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4.5 Polychrome enamels, ceramics, glasses and their degradation
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ABSTRACT

Due to the good chemical stability of chemical bonds forming silicates, glass and pottery are
generally well preserved and can be used as dating milestones. After a brief recall of the
preparation of (glazed/enamelled) pottery and glass (utensils, stained glass windows) from the
technical and historical points of view, the main chemical and physical characteristics of the glassy
materials (composition, mechanical and thermal characteristics, porosity, etc.) are presented and
discussed in relation to corrosion resistance. The corresponding analytical techniques are
addressed. Emphasis is given on the different mechanisms of degradation (surface and bulk
corrosion, crazing/peeling, proton/water insertion, lixiviation, oxidation) as well as conservation
and restoration practices. Dating/authentication of ancient artefacts by the measurement of
Raman signal at the surface of glassy silicates is further presented.

4.1 Definitions

Pottery, glass and enamelled artefacts are made of silicon- and aluminium-rich inorganic matter,
namely the silicates which are the main constituents of the earth. These artefacts are made by
thermal treatment of powdered rocks/minerals, such as sands, clays, feldspars and calcareous
stones.™® The silicate structure consists of the association of SiO, tetrahedron with AlO4 or FeO,
tetrahedron, AlOg or FeOg octahedron and similar chemical units in between which isolated ions
may be located.>® These structures can be crystalline or glassy. While glass is obtained by
full/complete melting of the raw materials shaped at high temperature, using the controlled
viscosity of molten glass, pottery is shaped before heating in the ‘green’ state taking advantage of
the plasticity of humid clay mixture in which grains will be cemented and welded by firing.
Enamels are any kind of glassy coatings (Fig.1) deposited and fired on a substrate (ceramic, glass
or metal), already fired or in green state. A coating on pottery is called glaze. All processes involve
powdering the raw materials in order to promote their reaction and homogenisation on heating.
Due to the huge stability of Si-O and Al-O bonds, heating at high temperature is required to break
and constitute the bonds again (sintering) and/or form new phases by reaction (dissolution-
precipitation): temperatures ranging between 500°C and 1400°C are usually needed for silicates.’
Higher temperatures may be required for advanced non-silicate technical ceramics and glasses.
Achievement of a non-porous ceramic body usually requires temperatures higher than 1100-
1200°C and total melting may typically occur between 600°C (lead-rich silicate) and 1500°C (flux-
poor silicate), depending on the exact composition.”® Consequently, ceramic, glass and enamel
wares are very stable and well preserved for millennia and thus used to date archaeological
layers. For instance, in African tropical countries where the preservation of carbon-based
artefacts is difficult, dating of an archaeological layer is based on a specific pattern of pottery
decor as well as the use of trade beads coming from the main places of production
(chronologically Mesopotamia, Egypt and the Mediterranean world, India-South/East Asia, China
and Europe) through particular routes (Indian Ocean and Monsoon wind shipping , trans-African
terrestrial network).**** Similarly, the habit and typology of tools made of natural silicates

(obsidian, flint, cherts, cornelian, etc.) allow the dating of prehistorical archaeological contexts.***
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Figure 4.1 Examples of glassy coatings deposited on a ceramic body; top, Naples yellow pigment

coloured overglaze deposited on a colourless glaze layer (porous terra cotta body covered with

~300 um double layer of glaze); centre, underglaze blue cobalt-based decor drawn on the green

porcelain body and then body and glaze are fired simultaneously (glaze layer ~500 um); bottom-

right, example of surface corroded lead-based glaze (15x30 mm). Corrosion layers are very thin
and require high magnification techniques to be studied.
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The degree of reaction in between the grains of silicate-based ceramics such as terra cotta,
faience and fritware, i.e. those fired at low to medium temperature, is limited: most of the grains
are not modified and the reaction takes place merely at their periphery .**** Reactions are almost
complete for stoneware and porcelain, both sintered above 1200°C. The main characteristic of a
ceramic body is thus its heterogeneity. The grain size typically ranges between micron (phases
formed by reaction) and millimetre (un- or partly-reacted raw materials). The core of the biggest
grains is not transformed and may be subject to corrosion.'**® It is worth noting that a combination
of analytical techniques is always needed for identifying the entire phases present in the ceramic
body.*"*® Amorphous phases cannot be identified by XRD while Raman spectroscopy also fails to
detect the ionic phases. On the contrary, the homogeneity of colourless or slightly coloured
glasses and enamels is very high since these materials are amorphous (glassy). The
heterogeneity of these materials is at the lowest level, at the scale of the inter-atomic distances
(the chemical bond ranges between 0.1 to 1 nm, Fig. 3). It is related to the degree of connectivity
of the silicate network made of SiO, tetrahedron, with additional distribution of cations
compensating the electric charge. Welding adjacent grains of a silicate ceramic body is achieved
with the formation of a (temporary) liquid phase which wets the grain surface during firing and
promotes reactions, dissolution-recrystallisation and formation of solid cement on cooling.®***°
Enamels are coloured with transition metals or lanthanide ions or by dispersing /crystallizing an
already coloured phase, namely a pigment.*®*° Typically, 0.1 %wt of a colouring element (Co, Cu,
Fe, etc.) is sufficient to colour glass.™ A thin glaze layer requires a higher content of colouring
phase and glass with a high volume of pigment/opacifier becomes a glass-ceramic with improved
mechanical properties.**%



