofetlyeometry of the indenter gives:

n t r
V Hanson V Bous B‘éter V Eqg. 160

It still remains to adapt the wemodel to the deformation behavior depending on the chemical
composition of the six different glasses. This will be developed in the following part.

5.7 Extension of Ahn’s model to the normal/anomalous glasses:
identification of the densification/shear competition

5.7.1 Introduction

As evoked in 8.1.9.2, the initiations of cracks inetlylass during a scréitcest occur at the
boundary or out from the plastic zone. It is first needed to identify the deformation
mechanism(s) of the material under a rsgfess field caused bysharp indentation.

The notions of deformation by densificatiand by shear developed respectively in §
2.1.9.2.2 and 2.1.9.2.3 and the linked aspect of normal/anomalous character introduced in §
2.1.9.2.4 gives the clues needed for the studh@fSLS glasses. Actually, the six considered
glasses (standard float glasd, S series and fused silicaxhgbit a deformation behavior

159



Chapter 5: Mechanical Modeling

under stress that is more or less intermedizetween an “idelgipure” densifying and
shearing glass, depending on each glass composition.

Thus, the study of the competition between dmagion and shearing in the deformation of
glass is of primary interest in this explorgtevork. Because of the complexity of quantifying
rigorously the densification contribution in the easf an indentation test (not linked to the
global densification in a bulk material yet),papaches like studying é¢hhydrostatic stress as
shortly illustrated in 8.2.3.3.5 between the Boussinesq, Hertz and Sneddon’s models are rule
out from the present study. Actually, theseprapches seem to anticipate too much the
densification mechanism in glass: several st 4, 48] shown thathe densification in

glass is enhanced when shearing contributicthénsolicitation increases (this corresponds to
some limitations previously quoted in the concerned paragraph). Then, the competition
between densification and shearing will be stddrethis work through the identification of

the parameteB (called strength of th8lister field) previously introduced (see &3). This
parameter will only represent an index of the studied competition and does not have the
pretension to quantify the densification partteg deformation nor thshearing contribution.

5.7.2 Method

The opportunity is given by the chosen mlotte inaugurate a new technique especially
developed for this work in order to identify the competition densification/shearing by
guantifying the parametdB in the six glasses. Existing works deal with this problem and
solve it in different manners as reported iR.8.3.3.6.3: i) stress pgpatibility condition [27],

ii) created plastic volume [8, 80], iii) comwation of energy [48], iv) experimental
considerations [20, 71, 72]. Only the methodsoréed in ii) et iv) are adapted to take into
account a normal/anomalous behavior. Unfortelyatsome details remain blurred in these
methods, and some parameters are difficult to assess in our case.

A first possibility to assess the parameBeishould have been to develop a second new
technique based on the energy dissipatechdurnistrumented indeation tests performed on
the different glasses. A short remark will be given on this techniqueiid.§, even if it has
been given up in this study due to the time cost of the post-treatment.

Then, the choice in this work had been to stigate a new technique inspired from the iv)
point to assess the parameter of Btister field B. The method is to consider the volume of
the Vickers imprints for different loads fagach glass. Actually, aseen earlier, the
normal/anomalous character of the deforomatiof the considered glasses leads to a
deformation with more or less (respectively) volume conservation. The measurement of the
volume of Vickers imprints can then give somecious information. This method will be
developed in %.7.4.

5.7.3 Energy approach

5.7.3.1Remark

An interesting hypothesis on the way to pit instrumented inderttan test is given by
Lucas et al. [110] and can be somewhat summarized by:

P o « h
B const Eqg. 161is equivalent to H ™ const . Eq. 162
This hypothesis leads to:
X X
P h
— V— Eq. 163
P h
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This equation constitutes no less than a constitutive law of the tested material.

In the present study, the goal of the instrumented indentation tests is to discriminate the
glasses with regard to their deformation hebtia Then, they obey to different constitutive
laws that can’t be discriminated by the poas technique due to the quoted hypothesis.

Thus, the choice had been done to pilot theeerental setup of instrumented indentation

X

with real HE Cste. A displacement measurement (capacitive gauges) and a Labview

program including various corrective coeffidienwere developed on the scratching machine

X

to achieve this aim (see Appendix Agp.1-3). The% ratio is measured indirectly. Note that

the “indirect” character of the measuremeoft this ratio does not warranty a “real”

. . P
measurement of the ratio. No moresult of the difference betweeE Cste and
X

x h
H h Cste piloting will be discussed here even if a direct comparison between two

indentations made by these two techniques suggests some interests.

5.7.3.2Method

The exploratory work of Bobji et al. [48] gives interesting basis. With combining this work
with the one of Yoffe, it is possible to expré8drom the different energies given by an
instrumented indentation. The scratch testaas then adapted in order to provide a
guantitative instrumented indentatiorachine (as reported in Appendix 1App.1-3) with a

X

. . x h
program that enables to control the loading-unloading sequence H h Cste.

As written eatrlier, this technique is timensmming with regard to the post-treatment of

instrumented indentation results and has stwiwn clear results for the present study, so
complementary tests and analysis had beemgiye Nevertheless, this method seems to be
hopeful as Suzuki et al. [111] studied with certachievement the densification of the fused

silica by considering the involvezhergies in an indentation test.

5.7.4 Volume measurements approach

5.7.4.1Normal/anomalous behaviorfacts in indentation tests

Normal/anomalous considerations in structuré behavior of the studieglasses need to be
guantified at low scale. During an indentation test, the normal glasses are more prone to pile-
up due to the tendency to deform at constant volumep{astically) while the anomalous
glasses are prone tonktin as they densifyThese two tendencies in behavior of the
normal/anomalous glasses under load are illustrat&igin103, which shows AFM pictures

of a detail of Vickers indentations performed both SLS 1 and SLS 4. Pile-up can be seen

on the left of the SLS 1 imprint (the cutting section is around the middle of the face of the
indenter) with several small cracks in the impwhile a sink in is visible on the SLS 4
imprint. Then, AFM measurement technique se@mbe a good candidate for the concerned
method of volume measurements of the indentation imprints.
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Fig. 103: Details of AFM pictures of irdentations on SLS 1 & 4 (scan area: 5x5m? - load: 0.6 N -
maximum depth: 700 nm for SLS 1 and 625 nm for SLS 4).

5.7.4.2Theoretical developments

For static indentation with a sharp indenter, the increase in vol 'V 3 ¢f any hemisphere
of radius! (! > a, a = plastic zone radius) is cdast and given by Yoffe [27]:

2RA1 2
y 2A1 20 Eq. 164
3G

whereA is the strength of the static indentatiimster field, G is the shear modulus andhe
Poisson ratio of the material. The strength of the sliBiiger field, B, is defined irEq. 142.
By analogy with the work of Ahn on the sliding indentatiglister field for a conical indenter
derived from the static indentatiddlister field of Yoffe, the incease in volume around an
infinitely long scratch due to the sliding indentatBlister field for a Vickers indenter can be
estimated as:
) . 2a°l, 2a® 8§ 4> &é :
lim 3B V(X v, im — S al Bpv Eq. 165
i 3B Ve Lyl 3taf @ 3@ v T

©

Where%C is the compaction ratio for glass aRpvis the upward plastic flow factor adapted

to the Vickers indenter. The terms in the first parenthesis on the right hand side of the
previous equation represent the impression veloifthe sliding indentation and the terms in
the second parenthesis represent the original volume of the plastic deformation zone.

%corrects this value by taking into accourg tjlass compaction which occurs under the

sliding indenter and that is accommodated within the plastic Zereplaces the original
Fp factor as introduced by Ahn [20], that re@ets the upward flow that occurs due to the
deformation undergone by the materiatlapted to the Vickers geometrpoét test
measurement).

CombiningEqg. 164 andeq. 165 leads to:

3G 1  SVE
———Fpv Eq. 166
2 1% tan QV © T

Note that the expression 8fis the same as the one given by Ahn [20] (s&38) for a
conical indenter (with-pv replacingFp), because the sliding tracks have the same shape and
on a infinitely scratch, the shape of the endratk is negligible and disappears in the limit
operation.

