N
N

N

HAL

open science

Raman identification of glassy silicates used in ceramics,
glass and jewellery: a tentative differentiation guide

Philippe Colomban, Aurélie Tournié, Ludovic Bellot-Gurlet

» To cite this version:

Philippe Colomban, Aurélie Tournié, Ludovic Bellot-Gurlet. Raman identification of glassy silicates
used in ceramics, glass and jewellery: a tentative differentiation guide. Journal of Raman Spectroscopy,

2006, 37, pp.841-852. hal-00120401

HAL Id: hal-00120401
https://hal.science/hal-00120401
Submitted on 14 Dec 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00120401
https://hal.archives-ouvertes.fr

Six years of experience on various
materials has enabled wus to
propose a tentative guide to
recognize different types of glassy
silicates and to classify them as a
function of their composition.
Raman parameters extracted from
spectra are processed using also
multivariate analysis (cluster and
PCA). An illustration of the
method is presented by
differentiating between Iznik and
Kiitaya productions.
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Abstract

As an optical method, Raman (micro)-spectroscopy offers a great advantage over
most other techniques in that it can be performed without any contact with the
studied artefact, both at the laboratory using high-resolution, large spectral window
instruments, as well as on-site using medium resolution, portable instruments. Six
years of experience on various materials has enabled us to propose a tentative
guide to identify different types of glassy silicates and to classify them as a function
of their composition. In previous papers different families were recognized
empirically using a limited set of samples and the relationship between the peak
area ratio (Aspo/A1000) Of the Si-O bending (~500 cm'l) and stretching (i.e. ~1000 cm’
!y envelopes and the different components of the latter peak were established for
porcelain glazes. In this paper we extend the procedure to a larger set of samples
(30 representative samples with known compositions selected from hundreds of
spectra). Additional relationships between the origin of the material, the Raman
parameters and the glass composition (fluxing oxide content, ionicity ratio,...) are
discussed. Finally we propose different procedures, with different degrees of
complexity (from two to multivariate treatment), to identify the glass composition.
The method is illustrated with an example, namely the differentiation between Iznik
and Kutahya productions.
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INTRODUCTION

Leading experts generally base their certification of ancient artefacts on stylistic analysis and on
personal sensory perceptions. However, greater objectivity is mandatory for identification, dating
and conservation purposes. We have previously demonstrated the potential of Raman spectroscopy
as a non-destructive on-site technique [1-4]. Salient features can thus be extracted from bodies,
glazes/enamels and pigments from different productions covering the history of the ceramic and
glass industries. Six years of experience on various artefacts (Phoenician, Roman, Islamic, Medieval
and modern glass, Asian, European and Islamic faience, fritware, stoneware and porcelain, etc. [5,6])
has enabled us to propose a tentative guide to recognize the different types of glassy silicates and to
classify them as a function of their composition. In previous papers [1,7] different families were
identified empirically and we established the relationship between the Raman parameters (peak area
ratio (Asoo/A1000) of the Si-O stretching (i.e.. ~1000 cm™) and bending (~500 cm™) envelopes,
wavenumbers of the different Si-O stretching components,...). A first test of the “quantitative”
validity of this description was made for a series of high-temperature fired porcelain glazes [8]. In
this paper we will test the procedure for a larger set of samples, covering most of the glassy silicates
used in ancient ceramic and glass production.

