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ABSTRACT

As part of the Nuclear Regulatory Commission's requirement to assess the
Department of Energy's application to construct geologic repositories
for high-level radioactive waste, Battelle's Columbus Division is inves-
tigating the long-term performance of materials used for high-level
waste packages. High-level waste glass studies are being concluded and
efforts are being directed toward studying spent-fuel performance. The
effects of devitrification on glass leach rates are being investigated,
and silica dissolution was studied to provide data for the glass
dissolution model. Preliminary data support this model. A glass leach
test using organic acids was conducted, and leaching trends were
observed. Real and simulated spent fuels are being incorporated in
integral tests using simulated groundwater in a prototypic repository
environment. The reactions of groundwater species with steels are being
analyzed to evaluate susceptability to pitting and stress-corrosion
cracking. Potential cracking agents are being investigated by slow
strain rate experiments. General and pitting corrosion models were
further developed, based on known principles of mass transport and
radiolytic production. A simplified groundwater-radiolysis model,
developed for use with the corrosion models, was compared with other
mechanisms for species concentration predictions.

This report documents investigations performed during the period April,
1985 through June, 1985,
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1. INTRODUCTION: PROJECT OBJECTIVES AND APPROACH

The Waste Policy Acc of 1982 delegates to the Department of Energy (DOE)
the authority for siting, construction, and operation of deep-mined geo-
logic repositories for the disposal of high-level waste and spent fuel.
The Nuclear Regulatory Commission (NRC) has the responsibility to regu-
late the activities of DOE to assure that the health and safety of the
repository workers and of the public are adequately protected. Prior to
construction, the DOE will submit a license application to the NRC des-
cribing in detail the proposed repository. The DOE has been directed to
take a muitiple barrier approach to the isolation of radinactive wastes
with the waste package, the engineered facility, and the natural geo-
hydrologic features of the site being the major barriers. Since NRC's
compliance assessment requires the technical capability to understand
relevant phenomena and processes relating to the long-term performance
of the multiple barriers, the NRC's Office of Nuclear Regulatory
Research (RES) has established this waste-package performance program at
Battelle's Columbus Division to provide that part of the input to the
assessment. As an important aid to this understanding, Battelle is
evaluating total system performance by integrating combined-effects pro-
cesses pertaining to the long-term performance of waste-package
materials. This systems approach also serves to identify and evaluate
research needs.

After the repository is closed, the dominant mechanism to cause the
release of radionuciides from the repository is assumed to be ground-
water transport. The generally accepted approach to minimizing the
release is to provide a number of different barriers to the dissolution
and transport of radionuclides by the groundwater. For a deep-mined
repository, the geohydrologic features of the earth itself are expected
to be a major barrier to the release of radionuclides. The repository
site will be seiected so that radionuclides will be isolated for very
Tong times. In addition, engineered features of the repository will act
as a barrier to the release of radionuclides. The repository will be
constructed so as to minimize disturbing the adjacent rock and to accom-
modate the thermomechanical effects of the emplaced wastes with a mini-
mum of degradation to its geohydrologic properties. Upon closure, the
underground openings and shafts to the surface will be backfilled and
sealed to minimize groundwater flow paths.

The waste package--which is the center of this study--will be con-
structed to provide essentially complete containment of the radio-
nuclides through the period of time in which the repository is heated
significantly by decaying fission products. After the container is
eventually breached by some process, the waste form must remain suffi-
ciently resistant to groundwater attack to provide high retention of the
radionuclides and, together with the repository, to control the release
of radionuclides for thousands of years. The objective of our research
is to provide an improved understanding of the long-term performance of
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the materials used for the high-level waste package. More specifically,
we are identifying those processes that tend to degrade the performance
of the waste-package materials, performing experiments to produce data
where data are otherwise lacking on material performance, and analyti-
cally modeling the processes to utilize the data to better understand
how the processes will affect material's future performance. In addi-
tion, we are identifying areas of work that should be performed by DOE
to provide missing data which are beyond the resources of the NRC.

