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Abstract

Under the context of long-term geological disposal of nuclear waste glass, the present work
investigates the effect of initial states on the glass chemical durability in the vapor phase and
during subsequent leaching. Glass with different finishing steps of polishing and thermal
annealing were prepared, vapor-hydrated, and aqueous-altered. Multiple characterizations of
mechanical properties and structural modifications were performed to understand the
reduction of vapor hydration rates with annealed glasses. Discussions on the degradation of
mechanical properties provide insights to understanding the variations of glass chemical
durability, which shows a feasible approach to link mechanical and chemical studies together.
By looking into the release of boron in the vapor phase, similarities between glass vapor
hydration and glass aqueous alteration at residual rate are noticed, which allow the proposition
of mechanisms of boron release. Characterizations of the hydrated-then-altered glass reveal
the transport-limiting property of the vapor hydrated layer.

Keywords
Borosilicate glass; Vapor hydration; Chemical durability; Mechanical properties

1. Introduction

Hydration of vitrified nuclear glass in the unsaturated vapor phase is considered to be a realistic
scenario within the context of nuclear glass long-term disposal. The humid repository
environment in the deep geological disposal facilities could make the vapor hydration of
nuclear glass an important aging process which would influence the subsequent release of
radionuclides confined in the vitrified glass matrix. Various studies have been carried out to
investigate the nuclear glass hydration in the unsaturated vapor phase by using the same
autoclaves in which relative humidity is controlled by saline solution that is separated from the
glass sample by a Teflon holder [1-7]. Different affecting parameters have been evaluated,
including temperature, relative humidity (RH), pH (that is controlled by the vapor compaosition),
and glass composition [1-6]. Recent studies draw attention to the effect of initial surface state
(roughness, glass stress state) on the glass vapor hydration [7,8]. In the studies of hydration
of SONG68 glass (French inactive nuclear glass) in the vapor phase, Jegou et al. [8] found a
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higher apparent activation energy than the one reported by Bouakkaz, revealing the impact of
glass initial states on vapor hydration [9]. The difference in activation energies implies also the
difference in the mechanisms of glass vapor hydration which have not been clearly established
yet.

In terms of elemental releases during glass vapor hydration, previous studies showed that the
vapor hydration of iodine-bearing borosilicate glass (VNal glass) was accompanied by the
partial releases of B, Na, and | in the vapor phase, while the other network formers (Si and Al)
were totally retained [7]. The continuous release of boron in the vapor phase makes it possible
to trace the glass vapor hydration kinetics by following the boron release. In the studies of
borosilicate glass alteration in the aqueous phase, boron is typically used as a tracer of glass
dissolution because of its high mobility and low retention in the altered layer [10]. However, a
study on the mechanism controlling the residual rate of glass aqueous alteration proposed to
reconsider the role of boron as a tracer because the residual rate was found to be controlled
by the behavior of boron, which can, in turn, be retained in the alteration layer [11]. In the
borosilicate glass structure, boron could be found in either three-coordinated BOs or four-
coordinated BO.. As a cross-linking network former, the departure of boron is considered to
be responsible for both the creation of nanopores, and the formation of silanol groups which
may promote the re-polymerization of the remaining silicate network and thus affects
significantly the glass corrosion [12]. Considering the important role of boron during glass
agueous alteration, its behavior may also influence the hydration of glass in the vapor phase.
During the alteration of borosilicate glass in the aqueous phase, the transformation from BO4
to BOs via hydrolysis process and the preferential release of BO3; have been revealed by both
solid sample characterizations and simulation works [13—-17]. Though the preferential release
of three-coordinated BOs; was also suggested in the study of glass vapor hydration [7], the
mechanism of boron release in the vapor phase is still unclear. On the other hand, previous
study showed a retention of about 90% iodine in the vapor-hydrated layer [7]. Considering the
fact that the vapor-hydrated glass will eventually end up being altered in an aqueous solution,
the stability of hydrated glass in contact with aqueous solution should be investigated to have
a comprehensive evaluation of the glass chemical durability.

In this study, the surfaces of monoliths of iodine-bearing borosilicate glass (VNal) are prepared
with different finishing steps of polishing and thermal annealing in order to study the effect of
what we defined as the “initial sate” on mechanical properties, hydration and alteration kinetics.
The so prepared samples are firstly hydrated in the vapor phase, then altered in deionized (DI)
water to evaluate their chemical durability. By comparing the behavior of samples in the vapor
phase, the impacts of initial states on the glass hydration kinetics is discussed, which bring
lights to the rate-limiting mechanisms of glass vapor hydration (especially the mechanisms of
boron release). Solid state characterizations are performed to obtain elemental profiles and
structural information of the hydrated and altered layers, which suggests a transport-limiting
property of the pre-hydrated layer.

2. Materials and Methods

2.1. Sample preparation

The borosilicate glass sample VNal is provided by CEA (the samples used in the present study
are from the same batch used in a previous study [7], with compositions given in Table Al, in
Supplementary data). Glass monoliths with a dimension of 10mmx5mmx1mm were cut. Glass
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monoliths were firstly polished to 3um by using SiC papers from P800 grade to P4000 grade
then with diamond suspension of 3 um. The polished glass samples were cleaned with acetone,
deionized (DI) water, and ethanol in the ultrasonic bath. The samples polished to 3um are
denoted as P-3 type samples. To study the effect of the glass surface initial state on
mechanical properties and chemical durability, some of the P-3 samples were further polished
by CeO: slurry to optical quality (Chemical mechanical polishing (CMP) with CeO,). After
cleaning the glass by the same procedure described above, the sample was annealed at
540 °C for 2h then cooled down slowly to room temperature. The prepared glass samples are
denoted as P-3-C-A type samples. To investigate the effect of annealing on glass vapor
hydration, a third type of glass surface initial state was prepared by annealing the P-3 samples
with the above-mentioned annealing procedure (denoted P-3-A). Table 1 summarizes the
samples considered in this study and the corresponding preparation procedures. P-3, P-3-A,
and P-C-3-A represent three initial surface states and define what is called later the pristine
state (or pristine glass). The term ‘hydrated glass’ denotes the glass samples hydrated in the
vapor phase, and ‘altered glass’ for samples altered in the aqueous phase.

Table 1 Summary of glass samples, preparation process, and characterizations
Type 3um CeO; Anneal Name Hydrated Characterizations/Tests

PG-3-1 No ToF-SIMS
PG-3-2 No AFM/Nano-indentation
i PG-3-3 No Chemical durability (60 days)
P3 Yes No  No  poay NO Chemical durability (2 days)
VNal-22 Yes ToF-SIMS/Chemical durability
VNal-24 Yes
PG-C-A-1 No ToF-SIMS
PG-C-A-2 No AFM/Nano-indentation
s PG-C-A-3 No Chemical durability (60 days)
P-3-=C-A Yes Yes Yes poca4 No Chemical durability (2 days)
VNal-31 Yes TEM//Nano-indentation
VNal-32 Yes
VNal-26 Yes
P-3-A  Yes No  Yes PG-3-A No AFM/Nano-indentation
PWD-PG No NMR
Powder - - No PWD-H Yes NMR

2.2. Chemical durability tests

Chemical durability of pristine glass samples was tested in both vapor phase and aqueous
phase. In the vapor phase, hydration tests were performed at 90 °C in a stainless autoclave
(same experimental set-up and method as in our previous study is described in [7]). 8 mL of
NaCl saline solution (1.75 wt%) was used to control the relative humidity fixed to 99%. The
hydration kinetics was followed by applying the physical and chemical methods as detailed in
the previous study [7]. The physical method is based on the analysis of glass samples by FTIR
Spectroscopy (Bruker-Tensor 27), through which the thickness of hydrated layer could be
estimated (as detailed in Supplementary Note 1 in Supplementary data). The chemical method
is based on the analysis of saline solution by an inductively coupled plasma mass spectrometry
(Quadrupole ICP-MS Xseries 2, Thermoelectron).

