Compositional changes by SIMS and XPS analyses on fresh
and aged Roman-like glass

AUTHORS

Roberta Zanini®®", Giulia Franceschin?, Elti Cattaruzza®, Mirko Prato®, Mario Barozzi®, Arianna
Traviglia®

AFFILIATION

@ Center for Cultural Heritage Technology, Istituto Italiano di Tecnologia, via Torino 155, Venice,
Italy

b Dipartimento di Scienze Molecolari e Nanosistemi, Universita Ca’ Foscari Venezia, via Torino
155, Venice, Italy

¢ Materials Characterization Facility, Istituto Italiano di Tecnologia, Via Morego 30, 16163,
Genoa, ltaly

4 Fondazione Bruno Kessler, via Sommarive 18, 38123, Trento, Italy

ABSTRACT:

This study reports important analytical evidence of an unusual non-uniform element distribution
in the superficial layers of glass matrices (from few nm up to 1 micron). The unforeseen
observation was made on silica-soda-lime glass mock-ups before and after their artificial
ageing, using secondary ion mass spectrometry (SIMS) and X-ray photoelectron spectroscopy
(XPS) surface analysis techniques. The analyses showed a marked non-homogeneous element
distribution at the glass surface. The results indicated a very low concentration of Na at the
surface up to a depth of around 500 nm below the surface, where its concentration increases
reaching a plateau. In addition, the profile distribution of H in the first 200 nm of the pristine
glass surface indicated a diffusion of hydrogen from the surrounding environment to the glass
network. Additional modifications during the glass ageing process related to external factors
(such as temperature and humidity) were also identified in relation to sodium atoms, with atoms
on the glass surface showing a different chemical state from those in the bulk. This study
confirms that glass composition as well as glass alteration are non-homogeneous locally
supporting the importance of studying glass surface as region of interaction with surrounding
environment.
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Highlights

The combined use of SIMS and XPS enables to examine composition of glass surfaces.



XPS and SIMS analyses show composition gradient of fresh soda-lime glass surfaces.

Artificial ageing induces chemical and compositional modification of glass surfaces.

An articulated analysis approach is used to shed light on glass corrosion.

1. Introduction.

Glass has unique properties. In standard conditions, the combined characteristics of
transparency and hardness, coupled with good mechanic strength and excellent corrosion
resistance, make the use of glass highly suitable for many applications and situations, spanning
from the manufacture of artistic objects (e.g., stained glass) to the fabrication of industrial and
technological products (e.g., windows on a spacecraft). Glass, however, is subject to corrosion
and clear evidence of the transformation of its vitreous structure when subjected to the action of
aggressive agents — such as humidity, water, strong acidic/alkaline solutions [1] - can be easily
observed on everyday objects. Unsurprisingly, an analogous phenomenon can also be detected
— in a magnified form — on ancient glass, as seen in archaeological items produced with this
material. Advances in research on chemical corrosion of glass is therefore equally important for
both the preservation and protection of modern glass and for the conservation of historical and
archaeological glass objects, which have undergone similar stresses for a (much) longer period.

The mechanism of glass alteration depends both on the nature of the glassy material —
i.e., its chemical composition and structure— and on external factors such as, for example, the
amount of water that reacts with the glass object surface in presence of humidity, the pH of a
solution interacting with it, and the time of the reaction [2]. Due to the many and different factors
involved, the glass corrosion process is still not entirely understood and different theories have
been formulated to explain it.

Among them, two are the most reliable [3]: the Classic Inter-Diffusion (CID) model, and
the more recent Interfacial Dissolution-Reprecipitation (IDP) model. The first considers the
diffusion-controlled hydrolysis and ion exchange reactions as the main processes that support
the preferential dissolution of more soluble cations during the initial part of the leaching process.
The second instead, is based on the congruent dissolution of silicate glass coupled with the
reprecipitation of amorphous silica aggregates: dissolution and reprecipitation support the glass
corrosion without interdiffusion-controlled ion-exchange mechanisms at the glass reaction front.

