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ABSTRACT 

Plutonium from dismantled weapons is being evaluated for geological disposal. 
While a final waste form has not been chosen, borosilicate glass will be one of the 
waste forms to be evaluated. The reactivity of the reference blend glass 
containing the standard amount of Pu (-0.01 wt%) to be produced by the Defense 
Waste Processing Facility (DWPF) is compared to that of glasses made from the 
same nominal frit composition but doped with 2 and 7 wt% Pu, and also equal 
mole percentages of G&O,. The Gd is added to act as a neutron poison to address 
criticality concerns. The four different glasses have been reacted using the 
PCT-B method with a S A N  of 20,000 m-’ and the Argonne Vapor Hydration Test 
(VHT) method. Both test methods accelerate the reaction of the glass. PCT-B is 
used to determine the reactivity of the glass by analyzing the solution and reacted 
test components, while the VHT is used to evaluate the long-term reactivity of the 
glass and the distribution of Pu to secondary phases that will control the long-term 
reaction of the glass. The results of the tests with high levels of Pu are compared 
to those with the nominal levels to be produced in the standard DWPF glass. 

INTRODUCTION 

One proposed method for the disposition of excess plutonium from the 
dismantlement of nuclear weapons is to vitrify the plutonium together with a 
radioactive source material, such as existing high-level waste (HLW) or 13’Cs that 
has been separated from Hanford HLW [ 11. In this manner, the Pu would be 
encapsulated in a stable form that would be relatively inaccessible and would be 
suitable for disposal in an HLW repository. Lawrence Livermore National 
Laboratory (LLNL) has the lead responsibility for evaluating the concept of 
vitrification and geological disposal, and Argonne is assisting by identifying and 
evaluating factors that may be important regarding vitrification, including the 
performance of glass with high Pu loading under potential repository storage 
conditions. 



At this time, the composition of the glass to be used in vitrification has not been 
identified. However, since there is only minimal experience in producing glasses 
with high actinide contents [2-51 and no experience in evaluating the long-term 
repository performance of such glasses, a set of preliminary experiments was 
performed to identify issues that may be important in both producing and testing 
the glass. The glass chosen for the initial experiments was based on the blend 
glass to be produced by the Defense Waste Processing Facility (DWPF). This 
glass was chosen because there is a substantial data base on the reactivity of the 
glass containing Pu at 0.01 wt% (termed 202A glass) [6]. The data base covers a 
range of exposure conditions, including reaction with static water at high S A N  
ratios (ratio of the glass surface area to solution volume), with water vapor, and 
with dripping water. Each of these exposures is relevant to evaluating glass 
performance under conditions that may exist in the unsaturated environment at the 
proposed HLW repository at Yucca Mountain. Of particular interest in the 
present studies is the incorporation of Pu into the glass, the effect of increased Pu 
loadings on the reactivity of the glass, and the distribution of Pu between the glass 
and test solution as the glass reacts. In this paper, preliminary results on each 
issue are addressed. 

APPROACH 

Three glasses were made and tested. These were the blend glass containing 2 and 
7 wt% Pu (P2 and W glasses) and the blend glass containing 2 wt% Pu and an 
equal mole percent Gd (G2 glass). The Gd was added as a neutron poison, to 
address criticality concerns. Unlike boron, which is known to leach rapidly from 
the glass, the behavior of Gd during reaction is unknown. If the Pu and Gd 
behave similarly during reaction, then concern regarding a criticality event may 
be lessened. 

The glasses were made from the same starting material that was used to make the 
202A glass [6]. The starting material had been made previously by mixing the 
requisite oxide and carbonate components with SFU start-up frit, ball milling, 
melting at 1150°C for four hours, quenching in water, and ball milling for final 
homogenization. To this starting material, Pu was slurried as a plutonium nitrate 
and Gd was added as the oxide. The mixture was then melted for four hours at 
1 15OoC, poured into molds, and annealed at 500°C for two hours. The glass 
compositions are shown in Table I. 

The glasses were reacted using the product consistency test, version B (PCT-B), 
and the Argonne vapor hydration test (VHT). The PCT-B is a static test 
performed at 90°C with a S A N  of 20,000 m-l. The leachate is water taken from 
well 5-13 near the Yucca Mountain site and equilibrated with tuff. This water is a 
reference water used in glass testing for the Yucca Mountain Project (YMP) ,  but 
the water that actually contacts the glass may be slightly altered due to 
interactions with waste package components. The tests were conducted in type 
304L stainless steel vessels. Tests with planned durations through two years have 
been initiated, and results are available through 98 days. Tests with 202A glass 



Table I. Glass Compositions 

Component P2 w G2 
Al 3.82 3.63 3.77 

Glass-Weight Percent Oxide 

B 
Ba 
ca 
cr 
c u  
Fk 
K 
Li 
Mn 

Na 
Ni 
Si 
Sr 
Th 
Ti 
U 
Pu 

Mg 

7.84 
0.20 
1.27 
0.12 
0.40 

11.66 
3.63 
4.3 1 
2.16 
1.30 
7.64 
0.83 

49.20 
0.03 
0.27 
0.9 1 
1.96 
2.00 

7.44 
0.19 
1.21 
0.11 
0.38 

11.07 
3.44 
4.09 
2.05 
1.23 
7.25 
0.79 

46.69 
0.03 
0.26 
0.86 
1.86 
7.00 

7.74 
0.20 
1.26 
0.12 
0.40 

11.51 
3.58 
4.25 
2.13 
1.28 
7.54 
0.82 

48.54 
0.03 
0.27 
0.90 
1.93 
2.00 

indicate that changes in the reaction progress path which increase the reaction rate 
occur at about the 182-day period under these conditions [6], so the present results 
should be considered preliminary. 

