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Structure of International Simple Glass and properties of
passivating layer formed in circumneutral pH conditions

Marie Collin', Maxime Fournier®', Pierre Frugier', Thibault Charpentier (?, Mélanie Moskura?, Lu Deng®, Mengguo Ren?,

Jincheng Du? and Stéphane Gin'

Knowing the structure of a material is necessary to understand its evolution under various influences; here, the alteration by water
of a reference glass of nuclear interest, called International Simple Glass (ISG), is studied. The ISG atomic structure has not yet been
thoroughly characterized. Short- and medium-range order in this six-oxide glass was investigated by molecular dynamics (MD)

methods. Combining the simulated data with experimental observations acquired from both pristine and altered ISG provided new
insight into the formation of surface layers and passivation of the underlying glass. In the tested conditions of 90 °C, silica-saturated
solution, and pHggec 7, the passivating layer partly inherits the structure of the pristine glass network despite the release of mobile
elements (Na, B, and some Ca), with a reorganization of the silicate network following B release. The layer appears to minimize its
internal energy by relaxing strain accumulated during glass quenching. The resulting passivated glass shows a strong resistance to
hydrolysis. The nanopores of this hydrated material, displaying a mean pore size of ~1 nm, are filled with various water species.
Water speciation determination inside the nanopores is therefore an achievement for future water dynamic study in the passivated

glass.
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INTRODUCTION

At a time when climate change causes many societal issues, the
nuclear industry is a controversial topic, as many advocate for a
transition to renewable energy. Nuclear power is carbon-neutral,
but accidents such as Chernobyl and Fukushima Daiichi have
contributed significantly to public concern. Regardless of public
opinion, nuclear energy use in the last 60 years has already
produced toxic nuclear wastes. Most require conditioning and safe
management. Currently, high-level radioactive waste arising from
reprocessing is vitrified. Countries producing such borosilicate
glass waste form have selected deep geological repositories as
long-term solutions to dispose of these materials." Thus, many
studies are conducted on the long-term behavior of the glass
obtained by vitrification of radioactive waste, intended to develop
reliable predictive glass corrosion models.'™

International Simple Glass (ISG) has become a reference
borosilicate glass in the past few years for such studies.' Its
simplified six-oxide composition is a good analog of R7T7 glass,
the multiple-oxide glass produced from the reprocessing of
French spent fuels. The atomic structure of pristine ISG glass
remains partly unknown, although many alteration and irradiation
studies have been conducted on it in recent years®>'® The
structure of a glass is related to the internal energy of glass
formation. Recently, the entropy relating to the degree of disorder
within the glassy structure was demonstrated to affect the glass
dissolution kinetics at low reaction progress.'’ This indicates the
necessity of a better understanding of the glass structure. Some
structural information, such as boron speciation, is already
known.” Q" distribution (n refers to the number of bridging O

around a network former cation), on the contrary, has never been
determined because of the highly complex signals obtained with
nuclear magnetic resonance (NMR) spectroscopy.”® Classical
molecular dynamics (MD) simulations can provide detailed
information on the short- and medium-range structural order in
multi-oxide glasses.">'* In the past, binary'* and ternary glasses
have been successfully simulated using MD.'>'® Multicomponent
glasses require the use of composition-dependent parameters
that necessitate experimental validation.'””'® In this study, the
pristine ISG structure was successfully simulated using new partial-
charge pairwise potentials, providing previously unknown struc-
tural information.

Understanding the pristine glass structure is the first step to
better understand glass alteration. However, despite studies of
glass alteration in recent decades, the coupling of the basic
mechanisms, including ion exchange, hydrolysis of covalent
bonds, condensation of partly hydrolyzed species, structural
relaxation, transport of hydrogenated species through forming
layer, and precipitation of secondary minerals, remains unclear. It
is therefore necessary to study layers formed at low and high
reaction progresses separately to better understand the rate-
controlling mechanisms acting in each case.' Previous experi-
ments performed in 2°Si saturated solution at pHgg:c 7 and 9°2
demonstrated that the passivation layers formed in these
conditions partly inherited the structure of the pristine glass
skeleton. The alteration rate appeared to be limited by the
accessibility of water molecules to the reactive interface. Because
water exists as various species within the altered glass layer,
mainly as water molecules and hydroxyl groups,®® this raises
questions regarding the repartition and mobility of these species.
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Table 1. MD simulations data
Q" distribution
X n= 2 3 4 5 6 7
Si 0.5+0.1 13.8+0.3 85.7 +0.1 - - -
B 3.7+04 394 +0.5 56.8 +0.5 - - -
Al - 25+0.2 96.7 + 0.1 09+0.2 - -
Zr - - - 13.0+0.8 83.4+03 3.6+0.7
X o (A) reut (A) CN,yy  Coordination Number (CN) distribution (%)
3 4 5 6 7 8 9 >10
Si 1.61 2.25 4.00 - 100 +0.0 - - - - - -
B 145 (B8%) 2,00 3.59 413+05 587+05 - - - - - -
1.55 (B")
Al 1.77 2.25 4.00 0.5+0.2 98.6 +0.2 09+0.2 - - - - -
Zr 2.10 2.85 5.68 - - 10.7+1.2 85.7+0.6 36+07 - - -
Na 247 3.30 7.42 0.1+0.1 0.6+0.1 59+0.5 176 +£09 28.1+0.6 27.5+06 154+14 35+1.9
Ca 242 3.10 6.62 - 1.8+0.8 11.2+17 329+33 343+23 16.1 + 0.4 35+06 -
o 2.59 2.925 - - - - - - - - -
Q" distribution for network former. Bond length r,_,, cutoff used for CN calculation (r,), cation-averaged coordination number (CN,,g) and corresponding CN
distributions in ISG. X are elements in the ISG composition

For this study, the conditions of pHgoec 7 in a solution saturated
with amorphous silica were set. These starting conditions
circumvent the silicate network dissolution that typically occurs
early in glass corrosion. Glass alteration was therefore driven only
by the transport of water through the growing alteration layer and
the reaction of water with mobile cations within the glass (mainly
B, Na, and Ca). The glass alteration kinetics was measured and the
pristine and altered glass compositions were determined by both
chemical analysis and time-of-flight secondary-ion mass spectro-
scopy (ToF-SIMS) profiling. NMR spectroscopy was performed to
compare the pristine and altered glasses and to validate the MD
simulation. The resulting data demonstrated the inheritance of the
pristine glass network by the passivation layers in the specified
conditions as well as repolymerization of this boron-free network
after mobile species release. Water speciation in the hydrated ISG
was studied quantitatively by combining thermogravimetric
analysis (TGA) and NMR methods, which may facilitate water
dynamic studies in the nanochannels formed by glass alteration.

