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Pressure and Volume with the Gibbs

free energy
dG=VdP-SdT+5p; dn,

Volume Is the derivative of
G by the Pressure

We need:. Equation of State
V={(T,P)

Direct determination or by
Integration of the bulk
modulus K
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Entropy versus Volume
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Why so much possibilities for SiO,?
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Energy of formation, eV
Potential energy, kd/mol
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No. of tetrahedra, n Intertetrahedral angle, (Si-O-Si), °
Galeener 82 Gibbs et al. 81

Network very flexible as shown with SiO, polymorphs:
- coesite (n=4)
- quartz (spiral of 6)
- tridymite (n=6)
- cristobalite (n=6)
- zeolites (n=6)

] : /
FRIEDRICH-ALEXANDER s 3 =3 \
UNIVERSITAT
ERLANGEN-NURNBERG 3 Lyon 1
INSTITUT LUMIERE MATIERE =

No significant
energetic effect
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Evolution of volume with the
composition

Liquid Glass

£
36 e T

_.Densification
3 of 6.5%

V, cm™/mol

moi%Sio2 o B e & ek & & 8 o d o
: {s®lom) OgAl
Bockris et al. 1956
H. Doweidar / Journal of Non-Crystalline Solids 194 (1996) 155-162

Liquid additivity of oxides no additivity from oxides
v(T) = > xWi(T)
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Modelisation of the volume with

composition

Using the database SciGlass

Priven and Fluegel

Estimated density [g.fcm:']
o

W

%]

Fig.2. Plotof 6719 measured versus estimated density values according

to the model in Table II.

J. Am. Ceram. Soc., 90 [8] 2622—-2625 (2007)

4 5
Measured density [g/cm®]
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Density = b + Y |biCi+ > | buCiCr+ Y bign CiCiCh

i=1 k=i m=>k
Variable Coefficient Variable Coefficient Variable Coefficient
Intercept 2.121560704 Cdo 0.052945783 K0 x MgO —0.000337747
AlO5 0.010525974 La>04 0.10643194 K>0 x CaO —0.000349578
(ALO3) —0.000076924 Nd,O; 0.090134135 K-O x StO —0.000425589
B,0, 0.00579283 NiO 0.024289113 K,0 x BaO —0.000392897
(B,05) 0.000129174 ThO, 0.090253734 ALO; x CaO —0.000102444
(B,O,) —0.000019887 U0, 0.063297404 ALO; x PbO —0.000651745
Li-O 0.012848733 Sb,0, 0.044258719 ALO;3 x TiO, —0.000563594
(LiO) —0.000276404 SOs —0.044488661 ALO;s x BaO —0.000273835
(Li0)* 0.00000259 F 0.00109839 ALO; x SrO —0.000177761
Na,O 0.018129123 Cl ) —0.006092537 ALO; x ZnO —0.000109968
(Na,0)? —0.000264838 Remainder’ 0.02514614 ALO; x Zr0O, —0.002381651
(Nax0) 0.000001614 Na>O x K>O —0.000395491 Na,O x PbO —0.000036455
K,O 0.019177312 Na,O x Li,O —0.00031449 Na,O x TiO, —0.00014331
(K,0)? —0.000319863 K->0 x Li,O —0.000329725 Na,O x ZnO —0.000155275
(K>0) 0.00000191 NasO x B:0; 0.000242157 NaxO 3 ZrO» —0.000126728
MgO 0.01210604 K,0 x B,0; 0.000259927 Na,O x Fe,Os —0.000371343
(MgO)’ —0.000061159 Li>O x B-04 0.000106359 K>0 x PbO —0.000525213
CaO 0.017992367 MgO x B0y —0.000206488 K50 x TiO, —0.000386587
(CaOy? —0.00005478 Ca0 x B,0O, —0.000032258 K,0 x ZnO —0.000329812
SrO 0.034630735 PbO x B-O5 —0.000186195 CaO x PbO —0.00084145
(StO) —0.000086939 Fe,0; x B,0, —0.000720268 Zn0 x Fe,0, —0.001536804
BaO 0.049879597 ZrO; x B>0; —0.000697195 Na,O x K0 % B,03 —0.000032967
(BaO)? —0.000168063 ALO; x B,O; —0.000735749 Na,O x MgO x CaOQ —0.000009143
Zn0 0.025221567 Li,O x ALO, —0.000116227 Na,O x MgO x AlLO, —0.000012286
(ZnOy 0.000099961 Na-O x Al,O3 —0.000253454 NaxO x CaO x ALO; —0.000005106
PbO 0.070020298 K,0 x ALO; —0.000371858 Na,0 x CaO x PbO 0.000100796
(PbO) 0.000214424 MgO x CaO 0.000057248 K>0 x MgO x CaO —0.00001217
(PbO)* —0.000001502 MgO x ALO; 0.000167218 K0 % MgO x AlLO; —0.000041908
Fe,O, 0.036995747 MgO x ZnO 0.000220766 K50 x CaO x Al,O4 —0.000012421
Mn, O, 0.016648722 Li;O x CaO —0.00008792 K50 x CaO x PbO 0.000125759
TiO, 0.018820343 Na,O x MeO —0.000300745 MgO % CaO x Al,O; —0.000011236
Zr0, 0.043059714 Na-O x CaO —0.000228249 Ca0 x ALOs x Li-O —0.000016177
(Z10,)> —0.000779078 Na,O x SrO —0.00023137 ALO; x B,0; x PbO 0.000030116
Ce, 0, 0.061277268 Na,O x BaO —0.000171693
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Modelisation of the volume with
composition

