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ABSTRACT A’

-.

The behavior of a sludge-based Savannah River (SRL) waste glasses exposed to%mch
as 7 years of unsaturated test conditions is reported. This test series included both as-cast glass
and glass that had been pre-altered by exposure to 200”C water vapor. Actinides (except
neptunium) are retained in alteration products and released primarily as solution-borne colloids
and particulate when fresh glass is reacted. Pre-altered glass, however, rapidly releases most
elements (including actinides) in a nearly congruent manner when first exposed to dripping
water. Normalized boron release from the aged glass is more rapid than that of any other element
by an order of magnitude. The response of pre-altered glass, as determined by cumulative boron
release, follows a power-law behavior with time, corresponding roughly to t“4. This is consistent
with a diffusion transport through clay alteration phases on the glass surface.

INTRODUCTION
The volcanic tuff beds at Yucca Mountain, Nevada are being investigated as a potential

repository for the disposal of high-level nuclear waste (HLW) and spent i%el.Currently, vitrified
HLW produced by the Defense Waste Processing Facility (DWPF) at the Savannah River Site in
South Carolina and the West Valley Demonstration Project (WVDP) at West Valley, New York
are scheduled repository disposal. An evaluation of the behavior of the waste when contacted by
groundwater and the subsequent release of radionuclides to the surrounding environment are
factors that must be considered when evaluating the overall performance of Yucca Mountain as a
repository site. Although the waste form is only one component in an engineered barrier system,
it is the source term for radionuclide release, and its corrosion behavior will establish the upper
bound rate at which radionuclides can be released and the form (either dissolved in solution or
suspended in solution as colloids) they will be released to the next component of the waste
package, and ultimately the repository. A thorough understanding of waste form behavior is
required to complete a robust performance assessment to design the rest of the waste package
and engineered barrier system (EBS) to limit radionuclide release.

The repository horizon is located in the unsaturated zone, approximately 500 m
below the surface of the mountain and 1000 m above the water table. Initially, heat generated
due the decay of radionuclides is expected to keep the temperature of the waste package above
the boiling point of water. However, once the temperature has cooled to below 96 “C and the
canister is breached, both water vapor and liquid water will have access to the waste form. Water
contact is likely to occur in several modes: (1) continuous contact between the waste form and
water vapor and the associated formation of surface water iilms on the glass as a function of
temperature and relative humidity; (2) intermittent contact between water and glass as water
periodically flows into and passes through the canister; and (3) slow ingress and accumulation of
water in the canister. Each of these modes may result in different processes controlling the rate
of glass reaction and the ultimate release of radionuclides, and each must be evaluated to gain a
complete understanding of glass corrosion.

The ASTM Standard C-1174-9 1 describes a methodology that can be followed in
determining the long-term behavior of materials in a high-level waste repository. The Standard
describes an interactive testing and modeling approach where several types of tests are required
to obtain information to develop and validate a predictive model. One type of test that can be
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used to identify important alteration modes and to validate predictive models is a service”’
condition test. The procedure defines a service condition test as one “conducted under conditions
in which the values of the independent{ variables characterizing the service environment are on
the range expected in the actual service. For glass, the conditions would include (1) contact
between the glass and moist air, followed by periodic rinsing of the glass surface with slowing
flowing or dripping water; and (2) contact between the glass and standing water. To date, most
tests have emphasized the second of these scenarios. Most tests involving dripping or flowing
water have not taken into account aging processes that are likely to occur to the glass before
liquid water breaches the canister. The experiments described herein specifically test this
particular scenario, where moist air is used to “age” the glass prior to contact with groundwater.

The Yucca Mountain Project (YMP) and ANL have developed the Unsaturated Test
Method (drip test) [1-5] to study the corrosion of glass and spent fuel. These tests were designed
to replicate the synergistic interactions between waste form, repository groundwater, water
vapor, and sensitized 304L stainless steel in the proposed Yucca Mountain Repository. These

-”-tests combine slowly dripping, tuff-equilibrated groundwater with a monolithic waste glass (or
spent fuel) sample, sensitized 304L stainless steel, and water vapor to determine synergistic
interactions possible in a compromised pour canister under unsaturated conditions. Drip tests are
ongoing with early formulation actinide doped DWPF and WVDP glasses [1-5] and have been in
progress for over ten years. The results from these tests suggested that a suite of drip tests using
fully radioactive glass representative of a recent DWPF formulation to be used by the DWPF
would provide additional information related to glass behavior. The glass chosen was provided
by SRL and was made with sludge from actual tanks at SRL. This paper provides details of drip
tests that have been performed on this glass over the past 7 years.

