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ABSTRACT

A program has been established for DOE.Environmental Restoration and Waste
Management (EM) to evaluate factors that are likely to affect waste glass reaction in an
unsaturated environment typical of what may be expected for the candidate Yucca
Mountain repository site. This report covers progress in FY 1990 on the following five
tasks:

1. A critical review of those parameters that affect the reactivity of glass in an
unsaturated environment is in progress. This effort involves a search of the
literature to identify the important parameters. Temperature is the first
parameter examined in detail, and a draft report has been completed.

2. A series of tests has been started to evaluate the reactivity of fully radioactive
glasses in a high-level waste repository environment and compare it to the
reactivity of synthetic glasses of similar composition.

3. The effect of radiation upon the durability of waste glasses at a high glass
surface area-to-liquid volume (SA/V) ratio and high gas-to-liquid volume ratio
will be assessed. The conditions of these tests will be typical of an
unsaturated environment.

4. A series of tests is being performed to compare the extent of reaction of
nuclear waste glasses at various SA/V ratios. Such differences in the SA/V
ratio may significantly affect ghss durability.

5. Analytical electron microscopy is being used to assess the glass/water reaction
pathway by identifying intermediate phases that appear on the reacting glass.

EXECUTIVE SUMMARY

This report provides an overview of progress during FY 1990 for the Unsaturated Glass Testing
Program that is part of the ANL Technology Support Activity for DOE, Environmental Restoration and
Waste Management (EM). The purpose is to evaluate, before hot start-up of the Defense Waste
Processing Facility (DWPF), factors that are likely to affect glass reaction in an unsaturated environment
typical of what may be expected for the candidate Yucca Mountain repository site. Specific goals for the
testing program include the following:



" to review and evaluate available information on parameters that will be important in
establishing the long-term performance of glass in an unsaturated environment,

" to perform testing to further quantify the effects of important variables where there are
deficiencies in the available data, and

" to initiate long-term testing that will bound glass performance under a range of conditions
applicable to an unsaturated environment. These conditions have been identified in the Yucca
Mountain Project Scientific Investigation Plan (SIP) for glass.

The progress made in FY 1990 on each of the Five technical tasks that have been established to meet these
goals is summarized below.

Critical Review of Parameters Affecting Glass Reaction in an Unsaturated Environment

The goal of this task is to assess the effects of each of the previous identified critical parameters
(viz., glass composition, unsaturated conditions, radiation, temperature, surface area-to-volume ratio, and
composition of alteration layers) on the durability of glasses, particularly nuclear waste glasses.
Temperature is the first parameter to be examined in detail. A draft report on the effects of temperature
has been completed and sent for review and comment.

Review of the chemical reactions that affect nuclear waste glass/water interactions indicated that
the overall glass/water reaction is the cumulative result of the constituent reactions: molecular water
diffusion, ion exchange, silicate network dissolution, and secondary mineral precipitation. These
reactions often operate simultaneously, and the nature of these interactions is poorly understood at
present. The temperature dependence of the individual reactions has been examined. The constituent
reaction mechanisms of glass reaction often have a temperature dependence that can be quantitative y
expressed using the Arrhenius equation, a phenomenological relationship. The temperature dependence is
often described by the activation energy, the threshold energy above which a chemical reaction is likely to
occur. The basis for Arrhenius-type formulations can be related to basic physical chemistry principles,
although the connection has not been rigorously defined. The Arrhenius equation has been used to
describe the temperature dependence of glass dissolution based on several kinetic measurements,
including the rate of cation release to solution and the rate of growth of alteration layers and secondary
minerals.

A general conclusion is that temperature can be used as an accelerating parameter for chemical
reactions when they are identified and understood. However, our literature review indicated that several
key aspects of glass/water reactions must be investigated further to develop an understanding of the
complex overall reaction that will occur under repository conditions.

Long-Term Testing of Fully Radioactive Glass

The objective of this task is to evaluate the performance of fully radioactive glasses, similar to
those that will be produced by the DWPF, in meeting the performance objectives for glass storage in a
high-level waste repository located in an unsaturated horizon. Specifically, long-term test data will be
generated such that (1) reaction of fully radioactive glass can be compared with that of nonradioactive
glass of the same nominal composition; (2) interactions between waste package components that must be
accounted for in independent reaction path models are identified; and (3) the long-term behavior of glass
is established under anticipated unsaturated disposal conditions, such that glass performance models can
be validated.
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Tests were initiated using SRL 165/42 (165 type frit, tank 42 sludge) and SRL 131/11 (131 type
frit, tank 11 sludge) and simulated nonradioactive glasses of the same compositions. Tests with
monoliths and powders of these glasses have been in progress for over 180 days. While the data are too
preliminary to warrant detailed comparison between the radioactive and nonradioactive results, it is

evident that the SRL 165/42 is undergoing nonstoichiometric reaction, with lithium being released
5-10 times more rapidly than boron and plutonium. This result is based on analytical electron microscopy
(AEM) analysis of the leachates and the reacted solids. The AEM images show that the glass surface is
being etched and no surface layer is being formed. The faster lithium release must be due to an ion
exchange reaction involving lithium.

Tests with 200R glass (200 based frit, tanks 8 and 12 sludge) will begin as soon as the complete
shipment of glass is received. These tests will include static leach tests with monoliths and powders,
intermittent water contact tests that simulate the unsaturated environment, and analog tests that simulate

the repository environment using a tuff core and unsaturated water flow.

Effect of Radiation on Glass Reaction at Large SAN

The objective of this task is to conduct a series of tests to determine if radiation will have a
significant effect on glass durability under the high surface area-to-volume (SAN) and gas-to-liquid
(G/L) ratios that will characterize the glass reaction in an unsaturated environment.

Two test matrices are planned. The first is intended to address the effects of radiation on the
unsaturated waste package environment, and the second addresses the effects of radiation on the reaction
behavior (including leaching behavior) of glass under repository-relevant conditions. Most of the tests in
both test matrices have been initiated, and preliminary results are available for the shorter term tests.

The results available to date indicate that radiation will produce significant changes in the
unsaturated repository environment. Nitric acid produced by radiolysis is found predominantly in thin
water films on all surfaces in the test vessels. Although the films on glass surfaces may be buffered by
alkali leaching, it appears likely that the pH of the water films on many surfaces will drop to the strongly
acid regime. Also, small but significant quantities of low-molecular-weight carboxylic acids are
observed, and these may enhance radionuclide solubilities as a result of complex formation.

Preliminary qualitative results from the completed glass reaction tests in the second matrix indicate
that the glass reaction rates in a irradiated water vapor environment are significantly enhanced compared
to those in a nonirradiated environment. The tests are being repeated to confirm the results.

Relationship Between High SA/V Experiments and MCC-1

A series of tests is being performed to compare the extent of reaction at various SAN ratios using
both solution and solids analysis. Glass waste placed in an unsaturated environment may be exposed to a
wide range of conditions that could result in the glass being contacted by varying amounts of
groundwater, and therefore, reaction may occur under a range of SAN ratios. It is necessary to know
how the glass reaction may change at different SA/V ratios to reliably project the glass durability and
repository performance over long time periods.

This task will also provide data that can be used to evaluate the relationship between glass
durability under the MCC-1 conditions of low SAN and the durability under more repository-relevant
conditions of high SAN.
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Two glass compositions are being reacted at SA/V ratios of 10, 2000, and 20,000 m 1 in the
repository reference groundwater (from well J- 13) at 90*C. Monolith samples are used for tests at
10 m 1 , and powdered glass is used for tests at 200() and 20,000 m 4 . The glass compositions are similar
to SRL 131 and the reference glass SRL 202. These represent a glass of known poor durability and a
glass representative of the projected glass composition to be produced at the Westinghouse Savannah
River Plant, respectively. Both glasses are doped with technetium and several actinide elements.
Leachate solutions are analyzed for pH, carbon, anions, cations, and actinides in dissolved, colloidal, and
sorbed fractions. The reacted glasses are analyzed using AEM, scanning electron microscopy combined
with energy dispersive spectroscopy, and other surface analytical techniques.

The results of short-term tests (30 days and less) show that the SRL 131 glass is more reactive than
the SRL 202 glass, and the extent of reaction, from solution results, is greater for tests at the higher SA/V.
Analysis of the solid reaction products is in progress.

Analytical Electron Microscopy Support

A complete description of glass reaction processes requires a mass balance between the release of
elements to solution and the conversion of glass into reacted solid material. Analytical electron
microscopy, which utilizes transmission electron microscopy combined with quantitative phase and
elemental detection equipment, is used to provide information regarding the solid phases. We are
applying AEM to the analysis of all reacted glasses to examine the mechanism by which glasses react.
This year we gained experience in sample preparation and microscopy by applying AEM to a wide range
of existing glass samples. This experience will allow us to work with radioactive samples with more
confidence. Samples analyzed ranged from glass with no reacted layer, to a reacted layer forming as the
glass etches, to a reacted layer forming in situ as the glass restructures.



I. INTRODUCTION

The Unsaturated Glass Testing Program is part of the technology support activity performed for
DOE's Environmental Restoration and Waste Management (EM). This program was initiated in 1989
and its purpose is to evaluate, before hot start-up of the Defense Waste Processing Facility (DWPF),
factors that will likely affect glass reaction in an unsaturated environment. The need for such a program
recognizes that the long-term prediction of glass performance in a repository environment and the
relationsi~ip between the release of radionuclides from a glass waste package and performance assessment
of the repository are tasks that must be addressed, but that the completion of such tasks will not be
finalized until application for a repository license, which will be several years after the DWPF begins
production of waste for storage and disposal. The Unsaturated Glass Testing Program also recognizes
that the modeling and performance assessment programs must have a firm basis that (1) accounts for
important physical parameters that will affect glass reaction in an unsaturated environment and (2) relates
the mechanistic basis of glass reaction to conditions that will exist in an unsaturated environment.

The goals of the Unsaturated Glass Testing Program are to (1) review parameters that will be
important to evaluating glass performance, (2) perform testing to further quantify the effects of important
variables, and (3) initiate long-term testing that will bound glass performance under a range of conditions
identified in the Yucca Mountain Project Scientific Investigation Plan,' and that can be used to validate
models generated to predict long-term performance. The information developed in the Unsaturated Glass
Testing Program, when combined with data generated by the glass waste producers and by the Yucca
Mountain Project (YMP), will form the basis for a well-founded program that will ultimately qualify
vitrified high-level waste for repository disposal.

The physical parameters or processes that are important for controlling glass reaction in an
unsaturated environment were identified and evaluated previously. 2 These include (1) glass composition,
(2) radiation, (3) temperature, (4) surface area of glass/volume of liquid (SA/V), (5) the effect of
unsaturated conditions on glass reaction, and (6) the effect of alteration layers on glass reaction. Prior to
hot DWPF start-up, these items will be critically evaluated such that their role in glass performance will
be established. This year, the effects of temperature and other parameters were reviewed, while testing
was planned and initiated in the remaining areas. In this report, progress in each active area is reviewed,
beginning with a general background description applicable to all areas.
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I. BACKGROUND

Work in each area is governed by a Task Plan, which enables the work to be planned according to
the quality guidelines of the Unsaturated Glass Testing Program and allows all program activities to be
coordinated. The Task Plans outline work to be done in an activity, but do not restrict the flexibility to
make adjustments based on knowledge gained as the test results are evaluated. Plans were written for the
following tasks: "Critical Review of Parameters Affecting Glass Reaction in an Unsaturated
Environment," "Long-Term Testing of Fully Radioactive Glass," "Effect of Radiation on Glass Reaction
at Large SA/V," and "Relationship between High SA/V Experiments and MCC-l." Ongoing work in
each of these tasks is described in latter sections of this report.

An integral part of the testing program was the identification and preparation of glasses to be used.
Several factors were considered in choosing glass compositions, including: (1) composition of "fully"'
radioactive glasses available for testing; (2) the need to test a range of compositions based on glass
durability, which may be a function of the test conditions; (3) the desire to use compositions similar to
those already in use so that a comparative data base can be developed; (4) the necessity to test both
radioactive and nonradioactive compositions (for comparative and technique-development purposes); and
(5) minimization of testing time and cost.

The compositions of fully radioactive glasses are set by glass availability and include (1) 165
sludge-only based glass, designated 165/42 (the glass frit is 165 type and the sludge is from tank 42);
(2) 131 sludge-only based glass, designated 131/11 (the glass frit is 131 type and the sludge is from tank
11); and (3) 200 frit-based glass, 200R [the glass frit is 200 type, the sludge is from tanks 8 and 12 and the

precipitate hydrolysis aqueous (PHA) feed is simulated]. These glasses were. produced by Westinghouse
Savannah River Co. (WSRC) over the past several years and represent glasses developed as the process
engineering matured. The base frits used in these glasses (131, 200, and 165) represent the expected
durability range from least to most durable based on hydration theory.3 The sludge from tanks 11 and 42
is rich in aluminum, and the final compositions of the 131/11 and 155/42 compositions do not represent
glasses expected to be produced by the DWPF. However, the composition of 200R glass is similar to the
expected blend composition identified in the Waste Compliance Plan (WCP)4 and, therefore, is a fair
simulation of a production glass.

The extent to which a glass composition falls within the range of production compositions
influences the use of the glass in testing. The 131/11 and 165/42 compositions, although they may not be
produced, are useful for comparative testing with a simulated nonradioactive glass of the same
composition to demonstrate whether any differences in reactivity exist between production and simulated
glasses. The 200R glass is also useful for comparative testing, but because of its similarity to production
glass, it is used in a more extensive test matrix to assess glass performance under unsaturated conditions
(see Sec. IV.C for details of testing these glasses). For each of these fully radioactive glasses, simulated
glasses were produced with the same composition. Simulated glasses are designated as "S" glasses, e.g.,
131/1lS.

At this time, the 165/42 and 131/11 glasses have been received from WSRC and have been
analyzed. The compositions of the "fully" radioactive and simulated glasses are shown in Table 1. A
partial shipment of the 200R glass has been received, and Table I gives the composition of this glass as

'The term fully radioactive glass is used to designate glasses made containing actual waste taken from
the waste storage tanks at the Westinghouse Savannah River Site. The glass may not contain the
complete complement of radionuclides anticipated to exist in the final DWPF product, because the
glass contains only radionuclides contained in the sludge component of the waste.
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reported by WSRC. When the remaining batch of 200R glass has been received, the two batches will be
homogenized, the composition verified, and a nonradioactive analog will be produced. These glasses are
used for the task "Long-Term Testing of Fully Radioactive Glass."