4.2 Pottery, glass and enamelled artefacts: a brief historical overview

The mastering of fire is associated with the early development of mankind.?* The first examples
of pottery date as early as 12000 BC in Japan, Siberia and Africa, before or just at the Neolithic
transition from nomadic to sedentary life. The deposit of a coating in the form of glassy silicates
called ‘enamel’ or ‘glaze’, on stone (e.g. quartzite in Egypt) or ceramic substrate only started many
millennia after the development of urban culture/elite in Egypt and Mesopotamia in ca. 1500 BC.
The preparation of an artefact with glassy paste is a little older (> 2000 BC). The oldest enamel-
on-metal wares date back to at least 1500 BC in Cyprus and 1100 BC in China. Glass and pottery
were already being industrially produced at the times of the Roman Empire (>~50 BC) in rare
places but were exported in the entire Roman world and abroad, up to Vietham and China.?
Chinese Eastern Han to Sui potters (2" century BC to 7" century AD) initiated high-temperature
firing technology, thanks to the building of advanced kilns. Temperatures higher than 1300°C were
being achieved as early as the 3" century AD. Consequently, white porcelains fired at high
temperatures in advanced kilns appeared during the Sui and Tang Dynasties (7"-8" centuries
AD). At the same time, Islamic potters of Bassrah and Mesopotamia found how to produce ‘white’
artefacts with complex depictions in competition with porcelain, using the Roman glassmaking
technique of opacification by tin oxide in combination to low-temperature firing (< 1000°C) of a
porous, common ‘terra cotta’ body made of fine clays or silts .1*+?*?* The technique spread
around the Mediterranean Sea with the expansion of the Islamic world, namely Ifrigiya (7" c.), Al-
Andalus (8" c.), Sicily (9™ c.), Italy (majolica, 13" ¢.) and then France, Holland, etc. (faience, 15™-
16" c.).% Syrian, Persian and Ottoman potters also explored another route in relation to the
inappropriately ‘so-called’ Egyptian “faience”, as a sand-rich ‘white’ ceramic body which is better
called stonepaste or fritware."*?*2>2% These ceramics can be produced with a colour palette larger
than that of Chinese porcelain due to their lower temperature of firing. In particular, overglaze
decors (minai, a Persian innovation) offered a very large chromatic palette. The top quality was
achieved by Iznik (Turkey) potters during the 15™-16™ centuries?>%® and then by European potters
(majolica, 17"/18™ c. Rouen, Saint-Cloud, etc. soft-paste porcelains).?® The Jesuits played a
seminal role for the transfer of the European glazing technology to Japanese and Chinese potters
during the 17" century, demonstrating that technological exchange is old and takes place in the
reverse side rapidly.>>*! The huge variety of materials (Table 4.1) represents a large variety of
corrosion behaviour, but corrosion layers are always very small because ceramics and glasses
are made of strong stable covalent bonds.

Roman glass is very similar to the soda-lime glass presently used for windows.®*? At that time,
soda was mainly obtained from plant ashes in Levant. However, their importation had become
difficult after the collapse of the Roman Empire. Then, potassium-rich local plants and wood
ashes were used in Europe during the Middle Ages as well as in Great Britain up to the 18"
century.®>* The selectivity of raw materials (replacement of river sand with pure quartz/silex
pebbles) allowed the production of exquisite objects in Italy (cristallo and Fagon de Venise, see
Table 4.2) and the (re)discovery of new compositions in England by Ravenscroft in 1674, such as
lead-based glass as a glass easy to shape with a high optical index.®3? K-containing glass was
also being produced in Bohemia.®>?

Raw materials used in glassy artefacts determine minor phases and traces, hence the corrosion
resistance. The higher alumina content, higher the chemical stability will be.>*3* It is important to
note that thermal expansion of inorganic materials ranges from ~10 to 150x10” K™* and many
phases exhibit huge thermal expansion jumps at phase transition (quartz at 573°C, cristobalite at
241/275°C, tridymite at 117°C and 163°C), which may induce stress and cracks®***>3*_ However,
a small compressive mismatch between the thermal expansions of the coating and the substrate is
mandatory. If the thermal expansion mismatch between the substrate and the coating is too high,
defects such as crazing (thermal expansion of the coating > that of the substrate) or peeling (vice
versa) are observed (Fig. 2), promoting corrosion. Accordingly, food residues enter the cracks of
the coating and a black network appears very clearly on ancient utensils. In that case, cleaning



with hot H,O, or gently heating at ~600°C in air whitens the artefact. Consequently, potters and
enamel makers experimented a huge variety of compositions, much larger than those used by
glassmakers in order to prevent/control defects such as cracking, crazing, peeling, chipping and
twitching.> 8163

Figure 4.3 Schema of glassy silicate network made of more or less connected SiO,4 tetrahedron
(Qo: isolated tetrahedron, Q;: tetrahedron sharing a common oxygen atom with neighbouring
tetrahedron, Q,: tetrahedron sharing two oxygen atoms, etc.); other cations are distributed in

between®°: note the adsorption and diffusion of protonic species (proton, hydroxyl groups and

water) in the near surface.