Because% is difficult to assess for all our glasses, it is assumed that the same expression is

used for each glass, given by Cheng et[89] that represents the compaction under
hydrostatic pressure for the standéoat glass and reported by Ahn [20]:
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&c 0.95128 0.7287@ 1.9336  0.259p73
—— (%) > Eq. 167
\/ 1 p

Because the glasses have actually differentifiestson tendencies, this choice has to be
justified. In the light of the normahomalous considerations given ir28.9.2.4, when the

anomalous tendency assert its% decreases, as well &pv. TheEq. 166 will show an

evolution in the same way. This evolutionllwbe considered onlyas a tendency. This
tendency will be less visible because the compactatio will be the same for each glass. So,
it leads to diminish the difference between the diffeBmalues. Nevertheless, the evolution
will be clearly established as it will be reported further (sBergt.4).

Note also that the standard float glass is ttass that exhibits the fewer tendencies to

compaction, hence that should have the hig% coefficient.

The expression ad can be found from expenents, like for example ithe case of Ahn [20]
with the help of a profilometry technique:

a 0.679P%% Eq. 168

It should be required in this case to know téal depth of indentation during scratching and
not thepost testdepth of the scratctBecause the evolution of the difference between the
“real” a during the test and the value measured after the te@g@th regard to the different
glass behaviors is not knowan priori, it is clear that this method could give any results,
without the possibility to deterime their veracities. A secongroblem is inherent to this
method: what is the more consistent measugevdien pile-up or sink-in occurs?

On the other hand, an estimation of this exgimsis given analyticallypy Hanson [28] and

will be use for implementing his equations in the semi-analytical model of this study. Then, it
is consistent to use the same expres&iothe whole model. This expression is:

a \/Zﬂ PtanC Eq. 169
E

with . the semi-apex angle of the indentethe normal load: and the elastic properties of
the material.

5.7.4.3Performed tests

The major difference between Ahn’s expressaaod the one adapted to the Vickers geometry
is the upward flow factor. 2-D congrhtions are sufficient to determikp which constitutes
an experimental measurementtbe imprint. As reported in 8.2.3.3.6.3, 3-D measurements
are required in the cas# the Vickers geometry to takato account the singularity of the
indenter as well. A global measurement of the volume within the imprint as well as the
volume of the upward flow has e assessed to determine fpe factor. By analogy to Ahn
[20], Fpvis given by:

Vupward Vimpr

Fpv Eg. 170
P Vtotal g

with Vupwardthe volume of the upward flow/impr the volume within the imprint (under
the undeformed plane) aMotal, the total imprint volume (frm the upper point — the top of
pile-up if it occurs — to the deepest pointlod indentation). The meagments are performed
after the indentation tests.
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To do so, indentation experiments were perfalroe each glass at different loads: 0.2, 0.4,
0.6, 0.8, 1, 1.5, 2 and 3 N. AFM investigatiarsd 3-D image analysis of these imprints give
the expected results on the volume measurements.Fithel04 shows typical results
provided by the treatment of an imprint.

Fig. 104: Typical results of the 3Dmage treatment of a Vickers imprint.

On the top left, the measured data. On its right, the corrected data (planar fit on the non-
deformed plane). Below, the 3-D reconstructimal finally, one extracteprofile (face to face
section) that illustrates the presence ofslght pile-up that is elusive on the 3-D
reconstruction. But, the 3-D reconstruction se@wprecise phenomenonmfor interest: the
roughness can be an important parasite to then@measurements. The solution adopted to
avoid this drawback was to subtract thelume of the roughness from our results by
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measuring a pristine surface close to the constdeone. A particular attention was taken to
use representative size of surface in each case.

Measurements were done systematically aeetimprints for each load, on each glass to
ensure a good reprodudity (that means a maximum error around 7 % for these first steps of
the new born method).

5.7.4.4Results

The volume measurements had been carrigdmith the three different methods available
with the image analysis software described B136. The ratid-pv is the volume of the peak
(corresponding to the upward flow) minustkolume of the hole (corresponding to the
volume of the imprint) to the total volume oktimprint. A representate graph of the similar
ratio volume of upward flow (Vol. peak) on volenof imprint (Vol. hole) as a function of the
measurement method is given as aaneple for the standard float glassGnaph 40. The
important difference in the relési between the three methods measurement (that mainly
depend on the resolution of the pictures) neette solved. It isto the knowledge of the
author, not more justified to use one rather tttenother. Then, it is assumed that the ratio
Fpv will be computed from the arithmetic aveeagf these three measurements. Even if only
the ratio of volume will be reported here, araa give an order of magnitude for the volumes
involved (taking into account ¢hcorrection due to éhroughness). The volumes of holes are
about few Pm® for low loads (typically around 5+8n° for 0.2 N), few tenRn® for medium
loads (typically 35+10Rn° for 1 N) and a hundred or moren® for higher loads (typically
120+30 A for 2 N). The high range given for eactder of magnitude does not represent
the precision of the method but the range efiblumes measured for the six glasses of the
study.

1

o

0,8 _
5 © 0,6
S o _—
o <04 2
— 02 | \I——’/ —&—V.peak/V. hole-2
g ¥ s  \g V. peak/V. hole-3

05 \ \ ‘ V. peak/V. hole-1
0,2 0,7 1,2 1,7
Load (N)

Graph 40: Example of Vol. peak/Vol. hole correted by the roughness — the three methods of
measurements.

The parameteB (depending on the load, the densificatehear behavior of the material, the
geometry of the indenter and other experimepdabmeters — environmental effect,...) is then
assessed for each glass by the method dedcpit@viously. The results are summarized in
Graph 41 tdGraph 46. The evolution of tl&parameter for each glass seems to be well fitted
by a power-law equation as defineddg. 171.Table 23 summarizes the coefficie@sandn
invoked in theEq. 171 for each glass.

B CP" Eq. 171
with C andn constants.
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Graph 41: The evolution of the slidirg indentation Blister field constantB with the indentation load P for
the standard float glass.
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Graph 42: The evolution of the slidirg indentation Blister field constantB with the indentation load P for
the SLS 1 glass.
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Graph 43: The evolution of the slidirg indentation Blister field constantB with the indentation load P for
the SLS 2 glass.
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Graph 44: The evolution of the slidirg indentation Blister field constantB with the indentation load P for

the SLS 3 glass.
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Graph 45: The evolution of the slidirg indentation Blister field constantB with the indentation load P for

the SLS 4 glass.
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Graph 46: The evolution of the slidirg indentation Blister field constantB with the indentation load P for

the fused silica glass.

Glasses | Standard SLS1 SLS 2 SLS 3 SLS4 | Fused silica
Constants float glass
C 2.2974 3.6848 | 15360 | 3.3563 | 5.3146 7.9615
n 3.0293 2.6687 | 2.2508 | 29223 | 2.9734 3.2116
Regression_ 0.87 0.95 0.84 0.95 0.87 0.75
coefficient R

Table 23: Summary ofC and n values (sedeq. 171) for each glass.
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Note that the evolutions & make sense compared to Ahn’s one (Sesph 18).

As expected in this load range, the more the densifying tendency is, the ldghgstars.
The exception must be noted for the SLS 2 glass which exhibits the IBweshis load
range. All these evolutions and resuldl be discussed further in 8.9 as the stress fields
will be interpreted with regarth cracking considerations.

5.8 Complete expression of the model

As for Yoffe [27] and Ahn [20], The complestress field is obtainelly direct superposition
of the three different stress fields:

n t r

|/HansonV Bous B‘éter V Eq. 172
normal/ anomalous a-
Vickers

and

r

Maanson M}éous BIisteW W Eq. 173
normal/ anomalous a-

Vickers

The superscriph denotes the stress field due to the normal loading and uses the Hanson’s
equations; The superscriptienotes the stress field due te tangential loading and uses the
Boussinesq’s equations; The supersaripienotes the residual stress field due to the plastic
zone and corresponds to the slidBigster field adapted to normal/anomalous glasses and to
the Vickers indenter geometry.

Note that a Coulomb friction coefficient of 0.4 (consistent v@tlaph 25) has been used to
give the relative proportion of the tangential stifesdsl with regard to the normal stress field.
Finally, note that because of the chosen coordinate system linked to the modred).($2,

the indenter is considered $oratch the material along tlkeaxis, from -x=-" to its current
position atx=0.

