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Abstract (300 words max)

Two experimental mockups were operated for one year at 70°C to study the corrosion of C-steel and
alteration of AVM glass surrounded by Cox claystone. Only one system included cement-bentonite
grout (CBG). Nanometer-scale analyses (TEM, XANES) examined the glass/C-steel interface to assess
CBG’s effects. The most notable difference was the presence of a nanometric magnetite layer on the
C-steel surface in the CBG system. This layer, promoted by the slightly alkaline pH (8—10) solution
influenced by CBG, could act as a passivating barrier, potentially mitigating corrosion, although
corrosion rates showed no significant differences over one year. A 5 um-thick sodium-depleted gel
layer of disordered SiO, formed on AVM glass in both systems, with similar porosity (14—20 nm). The
open porosity may limit the gel’s protective capacity. However, glass alteration rates decreased over
time due to passivation mechanism primarily driven by reduced diffusion through the gel layer, with
chemical affinity playing a lesser role. Secondary phases (Si-Fe-0, Si-Mg-0) were detected only in the
CBG system, likely originating from the claystone or CBG rather than the glass itself. These findings
indicate that CBG had little effect on AVM glass alteration but may enhance long-term C-steel corrosion
resistance through magnetite layer formation.
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1) Introduction

The French national radioactive waste management agency (Andra) is responsible for the Cigeo
project, which investigates the disposal of vitrified high-level radioactive waste (HLW) arising from
spent nuclear fuel in deep geological repository. Disposal facility relies on a multi-barrier system
including the following materials: glass, steel overpack and casing, cement-bentonite grout (CBG) and
claystone. The repository would be located at 500 m below ground in the northeast of the Parisian
basin, in the low permeability Callovo-Oxfordian claystone (Cox) [1]. In the studied design, waste
packages (borosilicate HLW glass, stainless steel canister and carbon steel overpack) are inserted into
cylindrical horizontal disposal cells dug in the Cox, inside a carbon steel (C-steel) casing. The free space
between the latter and the claystone is filled with alkaline CBG (pH = 10-11 at 25°C) to neutralize a
potential acid transient [2]. Indeed, oxidation of the sulphides in the clays during excavation of the cell
generates sulphuric acid. This acid is neutralized by the carbonates in the clay, which generates CO;
that diffuses into the cell. In turn, the CO, can dissolve and lead to acidification of the water in the cell

(3], [4].

The multi-barrier system is expected to delay the arrival of groundwater on the radioactive waste
package. When groundwater reaches the waste package, corrosion processes starts, releasing Fe into
the groundwater. Therefore, glass is altered with a Fe-containing solution. Metal corrosion and glass
alteration are expected to occur under anoxia, assuming O, consumption. Assessing glass interaction
with the materials of the disposal cell (claystone, steel, CBG, groundwater) is crucial to predict the
source term, i.e. the flux of radionuclides released by the vitrified waste over time.

The leaching of borosilicate glass by water has been widely studied [5]-[11]. According to interdiffusion
and hydrolysis mechanisms, water can exchange protons with alkali elements of the glass (i.e. Na, Li,
Cs) acting as modifier and depolymerize the glass network by breaking covalent bonds (Si—-O-X, X=Si,
Al, Zr, B). These two mechanisms, whether or not they occur at the same time, lead to a
hydrated/hydrolyzed interface between the glass and the solution. The glass alteration layer (GAL) is
therefore depleted of the elements making of the glass matrix, which end up in solution. Hence the
GAL is assimilated to an amorphous layer named “gel”, mostly made of SiOam). Their mechanisms of
formation are still debated. Depending both on the glass composition and the alteration conditions
(e.g. pH, temperature, solution composition) either a dissolution/reprecipitation of aqueous species
released at the interface, or a hydrolysis/in situ condensation of partly hydrolyzed Si species play a part
in GAL formation [12]-[16]. The self-reorganization of such a gel leads to its densification, becoming a
diffusion barrier which can limit the exchange of dissolved species at the interface [13], [17], [18].
Whatever the mechanism at play, the alteration rate can drop down by several orders of magnitude
with respect to the initial glass dissolution rate (rp), according to both the chemical affinity and the
passivating effect of the gel [19]. The first driver deals with thermodynamic consideration with the
activity of H,SiO4 in solution released by glass hydrolysis. The passivating effect is linked to the
transport of aqueous species through the passive layer [8].

