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Abstract

Much like weapons, vessels made from glasses and ceramics have longbeen held as objects of very
high technology. Ceramic technology mastery is even at the foundation of metallurgy. In producing
glass, potteries and enamelled metals, three critical, and energy intensive steps are needed :
obtaining fine powder, firing, and building appropriate kilns. Control of the colour also requires
advanced physical and chemical knowledge. Indeed, if ceramic production is somewhat the art of
forming a heterogeneous matter (only some components melt), glass or enamel production requires
the object to pass through a homogeneous liquid state to obtain the desired microstructure and
properties. This chapter presents the different destructive, non-destructive and non-invasive
analytical methods that can be carried out in laboratory, on shards or sampling with fixed ‘big’
instruments, or on site (museums, reserves, etc.) with mobile set-ups. After a brief overview of the
history of pottery, the implications of the processes involved (grinding, shaping, sintering,
enamelling, decoration) on micro- and nano-structures (formation / decomposition temperature,
kinetic / phase rules, sintering) is given. The emphasis is given to information that can be obtained by
XRF and Raman mobile non-invasive measurements. Examples illustrating how these studies help to
document technology exchanges and exchange routes are also given.

1. Pottery and enamelled artefacts. Definitions and brief historical overview

The mastering of fire is associated with the early development of Mankind. The first potteries appear
to have been produced as early as 12,000 BC in different continents (Japan, Siberia, Africa), before or
just at the Neolithic Transition from nomadic to sedentary life."®* However, artefacts made of fired
clay are much older (about 25-30,000 BC for the Dolni Vestonice Venus sculpture).” The first potters
could have been itinerant, as pointed out by archaeological and ethnographic studies,® and their
main activity may have been the production of containers of differing shapes. The word pottery is
coming from Latin potum, the name of a drinking utensil. Ceramic is coming from the Greek keramos
(kgpapuoo) which means horn, indicative of the matter then used for drinking utensils. Glass, glaze
and enamel (and smalt) are thought as coming from the Proto-Germanic ‘glasa’ (to shine) and
‘smaltjan’ (to smelt), respectively. In Chinese language the word for pottery, tao ci (f72), is related
to a more philosophic meaning: the way, the principle of life, and this fact could explain the
importance of Ceramic Art in Asian Cultures. A good knowledge of pottery and enamelling
technologies is needed to analyse ancient artefacts. Here we will try to give an overview of the
background required, as well as useful references.

Ceramic tools were required for the development of metallurgy and both techniques require the
building of kilns and the careful selection of raw materials. Fig. 1 schematizes the technological
evolution from the production of pottery consisting in a porous body, free of waterproofing coating,
up to an advanced high dense porcelain enamelled with a complex décor, and then to special
ceramics and glass having specific chemical, thermomechanical or electrical/magnetic properties.>®
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Fig. 1. Timeline of the development of pottery technology. Required firing temperatures are indicated in red.
The development of technologies associated with kiln production determines the evolution of ceramic
production. Diagram of a ceramics manufacturing cycle.

The deposit of a waterproofing coating, a glassy silicate called ‘glaze’, only started with the
development of an urban culture/élite in Egypt and Mesopotamia, ca. 1500 BC. Preparation of glassy
paste is much older.>®

The first classification of the different types of pottery (Table 1) was established in 1844 by Alexandre
Brongniart, head of the French Imperial (established as a Royal Factory by Louis XV in 1756, then as
National Factory during French Revolution and presently) Sévres Factory and in 1805 founder of the
first Ceramics Museum coupled to a Factory.”'® Brongniart’s classification is based primarily on the
mechanical properties of the fired body and on the composition of the glaze. This slightly modified
classification (Table 2), remains the reference to this day.'*?

Consequently, studies conducted on ancient pottery and enamelled artefacts (on glass or on metal)
are aimed at documenting technical history and production methods, identifying characteristics
related to:

i) the raw materials (nature, provenance, selection, processing (washing/grinding/heating))

ii) the body and its processing/firing (microstructure, phases, compositions)

iii) the decor/coating (nanostructure, composition, colouring agents, pigments)



iv) the firing cycle and kiln technology (fuel, casing ...)
V) the relationship with other/previous centres of production.”®
Such information informs our understanding of trade routes and technology transfers.

Table 1: Types of pottery (after Brongniart’ classification)g'10
Class Type Glaze Remarks
Soft-paste body Terra cotta no -
Lustre pottery Silica-alkaline composition  Thin ‘coloured’ glaze
Varnished pottery Lead-rich composition
Glazed pottery (faience) Tin oxide opacification
Hard-paste (non-fuse) Fine faience Lead-based composition Colour-less body
body Gres-cérame (stoneware) No or silica-alkaline Coloured body
composition
Hard-paste (translucent)  Hard-paste porcelain Feldspar-based Use of Kaolin
body (China) composition
Soft-paste ‘natural’ Lead-(borax-) based Use of clays or kaolin or
porcelain composition bones
(fritware, English bone
China)
Soft-paste ‘synthetic’ Lead-based composition Use of marl and frit
porcelain
(fritware)

. epe . . 11,12,34
Table 2: Professional classification of ceramics

Class Type Body open porosity  Glaze Remarks
%
terra totta 20-35 No coating
Varnished/glazed Lead-based
Faience 15-20 Tin oxide
Fine faience 10-15 opacification Colourless body
Fritware <15 Lead-based A slip can be added
in-between body and glaze
Stoneware Salt varnish <5 Alkaline (Salt)
vitreous <3 Feldspar based White body
Porcelain Hard-paste <1 Feldspar & kaolin-based
(China) body
Bone China <1 Phosphate-based body
Soft-paste <2 Lead-based Vivid colours
Technical Oxide <0.5 In general, no glaze Physical/chemical
Carbide properties controlled
Nitride
Carbon

The interest in the documentation of technologies is long-standing. A first foray in the matter can be
found in Pliny the Elder’s History.” A few rare medieval manuscripts dealing with the subject have
survived, such as those of Theophilus,™ del Rey Alphonso™ or Jean d’Outremeuse’® in Western
countries and those of Persian potters in the Islamic World."*® Subsequently, the development of
the printing press led to an abundance of books concerning the Fire Arts during the 16" century, in
particular those of Agricola, Piccolpasso, Neri, etc. 131920 The technical literature was then broadened
during the 18" century.”*®® The first archaeometric studies on porcelain were published by Francois
de Réaumur,? in light of the information collected in China by Jesuit d’Entrecolles, during his visit of
the Jingdezhen Factory, one of the leading Chinese centres in porcelain production.” The interest at




that time for all Fine Arts techniques was large as proved by the publication of the Encyclopédie.”
However, it is with the works of Brongniart,’® Bastenaire-Daudenart (especially in faience)®,
Brongniart and Bontemps (glass)*”*%, and then of Salvetat,”® Deck® and others*>* that very useful
technical and scientific reference books became available. More details can be found in reference®™.

2. Raw materials and processing (grinding, shaping, firing, enamelling)

We will first define some terms. Raw materials are the rocks selected for the preparation of the
artefact (unfired or ‘green’ ceramic body) and of the glaze/glass/enamel precursor (Fig. 1). A rock is
generally the association of different minerals: for instance, a pegmatite (petungtse) is a rock made
of big crystals of feldspars, quartz and micas. The composition of minerals is very variable and the
composition of centimetre-long feldspar crystal can vary from potassium-rich (orthoclase or
microcline) at one tip to sodium- (albite) or calcium-rich (anorthite) solid solution at the other one.
Clays are (earth)alkali aluminosilicates in the form of lamellar nanoparticles, the interlayer cations
being more or less solvated by water molecules. A clay (rock) can be made of different clayed
minerals (illite, smectite...). Kaolin (rock) and associated mineral (kaolinite) belong as clay to
phyllosilicate group but do not have interlayer (earth)alkali cations and hence a much higher melting
temperature than clays and a much lower plasticity. To eliminate impurities that can colour the
matter, raw materials are carefully washed (and mixed and stored) before use.

Artefacts are prepared by hand(wheel)- or mould-shaping from clay-based paste (water content ~20-
30% wt).'%**** Addition of water led to an agqueous suspension (sol) that can be used to make vessel
using a porous (plaster) mould; part of water is trap, and a millimetre-thick layer form at the mould
surface by sol-gel transition; pouring of remaining liquid slip and drying allows recovering the green
body. Complete drying and firing are then performed.