5.9 Semi-analytical model results

5.9.1 Preliminary remark

The fundamental crack patternthat occur during scrately on the six glasses are
median/radial and lateral cracks as described4r28No purely radial cracks (i.e. that initiate
perpendicular to the scratch track) were obsgnAhn [20] shortly disessed the difficulty to
anticipate radial cracking. The accurate ewpental observations of the radial crack
initiation and propagation (8.2.4.2) show that no radiatack occurs, validating the absence

of significant tensile stresd.. Then, only the stresse$, and %, will be investigated and
analyzed because of their prior role in rack initiation during scratching, respectively
median/radial cracks as described i#h.8.4.2 and lateral cracks.

Note that checking the stresses (like done in the next parts) in order to predict crack
occurrence has sense only under the assumgitainthe cracks grow perpendicular to the
maximum principal stress if it is tensile. This assumption is commonly accepted in the
materials considered in this study (see [8,1B4,20, 27] among others). Actually, it has been
checked before each interpretatireported in the next parthat the considered component
(1yor %) dominates the solution and that the otbemponents, like shear components for
example, are of minor contribution.

Finally, cracking occurrences obwisly perturb the stress fiellhis fact was largely ignored

in this analysis and then calls for cautiorfurther quantitative investigations.
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All the following results are visualized in therfio of stress distribution in the indented body.
A great improvement compared to the work ofARO, 71] is that the stresses are drawn as
contour domains that help for visualizatiamdanterpretation. The plotted stresses correspond
to the indenter having moved frams-’ to x=0, its present location. All these drawings were
computed with 300 points of sampling on each axis.

5.9.2 Phenomenology

5.9.2.1Prediction of the mediarnradial crack occurrence

: ) t
The component corresponding to the cone loading ;y Hanson V yy Boud largely V

dominates the complete streggfor low values ofP (typically < 0.6 N). The initiation of the
median/radial cracks is driven by the tensile pathis component. Thieighest tensile stress
Is located close to the surface as showirsmaph 46, just under and a bit in front of the
indenter on the& axis.

Graph 47: Representation of theconsidered part of the stressl, in the XZ plane (case 0P=0.5 N).

Then, the opening of the median/radial crack occurs in front of the moving penetrator. These
conclusions are consistent wigxperimental observations. Nevertheless, pure median cracks
occur right below the scratch and usually propagates accompanying the load but “step by
step” i.e. the crack first propagates then stops when the stocked energy relaxes, until the
indenter is close enough to make it pragteg again, etc. This phenomenon leads to a
characteristic fractographic pattern, illustratedrig. 105 and also reped in a drawing in
theLiterature reviewpart 8§ 2 (se€ig. 39).
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Fig. 105: Section of a scratched sample broken along the scratch track. (confocal microscope)

t
The Graph 48 shows the compone ;y Hanson V yy Bousin the plane xy (section at=-
0.1 A).

Graph 48: Representation of the considered stres§, in the XY plane (case oP=0.5 N).

The median/radial crack that just initiates untier indenter does npropagate straight due

to a compressive component in thdirection. Then, as the indenter moves, the crack tends to
propagate by inclining either on the left or the right. As reported i#.284.2, these
conclusions are consistenith the experiments.

5.9.2.2Prediction of the lateral crack occurrence

The residual component (i.e. tBéster component) largely dominates the complete stigss
whenP is high enough (> 0.6 N). Then, the initiation of the lateral cracks is expected to be
driven by tensile part of this componefte highest tensile s8g is located (se@raph 49
andGraph 50 — case of 0.8 N of normal load}the depth of the bodglose to the boundary
between the plastic zone and the elastic bodypriécise location is a bit behind the indenter
on thex axis. This is consistent with the experited observations that show the creation and
the propagation of the lateral cracks behthd moving tip and the static behavior (i.e.
indentation behavior) that reqie lateral cracking occurrence on the unloading sequence [8].
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Graph 49: Representation of the considered stres, in the XZ plane.

Graph 50: Detail of the representation of the considered stres$, in the XZ plane.

High values of this component stay all along sheatch, even if the indenter passes far away:
then, the residual stress field equals the comgkesss field (case of large negative values of

X).
The compressive component in the 0 prevents the propagationtbk lateral crack in front

of the indenter.
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(8)x=0.1 An (b)x=-0.1 An

(c)x=-1 An (d)x=-3 M
Graph 51: Distribution of the considered stressl,in the YZ plane along thex axis.

Graph 51 informs on the shape the stress distribution along thxeaxis. Thex value is
written under each picture. The compressive Zorfeont of the indenter can be seen on the
Graph 51 (a). It separates as the indenter mowe in the form of taw compressive zones on
each side of the scratch. As also shown inGhaph 51, the singularity of the stress remains
really close to the contact loading and fadedkjyiafter the indenter has gone, as illustrated
by theGraph 51 (b), (c) and (d). This stronglyggiests that the initiatioof the lateral cracks
happen immediately after the indenter pas&sgsara [21] reported that with a Vickers
indenter in a standard float glass, the lateratk does not appear until the indenter is lifted
from the surface. This has also been obseimetthis study during the experimental tests.
Once the load is removed, the lateral crdokms beneath the end of the scratch and
propagates rapidly along the entire length of the scratch until the beginning of the scratch
track where it stops. Note that this phenomeappears during constant load scratching. In
the case of a monotonic slopelo&d, the lateral crack front moves with the loading indenter.
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However, contrary to Bulsara’s interpretatioi,is the opinion ofthe author that the
“backward propagation” of the lateral crackust the apparition and ¢hpropagation of a thin
air layer that shows éhopen crack. The lateral cracks wbhlave already been created, but
are not visible until the indentes lifted from the surface anthere is enough free unloading
energy to make the strip air goes as the analysis @raeh 49 taGraph 51 suggests.

Finally, the presence of the two surroundingnpoessive zones all alg the track as shown
by the pictures ofcraph 51 suggests that the lateredcking initiates but propagates only
with a width comparable to the plastic zom®lth. This result is obviously wrong from the
experimental point of view as shown severalegnin scratching photos in the previous parts
and illustrates the limit of this model that does not include fracture mechanic analysis.

5.9.3 Dependence on the chemical composition

5.9.3.1Preliminary remark

Before analyzing the stress field, a remark must be donghamis necessary to analyze.
According to Ahn [20], it has been reportiedhe previous ptnomenology part (§.9.2) that

the median/radial cracking is dominated by the “point” loading and that lateral cracking is
mainly due to residual stresses. However, to study the influence of the chemical composition
on the stress system, the difference betweercdhgplete expression h&s be analyzed. In

fact, the chemical changes appear only inrdsdual stress field of the model. Thus, the
study of the median/radial cracking in the ligiitthemical composition needs the analysis of

n t r n t
vy V yy Hanson V yy Bous vy Msteand notonly yy Hanson V yy Bous V

5.9.3.2Prediction of the mediarradial crack occurrence

Graph 52 represents the comple ,, V' U oneon Vtyy Bous  yy MeerStresses iV the

planes XY and XZ for the six different gkes with the maximum tensile stress value
determined with the method previously reported ir5.8.5.5. The load used during the
computation is 0.5 N. At this load, both thaideial field and the “point” field are important
for the six glasses. The difference in the experimental paranikteffiences directly the

. . . n t
residual stress field that is superposed' y Hanson V yy BousON these grapr‘é.
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(a) Standard float glass ¥/ 2152 GPa

(b) SLS1— 1> 2198 GPa

(c) SLS 2 - V™ 1842 GPa
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(d) SLS3- V™ 3666 GPa

(€) SLS 4 - V™ 4213 GPa

(f) Fused silica - 4350 GPa

Graph 52: Representation of the considered stres, in the XY and XZ planes for each glass composition.
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To comment the plotted stress for each glasstisingreat interest. However, the evolution of
the plots from the standard float glass to theetlsilica shows a results that have to be
compared to the scratching pattern obtained 40285. TheFig. 106 is a copy of thEig. 88
(pagel30) placed here for reading convenience. The comparisonTlaiile 21 can also be
useful.

The highest tensile stresses recorded for eaass gliffer even for the same load. This is a
consequence of the difference shown between their pararBeaeneported in §.7.4.4.

