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Abstract

The influence of composition variations on long-term glass behavior was investigated for three nuclear glass com-
position domains: the French SON 68 (R7T7-type) glass, the Na–Mg borosilicate AVM glass and the aluminosilicate
VRZ glass defined as part of the investigation of new containment matrices based on zirconolite (CaZrTi2O7). The ini-
tial alteration rates for glasses from different domains are comparable. Conversely, the alteration kinetics at advanced
stages of reaction progress are very different, with decreases in the rates corresponding to different kinetic profiles, i.e.
altered thickness versus time. The altered glass thickness can depend on the initial alteration rate and especially on the
decrease in the rate, or it can be determined by the high residual alteration rate. The variation of the alteration rates
over time appears to be related to the alteration film that forms on the surface of the material in particular the presence
of any secondary crystalline phases. For AVM glass, the high residual rate is attributed to phyllosilicate phases rich in
magnesium.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Long-term behavior studies concerning French nu-
clear glass are generally carried out on a reference glass
such as SON68 for the R7T7 domain. However, the
influence of the composition must be assessed to extend
predictions based on the reference glass to an industri-
ally specified composition domain.
The influence of the composition on the initial alter-

ation rate has already been extensively covered in the
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literature [1–4], but the influence of the composition
on the alteration rate at advanced stages of reaction
progress has not often been considered. The second
parameter is more representative of disposal condi-
tions, however, and is indicative of the predominant
long-term alteration mechanisms. Leach tests were
therefore carried out to estimate not only the initial
rate but also the rate at advanced stages of reaction
progress.
The observed slowdown of the alteration rate of nu-

clear glasses has long been attributed to the effect of
chemical affinity, i.e. the diminishing difference between
the chemical potential of the solution (which increases as
the solution becomes saturated) and the constant chem-
ical potential of the glass [5–7]. This theory has been
ed.
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called into question, however, [8–10] and the mechanism
currently taken into consideration by the CEA is the
development of a protective gel forming a diffusion bar-
rier for reactive species. According to this theory, the
kinetics are limited only by the transport of reactive spe-
cies (coming from the glass dissolution) through the gel
layer [11,12].
This gel is the result of an in situ rearrangement of

hydrated species. The formation of a protective gel
implies the presence of silicon together with other
elements (Al, Zr, Ca, etc.) at the reaction interface.
The incorporation of insoluble elements in the glass
does not always result in the formation of protective
gels, however. Conversely, the alkaline-earths (calcium
in particular) favor the development of protective gels.
During studies of simplified glasses with the same ele-
mental ratios as R7T7 glass, it has been observed that
the simultaneous presence of Al and Ca or of Zr and
Ca deeply modifies the protective effect of the gel layer,
what leads to a slowdown of the alteration rate more or
less rapid and important [8,13,14]. Silicon retention
within the gel is also considered to be one of the param-
eters affecting the protective properties of the gel layer.
It is currently considered that the higher the retention
factor fSi, the more protective the gel [10]. The alter-
ation film does not consist only of a potentially protec-
tive amorphous gel: the alteration of most complex
glass compositions leads to the precipitation of �second-
ary� phases from solution. They crystallize and are not
considered to have protective properties: some of these
phases are thought to sustain glass alteration, or even
to induce renewed alteration by consuming elements
from the gel layer during their crystallization [15].
The gels formed by R7T7 glass alteration at tempera-
tures below 150 �C are mainly amorphous: the only
crystalline phases detected are smectitic phyllosilicates
[16,17]. Until very recently, no studies of R7T7 glass
alteration had revealed any signs of a resumption of
alteration. Renewed alteration was observed only dur-
ing R7T7 glass alteration studies at very high imposed
pH values. The resumption of alteration at pH > 11
was related to the appearance of a zeolitic crystalline
phase [14].
The alteration films that formed on the surface of

glasses from the different domains were therefore char-
acterized to observe the link between the nature of the
film and the kinetic profile of each glass.
2. Experimental

2.1. Composition domains

Three composition domains were studied. The R7T7
domain is the specification domain for all glasses cur-
rently used for the containment of light water reaction
(LWR) fission product solutions produced by reprocess-
ing UOX1 fuel with burnup values ranging from 30 to
45 GW d/t. They are produced industrially by COG-
EMA in the R7 and T7 vitrification units at La Hague
[18]. The AVM domain corresponds to the glass
compositions produced in the Marcoule vitrification
facility for various types of fuel, mainly from gas–graph-
ite reactors.
The VRZ domain has been defined for the investiga-

tion of a new containment material under consideration
for specific conditioning of plutonium or the minor
actinides: the zirconolite glass–ceramic matrix. It is
composed of zirconolite crystals (CaZrTi2O7) dispersed
in a residual glass phase. The actinides (or neodymium
which is used as an actinide surrogate) are distributed
throughout the zirconolite crystals and the vitreous
phase. Since zirconolite alteration is extremely limited,
actinide release during the glass–ceramic alteration is
mainly attributable to alteration of the residual glass.
Consequently, the aim of glass–ceramic material devel-
opment is to put as many actinides as possible into the
crystalline phase and study of its leaching implies the
study of the alteration of the residual glass (VRZ glass)
[19,20].
Zirconolite glass–ceramic is produced by melting an

oxide mixture (parent glass) and submitting it to a heat
treatment that directly determines the degree of crystal-
lization, and thus the composition of the residual vitre-
ous phase. The limits of the composition domain were
defined from these variable degrees of crystallization.
They take into account possible variations in the parent
glass composition too. The zirconium and titanium
content of the parent glass could be increased in the
future to favor zirconolite crystallization and thus
increase the neodymium fraction in the zirconolite
[21,22].
AVM and R7T7 glasses have several common con-

stituents. AVM glass differs from R7T7 glass mainly
by a lower silicon concentration, a higher Al2O3 concen-
tration, the presence of MgO and the virtual absence of
CaO. The residual zirconolite glass differs significantly
from AVM and R7T7 glass in particular by its low
B2O3 concentration, the absence of alkalis, its high
CaO and Nd2O3 concentrations, and the presence of
TiO2.
Table 1 summarizes the three glass domains studied.