In actual geological repository conditions, groundwater would contain reactive elements such as Mg,
Fe, Ca which could impact glass alteration. Depending on the elements, their concentration, the glass
composition and the alteration conditions, some elements can be retained or incorporated in the GAL
with a beneficial or detrimental effect on the glass durability [20]-[24]. Besides, glass/iron/claystone
interactions experiments (50°C or 90°C, SON68 glass, iron source, Cox groundwater solution, alteration
duration) vyield Fe and/or Mg phyllosilicates formation within the GAL through a
dissolution/reprecipitation mechanism [25]-[32]. Their formation takes out the silica released into the
solution, preventing saturation with respect to a passivating gel. Therefore, glass alteration rates
remain high, generally close to the initial dissolution rate.



Most experiments involving iron have utilized SON68 glass, which serves as the French R7T7 non-
radioactive glass surrogate. Few studies, employing alternative glasses such as ISG glass [21], [33], [34]
or PNL 76-68 [35], have reported the formation of iron phyllosilicates. To our knowledge, there is
limited information regarding the interactions between AVM glass and iron interactions, except for
one of our study and a recent paper [36], [37]. However, AVM glass was developed in Marcoule
vitrification facility for high-level wastes arising from gas-graphite reactors [20], [38], and its durability
warrants investigation, particularly concerning the influence of CBG on its chemical reactivity.

Our previous work investigated the alteration of the AVM V4 glass (the representative AVM glass [39])
in the presence of CBG and C-steel (70°C, 1 year, groundwater solution). The schematic view of the
experiment and the main results are summarized in Figure 1. No significant impact of CBG on glass
alteration or steel corrosion was identified after one-year of reaction. Glass dissolution rates were

estimated to be 3.4 x 102 g.m2.d*and corresponded to roc()x, 7o°¢ / 32 for both systems (assuming

isovolumetric alteration [40]), where rocox' 79°C is the initial dissolution rate of AVM V4 at 70°C. The
C-steel corrosion rates were about 2 um.year ! and the main iron corrosion products (ICP) were iron
carbonates (siderite — FeCOs3 and chukanovite - Fe;(OH),COs for the system without and with CBG,
respectively). Nevertheless, in the presence of CBG, Mg/Fe-rich silicates were observed on the glass
surface, while such silicate minerals were not detected in the CBG-free experiment. Interestingly,
despite the corrosion of C-steel, no iron enrichment was detected in the GAL. This result significantly
contrasts with experiments documented in the literature under similar conditions, where iron
phyllosilicates were observed in GAL glass. (mainly for SON68 or ISG glasses) [21], [27], [29], [30], [33],
[41]. These initial findings question about the potential passivation capabilities of the observed gel on
the glass, both with and without the presence of CBG, that needs more investigation at lower scale.
Furthermore, anoxic iron corrosion is a crucial parameter controlling the release of Fe into the solution,
and thus glass alteration. This release of iron could be linked to the presence, or not, of an iron oxide
less porous interfacial layer (IL) at the metal/ICP interface, controlling the corrosion rate by playing a
diffusing barrier [42]-[44], [68]. This oxide layer was found by several studies on low alloy steel in
carbonated and clayey environments [45]—[49].

To address these inquiries, the present study provides supplementary nanometric-scale
characterizations using TEM and STXM within the system above described [36]. Analyses focus on the
gel and at the C-steel/ICP interface to investigate the potential formation of interfacial layers.
Nanostructural characterizations of the AVM V4 GAL reveal the formation of a gel and its porosity
contributing to a deeper understanding of the long-term glass alteration behavior [27], [50], [51],
particularly under the influence of a CBG-buffered pH. The origin of the Mg/Fe-rich silicates is also

examined.

C-steel

CBG (when present) 4um
% Glass alterationrate = 3.4 10g.m3.d"! % Iron corrosion rate = 2 um.year?
(equivalent to ry/32)
Claystone
7 Synthetical clay water a) BG-cont st b)

Reactor head circulation

Figure 1: Schematic view of the experiment (a) and synthetic representation of published results observed at AVM glass/C-
steel interface (a) [36]. (ICP: Iron corrosion products, rp: initial AVM V4 glass dissolution rate at 70°C).



