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Lead glasses and glazes are often discussed in terms of degradation processes in connection with their wide use in the
field of cultural heritage in historical objects of low-fired glazed ceramics and historical glasses. This work is focused
on the evaluation of the interaction of lead glazes with a corrosive media simulating environment of waste pits, deposits
and possibly inappropriate conservation interventions. The first part of the experiment contains surface characterisation
of several archaeological fragments of glazed ceramics. Two model lead silicate fritted glazes for corrosion tests were
prepared based on their compositions. A system based on nitric acid solution simulates nitrates in the soil that surround
the archaeological finds, and the aqueous solution of acetic acid represents corrosion in complex organic acids and humic
acids. The concentration of Pb and Si was determined in corrosive solution by AAS. Precipitates were identified by optical
microscopy (OM) and were examined via XRD and SEM-EDS analyses. Vibrational spectroscopy (ATR, Raman) proved that
the proportion of Pb representing a function of network former decreases with time. The shift to higher wavelengths indicates
a change in Q motifs in the glass structure of the glaze frits or a glass network transition from a Si-O-Pb-O-Si towards a

Si-O-Si glass network.

INTRODUCTION

Glazes, together with engobes and enamels, belong
to the group of all-over surface coatings of ceramic
products, which are applied to the shard and subsequently
fixed by firing in furnace. During this process, the glaze
melts and final properties as adhesion to the substrate,
stability of the coefficients of thermal expansion of the
glaze and the substrate, transparency or opacity, surface
texture and chemical resistance are obtained. These
properties are controlled primarily by the composition
of the glazes and also by other input parameters or
technological processes. For example, the quality of the
glaze surface depends significantly on the particle size
distribution of the raw glaze, which mainly affects the
smoothness, gloss and cleanability of the surface of the
final product. The presence of bubbles and crystalline
phases also contributes to the smoothness of the surface
and therefore also to the mechanical properties of the
glazes. If the bubbles are too close to the surface, they
can change from closed to open by creating various
micro-holes (dimples, pinholes, etc.). These defects have
a very negative effect on the corrosion resistance of the
glaze [1-5].

Pollutants to which glazed ceramics are exposed
either primarily during their use or secondarily during
storage or deposit are of variable composition and can
lead to serious damage or destruction. During the use of
a ceramic glazed product, its surface is exposed to various
influences, such as chemical agents, abrasive wear,
external environmental conditions, etc. The quality and
durability of the product is primarily determined by the
characteristics of the glaze [6]. A visual indication of the
chemical effect of the surrounding environment is e.g.
the loss of gloss and the formation of a corrosion layer
or micro-defects which can lead to the deterioration of
the glazed surface. Corrosion resistance and its stability
have thus become an essential parameter of the use of
glazes and can be influenced by many factors, which
can be summarized into three groups [7]: environmental
factors (temperature, relative humidity, exposure time,
presence of pollutants or microorganisms, etc.), physical
conditions of degradation (dynamic or static, S/V ratio,
etc.), and the material properties of the object that is
exposed to degradation (composition, homogeneity,
thermal history, surface morphology etc.).

The complex mechanism of corrosion of glassy
phase of glazes can be expressed as the study of the
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main reactions of glassy phase of vitreous coating in
aqueous media with different pH. Depending on the
amount of water condensed on the surface, the process
of corrosion can be characterised as corrosion by air (the
effect of water vapour and other gaseous pollutants) or
corrosion by solutions. Changes in ambient temperature
and relative humidity can lead to the precipitation of a
microporous layer and affect further interaction with
the corrosion medium or even peeling of the corrosion
products [8].

The dissolution process in a liquid medium has
been extensively studied in various types of glass,
analysing several parameters such as reaction medium,
chemical composition of glass, temperature, etc. [9-
18]. Although ceramic glazes are very similar to glass,
studying the dissolution process and overall corrosion
is more complicated due to high number of components
in glaze raw materials and the variable microstructure
of glazes. However, the study of glass can be a guide
for a comprehensive description and prediction of glaze
degradation. The relative impact of individual processes
is influenced mainly by the chemical composition of the
glaze material and the corrosion conditions.

