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Glass Glass wool Glass veil and
for the construction and for the construction and technical textiles

mobility markets technical insulation for the construction and
markets industrial markets

Glass-ceramic

solutions
for cooking and
fireplaces applications

Other applications (not SG) : bioglass, sealing glass, optical fibers, ....
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Glass families & glass production

Glass family Key components Common applications and uses

Soda lime Na,O-CaO-SiO, Flat glass (window), tableware
Container glass (bottle and jars)

Borosilicate Na,0-B,03-SiO, Headlights, Laboratory and cooking ustensils materials
and tubing
Speciality glass Na,O-Ca0-B,0;-SiO, Construction materials such as glass wool for insulation

and glass fiber for reinforcement

MgO-Al,03-SiO, Glass fibers for reinforcement

Al,03-Ca0-B,03-Ba0-SiO, Substrate glass for displays (LCD, computer, mobile
phone)

Source: Renewable and Sustainable Energy Reviews 155 (2022) 11885
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Impact environnemental de la construction

Quelle est la part de la construction (batiments) dans nos émissions de CO, ?

409, Avant tout: béton et Verre: 0.2% des émissions
° armature métallique 100 millions de tonnes CO, /an

12 % construction i”- Wi &,
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SAIN

ICRYEMBERATURE PROCESSES

0.9 kg CO2/ kg cement 1.8 kg CO2 / kg steel 0.6-0.8 kg CO2 / kg ﬁlass

d
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THE MAKING OF GLASS

+

Raw material
\o oj batch

Dolomite
7>>MgCa (CO3);
»f"" Limestone
B CaCOs;

Melting energy

Natural gas
CH4 + 20, — CO, + 2H,0

recycled

glass £ \ Soda ash

~ 2/3 CO, emissions
N82CO3

Carbonates
in wt%

~1/3 CO, emission Snd
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o
GLASS QUALITY CHALLENGE 800°C 1300°C

Batchighgraing Batch blanketill

v -

800°C'to 1300°C

’E

1500°C
& Hot spot !

. . :
Refining '
Bubble absorption
>
ight SG :zrr:'::“:,'} '?’r) p
i
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ALTERNATIVE RAW MATERIALS

Decarbonate glass raw materials

Impurities are more problematic for
flat glass than bottle glass

Limestone substitution with wollastonite in India

v~ Up to 80% replacement :9kt CO, savings per year

Challenges: Collecting construction cullet is less

v Different reaction paths & enthalpies mature
V" Impurities



ALTERNATIVE WAYS OF HEATING

Electrical heating Hydrogen hybrid combustion

Verallia + Fives project in Cognac 180 t/d

Challenges: higher refractory corrosion
Removing bubbles can be an issue

Hydrogen combustion flames, Herzogenrath

World’s 1st glass production with 30%
hydrogen

v/ Trial in Herzogenrath, Germany in March 2023

v/ More water in molten glass



PROPERTIES OF HIGH-TEMPERATURE LIQUIDS

Kinetic / transport
properties: viscosity,
diffusivity, electrical
conductivity
Thermodynamical
properties: liquidus,
enthalpy, phase
separation

aorfi
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Einstein relations V-

D; = M;ikT™; moviity M; = v/ F

The diffusion of different kinds of species can be Qz J " ‘*Na modifier

investigated through different physical quantities.

’ ’ NBO ' |‘. ¥ .Q?; ogxt;,r;i?,mg(NBO)
Charged particles: Nerst-Einstein relation ; AN ‘ -y
-&
- " 90‘04 . Q
D o /,l,qk:T . ‘ J bridging oxygen(BO)
= q. charge of ions Q

q 2 0 )
Viscous liquids: Stokes-Einstein and Eyring relation " _' '

Na‘* compensator

— ‘* "AQ\S' +,CN 4
Wt T 999

D)= .
Grar 2nr  n: viscosity

from USTV website
r: radius of particle D. Neuville m

https://en.wikipedia.org/wiki/Fluctuation-dissipation_theorem SAINT-GOBAIN
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VISCOSITY VARIATIONS DURING THE PROCESS N

12
—o—float
11
dynamic dynamic 10 N\
Viscosity | Viscosity L
(Pa.s) (Poises) [RrlicIR n = 107 end of forming
Gas 10 10+ S s
2 5
Water, 103 102 2 i
mercury 1-?0110_3 1.510% 2 6 -
o 5 F >
Olive oil 1 P _L— n =103 float casting
Motor Oil 1 10"
4 =
Honey 10 102 3 -
=102 furnace melting
2

' and fining
600 800 1000 1200 1400 1600

o
Temperature (°C)
Saint-Gobain Confidential & Proprietary SAINT-GOBAIN RESEARCH PARIS SAINT—GOBXIN



