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Introduction

To dispose waste from the Hanford high-level waste tanks, the waste will be treated to separate it into
high-activity and a low activity-waste streams. Each of these streams will be converted to a less mobile
form. In the case of the low-activity waste stream, the product will be a glass, the composition of which
remains to be defined. Much of the process of treating and converting the waste, including the composi-
tion of the glass to be produced, will be the responsibility of a private vendor. The chemical and physical
properties of the glass must meet certain criteria that are to be specified in a contract between the vendor
and the Department of Energy. One of these criteria, the chemical durability, must be defined so that the
vendor has a quantifiable specification and the Department of Energy has a material that will meet the
needs the disposal requirements. The specification for the vendor must be embodied in a test from which
a certain result is obtained for the glass(es) that is produced. For the Department, the challenge is defin-
ing a specification that can be used as an indicator of long-term behavior of that glass in contact with
water.

My emphasis here is on the behavior of the glass as a waste form. It is well recognized that, as the
glass dissolves, alteration products are formed. The identification and chemical behavior of these altera-
tion phases is important because many of them incorporate radionuclides from the glass. While these
alteration products are important from a radionuclide-release point of view, they, like the glass from
which they are formed, do not necessarily represent phases with longevity. As solution composition and
disposal site conditions change; these phases may become unstable with respect to other alteration phases.
Some of these changes can be calculated as part of the system performance assessment. However, a more
conservative approach is to rely upon the behavior of the glass waste form (the source term) to meet the
expectations of the regulators and stakeholders. Any credit that can be taken for the alteration products,
therefore, leads to added assurance that the waste can be safely stored. In this paper, I focus on the glass
as the source term and only consider alteration products when they have an impact on the behavior of the
glass.

The objective, therefore, of this short report is to define a set of activities that should lead to a specifi-
cation for a test that can be used as one of the acceptance criteria and as an indicator of acceptable long-
term behavior in contact with water. Since the glass composition is not yet defined and is likely to change
as the composition of the waste changes, a strategy for developing criteria for what is acceptable involves
a series of tests and modeling activities. The results of these activities lead to a criterion for an acceptable
product and the data that are needed to reliably determine the behavior of the glass in the storage
environment.

Background

Evaluating the behavior of glass in contact with water over periods of thousands of years is needed to
assure the regulators and stakeholders that nuclear waste glass can be safely disposed. This is the case
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whether the glass contains low-activity or high-level waste. The performance period for the low-activity
waste glass is 100000 years. An assessment of glass corrosion over these time scales can only be made if
the environmental conditions are known and the behavior of a glass waste form and the glass alteration
products are either known or can be calculated (modeled). It is, therefore, unlikely that this assurance can
be obtained through extrapolation of laboratory results nor through a prediction ‘a)of repository or disposal
site conditions based on past geological events. What will be required is an understanding of the ,behavior
of the glass in contact with water under a variety of conditions so that credible releases of radionuclides
can be calculated through a performance assessment activity for a range of anticipated geologic
events/conditions.

To accomplish this task, it must be possible to calculate the behavior of glass in contact with water.
Fortunately, there exists a well-accepted model for the dissolution rate of glass that incorporates many of
the known ptiameters that affect glass dissolution (Eqn. 1) (McGrail and Peeler 1995).

()k=kolOq”pH e+ Ql-k
RT

(1)

This rate equation is a mathematical description of the rate of dissolution for the glass matrix where kOis

the intrinsic dissolution rate that depends on composition, q is the coefficient for the dependence on pH,
E. is the activation energy, Q is the ion activity product for the species involved in the rate-limiting step,
and K is the equilibrium constant for the rate-limiting reaction. Equation 1 is not, however, a complete
description of the chemical and physical system for the glass. For example, the rate at which alteration
products form as the glass dissolves is not described in the mathematical formulation shown in Equation
1. This is not a significant deficiency, since all other processes that are likely to affect the dissolution rate
are assumed, for calculation purposes, to occur rapidly. Another important process that is not included in
Eqn. 1 is the ion exchange that takes place when glass first comes in contact with water. This maybe a
serious deficiency since the corrosion behavior of at least one candidate low activity waste glass, LD6-
5412, appears to be dominated by the ion exchange process in some tests and test conditions for periods
on the order of a year.

