
ARTICLE OPEN

Chemical durability of peraluminous glasses for nuclear waste
conditioning
Victor Piovesan1,2,3, Isabelle Bardez-Giboire1, Maxime Fournier 1, Pierre Frugier1, Patrick Jollivet1, Valérie Montouillout2,
Nadia Pellerin2 and Stéphane Gin1

For the handling of high level nuclear waste (HLW), new glass formulations with a high waste capacity and an enhanced thermal
stability, chemical durability, and processability are under consideration. This study focuses on the durability of peraluminous
glasses in the SiO2–Al2O3–B2O3–Na2O–CaO–La2O3 system, defined by an excess of Al3+ ions compared with the network-modifying
cations Na+ and Ca2+. To qualify the behavior of such a peraluminous glass in a geological storage situation, its chemical durability
was studied in various environments (pure water, groundwater, and alkaline solutions related to a cement environment) and glass
alteration regimes (initial rate, residual rate, and resumption of alteration). The alteration solution was characterized by inductively
coupled plasma, and the altered glass by scanning electron microscopy, X-ray diffraction and secondary ion mass spectrometry. A
comparative study of the chemical durability of these and reference glasses (ISG and SON68) over all timescales highlights the
remarkable properties of the former. While their initial dissolution rate is of the same order as the reference glasses, the gel formed
under silica saturation conditions is more passivating, making its dissolution rate at least one order of magnitude lower, while its
low alkalinity makes it less susceptible to clayey groundwater and highly alkaline solutions.
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INTRODUCTION
In France, high level nuclear waste is currently immobilized in
R7T7 borosilicate glass. The standard procedure for the manage-
ment of these waste packages over geological time scales is to
store them in a deep, low permeability and stable geological
formation, such as the Callovo-Oxfordian (COx) claystone that
France could choose. R7T7 glass can hold up to 18.5 wt.% of
fission products and minor actinides (FPA) and is currently the
optimal formulation in terms of thermal stability and long-term
behavior.1–3 However, to improve nuclear reactors efficiency,
spent fuel burn-up levels may still continue to increase in the
future, leading to higher concentrations of fission products and
especially minor actinides in reprocessed spent fuel. To limit the
number of vitrified canisters produced, new glass matrices with a
higher waste capacity are under study.4 Glasses with high rare
earth (RE) contents are particularly interesting since REs form a
substantial proportion of the waste and are commonly used as
non-radioactive surrogates for actinides.5–7

Two composition ranges, both in the
SiO2–B2O3–Al2O3–Na2O–CaO–RE2O3 system, have already been
explored.8–16 These two domains of composition are defined by
the molar oxides RP ratio, RP = ([M’O] + [M2O])/([M’O] + [M2O] +
[Al2O3]) with M and M’ corresponding to alkaline and alkaline-
earth elements, respectively. In a peralkaline glass (RP > 0.5), the
modifier ions are in excess with respect to the aluminum ions
whereas in a peraluminous glass (RP < 0.5), the aluminum ions are
in excess. The glass network and the structural role of the REs
differ substantially in these two composition ranges. In the
peralkaline domain, AlO4 groups are entirely compensated by

alkaline and/or alkaline-earth ions, whereas in the peraluminous
domain, the AlO4 groups are compensated by alkaline and
alkaline-earth ions but also by RE ions. The alkaline and alkaline-
earth elements thus act both as charge compensators and as
network modifiers in the peralkaline domain, but principally as
charge compensators in the peraluminous domain. The solubility
of lanthanides, substantially higher in peraluminous glasses, and
their tendency to crystallize, also appear to be strongly dependent
on the RP ratio.8–11 The potential (i.e., the homogeneity and
thermal stability) of peraluminous glasses as HLW conditioning
matrices has already been highlighted in a previous study.15 A
candidate composition for long-term studies in contact with
aqueous solutions was selected by optimizing its composition as a
function of its physico-chemical properties (viscosity, glass
transition temperature, density, homogeneity).16

The resistance of glass to aqueous alteration is not an intrinsic
property of the material, but is rather the response of glass to a
range of environmental factors.17–20 In a closed system, glass
dissolution kinetics in contact with water begins by a release of
alkaline elements, a process that is rapidly limited by the diffusion
rate through the dealkalized glass layer.21–25 At the same time, the
hydrolysis of the glass network leads to the congruent release of
the network-forming and -modifying elements. This initial dissolu-
tion period (or Stage I), continues as long as there is no feedback
effect of dissolved elements on the glass dissolution rate. In a
given solution (pH, ionic strength) at a fixed temperature, the
initial alteration rate (r0) is the fastest.26–28 During the rate drop, an
amorphous layer (or gel) forms that passivate the glass, hindering
transport of aqueous species24,25 and reducing the chemical
affinity between the glass surface and the solution.29–31 Both
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effects lead to a drop in the dissolution rate down to the residual
rate (Stage II), governed by the precipitation of secondary phases
and the reactive transport of hydrated species through the
gel.26,32 Stage III then describes sudden resumptions of alteration33

that can occur, usually for specific glass compositions (e.g., with
high alkali metal concentrations) or triggered under specific
experimental conditions (e.g., T≥ 90 °C and/or pH≥ 10.5).
Mechanisms and their associated dissolution rates during