EXPERIMENTAL
The 200R glass was made by Westinghouse Savannah River Co. (WSRC) using frit 200

and sludge from tanks 8 and 12. The precipitate hydrolysis aqueous feed was simulated so this
the glass does not contain all of the *37CSthat will be present when the glass is produced, but
does contain an amount more representative of what will be in the glass when it is eventually
contacted by water in the repository. The composition of the glass given in Table 1 is that based
on dissolution of a sample of crushed glass followed by ICP/MS and gamma analysis of the
resulting liquid [6].

The 200R glass was received from WSRC in two batches in the form of large chunks.
These chunks were subsequently crushed and the powder remelted in an 1150°C oven in a hot
cell with an air atmosphere. The glass was melted in a Denver fire crucible, poured into
preheated Pt/Au molds (770°C) and annealed at 500°C for 15 minutes, then allowed to cool in
the powered-down oven. The short annealing time was used to impart some stress to the glass
while still allowing for sectioning into test components. The cast glass was then cut to size; the
final finish on the tops and bottom were as-cut surfaces, while the sides were as-cast. At this
point, the samples of 200R glass consisted of gently tapered cylinders, approximately 16.0 mm
diameter at the top, tapering to about 15.4 mm diameter at the bottom, and approximately 20.2
mm in length. Each weighed about 10.5 grams. Variation of each of the above-mentioned
dimensional parameters was less than 5%. The glass visually appeared homogeneous and black
in color, and no crystallinity was detected with SEM examination of the polished archive sample.

.4 ?’he distribution of radionuclides between samples was determined by gamma counting end
sections of glass that were prepared during cutting the tapered monoliths. Thin wafers taken from
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each end of the sample, weighed and counted. The results indicate that the standard deviation in
radionuclide content between samples varies from 2% for ‘37CSto 1570for lnSb.

Prior to initiation of the tests, ‘five of the monoliths were subjected to a pretest vapor
hydration performed at 200 ‘C. Two of the samples were reacted in a sealed vessel for 28 days
and three were reacted for 14 days. The 200 ‘C temperature was used to accelerate the hydration
reaction to impart a degree of aging to the glass an amount that would occur at - 90 ‘C for long
periods of time. When pre-aging the glass, the relationship between the rate of reaction and
temperature is of concern. To address the rate of vapor hydration of 200R glass, experiments
were performed on a glass made with a modified 202 frit which has a composition similar to that
of 200R. Two as-cast monoliths were prepared following the standard casting procedure. The
samples were placed in type 304L stainless steel retainers and vapor hydrated at 200 ‘C for 31
days. After reaction, the samples were examined using OM, SEM, and TEM to establish the
extent reaction identification of the alteration products, and structure of the reacted layer. All
surfaces of the glass were highly reacted being covered a 125 urn thick reacted alteration layer,

---the main part of which was comprised of striated smectite clay. The top surface of the layer was
also covered with discrete alteration phases, including calcium and iron silicates. Uranium
silicates could not form because the 202 frit glass contained no uranium, while the 200R glass
contains - 1% uranium by mass.

In each of the unsaturated tests, the 200R glass was held in place by a waste form holder
made of type 304L stainless steel that had been perforated with holes to allow free contact with
the dripping water. Type 304L stainless steel will be used to fabricate the pour canister for glass
wasteforms in the repository. The 304L components used in the tests were sensitized by
annealing for 24 hours in a 550°C oven. This sensitization of the 304L test components was
imparted to simulate the result of pouring molten glass into the canisters during production of
actual waste. The final color of the metal was a deep blue.

Detailed descriptions of the Unsaturated Test Method are given elsewhere [1-5].
Nonetheless, a brief description is appropriate here to set the context for the results to be
presented. Encapsulated high-level nuclear waste will be exposed to atmospheres of varying
humidity both during initial processing and, in the event of container failure, during long-term
containment in the Yucca Mountain repository prior to possible contact with liquid water.
Interactions between the waste form and water vapor at elevated temperatures will result in
“aging” of the glass surface, possibly altering its susceptibility to subsequent reactions such as
leaching in liquid water. It is important to understand any potential interactions that may occur to
alter the performance of the glass waste form during its isolation. For the first 300-1000 years
after interment, the heat generated by radiation will maintain the temperature of the waste
package environment above 100”C. During this period, the stainless steel pour canisters are
expected to maintain their integrity, and thus liquid water is not anticipated to make contact with
the glass. Later, after both the container and pour canister are breached, the glass will contact
humid air. The length of time between first contact with water vapor and contact with liquid
water will depend on the localized waste package conditions, water flow patterns, and the
manner of container breach. However, it is possible that the glass could react with water vapor
for thousands of years (expected conditions) before contact with liquid water occurred (bounding
conditions).

