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Abstract

*Tescan Analytics, Laboratory Analysis, Crystal glass alteration in an aqueous medium has been extensively studied following

Fuveau, France the implementation of strict regulations regarding lead leaching. However, despite

the widespread use of lead glasses and crystal glass by artists and artisans ever since
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antiquity, few works focus on crystal glass corrosion in atmospheric conditions. In
this preliminary study, the altered layers formed on crystal glass in aqueous and
atmospheric conditions at 90°C are compared. On the timescale studied (20 days),
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is correlated with K leaching in aqueous media, and »Si and *’Al NMR analysis
of the altered structure highlights the formation of new 0* and AlOg units. Low al-
kali leaching is observed in atmospheric conditions, but the altered glass structure is
highly hydrolyzed, as attested by its high water and silanol content. As a result, the
altered layer formed in aqueous conditions is more polymerized than the one formed
in atmospheric conditions, and potentially more passivating through a mechanism
involving water availability. On the bases of *’Si/'H and *’Al/'H CP-MAS NMR

experiments, the oxygen repartition is described in the altered glasses, differentiating

the oxygen atoms involved in structural NBO from that of hydroxyl groups.

1 | INTRODUCTION

Literature on lead crystal glass alteration in aqueous and
static conditions is scarce, and often limited to acidic con-

Since its discovery during the 17th century, lead “crystal”
glass has been used extensively. Its PbO content (24 wt%
minimum') leads to a high refractive index. For this reason,
crystal glass possesses a brilliance that is still valued nowa-
days for glass tableware. However, due to the hazardous na-
ture of lead,” the use of crystal glass to produce containers
for beverage consumption is currently the focus of scientific
attention. New regulations such as Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH) aim
to lower the authorized limit of lead exposure.3 Standard ex-
periments in acid conditions have thus been developed to as-
sess lead leaching kinetics in solutions.*~1°
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ditions.>*!° The behavior of other types of silicate and bo-
rosilicate glass has been extensively studied in a variety of
temperature and pH conditions. =16 The general mechanisms
of alteration in these types of glass are well established. The
first step of hydration and ion interdiffusion'’ ™ is rapidly
followed by the hydrolysis of the glass structure, that is, the
so-called stage I of glass alteration when the glass is altered
at its maximal rate ro.l L1419 The formation of altered layers
(amorphous gel layer(s) and/or crystalline phases) at the sur-
face of the glass due to solution saturation limits the glass
alteration.”®' Glass corrosion reaches stage II where alter-
ation occurs at a residual rate much lower than r,. During
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this stage, the altered layer keeps on growing and evolving
through mechanisms still debated (hydrolysis/condensation
and/or dissolution precipit:altion),zo_24 but its reorganization
over time is assumed to limit water transport.22 Resumption
of alteration due to secondary phase precipitation can some-
times be observed for specific glass composition at high pH.
In the case of crystal glass, several studies performed in ace-
tic acid solution have shown that the formation of the pas-
sivation layer is highly dependent on the S/V studied.’ The
altered layer, when formed, is more polymerized than the
pristine glass,”” and lead leaching was observed to be much
less pronounced than alkali leaching.

Lead glasses with a large range of PbO concentrations
have been widely used over time to produce objects and art-
works currently kept in museums. Lead oxide significantly
lowers glass transition and melting temperatures, and also
reduces the expansion coefficient of the glass.”® As a result,
lead glazes have been used on ceramics since antiquity.26
Many famous examples of ceramic artworks produced over
time are covered by a lead glaze, such as Islamic enamel,27
Bernard Palissy works,28 or the “Petit feu” colors such as the
one used at the French porcelain manufactory of Sevres.”
Moreover, some glass shaping techniques, such as lampwork,
require the use of glass compositions with low transition and
melting temperatures. Lampworked artworks, such as that
known as Verre de Nevers, were therefore crafted using var-
ious types of lead glass.30 Crystal glass itself has been used
to produce artworks or decorative objects. Considering lead
glass has a known tendency to be altered by aqueous water,
one might wonder about its durability when in contact with
water vapor.

Glass corrosion in atmospheric conditions is a topic of
great interest to many communities. It has been extensively
studied by the conservation community for various common
glass compositions, such as soda lime or mixed-alkali silicate
glasses.3 1733 This type of corrosion has also been of inter-
est to the nuclear glass community for several decades now
in the context of nuclear waste immobilization in various
borosilicate glass matrices.**™ Due to unsaturated condi-
tions, atmospheric glass alteration mostly leads to the for-
mation of salt precipitates on top of a hydrated layer.37 The
hydrated layer thickness increases over time, and variation
in relative humidity can affect the state of the glass surface.

TABLE 1 Pristine crystal glass composition
Sio, Na,O
Wit% 532 4.0
Mol% 73.0 5.3
Si Na Al K
Wt% 24.9 2.9 0.3 9.5
At% 25.2 3.6 0.3 6.9

The modification of the altered layer volume due to drying
cycles can generate constraints leading to the formation of
cracks.®'” This can further enhance glass alteration: cracks
are preferential pathways for water molecule diffusion.* In
spite of the conservation community interest for glass artwork
durability, few studies actually focus on lead glass alteration
in atmospheric conditions, that is the type of corrosion con-
sidered in a museum environment. Uncertainties thus remain
regarding the durability of lead glass artworks in museums.

Comparing the altered layers formed in aqueous and at-
mospheric conditions can give access to new understand-
ing of the alteration mechanisms. This methodology has
been applied only for nuclear glasses to the best of our
knowledge.34’40 The aim of this preliminary study is thus
to present for the first time a comparison of the altered lay-
ers formed in atmospheric and aqueous conditions during
crystal glass alteration. More specifically, a combination
of complementary analysis techniques including ToF-
SIMS profiling, TGA and NMR is applied to characterize
the composition, hydration degree, and structure of each
altered layer. The results give a new understanding of crys-
tal glass behavior during alteration. The effect of various
glass surface treatments on crystal glass behavior is also
assessed and presented here.

2 | EXPERIMENTAL PROCEDURE

2.1 | The samples
All experiments were performed on a lead crystal glass with
a PbO content of 30.2 wt% (Table 1).

Glass bubbles of ~100 g (Table S1) were prepared
by a professional glassblower. The bubbles were blown
from molten crystal glass (produced by Cristalica GmbH,
Dobern, Germany), and annealed for 12 hours at 450°C.
Several surface treatments, detailed in Table 2, were per-
formed before or after annealing depending on the treat-
ment considered.