4.3 Chemical and physical specificity of ceramics and glass
4.3.1 Preparation

The two preliminary steps in the preparation of glass, pottery and enamelled artefacts are the
selection of the (natural) raw materials and their transformation into powder form by grinding or
firing. Since grinding is a very energy consuming action, it had not been possible for a large
guantity of rocks/minerals before the mastering of hydraulic energy was achieved at the end of the
Middle Ages. Consequently, craftsmen prepared (ultra)fine powder (i.e. made of nanometric
grains) by selecting naturally nanosized matter (clays, silts)”*® or by burning ‘water-’ or carbon-
containing matter. Burning wood and plants gives nanosized alkali-rich ashes which can be used
as flux or even directly as enamel/glaze precursor % while heating calcareous stone or shell
gives chalk.” The sol-gel transition has been controlled by potters for millennia in order to prepare
and shape clay-based mixtures.’”® Clays/marls are naturally made of nanometric slabs interacting
with water (a few grams of bentonite clay gels a litre of water) and become very reactive
during/after dehydroxylation/decarbonation (~600-800°C),”* i.e. at the temperature of the
formation of the first liquid phases. Firing atmosphere also controls the phase transformation, as in
the case of the melting temperature of metal oxides (e.g. iron oxides) depending on the phase and
speciation. For instance, the first liquid phase forms between FeO and alkali/earth alkali oxides,
not with Fe,03.° Consequently, sintering iron-rich clay is more efficient under reducing conditions.
Diffusion of small (i.e. reduced) ions in solid and liquid states is faster and hence the firing
atmosphere controls the diffusion rate of multivalent ions (Fe?'Fe®", Sn**/Sn**, Sb**/Sb**,
Mn?*/Mn>*, etc.).”>®" As a result, sintering and melting temperatures do not depend on the mean
‘final’ composition but on the composition of the ingredients, their grain size and distribution as
well as the firing atmosphere. Typically, sintering of an inorganic ~10 um grain mixture without
liquid phase requires a temperature close to 0.8 x Ty, (Tm: melting temperature) of the less
refractory phase since the sintering temperature decreases with grain size and the increasing
compaction in the green state. If the grain size is less than 0.1 um (i.e. made of nanoparticles),
sintering can occur at 0.5 x Tr,. Enamel and glaze must completely melt to be homogeneous and



cover/wet the substrate. Perfect powdering of the enamel is thus mandatory.*® Sintering conditions
and chemical composition play an important role in the reactivity and corrosion resistance.

4.3.2 Compositions, phases and nanostructures

Table 1 shows representative compositions of the main types of pottery (terra cotta, faience,
fritware, soft-paste porcelain, stoneware and porcelain) and of the associated glazes.
Compositions of each group are in fact variable. Table 2 shows representative glass compositions
displaying less variety and five families can be recognized.*>*? The formation of glassy silicates is
associated with the easy polymerisation of SiO,4 tetrahedron and similar “molecular” entities such
as POy, AlO4, AlOg, BO3, BOg, GeO4, GeOg, etc. XO,, units share 0 to n oxygen atoms, forming a
more or less polymerized network (Fig. 3).3*3*%%%° Elements such as Si, Ge, Al, P, B are thus
called glass formers.

Figure 4.2 Examples of crécked gIaZe: a) 19" century faience with a crack network due to the
volume increase of the porous body with time; b) defective shard showing body areas without

glaze and cracked glaze due to overgrinding of the glaze powder and thermal expansion
mismatch.

The melting temperature of SiO; is very high (>1700°C) and all the skill of glass- and enamel
makers includes the replacement of strong covalent X-O bonds of glass former by weaker ionic
ones, allowing the decrease of the melting temperature, viscosity as well as the control of wetting,
colour and gloss. For instance, replacement of a Si** ion with four Na* ions replace four strong Si-
O bonds with weaker Na..O bonds and hence induces a depolymerisation of the silicate network
along with the decrease of the melting temperature and the viscosity but the increase of the
thermal expansion®3343°4° a5 well as the reactivity towards corrosion. The lowest strength of the
ionic bonds will play a major role regarding chemical reactivity, ion exchange and degradation.*®**
The diffusion coefficient of an alkali ion in silicates is many orders of magnitude higher than those
of glass former ions and their ion exchange is easy.**3*4%*! This property has advantages (i.e.
formation of lustre or yellow coloration of glass by silver and/or copper®’*?, surface hardening by
ion exchange) as well as drawbacks (lixiviation and crumbling).***

Table 1: Examples of pottery body and glaze compositions

oxide | Terra cotta faience fritware softpaste stoneware Hard paste
body | glaze | body | glaze | body | glaze | body | glaze | body | glaze | body | glaze
SiO, 555 | 271 | 67.1 | 505 | 74.3 76 70.8 | 58 59
AlLO; | 141 | 4.0 16.0 | 6.3 8.9 1.7 233 | 12 35
MgQ?* | 8.0 1.0 0.6 14 0.2 2
Ca0® | 6.3 2.1 132 |13 7.8 12.6 20 0.3
K0° [ 0.2 4.9 1.0 3.1 35 15 4
Na,O" | 45 29 [51 2.9 10 |08 0.8
Fe,O; | 8.8 3.1 2.0 0.2 0.7 0.5 2.2 0.3
TiO, 15 0.2 0.6 0.1 0.8 0.1
P,0s 15
PbO 62.7 233 | 04 1.1
B,03 10.8
MnO, | 0.2
Cl,0 0.5
99.1 | 99.2 | 100 | 100 98.8 99.6 | 99.3 | 988 99.5

%in this example MgO is high but usually compensated by higher Alumina content.
®balance between alkali/earth alkali oxide is very variable as function of type of clay(s)



Table 2 : Examples of glass compositions

Oxide | Na-Caglass | K-glass | cristallo | Fagon de Venise | Cristal
SiO, 63 50
AlLO; | 2 2.5
MgO | 0.2 5
Ca0 15 14.5
KO 1.5 18.5
Na,O | 18 2
Fe,O3 0.2 1
TiO,
P,Os 3.5
PbO
B,0;
MnO, | 0.1 1
100 98

