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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 storing high-level radioactive waste, Battelle's Columbus Labora-
tories is investigating the long-term performance of materials used for
high-level waste packaging. Experiments for evaluating the glass-
dissolution model are under way, and the procedure developed last
quarter for dispersing RuO2 in MCC 76-68 glass has been tested and
proved to produce appropriate particle concentrations. Acetic and humic
acids have been chosen to test the effect of natural organic acids on
waste-glass performance. In the overpack-corrosion effort, potentio-
dynamic polarization tests indicate that of the 15 chemical species
tested, all but perchlorate and hydrogen may affect stress-corrosion
cracking behavior of carbon steel; several synergistic effects were also
indicated. In siow strain rate studies, specimens tested in 0.0005 M
FeCl13 (a much lower chloride concentration than expected insgroundwater)
exhibited significant cracking over the temperature range 250-315 C.
Pits were found to propagate readily, but slowly, in 1018 carbon steel
exposed to aerated basalt groundwater at 90 C. The general-corrosion
correlation was changed to incorporate a finite rate of film growth.
Integral experiments are being prepared to provide information on
combined-effects processes that may influence the long-term performance
of the waste package.

This report documents investigations performed during the period
October-December 1984.
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1. INTRODUCTION: PROJECT OBJECTIVES ANU APPROACH

The Waste Policy Act of 1982 delegates to the Department of Energy (DOE)
the authority for siting, construction, and operacion 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
describing in detail the proposed repository. The DOE has been directed
to take a mulitiple barrier approach to the isolation of radioactive
wastes with the waste package, the engineered facility, and the natural
geohydrologic features of the site being the major barriers. Since
NRC's compliance assessment requires the technical capability to under-
stand relevant phenomena and processes relating to the long-term per-
formance of the multiple barriers, the NRC's Office of Nuclear Regula-
tory Research (RES) has established this waste-package performance pro-
ram at Battelle's Columbus Laboratories to provide that part of the
nput to the assessment. As an important aid to this understanding,
Battelle is evaluating total system performance which will integrate
separate effects and improve the understanding of the long-term perfor-
mance of waste-package matarials. This will also assist in identifying

and evaluating research needs.

It is generally accepted that after repository closure the dominant
mechanism to cause the release of radionuclides from the repository is
groundwater transport. The generally accepted approach to minimizing
the release is to provide a number of different barriers to the dissolu-
tion 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 selected so that radionuclides will be isolated
for very long 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 accommodate the thermomechanical effects of the emplaced wastes with
a minimum 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-
clently 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
the materials used for the high-level waste package. More specifically,
we are identifying those processes that tend to degrade the performance
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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 the material's future performance. In
addition, 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 paralle) 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-3427, Volume 4, June 1984,
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; some
effort has also been directed toward evaluating spent fuel as a waste
form.

In borosilicate glasses, the glass-forming agents can be expected to be
tailored 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 con-
tainers, they will experience processes that will cause 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 subsequent
reheating in the repository after disposal. Another detrimenta)l effect
is cracking, which could be induced by the effects of radiation on
glass. A study of the radiation effects on glass has revealed 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 Container Materials

The container studies focus on processes that can degrade the metallic
waste-package container. The objective is to collect data on the para-
meters that influence the degradation processes, to identify the con-
trolling parameters, and ultimately to model the degradation processes
that determine the long-term performance of the container. The material
under study is cast low-carbon steel for use in a basalt repository,
which is the material currently favored by DOE.
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The dominant degradation processes that affect the outside of the con-
tainer are general corrosion, stress-corrosion cracking, pitting,
crevice corrosion, hydrogen attack, and mechanical stress. These pro-
cesses 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, radia-
tion 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 1ife must be used to establish the wall thickness.

If 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 model computes the
fluxes of corrosive species to the container 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 being directed to
providing an understanding of the long-term performance of the container
materials, with emphasis on those processes that can lead to poor

performance.
1.1.3 [Integrated System Performance

The waste-package system studies interact with the waste-form studies
and the container-material studies to provide an improved understanding
of the performance of the total waste-package system. The current
emphasis 1s on providing information for a better understanding of the
processes involved in waste-package system degradation. One aspect of
the total system under study is the production of radiolysis products in
the groundwater by gamma radiation from the waste. This 1s of major
importance in modeling the corrosion of the container and in planning
experiments to determine the effects of radiolysis. Our radiolysis
mode) 1s based on existing codes and sets of chemical reactions combined
to provide the best description of exper imental data found in the liter-
ature. The output of the radiolysis model calculations provides input
to the water-chemistry model, which is a fundamental part of the glass-

dissolution mode! and the general-corrosion model.
1-3



The water-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 set included the basic water species,
the species which dominate most natural groundwaters, and certain
species which are assumed to result from the corrosion of iron-based
metallic containers and from the dissolution of borosilicate glass.