The main objective of this work is to study the
corrosion behaviour of two types of lead silicate
glazes, which were selected based on chemical and
mineralogical characterization of archacological glazed
ceramic fragments from the deposits and waste pits of
Prague Palaces and surrounding areas. In addition, the
work includes the characterization of the surfaces of the
corroded archacological glazes by optical microscopy
and infrared reflectance spectroscopy. The results were
used to propose corrosion mechanisms in the glazes.

EXPERIMENTAL

The first part of the experimental part was focused
on surface characterisation of several archaeological
fragments of glazed ceramics. Ceramic samples and
their corrosion products were characterised in terms
of chemical and mineralogical composition and based
on these analyses model lead silicate fritted glazes for
leaching corrosion tests were prepared. The corrosion
tests in aqueous environments were accelerated by high
concentration of leaching medium, temperature, pressure
and humidity.

Materials preparation

Archaeological finds

Theanalysed archaeological finds were selected from
a wide variety of available glazed ceramic shards which
were found during several archaeological excavations
of the Prague Castle complex and surrounding Prague
Palaces in the Hradcany district. The representative
fragments of stove tiles, tableware, kitchenware and
technical ceramics were chosen from the extensive set of
Early Modern Age archaeological ceramic finds.

Model glazes

Two types of fritted glazes of lead silicate system
with variable molar ratio of PbO/SiO, were prepared
from micromilled silica sand (dso = 16 pm) and high lead
glass frit. The glaze batches were melted in platinum
crucibles at 1250 °C (frit 1) and 1350 °C (frit 2) in an
electric furnace.

The prepared glaze samples were grinded using
a planetary mill (Pulverisette 7, Fritsch, Germany).
The finely grounded powders were homogenised and
pressed by a hydraulic press to compact samples, which
were dried at temperature 105 °C to constant weight.
Dried blocks were fired at 900 °C with a heating rate of
5°Cmin’! and a dwell time of 10 min at the maximum
firing temperature. The fired blocks were ground into
fractions of 500 — 250 um and cleaned ultrasonically in
water.

The chemical composition of both glazes (Table 1)
corresponding to the chemical compositions of most
tested archaeological glazes was determined by X-Ray
fluorescence analysis (XRF).

The mineralogical composition of the prepared frits
was determined using X-Ray diffraction analysis (XRD).
No crystalline phase was identified in glaze frit 1. Quartz
was identified as a minor component in glaze frit 2.

Corrosion test procedure

The corrosion tests in aqueous leaching media
were performed in Teflon-lined autoclaves, which were
cleaned in 3 % HF solution before the experiment. Acetic
and nitric acid solutions were chosen as simple corrosion
systems. The static leaching test was selected to simulate
conditions of long-time deposition in soil. The leaching

Table 1. Chemical composition prepared lead silicate glazes determined by XRF (wt. %) and converted to mol. % (mol. %).

SIOZ A1203 F6203 T102 CaO ZnO K2O NaZO PbO Zr02
Content [wt. %]
Frit 1 30 7 0.03 0.02 0.3 0.1 0.04 0.0 63 0.05
Frit 2 39 6 0.04 0.02 0.2 0.1 0.04 0.1 54 0.04
Content [mol. %]
Frit 1 58 8 0.02 0.03 0.6 0.1 0.05 0.0 33 0.05
Frit 2 68 6 0.03 0.03 0.4 0.1 0.04 0.2 25 0.03
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media were not renewed or stirred during the experiment.
The prepared model glaze frits were exposed for 1, 5
and 10 hours and 1, 2, 3, 7, 14, 30, 60 and 90 days in
a pH = 2 solutions at an elevated temperature of 90 °C.
The pH value was chosen according to the analyses of
the content of the waste wells and literature data [16].
The concentration of corrosive media and conditions of
elevated temperature and pressure were chosen based on
previous pilot studies [19-21] and comparison with other
studies [9, 12, 16, 22-24]. A simple corrosive system
of nitric acid solution simulates nitrates in the soil that
surrounds the archacological finds and the aqueous
solution of acetic acid represents corrosion in complex
organic acids and could be seclected as a substitute
for humic acids. The surface area per unit of solution
volume S/V was set to match approximately 2 cm™'. The
surface area was calculated from approximations that
the frit particles have a spherical shape with the same
diameter 375 um (the arithmetic mean of the fraction),
each particle is in contact with the solution and they form
a regular lattice or grid.