4.3.3 Mechanical properties

Fracture of silicate materials, as in the case of most inorganic materials is brittle with very small
strain (<2%) but high stress at rupture (0.1 to 0.5 GPa) due to their high Young modulus (>30
GPa).*3**3 Consequently, stress or choc at any scale may initiate a crack and the crack
propagation can be very fast. Due to the covalent bonding, inorganic materials exhibit much higher
compressive strength than tensile strength. Because of its thinness, a coating should not be put
under tension but be gently compressed by the substrate to prevent spelling. Control of the
thermal expansion mismatch between the glaze coating and the substrate as well as the over and
under layers of enamel is thus a very important task for potters and enamellers. As long as the
dilations are not appropriate, the enamel/glaze will poorly protect the porous substrate and
degradation will be activated (except for porcelain and stoneware, the coating stability is always
higher than that of the substrate). Heterogeneity, especially at (sub)micron scale is an advantage.
For instance, when a propagating crack meets an inclusion, an interface or a pore, the stress
intensity at the top of the crack decreases below the propagative value, due to the increase of the
associated surface and the crack propagation stops: this is the composite effect.**

4.3.4. Chemical reactivity

Porosity (i.e. surface offered to contact reagents), composition (in particular flux to silica ratio) and
grain size are prominent parameters controlling the resistance to corrosion. Unreacted and
incompletely reacted grains also promote corrosion. The main reagent is water (rains, soil, sea,
etc.).

4.4 Analytical procedures

General analytical techniques which are useful to study pieces or small artefacts at the
laboratory (see e.g. ref. *) are not considered here. However, we should recall that a combination
of methods is required to get a complete picture of a material, especially of its corroded layer(s).
Corrosion products are generally poorly crystalline or amorphous. X-ray diffraction (XRD) hardly
detects and identifies amorphous phases. On the contrary, Raman microspectroscopy and Fourier
Transform Infrared spectroscopy (FTIR), especially using attenuated total reflectance (ATR) or
diffuse reflectance (DRIFT) are well suited to identify surface layers. We will address sample
preparation for laboratory analysis and specific techniques including measurements by mobile
instruments, with an emphasis on calibration, quality and documentation.

4.4.1 Materials, techniques and characteristics

Fig. 1 shows the section of an enamelled pottery: the matter is heterogeneous; the body is
covered with one (or many) glaze layer(s). Similar features are observed for all enamelled objects
whatever the substrate is; ceramic, glass or metal. To improve the decor, an overglaze layer must
be deposited on an already fired artefact and the new thermal treatment(s) must be made at a



temperature usually 100°C lower or more than that used for the previous one. This implies the
addition of a higher amount of flux (alkalis, lead oxide, bismuth oxide, borax, etc.), thus leading to
lower chemical resistance due to the more complete depolymerisation of the silicate network. The
thickness of the glaze layer typically ranges between 50 um and a few millimetres. The thin glaze
layer observed on pottery is the ca. 20 um ‘slip’ formed at the surface of red Roman sigillata.*®> A
thin glaze layer is also obtained when the glazing is obtained by reaction-condensation with
volatile ingredients (NaCl, PbO/PbS) put directly in the chimney to glaze stoneware or terra cotta,
respectively. Lustre layer is also very thin (a few pm or less). “®?* The thickest coatings (a few
mm) are observed for celadons, a type of stoneware covered with a green to yellow opalescent
glaze which imitates jade. *°

In order to achieve a nice gloss and attach the coating perfectly to the substrate, the coating
must be liquid with convenient viscosity and wetting angle at the top firing temperature. 46347
Reactions will occur at the contact with the solid substrate such as partial dissolution and
formation of new, glassy or crystalline phases and ion diffusion (Fig. 4). The analysis of
interphase at high magnification thus provides much information.'” However, the analysis of these
different layers requires cutting (and polishing) the artefact or probing the matter progressively
from the surface to the underlayer(s) up to the substrate. This is possible but not trivial up to a few
tens/hundreds of nanometers, depending on the analytical instrument and the absorption of the
beam. The profile study from the surface to the substrate is required to understand corrosion and
degradation. Table 3 lists the methods of in-depth analysis and their characteristics. It should also
be noted that the patina and/or (stable/active) corrosion films formed at the surface of metal
artefacts are inorganic coatings made of metal oxides, sulphurs, sulphates, arsenates and their
corrosion mechanisms are rather similar to those of glazes: the most aggressive medium is
(acidic) water.

Figure 4.4 Top) view from fhé top of a grisaille decor deposited on a piece of stained glass; note
the white corrosion; bottom) SEM image of the polished section; note the crystals formed at the
interface and the variety of cracks.



Table 3: Standard characteristics of methods used for Cultural Heritage study.