The goal of this study is to propose a different and refined approach for characterising
glass surface, namely region where the initial processes of glass alteration take place. This
paper reports on the chemical configuration of glass surface samples as pristine objects, after
annealing treatment, and after artificial ageing.

Standard procedures to experimentally study the ageing effects on glass consist of
preparing artificial glass replicas and investigate the various artificial wearing-out stages, by
using analytic techniques able to provide compositional and chemical information about the
glass surface [4]. X-ray fluorescence (XRF) spectroscopy [5], optical microscopy, scanning
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electron microscopy (SEM) [6] and Raman or Infrared spectroscopy [7] are normally used to
investigate the chemical composition of altered glass, its surface morphology, and the corrosion
products present on it.

X-ray Photoemission Spectroscopy (XPS) [8—-13] and Secondary lon Mass Spectrometry
(SIMS) [14-17] are sometimes used too, even if their contemporary use to investigate the
corrosion mechanism of glass is quite limited. We show here that their combined use can be
effectively useful for a better characterisation of corroded glass surfaces: with this approach we
were able to evidence important element distribution gradient on the superficial layers of our
glass matrices, ranging from the first few nm of the surface to a depth around 1 micron, as well
as a lateral non-uniform element distribution on the scale of few tens of microns.

2. Material and Methods.

The investigated matrices were silica-soda-lime (SSL) glass prepared by Stazione
Sperimentale del Vetro (SSV) — The glass research centre, a specialized laboratory based in
Murano (Venice, ltaly). Replica samples were realized following the typical composition of
Roman SSL glass type, with a high content of SiO,, CaO, and Na,O, and low concentration of
MgO and K,O. The presence of impure raw materials (to replicate the inclusion of various
minerals contained in ancient sand) was achieved by adding in the glass mock-ups heavy
metals, such as Fe and Cu. Mn and Sb oxides were added as bleaching agents. Table 1 reports
the chemical composition of the glass replicas, as obtained by Wavelength Dispersive X-ray
Fluorescence (WD-XRF).

For the samples preparation, the raw materials were heated at 1400°C in a platinum
crucible to reach the melting point and the resulting molten glass was slowly cooled until
complete solidification. The raw materials used and their quantities are listed in Table 2. The
raw glass was annealed at 550°C for 1 hour and then slowly cooled down to room temperature
for 1 day to prevent the formation of mechanical stress, due to gradients of temperature
between surface and bulk of the glass object. The melt was homogenised a few times during
the fusion using a platinum stick. The raw glass was then thinly sliced (10x10x2 mm?®) to create
the testing samples.

Table 1. Chemical nominal composition of SSL glass mock-up (in wt% oxide and at%).

Oxide wit% Element at%
SiO, 67.6 Si 23.49
Al,05 1.97 Al 0.81
Na O 18.6 Na 12.53
K20 0.40 K 0.18
MgO 0.68 Mg 0.35
Ca0o 8.05 Ca 2.99
SO3 0.24 S 0.06
Sb,03 0.10 Sb 0.01
P,0s 0.14 =) 0.02
Feo03 0.68 Fe 0.18
MnO 0.59 Mn 0.17
CuO 0.10 Cu 0.03
CoO <0.01 Co 0.00
cl 0.9 cl 0.53
TiO, 0.02 Ti 0.005
0 58.65



Table 2 Raw materials used for the mock-up’s preparation.

