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Soft matter vs hard glasses

Emulsification of Binary Glass ribbon produced with the
Mixtures on a Liquid Layer float glass process

Keyser et al. PRL 2017
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Basics of glasses

Volume, Enthalpy
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Tga Too
Temperature

o Glass transition at T¢ such that viscosity 7 ~ 101°Pa.s
@ Bulk structure = snapshot of liquid at Tg
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Amorphous vs Crystalline Silica Surface: AFM

2nm

=2 nm

Amorphous silica a-Si0,(0001) quartz

Damien Vandembroucq Capillary waves on glass surfaces



Amorphous vs Crystalline Silica Surface: He scattering

a-Si02(0001) quartz
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Steurer et al. Surface Sci. (2007)
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What is a glass surface ?

Naive answer: a liquid surface that crossed glass transition

Liquid interface Glass interface
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What is a glass surface ?

Naive answer: a liquid surface that crossed glass transition

A
/r- }’/ / ‘/‘ ’”f ,f"/r /r/,f //
Liquid interface Glass interface
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What is a glass surface ?

Naive answer: a liquid surface that crossed glass transition
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What is a glass surface ?

Naive answer: a liquid surface that crossed glass transition
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Liquid interface Glass interface
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Liquid surface: spectrum of capillary waves

Thermal noise kT vs interface tension : capillary waves

Interface width w = ,/%, capillary length . = /1~

E‘: [')C,}:)
A

2D static structure factor: Sp(q) ~ 50% ., g> &

1D height power spectrum: P(f) ~ % , > é

Spatial correlation: (|Ah(Ar)[?), ~ % log (ﬁ—fn) , Ar < le
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Glass surface: spectrum of frozen capillary waves?
Thermal noise kT vs interface tension : capillary waves

i - Jklc i - /_a
Interface width w = ot capillary length ¢, = Aog

k

2D static structure factor: So(q) ~ S0% g%

2
q> g—”
1D height power spectrum: P(f) & 2’;—7{ , > i

Spatial correlation: (|Ah(Ar)[?), ~ % log (%) , Ar < L.

Damien Vandembroucq Capillary waves on glass surfaces



Can we observe capillary waves 7

water

0.07 Jm=2| 0.3-05Jm?

v
n | 1073 Pa.s | 103 — 103 Pass
T 300 K 900 — 1500 K
£ 3 mm 3—5mm

Te 10~%s 10t — 10%0s
w 0.25 nm

A difficult task: interface fluctuations are sub-nanometer!
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Direct observation in near-critical mixtures

water colloidal liquid molten glass
v 1007Jm2]10°—-10"°Jm=? | 0.3-05Jm?
n | 1073 Pas 1073 Pass 103 — 10'3 Pass
T 300 K 300 K 900 — 1500 K
L. 3 mm 1073 - 1072 mm 3—5mm
e 10™%s 1 —10s 10! — 101%
w 0.25 nm 0.05 -2 um 0.2 —-0.3 nm

Direct Visual Observation of
Thermal Capillary Waves

Dirk G. A. L Aarts,”™ Matthias Schmidt,®f
Henk N, W, Lakkerkerkar’
wwwsclencemagorg SCIENCE  VOL 304 7 MAY 2004
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AFM measurements on an amorphous silica surface

nm

=2 nm

AFM measurements consistent with the expected roughness:

g%

o TG 1500 K
e 7y~ 0.3Jm?

@ molecular length
fmin ~ 0.3 nm

o capillary length
fc ~ 4 mm

kTG éc
log

~ 0.4nm
277’7 gmin

wG =
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Glass roughness: freezing of capillary waves at T ?

1D power spectrum Spatial correlations
100 016
| — silica preform = Silica wafer
=== Tgly= 52005 0141 oo Tafy =4800 5,1 .
I 0,12 o
g. ‘--‘-M ;:E“U.h')- o‘i"”
"é 0 = = o8| o
£ P(ﬂ kaTa ?“E 0.06 Y
= == =27 - A
107 2myf m‘._ 0.04 o SN
J e 2y _ KsTg ¢ Ar
0.02 = “{Ah<} = —m,—log (m}
i | 5.00 | ! i
10t w 1 102 102 10 e
flpm=1) Ar (um)

Tc ~ 1500K, v ~ 0.3J.m™ !, T /v ~ 5000S.1.