2) Materials and methods

2-1) AVM glass/steel/claystone systems with and without cement-bentonite grout

The studied systems are composed of a stack of 309 stainless steel/AVM glass 1/AVM glass 2/P285NH
C-steel, surrounded by Callovo-Oxfordian claystone, located inside a reactor [36]. Two experimental
setups were prepared and subjected to identical conditions (70°C, 1 year, anoxia): (1) a mockup
experiment without CBG and (2) a mockup experiment containing CBG, a low pH cementitious grout.
In the CBG-containing system, this filler material was introduced between the stack of materials and
the Cox claystone (with a CBG/Cox mass ratio close to 1/100). CBG is composed of Cement CEM III/C,
silica fume, bentonite, hydrotalcite and water [52]. Compositions of AVM glass, P285NH C-steel and
CBG are given in Table 1,

Table 2 and Table 3, respectively. The stacks of materials were saturated with synthetic Cox
groundwater (Table 4), and placed in an oven at 70°C for 1 year, in anoxic conditions. The Cox claystone
was provided by Andra’s underground research laboratory located in Bure (France). The synthetic Cox
groundwater is a solution in equilibrium with Cox claystone, at 70°C (pH = 6.86, Eh = -0.14 V//SHE) [53].
This solution was prepared by dissolution of salts (NaHCOs, Na,SO4, Na,0sSi, NaCl, KCl, CaCl,, MgCl,,
SrCl,) and the pH was adjusted with CO; bubbling. Water circulation occurred from bottom to top. Full
details of the experimental setup have already been published [36], as an initial study was conducted
on these mockup experiments.

Table 1 : Composition of AVM V4 glass (wt.%).

Oxides SiO; B,0s Na,O Al;0; MgO Fe;0s F others
Content 43.37 17.43 17.28 10.92 4.32 0.90 0.72 rest

Table 2 : Composition of the steel P285NH (wt.%).

Element C Si Mn Ni Cr Cu others Fe
EN 10222-4 | 0.18 0.4 | 0.6-1.5 | 0.3 max | 0.3 max | 0.2 max 0.29 max rest

At the end, the mockups were dismantled, and the stacks of materials were embedded in a
bicomponent resin without freeze-drying, and cut into cross section. No precautions were taken during
the changeover from anoxia to air, without changing the phases formed, in particular corrosion
products [36]. Cross sections were polished with ethanol, using SiC papers (500, 800, 1200, 2400, 4000)
up to 5 um, followed by diamond suspension polishing at 3 um and 1 um. The cross sections were
cleaned in acetone and ethanol (3 min duration each) with ultrasound. Samples were stored under
vacuum to prevent oxidation.

Table 3 : Constituents of the CBG.

Components quantity
(kg/m?)
Cement

CEM 11I/C 32,5 N SR CE PM NF 126
Silica fume 126
Bentonite 33.6
Hydrotalcite 8.4
Water 881




Table 4 : Chemical composition of the synthetic Cox groundwater.

Na K Ca Mg Sr Si cl SO4 HCOs; | EhVvs. SHE pH

mg/L | 966 | 39.1 | 397 | 99.6 | 17.5 | 9.8 | 1453 | 1345 232 -0.14V 6.86

2-3) Analytical techniques

Four thin foils of the cross sections were extracted from the GAL and ICP using FEI Helios Nanolab 660
scanning electron microscope/focused Ga* ion beam (SEM-FIB). A 1 um thick Pt layer was deposited
on the surface of interest (i.e. glass alteration layers, silicates, ICP), to protect it from Ga*ions beam.
Thin foils were cut and extracted from the matrix using a Ga+ ion beam and thinned to 1 um or 100
nm thickness, depending on the envisaged analyses (see after) at 0.43 nA, 0.23 nA and 80 pA ion
current. Finally, in order to reduce irradiation defects induced by the 30 keV Ga* ion beam [54]-[56],
the thins foils were cleaned on both faces with a low intensity and low energy beam: 28 pA at 5 kV,
then 72 pA at 2 kV, and 72 pA at 1 kV for a few minutes.