1.1 Individual Program Tasks

The program is being conducted in three parallel efforts: waste-form
studies, container studies, and integrated system performance studies.
A more detailed summary of achievements can be found in the second
annual report for this program (NUREG/CR-2127, Volume 4, July 1985,
Section 1).

1.1.1 Waste Forms

The waste-form studies are aimed at first describing and modeling those
mechanisms that will alter or "age" the waste form during the contain-
ment period, and second, identifying and describing those processes that
will influence waste-form dissolution after it is exposed to ground-
water. The waste-form studies have been largely centered on borosili-
cate glasses for both defense and commercial high-level wastes. How-
ever, effort now is being directed toward evaluating spent fuel as a
waste form. Spent-fuel-water reactions and the leach/dissolution of
spent fuel and cladding will be studied.

In borosilicate glasses, ine glass-forming agents can be selected to
optimize the waste-form properties for each type of high-level waste.
After the waste forms are produced, particularly during the very long
period of time after disposal while sealed in their containers, they
will experience processes that will cause structural changes. One
detrimental effect is devitrification of the glass, which can lead both
to new phases with increased solubility and to cracking of the glass
(which is detrimental because it allows a greater surface area of the
glass to be contacted by the groundwater). A model has been developed
to predict the degree of devitrification that will occur from subseguent
reheating in the repository after disposal. Another detrimental effect
is cracking, which could be induced by the effects of radiation on
glass. A study of the radiation effects on glass has reveaied no new
approach to evaluating this phenomenon experimentally, so we are largely
dependent on the existing literature which indicates that radiation pro-
duces only a small effect on glass performance.

1.1.2 Overpack Corrosion
The overpack corrosion studies focus on processes that can degrade the

metallic waste-package overpack. The objective is to collect data on
the parameters that influence the degradation processes, to identify the
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controlling parameters, and ultimately to mode! the degradation pro-
cesses that determine the long-term performance of the overpack. The
material under study is cast low-carbon steel. This material is
currently favered by DOE for use in a basalt repository.

The dominant degradation processes that affect the outside of the over-
pack are general corrosion, stress-corrosion cracking, pitting, crevice
corrosion, hydrogen attack, and mechanical stress. These processes may
occur individually or in combination. The parameters that affect these
processes include chemical composition and physical state of the steel,
groundwater composition and flow rate, temperature, radiation intensity,
availability of air, lithostatic forces, redox state,
alkalinity/acidity, and availability of hydrogen. These can produce
general corrosion, in which the rate of general corrosion will determine
the necessary wall thickness, or localized corrosion (such as pitting or
crevice corrosion), in which the rate of the localized attack and the
container life must be used to establish the wall thickness.

[f the steel is susceptible to cracking in the expected environment, the
rate of cracking is so rapid relative to required container life that
the corrosion-allowance approach cannot be used to achieve acceptable
performance. What is important is the susceptibility of the metal to
crack initiation. Cracking may result from stress-corrosion cracking or
from reduction in fracture toughness from hydrogen attack. Both of
these processes are under investigation.

In addition, a comprehensive mathematical model is under development for
use in understanding the corrosion processes associated with the waste-
container materials in a repository environment. The mode) computes the
fluxes of corrosive species to the overpack surface, taking into account
the fact that certain corrosive species may be generated by radiolysis,
and also accounts for diffusion and convective flow to transport the
species. The modeling effort is also being applied to pitting attack
and considers three different aspects of the overall pitting process:
pit-initiation kinetics, pit-growth kinetics, and the evolution of the
pit-depth distribution. These analytical efforts are well integrated
with the experimental efforts and are directed to providing an under-
standing of the long-term performance of the overpack materials, with
emphasis on those processes that can lead to poor performance.

1.1.3 Integrated System Performance

The waste-package system studies are an interface between the waste-form
studies and the container-material studies to provide an improved under-
standing of the performance of the total waste-package system., The cur-
rent emphasis is on the processes involved in waste-package system
degradation. One aspect of the total system under 5Tudy is the produc-
tion of radiolysis products in the groundwater by gamma radiation from
the waste. This is of major importance in modeling the corrosion of the
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overpack and in planning experiments to determine the effects of radio-
lysis. Our radiolysis model is based on existing codes and sets of
chemical reactions combined to provide the best description of experi-
mental data found in the literature. The output of the radiolysis model
calculations provides input to the water-chemistry model, which is a
fundamental part of the glass-dissolution model and the general-
corrosion model.