RESULTS
MD simulations

The ISG structure was simulated to obtain an internal view of its
atomic-scale structure. All the glass-forming cations and O atoms
are well mixed without obvious phase separation (see Supple-
mentary Material Fig. S1a and b). Structure-related properties,
such as the total correlation function (TCF, T(r), pair distribution
function (PDF, g(r), coordination number (CN), and bond-angle
distribution (BAD) were calculated. The Q" distribution was
determined for each network former of Si, B, Al, and Zr (Table
1). The number of non-bridging O (NBO) atoms around each Si
atom was also calculated, and the concentration of NBO bound to
Si was estimated at ~3.7%. The TCF and CN are presented in the
Supplementary Material (Fig. S1c and d). The bond length of each
pair was determined from the first peak position in the
corresponding TCF. The average CNs, the cutoff values used for
CN calculation, and the corresponding cation-oxygen bond
lengths are summarized in Table 1. The TCF and BAD of O-B-O,
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displayed in Fig. 1a and b, highlight the presence of two boron
coordination species of B! and B™. Based on the MD simulation
results, the ratio of B*/(B"! + B™) is 0.59.

ISG contains several glass formers, namely Zr, Al, and B, that
form negatively charged units of [ZrOg]*~, [AlO4]”, and [BO.I
respectively. Ca®* and Na® compensate for these negative
charges, but the cation species for preferential charge compensa-
tion remains unclear; however, it can be determined by
comparing the PDFs shown in Fig. 1c-e, as higher peak intensities
indicate higher probabilities of presence. For the B-Ca, Al-Ca, and
Zr-Ca PDFs, the Zr-Ca pair clearly possesses the highest first-peak
intensity, indicating that Ca is more often associated with Zr than
with B or Al. Moreover, the first PDF peak intensity of Zr-Na is
lower than that of Zr-Ca in Fig. 1e, further illustrating that Zr is
preferentially compensated by Ca rather than Na. This disagrees
with experimental data, as discussed later.

Three distinct peaks occur in the distance range of 3.0 to 4.5 A
in the Zr-Ca PDF. By decomposing the Zr-Ca contributions to 5-,
6-, and 7-coordinated Zr (see Supplementary Material Fig. S1f), the
majority of the contribution can be assigned to Zr'®-Ca, while
Zr®-Ca contributes only to the formation of the second peak and
the contribution of Zr”-Ca is negligible because of the low
concentration of Zr”",

It is less clear whether Ca or Na is favored for Al charge
compensation, as the Al-Na and Al-Ca PDF peaks displayed in Fig.
1d are similar in intensity. Similarly, when comparing Si/B/Al/
Zr-Na PDF peak intensities, no signal is clearly distinguished from
the others (see Supplementary Material Fig. S1e). Na does not
seem to show preferential association with any of these elements.

To complete this study of simulated pristine ISG, the ring size
distribution is calculated for medium-range structural analysis. In
ISG, Si, B, Al, and Zr can be considered glass-former cations. When
all four species are considered, the ring size distribution shows a
symmetric Gaussian-type distribution with a peak centered at
seven-membered rings, suggesting that when all network formers
are considered, the structure resembles a three-dimensional
random network. Leaving Zr out of the calculation, the ring size
distribution does not change, possibly because of the low ZrO,

Published in partnership with CSCP and USTB
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Fig. 1 MD simulations of ISG structure. Deconvolution of a TCF of B-O and b BAD of O-B-O in the simulated ISG structure. ¢ B-Ca/Na PDF. d
Al-Ca/Na PDF. e Zr-Ca/Na PDF. f Ring size distribution calculated for different ISG glass formers

molar content in ISG. Omitting both Zr and B decreases the ring
size distribution peak intensity and produces a tail for larger rings.
Finally, when considering Si and B, or only Si, the network is much
more fragmented with a wide distribution of rings. All these

Published in partnership with CSCP and USTB

results are depicted in Fig. 1f. This suggests that B connects the Si
and Al networks in the glass. This has important implications for
chemical durability, as B is a highly hydrolyzable species. This
therefore suggests that the network remaining after B release
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could be fragmented and prone to recondensation. This is
coherent with the NBO percentage (43.8% of O) calculated from
ISG composition after B release (Table 2).

Alteration kinetics

ISG glass powder of 20-40 um in particle size was altered at
neutral pH in silica-saturated conditions. As shown in Fig. 2, the
glass is altered despite the high concentration of Si in the solution.
The Si concentration in solution remains constant over time (C(Si)
=142+ 6mg L™"), whereas the Al and Zr concentrations remain
below the detection limit (<0.10 ppm), suggesting that the
Al-Zr-silicate network is potentially reorganized but not dissolved.
In such conditions, only mobile cations such as B, Na, and Ca are
leached from ISG.

