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Abstract

This paper presents X-ray reflectometry and nitrogen adsorption results on alteration films formed at the surface of
the French high level radioactive waste reference glass: SON68 glass (R7T7-type). For the first time, in situ (underwater)
X-ray reflectometry has been used to investigate the alteration of this nuclear glass. A morphological evolution of
alteration films is proposed and related to different steps of alteration kinetics. Initially a de-alkalinized glass layer is
obtained, followed by the formation of a gel having an open porosity. Subsequently the gel densifies as the glass alteration
rate decreases and finally the pore size increases upon formation of a dense and thin zone within the film. The latter dense
zone within the gel could constitute a diffusive barrier. This hypothesis is also discussed for simplified glass gels.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Studying glass alteration mechanisms is required to
build predictive models for long-term behavior of high
level waste (HLW) glass in disposal conditions. During
HLW glass dissolution, an alteration film is observed.
For the SONG68 glass, a R7T7-type nuclear glass [1], this
film consists of de-alkalinized glass, a gel [2] and crys-
talline phases, like phyllosilicates and rare earth phos-
phates [3,4]. For alteration between 50 and 100 °C, the
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gel is the most important component of the alteration
film. It is an amorphous and hydrated material formed
by recondensing crosslinking species (Si, Al, etc.). This
gel tends to retain long-lived radioactive species con-
tained in the glass and leads to a decrease of four orders
of magnitude of the alteration rate compared with the
initial dissolution rate [5-8]. Gel features depend on
glass composition [9] and alteration conditions [10].
Predictive models [11] take into account the protective
properties of the gel. In order to enhance the robustness
of these models, the knowledge of gel protective prop-
erties and its evolution during alteration should be
thoroughly studied.

A previous study showed the formation of a complex
density gradient within the gel during alteration [12]. In
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order to understand the gradient nature, X-ray reflec-
tometry (XRR) and nitrogen adsorption analyses have
been carried out on alteration films at different reaction
times. Experimental results are presented and a possible
morphological evolution of the alteration films of
SONG68 glass and simplified glasses (glasses 1 and 2) is
proposed.

2. Materials and methods
2.1. Sample preparation

The main glass used is the SON68 glass [1], a R7T7-
type nuclear glass, whose composition is detailed in
Table 1. Two simplified glasses (glasses 1 and 2), with
the same primary components and the same molar ratio
as the SONG68 glass [9] are also studied (Table 1). Glass 1
has an initial dissolution rate in pure water
(oo °c, ptizo) = 2.4 gm~>day™") close to that of SON68
(Fowo°c,phimg) = 2.2 gm~2day™!). In static mode, this
glass is approximately two or three times more altered
than SONG68 glass (thickness) and presents a continuous
decrease of the alteration rate [9]. The dissolution rate of
glass 2 is higher (ro -c, pri—o) = 8.5 gm~2day~") [9] and
an abrupt stop of alteration can be observed as shown in
Fig. 1. Alteration films of these two glasses do not
contain crystalline phases on the gel surface.

Monoliths of these three glasses measuring
25x25x%2.5 mm?® were cut from a large glass bar and
polished to grade 4000 with SiC paper. Monoliths were
then ultrasonically cleaned, first in acetone, in ethanol
and finally in deionized water. Powders were prepared
by grinding and sieving monolith glass blocks. Size
fractions obtained were 63-100 pm for SON68 glass,
5-20 pm for glass 1 and 40-63 pm for glass 2. These
fractions were cleaned following the same procedure as
for the monoliths. Specific surface areas measured by

Table 1

Composition (wt%) of SON68 and simplified glasses 1 and 2 [9]
Oxide Glass SON68 Glass 1 Glass 2
SiO, 45.48 58.07 59.80
AL O3 491 6.27
B,O; 14.02 17.92 18.45
Na,O 9.86 12.59 12.95
CaO 4.04 5.15 5.31
Li,O 1.98
ZnO 2.50
710, 2.65 3.49
Fezog 291
NiO 0.74
Cr203 0.51
P,0; 0.28

Others 10.12
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Fig. 1. Altered glass thickness Ee(B) evolution as a function of
time for glasses 1, 2 and SONG68 altered at 90 °C and
S/V = 8000 m~! [9].

krypton adsorption were 0.064+0.001, 0.337£0.001
and 0.173£0.001 m? g~!, respectively. Furthermore, the
glass-surface-area-to-solution-volume ratio (S/V) influ-
ences the alteration kinetics whereas the specific surface
area differences for these fractions size have no such
influence.

