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Raw materials
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Possibility to use TVF equations and viscosity models

LSEVIER Journal of Volcanology and Geothermal Research 76 (1997) 319-327
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Liu H., Fu Z., Yang K., Xu X., Bauchy M. (2019) Machine learning for glass science and
engineering: A review. Journal of Non-Crystalline Solids X, 4, 100036




Raw materials
Fuel
Furnace atmosphere

Melts +
Volatiles +
Crystals +

Bubbles

AGC Glas€®furnace

Different style for volcanic eruptions
Different furnace operations
Different glasses products
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- Chemical composition
- Temperature

Iron, aluminum, alkali,
earth-alkali

- Pressure

Villeneuve N, Neuville D.R. Boivin P., Bachelery P. and Richet P.
(2008) Magma crystallization and viscosity: A study of molten basalts
from the Piton de la Fournaise volcano (La Réunion island) Chemical
Geology, 256, 242-251.




NaAISi;05 melt (1400°C) Falling-sphere method (Kushiro,
N ere (Kushiro, 1978)
(O ST, .
e 1 oy And now, falling-sphere coupled
B 9 with high resolution X-Ray CCD
- camera
Pkb 5 12 15 15 20 [Suzuki et al. (2002), Reid et al., (2003)]
a,mm 049 039 046 042 0.2
4
. Kushiro (1978)
b - 1873K Ab=NaAlSi;0g B:!:alllr;l)et al. (1986)
a Di= Suzuki et al. (2002)
3 . Reid et al. (2003)
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Viscosity (Log Po)
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FROM GLASS TO CRYSTAL

Nucleation, growth.and phase separation:
from research to applications

Olivine
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Viscosity (log Poise)
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Vetere F., Behrens H., Holtz F.,
Neuville D.R. (2006) Viscosity
of andesitic melts — new
experimental data and a
revised calculation model.
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Glass transition temperature, K

Tg measured by DSC with heating rate 10K/min
or Tg taken for log n =12 Pa.s
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Métrich N., Bertagnini A., Garaebiti
E., Vergniolle S., Bani Ph., Beaumais
A., and Neuville D.R. (2016) Magma
transfer and degassing budget
during the 2009-2010 unrest at Mt
Garet (Vanuatu arc). Journal of
Volcanology and Geothermal
Research. 322, 48-62.
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Clinopyroxene, Plagioclases, S o _
Olivine 5 luid inclusion
FeTi oxide
¢' Tmm

Clinopyroxene,

* Analyze of residual melts

« Proportion of bubbles Raman
« Proportion of crystals spectroscopy
Volatiles
quantification, Raw spectra
Hzo, C02 as Baselin Corrected
E © spectra

Losq et al., Amer Min, 2012 S
Amalberti et al., 2011, 2021




Lognlava "I' XvoIatiIe + Ycrystal + Zbubble

Whittington et al., (2001)

-n
n =‘] - Q@ (Dm) Roscoe, 1952
’ Lejeune et al.,, 1999




Lognlava = Iogﬁrlmelt + XvoIatiIe + Ycrystal + Zbubble
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Properties versus Structure ?



Glasses, melts = network former + alkali or
earth-alkaline elements + transition elements

What is a network modifier or
charge compensator ?

Why alkaline or earth-alkaline
element changes role?

a

What happens in the case of

transition elements? Redox talk

What happens during tomorrow
nucleation processes?
< 4
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Viscosity measurements

200-1000° C
8 <logn<15log Pa.s

- O
N=3¢

Creep apparatus
Neuville and Richet, 1991

Cylinder
1<d<20mm
4<h<15mm

Or
Parallelograms
R=3-4mm

Temperature
gradient
<0,1° C

Neuville D.R. (2006) Viscosity, structure and mixing
in (Ca, Na) silicate melts. Chem. Geol., 229, 28-42.




200-1000° C 133
8 <logn <15 log Pa.s % sl Liquid => Newtonian behavior
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in (Ca, Na) silicate melts. Chem. Geol., 229, 28-42.
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Viscosity, log Pa.s
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borosilicate glass
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Viscosity, log Pa.s

Viscosity, log Pa.s

Sipp A., Neuville D.R. and Richet P. (1997) Viscosity and configurational entropy of borosilicate
melts. J. Non-Crystal. Solids., 211, 281-293.
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Viscosity measurements on the 4 NBS glasses : 710, 710a, 717 and the new 717a
Accuracy at low temperature 0,02 and at high temperature 0,03 log unit.