The 20-40-um-sized glass powder reached near total alteration
(~90-95% of B leached from ISG) after 250 days, corresponding to
an equivalent thickness ET(B)=7.3 um calculated from the B
concentration. The shape of the curve indicates a significant
decrease in the alteration rate over time, with a drop from ~340
nmday™' on the first day to ~10 nmday™"' after 250 days (see
Supplementary Material Fig. 52b). ET(B) is well correlated with t'/2
(see Fig. 2b), indicating that the release of mobile species (B and
Na, which are congruently released from the glass as shown in Fig.
2a) is diffusion-limited through the growing alteration layer.
Although the rate-limiting process controlling diffusion must not
be inferred from this approach, an apparent diffusion coefficient
DEk of 2x107'® m*s™' can nonetheless be derived from the
solution to Fick’s second law (refer to Supplementary Material part
3 for the resolution of this solution):

2
ET(B) NG

Dkt m

Solid analysis

Chemical analysis. A comparison of 3.5-5.5um pristine and
altered glass powder compositions is shown in Table 2. As
expected from the solution analysis, B and Na are removed, while
significant Ca (71%) remains in the altered material. Small
amounts of K appear, attributed to the use of the pH electrode;
a K concentration reaching 19 mg L™ is detected in solution at the
end of the experiment. Si, Al, and Zr losses are negligible, as
shown by the ratios between those network formers; they are
relatively similar, within analytical error, in the pristine and altered
glass powders.

The glass composition provides some structural information.
Boron speciation can be calculated®’ using the network former
and network modifier contents of the glass (B*/(B™ + B!) = 0.44).
The number of NBO can be determined from the charge balance
obtained from the glass composition®* (Table 2). For the pristine
glass, 4.5% of O atoms in the lattice are NBO. For the altered glass,
the structure is globally neutral (Table 2), meaning that all
remaining cations such as Na and Ca are present as charge
compensators rather than as network modifiers. The NBOs within
the structure are therefore likely present as hydroxyl groups.

The solution data are consistent with ToF-SIMS profiles (Fig. 3)
obtained from monolithic ISG altered for 25 days under similar
conditions (90 °C, pH 7, silica-saturated solution), which confirm
the near total release of B and Na from the alteration layer. The Si
and Al profiles are flat. The Ca normalized profile presents a slight
decrease from the reaction front to the altered glass layer/solution
interface, with a mean retention of 69 + 5% in the alteration layer.
This value is similar to that obtained from the direct chemical
analysis of both the pristine and altered glasses (see above). The H
profile is not normalized and therefore the profile shape is
uncertain and the H concentration unknown. However, the
location of the steep step is consistent with that in the B profile.
These steps, also observed in the Na and Ca profiles, are abrupt,

npj Materials Degradation (2018) 4

with widths of ~30, ~50, and ~80 nm for Na, Ca and B, and H,
respectively. The presence of the step located at the same depth is
consistent with the presence of a dissolution front of mobile glass
cations at the pristine/altered glass interface.” All results indicate a
homogeneous altered glass network, with some uncertainty
regarding H homogeneity.

Structural analysis of the pristine and altered glass

Structural analysis was performed on 3.5-5.5um pristine and
altered glass powders using solid-state NMR spectroscopy, with
results shown in Fig. 4. Several isotopes of interest present in ISG
were probed, including 2°Si, #’Al, #Na, and "'B. The B signal in
pristine glass was deconvoluted to assess the B™/(B®! + B™) ratio
(see Supplementary Material Fig. S4a), estimated as 0.52 +0.02. No
B or Na signals were detected in the altered glass, confirming that
both elements are nearly totally leached.

The 29 magic-angle spinning (MAS)
Carr-Purcell-Meiboom-Gill (CPMG) NMR spectra depicted in Fig.
4a show a negative chemical shift §s; between the pristine and
altered glass. Higher &s; are usually attributed to higher Q" such as
Q% and Q*2 While this shift has been attributed to a repolymer-
ization of the silicate network in our previous work with ISG glass
altered in the same conditions,? it could also be a consequence of
Si second neighbor modification in this case. Al, Zr, and B all
tend to cause an increase of &; because of their electronegativ-
ity.'#?1232% As seen above, B release from pristine glass is near
total, which could explain the shift to more negative &s;. On the
contrary, Ca tends to cause a decrease of &s;, which could be
another contribution to the shift observed from pristine to altered
glass spectra.>®> No hypothesis can be validated here due to the
inability to deconvolute each signal to assess the average Q"
distribution in each complex material. IR spectrum obtained on
both pristine and altered glass and compared to that of
amorphous silica show that the structure of the altered sample
is more similar to that of amorphous silica than that of pristine
glass, highlighting once again the impact of chemical composition
variations on the peaks position (see Supplementary Material Fig.
S4b). However, like NMR data, these results give no direct
information on the difference of polymerization degree between
pristine and altered material.

'H-2%Si cross-polarization MAS (CP-MAS) experiments, which
rely on the transfer of magnetization from neighboring protons to
Si atoms, are performed on the altered glass powder. This pulse
sequence favors the signal of Si species near protons, such as
silanol, and consequently non-Q* species at lower 8. The MAS
NMR spectrum is centered on a less negative &s; than the signal of
CP-MAS, as shown in Fig. 4b. This confirms the presence of silanol
groups in the altered glass. When the altered glass is heated at 90
°C, no significant shift of the CP-MAS peak maximum is observed,
while at 450 °C, a slight shift is visible (see Supplementary Material
Fig. S4c), indicating a recondensation of silanol groups followed
by the release of water.

Solid-state 2”Al MAS NMR spectra are depicted in Fig. 4c. The
pristine glass signal is centered at 55 ppm, corresponding to
tetrahedral Al compensated mostly by Na.?® This line shape,
typical of a vitreous material, arises from the distribution of
isotropic chemical shifts and quadrupolar parameters (see ref. %7).
The peak of the altered glass heated at 90 °C, centered at 54 ppm,
is narrower than that of pristine glass. This is highly suggestive of a
hydrated local environment of [AlO,]”, as the presence of water
molecules near Al typically narrows the Al signal.?® All Al species
are susceptible to polarization transfer, as attested by the
comparison between the 2’Al MAS and CP-MAS signals (see
Supplementary Material Fig. S4d). Heating the altered glass at
higher temperatures allows water evaporation. The signal of the
altered glass after heating at 300°C thus shows less proton
interference than that of glass heated at lower temperatures (see
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altered for 25 days. Si, Al, B, Na, and Ca profiles are normalized to
that of Zr to avoid matrix effects; the resulting data are normalized
to that measured in pristine glass to provide quantitative informa-
tion. The H profile is not normalized and is only used to locate the
alteration front. The Methods section contains more information on
data normalization

Supplementary Information Fig. S4e for more data). Significant
peak broadening, as well as a slight shift of the peak maximum
from 55 to 51 ppm, is observed. Because all Na is leached from the
glass and only Ca remains, Ca is assumed to become the charge
compensator, as observed previously by Angeli et al.*® Water
compensation of Al at low temperatures cannot be totally ruled
out. However, the altered glass structure is globally neutral in
charge. It is therefore assumed that Al compensation is mostly
ensured by Ca, as otherwise a positively charged structure would
be observed.

