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INTRODUCTION

The tuff beds of Yucca Mountain, Nevada, are currently being

investigated as a site for the disposal of high-level nuclear waste in an

underground repository. The repository is located in the unsaturated zone

above the water table, and a description of the site and the methodology of

assessing the performance of the repository are described in the Site

Characterization Plan (SCP).l While many factors are accounted for during

performance assessment, an important input parameter is the degradation

behavior of the waste form, which may be either spent fuel or reprocessed

waste contained in a borosilicate glass matrix.

To develop the necessary waste form degradation input, the waste

package environment needs to be identified. This environment will change

as the waste decays and also is a function of the repository design that

has not yet been finalized. At the present time, an exact description of

the waste package environment is not available. However, the SCP does

provide a conservative estimate of conditions that can be used to guide

waste form evaluation. These guidelines indicate that the waste package

will not be contacted by large volumes of water, but that reaction with

*Work supported by the U.S. Department of Energy, Office of Geologic
Repositories, Yucca Mountain Project, under Contract Number W-31-109-38.



humid air and transient amounts of liquid water may occur. Because of the

unsaturated environment, it is not anticipated that the water will collect

in the bore hole completely submerging the waste; however, it is possible

that small volumes of water may collect in a borehole at any one time.

Additionally, it is anticipated that the air environment of the waste

package will be in free exchange with the surface. These conditions are

deemed conservative because of the small amount of water available for

radionuclide transport from the repository. The effect of varying amounts

of water on waste form reaction needs to be established.

Such a repository environment poses a challenge to developing a

testing program because of the diverse nature of conditions that may exist

at a given time during the life of the repository. A starting point is to

identify whether any potential waste-water contact modes are particularly

deleterious to the waste form performance, and whether any interactions

between materials present in the waste package environment need to be

accounted for during modeling the waste form reaction. The Unsaturated

Test method in one approach that has been developed by the Yucca Mountain

Project (YMP) to investigate the above issues, and a description of results

that have been obtained during the testing of glass and unirradiated UO2

are the subject of this report.

BACKGROUND

The apparatus used in the Unsaturated Test as applied to glass

testing^ has been described previously. A schematic diagram of a similar

system used in the UO2 experiments is shown in Fig. 1. For both waste

forms, the components of the apparatus are the test vessel, which provides



for collection and containment of liquid and support of the waste form; the

waste package assemblage (WPA), which consists of the waste form and

perforated, presensitized, metallic components representing the pour

canister (glass), or zircaloy tubing and support ring (UO2); and a solution

feed system to inject test water. The UO2 apparatus incorporates a

Teflon™ stand to support the UO2 and zircaloy tube. The test is performed

at 90*C.

The WPA is contacted intermittently by small, measured amounts (drops)

of repository water (EJ-13) that has been preequilibrated with tuff at

90*C. The nature and degree of radionuclide release from the WPA are

determined by collection and analysis of the solution and the WPA

components. Materials interactions are noted, and secondary alteration

products, which influence the nuclide release from the WPA, are identified.

The test procedure incorporates batch and continuous testing. In the

batch mode, tests are terminated at periodic time intervals. The test

apparatus is disassembled, and analyses of both the solution and components

are performed. In the continuous mode, the WPA (including liquid asso-

ciated with the assemblage) is transferred to a new test vessel at 6.5 to

26-week intervals, and the test is continued. Analyses are done on the

solution in the old vessel. With the continuous-testing mode, replication

of solution analysis can be achieved. In addition, investigation of the

test components is possible at the termination points, and yet the test can

continue for an unspecified number of test periods or until information

most useful to reaction evaluation is obtained.



GLASS

The Unsaturated Test has been applied to glass in both the standard

mode (0.075 mL of EJ-13 water injected every 3.5 days with a glass surface

area of ~13.5 cm2, presensitized 304L stainless steel) and as modified to

study the effects of varying the volume of water contacting the waste, the

interval between water inject periods, the ratio of surface area (as-cut or

cast) in contact with water, and the condition of the stainless steel in

contact with the glass. The conditions used in the various experiments and

the status of the experiments is shown in Table 1. Details of these

experiments are presented elsewhere.2-5 The test has been performed using

glass based on the Savannah River Laboratory "black frit" modified to give

the SRL 165 composition shown in Table 2, and with remelted ATM-10 glass

which is a reference glass developed for use in testing for the West Valley

Demonstration Project.

Of particular interest is how do the varied conditions affect glass

performance, and are any interactions of particular importance in the

reaction process. The SRL 165 glass performance, as measured by the

release of Li, B, and U from the waste package assemblage, is shown in Fig.

