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Abstract-The properties of actinide glasses are studied in the context of high-level waste management 
programs. Reprocessing high burnup fuels in particular will increase the minor actinide content in the 
glass package, resulting in higher cumulative alpha decay doses in the glass, and raising the question of 
the glass matrix behavior and especially its containment properties. The effect of alpha self-irradiation on 
the glass behavior is evaluated by doping the glass with a short-lived actinide (244Cm) to reach in several 
years the alpha dose received by the future glass packages over several thousand years. “R7T7” 
borosilicate glasses were doped with 3 different curium contents (0.04, 0.4  and 1.2 wt% 244CmO2). The 
density and mechanical properties of the curium-doped glasses were characterized up to 2. 1018 α/g, 
revealing only a slight evolution of the macroscopic behavior of R7T7 glass in this range. The leaching 
behavior of curium-doped glass was also studied by Soxhlet tests. The results do not show any significant 
evolution of the initial alteration rate with the alpha dose. 

 
 

INTRODUCTION 
Fission products and minor actinides are 
currently stabilized and immobilized by 
vitrification in France; this is the French 
reference process for industrial management of 
such high-level wasteforms. “R7T7” glass, 
named after the COGEMA La Hague 
vitrification units, is the reference glass selected 
to immobilize the radioelements arising from 
reprocessing light-water reactor fuel with a 
burnup of 33 GWd·t -1. Developments in the 
characteristics—and notably the burnup —of the 
fuel used in nuclear power plants modify the 
isotopic composition of the radioactive elements 
to be immobilized. Depending on the glass 
loading factor, this will result in a higher 
concentration of minor actinides in the glass, and 
thus an increase in the cumulative alpha decay 
sustained by the material. 
As alpha decay is the main cause of atom 
displacements after disposal [1-4], a research 
program was undertaken on the effect of alpha 
decay on the glass containment properties. 
R7T7-type glass samples doped with a short-
lived actinide (244Cm) were fabricated to obtain 
within a few years the cumulative alpha decay 
equivalent to that of an industrial glass package 
tens of thousands of years after disposal. 
This article describes the glass samples 
fabricated for this purpose, and the initial 
characterization results for the macroscopic 
properties versus the alpha dose, from which the 
effect of alpha decay can be estimated on the 
glass containment properties. 

 
EXPERIMENTAL 
Materials 
Three R7T7 glass samples were fabricated with 
different curium content to investigate not only 
the alpha decay dose effect, but also the dose rate 
effect on the glass behavior. Fission products 
were simulated by their stable isotopes or by 
chemical elements having similar behavior. 
The glass samples were fabricated in the CEA’s 
Atalante complex at Marcoule by melting oxides, 
carbonates and nitrates at concentrations adjusted 
to limit foaming of the molten glass. Curiu m in a 
nitric acid solution was added to the oxides in a 
platinum crucible. The mixture was melted for 
3 hours at 1200°C, then quenched to a 
temperature slightly above the glass transition 
point (600°C), from which it was cooled more 
slowly to release the residual stresses from the 
glass. The samples were produced in the form of 
cylindrical rods 21  mm in diameter and about 90 
mm high. Two glass rods each weighing about 
80 g were fabricated for each curium 
concentration. 
 
Glasses homogeneity and chemical 
composition 
The curium-doped glass samples were 
characterized immediately after fabrication to 
check the homogeneity of the material, 
especially the curium distribution in the glass 
rods. Optical and scanning electron microscopic 
observation of polished specimens taken at 
various points in the rods revealed no 
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heterogeneities containing curium, and 
confirmed the glass quality. The X-ray 
diffraction diagrams are characteristic of an 
amorphous structure and confirm the absence of 
secondary crystalline phases within the glass 
matrix. 
The glass chemical composition was analyzed 
after acid and microwave dissolution of some 
specimens. The ICP-AES analysis results are 
consistent with the expected chemical 
compositions for R7T7-type glass.  
The 244Cm content of the glass was determined 
by alpha spectrometry of samples from the glass 
dissolution solutions, and by isothermal 
calorimetry measurement of the power radiated 
from solid samples of each type of glass. The 
results indicated concentrations of 0.04%, 0.4% 
and 1.2 wt% 244CmO2 for the three glass 
samples. 
The curium distribution within the glass rods 
was determined by tracing curium isotopes 243 
and 245 by gamma spectrometry axially along 
the cylindrical rods. In the two rods doped with 
1.2% 244CmO2 the curium was uniformly 
distributed over about 95% of the length, with a 
slight (about 15%) accumulation of curium in the 
last 5 mm at the bottom of the rod, as shown on 
the figure 1. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. 243Cm distribution in the glass doped with 
1.2w% of 244CmO2 
 
Nevertheless, the slight heterogeneity in the 
distribution did not result in any precipitation of 
secondary phases, as shown by optical and SEM 
observations of the crucible/glass interface zone 
(figure 2).  
 