Neuville D.R. (2006) Viscosity, structure and mixing
in (Ca, Na) silicate melts. Chem. Geol., 229, 28-42.
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Viscosity log Pa.s
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1150° C => ~2log Pa.s
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Claudine and Allain Guillot

Antoine Mexmain



Viscosity log Pa.s
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Viscosity log Pa.s
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Back to the glasses and melts



A disordered state A glass transition temperature

1400 - a \ x 1
Mg3Al;SizO12 Liquid, .-
1200 Supercooled _.*°
AS .
T
m
0 {'[r'/ T T | |
. . - 0 500 1000 1500 2000
Huang et al., (2012) Direct Imaging of a Two-Dimensional Silica
Glass on Graphene Nano Lett. 2012, 12, 1081-1086 T, K

Neuville D.R., Henderson G.S, Dingwell D. B. (2022) "Geological melts" Review in
Mineralogy and Geochemistry. DOI : 10.2138/rmg.2022.87.02

Residual entropy = configurational entropy
=> image of the glass structure



/ Phase equilibria between melts and crystal \

W = AH; - TA S,

con crystal
L S melts => ASmix => AS

/ free enthalpy of formation with respect to oxides

} C, dTIT -3 (5(0) + fcpi dTIT)
AGY%(T) = AH%(T) — TAS(T)

L S(0) = $°°"" (Tg) Y,

AGF (D =[2n,~AHsi (T)-Afg(ﬂ]-r

glass

At room temperature Sc°"f can be up

to 30(y0 Of tOtaI entro py Of glass Linard, Neuville, Richet (1997) Thermochimie des verres de

stockage de dechets nucleaires: Une nouvelle approche.
https://www.researchgate.net/publication/343852518




Glass

Diopside
CaMgSi206



Tm Crystal Tg liquid
s (Tg)= [ Cp AT +AS, + [ Cp

dT+f

0 T Tm T
MM — quwd
- (Ca,Mg)SIO, Supercoole
600 |

C p glass

dT

500 |

400 |

S, J/mol K

300 |
200 |

100 |
SCO“J....-............-
0 500 | 1000 1500 2000
| Y T, K |
Adiabatic DSC Drop or HT calorimeter
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Arrhenius :

n(T) = A.exp(E/RT)
<~ logn=A+BIT

Yes but only for SiO,, GeO,,
NaAlSiOz, KAISiOgz because
activation energy change from
2000kJ/mol at 1000K up down
300kJ/mol at 1800K for NS3.

Need TVF equation
logn =A, +B,/(T-
T,)

DII‘ :Ilﬂ‘ -~ ::‘



L T

wono, M(T) = A.exp[B,/TS"(T)]

NaAlSi,0, _,.-’::"‘_ Proposed by Adam and Gibbs, 1965

131

nr
First used to silicate melts by Urbain, 1972,
of | jesio, /7 ] Wong and Angell 1976,

lcakisio. £¢ { Scherer, 1984, Richet, 1984, ...
(N Neuville and Richet, 1991....

|

" NS2

":.’,'-":'."'Nazo-ZSi()z ‘ sconf (T) = sconf (Tg ) "

Viscosity, log Poise

Cp®(T) = Cpg(Tg) — Cpl (T)

|

] Calorimetry measurements
3 05 7 9 11 13
104T, K- => Easy

1

Neuville et al., 2010
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The free-volume theory (Cohen and Grest, 1979)

logn(T,x) = Apy (x) + 2Bpy (x)/(T — Try () + \/<(T - TFV(X))Z + CFV(x)T)>

The equation of Avramov and Milchev (1988)

logn(T,x) = Aap (%) + (12 = Agp () (T (x) /T)m(x>/(12—AAM(x))

The MYEGA equation (Mauro et al., 2009)

—000)-1)( 2 4)
logn(T, %) = Ag(x) + (12 — A, () (T, (x)/T)e M/ (12411




NS4 : Na,Si O Measurement set: high
and low temperature

164 ® Fitdata The set of equations yields
= TJVF. good results and
Rt :‘;EGA accurately reproduces the
4 124 G measurements
& — AG
(o)) 10 4
S
2 8-
wv
O
v
2 6-
>
4 -
2 -
0 1 L T 1 L]

o
(o]

10 12 14 16
10000/T, K™*

Neuville D.R. et Richet P. (1990) Viscosité et entropie des
silicates fondus. Rivista del la Staz. Sper. Vetro, 6, 213-221.