High-resolution transmission electron microscopy (HRTEM) was performed at 200 kV on a JEOL F2010
F electron gun, equipped with a diode EDAX X-ray microanalysis for electron diffraction. The analyses
were performed on 100 nm-thick foils, and the micrographs were acquired using Digital Micrograph
software from Gatan. The dgo:-spacing of silicate sheets and the gel porosity were measured from the
HRTEM images with ImageJ software.

FIB foils were characterized at the Si K- and the Fe L-edges using the Scanning Transmission X-ray
Microscopy (STXM) on the SM beamline at the Canadian Light Source (CLS) synchrotron [57], and on
the HERMES beamline at the Soleil synchrotron[58], respectively. This technique provides nanometer
scale investigations around the absorbent atom, with a 30 nm spatial resolution and 0.1 eV energy
resolution. Image sequences (i.e., stacks) at the Fe L-edge were collected on 100 nm thick thin foils
inside iron silicates observed by the TEM analysis, provide iron valence [45], [59], [60]. To probe the
silicon chemical environment up to 0.5 or 0.6 nm distance [61]-[63], stacks were collected on 1 um-
thick thin foils using the Si K-edge. The as-collected transmission 2D-images on the thin foils were
converted to absorption 2D-images using the incidence flux (/o) obtained from areas devoid of sample.
Thus, for each pixel of a stack, a XANES (X-ray absorption near edge structure) spectrum can be
reconstituted. Principal Component Analysis (PCA) — cluster analysis (CA) was performed on each stack
to identify clusters of spectra, corresponding to specific areas on the map. All data analysis was
performed using Axis2000 software. The PCA-CA derived spectra were compared with reference
spectra published in the literature. The Si K-edge spectra were modeled with combination of iron
phyllosilicates reference and SiO,=m) spectra [26]. The Fe L-edge spectra were modeled by combination
of reference spectra of phase presenting a “pure” Fe" and Fe'" valence: siderite and maghemite phases
respectively.

The potential-pH diagram presented in this paper was plotted with The Geochemist Workbench 12.0
software and the thermodynamic database “Thermochimie v10a electron” [64], which is available
online for free (https://www.thermochimie-tdb.com/). Chukanovite thermodynamic data were
implemented in the database as this mineral was not included (log(K)=2.97 according to thermochimie
vlla). Act2 mode was used to plot the diagram at 70°C. This mode determines the most
thermodynamically stable phases, from an input solution and a minerals selection. The theoretical Cox

groundwater composition was used as input, and phases of interest were included in the model (iron,
Fe-carbonates, maghemite, magnetite, Fe?*, Fe3* Fe-hydroxides, Fe-sulfates, Fe-chlorides, H,, HCO3')
according to the characterizations and the phases mentioned in the literature. Theoretical Cox
groundwater composition does not contain Fe data, so Fe?* input activity was deduced from


https://www.thermochimie-tdb.com/

Gailhanou’s paper [65] and set at 5.7 10° mol.L? to allow for iron phyllosilicate formation. The

thermodynamic constants of the mineral are presented in Table 5.

Table 5: Phases considered for the potential-pH diagram (data from Thermochimie v10a electron).

Phase Chemical Equation log Ks
formula at 70°C
Chukanovite Fe,CO3(OH), | Chukanovite + 2 H* 2 2 Fe?* + 2 H,0 + COs” 2.97
Siderite FeCO; Siderite 2 Fe?* + COs* -11.08
Maghemite y-Fe20; Maghemite+ 6 H* +2 e 2 2 Fe** + 3 H,0 24.96
Magnetite Fes04 Magnetite + 8 H* + 2 e 2 3 Fe?* + 4 H,0 30.51
Iron Fe Fe2Fe?+2e 13.79
Fe3* Fe3* Fe* + e 2 Fe?* 12.53
Fe(OH) Fe(OH); Fe(OH), + 2 H* 2 Fe?* + 2 H,0 17.85
Fe(OH)* Fe(OH)* Fe(OH)* + H* 2 Fe* + H,0 8.23
FeHCO% FeHCO3 | FeHCOZ 2 Fe?* + CO3~ + H* -11.77
Fe(CO3)3~ Fe(CO3)3~ | Fe(CO)3~ + e~ 2 Fe?* + 3C0%- -11.71

