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ABSTRACT 
This paper presents results of an investigation of the 
microstructures and durabilities of glasses for 
immobilization of excess Pu, Am, and Cm, and of the 
reprocessing wastes at Savannah River Site (SRS). The 
reprocessing wastes will be vitrified in the Defense Waste 
Processing Facility (DWPF) at SRS. Another facility at SRS 
will be used for the Pu, Am, and Cm glasses. In this paper 
results are presented for a DWPF radioactive glass containing 
the actual fission product-actinide waste from one the 
million gallon storage tanks at SRS. This waste is the first 
radioactive sludge that will be processed in DWPF. The 
actinide glasses investigated had compositions based on a 
commercial borosilicate glass composition. All the glasses 
were so radioactive that they had to be prepared remotely in 
shielded cells and the analyses had to be performed in 
gloveboxes or radiobenches. Durabilities were measured using 
the ASTM C-1285 standard leach test. Results for four 
glasses are presented. The glasses are a DWPF type glass 
containing Tank 51 radioactive waste, two glasses containing 
15 and 13 wt.% Pu, respectively, and a glass containing Am 
and Cm. The radioactive DWPF glass contained 28 wt% waste 
from SRS Tank 51 and was homogeneous. The 15 wt% Pu 
contained dissolved Pu02 and as well PuC-2 crystals that were 
not dissolved but were trapped in the glass. The 13 wt% Pu 
glass was homogenous. The Am/Cm glass contained <1 wt% 
actinides and was homogenous. The PCT test indicated that B, 
Li, and Na were leaching congruently from the glass. Release 
rates for Tc-99 and Np-237 were also congruent while Cs-133, 
Th-232, U-238, and Pu-239 were slower. The two Pu glasses 
were 25 to 50 times more durable than the DWPF glass. B and 
Ba were leached congruently while Sm and Pu were lower. 
Release rates for B and Ba from the Am-Cm glass were equal 
and 27X lower than the DWPF glass. Pu-239 and Np-237 were 
leached slower than B and Ba. 



INTRODUCTION 
At Savannah River Site (SRS) we are developing glasses for 
the immobilization of excess materials from production of 
actinides for the U. S. nuclear defense programs. These 
materials are excess Pu and U produced for nuclear weapons, 
excess Pu, Am and Cm from heat source programs, and fission 
product, actinide waste slurries from reprocessing 
activities. A borosilicate glass has already been developed 
for the waste slurries and will soon be produced full scale 
in the Defense Waste Processing Facility (DWPF) at SRS. 
Glasses for immobilizing the excess actinides are currently 
being developed and tested. The composition of these glasses 
is based on a commercial glass developed in the 1930*s for 
use as an optical glass (1). Initial results using 
nonradioactive lanthanides as surrogates for the actinides 
indicate that the glasses are very durable (2). 
This paper presents results of investigations of the glasses 
containing the actual radioactive actinides or wastes. 
Results are presented for the microctructure of the 
radioactive glasses and their durabilities. Durability 
results are presented for both the nonradioactive and 
radioactive elements in the glasses. 

EXPERIMENTAL 
Glass Preparation 
The radioactive glasses were produced in remotely operated 
melters in the Shielded Cells Operations Facility (SCO) at 
Savannah River Technology Center (SRTC). Preparation of the 
Tank 51 Can 47 glass has been described previously and will 
be only summarized here (3). Radioactive sludge from SRS 
Tank 51 was treated in the SCO to demonstrate the DWPF 
processes. The sludge was then mixed with the proper amount 
of frit (SRS frit 202) and fed as a slurry to a joule heated 
melter at 1150°C. Molten glass was poured into 500 mL 
stainless steel cans. In that campaign, -31 kg of 
radioactive glass was produced in 27 stainless steel cans. 
The glass tested in this study came from the can labeled Can 
47 of that campaign. The can was sectioned and pieces of 
glass chipped out for analysis. The Loffler glasses were 
prepared in crucible melts at 1450°C. A remotely operated, 
electrically heated furnace was used. For the three glasses 
~60 mL of the appropriate actinide/frit mixture was melted in 
100 mL Pt/Au crucibles. The melter was programmed to heat up 
slowly followed by holding for 3-4 hours at 1450°C. The 
crucible was then removed and the glass quenched at room 
temperature. The resulting glass was then tapped from the 
crucible and analyzed. The 15 wt.% Pu glass was prepared by 
mixing dry Pu02 with the frit and the 13 wt.% Pu glass by 