Additional species are being incorporated as the model matures. Inputs
to the model include temperature, oxidation potential, volume of water,
and amounts of each of the elements in solution (including those species
from the radiolysis code). The water-chemistry model calculates the
concentration and activity of each of the water species.

1.2 QOverall 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 DOE's proposed 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

tandard. This includes an understanding of the probable physico-
chemical 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 container materials relates to
the required containment period of up to 300 to 1000 years. The con-
tainer performance is expected to be most affected by corrosion and
hydrogen-attack processes. We are providing information on the para-
meters of container-material composition, groundwater composition, and
environmental conditions that are most significant in these processes.
Our studies of cast low-carbon steel in a basalt environment (the con-
tainer material currently favored by DOE) focus 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. Our experimental studies on
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general and localized corrosion, together with our comprehensive
general-corrosion model, will assist in evaluating the corrosion-
allowance approach for the use of steel as a long-life container.

Modeling efforts in the integrated system performance task are contri-
buting significant information 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 deposition and radiolysis
codes are used. The ANISN code* is used to calculate the gamma fluxes
and energy-deposition rates in and near the waste package over the time
after disposal; these have been calculated for commercial high-level
waste and for spent-fuel waste forms. The gamma fluxes and energy-
deposition rates as a function of time are then used in the water-
radiolysis model to calculate the amount and kind of radiolysis products
in the groundwater near the waste package. To determine how these
radiolysis products may affect the performance of the canister and waste
form, it is necessary to determine their chemical activities. These are
calculated by the water-chemistry model. The output from the water-
chemistry modei is the concentration and activity of each chemical
species in the groundwater near the waste package. This information is
used not only as input to the general-corrosion and glass-dissolution
models, but also as a point of reference in directing the experimental

efforts in corrosion and dissolution.

*W. W. Engle, Jr., "A User's Manual for ANISN, A One-Dimensional
Discrete Ordinates Transport Code with Anisotropic Scattering", K-1693,
Oak Ridge Gaseous Diffusion Plant, Oak Ridge, TN (March 1967).
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2. WASTE FORMS

Much of the data needed for verifying the dissolution model was obtained
during this reporting period. The dispersion of RuO» for the crystal-
linity experiment was confirmed, and the previously defined experimental
matrix was completed. An experimental plan to evaluate possible
enhancement of glass corrosion by organic acids found in repositories

was devised during this reporting period.

2.1 Glass-Dissolution Model

In an experiment for evaluating a the glass-dissolution model, specimens
of MCC 76-68 glass, crystalline quartz (a-quartz), and amorphous silica
(a-S102) were exposed to reagent-grade water under MCC-1P conditions.
The exposure time varied between | and 70 days. Because it had been
determined t?gt fxcessive contact between the glass and the water was
undesirable,(2.1) these specimens were in contact with the water only at
the experimental temperature for the specified experimental time. After
treatment, the glass specimens were removed and weighed. The pH of the
leachant was measured, and the leachant was treated with high-purity
NaCO3 to ensure that all silicon was dissolved. The concentration of
monomeric silica in this solution was determined by an ammonium
molybdate colorimetric procedure. The results of the analyses are pre-
sented in Table 2.1 and Figures 2.1-2.3. These represent all the data
for MCC 76-68 glass and part of the data for a-quartz and a-Si0p.

Those data yet to be measured are marked in Table 2.1,

As can be seen in Figure 2.1, the pH change is much greater for MCC
76-68 than for either of the silica references. The pH for MCC 76-68
seems to tend to an equilibrium value of approximately 8.8, while the pH
of the reference specimens tends toward an equilibrium value of around
5.6. The data on weight loss and silicon concentration, shown in
Figures 2.2 and 2.3, respectively, are consistent with these pH data and
with each other. However, neither of these latter graphs show the peak
predicted by the proposed model. The steep slope in these curves
implies that the MCC 76-68 glass is still a long way from equilibrium
and that longer treatment times will be required to prove or disprove

the proposed model.

This experiment will continue for the rest of the program year. The
data missing from Table 2.1 will be obtained in the next quarter, and
longer exposures will be started. Additional specimens will he with-
drawn at two-week intervals starting on the 84th day of the exposure.

2.2 Crystallinity Influences

The objective of this experiment is develop in MCC 76-68 glass two mean
crystal sizes, each at two different volume fractions, so that the
influence of these parametars on waste-form corrosion can be assessed.
The needed crystallinity is to be developed by heat-treating MCC 76-68
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Table 2.1 Partia) results of glass corrosion mode! experiment.