Only the influence of the major constituents (variables in
Table 1) was investigated. The constituents with minor
variations were not taken into account: their effects were
assumed to be limited and masked by the effects of the
major constituents.

2.2. Experimentation plan

Having specified the extent of the composition do-
mains, the problem was to determine which glasses



Table 1
Description of the three composition domains: variation ranges (wt%) and relational constraints

R7T7 AVM VRZ

SiO2 42.40–51.68 38.5–46 40.8–55.6
B2O3 12.40–16.50 16–19.5 1.0
Na2O 8.10–11.00 5–18.8
Al2O3 3.60–6.60 9–12.5 9–13.7
CaO 4.0 0.2 19.7–24.6
Nd2O3 0.5–2.6 0.1–0.9 1–6.5
ZrO2 2.0–4.9 0.1–1.0 2–12
TiO2 6.2–15.5
MgO 2.5–7.5
Fe2O3 + NiO + Cr2O3 0.4–5.6 2.8
F 0–1.8
P2O5 0.5 0–1.7
FP + Act + MoO3 + Gd2O3 + Ag2O 3.53–17.95 0–10.2
Fines 0.01–6.85
ZnO 2.5
Li2O 2.0 0.4
SO3 0.1
Cl 0.1
CdO 0.5

Relational constraints 3.01 < SiO2/B2O3 < 3.47 Frit constant TiO2–ZrO2 < 8
7.0 < FP + Act + Fines < 18.0 MgO + Al2O3 < 18.5 ZrO2–TiO2 < 1
FP + Act > Fines Al2O3 < 3* [(Na2O +

Li2O)–0.278SiO2]
SiO2 + B2O3 + Al2O3 > 60.0 FP + Act + MoO3 +

Gd2O3 + Ag2O > 0.5MgO
Fe2O3/NiO = 7.09
Fe2O3/Cr2O3 = 5.73

Oxide breakdown (wt%) compared with reference glass

wt% R7T7 AVM

FP + Act Fines FP + Act + � � �
SrO 0.34 0.21
ZrO2 1.70 0.47 0.96
MnO2 0.30 0.08 0.31
Cs2O 1.10 0.71
BaO 0.61 0.34
Y2O3 0.20 0.12
La2O3 0.92 0.56
Ce2O3 0.95 0.60
Nd2O3 1.63 0.93
Pr2O3 0.45 0.28
SnO2 0.02 0.02
Sb2O3 0.00 0.01
TeO2 0.23 0.14
ThO2 0.31 0.11
UO2 0.05 0.01 0.70
MoO3 1.36 0.39 0.75
Ag2O 0.03 0.10
RuO2 0.63 0.36
Rh 0.12 0.05
Pd 0.33 0.10
CdO 0.03
Gd2O3 0.60

�Fines� include platinum-group metals and metallic particles, FP refers to fission products.
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would best describe them, considering a limited number
of tests. The experimentation plan [23,24] was therefore
applied to this mixture problem to describe the varia-
tions of the alteration rates (initial alteration rate r0
and the residual alteration rate rf) on each composition
domain. The methodology consists to postulate a
mathematic model that allows to calculate the alteration
rate of a glass according to its composition. By limiting
the mixing model to the constituents significantly affect-
ing the alteration rate, it considerably optimizes the
number of tests that must be carried out for each do-
main. The models postulated here are first-order models
enriched with second-degree terms to take into account
the interactions among the major constituents:
rðR7T7Þ ¼ a1SiO2 þ a2B2O3 þ a3Na2Oþ a4Al2O3 þ a5Fe2O3 þ a6Finesþ a7FPþ a12SiO2 � B2O3

þ a13SiO2 �Na2Oþ a23B2O3 �Na2Oþ a14SiO2 �Al2O3 þ a34Na2O �Al2O3 þ a15SiO2 � Fe2O3�

þ a16SiO2 � Finesþ a17SiO2 � FP
rðAVMÞ ¼ b1SiO2 þ b2B2O3 þ b3Na2Oþ b4Al2O3 þ b5MgOþ b6Finesþ b7FPþ b12SiO2 � B2O3

þ b13SiO2 �Na2Oþ b23B2O3 �Na2Oþ b14SiO2 �Al2O3 þ b34Na2O �Al2O3 þ b15SiO2 �MgO�
þ b16SiO2 � Finesþ b17SiO2 � FP

rðVRZÞ ¼ c1SiO2 þ c2Al2O3 þ c3CaOþ c4TiO2 þ c5Nd2O3 þ c6ZrO2 þ c13SiO2 � CaOþ c23Al2O3 � CaO
þ c43TiO2 � CaOþ c12SiO2 �Al2O3 þ c15SiO2 �Nd2O3
For each domain, glass compositions were selected using
NEMROD, a software tool capable of proposing the
minimum number of points statistically required to
build and then try to validate the postulated model.
Following this approach we fabricated 25 AVM

glasses, 21 VRZ glasses and 25 R7T7 glasses; the center
of gravity of each domain was included among the test
compositions. The alteration rates of these glasses were
determined by leaching experiments and the obtained re-
sults allowed us to determine the model coefficients
(a1,a2, . . ., b1,b2, . . ., c1,c2, . . .).
Once the model has been established, the effect of a

constituent on the alteration rate can be assessed on
the whole composition domain. The results can the be
plotted on a chart representing the effect of the variation
of a constituent from the lower to the upper limit of its
composition range, while the relative values of the other
constituents remain at their center-of-gravity value. The
percentage values express the weight of the constituent
variation (upper limit � lower limit) with respect to
the range of variations observed over the domain
(Ymax � Ymin) [18]:

Upper limit� lower limit
Y max � Y min

.