What is generally accepted about Eqn. 1 is that it is a description of the rate limiting step in the over-
all description of the chemical system (Strachan, McGrail, and Bourcier 1993). The rate-limiting step is
the slowest reaction in a sequence of chemical reactions starting with the glass plus water and ending with
dissolved glass and alteration products. Experimental values for the parameters & E,, q, and K appear to
be insensitive to glass composition, implying that the rate limiting step is the same for all silica-based
glasses. “Insensitive” refers to the variation across a wide variety of glasses being less than a factor often
and, perhaps, less than a factor of three. This means that if we are to find a discriminator for the long-
term behavior of various glasses in contact with water, we must look to the remaining term, Q, and
modeling to provide the assurance that is needed to dispose of nuclear waste.

(a) Here “prediction” is used in the true sense of an aprioi forecasting of how the chemical and physical
conditions at the disposal site will evolve with time.
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Although there is some indication that the rate law maybe more complex and include the effects of
catalytic/inhibitory chemical species, there are insufficient data to support a change from the accepted
position that value of Q is the solution concentration of orthosilicic acid, [H&iOA]. Effects on the dissolu-
tion rate of glass are, therefore, manifest through the impacts that environmental conditions have on the
concentration of EIJli04. Although environmental conditions such as temperature also affect the dissolu-
tion rate directly through the other parameters such as the exponential term in Eqn. 1, there is an indirect

● effect through the temperature dependence of the ionization constant for H&3i04. The most significant
impact on the concentration of HJ3i04 comes when alteration phases form that cause a pronounced
decrease in the [H&iOq].(a) As a class, zeolites have been found to cause glass dissolution rates to
increase even after long times at low dissolution rates. The formation of zeolites after long times has
been observed to affect the dissolution of some glasses (Bakel, Ebert, and Luo 1995; Gong et al. 1998),
under static conditions. The effect of zeolite precipitation is shown schematically in Figure 1. Strachan
and Croak (1998) have suggested that the formation of zeolites under static conditions and the subsequent
effect on the dissolution rate be correlated to the glass composition.

Returning to Eqn. 1, it can be said that so long as rate law is valid, the effects of environmental condi-
tions on the dissolution rate can be calculated. From the above discussion, we know that so long as the
release of radionuclides is through the interaction of glass with water, the release rate of these radio-
nuclides from the glass can be calculated under all credible scenarios for the disposal or repository site.
Therefore, if the flow of water changes, the release rate can be calculated such that the change in release
of radionuclides can be calculated. Changes to the water composition when incoming ground water
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Figure 1. Generic Glass Dissolution Showing How Alteration
Phases Can Affect the Glass Dissolution Rate

(a) This refers to the chemical species I-IJ3i0,. The total Si in the solution may go up because of other
changes to the solution as a result of rapid glass dissolution. For example, the pH usually increases.
At the higher pH values, the [H@iO1]may decrease while the total Si in solution increases.
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interacts with barrier materials, such as concrete, also affect the dissolution rate of the glass. These can
be calculated either because they have a direct (one of the parameters) or indirect (Q) effect in Eqn. 1.
Some of the released(from the glass) radionuclides may also become part of the precipitated alteration
products, either in solid solution or as separate phases. It is important, therefore, that both the experi-
mental and modeling efforts result in a data base that can be used for model validation and in a model that
accurately reflects the long-term behavior of glass in contact with water (McGrail et al. 1998). The fates
of the radionuclides that have been released from the glass also need to be tracked. While these may
become part of the suite of alteration products, the behavior of these alteration products as a i%nction of
time (changes in solution/conditions) must also be calculated or verified experimentally.