Glass surface roughness achieves a lower bound:
a thermodynamical noise frozen at T¢!
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An industrial test case: the float process

The ribbon of molten glass is cooled down on a quid tin bath

Two contrasting interfaces:

Glass/Gas: v~ 0.3 J.m—2 Glass/Tin: v~ 0.5 J.m—2
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Frozen capillary waves on a float glass surface
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Photonic band-gap fibres

Micro-structured optical fibre : photonic crystal + hollow core
Propagation of light through air instead of glass
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Stack and draw process

Jacketed Stack

(€}

Jacketed Cane
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Picometer-scale roughness Measurements
by differential optical profilometry

_—Diln=1.515

<—Holorw fiber

shde

direction (x}

C. Brun et al., Optics Exp. 22 29554 (2014)
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Roughness Measurements of inner surface of silica tubes
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C. Brun et al., Optics Exp. 22 29554 (2014)
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Roughness Measurements within Ph ic fibres

B. Bresson et al, Phys. Rev. Lett. 119 235501, (2017)
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Roughness Measurements within Photonic fibres
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Differential profilometry + selective filling: picometer resolution

C. Brun et al. Opt. Express 22 29554, (2014) ; X. Buet et al, Opt. Lett. 41 5089, (2016)
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Roughness Measurements within Photonic fibres

400

£ o "\l 1||‘|.'Jr|| I'n' "‘ wlu ""]p-«t ﬁ["nl

Optical praliomatry
AW

—son|

Capillary waves on the inner core surface of micro-structured
photonic fibres

C. Brun et al. Opt. Express 22 29554, (2014) ; X. Buet et al, Opt. Lett. 41 5089, (2016)
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AFM Measurement within Photonic fibres

10°
—  Preform

. — PBGF core
. =0 Ty [y=5200 S,
2 T, /=3100 S.1.
210-2
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=
ol
fu
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Amorphous silica: Tg ~ 1500K, v ~ 0.3).m~? = T /v ~ 5000,
recovered before drawing.

After drawing: effective interface tension 70% larger, height

fluctuations 30% lower than thermal fluctuations !

Damien Vandembroucq Capillary waves on glass surfaces



Roughness anisotropy induced by fiber drawing
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Anisotropic spatial correlations
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Attenuation of capillary waves under shear

PHYSICAL REVIEW LETTERS

PRL 97, 038301 ( 2006

Suppression of Thermally Excited Capillary Waves by Shear Flow

Derks,' Dirk G.A L. Aars ™ Daniel Bonn ' Flenk N.W. Lekkorkerker” and Amout Imhof*

5 Bickel ™
Cours de b Lib
ed 22 March 200

W3 yjs

S q, Ovi
(4, 0vis) S
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Drawing hollow fibres at different temperatures

Control parameter =
© keep same geometry adimensioned drawing stress:

o different velocities
Wo

@ different viscosities, ap = ~
hence stress

Range of furnace temperature Tp € [2000°C — 2100°C],
Range of drawing stress oy € [20MPa — 120MPa]

Range of control parameter ap € [0.02 — 0.12]
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Surface roughness attenuation under drawing
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The larger the stress, the lower the roughness: %(O‘D) R~ B()z}J/3
0
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Stress dependent anisotropy of glass surfaces

(a)

Preform
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Non-linear attenuation of the capillary modes
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S(q) = k5’|4ql—"§9q) ~ kT(;,‘-g (1- acos’[0q + bsin(0g)])
Y
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Conclusion: the long memory of glass surfaces

Glass surfaces keep the memory of their liquid state

Height fluctuations: frozen capillary waves at T¢

Under flow: ultra-low roughness, below equilibrium
thermodynamics expectation

Strongly anisotropic correlations
Non-linear attenuation of the capillary modes under flow
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A stochastic hydrodynamics approach

8hk .. 2 O"k‘
TR ik [, = — T
2 2 w.
S(a,0vs) =~ So(q) [1— Ac®|cosbq|’] , a= 7ETe
A A
C(ryovis) =~ GCo(r) [1 — 2042} + 8?042W§ cos 26 .
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Spectrum of (frozen) capillary waves

_ kT 1 n_ 1
he? ) =So—s— -, =t
(hq|%) OS2 1+ (gle)2 T g1+ (qlc)?

Height correlations:

kT r kT r
(Ih(r)h(0)]) = RKO(E) ~ ﬁ log (&:) for r < £,
kT t kT c
(0 0) = 5 Kol )~ o (1) e

Glass roughness : static correlations of capillary waves at T¢ 7
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Drawing hollow fibres at different temperatures

B. Bresson et al, PRL 2017
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Roughness of fibres drawn at different temperatures

Sample | Trumace (°C) | o (MPa) | ap | RMS (nm)
Preform N.A. 0 0 0.243
2100 27 0.024 0.163
Capillary 2080 36 0.031 0.155
Fibres 2060 47 0.041 0.148
2040 63 0.055 0.140
2020 84 0.074 0.131
2000 114 0.101 0.139

The larger the stress, the lower the height fluctuations
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Morphologie et rugosite
des surfaces de verres

Damien Vandembroucq

Laboratoire PMMH, ESPCI Paris PSL, CNRS,
Sorbonne Université, Université de Paris France
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Float glass process




Verres imprimeés




Verres dépolis

Planilux

Planilux

” —-5;\“425

Planilux G3
”4
G4

Planilux

? ﬁf.-_- -

.
o




Surfaces metalliques sablées
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Surfaces texturées : bio-inspiration




Interfaces rugueuses



Rugosite : distribution des hauteurs
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Rugosité : variance, skewness, kurtosis
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Mean level