Table 1. Composition of Glasses Used in Testing'

Oxide Weight Percent

Element 131/1l 13 1/1 1 Sb 131A 200Rb 200RSb 202A 165/42 165/42S 165A

Al 9.33 3.27 4.6 3.84 10.36 8.65 4.08
B 9.33 9.65 9.5 7.97 8.02 8.16 6.76
Ba 0.02 0.16 0.02 0.22 -- 0.38 0.06
Ca 3.70 0.93 1.5 1.20 0.33 0.31 1.62
Cr 0.34 0.13 0.3 0.08 0.33 0.42 <0.01
Cu 0.02 0.02 0.3 0.40 0.03 0.01 --
Fe 4.76 12.66 12.3 11.41 5.89 6.14 11.74
K 0.04 3.86 3.5 3.71 0.05 0.05 0.19
Li 3.12 3.00 3.0 4.23 4.72 4.67 4.18
Ce -- TBA -- TBA -- -- --

Nd -- TBA 0.1 TBA -- -- --

La -- TBA -- TBA -- -- -

Mg 1.39 1.31 1.3 1.32 1.02 9.97 0.70
Mn 1.66 2.43 2.6 2.21 1.94 1.77 2.79
Mo -- -- -- 0.05 -- -- --

Na 15.86 12.08 13.3 8.92 11.12 10.33 10.85
Ni 0.46 1.24 0.5 0.82 0.61 0.28 0.85
Pb -- -- -- 0.01 0.05 0.01 --

Si TBA 43.76 45.1 48.95 TBA TBA 52.86
Sr 0.02 0.01 0.1 0.03 0.04 0.01 0.11
Ti 1.44 0.65 0.1 0.91 -- 0.07 0.14
Zn 0.03 0.02 0.2 0.02 0.03 0.02 0.04
Zr 0.09 0.22 0.1 0.10 0.83 1.43 0.66
Th -- -- -- 0.26 -- -- --

Ru -- -- -- <0.05 -- -- --

U TBA TBA 0.3 1.93 TBA TBA 0.92
Tc -- TBA -- TBA -- -- TBA
237 Np TBA TBA TBA TBA -- TBA
238Pu TBA -- -- TBA -- --
239PU TBA TBA TBA 2.8E-4 -- TBA
24Am TBA TBA TBA TBA -- TBA
24Cm TBA -- -- TBA -- --

37Cs TBA -- TBA -- --

'The compositions reported are best values Lt this time. Glass analyses are ongoing and the compositions are
upgraded with new data as they become available.

'These glasses have not yet been analyzed.

Because none of the "fully" radioactive glasses are exact representations of glasses identified in the
WCP, we felt that another set of glasses should be produced for testing done in other tasks in this program
and in testing performed by the YMP. Concurrence of glass compositions to be tested was obtained from
Lawrence Livermore National Laboratory (LLNL), the responsible agency for the YMP Glass Task. The
compositions chosen are 131-, 165-, and 202-based glasses and are similar to compositions identified in
the WCP. The actual compositions are based on the use of manufactured bulk frits as starting frits
modified to match WCP glasses as closely as possible. Thus, the base 131 frit is 131 frit produced in the
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semiworks at WSRC, the base 165 frit is 165 black frit manufactured by Ferro Corp., and the base 202 flit
is based on DWPF start-up frit. Each base frit is modified by the addition of chemical additives, including
zeclite and actinide elements, to produce the glasses used in testing. If a glass contains uranium but no
transuranic elements, it is designated a "U" glass, e.g., 131U. If a glass contains transuranic elements, it is
designated an "A" glass, e.g., 131A.

At this time, the base glass frit for each glass type has been characterized, and "A" glasses of each
frit type have been made and characterized (see Table 1), and are being used in tests. Over 300
monolithic samples and 200 g of powdered glass have been produced. The leachant composition used in
these tasks is given in Table 2.

Table 2. Composition of EJ- 13 Leachant
(pH=8.1)

Comp., mg/L

Al 1.1
B 0.17
Ca 5.4
Li 0.050
Mg 0.4
Na 54.1
Sl 46.4
NO3  11
F- 2.3
HCO3  100
Cl- 8.4
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III. CRITICAL REVIEW OF PARAMETERS AFFECTING GLASS
REACTION IN AN UNSATURATED ENVIRONMENT

A. Introduction

This task supports the overall objective of providing information to support qualification of the
DWPF glass, as required for start-up of radioactive glass production operations. While the YMP is
responsible for long-term performance assessment activities and regulatory compliance assessment for the
candidate Yucca Mountain site, the glass producers must be able to show that their product is durable
under the range of conditions that can be anticipated at candidate repository sites. This task is intended to
assemble and review the pertinent information that exists in the open literature. The focus is on review of
those physical parameters that are likely to have the greatest effect on glass reaction in the waste package
near-field environments that can be anticipated for an unsaturated environment.

B. Review Objectives

The objectives for this review are the following:

(1) to define a working set of expected and bounding conditions for an unsaturated environment
typical of that anticipated to exist at the proposed Yucca Mountain repository site,

(2) to define the parameters that will most strongly influence the stability of the glass waste
form in these environments, and

(3) to evaluate the current state of knowledge regarding the effect of each parameter over its
anticipated range on the durability of the glass waste form.

The available information concerning the effects of each of the major parameters will be compiled
and presented in stand-alone review documents that will be issued at a time suitable to support the hot
start-up of DWPF.

C. Status Overview

We have prepared an interim report2 which presents the parameters and conditions that are of
particular importance to evaluating glass performance in an unsaturated environment. Work is continuing
to expand each section of this interim report into stand-alone review documents as additional
experimental data are collected during the course of the program. An overview of the status of each of
these stand-alone components of the review is presented below.

1. Temperature Effects on Waste Glass Performance

A preliminary draft of a stand-alone report on temperature effects has been completed and
sent out for external review and comments. A summary of the content is given below.

The goal of this report is to assess whether temperature can be used as an accelerating
parameter in durability testing of glasses, particularly nuclear waste glasses. Temperature is an important
parameter to consider because it affects glass reaction mechanisms and rates in laboratory glass durability
tests, as it will within the repository itself. A review of the chemical reaction processes that constitute
nuclear waste glass/water interactions indicated that the overall glass/water reaction is the cumulative
result of the constituent reactions, which include molecular water diffusion, ion exchange, silicate
network dissolution, and secondary mineral precipitation. These reaction processes olen operate
simultaneously and the nature of their interactions is poorly understood at present.



The temperature dependence of the individual reactions has been examined, although the
reactions usually cannot be isolated in glass/water systems. The constituent reaction steps of glass
reactions often have a temperature dependence that can be quantitatively expressed by the Arrhenius
equation, a phenomenological relationship. The temperature dependence is often described by the
activation energy. The basis for Arrhenius-type formulations can be related to basic physical chemistry
principles, although the connection has not been rigorously defined. The Arrhenius equation has been
used to describe the temperature dependence of glass dissolution based on several kinetic measurements,
including the rate of cation release to solution and the growth rate of alteration layers and secondary
minerals.

Volcanic glass, or obsidian, hydrated in water vapor provides an opportunity to study a
single reaction mechanism, i.e., molecular water diffusion, as a function of temperature in a glass/water
system. Such studies have concluded that use of the Arrhenius equation is acceptable for describing the
temperature effect in accelerating obsidian hydration. Furthermore, studies of secondary mineral
precipitation have also found that the Arrhenius equation successfully describes the temperature
dependence of these reactions over the temperature ranges examined. A general conclusion is that
temperature can be used as an accelerating parameter for chemical reactions when the chemical reaction is
identified and understood.

Studies of glass/water reactions typically involve the interaction of several glass/water
reaction steps operating simultaneously to comprise the overall reaction. Often, experimental results
indicate that the rate-controlling steps vary as a function of temperature. Because glass reaction is the
result of a complex interaction of several reaction processes, changes in experimental temperatures often
result in a change in the dominance or control of a particular reaction step on the overall reaction. Also,
even at constant temperature, the rate-controlling reaction step can change with reaction progress.
Consequently, the effect of temperature as an accelerating parameter on the overall glass/water reaction is
poorly understood at present.

Based on the results of th] 'view, we concluded that several key aspects of glass/water
reactions must be investigated to gain a understanding of a reaction step at any temperature. These
include (1) changes in solution concentrations over time and (2) the alteration phases formed. Our review
of past work indicated that the most effective method for studying alteration phases is analytical electron
microscopy (AEM), a powerful tool that allows high resolution investigations of alteration phases and
provides mechanistic insight. After the key aspects of glass/water reactions are known, the final step is to
develop a kinetic model of the glass/water reaction process. This step will synthesize the understanding
of the overall reaction into a description that can be used in a predictive manner.

At present, the data set from studies of the temperature dependence of glass/water
interactions (including all of the reaction processes participating in the overall reaction and their
respective temperature dependences) is incomplete and does not permit a thorough understanding of the
temperature dependence of waste glass/water reactions.

2. Effects of Other Parameters

Short summaries of the results of the review for the effects of other parameters than
temperature (glass composition, radiation, SA/V ratio, vapor and dripping water, and composition of
reacted layers) on waste glass durability are given below.

a. Glass 'composition

Formulas have been developed to relate glass leaching behavior under static leach
(MCC-1) conditions to the glass composition. These are moderately successful in discriminating glass
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reaction as a function of composition for the specific test conditions and have been used in formulating
production glass compositions. Several issues must be addressed before such formulas can be used in
modeling long-term glass leaching behavior. It is uncertain whether the formulas can be adapted to
predict the reaction of glass under the unsaturated condition of the repository. Such a model would be
valuable because several examples exist where glass durability in vapor cannot be directly extrapolated
from its performance in leaching tests. A methodology to relate glass durability under vapor conditions to
composition will be suggested, but the present thermodynamic data base is possibly deficient to complete
the task for all glasses.

b. Radiation

Tests performed under the bounding saturated conditions for the proposed Yucca
Mountain Repository indicate little effect of radiation on the leaching characteristics of the glass as
measured by solution analysis. This is due to the moderating effect of the large volume of water used in
the saturated leaching tests. In addition, under expected unsaturated conditions, radiation effects will be
concentrated in small volumes of water, and the reaction process may be significantly affected. The
effects of both beta/gamma and alpha radiation fields could be significant under unsaturated conditions,
even after thousands of years of storage. The effect of alpha radiation on the stability of secondary phases
and the reacted glass layer could also be significant, as suggested by simulated repository studies done to
measure radiation damage to the glass structure. To date, no studies have been performed to determine
the effect of radiation under the expected unsaturated conditions, nor have any detailed structural studies
been performed to measure radiation damage on the structure of the residual glass layer.

c. Surface Area-to-Volume Ratio

An increase in SAN is often used to accelerate saturation of the leaching solution. In
the anticipated unsaturated repository environment, the SAN is initially very large during exposure to
vapor and is reduced as more water accumulates. It has been suggested that the reaction process is more
advanced at vapor-relevant SAN atios because of the formation of secondary phases that allow the
reaction to continue. At the low SA/V values attained in either standard leach tests or intermittent flow
tests, the nucleation of secondary phases is inhibited and the reaction process slows. Previous testing that
has evaluated the use of SAN as an "accelerating" technique has focused on the leaching solution, and
mostly ignored the reacted glass. However, results have indicated that the chemistry of the residual layers
may be independent of the test solution. Therefore, to relate experiments done at different SAN, it is
important to perform structural analysis of these layers. By analyses of the reacted glass, processes that
control the glass reaction at small SAY, as is used in the standard MCC- I test, can be related to processes
that occur under the expected unsaturated environment.

d. Vapor and Dripping Water

Glass reaction in vapor increases as a function of relative humidity. At humidities of
100%, there are many conditions where the vapor reaction is more rapid than in tests with hydrothermal
solution. This is related to the nucleation of secondary phases in highly concentrated leachate solution.
The release from glass under conditions of dripping water is known to increase dramatically when the
reacted layer spalls from the glass. The conditions that favor spallation are those where the glass remains
damp and is contacted by enough water to transport the material fron the surface. The rate of release
when spallation occurs has remained fairly constant over the four-year period that tests have been in
progress. This is unlike the behavior observed in standard leach tests where the release rate decreases
substantially with time. Also observed in the dripping environment is an accentuation of interactions
between the glass, metal, and water due to the small amount of water present.
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Studies have been performed on a limited number of glass compositions, but detailed
structural analyses of the reacted glasses have not. Since reaction rates under vapor and dripping water
conditions (those expected for the unsaturated environment) often exceed those observed in standard
leach tests, we suggest that these tests better bound the glass performance under repository conditions and
should be performed on a range of glass compositions. The compositions studied should include a range
to bracket the expected compositions and should use actual DWPF components (frit, sludge, etc.), to the
extent possible.

e. Reacted Layers

Reacted layers may affect glass reaction by (1) forming a protective barrier to retard
the interchange of incoming water and outgoing glass constituents, (2) generating a localized chemistry
that can affect the rate-controlling reaction mechanisms, (3) restructuring, into crystalline phases that may
incorporate radionuclides into their structure, or (4) forming secondary phases on the surface that control
the solution chemistry and subsequent reaction of the glass.

Use of sophisticated analytical electron microscopy techniques, combined with subtle
manipulation of reactions products, has resulted in a complete description of the reacted layer and the
secondary phases formed, thereby providing insight to the mechanisms that control glass reaction.
Additionally, the radionuclide content of the secondary phases can be measured, thereby determining the
fate of these elements during vapor phase hydration and subsequent leaching. At present, these
techniques have been applied to only a small number of glass types, none of which will be produced in the
DWPF; also, none has been reacted under conditions relevant to the unsaturated environment. We
recommend that considerable emphasis be placed on determining the structure of reacted glass layers
under both expected and bounding repository conditions so that similarities and differences in the reaction
processes can be determined.

D. Preliminary Conclusions

Throughout the review of parameters, we have alluded to how each parameter affects glass reaction
under the expected unsaturated conditions and under the bounding saturated condition. Our preliminary
conclusion is that the glass reaction under the expected repository conditions is demonstrably more
vigorous than under bounding saturated conditions, and that a complete evaluation of the above
parameters is required to demonstrate an understanding of the reaction of relevant glass compositions
under unsaturated conditions.
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IV. LONG-TERM TESTING OF FULLY RADIOACTIVE GLASS

A. Introduction

Before glass can be stored in a waste repository, it is necessary to predict how the glass will
perform in the repository. The performance prediction will be based on the development of a model.
Information that goes into the model includes data describing glass reaction mechanisms, rates of initial
and final reaction, the affinity of the glass to react, and dependence of glass reaction on interactions with
other components in the waste package. The model must be mechanistically, not empirically based. To
demonstrate its predictive capability, the model must be validated. Validation tests include long-term
tests that closely simulate the expected conditions for storage, including parameters related to the glass
and the repository. This task addresses tests to be performed that will provide information that can be
used to validate glass reaction models, and can be used to demonstrate an understanding of glass reaction
processes that will occur in an unsaturated environment. The results will also indicate whether
differences exist in the reaction of fully radioactive glass compared to nonradioactive giass of the same
nominal composition. This is important to demonstrate because model development has generally been
done using results from nonradioactive glass tests. The results of the radioactive and nonradioactive tests
can be used to demonstrate glass reaction in an unsaturated environment, but by themselves should not be
used to predict glass reaction to repository time frames.