The highest the stresses areg #arlier (with regard to the moal load) the crack initiates.
The evolution is clearly established in thesepgga from the standard float glass to the fused
silica following the increase of silica conterthe highest stress increases. Then, the
median/radial cracking appears “earlier” as siiea content increase. The exception of the
SLS 2 completes this analysis: it exhibits the lowest “highest” stress. The direct comparison
with the scratch pattern rig. 106 and th@able 21 is consistent with the results given by the
model.

Standard float glass:

SLS 1:

SLS 2:

SLS 3:

SLS 4:

Fused silica:

Fig. 106: Evolution of scratch resitance for the six considered glasses

5.9.3.3Prediction of the lateral crack occurrence

Along these linesGraph 53 represents the compl ., V', raonV 22 saus 22 Wister

stress in the plane XY and XZ for the sixfeiient glasses. The load used during the
computation is 0.8 N. The morphology ofetlstress field does not change dramatically
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through the glasses nuances. The influence of the material par&@y@ier appears in the

values of the residual stress field that is superposed on these graphs with

t . . . . .
Qz Hanson V 2z BousWith the maxiium tensile stresslwa determined with the method

previously reported in §.6.5.5.

(a) Standard float glass #4320 GPa

(b) SLS 1— V™ 4765 GPa

(C) SLS 2 — V™ 4132 GPa
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(d) SLS 3— ™ 5535 GPa

() SLS4— ™ 6105 GPa

(f) Fused silica -V 6562 GPa

Graph 53: Representation of the considered stres, in the XZ and YZ planes for each glass composition.

The evolution of the plots from the standard float glass to the fused silica shows similar
results than the previous analysis about rtredlian/radial crack itiation. The comparison
between each stress distribution gives also difteheyhest tensile stresses for each glass for
the same load. This also illustrates thfference between their parametgrs
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From the standard float glass to the fusedaifollowing the increasef silica content, the
highest stress increases in the stress distributidaraph 53. The graphs clearly establish
conclusions that are consistent with the expemialeresults: the latekaracking appears at a
lower load in the fused silica tham the standard float glass, following the same order in the
intermediate glasses. The SLS 2 is again theptxce it exhibits the lowest “highest” stress.
The direct comparison wittihe scratch pattern fig. 106 andrable 21 is consistent with the
results given by the model.

5.9.3.4Final remark and attempt for the micro-abrasive regime prediction

As already evoked earlier, no quantitative anialys today reasonable with this model and
there are still some parameters and hypotheaisate pointed out in it work that are too
restrictive to lead to a quantitatimeodel in the case of this study.

But finally, one can try to predict the evobn of the occurrence of the micro-abrasive
regime: the micro-abrasive regime is sbtfi great interest founderstanding the damage
mechanisms that occur. However, all the scrétsks seem to reveal that the micro-abrasive
regimes follow the same evolution than the rethe scratch, i.eif the micro-cracking
regime appears early (i.e. at low normal loatg micro-abrasive regime appears early as
well. It seems that the local stresses involved énsttratching just reach critical values for the
micro-abrasive regime to occur that is consisteitt the critical locaktresses needed for the
other damage events (i.e. micro-cracking regime appearance). Then it seems that this
conclusion is consistent but calls for caution fiarther interpretation. It needs first a better
understanding of the damage tbaturs during micro-abrasivegiene to show the veracity or
the weakness of this conclusion.
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Chapter 6: Conclusions

6.1 Conclusions

6.1.1 General

The scratchability of six glasses (commerdiaat glass, SLS 1 to 4 and fused silica)
belonging to the soda-limédlisa glass system has been studied. An apparatus, resretdh
tester allowing for a variable loading cycle dng a single experiment, was designed for the
present work. This device was placed into avglbox in order to study the effect of the
humidity.

6.1.2 Experimental results

Monotonic trends of density, Young’'s modulaad Poisson ratio were found out for the
studied glasses (fused silica axd#d) with regard to the incrgag silica content in their
composition. These evolutions were discussed with regard to structural considerations. Both
hardness and toughness show minima for the SLS 2 composition and are attributed to the
particular structure of this gbs that is supposed to bé&enpenetration of two networks.

The scratch behaviors of the considered glasses were found very sensitive to the loading
history and three major scratch-damage regiwee observed, namely the micro-ductile, the
micro-cracking and the micro-abrasive regimes.

Some preliminary results were pointed out: gysmamical effect due to the load history was
noticed; ii) no dependence of the face of thetflglass (tin or air) was shown in the load
range of this study; iii) the s@ual stresses were found to dhganfluence the severity of the
scratch pattern; iv) the indentgeometry plays a great role ihe scratch process since the
more severe the indenter shape is the more @aréyload sense) the damage regimes appear.

A detailed study of the damage phenomenology leaded to several conclusions: i) the “plastic”
track obtained when scratching at low Isakides sub-surface damage; ii) the so-called
chevron cracks were found to be median/dadiacks that propagate in a semi-stable way:
they initiate straight iriront of the indenter and that reach out from the track by deviating but
propagate with a stable speed; iii) the chip tioeas most of the time due to the intersection
between lateral and radial cracks.

The studied glasses were also found to be very sensitive to the relative humidity since it
mainly affects the median-radial crack propagatod has therefore aréct incidence on the

chip formation and on the micro-cracking regimesignificant shift of the regime transition

loads was noticed with regard to the humidity level.

Finally, the influence of the chemical composition on the scratching behavior of the
considered materials was investigated. On loexed, the higher the silica content is and the
more significant the flow-densification processcbmes, and as a result the lower the critical
loads for radial and lateral crack formation are. On the other hand, the glass compositions
with the highest network compacity (SLS 1¢2n hardly accommodate sharp contact loading
and are thus the most sensitive glasses to micro-cracking. These results are consistent in the
light of both indentatiomnd scratching behaviors.

6.1.3 Extension of Ahn’s model

A semi-analytical model for prediction ofamk occurrence during scratching process was
established. It is based on thetension of Ahn’s slithg analytical model of stress field [20,
71, 72] to i) Vickers indenter geometry angdthie normal/anomalous behaviors of the studied
glasses.

The first point was treated by a comparidmtween a Vickers and a conical indentation
performed with a 3D Finite Elements appbaA 3D Finite Elements model was designed
(Abaqus FE code) and validated.
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The stress field in the face plane of thecRéirs indenter can easily be modeled in an
analytical form by the field designed by Han$onconical indentationThe stress field in the

edge plane of the Vickers indenter sholle modeled by the field corresponding of a
progressively line-loading on an elastic haltlpoUnfortunately, no gxession to model the

edge plane’s stress field is available yetseme corrections were made to the final model.

The second point of the model extension was solved by considering closely the deformation
of the considered materials: the competition between the flow deformation process by local
shearing (conservative volume deformatio@nd the deformation by densification
(accommodation with loss of volume) was stddi€o do so, a new experimental method was
developed based on the AFM measurements of the volume of Vickers imprints. Trends to
densification or shearing of the six glasses were consistently established. Finally, clues for a
second new method to quantify the denaifen/shearing competition considering the
energies involved in instrumentedentation tests were given.

6.1.4 Results of the model / Accordan ce with the experimental results

After integrating these two extensions of thalgtical model (which is then qualified as
semi-analytical model), phenomenology abaKperimental cracking occurrences was
regained:

I. The median/radial crack that just initiates enthe indenter does not propagate straight
due to a compressive stress component in this direction. It inclines either on the left or
the right as observed in experiments.

ii. The initiation of the lateral crack is expedtto occur in the ¢¢h of the body behind
the indenter due to high tensile residisitesses at this location. A compressive
component prevents the propagation ofl#teral crack in front of the indenter.

The evolutions of the crack occurrences witigard to the chemical composition of glass
confirmed the experimental results:

I.  The median/radial cracking appears “eaflias the silica content increases.

ii. Itis also clearly established that the lateralcking appears at lowest normal load in the
fused silica than in the standard float glass case, following again the same order in the
intermediate glasses.

In these evolutions, the SLS 2 is the exceptionboth median/radial and lateral crackings, it
exhibits the less resistance.

Finally, it can be considered that the microasive regimes follow the same evolution than
the micro-cracking regimes occurrenthat was just described. This conclusion is consistent
with experimental results but calls feaution for further interpretation.

6.2 Remarks & perspectives

In form of some remarks, here are summarithedlimits of this studyand other restrictions,
perspectives and author’s personal thoughts about this work.