The glass bubbles (~10 cm in diameter and 0.5 cm in
thickness) were then cut to obtain monoliths. Glass homoge-
neity was verified using SEM-EDS imaging and analysis, and
Raman spectroscopy mapping.

ALO; K,0 Sb,0, PbO

0.5 11.4 0.7 30.2

0.4 10.0 0.2 11.1
Sb Pb 0]
0.6 28.0 33.8
0.1 3.8 60.1
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TABLE 2  Samples prepared for the experiments
No Type of surface treatment Type of sample
1 No surface treatment For glass powder
2 No surface treatment For monoliths
3 Sanding of the surface For monoliths

(After annealing)

4 Grinding of the surface For monoliths

(After annealing)

5 Silver foil deposited on the For monoliths

surface.
(Before annealing)

A non-surface—treated crystal glass bubble was crushed
into powder. The powder was prepared by sieving and de-
cantation in acetone and ethanol to obtain a 2- to 4-pum-sized
glass powder. SEM was performed on the powder to verify
the size of the particles (Figure S1A).

2.2 | Alteration experiments in
atmospheric conditions

Five hundred milligrams of 2- to 4-um-sized glass powder,
non-surface—treated monoliths, and surface-treated mono-
liths were placed in a climatic chamber at 90°C and 90% of
relative humidity. The effect of light was not studied here,
and the climatic chamber was left in complete darkness. A
sample of each monolith was retrieved after 20 days. The
glass powder was retrieved after reaching total alteration
(~1 month). All samples were stored at room temperature and
ambient relative humidity before characterization.

2.3 | Alteration experiments in
aqueous conditions

All experiments were prepared in 500 mL perfluoroalkoxy
reactors using deionized water (DIW) initially saturated with
respect to SiO, (theoretical Co(Si) = 160 mg L™" at pH ggoc 7).
Crystalline Si0, was introduced under agitation at 90°C. The
pH was raised to 10.5 using 300 uL. of NaOH 32% until near-
total dissolution occurred (experimental Cy(Si) = 158 mg
L~ after 21 days). The pH was then lowered back to 7 using
210 uL of HNO;3 65% and 150 pL of 0.5 N. Two hundred and
fifty milligrams of the 2- to 4-um-sized glass powder were
then placed in the reactor (S/V = 3.42 cm™" with § geo = 0.68
m?.g™"). The S/V usually controls the rate at which solution
saturation is reached during stage I, but does not affect stage
II alteration kinetics much. In silica-saturated conditions,
glass alteration kinetics are thus supposed to be independ-
ent of the surface-area-to-solution-volume (S/V) and are
time-dependent only. The experiment was replicated twice
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and found to be reproducible (Figure S1B). A sample of each
monolith (non-surface—treated and surface-treated, Table 2)
was placed in third third reactor within the same conditions.
The morphology of the samples renders surface determina-
tion difficult due to their being cut from glass bubbles, but
as noted above S/V has no impact on the experiment here.
During the experiments, the pH was maintained around 7
(7.3 + 0.6) by adding small quantities of a 0.5 N nitric acid
solution.?>*! The solution was regularly sampled over time.
The samples were filtered (0.45-um cutoff). All elements
were monitored over time by inductively coupled plasma
atomic emission spectroscopy (ICP-AES; Thermo Scientific
iCAP™ 6000 Series). The initial solution is Si saturated and
contains a significant content of Na (~150 ppm). Pb and Al
were undetected. Only K was thus accurately quantified.
The powder was retrieved after total alteration (a few
days), dried for 2 hours at 90°C, then stored in ambient con-
ditions. The monoliths were withdrawn after 20 days, quickly
rinsed with DIW and blow dried.

2.4 | Solid analysis

Solid analyses were performed on monoliths, on the 2- to
4-um-sized pristine glass powder, and on the 2- to 4-um-
sized glass powders altered in aqueous and in atmospheric
conditions.

Due to the use of quartz instead of amorphous silica
for Si saturation, a slight contamination of the glass pow-
der altered in aqueous solution was observed (presence of
undissolved quartz that represents ~3% of the total sample
retrieved).

2.4.1 | Depth profiling analysis
ToF-SIMS analyses (IONTOF TOF 5) of the monolith sam-
ple were performed within a month of sampling. The curva-
ture of the samples was low enough not to be an issue when
placing the samples in the ToF-SIMS chamber. An O," ion
beam was set at 2 keV and 690 nA and used for surface abra-
sion (200 x 200 pmz). The analysis was then provided by a
B112+ ion sputtering beam (25 keV, ~1.7 pA, 50 x 50 um?)
followed by ToF investigation of secondary ions extracted
from the monoliths. The surface was neutralized during anal-
ysis by a low-energy electron flux (<20 eV). The depth of the
final crater was measured using a 3D profilometer, allowing
elemental profile depth calibration. The following profiles
were selected for analysis: HY, SIOH™, Na,", '/K*, Pb*, Sb*,
AlI", and °Si*. Na*, K, and 2Si* profiles were saturated,
and thus not used.

H', SiOHY, Na2+, 41KJ', Pb*, Sb*, and Al™ profiles were
then normalized to that of *’Si* to avoid matrix effects.’ The



INTERNATIONAL JOURNAL OF

COLLIN ET AL.

+ | Applied Glass

SCIENCE
resulting data were normalized to the mean value calculated
in pristine glass to extract semi-quantitative information. All
of this was done using the following formula:

J /JS"+
P
n ja Sit
n 2p JI’/JP

where Jn? is the normalized intensity of an element a (a = H,
SiOH™, Na,", HK*, Pb™, Sb*, and Al"), and J{ and JZ are the
raw intensities measured at a point i of the profile and a point p
of the pristine glass.

A method similar to the one proposed by Pons-Corbeau,
Cazet™ for glow discharge mass spectrometry was recently
found to be suitable for altered glass layer characterization
using ToF-SIMS data.*® This method usually requires the use
of standards. Here, the underlying pristine glass is considered
to be an internal standard. Briefly, the ToF-SIMS profiles ob-
tained on the altered layer formed on a crystal glass sample,
initially made of Si, Pb, K, Na, Al, and Sb, are considered.
Provided that a sufficient number of data are gathered in the
underlying pristine glass, it is possible to calculate the average
intensity K measured for each element in the pristine glass:

ey

1
K=o };} . @
where J? is the raw intensity measured for the element a (as
Pb*, 'K*, Na,", Al*, Si*, and Sb™) at a point p of the pristine
glass.