Analyses of solutions

The solutions after the corrosion tests were cooled
to laboratory temperature. The concentrations of Pb and
Si in the solution were determined by atomic absorption
spectroscopy (AAS) using a 280FS AA spectrometer
with a flame atomiser (Agilent Technologies, USA).
The detection of Pb was performed with an acetylene-air
flame with wavenumber 217 nm, and an acetylene-nitrous
oxide flame with wavenumber 261.6 nm was used for the
Si analyses. The measurement of pH in the solutions was
done before and after the corrosion tests using universal
indicator papers and a potentiometric pH meter (inoLab
pH Level 1, WTW, UK) with a combination electrode
SenTix 81 for accurate measurements.

The results from AAS were converted to normalised
mass loss NL; to ensure the comparability of the results
obtained, which is defined as [9, 22, 25, 26]:

crv

NL=—5 )

where C; is the concentration of the element i in
solution (mg-1™"), Vis the volume of solution (m?), x; is the
mass fraction of the element in the original composition
of the glaze and S is the reactive surface area considered
as geometric surface area in m?.

The data from the corrosion tests were fitted by a
Solver add-in program of MS Excel using the nonlinear
generalized reduced gradient (GRG) algorithm method.
This fitting method was used for the calculation of
dissolution of both elements (Pb and Si) due to the
approximation that Pb participates in the formation of
the glaze structure as a network former, not only as a
modifying ion [23, 27-30].

Analyses of solid samples of glazes

The initial analyses of degraded surfaces and
corrosion products of several archaeological finds were
performed using a combination of XRF, XRD, ATR-
FTIR and optical microscopy methods.

Solid samples of prepared glaze grits of defined
fractions exposed to leaching solutions were observed
using stereomicroscopy, polarised light microscopy and
scanning electron microscopy with energy-dispersive
X-ray spectroscopy before and after exposition to
corrosion tests. Optical and electron microscopy were
applied for evaluating the homogeneity of the prepared
model frits and for the study of the morphology and
optical changes of samples before and after exposition
to degradation processes. A stereomicroscope Olympus
SZX 9 (Olympus, Germany) with a Canon 1100D
camera and a polarised light microscope Olympus BX60
(Olympus, Germany) with a Canon 1100D camera
were used. The images were processed with Quick
Photo Industrial 4.0 software. The scanning electron
microscope Tescan VEGA 3 LMU (Tescan Orsay, Czech
Republic) with EDS analyser Oxford Instruments INCA
350 were applied for complementary point measurements
of chemical composition.

The change in chemical composition of the model
samples of glaze frits after leaching were analysed by
X-Ray fluorescence (XRF) using a fully-automatic WD-
XRF Performix spectrometer with Rh anode, X-ray tube
and a scintillation detector. All samples were analysed
in the form of fine powders, and the results of semi-
quantitative and qualitative analysis are presented in
oxide form.

The mineralogical compositions of crystalline
corrosion phases on the surface of glazes of model
samples subjected to long-term degradation tests and
of the fragments of the glazed archaeological ceramics
was studied using a PANalytical X'Pert® Powder
diffractometer (PANalytical, The Netherlands). The
mineralogical composition of archaeological glazes
was studied on the surfaces of flat ceramic fragments to
identify the crystalline phases in the glazes and in the
degraded surface layer including corrosion crusts. The
data were measured at room temperature with Bragg-
Brentano parafocusing geometry using a CuKo radiation
in the range 4 — 80° 26. The data were evaluated using
HighScore Plus 4.0 software package and a reference
samples database PDF4".

The analysis of changes in molecular bonding
occurring on and near the surface of glaze frits exposed
to leaching was carried out using attenuated total
reflectance in Fourier transformed infrared spectroscopy
method (FTIR-ATR) and Raman spectroscopy. Both
experimental analyses were performed at laboratory
temperature, for the infrared analysis the Nicolet™ iS50
FTIR Spectrometer (Thermo Fisher Scientific, USA)
equipped with a monolithic diamond ATR crystal and
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DLaTGS detector was used. The spectra were obtained
in absorption mode with 64 scans and resolution 4 cm™.
The Raman experiments were done using a 532 nm laser
and a BWTek i-Raman® Pro spectrometer equipped
with a CCD detector (Metrohm, USA). The spectra
were acquired in 100 seconds with 1000 collections per
second, resolution 3.5 cm™ and laser power of 50 mW.
The infrared and Raman spectra were processed using
Omnic 9 software.