3) Results and discussion

3-1) Steel corrosion products

Thin foils were taken in the 4 um-thick corrosion products of the systems, where the Fe" iron
carbonates devoid of silicon were already identified (respectively siderite and chukanovite without and
with CBG). More specifically, analyses focused at the C-steel/ICP interface using STXM at the Fe L-edge
(Figure 2). For both systems, following the procedure indicated in Materials and methods section, two
main oxidation states, Fe® (yellow) and Fe" (blue) (Figure 2-c and f), were distinguished by PCA in the
regions of interest (ROI, materialized by the dotted white squares in Figure 2-a and d). These oxidation
states were deduced by comparison with the STXM spectra database at Fe-L edge [45], and referred
to uncorroded steel (Fe®) and iron carbonate (Fe") respectively, confirming the results obtained at
microscopic scale [36]. Furthermore, on the CBG system, an additional interfacial corrosion products
layer (IL, in red in the Figure 2-e), ranging between 200 nm to 400 nm and adjacent to the steel, was
detected by PCA (see methodological part). The IL extracted spectra corresponding to this zone (Figure
2-f) present a mixed valence inferred from the relative intensity of the Ls-a and Ls-b edges. It
corresponds to a predominantly Fe'' species, i.e. 33% Fe" and 67% Fe'' (Table 6), with good fit
parameters (R? = 0.99 and x? = 0.4), comparable to the valence state of magnetite (FesO4). This iron
oxide was previously identified at the steel/carbonates interface when C-steel was corroded in
carbonated and anoxic environments [45], [46], [48], and was also detected in the presence of the CBG
[3], [66], [67]. However, literature concerning an integrated glass/steel/claystone experiment is
comparatively limited [30], [32].

Table 6: Decomposition of the interfacial layer spectra collected at Fe L-edge in the steel corrosion products faced to AVM
glass with CBG.

Spectra
Interfacial layer, with CBG (Figure 2-f)

decomposition (+ 2) R? x>
33 % Fe' + 67% Fe'" 0.99 0.4
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Figure 2: STXM analyses at Fe L-edge performed in the steel corrosion products faced to AVM glass with and without CBG.
STEM micrographs of the FIB foils taken in the corrosion layer without (a) and with (d) CBG. The dotted white squares show
the region of interest (ROI) including the interfacial layer (IL). The composite color-coded maps, obtained in these ROI at Fe
L-edge after statistical treatment without (b) and with (e) CBG, indicate two or three main components: metallic iron Fe® in
yellow, an interfacial layer (IL) in red and carbonate Fe' in blue. The Fe L-edge colored spectra without (c) and with (f) CBG
are associated with the two and three colored ROI.

Thermodynamic diagram of iron in Cox groundwater was calculated using detected and/or expected
Fe-phases in such an experiment (Figure 3), with the alteration conditions (70°C, groundwater
composition) and reaction equations given in Table 7. Metallic iron is not stable in water and three
thermodynamically stable species are suggested according to potential/pH values: maghemite, siderite
and magnetite. Note that chukanovite, the metastable hydroxycarbonate with respect to siderite [68],
does not appear. At the initial conditions, i.e. Eh = — 0.14 V/SHE and pH = 6.9, siderite should be



favoured. The activity of iron, released through generalized corrosion, can influence the local potential
of water according to the Nernst equation (1),

. RT  a(Fe3")
E=F Fe3+/FeZ+ + 23ﬁl0gm (1)

where E and E° are the potential and standard potential respectively, R the universal gas constant, T
the temperature, n number of electrons exchanged, F the Faraday constant and a the activities of
aquous species. The latter have been estimated for the pore water in a clay-rock material at the
expected pco; and temperature according to previous works [27], [65]. The calculated iron
concentrations of [Fe?*] =5.7.10 > mol.L * and [Fe3*] = 3.5.10"* mol.L"? led to a potential E = - 0.2 V/SHE,
a value close to the initial potential which can be measured in the claystone. Hence a minimum pH
increase, at around 8, is required to promote magnetite formation in our experiment.
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Figure 3: Iron potential-pH diagram in carbonated environment calculated at 70°C with the initial synthetic Cox groundwater
composition. Dissolved and solid species are respectively in blue and yellow. Phases and reaction considered are presented
in Table 5 and Table 7, respectively.