Raw material (grams)
Siliceous sand 560.77
Sodium carbonate 247.74
Calcium carbonate 104.75
Dolomite 22.88
Hydrated alumina 25.35
Manganese dioxide 6.11
Calcium diphosphate 2.24
Iron oxide 5.78
Potassium carbonate 6.06
Antimony oxide 0.84
Sodium chloride 13.68
Copper oxide (dark) 0.84
Sodium sulphate 2.96
Tot 1000.00

The SIMS depth profiles were obtained with a dynamic SIMS SC-ultra, with Cs™ primary
ion sputtering beam at 3 keV of impact energy and 64° incidence angle. The acquired
secondary species are positive MCs® molecular ions, where M indicates each elements of
interest. All SIMS data were normalised point by point to the Cs* secondary ion signal acquired
at the same depth. This normalisation method takes into account the possible drifts on the
secondary ion intensities induced by charging effects when the ion beam erodes dielectric
samples as glass. A thin gold capping layer was deposited on all sample surfaces: this
conductive layer and the use of an electron flood gun are needed to remove the excess of
positive electric charge induced by the Cs® ion sputtering. All depth profiles have been
normalised to the average silicon intensity in the glass bulk. The relative intensities - in counts
per second - among the different secondary ion species do not represent the true relative
concentrations, being related on strongly different ion yields. The depth scale was calibrated
with the measurement of the final sputtered crater depth, by using a Tencor P6 mechanical
profilometer and supposing a constant erosion speed.

X-ray Photoelectron Spectroscopy (XPS) analyses were carried out with a Kratos Axis
Ultra®® spectrometer using a monochromatic Al Ka source (20 mA, 15 kV). Survey scan
analyses were carried out with an analysis area of 300 x 700 microns and a pass energy of 160
eV. High resolution analyses were carried out with the same analysis area and a pass energy of
20 eV. The Kratos charge neutraliser system was used on all specimens. Charge compensation
and calibration of the binding energy (BE) scale were done by setting the BE of Si2p band at
103.4 eV [18-20]. The use of an internal reference (Si2p) was preferred to the usual C1s
position for the adventitious (hydro)carbon contamination layer because in literature the C-C/C-
H signal is reported to fall in a very large BE range (284.0-285.6 eV), thus making a reliable
energy scale calibration extremely difficult [21,22]. The use of Si2p reference gave for the C1s
adventitious hydrocarbon a BE around 285.5 eV in all the analysed samples, which is in line
with the values reported in literature [21,22]. Deconvolution of the different components in the
XPS signals were performed with XPSPEAK41 software [23]. The final uncertainty on the
determined BE is around 0.2 eV.



2.1. Experimental

For both SIMS and XPS analysis, the glass surface was not polished to maintain the
original chemical information of the top layers: all the samples were simply washed following an
internal protocol, using soapy water, deionized water, acetone, trichloroethylene, and absolute
ethanol with 5 minutes of sonication for each immersion in any single solvent. Analyses were
performed on a “virgin surface”, i.e., not on the sliced ones.

SIMS analysis of the glass sample was repeated in 4-5 different points of the sample
surface and performed both before (pristine glass) and after an annealing treatment at 600 °C
for 6 hours in air. The in-depth analysis was performed until element concentration reached a
plateau (bulk values).

XPS analysis of the glass samples was performed immediately after the reported mild
cleaning treatment on pristine glass both on the sample surface (sample named “T0”) and on
the inner region immediately after fracturing the sample (sample named “TO bulk”). The XPS
analysis of the glass surface was carried out also after two weeks of artificial ageing of the
sample in a climatic chamber with constant temperature of 80°C (sample named “T1”). The
relative humidity level RH was kept at 90% for the first week, then it was lowered down to 30%
for the second week. Only pure water (MilliQ) was used during the artificial ageing, thus
preventing any undesired effect of interaction between the samples and the external agents
(e.g., salts present in tap water). XPS quantitative results are reported before and after the
correction for hydrocarbon contamination layer [24]; its presence causes the attenuation of
photoelectron signals coming from elements present just below the contamination layer, thus
masking the true atomic concentrations. Therefore, reported quantitative data are characterized
by relative random uncertainties around 10% but systematic errors can be larger due to the
complexity of the systems under investigation. For preserving the original surface, we decided
to avoid ion sputtering, thus preventing preferential sputtering and/or induced chemical changes
of the surface atoms.