Stages II and III are mostly governed by the secondary phases
that precipitate as the glass degrades, which in turn depend on
the composition of the glass and environmental conditions—in
particular the composition of the surrounding solution, its renewal
rate and the presence of iron and iron corrosion products in the
vicinity of the glass.34–39 For example, the presence of
magnesium-containing water (known as COx water) in host rock
of the French geological repository is known to lead to the
formation of magnesium silicates.40 Resumption of alteration is
also known to be associated with the precipitation of zeolites in
alkaline environments.33,41–45 Since these last minerals contain
aluminum, the sensitivity of peraluminous compositions to this
phenomenon needs to be investigated.
To acquire an overall understanding of the long-term behavior

of peraluminous glasses, the alteration of a peraluminous
reference glass, called G0.40Nd4C, was studied in pure and COx
water, and in alkaline solutions. The results obtained are
compared herein with those in the literature for peralkaline
glasses, in particular ISG, the reference standard for the long-term
behavior of nuclear glasses,46,47 and SON68, the radiologically
inactive surrogate of the French R7T7 reference nuclear glass.

RESULTS
Choice of alteration tracers
In most studies on borosilicate glass durability, boron is selected
as the glass alteration tracer as it is highly soluble and not
incorporated in the alteration products. After a leaching period of
two months of the G0.40Nd4C glass in pure water at 90 °C and S/V
= 200 cm−1, it is noted that silicon, aluminum, and boron are
retained in the altered glass layer (Fig. 1). For silicon and

aluminum, this retention is similar to what is observed in
peralkaline glasses in which these two elements are involved in
the formation of the gel.26 Boron retention is approximately 30%,
as reported previously by Molières et al.48 for borosilicate glasses
rich in lanthanum oxide (SiO2, B2O3, Na2O, CaO, La2O3) and for ISG
altered under silica saturation conditions: the boron being
retained as undissolved clusters.49

Consequently:

● For experiments in pure water, sodium can be used as an
alteration tracer for G0.40Nd4C glass because this element is
not retained in the altered layer. The alteration rates
calculated from boron release rates, underestimated by
roughly 30%, are given in comparison with those calculated
from the sodium data.

● For experiments performed in COx water or in alkaline
solutions, sodium is involved in the formation of secondary
phases and thus cannot be used as a dissolution tracer. For
these experiments, the (probably underestimated) dissolution
rates calculated from boron release rates are given with the
caveat that this element is partially retained in the altered
layer.

Alteration in pure water
Initial dissolution rate in pure water. Figure 2 shows the
equivalent alteration thicknesses measured as a function of time
for G0.40Nd4C glass at 100 °C in a Soxhlet device (see also
Supplementary Table 1). The initial dissolution rates calculated for
Si, Al, B, and Na are 0.8, 0.8, 0.8 and 0.8 g m−2 d−1, respectively,
each with an estimated uncertainty of ±0.2 g m−2 d−1.50

Residual dissolution rate in pure water. Figure 3 shows the time
evolution of the equivalent alteration thicknesses of Si, Al, B, and
Na for a static alteration test of G0.40Nd4C glass in pure water at
90 °C and S/V = 200 cm−1. During the initial stages (t = 0 to
56 days), the equivalent thicknesses increase sharply before
plateauing. The dissolution rate then decreases slowly.
The dissolution rates calculated between the 210th and 1394th

day for Na and B are 2.8 × 10−5 and 2.4 × 10−5 gm−2 d−1,
respectively (Supplementary Methods, Supplementary Figure 1
and Supplementary Table 2). The data recorded at t = 912 days
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Fig. 1 Elemental profiles measured by ToF-SIMS in G0.40Nd4C glass
after dissolution in pure water at 90 °C for two months. Si, B, Al, and
Na profiles are normalized with respect to pristine glass (a ratio
C(i)/Cg< 1 in the altered glass indicates that the altered glass
was depleted in element i compared to the pristine glass, where
C(i)= (i/Zr)altered glass and Cg= (i/Zr)pristine glass). H profile, due to water
and hydroxyl groups in the altered layer, is not normalized

0

200

400

600

800

1000

1200

0 1 2 3

E
qu

iv
al

en
t T

hi
ck

ne
ss

 e
Th

i
(n

m
)

Time (days)

Si Al B Na

Fig. 2 Initial dissolution rates in pure water. Equivalent alteration
thicknesses of Si, Al, B, and Na in G0.40Nd4C glass as a function of
time, at 100 °C. The R² correlation coefficients for Si, Al, B, and Na are
0.97, 0.99, 1.00, and 0.98, respectively. The pH was ~6.5–7
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were not considered in these calculations because of an outlier in
the sodium data. The pH over this period was stable at around 8.5
(Fig. 3b).