2.3. Experimental procedures

2.3.1. Testing under ‘initial rate’ conditions

The initial alteration rate in pure water at 100 �C
(±0.5�C) was determined using a Soxhlet device in
compliance with the applicable French standard [25]
on coupons polished to grade 4000 and washed; the
shape of the test coupons allowed their surface area
to be estimated simply and accurately [26] . Solution
samples were taken at regular intervals (3, 7, 14,
28 days), acidified with 1 N HNO3 and analyzed by
ICP-AES (Si, B, Na, Li, Mo, Al, Ca). The uncertainty
ranged from 3% to 5% depending on the elements
considered.
2.3.2. Testing under ‘saturation’ conditions

The glass alteration kinetics at high reaction progress
were studied by static leaching experiments at 50 �C for
R7T7 and AVM glasses and 90 �C for VRZ glasses with
the 63–125 lm powder size fraction; the S/V ratio was
between 6000 and 7000 m�1. Each 500 ml PTFE reactor
was placed in a 1-l container with a few milliliters of
water to limit evaporation. Solution samples were taken
at regular intervals (7, 14, 28, 56, 91, 182, 364 days) from
each reactor, ultrafiltered to 10000 daltons, acidified
with 1 N HNO3, and analyzed by ICP-AES (Si, B, Na,
Li, Cs, Al, Ca). The uncertainty ranged from 3% to
5% depending on the elements considered. The pH and
temperature were measured for each sample with an
ORION electrode.

Remarks: The glass alteration kinetics at high reac-
tion progress were studied by experiments at 90 �C for
VRZ glasses and not at 50 �C as for R7T7 and AVM
glasses because measuring the alteration with accuracy
at this temperature would have been difficult. It does
not hinder comparison between the three composition
domains. Indeed, alteration rates of VRZ glasses (mea-
sured at 90 �C) are smaller than alteration rates of
R7T7 and AVM glasses (measured at 50 �C). It is not
necessary to calculate alteration rates of VRZ glasses
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at 50 �C according Arrhenius law to conclude that the
alteration rate at high reaction progress of these glasses
is clearly inferior to the alteration rates of the two other
glasses.

2.3.3. SEM observations

The altered glass samples were observed with a scan-
ning electron microscope. The altered glass coupons
were cut at right angles to their largest surface, then
embedded in resin. Polishing to within 1 lm revealed
their alteration profile. The surface of the polished cross
sections was covered with carbon or platinum prior to
field-effect scanning electron microscope observation
(JEOL 6330 with PGT analysis system). Platinum metal-
lization was used to enhance the image quality at high
magnification, and thus to measure very thin alteration
depths. Coupling with an energy-dispersive (EDS) ana-
lyzer allowed element distribution maps to be plotted,
making qualitative or semi-qualitative chemical analysis
possible on the carbon-metallized specimens.

2.3.4. Results treatment

The results are expressed in terms of normalized mass
loss for element (i) NL(i) or in terms of the equivalent
alteration thickness e(i). NL(i) is calculated from the mass
losses for element (i) normalized in terms to its mass
fraction x(i) (grams (i)/unit mass of glass) in the unal-
tered glass and to the surface S in contact to the solu-
tion; e(i) corresponds to the glass thickness of density q
altered to obtain the concentration C(i) in the solution
volume V. The retention factor of an element in the
alteration film is defined with respect to the elements dis-
solved congruently (boron, sodium and lithium for the
tests described here).
Thus

NLðiÞ ¼
CðiÞ � V
S � xðiÞ

ðg m�2Þ; eðiÞ ¼
NLðiÞ

q
ðmÞ;

Retention factorðiÞ ¼ 1� NLðiÞ

NLðB;Na;LiÞ .
3. Results

Table 2–4 list all the glass compositions studied and
the results obtained for the three domains.
The initial alteration rate r0 is calculated by linear

regression from the normalized mass loss for boron
NL(B) obtained during the Soxhlet tests with an accu-
racy of ±10%.
All the glass compositions were tested under static

conditions at high S/V ratios (6000–7000 m�1) to inves-
tigate their kinetics at high reaction progress. The alter-
ation rate for R7T7 and AVM glass at advanced stages
of reaction progress rf is determined by linear regression
from the NL(B) values obtained for the last three sam-
ples (taken at 4 months, 6 months and 1 year). During
alteration of VRZ glass samples at high S/V ratios at
90 �C, the normalized boron mass loss appear to be con-
stant over time: the observed variations are not signifi-
cant. It does not mean that rf is zero but that rf is too
small to be measured with accuracy in these experimen-
tal conditions. We therefore considered the 1-year mean
value rmean(1 year) as being well expressed as the mean
alteration rate estimated from NL(B)mean:

rmeanð1 yearÞ ¼ NLðBÞmean=360 ðg m�2 d�1Þ.

It considerably overestimates the alteration rate close
to apparent saturation of the solution and rmean is thus
not directly comparable to rf calculated for R7T7 and
AVM glasses. However, it highlights the chemical dura-
bility of VRZ glasses at high reaction progress.