3. Results and Discussion.

The results of the SIMS analysis are reported in Fig. 1 for two different point of the
pristine sample, showing the concentration profile of the monitored elements from the first layers
of the surface up to 1-2 microns inside. The different concentration of alkaline ions (Na®)
between the surface and the deeper region of the samples is evident. The elemental profiles
show a sharp increase of Na concentration at about 350-400 nm from the surface, after which it
stabilises on a quite constant (bulk) value. Differently, silicon and aluminium (glass formers),
and calcium (alkaline-earth stabiliser) were detected with homogeneous concentration from the
surface to the bulk of the sample.

The Na depletion in the first 350-400 nm under the surface can be possibly explained
with the loss of volatile Na from the surface of melt glass during its preparation process.
Evaporation of glass melt components commonly leads to the depletion of volatile glass
compounds at the surface layer of a melt [25], a phenomenon remediated by annealing the
solidified glass at proper temperatures. However, the time and temperature adopted for the



annealing treatments may be sometimes insufficient to assure a complete homogenisation in
the composition.

The compositional analysis of the pristine glass revealed the presence of hydrogen ions

in the first 200 nm of the glass surface (Fig. 1). This can be due to the diffusion of water
molecules into the glass network when the freshly made glass encounters surrounding air
(during glass cooling), which results in the formation of a water film on the surface of glass. The
possibility that the presence of hydrogen could be originated by molecular hydrogen diffusion
should also be considered.
The SIMS profiles obtained analysing the pristine glass (T0) clearly indicated the presence of a
region under the glass surface marked by very low concentration of sodium, which rises at a
depth of about 0.5 um. A similar trend has been observed in different points of the samples.
Then, we repeated SIMS measurements after an annealing treatment at 600°C, to check the Na
mobility into the glass network, and to verify if it would be redistributed into the depleted region.
Data collected on different points of the sample surface (Fig. 2) indicated an extreme variability
of the heat treatment effect, showing in some cases a redistribution of Na to reoccupy the
superficial layer initially depleted of Na (Fig. 2 point 2 and 3), while in some others (point 1) a
progression of the alkaline emptying zone, interesting more than one micron into the glass bulk.
Considering more closely the shape of the signal related to sodium, in point 2 and 3 of Fig. 2 the
slope variations in the region around 500 nm is consistent with a back-diffusion (i.e., toward the
surface) of sodium induced by the thermal treatment.

The sodium atoms concentration was high only at depths larger than 400 nm before the
thermal treatment. In point 1 of Fig. 2, instead, the sodium depth profile does not show a similar
behaviour: even if this profile could suggest an increase of the depletion zone induced by the
thermal treatment, we cannot exclude that here the starting depletion was much larger than 400
nm. This lacking compositional homogeneity in the first microns below the glass surface is not
only detected by varying the depth but also laterally at the same depth: Fig. 3 shows the Na
distribution map (in direct image) at the start and at the end of the in-depth profile, showing a
marked non-uniform lateral presence of Na in the whole analysed glass region, as additional
evidence of inhomogeneity of the local glass composition.

All these experimental findings showed that the composition of the first 1-2 microns of
the glasses under analysis (before and after the additional thermal treatment) is far from being
homogeneous. Moreover, the evidence of an extended surface region with a sodium depletion
on the pristine glass should force us to think different about the glass degradation mechanisms
usually considered, being them strongly dependent on the starting composition of the glass
surface [26].

| =— Au layer 100000 4 I=—Au layer

L Na | A
2 - —r %Q
a 40,
10000 288 PSS | Tamm— // 2

27
1000 Al 1000 ] Al

|
H
1
100 ]| 100 4 H

| |

I |
104f) 104
| |

| |

T T T T T 1 T T T T T 1 6
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Depth (nm) Depth (nm)

cts/s
cts/s




Figure 1. The element depth profile of pristine silica-soda-lime in two different point of mock-up.
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Figure 2. The element depth profile on three different point of silica-soda-lime mock-up after annealing treatment at
600°C for 6 hours.