In the agueous phase, the chemical durability was tested by leaching the glass samples in
deionized (DI) water at 50 °C in static mode. Alteration tests with two durations were carried
out to determine the initial alteration rate and the elemental release behaviors during longer
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term. The short-term alteration tests lasted for 2 days with pristine glass samples altered in 15
mL of DI water at 50 °C. Samplings of 0.6 mL of solution were performed after 2, 4, 8, 24 and
48 h of alteration. The longer-term alteration tests lasted for 60 days with pristine glass samples
altered in 27 mL of DI water at 50 °C. Samplings of 1 mL of solution were performed after 1, 7,
14, 28 and 60 days of alteration. The initial surface area to solution volume (SA/V) ratio is 3.2
mtand 8.5 m*for alteration tests of 60 days and 2 days, respectively. The ratios are chosen
to avoid important variations in SA/V ratios resulting from the samplings and to obtain sufficient
elemental concentrations in the leaching solution to facilitate ICP-MS analyses.

The chemical durability of the hydrated VNal sample was also tested. To verify if there was
initial large release of elements at the beginning of the glass aqueous alteration, 4 cycles of
rinsing were performed with the hydrated sample. For the rinsing procedure, the hydrated
sample was firstly put in 5 mL of deionized water for 1 h at 50 °C; then the hydrated glass was
taken out of the first rinsing solution, put in 5 mL of fresh DI water, and altered at 50 °C for
another 3 h; the same process was repeated with increased alteration time steps (4 h then 16
h). After the rinsing process, the rinsed sample was altered in 27 mL of DI water at 50 °C.
Samplings of 1 mL of solution were performed after 1, 7, 14, 28 and 60 days of alteration.

The collected leaching solution was analyzed by ICP-MS for boron, silicon, and iodine
concentration. Boron and silicon were analyzed in HNO3 with beryllium and scandium as an
internal standard. lodine was analyzed in NHsOH with indium as an internal standard. The

limits of quantification are 0.05 pg-L'1 for boron, 6.6 pg-L'1 for silicon, and 0.01 pg-L'1 foriodine
with relative uncertainties of 5 t010%.

The kinetics of glass alteration can be indicated by the normalized mass loss of element i (NL(i),
g m?):

NLO)=—s (1

v

with C; the concentration of element i in solution (g m™), X; the weight fraction of element i in
pristine glass, and SA/V the ratio of the glass surface area to solution volume (m™).

From the normalized mass values, it is possible to calculate the equivalent thickness of the
altered layer:

ET=% @

with p the density of pristine glass (provided in Table A1).

2.3. Solid characterization techniques

2.3.1 Atomic force microscopy (AFM) and Instrumented Nano-indentation:

The 3 types of pristine glass samples were investigated for surface roughness, hardness and
reduced elastic modulus characterization. The surface roughness of the surfaces was
measured by atomic force microscopy (AFM ICON, from Bruker using TAP300AI probes) using
tapping™ mode, which was calibrated with silicon atomic steps. For each type of surface
preparation, 4 different zones of 5 x 5 um? were imaged. Topographical data were post treated
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with Gwyddion software [18] and reported values of roughness (Rq) are mean values (and
associated standard deviation values) computed over those 4 different zones. Nano-
indentation tests were carried out with a nano-indenter testing device (T1-950 from Bruker, with
nano-DMA head) equipped with a Berkovich indenter at ambient conditions (21-22 °C, 42-46%
relative humidity). The partial unloading (PUL) mode with 20 partial unloading segments on
the loading curve and maximum forces (Pmax) of 1 mN and 9 mN was used for probing the
evolution of mechanical properties as a function of depth at the nanometer scale (as shown in
Fig. A2 in Supplementary data). For each (pristine and hydrated) sample at 1 mN (9 mN)
indentation maximum load, 150 (50) indents having 20 measurement steps were performed at
a constant loading rate for statistic, and at two different randomly chosen areas on the sample.
Before that the frame compliance and the contact area (A¢) of the indenter were corrected and
calibrated respectively according to the well accepted method described in [19] and using a
silica sample that was glued along with the other tested samples of this study with phenyl
salicylate onto the stainless-steel plate of the nano-indenter. A was calibrated for a 5 to 80 nm
contact depth.

The Oliver and Pharr method was applied to determine, from the load-displacement curves,
the hardness (H) and the indentation modulus E; [19]. In the Oliver and Pharr method, the
contact depth (he) at maximum load is provided by Eq. (3) where hmax is the maximal
penetration depth measured at maximum load, Pmax, and the right term of the equation stands
for the elastic deformation of the indented surface where ¢ is a geometrical constant (¢ = 0.75)
related to the indenter geometry and S is the contact stiffness at unloading defined by Eq. (4):

Pmax
he = Nimax - €% ()
dP 2
S= _h = WTE,-\/AC (4)

with h the displacement of indenter.

From hmax, Pmax @and S, and knowing Ac(hc) by calibration, the hardness (H) equals to the mean
contact pressure at Pmax and the indentation reduced modulus (E;) may be computed by Egs.
(5) & (6) (for diamond indenter, E = 1141 GPa and Poisson’s ratio v = 0.07):

H = Prax/Ac (%)

1/Er — 1/Er

, indenter

1
+ 6
/Er, sample ( )
Note that for partial unloading mode, a value of both H and E; is computed from each of the 20
partial unloading segments lying between 0 and Pmax. Due to the large amount of data, post
processed indentation measurements were processed using Jupyter notebook environment.

2.3.2 MAS NMR spectroscopy

In order to obtain the glass structural information in the pristine and hydrated glass, 'B, 2Na,
and ?’Al Solid State Nuclear Magnetic Resonance (NMR) analyses were performed. Glass
powder was prepared by crushing and sieving particle sizes between 100 and 125 um. The
glass powder was hydrated during 150 days in a climatic chamber (WEISS WKL64) set at
90 °C and RH at 95%. NMR analyses were carried out with a Bruker Avance 11l 500 MHz
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spectrometer using a 2.5 mm Magic Angle Spinning (MAS) probe. The glass powder was
loaded into ZrO, rotor with Teflon caps. MAS frequency was set to 30 kHz and recycle delay
set to 10 s for !B and 1 s for 2Na and ?’Al. MAS spectra were acquired with a radio frequency
field strength of 11 kHz and with a single pulse excitation of 11/10 for !B spectra, 1/9 for #Na
spectra, and 11/14 for 2’Al spectra. The spectra were referenced against Al(NO3)s and NaNO3
aqueous solutions and against 1 mol L boric acid solution (19.6 ppm) for 2’Al and ?Na and
11B, respectively. B spectra were firstly processed to remove the probe background and the
contribution of satellite transitions to the central band of the spectrum [20,21]. The processed
spectra were decomposed by using DMFit2020 freeware [22]. The simplified decomposition
method proposed by Jolivet et al. was used to determine the N4 ratio (fraction of four-
coordinated boron over total boron) [21].

