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SUMMARY: Since the involvement in a national resegroject in 1995-1997 with the
partnership of the National Tile Museum in Lisbanfil a recent European projéecivith
partners from Mediterranean countries which culiupatrimony entails glazed ceramic
tiles, the authors have been active in the nonrdetive characterization of ceramic and
vitreous materials used to manufacture ancient cited tiles (18-19" century) through
the access to the European Synchrotron ResearclitFdESRF, Grenoble/France). As an
input to the preservation of this important cultupatrimony through the improvement of
restoration techniques, a synopsis is presentedeofvork so far developed.
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INTRODUCTION

“Ceramics” is the general designation for any irmig non-metallic material obtained
through a thermal processing of natural lithologawv materials at relatively high

temperature. It then covers ceramic materials $triat sense, including silicate refractory
materials with limited interest within the cultularitage (see the triangular sketch bellow).

The production of ceramics was the first indusmplemented by Man in the Neolithic
period. The raw materials are essentially clayss finely divided quartz (sand) and
feldspars, the latter controlling the rheology bé traw ceramic paste along the thermal
processing: red ceramics (bricks and roof tiles3eafrom illite-rich clays, while firing
kaolinite gives rise to faience (mainly composedneilite, an aluminous silicate displaying
variable composition). Depending on the mineralabmonstitution, clays retain variable
amounts of water liberated along firing at distiteshperature ranges:

- fluid water (liquid) retained in pores between clgarticle aggregates (low
temperature);



- molecular water adsorbed at the surface of pastiabe crystallites (medium
temperature);

- combined water hosted by the crystal structurelafscas neutral molecules {B)) or
ionic hydroxyl groups (OF liberated at higher temperatures in the thermal
processing.

The firing process of ceramic pastes then gives tisa significant decrease in volume,
concomitant with the development of a percolatirayepsystem in the fired product.
“Porosity” is then the ceramics constitutional featthat ultimately constrains permeability
and mechanical properties, being responsible forynadteration and degradation processes
currently undergone by ceramic materials. As slexichellow, the overall behaviour of
ceramics depends on its chemical constitution auldt properties, both physical and
mechanical.
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For common ancient ceramics, the main mineral doiesits are gehlenite, ¢ ,SiO; and
anorthite, CaAISi,Og, beyond quartz (Si§), minor belite p-C&SiO,) and eventually
carbonates- calcite, CaC@ and/or dolomite, CaMg(C{. Once limestone commonly
integrates the ceramic raw materials, the fireddpets may also contain magnesian
components- namely, dkermanite, QdgSi,O,;, a phase isostructural with gehlenite and
forming with it a solid solution that may also indk iron, thus corresponding to the general
chemical formula C4Al,Fe,Mg)(Si,Al),O,. Mg-silicates (e.g., diopside, CaMgSi) may
also be formed at high enough firing temperaturemwmagnesium is well represented in
the raw materials, as occurs for ancient Chinegsantes and actual porcelain. Phase
constitution ultimately constrains the physical amekchanical properties of ceramics.

GLAZED CERAMIC TILES

Ceramic tiles or simply “tiles” (“azulejos” in Spsh and Portuguese, from the original
Arab designation &l-zuléija” or “al-zulaiju” ) configure a paradigmatic case of ceramics
with wide application in the architectural culturaéritage. They deserve a particular
attention around the Mediterranean Basin where ttzeae been used for long to decorate
important buildings, either covering facades omfimg artistic decorative panels, often
located in the outside of architecturally relevemmstructions.

Usually square in shape and not much thtdks are composed of eeramicstratumor
base over which gitreous glazevas deposited by further processing, this givisg to an
impermeable glassy and brilliant surfaéeiser metal§namely, lead and zinc) plus glass
modifiers assuring the stabilization of non-vitrifying commemts are usually added;
colorants (chromophore elements, mainly transition metal® ltopper, manganese or
cobalt) are incorporated to obtain the nicely datat and coloured glaze surfaces of
ornamental tiles.



Ancient tile glazes are essentially calco-sodidcesdus glasses. Often, they are not
transparent vitreous materials, turning opaquehleyaddition of specific compounds. The
most commoropacifier formerly used in tile manufacture was tin oxidagsterite, Sng),

in industrialized recent productions replaced bgam (ZrSiQ), a compoundvith higher
refractive index.