The raw intensity J* measured at any point of the pro-
file is linked to the atomic concentration x“ of the element a.
However, several unknown factors, such as emission yield for
example, can have an impact on this intensity. Nevertheless,
it is possible to eliminate those factors by using the following
relation:

AU
AT

3)

where x‘ll is the atomic fraction of the element a (with a = Pb, K,
Na, Al Si, or Sb) at a point i of the profile and x‘;,G is the theo-
retical atomic fraction of the element a in pristine glass, J? is the
raw intensity measured for the element a (as Pbt, 41K+, Na2+,
Al*, Si*, and Sb*) at this point i, and K* is the average intensity
in pristine glass calculated from equation (2) for each element
a. The resulting profiles are fully quantitative, provided that no
significant exogenous species were incorporated in the altered
layer. Note that here, O was purposefully left out due to uncer-
tainties regarding ToF-SIMS vacuum effect on aqueous species
susceptible to evaporate. The O content from the structure was
then calculated based on the other element content.

Both methods described above rely on the assumption that
Si is the less mobile element in atmospheric and Si-saturated
aqueous conditions, and can therefore be used to eliminate
matrix effects.

2.4.2 | Thermogravimetric analysis
Thermogravimetric analysis (TGA) and Differential Thermal
Analysis (DTA) analyses were performed on a SETARAM
SETSYS Evolution 2400, under a flow of Ar in a platinum
crucible. Two- to four-micrometer-sized pristine glass pow-
der and glass powders altered in aqueous or atmospheric con-
ditions were all analyzed (~50 mg each). A typical heating
ramp of 10°C-min~" was used between room temperature and
1200°C.

2.4.3 | X-ray diffraction

X-ray diffraction analysis was performed on the altered glass
powders using a Philips X'pert Pro PANalytical instrument
(Ni-filtered Cu Ka source 4 = 1.5406 A) in a Bragg-Brentano
geometry (from 20 = 20° to 20 = 60°) to detect secondary
phase formation.

2.44 | Raman spectroscopy

Raman spectroscopy was performed on the pristine and al-
tered glass powders using a HORIBA Jobin Yvon T64000
that was equipped with a 514 nm excitation laser for a spec-
tral acquisition between 400 and 1700 em™ to provide in-
formation regarding the pristine glass homogeneity, and to
detect secondary phase formation after alteration.

2.4.5 | SEM analysis

Monolith samples were embedded in epoxy and polished
with water using SiC sandpaper. SEM BSE imaging were
performed on polished cross sections of monoliths altered
20 days in atmospheric or aqueous conditions using a Philips
XL 40 ESEM microscope.

2.4.6 | NMR spectroscopy
NMR spectroscopy analyses were performed on the 2- to
4-um-sized pristine glass powder and on the glass powders
altered in aqueous or atmospheric conditions.

'H and »Si magic angle spinning (MAS) nuclear mag-
netic resonance (NMR) analyses were performed on a
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Bruker Avance WB 400 MHz spectrometer (magnetic
field 9.40 T). A Bruker 4-mm (external diameter of ZrO,
rotor) cross-polarization magic angle spinning (CP-MAS)
probe was used at a sample rotation frequency of 14 kHz.
2Si NMR signal deconvolution was completed using the
Dmfit program,** considering a Gaussian model line. The
bridging and nonbridging oxygen numbers can be deter-
mined from the resulting Q" repartition using the following

equations45:

_ %0 x2.04+ %0’ x 1.5+ %0* x 1.0+ %Q" x0.5+ %0° 0.0

BO(%)= 4 3 2 1 0
%Q* %20+ %Q° X2.5+%Q"%x3.0+%Q" X3.5+%Q" x4.0
“4)
NBO (%)=100-BO (@)

*Si/'"H HETCOR 2D spectra were collected on the 2- to
4-um-sized altered glass powders using contact times ranging
from 0.75 ms to 14 ms

'H MAS NMR signals were obtained from the altered
crystal glasses by direct acquisition (DA) and using a Hahn
echo (HE) pulse sequence with varying rotor-synchronized
echo delays ranging from 71 to 17 857 ps. "H NMR signal de-
convolution was completed using the Dmfit program,** con-
sidering a mixed Gaussian/Lorentzian model. Using the HE
sequence data, the width and position of each contribution
were fixed, and the amplitude was left free. Automatic opti-
mization was run until reaching convergence. Note that the
'H NMR spectra are often incompletely resolved due to the
dipolar heteronuclear couplings and to the potentially strong
intensity of the homonuclear dipolar couplings that can be
induced by protons. The spinning rate can be insufficient to
average these effects. As a result of this loss of resolution, the
uncertainties associated with the fit are around +5 to 10% for
the largest components.

2’Al MAS NMR spectra were collected on a Bruker
Avance II 750WB spectrometer (magnetic field 17.62 T),
using a Bruker 4-mm CP-MAS probe at a spinning frequency
of 14 kHz. *’Al/'H CP-MAS NMR spectra were collected
on the 2- to 4-um-sized altered glass powders using contact
times ranging from 0.75 ms to 3 ms. In total 40 000 scans
were accumulated using a recycle time of 1s.

3 | RESULTS

In the following part, samples altered in aqueous conditions
will be referred to as AQ samples. The ones altered in atmos-
pheric conditions will be referred to as AT samples. ToF-
SIMS profiling was performed to determine the chemical
composition of the altered layer. Glass hydration was inves-
tigated by combining TGA and 'H solid-state NMR. Both
analyses are complementary: TGA provides quantitative
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information on the overall quantity of the hydrated species
present inside the sample regardless of their state (weakly
or strongly bounded water molecule and hydroxyl groups),
while NMR provides quantitative information regarding
each individual species. Finally, the altered layer structure
was compared to that of the pristine glass using »Si and ?’Al
solid-state NMR.

3.1 | Solid analysis

3.1.1 | Chemical analysis

Chemical analysis of the altered layers formed in aqueous and
atmospheric conditions were performed on 20-day-altered
monolith samples using ToF-SIMS profiling. A comparison of
the results highlights a difference in alteration behavior depend-
ing on the conditions after 20 days. The altered layer formed
in aqueous solution is homogeneous in thickness, which is es-
timated to be between 5 um (SEM observation, Figure S2A)
and 6.8 um (ToF-SIMS profiling, Figure 1A). In contrast, the
altered layer formed in atmospheric conditions is only ~ 1.3 um
thick (ToF-SIMS profiling, Figure 1B). The interface between
pristine and altered glass is particularly thin for the AQ sample
and wide for the AT sample showing very different behavior.