2 for the continuous experiments. These elements are presented because

they are significant constituents of the glass, but not of the water or

other test components. Thus, they provide evidence of glass reaction. The

results are normalized to the composition of the glass and to the total

surface area of the glass.2

The smallest elemental release is found in the test which had the

longest interval between water injection (test 6), the one which had no

metal retainer (test 3), and the one with the low carbon stainless steel



(test 7). In each of these tests, the glass samples (batch tests) gained

weight, and the top and bottom surfaces were covered with what appears to

be products of evaporation (Fig. 3), mainly calcite. Calculations2

indicate that a temperature differential of ~0.1"C between the glass and

the container walls is large enough to evaporate the 0.075 mL injected in a

3.5-day period if the walls are cooler than the glass. Such temperature

differentials will certainly exist in the repository for long periods of

time and also exist in the laboratory tests.

More extensive reaction is observed in test 1 which was done with

partially sensitized 304L stainless steel. Sensitization is a process of

chromium depletion where chromium carbides are formed along the grain

boundaries when the metal alloy is heated in the range 550-850*C for short

periods of time (hours to days) or at lower temperatures for longer times.

Formation of these chromium-rich carbides can cause depletion of chromium

(to <12 wt %) in the immediate vicinity of the grain boundaries. The

depleted material is no longer "stainless" and is quite susceptible to

attack at the grain boundaries. The extent of sensitization is also

dependent on the amount of carbon in the steel.

In test 1, the 304L steel contained 0.022 wt % carbon, and by the

first sampling period (6.5 weeks) extensive reaction between the metal,

glass, and groundwater had occurred resulting in the formation of metal

(Fe, Cr, Mn, Ni) silicates and iron oxide-hydroxide reaction products3

(Fig. 4). The glass samples lost weight and the extent of reaction as

measured by the release of Li, B, and U increased by ~2X compared to tests

1, 3, and 7, and also other parametric tests done using non-sensitized

metal.2 With continued time, the effect of the sensitization may have



abated somewhat in that the amount of reaction products covering the top

metal and glass surfaces has remained fairly constant and the glass

reaction rate is slowing with time.

In test 7, the 304L steel contained 0.016 wt % carbon, and the extent

of sensitization was measured to be less than in test 1, although the

sensitization process was the same for both tests (24 hrs at 550'C,

followed by slow cooling to room temperature). The effect of the lesser

degree of sensitization is quite evident in that only localized reaction of

the metal and glass was observed, and the elemental release was less than

that measured in test 1. The elemental release was also influenced by the

evaporative processes that occurred in this test, as discussed earlier.

The greatest effect on glass reaction is found in test 3, and

especially test 4. The larger elemental release is accompanied by a

striking change in the appearance of the reacted glass surface. In all the

batch samples examined, there was evidence that layers of reacted glass had

spalled from the WPA during the test period and had been included with the

analysis with the test solution. (The Unsaturated Test Method treats all

material released from the WPA, either in solution or as a solid phase, as

available for transport from the waste package.) In Fig. 5, regions of

bare glass that exist on the surface that is not in contact with metal are

shown partially covered with a precipitated clay-like phase. Small regions

of such exfoliation followed by reprecipitation have been observed on the

long-term samples for most of the tests, but are much more extensive in

test 4, and also to a lesser degree in test 3. Surrounding the exfoliated

regions are usually copious quantities of Cl- and S-bearing precipitates.



While a definitive explanation of the exfoiiation/reprecipitation

process is not available, it is likely that the reduced amount of water

injected in test 4 created conditions favorable for wet/damp cycling, with

enough water available to allow water plus exfoliated sample to drip from

the WPA. These conditions, plus the anionic components of the glass,

appear to combine to result in the increased reaction.

The elemental releases from ATM-10 glass (test 2) are shown in Fig. 6.

The releases from ATM-10 glass are about three times larger than for 165

glass under similar conditions. The striking feature in the ATM-10 tests

was that despite a pretreatment of the metal retainer as was done in test 1

for 165 glass, no evidence of strong reaction between the metal and glass

is observed. The reason for this may be in the composition of ATM-10 glass

which was manufactured using starting components that contained no S or Cl

(no anionic composition was reported for this glass). Further analysis of

the reacted components from test 2 may be required to completely address

the apparent lack of glass/metal reaction in test 2.