2.3.3 Time-of-Flight Secondary lon Mass Spectroscopy

Glass samples were analyzed by Time-of-Flight Secondary lon Mass Spectroscopy (ToF-SIMS)
for elemental profiling. The profiles of negative secondary ions were obtained by alternating

analysis and abrasion cycles. Primary ions of Bi§ were applied for abrasion cycles at 25 keV.

The analyzed area was 50x50 um?. At the end of the analyses, the depth of the crater was

measured by a mechanical profilometer. The sputtering rate was assumed to be constant over
time and calculated by dividing the depth of the crater by the total abrasion time. The elemental

profiles were then obtained by considering the constant sputtering rate. The analysis was

conducted with pristine P-3 and P-3-C-A samples, hydrated VNal-22 sample, and hydrated-

then-altered VNal-22 sample.

To investigate the passivating property of the altered layer on the hydrated-then-altered VNal-
22 sample, after the first profiling analysis with ToF-SIMS, the sample was immersed during
24 h at room temperature in an 20 labeled water doped with methylene blue (molecule with a
1 nm hydrodynamic diameter). Initial isotopic ratio of 80/*%0 was 0.86. After 24 h’ alteration,
the sample traced with 8O and methylene blue was dried by blowing air to remove water
adsorbed on the external surfaces, then plunged in liquid N2 (77 K) for 10 min to freeze the
sample (minimize the pore water mobility). The frozen sample was mounted on a cooled
sample holder for ToF-SIMS profiling.

3. Results

3.1. Characterization of pristine state samples

3.1.1 Roughness and mechanical properties of pristine state samples

The 3 types of pristine surface states were characterized by AFM for the initial surface
roughness (Rq) (Fig. 1), which gave 5.82 + 0.12 nm, 5.79 + 0.37 nm, and 1.46 + 0.35 nm for
P-3, P-3-A, and P-3-C-A samples, respectively. The polishing process with CeO; slurry
reduced significantly the surface roughness, while the effect of annealing has no noticeable
effect on the surface roughness.
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Rq= (5,82 +/- 0,12) nm

Rqg= (1,46 +/- 0,35) nm

300 ~ 85uN

Fig. 1. AFM topography of the VNal glass surfaces as a function of surface preparation: (a)

polished with a 3um sized diamond suspension (P-3); (b) same as (a) with a subsequent
thermal annealing at Tq for 2 h (P-3-A); (c) chemical-mechanical polished with CeO,, and
annealed at Tg4 for 2 h (P-3-C-A). On figure (b), triangles illustrate the equivalent size of the
indentation imprint at hmax for loads equal to 1000, 300 and 85 pN. Roughness values were
averaged over 4 different areas of 5x5 um?for each sample.

10 4

B 4P b

Hardness H, (GPa)
[=2]
1

P-3.CA

P-3

P-3-A

P-3-C-A (9 mN)
P-3 (9 mN)
P-3-A (9 mN)

alsals ol ahsaks o

0 1 1 1 T 1 1
0 50 100 150 200 250

Indentation maximum penetration depth hpmax, (nM)

Fig. 2. Evolution of hardness as a function of penetration depth measured by instrumented
Berkovich indentation test using a partial unloading set up (20 segments) with maximum
loads of 1 mN and 9 mN made on P-3, P-3-A, and P-3-C-A samples. For the 1 mN maximum
load data set two areas were tested with 150 indentations imprint each; for 9 mN 50 to 60
indentations were made. Data points represent the mean value of H from each unloading
segment (at a constant load P) at the corresponding mean indentation depth both plotted
along with the error bars (+ 1 Standard deviation).

The hardness H and the reduced modulus E; of the 3 types of pristine glass samples were
determined by instrumented nano-indentation as a function of maximum penetration depth
(hmax) into the surface. Regarding the elastic property (Ersampe, Shown in Fig. A3 in
Supplementary data), the surface preparation has no detectable effect on its value, without
any differences being largely within the error bars (+ 1 standard deviation) from 20 nm up to
more than 250 nm for hmax. FoOr depth values below 20 nm, a slight difference of few GPa is
noticeable between the unannealed sample P-3 and the annealed ones (the shallower the
depth, the larger the difference). For hardness (Fig. 2), the trend is different: P-3-C-A and P-3-
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A exhibit the same behavior on the whole range of tested penetration depth, while P-3 presents
a rather different one. From more than 250 nm down to 150 nm, He.3 has the same and
constant value (H = 8.2 + 0.6 GPa) as the ones measured for P-3-A and P-3-C-A samples. For
smaller penetration depths and as penetration depth decreases, Hp.; deviates from the
constant H values measured for the 2 other samples and decreases in a non-linear way down
to 4.9 + 0.9 GPa (40% decrease). It is also worth noting that the variability of both H and E;
measurements on P-3-C-A sample is much lower than the one of P-3 and P-3-A samples, it is
certainly a direct effect of a lower surface roughness for P-3-C-A when compared to the two
others.

3.1.2 Elemental profiles of pristine state samples

To characterize the surface of the pristine glass chemically disturbed by the preparation
process, the pristine P-3 and P-3-C-A samples were analyzed by ToF-SIMS. Fig. 3 gives the
profiles of H, B, Na, Al, and |, normalized firstly to the intensity of Siin the disturbed zone then
to the intensity ratio with Si in the pristine glass (PG) (Eq. (7)).

Intensity of element i
Intensity of Si (7)

Normalized intensity of element i= /ntensityofe,emen“

Intensity of Sl) PG

——H

100 4

=
o
L

Normalized intentity (a.u.) ’9?
p
[y

o©
=

(b) 0.01 4
e
S 1004
2
g 104
E
©
()
e 14
=
S
S 01-
0.014 P-3-C-A
0 10 20 30

Depth (nm)