Density calculation. The isovolumetric nature of glass alteration
in silica-saturated conditions was investigated using white-light
vertical scanning interferometry (VSI). This method allows the
measurement of a height step on a flat surface partly covered by a
mask to serve as a reference after alteration. The analysis was
performed on a monolith altered for 15 days (see Supplementary
Material Fig. S5 for more data). A slight swelling of 50 +30nm
compared to the original surface was measured. Using the linear
regression from Fig. 2b, the thickness of the alteration layer is
calculated as ~1800 nm after 15 days, with swelling representing
~3% of the total altered glass thickness. This confirms the absence
of silicate network dissolution. The small variation is neglected in
the following analysis.

The density of each material was determined using the altered
and pristine glass compositions. The density calculated for pristine
glass (Table 2) is consistent with experimental measurements.?®
Both models?**® used here yield lower densities for the altered
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glass density than for the pristine glass, consistent with the loss of
mobile species at constant volume.

Lastly, both the pristine and altered glass compositions were
used to determine the free volume generated by the dissolution
of mobile B, Na, and Ca. Ca and Na are considered spherical ions
with the volume Vig,s When leached:

3
4nr(,.>

ions = P
3

)

where r(; is the radius of the ion i, equal to 1.17 and 1.00 A for Na
and Ca, respectively.?' The corresponding volumes for Na and Ca
are 67x107%* and 42x107%* cm? respectively. For B, we
consider the volumes of both B®! and B™ species, estimated as
29.0 and 52.1x 1072* cm®, respectively.'® The B*/(B®! + B)) ratio
of 0.52 is determined from the pristine glass ''B NMR signal (see
above). Assuming an isovolumetric alteration, the free volume left
after the leaching of mobile elements is ~33.5%. This result can be
compared to the free volumes obtained using water quantification
and speciation (see above). The free volume in ISG after
dissolution was also calculated based on the ISG structure
generated from MD simulations by removing the mobile elements
(all of B and Na and 30% of Ca) and unbound O. The calculation,
based on the solvent-excluded surface®? implemented in Materials
Studio 6.5 (ref. 33), converged to 30% for a probe radius smaller
than 0.1 A (see Supplementary Material Fig. S1g). This result is in
good agreement with the previous estimation, suggesting that the
assumption of the quasi-isovolumetric transformation of the
pristine glass into a porous and hydrated material is reasonable.

Pristine and altered glass dissolution rate. Initial dissolution rate
measurements (rg), measured on 4.5-5.5 um pristine and fully
altered glass powder and obtained from the Si concentration,
were replicated twice for each sample (Table 2). These rates were
measured in extremely dilute conditions and correspond to the
intrinsic resistance of the silicate networks to hydrolysis. The
average initial rate measured for pristine ISG approaches 1.24 and
1.21gm 2 day ' expected at pHogec 7 calculated by Inagaki et al.>*
and Fournier et al. 3°, respectively. The initial dissolution rate of
the altered glass is one order of magnitude lower than that of the
pristine glass, which could be attributed to a greater polymeriza-
tion degree of the silicate network in the altered ISG, or to
differences in chemical composition.

Water speciation analysis. Three types of water species were
studied here: molecular water (H,O,01), non-H-bonded hydroxyl
species (“free” —~X-OH), and H-bonded hydroxyl species (-X-OHyg).
Thermogravimetric analyses (TGA) quantifies the total water
content of all three species, giving value of 1.2 wt% for pristine
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Fig. 4 Solid-state NMR spectroscopy performed on both pristine
and altered glass. a ?°Si magic-angle spinning  (MAS)
Carr-Purcell-Meiboom-Gill (CPMG) NMR spectra of the 3.5-5.5 um
pristine and altered glass powders. b 2°Si MAS CPMG and cross-
polarlzatlon (CP) MAS NMR spectra of the altered glass sample. ¢

7Al MAS NMR spectra of pristine and altered glass samples before
and after heating. All spectra are normalized to the same maximum
height

glass and 16.5 wt% for altered glass (Table 2). For pristine glass,
the water content is assumed to comprise water molecules
adsorbed on the particle surfaces. Assuming that this quantity of
water molecule adsorbed on the surface is equivalent for pristine
and altered glass, this gives an uncertainty of 7% on the global
water content. A major water species loss is observed under 90 °C
for the altered glass reaching 34% of the global water content.
Applied to the 3.5-5.5-um-altered glass powder, infrared (IR)
spectroscopy showed that only molecular water dehydration
occurred below 150 °C, as the silanol signal at ~875 cm™' does not
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decrease below this temperature. Above 150°C, silanol species
begin to condense. Their contribution to the 875cm™ peak
decreases while the Si-O-Si signal at 800cm™' increases
significantly (Fig. 5a). The evolutions of the H,0, signal at
1650 cm™" (Fig. 5b) indicate that some water within the material is
not easily evaporated.