RESULTS AND DISCUSSION
Archaeological glazed finds

The chemical composition of selected glazes of
archaeological finds ranges from 17 — 31 mol. % PbO
and 47 — 66 mol. % SiO,. The study of the surface of
the archaeological glazes include the identification
of mineralogical composition of glazes and corrosion
products on their surfaces by XRD, photo documentation
of degraded surfaces by microscopic images and
confirmation of composition of corrosion products
removed from the surface of the glazes from FTIR-
ATR spectra. Table 2 presents the summary of relevant
obtained data.

Most of the examined archaeological fragments
were degraded, and several types of disturbed areas
were visible to the naked eye. The types of defects
were identified by optical microscopy. The chemical
composition of corrosion products show CaO, SiO, and
P,0O5 as main components with a lower proportion of
MgO, PbO and Fe,05 in some cases. Crystalline phases
identified in mostly amorphous glazes include quartz,
phosphates and acetates. Phosphates were identified as
dominant corrosion products by both XRD and infrared
spectroscopy. Other types of corrosion phases were
not clearly identified on the glazed surface or in the
studied corrosion products due to their hygroscopicity
or fragility. However, XRF analysis of examined glazes
and corrosion products show an elevated content of
phosphorus (11 — 21 wt. % P,0s), chlorine (3 wt. %)

0.06
Py Frit 1 data
0.05 — Frit 1 fit
- Frit 2 data
— Frit 2 fit

0.1 10
Time (hours)

Figure 1. Normalised amount of Pb and Si transferred to nitric acid solution

1000

or sulphur (5 — 7 wt. % SO3). Sulphates, chlorides and
nitrates were determined in the soil samples from waste
pits in concentration up to 5563 mg-kg™. The pH value
of most soil samples was slightly acidic.

Corrosion tests in acid environment

The concentration of Pb and Si analysed in solution
by AAS and converted to normalized amounts of the
element NL; [g'm™] transferred into solution is shown
in Figure 1. An increase in pH was observed during the
leaching process, when the first change in the pH value
was clearly detected already after 24 hours.

The time dependence of the leaching of lead and
silica ions corresponds to standard static leaching tests
of glasses. Therefore the obtained data were fitted by a
function [26] using the Microsoft Excel add-in program
Solver, using normalised mass loss NL; as objective,
with the generalized reduced gradient (GRG) nonlinear
algorithm method.

The results show that the measured data, with
few exceptions, fit well with the course of corrosion of
most glasses, where at the beginning of corrosion there
is an exponential increase in the dissolved amounts of
both ions, and then the corrosion rate slows down and
becomes constant over time. Both glazes show deviations
from the linear trend. A resumption is observed after
about 60 days, this resumption in the corrosion process
is probably caused by a combination of several factors,
mainly the composition of the glaze frits, the high
temperature of the corrosion test and the high S/V
ratio [31]. This renewal of corrosion process correlates
with the precipitation of secondary phases, which were
confirmed by microscopic observations of both types of
glaze compositions in both media (Figures 1 and 3).

The release of studied elements from glaze frits
change the pH of non-buffered corrosion media as
expected. This modification in pH values, although not
very significant in both types of media, in conjunction
with other factors may contribute to the resumption of
the corrosion process. Si/Pb mass ratios in both frits
before and after corrosion tests were calculated from
XRF data of glaze frits (Table 3). The Si/Pb mass ratios

0.06

- Frit 1 data
0.05 — Fritl i

- Frit 2 data *
0.04 — Frit 2 fit

0.1 10
Time (hours)

1000

420

Ceramics — Silikaty 65 (4) 417-426 (2021)



Interaction of historical lead glazes with corrosive media

Table 2: Main results obtained by analyses of archaeological samples.