M9.2

The experiments with UO2 were performed using three different pellet

configurations and two different inject rates. Normal UO2 pellets were

used in the test with a measured uranium assay of 88.20 ± 0.01 wt % U. The

oxygen/metal ratio was determined by ignition at 850*C to be 2.000 ± 0.002.

The concentrations of impurities in the UO2 were determined by spark source

mass spectrometry (>0.1 ppm) are listed in Table 3.



The experimental configurations were chosen to vary the surface area

of UO2 available for reaction and included (tests 1 and 2) 11 as-cut slices

1.75 mm thick, (tests 3 and 4) ca. 19 gm of crushed UO2 (-60 +80 mesh)

contained between two as-cut UO2 slices, and (tests 5 and 6) 3 as-formed

pellets. The UO2 was contained in a tightly fitting zircaloy sleeve and

supported on a PFA Teflon™ stand to keep the WPA from contacting water

that had collected in the bottom of the vessel. Each configuration was run

in duplicate using the standard inject volume and inject rate, and the

three pellet configuration was also run using a reduced inject volume of

0.0375 mL and an inject interval of 7 days instead of 3.5 days (tests 7

and 8).

The detailed results are described elsewhere,6 and selected results

are presented below. The solutions have been analyzed primarily for total

U release, but in some of the longer term experiments, measurements have

also been made for pH and additional cations, anions, and carbon (inorganic

and organic).6

The release of U from the WPA is presented in Fig. 7. These values

represent the total U as measured in the acid strip of the test vessel and

Teflon™ stand and is not the U in solution. The U in solution was

measured in some of the long duration experiments by taking an unacidified

aliquot. From these measurements, it was determined that the U concen-

tration ranged between 1 and 4 ppm with 9 * 7% of the total uranium being

actually in solution.

Several points of interest are evident in Fig. 7. These include that

in all tests an increase in the amount of U released was noted at about the

50-week time period. In the 11 disk configuration, the release between



duplicate experiments is similar and by the 75-week period, the rate of

release had slowed to a fairly constant level. In the crushed configura-

tion, there was about a 3X difference in the release of U between duplicate

tests. Test 4 was terminated due to experimental difficulties, but the U

release in test 3 leveled off after about 75 weeks. In the three stack

configuration, there is about a 7X difference in U release between

duplicate tests, but the release trend is the same as observed for the

other configurations, that of a rate increase between 50 and 75 weeks

followed by a leveling off. The same trend is observed in the three stack

low flow configuration, with again a significant difference in U release

between duplicate tests.

Analyses were also performed in the longest term samples for pH, and

additional cations and anions, including total and organic carbon. These

analyses indicate that the pH of the solution in contact with the metal

vessels is in the range 6.3 to 7.3 and is only slightly more basic than

that of the starting EJ-13 water, ~8.0. Of the major cations in the

starting water, the Na concentration is decreased slightly (~20%), while

the concentrations of Ca, K, Mg, and Si are significantly decreased

(50-90%). The concentration of organic carbon increases from a starting

value of ~4 ppm to ~18 ppm, while the carbonate anion decreases from

~120 ppm to near 15 ppm. The increase in organic concentration is typical

of either leaching or Unsaturated Tests done in metal vessels.7 The amount

of other anions in solution are either depleted (F~), or increase up to two

fold from their starting values (Cl", S04=, NO3-). At this time, one

experiment from each duplicate series has been terminated, and the reacted

UO2 has been examined to assess the nature of reaction.
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The examination of the components has included visual observations

made throughout the experiment, and analyses of reaction products using

scanning electron microscopy and associated energy dispersive x-ray

spectroscopy (SEM/EDS), and x-ray diffraction (XRD). Visual observation

indicated that for all experiments, at some time between week 13 and 65,

some reaction is apparent on the top surface of the UO2. The top surfaces

become covered with yellow and white reaction products, forming patterns

that correspond with water contact. In some experiments the Teflon™ stand

also took on a distinctively yellow color.

The reaction products as identified by XRD and SEM/EDS are listed in

Table 4 and consist of uranophane, which appears as a mat of fine needle-

like material that is white in color which covers and is intermixed with

yellow crystals or a yellow mat. The yellow crystals are comprised of many

parallel plates and have been identified as schoepite, dehydrated

schoepite, becquerelite, and possibly compreigmacite. The yellow mat is

boltwoodite. On sample 1 a small amount of sklodowskite was also

identified. Surprisingly, on the top surface around the outer perimeter of

the surface, irregular clumps of teflon were also found intermixed with the

uranium-containing phases. The teflon was identified by XRD, SEM/EDS, and

by infrared spectroscopy. The teflon is not injected with the water during

testing (the inject water has been analyzed repeatedly with no indication

of increased organic carbon) and was not injected as particulate matter

with the water. Its method of formation and effect on the reaction process

are still under examination. Note that the Teflon™ stands were used

primarily because of the inert nature of the material in leaching type

tests. Additionally, very little, if any teflon is found on the bottom
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surfaces of the UO2 in most of the tests, and no teflon was found on the

zircaloy. The bottom surfaces of the UO2 showed far more variable coverage

of reaction products than the top surface, but the coverage was always far

less than noted on the top surface. In addition, the bottom reaction

products were only schoepite or dehydrated schoepite.