Enamel is a glassy coating on a substrate, metal or ceramic; a glaze is an enamel on a ceramic body;
French terms ‘glagure’ and ‘couverte’ correspond to a glaze on a porous body (and hence deposited
on already fired body) and on porcelain/stoneware/vitreous (deposited on ‘green’ body and fired at
the same time). A frit is a mixture melt and quickly cooled in water in order to make easier
powdering of the resulting glassy mixture. Frit can be used as ingredient of body
(fritware/stonepaste/softpaste) and glaze (Tables 1 & 2).

The number of raw materials required to produce pottery, glass/glaze and enamelled artefacts is
variable. For terra cotta and certain faience and stoneware only one ‘clay’ was used. However, in the
majority of cases the addition of sand is required: the large shrinkage of the clay-water mixture
(typically 30 wt% water is needed to obtain a paste ready for shaping %) requires the mixing of the
clay with an inert phase to avoid the formation of ‘elongated’ cracks during the drying. Broken and
powdered ceramic waste (also called fired clay) can replace partially sand. In a sand- or fireclay-
containing paste, small shrinkage-cracks form around inert grains that prevent the formation of long
cracks. These small cracks disappear during the firing/sintering stage. More complex potteries
require the use of different clays, each of them giving specific properties: good plasticity for shaping,
good mechanical strength in the green state (i.e. before firing), good sintering, etc.""** For
sophisticated ceramics such as fine faience and porcelain many clays/kaolin, feldspar and sands are
used.

Consolidation during firing (called ‘sintering’) results from the reaction between adjacent grains. A
liquid phase forms at the grain surface and accelerates reaction kinetics (atom diffusion rates are
order of magnitude faster in liquid state and dissolution-precipitation phenomena at the corrugated
surface of grains help to form cement in between adjacent grains, Fig. 2). A good compaction of clay,
sand, and feldspar grains maximizing the number of inter-grain contact is mandatory to obtain a
good sintering and low porosity artefact with good mechanical properties. Contrarily to glass
preparation that requires the melting of the entire batch, ceramics are achieved with a limited
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volume of molten phase: fluxing materials such as chalk, feldspars, intrinsically, or by contact, melt at
low temperature (<1100°C).Addition of frit, lead oxide, borax, iron oxide, etc. lower the melting
temperature up to 500-700°C.

Fig . 2. Sketch of the transformation taking place during the sintering: a) compacted matter; b) a liquid phase
forms, wet the grains and cement them on cooling (Q: quartz, F: feldspar, Cl: clay aggregates); the
densification (L <Lo) and the formation of new phases, amorphous and crystalline on cooling cements the
grains; c) SEM-BSE photomicrograph of a cross-section from the body (1) to the Pb-rich glaze (3) with a
reaction zone (2) in between. The body shows some large roundish pores (black), relictic quartzs surrounded by
circular cracks (black), subidiomorphic tridymite laths (black), many small subidiomorphic crystals of
wollastonite (white) and a glassy matrix (grey). The outermost parts of the body lacks wollastonite and is also
part of the reaction zone. The 1-2.5 um long, prismatic shaped and CaO-rich crystals (grey) of the reaction
zone are too small for a quantitative chemical analysis. Soft (frit) porcelain plate from the Royal manufacture
of Sevres, France, 1781 (Courtesy of Prof. M. Maggetti, sea ref. 93 for details).

In order to decrease the amount of undesirable phases (colorant, source of gas) and/or to avoid
coarse grains, grinding, washing and flotation can be made. Kaolin and clays are rocks formed by the
corrosion and sedimentation of mother rocks such as gneiss, granites, pegmatites ... (a mixture of
feldspars, quartz, and micas). This led to naturally fine grain materials (largest dimension ranges from
a few nanometer to a few micron) but composition in a quarry varies from place to place.
Deterioration of the quality of the production of a factory, and then its disappearance, results often
from the impossibility of the potter to adapt the processing to the shift of the composition. Specific
trace elements (Sr, Rb, rare earths, U, etc.) or minor components (Fe, Ti, Zr, etc.) can be used to
identify particular raw materials with the same provenance.®**' The more sophisticated the
technology of production, the easier will be the identification of place or date of production. Indeed,
innovations can be used as post guem milestones.” As on example Fig. 3 shows the plot of the Rb vs.
Sr and Ti vs. Fe content measured with a portable X-ray fluorescence (pXRF) instrument in the body
of ‘Boccaro’ wares (early 18™ century red stoneware assigned to J.F. Bttger, Meissen, Saxony).>**’
Data have been normalized to the Si signal in order to take into account the variation of geometrical
conditions of measurement, such as distance and angle of analysis, owing to the different shapes of
the objects. These ‘Boccaro’ wares try to imitate Yixing Chinese contemporary productions, highly
prized by the European élite of the 17" and 18" centuries.’®*” For instance some teapots have been
prepared by moulding the original Yixing wares and confusion was possible when employing only
visual criteria to distinguish them.*
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Fig. 3: Examples of categorization obtained from the elemental ratio plots, here measured with a portable XRF

instrument (after %*); Béttger’ productions made with the same raw materials providing Rb and Sr, or Ti and Fe

element ratio are located along the straight line starting from the origin. Other artefacts are Chinese, modern
Meissen and fake items.

Matter made with variable proportions of the same raw materials will give data aligned on a straight
line starting from the origin. For instance, Rb and Sr elements are associated with calcium (from chalk
or alabaster or gypsum) and Ti and Fe elements are typical impurities of clays and kaolin.
Differentiation between Bottger, aligned with the calibration line, and Chinese Yixing, modern
Meissen and other artefacts is thus obvious.’®*’ For instance the SC462 tea-pot from Sévres
Collection was a true Bottger ‘Boccaro’, whereas the SC 10-169-1056 was actually the Chinese model.
These elements have been selected by considering the impurities a priori characteristic of the raw
materials reported to have been used at Meissen (red kaolin, alabaster, etc.).*”** Another approach
is the use of algorithmic techniques such as principal component analysis (PCA), Euclidean cluster
variation method, supervised PCA*, to identify the most pertinent parameters, statistically and
independently of the considerations regarding the ceramic or glass technology.

The preparation of enamels requires the availability of fine (micronic or submicronic) powder(s).*
Grinding needs a lot of energy and before the mastering of hydraulic energy (~12" century in
Western Europe, 9™ century in the Islamic World), potters and glassmakers took advantage from the
thermal decomposition of ‘hydrated’ compounds to obtain fine powders: for example Ca(OH), from
calcareous rocks or shells, calcium phosphate from bones and complex compositions ready for
glazing from wood and plant ashes.*™*’

The main mechanism of the sintering of pottery is the so-called liquid sintering'": at a given
temperature one of the raw materials melts, or at the contact between two different raw materials,
a liquid phase appears, although the other component grains are not modified.!* Sintering takes
place (Fig. 2): first, the liquid phase dissolves corrugations at the grain surface; the liquid phase forms
a neck between grains in contact, forming cement on cooling with the precipitation of new phases,
and promotes a densification due to the rearrangement of the grains by capillarity/wetting effect.'**?
Figures 2a and 2b show a sketch of the body microstructure before and after formation of a liquid
phase by reaction between feldspar grains and clay aggregates. The liquid phase wet the grains,
forming liquid necks in between that bring by capillarity the grains closer. Dissolution of small grains
and corrugations modifies the liquid composition, and led to new phases that precipitates; the
composition of the liquid phase also evolves toward less fusible composition, the liquid phase
becomes more viscous and solidifies. A bridge is formed in between adjacent grains. The Figure 2c
shows the polished section of a glazed porcelain observed with scanning electron microscope (SEM);
the backscattered electron (BSE) mode is sensitive to the Z number (matter made of heavier
elements appears whiter). At the contact between molten glaze and solid substrate, part of the body



is dissolved, saturates the glaze and small crystals appear. In some cases, the liquid glaze can
separate into two liquid phases that led to opalescent glaze (see further).

Everybody can experiment the efficiency of a liquid phase to facilitate densification: a hard and dense
ball of snow is easily obtained with snow at temperature close to 0 °C (water —assisted densification);
on the contrary it is almost impossible to make a ball with cold snow (-15 °C or more).