Method XRF XRD FTIR ICPMS | LIBS Raman Accelerators SEM-

EDS

Reflectance ATR lon Light
(KXRF,pX)
Probed area cm? cm? cm? <mm® | >um? >um? um? to mm? >um? | <pm? >um?
penetration Variable surface Variable Controlled Controlled & Controlled surface
(f[element]) (flwavenumber]) f(absorption)

Mapping Yes Yes Yes Yes Yes Yes Yes
In-depth profile variable no no no Yes Yes Yes yes variable no
Sample no (flat) (flat & (flat) no no no no
preparation glossy)
(Requirements)

The calculation or even the estimation of the in-depth volume probed by a certain technique is
far to be trivial, which explains the interest of analyzing a polished cross-section and not the
external surface. For instance, penetration of the X-ray beam varies with energy and hence is not
the same for all elements analyzed. Similarly, the in-depth volume probed by FTIR-ATR also
depends on the wavenumber. Consequently, destructive techniques which require the preparation
of a (polished) section are needed. Choice of the microscope objective determines the spot
diameter but the in-depth focusing is strongly modified by light absorption, the optical index of the
matter and the coupling with the spectrometer.”® The advantage of micro-destructive methods
such as Laser induced breakdown spectroscopy (LIBS)***° and Laser ablation-inductively coupled
plasma-mass spectroscopy (LA-ICP-MS)**? is the progressive destruction-volatilisation of matter
from the surface to the core which allows measuring the concentration profile and hence
facilitating the comparison between the bulk and the corrosion layer composition. However, these
techniques are risky for enamelled objects because the thermal stress at focus may induce cracks,
peeling and even fracture. Raman microspectrometry performed on-site with mobile set-ups use
much lower laser power whichguarantees a non-invasive procedure.>® Additionally, rare ion beam
instruments offering Proton induced gamma emission (PIGE), Proton induced X-ray emission
(PIXE) and Rutherford back scattering (RBS) allow analysing profile composition (very) close to
the surface. Mapping is also possible by these techniques.>>>’ Synchrotron light sources (and high
power X-ray rotating sources) utilized in micro X-ray fluorescence (UXRF) (elemental composition),
UXRD (phases) and micro X-ray absorption near edge structure spectroscopy (WXANES)
(speciation) offer the best spatial resolution (micron or less). Mapping is again possible but
estimation of the in-depth probed volume remains difficult and the analysis must be performed on
polished or very flat sections.®®®

4.4.2 On-site analysis

Displacement of Cultural heritage objects out of secure preservation /exhibition places becomes
more and more difficult at present and sampling is rarely possible. Many countries prohibit the
exportation and transport of this type of objects. Four non-invasive techniques can be performed
with commercially available mobile/portable/handheld instruments: Fibre optic reflectance
spectroscopy (FORS) for chromophore and ion speciation identification,®* FTIR in reflectance
mode for chemical bond and phase identification,®® Raman microspectroscopy (Fig. 5) for phase
and nanostructure identification®3%°46%%8 and XRF for elemental composition (elements heavier
than Na).?®®*"* The composition shift induced by surface corrosion of glass must be corrected if
the corroded layer is significant in comparison with the probed volume.”® Home-made XRD
instruments have been built but these are not used for pottery and glass. Recently, mobile (micro-
destructive) LIBS set-ups have also become available for elemental composition
measurements.’*"® If sampling is possible, recent FTIR portable instruments can be coupled with
a diamond ATR accessory.’*"
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Figure 4.5 Mobile Raman set-up installed in a museum storage room; note the ~15 mm distance
between the front lens of the microscope objective and the artefact, allowing the analysis of the
object with complex shape; the remote head connected by optic fibres to the laser and the
spectrometer is put on a stage with controlled micrometer XYZ displacement. A black textile
protects the eyes of the scientists and the measurement from the ambient light pollution.

4.4.3 Specific analytical methods

Some analytical techniques are not currently used by larger academic community but are very
popular in the professional ceramist community. For instance, measurements of porosity with
Archimedes technique (comparison of the weights measured for the sample in dry, totally wet and
immersed in water conditions),*"® pore size and distribution by N, (or Kr) gas adsorption
(Brunauer-Emmett-Teller method) or liquid Hg intrusion under variable pressure,’’ thermal
expansion by dilatometer’®’® (Fig. 6) and micro-/nano- indentation by optical microscope coupled
with a Vickers (isotropic pyramidal tip) or Knoop (anisotropic lozenge tip) diamond (or sapphire)
indentor (Fig. 7).*>"® Measurement of thermal expansion is among the most sensitive method to
detect phase transformation (and the previous temperature used to fire the artefact) because the
thermal expansion parameter measures the anharmonicity of the chemical bond potential.®° The
technique detects phase transition due to minor phases (cristobalite, trydimite, quartz, etc.)
dispersed in a matrix and was long-time ago the main technique used by glassmakers and
ceramists to optimize production*** before the availability of advanced methods (Raman
microspectroscopy, Castaing’s electron probe microanalysis, etc.). For instance, Fig. 6 compares
the thermal expansion measured on a non-corroded glass with that measured on a corroded
glass. Absorbed and inserted protonic species (H,O, H30", OH/H") are easily detected and
guantified.
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Figure 4.6 Comparison of the thermal expansion measured on a non-corroded (a) and corroded
(b) potash-lime glass showing the contraction due to the departure of adsorbed water layer (~180
°C) and of inserted protonic species above 400°C; on cooling the glass recovers the thermal
expansion of the pristine state.