The altered layer formed in aqueous conditions (90°C,
pH gpoc 7, saturated with SiO,) is homogeneous in com-
position, despite a gradient in K content ~0.25 to ~0.50 of
K remaining). Surprisingly, Na appears to be unaffected.
However, the initial solution contained ~40 ppm of Na (due
to NaOH introduction for pH monitoring, see section 2.3
for more information), which might contribute to limiting
Na leaching in solution as observed previously on borosili-
cate glass.4° No significant Pb leaching is observed; Al and
Sb are also unaffected. The altered layer is highly hydrated,
as attested by the H* and SiOH™ profiles (Figure 1C). The
comparison of these profiles highlights the presence of both
water molecules and silanol inside the altered layer: The H*
profile average value is significantly higher than that of the
SiOH" profile. No secondary phases are observed here on the
extreme surface, an observation that is consistent with XRD
analysis (Figure S3A,B).

The ToF-SIMS profiles obtained on the AT sample do
not show drastic chemical changes (Figure 1B). K depletion
(~40%) is observed. A Na enrichment at the surface, related
to a low depletion in the altered layer suggests the precipita-
tion of secondary phases. The altered layer studied here was
not visible during SEM analysis on the cross section (SEM
observation, Figure S2B) either due to the low chemical con-
trast between pristine and altered glass, or due to physical
removal during water polishing. As a consequence, its homo-
geneity in thickness was not studied. No crystalline phases
were detected when performing XRD and Raman analyses of
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FIGURE 1 ToF-SIMS profiles obtained on samples altered 20 days in aqueous and atmospheric conditions (Color online). A and B,
Comparison of each altered layer composition. Sb™, Pb*, Na,*, *'K*, AI*, and H profiles are normalized to that of Si* (refer to Figure S4A,B
for Si* raw profiles). C and D, Comparison of SIOH" and H" normalized profiles. E and F, Comparison of the ToF-SIMS profiles expressed in

elemental concentration of the elements

the powder sample (Figure S3C,D), but the precipitation of
amorphous secondary phases cannot be ruled out and has to
be further investigated in future works. The perfect overlap-
ping of the H" and SiOH* profiles (Figure 1D) suggests that
most water molecules dissociate inside the glass structure to
form silanol groups. The absence of water molecule signal

can also be imputed to the ToF-SIMS vacuum. It has been
demonstrated that the vacuum has little effect on water mol-
ecule species in altered layers formed in aqueous conditions
on borosilicate glass,47 but it could affect differently lead
glass samples altered in aqueous or atmospheric conditions.
One way to avoid uncertainty in the future is to use cryogenic
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preparation of the sample prior to SIMS analysis to avoid
water evaporation.47

Full quantitative profiles were calculated from the raw
ToF-SIMS data using Equations (2) and (3). The profiles are
relatively homogeneous in composition over the thickness of
the layer (Figure 1E,F). The average composition of each al-
tered layer can consequently be calculated (Table 3). Note
that this composition does not consider exogenous species
such as H.

3.1.2 | Glass hydration analysis

The total water quantity inside the pristine and altered sam-
ples was determined using TGA. The amount of water found
in pristine glass is below the quantification limit. AQ sample
is hydrated up to 5.4 + 0.1 wt%, and AT sample is hydrated
up to 11.3 + 0.1 wt%. The TGA curve comparison (Figure 2)
shows that the AT sample contains more water molecules
weakly interacting with the structure that easily evaporate
around 90°C. This sample also contains more species that
evaporate over 190°C (ie, mainly hydroxyls and potentially
some water molecules strongly interacting with the porosity
of the altered layer). The hydroxyl groups contained in the
AQ are strongly bounded, and some need to reach a tempera-
ture of 508°C to totally condense and evaporate (Figure 2).
This observation is consistent with a NMR study performed

TABLE 3 Pristine and altered crystal lead glass composition.
Pristine glass composition was obtained using PIXE-PIGE analysis
(error < 5%). The altered glass compositions were obtained from ToF-
SIMS analysis (error < 15%)

Composition (at%)

Si Pb Na Al K Sb O
Pristine glass 252 38 36 03 69 0.1 60.1
AQ sample 276 37 35 03 23 02 625
AT sample 265 36 37 03 44 02 614

SCIENCE

on hydrated silica gel structure that shows the presence of
isolated silanol groups at temperatures above 500°C.*8
However, a strong exothermic peak is correlated with the
well-defined mass loss at 509°C. Dehydroxylation is usually
associated with endothermic peak, as observed for phyllo-
silicates,49 while exothermic peaks in amorphous material
are generally associated with crystallization mechanisms.”
No crystallization peak was observed for the pristine glass or
the AT sample, and crystallization is not expected to happen
in the AQ sample. Due to AQ low contamination in quartz
(used for initial Si saturation of the solution), this peak could
be related to the alpha to beta transition of the quartz struc-
ture. However, this transition is usually observed at 573°C,
and while the N, atmosphere might reduce the temperature
by up to 20°C, it would still happen at a higher temperature
than that observed here. The phenomenon associated with
this specific mass loss thus remains unclear.

Water speciation was further investigated using 'H sol-
id-state NMR spectroscopy. The main broad signal around
5 ppm in both samples is attributed to water molecules, as
attested by the comparison of the spectra obtained without
heat treatment and after a heat treatment of 12 hours at 90°C
(Figure 3). The water signal decreases significantly after the
drying procedure, especially for the AT sample. The quan-
tities of desorbed water (~50% of both AT and AQ signals)
are different to that observed during TGA analyses. However,
TGA is performed under a flow of Ar that might favor water
desorption prior to analysis. Moreover, a long drying proce-
dure (12 hours at 90°C) favors the slower desorption kinetics
of aqueous species that cannot be observed during TGA anal-
ysis due to the fast heating ramp (10°C-min™").