Alteration in COx water
Figure 4 shows the time evolution of the equivalent alteration
thickness of boron, and the magnesium and silicon concentra-
tions, as well as the variation of the pH of the solution during
peraluminous G0.40Nd4C glass alteration in COx water at 90 °C
and S/V = 3 cm−1. The magnesium and silicon concentrations both
decrease, the former significantly (Supplementary Table 3). This
decrease in the magnesium concentration is accompanied by an
order-of-magnitude decrease in the alteration rate, from 3 × 10−3

gm−2 d−1 between 308 and 486 days to ≈5×10−4 g m−2 d−1

between 590 and 876 days. The pH of the solution increases
during the first few days of leaching before stabilizing after
28 days at about 7.7.
Post-mortem analyses of the solid by X-ray diffraction (XRD) and

scanning electron microscopy (SEM) reveal the presence of
secondary phases, namely magnesium silicate, neodymium
hydroxycarbonate, and calcium sulfate and carbonate (Fig. 5).

Alteration in alkaline environments
Figure 6 shows the time evolutions of the percentage of altered
glass calculated from the boron release (an imperfect alteration
tracer, cf. section “Choice of alteration tracers”), of the concentra-
tions of aluminum and silicon, and of the pH of the solution during
alteration experiments of G0.40Nd4C glass in sodic solutions at 90
°C and S/V = 40 cm−1. Note that the pH was regulated for the
experiments performed at pH 9.5, 10.5, and 11.3, whereas it was
left to vary freely for the experiment initiated at pH 11.5.
For the experiment performed at pH 9.5 (Supplementary Table

4), the percentage of altered glass varies little over time, remaining
significantly below 1%.
In the solutions with a pH equal to or greater than 10.5, the

altered glass fraction evolves as follows (Fig. 6 and Supplementary
Table 5 to Supplementary Table 7):

● During an initial “plateau” time period, the altered glass
fraction remains low and almost constant (the behavior
observed at pH 9.5). The duration of this time period
decreases as the pH increases.

● Resumption of alteration: the percentage of altered glass then
increases sharply, while the concentrations of aluminum and
silicon in solution decrease significantly.

● In the final time period, discussed at greater length in the
section “Alteration in pH-controlled solutions”, the altered
glass fraction stabilizes at a high level, greater than 70%.

Furthermore, in the experiment in which the pH was left to
evolve from a starting value of 11.5, the pH decreases as the glass
becomes altered (Fig. 6). Alteration then proceeds at a constant
rate despite the drop in pH from 11.5 to 9.9, before stopping
suddenly.
Post-mortem analyses of the solid by XRD and SEM reveal the

presence of zeolites (Fig. 7). For the experiments performed at pH
10.5 and 11.5, Na-P1 type zeolites (body-centered tetragonal
lattice) form with the theoretical formula Na6Al6Si10O32·12(H2O),
whereas for the experiments conducted at pH 11.3, the crystalline
phase more closely resembles the orthorhombic Na-P2 zeolite
structure, whose theoretical formula is Na4Al4Si12O32·14(H2O), or is
intermediate between Na-P1 and Na-P2 zeolite structures. In
addition, the SEM images of the altered glass show that these
zeolites precipitate on the surface of the glass grains. Note that for
the glass altered at an initial pH of 11.5, SEM/EDX analyses show
that the zeolites formed have Si/Na and Si/Al atomic ratios of 1.22
and 1.15, respectively.

DISCUSSION
Alteration in pure water
The initial dissolution rates measured at 100 °C for Si, B, Na, Al are
all 0.8 ± 0.2 g m−2 d−1, indicating that the glass dissolves con-
gruently (Fig. 2). This rate is slightly lower than that measured with
SON68 glass in the same conditions: 2.0 ± 0.6 g m−2 d−1 (with the
uncertainty of 25% estimated by Fournier et al.50) As r0 is
governed by the hydrolysis of Si–O–M bonds, the value of
r0 depends on the relative proportion of low-strength bonds
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(e.g., Si−O−B or Si−O–−Na+) versus high-strength bonds (e.g.,
Si−O−Zr or Si−O−Si). According to a previous study15 the tested
peraluminous glass is more polymerized and has a greater amount
of high-strength bonds than the SON68 glass (Table 1): this could
explain the differences of r0 observed between these two glasses.
The residual rate in the long duration test of the peraluminous

glass is roughly 30,000 times lower than the initial rate measured
at 100 °C. Given that the thickness of the altered layer remains
very low, even after three years of exposure (≈30 nm), its
composition and structure could not be characterized.
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Fig. 6 Alteration in alkaline environments. a Time evolution of the
altered glass fraction calculated from the amounts of boron released
into the solution for G0.40Nd4C glass under static conditions (T= 90
°C and S/V= 40 cm−1). b Variation of the aluminum concentration. c
Variation of the silicon concentration. d Evolution of the pH
measured at 90 °C. At the end of tests at pH= 11.3 and 10.5, the
glass is completely altered, although the retention of B (e.g., in
calcium borates64) explains AGB%< 1

