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Huge similarities between natural glasses and human glasses....
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Fulgurite Optical fiber
Pyrex 1912
Lybian Glass ) J

Roman glass Embiez 200y

Rhyolite
Window Glass

Tektite glass Actual window glass

Obsidian glass ' Babylonianss 140y BC

Trachyte Egyptian 1600y BC

Germanique 1500y
Andesite
Chartres 1200y

Phonolite Glass "E" 1930y

Basalte Boheme 1600y

Tephrite Tour 1400y

Rouen 1500y
Peridotite

Flint 1660y

Lunar glass
Nuclear Glass

Dunite

80 1000




Phase equilibria between melts and crystal
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Geomaterial
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Thermodynamic cycle
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Configurational entropy
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Diopside - CaMgS$i,0; Geomaterial
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Viscosity equation ?

131
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Viscosity, log Poise

NS3

Na,0-38i0, /]

1
Neuville et al., 2010 104/T, K-1

3 S 7 9

Vé -
Vs, T

Geomaterial &/}

Arrhenius :

Nn(T) = A.exp(E/RT)
<~ logn=A+B/T

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

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

But, just a fit .....




Viscosity equation -

—
i NS3 - conf
13- Na,0-38i0, 7/ T](T) - Ae'exp[Be/TS (T)]
i NaAlSi, O, ' Proposed by Adam and Gibbs, 1964
11+ : 1 First used to silicate melts by Urbain, 1972,
o | f Wong and Angell 1976,
-g i | Scherer, 1984, Richet, 1984, ...
=¥ 9 _| Neuville and Richet, 1991....
o0~ |
= [ | :
z ot | qeonf f1) =
.71 7 - ] S (T) - U t
é i S NS2 1
S Na,0-28i0, 7]
) Cp*i(T) = Cpg(Tg) - Cpl (T)
3 . Calorimetry measurements
i | => Easy
L 1 L PR R T N S N T M
13 5 7 9 11 13

4 -1
Neuville et al., 2010 10 /T9 K



Configurational entropy
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: -MgSiO
1 0 — CaS|O3 %B o) 3 Modifyed from Richet P. and Neuville ~ —
o 273 D.R. (1992) Thermodynamics of
GeO silicates melts: Configurational
L -@ . 2 properties. Adv. Phys. Geochim., 10,
.+ SiO, 132-161.
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What is viscosity ?
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What is viscosity ?
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What is viscosity ? Geomaterial J\‘”’

=)/

3
o

. ___
E N BNC o s
' Sio _
14} 2 : 14|  Glass transition / o
I __Annealing point . / =
N NS, 8
L S c
PhonoliteffPY" - . : / c
12+ ’ ’ T 12 T softening ©
i L | dilatometric point /
2 10| 'y
© - f ] T anl
o 10 — E’ g 10 i
2 o o | .
— =/ / B - ) , T softening
- 8- N /] © O 7 / Littleton's point
x g >-; 8- / o)
a / C = / =
9 / T / =]
2 6l a 9 | / g <
S 6] // 19 &6 / e
> / €&
Rhyolit /Embig — 3
yoli I ;o T flow =
4r | 2 4 S o
I 8 .
andesitg/,/ “ i} .llol8 Andestts,
| 3 = = o5 o . .
20 §§‘§ 2l 2 53 E I // T working o
offo||8|| |IZ|€|18|15]|5/|3/|5]5|2 2; - —3 £
L gg g q-,>| % q-)>‘ q-,>‘ =|> oo £ 0 a | / T meltin %
i o 53 S5|5||€ £ £ € £ £ € -
e |85 8n8s313 2 25 55555 E _ /" Basalte £
0 ’u—‘l YO 11 S T S | I v o s
0L | ey
4 6 8 10 12 14 3 5 7 9 11 13 15

104/T (K) 104T (K1)



Viscosity measurements

15_' L L L L L L
s Accuracy £0.02 E
@ L _.
I uf :
=11] - ]
= I T
2 qF ]
g r 1
2 St ]
> .
3r =
1 _I I ::rl | TR T R B A A | | | I T T B | B
5 6 7 8 9 10 11 12 13 1
104T (K)
% Low temperature
-k
n=%
RY:;

—

@)

Couette apparatus

Neuville, 2006
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Viscosity measurements
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Liquid =>
Newtonian behavior

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

Viscosity (log Poise)
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Ca/Mg Mixing Geomaterial
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Ca/Mg mixing

log n =A, + B,./TS" (T)

s (T) = s (Tg) + ]Cpconf / Tdt
Cconf=C,l - €, fT,) 9

Sconf(Tg) = SMix+3x;S;conf (Tg)
Smix = - nRX X;In X; with X;=Ca/(Ca+Mg)

Ideal mixing => random distribution

O-NMR
Allwardt and Stebbins 2004

e “viewpoint” of the NBO
170 chemical shifts depend
strongly on which cations are
nearby
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| and garnets. Geochim. Cosmochim. Acta., 55, 1011-1021.
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isotopic dimension, ppm

mol % CaSiO,

¢ detailed analyses of spectra
support almost random
distribution of Ca + Mg around

