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Granitic simulation

therefore does not simulate the redox conditions of the repositoryl18!.
The salt medium consisted only of a French halitic salt. The brine leachate was prepared

from the same salt, so equilibrium conditions between the material and solution were reached
instantaneously and a conditioning cell was unnecessary.

In all the test media, the storage canister was simulated by small previously oxidized
pieces of NS 24 (a refractory steel used in France for waste glass canisters) with a surface area
calculated by assuming that both the inner and outer faces of the canister were accessible to the
water.

The solution near the glass block was sampled at 2-month intervals and analyzed (pH,
ICP, etc) to monitor the progressive alteration of the glass. On completion of the test the cells
were opened, the glass and environmental materials were separated, and the glass was studied
by SEM, STEM, X-ray analysis, etc.

Influence of Cracking
Figure 11 compares the evolution of the boron concentration in solution during

experiments in granite and clay with 1 kg monolithic or fractured glass blocks. It is evident that,
although cracking multiplied the exchange surface area by a factor of 1.0 to 12, the quantity of
altered glass (proportional to the boron concentration) never increased by a factor of this order.

In granite, where saturation conditions relative to the glass appear to have been reached,
the altered glass quantity increased by only a
factor of 1.4 for the fractured block. In clay,
where saturation relative to the glass was not
obtained, glass alteration increased by a
factor of 3.

Observation of the surface layers on
the outer edges and at the core of the
fractured specimen showed that water was in
contact with all the fractured surfaces and
even in small cracks. Corrosion of the
fractured glass block is therefore not limited
by poor accessibility to water, but probably
by the concentration of the various species in
solution. However, the altered glass
thickness decreased towards the center of
the fractured glass block, probably because of
slight diffusion of corroded species along the
cracks.

Influence of Environmental Materials
The nature of the materials

representing the host rock or the nearfield
engineered barrier is extremely important.
R7T7 glass corrosion in a granite medium
with a sand engineered barrier was relatively
low, comparable to the corrosion observed in
pure water. Similar results were obtained in
a saline medium. Major alteration was
observed with Boom clay, however, and in
the presence of smectite 4a. In general, most
of the clays tested (smectite, illite, Boom
clay) consume silicon released into the
medium by glass corrosion. As a result, they
tend to the alteration rate over a longer
period at high values near those observed in
tests with constant leachate renewal.

The greater the quantity of clay in the
medium, the greater the glass alteration if Figure U: Boron concentrations in solution
the clay acts as a silicon sink. Thus, in a ^ &anite and clay media

B
mg

600

500

400

300

200

100

00
0

00."

0 0 0 0 0 0 0 0 0 °

20 40 60
Weeks

80 100

Boom Clay

B
mg

600

500
400
300
200
100

* * * *

1 0 20 30
Weeks

40 50



leach rates were observed as a consequence of high decay doses. For the KAB 78 ceramic,
however, none of these effects were detected. There was no variation in the matrix (corundum
and mullite), the microstructure or the lattice constant. The Al, Si and Pu distribution were
unaffected by the a dose, and no measurable stored energy was found. The explanation for this
difference can be seen in Figure 8: for this TRU ceramic the a activity was not homogeneously
distributed in the matrix, but included within the closed porosity volume. Most of the a dose
was therefore not incorporated in the matrix, but remained within the radionuclide inclusion
itself.

5 CHEMICAL STABILITY

Aqueous corrosion will be the principal long-term glass alteration factor. Numerous
studies have been conducted to identify the basic mechanisms of this corrosion in order to
develop long-term behavior models, and are discussed in another papert3'. Considering the
multiple parameters affecting a geological repository, however, integral experiments simulating
all the actual disposal conditions are necessary to qualify the basic models under realistic
conditions.

5.1 Integrated Experiments in Granite, Clay and Salt
This section summarizes the main findings obtained from integrated test mockups

referred to as "TAV" experiments that are extensively used in France to simulate possible
storage scenariost16'.

Experimental Procedure
The TAV test device consists of two interconnected teflon-lined steel cells (Figure 10).

The conditioning cell contains the host rock and engineered barrier materials. Simulated
geological water is allowed to reach equilibrium in the conditioning cell for two months at 90°C
before it is introduced into the leaching cell, containing an R7T7 glass block 80 mm high and
70 mm in diameter at the center of the materials: host rock, engineered barrier and small
oxidized metal fragments simulating the canister or overpack.