Fig. 3. ToF-SIMS profiles of pristine (a) PG-3-1, the glass sample polished to 3 um (type P-3)
and (b) PG-C-A-1, the glass sample polished to 3 um and with CeO: slurry then annealed
(type P-3-C-A).
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Siis chosen as the reference for normalization because of its high concentration in VNal glass.
For both samples, it can be seen from Fig. 3 that the first 20-30 nm (estimation mainly based
on the depth of H penetration, from a mechanical viewpoint) of the surface has been altered,
which is characterized by a depletion in B, Na and |, and an enrichment in H. This pre-altered
layer is usually referred to the Beilby layer formed during the sample polishing [23]. By looking
at the profiles of different elements, the estimation of the Beilby layer (or the pre-altered layer)
thickness could give different values. In the studies of glass vapor hydration, the commonly
used altered layer thickness estimation method considers the thickness to be the depth at
which the concentration of B is half of its concentration in the pristine glass [5,7]. The Beilby
layer thickness based on boron profiles is about 11.4 nm for polished-only PG-3-1 sample and
about 9.2 nm for polished-then-annealed PG-C-A-1 sample. Considering the 10% error for the
estimated thickness by ToF-SIMS [24,25], the thicknesses of the Beilby layer are similar
between the two analyzed samples. The profiles of H show a larger depth of water penetration
in the polished-only sample than in the annealed sample. Besides, within the thicknesses of
the Beilby layers (11.4 nm and 9.2 nm, respectively), it could be calculated that about 75% of
B, 76% of Na, and 90% of | are lost from the outmost surface of P-3 sample (PG-3-1), while
84% of B, 41% of Na, and 90% of | from the annealed P-3-C-A sample (PG-C-A-1). On the
other hand, the recovery of Na can be observed after sample annealing by comparing the
profiles of B and Na between P-3 and P-3-C-A samples.

3.2. Chemical durability of glass in the vapor phase and in the aqueous phase

Fig. 4a shows the variations of vapor hydrated layer thickness estimated by FTIR
measurements and by the analysis of boron concentration in saline solution. As a general
observation, a good repeatability could be found between samples of the same initial surface
state. Vapor hydration rate can be estimated through the increase of hydrated layer thickness.
An initial hydration rate is calculated by considering the increase of hydrated layer thickness
from the beginning of the tests (t = 0 day) to the first FTIR measurement. A reduced initial
hydration rate is calculated between the first FTIR measurement and the end of the experiment.
Fig. 4b gives the vapor hydration rates for the tested samples. For both initial and reduced
rates, the polished-only P-3 samples showed significantly larger hydration rate than the
annealed P-3-C-A and P-3-A samples.

(a) 12

~

O

~
»

VNal-22
VNal-24
VNal-26
VNal-31
® VNal-32

VNal-22_IR
VNal-22_B
1.04 VNal-24_IR

VNal-24_B
& VNal-26_IR
® VNal-3L IR
—O—VNal-31_B
e VNal-32_IR
—o—VNal-32_B

N
o
L
a e

o
o]
1

H
o1
—_—
—

=
o
L

Thickness (um)
o
Q@
Vapor hydration rate (nm d™)

0.4 T
54
=
0.0+ T - T 0 T ' L] -~
0 100 200 P-3 P-3-C-A P-3-A P-3 P-3-C-A  P-3-A
Time (day) Initial rate Reduced initial rate

Fig. 4. Vapor hydration kinetics of the 3 types of glass samples: (a) variation of hydrated
layer thickness; (b) Initial rate and reduced initial rate. Initial rate is calculated by considering
the increase of hydrated layer thickness from the beginning of the tests (t = 0 day) to the first
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IR measurement. The reduced initial hydration rate is calculated between the first IR
measurement and the end of the experiment.

Fig. 5a, b & ¢ shows the evolution of the alteration layer thickness estimated based on B, I,
and Si release from the longer-term (60-day) alteration tests. Similar variations of thickness
could be found between P-3 and P-3-C-A samples despite of their difference in initial states.
However, for the short-term (2-day) alteration tests (Fig. 5d), greater quantity of boron was
released from the non-annealed P-3 sample. Table 2 summarizes the vapor hydration rates
(based on FTIR measurements) and the aqueous alteration rates (based on boron release) for
the tested samples. The aqueous alteration rates are calculated by dividing the NLg at 60 days
and at 2 days by the total alteration times, respectively.
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Fig. 5. Data from alteration of pristine glass in DI water at 50 °C. Variation of alteration layer
thickness during 60 days of alteration of PG-3-3 (type P-3) and PG-C-A-3 (type P-3-C-A),
with thickness estimated based on the release of (a) boron, (b) lodine, and (c) Silicon. (d)

Variation of alteration layer thickness during 2 days of alteration of PG-3-4 (type P-3), PG-3-

A (type P-3-A), and PG-C-A-4 (type P-3-C-A), with thickness estimated based on boron
release. The initial SA/V ratio is 3.2 mtand 8.5 m™for the longer-term alteration during 60
days and for the 2-days shorter6-term alteration, respectively.

After 126 days of hydration in the vapor phase, the hydrated VNal-22 sample was cut into two
pieces. One piece of the hydrated sample was used for the characterization of vapor hydrated
layer. The other piece was rinsed and altered in DI water for 140 days. Fig. 6 shows the release
of B, I, and Si from the hydrated glass. Comparing the release of elements from the pristine
glass and from the hydrated VNal-22, important reduction in iodine and silicon release is

noticed from the hydrated sample, while the release of boron from the hydrated sample is not
10
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passivating property of the pre-hydrated layer.
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Fig. 6. Data from alteration of hydrated VNal-22 in DI water at 50 °C. Normalized mass loss
of (a) boron and iodine, and (b) silicon from the alteration of pristine glass (PG-3-3, type P-3)
and from hydrated VNal-22.

Table 2 Summary of vapor hydration rates and aqueous alteration rates.

Sample Sample Initial vapor Reduced initial Short-term Longer-term
type name hydration rate vapor agueous agueous
(nm d?) hydration rate  alteration rate alteration rate
(nmd?) (nmd?) (nmd?)
P-3 VNal-22 148+ 25 59+1.4 446 + 50 109 £ 13
VNal-24 13.7+2.3 51+22
P-3-C-A  VNal-31 52+09 1.1+0.2 26+ 2 100 £ 12
VNal-32 6.7+1.1 0.7+0.2
P-3-A VNal-26 1.8+0.3 0.1+£0.2 39+3 Non analyzed

Vapor hydration rates are calculated by considering the variation of physical thickness (based
on FTIR measurements). Aqueous alteration rates are calculated based on boron release.

3.3. Characterization of hydrated and hydrated-then altered samples

3.3.1 Degradation of mechanical properties of the hydrated layer

After 209 days of hydration in the vapor phase, FTIR spectrum taken on the hydrated VNal-31
gave a hydrated layer thickness of 264 + 44 nm (FTIR spectra of hydrated and pristine glass
samples are given in Fig. Al in Supplementary Data). The hydrated VNal-31 was cut then
characterized for hardness and reduced elastic modulus by performing nano-indentation tests
at different penetration depths. The hydrated glass samples of type P-3 and P-3-A were not
characterized by nano-indentation tests because of the important surface roughness, which
would introduce a tremendously large uncertainty on the measurements.