Molecular Approach

Doweidar _® ® et
T w
s -
"cg 704
Additive model on the o .
Qn species E )
55
100 1 é 'l
a 80+
J V4
?{ 0 ' 5 "10 15 2 ' 25 ' 30 ' 35 40 45 @ 50
:i; Naz0 {mol%)
'éi H. Doweidar / Journal of Non-Crystalline Solids 194 (1996) 155162

Here a structural model is needed
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Modelisation of the volume with

composition
Effect more complex with change of
coordination

4.40

4.20
4.5 A ]
L J
4.00
44
NE&BO -~ 4.3
S 2 1 l
> Hendersen and Wang :
£ 560 Eur. J. Mineral. 42 .
e 2002, 14, 733-744
41
Na
3.40
4.0 - . :
10 20 30 40
mol%e A,0

Na,Q: (Ueno et al, Physicg B, 1983)
300 K,0: (Hoppe et al, J Non-Cryst Sol, 1999)
0 10 20 30 40 Cs,0: (Hannon et al, J Phys Chem B, 2007)
mol% X0

Mixing terms can take in account these variations
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Variation of volume with cooling rate

- liquid glass 4 liquid silica

super-cooled y,
fiquid {7 T A

Al —
soveous o
Silica: e

super-cooled J
|Iq|.“d i""-----.. : H
fast eooling ,

Glass:
density p2

slow cooling

Volume
Volume

5 5% _ fast cooling
density %
density py >
P% density g2 > p1 v
Grystal TH Tﬁ- H Tﬂ Tﬂ" i

>
Temperature T: Tm Temperature T

Normal (GeO,) Anormal (SiO,)

Anomalous relationship of silica glass with cooling rate explain by Sen with
polyamorphism
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Silica glass and polyamorphism

2,21 T T LN I'—T T T T T I 1 T T ,} T ] IIIII
- o - Liquid
i LDA HDA | T (2-state)
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T, °C
Mysen Richet 08 McMillan et Wilding JINCS09

Sen et al. PRL 04

Silica polyamorphic transition smeared on a large T range?
Continuous evolution?
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Na,O SiO, TiO, M
Sample | /mol% | /mol% | /mol% | /g mol?
35 56 9

Titanosilicates

Mic 1:4 22 68 10 45,00
Mic 1:8 12 78 10 45,79

Mic 1:16 6 85 9 46,20
ULE
1:16 6 87 7 46,05
ULE 0 94 6 46,45

2000
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ULE 1:16
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Mic 0:1
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A 7971
vV 7972
a Zerozil