B. Objective and Rationale

The objective of this task is to evaluate the performance of fully radioactive glasses, similar to
those that will be produced by the DWPF, in meeting the performance objectives for glass storage in a
high-level waste repository located in an unsaturated horizon. Specifically, long-term data will be
generated such that (1) reaction of fully radioactive glass can be compared with that of nonradioactive
glass of the same nominal composition; (2) interactions between waste package components that must be
accounted for in independent reaction path models are identified; and (3) the long-term behavior of glass
is established under anticipated unsaturated disposal conditions, such that validation of glass performance
models can be achieved.

In the DWPF process, glass will be produced by combining sludge and Supernatant waste
components with nonradioactive frit. Waste components will be combined in large "macro-batches,"
homogenized, and processed. Each macro-batch will establish the glass composition for an extended time
period (campaign), and it is possible that the final glasses produced in each campaign will have different
compositions. A range of possible compositions is provided by the WCP, including an average or blend
glass if all the waste were processed as one batch, and end-member compositions based on viscosity. The
goal during frit development was to produce glass with a durability similar to that of sludge-only 165-
based glass, and no worse than sludge-only 131-based glass.3 The identification of 131-based glass as the
lowest-durability glass to be produced is also made in the environmental impact statement for the DWPF.3

The glass produced in the DWPF will be radioactive, such that it must be processed and handled in
remotely operated facilities. However, most testing to evaluate the performance of glass has been done
using simulated nonradioactive analogs of the same composition as the radioactive glass. It must be
demonstrated that the simulated experiments are adequate representations of reactions that will occur with
the actual glass to be produced by the DWPF. The issues of concern are: (1) is there an effect due to
radioactivity that is not adequately simulated using nonradioactive glass? and (2) is there an effect of
using glasses that may not contain all the nonradioactive components that will be present in the sludge,
supernate, and frit feeds to the DWPF? Nonradioactive glasses are generally produced from pure starting
materials, and thus minor components that will be present in the DWPF glass may not be present in the



14

simulated glass. The effect of minor components may be accentuated when glass is reacted under the
high SA/V conditions expected in the unsaturated repository. Testing of radioactive glass has been
performed by WSRC.5"1 The present tests will extend the duration of testing to longer time periods and
will generate results that permit comparison between radioactive and nonradioactive glasses for three
different compositions. A comparison between the leaching of radioactive and nonradioactive glasses was
also done as pail of the joint Japanese, Swiss, Swedish (JSS) Program. Results from that program 1'
indicated that after one year there may be a factor of two difference in reaction. The present tests will
exend the time period to assess glass performance under conditions which should approach the final rate-
controlling processes.

C. Technical Approach

To determine the Long-term performance of glass under repository conditions, tests must be
conducted such that the "final" reaction conditions (steady state) are achieved. The unsaturated repository
presents a challenge in performing long-term testing because, over the duration of storage, the repository
conditions are expected to change, perhaps significantly, with respect to the amount of water available to
react with the glass and to transport radionuclides.

Tests to evaluate the performance of glass in an unsaturated environment must address the unique
features of such an environment and must be performed for time periods of long enough duration so that
the stage is reached where secondary phase formation (as opposed to supersaturated solution
concentrations) controls the glass reaction. Relevant tests include static tests performed at high SA/V
ratios, and high SA/V flow tests done to simulate the waste package environment. The information
obtained from these tests must include the solution composition as a function of time, combined with a
description of the glass alteration. To meet these goals, three types of tests will be performed:

(1) Long-term static tests (i.e., no water flow) at high SA/V with monoliths and powders. These
tests provide temporal solution trends, plus easy identification of secondary phases
combined with the distribution of radionuclides in the reacted glass layers.

(2) Long-term intermittent flow tests at high SA/V following a modified version of the
Unsaturated Test Procedure 12 as applied to "aged"'and fresh glass monoliths.

(3) Long-term repository environment tests following the laboratory analog procedure as
applied to "aged" and fresh glass monoliths.'3

The tests will be performed with the three different general groups of glass compositions: 165-,
200-, and 131-frit based glasses (Table 1). A description of the tests to be performed in each test category
is given below.

1. Long-Term Static Tests at High SA/V

The long-term static tests will be performed following the test matrix shown in Table 3. The
matrix is divided into three sections, based on the glass type (165, 131, and 200). The tests to be
performed with the 165 and 131 glass types are identical except for the number of replicates. The tests
done with the 131 glass type are not replicated due to the limited amount of 131/11 glass available for
testing. The tests 'one with 165 and 2(x) type glasses are done in duplicate. The schedule allows for all
long-term tests (>364 days) to be started at the same time (t = 0). The short-term tests (<280 days) will be
staggered such that at the end of 280 days, all the TBD (to be determined) tests will be started. Static
tests are performed in the batch mode to allow for examination of solids at each test period so that the
mass balance between the residual solids (reacted glass and secondary phases) and the solution



Table 3. Test Matrix' for Long-Term Static Tests at High SA/V Ratios
131 Glass Typch 202 Glass Typec 165 Glass Type'

131/11 Simulated 2(X)R Simulated 165/42 Simulated

SA/V (m') 340 2000 340 200) 340 2000 20,000 340 2000 20,0(X) 340 20(X) 340 20(X) Blank

Reaction
Progress

1,020 3
2,380 14
4,760 14 14 28
6,000 3 3 30
9,520 28 28 28 28 56

14,000 70
19,040 56 56 91
28,00() 14 14 98
30,940 91 91 91 91 140
60,000 30 30 30 30 182
61,880 182 182 280

123,760 364 364 364 364 364 364 364
140,000 70 70 70 70 70 70 546
247,520 728 728 728 728 728 728 728
280,0()0 140 140 14 14 140 140 980
495,0(X) 1456 1456 1456 1456 1456 1456 1456
560,000 280 280 280 280 280 280 1820
990,080 2912 2912 2912 2912 2912 2912 2912

1,120,000 560 560 560 56 560 56 560 560 TBD
1,960,0(X) 980 980 980 98 98) 98 980 980 TBD
3,649,000 1820 1820 1820 182 182 182 1820 1820 TBD
7,280,((X) 364 364 TBD

10,920,(XX) 546 546
14,560,0(X) 728 728

TBDc TBD TBD TBD TBD TBD TBD TBD TBD TBD
TBD TBD TBD TBD TBD TBD

aThe entries in the table indicate the duration of a specific test in days. The tests done at 340 m-1 use monoliths, the tests done at 2(X)0 and 20,000 m-1 use
powder.

bTests will be single tests.
cTests will be duplicate.
'Reaction Progress in terms of SA/Vt (units of in'day-1). No significance is implied to the use of this reaction progress indicator.
TBD = To be determined.
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composition can be documented. The tests are static, i.e., no exchange of leachant to promote conditions
representative of the YMP site (little or no low), and the reaction environment is disturbed as little as
possible; thus, optimal conditions exist for secondary phase nucleation and growth.

a. 131 MaLti

The matrix with 131 glass type consists of tests done with monoliths at an SA/V of
340 m 1 and with powdered samples (100-200 mesh) at an SA/V of 2000 m 1 . The radioactive glass is
designated 131/11 and is a silicon-poor, sludge-only based glass. The glass does not contain input from
the PHA feed, and for this reason is not a composition representative of a glass that will be produced by
the DWPF. The objective of this matrix is to compare the long-term performance of a
radioactive/nonradioactive set of glasses for which the anticipated durability is in the poor range. The
tests are done with monoliths and powdered samples to address the most commonly used testing
approaches. The test temperature is 900 C, which is at the high range applicable to the YMP repository
and is a standard temperature used in evaluating glass performance. The test solution is J-13 well water
equilibrated with tuff rock. This leachant is representative of the YMP site. The test periods span an
eight-year time frame, with sampling intervals chosen to evaluate performance during what is anticipated
to be different stages of the glass reaction process. Because of the limited amount of glass available, no
replicate tests will be performed. This methodology is believed to be acceptable because of the nature of
the comparison being made. The comparison is to assess whether any significant differences in reaction
are observed between the sludge-based radioactive glass and the nonradioactive analog. In view of
experimental uncertainties and the role that glass performance plays in the overall performance
assessment of the YMP repository, a difference in reactivity of at least two times should be considered as
a minimum to be significant. While the results of this matrix yield temporal trends regarding glass
reactivity, the number of test periods may not be adequate to evaluate long-term performance, and the
results are not intended for that use.

b. 165 Matrix

The matrix is identical to the 131 matrix except that the tests are performed in
duplicate and four "extra" tests are performed with a to-be-determined (TBD) termination period. The
matrix is done using 165/42 radioactive glass, which is a silicon-rich glass and is anticipated to be near
the best range for durability. However, the glass is a sludge-only based glass and will not be produced by
the DWPF. Thus, the objective of this matrix is the same as that for the 131 matrix; that is, to provide a
comparison of the long-term reaction of a radioactive and nonradioactive glass. In this case, the glass
should have a good durability. While temporal trends in reaction progress will be generated, it is not the
purpose of this matrix to generate data to be used solely in evaluating the long-term behavior of glass.

c. 200 Matrix

The glass used in this matrix is designated 200R glass and contains sludge
components from tanks 8 and 12 and a simulated PHIA feed. While the exact composition of the glass is
not identical to any listed in the WCP (the 200R glass is silicon-poor in comparison to the blend glass), a
glass with this composition could be produced in the DWPF. For this reason, the purpose of this matrix is
to provide not only the radioactive/nonradioactive comparison, but also data that can be used in validating
models that predict glass performance.

Tests are done with monoliths at 340 m-1 and with powdered samples (100-200 mesh)
at 2000 and 20,000 m-1. Twelve tests are performed with a TBD termination period, and it is hoped that
enough data will be available to allow temporal trends to be established.
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d. Blank Matrix

Tests performed without glass but with EJ- 13 water are termed "blank tests." The
results from such tests will indicate whether any cross-contamination of radioactivity occurred during test
initiation or test termination. The tests are not true blanks that can be used to monitor EJ-13 reaction with
the vessels because they are done without an internal radiation field. However, the solution composition
measured in these tests may be used in evaluating the results of tests containing glass. The matrix for the

blank tests mirrors that of the glass-containing tests and is shown in Table 3.

2. Long-Term Intermittent Flow Tests at High SA/V

The long-term intermittent flow tests will be conducted using the Unsaturated Test (UT)
procedure developed by the YMP to assess glass performance in an unsaturated environment. -'14 The
standard UT matrix was modified to include effects of aging both the glass and metal components to
make the results more relevant to an actual storage environment. The tests will be performed with 200R
glass, and the objectives of the tests are to (1) provide data that describe the release of radionuclides from
a specifically designed waste package under strictly controlled test conditions and (2) provide information
concerning synergistic effects that may occur between waste package components.

The test matrix is shown in Table 4. There are two sets of five replicate tests and one blank
test. All the tests will be initiated concurrently. The first set of five tests will be performed with unaged
or as-cast glass, and the results will be comparable with previous test series using the UT method.14
These tests represent the scenario whereby the container and pour canister are breached at a time after
liquid water has penetrated the waste package environment and liquid water immediately passes through
one breach, contacts and reacts with the glass, and passes out through a second breach. While the
scenario is unlikely because it represents a bounding condition with fresh glass, the results will form a
basis for comparison with tests done with aged components.

The second set of five tests will be done with aged components. Previous testing'5 indicated
that the reaction between glass and steam at temperatures above 100*C can accelerate glass reaction in a
manner whereby the glass forms secondary alteration products but no radionuclide release occurs. The
hydration of glass Is accelerated compared to tests using low-SA/V leaching solution because the liquid in
contact with the glass in the steam environment rapidly becomes saturated with components released from
the glass and stable secondary phases form. The onset of secondary phase formation allows the hydration
of glass to continue because components released from the .lass are incorporated into the secondary
phases. The higher the temperature of hydration, the more rapid the reaction and the greater the extent of
acceleration. The hydration of glass in a vapor environment is not only a process that can be used to age
the glass in the laboratory, but also a process that likely will occur in the repository. Repository aging
could occur in a steam environment if containment breach occurs behre the temperature of the waste
package cools below 95*oC. It could also occur in a vapor environment if a breach occurs at a temperature
below -95* C in the absence of liquid water inundating the bore hole. The latter case is the expected
environment for the unsaturated repository, thus the present tests are being done to induce a degree of
vapor hydration aging that likely will occur in the repository. Aging will be imparted to both the glass
and the metal components of the test system.

Several issues must be addressed before tests can be done with aged components, including
the following: (1) is the laboratory acceleration method acceptable in that the reaction is accelerated
without altering the reaction mechanism? (2) is there an analytical expression that relates the results
generated in the laboratory with results expected in the repository? and (3) how much hydration aging is
expected in the repository? These questions are being addressed by other tasks in this program, and the
tests with fully radioactive glass will not be initiated until the above questions are resolved and more
details of the aging process are circulated for comment.



Table 4. Test Matrix for Long-Term Intermitten Flow Tests at High SA/V
Test Duration (years)

Test Designationa Componentsb.c 0 0.5 1.0 1.5 2.0 2.5 3.0

N6 #1 Batch glass, 304L SS holder _

#2 Batch glass, 304L SS holder

#3 Continuous glass, 304L SS holder +4-

#4 Continuous glass, 304L SS holder 4

#5 Continuous glass, 304L SS holder 4

#6 Batch aged glass, 3ML SS holder
#7 Batch aged glass, 304L SS holder

#8 Continuous aged glass, 304L SS holder &

#9 Continuous aged glass, 304L SS holder 4

#10 Continuous aged glass, 304L SS holder

#IlIContinuous blank _____

NO. ANALYSES REQUIRED

Total radionuclide (solution and metal) 11 1 10 10 9 9

Total matrix element (solution Li, B) 1 11 10 10 9 9

Wt loss and surface analyses 2 2 8

Interaction of stainless steel 2 2 8

'The continuous tests are sampled every 26 weeks and continue until termination.
bIn tests 1-5, the 304L SS holder will be partially sensitized; in tests 6-10, the 304L SS holder will be partially sensitized and then subjected to an aging

process along with the glass.
In tests 1-5, the glass will be as-prepared. In tests 6-10, the glass will be aged according to procedures to be developed.
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3. Long-Term Repository Environment Tests

The laboratory analog test has been developed'3 to relate the performance of glass as
observed in the Unsaturated Test with a more repository-relevant environment. In the laboratory analog
test, the waste package assemblage (WPA) as used in the Unsaturated Test is placed within : bored-out
cavity in a tuff core. The dimensions of the WPA and the cavity are similar to those used in the
Unsaturated Test. A sketch of the apparatus is shown in Fig. 1. The tuff core and WPA are assembled
and an unsaturated flow of water is forced through the core by using a vapor pressure slightly above
ambient.

