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Figure 5. Raman spectra acquired on a 2 kg Vickers window glass
indented surface, at different distances to the centre d , along the
X = Y axis (ND: non-densified glass). These Raman spectra are
similar to those obtained after applied hydrostatic pressure above the
elastic threshold, showing permanent densification in the indented
area.

increasing maximal pressure reached. This argues in favour
of Q2 symmetric stretching modes attribution concerning the
600 cm−1 band. Thus, knowing that the 560 cm−1 Raman
band is well attributed to a Q3 symmetric stretching mode, σ

Raman parameter variation (chosen for the calibration curve)
is directly linked to the Q3 → Q2 population variation when
pmax increases in the irreversible pressure domain.

4.2. Window glass densification under Vickers indentation;
iso-density curves

Different stress states and anisotropies have been encountered
for experimentation in DAC (hydrostatic pressure) and
indentation (non-hydrostatic pressure). However, it has
been mentioned above (cf section 3.2) that non-hydrostatic
compression does not affect the structural modifications which
induce permanent densification. Thus, the Raman spectrum
of a glass recovered after applied high mechanical stresses at

ambient temperature can be viewed as a signature of its density.
This result allows us to translate pressure indent mapping
into density mapping using the pressure ↔ density relation
obtained by Ji et al after high hydrostatic pressure experiments
conducted using an octahedral multi-anvil apparatus [22]. This
latter relation is approximately linear in the pressure-induced
density change domain (according to our results, from 6.9 to
16.2 GPa), and the density saturation ratio is equal to 6.3%. We
note that Ji et al compressed the glass samples for 1 h. In the
present study, the samples have been compressed for 12 h. This
may cause a slight difference in the permanent densification
ratio.

Thus, the experimental Raman mapping can be converted
into a map of permanent densification ratio. Figure 6 represents
simultaneously the Raman experimental results, the pressure
mapping and the densification mapping for 1 and 2 kg Vickers
indented window glass.

4.3. Comparison between window glass and silica glass
plasticity

On the basis of their mechanical properties, oxide glasses have
been split into two classes: ‘normal’ glasses and ‘anomalous’
glasses [11–15]. The criterion of this division is the elastic
moduli behaviour of glasses under external thermodynamic
parameters (p, T ) variation. A glass is called ‘normal’ if the
elastic moduli, like shear modulus G or longitudinal modulus
M , show the same behaviour as crystals. In this case, the elastic
moduli increase with pressure and decrease with temperature.
The great majority of materials exhibits this variation, and
window glass belongs to this class [14].

On the other hand, strong glass formers like a-SiO2, a-
GeO2, or slightly depolymerized silicate glasses (for example
(Na2O)x –(SiO2)1−x with 0 < x < 0.1) are called ‘anomalous’
glasses, because their elastic behaviour is the opposite of
‘normal’ glasses [14, 19, 36–42]. For instance, hydrostatic
compression of silica glass up to 2.5 GPa reveals a monotonic
decrease of the G and M elastic moduli. These anomalies
are attributed to the open tetrahedral network of amorphous
silica and germania. Besides, let us note that several current
experimental and theoretical studies are being carried out

Figure 6. A 1/4 sector of 1 and 2 kg Vickers indented window glass Raman mapping. Only a 1/8 sector has been experimentally mapped but
we present the X = Y axial symmetry for a better visualization. Experimental σ values are converted to pmax (using the calibration curve of
figure 4(c)) and the densification ratio "ρ/ρ using [22]. (0, 0) defines the indent centre and the graduated axis symbolizes the diagonals of the
indents (X and Y axes, see figure 1).
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spherical with increasing glass normality. These contrasted shapes for the iso-density
contours of normal and anomalous glasses is the main result of the paper. It is to be
emphasized that it should be robust against uncertainties in the quantitative
conversion between spectroscopic features and density.

6. Finite element analysis of the indentation-induced densification process

In a previous paper [19], we have shown that a constitutive model based on the
mechanics of porous materials can be used to predict indentation-induced densifi-
cation maps on silica. In this section, we test the predictions of the model on the
maps shown in the previous sections. For a similar normal glass, the densification
under high pressure has been measured recently [22].

Let us just recall the main features of this constitutive model. In compression, the
yield criterion is

f ð!ijÞ ¼
q

qc

! "2

þ p

pc

! "2

%1, ð2Þ

where pc is the (hydrostatic) plastic limit in pure hydrostatic loading and qc the
(shear) plastic limit in pure deviatoric loading. This form of the yield criterion allows
us to consider an associative flow rule. The densification-induced hardening is
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Figure 5. Densification maps obtained on sample G1 (a) (iso-density contours with 0.5%
increments) and on amorphous silica (b) (iso-density contours with 2.5% increments, increasing
from outside the contact area to inside). The iso-density contours for the ‘normal’ glass (a) are
close to circular while they are star-shaped for the silica which is an ‘anomalous’ glass.
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(Fig. 7a). As shown in Fig. 1b, there are several cracks
in the contact region. It can thus be assumed that the
elastic energy stored is released during the propagation
of these cracks. Consequently, we have also computed
the densification by taking into account only the plastic
strain (Fig. 7b). In this case, the densification is two
times lower. It points out that contrary to silica, the
magnitude of the bulk plastic deformation and the bulk

elastic deformation are of the same order of size. A
quite good agreement with the densification computed
from the plastic strain only can be observed.

Discussion

Results in Fig. 2 show that the 500–730 cm!1

band is modified during the Vickers indentation. In par-
ticular, the relative intensity of the Raman bands sug-
gests a decrease in Q3 species at the expense of Q2

species.14 These structural changes are reflected at the
macroscopic scale by a permanent densification of the
window glass. Observe that the maximum ratio of densi-
fication of the window glass (6.3%) is much lower than
that of silica (20%). Despite the width of the Raman
band, it is possible to establish a calibration curve allow-
ing the direct determination of the densification ratio
from the Raman shift of the centroı̈d of the band.

On Fig. 4b, it is then shown that the maximum
densification ratio at the center of the indent is
approximately equal within the experimental errors for
the 10 N (3.6%) and for the 20 N (3.8%) loads. A
part of this experimental error is due to the z resolution
of the X50 objective (9 lm).It means that the Raman
analysis is performed with an integration of the Raman
signal over 9 lm for both 10N and 20 N loads,

Fig. 5. Top view mapping of the densification ratio as function
of the normalized distance from the indent center for 20 N
indent outside (black square) or on a precrack line (red circles).

(a) (b)

(a’)

(b’)

Fig. 6. Optical microscope and Raman mapping of the iso-density curves for a 20 N Vickers load in side view (a,a´) and top view (b,b´).
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'
'
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surfaces.'
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Loi.de.comportement:'permet'de'définir'le'lien'entre'des'grandeurs'cinéma4ques'
(tenseur'des'déforma4on)'et'les'grandeurs'dynamiques'(tenseur'des'contraintes).'
•  Cas'le'plus'simple:'en'élas4cité'c’est'la'loi'de'Hooke'(18ème'siècle).'
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Figure 5. Raman spectra acquired on a 2 kg Vickers window glass
indented surface, at different distances to the centre d , along the
X = Y axis (ND: non-densified glass). These Raman spectra are
similar to those obtained after applied hydrostatic pressure above the
elastic threshold, showing permanent densification in the indented
area.

increasing maximal pressure reached. This argues in favour
of Q2 symmetric stretching modes attribution concerning the
600 cm−1 band. Thus, knowing that the 560 cm−1 Raman
band is well attributed to a Q3 symmetric stretching mode, σ

Raman parameter variation (chosen for the calibration curve)
is directly linked to the Q3 → Q2 population variation when
pmax increases in the irreversible pressure domain.

4.2. Window glass densification under Vickers indentation;
iso-density curves

Different stress states and anisotropies have been encountered
for experimentation in DAC (hydrostatic pressure) and
indentation (non-hydrostatic pressure). However, it has
been mentioned above (cf section 3.2) that non-hydrostatic
compression does not affect the structural modifications which
induce permanent densification. Thus, the Raman spectrum
of a glass recovered after applied high mechanical stresses at

ambient temperature can be viewed as a signature of its density.
This result allows us to translate pressure indent mapping
into density mapping using the pressure ↔ density relation
obtained by Ji et al after high hydrostatic pressure experiments
conducted using an octahedral multi-anvil apparatus [22]. This
latter relation is approximately linear in the pressure-induced
density change domain (according to our results, from 6.9 to
16.2 GPa), and the density saturation ratio is equal to 6.3%. We
note that Ji et al compressed the glass samples for 1 h. In the
present study, the samples have been compressed for 12 h. This
may cause a slight difference in the permanent densification
ratio.

Thus, the experimental Raman mapping can be converted
into a map of permanent densification ratio. Figure 6 represents
simultaneously the Raman experimental results, the pressure
mapping and the densification mapping for 1 and 2 kg Vickers
indented window glass.

4.3. Comparison between window glass and silica glass
plasticity

On the basis of their mechanical properties, oxide glasses have
been split into two classes: ‘normal’ glasses and ‘anomalous’
glasses [11–15]. The criterion of this division is the elastic
moduli behaviour of glasses under external thermodynamic
parameters (p, T ) variation. A glass is called ‘normal’ if the
elastic moduli, like shear modulus G or longitudinal modulus
M , show the same behaviour as crystals. In this case, the elastic
moduli increase with pressure and decrease with temperature.
The great majority of materials exhibits this variation, and
window glass belongs to this class [14].