Table 7 : Reactions and equations of the potential-pH diagram in Figure 3.

Reactions Line equation
Fe(CO)3™ + H' + e 2 FeHCOY + 2 CO%~ y = 0.334-0.068x
2 Fe(CO)3™ + 3 H,0 2 Maghemite + 6 CO%™ + 6 H* y=7.076
Fe(CO)3™ + e 2 Siderite + 2 CO35~ y =-0.006
FeHCO? 2 Siderite + H* x = 4.995
Maghemite + 2 CO37+ 6 H* + 2 e 2 2 Siderite + 3 H,0 y = 1.439-0.204x
Maghemite + H* + e 2 Magnetite + 5 H,0 y =0.472-0.068x
Magnetite + 3 CO%3™+ 8 H* + 2 e & 3 Siderite + 4 H,0 y =1.923-0.272x




While the presence of magnetite is not confirmed in the CBG-free system in our study, this mixed oxide
phase is unequivocally identified in the presence of CBG. The nanometric interfacial Fe"-rich layer is
particularly significant as it may decrease the corrosion rate and potentially passivate the metal,
serving as a diffusive barrier. Whether it corresponds to magnetite (Fes04) or maghemite (y-Fe,0s),
this layer plays a crucial role [42], [43], [49], [69], [70]. Although corrosion rates are similar in both
systems after one-year of reaction, it could be different for longer alteration times. Hence the
contribution of CBG addition appears justified to favor magnetite formation due to its pH buffering
capacity in alkaline conditions. Although only a few papers are available in the literature regarding CBG
evolution, the pH of a solution containing CBG stabilizes around 10 after several months. [2], [3], [71].

3-2) Glass alteration layers

Facing to C-steel, the alteration layers formed on AVM glass, with and without CBG, were investigated
at nanometer scale. As a reminder, after one-year alteration, a 5 um-thick, Na-free layer containing
the same concentration of Si as in the pristine glass (PG) was observed in both systems [36]. This
observation was supported by glass alteration markers, i.e. Si/Al and Na/Al ratios with the constant
total content of Si + Al + Na = 43 % in PG than in GAL (Table 8) [36]. Although the alteration solution
was not recovered and analysed, it is also expected that B contained in the glass must has been
dissolved congruently with Na [72].

Table 8: Glass alteration markers determined by SEM-EDS in the pristine glass and in the gels formed on AVM V4 faced to C-
steel in both systems (raw data were published in the previous work [36]).

Alteration markers Pristine glass Gel, system without CBG Gel, system with CBG
Si-Al-Na (wt.%) 43 43 43
Si/Al 3.3 3.6 3.4
Na/Al 1.9 0.2 0.3-04
Mg/Al 0.4 0.2 0.2

STXM analyses were performed at Si K-edge in the GAL to collect nanostructural data (Figure 4). For
both systems (without and with CBG, Figure 4-b and Figure 4-d respectively), Si K-edge spectra show
an intense absorption peak at 1846.6 eV (noted A) and a broad peak around 1863 eV (noted D). These
two peaks, corresponding to the fourfold coordinated Si atoms and neighboring O [30], [73],
respectively, are also observed on the Si K-edge spectrum obtained in the pristine glass (Figure 4-b,
grey spectrum). This comparative approach suggests the GAL formed in both systems are made of a
disordered network, close to amorphous SiO, [26] even though they also contain some other minor
elements. This result markedly differs from that obtained on SON68 glass, for which an ordered iron
silicate network is frequently observed when the glass is altered in Cox groundwater in the vicinity of
an iron source [25]-[27], [29], [41]. In these systems, iron phyllosilicates form by a
dissolution/reprecipitation mechanism. As opposed to a micro/nanostructured Fe-rich GAL, the term
“gel” will be used instead of “GAL” for the remainder of the article.
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Figure 4: Scanning electron micrographs (backscattered electron) of the AVM glass cross section faced to C-steel in the CBG-
free (a) and CBG-containing (c) systems. STXM spectra collected in the region of interest (i.e. pristine glass, gel and silicates
when present) for the CBG-free (b) and CBG-containing (d) systems. Cracks in the gels were formed during sample
preparation.