In order to simulate a granite
medium, the leaching cell contains
small granite monoliths so the glass to
granite surface area ratio simulates the
reference repository conditions.
Conversely, the granite in the
conditioning cell is ground to better LEACHING VESSEL
ensure equilibrium between the water
and rock; the engineered barrier is
simulated by a mixture of 95% sand
and 5% smectite, and the granitic
water is simulated by a Votvic water, a
French mineral waterl17!.

A clay medium was simulated
using Boom clay, with sand as the
engineered barrier material. Unlike
the granite medium, the host rock and
engineered barrier materials were not
mixed together: instead, all the sand
was placed at mid-height in the vessel,
around the sampling tube. The glass
block was therefore surrounded by
moist clay at the top and bottom, with
a ring of sand at the middle to ensure
sufficient permeability for sampling
purposes. The synthetic clayey water
leachate used was prepared in air, and

Sampling line

Glass specimen

Environmental material

Peripheral heater

Leachant
sampling
valve

PRECONDITIONING VESSEL

Environmental material

Platinum probe
4 Air

Water

Pump

Figure 10: Schematic diagram of TAV test device
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Figure 8: Différent types of matrices immobilizing radionuclides

KAB 78 ceramic ma-
trix was doped with
20wt% of 238PuO2.
Over a three-year
period, this ceramic
has received an accu-
mulated a dose of
8.3 x 109 Gy (about
1019 a-g-i). The
same accumulated
alpha dose would be
reached after about
10 000 years by
ceramics containing
20wt% of dissolver
residues from repro-
cessing fast breeder
reactor fuel ele-
ments. Ceramics
loaded with 20wt%
of light water reactor dissolver residues would reach a maximum accumulated a dose of 2 x 109

Gy after 100 000 years. This alpha dose was received by the 238PuO2 ceramic after 8.5 months.
In order to estimate the effects of the internal alpha irradiation on the matrix, the

238PuO2 ceramic was analyzed by X-ray diffractometry, reflected light and scanning electron
microscopy, as well as differential thermal analysis at periodic time intervals. Figure 9 plots the
measurement chronology versus the accumulated alpha dose.

X-ray diffraction analysis focused on the state of the crystalline matrix phases, corundum
and mullite. No variations were detected in their d-spacings, peak areas, intensities, half-widths
and lattice constants. Optical and scanning electron microscopic investigations revealed no
detectable changes in the microstructure or in the phase boundaries between the PuO2 particles
and the matrix. The Al, Si
and Pu element distribu-
tion was unaffected. Dif-
ferential thermal analysis
showed no measurable
stored energy in the mater- i o
ial independent of the
dose. The actinide leach-
ing results for this type of

,, a-dose(Gy)

ceramics are
elsewherel15!.

reported
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4.4 Radiation
Stability
No adverse effect of

irradiation damage was
found in glasses doped
with short-lived actinides:
volume changes were
small, no significant change
in the leach rates was
observed, and the fracture
toughness increased.

For most of the
ceramics investigated, vol-
ume changes of up to 9%,
amorphization and higher Figure 9: Accumulated a dose of 2MPu-doped aluminum silicate

ceramic KAB 78 versus time
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Figure 7: Density changes of ceramics doped with 238Pu or ̂ Cm (left) and recovery during
isochronal annealing (right)

reduced brittleness that enhances the glass crack propagation resistance.
4.2 HLW Ceramics

A number of potential ceramic waste forms including Zirconolite CaZrTi2O7 and Synroc
were doped with ̂ Pu at Harwell or ̂ Cm at TUI Laboratory. In contrast to the glasses, large
volume changes were observed with all ^Pu- or ^Cm-doped ceramics, including Synroc for
which three different test series were performed (Figure 7). Volume changes of up to 9% were
found. Parallel X-ray and TEM investigations were performed on a number of doped ceramics,
proving that amorphization (metamictization) occurred leading to an aperiodic structure. For
Synroc, indirect evidence based on gas release following ion implantationl11-12! proved that this
multiphase material also becomes amorphous. The radiation-induced swelling and
amorphization resulted in a higher leach rate and increased fracture toughness, but decreased
hardness. The ceramics recrystallized in one or two recovery stages, most recovery occurring in
the temperature range of 500-800°C. Stored energy release was also measured, and was
generally similar to that observed in glasses.