The presence of several hydroxyl groups can be noted
in both samples. These hydroxyl groups (noted X-OH in
Figure 3) are mostly silanol because of the low quantity of
Al,O5 in the glass composition. Nearly all of those silanol
units form hydrogen bonds (HB), as attested by their chem-
ical shift above 5 ppm.” For the AQ sample, most of the
silanol units’ chemical shifts are comprised within a narrow

---------- Crystal glass altered in atmospheric conditions

—— Crystal glass altered in aqueous conditions

25 : 0
509 °C

15 - 2
FIGURE 2 TGA and TDA data . 9
(Color online). The curves highlight the E 5 | “ E
water evaporation process happening ; . L & g
in both samples around 90°C. Silanol ‘% 51 N g
recondensation occurs mostly around 200°C £ -8 2
for the AT sample, while the transition 15 4 197°C 10 =
temperature of 509°C is required for the o 94 °C i
AQ sample, as attested by the exothermic % 25 . . . . i . i . 12
peak in the TDA curve g 20 220 420 620 820 1020

Ll
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Sample altered 20 days in aqueous
conditions

Direct acquisition:
—— Without heat treatment
—— After 12 h of drying at 90 °C

(A) H,O

X-OH (HB)
X-OH (non-HB)

Sample altered 20 days in atmospheric
conditions

Direct acquisition:
—— Without heat treatment
—— After 12 h at 90 °C

(B) H,O

X-OH (non-HB)

25 20 15 10 5 0 -5

Solid NMR - "H chemical shift (ppm)

FIGURE 3

1025 20 15 10 5 0 -5 -10

Solid NMR - 'H chemical shift (ppm)

Solid 'H MAS NMR signals obtained on altered samples at 750 MHz (Color online). A, Comparison between the signals obtained

without heat treatment and after a heat treatment of 12 h at 90°C on the sample altered in aqueous conditions. B, Comparison between the signals

obtained without heat treatment and after a heat treatment of 12 hours at 90°C on the sample altered in atmospheric conditions

range, between ~5 and 10 ppm: most of the silanol groups in-
side the AQ sample have a similar environment. The "H/Zsi
HETCOR experiments at two different contact times show
a signal within the range —100, —110 ppm for silicon, de-
pending on the contact time, and mainly correlated with Q!
species. They did not allow a further separation of any silanol
groups such as Si(OH) or Si(OH), (Figure 4A,C).

The silanol signal chemical shift range is broader for the
AT sample (from ~6 to 18 ppm). This indicates the presence
of several types of silanol groups with different environments.
It is well-established that the chemical shift 8™ is strongly de-
pendent on the H bonding strength of SiOH groups, which is
directly correlated with the O-O distance.’'? Here, a first
strong signal is centered around 10 ppm, and a second signal
is centered around 14 ppm. The 'H/%Si HETCOR experi-
ments show a signal shifted toward the low fields compared
to the AQ sample. This suggests a strong correlation between
both of these Si-(OH) signals and all Q" species (Q2 and Q3 ,
Figure 4C,D) and concerns mainly Q2—Q3 species at short
contact angle. While similar signals have previously been ob-
served in hydrated or altered glasses, their attribution is still
debated.>"*!* Alloteau, Lehuédé®! suggested that the signal
near 10 ppm is that of silanol far from network modifiers

(ie, forming HB with bridging oxygen [BO] or oxygen from
neighbor silanol groups), while the one at 14 ppm is that of
silanol in close proximity of alkalis (ie, forming HB with non
bridging oxygen [NBO]).*"* In contrast, Le Losq, Cody51
suggested that the contribution near 10 ppm is that of silanol
forming a hydrogen bond with NBO, while the signal above
15 ppm is attributed to SiOH forming intra-tetrahedral HB.
While the exact attributions of the signals observed in our
altered sample remain unclear, they indicate that the species
observed here have different H bonding strength due to the
altered layer composition. More specifically, the low alkali
leaching compared to aqueous alteration results in a struc-
ture that is vastly different to that of AQ, which affects the
bonding strength of the silanol groups due to modification of
O-O proximity.

Some very sharp peaks can also be observed in each
sample. Those signals are enhanced when using the HE se-
quences with long time delay (Figure S5A-C). The species
considered here have long T2 relaxation time that indicates
low H — H dipolar coupling. The shape of the spinning side
bands also attests to the units assigned to these peaks’ lower
mobility (Figure S5D-G). The sharp signals around 1 ppm
are usually attributed to minor isolated hydroxyl groups
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FIGURE 4 'H/°Si HETCOR full Sample altered 20 days in aqueous Sample altered 20 days in atmospheric
conditions conditions

Echo CPMAS obtained on altered samples
at 750 MHz. A and B, with contact time
of 14 ms; favoring the signal of high Q"
species such as Q*. C and D, with contact
time of 0.75 ms, favoring lower Q" species
such as Q3 and Q2 species

1H/2°Si HETCOR full Echo CPMAS with
contact time of 14 ms

TH/29Si HETCOR full Echo CPMAS with
contact time of 14 ms

15
20

Solid NMR - "H chemical shift (ppm)

1H/2°Si HETCOR full Echo CPMAS with
contact time of 0.75 ms

©

-70 -80 -90 -100-110-120
Solid NMR - 2°Si chemical shift (ppm)

Solid NMR - 'H chemical shift (ppm)

-70 -80 -90 -100-110-120
Solid NMR - 2°Si chemical shift (ppm)

TH/29Si HETCOR full Echo CPMAS with
contact time of 0/75 ms

-10

-5

10

15
20

10

15

20

Solid NMR - "H chemical shift (ppm)
[6)]

such as Si-(OH) or AI-(OH), that is, species that are non-H-
bonded.?>*? This is consistent with the low H — H coupling
observed here. The main signal centered around 4.8 ppm
can either be attributed to surface hydroxyls,54 to silanol
bounded to water molecules in a very specific geometric
environment,” or to water molecules strongly bounded to
the silicate network.”” The long relaxation time of this con-
tribution, which suggests low H — H coupling, would tend
to validate the first attribution. It is worth noting that this
signal represents less than 3% of the total signal, and is thus
a minor contribution.