On the other hand, strong glass formers like a-SiO2, a-
GeO2, or slightly depolymerized silicate glasses (for example
(Na2O)x –(SiO2)1−x with 0 < x < 0.1) are called ‘anomalous’
glasses, because their elastic behaviour is the opposite of
‘normal’ glasses [14, 19, 36–42]. For instance, hydrostatic
compression of silica glass up to 2.5 GPa reveals a monotonic
decrease of the G and M elastic moduli. These anomalies
are attributed to the open tetrahedral network of amorphous
silica and germania. Besides, let us note that several current
experimental and theoretical studies are being carried out

Figure 6. A 1/4 sector of 1 and 2 kg Vickers indented window glass Raman mapping. Only a 1/8 sector has been experimentally mapped but
we present the X = Y axial symmetry for a better visualization. Experimental σ values are converted to pmax (using the calibration curve of
figure 4(c)) and the densification ratio "ρ/ρ using [22]. (0, 0) defines the indent centre and the graduated axis symbolizes the diagonals of the
indents (X and Y axes, see figure 1).
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spherical with increasing glass normality. These contrasted shapes for the iso-density
contours of normal and anomalous glasses is the main result of the paper. It is to be
emphasized that it should be robust against uncertainties in the quantitative
conversion between spectroscopic features and density.

6. Finite element analysis of the indentation-induced densification process

In a previous paper [19], we have shown that a constitutive model based on the
mechanics of porous materials can be used to predict indentation-induced densifi-
cation maps on silica. In this section, we test the predictions of the model on the
maps shown in the previous sections. For a similar normal glass, the densification
under high pressure has been measured recently [22].

Let us just recall the main features of this constitutive model. In compression, the
yield criterion is

f ð!ijÞ ¼
q

qc

! "2

þ p

pc

! "2

%1, ð2Þ

where pc is the (hydrostatic) plastic limit in pure hydrostatic loading and qc the
(shear) plastic limit in pure deviatoric loading. This form of the yield criterion allows
us to consider an associative flow rule. The densification-induced hardening is
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Figure 5. Densification maps obtained on sample G1 (a) (iso-density contours with 0.5%
increments) and on amorphous silica (b) (iso-density contours with 2.5% increments, increasing
from outside the contact area to inside). The iso-density contours for the ‘normal’ glass (a) are
close to circular while they are star-shaped for the silica which is an ‘anomalous’ glass.
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(Fig. 7a). As shown in Fig. 1b, there are several cracks
in the contact region. It can thus be assumed that the
elastic energy stored is released during the propagation
of these cracks. Consequently, we have also computed
the densification by taking into account only the plastic
strain (Fig. 7b). In this case, the densification is two
times lower. It points out that contrary to silica, the
magnitude of the bulk plastic deformation and the bulk

elastic deformation are of the same order of size. A
quite good agreement with the densification computed
from the plastic strain only can be observed.

Discussion

Results in Fig. 2 show that the 500–730 cm!1

band is modified during the Vickers indentation. In par-
ticular, the relative intensity of the Raman bands sug-
gests a decrease in Q3 species at the expense of Q2

species.14 These structural changes are reflected at the
macroscopic scale by a permanent densification of the
window glass. Observe that the maximum ratio of densi-
fication of the window glass (6.3%) is much lower than
that of silica (20%). Despite the width of the Raman
band, it is possible to establish a calibration curve allow-
ing the direct determination of the densification ratio
from the Raman shift of the centroı̈d of the band.

On Fig. 4b, it is then shown that the maximum
densification ratio at the center of the indent is
approximately equal within the experimental errors for
the 10 N (3.6%) and for the 20 N (3.8%) loads. A
part of this experimental error is due to the z resolution
of the X50 objective (9 lm).It means that the Raman
analysis is performed with an integration of the Raman
signal over 9 lm for both 10N and 20 N loads,

Fig. 5. Top view mapping of the densification ratio as function
of the normalized distance from the indent center for 20 N
indent outside (black square) or on a precrack line (red circles).

(a) (b)

(a’)

(b’)

Fig. 6. Optical microscope and Raman mapping of the iso-density curves for a 20 N Vickers load in side view (a,a´) and top view (b,b´).
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Accès'au'champ'de'
contrainte'

'=>'Seuil'de'fissura4on,'
Propaga4on'

Que'cherchons'nous?'

Hydrosta4c'core'

Zone''
plas4que'

•  Taille'et'forme'de'la'zone'
plas4que'(densifiée)'

•  Paysage'(tau'de'
densifica4on,'gradients'
locaux?)'

•  Changement'structuraux'
associés:'(hydrosta4que,'
cisaillement,'couplages)'

Modèle'd’expansion'
de'cavité'sphérique'
de'Johnson'(1970)'

Zone'
élas4que'

Modèle' permeRant' de'
décrire' le' comportement'
mécanique'des'verres'M.'MaUa'et'al.'

(2006),'IJSS,'43,'20,'
5994'
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Approches' développées' par' la' communauté'
pour' étudier' la' plas4cité' des' verres' et'
comprendre'l’endommagement'sous'contact.'

Chargement.mécanique.simple.
Essais'hydrosta4que'
Enclume'diamant'

Chargement.mécanique.complexe:.
Hydrosta4que'+'cisaillement'

Indenta4on,'rayage'

Modifica=ons.structurales..
Microscopies'Raman'–'Brillouin.
Varia4on'de'module'élas4que'

 Cartographie'de'densifica4on'permanente'
Sonde'chimique'de'la'plas4cité'

Ingénierie.du.chargement.mécanique.
Micro'piliers'

Modélisa=ons.numériques:.
MD''
MED'
MEF'

Compa4bilité'
Échelles'd’espace'et'de''temps'

Recalage'/'à'l’expérimenta4on'

Loi'de'
comportement'

Lyon,'Marcoule'
Bordeaux'

St'E4enne,'Lorient,'Annecy'

Lyon,'Clermont'Ferrand,…'

Paris,'Montpellier,'Rennes'

Paris,'Montpellier,'Lyon,'Rennes'

Paris'
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University of Florida: Quantum Theory Project 

No dislocations, no LRO but MRO and SRO, a lot of free volume 30 %  
Atomic'structure'of'glass':'silica'

Amorphous silica (SiO2)'

Plas4city?'Yes!'
(1)  Permanent'densifica4on'(hysdrosta4c'tes4ngs)'
(2)  Shear'flow,'volume'conserva4ve'mechanism'but'

s4ll'no'explana4on'(only'MD'simula4on')'

Intérêt'de'la'dynamique'moléculaire'
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Intérêt'de'la'dynamique'moléculaire'

Origine'structurelle'de'la'déforma4on'plas4que':''
•  Propose.des.mécanismes.physiques.possibles.de.déforma=on.

'Forte'localisa4on'des'évènements'plas4ques'(réorganisa4on'
'locale'de'la'ma4ère)'
'Redistribu4on'locale'des'contraintes'

•  Possibilité.de.varier.à.volonté.les.condi=ons.de.chargement.(P,.S,.P+S).
•  Difficile'à'vérifier'expérimentalement'…'quoique'Raman?'
•  Comparaison'quan4ta4ve'avec'l’expérimenta4on':'pb'échelle'de'temps,'

d’espace''

C.'Fusco'et'al.'P.'Rev.'E'(2010),'82,'066116'
B.'ManNsi'et'al.'E.'Phys.'J.'B.,'(2012),'85,'304'

compression' cisaillement'
Intensité'des'déplacements'non'affine'(écart'à'un'comportement'homogène)''

Tend'vers'les'EF'



Intérêt'de'la'dynamique'moléculaire'
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Essais'd’indenta4on:''

D.A.'Kilymis,'J.M.'Delaye,'JNCS'(2013),'382,'87'

Indenta4on'Vickers/'SiO2'

Zone'plas4que'sous'
chargement'max'

Courbe'd’indenta4on'

Vis'à'vis'de'l’expérience'réelle?'
Échelle'd’espace'(ok)'si'dans'régime'de'
similarité'géométrique'de'l’indenta4on'
et'loin'd’un'V.E.R.'
Echelle.de.temps:.850.ps.v.s..20.s.!?!.

8'nm'
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Densifica4on'under'high'level'of'hydrosta4c'pressure'(up'to'30'GPa)'

Mul4'anvil'system,'octahedral'moun4ng'

Densifica=on.of.Glass.(Bulk):.hydrosta=c.pressure.

(1963) J. D. Mackenzie, J. Am. Ceram. Soc. 46"
Effect of temperature effect of shear on densification, curing of densification(initial volume 
recovery by TT."

(1953)'P.'W.'Bridgman'and'I.'Simon,'J.'Appl.'Phys.,''
existence'of'a'threshold'below'which'no'permanent'densifica4on'is'observed'

Hui'Ji'PhD'thesis'
Rouxel Advanced Materials Research Vols. 39-40 (2008)!

Cellule'à'enclume'diamant'

P'Gillet,'ENS'Lyon'
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ρ0'Ini4al'density'
Δρ'Density'varia4on'

Δρ/ρ0   %'

Hydrosta4c'pressure'GPa'

Threshold'

Satura4on'

Rouxel et al. Phys. Rev. Let. (2008)!

