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ABSTRACT

The current study is part of an ongoing task to specify tests that may be
used to verify that engineered waste package/repository systems comply with
MRC radionuclide containment and :ontrolled release performaunce objectives.
Work covered to date describes tests for demonstrating that chemical and mech-
anical failure modes in TiCode-12 containers and bhentonite- and zeolite-based
packing materials do not compromise the approximately 1000-year containment
period for these engineered barriers.
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Review of Waste Package Verification Tests

EXECUTIVE SUMMARY

This Biannual Progress Report addresses the testing requirements to
demonstrate compliance with the NRC performance objective in 10 CFR 60 for
radionuclide containment which states that radionuclides should be contained
within the waste package for approximately 1000 years after repository clo-
sure. Both the metal container and packing material systems in the waste
package have the potential to contain radionuclides but a borosilicate glass
waste form itself does not, since it will always have a finite leach rate when
contacted by groundwater. At the present time efforts in this study have
focused on defining those container system and packing material system tests
which may be used to show that each of these components complies with the
1000-year containment requirement. Ia specifying the tests, potential failure
or degradation modes for the waste package components are necessarily
addressed.

The first part of the study addresses the relevant corrosion test re-
quirements for a TiCode-12 container system in order for this component to
comply with the containment criterion after emplacement in salt and basalt
repositories. Corrosion failure modes for this material include uniform and
ritting corrosion, crevice corrosion, stress-corrosion cracking, hydrogen
embrittlement, galvanic corrosion, and selective leaching.

Uniform corrosion is not expected to be a major problem, but its under-
standing as a function of various parameters will help in evaluating other
types of corrosion. Pitting of TiCode-12 has not been observed to date.
Testing for long durations under accelerated corrosion conditions will be
needed to confirm this. Crevice corrosion in brine has only recently been
observed and needs to be studied further under more prototypic conditions.

For stress-corrosion cracking, two broad categories of test are recom-
mended: static and dynamic. Static testing methodologies are outlined in-
cluding the use of smooth-bar, pre-cracked, and residual-stress specimens. In
the dynamic test category, siow-strain-rate and the fatigue-crack-growth-rate
methods are described. Long term testing on the order of years is recommended
for stress-corrosion in TiCode-12 using statically loaded specimens under
expected repository conditions.

Hydrogen from fabrication processes or radiolysis of groundwater can be
seriously detrimental to the TiCode-12 container. Fracture mechanics tests
for the determination of the threshold stress intensity factor Kqy are
necded; other *tests will Le useful to supplement this information under
anticipated elastic-plastic conditions.

Relatively little work has been done on either galvanic corrosion or
selective leaching of titanium and its alloys. It is recommended that long
term testing for these failure modes be carried out.



The two major attributes that a packing material should possess in order
to comply with the containment criterion are: (1) groundwater flow control,
and (2) retardation of radionuclide migration. Experimentally measurable
properties associated with these attributes are evaluated to determine those
that should be included in testing for containment. Available test methods
that provide necessary licensing information are also discussed, and addi-
tional testing and dsta needs are identified. In this work, only two can-
didate packing materials are addressed, bentonite and synthetic zeolites. A
review of the status of packing material testing has resulted in two general
conclusfons: (1) packing material properties and performance have not been
determined under the range of conditions expected in a repository. For this
reason, the available data base is currently insufficient to assure 1000-vear
containment of radionuclides, and (2) although some test methods are available
for quantifying the important packing material attributes, no standard,
generally-accepted methods appear to exist within the technical community.
Some degree of test methodology standardization (e.g., a Materials Characteri-
zation Center-type approach) and interlaboratory data generation and
statistical comparison seem essential.

From a groundwater flow control point of view, the design life of packing
material can be divided into two time periods: (1) the time required to com-
pletely saturate the material and (2) the time for water to migrate through
the backfill after saturation. Because n’ the swelling behavior of bentonite
upon hydration and the complex interdependence of swelling pressure with other
packing material properties, the first time period is a complex function of
clay properties. In order to predict the long term behavior of expandable
clays, more extensive testing is required to address these properties and the
variables upon which they depend. The situation will probably be less
complicated for non-expanding materials such as synthetic zeolites.

After saturation, groundwater flow through a material such as bentonite
will depend on the hydraulic conductivity through the material. Thus, predic-
tion of the long term behavior of fluid motion through saturated bentonite
will require elucidation of the principal mode(s) of transport (Darcian, non-
Darcian, or diffusion), and determination of diffusion rates for radionuclides
and groundwater ions and the functional dependence of hydraulic conductivity
on the hydraulic gradient.