Fig. 5 Post-mortem characterizations of G0.40Nd4C glass after
alteration in COx water. a X-ray diffractogram showing the
precipitation of neodymium hydroxycarbonate (ICDD 27–1296),
cristobalite-related sodium magnesiosilicate63 (ICDD 47–1498), and
calcium sulfate and carbonate (ICDD 33–0311, 47–1498, 33–0268).
Sodium chloride (ICDD 05–0628) formed on the sample surface as it
dried after removing it from the COx water. Backscattered electron
scanning micrographs showing the crystallization of b phyllosili-
cates (1), RE carbonate (2), and c calcium sulfate. The scale bars
represent 10 μm
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The residual dissolution rate of the peraluminous glass is about
one order of magnitude lower than those of the peralkaline ISG
and SON68 glasses.51,52 Its pH and silicon activity under saturation
are also lower than these two peralkaline reference glasses.
Assuming that the residual rate reflects the passivating effect of
the gel depleted in elements that have precipitated as secondary
phases,26,53 these results indicate that the gel which forms on the
peraluminous glass is more passivating than those developed on
peralkaline glasses or that peraluminous glass is less prone to form
secondary phases. Recent studies have shown that the gel that
forms under silica saturation and under near-neutral and slightly
alkaline pH conditions is the result of in situ reorganization of the
silicate network following the removal of the more mobile
elements (B, Na, and to a lesser extent Ca).49,53 This gel formed
in these conditions thus partially inherits the structure of its parent
glass and does not form large pores. As a consequence, water
molecules are highly confined in micropores left by the departure
of alkalis and boron. Since the peraluminous glass contains a
lower proportion of mobile elements than the peralkaline
reference glasses do (Table 1), it may well be that the gel formed
under silica saturation conditions is less porous and has less
connected pores.

The effect of the chemical environment on the alteration of the
peraluminous glass
The composition of aqueous solutions evolves in contact with
glass depending on the tendency of the glass and the materials in
its vicinity to dissolve and of the newly formed minerals to
precipitate, as well as on the diffusive and convective transport
properties of water in the evolving confined environment. The aim
of studies performed in groundwater and in increasingly alkaline
water is to quantify the dominant mechanisms that may promote
alteration in a reactive environment.

Alteration in COx water. During the alteration experiment
performed with peraluminous G0.40Nd4C glass in COx water,
the pH remains below 8 (a lower value than measured for the
residual dissolution rate experiment in initially pure water), the
concentration of dissolved magnesium decreases, and the
average dissolution rate of the glass remains at 3·10−3 g m−2 d−1

for more than a year, until the Mg concentration in solution drops
below 10mg L−1. Note that there is no magnesium in this glass
composition, consequently, the presence of dissolved magnesium
in solution is only due to the chemical composition of the COx
water.
These properties are the same as those described by Jollivet

et al.40 for the alteration of peralkaline SON68 glass under similar
experimental conditions. The proposed mechanism is as follows:
the presence of dissolved magnesium leads to the precipitation of
magnesium silicates; by taking up the silicon from the solution,
this precipitation disrupts the passivating gel and facilitates the
dissolution of the glass.
The equation describing the precipitation of a magnesium

silicate can be written in terms of the majority species present in
solution at pH < 8 (Eq. 1):

MgxSiyOxþ2y�z OHð Þ2z¼ xMg2þ þ y SiO2ðaqÞ þ 2x OH� þ ðz � xÞH2 O

(1)

The precipitation of magnesium silicate removes a cation, Mg2+,
and a non-ionic group, SiO2(aq), from the solution, and thus also
consumes two hydroxide ions (Eq. 1). This buffer effect limits the
pH increase. A sufficiently high pH is thus also required for
precipitation to occur, alongside sufficient magnesium and silicon
concentrations in the solution. The pH threshold above which
precipitation can occur depends on the concentrations of
magnesium and silicon in the solution and on the composition
of the mineral’s solubility product.54,55

Fig. 7 Post-mortem characterizations of G0.40Nd4C glass after
alteration in alkaline environments. a X-ray diffractogram showing
the precipitation of Na-P1 (ICDD 71–0962) and/or Na-P2 (ICDD
80–0700) zeolites. Scanning electron micrographs after leaching at
an initial pH of 11.5 left to vary freely, b a cross section (back-
scattered electrons) and c under secondary electrons observation:
(1) zeolites, (2) altered glass, (3) epoxy coating resin. The scale bars
represent 50 μm; other enlargements are presented in Supplemen-
tary Figure 2
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Under the S/V and temperature conditions considered here, it
takes about 300 days for G0.40Nd4C glass to consume 20mg of
dissolved magnesium (Fig. 4), but only about 30 days for the same
amount of magnesium to be consumed by SON68 glass.40