Mean level

Mean level ~

Skewness et Kurtosis

h Nul skewness

Mean level

h |t positive skewness

Mean level

Negative skewness

Mean level

Skewness et kurtosis: utiles, mais délicats a estimer,
Sensibles aux valeurs extrémes (défauts/erreurs de mesure)

A Kurtosis = 3

4 Kurtosis > 3

Kurtasis < 3




Rugosité: fluctuations verticales vs horizontales
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Correélations spatiales
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Longueur de corrélation

[ j)ams Qza. ZOA Qﬂé pQUA s,u"rnjoﬂg Da gon AP J.)auto-comafgal‘,(m C(Ax)

Je.a[:“ tn.ejs Jla?/fol-emznb O[é_on,o:'ssard;&} a)c_];onZnJI.},@e} G-M:'énne,
J

ot Jéfini 6N d)j— QO!”JMQMI £ CoMP:Qa-bl'ow T

C(Ax) = o? f(Ax/t)
O = rugosite RMS

f(Ax/t) - 1siAx/t - O
f(Ax/t) —» 0 si AxX/T>>1

Pente caractéristique s = 0/T



Longueurs de corrélations
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Echelles de mesure vs longueurs de corrélations
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Surface d’une feuille d’aluminium laminée a froid
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Rugosite : pre-traitement des données

a Image brute
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More about roughness, local slopes and curvatures
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Diffusion de la
lumiere par des
interfaces rugueuses



Diffusion de la lumiere par des interfaces rugueuses
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Rugositeé et retard de phase
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Diffusion cohérente et distribution de hauteurs
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Diffusion incohérente et corrélations de hauteurs
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Diffusion de la lumiere par une surface d’aluminium
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Résultats expérimentaux vs Approximation de Kirchhoff et Simulations avec
corrélations Gaussiennes, Exponentielles ou Auto-Affines

Parametres expérimentaux rugosité : 0z(AX) « (Ax)", H~=~ 0.78

s(A\)=0.11 @ A=638.2 nm

Vandembroucq et. al. Optics Comm. (2001), J. Opt. A (2002)
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Diffusion de la lumiere par une surface d’aluminium
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Résultats expérimentaux vs Approximation de Kirchhoff et Simulations avec
corrélations Gaussiennes, Exponentielles ou Auto-Affines

Parametres expérimentaux rugosité : 0z(AX) « (Ax)", H~=~ 0.78
s(A) ~0.11 @ A=638.2 nm

Vandembroucq et. al. Optics Comm. (2001), J. Opt. A (2002)



Application a I'etude
de la séparation de
phase dans les verres



Verres démixeés

NE! ]

Séparation de phase dans de hombreuses compositions verrieres binaires ou ternaires
Différentes tailles de domaines, morphologies variées, mirissement hydrodynamique
ou diffusif. Applications: pyrex, vycor, etc.



Suivi temps réel du murissement par tomographie X
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Bouttes et al. PRL 2014, Acta Mater. 2015, PRL 2016



Séparation de phase dans les verres

T 1 phase
Te
droplets
'- spinodal
decomposition
X

AFM image of a surface of a phase separated
alkaline borosilicate glass after selective etching
Lateral size: 4¥m, Z-scale: [-100:+100 nm]
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Cinétique de croissance des domaines
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D. Dalmas et al. JNCS 2007
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Loi d’échelle Lifshitz-Slyozhov-Wagner
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g(r)

Temperature dependence: Arrhenius behavior
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Estimate of activation energy from AFM measurements
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Surface de fracture de verre démixeé
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a XY plan
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Rugosité de surface de fracture de verre

I ——r i ——rrr T
O 4 = Q dh
o féik e | ] o [k
tih A pe &9 ; L fit i
=S - B — y=aeth lil% |
- 1 F 0 .r""lu - -
= . = =
= A =
=} . A == -
3 ool &
- A |
E o 3 | = -
k- =]
- ]
I (i) 7
i i gl roaa gl il PR T {i iy
11.13) LI | |1k X} LEEH ILE
VR |

Démixion = 1 longueur de corrélation associee au mdrissement
Fracture : Corrélation de hauteurs logarithmiques aux grandes longueurs

Dalmas et al, Phys. Rev. (2008)



Texturation de surface par separation de phase
en couche mince

Traitement
thermique

Pulvérisation
cathodique

magnétron
RF, réactive

Dissolution
préferentielle

J.-T. Fonné Ph.D 2017, B. Bouteille Ph.D. 2020



Variéetés de tailles et de morphologie des domaines

J.-T. Fonné Ph.D 2017, B. Bouteille Ph.D. 2020



MEB vs AFM

Dessiccataur

B. Bouteille Ph.D. 2017



Difféerentes compositions, différentes texturations




Traitement d’image
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Cellules de Voronoi

a Diagrammoe de Voronot de centre A centre b Diagrnmme de Yoronoi de bords a bords.



Croissance de domaines en couche mince
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Evolution de la distribution de taille
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Distributions de tailles renormalisées
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Cellules de Voronoi
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