In the Unsaturated Tests, every 3.5 days, approximately 3 drops (0.075 mL) of
.< groundwater from the J-13 well that had been pre-equilibrated at 90°C with local tuff (EJ-13

water) was injected into the airtight vessel where it contacted the top surface of the WPA. Each
glass monolith is contacted on the top and bottom by the two perforated retainer plates in each
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holder, which are held in place by two wire posts, also made from 304L stainless steel. The’
entire apparatus is enclosed in a 90°C oven except when samples are taken. Water dripped down
the sides of the glass and accumulated at the bottom of the WPA. Eventually the water dripped
from the WPA to the bottom of the vessel; the glass samples were not immersed.

The effects of pre-aging of the glass in water vapor are dramatically illustrated in Figure
1. The pre-aged glass (open symbols) released an amount of boron initially 2-3 orders of
magnitude greater than that observed in as-cast glass. The time-dependence of the release, from
the slope of the log-log plot, suggests a # (t = time, x - 1/~)behavior for the pre-aged glass,
consistent with a diffusive release of boron from clay alteration phases. The exponent by fitting
the data from the as-cast glass, on the other hand, is - 0.9, consistent with a hydrolysis-
dissolution mechanism dominating. More remarkable is the magnitude of the difference;
complete alteration of the glass corresponds to a normalized release of 7350 g/m2. Although the
release rate from the aged glass has dropped dramatically since the test initiation, nearly 40% of
the boron was released during the first 5 year of testing. This is far more than would be expected

“-from the thickness of the alteration layer observed by SEM, and can only be explained by the
presence of an extensive hydration layer, much thicker than the alteration layer, beneath the
surface. This hypothetical hydration layer must somehow be chemically altered during the aging
process, yet morphologically similar to the initial glass. Almost as remarkable is the apparent
divergence of the normalized lithium release, falling below that of boron by an order of
magnitude (both rate and cumulative release) for the pre-aged glass. Clearly, the effect of
hydrating the glass has liberated the boron in a manner that, to the best of our knowledge, has not
been previously reported.

The release of anions to solution as a function of time for the aged and as-cast test glasses
appears in Figure 2. The concentrations in the figure are not corrected for initial solution content
present when the test is started, but serve as a relative indicator of anion release. Normalized
release rates of the elements boron, technetium, uranium, neptunium, and plutonium appear in
figure 3 a and 3b for the aged and as-cast glasses, respectively. The aged glass initially releases
soluble elements much faster than the as-cast glass, but after 2-3 years, the normalized rates
become comparable.

In Figure 4, the release of neptunium during each sampIing interval is plotted against the
measured uranium release for the same interval for each pre-aged sample. The remarkable
correlation between uranium and neptunium release may be due to a predicted, but heretofore
undocumented possible behavior where the neptunyl ion can become volubility controlled by
uranyl solid phases. The relatively low normalized release of neptunium relative to other soluble
elements such as boron, lithium, and technetium in these tests is not a general feature of glass
reaction, but has been reported for corrosion testing of spent fuel, and has been previously
reported in glass tests where uranyl phases are known to have formed [Finn, Ebert]. Neptunium-
bearing uranyl phases have only recently been documented in spent fuel tests by electron energy
10SSspectroscopy in a transmission electron microscope [Buck].

i. .
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Figure 1.Cumulativenormalized releaseof lithium (above)-andboron(below)to solution from the N4
unsaturatedtests. Open symbok are from samplespre-agedin watervaporprior to testing, while solid
symbolsrepresentas-cast glass samples.The lines on the boronplot are power-lawfits to the data, with
slopesof- 1/4and -1 for the aged and as-castglasses, respectively.
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Figure. The release of neptunium from the aged glass corresponded remarkably well with the measured
uranium release at each sampling interval over 5 decades of measurement.
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