The objective of this test is to evaluate glass performance in an environment that closely
matches that expected in the repository. Emphasis is placed on measuring glass reaction by examining
the reacted glass and surrounding tuff rock at the test termination, and by monitoring the radionuclide
content of the groundwater as it is released from the test vessel

Two analog tests will be performed. One will be done with unaged glass and a sensitized
304L stainless steel retainer, and one will be done with aged glass and stainless steel. The aging process
will be similar to that used in the long-term, intermittent flow experiments.

D. Status

The 165/42 and 131/11 glasses have been received from WSRC, their compositions determined
and compared with compositions provided by WSRC, and simulated glasses and test samples
manufactured. The tests with 165/42, 165/42S, and 131/11 glass (Table 3) have been ongoing for
-180 days, and scheduled test periods through 140 days have been completed. Because several
dissolutions of 131/11 glass were required before we felt confident enough to make a simulated glass,
tests with 131/11 glass have just been initiated. Blank tests without glass present have also just been
initiated.

One shipment of 200R glass has been received and the final shipment is expected shortly. Once we
have received the entire batch of glass, the batches will be homogenized, the composition determined, and
the remainder of the tests initiated.

E. Results and Discussion

At test termination, the solutions are analyzed for pH, anions, organic and total carbon, and cations,
as well as fission products and transuranic elements (radioactive glasses only). While no comparison of
radionuclide release can be made with the simulated glasses, radionuclide release is being measured to
develop techniques for use with the 200R glass and to obtain baseline values for the two glass types. The
165/42S glass was analyzed with scanning electron microscopy (SEM) and analytical electron microscopy
(AEM) to characterize the reacted-glass structure.

Selected analytical results are shown in Table 5. Since the blank runs have not been completed,
normalized elemental release values are only given for elements whose concentration is negligible in the
simulated groundwater. While the results are preliminary, several interesting trends are apparent.

1. pH

The pH of the starting groundwater is approximately 8.1. The most obvious observation
from Table 5 is that the pHs of the icachants from the tests with powdered glass are greater than the pHs
of the leachants from the tests with monoliths. The higher SAY for the tests with powdered glass results
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Fig. 1. Representation of the Laboratory Analog Test Apparatus (a) with
Glass as the Waste Form and (b) without the Waste Form. Note
that the waste form does not rest on the bottom of the test cavity
but on a shelf situated above the cavity, as shown in Figure 1b.



Table 5. Leachate Results after Glass Reaction with EJ-13 Water at 900C in Static Tests

Glass
Type

1 65/42
monolith

165/42Sa
monolith

165/42"
powder

SA/V,

340

340

2000

165/42Sa 20(X)
powder

131/11
monolith

340

Test
Duration,

days

28
91

28
91

30
70

140

30
70

140

28
91

131/11 2000 30 10.06
powder 70 10.30

'Values are average of duplicate tests.

pH
8.5
8.4

Normalized Elemental
Release, g/m 2

(NL)Ig (NL) (NL)

0.64 0.060 0.06
0.86 0.053

8.60 0.64 0.13
8.64 1.01 0.17

9.38 0.34 0.060 0.04
9.60 0.45 0.11 0.06
9.77 0.52 0.15 0.09

8.56 0.32 0.036
9.04 0.41 0.047
8.79 0.48 0.072

8.69 0.66 0.17
7.99 1.10 0.83

0.35 0.16
0.47 0.24

0.005
0.05

Or ran,''
Car o, 

ppm
14.1
2.0

14.1
9.4

6.0
8.6
5.6

72.7
72.8
73.8

4.9
20.5

6.1
6.6

Inorganic
Carbon,

ppm
21.9

8.7

20.6

27.2
36.9
26.8

37.7
50.8
32.8

15.2
16.2

28.5
30.3

Anion Concentrations, ppm

NO3  NO2  Cl F SO4
2

1.8 9.7 13 5.8 36

14 1.2 12 5.4 29

1.5 8.1 9.5 3.1 24

14 2.8 11 3.2 25

IJ

.. r



in more glass reacting, with a subsequent increase in basicity of the solution. There is also a significant
difference in the pH values between the 165/42 and 165/42S powdered glasses, but the importance of this
difference cannot be assessed at this point in the testing.

2. Cations

Lithium and boron are cations normally used to assess the extent of glass reaction. In the
present case, these elements are used to assess glass reaction because they have low concentrations in the
EJ- 13 water. The releases are normalized to the initial surface area and the elemental concentration of the

glass. If the glasses were dissolving congruently, the normalized releases of all elements would be
equivalent.

For 165/42 powdered glass the lithium release is greater than boron release. This is true for
both the radioactive and nonradioactive glasses. Additionally, the lithium release for both glass types is
similar. The boron release for the 165/42 and 165/42S glasses is similar after 30 days but is greater in the
165/42 glass after 70 days. While it is too soon to assess whether the 165/42 and 165/42S glasses are
reacting similarly, it is not too early to note the difference in the B and Li releases and to try ard evaluate
the cause for this difference when examining the reacted samples. For the monolithic samples, the lithium
release is again similar between the 165/42 and 165/42S glasses, and the lithium release is greater than the
boron release.

3. Radionuclide Release

Aliquots of the leachates were taken of the test solution at 90 C, after it had been passed
through a 0.45 pm filter and a 50 A filter, aliquots were also taken from the acid strip of the test vessel.
The total radionuclide releases are a combination of the unfiltered and acid strip aliquots, while the
different filter fractions are used to obtain a particulate distribution of radionuclides. Of the transuranic
elements, B7 Np, 382 9Pu, and 22"Cm could be detected in the leachates. The normalized release for 238Pu
is given in Table 5. As shown in this table, the 23 8PU release for 165/42 glass is quite similar to that of
boron, suggesting that congruent dissolution of the glass may be the release process for these two
elements. Information to support this suggestion also is provided by the surface analytical studies (see
below).

4. Surface Examination

Samples of 165/42 glass were prepared for AEM examination by mounting an individual
grain of glass chosen for its shape and orientation. Following the procedures described in Sec. VII, thin
sections were prepared using ultramicrotomy. Examples of the reacted glass in cross section are shown in
Fig. 2. The striking feature of each of the samples is the lack of a well-defined reaction layer on the glass
surface. This suggests that even after 140 days, the glass surface is being etched, releasing elements
congruently into solution. However, the solution results indicate that lithium is released more rapidly
than boron, which suggests an ion exchange process must also be taking place. Future analyses of the
monolithic samples will help funher resolve this point by providing elemental profiles from the glass
surface into the bulk glass.

F. Future Progress

It is anticipated that the complete shipment of 200R glass will be received early in FY 1991.
Immediately on final receipt of the glass, the batches will be homogenized and compositionally analyzed.
Powdered and monolithic samples of the 200R glass will be made to initiate the remainder of the long-
term static test matrix. A batch of simulated 200R glass will also be made so that the matrix of
nonradioactive tests can be started.
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200 nm

50nm

b

Fig. 2. Transmission Electron Micrograph of a Cross Section of 165/42S
Glass Reacted for 140 Days: (a) the scale bar represents 200 nm,
(b) the scale bar represents 50 nm. The chattering in the glass is
due to the thin-sectioning process.
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Upon initiation of the static tests with 200R glass, effort will begin on starting the long-term
intermittent flow tests with this glass. This will require making the required monolithic blocks, aging half
of the monoliths under vapor hydration conditions, and adapting the Unsaturated Test apparatus to operate
with fully radioactive glass. It is anticipated that the intermittent flow tests will be started -9 months after
receipt of the glass.

The ongoing static tests will be continued and emphasis will be placed on analysis of the reacted
samples. Each sample will be examined by optical microscopy to identify regions of interest for
microscopic analysis and to obtain a visual description of the sample. Analyses will then be conducted
using SEM, AEM, and/or secondary ion mass spectroscopy (SIMS) based on the information required.
Data will be generated to compare the reactivity of the radioactive and nonradioactive glasses and to
provide a data base for validation of glass performance models.
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V. EFFECT OF RADIATION ON GLASS REACTION AT LARGE SA/V

A. Introduction

For an unsaturated environment, several "release modes" following eventual breaching of the metal
barriers in a waste package have been identified as plausible. These release modes are based on the
hydrologic environment to which the waste might be exposed. In all cases this immediate environment
will consist of humid air and varying amounts of liquid water. Radiation escaping from the surface of the
waste is expected to interact with the various components in the air and water to produce acids that may
increase glass reaction rates or otherwis: modify the dissolution process.

Yucca Mountair: Project has performed leach tests at low SA/V conditions in a radiation field. The
results indicated that nitric and carboxylic acids could build up in the leachate if the dose rate is large
enough.16 A similar buildup of acids is also anticipated if the volume of liquid available is reduced, with
an even greater change in pH expected with reduced liquid volumes because of smaller dilution factors.
Such reduced volumes of liquid are anticipated in an unsaturated repository; thus, the effect of radiation
on both leaching and vapor hydration aging at high SA/V must be addressed.

The generation of nitric acid in a radiation environment along with its effect on glass hydration and
leaching needs to be quantified for a range of unsaturated conditions. Previous work indicated that y-
radiation has the potential to affect glass hydration aging and glass leaching.2 Previous experiments by
the YMP addressed saturated leach conditions, which are not particularly applicable to the expected
repository environment. Experiments need to be carried out with a significantly higher ratio of air to
liquid volume and glass surface area to liquid volume, such that any detrimental effect can be identified
and related to either glass composition or repository conditions. In addition, definitive answers are
needed as to the role of a-radiation in modifying the reaction environment in the vicinity of the glass,
because after approximately 1000 years, a-radiation will predominate over the y-radiation in the waste
package environment.

B. Objectives

The objective of this task is to conduct a series of tests to determine if any significant effects of
radiation on glass durability under the SA/V and gas-to-liquid volume (G/L) ratios will characterize the
glass reaction conditions in an unsaturated environment.

The high SA/ ratios planned in these experiments simulate unsaturated conditions expected at the
YMP. The groundwater chemistry would be expected to be somewhat different from that determined in
earlier studies at lower SA/V because of reduced buffering capacity combined with buildup of increased
amounts of glass dissolution and leach products in the limited amount of groundwater available. Data to
be obtained include (1) the effect of a- and y-radiation on the unsaturated waste package environment,
(2) glass reaction and radionuclide release rates as a function of radiation under unsaturated conditions,
and (3) the effects of radiation on the formation of secondary phases as the glass reacts with both liquid
water and water vapor.

The first experiments performed are blank experiments carried out in the presence of a- and y-
radiation (separately) to determine the effects of the radiation on the waste package environment in the
absence of glass. These experiments will identify whether radiation effects can be concentrated in small
water volumes. In addition, these experiments will be used to confirm the relevance of established
methodology' 7 for the calculation of nitric acid production rates in both a- and y-radiation. The y-
radiation runs are carried out in standard Parr pressure vessels, while the a-radiation runs are carried out
in specially designed containers. Based on the results of the blank experiments, testing of glass will
commence.
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C. Results and Discussion

As described in the Task Plan, two matrices of tests are to be performed under this task: (1)
determination of the effects of radiation on the unsaturated waste package environment, and (2)
determination of the effects of radiation on the leaching behavior of glass arid on the formation of
secondary phases under repository-relevant conditions. A summary of the progress for each of these test
matrices follows.

1. Radiation Effects on the Near-Field Environment

a. Alpha Blank Runs

Blank experiments with a-radiation have been carried out in several experimental
configurations, with each experiment conducted in duplicate. In the first series of experiments, the source
of the a-radiation was a foil containing 1500 pCi 24'Am cemented or.;r a 1-1/8 in. (2.9 cm) diameter
lucite rod, as shown in Fig. 3. The rod was then attached to the underside of a wide-mouth Mason jar lid
with a 3/32-in. (0.2 cm) thick silicone gasket to ensure a gas-tight seal at the attachment to the Mason lid.
This assembly was then placed in a two-quart Mason jar along with 18 mL deionized wdter, and sealed in
place with the standard Mason outer ring. The gas-to-liquid volume ratio for this assembly (100 L/L) is
the same as that used in the unsaturated y-irradiation tests (see Sec. V.C.2) using the Parr pressure
vessels. This configuration was selected so that the entire alpha dose is imparted to the air. None of the
a-radiation from the foil impinges on the glass vessel, iid, or the foil support.

Mason Jar
Inner Lid
3 1/4" diam.

3/32"
Silicone
Gasket

Fig. 3.

Active Foil
Area

Experimental Apparatus Used to Evaluate the
Effect of Alpha Radiolysis on an Unsaturated
Environment

1 1/8" diam.
K Lcite Rod

I
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With this alpha-foil configuration, dosimetry was used to determine the fraction of

alpha energy transferred to the gas phase. Fifty percent of the alpha energy is lost by means of absorption
on the silver substrate supporting the 24 1 Am, and an additional fraction is lost by absorption on the thin
layer of gold placed on the upper surface of the foil to protect the 241Am from abrasion. The NO0

radiolysis reaction was used, which has a yield of 10.0 molecules N formed for every 100 cV deposited
in the gas phase.'8 For the dosimetry analysis, the vessel was sealed with Torrseal cement rather than the

silicone gasket. The vessel was evacuated an.i flushed ith NO several times before backilling it to

approximately 800 torr (0.1 MPa) with N20 for the radiolysis experiment. The dosimeter was operated
for 24 days, and the gas was analyzed by gas chromatography at 0, 2, 7, 17, and 24 days. The results are
shown in Fig. 4.

0.50

0*1
o 0.40

0
0.30

N

0
0.20-

0.10-

0

~ 0.00
0 5 10 15 20 25 30

Days

Fig. 4. Results from NO Alpha Foil Dosimetry

The straight line in Fig. 4 is a linear regression line fit to the data points. The
coefficient of determination is 0.986; slope, 0.0142 torr/day (1.893 Pa/day); intercept, 0.093 torr
(12.4 Pa). The intercept corresponds to a small amount of nitrogen existing in the dosimeter at the start of
the experiment. The foil used in this dosimeter contained nominally 1500 pCi 241Am, which emits alpha
particles with 4.6 MeV energy. Conversion of 0.0142 torr/day (1.893 Pa/day) indicates that 37% of the
energy nominally produced by the foil is deposited in the gas phase of the dosimeter.

Upon completion of each blank run, the foil was removed and samples of the water
(originally deionized water) were taken for pH, carbon, and anion analyses. The surfaces of the foil, foil
support, and walls of the vessel (Mason jar) were sprayed with water to wash to the bottom any nitric acid
or other materials that had forced or collected on these surfaces. Samples of this water were then taken
for pH, anion, and carbon (total carbon, TC; total organic carbon, TOC; total inorganic carbon, TIC)
analyses.