Hydroxylated compounds (as clays) undergo dehydration/decomposition around 600 °C, giving a very
reactive and fine material (called metakaolin if kaolinite are present).™*** The first liquid phase forms
at about 750 °C between silicates and FeO-Na,0,* i.e. in a reducing atmosphere and reacts with the
high reactive product arising from clay/kaolin deshydroxylation. Terra cotta with rather good
mechanical strength® can be thus obtained millennium ago with very simple kilns made from pits
covered with branches and straw.

Lead oxide melts at ~900 °C, but addition of alkali or alkaline earth-rich materials or borax melt at
lower temperature, as low as about 500 °C.”® Most of the liquid phases of Si0,-Al,05;-Ca0-Na,0-K,0-
etc. form between 900 and 1200 °C,* the typical range of temperature needed to produce pottery.
Wood and plant ashes, a mixture of earth-alkali and alkali hydroxide with small amount of silica and
phosphorus oxide were the first glaze precursor.

For instance, typical oxide compositions of faience are given in Table 3. Potters do not use actually
elemental compositions because the raw materials are natural rocks or minerals and precise
composition measurements date from 19™ century. They use mass (% wt.) or volume (% vol.). A
typical composition of faience is clay (26 % vol.), marl (a mixture of clays and limestone, 50 % vol.)
and clayish sand (25 % vol.); another example: clay 60 % vol., sand 20 % vol. and limestone 20 %
vol.** For a (hard-paste) porcelain the proportions are kaolin 50 % wt., feldspar 25 % wt. and sand 25
% wt.."* This almost correspond to 70 % wt. SiO,, 26% wt. Al,O; and 4 % wt. K,O. Regarding phase
content, (undissolved) quartz ~22 % vol., mullite (see further) 16 % vol. and glass 62 % vol.

During the sintering of a pottery, only a limited part is molten, from a few vol. % or less for a terra
cotta up to ~60 vol. % for porcelain.'***° Porcelain requires temperature higher than 1250°C-1300°C
(up to 1450°C) for the growth of long acicular mullite crystals (see further).>>* These crystals build a
‘bird nest’ that retains by capillarity the molten (earth)alkali-rich silicate phase that will give a glassy
and translucent phase during cooling. Consequently, a pottery body is always heterogeneous and
made of many phases: coarse grains (i.e. relics of raw materials) up to a few millimetres can subsist
and new phases resulting from the reaction between the grains form around.

On the other hand, the glassy matrix of enamels and glazes should be homogeneous or its
heterogeneity controlled at the micro- or nanoscale.>”** Resolution of human eye is close to 1-10
pum; if coloured grains are larger, the colour will appear punctuate, granulated, not united. Three
types of colouring agents are used to colour a glass:>>*°

i) 3d (transition metal) or 4f (rare-earth) ions having electronic transition in the visible
range dissolved in the glassy enamel, as function of the element, 0.05 to 2 % wt are
sufficient to colour a glassy silicate.

ii) Pigments dispersed in the glassy phase or formed by precipitation on cooling. Pigments
are crystalline phases coloured by above-mentioned coloured ions not degraded by the
molten glass during the process; the coloration power of pigment is higher than that of
dissolved ions.

iii) Metal or semi-conductor nanoparticles with specific organisation or optic properties. The
coloration efficiency is huge, 0.2 % wt is sufficient to blacken a millimetre-thick glass
plate.



We will discuss further the most suitable techniques to identify the colouring agents.

3. Micro/nano-structure and elemental analysis

An exhaustive list is beyond the scope of this publication, but here we try to provide references
representative of the different objects and analytical techniques. Table 3 lists the different methods
of analyses and points out some of their advantages and drawbacks. Invasive/destructive methods
are commonly used in materials science studies, but we will address those more especially devoted
to rare pottery and enamelled objects, which tend to be non-invasive, mobile methods. Glass and
ceramics are easily broken and, therefore, artefacts of exceptional quality are very rare so sampling is
more often than not prohibited! The use of mobile, non-invasive instruments is needed when shards
are not available.”® Optical techniques are optimal for the study of the coloured material. When
fragments for sampling are available, scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS) facilities and inductively coupled plasma mass spectroscopy (ICP-MS) are the
most used methods to determine elemental composition. ICP-MS, a (micro)destructive technique has
for a long-time been to analyse transparent or translucent archaeological glass fragments, available
in large numbers and made of a homogeneous matter.**® Some authors neglect the fact that many
coloured glazes and even glasses are actually composite materials, and hence the representativeness
of the composition probed by ICP-MS can be questioned.® The great advantage of advanced ICP-MS
is the identification of isotopes.””’® For instance Pb isotopes can be used to associate glaze
production and mining places.” Laser induced breakdown spectroscopy (LIBS) is a microdestructive
technique, damaging for enamelled artefacts due to the generation of thermal shock, but offers
accurate measurement of composition profiles from surface to body.”>’* Neutron activation analysis
(NAA)”’® and ion beam analytical techniques (PIGE: particle-induced gamma-ray emission, PIXE:
particle-induced X-ray emission, RBS: Rutherford backscattering spectroscopy, NRA: nuclear reaction
analyses) are non-destructive techniques; they can be used to study large objects using an extracted
refocused beam line, but instruments are rare and expensive (as well as the transportation of
masterpieces from secure room to laboratory).”””® Furthermore, the irradiated sample can become
radioactive. The microbeam of synchrotron or of rotating anode X-ray sources can be used for local
analysis (LXRF or pXRF).2® Transmission electron microscopy (TEM), in particular coupled with
focused ion beam (FIB) for the final preparation of the sample, is the unique technique to study
microstructure at nanometer and sub-nanometer scale. However, it is expensive and time-consuming
to study many samples and therefore the representativeness of the measurements is not obvious.
L XRF, in particular mobile XRF, is a very good method for semi-quantitative elemental analysis.***®
Finally, combination of optical and electron microscopies as exampled in refs ****% remains the most
common approach when fragments are available. The use of vibrational spectroscopies, (FTIR **%°
and Raman®*®) is increasing, not only to identify crystalline and amorphous inorganic phases, but
also to identify organic residues in a non-invasive manner,'® historically made possible by mass
spectroscopy and chromatography™* ' on matter extracted from the pottery pores. These residues
inform of the use of the utensils.

Table 3: Crystalline phase identification methods. Representative references are given.

Methods Resolution (usual) Sample preparation References

(Polarised) Optical microscopy 0.5-10 um fracture/cut/polishing 35,38,49,93,113

SEM(EDS) 1-10 nm fracture/cut/polishing  69,93,132,145

TEM 0.1-1 nm cut/polished/FIB 86-90

(W)XRD >(10 um)mm cut/powder 52

UXRD (Synchrotron) 1-10um cut/polishing 81-84

FTIR-ATR mm cut/polishing/powder 94,101

UFTIR-ATR 10um cut/polishing/powder 102

pHRaman 0.5um No/cut 51,54 (see Table 6)
3.1 Porosity



The first parameter to be considered in the study of pottery is the porosity, the main parameter to
classify and name the pottery. The open porosity is commonly measured by the Archimedes
method™®: the comparison of the mass measured in the dry and wet state (pores filled by water
under vacuum) with that measured for the wet sample immerged in water, thus allowing calculation
of the open porosity.""*** Water can be replaced by other fluids for low porosity materials.'®® Closed
porosity can be obtained by comparing the density of the sample with that measured with a
picnometer on ultrafine powder (the perfect wetting of the powder with the liquid makes the
measurement is not distorted by residual porosity), or by comparison with the theoretical density
calculated from the unit-cell volume measured by XRD." Typically, open porosity ranges between
~30% for coarse terra cotta™ to less than 0.5% for porcelain® and technical ceramics (Table 1). The
porosity level directly controls the mechanical properties and the reactivity with the environment.
Porous bodies should be enamelled to become tight.