4.5 Degradation
Table 4 lists representative examples of different types of corrosion.

Table 4: examples of degradation

Objects Materials Reactions Refs

Stained glass K-glass lixiviation | phc

grisaille oxidation | etcheverry
Reverse paintings on glass | Pigments & medium/varnish | reactions Hahn
Glass object Cristallo lixiviation | rodriges
Glazed pottery Lead-based enamel dissolution

porcelain lixiviation | kirmizi
Cold painted enamels Pigments & medium/varnisch bottger
Metal ware Patina reaction phc

451 Mechanisms

As noted supra, glassy artefacts produced at high temperature are very stable due to the nature
of the chemical bond involved. There is a direct relationship between the bond strength and the
melting temperature. Nevertheless, often neglected and very common, ‘water’ and dissolved ions
can have very deleterious effects. However, the proton, the only ion without electron, is very small,
between the size of an electron and that of lithium being the smallest ‘standard’ ion.>*®* The
proton can enter the electron shell of other species, inducing strong perturbation on neighbouring
chemical bonds. It also diffuses very easily in oxide networks, even at ambient temperature. 52
Because of the similar ion diameter of K" and HsO" ion, potassium glasses are the most sensitive
to acidic corrosion. This explains the corrosion of many medieval glasses prepared using wood or
plant ashes as a flux.®4%**%*9° \When the temperature increases, the departure of the proton
generally leads to destruction, crumbling of the whole structure.®* The reactions increase with the
area exposed to reagents while porosity, and hence cracks amplify the reaction kinetics. Acidic
water sources are common: meteoric water (sulphur-polluted water if coal combustion is used
around and abroad due to the displacement of the clouds),?* water in contact with humic acid in
s0il*® and in the museum atmosphere, namely acids produced by wood cases.***° Replacement
of an atom by another with different size provokes huge dimension variation at the atomic scale
and hence huge local stress. This leads to cracks, degradation of mechanical properties and even
crazing and crumbling of the materials (Fig. 7). Obviously, compositional and environmental
factors are very important.*%1%

Change of the oxidation state also modifies the ion size, e.g. from 110 pm for Mn?* ion (8-
coordinate) to 39 pm for Mn"* ion (4-coordinate). lon oxidation is thus very detrimental (Fig. 3). For
instance, the easy degradation of grisaille (the decor of stained glass panel, Figs 4 and 7) arises
from its composition rich in lead oxide (sensitive to acidic corrosion), iron and manganese oxides
(sensitive to oxidation).

Glaze and enamel coat a substrate. Bonding between the thin coating and the substrate occurs at
high temperature when the substrate is solid but the coating is a viscous liquid in order to cover
the surface and develop a chemical reaction (bonding) in between both materials and to keep a
constant, controlled thickness of the coating as well. On cooling, the glassy coating becomes solid
and both materials squeeze. Because the compressive mechanical strength of inorganic matter is
much higher than the tensile one, the coating must be gently compressed to avoid scaling, peeling
or partial delamination. This imposes the adaptation of the enamel/glaze composition according to
the thermal expansion of the substrate®® and this constraint explains the huge variety of
compositions of glassy coatings. Faience and earthenware have porous bodies (porosity volume:
20% to 30%) which facilitate exchange and reaction with the environment. Reactions in fired
ceramic bodies are always partial and unreacted/partially reacted relics of raw materials (quartz,
feldspars and plagioclases, and more dangerously calcareous matter) are preserved, even in
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stoneware and porcelains. In earthenware and terra cotta, artefacts fired at low temperature, the
advancement of reactions between grains is minimal and limited to the periphery of grains. In that
case, partially decomposed clays and carbonates can remain. Partially decomposed calcareous
grains contain CaO phase which reacts with water (forming Ca(OH), or even CaCOj3; again),
inducing a huge volume expansion and cracks in the body, accelerating the phenomenon. This
modifies the thermal expansion mismatch between the glaze and the body. Expansion of the
porous body (faience, terra cotta) in humid atmosphere leads to cracking (Fig. 2) which can be
(partially) cured by slow thermal treatment in oxidizing atmosphere at ~500°C.
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Figure 4.7 Optical image of the fracture of acid corroded glass; a) showing transition cracked zone
in-between the pristine non-corroded glass and the porous lixiviated layer; b) plot of the Vickers
microhardness measured from the pristine glass to the gorous layer; c) corresponding Raman

spectra (after ref. *

Figure 4.8 Restoration of a medieval stained glass window; 1) drawing of the ancient lead frame;
2) building of the new frame; 3) each piece of glass is gently cleaned with appropriate chemicals,
arrows indicate cracks filled with epoxy glue; 4) pieces are mounted in the new lead frame and
then in the window panel support.
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4.5.2 Lixiviation and micro-cracking

Lixiviation rate has been measured for many glasses, for instance Rodrigues et al.?® measured

the rate ranging between 10 and 100 nm/year as a function of glass composition and ambient
conditions, similar to that measured for obsidian. The corrosion rate of a single quartz crystal is
about ten times lower but measurable with advanced nuclear techniques.*** Acidic water is the
most effective corrosive agent; lixiviation rates can reach about ten um per hour in strong hot
acids.**%® Lead-based glassy silicates are the most reactive (e.g. acetic acid from fruit juice easily
dissolves lead-rich silicates) and hence are not authorized as culinary utensils for decades. In
‘standard’ conditions, the thickness of the corroded film at the surface of glass and enamelled
object will increase by a maximum of a few pm per century and techniques of analysis must be
local. Fig. 8 shows the restoration procedure of corroded stained glass: window panels are
dismounted and cleaned gently to eliminate salts precipitated from the water containing lixiviated
ions at the surface and in cracks and pits. The different degrees of corrosion are obvious: the most
corroded glass pieces are those coloured in yellow by silver cementation®” and the blue
potassium-rich pieces.*>® The cementation process degrades the glass surface and increases its
surface of reaction; the high potassium content accelerates the K*-H3O" ion exchange. Micro-
analysis of ‘natural’ and accelerated aged glass pieces shows the different zones (Fig. 7): surface
deposits when the reaction products are not/poorly eliminated by rain, porous layer of silicate “gel”
formed by comg:;lete lixiviation, protonated and lixiviated glass, protonated (and cracked) and then
pristine glass.*® The modifications at the atomic level (Fig. 3) lead to huge volume variation and
cracks. Micro-indentation (Fig. 7b) and Raman microspectroscopy (Fig. 7c) are very efficient to
visualize these material modifications. The mechanical strength jumps down in the protonated and
lixiviated layer. Raman microspectroscopy very well shows the modification of the silicate network
under acidic corrosion. The intensity of Si-O bending components (500-600 cm™ range) is strongly
modified (formation of Si-O-H branch strongly modifies the SiO4 symmetry and bond length). The
downshift of the main stretching component (from ~1085 to 1065 cm™) arises from the lengthening
of the Si-O bond due to the interaction between the proton and the oxygen atom.