It could be useful to get insight the micro-adive regime from a fracgraphic point of view,
while it does not seem to be useful tofgadher to the experimeak phenomenology for other
damage events during scratchingnfra fractographipoint of view.

The assumptions of the mechanical model el in this work are open enough to take
into account a lot of experimental parameft@rnetion coefficient, ndenter geometry,...) so
that it is expected that it catirectly work on most of the bitle materials and also on semi-
brittle materials such as semi-conductors faregle. Only the identification of the strength
of the slidingBlister field from experimental data is required.

The experimental technique of measuretsef the morphologies of indentation
(measurements of volume imprints by AFM)aisvery promising tectique that can find an
accurate goal in different problems of the eabimechanic: true Hdness, elastic recovery,...
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In the case of the present study, the assessshéme constitutive law of concerned materials
can be determined with more accuracy to leaa qoantitative model thatill remains in this
work only qualitative for previously quoted reasons.

The analytical model have limits that are undedimn this study but can sometimes be helped
by experimental procedures or Finite Elements models in order to buikidmodel.

An obvious complementary work to this spuchay be to introduce a rupture mechanic
approach in the treatment of timelentation and scratching problem.

An energy approach could be consideredédattspecific mechanisms like crack propagations
or periodic phenomena (periodicity for energppcking before a next crack occurs as the
indenter moves).
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Appendix 1: Scratch tester - buihg, instrumentation & testing

App.1-1 Building the scratch tester

App.1-1.1 Requirement specifications

The scratch test could be summarized asgingga well-defined hartip called indenter on
the sample surface while applying a particular normal aél scratch testemlso known as
linear sclerometers a device that allowserforming scratch test.
A scratch tester was built for this work. It was first needed to define the requirements
specification of the machine. It lies into sevarain functions that can be listed as follows:
X quasi-static scratch process,
high stiffness-machine due to the relative high stiffness of the tested samples,
variable loading patterns,
moisture controlled tests,
ability to change easily the indenteith a good reproduisle orientation,
ability to hold a lot of geometries of samples,
in-situ visualization of the indenter/sample contact,
accurate indenter/sample approach,
full video acquisition,
x full data collecting.
According to these requirement specificatidhs, principle of the main machine was drawn
and is reported ifrig. 107.

X X X X X X X X

Fig. 107: Principle diagram of the scratch tester — main functions.

App.1-1.2 Machine details

Fig. 108 shows the details of the whole appatailne linear sclerometer lies on the right of

the figure. A long-distance microscope equipmdda CCD camera is set right under the
machine (in vertical position) in order to visualize the scratching phenomenon. A video
camera (and its monitor on the left of the figure) completes the video setup and is used
essentially for accurate indemtsample approach. The machine is computer controlled
through an electronic interface (séig. 108) and Labview programs. Loads (T and N) and
vertical and scratching displacemente amontinuously monitored and acquired (double
acquisition: on the computer and on the electrdaia plotter). A second computer is devoted
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to the video acquisition (from the long-distamseroscope) and a third one (the notebook on
the photo) for data treatment.

Fig. 109 shows the linear sclerometer in details elastic double-caifever with a double
left-and-right screw was designed to ensure arobbetl coarse translation for indenter/sample
approach (approximately 10 moh displacement). A pzo-electric actuator provides the fine
vertical translation for loading the indenter the surface. This piezelectric ceramic (100
An of displacement range) is computer coigrbthrough the X-Y load cell (5 N maximum
of normal load — accuracy of 0.02 N) datdlexiing in order to follow the loading process
pattern selected for the test. A bearing slptevides the scratching displacement and is
computer controlled (En/s up to 5 mm/s of speed —fh of displacement accuracy).

Fig. 108: The complete lineasclerometer experimental setup.
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Fig. 109: Details ofthe linear sclerometer.

Two specimen holders were designed. The first oneRgpel10 (a)) is equipped of a large
hole (not visible on the photo) which allowlse visualization of tb contact indenter/glass
during the scratching process. The sample is andield by screws @lued. This specimen
holder was dimensionally rectified to enstine good parallelism condition evoked in next
lines. The second specimen holder is illustrateBign 110 (b) and was diggned in order to
automatically rectify the non-parallelism betweadbe tested surfacend its opposite face of
relatively small samples by pressing an iroil ttavard the sample with the help of a screw
(not visible onFig. 110 (b)). Then, the top surface of g@@nple is in contact and parallel to
the reference surface of the specimen holder. fiimstion was of prior interest because of
the limit of 100 An of vertical displacement range durisgratching, especially when the test
is performed on a long scratching distance.
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(@) (b)

Fig. 110: Sample holders: (a) thgenericsample holder, and (b) theparallelism correctorsample holder.

App.1-1.3 The environmental enclosure

Fig. 111 represents the machine inside theosnice. This glove box (the rubber gloves were
removed for the photo) is moisture controligith the help of a pumpg/drying system and a
humidity/temperature sensor (visible on th& I&f the figure). Notethat no in-situ video
acquisition is available when the setup is insthitethe glove box (i.e. during scratch tests in
moisture-controlled atmosphere).

Fig. 111: The scratch tester inside the moisture cortlled enclosure (the rubber gloves were removed for
the photo).
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App.1-1.4 Available loading procedures

Different loading procedures were dgsed to control theoading process:

X constant normal load all along the scratch,

X monotonic increasing normal load from O N up to a maximum load,

X monotonic load-unload process from 0 Ntopa maximum load reached at the half-

length of the scratch and baitkO N at the scratch end.

These patterns are performed on the scratch testeyal-time controlled patterns: the load is
real-time measured through the load cell #ra displacement imposed by the piezo-electric
actuator is almost instantly cocted with the help of the Lakaxw software (the control loop
lasts 50 ms) to impose the required normal load.

App.1-2 Detailed scratch test procedure
The test steps of the procedure can be listed as follows:

1. cleaning the sample of glass and the indewith alcohol and drying with air,

2. placing and clamping the sample in the adapted sample holder,

3. placing and clamping the safagholder in the machine,

4. initializing the chosen loading program,

5. calibrating the load cell bgdjusting the balance screws,

6. approaching the indenter close to the dangurface with the @se translation and
with the help of the video monitoring (sErgy. 112),

7. approaching the capacitive gauge to thdickted reference surface for the vertical

displacement measurement and adjusting for full range measurement,

8. launching the data collecting, the video asgion (long-distance microscope) and the
Labview program to perform the test,

9. test performing with monitoring of the moal load, the tangential load, the scratching
distance and the viral displacement,

10.saving the video and the collected data,

11.lift off the indenter far from the sample.
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Fig. 112: Monitoring of the indenter/sample for accurate approachwith the elastic double-cantilever
driven by the coarse translation screw.

App.1-3 The micro-instrumented indentation case
App.1-3.1 Strategy/Improvement of the scratching machine

App.1-3.1.1Introduction

To understand the scratching beloawf glass, the static (i.endentation) behavior has to be
studied too. Then, the need of well-conidllindentation tests wolves building a micro-
indentation tester. The choice to build a machiva is instrumented (i.e. micro-instrumented
indentation tester) was drivdsy the energy considerations evoked in this work, even if no
results dealing with this approachvieebeen reported in the study.

An instrumentedndentation experiment consistsrecording a load-displacement cunrei(
curve —P is the load andi is the penetration depth) asumétion of the time during a loading-
unloading indentation cycle.

App.1-3.1.2Strategy

It has been decided to improve the scratch testerder to perform the indentation tests on
the same device. The direct benefit of this ch@de get rid of lots of parameters that could
have changed if using a second machine lik#erent stiffness of the machine, different
accuracy of displacement and/or load measargs) geometry similarity of indenters,
accuracy of the control-loop, loading patternés. many parameters that could have been
sources of uncertainties.
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App.1-3.1.3Improvement of the scratching machine

The improvement of the scratching machingéoform micro-instrumeertd indentation tests
consisted in installing a displacement measerg@nsensor. The choice was to use a capacitive
gauge (10hm of accuracy). The relatively smalleasurement range of this gauge (289
compared to the long scratch distance leabedonsider the parallelism of the reference
surface as a prior problem. The solution wagtovide an orientation adjustable table as
reference surface to the maahiThis setup is shown Fig. 113.