G0.40Nd4C glass thus consumes magnesium more slowly than
SON68 glass does. The more limited precipitation of magnesium
silicates in the peraluminous domain probably stems from the
different compositions of the two glasses. Indeed, the Na2O
content of G0.40Nd4C glass being lower than that of SON68
(4.1 mass% versus 10.1 mass%); the former releases a smaller
amount of alkaline species when it dissolves, maintaining a less
favorable pH for the precipitation of magnesium silicates.
During the first year of leaching, G0.40Nd4C and SON68 glasses

have similar dissolution rates in groundwater (of the order of
10−3 gm−2 d−1). Nonetheless, it is important to bear in mind that
the magnesium concentration in solution for the experiment with
G0.40Nd4C glass is still high after 500 days. The precipitation of
magnesium silicates would thus continue beyond 500 days if the
pH were to increase. In practice, the rates of magnesium
consumption and of glass alteration decrease significantly in
between 500 and 900 days. Over longer times (beyond 900 days),
it is possible that the magnesium concentration continues to
decrease slowly, down to almost zero, if the glass alteration
process also continues. Once all the magnesium has been
consumed (if not renewed), magnesium silicates cease to form
and G0.40Nd4C’s dissolution rate will tend toward the value
measured in pure water (modified nonetheless by any effects of
the pH on the release of mobile species from the glass,55) which is
roughly one order of magnitude lower than that of SON68 and ISG
glasses.

Simply because of its low alkali content, the peraluminous glass
is probably less sensitive than previously studied peralkaline
glasses to the dissolved magnesium found in underground water
and clay minerals.56,57

Alteration in pH-controlled solutions. The data from the tests
performed in solutions with pHs maintained at between 10.5 and
11.3 and from the experiment performed with a freely varying pH
initially set to 11.5 show a sharp increase in the alteration rate
after an initial “plateau” time period of variable length (Fig. 6). This
phenomenon, which has already been observed for peralkaline
glasses, has been dubbed resumption of alteration.33

Resumption of alteration rates, rRA, for G0.40Nd4C glass
(Table 2) were obtained by linear regression of the data between
the first point after the initial plateau and the last point before the
final plateau corresponding to the total alteration of the glass (for
the tests run at pH 10.5 and 11.3) or to a pH above the zeolite
precipitation threshold (for the test performed with pH initially set
to 11.5 and then left free to vary). This conventional definition in
fact masks complex underlying mechanisms.
In the experiment conducted with an initial pH of 11.5, the pH

decreases at the same time as alteration resumes, thus at the
same time as the zeolite precipitation begins to consume the
alkalinity of the solution. In this test, zeolite precipitation proceeds
until the pH drops to 9.9 at which point the altered glass fraction is
73%. Measurement uncertainties and the lack of an alteration
tracer make it difficult to know whether this interruption is due to
the complete alteration of the glass or to the pH becoming
unfavorable for zeolite precipitation. Note in this context that in
the experiments conducted with a pH maintained at 10.5 and

Table 1. Composition of G0.40Nd4C, ISG, and SON68 glasses expressed as molar oxide percentages

Glass SiO2 B2O3 Na2O Al2O3 CaO ZrO2 Rare-Earth MgO Other oxides

G0.40Nd4C 45.5 18.4 5.6 15.0 3.8 2.0 4.1 0.0 5.6

ISG 60.2 16.0 12.6 3.8 5.7 1.7 0.0 0.0 0.0

SON68 52.7 14.0 11.4 3.4 5.0 1.5 1.0 0.0 11.0

The composition of G0.40Nd4C glass is given for a waste content (FPA) of 22.50 mass%

Table 2. Comparison of the alteration of G0.40Nd4C and ISG glasses in sodic solutions at 90 °C

Glass Si/Al molar ratio
in the glass

pH rRA (g m−2 d−1)a Delay before
resumption of
alteration (d)b

[Al] – [Si]
concentrations in
solution during
the plateau time
period (mg L-1)

Si/Al molar ratio
in solution

Observed secondary phases

G0.40Nd4C 1.52 11.5c 1.0 10–14 334–538 1.54 Na-P1 zeolites

11.3d 1.8 14–17 214–330 1.47 Na-P1 / Na-P2 zeolites

10.5d 0.2 196–211 73–105 1.37 Na-P1 zeolites

9.5d – – 19–26 1.32 None

ISG33,49 7.92 11.3d 1.4 1–2 62–971 15.87 Na-P1 / Na-P2 zeolites,
analcime and C-S-H