The SiO4 tetrahedron, the building block of all silicates, amorphous or crystalline, is a very
covalent entity and thus has a well-defined vibrational signature, especially in Raman scattering. The
latter technique is more convenient than IR analysis because the experimental procedure does not
require sample preparation and Raman peaks are usually less broad than those of its IR counterpart.
Pure amorphous silica can be described as a 3D network of SiOy4 tetrahedra sharing their oxygen
atoms and forming Si-O-Si bridges. Consequently the density of Si-O bonds is at its maximum and
melting (i.e. the softening of the 3D connected Si-O network) requires high temperatures (~1750°C).
All applications in the science, art and technology of glass, glazes and enamels consist out of a
controlled modification of the 3D Si-O network by replacement of Si*" covalent bonded atoms by
non-covalent bonded atoms, hence decreasing the number of Si-O bridges and the connectivity of
the network. Consequently, the melting temperature (and the viscosity at a given temperature)
decreases. Other physical/chemical properties related to the density and network connectivity
(thermal expansion, ion diffusion, reactivity, etc.) are modified accordingly. Direct relationships
between the silica content, or more precisely the ratio between the glass-former (chiefly Si and Al -
oxides) and the flux (Na, K, Ca, Pb oxides) content and the properties of glassy silicate have been
established for a long time (Seeger’s rules and modern developments by Stevels, Huggins, etc [9-
12]). Because strong covalent bonded structures have Raman signatures orders of magnitude larger
than those of ionic ones, the Raman spectrum of a silicate consists, as a first approximation, solely
out of the signature of the Si-O network (Si-O stretching, bending and librational/collective modes)
[1]. Because a SiOy4 tetrahedron is a solid chemical and vibrational entity (molten silicates retain a
strong polymeric character), it is well established that the different tetrahedral arrangements (see the
schematic diagram in Fig. 1a): isolated tetrahedra referred to as Qy, tetrahedra linked by a common
oxygen atom (Si;O7 or Q)), tetrahedra linked by sharing 2 oxygen atoms (three (SizOg) and n
tetrahedral-cycles: Q»), by sharing 3 oxygen atoms (e.g. in some chains, ribbons and layers) and Q4
(as in pure SiO;) have characteristic Raman signatures [1,7,8,13,14]. An example of Q,
decomposition is given in Fig. 1b. Glaze spectra generally exhibit additional narrow Raman peaks
due to pigments or crystalline precipitates [5,6]. These signatures must be identified and not
considered in the analysis of the glassy silicate signature. Note that this molecular description



considers only the main components (e.g. the anti-symmetric stretching mode is neglected) and its
validity in the description of the Si-O “bending” massif (near 400-500 cm™) is more problematic. In
fact the substitution of Si atoms by Na, K, Ca, Pb ones does not only change the connectivity (and
Si-O angles) but also the partial ionic charge of terminal oxygen atoms, which modify bond length
and polarizability and hence the Raman “cross section” of the different modes. However, the
spectrum of a silica-rich hard-paste glaze consists of a strong band at ~500 cm™ (Si-O bending
massif) and a weak bump at ~1000 cm™ (Si-O stretching modes). On the contrary the 1000 cm™
massif dominates the spectrum of a PbO-rich glaze. Glasses and glazes with intermediate [0.5Na,O
+ 0.5K,0 + CaO + PbO +...]/[Si0; +Al,03] (flux/network former) ratios have intermediate Raman
signatures [7]. The polymerisation index Ip is defined as Ip = Asgo/A1000 With A being the area under
the Raman band [7]. The empirical relationship between I, the glass composition and the processing
temperature is rather well documented [7,8]: a first family (I, < 0.3-0.5) mostly corresponds to lead-
rich silicates processed at low temperatures (<700°C); a second family (0.5 < I, < 0.8) consists of
some lead-based silicates processed at medium temperature (800°C); a third family (0.8 <1, < 1.1)
corresponds to most ancient alkaline glasses and enamels; family 4 (1.1 <1, <1.3) and family 5 (1.3
< I, <2.5) to Ca-based glassy silicates. Family 6 (2.5 < I,) corresponds to K-based glazes. I, is
strongly correlated to the processing temperature (~1400°C for I, ~7, 1000°C for I, ~1 and ~600°C
or less for I, ~0.3). The polymerisation index concept is now used by different groups [15,16].

In this paper we will verify the relationship between the composition of glassy silicates and the
parameters of their Raman signatures (centre of gravity and area of the Q, Si-O components and
polymerisation index) for a large set of samples and propose an atlas of the Raman signatures’
characteristics of the various types of glassy silicates.

ESTABLISHMENT OF THE DATA BASE

During the last six years we have analysed a large number of glassy materials, collected and fitted
more than 700 Raman spectra. The materials studied are glass, porcelain, stoneware, terra cotta and
faience glaze [1-8,17-28]. Among these we selected 30 representative spectra (Tables 1 and 2). Fig.
2 shows that the corresponding values of their index of polymerisation cover a large range, from
~0.2 to ~5. Among these 30 materials the composition of 22 glassy silicates was determined by
ourselves, using various methods (Table 1) or we are confident in the accuracy of the compositions
determined by other groups. For instance, for the Iznik glazes (our composition analysis concern
only some elements), we used compositions obtained by other groups for very similar materials [30].
We selected Raman signatures of glazes in which the contribution of pigments and precipitate
crystalline phases is small or nil. In Fig. 3 we have labelled the flux and the corresponding wt %
content of Na,O, K,O, CaO and PbO. It is obvious that there is a relationship between the Raman
index of polymerisation and the nature and content of the fluxing cation : note the decreasing values
of flux content from left to right, i.e. from low temperature (PbO-rich glass and glaze) to high
temperature melting compositions (porcelain glaze) as previously established [7,8].