NBO

e size difference of CaZ* and Mg?* is
insufficient to cause ordering

Configurational entropy : image of the structure of the liquid



Ca/Na mixing
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Raman spectrocopy
(Neuville, 2006) and

170 NMR (Lee and Stebbins,
2003) show a non random
distribution of Na and Ca.




The Adam and Gibbs relaxation theory Geomaterial :

Be proportional to ize.
Ae pre-exponential term the energy

Viscosity at “infinite” temperature barriers Au to
/ﬁ viscous flow

B,
lo A +
g(’?) T sconf (T)
Viscous flow occurs \ ] T Czonf
con
through cooperative STH(T) +ff T
8
rearrangements of ; - 5
. .’ 1 @ Fd \ ")
‘. % ) — b5 S O SR, Q -
subunits &= 8% DAY
A A / si / D
In silicate melts,viscous flow is related to Q.?‘ 2 220 2
exchange of oxygen by and interactions ) ke ‘3 {4 y"")
between high coordinated units (Farnan i@: e >
and Stebbins, 1992) or depolymerized

species (Neuville et al., 2008)




Na20 - K20 - SiO2 melts — extensive dataset
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Le Losqg Ch., Neuville D.R. (2017) Molecular structure, configurational entropy and viscosity of silicate melts: link through the
Adam and Gibbs theory of viscous flow. Journal of Non-Crystalline Solids



Linking structure, thermodynamic and rheology: Geomaterial ';'/’,;,

lOg(I’) = J le + @} conf
(&)%)

Be and S°°"(Tg) = sum of partial Be and S (Tg) molar
values for each tetrahedral species
Na2SiOs and K25i03 (Na-Q? and K-Q?)

Na2Si20s5 and K2Si20s5 (Na-Q3 and K-Q°)
Sio2 (Q%)

Need to add to S (Tg):

. ideal mixing of Si between Q?, Q3 and Q* units

 ideal mixing of Na and K in network modifier channels
Need to add to Be:

« the above ideal mixing terms, scaled by two coefficients

Le Losqg Ch., Neuville D.R. (2017) Molecular structure, configurational entropy and viscosity of silicate melts: link through the
Adam and Gibbs theory of viscous flow. Journal of Non-Crystalline Solids




« 13 parameters, 326 data points, from 60 to 100 mol% SiO2

« Minimisation of the least-square criterion using the lpopt (Wachter and Biegler
2006) and Knitro (Byrd et al. 2006) solvers, and error calculation via non-parametric
bootstrapping (20 000 re-sampling done)
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J mol’ K7 x @ .
n 10+ ; {0 10+ °
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3 (@)} bvs ® X >
Na-Q>: 0.9 (03-13] o 8¢ ° 1®» 8 o
= : %
K-Q2: 12.0 [65-204] 2 * );? S :‘/‘:
O 6} 1T 6} ¢
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x x x model
Le Losq Ch., Neuville D.R. (2017) Molecular
structure, configurational entropy and 0 I | I I I I 0 I I I I I I I
viscosity of silicate melts: link through the 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14
Adam and Gibbs theory of viscous flow. 1 OOOO/T, K—l Measured ViSCOSity, |Og Pas

Journal of Non-Crystalline Solids



AR* in silicate glasses and melts

2843 K

2293 K

after Rankin, 1915



Ca0-Al,03-Si0, system
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Configuration Entropy Theory
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R= CaO/A|203

log n=A,+ B,/TS°" (T)

Sconf(Tg) = Smix4 Sconftop
Sconftop = zxisiconf (Tg).

SmiX =-nR Z Xiln Xi
Xi=Al/(Al+Si)
Ideal mixing => random distribution

T
Sconf(T) - Sconf( Tg) + f CpC()nf/T d7
Tg
with C,©" = C,/ - C,y(T,)

Substitution of Si by Al
in Q% species along the join R=1 @




Ca0-Al,05-Si0, system

Geomaterial :
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Neuville D.R., Cormier L. and Massiot D. (2004) Role
of aluminium in peraluminous region in the CAS
system. Geochim. Cosmochim. Acta., 68, 5071-5079




NA75.X : 75% SiO,
X=%A|203
Na,0=100-(75+X)
High-viscosity measurements 108-1014Pa.s £0.02: Creep apparatus

(Neuville and Richet, 1991, Neuville 2006)
Low-viscosity measurements 1-10°Pa.s £0.04: (Neuville,2006)
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and melts. Geochimica Cosmochimica Acta, 126, 495-517




Na,0-Al,05-Si0, Raman spectroscopy
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Le Losq Ch., Neuville D.R., Florian P., G.S. Henderson and Massiot D. (2014) Role of Al3+ on rheology and nano-structural
changes of sodium silicate and aluminosilicate glasses and melts. Geochimica Cosmochimica Acta, 126, 495-517
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Al** in silicate glasses and melts NAS tectosilicate join

Viscosity (log Pa.s)
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—Variation of viscosity : not a linear
function of SiO,

—Near the Tg : importance of the
configurational entropy
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Conclusion Geomaterial *:

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 and aluminosilicate
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 mixed randomly in silicate and non randomly aluminosilicate
glasses and melts. It is possible to determine viscosity from Q species.

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

Coming soon : a general model between Q species and viscosity @