The experiments were carried out in static mode and
in a PTFE reactor at S/V = 8000 m~!. Before powders
were added, ultrapure water solutions were heated dur-
ing 2 h in an oven regulated at 90 £2 °C. Glass mono-
liths were altered within glass powder in order to ensure
the same alteration rate for the monolith and for the
powder by avoiding local concentration effects. All tests
are detailed in Table 2. The reactors were put during
alteration in an oven at 90t 1 °C. Monolith, powder
and solution samples were taken from the reactor at the
same time. Subsequently solution samples were ultrafil-
tered to 10.000 Da and diluted in an equivalent volume

Table 2

Summary report of different experiments performed at 90 °C,
S/V = 8000 m~! and characterization conditions for monoliths
and powders related to each tests

Test Time (day) Analysis conditions
Monolith Powder
SON68-0.4 0.4 w d
d
SON68-4 4 w d
d
SON68-7 7 w d
d
SON68-21 21 w d
d
SON68-62 62 w d
d
Glass 1 62 d na
Glass 2 62 d na

w: wet, d: dry, na: not analyzed.
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of 1 N HNO;. Acidified solutions were analyzed by
plasma atomic emission spectroscopy in order to deter-
mine atomic concentrations. For in situ characteriza-
tion, monoliths were collected and directly put in the
analysis cell. After characterization, monoliths were
rinsed with ultrapure water and dried in laboratory
atmosphere. The same dried surfaces were then ana-
lyzed. Powders were rinsed with 8 ml of ultrapure water
and dried in laboratory atmosphere.

2.2. Characterizations

Concentrations in solution were determined by
plasma atomic emission spectroscopy for Si, B, Na, Li,
Al, Ca. The precision is roughly 5% when the concen-
trations are above the detection limit (0.05 mg1~!). After
correcting the concentration values by the dilution fac-
tor that is due to dilution in the acid solution, the nor-
malized mass losses NL; (gm™2) were calculated from
the following relation (1):

NL, = —%, (1)

where C; (mgl1~") is the concentration of element i and x;
is the mass fraction of element i in the glass. NL; (gm~2)
is used to estimate the altered glass thickness Ee(B) (um)
calculated from a mobile element (B, Na) (2):

Ee(B) = —, 2)

py (gem™3) is the glass density.

The density of the altered glass pg, (gecm™3) (3)
corresponds to a glass in which the oxides are dissolved
in a volume corresponding to the thickness of the altered
glass Ee(B):

my —m
Psa :JPV7 (3)

my
where my (g) is the glass mass and mqyy (g) is the dis-
solved oxide mass in solution.
The mass of altered film per surface area unit mga
(1073 gm2) is defined by the following expression (4):

mgsA = Pgp X EG(B) X Sspe7 (4)

where S, (m*g~!) is the specific surface area.
Nitrogen adsorption measurements on altered glass
powder were carried out using a conventional volu-
metric apparatus Micromeritics ASAP 2010. Classical
characteristics related to the porosity of the sample
were obtained from isotherms such as pore volume,
specific surface area determined by the BET method
and the average pore size by the BJH model using the

adsorption branch of the isotherm curve [13]. Data are
first presented for a mass of altered glass powder in
order to have the specific surface area and pore vol-
ume for the total mass of glass, and secondly, for a
mass of altered glass using the mass msa as defined
before (4).