PEAK FITTING AND PARAMETER EXTRACTION

In undertaking a curve fit of the Raman spectra, a ~4-segment linear baseline (~100-700, ~700-800,
~800-1300 and >1300 cm™) was first subtracted using Labspec (Dilor) software. The number of
reference points was minimal, from 4 to 8, and kept constant for attaching the baseline segment to



the different spectra. This type of baseline subtraction make it possible to retain only the "molecular"
Si-O Raman signature and to eliminate the so-called "Boson peak" contribution, which is very large
for PbO-rich glasses because the heavy Pb atoms modify the phonon propagation and activate other
types of modes giving a "density of state" spectrum, arising from the projection of the dispersion
curves of the Brillouin zone. Representative examples are presented in Fig. 4. Our experience led us
to consider this type of baseline subtraction as the best way to compare spectra of samples with
various compositions. Obviously, the procedure remains partly subjective. A Gaussian shape was
assumed for the Raman lines of the glassy silicate network because of the amorphous state of the
examined materials; a Lorentzian shape is used for narrow bands related to crystalline moieties. The
same spectral windows were used for the extraction of the components using the Origin software
peak-fitting module (Microcal Software, Inc.).

A plot of the polymerisation index as a function of the Q, wavenumber (Fig. 6) makes it possible to
monitor the validity of the description according our molecular model: Ip and vQ, increase together
because the strength of the Si-O bond increases with polymerisation. A gap may remain between Q,
and Qn; groups, which will decrease with polymerisation: the difference between Q4 and Qs is less
than between Q3 and Q, less than ..., and so forth. Q, wavenumber increases with Ip because the
structure becomes more compact and strongly bonded. The relationship between Ip and Q,
wavenumber reflects a regular curve, except for Q, wavenumber which shows two groups of data.
Note, that in spite of the rather limited range of variation (740-800 cm™), Qo wavenumbers follow a
rather well defined polynomial curve. This indicates that Qo wavenumber is very sensitive to the
modification of the glass structure.

In Figure 5 the spectra shown in Fig. 4 have been fitted according to the procedure. The integral area
under each component of the envelope was calculated. The following assumptions were made: i) for
the Si-O stretching range extending from 700 to 1300 cm™ we postulated 5 (or less) components
assigned to Qo, Qi, Q2, Q3 and Q4 ii) we also postulated 5 bands or less with similar bandwidths for
the Si-O bending range. [1,7,8]. The results are summarized in Table 2. Note that the Q, component
wavenumber and area ratio are representative signatures of the different productions [6, 23].

THE FAMILIES

As previously empirically established [7] and tested for a limited range of samples [8], there is a
good relationship between Raman parameters and compositional parameters. The study of porcelain
glazes [8] evidenced a good correlation between polymerisation index and the area under the Q,
component with two important composition parameters, the Al/Si ([0.5 Al,O3 /SiO,] mole ratio) and
M/Al+Si ([0.5Na,0+0.5K,0+Ca0]/[0.5 Al,Os3 /SiO;] mole ratio) ratio. From previously published
compositions [17-19, 30-37], we plotted the above parameters for a series of samples (Fig. 7).
Classification of the different types is obvious. Note that our Raman data processing method would
be more efficient for groups exhibiting a non-constant behaviour, for instance Islamic glasses and
glazes. Plateau behaviour indicates that the compositional changes are small and certainly other
criteria (for example, trace content) would be more useful for a classification as a function of the
production date and place.

In previous papers [7,8] we established 6 families. In this previous semi-quantitative examination,
the main criteria were the band intensity and the peak "shape" (wavenumber of the maximum and of
its principal shoulder). According to our hypothesis that the Raman signature is determined by the
polymerisation degree of the silicate network, the different families can be associated with the main
fluxing agent or to an association of such a cation. Fig. 8 shows that within a family the Raman



signatures are very similar. Confirmation is given by calculation of the mean Ip value (Table 2). The

additional family "6" in Figs 4 & 5 and Table 2) corresponds to modern glass used to replace ancient

stained glass and to some modern celadon glazes.

In order to check the validity of our classification, we plotted the polymerisation index as a function

of the position of main Si-O stretching component wavenumber in Fig. 9a (i.e. the peak maximum

wavenumber). Classification is evident,

- from the top to the bottom as a function of the melting/processing temperature : at the top
porcelain and then stoneware glazes, below, faience and terra-cotta glazes and glasses, all types
of low temperature processed silicates.