The 'H NMR signals of each altered sample were decon-
voluted using a protocol described in supplementary material
part 5. The HE sequence makes it possible to determine the
number of contributions to consider, their width, and their
position. The resulting proton repartitions are detailed in
Table 4. The results obtained after drying the samples are
consistent with TGA and ToF-SIMS analysis: the AT sample
contains mostly silanol groups,

-70 -80 -90 -100-110-120
Solid NMR - 2°Si chemical shift (ppm)

-70 -80 -90 -100-110-120
Solid NMR - 2°Si chemical shift (ppm)

Solid NMR - "H chemical shift (ppm)

TABLE 4
repartition obtained from "H NMR spectra (error < 10%)

Information extracted from NMR results. Proton

Proton repartition (% of H)

H from H from

Thermal treatment H,0 X-OH
Pristine glass None — —
Glass altered in aqueous None 89 11
conditions After 24 hat90°C 72 28
Glass altered in None 77 23
atmospheric conditions A fter 24 h at 90°C 39 61

3.1.3 | Structural analysis of the pristine
glass and the altered glasses

Structural analysis was performed on the 2- to 4-um-sized
powder of pristine and altered glasses using solid-state NMR
spectroscopy (*°Si and ?’Al).
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Pristine crystal glass
—— Crystal glass altered in aqueous condition
—— Crystal glass altered in atmospheric condition

(A)

70 -80 90 -100 -110 -120 -130

Solid NMR - ?°Si chemical shift (ppm)
Crystal glass altered in aqueous condition

—— Al MAS
—— ZAl{'H} CP-MAS

Solid NMR - ?’Al chemical shift (ppm)

FIGURE 5

Solid NMR - Al chemical shift (ppm)

Structural comparison of pristine and altered glasses (Color online). All signals are normalized in intensity. A, si magic angle

spinning (MAS) NMR signal of the 2-4 pum pristine and altered powders. Note that, for the AQ sample, a signal at —107 ppm, corresponding to a

quartz contamination, was subtracted for better comprehension (Figure S7B). B, RN magic angle spinning (MAS) NMR result. C, Comparison,
for AQ sample, of >’ Al MAS and 2’ Al/'H CP-MAS NMR spectra with a contact time of 0.75 ps. No signal could be acquired for ’Al/'H CP-MAS
NMR with a contact time of 0.75 ps under reasonable acquisition time for AT sample

The *’Si MAS spectra obtained for pristine and altered
glasses show differences in the chemical shift 8 of the
resonance (Figure 5A). This reveals differences in struc-
ture polymerization between pristine and altered glasses.
Deconvolution of the pristine glass was performed assuming
the presence of Q®and 0* species only (Figure S6A). Several
»Si/'"H HETCOR analyses were performed on the altered
samples to determine the number of contributions necessary

for signal deconvolution (Supplementary material part 7 and
8). The results highlight the presence of Q2 , QS, and Q4 spe-
cies in both AQ and AT samples (Figure 4). All the resulting
Q" repartitions are detailed in Table 5.

The AQ sample contains more o* species than the pristine
glass. However, it also contains 0? species that were not pres-
ent in the pristine sample. A shift of §* is observed for the o*
species between pristine and altered sample (Figure SA). This
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TABLE 5 Q" and oxygen repartition inside the pristine glass and inside the altered layer formed in aqueous conditions and in atmospheric

conditions (from data obtained without heat treatment). Oyg( refers here to the NBO chemically bound to network modifiers

Q" repartition (%)
o o’ o'
5% (ppm) (%) &% (ppm) (%) &% (ppm) (%)
Pristine glass — 0 —-96 + 1 68 -107 = 1 32
Altered glass in aqueous —92+1 13 —101 =1 29 -110 + 1 58
conditions
Altered glass in atmospheric —-87+1 26 -96+1 59 -107 + 1 15
conditions
Total oxygen repartition (% of O) without heat treatment
O o O npo O on Ono
Pristine glass 70 30 — -
Altered glass in aqueous conditions 71 16 3 10
Altered glass in atmospheric conditions 49 20 12 19
Structural oxygen repartition (% of O) without heat treatment
Ogo Ongo Oon
Pristine glass 70 30 0
Altered glass in aqueous conditions 80 17 3
Altered glass in atmospheric conditions 61 25 14

is attributed to the changes in composition, more specifically
the leaching of K, to the reorganization of the network to a
higher degree of polymerization in general, and to the change
of Al-O-Si connectivity to a lesser extent. The replacement of
AlO, by SiO, in Q"(mAl)(n-mSiO,) units is responsible for
a well-known shift toward lower 5Si,56
fication and repolymerization of the network have also been
shown to induce a similar shift toward lower 5% 324!

No significant shift of 5 is observed in the AT sample
(Figure 5A). This is consistent with the fact that its composi-
tion remains closer to that of the pristine glass compared to
the AQ sample, hydration notwithstanding. However, the AT
sample is more depolymerized than its pristine counterpart,
as attested by the decrease in Q* species quantity and the in-
crease in Q3 and Q2 species quantities (Table 5).

The *’Al MAS spectra obtained for pristine glasses re-
veal that only AlO, units are present in the pristine structure
(Figure 5B, Figure S6B and Table S6). In contrast, both AlO,
and AlOg units are present in the altered samples. However,
the AlOg units are much more prominent in the AQ sample
(13.5%, Figure 5B and Figure S7C) than in the AT sample (4%,
Figure 5B and Figure S8C). The 8%, the chemical shift distri-
bution (Acs), and the quadrupolar coupling constant (CQ) found
for the AlOg units formed in AQ sample are lower than that found
in the AT sample (Table S7 and Table S8). This tends to indicate

while chemical modi-

that the AQ AlQq units are much more homogeneous in geom-
etry and chemistry. The AQ AlOg units also are favored during
ZAl/'H CP-MAS NMR experiments compared to their AlO,
counterparts (Figure 5C). This suggests that the octahedral
units hold more hydroxyl groups than the tetrahedral ones.

Moreover, the AlO, unit signal obtained for the AQ sam-
ple is slightly shifted and sharper in the altered sample com-
pared to that of the pristine one, although its symmetry does
not change much. This is confirmed by its diso, Acs, and CQ
obtained by fitting the spectra (Table S7). Similarly, the sig-
nal obtained for the AT sample is sharper due to the lower
chemical shift distribution (Acs). However, it is not shifted,
and its symmetry is unchanged, as confirmed by its diso and
CQ (Table S8). The sharpening of the AlO, signal in an al-
tered glass sample is usually attributed to the hydrated envi-
ronment surrounding the units, that is exacerbated here for
the AT sample. However, a modification of the chemical shift
tends to indicate a change in the cation nature of the charge
compensation. This is consistent with the leaching of alkali
observed in the AQ sample.

