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What is the common point?

> Historical glass/glazes

—

Egyptian vase 15t BCE Roman mosaic Portland vase

(British Museum, London) Red stained glasses 13th CE Limoges enamel 12th CE Yellow stained glasses
15th CE
» Modern products
Keraliten Kerablackm — CorningWare “Vision” ™
— Cooktop an historical product

(Eurokera / Corning-Saint-Gobain)

Opal cup 20t CE

— telescope mirror

— biocompatible material
Very Large Telescope (VLT - Eso)

Zerodur® (Schott)



Crystallization is used since Antiquity

Filigrane glass (Venice) Filigrane glass (Doremus)
16t century 21th century

the use of crystals in glasses has been a common practice for 3500 years
- to achieve specific colors = white, yellow, red
- to opacify = tesserae, glaze, enamel

glass on ceramics glass on metals

- to achieve new properties (thermal expansion, mechanical) = modern glass-
ceramics



Crystallization from the liquid state

V(ouH)
e Crystallization can occur when a liquid is
cooling down :
)
) ] EAV'(ou AH')
= very important for geological processes PR
-
4 L T
Tg T,
Magma Mineral grains Residual
chamber settling

.‘C Chromite Rock formed from
settling mineral grains
“ Feldspar

‘ Olivine

A.
Copyright 1999 John Wiley and Sons, Inc. All rights reserved



Crystals also in natural volcanic glass, obsidian Major oxide (n = 136) Wit%

Sio, 75.0
TiO, 0.22
ALO, 12.0
FeO 3.23
MnO 0.11
MgO 0.1
Cao 1.68
Na,O 4.19
K,O 2.75
Total 99.3

Magma Mineral grains Residual
chamber settling

.‘. Chromite Rock formed from

settling mineral grains
“ Feldspar
A.

Gopyright 1999 John Wilsy and Sons, Inc. All ights reserved.

Q@ oivine

Snowflake obsidian.
Image © iStockphoto /
Fernando Sanchez.



Crystals also in natural volcanic glass, obsidian

> From macro ...

... t0 nanoscale

*Plagioclase, SiO, polymorphs
(cristobalite), magnetite (Fe;0,)

Iron spinel
Magnetite nanocrystals (Fe;O,)

Importance of the scale !

Watkins et Rossman, Can. Mineral. 2007



Importance of nano-crystals = color

Obsidian

Same iron
content

AN

..
-

Sodo-calcic glass

A



Importance of nano-crystals = color

Optical absorption spectroscopy

 —————

k\ —— Obsidian
Soda-lime glass
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U Galoisy & Calas, Chem. Geol. 559 (2021) 119925
doi: 10.1016/j.chemgeo0.2020.119925

O Cormier, Galoisy, Lelong, Calas, Comptes rendus Physique 24 (2023) 199
doi: 10.5802/crphys.150



Importance of nano-crystals = color

' Variable temperature optical absorption
spectroscopy
IVCT (Inter-valence charge transfer) Fe?"-O-Fe**

TN = IVCT 7~
5 | PR ST, FRSLNG e e e Ca e S BT TR A
| Mono Crater obsidian
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U Galoisy & Calas, Chem. Geol. 559 (2021) 119925

doi: 10.1016/j.chemgeo0.2020.119925

O Cormier, Galoisy, Lelong, Calas, Comptes rendus Physique 24 (2023) 199
doi: 10.5802/crphys.150




Importance of nano-crystals = color

Variable temperature optical absorption

spectroscopy
IVCT (Inter-valence charge transfer) Fe?"-O-Fe** — edgessharing sites = a Fe-rich
local structure already present in
TN = IVCT ~ the g|ass

e
| Mono Crater obsidian

Obsidian contains nanolites

N
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45 | , 4
—_— | iron spinel (~5 nm) and iron-
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Iron rich clusters/nanolites
doi: 10.1016/j.chemgeo.2020.119925 confirm by EPR

O Cormier, Galoisy, Lelong, Calas, Comptes rendus Physique 24 (2023) 199

dol: 10.5802/crphys. 150 mmm) poster Dimitrios Isaias

U Galoisy & Calas, Chem. Geol. 559 (2021) 119925



Aluminosilicate systems

> monovalent cations

LSz,
Ls
LAS
» divalent cations =

/ .l\\\

// ~ \

R, \

ZAS /f./-:;;..lr;. . 8\
/‘// .;- ‘: ; A : \\ y “ \ \

000D

¥0 A,05

- Glass domain similar for the ZAS and MAS system
- Likely a similar structural role for Zn?*and Mg?*