Containment by the packing material will be significantly influenced by
the presence of cracks since they act as fast flow paths for groundwater.
Also, hydrologic erosion and liquefaction of the packing material will compro-
mise its capability to retard radionuclides. These mechanical failure modes
may occur as a result of heating of the packing materials by nuclear decay
heat, either with or without drying, followed by intrusion of groundwater.
Standard test methods for determining the liquid limit, plastic limit, and the
shrinkage factors are briefly dec.ribed and the use of the first two to test
bentonite subjected to wet-dry cycling is discussed. Procedures which have
provided information on the self-sealing properties of bentonite are des-
cribed, and a method which has been used to investigate the ability of the
backfill to slow or prevent the aigration of water between the host geology






1. INTRODUCTION

The NRC Rule for the Disposal of High Level Waste in Geologic Reposi-
tories (10 CFR 60) specifies two main performance objectives for the
englneered system:

a. "The containment of high level waste within the high level waste
package will be substantially complete for a pericd of 1000
years after permanent closure of the geologic repository, or
such other period as may be approved or specified by the
Commission.”

b. "The release rate of any radionuclide following the containment
period shall not exceed one part in 100,000 per year of the
inventory of that radionuclide calculated to be present at
1000 years following permanent closure., or such other fraction
of the inventory as may be approved or specified by the Com-
mission; provided. that this requirement does not apply to
any radionuclide which is released at a rate less than 0.1% of
the calculated tctal annual release at 1000 years following
permanent closure.”

In order to show compliance with these performance objectives the license
applicant will need to provide a data base and analyses to quantify antici-
pated behavior of the waste package/repository system after permanent closure.
This will necessarily involve research and testing programs to evaluate the
likely modes by which engineered system components will degrade or fail by
chemical or mechanical means. Knowledge of the ways in which the engineered
barriers fail will permit estimates to be made regarding the containment
capability of the waste package and the radionuclide release rate from the
engineered system. Below is listed a logical sequence of events leading to
loss of containment and the release of radionuclides:

2. Groundwater enters the engineered repository system

b. Groundwater penetrates the geologic packing material (discrete
backfill)

c. Groundwater penetrates the containment system

d. Groundwater leaches radionuclides from the waste form

e. Radionuclides are transported through the failed container system,
packing material and disturbed host rock to the near field
environment.

Figures 1.1 and 1.2 outline the failure/degradation modes which may occur
during the sequence of events leading to loss of containment and the release
of radionuclides. Chemical (corrosion) and mechanical failure modes are given
for each of the barriers in the engineered system. The ones ultimately found
to be applicable will depend on specific waste package/repository designs,
temperatures, water chemistry and flow rate, design geometries and sizes, and
materials selected, etc.



The objective of the current study i{s to specify the types of test that
may be used to demonstrate compliance with the containment and radionuclide
release performarce objectives for engineered systems. At this time only the
containment criterion is addressed in this report; future activities will
involve the specification of test requirements for demonstrating compliance
with the release criterion.

Figure 1.1 serves as the basis for specifying containment verification
tests for waste package components. Currently, borosilicate glass waste
forms, titanium and Type 304L stainless steel containers, and bentonite- and
zeolite-based packing materials are emphasized for evaluation in basaltic and
salt repositories. Future work will i{+clude low carbon steel, which ls now
likely to be the main DOE container materials and tuff repository environ-
ments. Initially, the tests that will be described for verification of
barrier performance will assume that the individual barriers (containers and
packing material) are designed to meet the approximately 1000-year radionu-
ciide containment requirement. The recommended tests specified to show
compliance will ocutline the test variables to consider and the test meihod-
ology. Where appropriate, tests being developed by the Materials Characteri-
zation Center (MCC) will be evaluated and any limitations specified. Future
research to develop additional testing methodologies will also be given.

In future work in this program, the use of more than one barrier compo-
nent to meet NRC performance objectives will be discussed. This is an impor-
tant consideration since the license applicant may choose to use, for example,
a container/packing material system to meet the approximately 1000-year radio-
nuclide containment time, or a waste form/packing material system to demon-
strate that the release rate is less than 1 part in 103 per year. In such
cases, bicomponent tests will be required in addition to single-component
tests to quantify interaction effects. A recent report by Davis (1982) des-
cribes the demonstration of compliance with NRC engineered barrier performance
objectives through the use of single and multiple waste package components.