The results of these tests are shown in Table 6. The analytical results in parts per
million are reported, as well as the amount (in micromoles) of each species calculated to have been
formed in the vessel. The values labeled "before wash" correspond to the amounts Iound in the solution
at the vessel bottom at test termination. The values labeled "after wash" include the material washed from
the vessel walls and the foil and combined with the material in the vessel bottom.
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Table 6. Resuls fromAlphaBlankRuns

Test No. -14-Al-10 -14-A2-l0 -28-Al-10 -28-A2-10 -56-Al-10 -56-A2-100
Temperature, OC 25 25 25 25 25 25
Test Length, days 22 22 31 31 66 65
pH

In 5.5 5.5 5.53 5.53 5.53 5.53
Out, before Wash 7.05 6.9 4.94 3.6 3.83 4.18
Out, after Wash 7.25 6.65 5.54 4.13 4.19 4.6

Conc. in ppm
Total Carbon before Wash 11.63 18.53 52.53 51.78 73.72 69.94
Total Carbon after Wash 20.32 25.02 c c 35.42 36.64
Org. Carbon before Wash 7.61 13.8 43.95 44.46 62.64 55.28
Org. Carbon after Wash 13.5 18.65 c c 27.28 27.58
Inorg. Carbon before Wash 4.02 4.73 8.58 7.32 11.08 14.66
lnorg. Carbon after Wash 6.82 6.37 c c 8.14 9.06
Cl before Wash <0.3 0.5 <0.5 <0.6 <1 <1
Cl after Wash <0.3 2.2 1.1 1.2 <1 <1
SO 4 before Wash <1 <1 1.3 <0.6 <5 <5
SO 4 after Wash <1 2.3 2.7 2.8 <5 <5
NO, before Wash 2.3 9.8 3.8 8.3 13.0 14.0
NO 3 after Wash 2.5 8.2 13.1 15.8 33.0 38.0
NO2 before Wash <0.4 <0.4 3.7 0.4 <1 <1
NO2 after Wash 1.1 0.8 1.8 <0.2 <1 <1
F before Wash <0.3 0.5 <0.6 <0.6- 2.3 4.3
F after Wash 0.3 0.4 <0.6 <0.6 1.2 1.8
Oxalate before Wash <1 <1 1.3 0.8 <5 <5
Oxalate after Wash <1 <1 1.6 0.9 <5 <5
Formate before Wash 2.8 <0.6 3.3 8.1 <2 14.0
Formate after Wash 3.2 <0.6 4.7 3.8 <2 11.0

Conc. in pmol a a,b a,b a a a
Cl before Wash <0.15 0.3 <0.3 <0.3 <0.5 <0.5
C1 after Wash <0.26 1.5 1.0 1.0 <1 <1
SO4 before Wash <0.2 <0.2 0.2 <0.1 <0.1 <1
SO4 after Wash <0.3 0.6 0.8 0.8 <1.9 <1.8
NO3 before Wash 0.7 2.8 1.1 2.4 3.7 4.0
NO3 after Wash 1.2 4.6 5.9 7.9 15.8 16.9
NO2 before Wash <0.16 <0.15 1.4 0.2 <0.4 <0.4
NO2 after Wash 0.6 0.5 1.8 <0.2 <0.8 <0.7
F before Wash <0.3 0.6 <0.6 <0.6 2.1 4.0
F after Wash 0.5 0.8 <1 <1 3.0 4.7
Oxalate before Wash <0.2 <0.2 0.3 0.2 <1 <1
Oxalate after Wash <0.4 <0.4 0.6 0.3 <2 <2
Formate before Wash 1.1 <0.24 1.3 3.2 <0.8 5.5
Formate after Wash 2.1 <0.4 3.4 4.1 <1.6 9.2
TC before Wash 17.3 27.8 77.4 76.3 108.6 103.0
TC after Wash 44.7 63.0 c c 144.2 135.4
TOC before Wash 11.3 20.7 64.8 65.5 92.2 81.4
TOC after Wash 29.6 46.9 c c 116.6 104.3
TIC before Wash 6.0 7.1 12.6 10.8 16.3 21.6
TIC after Wash 15.1 16.1 c c 27.6 31.1

'Also unidentified organic acids.
bFoil dropped to bottom, also unidentified organic acids.
Analysis not carried out.

Significant amounts of nitrate and carbon (both inorganic and organic) were washed
from the surfaces. Only very small amounts of Cl-, F, S0 4

2-, and NO, were found in any of the tests,
either on the surfaces or in the bulk. Considering the amounts of nitrate washed from the surfaces in these
tests, the pH of the surface water films is likely lower than even the pH of the bulk water. This can have a
significant effect on the aging and leaching properties of any glass exposed to these water films, as in an
unsaturated repository. Small amounts of formic and oxalic acid were found in all of the tests, as well as
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larger amounts of unidentified organic acids. The concentrations of the heavier organic acids could not be
quantified, but they are undoubtedly high, considering the very high levels of organic carbon found in all
of the tests.

Figure 5 is a plot of the pH of the water in the bottom of the vessel for each test.
Both pH values for the 22-day tests are anomalously high, and no explanation of this is available.
Carbonate and other potentially buffering anions are not at particularly high levels. Cation analyses were
not carried out for any of these tests. These pH measurements were made prior to washing the surfaces of
the vessels. As Table 6 shows, most of the nitrate (nitric acid) was located on the surfaces rather than in
the bulk liquid; thus, most of this acid would not be detected in this pH measurement. Because of dilution
by the wash water, pH measurements following washing of the surfaces have little meaning, and in fact
the pH of the solution after the washing was generally higher than before washing (see Table 6).

8-

7-

6-

1-

0
0 10 20 30 40 50 60 70

Days

Fig. 5. Solution pH in Alpha Blank Tests

The source of the organic carbon may be the lucite rod used as support for the foil.
The geometry of the experimental apparatus was such that the alpha particles should not have impinged
any organic material in the vessel, assuming that they were completely blocked by the silver backing of
the foil. However, free radicals and other active species formed during the irradiation could have attacked
the organic material in the vessels.

To determine if the lucite was the source of the organic carbon and if this affected the
nitrogen fixation, a second series of alpha-foil runs was performed using Type 304 stainless steel as the
foil support and the top of the reaction vessel. All other materials and dimensions were the same as for
the first series. Duplicate runs of 14, 33, and 60 days were carried out. The nitrogen and carbon fixation
levels for the two series of runs (before and after wash) are listed in Table 7. The nitrogen fixation rates
for both series are comparable, but significantly greater levels of organic carbon are found in the runs with
the lucite foil support. The inorganic carbon levels in the solutions from runs with the lucite foil supports
are also somewhat greater.

Figure 6 shows the extent of nitrogen fixation for these tests. The nitrate and nitrite
levels were summed to obtain these values, although, as seen in Table 6, the nitrite levels contribute little
to the total nitrogen fixation values. The circles show data obtained with the lucite foil support, and the
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squares show data for the stainless steel foil support. Open circles and squares show data for the solutions
in the bottom of the vessels before washing of the surfaces of the vessel and foil support. Filled circles
and squares include the nitrogen washed from all surfaces in the vessel. The data in this figure show that

the presence of organic carbon in the system had no effect on the amount of nitrogen lixed by the
radiolysis reactions.

Table 7. Nitrogen and Carbon Fixation in Alpha Runs

Fixation Level, pmol

Duration NO3 + NO., Total Carbon Organic Carbon Inorganic Carbon

of Run, Before After Before After Before After Before After
days Wash Wash Wash Wash Wash Wash Wash Wash

Lucite Foil Support

22 0.81 1.80 17.30 44.72 11.32 29.61 5.98 15.12
22 3.01 5.12 27.84 63.00 20.93 46.95 7.11 16.05
31 2.49 7.71 77.39 64.75 12.64
31 2.53 8.09 76.33 65.54 10.79
65 4.04 16.48 108.55 144.17 92.24 116.58 16.32 27.59
65 4.34 17.58 103.04 135.39 81.45 104.29 21.60 31.10

Stainless Foil Support

14 0.80 3.79 11.15 25.14 5.46 15.25 5.69 9.87
14 1.77 2.73 16.29 54.53 8.65 36.36 7.65 17.42
33 2.28 8.04 8.43 23.32 3.76 13.75 4.66 9.57
33 1.78 8.50 13.03 41.30 7.97 27.69 5.08 13.62
60 4.39 15.87 21.87 43.15 12.87 29.47 9.00 13.67
60 4.03 16.40 8.27 28.82 3.91 18.46 4.36 10.36
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Fig. 6. Nitrate Formation in Alpha Blank Tests
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The dashed line in Fig. 6 shows the predicted rate of nitrogen fixation, assuming that
37% of the a-radiation escapes the top surface of the foil (as determined by the dosimetry experiments).
This radiation is then assumed to be totally absorbed in the gas phase of the vessel, and the yield (G) for
nitrogen fixation is 1.9 molecules/100 eV energy absorbed. This yield is the same as that reported by
Bums et al. 7 for y-radiation in an air-water system. The total inventory of fixed nitrogen in the vessel is
slightly greater than that predicted using this value of G, with the majority being found on the surfaces of
the vessel.

b. Gamma Blank Runs

Blank experiments with y-radiation were carried out for 33, 56, and 120 days.
Standard .- mL Parr pressure vessels were used with a G/L ratio of 100 L/L. No glass was placed in the
vessels. The dose rate for these blank runs was 0.0036 MR/h.

The nitrate formation data are plotted in Fig. 7. The scatter in these data is
considerably greater than that obtained in the alpha blank runs. The majority of the nitric acid is found on
the vessel surfaces rather than in the liquid at the vessel bottom. This finding is the same as that from the
alpha blank experiments.

The straight line in Fig. 7 shows the nitric acid levels predicted using the yield for
gamma radiolysis of air (G = 1.9) published by Bums.17 The actual amount of nitric acid formed in the
vessel is greater than that predicted. This is consistent with the observations of Ebert,16 who also has
suggested that the G value for nitric acid formation in air is actually greater than that measured by Burns.

Experiments are in progress to measure the rates of nitric acid formation in y-
radiation at 900 and 2000 C and with a gas/liquid ratio of 10:1 rather than the 100:1 used in the above
experiments.
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2. Radiation Effects on Glass Reaction

Table 8 shows the matrix of tests that has been initiated using Type 202, 165, and 131
glasses. Series IV9202A, IV9165A, and IV9131A are leach tests carried out with actinide-doped glasses
at 90,0C, a SAY ratio of 340 cm-4 , and a gamma field of 3-5 x 10 3 R/h. The results from these tests will
be directly comparable with tests being performed as part of the task where glass is being leached without
radiation (Sec. VI).

Table 8. Glass Reaction Test Matrix for Task IV

Test Dose Target
Glass Temp., Length, Rate, Actual SA/V, Date

Test No. Type C days R/h Date In Date Out Days em4 Out

IV9202A-14-1 202A
-2 202A

-28-1 202A
-2 202A

-56-1 202A
-2 202A

-91-1 202A
-2 202A

-180-1 202A
-2 202A

-360-1 202A
2 202A

-540-1 202A
-2 202A

-720-1 202A
-2 202A

IVE202A-07-1 202A
-2 202A

-14-1 202A
-2 202A

-21-1 202A
-2 202A

-35-1 202A
-2 202A

-56-1 202A
-2 202A

IVE202U-07-1 202U
-2 202U

-14-1 202U
-2 202U

-21-1 202U
-2 202U

-35-1 202U
-2 202U

-56-1 202U
-2 202U

IV9165A-91-1 165A
-2 165A

-180-1 165A
-2 165A

-360-1 165A
-2 165A

-720-1 165A
-2 165A

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90

200
200
200
200
200
200
200
200
200
200

200
200
200
200
200
200
200
200
200
200

90
90
90
90
90
90
90
90

14
14
28
28
56
56
91
91
180
180
360
360
540
540
720
720

7
7

14
14
21
21
35
35
56
56

7
7
14
14
21
21
35
35
56
56

91
91

180
180
360
360
720
720

5.0E+03
5.0E+03
5.0E+03
5.0E+03
5.0E+03
5.0E+03
5.0E+03
5.0E+03
5.0E+03
5.0E+03
3.0E+03 9/14/90
3.0E+03 9/14/90
3.6E+03 8/17/90
3.6E+03 8/17/90
3.6E+03 8/17/90
3.6E+03 8/17/90

2.4E+03 8/22/90
2.4E+03 8/22/90
5.7E+03 8/22/90
5.7E+03 8/22/90
5.7E+03 8/22/90
5.7E+03 8/22/90
4.2E+03 5/30/90
4.2E+03 5/30/90
4.2E+03 5/30/90
4.2E+03 5/30/90

0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E400
0.0E+00
0.0E+00
0.0E+00
0.0E+00
0.0E+40

5.0E+03
5.0E+03
5.0E+03
5.0E+03
4.5E+03 9/14/90
4.5E+03 9/14/90
4.5E+03 9/14/90
4.5E+0.3 9/14/90

(contd)

340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0 9/09/91
340.0 9/09/91
340.0 2/08/92
340.0 2/08/92
340.0 8/06/92
340.0 8/06/92

8/29/90
8/29/90
9/05/90
9/05/90
9/12/90
9/12/90
7/12/90
7/12/90
8/01/90
8/01/90

7
7

14
14
21
21
43
43
63
63

340.0
340.0
340.0
340.0
340.0 9/09/91
340.0 9/09/91
340.0 9/03/92
340.0 9/03/92

. .w
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Table 8. (contd)