4.3 TRU Waste-Bearing Ceramics
At KfK (INE) the suitability of aluminum silicate ceramic matrices for conditioning of

TRU wastes was demonstrated by incorporating dissolver residues, residues from dry and wet
incineration of burnable TRU wastes and TRU-enriched sludges^13-14]. Using a mixture of
reactive corundum, kaolinite and bentonite as ceramic raw materials (KAB 78), the waste
compounds were added in a powdery or slurry state to obtain waste loads of about 20 wt%
During heat treatment for 15 minutes at Tmax = 1300°C the ceramic raw materials formed
recrystallized corundum (A12O3) and aluminum silicates (mullite A^Sip^) which encapsulated
the waste particles. In this waste form, the waste compounds were mainly actinide and fission
product oxides as well as fission product alloys. The general features of the microstructure of
such ceramics compared with those of glass and Synroc are shown in Figure 8.

In order to study the behavior of TRU waste-bearing aluminum silicate ceramics in terms
of internal alpha irradiation up to maximum doses (corresponding to long disposal periods) the



It is interesting to note that the
results for SON 68 (Figure 4) show
that this glass expands with increased
doses, in contrast to an earlier French
glass composition SON 58, which
contractedl10'. While there is no
completely satisfactory explanation of
why some glass compositions expand
and some contract under irradiatir i ,
the present work on Cm-doped glasses
indicates that the remaining porosity
can be decisive. This is shown by the
scatter of glasses of different
productions in the lower part of
Figure 4, and by the observation that
the same SON 68 glass contracted (Le.
the density increased) when during the
fabrication step some 2% porosity
remained in the glass.

Leaching
The glass leaching results are

plotted in Figure 5, again versus the a
decay dose. All the investigated
glasses show leaching behavior that is
largely unaffected by radiation. This is
true for the overall leach rate (Soxhlet
and 150°C static leaching) and for all
analyzed elements in solution (150°C
static leaching). Note that only some
of the 30 elements analyzed are shown
in FigureS. Note also that some
glasses doped with 238Pu and measured
in previous programs!5-10! showed a
small increase in leach rate with the
radiation dose.

Mechanical Properties
Figure 6 shows the variations in

mechanical properties versus the inte-
grated or dose for SON 68 waste glass.
Similar results were obtained for other
HLW glasses (GP98/12 or
MCC76/68). For all nuclear glasses, a
positive feature of radiation damage is
that the crack lengths and crack proba-
bilities during Vickers indentation
significantly decreased with increasing
doses. The fracture toughness Kir-
deduced from the crack lengthPl
increased by about 50% after a dose of
1018 cr-g-1. Correlatively, the glass
hardness dropped by more than 30%
between 5xl017 and 1.5 xlO18 a-g"1,
then stabilized for higher doses. The
net result of these two phenomena is
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Figure 5: Leach rate for the glasses in Figure 4

(upper part) and concentration of selected elements
in the leaching water (lower part) versus a dose.
(Soxhlet leach rate at 100°C for Pu-doped glass;
14-day leach results at 150°C for the Cm-doped

glass).
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Figure 6: Hardness, crack length at Vickers
indentations and crack probability of SON 68 waste

glass as a function of a dose



o 0
o"*"

1 -02<_>

'35c
CU A

-06

waste glasses
doped with

15wt.%Pu-23B

PFRÎ16W

SON 6B glass
doped with

A Q5wtXCm-2M
0.15 win Cm-214

The fracture behavior of the
Cm-doped glasses was tested as a
function of the a dose by applying
indentation techniques!9!. Spherical
indentors (Hertzian indentation) and
sharp indentors (Vickers indentation)
were used. Nucleation (crack proba-
bility) and the length of the cracks
emanating from the corners of the
Vickers indentations were measured to
deduce radiation damage effects on
the fracture toughness K!c.

Density
The results of the density

measurements for glasses plotted
against dose are shown in Figure 4.
The curves in this figure were fitted to
the data by a least-squares method
using the equation:

Ap = A(l-exp{-BD})

where Ap is the change in density (%)
at dose D (a decays-g"1). A is then the
change in density at the saturation
dose and B is the fraction of the glass
totally damaged by each tt decay. The
values of A, B and their standard
deviations for the curves in Figure 4
are shown in Table 2.