Fig. 113: Capacitive gage used for highly accurate displacemdémmeasurement with its planar reference
surface.

App.1-3.2 Program details
Labview program were designed to ensurdoading-unloading process. As previously

X

detailed in this work, it is crucial to perform a constant strain rate testﬁ(l.eﬁ:ste). Three

main corrections have to be eredi to validate this condition:

x the load cell stiffness correction,

x the arm flexure correction,

X the non-linear Volt-displacement law oktpiezo-electric actuator correction.
Lastly, initialization condition of the loadingrocess was a problem to solve. Actually,
ensuring the constant strain rate conditiorpases to start the program with an arbitrary
constant that depends on the stiffness of the machine, the control loop time, the several
corrections,... It has been reasogad@t for this machine to 0.001.
Fig. 114 presents the main step of the Labeogram performing the constant strain rate
indentation test. The several corrections teuea this indentation process are highlighted.
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Fig. 114: Labview program performing the constant strain rate indentation test with the several
corrections.
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Fig. 115 represents the measured straindatieng a micro-instrumented indentation test on a
glass. The fitted data shows that the constaainstate condition is reasonably validated.

Fig. 115: Measured and fitted strain rates during a micro-instrumented indentation test on a glass.

App.1-3.3 Typical results & treatment techniques

Due to signal noise, the best method for smoothind’thendentation curve is the 15 points
average method (tested methods: 5, 7, 15p@bits average methods, 7 and 15 points
Savitzky-Golay methods). Th@raph 54 shows the case of a typiPah indentation curve
performed on a glass with a maximum normal lo&8.2 N. Then, it is the worse case due to
the maximum relative noise signal compareth®normal measurddad. The corresponding
smoothed data is also reporteddraph 54.

Graph 54: Typical indentation load-displacement curve — Measured and smoothed data.

From an energy point of view, tlieh curve can be investigated as follows:

x the surface defined by ABCA oGraph 54 represents the necessary work for the
creation of the indentatiolyr,

x the DBCD surface corresponds to the work released by the speWimen,
x the ABDA corresponds to the retained wonk.

Then it comes:
W W W,
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App.2-1 Short introduction to the  Finite Elements Method (F.E.M.)

App.2-1.1 Principle of the Finite Elements Method

A Finite Elements model is a discrete représton of physical objects in a mechanical (or
thermal,...) problem treated by software. Thhis is a numerical method that imposes the
models to be validated. The objects thatraceleled are divided (meshed) in elements.
These elements are constrained to follow:

» physical laws (local equilibrium)

» constitutive laws (material properties)

» displacement and load constrains
The simulation leads to the calculatiohstresses and strains. They are:

» calculated for each element & for each step of the calculation

» continuous from one element to its neighbors

App.2-1.2 Chronology of a F.E. model

A F.E. model usually follows the desaing chronological scheme reportedrig. 116 that
Is more or less common to all Finite Elements softwares.

Model

A

Meshing of the parts

A

Interaction laws &
material properties

\ 4
Boundary conditions

\ 4
Loading sequence

h 4

Simulation

Fig. 116: F.E.M descending chronological scheme.

App.2-2 2D-problem

App.2-2.1 General

The indentation process deals with a conpmoblem between a semi-infinite half-space and
an indenter. In the present study due to tHesgxmetric reason of &éhconical indentation,
the system will be meshed in two dimensidfagtthermore, the indenter will be modeled as
perfectly rigid, the friction coefficient will bthe Coulomb’s coefficierat the local scale (i.e.
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true friction) and particular attention will beigao build and validate carefully the mesh of
the indented body. The indentation depth wasnedad to be about 5 um when a load of 3 N
is applied on the considered indenters (conindenters with large apex angles, Vickers,
Berkovich). The mesh of the indented bodil have to be coherent with this value.

App.2-2.2 Meshes inspired by pre-existing meshes

It was decided to start with already-existingsimes. The first one was a mesh inspired by the
one of Giannakopoulos [84], simplifieth a number of elements sense. Thig. 117
illustrates the non-deformed mesh.

Fig. 117: Simplified Giannakopoulos-like mesh.

The different characteristics of the mesh are summarized as follows:
X Number of elements: 593
X Smallest size of element: In
X Size of the indented body: 99x32¢h?
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Technically, this mesh is built to be moradiaround the indenter. One can note that its
height is particularly big and more than 3 times the size in width. This is to validate the
boundary condition that is imposed on the bottbrthe specimen (see [88] for more details).
To avoid increasing the number of elementsnasdigh ones were designed (5 times higher
than large). The boundary condition on the rgjde of the sample is assumed as free surface.
Actually, at maximum load, the stresses inrinest far places are at least 1000 times less than
the highest ones. Then, the size of this megims to be adapted. However, the convergence
IS not systematic. For example, the o$an indenter witta rounded tip of 3m of curvature
makes the simulation fails (becausetié finest elements that are only m?). Then, it also
fails for 1 m and 2 m of tip curvature.

Thus, a second pre-existing meshs drawn and is representedHig. 118. It is this time
inspired by the one used by Carlson et al. [86].

-

Fig. 118: Simplified Carlsson-like mesh.

The different characteristics of the mesh are summarized as follows:

X Number of elements: 3900

X Smallest size of element: 0.2n

X Size of the indented body: 54x5?
More fine and more precise are the advantagés®mMmesh. It is also really easy to draw, and
has a 0.2 m precise mesh close to the indenter. But, some drawbacks exist: first the size
(3900 elements), second the height that dbesatch with the bottom boundary condition as
good as the previous mesh.

To find a compromise between the two firstames without having thedrawbacks, the third
mesh reported ifig. 119 was designed.
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Fig. 119: Third designed mesh combining the two previous ones.

The different characteristics of the mesh are summarized as follows:

X Number of elements: 2948

x Smallest size of element: 0.2n

X Size of the indented body: 45x150 &7’
Unfortunately, when the radius of the indenter is changed, the simulation sometimes fails. It
can be explained by considering ffig. 120 (load of 3 N, radius of the tip: in, Von Mises
stresses distribution): the elements just Wetloe tip are almost completely flattened.
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(@) (b)

(€)

Fig. 120: Results (Von Mises stresses distribution) of the simulation of a conical indentation with a fn
tip radius on the third designed mesh and with a maxhum load of 3 N (c); (b) intermediate results at 2 N
of load; (a) intermediate results at 1 N.

App.2-2.3 Improvements

Then, it was decided to make a Giannakopaclikesmesh, with a number of elements around
3000 if possible, fine (0.2m) close to the indenter, and with high elements in contact with
the tip of the indenter to avoid high flattenieffect at this strategic place. The interest of
these elements is also that under load, thearieneaches a shape that is more and more close
to the “ideal” one (i.e. a square) for the calculations at the Gaussian point and then enhance
the precision. It has to be noticed that &t bleginning of the simulation the precision is less
good as a consequence of the oagjshape of the element. Theéine interest is more to avoid
that the convergence fails in the middle of simaulation than to enhance the precision on the
whole model calculations. As a result, the moda#l fail at the begnning or there is only
little chance that it fails before the end. Tiig. 121 (a-d) are respectively: the undeformed
mesh, a deformed one (Von-Mises stresses hligion) at the beginning, a second one in the
middle and the last one at the maximum lohldte the quasi-ideal shape of these high
elements beneath the indenter at maximum load.
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(@) (b)

(€) (d)

Fig. 121: Results (Von Mises stresses distribution) of the simulation of a conical indentation with a fn
tip radius on the improved mesh and with a maximum load of 3 N (d); (b) intermediate results at about
0.3 N of load; (c) intermediate results at 1 N; (a) undeformed mesh.

The different characteristics of the mesh are summarized as follows:

X Number of elements: around 2700

X Smallest size of element: 0.2n

X Size of the indented body: 45x150 #?’
The comparison between the amaliindentation and the test performed with a Vickers (or
Berkovich) will need an accurate precision i tiress field occurring in the elastic body.
Then, the final mesh should not influence tooch these fields. Unfortunately, one’s can see
on the three deformed bodies that the stredstsbution seems to be “corrupted” (see the
arrow onFig. 121 (d)) by the high elements that were added.
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Then, a direct improvement is to limit their number to the strict minimum to avoid this
drawback and still have the advantages of kliglormable elements just beneath the indenter.
The details of this new mesh, qualified as optimized mesh, is pictuFegl. ih22.