Two methods of direct acquisition (DA) and Hahn Echo (HE)
pulse sequence with variable echo delay were used to acquire 'H
NMR signals from the 3.5-5.5 pum-altered glass powder. When
heating the sample from 25 to 150 °C, decreases of the DA 'H NMR
signal areas at ~7.1 and ~5.1 ppm are visible (Fig. 5¢) (spectra are
normalized to the same sample weight). This is followed by a
displacement of the signal toward more negative chemical shift
values when the sample is heated from 150 to 450 °C. The main
contributions remaining are those at ~3.6 (300 °C) and ~2.2 ppm
(450 °C). The HE pulse sequence allows better species distinction
based on the "H-"H dipolar couplings, approximately equivalent
to the local proton density, of the different species, as stronger
dipolar couplings imply shorter decays in echo signals.® Typically,
water molecule signals show shorter decays. Therefore, HE 'H
NMR was used to distinguish the various contributions to the DA
"H NMR signal. The results, displayed in Fig. 5d, are obtained from
an unheated sample (see Supplementary Material Fig. S6 for data
obtained from heated samples). A broad contribution centered at
4.7 ppm, rather than 5.1 ppm, is observed. It decreases in intensity
when the sample is heated at low temperatures (90-150 °C). This
contribution can therefore be attributed to physisorbed water. A
second signal centered at 7.1 ppm is attributed to H-bonded
hydroxyl species. This contribution decreases in intensity and
shifts to lower values (~3.8 to 3.6 ppm) when the sample is heated,
as fewer H bonds can form when water molecules are released.
Finally, a third contribution appears at ~1.8 ppm. This contribution
is intensified for samples heated to higher temperatures (300-450
°C); it is therefore attributed to non-H-bonded (i.e., isolated)
hydroxyls.

DISCUSSION
Pristine and altered glass structures

The ISG structure was simulated and the model was validated by
experimental observation. Cation coordination numbers from MD
simulations (Table 1) are in good agreement with previous
simulation results>®*’ These results are also consistent with
experimental data.*®3 The B™/(B®! + B™) ratio determined from
the MD simulation (0.59) is somewhat higher but still relatively
near the experimental values (0.52 £+ 0.02 from NMR and 0.44 from
glass composition) as well as a value obtained previously (0.49 (ref.
7). The latter formula excludes Ca, which might explain the slight
decrease in the calculated value relative to the experimental one.
The Si Q" distribution could not be directly obtained experimen-
tally, because the chemical shift dispersion caused by second-
nearest neighbors (mainly Si-O-Al and Si-O-B, and Si-O-Zr to a
smaller extent) is superimposed on the standard Q" dispersion
observed in pure silicates. Nonetheless, Q" repartition obtained
from the MD simulation was partly validated by the similarity
between the number of NBO simulated using Si Q" (3.7%) and that
calculated from the glass composition (4.5%).%'

Zr is mostly six-coordinated, consistent with X-ray absorption
near edge structure and extended X-ray absorption fine structure
studies of similar glasses,*® and appears to be preferentially
charge-compensated by Ca in our simulations. Al is compensated
by both Ca and Na in the MD simulation. Na and Ca display the
same normalized probability of presence near Al sites (Fig. 1e).
Considering the Na and Ca contents of the glass, approximately
twice as many Al-Na sites as Al-Ca are present in ISG, exceeding
the level suggested by NMR data. The #”Al signal shows that, in
pristine ISG, Al is mostly compensated by Na.?® Potential sets with
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rigid charges are too simple in the description of electrostatic
interactions to describe Al compensation properly.

Finally, ring size distributions suggest that B is important as a
crosslinking element within the aluminosilicate network. This is
supported by the higher polyhedral connectivity percentages of
[BO3/4]-[SiO4]. This structural feature must significantly affect glass
corrosion. Because B is preferentially dissolved during glass
alteration relative to the other glass formers, a very fragmented
nanoporous network structure remains, mostly comprising [SiO,4]
and [AlO,4] units that can re-polymerize.

Indeed, when using “soft” alteration conditions (near neutral pH,
silica saturated solution), B and Na release from ISG are initially fast
and then decreasing but silicate network hydrolysis remains very
low, as revealed by solid chemical analysis, solution analysis data,
and ToF-SIMS profiles. 2°Si NMR results show negative shifts &g
between the pristine and altered glass. This shift, already observed
by Gin et al.® was attributed at first to a reorganization of the
silicate network that increases the polymerization degree, as the
Q* and @Q® contributions have lower isotropic chemical shifts than
those of Q% and Q'.2*' However, oxygen repartition as BO and
NBO in pristine and altered structures was determined (Table 2)
(refer to Supplementary Material part 8 for more information). The
results obtained before and after boron release in pristine glass
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are consistent with the observation stated above regarding B
connectivity from the simulated glass structure. B release creates a
fragmented structure with a lot of NBO. This structure then
reorganizes into a more thermodynamically stable state, passing
from 43.8 to 22% of NBO (Table 2). These NBO remains in the
altered glass as silanol, as demonstrated by the difference in the
chemical shift position from CP-MAS to CPMG pulsed 2°Si signals.
While there is a non-negligible repolymerization of the network
after mobile elements departure, the altered glass structure is not
more polymerized than the pristine glass structure. The differ-
ences observed between initial dissolution rates can therefore be
explained by chemical composition changes. B-O-B and B-O-Si
bridges are easier to hydrolyze than Si-O-Si, as their hydrolysis
activation energy are lower.** The altered glass structure is nearly
devoid of B; its remaining bonds are expected to be more difficult
to hydrolyze than that of pristine glass containing 9.6 At% of B.
The presence of water may also decrease the internal energy of
the material by relaxing strain accumulated during glass
quenching."’

During alteration, it was seen that B and Na releases were
congruent, but Ca exhibited a different behavior, with some Ca
remaining in the altered layer to ensure the charge compensation
of A0, and ZrOg>~ units. MAS NMR %’Al data support this
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Fig. 6 TGA and 'H NMR data comparison. a 'H NMR signal areas determined at various temperatures (25, 90, 150, 300, and 450 °C); these
results are compared to the total water quantity (H,Op,0 +hydroxyl species) found by TGA at each temperature. They are well correlated. b

Deconvoluted "H NMR signal (at 25 °C)

hypothesis. No change in coordination, which would be indicated
by the formation of AlOs or AlOg units, is observed. The significant
broadening and the slight shift of the peak maximum from 55 to
51 ppm indicate a change of the charge compensator species.
Angeli et al.?® showed that, while the isotropic chemical shift 8;,
remains constant when an [AlO4]” unit is compensated by Ca
rather than by Na, the distribution of the quadrupolar interaction
shift is broadened dramatically.”® The signal obtained here is
therefore consistent with that of the Al tetrahedral charge
compensation by Ca cations.