11.0d 0.9 15–21 50–650 12.05 Na-P1 / Na-P2 zeolites,
analcime and C-S-H

10.7d 0.3 29–40 20–277 13.70 Na-P1 zeolites and C-S-H

10.4d 0.02 86–119 11–147 12.84 Na-P1 zeolites

aAlteration rates normalized to the specific surface area SBET
bResumption of alteration occurred in between the two indicated time points
cpH fixed initially by adding NaOH and then left free to vary
dpH maintained throughout the experiment by adding NaOH
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11.3, the glass is completely altered and AGB% reaches 80%. This
suggests that a small amount of pristine glass remains in the
variable-pH experiment. This would then confirm that the upper
pH threshold for zeolite precipitation during the alteration of
G0.40Nd4C in a sodic environment is about 9.9, and would also
confirm that resumption of alteration self regulates in the absence
of an external supply of alkaline species, as it is could be
expected.58

Comparing the results of the experiments performed at pH 10.5
and 11.3 shows that the higher the pH is, (i) the shorter the
plateau time period is and (ii) the higher the rate of resumption of
alteration is (multiplied by 9 for a pH difference of 0.8).
The experiments on the peraluminous G0.40Nd4C glass were

conducted under conditions similar to those used for the
experiments on the peralkaline ISG (same temperature and SBET/
V ratio, alkaline solution pHs maintained at similar values)
described in Fournier et al.,59 allowing the two types of glass to
be compared. The resumption of alteration of peralkaline glasses
is linked with the precipitation of secondary zeolite phases that
take up the network forming aluminum and silicon from the glass
and the gel.33,41–43 This study of G0.40Nd4C glass shows that the
same mechanisms govern the alteration of peraluminous glasses.
The zeolites that form are from the same P family (Fig. 7a) as those
identified during the alteration of ISG in alkaline solutions.44,59

Furthermore, the values of rRA calculated for G0.40Nd4C and ISG
(Table 2) are close under similar pH conditions.
However, there are two noteworthy differences between the

two glasses: the evolution of the solution concentrations of silicon
and aluminum during the resumption, and the delay before
resumption of alteration occurs.
The aluminum concentration decreases as zeolites precipitate

for both glasses; however, the silicon concentration increases for
ISG but decreases for G0.40Nd4C glass. The solubility of the
aluminum-depleted gel formed on ISG tends toward that of
amorphous silica, whereas the gel formed on G0.40Nd4C glass
seems to be less soluble as it contains little silica and a large
amount of RE species and Zr.60

The delay before resumption of alteration is longer for the
peraluminous glass. This can be explained by the composition of
the two glasses, which in turn affects the composition of the
solution and the nature of the phases that form.

● The sodium content of the peraluminous glass seems to limit the
precipitation of zeolites. The concentration of Na, which is
involved in the formation of sodic zeolites, differs significantly
between the two glasses. However, this hypothesis cannot be
confirmed in this study because the main source of sodium
was the NaOH added to regulate the pH. Nevertheless note
that peraluminous glasses release less sodium when dissol-
ving and are therefore less likely to exhibit a resumption of
alteration in the absence of an external source of alkalinity.
This effect is enhanced by a more substantial release of
aluminum into the solution, which lowers the pH.

● The high aluminum content of the peraluminous glass seems to
increase the durability of the passivating gel. The maximum
amount of aluminum consumed by the glass-altering pre-
cipitation of zeolites is equal to the amount of aluminum in
the gel and in the solution. The amount of altered glass before
resumption of alteration is of the same order of magnitude for
ISG and G0.40Nd4C glass; however, the amount of aluminum
available in the peraluminous system is around four times
greater. Assuming that the aluminum consumption rates
through zeolite precipitation are identical for the two glasses,
the delay before resumption of alteration should be four times
greater for the peraluminous one, which is in a good
agreement with Table 2 data.

● The secondary phases that precipitate during the alteration of
the peraluminous glass are less detrimental to its durability. Only

P-type zeolites are identified during the alteration of the
peraluminous G0.40Nd4C glass whereas for ISG, calcium
silicate hydrate (C-S-H) phases are also observed. Furthermore,
the P zeolites that precipitate during the alteration of
G0.40Nd4C glass are richer in aluminum than those that
precipitate in ISG. The precipitation of different phases with
different stoichiometries—therefore with different solubilities
—modifies the chemistry of the solution and the thermo-
dynamic equilibria. The absence of C-S-H precipitation during
the alteration of the peraluminous G0.40Nd4C glass—phases
that can act as nucleation sites for zeolites—could be due (i)
to a lower silicon concentration in the leaching solutions of
G0.40Nd4C than in those of ISG (Supplementary Table 2), and
(ii) to the former’s lower Ca content.