ENVIRONMENTAL IMPACTS

Environmental actions upon outside-exposed tileefsaare mainly driven by the sun, both
due to heat and to photonic effects (particularly tddiation) motivating discoloration, and
by rain plus air currents and humidity. Accordirgthe sketch bellow, the chemistry of
raining water, the size and drop velocity are inatr features, as well as the nature of the
gases carried in the air (especially in cities wathhigh level of pollution) and air-
transported particles.
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Porosity plus permeability of the ceramic body underlyihg glaze in decorative tiles are

in the origin of deterioration under exposure te gmvironment (Fig. 1). But other physical

properties play also an important role in tile dility, like hardness and density of both

glaze and ceramics. Furthermore, the mechanicaui@ir of the ceramics supporting the

decorated glaze depends on its elasticity, whicterdenes tensile and compressible
strengths. The differential expansion of the cecalbuidy relatively to the non-elastic glass
forming the glaze may give rise either to a netwoffissures — a phenomenon known as
“craquelé” of the glaze — or ultimately to the détanent of glaze portions (Fig. 2).

The influence of water — not only rain, but alsguid water or vapour ascending through
the porous system of the ceramics — mainly dependsater chemistry (particularly acidic
anions in solution) and implies the corrosive d&ta€ mineral components by extracting
soluble elements susceptible of forming salts atditer surface as efflorescent products or
ultimately precipitate within pores and vacuoleigy(B). Whatever the case, removing these
soluble salts is the first step in any tile resioraand conservation procedure [1-3].

Micro-organisms may also play a significant role tite alteration and degradation
processes by developing noteworthy communities imwitberamics under favourable
conditions. For instance, algae may be observegresnish stains on mortars originally
underlying removed tiles in walls exposed to theiremment as illustrated by figure 2.



Fig. 1 — Microstructure of the ceramic body
from a XVI century tile showing a framework of
imbricate gehlenite crystals (SEM micrograph,
left), identified through the presence of major
Si, Al, Ca Mg plus minor_K Fepresent in the
X-ray emission spectrum (SEM-ED3u from
sample preparation). The porous system of the
ceramics is further illustrated by the image on
the right.

Fig. 2 — Environmental impact on ceramics illustratedhoy state of blue-and-white tiles from an
internal wall fagade at a XVIII century church prio restoration and having remained for various
years without roof. Expansion of the ceramic bods do water infiltration has given rise to
fissures at the glaze surface (“craquelé”) andlaaegdetachment, as well as to salt precipitation
(see below) and “efflorescences”.

Ageing of ancient tile glazes (usually calco-sodic silighasses) and subsequent
deterioration by the environmental agents procekasigh successive steps, starting with
the partialdevitrification of the glassy matrix of the glaze giving rise e formation of
cristobalite (low temperature form of silica easilgtected by X-ray diffraction) and
subsequent precipitation of newly-formed crystalliphases under the form of minute,
nanoscale grains within the vitreous matrix oragér crystal aggregates inside vacuoles
(Fig. 3).
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Fig. 3 — SEM micrograph collected from a blue-and-white from the internal wall fagade
of S. Salvador Church illustrating the junctionvbe¢n the glaze and the ceramic body. The
crystals hosted within a vacuole in the glaze wanalysed by SEM-EDS: the tabular,
pseudo-cubic crystals contain tin and calcium, gpenost possibly an hydroxide, CaSn(@H)
the clusters of minute grains contain mainly cattiicalcite, CaCg).

COMPATIBILITY OF RESTORATION PRODUCTS: A CONDITION
FOR TILE DURABILITY

It becomes clear from what has been describedthigatemoval of soluble salts retained
within the pore system of the ceramic body is mémgaprior to undertaking any
restoration treatment of an ancient tile.

The choice of consolidation products is also ailtifor the durability of the restoration
procedure. When comparing the X-ray diffractiont@ats of ancient and actual glazes
(fig. 4) it becomes apparent that their phase caitipo is very different. Beyond the
vitreous phase, modern glazes contain crystallim®z (ZrSiQ), the dominant component
of commercial materials for tile restoration; corsedy, ancient counterparts differ
significantly in phase constitution, being composefl a siliceous glass (uplifted
background in the diffraction pattern, with a mauim close to the dominant -Si
distances in the glass, d ~ 3.3 A) plus S(@ssiterite, a common glaze opacifier) and
minor crystalline silica phases (e.g., quartz Mo from glaze manufacture and/or
cristobalite arising from glaze ageing by partiavitrification).