Density pr and thickness eg of alteration film on
monoliths were obtained from X-ray reflectivity mea-
surements. Reflectivity values are related to the electron
density of the layer and its substrate [14]. In situ mea-
surements were done at the European Synchrotron
Radiation Facility (ESRF) on the BM32 French beam
line (CRG-IF). The energy of the incident beam was
20.05 keV. The detector system is a Nal scintillator
coupled with a photomultiplier tube. Samples were
placed in a special cell equipped with two Nalophan®
windows.

XRR measurements on dried samples were obtained
with a Brucker D5000 diffractometer equipped with a
special reflectivity stage and a graphite monochromator
in the reflected beam. Cu-L;, (4 = 0.15051 and 0.15433
nm) radiation and standard 0-20 scan were used for the
data collections. The reflectivity stage is essentially a
beam-knife that cuts the beam in the center of the
goniometer and thus reduces the effective reflective area.
This area depends on the incident angle of the X-ray
beam and on the size of the central slit between the lower
side of the beam-knife and the sample surface. The
central slit size was typically 15 um. Step sizes and step
times were variable and chosen according to the inten-
sity measured during fast prescans in small angular
intervals. Reflectivity curves are generally presented as
the logarithmic evolution of the intensity received by the
detector as a function of the incident 0 angle. Details
concerning XRR application on alteration film are
available in [12].

All XRR-related calculations were performed with
the program IMD 4.1 [15]. This program was used to
adjust the experimental reflectivity curves to models in
terms of density, thickness and roughness of a few
layers. Fig. 2 shows the location of layers and their
parameters (o;/;: interfacial roughness, eg;: layer thick-
ness, pg;; layer density). First, layers and substrate
densities are adjusted to the small angles experimental
data points. Secondly thickness and roughness were
adjusted to the full experimental curve. In our exper-
imental conditions, the results are given with a preci-
sion of £0.1 gem™ for pg;, and *1 nm for eg;. For
some simulations, an abrupt interface was replaced by
a graded interface. A graded interface consists of one
or more layers whose optical constants vary gradually
between the values for the pure materials on either
side of the interface. A graded interface is described
by several parameters as shown in Fig. 2: the thick-
ness of the graded interface eg;, the number of layers
comprising the graded interface ng, the distribution
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Fig. 2. Schematic representation and location of different layers simulated and description of the graded interface. eg;: layer i
thickness; pg;: layer i density; eg;: graded interface thickness; ng: number of layers comprising the graded interface; X;: distribution

factor of the graded interface.

factor X; which determines the location of the graded
interface relatives to the original abrupt interface.

Ultramicrotome cross-section of altered glass 2 pow-
der prepared according to the technique by Ehret et al.
[16] were observed using a transmission electron micro-
scope Philips CM 120 (TEM).

3. Results and discussion

Studies on SONG68 glass alteration [16-18] showed
that alteration kinetics in static conditions start by an
ionic exchange between modifier cations from the glass
and protons from the solution. This process is com-
monly called the interdiffusion process. The second step
is the hydrolysis of the silicate network at an initial rate
that depends on the matrix. The third step is charac-
terized by a drop in the alteration rate by several orders
of magnitude compared with the initial rate, then fol-
lowed by a quasi-constant residual rate. The goal of this
study is to relate the morphology of the alteration layer
at the different alteration steps.

Fig. 3 and Table 3 show the thickness Ee(B) and the
density pg, of SONG68 altered glass as a function of time.
Density and porosity data for the altered glass are
analyzed on monoliths and powders during these dif-

ferent alteration steps. Two kinds of analyses were done
on SONG68 altered glass. First, altered monoliths were
analyzed by in situ and ex situ (i.e. on dried samples)
XRR to obtain the density py and the thickness eg of
alteration film. Reflectivity curves obtained in situ and
with dried monoliths are presented in Figs. 4 and 5, and
simulation results of experimental curves are summa-
rized in Table 4. Then, altered glass powders were ana-
lyzed by nitrogen adsorption in order to assess the open
porosity. Data collected are summarized in Table 5.
Pore size distributions of altered glass powders are
presented in Fig. 6.

In the following analysis, several morphologies of
SONG68 glass alteration film are proposed and related to
alteration steps (Fig. 7). The importance of the gel as a
diffusive barrier is also discussed for alteration layers of
the simplified glasses 1 and 2.