TRANSVERSAL

R&D CENTERS

GLASS VISCOSITY -,

1000000
100000 Flat glass .
——E glass
Glass ceramic
. 10000 e (5l 2SS WO OI
N
[
o,
>
= 1000 ™\
(%]
o
O
B2/
>
10 \
10 \
1
1000 1100 1200 1300 1400 1500 1600 1700
T[°C]
Saint-Gobain Confidential & Proprietary SAINT-GOBAIN RESEARCH PARIS

SAINT-GOBAIN



EMPIRICAL VISCOSITY MODELS

12| Anhydrous

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Observed Observed
B D
14/ SH Model g,o | 14 HZModel 2
12| Volatile-rich R 12| Volatile-rich -
SR
10 g ° 10
. o
8 6 :/‘./ .’0 g 6) Q_/‘.;/ %
4 , ot 4 {
2 - P e
4 I o 2

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Observed Observed

Parametric models of composition
Priven, Fluegel, Giordano...
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(a)

Final training dataset

(b) Su.bsgmpling methods
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ADVANCED MEASUREMENTS OF VISCOSITY - CEMHTI e/

Pyrometres

sl i

Filtre

Echantlllon it 660 + 5 nm
{ A

Caméra
rapide

Rétroéclairage 1 L
Diode laser, 660 Buse

nm

\ll

Haut-parleurs

]
1 mm
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THERMODYNAMIC PROPERTIES OF MELT ~/

T LIQUIDUS AND ENTHALPY

G’actSage”

H(1450°C)-H(25°C) (J/mol)

T°C
2500 3
1046 = i
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PHYSICAL PROPERTIES OF MELT N

VISCOSITY

Viscosity model = f(pair
Q" species (silicon fractions)
atoms having 0, 1, 2, 3,

or 4 bridging oxygens)

Calculated pair fractions
Na-Si, Na-Na and Si-Si
at equilibrium

(b) 20 , . . .
; 1.0 ' 1 T T T 1000 1200 1400 1600 °C
} O Q° by NMR, Haler and Mysen, 2004 o A Urbain, 1985 [57] o
% 08 F A Q' by Raman, Yano et al., 2006 anl o ® Bockris et al., 1955 [24] §/ /i1
sl © Q' by MD, Machacek and Gedeon, 2003 % . Shartsis et al,, 1952 [66] = ‘
a8 3 O Q' by NMR, Magkawa et al., 1991 : : ; E’I‘I‘.’:"f'g;’[;;; 871167 ;
& t] e, ’ y

0.7 § 07TFVY 0‘ & OJ by Raman, Maehara et al., 2004 ? . M ©  Heidtkamp and Endell, 1936 [68] /
s ® b +XQ'&Q by ?aman. Mysen and Fra)fétz. 1994 o 101 ° °  Kou etal, 1978 [59] /
s o os : L9 ® © O Neuille, 2006 (53] '
Eos S s T = 0 Kim and Lee, 1997 [60] 4 o
5 5 z sl S
o 04 ‘g 0.4 -

w3 =

g @ 03 N
.2 ™ g 5 ~z ol
> o o ~
01 NaO,, - S0} '=7=°'"\ - " Y Calculated: —— stable liquid region
0 CaorSioesEm, e yimgd R Bp g ae BRI R below melting point
08 09 T TN, o o, ;N NG o, ~ I 5 ; i

03 0.4 0.5 0.5 07
Mole fraction $i0, / SI0,+Me0,)

x
0.0 0.1 0.2 03 04 05 06

Mole fraction SiO, / (Si0,+Na0, )

03 04 05 06 07
Mole fraction SiO, / (SiO,*NaO,.)

08 0.9

A. N. Grundy et al. A model to calculate the viscosity of silicate melts Part | Part |: Viscosity of binary SiO2-MeOx
systems (Me = Na, K, Ca, Mg, Al) International Journal of Materials Research, vol. 99, no. 11, 2008, pp. 1185-1194.
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IMPROVE THERMODYNAMIC DATABASES

Enthalpy ——

Cullet

1 1
Toow Tt T
Temperature ——»

Li2sio3

Addition of elements in oxide database :

Se (PV glass), ZrO, (contained in
refractories)...