Concluding remarks
This study of a peraluminous glass with a chemical composition
and physico-chemical properties of nuclear interest has shown
that the mechanisms governing its alteration are similar to those
defined for peralkaline glasses, involving a succession of regimes
as alteration proceeds, depending on the leaching conditions:
initial rate, rate drop, residual rate, and a possible resumption of
alteration. However, the alteration kinetics differ significantly
between the peraluminous and peralkaline glasses. Initially, the
peraluminous glass investigated here dissolves at a rate of the
same order of magnitude as the SON68 peralkaline glass.
Thereafter, kinetics data suggest that a passivating gel forms that
reduces the dissolution rate of the peraluminous glass by more
than four orders of magnitude. This gel seems to be more
passivating than the ones formed on ISG and SON68 glasses.
Furthermore, the low alkali content and high aluminum content of
the peraluminous glass makes it less basic than peralkaline
glasses. This means that the likelihood of resumption of alteration
through zeolite precipitation is lower than for peralkaline glasses
(whose pH in pure water is 9.0–9.3 at 90 °C). Note also that under
harsh conditions (T = 90 °C and pH > 9.9), the delays before
resumption of alteration seem longer for peraluminous glasses
than peralkaline ones. Furthermore, a lower pH limits the
precipitation of magnesium silicates in COx water. By releasing
only small amounts of alkaline species as they dissolve,
peraluminous glasses seem less sensitive to their environment
and therefore chemically passive, particularly with respect to
dissolved magnesium.

MATERIALS AND METHODS
Glass synthesis and sample preparation
The peraluminous glass chosen for this study is referred as G0.40Nd4C.
It is a complex glass containing 20 oxides. The 0.40 in the notation
represents the [SiO2]/[B2O3] molar ratio and 4 is the molar percentage of
Nd2O3 (Table 1). The behavior of this glass was compared to that of
simplified peralkaline ISG,46 prepared as described elsewhere,43 whose
composition is given in Table 1.
G0.40Nd4C glass was prepared from oxide powders mixed in a rhodium-

plated platinum crucible and heated at 1300 °C for 3 h. The melt was
homogenized using a platinum stirrer. A portion of the glass was poured
into a graphite crucible and reheated at 630 °C for 30min and then cooled
down to room temperature at 1 °C min−1 to allow 2.5 cm × 2.5 cm × 2mm
monoliths to be cut using a diamond saw. These monoliths were polished
using an automatic polisher and a series of SiC papers, before a final
polishing using a suspension of 1 µm diamond particles. The rest of the
glass was poured onto a plate, crushed and sieved to obtain powders with
particles 20–40 µm and 63–125 µm in diameter. These powders were
cleaned by sedimentation in acetone and absolute grade ethanol to
remove the finer particles attached to their surface. Their specific
surface area was measured using krypton adsorption measurements and
the BET61 model. The values obtained were respectively 1440 cm2 g−1 and
480 cm2 g−1.

Chemical durability of peraluminous glasses
V Piovesan et al.

7

Published in partnership with CSCP and USTB npj Materials Degradation (2018)  7 



Experimental parameters
The experimental conditions used for the alteration tests under static
conditions are summarized in Table 3.

Alteration in pure water. The initial alteration rate in pure water of
G0.40Nd4C glass was determined by alteration of a polished monolith at
100 °C in a Soxhlet apparatus in which the alteration solution was
continuously renewed.
The residual alteration rate in initially pure water was determined under

static condition at 90 °C in a perfluoroalkoxy (PFA) reactor. The ratio
between the glass surface area and the volume of the alteration solution
(S/V) was fixed at 200 cm−1 (Table 3). A glass monolith was also placed in
the solution, in addition to the glass powder. This monolith, which was
removed after two months, was used to analyze the altered glass surface
by time-of-flight secondary ion mass spectrometry (ToF-SIMS, see the
section “Solids analyses”).

Alteration in COx water. A sample of G0.40Nd4C glass was altered in
laboratory-prepared COx water whose composition is given in Table 4. The
pH of the solution was initially adjusted to 6 by CO2 bubbling. Glass
powder was altered under static conditions at 90 °C in a PFA reactor, with
an S/V ratio fixed at 3 cm−1 (Table 3).

Alteration in alkaline environments. Samples of G0.40Nd4C glass were
altered in sodic solutions at pH 11.3, 10.5, and 9.5, at 90 °C, under static
conditions, in PFA reactors. These pHs were maintained throughout the
tests (±0.15 pH units) by regularly adding NaOH. A sample of G0.40Nd4C
glass was also altered in a sodic solution whose pH was initially set to 11.5
and then left free to vary. The S/V ratio for these four tests was 40 cm−1

(Table 3).