Neuville, Cormier, Massiot, Chem. Geol. 229 (2006) 173 doi: 10.1016/j.chemge0.2006.01.019

Guignard & Cormier, Chem. Geol. 256 (2008) 111 doi: 0.1016/j.chemgeo.2008.06.008

Neuville, Cormier, Montouillout, Florian, Millot, Rifflet, Massiot, Am. Miner. 93 (2008) 1721 doi: 10.2138/am.2008.2867
Cormier, Delbes, Baptiste, Montouillout, J. Non-Cryst. Solids 555 (2021) 120609 doi: 10.1016/j.jnoncrysol.2020.120609

CaD CsA CiA7 CA  CA,

CAs Al,O5



Al environments, 2’Al NMR

SiO;
> monovalent cations \
s
)
Mu
LAS
Li20 (A Al;0;

» divalent cations =
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- Al improves glass forming ability
- I5]Al highest proportion along the tectosilicate

Neuville, Cormier, Massiot, Chem. Geol. 229 (2006) 173 doi: 10.1016/j.chemge0.2006.01.019

Guignard & Cormier, Chem. Geol. 256 (2008) 111 doi: 0.1016/j.chemgeo.2008.06.008

Neuville, Cormier, Montouillout, Florian, Millot, Rifflet, Massiot, Am. Miner. 93 (2008) 1721 doi: 10.2138/am.2008.2867
Cormier, Delbes, Baptiste, Montouillout, J. Non-Cryst. Solids 555 (2021) 120609 doi: 10.1016/j.jnoncrysol.2020.120609

- only [4IA]

CaD CsA CiA7 CA  CA,

CAs Al,O5



Al coordination in aluminosilicate glasses

18% BIAl
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Different glasses — different nucleation behaviors

. -1
Setaram Multi-HTC 96, under N2 flux ~~DSC S Kmin
g
70_:
EZAS/ZAS
60
ZnAS-Zr 17n0-1,21A1,05-6,8 SiO»4%, ZrO-
504 MAS | MAS-Zr
MgAS-Zr 1Mg0-1,21A1,05-6,8 SiO24%, ZrOz 5
x 40-:
CaAS-Zr 1Ca0-1,21A1,03-6,8 Si0»4%, Zrozsiﬁ {CAS/CAS-Zr J_‘
£ 307
LiAS-Zr 1Li,0-1,21A1,05-6,8 Si024% Zr0s  “*1LAS /LASZr
] M\
10_:
NaAS-Zr 1Na,0-1,21A1,03-6,8 Si0»4%, ZrO- NS Nasze
. 04 ——
(@] J
Role of Zr** in those matrices: Comparison ml
700 800 900 1000 1100 1200 1300 1400 1500

of Zr** bearing and Zr** free parent-glasses

O Cormier at al., Mater. Chem. Phys. 152 (2015) 41
doi: 10.1016/j.matchemphys.2014.12.008

Temperature (°C)



Is there a specific Zr site for nucleation ?

Glasses /‘ Regular [6]-fold Crystals
—LAS-Zr ZrL,-edge |
g [ —NASZr
——CAS-Zr Zircon -
—ZAS-Zr
6 L —2zMASZR | A ] ¢-ZxO, [8]
t-ZrO2

m-ZrO R

H

Baghdadite

Lemoynite

Normalized intensity (Arbitrary unit)

Normalized Intensity (Arbitrary units)

\ o Elpidite

2305 2310 15 2320 2300 2305 2310 2315 2320
Energy (e.V.) Energy (eV)

[7-8]-fold



Is there a specific Zr site for nucleation ?

Zr L, ;-edge XANES

(SOLEIL)

Normalized intensity (Arbitrary unit)

——Na-AS-Zr
— Li-AS-Zr

—Ca-AS-Zr
—Mg-AS-Zr

—Zn-AS-Zt

0
2300

2305 2310 2315 232

LUCIA

Na-AS-Zr
No nucleation effect

Li-AS-Zr
Strong nucleation effect

Ca-AS-Zr
Weak nucleation effect

Mg-AS-Zr
Nucleation effect

Zn-AS-Zr
Strong nucleation effect

=» No link between coordination and nucleation effect



Is there a specific Zr site for nucleation ?