Na,O NT NiTs NT; NTe TiOo
Mysen and Richet 2005

n
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Density difference from reference sample in wtppm

3000 ] 1 I ] 1
900 1000 1100 1200 1300 1400

Fictive temperature (°C)

Shelby Phys. Chem. of Glasses 205
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Molar volume versus fictive temperature

Molar Volume cm3/mol

=9 ULE B Mic 1:X
IC 1:
o00—o¢o— o —  0.008 :
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» The variation of the Molar volume with T; is increasing with the concentration of Na,O

» Due to the precision of the buyancy measurement the ULE glass here appears constant
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Evolution of longitudinal sound velocity

5900 0.5
A V. Si0, C.Levelut et al. 2007
g 5850 ><- o | ULE
— an ) 0.1 0.2 0.3 0.4
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@) o “
— 5750 Micl:4 - ° n 05
.t / E
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< —
> o
5650 TMicT 2 Y
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ULE glass behaves very differently from the Na containing glasses

ULE has more or less the same behavior than pure silica glass
Could it be associated with HDA to LDA transition?
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Density change, Ap/p, (%)

Densification and Energy

23

20
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| L L L L i L

< Soda-Lime-Silica Window Glass-Ji et al. (2006)
A SiO2-Bridgman et al. (1953)

A Si02-Christiansen et al. (1962)
[0 B203-Bridgman et al. (1953)

O FBaEuZr-Miyauchi et al. (1999)
X SiO2 present data

® GeSe4 Present data

+ ZrCuAlINi present data

A Window Glass

Zrs55sCujpAl;oNis

Variations with density (g/em’) of the enthalpy (kJ/mol) of oxide
glasses

Glass dH/dp

GeO, =323 (14.1)
Si0, —44 (20)
K;Si,09 -105.2 (10.7)
Na,Siy09 =521 (13.6)
NaAlSi;Og -9.1 (10.4)

20
Hydrostatic pressure, P (GPa)

Rouxel PRL 08

FRIEDRICH-ALEXANDER
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30

P Richet et al. / Chemical Geology 213 (2004) 41-47

Uy 0&
(E)V - T‘A(E)V ’
Uy 0&
‘(a—v)s —P“‘(a—v)s '

Schmelzer and Gutzow 2011

Tﬁctive =

Pfictive =
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Evolution of Tg with densification

C,Jg"K™)

CaMgSi,O4 densified at 500MPa a

t 1040K for 10 min
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Wondraczek et al.J. Am. Ceram. Soc., 90 [5] 15561561 (2007)
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Intensity (a.u.)

Relaxation of densified silica glass

S DAC 16%
7 DLY o

oy Belt 16.5%

200 400 600 800
Raman shift (cm™)

Cold and hot
compression lead
to two different
glass with the
same density

1.0
> SO
o 08 ]
= < 700°C
= A 650°C
5 0.6 O 500°C|
)
I
€ 04
o (
Y— i
0
[
g 0.2t N

a-DAC 21% .
0.0

0 5000

10000 1
time (s

Very fast evolution at

temperature a lot below Tg

Transformation does not
reach the final relaxation

State

o o Ly
o @ o

transformation rate y

o
[\

o
S
T

900 °C
O 850°C| |
A 885°C

b - Belt 16.5% &g

10600
time (s)

5000

Slow evolution at higher
temperature but still
below Tg

Transformation reachs
the final relaxation state

At least two order parameters are needed to define the densified state
No link with Tqg....
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Cornet et al. J. Chem. Phys. 146 (2017)



Intensity (a.u.)