NS4 : N328i409

Viscosity, log Pa's
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16

Measurement set: high
and low temperatures

The set of equations yields
good results and
accurately reproduces the
measurements

No measurements
available for very high
viscosities: extrapolation at
low temperatures is
difficult, except for AG

Neuville D.R. et Richet P. (1990) Viscosité et entropie des
silicates fondus. Rivista del la Staz. Sper. Vetro, 6, 213-221.




NS4 : N328i409

Measurement set: high
and low temperatures

Viscosity, log Pa's
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Fit data
TVF
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AM
CG
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L T

10 12
10000/T, K1

Al

14

T

16

The set of equations yields
good results and
accurately reproduces the
measurements

Measurements are lacking
at very high viscosities:
extrapolation at low
temperatures is difficult
except for AG

Measurements only at low
temperatures: difficult
except for AG and AM

Neuville D.R. et Richet P. (1990) Viscosité et entropie des
silicates fondus. Rivista del la Staz. Sper. Vetro, 6, 213-221.




NS4 : N328i409

Measurement range: high and
low temperatures

164 W Fitdata
— TVF
14 1 —— MYEGA
— AM
n 12 {1
& — AG
5;10“
o
> 8-
‘0
(@]
&)
v 64
>
4-.
2-
0 - -

Neuville D.R. et Richet P. (1990) Viscosité et entropie des
silicates fondus. Rivista del la Staz. Sper. Vetro, 6, 213-221.
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The set of equations yields good
results and accurately
reproduces the measurements

No measurements available for
very high viscosities:
extrapolation at low
temperatures: difficult except for
AG

Measurements only at low
temperatures: extrapolation
difficult except for AG and AM

Measurements only at high
temperatures: extrapolation very
difficult except for CG and AG if
Cp values are available
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Viscosity, log Pa.s
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Viscosity, log Pa.s
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104/T, K-1

SiO, covalent bond
SiO, tetrahedra
Na,O breaks the network
Viscosity decreases

GeO, covalent bond
GeO, tetrahedra

B,O5 covalent bond
BO, triangle and BO, tetrahedra



Viscosity, log Pa.s
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104/T, K1

SiO, covalent bond
SiO, tetrahedra
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Viscosity decreases
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Na,O breaks the network
Viscosity decreases

B,O5 covalent bond
BO, triangle and BO, tetrahedra



Viscosity, log Pa.s
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SiO, covalent bond
SiO, tetrahedra
Na,O breaks the network
Viscosity decreases

GeO, covalent bond
GeO, tetrahedra
Na,O breaks the network
Viscosity decreases

B,O5 covalent bond
BO, triangle and BO, tetrahedra
Na increases BO, content
Viscosity increases

TeO, ionic bonding



SiO, : SiQ, tetrahedra, 3D network, high connectivity
=> strong liquid
Alkali broke network, viscosity decreases, Tq.....

GeO, : Ge(Q, tetrahedra, 3D network, high connectivity
=> strong liquid
Alkali broke network, viscosity decreases, Tg.....