- from the left to the right as function of the main flux.

The separation between the families is rather good. Of course some separation are more subjective,

especially for glass, but the position can be correlated to the main fluxing element (Na, K, Ca or

Pb). Fig. 9b plots the polymerisation index as a function of the Q,/Q; component area ratio. From

our previous studies [6,7,23] the AQ,/AQ; ratio can be used to classify different glazes. Families 1

and 2 form well defined and isolated groups. Families 3 and 4 can be differentiated as a function of

the AQ,/AQ, area ratio, not from the Ip value. Family 6 intersect Families 7 and 3/4. Note that Ip
and vmax parameters can be determined without any peak fitting procedure, using very simple
procedures.

As a preliminary conclusion, it is evident that the composition type of any glassy silicate can be

associated to a specific Raman signature, but the more pertinent parameter for a classification

changes with the considered set of samples. In a first approach Ip and the peak maximum
wavenumber of the Si-O stretching envelope are good tools. However in this work we don’t
consider all the information available in the Raman spectrum. For instance, it was established that
the broad band at ~500 cm™', assigned to the bending Si-O mode using a SiOy vibrational model is
sensitive to the variation of the Si-O-Si angle [38,39] and for this reason very sensitive to change of
the cation size and charge which modify this angle for geometric and electric reasons.
Consequently, ion exchange by protonic entities strongly shifts the wavenumber towards lower
values [39].

MULTIVARIATE DATA ANALYSES

In order to expand our understanding of the criteria of classification and the relationship between the
different parameters that can be extracted from a Raman signature and to establish a reproducible
and simple procedure, we “processed” our data (the parameters extracted from the Raman
signatures, Table 2) with two multivariate techniques of data analysis, the Cluster Analysis (CA) and
the Principal Component Analysis (PCA). These methods are available from various home made and
commercial software, in this study we use the Statistica 6.1 (Statsoft) package. In order to prevent
some “size” effect due to variables means and dispersions heterogeneity data set is first centred and
standardised (normalised in order to obtain a mean value set at zero and a standard deviation at one).
In Cluster Analysis distances between each samples are calculated in the parameter hyperspace [40].
Then a hierarchical tree diagram assembles samples as a function of the shortest distance. Clusters
presented are built using an Euclidean distance and the amalgamation rule selected is the Ward’s
method.

In Principal Component Analysis, new “axes” called Principal Components (PC) are calculated by
forming linear combinations of the original variables [40,41]. The first PC is calculated in order to
contains the maximum variance from the data set, the second the next highest amount, and so forth.



These new, orthogonal, axes are used to illustrate the parameters distribution structure. On the other
hand, the projection of the initial parameters on the PC emphasises the contribution of each variable
in sample discrimination.

These methods of classification has been for a long time to classify stones, ceramics and glasses
from their elemental composition, including trace elements [18,42-45]. Recently the technique was
extended to spectroscopic, IR and Raman parameters extracted from the spectra [46,47].

The hierarchical cluster built with 10 parameters, Ip, the Si-O stretching peak maximum and the
peak areas and positions of the Qo, Q;, Q, and Q3 components is shown in Fig. 10. The three major
groups identified are composed by the families: 1+2+3, 3+4+5+6 and 7. Obviously the increase of
the number of the parameters do not lead to the clear-cut picture of Fig. 9a. The first group
corresponds to porcelain glazes (1+2+ some data of 3). Family 7, consists of lead-rich glazes,
remains isolated. The third group contains families 4+6, some data of family 3 and family 5.
However, the latter family appears in a single sub-branch.

To refine the selection of the most discriminating parameters, a Principal Component Analysis is
performed for the 30 spectra and their 10 parameters (Ip, Si-O stretching peak maximum, Q,
wavenumbers and peak area). To illustrate parameters behaviour Fig. 11 present the projection of
variables on the two first principal component (factor).

On the other hand, the projection of the initial parameters on the PC emphasises the contribution of
each variable in sample discrimination. In this representation the projections of rather "independent"
parameters are perpendicular. On the contrary, the parameters which have projections in the same
direction, get a rather similar behaviour. Thus it can be expected from parameters close to be
perpendicular to be more informative for sample discrimination.

For instance, Ip, the Si-O stretching peak maximum wavenumber and some area (AQ,) appear to be
a good choice for a first classification. Some peak areas and even the Q, wavenumber are other
informative parameters. Note that the plot of the polymerisation index versus Q, wavenumbers (Fig.
6 ) already pointed out some correlation, with a larger variation versus Q, wavenumber in spite of
the rather small range of variation the wavenumber.