Figure 3. SIMS maps with the planar distribution of the intensity of “Na ion signal at the start (left panel) and at the
end (right panel) of the SIMS analysis after sample annealing. The analysed area is 300x300pm?. Intensity increases
from blue to jellow to red.



XPS provided complementary information thanks to its extremely superficial sampling
depth (5-10 nm), thus enabling investigation of the top layers of the glass surface. Table 3 (first
column) reports the average values of surface composition of the sample before (TO pristine and
TO bulk) and after (T1) the two weeks of artificial ageing, in which a large amount of carbon
contamination is present (C1s signal centred around 285.5 eV of BE). Considering the
experimental errors and after the correction for the carbon contamination, as explained below,
the elements concentration of the glass bulk obtained by XPS analysis (sample named “TO
bulk”) is in very good agreement with the nominal composition of glass mocks-ups measured
using WD-XRF (at % in Table 1).

From the analytical point of view, it is incorrect to perform a quantitative data
renormalisation simply excluding the carbon contribution (Table 3, second column): the
presence of the hydrocarbon contamination layer on the top of the surface induces the
attenuation of the photoelectron signals coming from the other elements in the sample, but this
intensity reduction is different for different elements because it depends on the photoelectron
kinetic energy. We consider as covering contamination layer only the amount of carbon forming
hydrocarbon contamination and detected as the low BE component of C1s band (around 80% of
the whole C1s intensity, after deconvolution procedure [23]), thus assuming that the other
carbon atoms are involved in chemical bonds with the glass matrix surface.

Based on the work of G.C. Smith [24] we were then able to give a rough estimation of
the contamination layer thickness (0.6 nm for TO; 0.6 nm for TO bulk; 4.9 nm for T1) and the
consequent correction of calculated composition (Table 3, columns named “after correction”).
We are well aware that the determination of the contamination layer thickness (thus, of the final
composition) assumes that all the detected (hydro)carbon contamination originates from a
homogeneous and constant-in-thickness contamination layer, covering the whole sample
surface. If we reasonably assume that some region of the sample surface could be differently
covered (or maybe uncovered) by carbon contamination, then the true values of the relative
atomic composition of the investigated surface should lie in the range determined by the values
reported in 2" and 3™ column of Table 3.
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Figure 4. Na1s band recorded on the three samples.

The concentration of sodium in the pristine glass at time TO is much lower on the surface
than in the bulk of the sample (TO bulk), and the Na1s band is centred around 1072.7 eV and
1073.0 eV of BE, respectively. On the other hand, after two weeks of artificial ageing, sodium
concentration on the superficial layers of the sample increases abruptly (Table 3), while the
concentrations of calcium and, in particular, of silicon decrease. The Na concentration is
increment is a clear evidence of chemical driving forces inducing diffusion and accumulation of
sodium atoms on the first few nm of surface layers when glass is subjected to unfavourable
environmental conditions (high temperature and humidity). This superficial accumulation
determines the presence of a zone of aggregation and disorder in which the compositional and
structural properties are different from those determining the macroscopic physico-chemical
behaviour of glass, as testified by the different BE detected for the Na1s band at time T1
(1071.7 eV).

In summary, the Na1s peak of the analysis at TO has a similar BE both for surface and
bulk analysis, but at time T1 the BE of Na1s shifts at lower value (Fig. 4). This change of BE
may be indicative of a different nature of sodium: in the pristine glass, sodium acts as modifier
ion in the glass network; conversely, after an artificial alteration (sample at T1) the sodium
detected by XPS is present in a different chemical environment, most likely as sodium
carbonates [18,27] formed on the glass surface. The chemical stress induced on the glass
mock-up by artificial ageing — characterised by high level of temperature and humidity - caused



the leaching of sodium and its accumulation on the surface, where it can react with the
surrounding environment.
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Figure 5. O1s band recorded on the three samples. The small signal around 537 eV is originated by Na Auger
electrons.