3.1. Initial alteration rate

Fig. 1 and Table 3 show the range of initial rates
composition for each domain.
The initial alteration rates are relatively similar for

glasses from all three domains, and in particular for
the R7T7 and VRZ domains. The variation range is
much greater within the AVM domain than for the
R7T7 and VRZ domains.
From the experimental results, the software Nemrod

allows to determine the coefficients of the postulated
models to describe the variations of r0 on each composi-
tion domain. The model corresponding to R7T7 domain
is given as an example:

r0ðR7T7 g m�2 d�1Þ ¼ 43.6SiO2 þ 189B2O3 þ 30.5Na2O
þ 15.2Al2O3 þ 7.21Fe2O3

� 1.3Fines� 43.4FP� 447SiO2

� B2O3 � 152SiO2 �Na2O
þ 115B2O3 �Na2O� 81.1SiO2

�Al2O3 � 186Na2O �Al2O3

� 78.6SiO2 � Fe2O3 � 73.3SiO2

� Fines� 19.7SiO2 � FP

where each component is expressed as an oxide weight
percentage in the glass with respect to the sum of the se-
ven components. The other oxides (CaO,Li2O, . . .) are
present in constant proportions, so the total differs from
100%). �Fines� include platinum-group metals and metal-
lic particles, FP refers to fission products.
The r0 = f(SiO2,Al2O3, . . .) models based on kinetic

data are statistically validated by the software tool Nem-
rod over the entire range of glass compositions. This im-
plies that there are no composition sub-ranges in which



Table 2
Glass compositions for experimentation plan and principal leaching results for R7T7 domain

R7T7 (oxide wt%) Soxhlet Testing under �saturation� conditions

No. SiO2 B2O3 Na2O Al2O3 Fe F FP r0 100 �C
(g m�2 d�1)

pH50 �C NL(B)1 year
(g m�2)

NL(Si)1 year
(g m�2)

C(Si)1 year
(mg l�1)

r1 year
(g m�2 d�1)

1 42.4 12.4 8.1 6.6 5.6 0.01 15.4 1.94 8.9 0.05 0.014 17 5.9E–05
2 42.4 12.4 11.0 6.6 0.4 6.85 10.9 2.15 9.3 0.16 0.025 31 2.0E–04
3 42.4 14.1 11.0 6.6 5.6 0.01 10.8 2.94 9.4 0.20 0.031 34 1.6E–04
4 42.4 14.1 8.1 3.6 4.3 0.01 18.0 1.79 9.2 0.18 0.031 39 1.0E–04
5 49.5 16.5 8.1 3.6 0.4 0.01 12.4 1.58 9.1 0.31 0.042 64 1.5E–04
6 51.6 14.9 11.0 3.6 0.4 0.01 9.0 1.61 9.4 0.32 0.058 87 7.4E–05
7 51.7 14.9 8.1 6.6 0.4 0.01 8.8 1.82 8.8 0.15 0.028 40 1.9E–04
8 49.2 16.4 11.0 6.6 0.4 0.01 7.0 2.38 9.2 0.31 0.039 50 3.2E–04
9 51.7 14.9 8.1 3.6 5.2 0.01 7.0 2.43 9.0 0.21 0.039 59 1.0E–04
10 42.4 14.1 8.1 6.6 1.3 6.85 11.1 3.06 8.6 0.08 0.016 21 8.0E–05
11 43.2 14.4 11.0 3.6 0.4 0.01 18.0 1.62 9.5 0.38 0.055 66 8.8E–05
12 44.5 12.9 8.1 6.6 0.5 0.01 18.0 1.31 8.7 0.09 0.021 24 1.6E–04
13 43.8 12.7 11.0 3.6 5.5 0.01 13.9 2.42 9.5 0.25 0.044 53 9.5E–05
14 43.8 12.7 8.1 3.6 5.5 6.88 10.0 2.62 8.8 0.16 0.030 37 1.5E–04

15 51.7 16.5 11.0 3.7 0.4 3.60 3.6 2.34 9.3 0.35 0.052 90 1.8E–04
16 51.7 16.5 8.1 6.6 0.4 3.60 3.6 2.08 8.9 0.22 0.028 50 3.2E–04
17 42.6 14.1 11.0 3.6 5.6 6.77 6.9 4.14 9.4 0.34 0.046 53 1.6E–04
18 50.2 14.5 8.1 3.6 0.5 6.77 6.9 2.5 9.0 0.23 0.036 62 1.7E–04
19 47.5 15.8 8.1 6.6 5.5 3.50 3.5 3.32 8.7 0.12 0.024 34 1.8E–04
20 50.8 14.7 11.0 6.6 0.4 3.50 3.5 2.29 9.0 0.23 0.031 47 2.9E–04
21 49.1 14.2 11.0 3.6 5.6 3.50 3.5 3.35 9.3 0.27 0.046 66 1.6E–04
22 45.6 14.2 9.5 5.1 2.7 2.90 10.5 2.63 9.2 0.18 0.031 42 1.6E–04
V1 44.0 14.2 8.8 4.3 3.5 1.45 14.2 2.27 9.0 0.16 0.027 39 1.2E–04
V2 48.7 15.4 10.3 4.3 1.6 3.25 7.1 2.37 9.1 0.26 0.036 57 2.0E–04
V3a 45.5 14.0 9.8 4.9 1.3 3 12.2 ND 9.1 0.17 0.029 42 2.7E–05
V3b 45.5 14.0 9.8 4.9 1.3 3 12.2 ND 9.2 0.18 0.033 17 2.7E–05
V3c 45.5 14.0 9.8 4.9 1.3 3 12.2 ND 9.0 0.18 0.029 31 2.7E–05

ND: not determined.
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Table 3
Glass compositions for experimentation plan and principal leaching results for AVM domain

AVM Soxhlet Testing under �saturation� conditions

No. SiO2 B2O3 Na2O Al2O3 MgO F P2O5 FP r0 100�C
(g m�2 d�1)

pH50 �C NL(B)1year
(g m�2)

NL(Si)1 year
(g m�2)

C(Si)1 year
(mg l�1)

rf
(g m�2 d�1)