Permanent'Densifica4on'of'Glass:'Hydrosta4c'tests'

(1953)'P.'W.'Bridgman'and'I.'Simon,'J.'Appl.'Phys.,''
existence'of'a'threshold'below'which'no'permanent'densifica4on'is'observed'
(1963)'J.'D.'Mackenzie,'J.'Am.'Ceram.'Soc.'46'

6.5%'

21'%'

Window'glass'
SiO2'

T.'Deschamps'et'al.,'J.'Phys:'Cond.'MaUer,'25'
(2013),'25402.'
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[Hehlen'2010]'Silica:. Decrease'of'the'SiOSi'inter'tetrahedral'mean'bond'angle'

Window.glass:'[Deschamps'2011]':'Decrease'of'the'SiOSi'mean'bond'angle'
And'loss'of'connec4vity'Q3'55>'Q2'
Possible'clustering'of'mobile'ions'(Na+)'(MD'simula4on)'

Zachariasen'(1932)'

But'all'the'n5folded'rings'(258)'are'not'equally'affected,'the'smaller'the'lesser'ΔθSiOSi'(3'and'4'
folded'are'weakly'affected'by'densifica4on':'50,5°)'
Change'of'mean'angle'value'is'progressively'increasing'with'the'level'of'densifica4on.'ΔθSiOSi'
='55.7°'at'satura4on.'

Densifica4on'et'Modifica4ons'structurales''

θSiOSi..

Raman'spectroscopy'

n5folded'rings'(258)'

Q3' Q2'

densifica4on'
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C.'Sonneville,'T.'Deschamps,'C.'MarNnet,'D.'de'Ligny,'A.'Mermet,'and'B.'Champagnon,'Polyamorphic'
transiNons'in'silica'glass,'Journal'of'NonGCrystalline'Solids,'(2013)'

•  Spectroscopie'Raman:''globalement,'varia4on'progressive'des'
changements'structuraux'avec'le'niveau'de'pression'hydrosta4que.''

•  Forte'corréla4on'entre'SiOSi'et'le'tau'de'densifica4on'

Densifica4on'et'Modifica4ons'structurales''
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 Densified glass has a Raman signature 
 Densification may be cured!!  by a proper thermal treatment ( 0.9* Tg (K), 2 
hours) [Mackenzie(1963), Neely & Mackenzie (1968), Yoshida (2001, 2005, 2007)] 

Silica glass 

[Raman'study:'Satoshi'Y.,GOMD'2009,'Vancouver'on'1'N'indentaNons,'AFM'pictures:'Niu'YGF,'Guin'JGP'LARMAUR]'

Densifica4on'at'indenta4on'site'

Before annealing After annealing 

0.9*Tg, 2 hours 

Densification signal Back to normal 

Raman'signal'

D1
s.

D2
s.

D1
s.

D2
s.

Confocal'Raman'Spectroscopy'as'a'3D'probe'for'mapping'the'zone'affected'by'
densifica4on'at'indenta4on'site'



Densifica4on'–'Indenta4on'et'Microscopie'Raman'
Vers'un'dialogue'Expérience'5modélisa4on'

Micro'Raman'spectroscopy'

Micro'Brillouin'spectroscopy'

Silica'glass,'Vickers'
indenta4on,'20'N.'

[A..Kassir]Bodon.(2012)].
[Perriot.(2006)]..

Window'glass,'
Vickers'
Indenta4on,'20'N'

Vickers'indenta4on'on'window'glass,'
20'N''

Permanent'
densifica4on'
ra4o'''
mapping'

Δρ/ρ0   %'

[B..Rufflé.et.al..(2012)].

G..Kermouche.et.al../.Acta.Materialia..(2008).

CRACKS'

Modeling'experiment'

18'

PROBLEM.:'spa4al'resolu4on'of'those'spectroscopies'
is'about'1'µm''a'large'densified'zone'must'be'
obtained'thus'high'indenta4on'loads'must'be'used''
plas4city'plus'damage.'ATTENTION!'

Loi'de'comportement'!''



Author's personal copy

With the aim of observing the effect of taking into
account the fine material behaviour (as reported in Sec-
tion 1), the constitutive models of Lambropoulos [22] and
Kermouche et al. [23] have also been implemented in the
computer program with their material parameters, using
the procedure depicted in Section 2. To make sure that
each implementation was correctly made, we ran a numer-
ical simulation of the indentation test (axisymmetric condi-
tions, frictionless contact). The results were the same as
those reported in their papers, with threshold pressures of
9 and 11.5 GPa, respectively.

The ex situ information extracted from Ref. [19] pro-
vides quantitative values of the densification behaviour as
well as the changes in elastic parameters. We wonder
whether our constitutive model detailed in Section 2, using
the material parameters extracted in Section 3, is able to
describe the in situ mechanical response of the test, i.e.
the pressure–density curve taken from Ref. [9] for the load-
ing part on pristine samples compressed to full densifica-
tion and that of Ref. [29] for the unloading curve on
fully densified samples compressed in a reversible way
(Fig. 1). The first paper [9] allows one to extract the pres-
sure–volume changes or pressure–density changes at room
temperature up to 25 GPa without appreciable irreversible

changes in the short-range order. The density changes from
2.2 g cm!3 (initial density q0) at zero pressure to
"3.6 g cm!3 at "23 GPa. We combine this with data on
a fully densified silica glass sample (initial density of
2.67 g cm!3) compressed up to 10 GPa [29], then down to
zero. Fig. 6 is a modification of Fig. 1, where the x-axis
is the volumetric strain, calculated using Eq. (2).

The results from numerical simulations accounting or
not for the changes in elastic moduli, along with the models
of Lambropoulos and Kermouche et al., are plotted in
Fig. 6. These two latter models were found to be relevant
for describing the indentation behaviour of silica glass,
despite differing in their formulations, especially in the
description of pressure-induced densification [24,23]. Con-
sidering these models in Fig. 6 allows one to observe the
influence of each additional mechanism, namely the onset
of densification (label 1), the hardening-like behaviour
(label 2), the threshold for pressure (label 3) and the
changes in elastic moduli (label 4). For a given applied
pressure of 25 GPa, the model from Kermouche et al. (lin-
ear hardening, label 2) predicts a volumetric change of
"!1.2. The model developed in this paper predicts a value
of "!0.9 when accounting only for the saturation in den-
sification (label 3). When also taking into account the

Fig. 6. Mechanical response of the hydrostatic compression test on silica glass (pressure vs. volumetric strain). Experimental data: pristine sample (closed
symbols) from Sato and Funamori [9] and fully densified sample (open symbols) from Wakabayashi et al. [29]. Comparison with numerical simulations
using four different models of growing complexity (labels 1–4).

V. Keryvin et al. / Acta Materialia 62 (2014) 250–257 255

'Keryvin'et'Al.'Acta'Mat'62'(2014)'250G257'

2'cons4tu4ve'laws'have'been'proposed'
in' the' literature' :' Lambropoulos,'
Kermouche.' None' of' them' describes'
properly' a' hydrosta4c' compression'
test!'(l’essai'le'plus'simple).'

Cons4tu4ve'law':'modeling'of'a'simple'
hydrosta4c'loading'silica'glass'

Sato'et'al.,'Phys'Rev'LeU'2008;''
Wakabayashi'et'al.,'Phys'Rev'B'(2011);''
Lambropoulos'et'al.'J'Amer'Ceram'Soc'1997;'
Kermouche'et'al.'Acta'Mater'2008;''

Kermouche'
No'satura4on'
No'changes'in'B'

Lambropoulos'
No'hardening'
No'satura4on'
No'changes'in'B'

Clear'
influence'of'
satura4on'and'
changes'in'
elas4c'moduli'

First''cons4tu4ve'law'describing'appropriately'a'pure'
hydrosta4c'tes4ng'of'SiO2':'2014'!!!'

Dialogue'expérience'modélisa4on'numérique':'Hydrosta4que'
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Lambropoulos'et'al.'J'Am.'Ceram'Soc'(1997)'
'

Kermouche'et'al.'Acta'Mater.'(2004).'

Silice'amorphe'

Indenta4on'Berkovich,'10'mN'

Modèle'associé,''
critère'de'plas4cité'linéaire'
Pas'de'satura4on'
'

Modèle'associé,''
Critère'de'plas4cité'ellip4que'
avec'un'accroissement'de'la'
limite'élas4que'avec'le'tau'de'
densifica4on.'Pas'de'
satura4on.'

Modèle'séquen4el'à'
écoulement'plas4que''non'
associé'
'

Keryvin'et'al.'Acta'Mat.'(2014)'modifiée,''

PROBLEM.:..3'really'different'cons4tu4ve'laws'are'able'to'fit'almost'perfectly'a'10'
mN'experimental'Berkovich'indenta4on'curve.'Load5displacement'curve'is'not'
discriminatory!'

Dialogue'expérience'modélisa4on'numérique':'Indenta4on'

Il'nous'reste'la'courbe'd’indenta4on!'



Est'on'coincé?'
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1)  U4liser'd’autres'essais'mécaniques'(essais'sur'piliers)'

2)  U4liser'l’indenta4on'aux'faible'charges'(mN)'mais'
trouver'un'moyen'd’obtenir'des'informa4ons'sur'la'
zone'plas4que;'



1)'Essais'sur'piliers'de'silice'

22'

R.'Lacroix,'et'al.,'PlasNc'deformaNon'and'residual'stresses'in'amorphous'silica'pillars'under'uniaxial'loading,'Acta'
Mat.,'60'(2012),'5555.'
R.'Lacroix'et'al.,'MiG'cropillar'tesNng'of'amorphous'silica,'InternaNonal'Journal'of'Applied'Glass'Science,'3'(2012),'36'

Intérêt:''

Hydrosta=que'='pauvre'(pas'de'cisaillement)'
Indenta=on'(riche)'hydrosta4que'+'cisaillement'mais'complexe'
Micro.pilier.:'«proche»'d’un'essai'de'compression'uni'axial,'limita4on'
de' l’effet' hydrosta4que' de' confinement' élas4que' présent' en'
indenta4on'(matériau'infini'entourant'la'zone'plas4que')'



•  Indenta4on'behavior'and'cracking'systems'are'composi4on'dependent'

Plas4city''and'surface'damage':'indenta4on'as'an'efficient'tool'

Indentation test 

F'
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Figure 5. Raman spectra acquired on a 2 kg Vickers window glass
indented surface, at different distances to the centre d , along the
X = Y axis (ND: non-densified glass). These Raman spectra are
similar to those obtained after applied hydrostatic pressure above the
elastic threshold, showing permanent densification in the indented
area.

increasing maximal pressure reached. This argues in favour
of Q2 symmetric stretching modes attribution concerning the
600 cm−1 band. Thus, knowing that the 560 cm−1 Raman
band is well attributed to a Q3 symmetric stretching mode, σ

Raman parameter variation (chosen for the calibration curve)
is directly linked to the Q3 → Q2 population variation when
pmax increases in the irreversible pressure domain.