CASE STUDY: DISCRIMINATION BETWEEN IZNIK AND KUTAHYA
GLAZES

In our previous work we drew a comparison between the Raman signatures of Ottoman Iznik and
Kiitahya productions [4, 23]. At least two types of Si-O stretching signatures have been observed for
Kiitahya ceramic glazes, in contrast the Raman signature of the Iznik productions does not vary very
much between centuries of production. This very special behaviour was related to the very efficient
control made by the "Ottoman office for fine art" (nakkashane). Large fluctuations are noted for
Kiitahya ones. However, in some instances a rather similar signature can be obtained for both types
(or for artefacts assigned to) of factories. Fig. 12a shows the location of the data extracted from the
Raman spectra of Iznik and Kiitahya glazes in the bi-plot of Fig. 9a where Ip is plotted as a function
of the Si-O stretching peak maximum. Most of the Kiitayha glazes can be associated to family 7
(PbO-rich glass) but some of them are located in the Iznik group (see the measurement for the 7460
sample, a small dish with depicted personage). On the other hand Iznik glazes are all located in
between family 5 (Na,O + PbO) and family 4 (Na,O-rich silicates) except for two types of glazes,
the red Armenian bole (located in the family 7 area) and the dark green glaze (located in the CaO-



rich family 2). The red bole is the last one glaze to be applied in the décor and it requires a lower
temperature of processing, and hence more PbO in its composition. The dark green glaze is made
with a Cr-containing pigment which develop the nice green color by forming uranovite-type garnet,
a calcium silicate. The two parameters, Ip and vmax, appear good tools for the classification.

Rather similar information can be obtained from multivariate cluster analysis. In Fig. 12b we present
the hierarchical tree calculated using 10 parameters for the Iznik and Kiitahya series. Classification
of the different Iznik and Kiitahya assigned productions is obvious, except for a Kiitahya sample
MNC7460, incorporated in the Iznik group. This questions the assignment and/or give information
on the technology relationship between two factories and deserves further study using this
procedure.

CONCLUSION

The consideration of a rather large set of glazes and glasses representative of different types,
covering a time span from the origin of the glass and ceramic industry to modern times, for which
both Raman spectra and accurate compositional analyses were available, enabled us to confirm
unambiguously the validity of our empiric description. The use of two parameters, namely the Si-O
stretching peak maximum and the polymerisation index, is sufficient to classify the glassy silicates
as a function of their composition types, according to the seven families recognized. The use of more
criteria lead to 4 groups. Cluster and principal component analysis from main parameters, derived
from their Raman signatures appear to be a good method to classify glasses and glazes belonging to
a limited range of the above classification. These results deserve further studies to discriminate
between sets of artefacts where the origin of production and date are under investigation.
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Materials label  SiO, ALO; Na,O PbO K,O CaO SnO, MgO Fe,O; MnO P,0s CuO

[Reference]

g;‘dlan’ Bingdl BINI 753 105 53 nd 42 01 nd 02 nd 008 nd nd
g;?‘dlan’ Golli Dag 2609 78 123 39 nd 43 04 nd 01 09 007 nd nd
Porcelain glazes [8] NG31 70.07 143 156 nd 642 658 nd 091 0.13 nd nd nd
20" ¢. NG6  63.16 17.87 137 nd. 572 1146 nd. 019 019 nd nd nd.

NG33 73.87 1431 1.16 nd. 485 496 nd 069 014 nd nd nd

B-containing glass 5325008 579 nd. 177 nd nd nd nd 2 nd nd nd 57

[22]
Vietnamese CCLCC001 76 9.9 04 nd 2 6 nd. 12 nd. nd nd nd

Porcelain/Stoneware  pergorpi 68 13 14 nd 32 106 nd 14 nd nd nd nd
glazes & paste 19[]

15% . ccrccooz 283 54 00123 54 05 nd. nd 06 09 nd nd 37
English Soft-paste

glaze, EASSINF3 68 10 1.7 9 35 8 nd. nd nd nd nd nd
19" ¢. [24,26]

Phoenician/Roman

vpe26 59.58 242 19.65 0.17 0.86 830 nd. 1.08 132 027 0.10 nd.
bead glass [18]

th
Omeyadd glass, 8 TEsSt 73 35 11 nd 1 92 nd nd 06 nd nd nd

c. [24]
o STIEMAILB 63 105 225 nd nd nd nd nd nd nd nd nd
f’i‘}g“gﬂscglam STEMALA 675 21 3.6 nd nd nd nd nd nd nd nd nd