1 38.6 16.8 18.9 9.0 7.5 1.8 0 3.4 9.75 9.8 2.80 0.018 19 4.8E–03
2 41.5 16.0 18.8 12.5 2.5 1.8 1.7 1.2 4.13 9.2 0.32 0.017 18 6.7E–04
3 38.5 16.7 15.0 12.5 2.5 1.8 0 9.1 5.98 9.0 0.16 0.013 14 3.1E–04
4 38.6 16.8 18.8 9.0 2.7 0.0 0 10.2 6.54 9.9 1.36 0.019 20 3.2E–03
5 43.7 19.1 18.8 9.0 2.5 0.0 1.7 1.2 4.03 9.6 2.01 0.022 26 4.5E–03
6 44.6 19.5 15.5 9.0 3.8 1.8 0 1.8 3.84 9.3 2.77 0.012 15 6.3E–03
7 41.8 16.0 15.0 9.0 2.5 1.8 1.7 8.3 4.74 9.2 0.35 0.019 22 7.3E–04
8 42.0 16.0 15.0 9.0 7.5 0.0 0 6.6 5.43 9.6 0.61 0.019 22 1.6E–03
9 45.6 17.4 16.9 12.5 2.5 0.0 0 1.2 3.26 9.0 0.29 0.016 16 6.0E–04
10 38.7 16.8 15.1 12.6 6.0 0.0 1.708 5.2 8.86 9.2 0.08 0.011 12 1.4E–04
11 41.1 16.9 16.3 10.5 4.7 0.7 0.8 5.0 6.14 9.3 0.16 0.014 16 3.1E–04
12 38.5 16.0 15.0 12.5 2.5 0.0 1.7 9.9 5.55 8.8 0.16 0.014 14 1.7E–04
13 38.5 16.0 15.0 9.0 7.5 0.0 0 10.1 7.62 9.7 3.23 0.016 17 7.2E–03
14 46.0 19.5 15.8 9.0 2.5 0.0 1.65 1.6 2.79 9.3 0.93 0.024 29 2.0E–03
15 38.5 16.0 18.8 9.0 6.8 1.8 1.7 3.5 7.64 9.6 0.67 0.009 9 2.0E–03
16 40.1 17.6 15.0 9.0 2.5 0.0 1.7 10.2 6.07 9.2 0.30 0.019 20 6.2E–04
17 38.5 16.8 18.8 12.5 2.5 1.8 1.7 3.5 4.95 9.2 0.54 0.013 14 1.0E–03
18 46.0 17.5 15.8 9.0 2.5 1.8 1.7 1.8 1.32 9.2 0.54 0.023 29 1.1E–03
19 43.0 16.4 15.0 9.0 2.5 0.0 0 10.2 1.8 9.0 0.22 0.017 20 4.2E–04
20 46.0 17.5 18.8 9.0 3.2 0.0 0 1.6 2.89 9.8 1.49 0.022 27 3.4E–03
21 43.0 16.4 15.0 9.0 7.3 0.0 1.7 3.7 5.89 9.2 0.13 0.020 23 2.6E–04
22 38.5 16.0 18.8 12.5 6.1 0.0 0 4.2 7.03 9.4 0.16 0.012 13 3.5E–04
V1 39.9 16.9 17.7 9.7 3.6 0.3 0.4 7.6 6.28 9.6 0.45 0.018 20 1.1E–03
V2 42.5 18.0 17.7 9.7 3.6 0.3 1.2 3.1 4.99 9.4 0.56 0.018 21 1.3E–03
V3 43.4 17.1 16.7 11.5 3.6 0.3 0.4 3.1 4.39 9.2 0.28 0.016 16 6.1E–04
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Table 4
Glass compositions for experimentation plan and principal leaching results for VRZ domain

VRZ Soxhlet Testing under �saturation� conditions

No. SiO2 Al2O3 CaO TiO2 ZrO2 Nd2O3 B2O3 r0 100�C
(g m�2 d�1)

pH90 �C NL(B)mean
(g m�2)

NL(Si)1 year
(g m�2)

C(Si)1 year
(mg l�1)

rmean
(g m�2 d�1)

1 51.5 13.7 24.6 6.2 2.0 1.0 1 0.49 8.70 0.018 0.013 19 4.3E–05
2 55.6 9.0 19.7 6.2 2.0 6.5 1 0.78 8.67 0.019 0.019 38 5.6E–05
3 50.7 9.0 24.6 6.2 2.0 6.5 1 1.25 8.95 0.028 0.018 26 8.0E–05
4 41.8 9.0 19.7 15.5 12.0 1.0 1 0.79 8.51 0.017 0.013 18 4.4E–05
5 55.6 9.0 24.6 6.2 2.6 1.0 1 0.55 8.84 0.015 0.014 27 4.0E–05
6 40.8 13.7 24.6 6.2 7.2 6.5 1 1.74 8.85 0.027 0.012 14 8.0E–05
7 40.8 9.0 24.6 15.5 8.1 1.0 1 1.43 8.69 0.016 0.014 20 4.9E–05
8 40.8 9.0 19.7 11.0 12.0 6.5 1 1.03 8.55 0.017 0.014 19 5.4E–04
9 40.8 9.0 19.7 15.5 7.5 6.5 1 1.08 8.60 0.022 0.014 19 7.0E–05
10 41.6 13.7 19.7 15.5 7.5 1.0 1 0.98 8.42 0.017 0.012 16 4.5E–05
11 52.4 9.0 24.6 10.0 2.0 1.0 1 1.06 8.73 0.018 0.014 25 4.6E–05
12 55.6 9.0 19.7 10.9 2.9 1.0 1 0.97 8.54 0.015 0.017 38 4.9E–05
13 42.2 13.7 24.6 10.0 2.0 6.5 1 2.60 8.84 0.022 0.014 17 5.8E–05
14 40.8 13.7 24.6 13.5 5.5 1.0 1 1.54 8.69 0.015 0.0080 12 4.3E–05
15 40.8 9.0 24.6 13.1 5.1 6.5 1 2.07 8.93 0.023 0.011 13 6.0E–05
16 51.2 13.7 19.7 6.2 7.2 1.0 1 0.55 8.53 0.019 0.014 22 5.2E–05
17 41.4 9.0 24.6 11.0 12.0 1.0 1 1.64 8.89 0.021 0.014 18 5.7E–05
18 40.9 13.7 19.7 8.6 9.6 6.5 1 1.26 8.59 0.019 0.0077 11 5.0E–05
19 40.7 9.0 24.6 8.6 9.6 6.5 1 1.36 8.87 0.019 0.0085 12 5.3E–05
20 55.6 9.0 19.7 6.4 7.4 1.0 1 0.57 8.59 0.016 0.011 21 4.5E–05
21 46.9 11.1 21.9 10.1 6.4 2.7 1 1.06 8.74 0.019 0.013 20 4.7E–05
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Fig. 1. Variability of the initial alteration rate measured at
100 �C within each domain.
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Fig. 2. Variability of normalized boron mass loss NL(B)
(g m�2) after 1 year measured at 50 �C for R7T7 and AVM
domains and at 90 �C for VRZ domain.