3.1. First step: interdiffusion step

As solution analysis shows (Table 3), after 8 h of
reaction, the alteration rate drops by about one order
of magnitude compared with the initial rate dissolu-
tion (ro(90 oc, pr—9)/20). The reflectivity curve of sample
SONG68-0.4 w in situ (Fig. 4) shows a low amplitude
fringe. The best simulation corresponds to a graded

Ee(B) (nm) Pg, (g.om)
‘...A.----—----n--A------------------------.---....._.._..‘
80 1.7 SONG68-62 L 15
SON68-7 SON68-21 :
1
L 0.5
20 Y SON68-0.4
0 T T T T T T 0
0 10 20 30 40 50 60 70

time (days)

Fig. 3. Evolution of altered glass thickness Ee(B) (nm) — (@) and density determined by solution analysis ps, (gcm™) — (A). Different

tests SON68-0.4 to SON68-62 are located on the figure.
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Table 3

Alteration time for different experiments, thickness Ee(B) (nm), density pg, (gcm™3) of altered glass and rate drop ro/7(B) determined

by solution analysis

Test Time (day) Ee(B) (nm) pas (gem™) ro/r(B)
SONG68-0.4 0.4 16 1.50 20
SONG68-4 4 50 1.66 80
SONG68-7 7 56 1.68 360
SONG68-21 21 59 1.70 4000
SONG68-62 62 71 1.75 3000
Glass 1 62 147 1.70 1000
Glass 2 62 221 1.72 >10000
Fo(soNes) = 2.2 gm72jl, Fo(glass 1) = 2.4 gm i, Fo(glass 2) = 83 gm~2j~!, r(B) = ANL(B)/Ar.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

1 1 1 1 1 1

0

. SON68-0.4 w

log I/IO

SONG68-4 w
1
SONG68-7 w
SONG68-21 w
SON68-62 w

Fig. 4. Experimental and simulated reflectivity curves of altered
SONG68 glass in situ for samples SON68-0.4 w to SON68-62 w.
The curves have been shifted vertically for the sake of clarity
(X wave line 4 = 0.06184 nm).

SONG68-0.4 d

SONG68-4 d

SONG68-7 d
|
SONG68-21d

b SONG68-62 d

Fig. 5. Experimental and simulated reflectivity curves of altered
SONG68 glass after drying for samples SON68-0.4 d to SON68-
62 d. The curves have been shifted vertically for the sake of
clarity (X wave line 4 = 0.15433 nm).

interface thickness similar to that of the layer, meaning a
density gradient is in the whole alteration layer. The
mean density varies from the glass density pg = 2.7
gem™3, to a density close to the one of de-alkalinized

glass pp = 1.9 gem™>. Previous studies have already
showed the formation of this interdiffusion layer [12].
The analyzed layer mainly consists of de-alkalinized
glass and of a small amount of gel formed at close initial
dissolution rate condition (step of initial dissolution
rate is about 5 min). This gel contribution decreases
the global density of the layer. The XRR results for
dried sample SON68-0.4 d are similar as those for
SON68-0.4 w. Drying has no measurable effect on this
layer. The porosity analysis performed on the corre-
sponding dried powder (Table 5) indicates a porosity
with a mean pore diameter of 3.6 nm.

3.2. Second step: gel formation

After 4 days of alteration (test SON68-4), the drop in
the alteration rate is moderate compared with the pre-
vious step (ro(90 °c, p—9)/80) (Table 3). Simulation of the
reflectivity curve for sample SON68-4 w shows that the
thickness increases and the density of the alteration layer
decreases. The density contrast for this sample is located
between the layer and the de-alkalinized glass and not
between the layer and the glass as in the previous test.
The gel is the main component of the layer. For the
dried sample SON68-4 d, a small layer contraction (5%)
can be detected. Porosity analysis carried out on the
corresponding dried powder shows a strong increase of
both specific surface area and pore volume. The pore
size distribution leads to a mean pore size of 5 nm. This
value is of the same order of magnitude as the surface
roughness found with reflectivity on the dried and in situ
sample (SON68-4 w and SONG68-4 d). At this reac-
tion progress, the amount of altered glass still increases
(Fig. 3), which means that fresh glass is still accessible to
water. Consequently, the altered glass porosity which
is measured can be applied to the total volume of
the gel.