=
= 345

H
& -

e
385 + o
L} 360 } /J/;'V/»; -
Raw materials e
<365 P
|
a0 BT .
800 900 1000 1100 1200 1300
T(©)
.
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Chemical diffusion

j=—DVC

oC
— = DAC
ot

..o... —
LI .. @ PY
)

§

Zhang, Y., & Gan, T. (2022). Diffusion in melts and magmas. Reviews
in Mineralogy and Geochemistry, 87(1), 283-337.
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Consequences and applications of molecular diffusion in silicate melts (Lo

D CENTERS

Volatile diffusion b
volcanic eruption

Glass melting: batch & stones Refractory corrosion

lonic exchange (display)
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Why is diffusion important for sustainable glass? (Lo
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More cullet = more impurities More corrosion of refractories
to dissolve with electric melting

1.45e+03 1.48e+03 1.51e+03 1.54e+03 1.57e+03 1.60e+03 1.63e+03 1.65e+03

L. BT 4 9. :
Courtesy of S. Di Pierro, SGR Paris Li, Hailong, et al. "3D simulation of borosilicate glass all-electric melting
furnaces." Journal of the American Ceramic Society 97.1 (2014): 141-149.
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Measuring diffusion data

Concentration gradients (chemical

concentrations, isotopes...)
80 ——— - ~ - -

-8 -4 -2 2 4 6

0
10X/Sqrt(t)

Liang, Yan, Frank M. Richter, and E. Bruce Watson. Geochimica et
Cosmochimica Acta 60.24 (1996): 5021-5035.
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Analysis of trajectories in MD
Einstein formula (fluctuation-

Tilocca, Antonio. The Journal of chemical physics

133.1 (2010): 014701.
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Values of diffusivities in silicate melts - influence of temperature -

R&D CENTERS

G W\I\NFO/M/N
| I I | | I
- 1
" . Arrhenian behaviour
- s o Activation energy related to chemical
D 1 bonds
N\ —®
-12 1
= oo
< O
=) S
-14f 1
= ¥ Al
- | +—+¢ Na
16} =a Ca -

| ! 1 L 1 N | n | " |
32e-04 4.0e-04 4.8¢-04 506ed 64e-04 7.2e-04
-1
1/T(K)

Serva, Alessandra, et al. "Structural and dynamic properties of soda—lime—

silica in the liquid phase." The Journal of Chemical Physics 153.21 (2020): Tilocca, Antonio. The Journal of chemical physics
214505. Coll. M. Salanne, MAGI project 133.1 (2010): 014701,
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Values of diffusivities in silicate melts - influence of composition _

—— Ao
'2() L 1] A § p——
® albite
® AnS
£ ¢ An70 |
_ o ¥ An90
'E ) Self-diffusion of sodium in various silicate
. 0, AN AN
s 28 F, e Sn. 5 1 melts
Q . ‘”o\ R . Zhang, Y., Ni, H., & Chen, Y. (2010). Diffusion data in silicate melts. Reviews in
\: 1 ’-‘\ T~ x \l ~ Mineralogy and Geochemistry, 72(1), 311-408.
Q, » L ..... ,.“ S e . N s y . .
£ . i Wi ¥ ~ | More sodium - larger D of sodium.
Na tracer ™., e - &
36 L dif.fusi\'it_\' in ' W N | . . .
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- . e ., Viscosity decreases.
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AC (%)

Example: multicomponent diffusion in a quaternary system

oNa,O HCaO
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6 diffusion-couple experiments

Claireaux, Corinne, et al. "Atomic mobility
in calcium and sodium aluminosilicate
melts at 1200 C." Geochimica et
Cosmochimica Acta 192 (2016): 235-247.

multidiff open-source code:
diffusion matrix, eigenvalues &

eigenvectors ],]
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THERMODYNAMIC DATABASE OF OXIDE SYSTEM —
rOXID DATABASE (CRCT MONTREAL)

2100
1900 @ L
L -
1700 . E "'?s
g g < g S < E 50 *
7 7 7 Z, B &
;’. z z ; z z % i
1500 £ &
- -
§ L ® B S v
5 Py L]
1300 - N > @ -
1 =
L o = » x ™ AR
/ © /% - s . . 0
not  e® ghie e | ; L g 199 L
ool ot w e
L *
i * .
" % 25 TEgQ X
700 1 i 1 i 1 / i \ ¥
0.0 0.1 0.2 03 04 0s 0.6 0.7 08 09 Lo
Mole fraction SiO, -150 L L L L .
0.0 0.1 0.2 0.3 0.4 05 0.6 07 03 0.9 1.0

Mole fraction SiO,

Calculated (NayO + SiO,) Calculated enthalpy of mixing in the (Na,O + SiO,)
phase diagram system at 1450 K

G. Lambotte, P. Chartrand / J. Chem. Thermodynamics 43 (2011) 1678-1699
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THERMODYNAMIC DATABASE OF OXIDE SYSTEM e/

OTHER DATABASE : GTOX (GTT TECHNOLOGIES)