 
 
 
 
 
 
 
Fig. 2. Optical observation of the crucible/glass 
interface zone 

Moreover, gamma spectrometry analysis of the 
distribution of isotopes 243Cm and 245Cm in the 
rod coupled with 244Cm concentration 
measurements indicated the exact 244Cm 
concentration in the samples taken each rod, and 
were used to calculate the cumulative alpha 
decay over time. 
Figure 3 presents the evolution of the alpha dose 
with time for this three glasses. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Cumulative alpha dose for the Cm doped 
glasses  
 

Test methods  
The density of the curium-doped glass was 
measured by means of a hydrostatic balance; the 
glass sample was weighed in air, then in water 
according to Archimedes’ principle. 
The glass hardness was measured in air by 
Vickers micro-indentation on polished 
specimens, with indenter loads of 100 to 500 g  
maintained for 20 s.  
The effective Young’s modulus of the glass was 
determined by biaxial flexure. A cylindrical glass 
test piece (2 mm thick and 21 mm in diameter) 
supported on three balls 120° apart was 
subjected to a force centrally applied by a 
piezoelectric device. The stress load was 
measured by a force sensor and the strain was 
observed on the sample by means of a scattered 
light interferometry technique.  
The initial glass alteration rates, which reflect the 
chemical reactivity between the glass matrix and 
pure water, were determined by Soxhlet-mode 
dynamic leach testing at 100°C. A specimen disk 
21 mm in diameter and 2 mm thick was placed in 
an overflowing sample holder designed to ensure 
contact between the glass and continuously 
renewed pure water. Solution samples were 
taken at regular intervals during the 28-day test 
for ICP-AES and radiochemical analysis. The 
initial glass alteration rate was determined by 
monitoring the release of glass alteration tracer 
elements (B, Na, Li, Mo). 
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The three curium-doped glass samples were 
characterized as above at the earliest possible 
moment after fabrication in order to measure the 
glass reference properties before any significant 
cumulative alpha decay occurred. The samples 
were then characterized at regular intervals to 
monitor the variations in these properties versus 
the cumulative alpha decay. After about 2 years 
the glass samples had sustained some 2.1018 α/g 
of glass, equivalent to about 2000 years in the 
life of the current industrial glass packages. 

 
RESULTS AND DISCUSSION 
Density 
Figure 4 shows the density of the 0.4 and 1.2% 
244CmO2-doped glass specimens versus the 
cumulative alpha decay. 

Fig. 4. Glass density versus cumulative alpha dose 
 
The measured results for the 0.04% doped glass 
showed no significant density variation up to a 
dose of 7.1016 α/g, and these values have been 
omitted from the graph for greater clarity. The 
density diminished as a function of the cumulative 
alpha dose of both doped glass specimens, 
reaching 0.4 to 0.5% after 2.1018 α/g for the 
1.2 wt% 244CmO2-doped glass. The slight glass 
swelling versus the alpha dose is consistent with 
the behavior observed by Matzke [2-5] in glass of 
comparable chemical composition doped with 
1.5 wt% curium: after 2.1018 α/g, the glass 
swelled by 0.5 to 0.6% before stabilizing. Studies 
of actinide-doped nuclear glasses generally show 
either swelling or compaction of less than 1.2%, 
depending on the chemical composition [1-6]. 
 
Mechanical properties: Hardness and effective 
Young’s modulus 
The hardness values of glass specimens doped to 
0.04 and 0.4 wt% after a cumulative dose of about 
4 × 1016 α/g were identical to those measured in 
an inactive surrogate glass. Matzke [2,5,7] also 
found comparable hardness values in inactive 

glass and in glass doped with 1.5 wt% Cm at 
equivalent doses. The effect of the chemical 
composition together with variations in the curium 
content thus did not affect the initial mechanical 
properties. 
The hardness and effective Young’s modulus are 
plotted versus the alpha dose in figures 5a and 5b.  
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Fig. 5. a) Vickers hardness versus cumulative 
alpha dose  
b) Effective Young’s modulus versus cumulative 
alpha dose 
 