The density changes for MW and
PFR glass are thus predicted to
saturate after decreases of 0.47% and
0.71%, respectively, i.e. for a
dimensional increase of 0.16% and
0.24%. The data for 238Pu-doped SON
glass are not yet sufficient for a
meaningful interpretation. The doses
sustained to date by the 238Pu-doped
glass are equivalent to times of ca.
300 000, 2500 and 150 years for MW
(Magnox), PFR 116 and SON 68 glass incorporating actual waste, assuming 0.5% of the Pu
originally in the fuel remains in the high-level waste. The large difference in these times for
similar doses is primarily attributable to the much larger amount of M1Am in the PFR and
LWR wastes compared to the relatively low burnup Magnox waste.

The data for Cm-doped SON glass (two concentrations and two specimens from different
productions simulating a storage time of 100 000 years) show that density changes saturate after
a decrease of 0.54%, an intermediate value between the results obtained for MW and PFR 116
glasses.

4 6

1018 alpha- decays /g

Figure 4: Density changes of SON 68, MW and
PFR 116 waste glasses doped with 2.5 wt% ̂ Pu as a
function of a dose (upper graph). Lower graph: as
above, for SON 68 glass doped with 0.5 or 1.5 wt%

244Cm (hot cell measurements)

glass

MW
PFR 116
SON 68

A(%)

0.47 ± 0.04
0.71 ± 0.04
0.55 ± 0.05

B(10-17g)

0.105 ± 0.006
0.071 ± 0.007
0.095 ± 0.005

Table 2 - A and B Values and Standard Deviations
Corresponding to Figure 4



Figure 3: X-ray intensities of elements
from SEM-EDS analysis of the glass

phase of the as-cast and annealed
SM513LW11 glass. Annealed values are
the means of those found after annealing

times of 3, 30 and 100 days
at 620, 720 and 820°C.

Ma AI Si Ca
Elements

Ti

3.2 Crystallization of R7T7 Glass Samples
An incipient crystallization temperature below which no crystal growth is observed, and a

temperature at which the crystallization rate reache" a peak have been determined by optical
and electron microscope examinational The incipient crystallization temperature (typically
600°C) is used to set the maximum interim storage temperature with a suitable safety margin.
Extended testing at the maximum crystallization temperature (typically 780°C) provides a
means for determining the maximum crystallized fraction liable to form in long-term repository
conditions: this fraction does not exceed a few volume percent for R7T7 glass and has no
significant effect on the glass properties.

4 RADIATION STABILITY
During long-term repository storage the waste matrix is subject to high radiation levels

and doses; typical values for a waste glass containing HLW from LWR fuel reprocessing are 1
to 2 x 1019 a decays per gram, about 1020 0 decays-efl corresponding to about 5 x 1022 atomic
displacements, or an ionization dose of about 2 x 10*° Gy experienced over a time span on the
order of 106 years. It is generally agreed^5'6! that most damage is due to a decay from the
incorporated actinides rather than to 0 and 7 decay of the fission products. Accordingly, the
radiation stability of proposed waste matrices is normally tested by doping the matrix (glass or
ceramic) with a relatively large amount of a short-lived actinide such that the a decay dose to
the waste matrix in a few years will be as great as actual waste will receive over many centuries
or millennia.

4.1 HLW Glasses
Several glasses have previously been tested by this method!7'8!. In the present program,

samples of MW, SON 68 and PFR 116 waste glasses (Table 1) were doped at Harwell with
2.5 wt% 238Pu, and their densities and Soxhlet leach rates monitored at intervals as the a decay
dose to the glass built up. Different waste glasses including SON 68 were doped with 0.5 or 1.5
wt% 244Cm at Karlsruhe, densities were measured in hot cells (because of the neutron emission
and spontaneous fission of 244Cm) with smaller samples than for the Pu-doped glasses (because
of the high cost of curium) and therefore with lower accuracy than for the Pu-doped glasses.