Partial unloading (PUL) instrumented nano-indentation tests allow for exploring the evolution

of mechanical properties (H and E: sampe) @s a function of indentation depth. Results are

reported in Fig. 7 and in Fig. A3 in Supplementary data. For the data sets (P-3-C-A & VNal-

31), matrices of 10x15 indentations with a maximum load of 1 mN were made at two different

and randomly chosen areas. 10x10 indentations matrices were also carried on at a third spot

location this time with a maximum load of 9 mN. H and E; sample Values computed from each
11
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PUL segment of each of the 400 curves (8000 data points in total) are reported in Fig. 7 and
Fig. A3, respectively. On Fig. 7 was also added previous measurements obtained for P-3-C-
A and P-3 pristine surface states.
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Fig. 7. Evolution of the sample’s hardness (H) as a function of penetration depth (hmax), at
each partial unloading segment (20 segments, Pmnax=1 and 9 mN) performed on P-3-C-A and
VNal-31 samples. While only the mean value and error bars (+1 standard deviation) are
reported for P-3-C-A and P-3 pristine state samples, which sets up an upper limit to the
possible values of H for the hydrated glass. For the homogeneous area of the VNal-31
sample (purple points), all the measured values from the data set are reported along with the
mean value and error bars computed for each segment (same maximum load). Scattered
data points reported in green and in blue stand for different tested areas of VNal-31 with a
maximum load Pmax equal to 1 mN and 9 mN respectively.

The first remark is the large distribution of the data points for each considered depth, which
may be understood in terms of heterogeneity of the surface in response to indentation.
Nevertheless, this large distribution lies between an upper limit set by the properties of the
pristine glass (especially mean values of Hp_3 at low penetration depth and a lower limit. The
latter is defined from the measurements made at low loads on a quite homogeneous area of
the hydrated surface and is illustrated in Fig.7 by the purple data points for which H does not
depend on the indentation depth. This zone is considered to provide the mechanical properties
of the hydrated zone of the glass sample (Hna = 3.2 GPa and E;nya = 40.0 GPa).

Following the increase in penetration depth, higher H and E;sampie Values are found. Thus, the
large scattering of the data points between the upper and lower limit values of H and E;, sample
reflects the heterogeneity of the hydrated surface in terms of thickness of the hydrated layer.
Nonetheless, only few measurements asymptotically reach the hardness of the pristine glass
at larger penetration depth (200-300 nm). Regarding E: sample, the same trend is observed (Fig.
A3), yet not as clear as for H. This is not unexpected as the hydrated sample may be crudely
described as a soft and compliant thin hydrated layer on top of a harder and stiffer substrate.
As plasticity is more confined around the indenter than elasticity is, E; is expected to be more
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affected (at a shallower indentation depth) by a substrate effect than hardness values. In other
words, for very large penetration depth, when compared to the hydrated layer thickness, values
of the pristine glass are expected for H and E;sampie. The plots of H- E;sample provides another
way of looking at the data (see Fig. A5 in Supplementary data), which confirms this behaviour

The inhomogeneity of the surface hydrated layer reported through mechanical properties
characterization is compatible with surface observations from TEM-EDX analysis performed
on a thin foil extracted from the hydrated surface (Fig. A6 and A7 in Supplementary data). The
later revealed also the inhomogeneity of the hydrated surface of the VNal-31 sample (Fig. A6).
Besides, no-significant change in chemical composition was observed (Fig. A7).

3.3.2 B-NMR of pristine and hydrated glass

MAS NMR spectroscopy was used to characterize the pristine and hydrated glass powder (with
initial particle size between 100 and 125 pm). As seen in Fig. 8.
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Fig. 8. MAS NMR spectra of pristine and vapor hydrated VNal glass: (a) !'B spectra of
pristine and hydrated glass; (b) 22Na, and (c) 2’Al spectra normalized to the surface area, with
hydrated glass spectra subtracted by a fraction of the pristine glass spectra.

The ?’Al MAS NMR spectrum of the pristine VNal shows a broad asymmetric resonance due
to both distributions of electric field gradient (EFG) and of isotropic chemical shifts. The ?’Al
MAS NMR spectrum can be fitted by a single line (‘Czsimple’ model of DMFit freeware) at 62
ppm (diso, isotropic chemical shift), Co = 4.9 MHz (mean quadrupolar constant) and FWHM(CS)
= 11 ppm (full width at half maximum of the Gaussian distribution of isotropic shifts). The
spectrum of the hydrated glass shows a slightly narrower resonance, which is due to the
presence of neighboring water [26]. Similar reduction of linewidths of 2’Al MAS NMR spectra
was also observed for glass samples altered in the aqueous phase [26,27]. Spectral
decomposition gives 0iso = 62 ppm, Cq = 4.1 MHz and FWHM(CS) = 7 ppm. Hence, for both
pristine and hydrated glass samples, Al only occurs as AlO4 and no evidence of the presence
of AlOg is found (expected at ~0 ppm) after alteration.

The 2Na MAS NMR spectrum of the pristine VNal also shows a broad featureless asymmetric

resonance. The ZNa MAS NMR spectrum can be fitted by a single line (‘Czsimple’ model) at

Oiso = -5 ppm with Cq = 3.0 MHz and FWHM(CS) = 21 ppm. Here again, the 2Na MAS NMR

spectrum of the hydrated glass sample exhibits a more symmetrical line shape with reduced
13
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linewidth due to the presence of neighboring water. A new narrow peak is observed at about
2.1 ppm, which may indicate the formation of sodium-containing secondary (possibly
crystalline) phases.

1B MAS NMR spectra show narrow and broad resonances for BO, (“B) and BOs; (BB),
respectively [20,28,29]. The fraction of BO4 over total boron (N4 ratio) can be determined rather
easily through the area under the MAS peaks. Therefore, the simplified peak decomposition
approach proposed by Jolivet et al. was applied [21]. The N4 ratio is determined to be 0.71 for
pristine glass and 0.83 for hydrated glass powder. Though an increase of N4 ratio from 0.71 to
0.83 is found, it should be noted that the pristine glass could still be present beneath the
hydrated layer that covers the external part of the glass particles. As a result, the N4 ratio of
the hydrated layer could be higher than 0.83. The experimental spectra of the partially hydrated
glass sample could be considered as the sum of the pristine one and the totally hydrated one.
However, the NMR spectra of a totally hydrated sample is unknown in our study. In this case,
only a maximum contribution from the pristine glass could be estimated by subtracting the
spectrum of the partially hydrated sample by the spectrum of pristine sample while maintaining
the positive intensity for the subtracted spectrum. The NMR spectra were firstly normalized to
the surface area. With the 2Na NMR spectra, a maximum fraction of 46% is found. Interestingly,
the same fraction is obtained with the 2’Al spectra. Taking into account the 46% of the pristine
glass in the partially hydrated glass sample, the N, ratio for the totally hydrated layer is
calculated to be 0.93, which indicates the predominance of four-coordinated boron in the
hydrated layer.

3.3.3 Elemental profiles of hydrated and hydrated-then-altered P-3 samples

The hydrated VNal-22 and the hydrated-then-altered VNal-22 were characterized by ToF-
SIMS for elemental profiling in the degraded layers. The profile of hydrated VNal-22 has been
presented in the previous study, showing a hydrated layer of 830 nm with 9% of boron and 92%
of iodine retained therein [7]. To further investigate the passivating properties of the hydrated
layer, the hydrated-then-altered glass was immersed during 24 h at room temperature in an
180 labeled water doped with methylene blue. The molecules of methylene blue have a
hydrodynamic diameter of 1 nm and can be traced by the profile of sulfur. The penetration of
methylene blue could imply the presence of pores or channels with diameters larger than 1nm.
The change of isotopic ratio of 20/**O could indicate the fraction of pores accessible to water
molecules.