[28] TTEAMAILB 72,7 4.7 111 nd. nd. nd nd nd nd nd nd nd
S3EMAIL 558 134 nd. 112 nd. nd. nd nd nd nd nd nd

. th
Iznik glazes, 167 ¢c.  ponrous 46 04 102 29 09 08 56 02 nd nd nd nd

[29]
Stained glass [27] ~ StChapvbleul 534 1.7 1 nd 175 15 nd. 55 067 67 45 nd

n.d. : not determined

Table 1 : Compositions (wt %) of the selected materials.



Materials Lab el S Ip vQovQi vQ: vQs vQs AQuAQ AQ AQ: AQ,AQ/AQ;AQrAQL

1 - "K,0+CaO+ALO;" 3.6>
Obsidian Gollii Dag [25] 2609 37 793 101010641145 3.43 3.64 336 10.88  1.08
18" c. Porcelain glaze buffon2  4.93 797 984 10281130 2.92 1.64 247 9.84  0.66
Modern Porcelain [8] NG31 334 79794910391150  1.80 3.16 12.04 492 0.00  2.45 3.81
" NG6 238 78796210401131  2.83 7.13 10.98 8.65 0.00  1.27 1.54
" NG33  3.57 79895010441152  1.65 2.04 13.554.60 0.00  2.95 6.64
2 - "CaO" <1.7>
Modern B-glass [22] 532800B  1.79 739908 985 1056  2.22 4.89 11.0715.02 0.00  0.74 2.26
poif;:i'n \glzt;‘:‘[?‘;io] CCLCCO01 1.58 789925 983 10501140 0.94 6.74 12.6612.71 5.72  1.00 1.88
cellizocﬁzlﬁgﬁlg,%] ECLGOLD1 146 792960103510941160 1.90 13.7614.27 5.85 4.81  2.44 1.04
19" ¢. soft-paste glaze [26] EASSINF3  2.03 795952103111081163 2.52 7.00 11.66 3.06 5.64  3.81 1.67
Obsidian, Bingl [25] BINI 1.59 795 987 10601134 1.63 1431740 1519 1.93
3 - "Na,0+K,0+Ca0" <1.02>
P}L"e‘;‘g:gz/sf{[‘;%a“ vpel7 1.2 780957104610931129 2.87 1.17 13.02 9.61 12.73  1.35 11.13
" vpe26  1.07 780891 936 993 1087 1.55 3.13 4.07 7.69 38.50  0.53 1.30
8" ¢. Abbasid glass [24] TESS1  0.97 791947 991 10241091 1.18 8.19 2.06 3.62 35.56  0.57 0.25
Modern stained glass [27]  AMvjaunl ~ 0.89 770950105111041158 2.88 7.74 17.8920.09 3.90  0.89 231
" AMvvertl  0.95 792948104711001148 1.67 3.96 15.3517.0112.02  0.90 3.88
4 - "Na,0" <0.90>
18" c. Kutahya glaze [23]  Ku2blanc ~ 0.83 787913 987 10801160 1.80 2.31 17.4128.56 3.78  0.61 7.54
113t C['szg;]klds glaze GriEMAILB 0.8 781913 980 10691114 0.59 6.69 21.13163510.57  1.29 3.16
" ST2EMAILA 1.13 79094510001083 1168 1.77 9.44 11212737 3.08  0.41 1.19
" TTEAMAILB 0.85 786920 983 10761156 1.33 4.60 19.0226.20 2.97  0.73 413
5 - "Na,O+PbO" <0.41>
16" c. Iznik glaze [29] EIZB201  0.49 783930 980 10431122 2.02 11.0010.5333.5610.00  0.31 0.96
Medieval Ifrikiya glaze [21] DG44501 045 78395610391142  2.02 30.5829.25 7.33 0.00  3.99 0.96
16" c. Iznik glaze [29]  EIZBROU3 0.31 780920 974 10361113 2.10 11.2815.8135.4811.53  0.45 1.40
Medieval Ifrikiya glaze [21] DG472002 0.4 779923 974 10301112 2.44 13.6915.8526.8512.37  0.59 1.16
6 - "CaO+K;0" <0.35>
Stained glass [27] StChapvbleul 0.38 773920100710931178 1.00 7.50 17.2228.15 2.31  0.61 230
" TRvjaunel ~ 0.32 747879 944 10131086 1.39 5.76 15.4527.4124.88  0.56 2.68
7 - "PbO" <0.27>