Photo documentation Microscopic image Identified defects Main ox1fies n Idemlﬁ?q m1neralog1cfal
corrosion composition of corrosion
specking,
pélrl:;fgs’ Corrosion not present
CaO
62 wt. %
. SiO, Calcite CaCO;
laﬁftgzpc‘;i‘;t"f 26 wt. % Quartz SiO,
MgO
7 wt. %
CaO
unglazed, 49 wt. % Hydroxyapatite
compact corrosion crust P,Os Cas(PO,4);(OH)
44 wt. %
CaO
celin 36 wt. %
Erazing’ P,0;s Calcium Phosphate
bhsteriﬁ’ 35 wt. % Cay(PO,),
¢ PbO
11 wt. %
crazing, 48 wt. % Calcium Phosphate
specking CaO Ca;3(POy),
43 wt. %
crazing,
g;e;gﬁ’s Corrosion could not be sampled
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Photo documentation

Microscopic image

Identified defects Main oxides in Identified mineralogical
corrosion composition of corrosion
P,05
45 wt. %
unglazed, Fe,04 .
salt efflorescence, 17 wt. % Magnesium Iron
iridiscence SiO, Phosphate Hydrate
15 wt. % Mg7Fe3(PO4)3(H20)g
MgO
12 wt. %
scr:czlirilng’ Could Calcium Phosphate
pblistersg, not be sampled Ca3(POy),
CaO
crazin 84 wt. %
eeling, 810,
i 6 Wi. % Calcite CaCO,
PbO
Swt. %

500 um
| ——

Figure 2. Microscopic images of glaze frits after corrosion test
in nitric acid solution: a-b) colourless frit grains and crystalline
particles on the surface of glaze frit 1 and c-d) crystalline
particles in the form of interlocking rods completely envelop
the particle of glaze frit 2.

in the solution were determined by atomic absorption
spectroscopy (AAS).

Clusters of elongated particles at the edges of the
frit particles were identified by optical microscopy to
be secondary precipitation products. In both solutions a
discoloration of the frit particles was observed: the frit 1
fragments have yellowish reflections (see Figure 2),
while the frit 2 fragments have significant discoloration
into bluish reflections (see Figure 4). The changes of
colour in time could indicate a modification of the
optical properties of the studied frits with the alteration
progression. The precipitation products of secondary
phases were examined via XRD and SEM-EDS analyses.
Crystalline corrosion products in the form of lead nitrate
were determined by XRD analysis only in a sample
of glaze frit 1 with a higher proportion of PbO after
the longest exposure time of the corrosive nitric acid
solution. The SEM micrographs showed the degradation

Table 3. Si/Pb ratio in both frits before and after corrosion and in solution (wt. %).

Si/Pb ratio in frits

Si/Pb ratio in solution

before corrosion test after test after test after test after test
in nitric acid solution __in acetic acid solution in nitric acid solution _in acetic acid solution
Frit 1 0.441 0.652 0.719 0.455 0.153
Frit 2 0.642 0.487 0.747 0.290 0.189
422 Ceramics — Silikaty 65 (4) 417-426 (2021)
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Frit 1 data
Frit 1 fit
Frit 2 data
Frit 2 fit

L 3
*

0.1

10

1000
Time (hours)

Figure 3.

]

Figure 4. Microscopic images of glaze frits after corrosion
test in acetic acid solution: a-b) noticeable disruption of frit
1 particles and growth of the secondary phase at the particles
edges and c-d) discoloured particles of frit 2 and the particles
completely covered with secondary phases

of particles and signs of corrosion in both lead-silicate
glaze frits. At the edges and corners of most frit particles,
the growth of corrosion products was confirmed.

The crystalline phase identified via XRD analysis
were observed as a cluster of interconnected flat rod-
shaped needles (Figure 5a-c), the main component of
these particles analysed by EDS was Pb, accompanied
by a small proportion of Si and Al. Another indication

Absorbance

Frit 1 unleached
Frit 1 HNO; 30 days
Frit 1 HNO; 60 days

1100 1000 900 800

Wavenumbers (cm-1)

1200

Raman Intensity

NLg; (gm)

0.025
* Frit 1 data >
D — Frft 1 fit
* Frit 2 data

Frit 2 fit
0.015

0.1

10

1000
Time (hours)

Profiles of normalised mass losses of Pb and Si in time for corrosion by acetic acid solutions for lead silicate frits 1 and 2.