Fig. 9a shows the ToF-SIMS profiles of hydrated-then-altered VNal-22 glass. The glass
sample was firstly hydrated in the vapor phase during 126 days then altered in DI water for
140 days. The elemental profiles in the hydrated-then-altered layer show depletion of boron
and sodium and retention of iodine, which are similar to the profiles obtained on the hydrated
VNal-22. Moreover, the great retention of iodine in the hydrated-then-altered layer is not
surprising because iodine was merely released during the alteration tests (Fig. 6). At about
1300 nm, a local maximum concentration of boron and iodine is observed indicating a possible
accumulation of boron and iodine at this depth. Based on the profile of boron, the thickness of
the hydrated-then-altered layer is estimated to be 8.3 um. The NLg obtained during the
alteration of the hydrated VNal-22 indicates that an altered layer of 8.7 um has been developed
after 140 days of alteration in DI water. However, it should be noted that the surface of the
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hydrated-then-altered glass shows a non-negligible roughness, which could induce great
uncertainties in estimating the thickness of the degraded layer.
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Fig. 9. ToF-SIMS profiles of hydrated-then-altered VNal glass (a) before and (b) after tracing
with 0 and methylene blue.

Fig. 9b gives the ToF-SIMS profiles obtained from the hydrated-then-altered glass sample
after tracing with 0 and methylene blue. The blocking barrier of boron and iodine release
(implied by the local maximum concentration of the two elements) is located at about 550 nm.
The thickness of the hydrated-then-altered layer is about 3.3 um. The difference in thickness
of the hydrated layer (or the depth of the blocking barrier) and of the hydrated-then-altered
layer could be due to the inhomogeneity of the degraded surface layer as the elemental profiles
are taken at different positions on the glass sample. The profile of methylene blue in the glass
sample is marked by the profile of sulfur. It can be seen that the methylene blue molecules did
not penetrate into the hydrated layer (or the hydrated-then-altered layer), which indicates that
pore sizes of the hydrated layer should be smaller than 1 nm.

By applying the method proposed by Gin et al., the fraction of pores accessible to water
molecules can be calculated based on the elemental and isotopic profiles obtained on the
hydrated-then-altered layer traced with 0 [25]. By supposing that the pores (assumed to be
spherical) in the hydrated-then-altered layer were created by the release of soluble elements
(B, Na, and | for the current VNal sample), the total volume of pores could be calculated based
on the elemental profiles. The ionic volumes considered in the calculation are given in Table
A2 in Supplementary data. The co-existence of three-coordinated BOs and four-coordinated
BO4 has been considered when calculating the total pore volume, with the N4 ratio (equals to
0.71) determined by NMR analysis of pristine VNal glass powder. However, the modification
of N4 ratio in the altered layer was not considered. With the calculated total pore volume in the
hydrated-then-altered layer, a hypothetical isotopic ratio of ¥0/**0 could be determined by
assuming that all the pores are filled with the 80 labelled water. On the other hand, the ToF-
SIMS analysis provided experimental profile of 30/*°0 in the hydrated-then-altered layer. The
isotopic profile was firstly corrected by fixing the isotopic ratio in the pristine glass to the natural
abundance of 0O (0.002). The fraction between the corrected isotopic ratio and the
hypothetical isotopic ratio could then be considered as ratio of pores that are accessible to
water molecules during 24 h of alteration. Fig. 10 shows the low fraction of accessible pores,
about 3-4%, in the first 1800 nm of the hydrated-then-altered layer. It should be noted that the
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calculation of the accessible pores fraction considered only the oxygen exchange among water
molecules. In the altered layer, oxygen of water molecules may exchange continuously with
oxygen atoms from silanols and structural (bridging) oxygen. Nevertheless, the low exchange
ratio of oxygen is attributed to the self-reorganization of the altered layer, explaining its
passivating property [25]. For the small value of fraction of accessible pores observed in this
study, especially within the first 500 nm (corresponding to the vapor-hydrated layer),it suggests
also the blocking properties of the hydrated layer in limiting the transport of boron and iodine
ions with water molecules.
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Fig. 10. Fraction of pores accessible to water molecules in the hydrated-then-altered layer.

4. Discussions

4.1 Impacts of polishing and annealing on glass initial states

Characterizations of the pristine glass samples of different initial states (P-3, P-3-A, and P-3-
C-A) showed the existence of an outmost layer that is physically and chemically modified by
the polishing process and by the subsequent thermal treatment. This modified layer is often
referred as the Beilby layer [30,31]. For oxide glasses, this layer results from both the
mechanical action of the slurries on the glass surface (densification, microcracks) and the
mechanochemical interaction of the slurry with the glass surface which lead to a gentler
material’s removal. The glass composition, the nature of the slurry as well as the supporting
medium (often a liquid) will affect the relative importance of the two above-mentioned
mechanisms and the properties of the resulting Beilby layer. Beilby layer is reported to be
composed of an outmost hydrated layer followed by a densified layer at deeper depth,
thicknesses of which will depend on the polishing parameters such as stress applied, liquid
used for polishing, and nature of the particles (diamond, alumina, CeO,...). Névot and Croce
reported a hydrated layer of 1.1 nm and a densified sublayer of several tens of nanometres’
thick having a maximum density at a depth of 5.1 nm for chemical mechanical polishing (CMP)
conditions with CeO-[32]. Using TEM, Toyolo et al. reported that the thickness of the modified
layer, depending on polishing conditions, could be up to 150 nm for polished PECVD SiO; film
deposited onto Si [33]. Further TEM investigations revealed the presence of 2 sub zones in
this hydrated layer: the first one, which was chemically altered, extends 3-4 nm below the
polished surface, while the second one whose thickness varies between 15 and 20 nm was
attributed to a plastically densified region. This structure of layers agrees well with values
previously reported using small angle X rays by Nevot and Bensch [32,34]. Therefore, as a
rule of thumbs, the main difference between CMP polished glass surface with CeO; (P-3-C-A
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sample) and diamond polished surfaces (P-3 samples) will be for the later: a larger thickness
of the pre-hydrated layer, the presence of a larger and deeper densified layer along with the
possible existence of sub surface damages (micro and sub microcracks).

The next point to be discussed is the effect of a high temperature (at transition temperature,
Tg) thermal treatment on the Beilby layer. First, it is well established that indentation-induced
densification is known to be totally cured by a sub-Tg (0.9*Tg, 2h) thermal treatment leading
to no difference in dissolution rate at a previously densified site once thermally cured [35-37].
Moreover, thermal treatment at T4 allows for both the dehydration and the dihydroxylation of
oxides glasses [38—40].