mixing dissolved Pu02 in HNO3 with the frit. The Am/Cm was 
prepared by mixing an Am/Cm solution with the appropriate 
frit. This glass was prepared to determine if an acidic Am-
Cm solution currently stored in one of the separations 
canyons at SRS could be vitrified for long term storage. 
Glass Analysis and Examination 
The composition of the DWPF glass was determined by analyzing 
solutions of dissolved glass. Ground glass (-200 mesh) 0.25g 
samples were dissolved in the SCO by both a Na peroxide 
fusion method and a microwave heating method using 
HN03/HCL/HF. The resulting dissolutions were diluted to 250 
mL and aliquots removed from the SCO. These aliquots were 
then analyzed by inductively coupled plasma excitation 
spectroscopy (ICP-ES) and inductively coupled plasma mass 
spectroscopy (ICP-MS). Compositions for the Pu Loffler 
glasses in this paper are based on as-batched preparations 
except for the Pu in the 15 wt.% Pu glass. This glass was 
dissolved and its Pu content determined by ICP-MS. The Am-Cm 
glass was also dissolved and analyzed. Samples of the three 
Loffler glasses were examined for crystallinity by X-ray 
diffraction (XRD) and by scanning electron microscopy (SEM) 
equipped with energy dispersive X-ray analysis (EDAX). The 
Tank 51 glass could not be analyzed by XRD because its 
radiation levels were too high for personnel exposure because 
of the amount of sample necessary for analysis. The glass 
was examined by SEM. 

Durability Tests 
The durabilities were measured using the ASTM C-1285 standard 
nuclear waste glass durability test commonly referred to as 
the Product Consistency Test (PCT)(4). This is a crushed 
glass (100-200 mesh) leach test at 90°C for seven days using 
deionized water as the leachate. Ten mL of water are used 
for each gram of glass tested. The test is performed with 
triplicate samples in stainless steel vessels that could be 
sealed. After the 7 days at 90°C, the pH of the leachate is 
measured. It is then filtered through a 0.45 micron filter 
and acidified to 1% HN03. Concentrations in the final, 
acidified leachates were measured by ICP-ES for total 
elemental concentrations and by ICP-MS for individual 
isotopes. 
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RESULTS AND DISCUSSION 
Composition and Examination of the Glasses 
Tank 51-Can 47 Glass for Immobilizing SRS HLW Wastes 
The concentrations of major elements in this glass are given 
in Table 1. The Si, B, and Li result from the frit 202. Mg 
and Na are present in both the frit and the waste. The 
remainder of the elements in Table 1 are from waste resulting 
from the processing steps that occurred at SRS. The 
composition in Table 1 agrees well with that measured in an 
earlier analysis of this glass (3). This glass was examined 
by SEM. No crystals were observed indicating that the sludge 
oxides had dissolved in the molten glass at 1150°C and did 
not precipitate as the glass cooled in the stainless steel 
can. The EDAX spectrum obtained from SEM examination is 
presented in Figure 1. X-rays from the major elements in the 
frit and waste are observed. The concentrations of other 
elements are too low to be observed by EDAX. 
Loffler Glasses for Immobilizing Pu and Am-Cm Wastes 
The compositions of these glasses are presented in Table 2. 
The compositions of the Pu glasses are as-batched except the 
Pu in the 15 wt.% Pu glass which was measured by ICP-MS 
analysis of the dissolved glass solution. The composition of 
the Am-Cm glass was also measured. Sm was added to the Pu 
glasses as a neutron absorber. The rare earths in the Am-Cm 
glass are present in the canyon solution as fission products 
from U-235. SEM examination of the 15 wt.% Pu indicated the 
presence of crystals. EDAX spectra for this glass are 
presented in Figure 2 and 3. This glass prepared by mixing 
dry Pu oxide powder with the frit. Figure 2 is of the glass 
matrix and indicates dissolve Pu in the glass. Figure 3 is 
of crystals observed in the glass. Clearly some of the Pu 
oxide had not dissolved. This was confirmed by the XRD 
pattern shown in Figure 4. Lines associated with Pu oxide 
are clearly present. The XRD pattern of the 13 wt.% glass is 
shown in Figure 5. It is amorphous. In this glass 
undissolved Pu oxide was not present. This was confirmed by 
SEM examination of the glass. Examination of the Am-Cm glass 
show no undissolved crystals. This was not unexpected since 
the concentrations of Am and were so low. 

ASTM C 1285 Durability Tests of the Glasses 
Tank 51-Can 47 Glass for Immobilizing SRS HLW Wastes 
Results of four leach tests for this glass are shown in Table 
3. Elemental concentration are given along with the final 
leachate concentrations and their %RSD. The pH changes are 
also given along with the normalized glass releases. 