Verre Na,0-Ca0-SiO,-Al,05 + ZrO,
de 5a 15 poids%

T
— Zr5 (5Polds% Zr0;) —ZrAl10 (10Polds% Zr0;) —Zr15 (15Polds% Zr0;)

ZrAl75 (7,5Poids% Zr0;)  — ZrAl12,5 (12,5Poids% ZrOy)

Intensité normalisée

m0 PR WM M6 /B NI N} L3 2306 BOE B0 B 814 BIE B8 B0
Energy (eV) Energy (eV)

Seuils L, 3 de Zr

Intensité normalisée

Comparaison références cristallines

— Baghdadite (Ca3ZrSi;0q)

T
—— Baddeleyite (Zr0,;) — Zircon(ZrSiO,)

Energy (eV)

T T T T T T T T " T T T T T
2220 2222 2224 2226 2228 2230 2232 2234 2306 2308 2310 2312 2314 2316 2318 232

Energy (eV)

- Pas de changement de coordinence de Zr avec la

concentration

U Ficheux at al., J. Non-Cryst. Solids 539 (2020) 120050
doi: 10.1016/j.jnoncrysol.2020.120050




Heterogeneities in aluminosilicate glasses

Small Angle Neutron
7\3-9 NM  gcattering

\ A
. % Zr-MgAS AlOs and AlOg¢ polyhedra
\ = important edge-sharing linkages
‘| 5 Zr-Free MgAS = denser regions formed by PIAI-®IAl-rich domains

I(q)
|
:;:.
1
N
[
-
3

\‘\\‘_‘ 505i0,-50Al,0; glass

0.1 -f .:-,. i i i 4-fold intensity ratio 5,6-fold intensity ratio
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a(a’)
O Cormier, Galoisy, Lelong, Calas, Comptes rendus Physique 24 (2023) 199 U Liao et al., PhyS. Chem. Lett. 11 (2020) 9637

doi: 10.5802/crphys.150 doi: 10.1021/acs.jpclett.0c02687




Heterogeneities in aluminosilicate glasses with Zr

MAS without Zr

All4)

MAS with Zr
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AlOs and AlOg proportions increase as ZrO, is added



Connectivity between Al and Si

MAS without Zr

27| MAS
(10kHz)

HMQC
298i-27A1 MAS
(10kHz)

MAS with Zr

2TAl MAS
(10kHz)

HMQC
208;-27A1 MAS
(10kHz) \

295i-2’ Al heteronuclear correlation (HMQC)

aluminum connected to at least one silicon

v'  Si atoms are more associated with Al than
with BIAl or BIA]

=> Si-rich regions having a strong connectivity with
[41A|

v almost no PIAl and IAl are distinguishable with
Zr

= BIAl and Al have a preference to be localized in
regions where Si content is poor



Heterogeneities in aluminosilicate glasses with Zr

Glass MgO-Al,05-Si0,-ZrO,
Zr K-edge EXAFS

Zr-O distance at 2.11A
~ 7 fold

k2X(k)lau) /
‘¥

different
- fitted shells

at 3.10A 20/ N NS
Zr-Al —
2SSl e N\ e
Zf-Zl‘_w\/\/\/V\/\/\/\
e
Zr-Zr at 3.25A/ z:-zr"""\/\/\/\/\/\/\/\/\
Edge-sharing as in n : : " -

U Dargaud et al., J. Non-Cryst. Solids 356 (2010) 2928
doi: 10.1016/j.jnoncrysol.2010.05.104

U Cormier, Galoisy, Lelong, Calas, Comptes rendus Physique 24 (2023) 199

doi: 10.5802/crphys.150
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Heterogeneities in aluminosilicate glasses

Glass MgO-Al,03-SiO,-ZrO,
Electron microscopy in HAADF mode = chemical information

Greaves’s model

Zones enriched in

_ _ network formers White zone =regions enriched in Zr
zones enriched in non- > non-homogeneous distribution of Zr within the

network formers
glass structure

U Dargaud et al. J. Appl. Phys. 99 (2011) 21904

doi: 10.1063/1.3610557]

U Cormier & Neuville, Reflets de la Physique 74 (2022) 22
doi: 10.1051/refdp/202274022



Crystals in historical glass/glazes

Solution solide
=>» Crystals in glazes 31 . aﬁ ~fl'
. . . . . . i 8 Ca.Cris0l, . Mal Cass 8
Chromium pigments in glaze decoration of Sévres’s porcelains - : b \S;/Vf‘%‘/
. e . o Eskolafte CITEPSCERAMIQVE
+ reactivity of the pigments in the glaze (L. Verger) o,

o -

’ / * Spinelle '
/4- ZnALO,:Cr, MgAL,0:Cr, - Fo
: {Mg.ColAI,Cr,0, @
o
¥ 4

historical samples

=>» Crystals at the paste/glaze interface
M. Godet, T. Roisine, D. Caurant, A. Bouquillon, O. Majérus

ceramic paste

=>» Crystals in Roman glass tesserae
C. Noirot, L. Gardie, N. Schibille




Red and orange coloration

2 orange tesserae: 2 red tesserae:
g 2
o . ‘
Ugee e - '
-;:. 7.’* —m_" “ ¥ m {?‘l
i 2 orange/red striped tesserae :
The Roman villa at