The w>*er-chemistry model which we initially developed for our use with
our glass-dissolution and corrosion models has intentionally been kept
simple. Simplifying assumptions were made and only a limited set of
chemical species was used. This model calculates the concentration and
activity of each of the water species.

Integral tests have been designed and will be performed using spent-fuel
specimens. The tests will use real and simulated spent fuel with flow-
ing simulated groundwater in a prototypic repository environment. These
tests will aid in identifying combined-effects processes that will
affect waste-package performance and will explore the role of the clad-
ding in overall performance as well.

1.2 Qverall Program Objectives

In all the program tasks, the ultimate objective is to develop a base of
information to assist the NRC in evaluating the performance of the waste
package proposed in DOE's license application. A near-term objective is
to provide information to allow the NRC to prepare position papers on
the information required of DOE for evaluation of their waste package.
Of significance here is identifying sensitive parameters affecting the
performance of materials and identifying data requirements.

To achieve the above objectives, the waste-form task is providing infor-
mation to give a better understanding of the release of radionuclides
from the waste form, beginning at the time it is first contacted by
groundwater, through the 10,000-year period defined in the draft EPA
Standard. This includes an understanding of the probable physiochemical
condition of the waste form when it is contacted by groundwater, as well
as the parameters of waste-form composition and environmental conditions
which will cause changes from its state at the time of disposal. In
addition, we are producing experimental data on the parameters that
affect dissolution of the waste form, including composition of the
groundwater and environmental conditions. The waste-form dissolution
process is also being mathematically modeled to allow analysis of the
performance of the waste form under specific input conditions.

The information on the performance of the overpack materials relates to
the required containment period of 300 to 1000 years. Overpack perform-
ance is expected to be most affected by corrosion and hydrogen-attack
processes. We are attempting to provide information on the parameters
of overpack-material composition, groundwater composition, and environ-
mental conditions that are most significant in these processes. Our
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preliminary study of the titanium alloy in brine did not reveal any con-
ditions that would cause general corrosion, pitting, crevice corrosion,
or stress-corrosion cracking to affect the good performance of the
material as claimed in the literature. However, vapor-phase attack was
identified; this could degrade the material and should be more
thoroughly investigated if the DOE selects the material for use.

Our studies of cast low-carbon steel in a basalt environment are cur-
rently fccused on the susceptibility of the metal to stress-corrosion
cracking under repository conditions, because steel is known to fail by
this process in some environments. We are studying the chemical species
and environmental conditions that cause cracking to determine whether
this mode of failure is expected under credible repository conditions.
Qur experimental studies on general and localized corrosion, together
with our comprehensive general-corrosion model, will assist in evaluat-
ing the corrosion-allowance approach for the use of steel as a long-life
container.

Although the develcpment of an integrated waste-package system model is
no longer included in the scope of this project, modeling efforts in the
integrated system-performance task are contributing significant infor-
mation to studies of general corrosion and glass dissolution. These
studies require knowledge of the amount and kind of chemical species
that may be produced by radiolysis of the groundwater near the waste
package as a result of gamma radiation from the enclosed waste. To
obtain this information, energy deposi. ion and radiolysis codes are
used. To determine how these radiolysis products may affect the per-
formance of the canister and waste form, it is necessary to determine
their chemical activities. These are calculated by the water-chemistry
model, using as input data from experiments and from the groundwater-
radiolysis model. The output from the water-chemistry model is the con-
centration and activity of each chemical species in the groundwater near
the waste package. This information is used not only as input to the
gereral-corrosion and glass-dissolution models but also as a point of
reference in directing the experimental efforts in corrosion and disso-
lution. Some effects of radiolysis may be observed in the integral
experiments to be conducted during the fourth year of the program. The
primary objectives of the integral experiments is to identify combined
effects, possibly synergistic in nature, that affect the performance of
the overpack and waste form, and to provide some insight into the role
of cladding in the release of radionuclides from spent fuel.
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2. WASTE FORMS