Test Dose
Glass Temp., Length, Rate,

Test No. Type OC days R/h Date In

IVE165A-07-1 165A
-2 165A

-14-1 165A
-2 165A

-21-1 165A
-2 165A

-35-1 165A
-2 165A

-56-1 165A
-2 165A

IV9131A-14-1 131A
-2 131A

-28-1 131A
-2 131A

-56-1 131A
-2 131A

-180-1 131A
-2 131A

-360-1 131A
-2 131A

-720-1 131A
-2 131A

IVE131A-03-1 131A
-2 131A

-05-1 131A
-2 131A

-07-1 131A
-2 131A

-14-1 131A
-2 131A

-28-1 131A
-2 131A

IVE131U-03-1 131U
-2 131U

-05-1 131U
-2 131U

-07-i 131U
-2 131U

-14-1 131U
-2 131U

-28-1 131U
-2 131U

200
200
200
200
200
200
200
200
200
200

90
90
90
90
90
90
00
90
90
90
90
90

150
150
150
150
150
150
150
150
150
150

150
150
150
150
150
150
150
150
150
150

7 5.0E+03
7 5.0E+03

14 5.0E+03
14 5.OE+03
21 5.0E+03
21 5.0E+03
35 5.0E+03
35 5.OE+03
56 5.0E+03
56 5.0E+03

14 5.OE+03
14 5.0E+03
28 5.0E+03
28 5.0E+03
56 5.0E+03
56 5.0E+03

180 5.0E+03
180 5.0E+03
360 5.0E+03
360 5.0E+03
720 5.0E+03
720 5.0E+03

3 5.0E+03
3 5.0E+03
5 5.0E+03
5 5.0E+03
7 5.0E+03
7 5.0E+03

14 5.0E+03
14 5.0E+03
28 5.0E+03
28 5.0E+03

3 0.0E+00
3 0.0E+00
5 0.0E+00
5 0.0E+00
7 0.0E+00
7 0.0E+00

14 0.0E+00
14 0.0E+00
28 0.0E+00
28 0.0E+00

Target
Actual SA/V, Date

Date Out Days cm' Out

0
0
0
0
0
0
0
0
0
0

340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0
340.0

Series IVE202A and IVE165A are hydration tests carried out at 2000 C. Series IVE131A is
being carried out at 150,"C, because of the extreme reactivity of the Type 131 glass at 200* C. Series
IVE202U and IVE131 U are being carried out using uranium-doped glasses instead of the actinide-doped
glasses, which have high alpha activity. The purpose of these two series is to determine the hydration
reactions of these glasses in the absence of radiation, but in exactly the same experimental configuration
as the radiation tests. The 165U glass had been hydrated previously' 5 and data for comparison are already
available.
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The hydrauon tests performed with 202A and 202U glass have been completed. At the
termination of a hydration test, the amount of water remaining in the test vessel is measured, and the glass
is removed for examination to determine the extent of reaction. The extent of reaction is determined by
the amount of secondary phase formation on the glass surface and by the thickness of the reaction layer
which covers the glass surface. While the examination of the 202 glasses has not been completed,
micrographs of reacted surfaces of 202U (no radiation) and 202A (radiation) glasses are shown in Fig. 8.
The extent of reaction of the 202A glass is estimated to be 100 to 500 times greater than that of the 202U
glass. As shown in Fig. 8, the 202A sample has been reacted completely through the 2-mm thickness at
points, and the entire sample is disintegrating. The 202U sample has reacted to form a layer of about
5 pm in thickness, but no discrete secondary phases have yet formed. This is a surprising result, and
because past experience indicated that hydration rates are extremely sensitive to experimental conditions,
the 202U matrix is being repeated.

Fig. 8.

Micrograph of (a) 202A Glass Hydrated at
200 C in a Gamma Radiation Field of
-5000 R/h and (b) 202U Glass Hydrated at
200*C without Radiation. The experimental

b ;; duration for both samples was 56 days. The
magnification is 8X. Note that the 202A
glass has reacted completely through the
2-mm 'hick sample, while the 202U glass has
not yet formed secondary phases on the
surface.
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In general, many of these tests with radiation, especially those of long duration, have been
started. The shorter-term tests will be run sequentially because of limited space remaining in the ovens of
our irradiation facility.

D. Preliminary Conclusions

The experiments carried out to date indicate that the radiation field produces significant changes in
the environment typical of the expected unsaturated repository environment. Nitric acid is formed by
radiolysis of the nitrogen in the surrounding air by y- and a-radiation emanating from the waste form. A
portion of this nitric acid is absorbed by any liquid water that may be present, but the majority of the acid
is absorbed by the thin layer of water present on all surfaces in the unsaturated but humid environment.

We concluded that, while the acid found in the bulk water will be buffered by the minerals
dissolved in the water, this buffering will not occur in the surface films. The pH of these films will most
likely drop toward the strongly acid regime, with some buffering by the alkali metals leached from the
glass itself. The reaction rate of the glass could be affected by the changing chemistry of the thin film of
water.

Small, but significant amounts of low-molecular-weight carboxylic acids were found in the bulk
water or absorbed in the surface water. These acids do not appear to be formed in quantities sufficient to
affect the pH, but may affect the ability to form metal complexes in the water. Therefore, there is a
possibility of some enhancement of solubility of glass components in the water, or even modification of
secondary phases formed on the surface of the glass. If organic material is present in the environment,
significant quantities of organic carbon are eventually found in both the bulk water and the surface water
films. We could not determine the nature of these organic compounds, but ion chromatography suggested
that they may be high-molecular-weight organic acids. This type of species could seriously increase the
compiexing ability of the water and, subsequently, the solubility of the glass constituents.

The results of these blank tests indicate that studies should be carried out with glass in a radiation
field under conditions more typical of unsaturated repository conditions than have been studied in the
past. These conditions include very high SA/V ratios at temperatures below the boiling point of water
and high relative humidity conditions at temperatures above the boiling point of water. Significantly
different reaction rates for the degradation of the glass are expected. These expectations appear to be
supported by the initial qualitative results from the glass reaction tests.
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VI. RELATIONSHIP BETWEEN HIGH SA/V EXPERIMENTS AND MCC-l

A. Objective and Rationale

The purpose of this task is to compare the reaction of waste glass in static leach tests at different
SA/V ratios through analysis of the leachate and the reacted glass and to relate changes in the leachate
compositions with changes in the glass surface. Static leach tests are commonly used by glass producers
as a measure of production consistency. Because of the simplicity of these tests and the large amount of
data available under these test conditions, they have been used extensively to measure the durability of
glasses being formulated to contain high-level nuclear waste for emplacement in a geologic repository.
The very long service life of the repository requires the glass durability to be projected over a 10,000-year
period. It is therefore necessary to accelerate the glass reaction in laboratory tests to approximate the
durability over very long times. Two methods of accelerating durability tests have been commonly used:
either increasing the temperature or the SAY ratio.

Tests at elevated temperatures require that the reaction steps involved in the glass dissolution
mechanism maintain Arrhenius behavior over the temperature range of interest, and that the rate-
determining step of the mechanism remains the same. The effect of temperature is discussed in detail in
Sec.II.C. 1 of this report.

Use of high SA/V ratios does not increase the reaction rates directly; rather, the rate of solution
saturation is increased. In static leach tests at high SAY ratios, the glass reaction rate is quenched as the
solution approaches apparent saturation. It has been speculated that tests performed for short times at
high SA/V may be equivalent to tests performed for long times at low SA/. Such an equivalency is very
attractive for durability tests of glasses produced for use in a repository, and many tests have been
performed at various SAY ratios with the goal of extrapolating the results to long reaction times. Efforts
to use such tests to project long-term durabilities have met with success in many instances where the glass
dissolution followed a simple rate expression.' 9 Other investigations have shown the reaction rate to
deviate from a simple dissolution rate law at long reaction times and the equivalency to fail. 0

Work is in progress to understand the source of deviation and to develop tests that better
approximate the long-term behavior of the glasses. At present, laboratory tests are not expected to be
used to demonstrate long-term reaction trends. Rather, computer models which incorporate mechanistic
understanding derived from laboratory experiments and glass dissolution tests will be utilized to project
glass performance under a variety of possible repository environments over very long time periods. Thus,
durability tests are performed both to measure the extent of glass reaction over short time periods and to
support computer simulations of glass reactions over long time periods.

The rate law derived by Aagaard and Helgeson2' for mineral dissolution has been successfully used
to describe glass dissolution over time periods up to a year and incorporated into computer cc i;s to
describe the glass reaction over repository-relevant time periods. 2" This rate law combines a rate
coefficient with an affinity term to account for the influence of the solution chemistry:

dm.
= SA k_ I (1)

Here, m, is the number of moles of species i lost from the glass during reaction, SA is the glass surface
area, k_ is the rate coefficient, which is a function of temperature and pH, Q is the ion product, and K is
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the equilibrium constant of the glass. Because the computer models are based on saturation indices, the
number of moles of i is replaced by the solution concentration as C1,= mn/V, where C1 is the molar
concentration of i, and V the solution volume (see Eq. 1 in Ref. 23). Hence,

dCi SA [ Q(
= k l1-- (2)de, 'JT - ( K ,

Note that for Eq. 2 to hold, all i released from the glass must go into solution. This equation clearly
shows tmat the rate of solution concentration increase (dC,/dt) is directly proportional to SA/V, and
integration of Eq. 2 shows the proposed equivalency of tests run at different SAN ratios for equivalent
products of SAN-t. The formation of colloids or secondary products precludes the substitution of C, =
m,/V and invalidates Eq. 2. Likewise, changes in the reacting glass are not accounted for in this model,
nor are changes in glass reaction mechanism as a function of SAY. Nonstoichiometric release changes
the composition of the glass in the near-surface region and presumably affects the rate coefficient and
perhaps the equilibrium constant.

The tests performed within this task are designed to study changes in both the solution chemistry
and the reacting glass surface as the reaction progresses at different SAY ratios. Comparing the solution
and solids results at various SAN ratios provides evidence on whether or not the reaction mechanism
changes as colloids or precipitat :s form or as the reacting glass surface changes during the reaction.
Because solution saturation effects occur simultaneously with changes in the glass structure, the role of
each in affecting long-term glass durability must be more clearly understood before a method of
accelerating the reaction can be deemed valid.

The MCC-1 static leach test is widely used as a measure of relative glass durability, wherein glass
monoliths are reacted and the leachate solution is analyzed to measure the extent of reaction. However,
with this test, highly durable glass may require long reaction times to reach sufficiently high solution
concentrations for solution affinity effects to be observed. The MCC-3 and PCT tests, which use
powdered glass, were developed to achieve a higher SAN. These tests generate concentrated solutions at
a greater rate than the MCC-1 test and thus show concentration effects after short reaction times. While
the MCC-1 test (low SAN) provides information on the initial glass reaction rate and high SAN tests
(MCC-3 and PCT) provide information on the longer-term glass reaction rate, the relationship between
the MCC-1 and high SAN tests has not been demonstrated conclusively. That is, a glass that is highly
durable in an MCC-1 test may be signiicantly less durable in a high SAN test due to a change in the rate-
limiting step, eventual alteration of the glass surface, or the generation of a secondary phase that alters the
solubility limits and thus the reaction rate of the glass.

As described above, in the absence of secondary solids formation, equivalent solution
compositions may be achieved at equivalent values of SAY-t. Several waste glasses of interest have
been shown to dissolve nonstoichiometrically and to produce reaction layers cn the glass surface enriched
in elements with low solubility limits. The formation of these layers and secondary solids may preclude
use of the SANt equivalence. Complex interactions such as the influence of the pH on the solubility of
the reaction layers may also invalidate the use of SAY-t equivalence. It is necessary to shew how
secondary products and the solution chemistry affect the relation between MCC-1 tests and high SAN
tests if static tests are to be used to project glass durabilities under repository-relevant conditions.

The tests performed under this task will address the following issues:

(1) Can different SAN ratios be used to predictably accelerate the approach to leachate
saturation as SAN-t?
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(2) Is the reacted surface similar after equivalent *SA/V-t?

(3) Do secondary phases form, and if so, what phases form?

(4) What is the effect of secondary phase formation on the leachate and on the reacting glass?

(5) Is the reaction accelerated at high SAY relative to low SA/V through solution effects? That
is, are the MCC-1 test and tests performed at higher SAY mechanistically equivalent?

B. Technical Approach

Two glass compositions are reacted at three different SAY ratios and 900C. Test duration was
varied so that reaction trends for the three SAY ratios could be compared at equivalent SA/V-t. A glass
composition that has been shown to be highly reactive in previous MCC-l type leach tests (SRL 131) was
selected to demonstrate a large SAY effect within a short time period. A second, more durable glass
(SRL 202) was selected to represent the actual glass waste form to be used in waste disposal. By using
glasses of different known durabilities in MCC-1 type tests, the magnitude of any effects of different
SAY can be compared. The glasses were doped with actinide elements having a long half-life, which
rill remain active after long disposal times. The release mechanisms of these species and their behavior
in the repository environment must be understood because they will account for the majority of the
radioactivity present beyond the 300/1000 year isolation period. The dopant levels are such that leachate
analysis may be performed without extensive separation procedures, as determined in previous
experiments with similar glass compositions.16

Monolith samples are reacted at 10 m, and granular glass is reacted at 20(X) mt and 20,000 m 4 .
These values of SAY include those used in the MCC-1 test (10 m"), in the MCC-3 and PCT tests
(2000 m 4 ), and a high ratio which permits complete solution analyses and allows comparison of the
reaction at several equivalent SA/V-t values. [At a later date, tests with glasses having an intermediate
SAY ratio (340 m) are to be performed using monolith samples with these same glass compositions.]

The reactions are characterized by the solution chemistries (pH, anion and cation concentrations)
and by the abundance and composition of tfie reacted layer remaining on the glass and the secondary
phases formed. Special attention will be given to the distribution of released actinide species between
dissolved and colloidal fractions in the leachate, that sorbed onto the vessel walls, and that left as
insoluble residue on the glass surface or incorporated into secondary phases. The amount of actinides in
each fraction will be quantified by appropriate sampling procedures. These and other analytical
procedures are performed in accordance with the data needs of modelers and application of Eq. 2.

The leachate solutions are filtered through 0.45 pm filters to remove any glass particulates from the
analyzed solution. This filtration may also remove large colloids from the solution. The filtration is
performed at the reaction temperature to prevent temperature-induced precipitation of secondary phases
from solution prior to filtration. Analyses are then performed on the cooled filtrate.

The reacted glass is analyzed using optical microscopy, scanning electron microscopy with X-ray
analysis, and analytical electron microscopy. The surfaces and cross sections of reacted particles will be
examined to quantify the extent of reaction by the thickness of a reaction layer formed on the surface,
secondary product formation, and compositional changes in the glass itself.

C. Matrix

The matrix of tests performed under this task is shown in Table 9. All tests are performed in
duplicate, and the entire matrix is performed using SRL 202 and SRL 131 glass (for a total of 116 tests).
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Table 9. Test Matrix for Task VIII'

Targeted Reaction Time, days
SA/V-t, days/m 10/m 2000/m 20,000/m

70 7
280 28
910 91

2,380 238
6,0(x) 600 3

14,000 1400 7
28,000 2800 14
60,000 30 3

140,000 70C 7
280,000 140' 14
560,000 280 28

1,120,0(X) 560 56
1,960,(XX) 980 98
3,640,000 1820 182c
7,280,000 3640 364

14,560,000 728
TBDb TBDb TBDb TBDb

'Two tests are performed at each SA/V-t for each glass.
bTBD = duration of tests to be determined.
CAll tests not yet initiated.

The glass compositions are given in Table 1, and the leachant composition in Table 2. Tests are
performed in 304L stainless steel vessels with pre-equilibrated J-13 tuff groundwater (EJ-13) as the
leachant. This leachant is a slightly basic silicate solution with a high sodium and bicarbonate content.
The calcium is near its solubility limit. Both glasses are, in the short term, expected to be more stable in
this solution than in deionized water (DIW). Blank tests using only EJ-13 solution are being performed in
Part I1 of this task. The results of these tests will be utilized as background correction values.