4.2. Window glass densification under Vickers indentation;
iso-density curves

Different stress states and anisotropies have been encountered
for experimentation in DAC (hydrostatic pressure) and
indentation (non-hydrostatic pressure). However, it has
been mentioned above (cf section 3.2) that non-hydrostatic
compression does not affect the structural modifications which
induce permanent densification. Thus, the Raman spectrum
of a glass recovered after applied high mechanical stresses at

ambient temperature can be viewed as a signature of its density.
This result allows us to translate pressure indent mapping
into density mapping using the pressure ↔ density relation
obtained by Ji et al after high hydrostatic pressure experiments
conducted using an octahedral multi-anvil apparatus [22]. This
latter relation is approximately linear in the pressure-induced
density change domain (according to our results, from 6.9 to
16.2 GPa), and the density saturation ratio is equal to 6.3%. We
note that Ji et al compressed the glass samples for 1 h. In the
present study, the samples have been compressed for 12 h. This
may cause a slight difference in the permanent densification
ratio.

Thus, the experimental Raman mapping can be converted
into a map of permanent densification ratio. Figure 6 represents
simultaneously the Raman experimental results, the pressure
mapping and the densification mapping for 1 and 2 kg Vickers
indented window glass.

4.3. Comparison between window glass and silica glass
plasticity

On the basis of their mechanical properties, oxide glasses have
been split into two classes: ‘normal’ glasses and ‘anomalous’
glasses [11–15]. The criterion of this division is the elastic
moduli behaviour of glasses under external thermodynamic
parameters (p, T ) variation. A glass is called ‘normal’ if the
elastic moduli, like shear modulus G or longitudinal modulus
M , show the same behaviour as crystals. In this case, the elastic
moduli increase with pressure and decrease with temperature.
The great majority of materials exhibits this variation, and
window glass belongs to this class [14].

On the other hand, strong glass formers like a-SiO2, a-
GeO2, or slightly depolymerized silicate glasses (for example
(Na2O)x –(SiO2)1−x with 0 < x < 0.1) are called ‘anomalous’
glasses, because their elastic behaviour is the opposite of
‘normal’ glasses [14, 19, 36–42]. For instance, hydrostatic
compression of silica glass up to 2.5 GPa reveals a monotonic
decrease of the G and M elastic moduli. These anomalies
are attributed to the open tetrahedral network of amorphous
silica and germania. Besides, let us note that several current
experimental and theoretical studies are being carried out

Figure 6. A 1/4 sector of 1 and 2 kg Vickers indented window glass Raman mapping. Only a 1/8 sector has been experimentally mapped but
we present the X = Y axial symmetry for a better visualization. Experimental σ values are converted to pmax (using the calibration curve of
figure 4(c)) and the densification ratio "ρ/ρ using [22]. (0, 0) defines the indent centre and the graduated axis symbolizes the diagonals of the
indents (X and Y axes, see figure 1).
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Figure 5. Raman spectra acquired on a 2 kg Vickers window glass
indented surface, at different distances to the centre d , along the
X = Y axis (ND: non-densified glass). These Raman spectra are
similar to those obtained after applied hydrostatic pressure above the
elastic threshold, showing permanent densification in the indented
area.

increasing maximal pressure reached. This argues in favour
of Q2 symmetric stretching modes attribution concerning the
600 cm−1 band. Thus, knowing that the 560 cm−1 Raman
band is well attributed to a Q3 symmetric stretching mode, σ

Raman parameter variation (chosen for the calibration curve)
is directly linked to the Q3 → Q2 population variation when
pmax increases in the irreversible pressure domain.

4.2. Window glass densification under Vickers indentation;
iso-density curves

Different stress states and anisotropies have been encountered
for experimentation in DAC (hydrostatic pressure) and
indentation (non-hydrostatic pressure). However, it has
been mentioned above (cf section 3.2) that non-hydrostatic
compression does not affect the structural modifications which
induce permanent densification. Thus, the Raman spectrum
of a glass recovered after applied high mechanical stresses at

ambient temperature can be viewed as a signature of its density.
This result allows us to translate pressure indent mapping
into density mapping using the pressure ↔ density relation
obtained by Ji et al after high hydrostatic pressure experiments
conducted using an octahedral multi-anvil apparatus [22]. This
latter relation is approximately linear in the pressure-induced
density change domain (according to our results, from 6.9 to
16.2 GPa), and the density saturation ratio is equal to 6.3%. We
note that Ji et al compressed the glass samples for 1 h. In the
present study, the samples have been compressed for 12 h. This
may cause a slight difference in the permanent densification
ratio.

Thus, the experimental Raman mapping can be converted
into a map of permanent densification ratio. Figure 6 represents
simultaneously the Raman experimental results, the pressure
mapping and the densification mapping for 1 and 2 kg Vickers
indented window glass.

4.3. Comparison between window glass and silica glass
plasticity

On the basis of their mechanical properties, oxide glasses have
been split into two classes: ‘normal’ glasses and ‘anomalous’
glasses [11–15]. The criterion of this division is the elastic
moduli behaviour of glasses under external thermodynamic
parameters (p, T ) variation. A glass is called ‘normal’ if the
elastic moduli, like shear modulus G or longitudinal modulus
M , show the same behaviour as crystals. In this case, the elastic
moduli increase with pressure and decrease with temperature.
The great majority of materials exhibits this variation, and
window glass belongs to this class [14].

On the other hand, strong glass formers like a-SiO2, a-
GeO2, or slightly depolymerized silicate glasses (for example
(Na2O)x –(SiO2)1−x with 0 < x < 0.1) are called ‘anomalous’
glasses, because their elastic behaviour is the opposite of
‘normal’ glasses [14, 19, 36–42]. For instance, hydrostatic
compression of silica glass up to 2.5 GPa reveals a monotonic
decrease of the G and M elastic moduli. These anomalies
are attributed to the open tetrahedral network of amorphous
silica and germania. Besides, let us note that several current
experimental and theoretical studies are being carried out

Figure 6. A 1/4 sector of 1 and 2 kg Vickers indented window glass Raman mapping. Only a 1/8 sector has been experimentally mapped but
we present the X = Y axial symmetry for a better visualization. Experimental σ values are converted to pmax (using the calibration curve of
figure 4(c)) and the densification ratio "ρ/ρ using [22]. (0, 0) defines the indent centre and the graduated axis symbolizes the diagonals of the
indents (X and Y axes, see figure 1).
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spherical with increasing glass normality. These contrasted shapes for the iso-density
contours of normal and anomalous glasses is the main result of the paper. It is to be
emphasized that it should be robust against uncertainties in the quantitative
conversion between spectroscopic features and density.

6. Finite element analysis of the indentation-induced densification process

In a previous paper [19], we have shown that a constitutive model based on the
mechanics of porous materials can be used to predict indentation-induced densifi-
cation maps on silica. In this section, we test the predictions of the model on the
maps shown in the previous sections. For a similar normal glass, the densification
under high pressure has been measured recently [22].

Let us just recall the main features of this constitutive model. In compression, the
yield criterion is

f ð!ijÞ ¼
q

qc

! "2

þ p

pc

! "2

%1, ð2Þ

where pc is the (hydrostatic) plastic limit in pure hydrostatic loading and qc the
(shear) plastic limit in pure deviatoric loading. This form of the yield criterion allows
us to consider an associative flow rule. The densification-induced hardening is
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Figure 5. Densification maps obtained on sample G1 (a) (iso-density contours with 0.5%
increments) and on amorphous silica (b) (iso-density contours with 2.5% increments, increasing
from outside the contact area to inside). The iso-density contours for the ‘normal’ glass (a) are
close to circular while they are star-shaped for the silica which is an ‘anomalous’ glass.
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(Fig. 7a). As shown in Fig. 1b, there are several cracks
in the contact region. It can thus be assumed that the
elastic energy stored is released during the propagation
of these cracks. Consequently, we have also computed
the densification by taking into account only the plastic
strain (Fig. 7b). In this case, the densification is two
times lower. It points out that contrary to silica, the
magnitude of the bulk plastic deformation and the bulk

elastic deformation are of the same order of size. A
quite good agreement with the densification computed
from the plastic strain only can be observed.

Discussion

Results in Fig. 2 show that the 500–730 cm!1

band is modified during the Vickers indentation. In par-
ticular, the relative intensity of the Raman bands sug-
gests a decrease in Q3 species at the expense of Q2

species.14 These structural changes are reflected at the
macroscopic scale by a permanent densification of the
window glass. Observe that the maximum ratio of densi-
fication of the window glass (6.3%) is much lower than
that of silica (20%). Despite the width of the Raman
band, it is possible to establish a calibration curve allow-
ing the direct determination of the densification ratio
from the Raman shift of the centroı̈d of the band.