However, the Raman spectrum of a glassy silicate is a very representative fingerprint of the SiO4
network.*®3° This approach has been used to compare Vietnamese celadon glaze from two
kilns.'% The silicate networks are different due to the small shifts in composition and firing
temperature, hence the Raman fingerprint of the bending and stretching modes because of the
different populations of Qg to Q4 tetrahedral arrangements. The comparison of the bulk and the
surface Raman fingerprints controls the preservation state.

4.5.3 Oxidation

An important degradation mechanism arises from ion oxidation. Glasses and ceramics are
commonly fired under reducing atmosphere in order to control colour. For instance, whiteness of
porcelain and colourlessness of glass impose iron traces with +2 oxidation state (Fe®" in a silicate
network gives a very weak blue colour). On the contrary, Fe** ion leads to the formation of yellow
to amber colour (formation of Fe-S chromophore). Colouration with metal nanoparticles requires
reduction through the help of go-between ions, fast diffusing multivalent small ions (Fe, Sn, etc.)
which are reduced at the glass surface and develop redox action in the bulk after diffusion, hence
control the speciation of colouring ions.®3"1%1%7 Grisaille, a painted decor of stained glass with
high lead, iron and manganese composition, being fired at low temperature and highly porous
degrades rapidly because of the oxidation of iron and manganese ions (Fig. 3).%*°

Regarding faience and terra cotta, the most encountered phases formed at the surface are
carbonates, hydroxychlorides, sulphates and phosphates of lixiviated elements and/or of very
reactive ones (lead). Contamination also occurs in marine and buried contexts. All these phases
are easily detected by Raman or FTIR analysis. It should be noted that glass grains used as
pigments in paintings are also subject to surface corrosion and fading.'®® Painting on pottery also
often shows degradation.*®®

4.5.4 Biological alteration
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Presence of calcium oxalate monohydrate (whedellite CaC,04-H,O, moolooite CuC,04-nH,0,
etc.) is generally the signature of biochemical activity due to lichens, fungi, algae and bacteria or
through chemical decomposition of organic materials namely proteins, oils, waxes, etc., leading to
the formation of weak organic acids like oxalic acid. Raman detection of carotene (resonance for
green laser excitation) is also the proof of bacterial activity.****

45.5 Cleaning, restoration and conservation

Conservation of glass and enamelled objects require special procedures (Fig. 8). The sensitivity of
glass objects to mechanical shock is well known and the number of ancient objects preserved,
especially enamelled glass, is very limited in comparison with pottery. As explained supra,
enamelling creates a mechanical stress which can be partly reduced by thermal annealing. Thus,
objects which were not well annealed will develop cracks in a few years.

A variety of glues and organic chemicals has been used to repair/protect ancient inorganic
artefacts''® and their disposal for new restoration requires identification in order to adapt the best
cleaning procedure minimizing the use of hazardous chemicals. Comprehensive studies are
limited and concern mainly other medical applications.**"*?*

Defects can be part of the aesthetic objective. Raku pottery is a typical art movement in Japan
from the 17™ century to the present times. *?° This movement what determines the aesthetic of
contemporary art all around the world, searches to integrate defects due to hazards (bubbles,
cracks, gloss and colour variation developed during firing) or defects intentionally provoked and
corrected (fracture, see Fig. 9) as a part of the creative work. This movement has developed in
opposition to the formal perfection achieved with Song white or monochrome porcelains and is
linked to the first Vietnamese stoneware production. This art movement, also called wabi sabi
(namely simple, natural and the wear of time, the decryption) was discovered by the Europeans by
means of the Universal Exhibitions in the second half of the 19" century and has contributed to the
craft movement as it still continues to inspire modern potters.*??

g

Figure 4.9 Raku pottery, intentionally broken and repaired with gold lake
4.5.6 Degradation as a dating tool