Medieval Ifrikiya glaze [21] DG5102 0.36 774902 985 10961144 1.32 10.3852.70 2.56 5.82  20.59 5.08
11"-13™ ¢. Saljukids glaze

128.29] S3EMAIL  0.48 780919 974 10291131 1.9121.1318.8415.929.72  1.18 0.89
th Ny
157 c. Vietnamese CCLCCO002 0.36 759888 958 10171092 0.54 23.4134.5014.89 8.13  2.32 1.47
porcelain glaze [19,20]
th th .
6*-11c. B[gg?“‘m glaze  pOEMAILB 0.11 760882 960 1093 0.23 14.1764.6410.00 0.00 646 456
" BIEMAILA 0.06 855896 952 10141092 8.46 24.6139.5915.04 6.84  2.63 1.61

Table 2 : Main Raman parameters of selected materials; Ip, index of polymerisation, vQ,,
centre of gravity wavenumber (cm™) of the Si-O stretching Q, component, AQ,, component
area (% of all the peak area) and ratio.



FIGURE CAPTIONS

Fig. 1 : a) Schematic diagram of the SiO,4 polymerized network of a glassy silicate; isolated (Qy),
connected with one (Q;), two (Qy), three (Qsz) and four (Q4) Si-O-Si bridge tetrahedra are
indicated. b) example of glaze spectrum after baseline subtraction. Note, in the shown case
(Medici porcelain [3,6]) additional narrow peaks due to a-quartz and calcium phosphate
crystalline phases are superimposed on the glaze Raman signature.

Fig. 2 : The polymerization index measured for a series of glazes and glasses of different origins and
periods.

Fig. 3 : Polymerization index measured for a series of glazes and glasses of different origins and
periods (see Fig.1) ; the wt % flux oxide composition is indicated : PbO, Na,0, K;0, CaO.

Fig. 4 : Representative Raman spectra for the 7 families identified : a) as-recorded spectra; b)
baselines have been subtracted in order to only keep the "SiO4" molecular signature (the
contribution of the "Boson peak" is eliminated).

Fig. 5 : The Si-O stretching and bending Q,, components have been fitted according to previously
established methods [1,7,8]. See Fig. 4 caption for material assignment. Polymerisation Index
and Si-O envelope maximum wavenumbers are indicated

Fig. 6 : Plot of the polymerisation index as a function of the Qn wavenumber. Labels, see Fig.2.
Dashed lines are guides for the eyes.

Fig. 7 : Plot of the compositional parameters for various glasses and glazes of different periods (after
[17-19,29-37] : a) [0.5 Al,O3 /SiO,] mole ratio and b) [0.5Na,O+0.5K,0+Ca0O]/[0.5 Al,O3
/Si0, ] mole ratio.

Fig. 8 : Example of Raman signatures (families 3 and 7).

Fig. 9 : Plots of the polymerisation index as a function of the main Si-O stretching component
wavenumber (a) and the Q,/Q); area ratio (b).

Fig. 10 : Hierarchical cluster built with 10 parameters, namely the index of polymerisation (Ip), the
wavenumber of the Si-O peak maxima, the Qn wavenumbers and peak areas. Number
correspond to families of figures 5 and 9. Sample label: Family number according Figs 4 & 5
- material (Por: modern porcelain; 1z : Iznik; G: glass; Ku: Kiitahya; SG: stained glass; Stn :
stoneware; GOm: Omeyyad glass; Sal: Saljukids; By: Byzantine; If: Ifriqiya) - colour (b:
blue; g: green; y: yellow; go: gold; bk: black E: enamel/glaze). Additional museum reference
number is indicated for artefacts of the Musée national de Céramique, Sévres, France.



Fig. 11 : Projection on the two first factors extracted from Principal Component Analysis of the 10
parameters used for the 30 reference spectra.