On Fig. 4b, it is then shown that the maximum
densification ratio at the center of the indent is
approximately equal within the experimental errors for
the 10 N (3.6%) and for the 20 N (3.8%) loads. A
part of this experimental error is due to the z resolution
of the X50 objective (9 lm).It means that the Raman
analysis is performed with an integration of the Raman
signal over 9 lm for both 10N and 20 N loads,

Fig. 5. Top view mapping of the densification ratio as function
of the normalized distance from the indent center for 20 N
indent outside (black square) or on a precrack line (red circles).

(a) (b)

(a’)

(b’)

Fig. 6. Optical microscope and Raman mapping of the iso-density curves for a 20 N Vickers load in side view (a,a´) and top view (b,b´).
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2)'Indenta4on'test'for'studying'plas4city'in'oxide'glasses''



2)'Indenta4on'test'for'studying'plas4city'in'oxide'
glasses''
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Load'

Plas4city'

FPSE:*Finite*probe*size*effect*
REV*(representaCve*elementary*volume)*

REV*'

FPSE*'

Sweet'spot'of'
self'similarity' Damage'(fracture)'

RED=unwanted'effects'

0'

Few'Tens'of'mN'

Problem..:.sub'micrometer'size'
plas4c'zone'at'indenta4on'site.'
How'to'probe'it?'

H =
P
Aproj

= cte



A'tool'for'probing'plas4city'with'a'nm'resolu4on'

25'

Bulk''

Shape?'
Size?'
Nature?'Permanently' deformed'

z o n e' s h e a r' fl ow' +'
densifica4on'

Atomic'force'microscopy'

While'inden4ng'

Densifica4on''structural'modifica4ons''Impact'on'local'chemical'reac4vity?'

How'does'it'work?'

Reac=vité.:'θSiOSi.décroit. une'chute'dras4que'de'la'résistance'à'la'réac4on'
d’hydrolyse'de'la'liaison'Si5O'[Michalske'1984,'Yip'2006]'
Perte.de.connec=vitémoins'de'liaisons'à'hydrolyser'par'unité'de'volume'

Les'changements'structuraux'décrits'ci5dessus'sont'en'parfait'accord'avec'
une'augmenta4on'de'la'vitesse'de'dissolu4on'du'verre'densifié.'

Star4ng'grant'
'QUIC'GLASS'(200752012)'



A typical experimental setup 

0.1 N NaOH solution
(S/V �

 

8 m-1)

Sealed Teflon® 
container

Thermo regulated furnace
(80 +/- 1) °C

Indented glass 
sample

� Glasses : commercial float 
glass, silica glass. thermally 
annealed.

� Vickers, Berkovich and 
Knoop indenters.

� indentation load : 10 and 50 
mN (edge crack free), 5 
indents per load

�Each indentation is mapped 
out (3D characterization) over 
corrosion time by AFM 
(calibrated).

5 µm

S: surface of the sample
V: volume of the solution

GOMD 2010, Corning

Set'up'of'an'experiment'

1.  Condi4ons' de' dissolu4on'
congruente'(Doremus'1982)'

2.  échan4llon' blanc' pour' la'
mesure' de' V0' la' vitesse' de'
dissolu4on' du' verre' relaxé'
dans'la'même'solu4on'

3.  Échan4llon' indenté'et' imagé'
par'AFM.'
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Evolu4on'of'the'indenta4on'imprint'(depth,'morphology)'through'dissolu4on'steps.''

If'the'dissolu4on'rate'in'A'(densified'area'at'the'boRom'of'the'imprint)'is'faster'than'in'
B'(free'surface)'then'the'imprint'depth'aÜer'dissolu4on'step'will'increase'

A'nano5chemical'probe'

Dissolu4on'4me'

De
pt
h'
of
'th

e'
im

pr
in
t'

0'
B'

A'
Densified'area'

Pris4ne'glass'

VA=VB'

VA>VB'

VA<VB'

AFM'picture'aÜer'each'dissolu4on'step'

Plas4c'>'Pris4ne'glass'



Suivit d’empreintes d’indentations : exemple  Vickers 10 mN, VAV'

Nécessite la mesure de V0 
la vitesse de dissolution 
du verre relaxé

Surface initiale
Te
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u

Le' suivit' de' l’al4tude' du' point' At/' à' la' surface' de'
référence'donne'la'vitesse'de'dissolu4on'rela4ve'entre'
le'fond'de'l’empreinte'et'la'surface'de'référence.''

V=V0'en'tout'point'de'la'surface'=>'dt=d0'='constante'
V>V0'en'At'et'V0'ailleurs'=>'dt>d0'pour't>0'et'est'une'fonc4on'croissante'de't'

Surface de référence (8h)

At

28'

Surface'ini4ale'

Après'Recuit''Non'recuit'

Niu'YGF,'Han'K.,'Guin'JGP,'Langmuir,'28,'10733'(2012)*



Evolu4on'de'la'profondeur'de'l’empreinte'au'
cours'de'l’aRaque'chimique'

Im
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t'd

ep
th
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t'a
t''
A t
'(n

m
)'

Région'I'

Région'II'

Two'different'regions':''
Région'I':'increase'of'imprint'depth'='enhanced'dissolu4on'rate'at'the'boRom'of'the'print.'
Région'II:' 'plateau'='same'dissolu4on'rate'at'the'free'surface'and'in'At'the'boRom'of'the'
imprint.'

Vd'

V0'
At'

Transi4on'

29'

Niu'YGF,'Han'K.,'Guin'JGP,'Langmuir,'28,'10733'(2012)*

ΔVd = -51.4  (+/- 0.7) nm/h '

ddens = Vdensified x t*= (V0+ΔVd).t* Thickness'of'the'plas4c'zone'under'
the'indenter'apex'



Load'effect'on'the'curves'and'plas4c'zone'size'

30'

Indenta4on'Berkovich'de'0.25'à'10'mN'sur'un'échan4llon'de'verre''même'pas'de'temps''
pour'toute'les'charges''
'

2'régions'
dis4nctes'
RI'et'RII'

Due'to'experimental'constraint'data'sampling'is'poor'for'low'indenta4on'loads!'

Silica'

Verre'à'vitre'

Verre'à'vitre' Courbes'hd=f(t)'

SP
AC

E'

TIME'

SP
AC

E'

TIME'



Indenta4on'in'the''self'similar'regime?'

31'

δm':'maximal'penetraiton'depth'of'the'indenter'at'Pmax'(from'the'nano'indenteur)&
δf':'post'indenta4on'residual'imprint'depth'(mesurée'par'AFM)&

δm'

δf''

Silice,'Berkovich'

Indenta4on'self'similar'regime'validated!'

AFM'

Nano'indenteur'



Indenta4on'load'and'self'similar'regime'

Indenta=on.self.similar.regime?.:.what.ever.is.the.load.H.remains.constant!.

1)  Indenter'geometry' is'self'similar:'Aproj'scales'with'h'(penetra4on'depth).'
As'long'as'one'stays'far'from'the'finite'size'of'the'probe'4p.'

2)  Material' :' if' far' from' any' REV' (representa4ve' elementary' volume)'
considera4on'regarding'plas4city'and'as'long'as'only'plas4city'is'involved'
(no'fracture'for'example).'

Berkovich'indentor:''
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b H =
P
Aproj

= cte = P
24.56 !h2

P = cte !h2

h = cte !P1/2
thus'

'Any'length'scale'associated'to'the'indenta4on'process'should'scale'''''
with'P1/2'

In'the'self'similar'regime'

32'



Dimensionless'analysis':'similarity'principle'

H =
P
Aproj

= cte = P
24.56 !h2

P
h2

= cte = Pi
hi
2

33'

Space.and.=me.dimensions:'In'the'geometrical'similar'regime'

t
P
= cte = ti

Pi

Thus'we'show'that'

  Space:'' 'From'hardness'
défini4on'

  Time'

V0'

V0'
d1'

d2'

t=0* t*2' t*1' V0 =
h1
t1
* =

h2
t2
* = cte

The'curves,'Imprint'depth'versus'dissolu4on'4me,'may'be'rescaled'both'in'
space'and'4me'scales'so'that'all'the'curves'should'collapse'into'a'single'
one.'

t * :* Cme* t o* g o*
through* the* red*
space*at*a*speed*V0*

P1'

P2'



Dimensionless'analysis'of'our'experimental'results'

34'Conclusion':'it'works,'all'the'curves'collapse'into'a'single'one:'de'250'µN'à'10'mN.'

5'5%'
+'5%'

5'5%'
+'5%'

Charge'servant''de'référence':'10'mN'
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Dimensionless'analysis'of'our'experimental'results'

Tiny'finite'probe'size'effect'on'the'posi4on'of'the'plateau'



What'kind'of'data'may'we'extract'from'our'
experiments'

36'

Extraire'des'paramètres''permeRant'un'dialogue'avec'les'modélisa4ons'numériques'

δ*f'':'post'indenta4on'imprint'depth'(AFM)'
δ*m':'max'penetra4on'depth'at'Pmax'
h*d'':'thickness'of'the'plas4c'zone'under'the'point'of'contact'
p*d':'depth,'under'the'pris4ne'surface,'where'the'boundary'of'the'plas4c'zone'may'
be'found''(δ*f'+h*d)'
p*d/δ*m.:.example.of.an.non.dimensional.parameter.used.in.numerical.modeling..