of preferable local pitting corrosion was evident in both
types of glaze frits in the form of dehydrating cracks as
the first phase of corrosion. Dehydration cracks, which
result in flaking of hydrated surfaces, were observed
in micrographs of glaze frits of both compositions
(Figure 5f and h). Most often, these defects occur at the
edges of individual particles. The significant difference
between alterations of surfaces by nitric acid or acetic
acid media are that in HNOj; the flaking of secondary
phases is more obvious and frequent. However, the
effects of acetic media are more visible in the formation
of dehydration cracks and depletion of the disrupted
areas (mostly edges of particles). Furthermore, the
formation of local electrolytes can be detected at the
edges of some particles where there is a local increase in
pH, and a subsequent change in the corrosion mechanism
from interdiffusion of ions to the dissolution of the glass
matrix of glaze particles occurs (see Figure 5d, e and g).
The preferential precipitation of the corrosion products
at new surfaces (in the corrosion cracks) was confirmed
in both corrosive media (Figure Sh).

Dimples with a higher proportion of Si analysed
via EDS were observed on the flat surfaces of both frits
(Figure 5i), the formation of pinholes is assumed to
depend on stresses or minor compositional differences.
In these regions, most of the lead cations could be bonded
as a modifier.

The results of measurements by vibrational

1050

o SN
-
i J— \\ N
— . D,
N . S e ik

b) Frit 1 unleached

Frit 1 HNO; 30 days
Frit 1 HNO; 60 days

1200

Figure 6. Vibration spectra of unaltered and corroded frits: a) ATR spectra of frit 1 exposed to nitric acid solutions and b) detail of

Raman spectra of frit 1 corroded in HNOj in time dependence.
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Figure 5. SEM micrographs of lead-silicate glaze frits 1 and 2 after alteration: a-b) large amount clusters of secondary phase with
high proportion of Pb, c¢) surface of altered particle of frit 1 with dehydration cracks and detached flake particles, d-e) local snaps
on the edge of glaze frit 1 particle in acetic media, f) surface of frit 2 with cracks and sings of localised alterations, g) edges of
frit 2 severely corroded by acetic acid solution, h) corrosion pinholes filled with secondary products and i) surface defects around

bubble in the form of dimples.

spectroscopy (ATR, Raman) confirmed that the
proportion of Pb?* involved in the glass structure of
glaze matrix representing a function of network former
decreases with time, and the shift to higher wavelengths
indicates a change in Q motifs in the glass structure of
both glaze frits. The precipitation of secondary phases
during alteration could be also partially observed in

Raman spectra of the frit 1, where the sharp peak at
1100 cm’! can be attributed to the NO* group. The
nitrate group was confirmed by a small band at 720 cm™!
in ATR spectra of both frits, but no other nitrate peaks
were detected by vibration spectroscopy and thus their
presence is not conclusive. In ATR spectra comparison
of frits 1 and 2, a slight shift towards higher wavelength
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was determined at band 1000 cm!, which corresponds to
(SiO4)* tetrahedral stretching vibrations. The shoulder
band at 900 cm™ is related to the presence of Pb>" as
a network former, and the decreasing trend and shift to
higher wavelengths was observed in all studied spectra
with increasing time of the corrosion leaching tests. The
region 400 — 600 cm™ (main peaks 400, 490 and 600 cm”
1) in Raman spectra is characteristic for vitreous silica
and the vibration of bridging oxygen in silica tetrahedra.
With increasing leaching time, an obvious change in
the intensity of the region bands was determined, so it
could be concluded that the glass network in the glaze
matrix changes from a Si-O-Pb-O-Si towards a Si-O-Si
glass network. The change of intensity and shift to higher
wavenumbers of the band 950 cm™ is attributable to
modification of the Qg;" structural units, which confirms
ATR spectra when the amount of Pb involved in matrix
formation decreases.

CONCLUSIONS

The results presented indicate that the corrosion
tests in acid solutions could simulate the degradation
process of historical glazes, as similar corrosion products
were detected by XRD. The comparison of AAS, XRF,
SEM and ATR analysis show that the overall Si to Pb
ratio in the glaze matrix mainly affected the alteration
in acetic acid solutions where in frit with higher ratio
more Pb and less Si was transferred to solution. Raman
and ATR spectra indicate differences in peak shape and
wavenumber shifts in spectra caused by the corrosive
action of the solutions. The blue shifts in Raman spectra
is atttributed to a change in the Qg;" structural units. The
process of corrosion of lead silicate glazes follows the
alteration kinetics generally considered for most glasses.
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