3.2 Determining the firing and glazing femperatures

Contrary to crystal and glass that reach a homogeneous state, ceramics, with the exception of single
phase technical ceramics sintered after a long high temperature annealing, don’t approach the
equilibrium state and their microstructures remain very heterogeneous.'® Much information can be
extracted from the microstructure: thus, it is very important to have access to the fracture or the
polished cross-section of enamelled artefacts. Pottery is prepared by reactive sintering and the
progression of the reactions will be controlled by the degree of grinding, which determines the grain
size distribution, and the firing conditions.'>*>*>'%1% The final quality of a fired artefact depends on
the many steps of the process (Fig. 1). Obviously, everybody knows that the cooking of an object in
hot water, for instance an egg, depends on both time and temperature, especially at the core; the
surface temperature is limited by that of boiling water, whatever the temperature of the heat
source. After all water has evaporated, the temperature will depend on the heating. Similar events
take place during the firing of a ceramic: for instance, if hydroxides loose water at e.g. 400 °C, the
temperature of an untransformed hydroxide grain will be kept at 400 °C up to the complete
dehydration, even if adjacent grains are at higher temperature. The same feature takes place for the
reaction between a solid phase and a liquid one. Essentially, the composition of the liquid is slightly
modified and the viscosity shifts with the dissolution of grains in the liquid phase.” Consequently,
only the combination “grain size x temperature x time/heating rate” makes sense: for a given value
of atom diffusion rate, the matter transportation will be the same if we increase the time or the
temperature or if we change their combination (slower heating rate); the area in contact between
grain being increased when the grain size decreases, advancement of the reaction will be higher for a
compact assembly of fine grains than for one of made coarse grains. This also explains why the core
of many grains is preserved in its raw state, with only the periphery and the matter around grains
being modified,’® with appearance of new phases (Fig. 2b). It is thus difficult to reduce the
heterogeneity of a ceramic made of coarse and fine grains. Typically, for terra cotta and many
faience, majolica, etc., sand grains are larger than a few millimetres although the size of clay particles
are several orders of magnitude smaller (a few nanometres): the size of new formed phases is thus
very variable and a multiscale analysis is required.

As indicated before, grinding, firing and enamelling are critical technologies. The design and
construction of kilns were the most critical issues®®''® and the evolution of the techniques shows a
progressive increase of the temperature and a decrease of the firing cycle duration. In medieval
China firing in Dragoon Kiln lasted many weeks, whereas present day firing duration needs only a few
hours or even a few minutes for small artefacts like tiles! The measurement of the thermal
expansion/shrinkage of the ‘green’ body is made by professionals to establish and optimize the
heating-cooling cycle.'*** Fig. 4 shows typical curves measured on already fired pieces, a good ‘tool’
to analyse phase content and to determine the firing temperature of a pottery.*
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Fig. 4: Examples of thermal expansion measured on stoneware/porcelain: 12113 a) comparison between the

thermal expansion of two body of Vietnamese celadons (#1, 13" ¢. and #11 16" c. ) heated below their firing
temperature: the bumps observed arise from reversible phase transitions of quartz (573°C alpha to beta quartz
transition); in b) the shards are heated at higher temperatures; the Y scale is 10 times smaller, so the expansion
up to ~800°C appear almost flat; the glazed sample #11+G show a shrinkage jump at the melting temperature
of the glaze (arrow), then the slow evolution arises from the reaction of the molten glaze with the body
substrate and the second arrow indicates the sintering of the body; the sintering of#7 and #14 16" ¢c.
Vietnamese porcelains shards takes place at higher temperatures, ~1450°C.

For a clay-rich paste, a linear expansion is observed up to the formation of the first liquid phase and
the associated drastic contraction known as liquid-assisted sintering (Fig. 3). The microstructure of a
ceramic will not depend on the mean composition, but on that of raw materials, their grain size, and
of the firing cycle (heating rate, atmosphere, duration): the fraction of reaction and the nature of
formed phases can be thus very variable.'® The microstructure of the body and the micro- and nano-
structure of the glaze constitute the fingerprint of the used technologies.

Briefly we can consider that firing ‘reveals’ the reactivity of the material. Due to the anharmonicity of
chemical bond, the bond length increases with temperature; consequently the matter expands quasi
linearly with temperature, the thermal expansion coefficient ranging between typically 10x107 K*
(amorphous silica) and 120x107 K™ (metals),******1% values being between 60 and 100x10” K for
most crystalline oxides. Phase transitions modify the structure of solids and lead to instant
contraction or expansion. Therefore, the measurement of the thermal expansion provides
information on the nature of the crystalline phases.**** For this reason, a fragment of body in its
green state, or already fired in the case of archaeometric studies, can be cut and placed in between a
fixed support and a sensor of a dilatometer measuring the displacement of the sample. A quartz-rich
mixture shows a huge expansion at 573°C (Fig. 4a), due to the phase transition of quartz, and
this event is used by ceramists to measure quartz content in clays, paste and fired body.™** When all
the liquid phases have reacted with infusible grains i.e. the material is kinetically stable, the thermal
expansion starts again. Reheating a previously fired ceramic specimen will give a linear curve up to
the previous firing temperature. As sketched in Fig. 3 the reactions between grains are limited,
especially in terra cotta, and faience. The reaction is more complete in stoneware and especially in
porcelain body, which gives rise to its translucency. Consequently, materials being heterogeneous,
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the reactions will start again when the firing temperature will be over over the previous maximal
temperature achieved during the firing cycle and the shrinkage develops again. The sintering can be
limited or stopped when reactions that lead to expansion take place at the same moment, for
instance the formation a new crystalline phase having a less-compact structure or some ements are
volatilised.'™ Decarbonation starts around 900 °C, but temperatures up to 1300 °C could be
necessary to obtain the complete transformation of coarse grains of a few millimetres because of the
phenomenon explained above. It is thus very important to limit the heating rate when reactions take
place, e.g. the departure of carbonates in the 900-1100°C temperature range. Fig. 4b compares the
thermal expansion measured on different pieces sampled from stoneware™? and porcelain shards.'**
If a glaze coats the body, the measured thermal expansion is the addition of that of the glaze (a
shrinkage jump is observed at ~700 °C in Fig. 4b when the ash-based glaze melt) and of the body
(shrinkage above 1200 °C).

The jump at ~200 °C observed during the first heating cycle, but not on cooling, arises from soaked
water present in ancient shards excavated from the soil. Cristobalite (a polymorph of silica) phase
transition also has event in this temperature range. The main sintering mechanism of pottery is the
liquid sintering that induces a drastic shrinkage as exampled in Fig. 4b: the vertical tangent gives the
firing temperature, a vertical tangent being observed when the volume of liquid phase is important,
as for porcelain and stoneware. For instance, the sintering temperature of Vietnamese Celadon
ranged between 1200 °C and 1300 °C and that of porcelain was ~1350 °C.**'"*"* Terra cotta sinters
below 800 °C.* This clearly points out that the degree of sintering and associated properties depend
on many factors.

Fig. 5a sketch shows the thermal expansion of a glass: just before the melting temperature, after the
glass transition (T,) a strong expansion takes place (annihilation of the stress) which can be
decreased or even vanished by the applied load. The shrinkage is very drastic due to the complete
fusion and low viscosity of the glaze. Note, this behaviour depends both on composition and on
grinding. If the thermal expansion is measured on a piece where one or two sides are glazed, the
measurement will show the behaviour of both materials (proportionally to their thickness). For
instance in curve #11+G in Fig. 5 the shrinkage jump at ~700 °C indicates the melting (and firing)
temperature of the Celadon glaze.
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Fig. 5: Thermal expansion of a glaze (schematic) showing the melting/glazing temperature; Evolution
of the relative CaO content in Chinese porcelain /Celadon glazes from the Five Dynasties (10”’ century)

to Ming Dynasty (16" century), after ™**.

PbO-SiO, glaze composition, the common one of many terra cotta glazes, is fired at 900°C (010a
Segers cone). The composition can be balanced in order to adapt the thermal expansion, the
viscosity, etc.: composition SiO,-0.1Al,03-0.90Pb0-0.05Ca0 and 0.05 K,O need also to be fired at
900°C. If the potter will limit the use of PbO to have a more chemically stable glaze (Pb-rich glazes are
dissolved by acetic acid, and hence hazardous), a composition as Si0,-0.05B,05-0.1Al,0;-0.1K,0-
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0.1Na,0-0.1Ca0-0.5PbO is possible.>* A composition to be fired at 1300°C (10 Segers cone) will be
6Si0,-0.6Al,03-0.7Ca0-0.3K,0. These examples illustrate the complexity of mastering enamelling
technology. Fig. 4 shows the evolution of the CaO content versus other flux content with time for
Chinese Celadon and porcelain glaze."™™ The decrease of CaO content arise from the replacement of
ashes by a mixture of different minerals and is correlated to the increases of the firing temperature
and of the mastering of kiln technology.