While the mechanism of reaction of the UO2 as described above has not

been investigated, it is clear that the potentially oxidizing conditions

present in the vessel, the small volumes of water that contact the UO2, and

the cationic species present in the EJ-13 water combine to produce

conditions conducive to the formation of stable uranium-bearing phases.

The reaction that occurs on the top surface depletes the solution in Si,

Ca, and K such that only U-containing phases are found on the bottom

surface. The reaction products accumulate according to water flow

patterns, which are variable between samples. Thus, the total I) released

also varies considerably between samples. Those experiments where the

Teflon™ stands attain a yellow stain show the greatest release, indicating

that the secondary phase formation occurred on the stand rather than on the

UO2 or zircaloy surface. The results from these experiments are

instructive in that they demonstrate that many of the phases that are

predicted to be formed based on geochemical modeling codes,8t9 will form

given the necessary reaction conditions, and also that the amount and rate

of reaction of UO2 with limited amounts of water in an oxidizing environ-

ment exceeds that observed under conditions of complete spent fuel

submersion as found in saturated leaching tests.^
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CONCLUSIONS

The Unsaturated Test Method has been applied to both glass and

unirradiated UO2 as a way of studying waste form reaction under anticipated

repository conditions. For glass, the largest reaction was observed when

the volume of water, as controlled by water inject volume and interval

period, was such to allow exfoliation of reacted glass to occur. The

extent of reaction was also influenced by the degree of sensitization of

the 304L stainless steel in contact with the glass, and the minor anionic

components in the glass.

For U02, the conditions used in the Unsaturated Test, e.g., oxidizing

environment, low water volume in contact with the UO2, and cationic

components in the water, are such that the formation of a variety of \

uranium-containing phases was observed. The formation of the secondary

phases corresponded well with a marked increase in release of uranium from

the UO2 and surrounding zircaloy. The reaction of the UO2 was most!?

extensive on the top surface where the concentration of Si, Ca, and K were

periodically replenished. Secondary phases were also found on the bottom

surface, but the coverage was sparse and the phases were hydrated forms of

UO3.

These results, for both glass and U02, indicate that the reaction of

the waste form may be significantly affected by the amount of water that

contacts the waste form and by the conditions under which the contact

occurs. It is clear that while limited amounts of water may depress

elemental transport from the near-field environment of the waste package,
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the rate of waste form degradation may actually be increased as the amount

of water decreases, thereby making conditions for secondary phase formation

more favorable.
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Figure 3. SEM Photomicrograph of a Reacted Surface of Glass from Test 3.
Magnification equals 100X, the marker is 100 pm.

Figure 4. SEM Photomicrograph of Metal-Rich Reaction Products that Form in
Test 1. Magnification 150X, the marker is 100 /im.
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Figure 5. SEM Photomicrograph of a Bare Section of Glass from Test 4 that
has Undergone Exfoliation of the Reacted Layer, Followed by
Reprecipitation.
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Table 1 . Description, Purpose, and Status of Glass Related Unsaturated Tests

Test No. Description Purpose Status

Regular-sized SRL 165 glass waste
forms in presensitized 0.022 wt X
carbon ss holders, 0.075 mL and
EJ-13/3.5 days, continuous and
and batch experiments.

Regular-sized ATM-10 glass waste
forms in presensitized 0.022 wt %
carbon ss holders, 0.075 mL and
EJ-13/3.5 days, continuous and
batch experiments.

Regular-sized SRL 165 glass waste
form, no ss holder, 0.075 mL J-13/
3.5 days, continuous and batch
experiments.

Half-sized SRL 165 glass waste
form, ss holder, 0.075 mL and
EJ-13/3.5 days, continuous and
batch experiments.

Ha If-sized SRL 165 glass waste
form, ss holder, 0.0375 mL and
EJ-13/3.5 days, continuous and
batch experiments.

Regular-sized SRL 165 glass waste
form, ss holder, 0.075 mL and
EJ-13/14 days, continuous and
batch experiments.