D. Status

Initial efforts were focused on producing the monolith and powdered glass samples. A known
amount of actinides was added to the two base glass compositions. The glasses were then mixed and
melted at about 1 150 C, then poured into platinum molds and annealed for about two hours at 5000C. A
diamond core drill was used to remove cores about 1 cm in diameter. The core circumferences were
polished, and the cores cut to produce disks about 1-2 mm thick. The faces of the disks were then
polished to a 600-grit finish and washed before use in the 10 m1 tests. The remainder of the glass was
mechanically crushed and sieved, and the fraction between 1(X) and 200 mesh was retained. This was
washed thoroughly in ethanol to remove fines. A sample of the powdered glass was viewed in an SEM to
assure that fines had been removed and the correct size fraction was produced.

Tests were initiated by placing the appropriate mass of powdered glass or a glass monolith plus
stainless steel support stand in a clean stainless steel reaction vessel and adding the appropriate mass of
leachant. The SA/V ratio was computed using the geometric surface area of the monoliths and the surface
area of the powdered glass. The latter was calculated by assuming the particles to be cubes with a cube
edge of the average mesh size and the glass to have a density of 2.7 g/cm 3. Visual inspection of the
powder confirmed that, although the particles were not cubic, the average facial area of a scanned side
was well approximated by the area of such a cube face. The density of the leachant was assumed to be
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one. The approximate SA/V ratio calculated for each test was typically within a few percent of the
targeted ratio (10, 2000, or 20,000 m').

At present, all but about 20 tests have been initiated. The remaining tests will be initiated as soon
as vessels become available when short-term tests are terminated. The durations of these tests are given
in Table 9. Note that the matrix provides extra tests to replace those that failed or had anomalous results
or to provide tests of intermediate duration not originally scheduled. These tests will be started as test
vessels become available.

E. Preliminary Results

Tests of 30-day duration or less have been terminated, and the results are being analyzed.
Figure 9a shows the leachate pH values of these tests. The leachate was sampled at the reaction
temperature and allowed to cool to room temperature in individual sample vials prior to analysis. The
values shown in Fig. 9a were obtained at room temperature (260 C). The leachant (EJ- 13) pH value was
measured to be 8.1. As shown in Fig. 9a, the SRL 202A series at 20,000 m and 2000 m reached pH
values of about 11 and 10, respectively, after 14 days. Experiments with SRL 131A glass at 20,000 and
2000 m 1 reached higher pH values than those with SRL 202A at similar SAY for all reaction times.
This result indicates that the SRL 131 A glass is more reactive. The higher pH is due, in part, to ion
exchange reactions which remove protons from solution as alkali metals are released into solution. Other
solution analyses and analysis of the reacted glass should confirm that SRL 131A is more reactive. The
reaction at 10 m-1 has not progressed enough that the solution pH is significantly different for the two
glass types. After 7 days, the pH of the 10 m experiments with either glass type is not significantly
different from that of the EJ- 13 leachant, but both glass types have pH values higher than the leachant
after 28 days.

The uranium analyses of the leachate solutions of tests reacted for 30 days or less have been
completed, and the results are plotted in Fig. 9b. Two features of the plots are noteworthy: the uranium
concentration in tests performed at 2000 or 20,000 m 1 shows an initial increase and then decreases as the
reaction progresses. This is most clearly seen in tae reaction of SRL 202A at 20,000 m', where the
uranium concentration increases to about 15.5 ppm after 14 days and then decreases to about 10 ppm.
This behavior is seen in the 2000 m 1 tests as well and for both glass types. The uranium release from the
10 m-1 tests is too low to show any trend. The observed decrease in the uranium concentration at high
SAY is believed to be the result of secondary phase formation (mineral phases or colloids). Observation
of the reacted solids should indicate if secondary minerals form. Another interesting observance about
Fig. 9b is that the uranium concentration is greater at 20,000 m-1 than at 2000 m for SRL 202A but less
for SRL 131A. The pH results in Fig. 9a show that the extent of reaction is greater at 20,000 mn than at
2000 m 1 for both glass types. This suggests that secondary phases containing uranium form earlier in the
reaction of SRL 131A at 20,000 m1 to maintain very low uranium concentrations at all reaction times
tested. Again, analysis of the reacted solids is required to support this interpretation.

Special attention is given to the fate of the released actinide elements. The actinide content of the
leachant is analyzed as samples that are unfiltered, passed through a 0.45 pm filter, or passed through a
filter with an estimated pore size of 50 A. The amount of actinide sorbed onto the stainless steel vessel is
also analyzed in an acid rinse which redissolves any sorbed species. Analysis of the actinide content is in
progress, but too few tests have been completed to establish any reaction trends. The reacted glass
samples have not yet been analyzed, and efforts will be made to identify actinide-containing phases on or
in the reacted glass.
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F. Future Progress

The glass behavior will be better characterized as more tests are terminated over the next year.
These tests will provide information regarding the effects of the SAN on the reaction and comparison of
tests performed at equivalent SA/V-t. Detailed analysis of the reacted solids will also help characterize
the reaction mechanism(s) controlling the dissolution of the glass.

Tests with reaction periods up to 364 days are scheduled to be completed during FY 1991, and the
reaction trends at the three SA/ ratios and the similarities of tests performed at equivalent SA/V-t will be
characterized as a function of both solution and solid analyses.
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VII. ANALYTICAL ELECTRON MICROSCOPY SUPPORT

A. Introduction

Analytical electron microscopy (AEM) is a combination of transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDS), energy electron loss spectroscopy (EELS), and
electron diffraction (ED) applied to prepared thin sections (-500 A) of reacted glass. The AEM technique
is used to examine the structure of reacted glass and thereby provide information as to the reaction
processes and identification of secondary phases. For AEM to be successful, three areas of expertise must
be developed: (1) sample identification and segregation, (2) sample preparation, and (3) AEM
examination.

Sample identification and segregation involves examining the reacted glass using optical
microscopy, identifying regions of the sample that warrant further examination, and dissecting the sample
to yield a region for examination. Generally, regions studied must have specific spatial characteristics to
produce successful thin sections. The regions must be small (-10-50 jpm in diameter), both the reacted
layer and bulk glass must be present (preferably mostly layer and minor bulk glass), and the orientation of
the layer and bulk glass must be such that when cut with a knife, representative sections are obtained.

Sample preparation requires taking the segregated region of the sample and preparing a thin section
that is electron transparent. The sample must retain its original orientation and must not be chemically or
structurally altered during the preparation process. We have found ultramicrotomy to be the best
preparation method for these samples. Ultramicrotomy involves mounting the region of interest of the
sample at the tip of an epoxy block and cutting thin sections of the block with a diamond knife. The thin
sections are then gathered onto a TEM grid for examination.

Examination of the samples with AEM is done by obtaining a low magnification overview of the
sample, ascertaining whether the sample segregation and preparation steps were successful, correlating the
appearance of the sample in the TEM with the appearance of a sister sample prepared for thick-section
SEM examination (this allows the AEM operator to determine from where in the sample the sectioned
regions were actually derived), and then applying the analytical techniques to the examination of the
sample.

Reacted glasses are one of the more difficult types of samples to examine for several reasons: they
are nonconductive and contain diversely opposite materials (the layers are generally soft while the glass is
brittle), both the layers and glasses are readily damaged by the electron beam, and the complexity of the
layer structure may require several months of detailed examination to unravel. Thus, we have spent
considerable effort in refining general AEM techniques as applied to a wide variety of reacted,
nonradioactive glasses. This experience will allow us to examine the radioactive glasses with more
confidence and provides useful information regarding glass reaction processes. In this section of the
report we provide an overview of those samples examined, plus in one case, the results of a detailed
examination of a sequence of samples.

B. Rationale

A complete description of glass reaction processes (either to elucidate reaction mechanisms,
compare reactivities of glasses under various conditions, or validate reaction models) requires the
combination of data collected from solution analysis with that from the reacted glass. In this fashion, a
mass balance can be sought and a completed picture of the reaction process obtained. Analytical electron
microscopy has proven to be an excellent method to examine reacted glasses. It provides much more
structural detail than SEM (e.g., see Fig. 10), allows crystalline phases to be identified, and allows
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microscale compositions and composition differences to be obtained. It can be applied to thick reaction
layers, and with the use of EELS, provides information on elements ranging between lithium and the
transuranics with a greater sensitivity and spatial resolution than EDS. Energy electron loss spectroscopy
also can allow chemical bonding and oxidation state information to be derived. For these reasons, we are
developing AEM to be an integral part of this program.
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Fig. 10. Cross Section of 165U Glass Reacted for 280 Days at 900C in EJ-13
Water: (1) SEM Micrograph, and (2) TEM Micrograph. Note the
increase in definition obtained using the TEM.

C. Approach

Transmission electron microscopy specimens must be extremely thin, approximately 500 A
thick. When EELS analysis is planned, they should be ever thinner. Since glass reaction layers are
frequently on the order of 50 pm or more thick (in some cases, reaction layers extend more than 100 pm),
transverse cross sections must be prepared. The reaction products are also extremely fragile arrays, and
preparation of a cross section must be done in a fashion which preserves these delicate structures.

Ultramicrotomy, essentially thin slicing with a specially designed knife, has proved to be a
successful method of preparing the thin-film cross sections required. The artifacts introduced by the
sectioning process do not interfere with the required analyses. Competing techniques of thinning samples
for the TEM have serious limitations for this type of specimen, including differential thinning rates,
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radiation damage, implantation damage to the specimen, restricted lateral extent of thinned regions, and
difficulty in controlling the exact position of the thinned region. Using microtomy we have produced
sections which preserve the layer structure of the reaction products at the surface of the glass and are
electron transparent over lateral distances exceeding 100 pm (Fig. 11).
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Fig. 11. Cross Section of 131 U Glass Reacted in Water Vapor.
The secondary phases form at the top of the sample.
The reacted layer comprises the remainder of the sample.
The horizontal cracks are due to sectioning, while the
vertical cracks are indigenous to the sample.
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Application of microtomy to glass and glass reaction layers requires very careful work
because the glass is very hard. This requires that very small particles of the glass and reaction layers be
embedded in the epoxy. A hard formulation of the embedding resin must be used, since sectioning is
more successful when there is a good match between hardness of the resin and the specimen. Sectioning
is usually more successful when the embedded particles are very small, on the order of 20 to 40 pm;
however, when working with single particles care must be taken not to lose the particle in the embedding
resin. This is made all the more likely since the dielectric constant of the glass and, sometimes, the
reaction layers is close to that of the epoxy resin.

The reacted glass is coated with collodion to tie down particles generated in subsequent
steps. A wedge is then scribed in the surface with a diamond or silicon carbide tipped scribe. This creates
many particles embedded in the collodion, which are then transferred to a microscope slide where the
collodion is dissolved. The particles are then surveyed in the optical microscope until a properly shaped
particle is located. A chisel shape is ideal, approximately 20 pm wide at the tip and extending from the
surface to the glass (Fig. 12). The chisel should be 100 pm long or even longer; this makes it possible for
the analyst to line the particle up properly in the microtome. The particles selected are transferred to a
cured half block of the embedding resin which has been wet at the tip with a drop of fresh resin. This
fresh resin is used to tack the particle into position and orient it so that the tip of the chisel will be cut
first. After curing for a short time, the block is reinserted into the mold, a label is added, the mold is
filled, and the whole assembly is placed in the oven to cure.

I - 30-60 --

Reaction layers

Reaction layer thickness glass
plus small amount of glass

100-2009

20 s

Fig. 12. Representation of an Ideal Sample for Thin-Section Preparation

When layers are extremely thick, they are also extremely delicate and have a tendency to
separate. In these cases a very large particle, perhaps 2 mm across, is mounted in a block. The block is
then ground to create the ideal chisel shape. The grinding is done first on one side and then the other, and
between each grinding step the block is replaced in the mold and recast to maintain mechanical integrity.
With this technique it has been possible to produce electron transparent sections of layered structures that
are over 100 pm long (Fig. 11).

Since the particles embedded in the molds are so small, it is not usually possible for the
analyst to discem with the available optical microscopes whether or not the sample has been sectioned
successfully. A survey is required on the TEM to ascertain the quality of the sample. This then provides



47

feedback for the sample preparation process. In some cases the particles are plucked out of the
embedding resin by the forces exerted on it during the sectioning process (Fig. 13). In other cases, only a
single layer is present or several layers but no glass. Sometimes, the sectioning is done in a direction
which produces substantial damage, and a rotation of the block is suggested. There are also instances
where the panicle is intersected at the tip and more material is needed.

Fig. 13. TEM Micrograph of a Mounted Section Plucked out of the Epoxy Resin during
Sectioning. Note that a few shards of glass remain attached to the epoxy but
considerable fracturing of the glass has occurred. The marker bar represents 5 pm.

D. Results and Discussion

Table 10 provides a listing of samples examined, a reaction history, and an overview of
observations. At this time, we have completed the initial examination of all of the samples to judge
whether the sample preparation steps were sukicssful. In general, we have been successful in preparing
adequate TEM sections for all glass types ranging from those with no layers to those with layers 100-pm
thick.

In selected cases a more detailed study was completed. One example is discussed below, where the
samples were generated in a series of static leach tests supported by the YMP, and detailed solution and
SEM results have been presented previously.1 6 The applicability of AEM to the interpretation of glass
reaction is presented.



Table 10. Conditions and Test Results for AEM Analysis of Glass from Leach Tests

Glass Temp., SAN, Duration,

Type Test Type C m days Leachate AEM ReIiis

ATM-lc Long-term, MCC-1 type leach test, static 90 30

ATM-lc

ATM-Ic

SRL 131

SRL 131

Long-term, MCC-1 type leach test, static

Long-term, MCC-1, static with tuff rock

Long-term, MCC-1 type leach test, static

Long-term, MCC-1, samples provided by G. Wicks

SRL 131 Long-term, MCC-1, samples provided oy G. Wicks

SRL 131 Short-term, MCC-1, to examine SAY effects

SRL 131 Short-term, MCC-1, to examine SAV effects

SRL 131 Short-term, MCC-1, to examine SAY effects

SRL 131 Short-term, MCC-l. to examine SAY effects

SRL 131 Short-term, MCC-1, to examine SAY effects

SRL 131 Short-term vapor hydration, 100% RH

90

90

90

90

30

30

10

10

40 10

90

90

90

90

90

200

10

50

50

100

100

365 EJ-13 Complex layer structure with banding and precinitation at outer
surface, Fig. 14.

730 EJ-13 Complex layer structure, several precipitates identified, U-Ti phase

present in layer.

365 EJ-13 Complex layer structure, comparison with tests done without tuff
possible.

7-520 DIW A series of samples showing he development of a complex layer as a
function of tiro-e. The details of this study are presented in Ref. 24.