**Signifie*que*ces*valeurs*sont*calculées*à*parCr*des*données*expérimentales*en*prenant*pour*
charge*de*référence*10*mN.*Pour*toute*autre*charge*d’indentaCon*P*la*valeur*de*ces*paramètres*
peut*être*obtenue*en*appliquant*le*rapport** P[mN ] 10

δ*f''

p*d'
h*d''



Comparaison'between'modeling'and'
experimenta4on'

37'

Lambropoulos'et'al.' Kermouche'et'al.' Keryvin'et'al.'

pD
!m

pD
!m

= 2.1

pD
!m

= 0.9

pD
!m

=1.8

Densifica4on'map'obtained'from'FEM'

Longueurs*
adimensionnées*par*δm*

Lambropoulos. Kermouche. Keryvin.

Densifica4on'
depth'

0.9' 2.1' 1.8'

Transi4on'zone'' 0.2' 1.6' 0.35'–'0.4'
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Comparaison'between'modeling'and'
experimenta4on'

pD
!m

=1.71.5
2.1

Épaisseur'de'la'zone'de'
transi4on'de'0.35'(≈100'nm)'

Rescaled*to*10*mN*

Longueurs*
adimensionnées*par*δm*

Lambropoulos. Kermouche. Keryvin. Experiment.

Densifica4on'
depth'

0.9' 2.1' 1.8' 1.7'

Transi4on'zone'' 0.2' 1.6' 0.35'–'0.4' 0.35'(max)'

This'densifica4on'chemical'probe'allows'for'discrimina4ng'cons4tu4ve'laws'where'
P5u'curves'don’t.'It'is'also'a'good'way'for'checking'the'limit'of'the'self'similar'
regime,'especially'as'ultra'low'load'(finite'probe'size'effect,'REV).''

From'our'experimental'curves'
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Is'the'1'D'approach'enough'to'discriminate'
between'cons4tu4ve'laws?'

Up'to'now'

?'



Retrieving'the'3D'informa4on'
embedded'into'our'data'

Mathema4cal'formalism:'level'set'func4ons'or'PDE,''(Sethian'1982)'
1: The dissolution vector applies normally to the surface for each considered point
2: Use of Huygens principle to deal with edges (inward or outward)

72 CHAPITRE 3. MODÉLISATION NUMÉRIQUE ET APPLICATION EXPÉRIMENTALE

a)

b)

Figure 3.4: a) Les empreintes simulées sur images modèles Im(N) et Im(N+1). Les empreintes sont axisymétriques
et seul une demi-surface est a�chée. Les unités des axes sont en nanomètre. b) Schéma zoom-in sur la calotte
hémisphérique.

�⇥
AA1(i,j) : la matrice des vecteurs d’un point à la surface Im(N) à la zone de recherche de surface

Im(N + 1), �⇥n (i,j) : le vecteur normale à ce point à la surface Im(N) ; le petit carré représente la zone de recherche.

l’intensité de la vitesse de dissolution sont transformés en nanomètre par heure. Par le souci de
l’optimisation de temps de calcul nous avons commencé par un cas simple : calculer l’intensité de
Vd sur un profil de l’empreinte.

Le cas simple

Dans ce cas simple on réduit le degré de liberté d’équation 3.1 d’une matrice de vecteurs à une
ligne de vecteurs. Le calcul est fait sur deux profils donnés et on cherche la valeur minimum de
produit vectoriel des deux vecteurs. L’équation 3.1 sera réduite ainsi si l’on prend le profil suivant
l’axe x :

⌅��⇥AA1 ⇤ �⇥n ⌅ =

� X1 �X0

0
Im(N + 1)� Im(N)

⇥

(i,j)

⇤
� Nx

0
Nz

⇥

(i,j)

(3.2)

Sur chaque surface modèle Im(N) et Im(N +1), on prend un profil passant au fond de la calotte
hémisphérique suivant la direction x (ou y) (Fig.3.4,(a)). Pour chaque point (i) du profil de Im(N), le
vecteur normale �⇥n (i) est unique et une ligne (ou colonne) de vecteurs

��⇥
AA1(i�j) partant du profil de

Reconstruc4ng' the'matrix' of' dissolu4on'
vector' from' two' AFM' images' of' the'
same' imprint' taken' at' two' different'
dissolu4on'4mes''

1)..Shape.evolu=on.of.surfaces.through.dissolu=on:.dissolu4on'vector'applies'
normally'to'the'surface'at'each'point'of'the'surface.'

�t + V0 |∇�| = 0

solu4on'
do'

do'
Glass'
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1) Evolution of surfaces though dissolution  

V0= 115 nm/h 

Ini=al.imprint:.10.mN,.SLSG..
(afer.annealing.=.no.densifica=on.effect).

Modeling 
(MATLAB ®) 

Experiment 

3'h'

40'h'

1'micron'

17'h'

3'h'

40'h'

17'h'

0'

580''
nm'

It'is'possible'to'model'the'3D'shape'evolu4on'of'a'surface'through'congruent'dissolu4on'
Yes'a'squared'pyramid'transforms'into'a'spherical'like'shape'through'dissolu4on.'



2D'analysis':'example'Silica'1'mN'
'
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Champ'des'vitesses'de'
dissolu4on'reconstruit'

Surface'ini4ale'0'

Surface'après'1h'de'
dissolu4on'

0' 1000'nm'
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Red':'165'nm/h'='fully'densified'
Blanc':'115'nm/h'='not'densified'
Blue:'transi4on'zone,'from'densified'to'less'
densified;'from'less'densified'to'undensified;'
edge'artefacts'

At'+'or'–''1'standard'devia4on'
Meaning'of'the'Colors'

Reconstruc4on'of'the'densified'zone'under'a'10'mN'Vickers'
indenta4on'on'Window'glass'

Retrieving'the'3D'informa4on:'

J. Phys.: Condens. Matter 23 (2011) 035402 T Deschamps et al

Figure 5. Raman spectra acquired on a 2 kg Vickers window glass
indented surface, at different distances to the centre d , along the
X = Y axis (ND: non-densified glass). These Raman spectra are
similar to those obtained after applied hydrostatic pressure above the
elastic threshold, showing permanent densification in the indented
area.

increasing maximal pressure reached. This argues in favour
of Q2 symmetric stretching modes attribution concerning the
600 cm−1 band. Thus, knowing that the 560 cm−1 Raman
band is well attributed to a Q3 symmetric stretching mode, σ

Raman parameter variation (chosen for the calibration curve)
is directly linked to the Q3 → Q2 population variation when
pmax increases in the irreversible pressure domain.

4.2. Window glass densification under Vickers indentation;
iso-density curves

Different stress states and anisotropies have been encountered
for experimentation in DAC (hydrostatic pressure) and
indentation (non-hydrostatic pressure). However, it has
been mentioned above (cf section 3.2) that non-hydrostatic
compression does not affect the structural modifications which
induce permanent densification. Thus, the Raman spectrum
of a glass recovered after applied high mechanical stresses at

ambient temperature can be viewed as a signature of its density.
This result allows us to translate pressure indent mapping
into density mapping using the pressure ↔ density relation
obtained by Ji et al after high hydrostatic pressure experiments
conducted using an octahedral multi-anvil apparatus [22]. This
latter relation is approximately linear in the pressure-induced
density change domain (according to our results, from 6.9 to
16.2 GPa), and the density saturation ratio is equal to 6.3%. We
note that Ji et al compressed the glass samples for 1 h. In the
present study, the samples have been compressed for 12 h. This
may cause a slight difference in the permanent densification
ratio.

Thus, the experimental Raman mapping can be converted
into a map of permanent densification ratio. Figure 6 represents
simultaneously the Raman experimental results, the pressure
mapping and the densification mapping for 1 and 2 kg Vickers
indented window glass.

4.3. Comparison between window glass and silica glass
plasticity

On the basis of their mechanical properties, oxide glasses have
been split into two classes: ‘normal’ glasses and ‘anomalous’
glasses [11–15]. The criterion of this division is the elastic
moduli behaviour of glasses under external thermodynamic
parameters (p, T ) variation. A glass is called ‘normal’ if the
elastic moduli, like shear modulus G or longitudinal modulus
M , show the same behaviour as crystals. In this case, the elastic
moduli increase with pressure and decrease with temperature.
The great majority of materials exhibits this variation, and
window glass belongs to this class [14].

On the other hand, strong glass formers like a-SiO2, a-
GeO2, or slightly depolymerized silicate glasses (for example
(Na2O)x –(SiO2)1−x with 0 < x < 0.1) are called ‘anomalous’
glasses, because their elastic behaviour is the opposite of
‘normal’ glasses [14, 19, 36–42]. For instance, hydrostatic
compression of silica glass up to 2.5 GPa reveals a monotonic
decrease of the G and M elastic moduli. These anomalies
are attributed to the open tetrahedral network of amorphous
silica and germania. Besides, let us note that several current
experimental and theoretical studies are being carried out

Figure 6. A 1/4 sector of 1 and 2 kg Vickers indented window glass Raman mapping. Only a 1/8 sector has been experimentally mapped but
we present the X = Y axial symmetry for a better visualization. Experimental σ values are converted to pmax (using the calibration curve of
figure 4(c)) and the densification ratio "ρ/ρ using [22]. (0, 0) defines the indent centre and the graduated axis symbolizes the diagonals of the
indents (X and Y axes, see figure 1).
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Figure 5. Raman spectra acquired on a 2 kg Vickers window glass
indented surface, at different distances to the centre d , along the
X = Y axis (ND: non-densified glass). These Raman spectra are
similar to those obtained after applied hydrostatic pressure above the
elastic threshold, showing permanent densification in the indented
area.

increasing maximal pressure reached. This argues in favour
of Q2 symmetric stretching modes attribution concerning the
600 cm−1 band. Thus, knowing that the 560 cm−1 Raman
band is well attributed to a Q3 symmetric stretching mode, σ

Raman parameter variation (chosen for the calibration curve)
is directly linked to the Q3 → Q2 population variation when
pmax increases in the irreversible pressure domain.