Fig. 122: Optimized mesh and detail.

The different characteristics of the mesh are summarized as follows:

X Number of elements: 2898

X Smallest size of element: 0.2n

X Size of the indented body: 45x150 #?’
The Von Mises stresses distition is plotted on th€ig. 123 at the beginning and at the end
of the loading process, respectively.
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(a) (b)
Fig. 123: Results (Von Mises stresses distribution) of the simulation of a conical indentation with a fn
tip radius on the optimized mesh and with a maximum load of 3 N (b); (a) intermediate results at 0.5 N of
load.
The closest elements to the indenter still behikeeexpected, and the stress fields appear not
to be influence too much by the mesh struetdro obtain this meshing, a block meshing
procedure is needed by Abaqus. The defaihe block meshing is reportedkig. 124.

234



Appendix 2: Details of the 3D Finit8lements model of Vickers indentation

Fig. 124: Block meshing procedure u=d to obtain the optimized mesh.

As already treated in this work, an interestragameter to validate the elastic simulation is to
follow the evolution of the geometric coefficienas defined by Sneddon [82] (se6.6.3.5.1

p 145). It needs a fine meshing of the surface tylawt the discrete natel of the curve. The
previous mesh was then modified a bit as showsign125.

235



Appendix 2: Details of the 3D Finit8lements model of Vickers indentation

Fig. 125: Optimized mesh that wasnodified with fine elements on tle surface in order to follow the
evolution of the geometric coefficient for validation considerations.

The different characteristics of the mesh are summarized as follows:

X Number of elements: 3003

X Smallest size of element: 0.0660

X Size of the indented body: 45x150 #?’
Even if it seems to be a gomdesh to study the evolution of the convergence is far more
long and the simulation is less stable, i.e. tloeements of the steps rilug loading part vary
a lot. The convergence fails sometimes for extreme values of parameters (minimum of
increment, , friction coefficient,...). Because of its acate stability, it has been decided that
the optimized mesh should still be the one fa& phesent study, evenitfis less precise to
follow the evolution of .

App.2-2.4 Choice of the final 2-D Mesh

The validation of the previous meshes leaddasome critics for each. The mesh that seems
to be validated in the best way by the criteriacduis the “optimized mesh”. Unfortunately, the
profiles of indentation are really far from the one given by theoretical data as will be
developed further. The reasorthe width size of the body that not big enough to satisfy the
boundary condition of free surface on an infifikedy for the top and the extreme vertical
surfaces of the model. final mesh, illustrated ifrig. 126, was designed to fix this problem.
The width has been changed from 4B to 73.8 m.

Note that all the elements that compose thehrere quadrilateral elements of linear type
(CAX4 Abaqus code).
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\

Fig. 126: Final mesh for 2-D simulations.

The different characteristics of the mesh are summarized as follows:
X Number of elements: 3282
X Smallest size of element: 0.
X Size of the indented body: 73.8x150 @

App.2-2.5 Simulation parameters
Here are summarized the main parameters of the simulation, in the aim to reproduce this
model easily by everyone:
X Material module:
0 Glass: Elastic/£E=70 GPa, =0.21

o Copper: Elastic £ E=125 GPa, =0.25; Plastic £ Yield stress: 30 MPa,
Plastic strain: 0 (means perfectly plastic)
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x Stepmodule:

Steps / Time (s) Number of | Initial Minimum Maximum
parameters increments | increment increment increment
Initial 1 NA NA NA NA
Contact 1 100 0.1 10 1

Load 1 1000 0.01 10 0.2
Unloading 1 1000 0.1 10 0.1
Indenter Escapp 1 100 0.3 10 0.3

X Interaction module: interaction law Iween the two materials
o0 Tangential behavioPenaltyof 0.5 (friction coefficient of 0.5)
Note that the calculations used for the present study and the corresponding
results reported in the thesis work were performed with a friction coefficient
equal to zero.
o Normal behaviorHard contactwith allowing the separation after contact
x Surfaces definition: 2 surfaces were designed
o Indented_Body_ Surface: top surface of the sample
o Indenter_Surface: “bottom” surface of the indenter
x Sets definition: several sets were desigtoechake the change in simulation more easy
(shape of indenter, 3-D evolution,...)
0 Bottom: set of the bottom of the sample
0 Top: set of the top of the sample
0 Axi: set of the border of the sample on the symmetry axis
0 Sample: set of the closest nodes to the indenter to have the complete stress and
strain fields for each step of the simulation
o Depth_Monitor: monitor point to followhe evolution of the tip point of the
indenter during the simulation
X Load module:
0 Boundary conditions:

BC / steps Initial Contact Load Unload Indenter_Escape

AXi U1=U2=UR3=0| U1=0 Ui1=0 Ui=0 Ul=0

Bottom_Indented_Body U1=U2=UR350 U2=0 u2=0 U2=0 u2=0

Indenter BC U1=U2=UR3=(0 U1=UR3=0 U1=UR3=0 U1=UR3=( U1=U2=UR3=0
0 Load definition:

Load / steps Initial Contact Load Unload Indenter_Esqape

Indentation_Load - CF2=-1 CF2=-3%3N) CF2=0 CF2=0

Note about special calculation options in Abaqus:

x the choice of the method of calculationgach element is of fundamental interest. If
the indented material is elastic, it grongly recommended to use a complete
integration calculation; if the material hageplastic behavior (celasto-plastic,...), it
is strongly recommended to use teduced integration calculation method.

x the high deformation option is stronghecommended in this case of problem
(indentation, rolling,...). However, it appear from this study that it is not
recommended to use it in the present casthaf material is perfectly elastic: this
option usually makes the simulation fails or gives non negligible residual stresses after
unloading (!).

App.2-2.6 Validation of the 2D-model
The validation of the 2-D model is fully treated in the associated thesis {6k §
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App.2-3 3D-problem

App.2-3.1 Intermission: why also the modeling of the Berkovich
indentation?

The Berkovich indentation was also modeledryithis work. One’s can wonder why. There
are two main reasons that justify this choice:

x The Berkovich indentation exhibits amportant similarity with the Vickers
indentation: singularity materialized by the edges of both indenters, existence of
symmetries,... To build a model for the Berlavindentation leads then to solve the
same problems than for the Vickers model.

x The Berkovich indenter is one of the marged tips for nano-indentation and nano-
scratching. In fact, its three-sided pyramidal shape can be obtained with very small
rounded tip because of crystallographionsiderations compared to the Vickers
indenter. This high geometric accuracy makes it the indenter the most adapted for
ultra-low load application.

Note also that the 3-D mesh of the Berkovich model can be used to model the indentation by a
cube-corner.

App.2-3.2 The mesh

The “symmetric model generation” command ofafjns software was used to generate a 3D
mesh from the optimized 2D mesh like previousipked in the thesighe choice of the size

of the elements was oriented to have siméements between the Vickers mesh and the
Berkovich mesh. Then, 9 stages of elementewesigned along the revolution of 45° of the
original 2D mesh for the Vickers model. kPages of elements were designed along the
revolution of 60° for the Berkovich model, which leads to exactly the same size of elements.
Then, the Vickers mesh (of the indented body) loarconsidered as a part of the Berkovich
mesh.Fig. 127 represents the Vickers mggmerated from the optimized 2D mesh.
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Fig. 127: 3D mesh generated from the optimized 2D mesh.

App.2-3.3 Boundary conditions and loading sequence

The boundary conditions are obvious and ake treated. They are summarized for the
indented body irfrig. 128.
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Fig. 128: Boundary conditions on tle indented body for the 3D problem.
The loading sequence is the samantfor the 2D axi-symmetric case.

App.2-3.4 Insertion of the Vick ers indenter in the 3D model

All indenters are modeled as perfectly rigid like reported iApp.2-2.1 of this appendix.
Only 1/8 (respectively 1/6) of the Vickers (re®erkovich) indentewas modeled because of
its symmetry order of 8 (resp. 6) as alneagported in the thesis work. The indenter
presented in the thesis issharp indenter, i.e. with a sharpp that doesn’t exhibit any
geometric defect. However, four other indentersenaeated in order to study the effect of a
rounded tip in the case of a Vickers (or Berkovittgenter. This specific characteristic is to
exhibit a rounded tip of 1, 2, 3 et |, as illustrated iffrig. 129.
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Fig. 129: Detail of the 3 m rounded indenter - Perspective view.