Both properties diminished by 25% after about 
2.1018 α/g. The hardness values measured after 
6.1017 α/g were identical in 0.4 and 1.2% doped 
glass, within the experimental uncertainty limits, 
suggesting that the dose rate variation between the 
two glass specimens had no effect on the changes 
in the properties observed. 
In addition to variations, it is interesting to note 
that the occurrence probability of cracks at the 
corners of the hardness indentation also 
diminished with the dose from about 80% under a 
300 g load for a dose of 5.1016 α/g, to 40% after 
6.1017 α/g, and to zero above 1018 α/g. 
The mechanical behavior versus the cumulative 
alpha dose sustained by these glass samples was 
in agreement with the results reported by Matzke 
[2,5,7] and Inagaki [8] on actinide-doped glasses 
with comparable chemical compositions. The 
plastic response of the glass and its cracking 
resistance both improved. The origin of these 
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modifications is not clear, but the higher observed 
fracture toughness generally arises from 
quenched-in stresses on recoil nuclei paths [5,7] 
and from helium bubbles [8]. Another possibility 
might be a slight increase in the plasticity at the 
tip of the crack due to the greater flexibility 
provided by broken bonds under irradiation, 
delaying the crack propagation [9]. The improved 
plasticity is also consistent with the diminished 
hardness. 

 
Leaching behavior 
Figure 6 shows the variation of the initial 
alteration rates of curium-doped glass versus the 
cumulative alpha dose. The rates determined from 
elemental analysis of the leaching solution 
provide an accurate estimate of the glass alteration 
rate, unlike measurements based on the mass loss, 
which are affected by the formation of the 
alteration film on the glass surface [1-4]. 
The alteration tracers (B, Na, Li, Mo) were 
released congruently into solution over the 28 
days of leaching during all the tests. For the first 7 
days of leaching the silicon release was also 
relatively congruent, but the formation of the 
alteration film then led to incongruent dissolution. 
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Fig. 6. Initial glass alteration rate versus 
cumulative alpha dose 

 
Figure 6 shows no significant change in the initial 
alteration rate versus the cumulative alpha dose. 
The measured rates, allowing for the experimental 
uncertainty, are within the range of r0 
measurements on inactive laboratory glass and on 
inactive samples taken from the industrial 
prototype [10,11]. 
 
CONCLUSION 
Accelerated experiments were performed using 
actinide doping to investigate the effects of alpha 
decay on the properties of nuclear waste glass. 
Three glass samples doped with 0.04, 0.4 and 
1.2 wt% 244CmO2 were characterized and their 
main properties were monitored as a function of 

the alpha dose. The initial results now available 
for doses up to about 2.1018 α/g indicate slight 
swelling of the glass (about 0.5%), together with 
an appreciable improvement in its mechanical 
properties, particularly its resistance to cracking. 
Moreover, the initial glass alteration rate based on 
analysis of the leaching solution appears to be 
independent of the alpha dose over the range 
studied to date, within the experimental 
uncertainty (30%). 
Data acquisition will continue over the coming 
years on all three glass samples to study the effect 
of the dose rate and to confirm the initial 
observations at higher cumulative alpha decay 
levels. 
 
ACKNOWLEDGMENTS 
The authors are grateful to COGEMA for 
financial support of this study, and to the 
COGEMA central analysis laboratory at Marcoule 
for analyzing the chemical composition of the test 
glass samples. 
 
REFERENCES  
1. W.J. Weber, F.P. Roberts, Nucl. Tech. 60, 

178 (1983). 
2. Hj. Matzke, E. Vernaz, J. Nucl. Mater. 201, 

295 (1993). 
3. R.C. Ewing, W.J. Weber, F.W. Clinard, 

Progress in Nuclear Energy, 29-2, 63 (1995). 
4. W.J. Weber, R.C. Ewing, C.A. Angell, 

G.W. Arnold, A.N. Cormack, J.M. Delaye, 
D.L. Griscom, L.W. Hobbs, A. Navrotsky, 
D.L. Price, A. M. Stoneham, M. C. 
Weinberg, J. Mater. Res. 12-8, 1946 (1997). 

5. Hj. Matzke, Actes des journées sur le verre, 
Université d’été CEA Valrhô, 149 (1997). 

6. J.A.C. Marples, Nucl. Instrum. Methods in 
Phys. Res. B32, 480 (1988). 

7. Hj. Matzke, E.H. Toscano, Eur. Appl. Res. 
Rept. 7, 1403 (1990). 

8. Y. Inagaki, H.  Furuya, Y.  Ono, K. Idemitsu, 
T. Banba, S. Matsumoto, S. Muraoka, Mater. 
Res. Soc. Symp. Proc. 294, 191 (1993). 

9. S. Peuget, D. Ghaleb, N. Godon, E. Vernaz, 
Atalante : Rapport scientifique 2002, CEA -
R-6800 (2002). 

10. F. Pacaud, “Characterization of the R7T7 
LWR reference glass”, 2nd International 
Seminar on Radioactive Waste Products, 
Jülich (1990). 

11. P. Frugier, C.  Martin, I. Ribet, T. Advocat, 
S. Gin, J. Nucl. Mater., (to be published). 

 