An Approach to a Solution

As indicated above, the problem that needs to be addressed is the acceptance of a glass product of
some composition to fill the performance needs of a disposal site. More is known about the disposal site
than is known about the glass that will ultimately be stored there. Although there should be a database on
the testing by the vendor, the acceptance will be based on the results from an acceptance test. As cur-
rently formulated, this test is a product consistency test (PCT-A, ASTM 1994). The results from this test
have not been shown to be a good indicator of the long-term behavior of the glass in contact with water.
Since it is the responsibility of the Department of Energy to dispose of this glass and to show that it meets
the expectations for performance, the Department must show the connection between the acceptance cri-
teria and the long-term behavior. The methodology to accomplish this task is provided in the ASTM
1174 (ASTM 1992) approach to the determination of the long-term dissolution of the glass. Because this
is a consensus standard, it represents the best-discussed and viable approach. In the standard guide, the
essence of the approach is one of testing and modeling. What is somewhat different between the basis of
the ASTM standard guide and the problem at hand is the need to accept a glass of some composition and
know that this glass has the dissolution properties that fill the performance needs as determined in the
performance assessment (Mann et al. 1998). So, instead of determining the long-term behavior of a
single glass, there is a need to show that the target glass composition and variations about the target have
an acceptable long-term behavior. It must also be shown that the results flom a PCT-A or some other test
are sensitive to the changes in composition and that a reliable connection can be provided between that
result and the long-term behavior.

There are three approaches to showing the connection between the results from a short-term accep-
tance test and acceptable long-term behavior. In the first approach, rigorous testing of glass compositions
that bracket the target composition of the glass that is to be produced for a given waste or class of wastes.
Test duration’s would vary from very short to very long, probably much longer than the time available.
Results from tests performed under conditions that are known to accelerate the dissolution would also be
needed. This is a purely experimental approach that is inconsistent with the ASTM 1174 basis and,
hence, not recommended.

In the second approach, tests are performed that show the validity of a pure modeling approach where
glass compositions are either shown to not form zeolites under any case or if zeolites form, there is no
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effect on the dissolution rate or the effect is minimal. The strategy is to determine the effect of alteration
phase formation, not to calculate the evolution of the solution concentrations. This approach is, as yet,
untested and would involve the testing of both the target glass compositions and a set of surrogate glasses
(see below). This approach is more risky than the first in that it is currently just proposed (Strachan and
Croak 1998). However, once it has been shown to be valid, the payback is high because a pure modeling
approach could be taken with only a minimal amount of additional testing. This would allow the Depart-
ment to make quick decisions on changes in product composition and run a directed number of tests to
validate the model results.

A third and perhaps more viable approach, given the time that results are needed, is a combination of
the first two approaches. In either case, extensive testing is needed. Tests are needed on the target glass
composition and on glass compositions that represent processing variations or waste variations. Model-
ing of these glasses can be performed to determine the effect of zeolite formation and to calculate the
evolution of the solution concentrations. These modeling results can then be compared with the results
from the tests for both zeolite formation and solution evolution. In this case, the modeling becomes more
complicated than the modeling in the second approach discussed briefly above because the glass composi-
tions involve more components. Therefore, the solution concentrations are subject to the uncertainties
involved in selecting the alteration products that are allowed to precipitate in the simulation and on the
uncertain thermodynamics for some of these phases. However, this might be the best chance to develop a
data base from both testing and modeling that can be used to establish the acceptance criteria and the con-
nection between the criterion and the long-term behavior. This approach is also consistent with the intent
of ASTM 1174.

In any event, to accept a glass, an extensive database is needed to establish the long-term behavior
and the results from a single test or a series of very short and simple tests are needed for the vendor. The
results from these tests must be accurate indicators of the long-term quality of the glass to be accepted.
Placing an “acceptance” value on the results from a single or multiple tests means that there exists a con-
nection between the test result and the long-term behavior of the glass under disposal or repository site
conditions. The impossibility of doing this a priori is illustrated in’Figure 2. If, for example, a PCT-A
(ASTM 1994) result is required to be a certain value for the glass to be accepted, then the number of
curves (glass behavior) that can b’edrawn through the point that represents the acceptable value are not
only infinite, but also span the range from acceptable to unacceptable long-term behavior. In addition,
since the PCT-A is performed with demineralized water, the effect of water that has first contacted a
cement barrier can not be determined. Both of these illustrations show the impossibility of projecting the
result from a single test to the long-term behavior of a glass or to the behavior in contact with fluids a the
repository or disposal site without some way of putting the results from the testing into context.