4.2. Window glass densification under Vickers indentation;
iso-density curves

Different stress states and anisotropies have been encountered
for experimentation in DAC (hydrostatic pressure) and
indentation (non-hydrostatic pressure). However, it has
been mentioned above (cf section 3.2) that non-hydrostatic
compression does not affect the structural modifications which
induce permanent densification. Thus, the Raman spectrum
of a glass recovered after applied high mechanical stresses at

ambient temperature can be viewed as a signature of its density.
This result allows us to translate pressure indent mapping
into density mapping using the pressure ↔ density relation
obtained by Ji et al after high hydrostatic pressure experiments
conducted using an octahedral multi-anvil apparatus [22]. This
latter relation is approximately linear in the pressure-induced
density change domain (according to our results, from 6.9 to
16.2 GPa), and the density saturation ratio is equal to 6.3%. We
note that Ji et al compressed the glass samples for 1 h. In the
present study, the samples have been compressed for 12 h. This
may cause a slight difference in the permanent densification
ratio.

Thus, the experimental Raman mapping can be converted
into a map of permanent densification ratio. Figure 6 represents
simultaneously the Raman experimental results, the pressure
mapping and the densification mapping for 1 and 2 kg Vickers
indented window glass.

4.3. Comparison between window glass and silica glass
plasticity

On the basis of their mechanical properties, oxide glasses have
been split into two classes: ‘normal’ glasses and ‘anomalous’
glasses [11–15]. The criterion of this division is the elastic
moduli behaviour of glasses under external thermodynamic
parameters (p, T ) variation. A glass is called ‘normal’ if the
elastic moduli, like shear modulus G or longitudinal modulus
M , show the same behaviour as crystals. In this case, the elastic
moduli increase with pressure and decrease with temperature.
The great majority of materials exhibits this variation, and
window glass belongs to this class [14].

On the other hand, strong glass formers like a-SiO2, a-
GeO2, or slightly depolymerized silicate glasses (for example
(Na2O)x –(SiO2)1−x with 0 < x < 0.1) are called ‘anomalous’
glasses, because their elastic behaviour is the opposite of
‘normal’ glasses [14, 19, 36–42]. For instance, hydrostatic
compression of silica glass up to 2.5 GPa reveals a monotonic
decrease of the G and M elastic moduli. These anomalies
are attributed to the open tetrahedral network of amorphous
silica and germania. Besides, let us note that several current
experimental and theoretical studies are being carried out

Figure 6. A 1/4 sector of 1 and 2 kg Vickers indented window glass Raman mapping. Only a 1/8 sector has been experimentally mapped but
we present the X = Y axial symmetry for a better visualization. Experimental σ values are converted to pmax (using the calibration curve of
figure 4(c)) and the densification ratio "ρ/ρ using [22]. (0, 0) defines the indent centre and the graduated axis symbolizes the diagonals of the
indents (X and Y axes, see figure 1).
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spherical with increasing glass normality. These contrasted shapes for the iso-density
contours of normal and anomalous glasses is the main result of the paper. It is to be
emphasized that it should be robust against uncertainties in the quantitative
conversion between spectroscopic features and density.

6. Finite element analysis of the indentation-induced densification process

In a previous paper [19], we have shown that a constitutive model based on the
mechanics of porous materials can be used to predict indentation-induced densifi-
cation maps on silica. In this section, we test the predictions of the model on the
maps shown in the previous sections. For a similar normal glass, the densification
under high pressure has been measured recently [22].

Let us just recall the main features of this constitutive model. In compression, the
yield criterion is

f ð!ijÞ ¼
q

qc

! "2

þ p

pc

! "2

%1, ð2Þ

where pc is the (hydrostatic) plastic limit in pure hydrostatic loading and qc the
(shear) plastic limit in pure deviatoric loading. This form of the yield criterion allows
us to consider an associative flow rule. The densification-induced hardening is
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Figure 5. Densification maps obtained on sample G1 (a) (iso-density contours with 0.5%
increments) and on amorphous silica (b) (iso-density contours with 2.5% increments, increasing
from outside the contact area to inside). The iso-density contours for the ‘normal’ glass (a) are
close to circular while they are star-shaped for the silica which is an ‘anomalous’ glass.
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(Fig. 7a). As shown in Fig. 1b, there are several cracks
in the contact region. It can thus be assumed that the
elastic energy stored is released during the propagation
of these cracks. Consequently, we have also computed
the densification by taking into account only the plastic
strain (Fig. 7b). In this case, the densification is two
times lower. It points out that contrary to silica, the
magnitude of the bulk plastic deformation and the bulk

elastic deformation are of the same order of size. A
quite good agreement with the densification computed
from the plastic strain only can be observed.

Discussion

Results in Fig. 2 show that the 500–730 cm!1

band is modified during the Vickers indentation. In par-
ticular, the relative intensity of the Raman bands sug-
gests a decrease in Q3 species at the expense of Q2

species.14 These structural changes are reflected at the
macroscopic scale by a permanent densification of the
window glass. Observe that the maximum ratio of densi-
fication of the window glass (6.3%) is much lower than
that of silica (20%). Despite the width of the Raman
band, it is possible to establish a calibration curve allow-
ing the direct determination of the densification ratio
from the Raman shift of the centroı̈d of the band.

On Fig. 4b, it is then shown that the maximum
densification ratio at the center of the indent is
approximately equal within the experimental errors for
the 10 N (3.6%) and for the 20 N (3.8%) loads. A
part of this experimental error is due to the z resolution
of the X50 objective (9 lm).It means that the Raman
analysis is performed with an integration of the Raman
signal over 9 lm for both 10N and 20 N loads,

Fig. 5. Top view mapping of the densification ratio as function
of the normalized distance from the indent center for 20 N
indent outside (black square) or on a precrack line (red circles).

(a) (b)

(a’)

(b’)

Fig. 6. Optical microscope and Raman mapping of the iso-density curves for a 20 N Vickers load in side view (a,a´) and top view (b,b´).
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Figure 5. Raman spectra acquired on a 2 kg Vickers window glass
indented surface, at different distances to the centre d , along the
X = Y axis (ND: non-densified glass). These Raman spectra are
similar to those obtained after applied hydrostatic pressure above the
elastic threshold, showing permanent densification in the indented
area.

increasing maximal pressure reached. This argues in favour
of Q2 symmetric stretching modes attribution concerning the
600 cm−1 band. Thus, knowing that the 560 cm−1 Raman
band is well attributed to a Q3 symmetric stretching mode, σ

Raman parameter variation (chosen for the calibration curve)
is directly linked to the Q3 → Q2 population variation when
pmax increases in the irreversible pressure domain.

4.2. Window glass densification under Vickers indentation;
iso-density curves

Different stress states and anisotropies have been encountered
for experimentation in DAC (hydrostatic pressure) and
indentation (non-hydrostatic pressure). However, it has
been mentioned above (cf section 3.2) that non-hydrostatic
compression does not affect the structural modifications which
induce permanent densification. Thus, the Raman spectrum
of a glass recovered after applied high mechanical stresses at

ambient temperature can be viewed as a signature of its density.
This result allows us to translate pressure indent mapping
into density mapping using the pressure ↔ density relation
obtained by Ji et al after high hydrostatic pressure experiments
conducted using an octahedral multi-anvil apparatus [22]. This
latter relation is approximately linear in the pressure-induced
density change domain (according to our results, from 6.9 to
16.2 GPa), and the density saturation ratio is equal to 6.3%. We
note that Ji et al compressed the glass samples for 1 h. In the
present study, the samples have been compressed for 12 h. This
may cause a slight difference in the permanent densification
ratio.

Thus, the experimental Raman mapping can be converted
into a map of permanent densification ratio. Figure 6 represents
simultaneously the Raman experimental results, the pressure
mapping and the densification mapping for 1 and 2 kg Vickers
indented window glass.

4.3. Comparison between window glass and silica glass
plasticity

On the basis of their mechanical properties, oxide glasses have
been split into two classes: ‘normal’ glasses and ‘anomalous’
glasses [11–15]. The criterion of this division is the elastic
moduli behaviour of glasses under external thermodynamic
parameters (p, T ) variation. A glass is called ‘normal’ if the
elastic moduli, like shear modulus G or longitudinal modulus
M , show the same behaviour as crystals. In this case, the elastic
moduli increase with pressure and decrease with temperature.
The great majority of materials exhibits this variation, and
window glass belongs to this class [14].