<A> Si0; + <1-A> Na,0

1000°C Lactssy
Na,0 - Sio, 1.0 T T T —— T T T T
&“gage" Si,Na, 0 (Liquid)

) I
"o T T T T T T T T T 0'9 L 2
e b o Morey (1924) *  Meshalkin (2003) Na,O(Liqui _’ ‘\ Si,0,(Liqui
- » okracek (1930) stg = Schairer. Yoder (1971) 0.8 - I

a Logffler (1969) o Zaitzew (19992000 i Na,Si,0(Liquid)
- - 07 b 5 & Y,

v Haller (1974) < Willgallis (1969 TR I P 8.
a0 oo Rys (2007) « Williamson, Glaeser (1965) E, 0.6 | | ‘SI;NB,O‘(L\IquId)/ \
1900 P & Ddns, Loeffler (1930) *  Kracek (1939), inv.poinis g ! \ _n' Y / \\

S & 05+ ¢\ e
g 1 2 i O / %
5 ° i : \_
o v/seg MOy g f: : s 04+ ; ; v / 8 \
oo b7 SiNp,0, Stag + Cristobalite | i /' E /’ ‘.“ \
A = ’ : . ;
ok — SiNpO, 0.2 Y ! \ k

800 2l * . o I s 3 / “\ \
700 - 01 4 .. / 3 . s N \ 4

Na Ojs) + SiNa O, - '/’ 2 . ‘.\_‘- \
= c‘- 02 n‘1 n‘a as 0s a7 0a 0o 1 0 7 PP e () = 1 oy L Kk r

ke SI0,|(N2,07510,) 0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

content SiO,, mol

Calculated structure of the Na,O-SiO, liquid at 1000°C
(mole fractions of associate species)

Calculated (Na,O + SiO,)
phase diagram

E. Yazhenskikh, 2005. Development of a new database for thermodynamic modelling of the system Na,O-K,0-Al,O3-
SiO,. Fakiiltat fir Georessourcen und Materialtechnik, RWTH, Aachen, Germany,
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OUR NEEDS

OTHER STRUCTURAL MODELS

Bond fractions for CaO-SiO, slag at
1600°C (FTOxid database)
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Electrical conductivity
of Ca0-SiO, slag at
1650°C

e W 140 ° 1948and 1952: Bockris etal. ~ 1923K
091\  Park and Rhe, 20 Ca0-Sio, P ° 1952 Mori and Matsushita /' oo
® freeoxygbn T=1600C E 150] & 1977: Kalyadina 7

0.8 F = brokenbxygen brid (7)) 4 1979: Kell t al

Wi @ bridgghl oxygen &,o = 5 197e: Be eretal. 1823K

7k 4 & 1 o : Berryman
.§ 0.6k e & =2 Present Model
g ® /& S 801 ___2003: Hundermark
& 05+ s T
B % % & 601

04 F ® L % O
2 % %, = 40

i & " oo"’o, 3

02} % £ 201

0.1 \ Qo =

- B LIJ O — T L L L 1
0.0 . . . e o000 o . . 20 30 40 50 60 70
00 01 02 03 04 05 06 07 08 09 10
CaO mole fraction Sio, Mol % CaO
(a)

Thibodeau, E. and |.-H. Jung. A Structural Electrical Conductivity Model for Oxide Melts. Metallurgical and Materials Transactions B.
2015, 47(1), 355-383.
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| ELECTRICAL RESISTIVITY SEFPRO)

» Sodalime glass and AZS with sodium infiltration Al203

Fe203+Ti

39%
Resistivity of sodalime glass @ 1400°C = 4 ohm.cm 02...
10000 Resistivity of ER1711 new @ 1400°C = 150 ohm.cm
Resistivity of ER1711 impreg. @ 1400°C = 30 ohm.cm others
Resistivity of XeBOOST new @ 1400°C = 520 ohm.cm 3%

Resistivity of XeBOOST impreg. @ 1400°C = 220 ohm.cm

Si02

£ 1000 .
=
N
@)
=
=
2100
)
e
10 .
Sodalime glass
: | : : >
1200 1300 1400 1500

Temperature °C



Redox: glass color and fining oy

«  non-destructive
analyses

Hunault, Myrtille OJY, et al. "Nondestructive redox
quantification reveals glassmaking of rare French gothic
stained glasses." Analytical chemistry 89.11 (2017):
6277-6284.

Boloré, D. &Plgeonneau F (2018)
JACersS, 101(5) oA
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High-temperature properties of silicate liquids are strongly correlated to structure

Lots of non-linear and non-monotonous effects - prediction is hard without physics-informed

models

Development of advanced models and smart design of experiments

SAINT-GOBAIN RESEARCH
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