Table 5
Variability of the initial alteration rate within each domain
r0max: maximum initial alteration rate; r0min: minimum initial
alteration rate

r0max
(g m�2 d�1)

r0min
(g m�2 d�1)

r0max/r0min

R7T7 4.1 1.6 2.6
AVM 9.7 1.3 7.5
VRZ 2.6 0.49 5.3
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the initial alteration rate is significantly different from
the value calculated from the model.
The influence of a constituent ranging between its

lower and upper composition limits, while all the other
constituents ratios are unchanged at their center-of-
gravity values, is indicated in Table 4: a minus sign indi-
cates a reduction in the rate (by about 15% per sign)
when the mass fraction of the constituent increases in
the glass (from its lower to its upper limit).
Silica has a beneficial effect on the chemical durability

of the material by diminishing the initial rate r0. Con-
versely, increasing the concentrations of alkalis, alkaline
earths and boron cause r0 to increase.
The observed effect of the constituents is in agree-

ment with other published work [1–3]. The Fe +
Ni + Cr group slightly increases the initial alteration
rate whereas the fission products, particularly the rare-
earth elements and zirconium, improve the glass alter-
ation resistance under initial rate conditions.

3.2. Alteration kinetics at advanced stages of reaction

progress

Fig. 2 and Table 5 show the amplitude of the normal-
ized mass loss variations after 1 year for each of the
three composition domains.
The variability between domains is significantly

greater than under initial rate conditions. This
leads to very different kinetic profiles, as shown in
Fig. 3.
The rf = f(SiO2,Al2O3,B2O3,NaO, . . .) models based

on kinetic data having been statistically validated for
the R7T7 and AVM domains (as for the model r0), the
effect of individual constituents can be determined.
Table 6 summarizes the results obtained.
The variability of the VRZ glass alteration rates was

very low (not exceeding a factor of 2), no effect of any
constituent could be identified: under these conditions
the alteration rate is independent of the composition
over the tested composition domain (Table 7).

3.3. Assessment of alteration kinetics

Although the three domains present relatively similar
initial alteration rates, the variability of alteration rates
among the domains increases with the reaction progress.
The amplitude of the variations of normalized mass
losses within each domain also increased (except for
the VRZ domain). Nevertheless, the alteration kinetics
of each domain present specific characteristics as shown
by the following detailed results (Table 8).
Within the R7T7 domain, both the silicon concentra-

tion and the H4SiO4 activity varied almost as much as
the boron concentration after 1 year. The silicon reten-
tion factor, however, was relatively independent of the
composition but varied over time as shown in Fig. 4.
The mean silicon retention increased from 66% after 7
days to 85% after 1 year of alteration. Silicon retention
within the gel is considered to be one of the parameters
affecting the protective properties of the gel layer [10].
For the AVM domain, the final rate calculated by lin-

ear regression over the last three sampling periods ac-
counts for the entire altered thickness after 1 year as
shown in Fig. 5.
The composition does not appear to have a signifi-

cant effect on the normalized boron mass loss, and thus
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Table 6
Effect of constituents on the initial alteration rate (see text for details)

SiO2 Al2O3 B2O3 Na2O FP Fe–Cr–Ni Fines MgO F P2O5 CaO Nd2O3 ZrO2 TiO2

R7T7 – + ++ + – ++ +
AVM – + ++ + + ++ � +
VRZ – + ++ + � +

Table 7
Variability of normalized boron mass loss: NL(B) (g m�2) after
1 year for each domain: NL(B)max: maximum normalized mass
loss; NL(B)min: minimum normalized mass loss

NL(B)max
(g m�2)

NL(B)min
(g m�2)

NL(B)max/
NL(B)min

R7T7 0.4 0.05 8
AVM 3 0.08 40
VRZ 0.03 0.015 2
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on the alteration rate, within the VRZ domain. All the
glasses studied exhibited a kinetic profile characteristic
of an extremely low long-term alteration rate with con-
Table 8
Summary table of constituent effects on long term leaching behavior

AVM

NL(B) and r1 year C(Si)1 year

� +++ SiO2
– � Al2O3
+++ ns B2O3
++ + Na2O
ns ns FP
Not tested Not tested Fe–Ni–Cr
Not tested Not tested Fines
+ – MgO
+ ns F
� + P2O5

ns: no significant effect.
stant boron mass losses over time (Fig. 6). The estimated
decrease in the rate r0/rf exceeds a factor of 13000.
4. Discussion