Normalized glass releases are based on specific elements. 
They are calculated by dividing the concentration of that 
element in the leachate by its concentration in the glass and 
concerted to grams per liter. This number is then the amount 
of glass dissolved in the PCT based on that specific element. 
Total elemental concentrations were measured in the leachates 
by ICP-ES and isotopic concentrations by ICP-MS. The pH 
increase results from Na and Li leaching from the glass and 
exchanging with hydrogen ions in the ASTM water. For the 
major elements that are soluble in the water, the normalized 
releases shown in column 4 indicate that they are released 
congruently from the glass. Earlier results of leach tests 
with defense HLW glasses have indicated congruent dissolution 
of B, Li, and Na(5,6). Since the ratio of water to glass in 
the test is 10 to 1, these results suggest that 1% of the 
glass was altered in the test. The release of Si is lower 
because it accumulates in the altered layer of the glass. 
Results in Table 3 for the individual isotopes are also in 
agreement with trends observed earlier(6). The larger %RSD 
values in Column 5 for the individual isotopes result from 
the low concentrations (ppb) of being measured by ICP-MS. 
The normalized release of Tc-99 is congruent with B and Li as 
observed earlier in glasses specially doped with Tc-99 (7,8) . 
Cs-133 is the stable isotope of Cs present in this glass. 
Its normalized release is slightly lower than for B and Li. 
This has been observed before (9) and suggests that Cs is 
also accumulating in the altered layer of the glass. Th-232 
and Pu-239 are both much lower than B, Li, and Na. The 
releases of Np-237 and U-238 are both higher than those for 
Pu and Th. The results for Np-237 are very imprecise but it 
appears that its release is nearly equal to those for B and 
Li. The release of U is lower. The relative release rates 
for these isotopes are in agreement with the earlier results 
(7). 

Loffler Glasses for Immobilizing Pu and Am/Cm Wastes 
Results of the durability tests for the three Loffler glasses 
are shown in Tables 4-6. In all cases the final pH values 
are lower than those for the Tank 51 glass indicating less 
leaching. Also in all cases the normalized releases for B 
and Ba appear equal indicating congruent release of these 
elements from the glass. The concentrations of these 
elements are probably not affected by solubility constraints 
in the final leachate. The normalized release of Si appears 
slightly lower as it was with the DWPF glass. Based on the 
results for B and Ba only 0.02 to 0.04 percent of the glass 
dissolved - much less than the Tank 51 glass. 
For the 15 wt.% Pu glass the normalized releases of the 
individual Ba isotopes, when corrected for isotopic 
abundance, are essentially equal as expected. However, the 
normalized release of total Ba measured by ICP-ES is higher 



than those measured by ICP-MS. This suggests a possible 
calibration error between the ICP-ES and ICP-MS. We are 
currently investigating this. The normalized releases of Sm 
isotopes from the 15 wt.% Pu glass are lower than those of B, 
Si, and Ba and essentially equal to those for the Pu 
isotopes. These results suggest that the neutron absorber is 
not being released faster than the Pu. In all three of the 
glasses, Pu is leached at a slower rate than B and Ba. This 
agrees with earlier work (6). However, the actual release of 
Pu (and Sm) may be higher if some of the Pu sorbs on the 
walls of the steel leach vessel. We are currently 
investigating this. 
Results for the Am-Cm glass are similar to the Pu glasses. 
In the Am-Cm glass the normalized releases of the individual 
Ba isotopes is again lower than the total Ba release as it 
was with the 15 wt.% Pu glass. However they do agree with 
the normalized B release. For this Loffler glass Np is not 
leached congruently with B as it is in the DWPF glasses. 

CONCLUSIONS AND FUTURE WORK 
From these initial studies of glasses for immobilizing Pu in 
Loffler type glasses the following conclusions can be drawn. 

• Loffler glasses are >25X more durable that DWPF type 
glasses. Reason for this is the higher alkali 
content of the DWPF glasses. 

• >10% Pu can be dissolved and immobilized in Loffler 
glass compositions. 

• B and Ba leach congruently from Loffler glasses - Sm 
and Pu slower. 

For the Tank 51 Can 47 glass, 
• B, Na, Li, Tc-99, Np-237 leach congruently from the 

glass - Cs, Pu, U, and Th leach slower 
These studies will continue with emphasis on developing a 
process at SRS for immobilizing excess Pu and the Am-Cm 
currently stored at SRS. Frit compositions will be refined. 
Finally, the PCT leach vessels will be leached with acid to 
determine if any radionuclides have sorbed on the vessel 
during the test. 
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Table 1. Major Composition of DWPF Tank 51/Can 47 
Radioactive Waste Glass 

Oxide Wt.% Oftide 

aAverage of six samples of dissolved glass 

Wt.% 
Si02 52.4 Fe203 13.2 
B203 6.A A1203 4.8 
Na20 9.4 Mn02 1.6 
Li203 4.5 CaO 1.4 
K20 1.6 U02 1.1 
MgO 2.1 NiO 0.3 