The VHT tests were conducted at 200°C under saturated vapor conditions. These 
tests are used to accelerate glass reaction to indicate whether the glasses will 
transform into stable secondary phases. It has been found that there is a 
correlation between the formation of secondary phases in the VHT and the 
reactivity of glass under leaching conditions. Additionally, the distribution of 
radioelements in the secondary phases can provide information regarding the 
eventual release of these elements to solution. It is not anticipated that the glasses 
will be exposed to a temperature of 200°C under repository conditions, but 
previous results [7] have indicated that this temperature can be used to accelerate 
the reaction without altering the mechanism of glass reaction, thereby providing 
insight into potential reactions that may occur under long-term storage conditions. 
The tests were done for periods of 7,14,21,35, and 56 days. 

RESULTS AND DISCUSSION 

PCT-B Tests 

The test solutions were analyzed for pH, anions, cations, radionuclides, and 
colloids. Colloids were collected by wicking a small amount of leachate through a 



holey carbon grid and analyzing the trapped particles using transmission electron 
microscopy (EM). These results can be compared to results from the 202A glass 
reacted under the same conditions and time periods. The reactivity of the glass is 
measured by the release of B, Li, and Na. These elements generally are released 
most rapidly from the glass and are used to provide an upper bound of the glass 
reaction. The releases for these elements are shown in Table 11 as normalized to 
the glass surface area and the elemental content of the glass and corrected for the 
amount of each element in the starting leachate (mi). The values in Table II 
include a contribution from the leachate and the acid strip of the test vessel. 
While the pH values are the highest for the 202A glass, the normalized release 
values for all glasses are similar and show a decreasing reaction rate. This means 
that through 98 days, the reaction is being controlled by the silica concentration in 
solution. To this point in the tests, no secondary phases, other than clay, have 
formed, and no acceleration of the reaction is observed. 

Table II. Solution Results for PCT-B Tests 
Normalized Release in g/m' 

pH B Li Na Pu pu (PI9 
202A Glass 

3-Day 10.56 0.1 0.2 0.1 0.03 0.2 
28-Day 1 1.06 0.2 0.3 0.3 0.01 0.1 
98-Day 11.35 0.4 0.4 0.4 0.005 0.05 

3-Day 10.66 0.1 0.1 0.1 0.007 6 
P2 Glass 

28-Day 10.91 0.2 0.2 0.2 0.0 1 10 
98-Day 10.97 0.3 0.3 0.3 0.002 2 

3-Day 10.77 0.1 0.1 0.1 0.001 4 
28-Day 10.91 0.2 0.2 0.3 0.003 9 
98-Day 11.13 0.3 0.3 0.4 0.004 0.08 

3-Day 11.02 0.2 0.2 0.2 0.003 3 
28-Day 11.15 0.3 0.3 0.4 0.007 5 
98-Day 1 1.22 0.4 0.4 0.5 0.002 1 

P7 Glass 

G2 Glass 

The release of Pu is given both as the normalized release and as total Pu released 
from' the glass. The same trend is observed in all glasses. That is, (NL), and the 
total amount of Pu released decrease with time. This behavior is explainable from 
the analysis of the colloidal material in solution. In the short-term tests, a large 
amount of Pu is associated with material suspended in solution. This material 
takes the form of clay colloids, as shown in Figure 1. As the ionic strength of the 
leachate increases with test duration, the colloids flocculate and precipitate back 
onto the glass surface; thus less Pu is measured as released from the glass in the 
longer term tests. 
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Figure 1. (a) Transmission electron micrograph image of flocculated clay colloid 
from the 28-day PCT-B test with P2 glass. (b) Clay colloid with 
PuO,, phase attached to the colloid. 

For the P2 glass, the Pu is uniformly dispersed throughout the clay colloid, while 
for the P7 glass the Pu is associated with both the clay and a discrete PuO,, phase 
(see Figure lb), which is a quench product that forms during glass preparahon. In 
the G2 tests the clay contains both Gd and Pu uniformly dispersed throughout the 
structure, and the (NL), values are nearly identical to the Pu values. These data 
suggest that the Pu and Gd are behaving similarly during the glass reaction. 