B,O; : BO3 triangle, 2D network, low connectivity,
=> fragile liquid
With alkali : M,O + BO3 => BO4 : 3D network
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29Si MAF Spectrum of K,0-2SiO2 glass
Davis et al., J. Phys. Chem. A, 2010, 114 55035508

Isotropic MAS

Q4

Q3
Q2

Isotropic/anisotropic MAF

Si K-edge of BaO-SiO, glass
Bender et al., JNCS, 2002, 298, 99-108
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Mineralogy and Geochemistry. DOI: 10.2138/rmg.2022.87.02

Neuville D.R., Henderson G.S and de Ligny D. (2014) Advances in Raman Spectroscopy
Applied to Earth and Material Sciences. In Henderson G.S, Neuville D.R., Down B. (2014)
"Spectroscopic methods in Mineralogy and Material Sciences" Review in Mineralogy and
Geochemistry, Vol 78, 509-541.
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Neuville D.R. and Richet P. (1991) Viscosity and mixing

in molten (Ca,Mg) pyroxenes and garnets. Geochim.
Cosmochim. Acta., 55, 1011-1021.

log n=A, + B,/TS°" (T)
Sconf (T) — Sconf(Tg)+prconf / Tdt

Tg
Co = Cpy - Cog(Ty)

T
logn = A, + B./(T(S*™ (Ty) +/ Cp™™ |T.dT))
Ty
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Ideal mixing => random distribution
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insufficient to cause ordering
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Ideal mixing => random distribution



Morey,
G.W.,
Bowen,
N.L., 1925.
The melting
relations of
the soda—
lime—silica
glasses. J.
Soc. Glass
Technol. 9,
226-264.

T o e icatagerrhs KT ek
- 13F P $ -
Cal/na-silicate PR CN60.00 ]
-5} - i
g 1 - .
(=] - MCN60.40 -
75%S|02 =~ 9 [ ]
on r ]
= [ ]
CN60.00 S 7F -
> C ]
A~ - ]
CN60.20 w 5r .
=) r ]
/ Na/ca- 4 [ ]
oy o= 3 - .
silicate > _ ]
1 Lot 60%Si0, ]
CN60.40 P T N R S SN SRR SRR BRI B
English, S., 1923. The effect of composition on the viscosity of 5 7 9 11 13
glass: Part Il. J. Soc. Glass Technol. 8, 205-251.
104/T (K
' | ] | T ] L T T | T T T | T T T I T T T I T T T ]
QB . 75%Si0, g B 60%Si0, 7
St R I suf :
o 11 ! cete ., o 11 N ]
o . o o es e D o 1
Ke) 9r . g;gﬁ oo © B 2 9 I -]
~ I o 923K ¢ i = C . ]
g s 1z | ,. ;
Q C o 167K Q C o ]
8 st . 8 sk .
.‘2 L ° o .o .. 9 N 4
> 3 - ® o0 oo . o ° . > 3 :—
1F - 1F T
PR L | N | ' ' | N P | s N s L L | ! 1 ! | 1 I L |
0 0,2 0,4 0,6 0,8 1 0 0.2 04 0.6
CN60.00 CN60.40 CN60.00 CN60.40
Na,O / (Na,O + Ca0) Na,O/(Na,O + Ca0)

—_
wn

Neuville D.R. (2006) Viscosity,
structure and mixing in (Ca,
Na) silicate melts. Chem. Geol.,
229, 28-42.




Morey, G.W.,
Bowen, N.L.,

1925. The melting

relations of the
soda—-lime-silica
glasses. J. Soc.
Glass Technol. 9,

CN60.00

226=264:
CN60.20
CN60.40
150
i
£ -
£ e
En i
wha) < g
] L] 15 E 250 kL
100+
®
z Na Silicate
L CON6O.40
N6O.J)
CN60.20
CN60.10,
CN6OLOS,
Ca Silicate
ON6O.0O
b 200 400 600 800 1000 1200

Wavenumber, cm*!

logm = A, +B_/TS" (T) s

Sconf(Tg) - Smix+zxisiconf (Tg)

Sideal : Random mixing =

Ideal mixing term : -
NRXiLnXi

Ca Silicate

Na Silicate

1"

P e T T T T T
p= - T

P Sideal=_.nRX;InX; S

Sconf(Tg) J/mol.K*

N

\
A Y
N\

'l

) AQ3/AQEE
" 04 08 08 1
CNGo.00 Na,O / (Na,O + CaO) CNG0.40

MAS dimension (ppm)

v 1n3.00%5
RN 4
Na-OM 5

No-Osi &

(CaNa)O s

x=05 x=0.75

ﬁé\ o

(CaNa)-Osi

Neuville D.R. (2006) Viscosity,
structure and mixing in (Ca,
Na) silicate melts. Chem.
Geol., 229, 28-42.