The formation of sodium oxides/carbonates on T1 sample was suggested also by the
analysis of the O1s band (Fig. 5). The signal centred around 536-537 eV is not related to
oxygen, being part of the NaKLL band: its different relative intensity in the three samples is
directly related to the different Na amount, as reported in Table 3. About the true O1s signal, in
the TO bulk sample the band clearly showed the presence of two components (bottom panel of
Fig. 5), falling around 532.9 eV and 531.2 eV and related to BOs (Bridging Oxygens) and to
NBOs (Non-Bridging Oxygens), respectively: these signals are characteristics of soda-lime
silicate glasses [10]. On the surface of the pristine glass (TO sample), the lower amount of Na
induces a decrease of the NBOs band intensity. In the T1 sample, the different composition of
the surface — rich in sodium and strongly contaminated by carbon — affects the structure of O1s
band. Indeed, the BOs band is reduced in intensity, and a new more intense component
appears, centred on 531.9 eV of BE. This band can be attributed to the presence of Na
carbonates at the sample surface [18,27], formed during the ageing process.

Analysis of C1s signal recorded on T1 sample confirmed the possible presence of
carbonates (Fig. 6) because, in addition to the main component related to adventitious carbon
contamination usually falling in a wide range of BE (roughly between 284-286 eV [21,22]; in our
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three samples around 285.5 eV), a less intense band centred at 289.0 eV is detected. This last
band is consistent with the presence of sodium carbonates [18,27], and/or of sodium
hydrocarbonates.
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Figure 6. C1s band recorded on the T1 sample.

It is well-known that humid air and water are the first cause of degradation of glass,
inducing a decrease in alkali ion concentration and increasing the local pH value (see, for
instance, [12,28,29]).Considering the XPS experimental findings in this work, we suggest the
following possible corrosion mechanism starting at the glass surface and involving water and
CO, from the atmosphere, in addition to H<>Na" ion exchange at the first few nm of the sample
surface [30,31]:

[1] CO, + H,O — H" + HCO5~
2] HCO; + Na* — NaHCO,

The formation of these kinds of compounds can lead to a pH increase on the glass
surface towards more alkaline value, that should favour further glass corrosion. However, this
hypothesis will need further investigation, for instance by analysis of samples aged for longer
periods.

The presence of the Na2s band is easily visible in the low BE region of the XPS survey
(not reported). This signal is originated by photoelectrons having high kinetic energy, thus
coming also from Na atoms that are present in deeper regions of the sample surface [10]. With
the used instrument, the expected intensity ratio of Nals and Na2s bands (Na1s/Na2s) is
around 10 for a homogeneous sample, based on the so-called RSF (Relative Sensitivity Factor)
[10]. The different intensity ratio experimentally detected on the three samples for these two Na
signals, Na1s/Na2s (Table 3), showed a very low value for the TO sample, suggesting that an
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important sodium concentration gradient is present also in the first 5-10 nm of the surface, with
a marked depletion in the first few layers (possibly 1-2 nm) of the region investigated by the
XPS technique. For TO bulk and T1 the Nails/Na2s value is higher, suggesting a more
homogeneous distribution of the element.

The photoelectron intensity attenuation effect induced by the contamination layer does
not change the previous conclusion, since the contamination thickness is-the-same for TO and
TO bulk samples is quite the same.

Table 3. Average composition data obtained by XPS analyses on the surface of the pristine glass (T0), on the bulk of
the pristine glass (TO bulk), and on the surface after two weeks of artificial ageing (T1). All the reported data are
expressed in atomic percentage (see text for explanation). We consider as covering contamination layer only the
amount of carbon related to hydrocarbon contamination, i.e. not including other carbon atoms. The last column shows
the detected intensity ratio of Na1s and Na2s bands. Relative uncertainties of the calculated concentrations are
around 10% of the reported values.