Several hypotheses can account for the observed dif-
ferences among the three glass composition domains. A
pH variation could possibly explain the variable
alteration of the glass. Moreover, the evolution of the
kinetics over time can be due to a variation in the protec-
tiveness of the alteration gel and possibly to the presence
of secondary phases [10].
The pH50 �C varied between 8.6 and 9.5 within the

R7T7 domain and between 8.8 and 9.8 within the
(AVM, R7T7)

R7T7

r1 year NL(B)1year C(Si)1 year

ns � ++
++ – –
+ ++ +
+ ++ ++
– � �
� � �
ns � ns
Not tested Not tested ns
Not tested Not tested �
Not tested Not tested ns



0

0.1

0.2

0.3

0.4

0 0.02 0.04 0.06 0.08

NL(Si) g.m-2

N
L(

B
) 

g.
m

-2

364 days

56 days

7 days

Congruent dissolution

Fig. 4. NL(B) versus NL(Si) (g m�2) for 57T7 glasses at three
sampling intervals (7, 56 and 364 days) compared with
congruent dissolution (NL(B) = NL(Si)). The normalized sili-
con mass loss is substantially lower than the normalized boron
mass loss, indicating strong silicon retention within the alter-
ation film. The NL(B)/NL(Si) ratio is constant at any given
time interval and increases over time, i.e. the silicon retention
factor increases over time.

R2 = 0.98

0

0.002

0.004

0.006

0.008

0 2 4

NL(B) (1 year) (g.m-2)

r 
(1

 y
ea

r)
 (

g.
m

-2
.d

-1
)

Fig. 5. One-year alteration rate (measured by linear regression
over the last three sampling periods) versus NL(B).

0

1

2

3

4

0 100 200 300 400
Days

N
L(

B
) 

(1
0-2

 g
.m

-2
) 

Fig. 6. Kinetic profile of VRZ glass during alteration at high
S/V ratios at 90 �C.

204 P. Frugier et al. / Journal of Nuclear Materials 346 (2005) 194–207
AVM domain. Fig. 7 shows that the pH difference be-
tween the two domains is small compared with the dif-
ferences between glasses within a single domain.
The pH90 �C of the residual glass in the glass–ceramic
varied from 8.3 to 8.8. If the hydroxide ion is considered
the main cause of hydrolysis of the glass network in al-
kali media, comparing the pH for two different temper-
atures at constant OH� activity shows that a pH of 8 at
90 �C is equivalent to a pH of 9 at 50 �C (pKe
(50 �C) = 13.2; pKe (90 �C) = 12.4).
The rise of pH is not a direct cause of long-term

R7T7 glass alteration in this pH range [18]. Indeed, sev-
eral experiments have been carried out over 2 years with
the SON68 reference glass (belonging to the R7T7 do-
main) at imposed pH values of 7, 8, 9.5, 10, 10.5, 11
and 11.5, in a closed system at 90 �C with an S/V ratio
of 5000 m�1. The results showed that in the pH range
between 7 and 10 at 90 �C, the altered glass thickness
after 1 year did not increase with the imposed pH, but
instead decreased [14]. The pH measured in solution
during these tests must therefore not be interpreted as
a direct cause of R7T7 glass alteration.
Observation of the alteration films on AVM glass

with a scanning electron microscope or even with the
naked eye revealed very large quantities of crystallized
secondary phases (Fig. 8).
After sieving and washing to separate the crystalline

phases and glass grains, chemical analysis (by alkaline
melting or dissolution in HF/HNO3/H2SO4 and evapo-
ration followed by dissolution in HCl/HNO3 for ICP
analysis), confirmed by X-ray diffraction measurements,
showed phases highly enriched in magnesium with the
following stoichiometry: Si3Al1Mg3. Fig. 9 shows that
the magnesium was entirely retained in the crystallized
phases unlike the calcium, which contributed to the for-
mation of the amorphous gel.
The crystallized phases consist of entangled filaments

and did not adhere strongly to the glass. Unlike the gel,
they cannot constitute a protective barrier against alter-
ation. By consuming altered glass elements that could
contribute to the construction of the gel (e.g. silicon
and aluminum), the formation of crystallized phases en-
ters into competition with the gel formation kinetics and
limits the increase of element concentrations in solution.
Such phases do not form during R7T7 and VRZ glass
alteration because these glasses do not contain magne-
sium. Phyllosilicates rich in zinc and iron are observed
on the surface of R7T7 glass, however, although these
phases account for only a small fraction of the alteration
film (about 5 wt% [12]), whereas a simplified calculation
shows that the magnesia phase can represent up to
30 wt.% of the alteration film on AVM glass, as shown
by SEM observations. Titanium-rich crystalline phases
assumed to be phyllosilicates are also observed on the
surface of VRZ glass. They are found in small quantities
and have not yet been accurately identified.
If the formation of secondary phases accounts for a

constant residual rate in AVM glass, can it be the same
with R7T7 glass? No such phenomenon was observed in
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Fig. 9. SEM observations of the alteration film on AVM glass: element distributions.
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the experiments discussed here. This is consistent with
the fact that R7T7 glass contains no magnesium. Conse-
quently, it leads to few secondary products that can not
control silicon activity in the solution. However, under
experimental conditions designed to obtain a more sig-
nificant decrease in the alteration rate (higher tempera-
tures and longer durations) Gin et al. found a very
low residual alteration rate for R7T7 glass of about
10�4 g m�2 d�1 [14].
New data were provided by examining the effect of

the constituents on measurable experimental parameters
such as the 1-year alteration rates, the altered glass
thicknesses, and the silicon concentration in solution.
The effect of the constituents on C(Si) for the VRZ

domain is not discussed here; although the C(Si) =
f(SiO2,CaO,Al2O3, . . .) model is statistically valid, only
SiO2 has a significant coefficient value.