Table 4: Examples of faience compositions34

Oxide Darius Palace* Persia* Della Robia* Lunéville Modern Fine Vitreous
(4th BCE) (19th)  (16th) (18th) (20th) (20th)

‘H20,C02" 4.36 2.48 8.58

Si02 90.53 85.17 49.65 67.39 68.0 67.85 70.80

Fe203 0.54 1.26 3.70 2.01 1.0 1.25 0.52

Al203 0.30 1.44 15.50 16.0 10.58 29.40 23.34

TiO2 - 1.04

Ca0o 3.98 7.29 22.40 13.16 12.72 0.52

MgO 0.04 0.04 0.17 1.02 6.08 0.06 0.15

Na20 0.21 0.2 0.38 4.56
k20 0.25 1.43

*: ancient or excavated shards retain water

The mismatch between the thermal expansion of the enamel and the substrate should be
controlled,*>* with the former being a little lower than that of the substrate to avoid the enamel
being put under tension and cracking. However, the stress resistance of glass and ceramic is much
higher under compression than under tension. The thermal expansion of the ceramic body being very
variable, in particular as a function of quartz content, an huge variety of compositions of glaze have
been explored by potters.

Some authors attempt to determine the firing temperature from the presence of specific phases
requiring certain temperature to be formed, without taking into account the problem of “grain size x
time x temperature” conditions required to have a significant (trans)formation of the phases. For
ceramics made with coarse grains (2/10 um or more) this approach is not reliable. As a function of
the raw material, the phase formation can be delayed and the conclusions should be considered with
caution: for instance carbonates (decarbonation temperature 900 °C) and carbon (combustion
temperature 700 °C) may persist in ceramics fired at 1300 °C.*>*!® Likewise, the latter temperature is
that required for the reaction between oxygen and carbon atoms in carbide.*"’

3.3. Determining the origin of raw materials
Contrarily to gems or even rare metals whose mining places are limited and known for centuries due
to their formation under very specific geological conditions, most of the minerals used to make

12



pottery bodies are rather common. Furthermore, clays are sedimentary detritic rocks, made by
mixing different sources. The identification of minor phases and traces is possible but it is often
difficult to associate them with a precise quarry when local geology is not known precisely.
Nevertheless, analysis of traces and minor phases is useful to categorise groups. ***® XRF and ICP-MS
easily identify traces such as Rb, Sr, rare earths, uranium, etc.****%* It has been shown that Raman
mapping®*' is more efficient and often faster than XRD to identify minute amounts of specific minerals
in ceramic bodies. Due to the large heterogeneity of terra cotta and faience (grain size > a few mm)
the sampling should be sufficiently large to be representative. Powdering the material guaranties the
better homogeneity and representativeness.

Raw materials required to make coloured and opacified enamels should be selected with caution and
hence the number of sources is more limited and some minor/major/traces elements associated can
be very characteristic.'**'* Glazes and enamels belong to glassy silicates as glass but, due to the high
number of characteristics required, much more than those required for glass objects, the range of
compositions experimented by enamel-makers is huge.”**'?® Determining their elemental
composition, namely major (~15% or more), minor (1-10%) and trace element (<0.5%), is very useful,
but it is very important to consider how representative the composition is in relation with the
heterogeneity of the coloured/opacified glass-ceramic.

3.4 Analysing the enamels/glazes

If the definition of enamel is “a glassy (silicate) film on a substrate”, the microstructure of the film
can be complex: many glazes are a mixture of different amorphous phases (e.g. the Jun and ‘pigeon
blood’ glaze®**®) and glazes coloured and opacified with pigments are composite materials, called
glass-ceramics.”® During the glazing, the molten coating reacts with the substrate and forms an
interphase (Fig. 2). Furthermore some elements are volatile (B, Pb, Li, Na, etc.) and the surface can
have a different composition with respect to the film bulk.

Fig. 6 shows representative sections of potteries. Porosity of the body can be quantitatively
evaluated by measuring the pore size and density by surface unit and compared/calibrated with
water absorption measurement (Archimedes method). The combination of optical microscopy and
EDS-SEM is efficient for phase identification. Raman microspectrometry identifies both crystalline
and amorphous phases.”****?¢%% One or more layers coat the body, and in addition an intermediate
slip (aqueous suspension of fine white grains, of clays or quartz, typically) can be deposited in
between the body and the glaze(s) in order to mask the colour of the body (as made for lznik
ceramic). When sampling is not possible, especially for the study of rare objects, only Raman micro-
spectrometry allows the non-invasive, on-site profile analysis from the surface to a few millimetres,
i.e up to the glaze/body™° or enamel(patina)/metal interface.”®! Raman profiling is a useful technique
to measure the thickness of the coating up to a few hundreds of micron. Note that a carbon film or a
crack often forms at metal/coating interface and modifies the Raman intensity.”*' Attaching strips of
a conducting carbon-rich tape on the sample section to isolate the spot to be analysed helps to
compare data collected by optical techniques (FORS, Uv-vis reflectance, FTIR-ATR & Raman)®® with
SEM-EDS measurement (carbon-rich tape is required if a conducting film has not been
deposited).®**?

Conservation treatments have been made on many objects, for example archaeological conservators
often cover shards with Paraloid®**® that is detrimental to vibrational analysis. Waxes also cover
many objects and agglomerate dust. The latter mixture is also detrimental to the analysis but a good
local cleaning can be obtained with a few minutes illumination with blue or green laser beam. In any
case, a prior cleaning conducted by a conservator is recommended.

Crystalline phases

Table 5 lists the techniques to be used for the identification of phases and their
advantages/drawbacks. Sampling points should be distributed on a sufficiently large area, i.e. at least

13



10 times larger than that of bigger grains, to give representative data. Consequently, measurements
on powdered samples by XRD or Raman techniques, or mapping on a large area, are recommended,
but not always possible. Due to the molten state of glaze at the firing temperature, the substrate is
dissolved at the glaze-body interface and new phases are formed on cooling (Fig. 2).”* The formed
phases are very characteristic of the raw materials and of the firing cycle and this region should be
analysed specifically, at different scales. The diffusion coefficient of ions is very variable’® and
depends on the matrix; small size, high charge cations diffuse faster and play an important role in the
redox equilibrium in solid and liquid state.”>”> For instance, as shown in Fig. 6a, the diffusion of the
blue colour due to Co®" ion paint on the body before deposition of the glaze powder (underglaze
décor) is much larger in the glaze (molten at the top firing temperature) than in the porcelain
substrate. In Fig. 6d the colour (and colouring cation) diffuses significantly in the fritware substrate,
through the glassy phase added to cement the quartz grains.

Table 5: Analytical techniques useful for pottery, glass and enamelled artefact studies. References are given as

an example.
Methods Advantages Drawbacks/Preparation Best Information Remarks Refs
resolution  collected
Optical Colour Smooth surface required 0.5 um Phases, grain & mobile 35,38,93
microscopy identification (thin slice for polarization pore size
measurement)
SEM-EDS Large depth of  Can’t see the colour >nm Composition, 69,93
field (Very) light elements not grain, crystal &
Large measured pore size
magnification
Local
composition
TEM-EDS High Sample preparation, 0.1nm Structure, 52,83,86-
resolution destructive, time phase, 90
consuming composition
XRD Phase Smooth surface required >mm? Phase 39-41,52
identification
UXRD Phase Expensive (Synchrotron, pm Phase, stress 52,80-91
identification Rotating anode)
ICP-MS High precision  Destructive, >um Elemental 65-69,72
representativeness composition
(major, minor &
traces)
XRF Mobile & fixed Light elements not >>mm?’ mobile 36,37
instruments measured
UXRF Local analysis Expensive (Synchrotron, pum Local 91
Rotating anode) composition
LIBS Erosion - Micro-destructive A few pm Composition mobile 73,74
sampling Thermal shock profile
Raman Mobile, non- Laser selection 0.5 um Phase, mobile 44,54-64
invasive Not quantitative structure,
No stress, etc.
preparation, Organic
mapping residues
UV-Vis-NIR Low cost Smooth/glossy surface <mm Colouring agent, mobile 40,90,92
required site (FORS)
or polishing
IR Low cost, Sample preparation >10um Phases, organic mobile 94-102
quantitative residues
Thermal Firing Sample preparation, mm Phase, firing 38,49
expansion temperature destructive temperature,
softening
temperature
DTA/DSC Melting Sample preparation, mm Phase, melting 106
temperature destructive temperature
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NAA Composition radioactivity Large Elemental 75,76