Thus, the alteration layer consists of a de-alkalinized
glass layer and a gel with an open porosity with a mean
pore diameter of 5 nm (Fig. 7).



Table 4

Reflectivity curves simulation results of in situ and dried altered monoliths

Sample Layer 2 Layer 1 Substrate Graded interface

Gairj2 (nM) ery (nm) prz (gem™) oy (nm) er; (nm) pri (gem™) oy (am)  pg (gem?) eGr nG X;

(nm)

SONG68-0.4w  1.1%£0.2 18%1 1.9+0.1 - - - 2.0 2.7+0.1 18 20 1% substrate
SONG68-4w 5%£0.2 24+ 1 1.5%0.1 - - - 1.5 2.0%0.1 1 10 50% substrate
SONG68-7Tw 6%0.5 35+2 1.8+0.1 - - - 1.0 22+0.1 2 20 50% substrate
SONG68-21w 7£0.5 38%2 1.8%£0.1 1.2 24+%0.1 2 20 50% substrate
SONG68-62w 7%£0.5 361 1.5+0.1 1£0.2 3%0.5 1.9+0.1 1.3 2.6+0.1 1 20 50% substrate
SON68-0.4d  1.5£0.2 181 1.9%0.1 - - - 2.0 2.6%0.1 18 10 1% substrate
SONG68-4d 6%0.5 23%2 1.7+£0.2 - - - 1.5 2.6+0.1 1 10 1% substrate
SONG68-7d 7£0.5 3310 2.0%0.2 — - - 1.5 2.6%0.1 - - -
SONG68-21d 8+1 36+1 22+0.1 - - - 1.5 2.7+0.1 5 10 50% substrate
SONG68-62d 7£0.5 27+1 1.5%£0.1 2+0.2 6%0.5 2.0%0.1 0.5 24%0.1 25 10 60% layer 1
Glass 1 4+0.5 250+ 50 1.9+0.1 0.8+0.1 9%0.5 22+0.1 0.8+0.1 2.6+0.1 - - -
Glass 2 0.5%£0.1 19+1 1.3£0.1 3+0.2 37030 0.8%£0.1 0.5%£0.1 2.0%0.1 - - -

eg;: layer i thickness; pg;: layer i density; eg;: graded interface thickness; ng: number of layer comprising graded interface; X;: distribution factor of graded interface.
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Table 5
Nitrogen adsorption results of altered glass powder

Tests Altered glass powder Altered glass Mean pore size
_ _ — - (nm)
Sepe (m2 gA:)) 143 (Cm3 gA}:) Sspe (mz gAé;) 143 (Cm3 gAlc,)
SONG68-0.4 d 0.29£0.01 0.00023 £ 0.00002 148%1 0.15%£0.05 3.6
SONG68-4 d 0.64£0.05 0.00071 £0.00002 108%1 0.11£0.05 4.5
SONG68-7 d 0.74+0.02 0.00081 £ 0.00002 113£1 0.11£0.05 4.5
SONG68-21 d 0.84%0.01 0.00111 £0.00002 121%1 0.16£0.05 8.0
SONG68-62 d 0.83£0.03 0.00102 £ 0.00002 99+1 0.13£0.05 8.0

Results are reported to the total mass of altered glass powders (AP) and to the mass of altered glass (AG).

0.00121 SONG8-0.4
- SON68-4
ffffffff SONG8-7
< —— SON68-21
él) 0.0008 SON68-62
o
£
2
(="
> 0.0004-
0.0000 ; .
1 10 100

diameter (nm)

Fig. 6. Pores size distribution determined by BJH method for
the dried altered glass powder, samples SON68-0.4 d to SON68-
62 d.