Glass leaching experimentation is being concluded so that more emphasis
can be given to evaluating the leaching/dissolution behavior of spent
fuel. OQuring the past gquarter, additional data were accumulated on the
giass-dissolution-rate model-verification experiments. A number of
glass samples were devitrified using RuOp nuclei in preparation for an
experiment that is addressing the effect of devitrification on glass
leach rates. A 28-day leach test of MCC 76-68 using solutions of fulvic
and acetic acids was conducted. A significant amount of effort was
devoted to preparing for and attending the 2nd NRC-JAERI (Japanese
Atomic Energy Research Institute) Technical Group Meeting, which was
held in Japan from June 17 to 21, 1985. Most of the work conducted this
reporting period in regards to spent-fuel studies was directed to pre-
paring plans for experiments and designing experimental apparatus.

2.1 Glass Experiments
2.1.1 Glass Dissclution Model Verification

An experiment was designed to verify a numerical mode! for the long-term
dissolution and precipitation behavior of a simulated waste glass in
water. In this on-going experiment, specimens of MCL 76-68 simulated
waste glass are being exposed to distilled-water leachate at 90 C for
durations ranging from 1 to 224 days. As of mid-June, the experiment is
in its 140th day. The experimental procedure used is MCC-1P, which has
been modified to isolate the glass specimen and leachate during cooling.
gsperineniai surface-area-to-volume (SA/V) ratios have been adjusted to
meter-4,

At the conclusion of each experiment, glass specimens are removed and
glass surface layers are examined by scanning electron microscopy and
energy dispersive X-ray (SEM-EDX) analysis for silica-bearing crystals
that have formed in the alteration layer. Leachates are digested in
high-purity NapC03 and then analyzed for silica using an ammonium molyb-
date colorimetric procedure.

This mogel predicts that Si0p is the glass component that controls glass
dissolution and that amorphous silica from the glass dissolves in the
leachate and later reprecipitates in the alteration layer as a crystal-
line phase (such as quartz or a silicate) having a lTower solubility than
amorphous silica. The overall kinetics of the glass dissolution are
therefore determined by the time dependency of the rate constants for
the dissolution and reprecipitation reactions and can be expressed as
follows:

dCc _ kS (2-1)
d

el (C° -C) +K (Co - C)
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where

>
"

Reaction rate constant of the dissolution reaction

K' Reaction rate constant of the precipitation reaction

S = Surface area of glass

Volume of leachate

-
"

Saturation concentration of silica with respect to glass

o
o
"

Saturation concentration of silica with respect to
precipitate

o
o
"

Instantaneous concentration of silica in leachate

o
"

t = Time.

The rate constant of the precipitation reaction, K', may be zero, a con-
stant, or may increase with time, depending on the specific geochemical
processes occurring. Figure 2.1 illustrates the theoretical dependence
of C(t) on the magnitude of K'. I[n our experiment, C(t) is the concen-
tration of dissolved silica in the leachate as a function of time. The
results of the silica analyses through day 140 of the experiment are
plotted in Figure 2.2. This figure shows that, as of day 140, the
silica concentrations in the leachates are steadily increasing and have
not yet approached equilibrium or steady-state values.

The precipitation of secondary silica-bearing crystals in the glass
alteration layers was first observed at day 70. Typical crystals are
shown in Figure 2.3. The crystals appear to be growing from cracks or
other imperfections in the glass surfaces. EDX aralysis shows that the
crystals are composed primarily of zinc silicate, nossibly with small
amounts of sodium. From days 70 to 140, zinc silicate crystal density
has increased with time, as shown for the 84- and 112-day samples in
Figure 2.4.

In conclusion, our experimental observations qualitatively confirm the
numerical model for glass dissolution and reprecipitation; however, data
collected thus far are insufficient to calculate the rate constants in
Equation 2-1. This experiment is currently scheduled to continue
through day 224. It is hoped that the data collected during the later
stages of the experiment will permit quantification of the various rate
constants for the dissolution and reprecipitation of MCC 76-68.
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