Non- volume composition
destructive (major, minor &
traces)

lon beam Composition Rare facilities, expensive pm Elemental 77-79,107
Analysis (profile) composition
(RBS,PIXE,PIGE, Non- (major, minor &
NRA) destructive traces)
NMR residues 99,102
Chromatography residues 109
Scale porosity 49,104,105

DTA: Differential Thermal Analysis; DSC: Differential Scanning Calorimetry; EDS: Energy Dispersive Spectroscopy; IR: Infrared
transmission/absorption/reflexion; LIBS: Laser Induced Breakdown Spectroscopy; NAA: Neutron Activation Analysis; NIR: Near IR; NRA: Nuclear Reaction
Analysis; PIGE: Proton Induced ; PIXE: Proton induced X-ray Emission; Raman: Raman scattering, SEM: Scanning Electron Microscopy; Transmission Electron
Microscopy; UV: Ultra-violet analysis; XRD: X-ray diffraction; XRF: X-ray Fluorescence; Vis: visible p:micro.

glaze
glazes

glaze

glazes

Fig. 6: Examples of pottery sections: a, b & d: optical micrographs of sliced shards; c) SEM image of a polished
shard; a) Chinese porcelain with a blue underglaze décor ( 15" century); b) terra cotta covered with a lead-rich
glaze body (14"’ century, Oman Sultanate); c) Ottoman lead-alkaline multilayer glaze on porous clay-rich body
tile tempered with quartz grains (15”' century); Ottoman Iznik glazed tile: note the thick white quartz grain-rich
slip over the body (fritware) and the multilayer glazed blue and red overglaze (1 6" century).

Only transmission electron microscopy (TEM) provides topological information at submicron
scale.””®® Fig. 7 shows some examples. Lustre decor arises from the controlled dispersion of metal
nanoparticles in the glaze close to its surface.**>®”#8 The alternation of metal nanoparticle-rich and -
free layers leads to visible light diffraction phenomenon, dependent on the relative orientations of
the observer, the object and the light source. This type of colouration technique is common in the
nature (rainbow, opals, beetle carapace, butterfly wing, pulpe skin, etc.) but rare for manmade
objects (gratings, advanced optical filter). In the other directions of observation, the colour arises
from the light absorption (here by a plasmon, cloud of electrons at the surface of metal
nanoparticles).”® The non-absorbed colour is received by the eyes of the observer. A homogeneous
dispersion of copper nanoparticles leads to different red glazes (ox- or pigeon- blood, sacrificial red,
etc. as a function of the size, shape, concentration of copper nanoparticles and of the degree of
phase separation of the glassy phase)’” Velvety glaze is obtained by controlling the phase separation
in the glaze (two glasses with slightly different compositions, and different optical indices, form in the
liquid state and heterogeneity is conserved on cooling (Fig. 6c)).*™* In the porcelain body,
temperatures above 1250°C lead to the formation of an interconnected array of mullite needles (Fig.
6b, composition: 3Al,0; 2 SiO,), that retains the silica-richer molten phase and is the origin of
porcelain translucency.’®>* XRD and Raman microspectrometry easily identify crystalline phases but
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only the later technique can characterize the structure of glassy silicates.*** Databases and

reference works can be used for band and phase assignment.®* However, the band intensity of a
Raman spectrum depends on many parameters such as laser wavelength, amount of chromophore,
crystal orientation, local structure etc. ; consequently databases should be used with caution for the
identification of coloured matter. Raman scattering provides a lot of information, but an
understanding of the Raman phenomenon is required.

Fig. 7: TEM images (Courtesy Ph. Sciau, CEMES-CNRS, Toulouse) of lustre pottery (a), porcelain body (b) and red
enamel on porcelain (c) sections; lustre pottery shows iridescent colours (a-a’) due to layer alternation with or
without metal NPs (c’); only shining is observed by optical microscopy (b’); mullite needles are visible in b); note
in c) top the binary phase separation in the red glaze surface and the formation of hexagonal copper crystals
(arrows indicate phase separation bubbles); closer to the porcelain substrate a higher density of smaller NPs is
observed. See ref.sz for details.

Amorphous phases

A large volume of glaze and enamel consists of glassy silicate. Amorphous phases are also present in
body such as fritware, vitreous, stoneware and (soft-paste and hard-paste) porcelain. If in most of
cases the micron scale is the pertinent resolution to study and identify crystalline phases, a much
higher resolution is needed to study the glass and nanocrystalline precipitates. As shown in the TEM
image (Fig. 7c), phase separation takes place at the submicron scale®*'* and hence glaze that looks
homogeneous at micron scale is actually heterogeneous. Glaze composition also varies from the top
surface (fluxes like Na,0, Li,O, PbO, B,0; are highly volatile and easily contaminate the environment)
to the centre and the bottom of the glaze (reaction and diffusion in the substrate). Surface
composition can be obtained by XRF, SEM-EDS and ICP-MS. In many cases XRF measurements remain
qualitative or semi-quantitative because of the difficulty to measure light elements and to control
the analysed volume; notwithstanding, the qualitative information obtained is very useful to assign
complex Raman spectra. Composition profiles can be obtained by cross-section analysis (fracture or
polished section) using SEM-EDS and ion beam analyses or from the top by LIBS abrasion (in Laser
Induced Breakdown Spectroscopy a laser pulse volatilizes the matter”>’* and drill inside from surface
to in-depth; caution should be made for enamelled artefact because the huge thermal shock).
Vibrational spectroscopy (infrared and Raman scattering) is very effective at identiying glassy phases
and in many case can differentiate the contribution of amorphous and crystalline phases.*****FTIR-
ATR technique explores the surface layer: the probed in-depth thickness typically ranges between
about 2 and 10 um as a function of the wavenumber range. The technique is thus very efficient to
study the corrosion layer if the surface is sufficiently flat. A preparation of the sample is thus often
required (powdering, polishing etc.). Note that the low hardness of Ge WATR crystal (20x20 pum?,
typically) facilitates the contact with a corrugated surface, but promotes its rapid degradation.
Crystal should be replaced periodically. Only Raman microspectrometry provides a suitable non-
invasive tool to study glassy phases and composites made of both glassy and crystalline phases.
Furthermore, mobile instruments are available.******* The high efficiency of Raman scattering to
study amorphous materials arises from the very local probe of Raman scattering, the polarizability, in
other words the variation of the electron distribution across the chemical bond in between atoms.
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Consequently, there is no need to have ordering of atoms, but it is necessary to have an electron
cloud in between atomes, i.e. to have a covalent bond. The Raman intensity is directly related to the
number of electrons involved and almost no spectrum is observed for ionic bonded compounds; the
spectrum of just a small amount of carbon (< 1-5 %) can obscure those of major phases.'***” For
metal, the penetration of light is very limited and special features take places, observed at very low
wavenumber range.*
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Fig. 8: lllustration of the variation of the Raman signature of a selection of glazes (a) and evolution of the ratio

of the bending versus stretching band area for series of glazes and glasses (b), after refs 124,126,128 Typically, the
melting temperature ranges from ~600°C to 1450°C.