Table 2. Compositions of Loffler Glasses' Tested for Pu a 
Am--Cm Immobilization 

Weight Percent 
Oxide 15 Wt% a 13 Wt.% a 

Pu Pu Am/Cmb 

Si0 2 26.3 30.4 31.4 
B20 3 4.3 5.3 3.9 
BaO 4.4 3.1 4.9 
A120 3 9.5 9.6 11.8 
Zr0 2 0.2 0.2 c 
La 20 3 23.2 8.2 5.5 
Sm203 6.1 17.1 2.7 
PbO 11.1 13.1 13.1 
PuO 15. d 13. e 0.3 
Ce 20 3 c c 4.9 
Nd 20 3 c c 10.9 
Gd 20 3 c c 1.5 
Pr 20 3 c c 5.5 
Eu 20 3 c c 0.6 
Cm/Am/Pu - - <0.1 
aAs batched composition 
bAs analyzed composition 
cNot present 
dAdded as Pu02 

eAdded as Pu in HN03 



Table 3. PCT Durability Results for DWPF Tank 51/Can 47 
Radioactive Glass 

Elemental PCT Glass 
Wt.% Leachate Normalized Percent 

Element In Glassa Cone, ppm b Release, g/L RSD 
B 2.0 20.2 1.0 1.9 
Si 24. 126. 0.52 1.5 
Na 7.0 65.0 0.93 2.0 
Li 2.1 21. 1.0 2.2 
Tc-99 0.00038 0.0038 1.0 13. 
Cs-133 0.034 0.16 0.46 13. 
Th-232 0.017 0.022 0.13 13. 
Np-237 0.00042 0.0048 1.2 48. 
U-238 0.97 7.9 0.81 10. 
Pu-239 0.0022 0.0066 0.30 14. 

aAverage of four independent PCT tests 

Table 4. PCT Durability Results for 1 5 Wt. % Pu Loffler 
Glass 
Innitial pH = 6.3 Final pH = 7.8 
Elemental PCT Glass 
Wt.% Leachate Normalized Percent 

Element Jn Qlass3 Cone. T>XK& Release. G/L RSD 
B 1.3 0.57 0.043 16. 
Si 12.3 3.6 0.029 8.8 
Ba 3.4 1.3 0.039 3. 
Sm 5.3 Not detected by ICP-ES 
Ba-138 2.4 0.65 0.027 2.2 
Ba-137 0.38 0.099 0.026 2.7 
Ba-136 0.26 0.069 0.026 3.1 
Ba-135 0.22 0.046 0.021 7. 
Sm-152 1.4 0.014 0.001 29. 
Sm-154 1.2 0.017 0.001 24. 
Pu-239 15. 0.17 0.0011 7.5 
Pu-240 0.98 0.010 0.0011 2.8 

aAs batched composition except for Pu which was measured by 
ICP-MS 

bAverage of three independent PCT tests unless indicated 



Table 5. PCT Durability Results for 13 Wt. % Pu Loffler Glass 

Elemental 
Wt.% 

Element In Glass* 
B 1.6 
Si 14.2 
Ba 2.8 
Pb 12.2 
Pu-239 11. 
Pu-240 0.67 

PCT Glass 
Leachate Normalized Percent 
Cone. ppmb Release. G/L RSD 
0.28 0.018 11. 
2.4 0.017 8. 
0.53 0.019 7.8 
0.20 0.016 16. 
0.18 0.0016 46. 
0.012 0.0018 25. 

aAs batched composition 
bAverage of two independent PCT tests 

Table 6. PCT Durability Results for Am-Cm Loffler Glass3 

Elemental PCT Glass 
Wt.% Leachate Normalized Percent 

Element In Glass3 Cone. ppmb Release. G/L RSD 
B 1.3 0.42 0.032 13. 
Si 14. 2.7 0.019 12. 
Ba 4.4 1.6 0.037 3.1 
Ba-138 3.2 1. 0.032 25. 
Ba-137 0.49 0.15 0.030 23. 
Ba-136 0.34 0.11 0.031 27. 
Ba-135 0.29 0.071 0.025 31. 
Pu-239 0.32 0.001 0.0032 71. 
Np-237 0.69 0.0002° 0.0003 33. 
aGlass contained <0.01 wt. % Am or Cm. These elements were 
not detected (<70 ppt) in the PCT leachates. 
bAverage of three independent PCT tests unless indicated 
cAverage of two PCT tests 
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Figure 2. EDAX Spectrum of Glass Matrix of 15 Weight 
Percent Pu Glass. 
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Figure 4. X-ray Diffraction Pattern of the 15 Weight 
Percent Pu Glass. 
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