Depending on the glass alteration mechanism, a low porosity gel can form and enhances its protective
properties, limiting exchange between glass and solution species, and increasing Si retention in the
GAL [13], [51], [74], [75]. To better understand the passivation mechanism of AVM glass, the
microstructure of the gels was investigated using high resolution transmission electron microscopy
(HRTEM). As expected, no visible pores were detected in the pristine glass (Figure 5-a). Note that the
resolution of the HRTEM, combining analysis limits and our measurement error, is around 1-2 nm.
Conversely, spherical shaped pores were detected in the two gels. According to image processing,
about one third of the area is covered by pores. While an overlap of pores located at various depths
within the ~100 nm thick foil cannot be excluded, which may lead to a possible bias in the
measurement, a reasonable estimation of pore diameters can be provided. According to TEM
micrographs in both systems (Figure 5-b,c), pore size is ranging between 14 nm to 20 nm (17 nm
average, 0 =2 nm, 20 values). Although the literature reports pore size within gels ranging between <1
nm up to 80 nm depending on the conditions (e.g. glass composition, alteration conditions, ...) [14],
[15], [39], [40], [50], [76], no data on gel porosity are available regarding specifically AVM glass.
However, if one consider valid what has been obtained on other borosilicate glasses such as ISG, a



passivating gel is expected at the nanometer range [14], [72]. This would suggest that the large pores
observed in the gel formed on AVM glass should render the gel less protective than a gel with a clogged
porosity.

AVM pristine glass gel in CBG-free system : - gel in CBG-containingsystem

Figure 5: HRTEM analyses of gels formed on AVM glass faced to C-steel in the PG (a), in the gel of the CBG-free system (b)
and in the gel of the CBG-containing system (c). Pores apprear in light-grey on these images. No pores are visible in PG. Pores
with diameters ranging between 14 nm and 20 nm (17 nm average, ¢ = 2 nm, 20 values).

The only difference regarding the two systems is the presence of Si-Fe-O and/or Si-Mg-O secondary
phases on top of the gel only in presence of CBG. In our previous paper we suggested that these phases
had formed during the experiment [36]. Here their formal characterization proves that they were
provided by claystone and/or CBG rather from precipitation from glass elements, as no silicon
depletion occurred in the glass. HRTEM analyses performed in the Si-rich phases indicate the presence
of crystallized clay sheets (Figure 6), with inter-reticular distances of 12.4 A (o = 1.5 A, 45
measurements), corresponding to the doo: distance of smectite [77]-[79]. Then STXM spectra at Si K
and Fe L-edges were collected for smectite identification at the same location. Si K-edge spectra (Figure
4-d, green spectrum) present two absorption peaks at 1846.6 eV (A) and 1863.3 eV (D), but differ from
SiOzam) With a peak at 1856.8 eV (C).

Figure 6: HRTEM analyses performed in the Si-Fe-O and Si-Mg-O phases along the gel surface in the system containing CBG.
(a) HRTEM micrographs highlight the presence of crystallized clay sheets. (b) and (c) magnified HRTEM micrographs of the
crystalline phases with inter-reticular distance of 12.4 A (o = 1.5 A, 45 measurments) compatible with smectite group.



Then experimental spectra were decomposed by linear regression using the reference database of
SiOzam) and smectites (3 saponites, 2 nontronites, 1 hectorite and 1 montmorillonite [26]). Best fit
(Figure 4-d, orange spectrum) was obtained with 57% of montmorillonite, 17% of nontronite and 26%
of SiOym) (Table 9), identifying 2 dioctahedral smectites (montmorillonite and nontronite) and a Si-
amorphous phase (silica probably). Superposition of the experimental spectrum with the fitted one,
the R? = 0.99 and x2<0.01 attest to the excellent quality of the decomposition. Fe valence state (Table
9) determined in the precipitated smectites using STXM at Fe L-edge (Figure 7) was in accordance with
the dioctahedral smectites (i.e. montmorillonite and nontronite).

= [SNN (S [N
P I (

Intensity (a.u.)