Regular-sized SRL 165 glass waste
forms in presensitized 0.017 wt %
carbon ss holders, 0.075 mL
EJ-13/3.5 days, continuous
and batch experiments.

To measure glass reaction and
radionuclide release under
standard conditions, SRL 165
type glass doped with Np, Pu,
and Am.

To measure glass reaction and
radionuclide release under
standard conditions, ATM-10
glass.

To study the release from glass
only.

To study the effect of changing
the waste form surface area by
reducing the as-cast surface
are by half.

To study the effect of reducing
the volume of water added per
inject period with the as-cast
surface area reduced by half.

To study the effect of
lengthening the time interval
between water additions.

To study the effect of
presensitizing the ss waste form
holder using low carbon ss.

Initiated 2/3/86. Batch
experiments completed 2/2/87.
Continuous experiments in
progress.

Initiated 7/5/87. Batch
experiments completed.
Continuous experiments ir
progress.

Initiated 2/20/84. Batch
experiments completed 2/18/85.
Continuous experiments in
progress.

Initiated 12/6/84. Batch
experiments completed 12/5/85.
Continuous experiments in
progress.

Initiated 2/18/85. Batch
experiments completed 2/17/86.
Continuous experiments in
progress.

Initiated 6/10/85. Batch
experiments completed through
two years. Continuous and batch
experiments in progress.

Initiated 2/27/86. Batch
experiments completed through
two years. Continuous and
batch experiments in progress.

ro
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Table 2. Composition of Glasses Used in the Unsaturated Tests

Oxide
Component

ATM-10a

Oxide wt % Element wt %

SRL 165

Oxide wt % Element wt %

A12O3
B2O3
BaO
CaO
CeO2
Cr203

Cs2O
Fe203
K20
La2O3
Li2O
MgO
MnO2
Na2O
Nd2O3
NiO
P2O5
RhO2
RuO2

so3SiO2
SrO
TiO2
Y2O3

ZnO
ZrO2

(Radioactive)
AmO2
NpO2
PuO2
Tc2O7
ThO2
UO2

(Anions)
Cl
S

6.65
9.17
0.05
0.60
0.07
0.24
0.07
11.53
3.34
0.03
2.88
1.15
1.29
10.53
0.17
0.30
2.34
0.01
0.06
0.31
45.84
0.03
0.86
0.02
NA
0.25

0.006
0.021
0.081
0.003
3.29
0.53

NA
NA

52
85

0.04
0.43
0.06
0.16
0.06
8.06
2.78
0.02
1,
0.
0.
7.

0.
0.

.34

.70

.82

.81
0.14
0.02
1.02
0.01
.05
.12

21.43
0.02
10.51
0.01
NA
0.18

0.006
0.018
0.071
0.002
2.89
0.47

NA
NA

4.08
6.76
0.06
1.62

<0.05
<0.01
0.07
11.74

<0.05
4.18
0.70
2.79
10.85
<0.05
0.85
0.29

52.86
0.11
0.14

0.04
0.66

0.008
0.022

0.92

2.
2.
16
09

0.05
1.16

<0.04
<0.01
0.07
8.20

<0.004
1.94
0.42
1.76
8.05
<0.01
0.67
0.13

24.71
0.10
0.08

0.03
0.48

0.0239
0.0198

<0.01

0.81

0.01
0.12

aComposition reported by the MCC.
to use in the Unsaturated Test.

The glass was remelted and cast prior

NA - Not analyzed.
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Table 3. Impurity Content of UO2 Pellets* (ppmw)

AT

As

B

Ba

Bi

Ca

Cl

Co

Cr

4

0.5

1

0.4

<0.2

2

0.2

0.2

0.7

Cu

F

Fe

K

Mg

Mn

Na

Ni

P

3

0.1

20

0.3

<0.7

0.3

0.9

2

0.8

S

Sc

Si

Th

Ti

V

Y

Zn

Zr

0.9

<0.06

<2

15

0.4

0.3

0.4

0.3

<0.5

"Spark source mass spectrometric analysis.
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Table 4. Phases Identified by XRD and EDS

Phase Formula

Schoepite

Dehydrated Schoepite UO3«O.8H2O

Compreignacite

Uranophane Ca(UO2)2(Si O3)2(OH)2

Boltwoodite K(H3O)U02(SIO4)«nH20

Skiodowski te Mg(UO2)2(Si O3OH)2»5H2O

Becquerelite CaU60ig«10H20

Teflon Not Determined