Finally, B release is well correlated with the square root of time
(Fig. 2b). Assuming that this behavior can be modeled by Fick's
equations, the apparent B diffusion coefficient, D5 of ~107'® m?
s~! was derived. Note that this calculation does not indicate that B
diffusion is the rate-limiting step, as B release may be caused by
another rate-limiting process. This apparent diffusivity is in the
same range as apparent diffusion coefficients found at 90 °C and
pH 8.7 for simple nuclear glasses (D~10""°m?s™" in pure water
and D~10"%"m?s™" in Si-saturated solution®*). Importantly, these
values of diffusivity are 10 to 12 orders of magnitude lower than
the diffusion coefficient of aqueous species in a bulk solution
(D~10"° m?s7"),* indicating that they refer to solid-state diffusion
within the nanoporous layer.”® Moreover, abrupt steps such as
those observed in the ToF-SIMS profiles shown in Fig. 3 are
consistent with the presence of a dissolution front that progresses
into the pristine material at a rate controlled by the flux of water
molecules through the growing alteration layer, as suggested in a
previous work.>® Therefore, water speciation must be studied
further.

Water speciation and porosity analysis

Several water species can be found in the studied altered glass.
Molecular water H,0p,0, also called physisorbed water, can be
adsorbed onto grain surfaces or confined within pores. Hydroxyl
groups, such as silanol -Si-OH, are known as chemisorbed
water.”” They can exist as “free” species that do not form H
bonds, or as H-bonded species called -X-OH g in this study.

The TGA and NMR data are well correlated, as shown in Fig. 6a.
This curve could be used for calibration in further studies, as TGA
is a destructive testing method and thus may be prohibited when
the sample quantity is limited. Such calibration models have been
developed in other fields such as glass manufacturing*®*° and
geochemistry®®™3 using TGA and IR or Raman spectroscopy data.
Unfortunately, these models are highly dependent on the glass
composition and cannot be translated to nuclear glass alteration
studies. Because ISG has recently become a reference for nuclear
glass alteration studies,’ the development of such a calibration
model is worthwhile.
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IR spectroscopy results showed that no silanol dehydration
occurred below 150 °C, meaning that the 58% of water species
dehydrated below 150°C (see Table 2) were H,O .. The
remaining 42% of water species are residual H;O,0, —X—OHyp,
and “free” -X-OH. 'H NMR spectroscopy results allow more
detailed water species repartition. The 1.8 ppm contribution
corresponds to isolated hydroxyls, i.e., those not forming H
bonds.2%**>> The broad signal at ~4.7 ppm is commonly
attributed to protons in physisorbed water molecules.?****¢ The
decrease in signal intensity when the sample is heated below 150
°C is then consistent with H,O,,, evaporation. The contribution at
7.1 ppm, observed only at low temperature, corresponds to the
mean isotropic chemical shift of hydrogenated hydroxyl spe-
cies>*>> This contribution decreases at lower temperatures
(90-150°C), and shifts lower (~3.6 ppm) at higher temperatures
(300-450 °C). These changes indicate that the signal mostly arises
from hydroxyl species strongly bonded to water molecules, which
yields hydroxyls weakly bonded to O in the silicate network
(contribution at 3.6 ppm) as well as non-bonded hydroxyl
(contribution at 1.8 ppm).

Using the three contributions detailed above (1.8, 4.7, and 7.1
ppm), the 25 °C signal was deconvoluted (see Fig. 6b), allowing
the H species repartition detailed in Table 2. Combining TGA, NMR,
and chemical analysis data, O species repartition as bridging-
oxygen Ogo, non-bridging-oxygen (hydroxyl species) Oygo, and
water-oxygen Op,0, Was determined as well (refer to Supplemen-
tary Material part 7-8 for O speciation calculation).

Based on the water speciation and on TGA data, the surface
area and volume of the porosity as well as the average pore size
can be determined (Table 2) (refer to Supplementary Material part
7 for more information on the way those parameters were
calculated). The porosity obtained from the release of mobile
elements (33.5%) is between the values found for the effective
and total volumes. Depending on the chosen “free” volume and
on the heat treatment, values of mean pore diameter d vary
between 0.9 and 1.9 nm. While this calculation using a single pore
type yields a rough estimation of mean pore size, it gives a very
small value below the detection limits of typical analytical
techniques, such as gas physisorption, small-angle X-rays scatter-
ing, and thermoporometry. The results are consistent with
previous tracing experiments with D,O and dyes, showing that
this type of altered layer acts as a molecular sieve with a cutoff of
~1nm.2 Although the pore network is not fully characterized,
these results strongly suggest that water molecules are confined
in small pores; the nature of their interactions with pore walls and
their microscopic and macroscopic diffusion remain to be
determined.
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Concluding remarks

® The simulated structure of ISG was validated by experimental
data, and therefore provided previously unknown structural
information such as Q" repartition. The ISG structure is now
characterized and can be used for further alteration or
irradiation studies.

® The experimental results of this study provide a better
understanding of both pristine and altered ISG structures.
The altered layer obtained in silica saturation conditions is
formed by in situ reorganization of the aluminosilicate
network after the release of mobile species. This reorganiza-
tion allows the relaxation of strain accumulated during glass
quenching, entailing a decrease in the network’s internal
energy. The resulting material has greater resistance to
hydrolysis than that of the pristine glass.