App.2-3.5 Simulation parameters

Here are summarized the main parameters of the simulation, in the aim to reproduce this
model easily by everyone:
X Material module:
0 Glass: Elastic/£E=70 GPa, =0.21
o Copper: Elastic £ E=125 GPa, =0.25; Plastic £ Yield stress: 30 MPa,
Plastic strain: 0
X Stepmodule:

Steps / Time (s) Number of | Initial Minimum Maximum
parameters increments | increment increment increment
Initial 1 NA NA NA NA
Contact 1 100 0.1 10 1

Load 1 1000 0.01 10 0.2
Unloading 1 1000 0.1 10 0.1
Indenter Escapg 1 100 0.3 10 0.3

X Interaction module: interaction law Iheeen the two materials

o Tangential behavioFrictionless

o Normal behaviorHard contactwith allowing the separation after contact
x Surfaces definition: 2 surfaces were designed

o Indented_Body_ Surface: top surface of the sample

o0 Indenter_Surface: “bottom” surface of the indenter
x Sets definition: several sets were desigioechake the change in simulation more easy

(shape of indenter, locating the BC, ...)

0 Bottom: set of the bottom of the sample

o0 Top: set of the top of the sample

0 Axi: set of the border of the sample on the axis of symmetry
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o Depth_Monitor: monitor point to followhe evolution of the tip point of the
indenter during the simulation
X Load module:
0 Boundary conditions:

BC / steps Initial Contact Load Unload Indenter_Escape
AXi U1=U2=U3=0 Ul1=U3=0 U1=U3=0 U1=U3=0 U1=U3=0
Bottom_Indented_Body U1=U2=38 u2=0 U2=0 U2=0 uU2=0
Indenter_BC U1=U2=U3=0 U1l=U3=0 U1=UR3=0 U1=UR3=0 U1=U2=U3=0
UR1=UR2=0 UR1=UR2=UR3=0| UR1=UR2=UR3=0| UR1=UR2=UR3=0| UR1=UR2=UR3=0
Sample_Edge U1*=U2*=U3*=0 U3*=0 U3*=0 U3*=0 U3*=0
Sample_Face U1=U2=U3=0 =] uU3=0 U3=0 U3=0

The degrees of freedom with*aconcern a local cylindricabxis system linked with the
“Edge” face of the sample.
0 Load definition:

Load / steps Initial Contact Load Unload Indenter_Esqape

Indentation_Load - CF2=-1 CF2=-3%1(3N) CF2=0 CF2=0

Note about special calculation options inafjos: same recommendations than in the 2D-
problem (sed\pp.2-2.5).

App.2-3.6 Data collecting

The data are directly collected ASCII files from Abaqus, depding on the output functions
selected. All the components of stress, sframessure, Von-Mises ofresca distribution,
invariants, (...) are available.

App.2-3.7 Capabilities of th e model and first results

App.2-3.7.1Load-Displacement curve

One of the easiest results tdrext is the load-displacementrea during a loading-unloading
sequence of indentation. The interest is leggimant when the simulation deals only with a
perfectly elastic indented material but is anpéementary criterion in order to validate the
model.Graph 55 was extracted from a simulatadran elastic indeted body (corresponding
to an imaginary elastic glasE=70 GPa ; =0.21). The loading and unloading curves are
merged as expected.

Graph 55: Loading-unloading displacement curve in tle perfectly elastic case.
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App.2-3.7.2Stress and strain visualization

The extraction of the stress and strain fields is usually useful. Actually, Abaqus allows to plot
all these data directly on the dwl or to extract them in an &£J file for post-treatment. The
analysis of a particular stress, for instarigg can give good clues on the initiation place of
lateral cracks in the material as livas the corresponding critical loa#ig. 130 is the
distribution of Von-Mises steses on an elastically deformleddy (same material properties
than previously quoted) in perspective.

Fig. 130: Von-Mises stresses distribution of aplastically deformed body — perspective view.

App.2-3.7.3Contact pressure
The contact pressure between the indenter anbddty can be an interesting variable to plot
(seeFig. 131). Actually, it can give interesting parameters like:

X The pressure distribution on the indenter

X The real area of contact under load ¢erfinloading (case of a plastic material).
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Fig. 131: Pressure distribution due to the contacindenter/material. The indenter is not represented for
obvious reasons of reading convenience.

App.2-3.7.4Influence of friction

As it can be seen iBraph 56, there is no significant infme of the friction law on the depth
of penetration during indentation (also repornediterature — these results were obtained for
the 2-D model). Actually, all the curveseamerged, even if the local coefficianti (i.e. true
friction coefficient) is not equal to zero. Netreeless, this justifies that the 3-D model is
designed as frictionless.
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Graph 56: Depth of penetration during the indentation piocess depending on the true friction coefficient.

App.2-3.7.5Influence of the tip radius of the indenter on the load

The evolution of the depth of indentation wasdgtd as a function of the load and the size of
the rounded defect at the tip of thelémter (only 2-D model case reporteddraph 57). The
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result that a sharper indenter will enter moréhe matter than a blunter indenter was a bit
obvious, but the completevolution drawn inGraph 57 was no& priori known. This

difference of penetration depth is partly dudhe direct geometritalifference between the
tip radius of the cesidered indenters.

Note that one can draw a similar evolutfonthe 3-D model for Vickers indentation.
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Graph 57: Depth of penetration during the indentation process depending on the tip radius (2D model).

App.2-3.7.6Influence of the angle of the indenter on the load

The evolution of the depth of indentation wasdstd as a function of the load and the angle

of the indenter (sharp indenteonly 2-D model case reported @raph 58). The result that a
more wide-opened indenter will enter less in the matter was a bit obvious, but the complete
evolution drawn irGraph 58 was na priori known.

Note that one can draw a similar evolutionthe 3-D model for Vickers indentation.
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Graph 58: Depth of penetration during the indentation piocess depending on the true friction coefficient.

App.2-3.7.7Stresses extraction by face

The great advantage of Finite Elements models is that they make a lot of information easily
available. For example, all the components ofsst and strain can lpgotted on the whole
model or only on one part of intereBtg. 132 and~ig. 133 represent théon-Mises stresses
distribution respectively on the “face” plane oétWickers (plane at 0° in the model) and on
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the “edge” plane (at 45°). One can apprecihtedifference of stress field produced by the
presence of an edge, the singularity of thidemmer. One can alsoqbl easily d that is
available in the Abaqus post-processor.la®nly on one “slice” of the model for instance.

Fig. 132: Von-Mises stresses distributin on the “face” plane of the Viclers (plane at 0° in the model) —
Perspective view.

Fig. 133: Von-Mises stresses distribution on the “edggilane of the Vickers (plane at 45° in the model) —
Perspective view.
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REsuUME

Ce travail de these traite de la résistancaagaage des verres siliksmdo-calciques (notés
SLS) en fonction de considérations environnementales, de leur composition chimique, de
I'histoire du chargement, desntraintes résiduelles et egéométrie de l'indenteur.

Une étude phénoménologique détaillée permiédentifier les fissures et les régimes
d'endommagement mis en ceuvre pendant le rayageserres considérés. L'influence de la
composition chimique est discutée a la lumiere de considérations structurales et
d'observations fractographiques a I'échellecrasicopique. La notion de compétition
densification/cisaillement dans la déformation de ces verres semble étre le parametre clé pour
comprendre leur comportement a l'indentation/rayure.

Un modéle mécanique a alors été envispgar prédire les endommagements identifiés
pendant les essais expérimental'approche de Ahn* donnanihe solution analytique au
probleme du rayage par un indenteur coniqéeid de celui de Yoffepour une indentation
statique) est dans cette étude généraliséedéveloppement réside en deux extensions
principales: i) I'extension a la géométrie Hadenteur Vickers grace a un modéle par
éléments finis 3D de l'indentation statique parVickers et ii) I'exterien aux verres de la
famille SLS en étudiant la compétition derwation/cisaillement (par des considérations
expérimentales couplées a des mesures ARM) qui contrble principalement leur
comportement a l'indentation.

L