5 Lixiviation of glassy silicates in contact with acidic water is well established and even
measured for pure crystalline silica, in the form of quartz crystal.’** The tiny corroded layer
formed with time elapsed after the production date can be used to date a glassy artefact and
in particular to identify a fake. This was first proposed theoretically a long time ago by Brill and
Hood for glass® and Friedmann and Smith for obsidian.'?®* However, it has only recently been
demonstrated experimentally with the use of a high magnification microscope objective
probing a few micron thick layer in which the near-surface layer hosting the protonic species
is significant.*** Fig. 10a’ compares spectra recorded for a modern copy and an old celadon
(13™ century). Due to strong H-bonding, the signature of protonic species is broad and may
have a complex shape but the contribution of stretching modes of the protonic species
superimposes clearly over the fluorescence background. Spectrum measured on a modern
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fake only shows the fluorescence background. Glaze composition and preservation conditions
also drive the corrosion rate but the time elapsed is the dominant parameter for ‘stable’ (i.e.
lead-poor) glaze. The surface corrosion decreases the optical quality of glass (and enamel)
and hence the efficiency of light penetration which leads to the lowering of the scattered
Raman signal collected. Consequently, the comparison of the signal intensity also allows
relative dating, as demonstrated in the study of ancient stained glass windows (Fig. 10c’).>*
The use of multivariate analysis easily visualizes the differences.
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Figure 4.10 Raman spectra a’) of the protonic species inserted in the very surface of the glaze
(extra bump contribution over the straight black line), (a) for a many century old artefact and (b) for
a modern fake; b’) comparison of the protonic band intensity versus elapsed time for series of
samples (after ®°); ¢’) comparison of the as-recorded Raman intensity on different blue, yellow,
red, and green glass pieces of 3 different window panels (A15, A16 and A9) of Sainte-Chapelle
church, Paris;>* the different glass types (1 to 4) are noted:; group identification can also be made
using algorithms (Euclid distance classification using 6 variables: polymerisation index, peak and
component wavenumber).

7 Conclusions

Pottery and enamelled artefacts are very stable and preserved for millennia. However, the tiny
corroded layer can now be studied by a variety of techniques. The most relevant studies have
been devoted to stained glass windows due to their heavy exposition to aggressive meteoric water
but the development of analytical techniques and the increase of attention to conservation
problems may involve a further improvement of corrosion studies using surface analytical
techniques.
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Table 4.1 Examples of pottery body and glaze compositions

oxide | terracotta faience fritware soft paste stoneware | hard paste
body | glaze | body | glaze | body | glaze | body | glaze | body | glaze | body | glaze
SiO, | 55,5 | 27.1 | 67.1 55 | 74.3 52 735 | 76 70.8 | 58 69 59
Al,O; | 141 | 40 | 16.0 6 8.9 0.5 2.5 1.7 | 23.3 12 20 35
MgO | 8.0° 1.0 0.6 0.1 0.5 1.4 0.2 2 1
caO’ | 6.3 2.1 | 13.2 2 7.8 1 15 12.6 20 15 0.3
K,0° | 0.2 4.5 1.0 1 2 3.1 3.5 15 3 4
Na,O° | 4.5 2.5 5.1 14 5 2.9 1.0 0.8 3 0.8
Fe,O; | 8.8 3.1 2.0 0.2 0.4 0.5 0.7 0.5 2.2 0.5 0.3
TiO, 15 0.2 0.6 0.1 0.8 0.5 0.1
P,Os 1.5 (X)
PbO 62.7 25 0.4 27 0.2 1.1
MnO, | 0.2
Cl,0 0.5
SnO, 4 4 0.2
99.1 | 99.2 | 100 99 | 988 | 100 | 99.4 | 99.6 | 99.3 | 98.8 | 98.7 | 99.5

%in this example MgO is high but usually compensated by lower alumina content.
Phalance between alkali/earth alkali oxide is very variable as a function of clay(s) type

Table 4.2 Examples of glass compositions.

oxide | Na-Ca K “cristallo” “Vitrum ‘Facon | crystal | modern boro-
glass | glass Blanchum” de “float” silicate
Venise” glass
SiO, 60 50 70.5 66.5 65.5 58 67 80
Al,O3 2 2.5 0.7 1 1.5 0.1 1 2.5
MgO 0.2 5 1.5 3 3.5 3
CaO 15 14.5 5 10 10 10 0.1
K20 1.5 18.5 3 3 0.2 13 3 0.3
Na,O 18 2 17 14 13 3 15 4.5
Fe,03 0.2 1 0.2 0.3 0.7 0.02 0.3 0.01
TiO, 0.01 0.01 0.1
P,0s 3.5 0.1 0.3 0.3 0.3
PbO 0.1 22
B,Os 0.1 0.5 12.3
MnO 0.1 1 1
SnO,
ASzO3 0.5
a 98 98 98 98.1 96 98.1 96.6 99.6

®minor elements/oxides such as S, Cl, C, H, Zn, etc.
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Table 3: Standard characteristics of the methods used for cultural heritage studies.

Method XRF XRD FTIR ICP- LIBS Raman Accelerators | SEM-
MS EDS
Reflectance | ATR lon Light:
u-XRF,
UXRD
Probed area cm? cm? cm? <mm?® | >pm? >um’ pum?to mm® | >um® | <pm?® >um’
penetration Variable surface Variable Controlled | Controlled & Controlled surfaces
(flelement]) (flwavenumber]) fl[absorption]
Mapping Yes Yes Yes Yes Yes Yes Yes
In-depth profile variable no no No Yes Yes Yes yes | variable no
Sample no (flat) (flat & (flat) no no no no
preparation glossy)
(Requirements)
Table 4: Examples of degradation and illustrating references
Objects Materials Reactions Refs
Stained glass glass lixiviation 40,54,57,92-
95,108
grisaille oxidation 93,94,95
glass biodegradation 115
Reverse paintings on glass Pigments & medium/varnish reactions 125
Glass object Cristallo, Na-glass, etc. lixiviation 96,98,99
(Glazed) pottery Lead-based enamel dissolution 97,100-103
glaze biodegradation 114
porcelain lixiviation 124
Cold painted enamels Pigments & medium/varnish 109
Metal ware Patina reaction 126
Rock marble reaction 110,111
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