® Combining multiple analytical techniques, the departure of
mobile species is shown to leave a free nanoporous volume.
The calculated mean pore size is ~1 nm in diameter. The pore
volume is filled with water molecules as well as free and H-
bonded hydroxyl species, which were quantified. Some
questions remain regarding water dynamics inside such a
nanoporous material. The exchange of water species inside
the altered glass structure and the rate of exchange must be
determined. This could provide new information on the glass
corrosion rate-limiting mechanism.

METHODS

MD simulations

MD simulations were conducted with the DL_POLY simulation package.>”
In MD simulations, the empirical potential is critical in generating realistic
structures and descriptions of glass properties. Here, a partial-charge
pairwise potential with a combination of long-range Columbic terms and
short-range Buckingham terms is used; it has shown high transferability
and computational efficiency in modeling multicomponent glasses.'” The
formula of the Buckingham term is shown in Eq. 3:

Vi = Aexp(—ry/py) — Cy/rs, @)

where j and j are the elements of the i—j pair, A, pj, and Cj are the empirical
parameters for pair i-j, and r; is the interatomic distance of the i-j pair. In
order to solve the high-temperature issue, a repulsion term:

Vi (ry) = BT’{, + Dyr @
Ty

is added to correct it. The By, nj, and Dj values are obtained by maintaining
continuity in the potential, force, and first derivative of the force curves at
the point where the second derivative of the force approaches 0. The
parameters for O-O, Si-O, AlI-O, Na-O, Ca-O, and Zr-O pairs were
previously published.'” The B-related potentials were recently developed,
consisting of composition-dependent parameters fitted with structures
such as solid-state NMR results and properties. The atomic charges of the
atoms and the Buckingham parameters Aj, p;; and Cj (Eq. 3) used in our
simulations can be found in Supplementary Material Table SO.

The ISG bulk structure with a system size of 24,000 atoms was simulated
through a melting and quenching process. The initial structures were
energy-minimized at 0K and then relaxed at 300K through a canonical
process (with constant atom number, constant volume, and constant
temperature (NVT) ensemble). Afterward, the systems were melted at 6000
K, equilibrated at 5000 K, and then cooled to 300K at 5Kps™"' using the
NVT ensemble. After the melting—quenching process, the structures were
equilibrated at 300 K under an isothermal-isobaric process (with constant
atom number, constant pressure, and constant temperature (NPT)
ensemble) combined with an NVT process. Structural analyses, such as
the PDFs and Q" speciation statistics, were achieved from the configura-
tions of the simulated glasses at 300 K.
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Leaching experiments

All experiments were performed on an ISG batch prepared by MoSci
Corporation (Rolla, MO, USA). Refer to Gin et al.® for more information on
glass preparation. The glass was crushed into powder, which was sieved
before washing in acetone and ethanol to remove fine particles. Leaching
experiments were conducted on the fraction with particles of 20-40 pm in
size for the alteration kinetic study, and on the 3.5-5.5 um size fraction to
obtain a totally altered glass powder for solid characterization. SEM was
performed on the 3.5-5.5-um-sized glass powder to verify the size of the
powder particles (see Supplementary Material Fig. S10); such small particle
sizes are difficult to obtain.

All experiments were prepared in perfluoroalkoxy reactors using 18.2
MQcm deionized water (DIW) initially saturated with respect to
amorphous silica (Co(Si)=143mgL™" at pHepc 7). SiO, was introduced
under agitation at 90 °C until total dissolution occurred. In the alteration
conditions selected for this study, glass alteration kinetics are expected to
be the same whatever the geometry of the experiment and the surface-
area-to-solution-volume (5/V). They only depend on time.

During the experiment, the pH was maintained at 7.0+ 0.5 by adding
small quantities of a 0.5 N nitric acid solution. The solution was regularly
sampled over time. The samples were filtered (0.45um cutoff) and
analyzed by spectrophotometry (Cary® 50 Scan UV-Vis spectrophotometer
for B concentration, with a method analogous to DIN 38405-17) and
inductively coupled plasma atomic emission spectroscopy (ICP-AES;
Thermo Scientific iCAP™ 6000 Series).

Alteration kinetic study. Specimens of 200 mg of the 20-40 um glass
powder and two monoliths measuring 0.5 x 0.5 x 0.2 cm, polished to 1 um
on the two largest sides, were introduced to 0.5L of silica-saturated
solution at 90°C (S/V=34m™" with Sge, =0.08 m*g~"). The first monolith
was withdrawn after 25 days and the second after 134 days. Various
parameters were derived from the solution analysis data, such as the
altered glass percentage and equivalent thickness.

The glass alteration percentage AG% could be assessed at any time t
from the B concentration [B] in solution, using the following equation:

rpii i
[B]t.Vt + Z::1 [B]I'Véample
MBinthe glass '

O]

AG%'=
where V' is the total volume of the reactor at a time t, Vi, is the volume
of the sample i, and Mg i, the glass 15 the total mass of B leached from the
glass powder. This formula considers solution sampling over time. The
equivalent thickness (um), which assumes that the particles are shrinking
over time, can be calculated using AG%:

¢ 3 100 — AG%' 3
6
ET() Sgeo-P |:1 ( 100 ’ ©

where p is the pristine glass density. We use the geometric surface Sqe,
here, rather than the specific surface area measured by gas adsorption and
the application of the Brunauer-Emmett-Teller (BET) model. This surface
area is calculated using the following formula:

6/p
V35x106mx5.5%10-5m’

where p is the pristine glass density. Alteration rates (in nmday™') are
easily extracted from the equivalent thickness:

_ d(ET(B))
== (8)

using a moving average from three consecutive points.

@)

Glass preparation for total alteration. A sample of 500 mg of 3.5-5.5 um
glass powder was introduced to 1 L of silica-saturated solution at 90 °C (S/V
=274m™" with S geo=0.55m>g™"). The solution was regularly checked
over time until total B release from the glass had occurred. The solution
was then filtered using a Buichner funnel, and the altered glass powder was
dried for 24 h at 50 °C and stored in a desiccator.