4.1. Silicon concentration in solution

The silicon concentration in solution CSi is the result
of the dynamic equilibrium between glass and solution: a
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part of silicon coming from glass dissolution goes into
solution and the other forms the alteration film (gel
and secondary phases). Silicon concentration in solution
is the result of these different processes: glass dissolution,
alteration film formation and dissolution.
Within the R7T7 domain, the effect of the glass con-

stituents on CSi is the same as on the altered thickness:
the same elements that enhance silicon recondensation
also diminish the glass alterability. This observation
confirms the formation of a protective gel and the fact
that the silicon concentration is above all a measure of
the reactivity of the gel rather than of the secondary
phases. Silicon concentration ranges from 20 to
100 mg l�1 for a pH50 �C around 9.1.
Within the AVM domain, the effect of the glass con-

stituents on CSi is very different from the effect on the al-
tered thickness. This means that CSi represents not only
the dissolution–condensation dynamics of the poten-
tially protective gel, but even more the dynamics of the
secondary phases. Indeed, the higher the Mg and Al
concentrations in the glass, the lower CSi; adding magne-
sium in solution favors the formation secondary phases
and thus consumes larger quantities of silicon in solu-
tion. Silicon concentration ranges from 10 to 30 mg l�1

for a pH50 �C around 9.1 which is three times lower than
R7T7.

4.2. Altered glass thickness after 1 year

The effect of the constituents is not the same as under
initial rate conditions. As previously observed [1–3], alu-
minum favors the rapid development of a protective gel
with a significant decrease in the rate during the initial
instants of gel formation. The fines, which are rich in
molybdenum (a relatively mobile element) and zirco-
nium (a sparingly soluble structural element), have little
effect on the glass containment properties. The fission
products, rich in rare-earth elements and zirconium, im-
prove the glass alteration resistance.
The link between the massive formation of secondary

phases and sustained alteration is further strengthened
by the observation that a high magnesium concentration
increases the altered AVM glass thickness after 1 year.
However, the undesirable effect of magnesium is not
stronger than that of the alkali metals and boron. This
suggests that the most pertinent parameter is not only
the formation of the phases, but rather the kinetics of
their formation compared with the kinetics of formation
of the protective gel.
Several parameters could enhance the protectiveness

and the kinetics of formation of a gel.

4.3. Affinity effect

If no secondary phases form, the element concentra-
tions in solution (silicon in particular) will be higher, and
will thus enhance the recondensation kinetics. At com-
parable pH values, the silicon concentrations are limited
to about 30 mg l�1 for AVM glass, but may reach
100 mg l�1 for R7T7 glass.

4.4. Structure effect and element recondensation

tendency

A strong synergy between calcium and aluminum, as
well as between calcium and zirconium, has been dem-
onstrated in the formation of a protective gel: at 90 �C
and 8000 m�1, the decrease in the alteration rate
becomes significant when calcium and aluminum (or
calcium and zirconium) are added to a three-oxide
composition SiO2–B2O3–Na2O while maintaining the
elemental ratios of R7T7 glass [13,8]. The high calcium,
zirconium, aluminum, titanium and neodymium concen-
trations of VRZ glass favor silicon recondensation; the
long-term Si concentration in solution remains about
30 mg l�1 at 90 �C. The decrease in the alteration rate
is progressive for aluminum-rich glass (lower altered
thickness, but higher 1-year rate), but occurs later and
more suddenly for zirconium, the main fission product
component (slightly lower altered thickness and major
decrease in the 1-year rate). These results are compara-
ble with the effects observed for simple glass composi-
tions [10] (Fig. 10).

4.5. Porosity effects

The formation of a gel is not sufficient if it is not pro-
tective. This implies that the gel reorganization occurs
quickly enough to fill-in the voids left by the release of
the soluble elements, boron and alkali metals. For exam-
ple, while an alkaline pH enhances the silica dissolution
kinetics, as shown by alteration tests under initial rate
conditions (i.e. with a high renewal rate), it may simi-
larly enhance the recondensation kinetics in the gel
and thus favor its reorganization [10].
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The mass fractions remaining after release of the ele-
ments that are not retained in the gel are very different
depending on the composition domain. Over the long
term, when steady-state concentrations are reached for
the cross-linking elements in solution (near 100% reten-
tion) compared with the mobile tracer element, the mass
fraction of elements remaining in the gel (glass composi-
tion less boron, alkali metals and crystallized secondary
phases) is near 99% for VRZ glass, 70–80% for R7T7
glass, and only 47–64% for AVM glass.
5. Conclusion

The alteration characteristics of the glasses in the
same composition domain are very comparable, making
it a simple matter to apply predictions for the reference
composition to the entire domain. The most significant
differences in the alterability of the glass compositions
appear in a closed system over long alteration periods;
the altered thicknesses are particularly low for VRZ
glass. The initial rate and especially the decrease in the
rate determine the altered R7T7 and VRZ glass thick-
nesses after 1 year, whereas the residual alteration rate
determines the altered AVM glass thickness. The persis-
tence of a high residual rate for AVM glass is related to
the massive formation of phyllosilicate phases rich in
magnesium. The mechanism of formation of these
phases competes with the formation of a protective
gel, and has not yet been described in sufficient detail.
The residual alteration kinetics observed for R7T7 glass
by Gin suggest that the alteration of R7T7 and AVM
glass could differ only for the relative values of the key
parameters (the initial rate and residual rate) rather than
for the alteration mechanisms themselves. The sensitiv-
ity of the glass and gel compositions to the presence of
crystallized secondary phases is a major issue related
to the more general problem of interaction with environ-
mental materials capable of supplying elements liable to
form secondary phases.
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