1280 DIW Complex layer structure to be compared with the samples reported in

Ref. 23; this glass contains U and discrete U-Ti phases were
observed.

1460 DIW Very thin layer showing no structure, some U-Ti segregation. Does

not have the same appearance as the same glass composition reacted at
90 C.

100 DIW Complex layer structure similar to that reported by Ref. 24, layer
attached to glass.

20 DIW Simplified layer structure with very limited precipitated phase
formation, layer not connected to glass.

50 DIW Simplified layer structure with very limited precipitated phase
formation, layer not connected to glass.

10 DIW Simplified layer structure with very limited precipitated phase
formation, layer not connected to glass.

25 DIW The structure of the 50 and 100 m' SAY layers and precipitates is

different than the 10 m samples.

7 Vapor Section with a calcium silicate phase intact on the surface showing a
complex layer structure near the surface including a near-pulse Si
layer. The bulk of the layer is a clay with varying degrees of

crystallinity, Fig. 11.

(contd)



Glass
Type Test Type

SRL 165 Long-term, MCC-1 type leach test, static

SRL 165 Long-term, MCC-1 typx leach test, static

SRL 165 Long-term, MCC-1 type leach test, static

SRL 165 Long-term, MCC-2 type leach test, static

SRL 165 Short-term, MCC-2, samples provided by B. Bourcier

SRL 165 Long-term drip test with sensitized steel

SRL 165 Long-term drip test with reduced glass SA

SRL 202 Short-term vapor hydration, 100% R H

SRL 202 Long-term vapor hydration, 100% RH

Basalt Long-term vapor hydration, 100% RH

Obsidian Long-term vapor hydration, 100% RH

Tektite Long-term vapor hydration, natural conditions

Temp.,
oc

90

90

90

187

Table 10.
SAN,

m'

30

30

30

10

(contd)

Duration,
days

56

91

280

364

Leachate

EJ-13

El- 13

EJ-13

DIW

7, 14150

90

90

200

200

200

364 EJ-13

364 EJ-13

Vapor

Vapor

60 Vapor

AEM Results

Simple layer structure with no precipitated phases and no
crystallinity, Fig. 15a.

Emerging complex layer structure with separation between layer
and glass, Fig. 15b.

Complex layer structure with precipitated phases either side of an
Fe-rich backbone, Fig. 15c.

Carefully prepared section over 100 pm thick, complex layer
structure at the layer/glass interface with discrete apatite phases,
outer surface of layer is fairly nondiscrete, course clay grains make
up the bulk of the layer, no glass.

Complex outer layer structure with large crystalline grains making
up the inner portion of the layer, there is a clear difference in
texture and structure of the 7- and 14-day samples.

An overlapping layer backbone structure reminiscent of layers
formed on leach samples (above), Fig. 16a.

An overlapping layer backbone structure reminiscent of layers
formed on leach samples (above), Fig. 16b.

No discrete secondary phases on surface but a layer structure
indicating separation of layer and glass.

Discrete phase on surface of glass, difficult to retain the phases
during sectioning, complex layer structure.

Layer structure similar to that observed for waste glass.

No layer structure or evidence of reaction observed in AEM, water
has diffused into glass as determined optically.

A thin overlying clay structure interspersed with discrete mineral
phases, also a water diffusion layer as determined optically.
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Fig. 14. TEM Micrographs of the Cross Section of ATM-lc Glass (see Table 10): (a) Low
Resolution of the Reacted Layer through to the Glass (the glass is shattered during
sectioning, the marker bar represents -2 pm): (b) High-Resolution of the Outer
Surface of the Top Layer Showing the Structure of Precipitated Phases (the marker
bar represents 1 pm)

These experiments consisted of a series of static, batch tests terminated between 14 and 278 days.
The tests were performed with as-cut monoliths of simulated SRL 165A frit-based glass (Table 1) with an
SA/V of 30 m-1. The tests were performed in 304L type stainless steel vessels at a temperature of 90*C
with 1-13 water that had been pre-equilibrated with tuff at 900 C. The experiments were conducted with
and without a polished tuff wafer present in the bottom of the test vessel. The results described herein are
from those tests with tuff present, and the complete experimental details are presented elsewhere.16

At the termination of each test period, the solutions were analyzed for cations and other
characteristics, while the reacted glasses were analyzed using optical microscopy, SEM, SIMS, and AEM.
Detailed AEM analyses are presented for those samples reacted for 56, 91, ard 278 days.

The releases of Si, Na, B, and Li from the glass, normalized to the glass surface area and elemental
mass fraction, are shown in Table 11. The elemental release data are typical for low SA/V experiments
done for relatively short periods of time and indicate that the alkalis and boron display the
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Fig. 15. Brightfield Electron Micrographs of Cross Sections of
Glass Reacted for (a) 56 days, (b) 91 days, and (c) 278
days
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Fig. 16. TEM Micrograph of (a) Cross Section of Layer Formed on l65U Glass Showing a

Multiple Backbone Structure, and (b) Floating Single Layer Structure. Both samples
were from drip tests. The marker bar is 500 rim.
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largest release at a rate that gradually decreases with time. For this set of conditions tufff present), boron
release is slightly less than lithium release through 91 days and slightly greater at 278 days, while sodium
and silicon releases are reduced compared to boron and lithium release throughout the 278 days. From
these solution data, it is difficult to speculate on what processes are controlling the glass reaction;
however, the data demonstrate gross release trends and indicate which elements go into solution and
which remain with the reacted glass. A mass balance must exist between nonreacted glass and the
solution/reacted glass combination.

Table I 1. Normalized Elemental Release during
Leaching with SRL 165A Glass

Time Period, Normalized Release, g/m 2

days Li B Na Si

56 3.2 2.5 1.8 1.8
91 4.9 4.6 2.5 3.0

278 7.8 10.0 3.8 2.6

Optical microscopy of the glass surfaces was performed to characterize gross reaction trends and to
identify areas of interest for more detailed examination. As the reaction time increases up to 278 days, the
sample changes from being black and reflective with sharp edges retained on the as-cut surfaces, to gray,
nonreflective, and fairly uniform. The 56-day sample had a durable appearance, in which some regions
retained the reflective and nonreacted appearance, while others appeared splotchy and less reflective. The
91- and 278-day samples both had gray, uniform surfaces.

In the SEM examination of the glass at 56 days, the reflective areas had retained a smooth
appearance typical of a nonreacted surface, but with the sharp edges somewhat rounded (Fig. 17a). The
splotchy areas showed the development of a cardhouse structure on the smooth surface (Fig. 17b). By
278 days the cardhouse structure completely covered the surface and only faint evidence of the original
surface roughness was present (Fig. 17c). Isolated precipitates rich in Ca and U were noted on the
surface, but these were too small to be completely characterized and identified.

In a thick and flat cross section of the reacted layer, SEM examination showed a thin banding on
the original glass (Fig. 17d). Two distinct bands were present over the entire surface, with a total
thickness of approximately 1 pm after 278 days. The outer band had a fairly constant reflected electron
density, but appeared more porous than the original glass. The inner band, which was adjacent to the
glass, was uniform in contrast, but had a low reflected electron density. The banded structure was not
apparent after 278 days. Performing EDS analysis of the banded structure was difficult because the areas
sampled by the electron beam were generally larger than the bands being analyzed. However, the outer
band gave a total X-ray count rate similar to that for the glass, and compared to the glass was depleted in
Na, Si, Al, and Ni, while enriched in Mg, Ca, Mn, Fe, and Zr. The inner band gave a very low X-ray
count rate, with the elemental composition being similar to that of the glass.

The SEM examination indicated that more detailed characterization of the layer was required to
determine the structure and composition of the bands. Thus, AEM was utilized to provide the required
detail. Electronic transparent thin sections of the reacted glass bands were prepared using an
ultramicrotomy procedure specifically developed for preparation of sections of line-grained geological
materials.25 Small fragments of the glass, together with the leached layer intact, were removed from a
bulk specimen by using a diamond blade. Care was taken to select fragments that are smaller than
100 pm and contain as little unreacted glass as possible so that fragmentation of the brittle glass is
minimized during sectioning. The selected fragment was mounted in epoxy or acrylic resin in an
orientation which would yield cross-sectional slices of the leached layers and unreacted glass.
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(b)

(c' (d)

Fig. 17. Photomicrographs of the Reacted Surface of Glass Reacted for (a) 56 Days,
(b) 91 Days, (c) 278 Days, and (d) Cross Section of Glass Reacted
for 278 Days

Brightfield transmission electron micrographs of glass reacted for 56, 91, and 278 days are shown
in Fig. 15. Note the dramatic improvement in detail that can be observed in the electron transparent
sections. After 56 days, the leached layer is 0.2- and 0.25-pm thick and remains firmly attached to the
unreacted glass (Fig. l 5a). Iron has begun to segregate toward the center of the layer, where it forms a
dark stain, and no evidence of crystallinity can be detected throughout the layer. No evidence for a
precipitated metal film on the outer surface is observed. The sample was taken from a reflective,
nonre acted-appearing region of the glass surface.

After 91 days the iron has segregated into a well-defined iron oxide "backbone" at the center of the
reacted layer (Fig. 15b). This iron region also shows the presence of calcium and zirconium. The lower
half of the leached layer retains textural characteristics of the 56-day sar ' -,e upper half is
dominated by a fibrous material identified as smectite clay by electron ailiraction, lattice fringe imaging,
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and quantitative EDS. There is evidence that smectite is beginning to form on the lower half of the layer
also. The unreacted glass is now separated from the layer by an open region that contains stringers of
partially reacted glass. The glass is retreating from the leached layer by dissolution, and the thickness of
the layer itself is about 0.8 pm, while the distance between the outer surface of the layer and the unreacted
glass is 1.2 pm.

After 278 days the banded structure is now mature, with fibrous smectite bands dominating both
the upper and lower regions on either side of the "backbone." The thickness of the layer reaches up to
1.0 pm, while the total thickness is about 1.3 pm.

Compositional variations within these reacted structures were examined using quantitative EDS,
and the results are shown in Table 12. Comparison of the compositions of the upper versus lower
portions (i.e., above and below the "backbone") of the reacted layers in the 91- and 278-day samples
suggests that element abundances correlate with the observed structural features (columns Nos. 4 through
7). For example, Mg, Mn, Ni, and Fe increase with layer silicate formation in the upper portion of the
91-day sample, while Si and Ca abundances decrease (cf. column Nos. 4 and 5). These compositional
trends continue with time. After 278 days the lower portion of the leached layer has converted to layer
silicates, and as a result, Mg, Mn, and Ni abundances increase, and Si and Ca abundances decrease (cf.
column Nos. 6 and 7). At 278 days, both the appearance and composition of the upper and lower
portions of the reacted layers are similar.

Table 12. Composition of Glass and Reacted Layers (normalized element wt %)'

1 2 3 4 5 6 7
Mg - 1.89 2.80 0.48 2.13 3.41 3.74
Al 8.24 12.68 13.85 12.51 13.40 14.94 15.65
Si 45.47 45.16 38.89 51.35 41.83 40.44 40.16
Ca 2.83 1.94 0.58 2.89 0.22 0.29 0.12
Ti 0.36 0.11 - 0.12' - - -
Mn 1.10 6.84 9.61 5.20 8.61 8.87 8.92
Fe 41.89 27.84 30.18 25.99 29.47 28.80 28.15
Ni 0.13 3.54 4.10 1.48 4.35 3.25 3.26

1. Bulk layer after 56 days (Fig. 15a).
2. Bulk layer after 91 days (Fig. 15b).
3. Bulk layer after 278 days (Fig. 15c).
4. Lower portion of leach layer after 91 days.
5. Upper portion of leach layer after 91 days.
6. Lower portion of leach layer after 278 days.
7. Upper portion of leach layer after 278 days.

'The composition of the layers was normalized to 100% of the elements analyzed. Oxygen and sodium were not
analyzed using AEM.

In addition, SIMS has been performed on all samples. These results reinforce the compositional
information provided by solution analysis and EDS. The sputtered area was large with respect to the
features shown in the AEM images. Thus, the depth profile information represents a composite, and
sharp interfaces are not observed. 24 However, the data indicate that lithium is depleted furthest into the
glass, followed by B and Na.
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The glass reaction process can be described by combining the solution and structural data. At 56
days, the amount of glass that must have reacted to give (NL)LA of 3.2 g/m2 is 1.1 pm. However, the layer
thickness is only 0.2 pm. Reaction of the glass is occurring at two fronts. At the interface between the
layer and glass, preferential depletion of Li, B, and Na occurs as the glass becomes hydrated. The glass
must also be reacting at the solution/layer interface where etching of the layer occurs. As the etching
occurs, there is no apparent precipitation of insoluble metals or metal oxides directly onto the layer
surface. Iron, while enriched, is nearly uniformly spread throughout the layer, while Ni and Mn are
noticeably depleted in the layer.

By 91 days, however, evidence for precipitation exists, with smectite eventually covering the entire
surface. The iron-rich "backbone" now marks the condensation of Fe, Ca, and Zr within the layer that
was just beginning to occur at 56 days. Smectite, as it forms from the 56-day layer, excludes Fe, Ca, and
Zr from its structure and incorporates Mn and Ni from solution. Surprisingly, by 91 days, the position of
the surface at 56 days becomes marked by the "backbone," and the glass continues to react by two means:
a partial hydrolysis which releases Li > B > Na (cf. SIMS and solution results), and an etching process of
the partially hydrolyzed glass.

After 278 days, the 56-day structure is completely transformed to two smectite layers formed on
either side of the "backbone." The clay has nearly identical composition and structure on either side of
the "backbone." This finding indicates that the solution composition and precipitation processes
occurring within the main solution component and the near glass solution component are similar. This
suggests that the clay-backbone structure is not impeding transport of material and does not act as a
protective barrier. In fact, clear transport pathways can be observed in the "backbone" structure
(Fig. 15c).

While a reasonably consistent picture of the glass reaction process has been obtained through
278 days, questions remain as to how to extend these types of experimental data to provide input to model
development for long-term glass performance. These include the following. What is the fate of the
reacted layer? Will it remain weakly attached to the reacting glass surface and eventually provide a
barrier to mass transport, or will it spall from the glass surface and be available for transport as colloidal
material? If spallation does occur, how will the glass reaction continue? Will other secondary phases
form as the solution becomes concentrated in leached glass components, thus changing the affinity for
reaction? The answer to these questions is best addressed by performing experiments of longer duration
or under conditions that accelerate the reaction process. Such data are necessary for the eventual
validation of the modeling approach being taken by the YMP.

E. Future Progress

The AEM technique will be applied to those samples generated in the ongoing testing programs.
For sections that have already been prepared (Table 10), which merit further examination based on their
general interest, detailed identification of the layer structure and identification of secondary phases will be
pursued. However, since detailed examination is a time-consuming process, only those samples which
will help meet the near-term program goals will undergo such treatment.
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