On the other hand, strong glass formers like a-SiO2, a-
GeO2, or slightly depolymerized silicate glasses (for example
(Na2O)x –(SiO2)1−x with 0 < x < 0.1) are called ‘anomalous’
glasses, because their elastic behaviour is the opposite of
‘normal’ glasses [14, 19, 36–42]. For instance, hydrostatic
compression of silica glass up to 2.5 GPa reveals a monotonic
decrease of the G and M elastic moduli. These anomalies
are attributed to the open tetrahedral network of amorphous
silica and germania. Besides, let us note that several current
experimental and theoretical studies are being carried out

Figure 6. A 1/4 sector of 1 and 2 kg Vickers indented window glass Raman mapping. Only a 1/8 sector has been experimentally mapped but
we present the X = Y axial symmetry for a better visualization. Experimental σ values are converted to pmax (using the calibration curve of
figure 4(c)) and the densification ratio "ρ/ρ using [22]. (0, 0) defines the indent centre and the graduated axis symbolizes the diagonals of the
indents (X and Y axes, see figure 1).
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Figure 5. Raman spectra acquired on a 2 kg Vickers window glass
indented surface, at different distances to the centre d , along the
X = Y axis (ND: non-densified glass). These Raman spectra are
similar to those obtained after applied hydrostatic pressure above the
elastic threshold, showing permanent densification in the indented
area.

increasing maximal pressure reached. This argues in favour
of Q2 symmetric stretching modes attribution concerning the
600 cm−1 band. Thus, knowing that the 560 cm−1 Raman
band is well attributed to a Q3 symmetric stretching mode, σ

Raman parameter variation (chosen for the calibration curve)
is directly linked to the Q3 → Q2 population variation when
pmax increases in the irreversible pressure domain.

4.2. Window glass densification under Vickers indentation;
iso-density curves

Different stress states and anisotropies have been encountered
for experimentation in DAC (hydrostatic pressure) and
indentation (non-hydrostatic pressure). However, it has
been mentioned above (cf section 3.2) that non-hydrostatic
compression does not affect the structural modifications which
induce permanent densification. Thus, the Raman spectrum
of a glass recovered after applied high mechanical stresses at

ambient temperature can be viewed as a signature of its density.
This result allows us to translate pressure indent mapping
into density mapping using the pressure ↔ density relation
obtained by Ji et al after high hydrostatic pressure experiments
conducted using an octahedral multi-anvil apparatus [22]. This
latter relation is approximately linear in the pressure-induced
density change domain (according to our results, from 6.9 to
16.2 GPa), and the density saturation ratio is equal to 6.3%. We
note that Ji et al compressed the glass samples for 1 h. In the
present study, the samples have been compressed for 12 h. This
may cause a slight difference in the permanent densification
ratio.

Thus, the experimental Raman mapping can be converted
into a map of permanent densification ratio. Figure 6 represents
simultaneously the Raman experimental results, the pressure
mapping and the densification mapping for 1 and 2 kg Vickers
indented window glass.

4.3. Comparison between window glass and silica glass
plasticity

On the basis of their mechanical properties, oxide glasses have
been split into two classes: ‘normal’ glasses and ‘anomalous’
glasses [11–15]. The criterion of this division is the elastic
moduli behaviour of glasses under external thermodynamic
parameters (p, T ) variation. A glass is called ‘normal’ if the
elastic moduli, like shear modulus G or longitudinal modulus
M , show the same behaviour as crystals. In this case, the elastic
moduli increase with pressure and decrease with temperature.
The great majority of materials exhibits this variation, and
window glass belongs to this class [14].

On the other hand, strong glass formers like a-SiO2, a-
GeO2, or slightly depolymerized silicate glasses (for example
(Na2O)x –(SiO2)1−x with 0 < x < 0.1) are called ‘anomalous’
glasses, because their elastic behaviour is the opposite of
‘normal’ glasses [14, 19, 36–42]. For instance, hydrostatic
compression of silica glass up to 2.5 GPa reveals a monotonic
decrease of the G and M elastic moduli. These anomalies
are attributed to the open tetrahedral network of amorphous
silica and germania. Besides, let us note that several current
experimental and theoretical studies are being carried out

Figure 6. A 1/4 sector of 1 and 2 kg Vickers indented window glass Raman mapping. Only a 1/8 sector has been experimentally mapped but
we present the X = Y axial symmetry for a better visualization. Experimental σ values are converted to pmax (using the calibration curve of
figure 4(c)) and the densification ratio "ρ/ρ using [22]. (0, 0) defines the indent centre and the graduated axis symbolizes the diagonals of the
indents (X and Y axes, see figure 1).
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spherical with increasing glass normality. These contrasted shapes for the iso-density
contours of normal and anomalous glasses is the main result of the paper. It is to be
emphasized that it should be robust against uncertainties in the quantitative
conversion between spectroscopic features and density.

6. Finite element analysis of the indentation-induced densification process

In a previous paper [19], we have shown that a constitutive model based on the
mechanics of porous materials can be used to predict indentation-induced densifi-
cation maps on silica. In this section, we test the predictions of the model on the
maps shown in the previous sections. For a similar normal glass, the densification
under high pressure has been measured recently [22].

Let us just recall the main features of this constitutive model. In compression, the
yield criterion is

f ð!ijÞ ¼
q

qc

! "2

þ p

pc

! "2

%1, ð2Þ

where pc is the (hydrostatic) plastic limit in pure hydrostatic loading and qc the
(shear) plastic limit in pure deviatoric loading. This form of the yield criterion allows
us to consider an associative flow rule. The densification-induced hardening is
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Figure 5. Densification maps obtained on sample G1 (a) (iso-density contours with 0.5%
increments) and on amorphous silica (b) (iso-density contours with 2.5% increments, increasing
from outside the contact area to inside). The iso-density contours for the ‘normal’ glass (a) are
close to circular while they are star-shaped for the silica which is an ‘anomalous’ glass.
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(Fig. 7a). As shown in Fig. 1b, there are several cracks
in the contact region. It can thus be assumed that the
elastic energy stored is released during the propagation
of these cracks. Consequently, we have also computed
the densification by taking into account only the plastic
strain (Fig. 7b). In this case, the densification is two
times lower. It points out that contrary to silica, the
magnitude of the bulk plastic deformation and the bulk

elastic deformation are of the same order of size. A
quite good agreement with the densification computed
from the plastic strain only can be observed.

Discussion

Results in Fig. 2 show that the 500–730 cm!1

band is modified during the Vickers indentation. In par-
ticular, the relative intensity of the Raman bands sug-
gests a decrease in Q3 species at the expense of Q2

species.14 These structural changes are reflected at the
macroscopic scale by a permanent densification of the
window glass. Observe that the maximum ratio of densi-
fication of the window glass (6.3%) is much lower than
that of silica (20%). Despite the width of the Raman
band, it is possible to establish a calibration curve allow-
ing the direct determination of the densification ratio
from the Raman shift of the centroı̈d of the band.

On Fig. 4b, it is then shown that the maximum
densification ratio at the center of the indent is
approximately equal within the experimental errors for
the 10 N (3.6%) and for the 20 N (3.8%) loads. A
part of this experimental error is due to the z resolution
of the X50 objective (9 lm).It means that the Raman
analysis is performed with an integration of the Raman
signal over 9 lm for both 10N and 20 N loads,

Fig. 5. Top view mapping of the densification ratio as function
of the normalized distance from the indent center for 20 N
indent outside (black square) or on a precrack line (red circles).

(a) (b)

(a’)

(b’)

Fig. 6. Optical microscope and Raman mapping of the iso-density curves for a 20 N Vickers load in side view (a,a´) and top view (b,b´).
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Glass'nanoméchanics':'plas4city'under'sharp'
contact'

[6,5]. Moreover, the radius of the cone crack obtained numerically
(rnumcone = 41.14 μm) is in good agreement with the experimental
works of Arora et al. [6] (rexpcone ≈ 40 μm).

5. Conclusion

This paper attempted to reproduce numerically the anomalous be-
havior of silica glass and increase the comprehension of this behavior.
Understanding permanent deformations in this type of glass repre-
sents a considerable challenge. An assumption has been made that
the densification takes place only under high compressive pressure
and that no shearing stresses influence the final permanent deforma-
tion levels. Based on this assumption, a densification model, adapted
for discrete element methods, is developed in this work. The densifi-
cation behavior is modeled by a “spring-slider” system incorporated
between beam-linked particles at the micro scale. This system acti-
vates only under compression stress. The densification model in-
volves three microscopic parameters which can be determined by
calibration tests. As shown previously, the calibration process of

these parameters is fairly easy. The macroscopic densification pres-
sure Pd is a linear function of microscopic densification pressure σμ

d

only. Therefore, σμ
d can be determined independently from the other

microscopic parameters. Subsequently, the microscopic tangential
modulus can be calibrated taking into account the macroscopic satu-
ration pressure Ps. Finally, the maximum permanent deformation can
be set to adjust the macroscopic volume change ΔV

V0
(or the density

change Δρ
ρ0
). It is shown that, after calibration, this model gives good

macroscopic densification results compared with those obtained ex-
perimentally (Fig. 10). To validate this model at microscopic scales,
simulations of the Vickers indentation process were performed with
three different indentation forces. First, low forces (0.1 N and 0.5 N)
were used to validate microscopically the densification model in the
absence of fracture. A comparison of these results with experimental
ones [8] shows that this model is also validated at microscopic scales
(when microscopic loading is applied) and represents an advance-
ment in the comprehension of permanent deformation in silica glass.

The influence of the densification behavior on the cracking response
was studied by applying a high indentation force (30 N). As can be ob-
served in Figure (Fig. 15), the silica glass forms primarily a cone crack.
This is due to the densification behavior, which leads to the formation
of a spherical densified region. This, in turn, behaves as a spherical in-
denter that will induce in most brittle materials a cone crack at the be-
ginning of fracture. When the indentation force further increases, other
types of cracking appear and induce the complete destruction of the
sample.

a)

b)

c)

Fig. 14. Cut-away view of the indented region; Findent = 0.5 N; top: experimental re-
sults from Ji [8], middle: DEM numerical results; bottom: CNEM–DEM coupling numer-
ical result.

a)

b)

c)

Fig. 15. Cracking pattern of silica glass indented with a Vickers tip; Findent = 30 N; only
the discrete elements where the fracture criterion is reached are shown in (b) and (c).
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