This seemingly hopeless situation can be resolved with extensive testing and modeling. By testing
glass compositions that bracket the glass compositions that are to be produced, the test matrix can be lim-
ited and constrains the composition space over which the modeling is valid. For example, if the target
glass is to be six component glasses the composition of which is expected to vary at most by *1O%in
each of the six components, then a test matrix consisting of glass compositions that span that composition
space must be developed and the glasses tested. Dissolution tests consisting of PCT-A, PCT-B, vapor
hydration test (VHT, Bates and Steindler 1983), and/or flow conditions (single-pass flow-through or
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Figure 2. Generic Glass Dissolution Behavior Illustrating the Difficulty
With Promulgating a PCT-A Criterion for Glass Behavior

pressurized unsaturated flow tests) need to be performed on a statistical number of the glasses in this
composition space. This yields a database for model validation. The goal of this testing program would
not be to obtain a statistical extrapolation model, but a database for model validation. Statistical composi-
tional variation approaches, such as those used to develop glasses (Chick et al. 1986; Hrma et al. 1992),
are of little use to performance assessment calculations because they are blind to the complex chemistry
involved and are statistically-based extrapolations of experimental data.

Glass dissolution modeling should be carried out on a number of the glasses within the composition
matrix. A comparison of the calculated solution compositions and the experimentally observed solution
compositions should be done. These comparisons should lead to confidence in the ability to model the
glass reaction. Results from the tests will yield values for the parameters in Eqn. 1 that can be used in the
model to calculate the solution composition as a function of time. As part of the model output, the
existence of zeolites should be known as should the effect that these zeolites have on the rate of glass
dissolution. This too should be compared with the results of testing. These results could then be used to
develop a set of graphs, such as those presented by Strachan and Croak (1998) to show the effect of com-
position on the long-term interaction of glass with water. This effort produces a series of graphs, such as
shown in Figure 3 that can be used to determine if a glass is likely to have good or poor long-term
behavior. The surface that appears in Figure 3 represents the upper stability of these glasses. Therefore,
those glasses with compositions that plot in the area where the surface appears at low reaction progress
are glasses that are projected to have poor long-term behavior. These theoretically generated plots would
be validated against the results from the experiments and modeling activities. This, plus the model
validation with respect to solution concentrations, would yield a complete package that allows a dissolu-
tion specification to be promulgated as a result from a single test and a source-term model to be used in
performance assessment calculations.
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Figure 3. An Illustration of the Effect of Composition on Glass “Stability”

Recommendation

A series of tests on a range of vendor compositions is needed. However, to show that these results are
indicators of the long-term behavior in contact with water, modeling must also be carried out and vali-
dated against the results from specific experiments. Experimentally, there are relatively simple tests that
can be used as indicators of long-term behavior and should be used on all glasses in the experimental set.
There are some more complex tests such as the PUF (McGrail, Martin, and Lindenmeier 1997) that must
also be performed, but on a limited set of glasses within the larger set. The tests that should be performed
on all glasses in the set are the VHT at 150”C and the PCT-B at 20000 m-l and 90”C. The results from
the VHT can be obtained in 14 d since that is how long it took for alteration phases to affect the dissolu-
tion ofLD6-5412 glass and performance assessment calculations showed that LD6-5412 had acceptable
long-term behavior. Likewise, the results from the other glasses should be compared to the results from
the LD6-5412 glass as an indicator of the maximum acceptable rate.

Results from the “screening” tests described above should allow the larger matrix to be reduced to a
smaller set and a narrower range of compositions. These glasses should be tested more extensively with
the same test methods, but for longer periods of time and over a wider range of conditions.

Additionally, there needs to.be sufficient testing with the PCT-A to show that this can or can not be
used as a product control for acceptable products. These tests should be performed on a selected number
of glasses within the reduced set of glasses and a few glasses that are just outside the bounds of the estab-
lished set. Within the set of glasses, there should be a core of glasses that are found to have the best
behavior. These glasses should be tested much more extensively (all tests) and for much longer periods
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of time (one year or more). Modeling calculations need to be performed on these core glasses plus addi-
tional glasses to show the effect of zeolites, to calculate the evolution of solution composition, and to pro-
vide information on the effect of glass composition on the long-term dissolution of glass. These results
should provide confidence in the establishment of an acceptance specification for the vendor glasses that
is based on a simple, short-term test and provide better confidence in source-term for the performance
assessment calculations.
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