Knowing the samples' composition, hydration degree,
and water speciation, it is possible to calculate the oxygen
repartition inside the samples (refer to Supplementary ma-
terials part 9 for more information on the calculation).*' The
results for samples without thermal treatment are displayed in
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Pristine crystal glass

Crystal glass altered in aqueous
conditions

Crystal glass altered in
atmospheric conditions

FIGURE 6 Total NBO quantity in pristine and altered glasses obtained without heat treatment and after 12 h at 90°C. No silanol condensation
is usually observed at such a low temperature, the NMR Q" repartition is thus expected to remain similar.*' The NBO quantities are expressed in

percentage of oxygen in the structure. In all cases, NBO contents were calculated from both »Si NMR spectra and from sample analyses by 'H
NMR (NBO from hydroxyl —OH)) and ToF-SIMS profiling (NBO chemically bound to network modifiers)

FIGURE 7 SEM images obtained on
(A) a non-surface—treated sample, (B) a
sanded sample, (C) a ground sample, and
(D) a sample with silver foil on its surface,
all altered 20 days in aqueous solution.
The resin is in black, the altered layer
appears in dark gray and the pristine glass
in light gray

Ground sample altered 20 days in aqueous
conditions

Table 5 (refer to Table S9 for results obtained on the samples
heated for 12 hours at 90°C). The total NBO quantity calcu-
lated (comprising both NBO formed by network modifiers
and silanol groups, and neglecting the Al-OH formed due to
the low Al content of the glass) is compared to that obtained
from *’Si NMR analysis (Figure 6). The NBO quantifica-
tions are consistent for all samples within uncertainty, which
validates the method and the various 'H and *’Si deconvolu-
tions presented here. The slight NBO underestimation from
analysis can be related to the difficulty to accurately subtract
hydroxyl signals from that of water in the 'H NMR signal
obtained, especially in the AQ sample.

Non-surface-treated sample altered 20 days
in aqueous conditions

o Ao er

éraﬁ'oh layer

Sanded sample altered 20 days in aqueous
conditions

Alteration 'Iay,e'r

Silver foil sample altered 20 days in
aqueous conditions

G,

Alteration layer &

3.2 | State of the glass surface effect on
glass alteration

Several physical surface treatments (sanding, grinding, and
silver foil) were tested to assess their impact on the crystal
glass durability. The treated samples were altered 20 days ei-
ther in aqueous or in atmospheric conditions. The AQ sam-
ples were characterized using SEM imaging. Some images are
presented in the paper, more are available in Supplementary
materials part 10. The AT samples could not be characterized
using SEM: either the absence of chemical contrast between
the altered layers and the pristine glass is limiting the imaging,
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TABLE 6 Thickness of the altered layer formed on non-surface—
treated and surface-treated samples

Atmospheric
Aqueous conditions conditions
No surface 5.0 + 0.3 pm of alteration® ~1.3 pm of
treatment alteration®
Sanding 7.0 + 3.3 um of alteration® Nonvisible in SEM
Grinding 9.4 + 3.6 um of alteration® Nonvisible in SEM
Silver foil No silver: 6.0 + 0.3 pm of Nonvisible in SEM
alteration®
With silver: 2.2 + 0.4 pm of
alteration®

The thicknesses were determined either from * SEM analysis or ° ToF-SIMS
profiling.

or the layer was removed during sample preparation (water
polishing).

Two treatments, sanding and grinding, result in the forma-
tion of microcracks that enable water diffusion deeper in the
glass structure. As a result, their altered layer's morphology is
very heterogeneous compared to that of non-surface—treated
samples (Figure 7A-C). The alteration depth can reach up to
12 pm in aqueous solution (Table 6). In some zones, resid-
ual pristine glass islets are visible between altered regions
(Figure 7).

Finally, the sample covered with silver foil presents in-
teresting singularity. The silver tends to concentrate on the
glass surface as microparticles that limit water diffusion
(Figure 7E). As a result, the zones covered with silver parti-
cles are less altered in aqueous conditions than the noncov-
ered one (Table 6).

4 | DISCUSSION
4.1 | Effect of the alteration conditions on
the altered glass formation

The chemical and structural characterization of the altered
layers formed in aqueous or atmospheric conditions at 90°C
shows that the alteration conditions have a significant ef-
fect on the altered layer composition, hydration degree, and
structure.

No crystalline secondary phases were detected by XRD or
Raman spectroscopy on the aqueous or atmospheric treated
samples, despite some Na enrichment being observed at the
surface of the AT sample. The composition of the pristine
glass (no Ca, Zn, Fe, and Ni, low Al content) and the condi-
tions studied (near-neutral pH) do not favor the formation of
secondary phases in aqueous conditions. No CSH, phyllosil-
icate or zeolite formation can be expected, contrary to what

SCIENCE

is sometimes observed on nuclear glasses.57_59 In contrast,
salts such as sodium or potassium carbonates, nitrates, sul-
fates, etc, are frequently observed on a glass surface during
atmospheric corrosion.>*%=%2 The first hypothesis to ex-
plain why no such phases are observed here is that the low
Na,O content in the glass studied (4 wt%) results in sparse
secondary phase formation compared to other experiments
performed on glass with higher Na,O content. This would
result in difficulty to obtain a diffraction pattern or a Raman
signal for reasons of sensitivity. The second hypothesis is that
the secondary phases forming are amorphous. Such phases
cannot be detected by XRD analysis, but might be detected
using Raman spectroscopy, provided that their signal can be
separated from that of the altered structure. This needs to be
further investigated, as no phases, amorphous or crystalline,
were observed by SEM. It has to be noted that secondary
phase precipitation is strongly dependent on temperature and
time.”® While no crystalline phases were detected here, sec-
ondary phase precipitation might be observed over a longer
time scale, and/or at different temperatures.

No Pb, Si, Al, or Sb release is observed in aqueous or in
atmospheric conditions (Figure 1). The altered layer formed
in aqueous conditions is more depleted in K than the layer
formed in atmospheric conditions. It is also much less hy-
drated (5.4 wt% compared to 11.3 wt%), which might appear
counterintuitive at first: alkali leaching is usually expected
to be linked to an interdiffusion phenomenon where alkali
ions are exchanged with protonated aqueous species.“’zo’41
However, the hydrated layer of the AQ sample structure also
shows significant evidence of a reorganization phenomenon
not observed in atmospheric conditions. This explains why
this sample is less hydrated, as will be explained below.