Initial dissolution rate measurement. The initial dissolution rates of both
pristine and altered glass were measured by static alteration measure-
ments at pHooec 7 in DIW. Contrary to the previous experiments no silica
was added in the onset solution. Two measurements were done on
3.5-5.5 um pristine and altered glass powders (5/V=0.18cm™") to ensure
the repeatability of the experiment. The Si concentration was monitored
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over time by spectrophotometry and ICP-AES. For more extensive details
on the procedure, please refer to Fournier et al.>®

Solid analysis. Solid analyses were performed on the 3.5-5.5-um-altered
glass powder and on monoliths.

Chemical analysis. A small fraction of altered 3.5-5.5 pm glass powder
was dissolved in an acid solution (10 HCI+5 HNOs + 4 HF). The resulting
solution was analyzed by ICP-AES (Thermo Scientific iCAP™ 6000 Series) to
quantify Si, B, Na, Al, Ca, Zr, and K in the altered glass. Two analyses were
conducted for repeatability. O in the altered glass was considered using
the following equation:

[i] altered glass

Oaltered glass= § Oi pristine glass * (9)

[ ]pristine glass '
where i=Si, B, Na, Al, Ca, and Zr, O pristine glass being therefore the number
of O atoms associated with each element in the pristine glass.

Density calculation. The densities of both the pristine and altered glasses
were assessed using a model developed by Fluegel® for calculating the
room-temperature glass density using its composition. The model does not
consider water within the sample. Another model, developed by
lacovino,>® which considers water, was also used for the altered glass
density calculation, but this could not be applied to the pristine glass as
the model did not consider B.

Depth profiling analysis. The monolith withdrawn after 25 days was
analyzed using ToF-SIMS (IONTOF TOF 5). An O ion beam was set at 2 keV
and 510 nA and used for surface abrasion (200 x 200 um). Actual analysis
was provided by a Bi ion sputtering beam (25keV, 2 pA, 30X 30 um)
followed by ToF investigation of secondary ions extracted from the
monolith. The surface was neutralized during analysis by a low-energy
electron flux (<20eV). Measuring the depth of the final crater allowed
elemental profile depth calibration.

Si, Al, B, Na, and Ca profiles were then normalized to that of Zr to avoid
matrix effects. Zr was chosen as it is not leached in solution during the
experiment.®® The resulting data were normalized to the mean measured
in pristine glass to extract quantitative information. All of this was done
using the following formula:

N [1/zr]
0= [z

with j=Si, Al, B, Na, and Ca. The H profile was not normalized, and was thus
only used to evaluate the position of the alteration front.

(10

pristine glass

White-light VSI. In order to assess the volume change during glass
alteration in Si-saturated solution, the surface of a glass monolith was
partially coated using room-temperature vulcanization (RTV) silicone.?° The
RTV silicone held at pHgg:c 7 was checked prior to the experiment. The
monolith was then altered for 15 days in conditions similar to those
described above. The silicon RTV coating was removed and the sample
surface was analyzed by VSI (FOGAL nanotech, magnification 10). The
difference between the mean height values of the coated and uncoated
surfaces was measured. The uncertainty was determined from the height
variations of both sections.’®

Thermogravimetric analysis. TGA analyses were performed on a Seratum
TG-DSC 92-16.18, under a flow of Ar in an Al,O5 crucible. Both 3.5-5.5 um
pristine and altered glass powders were analyzed (~70 mg each). For the
pristine glass, a typical heating ramp of 10°C min~' was used between
room temperature and 1200 °C. For the altered sample, an increased rate
(30°Cmin~") was used to attain specific temperatures of 90, 150, 300, and
450 °C, with 2-h plateaus at each temperature. A last heating ramp of 10 °C
min~' was then performed to reach 1200 °C.

Fourier-transform infrared spectroscopy. Pristine and altered glass pow-
ders were analyzed using a Fourier-transform infrared spectrometer
(Bruker VERTEX 70) in transmission mode, equipped with DTGS/KBr
detector elements. Spectra were recorded between 400 and 4000 cm™".
The 3.5-5.5-um-altered glass powder was crushed with KBr, which is
transparent in the domain of interest, to form a pellet (2/100 ratio). A pure
KBr pellet was used as a reference, and a 2 cm™" resolution was selected for
1000 acquisitions to obtain a good signal-to-noise ratio. All baseline
subtractions and signal normalizations were performed using Fityk
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0.9.8 software. The silicate network band attribution was based on the
work of Aguiar et al.®" while water band attribution was based on the work
of Davis and Tomozawa.®

NMR spectroscopy. 'H and 2°Si MAS NMR analyses were performed
on a Bruker Avance WB 300 MHz spectrometer (magnetic field 7.05T).
A Bruker 4-mm (external diameter of ZrO, rotor) CP-MAS probe was
used at a sample rotation frequency of 10 kHz. The average sample mass
was 90 mg.

295i/"H CP-MAS NMR spectra were collected on both 3.5-5.5 um pristine
and altered glass powders using contact times ranging from 2 to 8 ms. 2°Si
MAS NMR spectra were also acquired, using the CPMG pulse sequence®®
with a recycle delay of 2's. As most proton species relax quickly, this delay
was satisfactory (see Supplementary Material Fig. S6b and c for more
information on proton relaxation).

'H MAS NMR signals were obtained from the altered ISG by DA and
using an HE pulse sequence with varying rotor-synchronized echo delays
ranging from 100 to 80000ps. 'H NMR signal deconvolution was
completed using the Dmfit program,®* considering a mixed Gaussian/
Lorentzian model. Using the HE sequence data, the position of each
contribution was fixed, and the width and amplitude were left free.
Automatic optimization was run until reaching convergence.

"B and ?’Al MAS NMR spectra were collected on a Bruker Avance |l
500WB spectrometer (magnetic field 11.72T), using a Bruker 4 mm CP-MAS
probe at a spinning frequency of 12,500 Hz.

"B MAS NMR data were acquired from the pristine ISG, as no signal was
detected from the altered sample. The B®/B™ ratio was extracted from the
resulting pristine glass signal by a standard deconvolution procedure.®

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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