Considering the thermal cure of annealed samples, the decrease of hardness values with
decreasing penetration depth observed for P-3 sample only is related to the presence of a
modified and hydrated layer at the outmost surface. Furthermore, for soda lime and borosilicate
glasses, it was shown that the effect of the hydrated layer on the apparent elastic modulus
ceased at a penetration depth equal to the thickness of the hydrated layer [41]. From Fig. A3,
P-3 behavior departs slightly from the one of P-3-A samples within a penetration depth of about
20 nm, which would set an approximate value of this layer thickness. The later value agrees
well with the P-3 ToF-SIMS measurements reported in Fig. 3a, especially when remembering
that water content is known for altering the mechanical properties of glass [42,43] and
considering that hydrogen concentration is at a maximum value down to a depth of 15 nm
followed by a smooth decrease reaching the bulk glass value at a depth of approximately 25
nm.

4.2 Influence of initial states on glass vapor hydration

Glass samples (P-3-C-A) showed a net decrease in surface roughness after polishing with
CeO; slurry, while no effect of annealing was observed in modifying the surface roughness (P-
3 and P-3-A samples). When comparing the chemical durability in the unsaturated vapor phase
and in the aqueous phase (with short-term alteration tests), a major difference was observed
between the annealed and the unannealed glass samples. The two types of the annealed
samples (P-3-C-A, P-3-A) showed no noticeable difference in hydration kinetics, although a
smaller surface roughness was found on the P-3-C-A glass. These observations suggest thus
minor effect of surface roughness on the kinetics of glass vapor hydration.

As discussed above (Section 4.1), the polished P-3 glass may present a larger and deeper
densified layer along with the possible existence of subsurface damages (micro and sub
microcracks). The plastically densified layer is considered to be formed due to the compressive
stress created by contacting with the abrasive particles [44,45]. Molecular dynamics simulation
works concerning the chemical mechanical polishing of silicon showed the generation of huge
hydrostatic pressure in the local area [46]. Such densification behavior induced by hydrostatic
stresses was found to be comparable with the behavior of glass under indentation [47].
Consequently, we may consider that the densified layer formed during polishing process is
similar to the densified zone created by indentation. Besides, locally enhanced dissolution
rates were found at indentation sites on the glass surfaces (silica and floated window glasses)
[37]. Therefore, the densified layer formed during glass polishing may contribute to the
enhanced short-term alteration rate (Fig. 5d). As mentioned above, the indentation-induced
densification can be totally cured by the thermal annealing, which is also compatible with the
reduction of alteration rates as shown in the short-terme alteration data obtained with annealed
glass (Fig. 5d).
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Underlying the macroscopic densification are the modification in glass structural network. For
silicate glasses densified under high pressure or indentation, it has been found the decrease
of Si-O-Si angles between silicon tetrahedrons and the increase in Q. species (Si-O—
stretching in a structural unit with n non-bridging O atoms) at the expense of Qs species [48]
(Taniguchi 2004). Hence, the decrease in inter-tetrahedral angle could increase effectively the
chemical activity of Si-O-Si bonds, resulting in a lower resistance to hydrolysis [49]. These
structural changes can be identified by Raman spectroscopy, where the changes in mean
angle between silicon tetrahedrons could be characterized by a shift of Raman spectra towards
higher frequency at round 500 cm™ [48,50-52]. However, the structural modifications on the
annealed samples in this study were not successfully characterized with Raman spectrometry
(Fig. A8 in Supplementary data), which might be due to the relatively thin densified layer in
front of the spatial resolution of micro-Raman probe. Besides, the presence of boron in the
glass network leads to the mixture of B-O-B, B-O-Si, and Si-O-Si bonds, which makes it more
complex for interpreting Raman spectra.

Moreover, the role of boron should not be neglected because the hydration of glass in the
vapor phase is always accompanied by boron release. Studies showed that the thermal
annealing of the glass may lead to the increase of BO4 and decrease of non-ring BOs in the
glass matrix [13,53]. The current work confirms the preferential release of three-coordinated
BOs in the vapor phase by performing !B NMR analysis. Recent simulation work on
borosilicate glass-water interface showed that BO3 units are more accessible to water attacks
than BO4 units, which is surrounded by a higher amount of sodium [17]. As a result, the lower
release of boron from the annealed glass may be induced by the increase in the fraction of
tetrahedral BO4 whose release may require the prior hydrolysis of the B-O-Si bond.

4.3 Insights into the mechanism of boron release

Considering the possible hydrolysis process during glass vapor hydration, especially the
hydrolysis of B-O-Si bonds, linear regressions between chemical thickness (thickness of
hydrated layer estimated through boron release) and time (or square root of time) were
performed. As shown in Fig. 11, the increases of hydrated layer thickness for P-3 samples
(VNal-22 and VNal-24) are proportional to the square root of time, which suggests a diffusion-
controlled process of boron release [10,54]. By applying Fick’'s second law, the apparent
diffusion coefficients for boron were calculated to be (2.5 + 1.2) x 10%° m? s for P-3 glass
samples. For the P-3-C-A samples (VNal-31 and VNal-32), linear increases of hydrated layers
can be observed, which implies a hydrolysis-dominating process. As a matter of fact, the
constant rate of elemental release has been attributed to the contribution of hydrolysis reaction
in the studies of glass aqueous alteration [55]. It is therefore possible that the polishing process
has lowered the resistance for the hydrolysis of B-O-Si liaisons in the P-3 glass network, while
cured subsequently by thermal annealing in the P-3-A and P-3-C-A glasses. Consequently,
the hydrolysis process became a rate-limiting step for the hydration of annealed glass in the
vapor phase. The fact that a higher initial aqueous alteration rate is observed with the non-
annealed glass samples is compatible with the hypothesis of decrease of B-O-Si hydrolysis
barrier, because the hydrolysis process is considered to be a pre-dominant mechanism in
controlling the glass initial alteration rate [56,57]. To summarize, the linear regressions
performed on the P-3 and P-3-C-A samples suggest the co-presence of diffusion and
hydrolysis processes in controlling the release of boron during glass vapor hydration.
Noteworthy, between these two processes, the pre-dominant one should depend strongly on
the surrounding environment of boron, which consequently controls the kinetics of its release.
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Fig. 11. Linear fitting of chemical thickness: (a) chemical thickness of VNal-22 and VNal-24
versus square root of time; (b) chemical thickness of VNal-31 and VNal-32 versus time.

Considering the fact that both diffusion and hydrolysis are mechanisms that have been well
established to explain the release of elements in the aqueous phase [11,12,25,54,58—-62], the
proposition of the mechanisms of boron release during glass vapor hydration could be inspired
from these existing studies. Recent study on glass aqueous alteration in the silica saturated
condition also revealed the important role of boron in controlling the residual rate of glass
dissolution [11]. By looking into the experimental observations obtained from the experiments
of glass aqueous alteration in the silica-saturated condition and of glass hydration in the
unsaturated vapor condition, similarities in boron behaviour could be found. At residual
alteration rate, boron (about 12%) and alkali elements (about 25-30%) were found to be
retained in the altered gel layer [11,54]. Similar boron and alkali retention ratios were found
during the glass vapor hydration [7]. In the silica saturated condition, the release of Si from the
glass is largely limited while the release of boron continues [63]. In the unsaturated vapor
condition, only the release of boron in the vapor phase was detected. In a study of water
adsorption in the unsaturated vapor condition, Asay et al. suggested the presence of three
types of water layer structures at relative humidity (RH) higher than 60%: (1) the ice-like layer
covering the glass surface, preferably formed by interacting with the silanol groups; (2) a
transitional layer that links the ice-like layer and the outmost liquid water layer; (3) the outmost
liquid water layer with totally liquid-like configured water layer [64,65]. At 99%RH (the tested
experimental condition), tens of monolayers of water molecules could be adsorbed at the
surface, including monolayers of liquid-like water [64]. Due to the limited quantity of liquid-like
water on the glass surface, the fast increase or even the saturation of boron and silica in the
liquid-like water should be expected. Previous study showed that boron could be easily
evaporated in the vapor condition [7]. Following the fast increase of boron concentration in the
liquid-like water layer, the evaporation of boron could be a rate-limiting factor controlling the
rate of glass vapor hydration. Considering the similarity of glass hydration in the vapor phase
and glass alteration at residual rate and the previous discussions on the effect annealing, we
propose the following mechanisms of glass vapor hydration involving the release of boron:

a) Adsorption of water on the glass surface;

b) Diffusion of water in the glass network and release of Na by inter-diffusion;
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c) Proton (occurred after the inter-diffusion and loss of Na*) catalyses the hydrolysis of B-O-
Si bond (which is less resistant than Si-O-Si bond [58]);

d) Diffusion of BO3, aq towards the glass surface and accumulation in the liquid-like adsorbed
water layer,;

e) Evaporation of boron from the liquid-like water layer.

4.4 Transport-limiting property of vapor hydrated layer

It could be implied from the ToF-SIMS profiles of the hydrated glass that the pores in the
hydrated layer are mainly formed by the departure of boron and sodium. The release of boron
through hydrolysis and diffusion processes results in the formation of silanol groups. The
depolymerization of the silicate structure was found in the previous study through Raman
analysis [7]. Besides, the degradation of the physical properties in hardness and elastic moduli
is coherent with the depolymerization of the glass network. Though the preferential release of
boron leads to the increase in the fraction of four-coordinated BO. in the hydrated glass, it is
not contradictory to the apparent network depolymerization because of the small concentration
of boron left in the hydrated layer.

Alteration of the pre-hydrated VNal glass in DI water shows reduced release of iodine and
silicon, which suggests the role of hydrated layer as a blocking barrier. ToF-SIMS
characterizations of the hydrated-then-altered layer confirm the accumulation and blockage of
boron and iodine at the interface between the pre-hydrated layer and the newly developed
altered layer during glass aqueous leaching. During the leaching of the pre-hydrated VNal
glass, the release of boron was not influenced by the presence of the pre-hydrated layer.
Besides, the release of boron from the pristine glass and from the hydrated glass are both
proportional to the square-root of time, suggesting a diffusion-controlled process.
Consequently, the pre-hydrated layer could be considered as a transport-limiting barrier for the
release of elements during the subsequent leaching: with the ingress of water molecules
through the hydrated layer into the pristine glass, the B-O-Si bonds are hydrolyzed to allow the
detachment of boron from the glass network; then the release of the detached boron into the
leaching solution is limited by the process of diffusion through the pre-hydrated layer. In terms
of iodine retention in the hydrated layer during glass leaching test, aside from the transport-
limiting effect, it would be necessary to investigate the structural and chemical environment of
iodine, as well as sodium and aluminum which are usually found in the surrounding
environment of iodine [66,67].

4.5 Degradation of glass mechanical properties: thickness of the hydrated layer

The decrease of hardness with penetration depth of P-3 sample is well described by the
Korsunsky [68] model (Fig. A9 in Supplementary data) which has proven itself to be well suited
for describing the substrate effect on thin film mechanical properties measurements (H, E;,
sample) DY instrumented nano indentation. This confirms, if needed, the fact that a thicker softer
and certainly more compliant modified layer exists at the outmost surface of P-3 sample as
reported in a previous study [69]. Unfortunately, this model with the data in our possession
does not allow for the computation of a layer thickness without a proper calibration, which can
be done from the thickness (= 20 nm) of the hydrated layer provided by the ToF-SIMS
technique.
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Regarding the VNal-31 sample for indentation depths ranging from 10 nm to 400 nm, the whole
range of possible H and E;, sampie Values (from fully hydrated layer to bulk glass) are covered on
the VNal-31 sample surface (Fig. 7). This means that the thickness of the altered layer that
has developed at the surface of the sample is highly heterogeneous in thickness. Although the
Korsunsky [68] model stands for a homogeneous thin film on a homogeneous substrate
geometry, a rough estimation of a possible range of hydrated layer thicknesses is possible.
The procedure is explained, and results are presented in Supplementary data (Note 5). As
mentioned above, the Korsunsky model is calibrated with P-3 sample, then the model is
applied to VNal-31 data, the film thickness (t) becoming in this case the adjusting parameter.
From the H(hmax) values coming from 16 indentation curves randomly selected in the data set,
values of t ranging from 30 to 800 nm are obtained (Fig. A10 in Supplementary data). The
majority of the values lies between 100 and 200 nm (=50%), the rest is distributed as follow:
20-50 nm (25%), 200-500 (19%), 500-800(8%). The same method was applied to the VNal-31
homogeneous area, possible values of t were found to range between 600 and 800 nm. It is
interesting to note that P-3 H-hmax curve (Fig. 7) fits almost perfectly the outmost Hsample Values
of VNal sample, the two having similar hydrated layer thicknesses (20-30 nm range), although
their hardness value is different 4.8 GPa for P-3 and 3.2 GPa for VNal-31. Those values of t
compare well with other techniques used in this study in terms of: heterogeneity of the hydrated
layer that has developed on VNal-31 sample; thicknesses of the hydrated layer for P-3 sample
but also for VNal-31 sample for which the 264 nm obtained by FTIR compares relatively well
with the values reported above.

5. Conclusion

By studying the mechanical properties and boron release behavior between glass samples
possessing different initial states, we propose a mechanism of boron release involving the
hydrolysis of B-O-Si bonds followed by the diffusion of three-coordinated boron to the
glass/vapor interface. The preferential release of three-coordinated boron is confirmed by !B
NMR analysis. The reduction of glass vapor hydration rate observed for the annealed glass is
supposed to be caused by the increase in both the fraction of four-coordinated BO, and the
energy barrier for B-O-Si hydrolysis. As a result, the surrounding environment of boron in the
glass matrix could strongly influence the kinetics of glass vapor hydration. Glass structural
modifications indicated by the variations in hardness and elastic modulus bring lights into the
understanding of the glass chemical durability, which provides a feasible approach to link the
mechanical studies and chemical studies together.

Characterizations of the hydrated glass indicate degradation of the mechanical properties by
glass hydration. In the subsequent leaching tests with the hydrated glass sample, the hydrated
layer is found to be passivating. The transport-limiting property of the hydrated-layer is verified
by the characterizations of the hydrated-then-altered layer. With the tested samples, the initial
surface state (including the surface roughness and the surface chemical composition changes
induced by annealing) shows negligible effect on the glass vapor hydration. Similarities
between glass vapor hydration and glass alteration at residual rate are discussed, which
provide insights into further studies to understand the mechanism of glass vapor hydration.
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