AQ sample 2Si NMR signal points out the presence of
new Q° species that were not present in the pristine glass.
This highlights the breakage of Si-O-Si bonds to form si-
lanol groups, either by complete dissolution or by hydroly-
sis of Si0, units.*"**?** The formation of AlOg units is also
observed in the AQ sample. AlIOg was not observed on alu-
mino-borosilicate glasses altered in similar aqueous condi-
tions,“’46 but was observed on the surface of aluminosilicate
glasses and minerals altered in acid aqueous conditions.*®
This change of coordination from AlO, to AlOgq is usually
considered to be a first step in the dissolution of Al species.64
Alkali leaching also affects the remaining AlO, units: The
AQ signal is slightly shifted compared to that of the pristine
sample, suggesting a change of the main charge compensa-
tor. Na is more retained in the AQ altered layer than K, and
larger alkalis are known to affect the chemical shift and the
quadrupolar coupling of the 7TAl signal of aluminosilicate
glasses.47’65 Both #°Si and *’Al NMR results point out that
the network has been significantly hydrolyzed and/or dis-
solved. Yet, the formation of new Q4 units from lower Q" spe-
cies by re-condensation or by precipitation, and the overall
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higher degree of polymerization of the network compared to
the pristine glass indicate that the structure has been signifi-
cantly reorganized following hydrolysis. Due to the chemical
and structural modifications observed in aqueous conditions,
the remaining Si-OH signal observed in NMR is very narrow
(Figure 3). While several X-OH contributions are undoubt-
edly present in the 'H NMR AQ signal, their chemical shifts
are close: most silanol groups that formed have condensed,
as explained above, and the remaining silanol groups have a
very similar environment. The end results of aqueous alter-
ation is thus a polymerized structure with a low silanol con-
tent, that still contains some water molecules, although their
mobility might be hindered by the network reorganization, as
observed in other studies.?*%

In contrast, the AT does not show much evidence of net-
work reorganization. The sample »Si NMR signal points
out a strong hydrolysis/dissolution of the network. A signif-
icant decrease of Q* and Q° species proportion is observed,
while new Q7 species are formed. A low quantity of AlO
units is also detected, as observed previously on various
aluminosilicate glasses altered in atmospheric conditions.?’
The AlO, units show little modified, in accordance with the
low degree of alkali leaching observed. The resulting altered
structure still retains 82% of its original NBOs (note that the
AQ sample only retains 59% of it), and a significant fraction
of new NBOs/silanol groups are formed by the hydrolysis
of the network (Table 5). Due to the lower alkali leaching
and the absence of repolymerization, the Si-OH signal ob-
served in the AT sample is broad. Many silanol groups are
present (Table 5) and their environment diversity (presence
of BO, NBO from alkali, X-OH, etc) affects their H bonding
strength and their chemical shift. This hydrated, nonpolym-
erized, structure might not be as passivating as that formed
in aqueous conditions. Further studies could be carried out
to explore the secondary phase formation and the passivating
properties on longer durations.

The results obtained here in aqueous and atmospheric
conditions suggest that the repolymerization mechanism
and K leaching mechanism are correlated. A crystal glass
of close composition, altered in acidic conditions, showed
even higher network modifier leaching (K, Na, and Pb) and
a higher degree of repolymerization than that observed in
our study.” In contrast, low alkali depletion and high network
depolymerization have been observed on alkali-lime silicate
glass altered in atmospheric conditions (80°C and 85% of
relative humidity).31’53’67 Both mechanisms thus appear to be
affected by water molecule propensity to dissociate to form
protonated species, a phenomenon enhanced by 1) the pH
of the solution, as observed by Angeli, Jollivet,5 and 2) the
number of water molecule available, that is the saturation de-
gree in atmospheric conditions. It thus seems that the initial
water availability strongly affects the alteration mechanism:
high water availability (ie, saturated condition) favors both

structure hydrolysis and ion exchange mechanisms, both of
which are followed by structural reorganization. In contrast,
lower water availability (ie, atmospheric conditions with
RH < 100%) promotes hydrolysis mechanism over ion ex-
change mechanism, which results in low to no reorganization
of the structure. Network reorganization might happen, but
would require higher water content. This might be observed
at longer timescale when more water molecules have been
able to enter and react with the structure, or at higher RH
when more water molecules can condense at the glass surface.
Further analyses at different RH using isotopes such as 80
or 'O are required to verify this hypothesis.zz’23 Moreover,
different glass compositions might also react differently: the
structure of the glass itself might limit more or less water
ingress and mobile species movement depending on its po-
lymerization degree.“’68

4.2 | Surface treatment effect on
glass alteration

Three surface treatments were studied. One of them (the sil-
ver foil) appears to slightly reduce glass corrosion, but only
on limited zones where silver microparticles form on the
glass surface. This effect must be further studied, as no result
could be acquired in atmospheric conditions. In the case of
strong glass hydration followed by cracking and flaking of
the surface, this beneficial effect might be quickly canceled,
and could result in the loosening of the silver particle. This
could significantly modify the physical appearance of the
silver-coated glass surface.

The sanding and the grinding of the surface had the
most impact on glass durability. Both treatments result
in the formation of microcracks on the surface observed
before the alteration treatment. Those cracks allow for a
deeper water penetration inside the pristine glass,® re-
sulting in the formation of an altered layer highly het-
erogeneous in thickness, with pristine islands in between
altered layers sometimes observed. These observations
are consistent with other studies on glass surface prepara-
tion and glass alteration.’”! However, those studies also
pointed out that, in aqueous conditions, the glass alter-
ation enhancement effect tends to decrease over time.*"°
Moreover, in atmospheric conditions, the further cracking
and flaking of the altered surface might surpass the effect
of the microcracks formed prior to the alteration on glass
durability over time.

In conclusion, the various surface treatments studied here
might present some effects on glass durability, although more
sensitive in the short term. It is probable that, in the long
term, these effects will be in competition with other phenom-
ena, resulting in a glass durability that could eventually be
like that of a non-surface—treated glass.
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5 | CONCLUSION
This study provides the first comparison of the alteration
layers formed in atmospheric and aqueous conditions for a
lead crystal glass. Overall, it is shown that “saturated” con-
ditions (ie, aqueous conditions compared to atmospheric
conditions below 100% RH) promote the leaching of alkali
and a network reorganization following the hydration of the
structure. In contrast, in the atmospheric conditions studied
here (90% RH and 90°C), lower alkali leaching is observed
and the network is highly hydrolyzed with little to no sign
of repolymerization. This suggests that water availability in
the glass structure is fundamental for the repolymerization
mechanisms to be observed during glass alteration.

The current results were acquired at 90°C, and cannot be
directly transposed to room temperature. Further studies are
thus needed to deepen the understanding of crystal artwork
durability in a museal environment, taking into account more
variables than that studied here, such as temperature, humid-
ity, light, or pollutants that can all significantly affect glass
durability. The altered layer formation mechanisms in aque-
ous and atmospheric conditions could be further investigated
in the future using 'D and '®0 or "0 isotopes.
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