Experimental Procedure
All specimens were stored at room temperature. Soxhlet leach rates at 100°C were

measured at intervals for the Pu-doped glass. The same sample of each glass was used for all
such leach rate measurements in order to avoid sampie-to-sample errors. The samples were
dried before weighing, the dried gel layer was scraped off and the sample reweighed. For the
next leach test, several months later, the same sample was used without further treatment apart
from the initial confirmatory weighing. The Cm-doped glasses were treated in a similar way,
but leaching was performed in autoclaves under static conditions in bidistilled water at 150°C
for 14 days with a sample surface area to water volume (SA/V) ratio of 10 nr1.
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Figure 2b: X-ray intensities of elements from SEM-EDS analysis of annealed SM513LW11
glass. Annealing times: 3,30 and 100 days. Annealing temperatures: 620, 720 and 820°C

from analysis of the large, dark crystals in Figure 1

relative intensities of Si:Ca:Ti was 1:1:1. After 3 and 30 days at 620°C, the Si-Ca-Ti phase was
not detected. Figure 2b shows the column diagrams of the large dark crystals (Figure 1) after 3,
30 and 100 days at 620, 720 and 820°C. The ratio of the X-ray intensities for Si:Ca:Ti was
approximately 7:3:1. These crystals were rich in silicon and contained less Ca and Ti than the
titanite phase. In addition, Mg, Fe and Ni were found in the crystals. Small amounts of Na, Al,
Cr and Mn were also detected in some cases. The composition and appearance of the crystals
suggest amphiboles and pyroxenes when compared with the results for the inactive glass!2!.

Glass crystallization causes a change in the composition of the glass phase, and potentially
a change in the chemical and physical properties. Figure 3 shows the diagram of the as-cast
glass matrix and of the annealed glass. The diagram of the annealed glass shows the mean
values for all the annealing experiments since no correlation was found between the matrix
composition and the annealing conditions. It can be seen that the change in the matrix
composition due to glass crystallization was relatively small; the Mg, Ca, Ti and Fe content
increased slightly. The difference in chemical durability can thus also be expected to be small.
The crystallization of the highly active glass was much the same as that of the nonradioactive
glass.



days. The highest crystallization yield was found after 100 days at 620°C. Figure 1 is a SEM
micrograph showing two crystalline phases. The small bright crystals are probably titanite, as
found in the inactive glassl2'.

Figure 2a shows a column diagram from the SEM-EDS analysis of annealed glass samples
for various times and temperatures. There were no significant differences in the composition
of the crystals concerning the X-ray emission intensities of Si, Ca and Ti. The ratio of the

Figure 1: SEM micrograph of HLW glass SM513LW11 annealed at 620°C for 100 days
(white bar: 10 Mm)

100d/620°C
3d/720°C
30 d/720 °C
100d/720°C
3d/820°C
30 d/820 °C
100d/820°C

Figure 2a: X-ray intensities of elements from SEM-EDS analysis of annealed SM513LW11
glass. Annealing times: 3, 30 and 100 days. Annealing temperatures: 620,720 and 820°C

from analysis of the small, bright crystals in Figure 1



Oxide SON 68<a> PFR SM513LWll<d>

SiO2

B203

A1203

Na2O
Li2O
CaO
MgO
TiO2

ZnO
Fe203

Cr203

NiO
ZrO2

P205

FP oxides
Actinide

oxides (UO2)

45.5
14.0
4.9
9.9
2.0
4.0

2.5
2.9
0.5
0.4
1.0
03

113

0.9

46.3
16.4
4.9
83
4.0

5.4

2.5
0.4
03

0.2
11.1

02

44.8 52.2
10.0 14.0
7.5 2.7

10.7 9.1
5.2 4.2

4.5
2.0

7.5 4.5

5.1
1.0
0.7

7.1

0.4

• 7.8

(a) SON 68 18 17 L1C2A2Z1 or "R7T7" LWR
(b) Magnox

(c) Prototype Fast Reactor
(d) Pamela

Table 1 - Typical Borosilicate Nuclear Waste Glass Compositions

• After two years of leaching at 90°C under a pressure of 10 MPa, the surface area of the
fractured blocks was still 10 to 12 times greater than the geometric area: the exchange
surface area thus did not increase in time as a result of stress corrosion.

• Conversely, in some cases (in granite media) the alteration gel layer that developed in the
fractures had begun to cement the fragments together, and some effort was necessary to
separate the pieces.