[Ny

695 705 715 725 735
Energy (eV)
Figure 7: STXM Fe L-edge spectra obtained in the Si-Fe-O and/or Si-Mg-O phases (identified as smectites by STXM at Si K-edge

and HRTEM, Figure 4 and Figure 6 respectively) along the gel surface in the CBG-containing system suggesting mixed iron
valence in reported in Table 9.

Table 9: Decomposition of the Si K-edge spectra (in green, Figure 4-d) and Fe L-edge (Figure 7) obtained in the phyllosilicates,
along the gel surface at the AVM glass/steel interface, with CBG in system.

Edge decomposition (+2) R2 X

SiK 54% SWy2 montmorillonite + 17% NAu2 nontronite + 26% SiOz.m) | 0.99 |0.004
Fe L, spectrum 1 32% Fe" + 68% Fe" 0.98 | 0.02
Fe L, spectrum 2 53% Fe' + 47% Fe" 0.94 | 0.01

After one-year of reaction, AVM glass formed a 5 pum-thick Na-depleted GALs in both systems (with
and without CBG). We noticed that the concentration of Si in PG and gel were unchanged, and that no
Fe precipitated in the gels. This result is also supported by the absence of secondary phases on the top
of the gels. Therefore, it is possible to conclude that the gel formed in the two systems resulted from
interdiffusion along with B dissolution, although no direct observations for B have been supplied. Pores



of 14 to 20 nm in diameter were detected, revealing an unclogged porosity. Neither the CBG addition,
nor the increase in pH have had a significant impact on glass alteration in the tested conditions. Rates
calculated from gel thickness are in average 32 times smaller than the initial dissolution rate at the
same pH, temperature and solution composition conditions. The absence of any CBG effect on AVM
glass durability is confirmed at various time points, according to the gel thickness measured over time
through identical mockups run for 6 and 24 months (Figure 8). Indeed, the quantities of altered glass
follow the same trend, and the alteration rate drop is close with and without CBG, reaching
rocox' 7006/53 after 24 months. Hence the rate drop was probably caused by a reduced diffusion of
species through the gel layer, even if it is not excluded that both passivation effects and chemical
affinity coexist (the first one being predominant). Indeed many studies highlight that the only affinity-
limited glass dissolution is not enough to explain the context-dependant rate drop [80]-[82], and a
residual rate could be obtained mainly with the amorphous layer [83].
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Figure 8: gel thicknesses measured on the AVM glass/C-steel/claystone mockups altered for 6, 12 and 24 months without
(black points) and with CBG (orange triangles). The error bars (standard deviations) are indicated for each value but are
sometimes hidden by the measurement point.

4) Conclusions

The chemical durability of AVM V4 non-radioactive glass was evaluated through two experimental
mockups including C-steel, Callovo-Oxfordian (Cox) claystone and either the presence or absence of a
cementitious bentonite grout (CBG). Solid-state characterizations were performed at the glass/C-steel
interface for both CBG-free and CBG-containing systems. This study investigates on the coupled
processes of steel corrosion and glass alteration, focusing on the influence of corrosion products on
the formation and passivating properties of the glass alteration layer.

No Fe/Mg silicate mineral resulting from glass alteration and C-steel corrosion were formed. The
presence of CBG did not hinder the formation of the amorphous gel layer on AVM glass surface. This
result is notable, as ordered Fe-rich silicate networks, observed in other nuclear glasses such as SON68,



can negatively affect the properties of the alteration layer in presence of an iron source. Under the
tested conditions, CBG had no direct impact on glass alteration. The gel maintained an open porosity,
with pore sizes ranging from 14 to 20 nm. Glass alteration rates were primarily governed by reduced
diffusion through the gel layer and the chemical affinity related to silica concentrations in solution. The
moderate alkalinity induced by CBG (pH 8-10 at 70°C) did not affect glass dissolution but was sufficient
to ensure the stability of magnetite, which formed an interfacial iron oxide a few hundred nanometers
thick. This magnetite layer may contribute to reducing the corrosion rate of C-steel under repository
conditions by acting as a diffusion barrier that controls iron release. These findings are critical for
refining predictions of multi-barrier system behavior and improving model extrapolation at the waste
package scale.
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