Fig. 12 : (a) Bi-plot of the polymerisation index (I,) as a function of the Si-O stretching wavenumber
maximum (see Fig. 9a) and (b) hierarchical cluster (calculated for the 10 parameters) for the
series of Iznik and Kiitahya fritware glazes. Sample label : Curator' assignment (Iz, Iznik;
Ku, Kiitahya), colour ( b: blue, r : red, ...), artefact record number, additional information.
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Fig. 1 : a) Schematic diagram of the SiO4 polymerized network of a glassy silicate; isolated (Qy),
connected with one (Q)), two (Q>), three (Q3) and four (Q4) Si-O-Si bridge tetrahedra are
indicated. b) example of glaze spectrum after baseline subtraction. Note, in the shown case
(Medici porcelain [3,6]) additional narrow peaks due to a-quartz and calcium phosphate
crystalline phases are superimposed on the glaze Raman signature.
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Fig. 2 : The polymerization index measured for a series of glazes and glasses of different origins and
periods.
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Fig. 3 : Polymerization index measured for a series of glazes and glasses of different origins and
periods (see Fig.1) ; the wt % flux oxide composition is indicated : PbO, Na,0O, K,0, CaO.
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Fig. 4 : Representative Raman spectra for the 7 families identified : a) as-recorded spectra; b)
baselines have been subtracted in order to only keep the "SiO4" molecular signature (the
contribution of the "Boson peak" is eliminated).
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Fig. 5 : The Si-O stretching and bending Q, components have been fitted according to previously
established methods [1,7,8]. See Fig. 4 caption for material assignment. Polymerisation Index
and Si-O envelope maximum wavenumbers are indicated
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Fig. 6 : Plot of the polymerisation index as a function of the Qn wavenumber. Labels, see Fig.2.
Dashed lines are guides for the eyes.
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Fig. 7 : Plot of the compositional parameters for various glasses and glazes of different periods (after
[17-19,29-37] : a) [0.5 Al,O3 /SiO;] mole ratio and b) [0.5Na,O+0.5K,0+Ca0]/[0.5 AL,O;
/Si0, ] mole ratio.
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Fig. 8 : Example of Raman signatures (families 3 and 7).
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Fig. 9 : Plots of the polymerisation index as a function of the main Si-O stretching component
wavenumber (a) and the Q,/Q; area ratio (b).
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Fig. 10 : Hierarchical cluster built with 10 parameters, namely the index of polymerisation (Ip), the
wavenumber of the Si-O peak maxima, the Qn wavenumbers and peak areas. Number
correspond to families of figures 5 and 9. Sample label: Family number according Figs 4 & 5
- material (Por: modern porcelain; Iz : Iznik; G: glass; Ku: Kiitahya; SG: stained glass; Stn :
stoneware; GOm: Omeyyad glass; Sal: Saljukids; By: Byzantine; If: Ifriqiya) - colour (b:
blue; g: green; y: yellow; go: gold; bk: black E: enamel/glaze). Additional museum reference
number is indicated for artefacts of the Musée national de Céramique, Sévres, France.
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Fig. 11 : Projection on the two first factors extracted from Principal Component Analysis of the 10
parameters used for 30 reference spectra.



4 znik
L6 n Kiitaya I2E-g-27397green] .
[ 4 ]
L4 T Kitaya F1 Kiitaya F2 ]
[ \ /
1.2 \ /
° [ \ /
§ [ KuE-g-16469vel F1 \ /
< If b \ / . 2550
3 [ \ | TR M
- [ v\ 1ZE-bp-3855 g9 12551
< 0.8 - 1zE-r-26230red1 \ | 1zE-b-27397 l}l;lb ﬁ340y ~
[ Iy %2 d D ey b2 F2
- KUE-g-4630 F1
0.6 f B uebrssorl 4 renebr .
[ KUE-g-6846 F1 | A 1E1.3840r ]
04 F I’ 4 -'
: E-bk-26230bk .
[ /
02 F 4 .
980 1000 1020 1040 1060 1080
2) V__ Si-O stretching
I ! 1 " I ! 1 " 1
1z-b-51721bleul
1z-1-26230red 1 I
1z-bk-26230black1
Ku-y-16469gourde aul F2
Ku-g-6846robec F1
Ku-g-16469gourde vel F1 :I_
Ku-g-4630bolvel3 F1
1z-b-8408bleul
1z-y-3840yellow1
1z-b-26230bleul
[z-bp-3855bleupink]1
1z-b-27397beu2
1z-r-3840red1
Ku-y-7460 2a F2
Ku-y-7460robe ab F2
Ku-bk-7460 2h F1
Ku-w-16469gourde b2 F2
1z-g-27397greenl
1 1 1 1 N 1 1 1 N 1 1
b) 0 2 4 6 8 10 12

Linkage Distance

Fig. 12 : (a) Bi-plot of the polymerisation index (I,) as a function of the Si-O stretching wavenumber

maximum (see Fig. 9a)) and (b) hie
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