Analyses of the solutions
At each time point, 2 mL of solution were extracted, passed through a 10
kDa filter, acidified by adding nitric acid, and then analyzed by inductively-
coupled plasma optical emission spectroscopy (ICP-OES) to measure the
concentrations of Si, B, Al, Na, Ca, and Mg.
Elemental analyses can be used to calculate the percentage of altered

glass, AGi%, for each element, i, (Eq. 2); the equivalent altered glass
thickness, eThi, or the normalized mass loss, NLi (Eq. 3); the alteration rate
of the glass, ri (Eq. 4); and the retention factor, fi, of element i in the gel and
in the secondary phases (Eq. 5). Additional details are given in Chave

et al.62

AGi%ðtÞ ¼ ciðtÞ ´ VðtÞ þ
Pt�1

j¼1 ciðjÞ ´ VsðjÞ
m´ xi

(2)

In this equation, ci(t) is the concentration of element i at time t, V(t) is the
volume of the solution, Vs(t) is the volume of the jth sample, m is the mass
of the glass powder, and xi is the mass fraction of element i in the glass.

eThi ¼ NLi
ρ

¼ 1� ð1� AGi%Þ1=3
� �

´
3

ρ´ SBET
(3)

In Eq. 3, ρ is the density of the glass, SBET its specific surface area, and
3=ðρ ´ SBETÞ the mean initial radius of a glass particle. In practice, a glass
alteration rate is calculated by the sliding average over three successive
points.

ri ¼ d
dt

NLi (4)

Retention factors are calculated according to Eq. 5, where NLT is the
normalized mass loss calculated with respect to the alteration tracer, i.e., an
element that is not retained either in the gel or in the secondary phases.

f i ¼ 1� NLi
NLT

(5)

Solids analyses
Diffractograms were recorded using a Phillips X’PERT Pro PANalytical
device equipped with a monochromatic Cu-Kα (λ = 1.5418 Å) source
operating at 40mA and 40 kV in Bragg-Brentano geometry. The sample
was first crushed into a fine powder to randomize the orientation of the
crystals. The data were acquired over a 4–80° 2θ range at 0.11°·min−1 in
0.017° steps.
The samples were observed using a Philips XL30 scanning electron

microscope equipped with a tungsten filament (acceleration voltage, 15 kV)
and attached to an energy dispersive X-ray (EDX) detector. The samples
were first coated in epoxy resin, polished with a series of SiC papers and
then a suspension of 1 µm diamond particles, and finally metalized.
Elemental profiles in the altered layer of glass monolith altered in

presence of pure water were measured by ToF-SIMS (IONTOF TOF 5). The
profiles were obtained by alternating abrasion and analysis. Abrasion was
carried out with a 500 eV, 47 nA primary O2

+ ion beam on an area
measuring 250 µm × 250 μm; analysis was performed with a 25 keV Bi1

+ ion
beam at 2 pA on an area measuring 50 µm × 50 μm. Surface charges on the
monoliths were neutralized using a pulsed low-energy (<20 eV) electron
flux. The depths of the elemental profiles were calibrated using a

Table 3. Conditions used for alteration experiments performed under static conditions for G0.40Nd4C glass

Experiment PW GW pH 9.5 pH 10.5 pH 11.3 pH 11.5

Solution Pure
water

COx water Alkaline environment,
pH90 °C 9.5

Alkaline environment,
pH90 °C 10.5

Alkaline environment,
pH90 °C 11.3

Alkaline environment,
pH90 °C 11.5

Temperature (°C) 90 90 90 90 90 90

Initial pH90 °C – 6.01 9.5 10.5 11.3 11.5

pH regulation No No Na(OH) Na(OH) Na(OH) No

Powder particle size
(μm)

20–40 63–125 63–125 63–125 63–125 63–125

Powder SBET
(cm2 g−1)

1440 480 480 480 480 480

Glass mass (g) 13.89 0.93 8.25 8.25 8.25 8.25

Solution volume
(cm3)

100 150 100 100 100 100

S/V (cm−1) 200 3 40 40 40 40

Table 4. Composition of the synthetic COx water

Element Na+ K+ Mg2+ Ca2+ Sr2+ Si4+ Cl− SO4
2− pH90 °C

Concentration (10−3 mol L−1) 39.00 0.96 2.50 10.00 0.17 0.84 41.00 10.00 6.0
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profilometer measurement of the crater depth. All the elemental intensities
were normalized with respect to the signal from the Bi1

+ ion to avoid
possible matrix effects. To mitigate the effect of primary current variations,
the intensity of each isotope was normalized with respect to the main
isotope of the glass, i.e., 28Si. The elemental profile C(i)/Cg of an element i
was normalized to that of Zr (because Zr remains immobile during glass
corrosion in the experimental conditions concerned60) and the ratio i/Zr
was then normalized with respect to that measured in the pristine glass as
shown in Eq. 6.

CðiÞ
Cg

¼ ði=ZrÞaltered glass
ði=ZrÞpristine glass

(6)

A ratio C(i)/Cg < 1 in the altered glass means that the altered glass was
depleted in element i compared with the pristine glass, whereas a ratio
C(i)/Cg > 1 indicates that the altered glass was enriched in element i. The
transition between the altered glass and the pristine glass was defined as
corresponding to a C(i)/Cg ratio of 0.5.
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