Since strong covalently-bonded structures have Raman spectroscopic signatures orders of magnitude
larger than those of ionic ones, the Raman spectrum of a silicate consists, as a first approximation,
solely of the Si-O network signature (Si-O stretching, bending, and librational/collective modes, i.e.
the so-called Boson peak).”***>** The basic topological and vibrational unit of crystalline and glassy
silicate is the SiO, tetrahedron. Its tetrahedral (T4) geometry is almost unperturbed and the
symmetric stretching mode ( observed between ~750 and 1200 cm™) is much stronger than the
asymmetric ones (same wavenumber range) that could be neglected.™® Its position varies with the
degree of polymerization, i.e. if the Si-O bond is connected to adjacent silicon atom as in pure silica.
The second important band arises from the numerous bending modes (observed between 350 and
650 cm™, with E and F characters from the symmetry point of view, that means 2 and 5 bands after
symmetry distortion) and from the distribution of librational (hindered rotational) and translational
modes (observed below 300 cm™). The latter band, very large and asymmetric is called Boson peak
and reflects the short-range structure/disorder. See refs 124-126,134 for a more complete
discussion. Consequently, the Raman spectrum of a glassy silicate is the fingerprint of the SiO,
network. Raman parameters are directly related to the nature and arrangement of the chemical
bonds: the stretching mode wavenumber depends on the mechanics (atom mass and bond strength);
the bending modes wavenumbers are very sensitive to the bond angle modifications and hence to
the environment (presence of fluxing atoms: Pb**, Ca®*, Na*, K, Li* ...). Thus the Raman spectroscopic
signature (peak position and intensity) of crystalline and amorphous depends on the silicate
nanostructure. It has been demonstrated empirically*****” and by Density Functional Theory (DFT)
calculation™ that the area ratio of the bending versus stretching mode provides a good
approximation of the degree of polymerization, being very low (<0.5) for glass compositions having a
high amount of flux (e.g. PbO-SiO, where SiO, tetrahedron are mostly isolated), and very high for
silica-rich glass and pure silica (>6). The degree of polymerization is directly related to the melting
and processing temperature:*** less Si-O bonds, lower the melting temperature of the composition.
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Fig. 8a illustrates the strong variation of the relative intensity of bending and stretching SiO, bands
with the modification of the polymerization degree of the Si-O-Si network, from highly polymerized
porcelain glaze (#7, where the bending band is very strong) to scarcely polymerized lead-rich terra
cotta glaze (#1). Fig. 8b shows the evolution of the bending to stretching mode area ratio for a large
number of glass and glaze with various compositions. The highest value is measured for amorphous
silica (melting temperature ~1730°C) and amorphous alkali and alkali earth aluminosilicates (melting
temperature >1400°C). The lowest values are measured for lead-rich glass and glaze melting at
temperature less than 650°C. A similar feature is obtained for crystalline silicates but the curve shows
a step-by-step increment with the type of silicate (nesosilicate, inosilicate, cyclosilicates and
tectosilicates) whereas a continuous line is observed for glassy silicates in Fig. 8b."**

Since the symmetric stretching mode is much stronger than the asymmetric ones, the components of
the band can be assigned to the different types of SiO, tetrahedra: isolated (Qy), connected with one
(Qu), two (Qy), three (Qs) or full connected (Q,).*********®Miniaturized portable instruments do not
exhibit same characteristics that bigger and more expansive fixed instruments available at the
laboratory. The replacement of gratings by filter(s) increases the background that should be removed
under the control of the operator or automatically by the software. If the recording of narrow bands
is easy with portable instruments, having a reliable and robust procedure to substract the
background is not trivial, especially for recovering broad bands. When comparing data obtained with
different spectrometers, the same procedures should be used, as exampled in Fig. 9.2***%*%> The
segmented line shows how the “background” subtraction was done to preserve all contributions
(Boson peak and molecular signature of all SiO, tetraedron forming the aluminosilicate glassy
network). Note, the narrow component of nano-crystals dispersed within the glaze have to be
considered.
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Fig. 9: Schematic of the fitting’ procedure for silicate spectra recorded with a high resolution fixed XY Dilor
spectrometer measuring up to low wavenumber range (top spectra, Rayleigh elastic scattering at ulta low
wavenumber is rejected using holographic gratings) and with a mobile HE532 Horiba instrument with degraded
performances below 200 cm™ (bottom spectra, Rayleigh scattering is suppressed by absorption with an Edge
filter); a) as recorded spectra; the dashed line show the separation between the inelastic Raman molecular
scattering and the background; b) spectra obtained after background subtraction; the bending and stretching
modes of SiO, tetrahedra are observed below and above ~780 cm™; ¢) the different components arising from
isolated (Qy), connected by 1(Q,), 2(Q;), 3(Qs) and 4(Q) oxygen bridging atoms (see the sketch of a
incompletely polymerised glass) are shown for the stretching band (reproduced from Ph. Colomban & L.C.
Prinsloo, Optical spectroscopy of silicates and glasses, Spectrosc. Prop. Inorg. Organomet. Compd, 2009, 40,

128-149, doi:10.1039/b715005a™).

A very simple abacus built with the maximal (or band centre of gravity) wavenumber of bending and

stretching SiO4 bands allows classifying the different types of glass as shown in Fig. 10. Chemometry
(principal component analysis, Euclidean cluster classification, etc.) are also useful.***26136137
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The association of different phases on a substrate leads to interdiffusion at the different interfaces
but also to contamination by surface or gas transfer. Atomic diffusion is enhanced at the surface and
some fluxes such as PbO, Bi,03, B,O3; and Na,0, and ions such as Cr and Li, are highly volatile, leading
to contamination of the surface of the artefact or of the neighbour artefact. To avoid the
contamination each porcelain artefact is put in a ceramic box called saggar. The gaseous atmosphere
should be controlled (CO/CO,, H,/O, ratio); this is obtain by controlling the wood water content
(green wood), pouring water on coal and opening/closing of air entrance and fume exhaust shutters.
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Fig. 10: Plot of SiO, stretching vs. bending wavenumber giving the glass type (after 136’137).

3.5 Coloured matter

Glass coatings on potteries, glass and metals are applied for technical reasons, namely the tightening
of porous bodies and hardening of their surfaces but also for a decorative purpose. Although the
coloration of a glass object body is easy undertaken by dissolving as little as a few 0.1% wt of 3d
transition metal or 4f rare earth ions, the colouration/opacification of enamels is more complex: an
enamel/glaze layer is much thinner (10 to 500 um, typically) and hence specific colouring agents are
needed and their concentration must be higher. To display a high gloss and vivid colour, the
dispersion of a ‘white’ phase in the glaze is useful. XRF technique is a good method to identify
colouring agents in a thick homogeneous glass (Table 6). On the contrary, because of the variable
and not controllable penetration of the beam, the differentiation of colouring agents in objects
covered by many layers of enamel (e.g. Fig. 6d) requires the use of microbeam (UXRF produced by
rotating anode X-Ray tube or by Synchrotron Source), and the preparation of the sample through
cutting and polishing. The method is however very convenient for the study of surface gilding, even if
traces are not visible by eyes.*” It should be kept in mind that in many cases shards of exceptional
artefacts such as those outlined in Table 6°>**" **3° are rarer than some intact objects and hence
analytical data very scarce.’®®**! UV-Visible Reflectance and its mobile equivalent technique Fiber
Optics Reflectance Spectroscopy (FORS). Both techniques identify very well colouring ions and the
symmetry of the occupied site.***®® Hyperspectral imaging cameras may provide similar
information, but the technique is in its infancy for such applications.*?

Table 6: Examples of on-site studies with mobile Raman/XRF set-ups.

Type Objects Date Place of Methods Refs
(century) measurement
glass Ptomelaic enamelled glass beakers ~1% CE Paris (mnaa- Raman 137
(Begram Hoard) Guimet)
Enamelled / coloured glass 5th BC - 19th CE Sevres (City of 146,148
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Ceramics)

Stained glass window 13th-19th CE Paris (Sainte- 44,145,147
Chapelle)France
Mamluk mosque lamps and bottles 13th-14th CE Paris (Louvre 137,144
museum)
Brocard and Gallé objects 19th CE Paris (Fine Art 136
Enamel Limoges enamels 15th-19th CE museum) 151,152
on Chinese cloisonnés 15th — 19th CE 152,153
metal
Patina Chinese and Japanese bronzes 10th BC-19th CE Paris (Cernuschi 131
museum)
Pottery  Iznik fritware 15th-16th CE Sevres (City of 138
Kutahya fritware 17th-18th CE Ceramics) 150
Medici porcelain 16th CE 149
French soft-paste porcelains 17th-18th CE 140,154
(Rouen, St-Cloud, Mennecy, Paris, Sceaux, Chantilly)
Meissen 18th CE XRF, 36,37,43
Raman

+ Chicago (Art
Institute)

Chinese porcelain 16th-19th CE Paris (mnaa- Raman 132,154
Guimet)

Obtaining a large palette of colours, especially for a material heated at high temperature, requires
the use of inorganic pigments.’®****** Such pigments are in the crystalline phase, coloured due to
with 3d or 4f ions, and stable in molten glass or precipitating on cooling.”*>* Metals (Au, Cu, Ag) and
semi-conductors (CdS-CdSe-X solid solution) nanoparticles are also good pigments.***>#°2 The best
analytical technique to identify these pigments is Raman scattering. If the laser colour corresponds to
the wavelengths of absorption then resonance Raman spectroscopy takes place: the sensitivity is
huge with traces up to micro-mole (UM) commonly detected, but the Raman intensity of scattering
modes is drastically modified as demonstrated in Fig. 11.
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Fig. 11: a) Comparison between the Raman spectra of tin-based sphene, a and b colourless sphene along two
polarisation and c, after 3 wt % chromium doping to obtain the pink pigment; note the peak wavenumbers are
almost at the same value but mode involving Sn atoms in interaction with Cr atoms and their
combination/overtone bands are enhanced (after ). p) Comparison of Raman spectra recorded with red,
green and blue laser on a red ‘Liberty’ stained glass coloured with nanoparticles of CdSe-CdS solid solution (after
92'95),' note the combination/overtone bands.