3.3. Third step. gel densification

Altered glass thickness as a function of time pre-
sented in Fig. 3 shows a decreasing alteration rate be-
tween 4 and 7 days. The alteration rate drops by about
two orders of magnitude (7o c, pr—9)/360) (Table 3).
This decrease could be explained by an increase of the
gel density. Sample SON68-7 w shows both an increase
of the thickness and a densification of the alteration film
(Table 4). This densification goes with a small increase
of the graded interface thickness. The reflectivity curve
of the dried sample SON68-7 d is very difficult to model.
Drying can cause an increase of layer inhomogeneities,
leading to adjustment parameter difficulties. Neverthe-
less, it can be concluded that there is a small contraction
of the layer. This contraction cannot be quantified be-
cause of high experimental uncertainty (Table 4). The
pore volume and specific surface area for the mass of
altered glass powder increase (Table 5). Pore size dis-
tribution shows a mean pore diameter of 5 nm with a
formation of larger pores as shown in Fig. 6.

The alteration film consists of de-alkalinized glass
layer and a gel with a porosity similar to the gel of
previous step, but presenting a higher density and a
thicker graded interface (Fig. 7). The thickness increase

of graded interface could explain the decreasing of
alteration rate.

3.4. Fourth step. high alteration progress

At high alteration progress (21 and 62 days), the
alteration rate becomes quasi-constant to reach the so-
called residual rate [19]. For the SONG68 glass, the
alteration rate drops by more than three orders of
magnitude (Fig. 3 and Table 3). Several hypotheses
could explain the existence of this residual rate: the
water diffusion in glass [20], the precipitation of sec-
ondary crystalline phases that consume elements from
the protective gel layer and the evolution of the porous
texture of the gel. In our samples, no secondary crys-
talline phases has been observed by SEM on the gel
surface. The kinetics of formation of these phases can
change from one experiment to another [21]. Here we
retain the hypothesis of an evolution of the porosity.

3.4.1. Pore size increase

The reflectivity curve of sample SON68-21 w in situ
at 21 days of alteration presents some low intensity
fringes. The thickness er and density pp of alteration
film increase, and this is confirmed by results from
solution analysis (Tables 3 and 4). The reflectivity curve
of the same dried sample SON68-21 d exhibits a concave
form (Fig. 4). This concave form can be attributed to the
formation of a density gradient within the alteration
layer. Porosity analysis of altered glass powder shows a
smooth increase of pore volume and specific surface area
per mass unit of altered glass powder. The pore size
distribution shows the shift to larger pores with a mean
diameter of 8 nm (Fig. 6). This observation can be re-
lated to the layer roughness (7 nm) obtained by simu-
lation. This phenomenon cannot be assigned to an
Oswald ripening process by dissolution-redeposition
which should lead to an increase of the pore size asso-
ciated with a decrease of the specific surface area and
with a constant value of the pore volume. In our
experiment, specific surface area and pore volume both
increase. This phenomenon is assigned to the gel alter-
ation.
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Fig. 7. Schematic representation of the different steps of the morphological evolution of SON68 glass altered layer, tests SON68-0.4 to

SON68-62 w and d.

At this reaction progress, alteration film consists in
de-alkalinized glass layer, a graded interface in a gel
composed of an open porosity with a mean pore size of 8
nm diameter (Fig. 7).

3.4.2. Dense and thin layer formation within the gel
After 62 days of alteration the thickness of the al-
tered glass increases smoothly. Intense concave forms on
reflectivity curves of samples SON68-62 w and SON68-
62 d can be related to the formation of a thin and dense
layer (Figs. 4 and 5) [12,22,23]. Results from simulation
for sample SON68-62 w show a 3 nm layer denser than
the layer above (Table 4). An example of simulation
without a 3 nm layer is shown in Fig. 8. Porosity results
for the altered glass powder do not vary between 21 and

62 days. The dense layer might not be accessible to
nitrogen, therefore the gel volume analyzed at 62 days
could correspond to the less dense gel pg = 1.5 gem™
also analyzed by nitrogen adsorption at 21 days.