BEFORE BEFORE CORRECTION AFTER CORRECTION Na1s/Na2s
CORRECTION (without hydrocarbon) (at %)
(at %) (at %)
TO TO T TO TO T TO TO T TO TO bulk | T1
bulk bulk bulk
Al 2p 23 05 - 27 0.6 - 2.6 0.5 -

C 1s (contam.) 16.6 154 75.3 - - - - - -

C 1s (other) 2.6 2.7 5.7 34 3.2 231 2.8 2.9 6.7

Ca2p 24 23 0.6 2.9 2.7 24 2.8 2.6 1.2

Cu2p 0.2 - 0.1 0.2 - 0.4 0.3 - 0.8

Mg 2p 0.1 0.3 0.1 0.1 0.3 0.4 0.1 0.3 0.1

Na1s 1.0 8.8 3.4 1.2 10.4 13.8 1.5 12.8 54.3 5.2 8.3 8.3
O1s 52.0 474 12.6 62.3 56.1 51.0 63.8 55.9 33.4

Si2p 227 226 2.2 271 26.7 8.9 26.0 25.0 3.5

Zn 2p 0.1 - - 0.1 - - 0.1 - -

The results obtained by XPS and SIMS analyses confirmed the different elemental
composition of glass network in the bulk and in the first 1-2 microns of the surface. In particular,
the in-depth elemental profiles showed the different mobility of glass formers and glass
modifiers (in particular, Na) during both the melting and cooling processes of the glass
preparation, as well as the interaction of the surface of the final glass with the surrounding
environment [32]. It is likely that sodium atom concentration at the glass surface differs from the
bulk material because of sodium volatility during the glass melt [33-35].

Descriptions of the detected behaviour and a similar marked in-depth and lateral
concentration difference of alkaline elements were difficult to find in literature. Papers describing
investigation of glass corrosion by SIMS technique reported approaches that did not deliver the
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same experimental findings here described, probably because SIMS was usually not performed
beyond 100-200 nm of depth from the surface. Actually, authors reported SIMS analysis of aged
glass assuming they had the same composition along the entire sample (i.e., from the surface to
the bulk), or polished the glass samples before the artificial alteration, thus losing crucial
information about the first few hundreds of nm of the pristine glass [4,36—38].

The investigation of the glass surface performed in this work allowed to evidence an
extended compositional transition region between the glass bulk and the environment in lieu of
an abrupt hiatus. Marked lateral inhomogeneity of sodium distribution were highlighted too, on a
scale of few tens of microns. All these experimental findings, obtained by performing both SIMS
and XPS analyses on the glass surfaces, suggest that a comprehensive study of glass
degradation mechanisms must take into account that this material may be highly
inhomogeneous in the region of interaction with the surrounding atmosphere.

4, Conclusions

This study provides analytical evidence of the heterogeneity in the chemical composition of
the surface of Roman-like glass and the surface modification — before and after the artificial
ageing — related to the interaction with external factors (temperature and humidity). We
evidenced important changes in the glass surface composition, mainly related to Na atoms both
in the first few nm and on a scale of some hundreds on nm.

In the first few hundreds of nm the sodium content appears lower than the bulk value,
probably because it vaporises in some regions of the glass surface due to its volatile nature
under glass melting conditions. In addition, sodium appeared to be non-homogeneously
distributed laterally too. The possibility of marked inhomogeneity of soda-lime glass composition
in the first few hundreds of nm below the surface (mainly related to sodium content variations)
must be considered also in the case of modern and industrial glasses obtained by
manufacturing technologies, as well as for a better understanding of the ancient glass corrosion
mechanism, with the final aim to develop new solution for its conservation. Work is in progress
to study the evolution of the glass surface modification already evidenced: analysis of glass
subjected to artificial ageing for longer times should allow to understand if the formation of
sodium carbonates on the glass surface could be a first step towards the irreversible alteration
of the matrix.
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