Exposure, MCC 76-68 a-guartz a-$i Blank
Days pi(a)  xaw(®) [sij(c) pu(a) xaw(d) [si)(c) pula) mﬁgz (sij{c) pu(a) (si)(c)
1 8.3 0.0172 9.19 - - e - - o» - .2
3 8.5 0.572 18.77 -- - -- - - - e -,

5 8.7 0.0654 22.41 - - - - -— s i -

8 8.7 0.1044 33.04 (d) (d) (d) (d) (d) (d) (d) (d)

11 8.8 0.1217 38.90 -- - - - - - - v
14 8.9 0.1128 4l.14 (d) (d) (d) (d) (d) (d) (d) {d)
21 9.0 0.1392 46.33 -- -- - -- -- - - >
28 8.9 0.2833 60.50 (d) (d) (d) (d) (d) (d) (d) (d)
35 8.975 0.2550 40.74 -- -- -- -- -- -- - -

42 8.775 0.2319 78.78 5.875 -0.0068 0.89 5.115 -0.0046 1.33 5.425 0.075

56 8.965 0.3174 85.92 5.605 -0.0036 (d) 5.725 0.0000 (d) 5.535 (d)

70 9.067 0.5183 (d) 5.960 0.0000 (d) 5.840 0.0502 (d) 5.521 (d)
(a) Final pH. Assumed initial value for reagent grade water is 5.

(v)
()
(d)

Percent weight change =

Data unavailable at this time.

initial - final

x 100.

initial
Concentration of silicon in solution.
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Figure 2.3. Analyzed concentration of silicon in leachant
after sample exposure to MCC-1P conditions.
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glass at several 1S;erent times, temperatures, and heterogeneous nucle-

ating conditions(2.2). The nucleant, RuOz, is a naturally occuring
insoluble in the MCC 76-68 melt and a component of the waste streams for
which that glass composition has been developed.

Specimens doped at tht ag?ropriate level of Ruoi were prepared by wet
dispersion tecnniques 2.2), After melting at 1150 C, the glasses were
cast into bars and annealed at 450 C. Petrographic thin sections were
paxpared from two bars with concentrations of nucleating particles of
10% and 107 per cc. For reference, a sample of undoped MCC 76-68 was
similarly prepared. Photographs of these thin sections in transmitted
1ight at 400X are presented in Figure 2.4.

“he doped specimens clearly show a concentration of black particles.
Since the only difference between these specimens and the undoped refer-
ence is the addition of Ru0p, those black particles must be dispersed
Ru0p. The micrographs reveal that although some agglomerates remain,
the Ru0y particles, for the most part, are uniformly dispersed. The
features that appear to be "bubbles" are interference patterns produced
by 1ight scattering from the closely packed Ru0p ?grsicles. Therefore,
the doping procedure described in the last reportic- ) does produce the
needed particle concentrations of Ru0p.

Small samples were cut from each of the bars and were treated at the
time and temperature conditions listed in Table 2.2. Coordinates shown
in this table refer to the position of the indicated variables in the
overall experimental design (shown in Figure 2.5). A reference sample
of undoped MCC 76-68 was included at each indicated time. Observations
of their condition are also shown in Table 2.2.

The comments in Table 2.2 represent inferences about crystallinity that
could be drawn from visual inspection of the various specimens. Surface
crystallinity is easily recognized, but bulk crystallinity must be
inferred by changes in contrast between the treated and reference
specimens. The true bulk crystalline condition will be determined by
microscopic examination. The data in Table 2.1 are presented to
indicate the changes induced by the tested variables.

2.3 Organic Acid Experiment

The objective of this experiment is to identify factors that, if opera-
tive in a repository environment, may accelerate glass leaching rates.
Such factors may include components of the physicochemical composition
of the groundwater in contact with the waste package (such as pH, Eh,
and the presence of complexing ions such as F-, C1~, and organic acids),
as well as processes that may affect glass integrity, such as devitrifi-
cation. For third-year and early fourth-year testing we have chosen to
concentrate on the effects of natural organic acids, which are common
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Figure 2.4. Photomicrographs of thin sections of
Ru02-doped MCC 76-68.
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Table 2.2.

Results of crystallinity experiment.

Tog N Crystallinity(b)

Point(a) Coordinates T, C t, hours log (number/cc) Condition SB#'&Te__—ﬁW
1 (0, 0, 0) 700 24 7.5 Slumped L U
2 (-1, -1, -1) 610 12 6.6 Glazed N N
3 (1, -1, -1) 790 12 6.6 F Towed M U
4 (-