Noheda, Cuenca, Spain |II | . 'm—sm‘

Atmosphere tres réductrice : Cu* ion (ne produit aucune couleur) jusqu’a ¢

Cu?*-Cu* dans les verres

hllique)
nanoparticules métalliques (cuivre précipité Cu®)
= rouge

Cristaux Cu,0

Coloration + opacification
=> rouge ou orange

— poster Elise Lanagagne

Cécile Bretonnet

Vitrail de I’Ascension

Cathédrale du Mans
1120 CE



Monochrome tesserae: origin of the color

SULEIL ‘ — %

SYNCHROTRON | |

AB Cunrite C — .
|| e . Cuprite Cuz0 orange : precipitation of crystals of

XANES at Cu K-edge cuprous oxide (Cu20)

SAMBA beamline

;
{')
»

A% 9

Normalized absorption

opaque red : particles of metallic
copper

U Noirot at al., Heritage 5 (2022) 2628

8970 8980 8990 9000 9010 9020 ) .
doi: 10.3390/heritage5030137

Energy (eV)



Classification: copper vs lead

coloration by Cu,O
often dendritic, large crystals

s sherla 66 B Mattoni 2018
g @ Dussubieux 2013
A Bandiera 2020
30 A V' welter 2006
X
@ other articles
Klysybun - o m Barber W this work
23 ¢ = Freestone
a B metalic copper
Bl cuprite (wax red)
B cuprite (orange)
20
X » same sample
gg‘ A 2 colors/compositions
o *0 dendritic shape
£ = Noheda 70 round/hexagonal
a5 « PR
Noheda Noheda 25 (¢
@ Mo e vl
10 Y T S
™ oheda 25 (r)
Barber
. — [
i 0
coloration by Cu 51 g
— ’ Nd!eda Noheda v loheda 62 (0 <+
62 (r) ——— —
X' m ¥ "] % % o
0 # + — |
0 2 4 pote 6 8 10 12 14 16
CuO wt%

U Noirot at al., Heritage 5 (2022) 2628
doi: 10.3390/heritage5030137

coloration by Cu,O
spherical, small crystals



Role of lead ?

(b) 1|
0.8 4

20.6

CuZ"L/Cut

0.2 4

6

Redox of Cu determined by EPR

Presence of lead changes minimally the Cu

redox state

Lead is acting of the viscosity to allow the

grwoth of Cu,0 crystals before the
crystallization of the remaining silicate glass

T
10

12
Impact of Pb on Cu,0 shape and color?

O Noirot at al., submitted

mol% PbO

>



Striped orange/red tesserae: Cu speciation

SULEIL MET images on FIB blades and
SRR electronic diffraction

XANES at Cu L-edge

C 2+ C +
LUCIA beamline et -

Orange stripes colored by Cu,0

Normalized absorption

%

Red stripes colored by Cu®

927.5 930 9325 935 937.5 940 942.5

Energy (V) Cu?* and Cu* present
- Same base glass composition.

Probably red and orange prepared separately and mixed together in
reduced atmosphere

U Noirot at al., Heritage 5 (2022) 2628
doi: 10.3390/heritage5030137



Reproduction

Influence of temperature on redox control: Study of liquid under Ar/H2

: ‘mgta‘llic C?pr.e,r_“ ; Tg:.l:-3 T2 T (°C)
----- A -”m»“.“:‘.u_Cubrite 0 450 700
[ _finall 10 % PbO — 15 % CuO
A F4 _J e 2 XRD final glass
orange interface orangefbrown brown marbles S . g 4 / '» - S E’!' — L 450 C
' Bl e e crystallization ——— ™|
é ' - . T § 175
§ 17.1 min| << £ 150
T - 10.2 min 700°C 2 15
L 5.1 min reduction Cu?"Cu* g 100
z ; b . " - 1 metallic
L No crystallization of Cu® li—n
initial
_/w - 10 15 20 25 30 35 40 45
Angle 28 (°)
- importance of temperature :

8970 89'80 89'90 90'00 90'10 90'20 9030 H
Energy (V) reduction Cu,0 and metallic Cu

- annealing allows crystallize together

crystallization (Cu,O et Cu?)
U Noirot at al., Submitted

- Control of the redox in glasses => composition, oxygen fugacity, temperature
- Ce, Sb, Sn, Fe, Cu
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