At high reaction progress, the gel can be divided in
two parts: a porous part with open porosity in contact
with water and a denser part at the surface of de-alka-
linized glass (Fig. 7).

3.5. Relation between a dense zone within the gel and a
strong decrease in the alteration rate

The formation of a dense zone in gel which could
constitute a diffusive barrier decreasing or blocking
alteration is not specific to the SON68 glass alteration
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Fig. 8. Experimental and example of simulation with one layer
-3

for the sample SON68-62 w. eg; = 36 nm and pg; = 1.5 gem™,
Gairy1 = 7 nm and o/, = 1.3 nm (X wave line 2 = 0.06184 nm).

film. Monte Carlo simulations, based on hydrolysis and
recondensation probabilities of each element, of simple
glasses, show an alteration blocking associated with a
closing gel porosity (data not published). Reflectivity
curves of altered glasses 1 and 2 are consistent with this
phenomenon.

For glass 1 altered during 62 days, in the same con-
ditions as those of SON68 glass, the concave form of the
reflectivity curve and simulation results, are in agree-
ment with a denser zone (Fig. 9). An example of simu-
lated curve without a denser zone is also presented in
Fig. 9 (glass 1 sim2). This zone is located between a thick
gel in contact with water, and the glass. At this alter-
ation progress, the rate has dropped by about three
orders of magnitude compared with the initial dissolu-
tion rate (Table 3) [9].

For the glass 2 the alteration kinetics is different.
After 15 days, the alteration completely stops (Fig. 1 and

0.0 0.2 04 0.6 0.8
6(°)

o 2 s
EO -3 glass 1 sim 1
2

T glass 1

-6 glass 1sim2

Fig. 9. Experimental (glass 1) and simulated reflectivity (glass 1
siml and glass 1 sim2 without a dense layer) curves of altered
glass 1 (X wave line 1 = 0.15433 nm).

less dense gel

dense gel

Fig. 10. TEM image of the altered layer of glass 2.

Table 3). Analysis of a glass sample altered during 62
days at 8000 m~!, with transmission electronic micro-
scopy, has shown two layers, one rather dense surface
and another less dense layer underneath (Fig. 10). The
layer located in surface is thick enough to be observed.
The simulate reflectivity curve of glass 2 altered during
62 days (Fig. 11) is consistent with this dense layer and
another layer less dense located below. Other simula-
tions (glass 2 sim2 and sim3) with a single layer shows
that the two-layers hypothesis is apparently more
correct. The thin surface layer could constituted an

log /1

élass 2 sim3

Fig. 11. Experimental (glass 2) and simulated (glass 2 sim1 and
glass 2 sim2) reflectivity curves of altered glass 2. Glass 2 sim2:
eri =370 nm and pp; =08 gem™, 0wy =1 nm and
o1/s = 0.5 nm. Glass 2 sim3: eg; = 19 nm and pg, = 1.3 gem™3,

Gairy1 = 3 nm and o/, = 0.5 nm (X wave line 4 = 0.15433 nm).
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alteration blocking zone. So far, explanation about this
layer location is unknown.

Gel morphology seems to be strongly linked with
the alteration kinetics and at glass composition which
manage the competition between the diffusion of the
species to the solution and their recondensation. The
formation of a dense and thin zone, related with a de-
crease or a blocking in the alteration, brings some
important information about the gel protective proper-
ties, even if the formation mechanisms are not clearly
explained.

4. Conclusion

For the first time in situ XRR measurements were
performed on alteration films. The coupling of XRR
with nitrogen adsorption have brought some important
and complementary information about the SONG68
alteration film evolution. A morphological evolution of
this alteration film and the formation of a thin and dense
layer within the gel have been proposed from the XRR
simulation results. This dense and thin layer could play
the role of a diffusive barrier. In order to bring other
evidence of this dense and thin layer for a very long
alteration times, others analyses in situ by XRR will be
carried out and coupled with grazing incidence small
angle X-ray scattering to gain access to both open and
closed porosities.
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