Raman spectrocopy (Neuville,
2006) and
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M*, M** : Network modifier => produce non-bridging

oxygen,
=> decrease viscosity, Tg, molar

volume, ..
=> increase configurational entropy

and disorder....

How can be change in charge compensator ?
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27TAI NMR
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Neuville D.R., Cormier L., Massiot D. (2006) Al
speciation in calcium aluminosilicate glasses: A NMR
and Raman spectrocospie. Chem Geol., 229, 173-185.




1<R<+3 R=Ca0/Al,0,=1
Al =>93% in Al'Y
~7% in AIY

Peraluminous glasses
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with excess Al
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Neuville D.R., Cormier L., Massiot D. (2006) Al speciation in calcium aluminosilicate glasses: A
NMR and Raman spectrocospie. Chem Geol., 229, 173-185.




Ca0-Al,0;-Si0, system and tricluster oxygen

luga D., Morais C., Gan Z., Neuville D.R., Cormier L., Massiot D. (2005) 27Al/170 NMR
correlation in crystalline and vitreous materials. J. Amer. Chem. Soc., 127, 11540-11542.
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Mixing Na-K in
aluminosilicates

On the join M/Al = 1

Al/Si=0.11
Al/Si=0.20

_ NAKXx.y.z with x : %mol SiO; ;
Al/Si=0.33

. ags - 0 . . 0 .
Alkali tectosilicates y : %omol Al055 2+ Y%emol Kz0 ;

AIISi=0.5€nd thus %mol Na,O = 100-(x+y+z)

N\ MSE.T2 - AlSI=0.11 =90%SiO,

E ~_Al/Si=0.20 =83%SiO,
AlISi=1.00 A|/Si=0.33 =75%Si0,
Al/Si=0.50 =66%SiO,
Al/Si=0.72 =58%Si0,
Al/Si=1.00 =50%Si0,

\K,0

Losq & Neuville, Florian, Massiot, Zhou, Chen, Greaves (2017) Percolation channels: a
universal idea to describe the atomic structure and dynamics of glasses and melts. PNAS

Y

0 X =KI/(K+Na)



When replacing Na by K:
viscosity increases strongly...

Ideal mixing
proposed by
Richet, 1984

Na and K do not mix
randomly
= Viscosity,
thermodynamics
— Structure
Losg & Neuville D.R. (2013) Effect of
K/Na mixing on the structure and

rheology of tectosilicate silica-rich
melts. Chemical Geology, 346, 57-71.
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Compensated Continuous We propose a new version:
Random Network Compensated Modified

From Greaves and Ngai, 1995 Random Network

Na and K are in different structural positions
= Two different networks
— Non random mixing



Losq, Neuville D.R., Florian P., Massiot D., Zhou Z., Chen W., Greaves N. (2017) Percolation channels: a universal idea to describe
the atomic structure of glasses and melts. Scientific Reports, 7, Article number: 16490, doi:10.1038/s41598-017-16741-3







SiO,, GeO, => strong network former
B,0, (BO3,B04), P,0O;, V,0;, TeO, => soft network former

Al,O;, : mix... ?
AlV => network former
AlV=> reticulator, need to ensure dynamics at HT
AlV'=> generaly network modifier...

Li,O, Na,O, K,0, MgO, CaO, SrO, BaO, ZnO, FeO
=>network modifier or charge compensator with T



The configurational properties of melts and glasses
provide fundamental information needed to characterize

magmatic and industrial processes.

The configurational entropy gives a strong idea
about glass structure.

It is possible to link the “macroscopic”
configurational entropy with the structure of
melts determine by NMR or Raman spectroscopy.

» Ca/Mg can be mixed randomly in silicate glasses and melts

* Na*/Ca?* and Na*/Sr?* or Na*/M?+ are not mixed randomly in
silicate and aluminosilicate glasses and melts.

* Na/K are non randomly mixed aluminosilicate glasses and melts.

» Si/Al are mixed randomly in tectosilicate glasses and melts.

 5IAl is probably a good network former or reticulator