Vapor Hydration Tests 

The reacted glass samples were analyzed using optical microscopy to gain a 
general description of the extent of reaction, and then broken in half to analyze 
both the glass surfaces and the reacted cross section using scanning electron 
microscopy (SEM). In the VHT, the tendency of a glass to undergo reaction to 
form secondary phases is accelerated, and the distribution of actinide elements in 
the phases can be determined. The cross section of the P7 glass reacted for 
56 days is shown in Figure 2. The glass itself contains discrete inclusions, which 
were identified by electron diffraction in the TEM as PuO,,. From their size and 
shape, these inclusions appear to have formed during the melt process. No 
discrete Pu quench phases were identified in the P2 or G2 glasses. 



Figure 2. Scanning electron micrograph of the cross section of P7 glass reacted 
for 56 days in a vapor hydration test. 

Upon reaction of the P7 glass, there is no migration or reaction of the inclusions, 
as they are found scattered throughout the reacted layer, but not incorporated into 
any secondary phases that form on the glass surface. Additionally, no phases that 
form on the glass surface preferentially incorporate a significant amount of Pu. 
This is unlike U, which is quite mobile during the vapor hydration and leaching 
reaction and form unique secondary phases, such as weeksite 
~a2(UO2),(Si,O,),*4H,O]. Thus, it is likely that the Pu will remain in the clay 
layer as the glass reacts and will be associated with the clay if the clay is released 
from the glass. In the case of the G2 glass, no secondary phases were found that 
were enriched in Gd. The Gd was uniformly dispersed throughout the clay. 

The extent of reaction can be evaluated by determining the thickness of the 
reacted layer using SEM (Figure 2). These measurements provide a qualitative 
estimate of glass reactivity and are not, at this time, used to determine rate 
constants for the reaction. The layer thicknesses for each time period for each 
glass are given in Table 111. While there is a fairly consistent trend for each glass 
of increasing layer thickness with time, in a few cases the values reported show a 
decrease in thickness with time. These results are likely artifacts related to the 
onset of secondary phase nucleation as a function of time, or the fact that the 
measured layer was not representative of the entire glass surface reaction. Of the 
duplicate samples reacted, only one sample was examined in cross section, and 
that sample was examined at only one cross-section level. Despite the few 



Table XII. Layer Thickness on Vapor Hydrated Glasses 
Reaction Layer Thickness ( pm) 
Time (days) 202A P2 w G2 
7 4 7 8 5 
14 19 9 15 10 
28 19 27 78 13 
35 51 33 58 22 
56 95 25 280 100 

anomalous results, the overall trend is that the 202A glass and the €9 and G2 
glasses reacted at about the same rate, while the P7 glass consistently reacted at a 
higher rate. This observation is consistent with observations made when 202A 
glass was hydrated in an external radiation field and the rate of hydration 
increased over what was observed without the external radiation [7]. It appears 
that an increased radiation field can accelerate the rate of vapor hydration of glass. 

CONCLUSIONS 

Glasses doped with Pu and Gd have been reacted to identify issues that may be 
important for developing glass compositions that can accommodate high levels of 
Pu. Standard solution reaction tests performed using the PCT-B procedure 
indicate that the Pu-doped glasses (2 and 7 wt % Pu) react through 98 days at a 
rate similar to the reference DWPF glass (0.01 wt % Pu), based on the release of 
B, Li, and Na. The normalized release of Pu is less than that of B and actually 
decreases with time as the Pu in solution, which is associated with colloidal 
material, precipitates back onto the surface of the glass. The actual amount of Pu 
released from the glass is much greater for the 2 and 7 wt % Pu glasses than the 
202A glass, but these values also decrease with time as the ionic content of the 
solution increases. The neutron poison Gd appears to minor the behavior of Pu 
during reaction, remaining mainly incorporated in clay phases that form as the 
glass reacts. 

When the glasses are reacted in vapor to accelerate the reaction and to monitor the 
dispersion of Pu between the glass, reacted layer, and secondary phases, the 
7 wt% Pu glass reacts more rapidly than the other glasses, but little difference is 
found between the 2 wt% Pu glass and the 202A glass. During the hydration 
reaction, the Pu is immobile, remaining either uniformly dispersed throughout the 
clay layer or in PuO,, phases that formed during the production of the 7 wt% Pu 
glass. The behavior of Gd also mirrored the behavior of Pu in these tests. 

The major issues suggested by these results are that care should be taken to avoid 
the segregation of Pu during glass formulation, since these phases are released 
from the glass essentially in their original form. Secondly, when the Pu 
concentration reaches 7 wt%, the rate of reaction in water vapor increases. This 
could be important if the glass were stored in an unsaturated environment where 
vapor contact would alter the glass prior to contact with liquid water. Thirdly, 



while the normalized releases of PU are low for all glasses tested, the amount of 
Pu actually released from the glass is greater for the doped Pu glasses. The effect 
of this increased release would have to be evaluated within the context of overall 
repository performance. Finally, the behavior of Gd and Pu appears to be similar 
both in the solution and vapor tests, indicating that Gd may be an effective 
neutron poison that would remain with the Pu. 
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