Reference
NUREG/CR-2951, BNL-NUREG-51588, "Draft Staff Technical Position, Subtask 1.1:

Waste Package Performance After Repository Closure,” M. S. Davis and
D. G. Schweitzer, Brookhaven National Laboratory, September 1982,
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Figure 1.1 Chemical and mechanical failure/degradation modes affecting containment
of radionuclides by the waste package system.
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2. VASTF FORM TESTING REQUIREMENTS FOR DEMONSTRATION OF COMPLIANCE WITH THE
CONTAINMENT CRITERIONM

Of the three principal waste package components (waste form, contalner,
and packing material) the reference DOE hkorosilicate glass waste form has no
radlonuclide containment capability because of its finite leach rate upon con-
tact with groundwater. On the other hand, the container system and packing
material will prevent radionuclide migratlon until they are compromised by
chemical or me:hanical processes. In the sections below are described tests
which could be used to show that a contalincr or packing material meets the
anproximately 1000-year containment perrormance objective.



3. CONTAINER SYSTEM TESTING REQUIREMENTS FOR DEMONSTRATION OF COMPLIANCE
WITH THE CONTAINMENT CRITERION

Titanium alloys have been identified as possible candidates for high
level nuclear waste package applications in which relatively thin (<2 em)
corrosion-resistant sections are required. At least one of the current con-
ceptual designs for a high level nuclear waste package incorporates a titanium
alloy as part of the overpack structure {AESD-TME-3113, 1981). 1In the present
report, the testing of one of these alloy:, TiCode-12 (ASTM Grade 12),* for
possible modes of corrosion is discussad. The composition of ASTM Grade 12
titanium nominally 0.3% molybdenum and 0.8% nickel, is given in Table 3.1. It
sho.:ld be noted that although TiCode-12 has been a leading candidate material
for the waste package container, other materials such as iow carbon steel are
being considered. Considerations common to all of the tests are presented in
the next two sections, 3.1 and 3.2. Each subsequent section contains a dis~-
cussion specific to a particular corrosion failure mode. The discussion of
each of these corrcsion modes begins with some general introductory remarks
about the testing for that mode. Some examples of testing of titanium or its
alloys for the particular corrosion mode are then given so that the reader may
be given some idea of the -urrent status of such testing; testing of TiCode-12
is emphasized when such information is available. Finally, recommendations
are made for further testing of TiCode-12 for these modes of corrosion in the
context of demonstrating that a container of this material is capable of
containing radionuclides for 1000 years.

Table 3.1 Composition of ASTM Grade 12
titaaium.d

Element Composition, 7%

Nickel 0.6 to 0.9
Molybdenum 0.2 to 0.4
Iron, max. 0.30
Carbon, max. 0.08
Oxygen, max. 0.25
Hydrogen, max. 0.015
Nitrogen, max. 0.03
Residuals (each), max.D 0.1
Residuals (total), max.P 0.4
Titanium remainder

AFrom ASTM (1981b).

DA residual is an eleuent present in a
metal or an alloy in small quantities
inherent to the manufacturing process
but not added intentionally.

*American Society for Testing and Materlals standard specification B265-79.




3.1 Relevant Test Environment Variables

Two kinds of repositories are presently under consideration for this re-
port: (a) a salt repository where the container may come in contact with
brine and (b) a basalt repository where it may come in contact with basaltic
groundwater. Besides this basic difference, there are other variables,
namely, temperature, pH, Eh, composition, and flow rate of the corroding
groundwatecr; radiat{on, and new products generated due co irradiation, which
must be considered in a laboratory test to simulate the field conditions.

Siskind and Hsieh (NUREG/CR-2780, Part 1, 1982) have recently reviewed
near-field conditions for basal: and salt repositories. Their report lists
available information on the ranges of different parameters which are likely
*o influence the life of TiCode-=12. Groundwater chemistry and hydraulic
properties are of concern with the basalt repository, whereas brine inclusion
migration is specific to a salt repository. To ensure compliance of TiCode-12
to the containment criterion, respective corrosion and hydrogen embrittlement
tests should be performed over the anticipated ranges of each of the above
mentioned parameters. This will previde suitable data for extrapolatiou, to
prototypic repository design conditions.

Some of the parameters may influence the corrosion life of TiCode-12 in-
directly. For example, the temperature dependence of the uniform corrosion
rate may be larger in a lower pH solution. Such interactions need to be coa-
sidered to determine overall cecrrosion rates.

The presently available information or either basalt or salt repository
conditions is not complete (NUREG/CR-2780, Part 1, 1982), which means that the
respective testing conditions are also ill defined. The lack of information
is most importantly due to uncertainties in the final design of the high level
waste package itself. For example, relevant repository conditicns will be
vastly different depending on whether a radiation shield is used in the
container system.

Shao and Soo (NUREG/CR-2780, Part 2, 1982) have reviewed available
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