These comments emphasize the need for a detaifrddcation of the degradation state of
the ancient tile and for a careful diagnostic odizgl composition before attempting to
design a suitable conservation strategy.
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Fig. 4 — X-ray diffraction (XRD) spectra (Cudradiation) collected in a non-destructive way
from irradiated glaze fragments, comparing the phesnstitution of ancient and actual tile
glazes with a commercial product frequently usetilénrestoration processes. The contribution
of siliceous glass to the diffraction pattern oé #ncient glaze is indicated in grey. Diffraction
lines from crystalline phases are assigned: cagsif&nQ, S), plus quartz@), and a single line
arising from the joint contribution of two glaze gitadation phases, CaSn(QHH ?) plus

cristobalite(Cr ?).

NON-DESTRUCTIVE CHARACTERIZATION OF TILE GLAZES

The study of ancient cultural materials usually uiegs the use of non destructive
methodologies, rendering most valuable the conguggiplication of various techniques
based on X-rays: diffraction (XRD) for phase idéa#tion, fluorescence spectrometry
(XRF) to characterize the elemental composition ahdorption spectroscopy (XAS) to
ascertain the speciation state of constituting ¢ba@inelements. While XRD and XRF are
easily accessible laboratory techniques that heea leven adapted to portable equipments,
the spectroscopic procedures require the use afhsgtron radiation (SR) in large scale

installations [4].



The chemistry of tile glazes is rather complex doethe addition of metals with low
melting point capable of being homogeneously inocated in the glass and chromophore
elements. Speciation of both fuser metals and aotsrin ancient tile glazes and glasses
may account for chemical affinities and correlasion phase behaviour, thus contributing
to clarify the ageing mechanisms [5-6].

Concerning the fuser metals, zinc has a dominatwaork-forming role, allowing for
reducing the addition of network-modifiers and thging a stabilizing role and improving
mechanical properties and chemical durability; leadntributes to enhance glaze
transparency and brilliance, having been extengiwséd in ancient decorated tiles.

Ancient tile glazes of Portuguese manufacture (5jgwvere first studied for bulk chemical
characterization using X-ray fluorescence inducgdsynchrotron radiation (SRXRF) and
thereafter applying X-ray absorption near-edge specopy (XANES) to assess speciation
state(s) of fuser metals and chromophore cations.
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Fig. 5 — Synchrotron radiation X-ray fluorescence (SRXRp&ctra collected from the coloured
glaze fragments reproduced above. DiagnkisiandL-lines of various elements are assigned: all
glazes contain lead — a fuser metal (along witlt,zivoticed only for the yellow glaze AM 12
which contains antimony as chromophore element. dhouring of glaze AZ 21 is due to cobalt
— a common blue pigmenting metal.



An X-ray absorption approach to lead-rich, tin-dfiad yellow glazes of majolica-type
ancient tiles (17-19" centuries) disclosed the possibility of an antisnexide being the
only responsible for colouring rather than the imadly added vyellow pigment
(bindheimite, PiSh0;). SbK-edge XANES spectra (Fig. 6) collected from thekezas
were compared with similar spectra from well crifstad Sbh-oxide model minerals
configuring various speciation states of Sh-iond #meoretically modelled using a full
multiple scattering approach; the best fit wasii for identical contributions of $hin
pyramidal coordination and Shwith octahedral environment, thus excluding thespnce
of lead in the yellow colouring phase [7,8].

Lead-rich glazes displayed identical Pedge XANES spectra (Fig. 7), irrespective of the
colour of the glaze and the period of tile productidemonstrating the identity of lead
formal valence plus coordination environment anppsuting the conclusions that lead is
hosted by the glassy matrix even in yellow glazesthat it lead ions assume coordinations
higher than usual for silica glasses in ancieptdibzes (silica-lime-alkali glasses) [9, 10].
Conversely, the XANES study at Zedge performed on blue-and-white glazes from 16-
17" century [11] pointed towards a tetrahedral coatiim of Zrf*ions, thus supporting a
network-former role.
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Fig. 7 — XANES spectra showing
that lead is hosted by the glassy
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FINAL COMMENTS

As expressed in the Preamble, the present conbibstimmarizes the results of a fifteen
years study on materials characterization appleedricient decorated tiles — a valuable
cultural patrimony in the Mediterranean area. Akttdavelopments of such study are
centred on the characterization of chromophoreiapen states in glazed ceramics.

Future advances on the application of novel teakesdo the conservation of this important
cultural patrimony will desirably focus on the udfeneutron beams and gamma radiation to
inactivate microbiota inside the pore structuretloé ceramics without damaging the

decorated glaze.
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