Fig. 11a compares the spectra recorded on a colourless crystal of sphene (malayite) and a pink one
due to Cr doping.'”® The spectrum of the pink pigment looks very different because the modes
involving Sn atom coupled with chromium one (forming the chromophore) are enhanced, but their
wavenumber is slightly shifted. Obviously, databases® are not efficient for many coloured
compounds. The observation of overtones (20, 3@, etc.) and combination bands demonstrates that
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the Raman spectrum is resonant. A good example is the unexpected identification of Lapis Lazuli in
many blue enamels,*** from Ptomelaic period (~3" BC to 1 century CE)™’ to Béttger porcelain (18"
century),” including Frederician,”®’ Lajvardina'** and Mamluk®’** glass and/or pottery (13"-15"
century). The biggest advantage of Resonance Raman scattering is the huge sensitivity to detect
coloured phases that are not detected by other techniques. The ultramarine colour of lapis lazuli is
understood to arise from S, ions trapped in some sites of feldspar structure. Under blue to red laser
illumination, the S, ions resonance Raman signature covers the spectrum of the feldspar host matrix,
visible only under UV excitation.**

Colouring a glass in red is also difficult and the method used by medieval glassmakers'*® was to
disperse copper nanoparticles, leads to a huge absorption of the light. Therefore, thin layers of (Cu®)
metallic copper-containing and —free glass should be deposited alternatively on a colourless glass
plate™® to combine vivid colour and transparency. The contribution of the glass interacting with
metal Nanoparticles is enhanced (resonance Raman scattering),**> which gives a different spectrum
from that of the metal nanoparticle-free matrix. Gold (Au®) was also used, first by Bernard Perrot, a
French-ltalian glassmaker*’** and then by 18" century French and Chinese potters to produce
Camaieu décor (Cassius’ purple)**® and Famille Rose™? porcelains, respectively. At the end of the 19"
century the discovery of CdS-CdSe solid solution with colour ranging from yellow to red allowed the
production of red to yellow glass combining vivid colour and a good light transparency.’® The colour
depends both on the composition, on the size and on the concentration of NPs.” For red (633 nm)
and green (532 nm) laser excitations (i.e. when the laser light doesn’t interact with chromophores),
the Raman spectrum is that of the glass matrix (more than 98 % volume) (Fig. 11b). Using a blue (458
nm) laser, the spectrum shows two modes at ca. 182 and 291 cm™ corresponding to symmetric
stretching of Cd-Se and Cd-S bonds, respectively, plus combination and overtone modes. The exact
wavenumber of the mode depends on the composition.”

Cations belonging to glass networks can be exchanged with protons in the presence of moisture,
which leads to a degradation of the very surface of glazes and enamels, inducing cracks and loss of
optical quality,"**'*” affecting the Raman intensity.******® Proton Raman signature and as-recorded
Raman intensity can be used for object dating.*****%*1>?

3.6 On-site study with mobile instruments

Since the beginning of civilisation, emperors, kings and princes have been on the receiving end of
exceptionally crafted objects. Furthermore, the fragility and scarcity of many masterpieces has
limited the number of surviving objects. Consequently, analytical information on the materials and
technologies used to make these precious artefacts is also rare, if not inexistent. For instance, in
1815, H. Davy, — founder of Archaeometric studies with R.A. Ferchault de Réaumur™>*- needed large
fragments of murals found in Pompeii and pigments of Egyptian blue for their analysis. More
recently, in 1922, H.A. Eccles and B. Rackham asked again for several parts of a porcelain service to
study the composition of their enamels™ (analysis who employed solubilisation, specific element
precipitation, drying and weighting of the final product). However, present-day ethics require non-
destructive, non-invasive techniques. Moreover, the need to keep precious items in secure areas led
costly the displacement of artefacts; the use of mobile and contactless instruments is required. The
on-going miniaturisation of laser, X-ray sources, spectrometer, detectors and computer led to the
popularisation of mobile set-ups and an important increase of their performances.”*>*® For instance
the identification of lapis lazuli as blue pigment in many glass and glaze in a good example of the
potential of the method. Another examples are the identification of Han glass for ear-stopper
expected to be in jade and of Arsenic-rich European cobalt in some painted enamelled porcelains
made at Qing Court workshop on the guidance of Jesuits,*** with ores similar to those used in France
for soft-paste 17"/18" century porcelain™® and for Limoges enamels.’*®
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Fig. 12: On-site analysis with a mobile Raman set-up. Measurements are made in Museum storage rooms: a)
horizontal analysis, b) analysis from the top with a mobile support, c) view of the whole set-up, or d) on the roof
of Sainte-Chapelle Palatine Church, Paris;“ 1, long working distance microscope objective (the distance
between the object surface and the front lens is indicated; 2, black textile; 3, paper rams to adjust the height of
the object and to suppress vibrations; 4, remote optical head; 5, Raman spectrometer and CCD detector (in
blue); 6, laser; 7, computer; €) and f) examples on measurements with an handheld XRF pistol: in e the screen
allows controlling the analysed spot; the instrument gives after collecting data (a few minutes) a first look of the
elemental composition.

The availability of a mobile set-up in a museum allows studying many artefacts and collecting
unexpected data. For instance the comparison of the nanostructure of enamels covering Chinese
cloisonné objects™ with those of Limoges enamels first detect the technology transfer made by
Jesuits to Qing workshop.”*"** Since 2000, series of measurement campaigns have been made with
XRF and Raman mobile set-ups. Table 6 lists a selection of studies of enamelled objects, pottery, glass
and metal performed with mobile set-ups. Details about the procedure can be found the literature **
3% (XRF) and ® (Raman microspectrometry). The main advantage of mobile set-up is the possibility to
study all objects without any risks: no contact with last generation of mobile instruments. The
specific characteristics of Raman microspectroscopy are: i) the high spatial resolution of up to the
limit of diffraction of the light (about 0.3 um using advanced microscope objective and blue laser) on
site; ii) penetration depth up to 0.1-10 mm as a function of the transparency; iii) the availability of
long working distance objectives with distance to the object surface ranges between ~13 mm for
x200 objective to tens of centimetres or more for low magnification optics; iv) it is possible to
perform analysis through a glass cover;*° v) the good Raman signal for covalent bonded compounds
which constitute most of phases found in glass and pottery, including restoration ingredients; and vi)
the unique possibility to get information on the structure and composition of amorphous phases. XRF
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and Raman measurements provide complementary information.******! The main drawbacks of

mobile XRF set-ups are: i) the combination of the impossibility to measure light elements with ii) the
difficulty to control the in-depth measured volume and the fact that only flat or convex surface can
be measured because of the (quasi) contact between the instrument and the analyzed artefact.
These weaknesses are almost suppressed by using appropriate procedures: consideration of the
elemental ratio is more informative than ‘absolute’ elemental composition measured by destructive
methods such as ICP-MS or LIBS.FORS (Fiber Optics Reflectance Spectroscopy) is a good mobile
technique for the identification of colouring agents.”

4. Conclusions

The number of publications on the subject is increasing rapidly. Up until 2000, most of the studies
were composition analysis of pastes of archaeological samples of Roman, Greek and Islamic origin.
Except for the pioneering work conducted by Kingery’s MIT Group, by Zhang’s Shanghai Institute of
Ceramics,”® and byWood*® and Tite®>'*® (British Museum/Oxford University), the studies of
sophisticated pottery were limited up to the development of non-invasive, mobile XRF and Raman
instruments in 2000s. This has led to a rapid increase in the number of studies dedicated to
sophisticated enamelled objects, which offers an increasingly better understanding of the connected
history of ceramic and pottery technologies and exchanges.
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