Existence of an intermediate exited
state

T T T L - e e e e R UL
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Existence of at least two megabassins

Potential energy

Perhaps then change of the order
parameter

Coordination coordinate
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Elastic anomaly of SIO,, glass
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Densification and elastic anomaly

s f y progressive densification

LDA —> HDA
2,20gcm™3
Presare (673 2,66gcm™

Disappearance of elastic anomaly
at 40% of the maximum densification
The minimum does not shift

Bulk Modulus (GPa)
Density (glcm’)

20 15 10 5 0 5 10 15 20
Pressure (GPa)

L. Huang and J. Kieffer Appl. Phys. Lett. 89, 141915 (2006)
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Intensity (au)

Raman measurements ex situ
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LDA — HDA
2,20gcm-3
2,66gcm™

6 membered rings

to 4 membered rings

Could be a good candidate
for a change of mega basin
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Na,O-Al,0,-S10, system and samples

Cristobalite
6 membered ring

£
&
5
Low frequency band (~440-600 cm) shift
IS o o ~ - o o

[ 100 200 300 400

1) 4 Dehydrated Analcite(Stoffel et al. ZAAC 2016)
Q. Zhao et al. / Journal of Non-Crystalline Solids 358 (2012) 3418-3426 N

Chemically induced
transition LDA-HAD
Limit for NS4

Na,O NA AlL,O4
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Binary SiO,-Na,O

18000 - Two possible interpretations:
] NS2 « Same slope at high pressure shift of
17500 NS6 the position of the minimum with

increasing Na content: shift of the O

17000 7 « Progressive increase of HDA with Na
= I content
0 16500
£
>
90 4
S 16000 4 Sp—
80 ® B-Decompression .-c 35
® R
| 7 v ensity-Compression ¢4
15500 & 0 4 Density-Decompression .... "3 g
2 60 . o o 2
15000 T T T T T T T T T 1 g 50 3 -l. .. —
0 1 2 3 4 5 = L . s 8
E 40 = . i au
Pressure (GPa) a i W o =
- o'l'- 15
30
20

. 1
20 -15 -10 -5 0 5 10 15 20
(a) Pressure (GPa)

The prediction of Huang's group is correct

L. Huang et al. | Journal of Non-Crystalline Solids 349 (2004 ) 1-9
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Effect of the Na/Al ratio on permanent densificaton

Brillouin Shift (GHz)

50

NA 75.00 / NS3

48 |-

46 |-

a2

40|

38 -

36 -

3|

32

30

—

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Pressure (GPa)

Brillouin fréquency shift (GHz)
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=
T

N
[N}
T
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)
T

@
®
T

w
=)
T

A
b
T

NA 75.06

+ 7506 1st compression
+ 7506 1st decompression
+ 7506 2nd compression

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Pressure (GPa)

Brillouin fréquency (GHZ)

NA 75.12 / Albite

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Pressure (GPa)

Elastic hardening with densification higher for polymerized compositions
NS3 no significant densification so already 100% HDA
Hysteresis cycles: probably coordination change of Si and Na, bigger

when depolymerized

FRIEDRICH-ALEXANDER
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Decreasing SiO, at Al/Na=1

Brillouin Shift (GHz)

FRIEDRICH-ALEXANDER
= UNIVERSITAT
== ERLANGEN-NURNBERG

Pressure GPa

20

Three possible effects:

 Anomaly can take place
with smaller rings

« Alis as good as Siin rings

* Filling the holes by Na

Here the minimum strongly
flatted suggesting the
disappearance of the structure
responsible of the elastic
anomaly... HDA formation?
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Limit of the elastic anomaly

Window Glass
Tran thesis Montpellier
P NsSg

?ll\/IUJJ D

!J Low Frequency Envelog

Anarthite (Casl%,0,) glass

1] .
§ 1| u .
e | s0em' [ ¥
ioaf ¥

4 ‘ §95¢

- -
] - -
600 62! 650 700 5 0

Wavenumber jem ‘)

B.J.A. Moulton et al.
Geochimica et Cosmochimica Acta 178 (2016) 41-61

CaO/MgO
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Conclusion

Modélisation compliquée
Evolution en Pression tres riche
en information

Volume et temperature fictive
lie a la polymerisation
Polyamorphisme multiple
HAD/LDA approche qui pourrait

peut étre aussi aider a la
modelisation?
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