Thus, although it is always preferable to minimize the initial cracking by optimizing the
thermal scenario, the long-term evolution of the glass block tends to limit the effect of cracking
in time.

3 THERMAL STABILITY OF GLASS

Significant crystallization could be detrimental to the glass integrity and containment
properties by generating soluble phases, by increasing the solubility of the residual glass matrix
or by inducing porosity in an initially homogeneous matrix. For this reason, the composition of
nuclear waste glasses has been adjusted to ensure a small final crystallized fraction.

3.1 Crystallization of PAMELA HLW Glass Samples
Fufiy radioactive PAMELA, glass samples from Mol were investigated. The results were

compared with those obtained for nonradioactive glass samples in order to identify any
significant differences attributable to radiation and to different glass fabrication processes.

Laboratory scale samples of simulated inactive SM513LW11 glass from the pilot plant
were investigated in great detail!2!. Some of these experiments were repeated with radioactive
glass: optical and scanning electron microscopy to assess glass homogeneity, electron
microprobe analysis of the chemical composition and crystal phases formed on annealing.

Glass corrosion was measured at two temperatures in deionized water unuer static
conditions. The leachates and the surface of the corroded samples were examined!3!. The time-
temperature-transformation (TTT) diagram!2!, Le. the curve for at least 5 wt% of crystalline
phases up to 100 days, shows a maximum of crystallization at about 700°C in the inactive glass.
Crystallization of the radioactive glass was investigated at 620, 720 and 820°C for 3, 30 and 100
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E. VERNAZ (CEA) - A. LOIDA (KfK) - G. MALOW (HMi)
J.A.C. MARPLES (AEA) - Hj. MATZKE (JRQ

Summary
The long-term stability of HLW forms is reviewed with regard to temperature,
irradiation and aqueous corrosion in a geological environment. The paper focuses
on borosilicate glasses, but the radiation stability results are compared with some
HLW ceramics.
Thermal stability: most nuclear waste glass compositions have been adjusted to
ensure a low final crystallized fraction. The crystallization of highly active Pamela
glass samples was similar to that of nonradioactive glass.
Radiation stability: No adverse effect of irradiation damage was found in glasses
doped with short-lived actinides: volume changes were small, no significant change
in the leach rate was observed, and the fracture toughness increased. For most
ceramics investigated, volume changes of up to 9%, amorphization and higher leach
rates were observed as a consequence of high a decay doses. For the KAB 78
ceramic, however, none of these effects were detected since the matrix was not
subject to a recoil damage.
Chemical stability: It has been demonstrated that alteration by water depends
largely on the repository conditions. Most day act as silica sinks, and increase the
glass corrosion rate. It is possible, however, to specify realistic temperature,
pressure and environmental conditions to ensure glass integrity for more than
10 000 years.

1 INTRODUCTION
The need to solidify dispersible high-level nuclear wastes (liquids, sludge or ashes) in a

stable form is acknowledged world-wide, and a large number of matrices have been proposed:
borosilicate glass, phosphate glass, vitroceramics, synrocs, super calcine, tailored ceramics, etc.
Borosilicate glasses have been widely selected to solidify fission product solutions generated by
fuel reprocessing, and several types of matrices are used for alpha-bearing wastes (a typical
borosilicate nuclear glass composition is indicated in Table 1). This paper discusses the long-
term stability of borosilicate glasses and of an aluminosilicate ceramic selected for a waste
containment in Germany, compared with some other ceramics. The major factors liable to
affect long-term stability are heat, irradiation and aqueous corrosion.

2 MECHANICAL STABILITY OF GLASS

2.1 Glass Cracking
The thermal and mechanical stresses generated during cooling imply that full-scale HLW

glass blocks will be fractured. A theoretical and experimental study was undertaken at
Marcoule to Assess the extent of cracking for various cooling scenarios .̂ It is estimated, for
example, that the teachable surface area of an industrial R7T7 glass block is 10 to 15 times
greater than its geometric area.

2.2 Effect of Cracking on Alteration
The effect of cracking on glass alteration was investigated under simulated repository

conditions by means of integral laboratory-scale experiments as described in §5. Two
significant observations regarding long-term glass behavior may be noted here:


