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NOTICE

This report was prepared as an account of work sponsored by
the United States Joverrment., Neither the United States nor the
United States Nuclear Regulatory Commission, nor any of their
employees, nor any of their contractors, subcontractors. or their
employees . makes any warranty, express or implied, or assumes any
legal 1iability or responsibility for the accuracy, completeness
or usefulness of any information. apparatus. product or process
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ABSTRACT

This interim report concerns the development of testing procedures to as-
sess the performance of waste packages to be used for high level waste disposal
in geologic repositories. Single component testing of the waste package is
determined to be a workable strategy for testing and eva'vation in terms of NRC
release rate criteria. An initial literature review has identified key tests
and those variables which must be included in testing procedures to simulate
repository conditions. The range of these conditions remains to be determined
precisely., Methods for leach, corrosion, and sorption testing are reviewed and
initial recommendations made for preferred procedures. A combination of static
and dynamic tests ara needed to evaluate waste package component performance,
Additional research is necessary in certain areas both to establish reliable
testing methods and to define the range of testing variables. Research recom-
mendations are included in the report. Ancillary measurements will be required
to ensure that key tests rigorously assess the durability of waste package com-
ponents under anticipated repository conditions. In particular, radiation ef-
fects in the repository environment must be considered and, where necessary,
simulates during critical testing. Research is recommended to aid in deter-
mining when and how this should be done.
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TEST DEVELOPMENT REVIEW

1. INTRODUCTION

Minimizing the release of radionuclides to the environment is a prime con-
sideration in the design of a high level waste repository. Design emphasis in e
the past was placed on radionuclide containment by the geclogic m?dig The
concept of multiple engineered barriers to radionuclide migration 1, 5 repre=-

5 sents the current approach in considerations of repository design. In a repos-
itory, the "wast2 package" comprises the waste form (containing the radionu-
clides), the surrounding container or canister, the overpack-backfill, and any
other engineered barriers placed around the canister. In order to include
interactions with the immediate surrounding host rock, it is reasonable to
consider that the waste package should also include the adjacent geologic media
to a depth of at least several inches. We alsn assume that waters from the
surrounding environment will contact the waste package after emplacement.

Radionuclide release rate: for the waste package are being considered by
the NRC as tentative operationa: criteria to be met by a proposed package.
These "strawman" criteria at present are:

"The waste package is required to contain the radioactive materials
for 1000 years and as long thereafter as is reasonably achievable...
Beyond that period of time, the engineered system is required to
maintain releases as low as is reasonably ac?igvable but less than
one part in one hundered thousand per year."(l)

A proposed waste package must demonstrate compliance with these criteria before
it can be put into use. Such a demonstration will involve extensive testing and
avaluation.

Sur initial veiws on the testing of the waste package components are based
on two objectives:

1) to identify the types of tests required to evaluate waste package
performance for compliance with NRC proposed criteria;

2) to recommend both specific tests to be used and, where required,
the research needed to develop and implement these tests.

. This study does not consider all types of quality assurance tests which should
be used to characterize the components of the waste package. Only those tests
which directly bear on radionuclide release are considered here.

The scope of this task will be to:

1) Identify the types of tests required. Single component testing of the
waste package components will be considered initially.



2) Define the variables in testir. methods that are needed to obtain
the necessary data for evalua.ion. These include, for example,
environmental parameters, radiation effects, problems of accelerated
testing, and extrapolation of test results.

3) Anticipate and evaluate synergistic ef” «cts of test variables as
well as physical chemical and mechanical interactions between indi-
vidual components of the waste package.

4) Review the state of knowledge concerning the tests identified earlier
and evaluate the existing methodology with respect to the needs identi-
fied in 1 and 2 above.

5) Make recommendations conce=ning specific test methods, and research
necessary to fill tecnnological gaps in test methods and interpretation
identified in 1 and 3 above.

This draft will initiate a review on leach, corrosion, and sorption testing
in terms of methodology and interpretation. Preliminary evaluation and recom-
mendations will be prasented in each section. Section cix begins our evalu-
ation of radiation effects. Recommendations pr ' sd in this draft are prelim-
inary and consist of two types: (1) recommenda. concerning testing strat-
egy and methodologies and (2) research areas where effort should be placed to
fill gaps identified in the state of knowledge. Testing methodology recommenda-
tions are discussed in each section and summarized in the final section. Sec-
tion seven discusses research needed to support testing procedures identified
previously and also summarizes general testing recommendations from the indi-
vidual testing sections.

1.1 References

1. Code of Federal Regulations, 10CFR60, "Disposal of High-Level Radioactive
Wastes in Geologic Reprsitories," (Proposed), Advance notice of proposed
rule making., Availabie from the Nuclear Reuglatory Commission, Washington,
D.Co

2. Interagency Review Group on Nuclear Wast: Management, "Report to the
President by the Interagency Review Group on Nuclear Waste Management,"
TID-28817 (Draft), October, 1978, Available for purchase from National
Technical Information Service, Springfield, VA 22161.



2. GENERAL TESTING CONSIDERATIONS FOR WAST PACKAGE EVALUATION

2.1 Introduction

This section treats general aspects ot testing. Major test areas for the
package components are identified, and the question of selecting variables to
simulate the natural environments of repositories are considered. Interpreta-
tion of the test results is also considered, with emphasis on the problems of
scaling and extrapolation.

2.2 The Waste Package

A schematic of one form of a "waste package" is given in Figure 2.1. At
the center is the waste form, which contains the radioactive waste. This com-
ponent is enclosed in a container around which is placed an overpack consisting
of one or more absorbent materials. The overpack a.d backfill insulate the con-
tainer from direct contact with the walls of the emplacement cavities within the
repository. The final component of the package is the repository host rock.

THE WASTE PACKAGE

£
HOST ROCK OVERPACK-BACKFILL WASTE FORM CONTAINER
SORPTION SORPTION LEACHING CORROSION

Figure 2.1. Schematic diagram of the waste package.



As presently considered, the waste package includes the repositury host rock to
a depth of several inches; but this depth is somewhat arbitrary. The host rock
is included sn that interactions between it and the remainder of the package
will be part of any operational evaluation of package behavior.

The multiple barrier construction of the waste package serves two func-
tions. First, the overpack and container shield the waste form from contact
with water originating from the environment surrounding the package. Second,
should any radionuclides be released from the waste form, these barriers and the
host rock are designed to retard migration of radionuclides beyond the boundary
of the package. :

The various combinations of waste form-container-overpack and host rock

which have been considered are given in Table 2.1. A final selection will be
based on future research and development along with critical testing.

Table 2.1

Waste Package Component Options

Waste Form Container Overpack-Backfill Host Rock
gqlasses copper clays rock salt
calcines lead zeolites granite
ceramics steel exchange resins basalt
SYNROC titanium ground host rock shale
coated particles new alloys cements
cements

matrix forms

2.3 Whole Package Vs. Single Component Testing

The prime concern in testing the waste package is to determine the radio-
nuclide release rate. At present, it is not practical to test entire packages
under simulated repository conditions. Necessary information is lacking on both
repository environmental parameters and on the large number of possible package
combinations. At this time, single component testing offers a more manageable
strategy in that individual component performance can be evaluated relatively
rapidly. After elimination of unsatisfactory materials, in situ repository tes- .
ting under actual field conditions would then be carried out on specific can-
didate packages.

2.4 Multicomponent Testing

Some mechanical and physical tests will require that combinations of com-
ponents be tested together. Mechanical strength and thermal conductivity are




two specific examples where multicomponent testing would be required. In parti-
cular, the mechanical strength of the container-waste form combination under
stress is an important behavioral property since potential fracturing is of con-
cern in repository engineeriny design, as well as radionuclide release.

The same reasoning applies to thermal conductivity measurements. Heat gen=
erated by the radioactive wastes may affect corrosion rates and sorptive behav-
ior in the surrounding components. These tests are considered ancillary to the
main testing areas to be described.

2.5 Single Component Testing

To evaluate package component behavior in termms of the proposed release
rates, those tests which bear directly on radionuclide release or retention are
of principal concern. Figure 2.1 lists the processes which result in release or
retention of radionuclides for each of the package components. For the waste
form, leachability is the prime concern. Other properties are of importance,
but to a lesser degree. For example, the mechanical sirength will determine if
the waste form will fracture or disintegrate easily, thereby exposing more sur-
face area for leaching.

For the container, the most important process is breaching by corrosion.
How fast the container is breached will determine when the waste form is sub-
jected to leaching by waters from the surrounding environment. Movement of re-
leased radionuclides away from the waste form will also be affected by the con-
dition of the corroded container.

The sorptive properties of overpack-backfill and host rock materials will
control retardation of radionuclides which escape the waste form and container
barriers. As in the case of the waste form, other properties will have some
influence in this process. The mechanical strength of the host rock is of some
concern, since fracturing of the media will provide pathways for radionuclide
bearing waters to rapidly escape beyond the package boundary, essentially short
circuiting the sorptive barrier. Here again, the sorptive behavior is the area
of prime concern.

In the final evaluation of the package performance, the "strong link" in
the chain of components will determine the total release rate. For example, a
particular waste form may have a higher leachability than another form, but
still be acceptable for the package, if the other components can be shown to re-
tard the migration of released radionculides to within the required limits. A
conservative approach to package design would require that each of the individ-
ual package components meet or exceed proposed standards. This would assure
that the e~..re package will readily satisfy performance requirements if no det-
rimental interactive effects occur. Such a conservative approach would require
minimum leachability and corrosion rate standards for the waste form and con-
tainers respectively. Overpacks and geological media would have to show high
sorption capacities, and selectivity for particular ions. The limits for these
individual standards would be based on existing and future research.



The disadvantage of single component testing is that synergistic effects
cannot be tested directly. These effects can only be anticipated (see section
2.6.4) and the t st conditions modified accordingly.

2.6 Testing Variables and Interpretation

In our attempt to design testing methods, the two important immediate con-
siderations are the selection of variables to be included, and interpretation of
the resulting data. An ideal test would include all the pertinent variables at
realistic magnitudes and time spans. However, this ideal test may be impos-
sible, or extraordinarily difficult, to develop. For this reason, and for ex-
perimental convenience, leach, corrosior, and sorption tests reported in the
literature were frequently performed with an arbitrarily limited number of vari-
ables. One parameter is varied at a time, often with little concern for simu-
lating expected natural conditions. An examination of the literature in these
test areas will reveal the most important variables to be included in a thorough
testing method.

Interpretation of the test results is a more difficult problem. Test re-
sults should be evaluated in light of the variables used in the testing meth-
ods, as well as the test methods themselves. Interpretation also involves ques-
tions of analytical sensitivities in the measurements, as well as scaling and
extrapolation of the data.? A more thorcugh study of the literature in these
areas is required to deal with these questions.

2.6.1 Variables-Simulating the Natural Environment

1, testing the waste package components, the samples should be subjected
to conditions expected in the repository environment. A survey of the litera-
ture reveals the following areas of concern in this respect.

2.6.1.1 Media Composition

Comparison of test results using a variety of similar generic materials
often show unacceptably wide variations. For example, corrosion study results
(Table 2.2) showed as much as an order of magnitude variation when the liquid
phase was changed from sea water to brine. Another example is given in Table
2.3 which lists sorption coefficient results (K4) obtained for a variety of
soil samples and "generic" groundwaters. The results show that the observed
sorption varies as a function of both the liquid and solid phase compositions.
Numerous other examples can be found where test results are apparently unknown
functions of compositional variables such as pH, redox potential, particle size,
etc.

aScaling involves ?r?diction based ?n increased_sample sizes, namely extending
results from smal aboratory samples to actual field size materials. Extra-

polation is used here to denote predictions based on the extension of test
result trends as a function of time,



Table 2.2(2)
Corrosion Rates of Candidate Alloys in Oxygenated Solutions

(250 O°C and P = 7 MPa, t = 14 days)
(02) = 600 ppm in Brine A and 1750 ppm in Seawater

Brine A Seawater

Alloy (mm/yr) (mm/yr)
1018 Mild Steel 7.0 11.0
Copper | 5% 5.0
Lead 1.2 1.0
90-10 Cupronickel 0.4 0.7
SS-Ebrite 26-1 0.251 -
$S-20C83 0.1 -
Inconel 600 ——— 0.1
Hastelloy C-276 0.06 0.2

Ticode 12 0.0004 0.0006

dpitting and crevice corrosion.
bcrevice corrosion.

Table 2.3(3)

Cesium K4 Values for Seven Glaciofluviatile Sediments
and Various Solutions (pH = 12)4

Solution

Sediments I II 98¢ IV v
1. $Yt 13.41 6.00 1.80 0.85 12.02
2. Gravelly Sand 9.37 3.47 1.37 0.61 7.14
3. Sand 9.06 3.42 1.27 0.58 Tetl
4, Silty Sand 8.11 3.08 1.37 0.73 .68
5. Caliche 10.93 3.70 1.83 2.92 11.30
6. Silty Sand 7.88 2.04 0.93 1.20 7.97
7. Gravel 8.74 2.79 1.14 1.47 9.49

@Data shown was_determined by Serne, 1973, and reported in
RQ%. g. go 3-35. e . y : p : ’




For reliable test results, liquid phases should duplicate the expected
ground waters in the repository environment. Samples of these natural waters
should be used, or simulated groundwaters prepared based on reliable analyti-
cal data. The solid materials should be actual samples not "generic" simula-
tions. The use of "generic" materials should be avoided whenever possible.

2.6.1.2 Flow Rates-Contact Time

Contact time variations will affect the release and subsequent move-
ment of radionuclides from the package. In the repository, groundwaters will
contact the package components for varying times depending on a number of en-
vironmental factors, such as permeability of the host rock, temporal varia-
tions in the thermal field, etc. The cont:ct time, or flow rate, is the most
difficult variable to estimate because it will be controlled by site specifi.
conditions that are not easily predictable. Data from site-specific field tests
may provide information useful for rough predictions of expected hydrologic con-
ditions. Existing testing methods have not included adequate techniques to
gauge this effect.

Test methodologies for leaching, corrosion, and sorption (discussed in
more detail in the succeeding sections) involve static and dynamic procedures.
Static tests maintain continual contact between the same solid and liquid phases
during the duration of the test, while the dynamic tests involve contact with a
continually renewed aqueous phase. A conservative approach to testing would re-
quire both static and dynamic testing to be performed on the package components.
Dynamic tests should use flow rates which span the best available predictions of
in s.tu rates.

An example of the potential effect of flow rate (contact time) on test
results is illustrated in Table 2.4, for the results of a dynamic leaching test
performed on a glass. For two flow rates, the differences in radionuclide ac-
tivity (fractional; released ranged from insignificant (for cesium) to an order
of magnitude (for cerium).

Table 2.4

Dynamic Leach Test Results on ? Melt Glass
Taken from Coles, et al. 4)

Flow Rate Test Duration R x 104 (M-2d-1) - Fractional Release
(mL/day) (days)
Mn Co Cs Ce
185 120 0.41 + .05 .39 +.,04 3 + 1 0.48 +.09

120 .26 .03 ,23 +.03 2.5 +.8 0.07 =,04

i+
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2.6.1.3 Tim

The duration of a test often determines the results observed. For ex-
ample, sorption measurements (Kq) for cesium often show a pronounced time de-
pendency (Table 2.5). Testing must be continued long enough for apparent steady
state conditions to be established. Steady state results are also reguired for
scaling and extrapolation of test results.

Table 2.5

Cesium Sorption Results - K4 vs. ?gntact Time
Taken From Erdal, et al. )

Sorption Test

Duration (days) Sorption Ratio (Kq4,mL/g)
6.75 1320
16.75 1370
27.77 2350
58.77 2740

2.6.1.4 Temperature

As in the case of time, test results may also be a*“ected to a signif-
icant degree by temperature. The temperature in and around the waste package
will vary as some function of the component's thermal conductivities, the waste
loading and decay rate. Consequently, leaching, corrosion, and sorption proces-
ses may take place above ambient repository temperatures. Sorption data listed
in Table 2.6 illustrates the effect of increased temperature on technecium and
cesium behavior.

It should be relatively easy to predict the likely temperature range in
the immediate package environment, given initial waste loadings, thermal conduc-
tivity and heat capacities of the materials. However, it is not possible to
predict at what point in the thermal history of the package it will be subjected
to extensive leaching and corrosion, or at what temperature sorption reactions
will take place. Consequently, testing should be performed at a number of teme
peratures to obtain data which span the best predictive estimates of the in situ
conditions.

2.6.1.5 Radiation

Radiation is known to produce structural damage in a variety of mate-
rials, influence diffusion rates, and cause chemical reactions (radiolysis).
These effects will be discussed in more detail in a later section. For testing
purposes, it must be determined if a radiation field influences the results to a
significant degree. Table 2.7 lists leach data for irradiated and unirradiated



Table 2.6

Technecium ani Cesium Sorption Results a% go OC and 70 OC
Taken From Erdal, et. al.

Sorption Ratio, K4(mL/g)

T rature

b Te Cs
c0 16,2 2740
70 1.06 765

Table 2.7

Comparison of Leach Test Results for Gamma-Irradiated and Unirradiated Samples

(D.I. Water, ~ 90 OC, 209.5 hrs, V/SA R?tio = 10/1
Modified From Rusin, et al.(6

Element

Gamma-Irradiated ’ Unirradiated Gamma=-Irradiated nirradiated

Glass 7668 Glass Supercalcine upercalcine
DIW® (879C) DIW (899C) DIW (899C) DIW (89%C)
5i 40,5¢ 21.0 10.6 2,5
B 7.9 4.6 ied 0.2
P 1 0.1 1 0.05
Al 1 0.1 1 0.1
Ca 4.3 1.0 1.8 0.1
Sr 0.7 0.2 4,1 0.4
Ba 0.7 0.1 3.0 0.6
Mg 0.5 0.05 0.5 0.1
Li 0.5 0.05 0.5 0.05
Na 60 18.5 30 1.9
Cs 1.8 2.4 2.7 1.6
Mo 4.0 2.6 16.6 1.5
Fe 1 0.1 1 0.1
Co 0.1 0.01 0.1 0.1
Ni 0.4 0.01 0.4 0.1

aose ratio was 2.4 x 106 R/hr; total dose was 7.4 x 108 R,
bDeionized water.
CA11 numbers are in ppm.
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glass and supercalcine samples. This data indicates that irradiation causes
differing leach behavior. Another significant question is how radiation effects
can be simulated in testing procedures. The container, overpacks and host rock
will be exposed primarily to gamma radiation while the waste form will also be
exposed to alpha and beta radiation.

2.6.2 Analytical Sensitivities

The degree to which test results can be applied to the repository field
situation depends upon how well the data can be scaled and extrapolated. These
data manipulations in turn are dependent upon the analytical sensitivities of
the test measgremen s. For example, Flynn, et. al. (7) state that leach rates
as Tow as 10~° g/cméday can be measured using a combination of neutron acti-
vation and gamma cognting. They suggest that this limit can be extended to the
range of 10-10 g/cméday by increasing sample size and/or neutron fluence.

These leach rates are orders of magnitude lower than those measurable by otner
analytical techniques. In the case of sorption testing, radionuclides with
either very high or low distribution coefficients will contain small concen=-
trations in the liquid or solid phases respectively. Therefore, sample sizes
and measurement techniques must be adjusted to give maximum analytical sensi-
tivity. Clearly, the analytical methods used for measurements should be as
sensitive as possible in order t7 produce the most useful data.

2.6.3 Scaling and Extr:polation

The questions of scaling and extrapolation are more difficult areas to
address than variable selection or measurement sensitivities. For tests in
which apparent steady state conditions are established for a given set of exper-
imental conditions, it is a relatively simple matter to extend the data as func-
tions of sample size (scaling) or time (extrapolation). However, applying these
predictions directly to the field situation where many variables are operative
is not as straightforward.

Two approaches to the scaling and extrapolation problem can be taken.
The first is empirical in nature. A number of extrapolations can be made using
experimental data sets. For example, leach tests performed as functions of tem-
perature, flow rates, radiation doses, etc., can be individually extrapolated.
These estimates will hopefully span the field situation with high and Tow esti-
mates. A large amount of experimental data exists in the principal testing
areas, and predictions based on the empirical approach can make use of this.

The alternative approach involves examining mechanisms for the leaching,
corrosion, and sorption processes. By determmining fundamental process parame-
ters such as activation energies, diffusion coefficients, and adsorption iso-
therms, predictions can be made on a theoretical basis. For this approach, ex-
isting experimental data require evaluation in tems of the mechanistic infor-
mation that can be obtained from these results. If values for the process para-
meters are shown to be consistent when derived via different sets of experimen-
tal data, the mechanisms operative in these experiments are the same. These
parameters can be used in turn for theoretical predictions. Also, additional
studies required to supply mechanistic information necessary for preaictions can
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be more easily identified. Laboratory testing would still be required to check
the predictions, but the large data base necessary for the emprical approach is
not required.

Relatively little effort has been invested in this approach. This avenue
should be pursued more closely not only as an alternative to the purely empiri-
cal approach, but also as a confirmatory tool for tnese predictions. For ex-
ample, if mechanisms operative in leach tests perforred as functions of tempera-
ture or flow rate are shown to be the same, extrapolation of recults to other
conditions are more reliable.

The large number of generic studies on leaching and sorption behavior
can supply the data base necessary to test scaling and extrapolation methods.
Results from short term leaching studies can be used to predict longer-term be-
havior and then compared against tLhe results of longer duration leaching stud-
ies reported in the literature. In a similar manner, sorption studies using
single mineral species, or generic soil and rock types, can be used to predict
sorptive behavior under different conditions. These predictions can then be
compared against published results for sorption experiments done under these
conditions. Little effort gas been directed along these lines, with the excep-
tion of sorption studies. The extent of these scaling and extrapolation
studies will be Timited because many studies cannot be compared easily due to
differences in experimental design. However, more effort should be directed
into this area to make better use of the generic study results.

2.6.4 Synergistic Effects

Another aspect of testing and interpretation is the possibility of syner-
gistic effects, not only between varicbles, but also between components of the
waste package. For example, container corrosion and waste form leaching will re-
Tease metallic ions to solution, which in turn may be sorbed by the overpack ma-
terial preferentially, relative to the radionuclides . This preferential sorp-
tion would decrease the efficienty of the overpack in retarding radionuclide
migration. In anticipation of this synergistic effect, the sorption test condi-
tions, and their applications, would require the following modifications. The
ions released to solution due to container corrosion and waste form leaching
should also be included in the liquid phases used to measure the overpack sorp-
tion capacity and selectivity. Calcluations to deteimine the thickness of over-
pack material surrounding the container would have to consider the decreased re-
tardation efficiency if sorption studies demonstrate that container corrosion
products produce a significant effect. Another synergistic effect may result
from helium generation in the waste form. Gas generation within the container
may result in stress corrosion behavior.

Small "model" waste packages could be constructed and tested under simu-

lated environmental conditions in an effort to identify any synergistic effects
which may be operative (see research recommendation 7.1.3).
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2.6.5 Summing the Parts

The final product of single component testing is a collection of data un-
ique to each of the components. Corrosion and leach rates are reported
(Table 2.8) as functions of time, while sorption results are only indirectly re-
lated to time. These results must then be combined to produce a release rate
for the total waste package. Here again, more than one approach can be taken.
In each of these approaches, an initial radionuclide loading in the waste form
must be assumed before the data can be evaluated in terms of release rates.

Table 2.8

Units of Measure for Leach Corrosion and Sorption Testing

Component Test Parameter Units
waste form-leaching mass leach rate q/cm? /day
volume leach rate cm/day
fractional leach rate (c:mzhr‘)"1
container corrosion mass corrosion rate g/day
volume corrosion rate cm/day
host rock-overpack sorption coefficient mL/g
sorption (Kq)

The most conservative approach would require that all of the components
pass individual standards high enough to meet or exceed the total package relase
rates. This would require waste form leachabilities to be low enough so that
their release rates satisfy the total package requirements. Containers must re-
sist breaching for a thousand years, and the sorptive capacity of cverpacks and
host rocks must be high enough to contain the entire waste package radionuclide
inventory which must be known. This approacn would assure that the whole pack-
age standards are met, and also avoids the problem of integrating single compo-
nent test results into a whole package release rate. Such an approach may be
excessively demanding however.

The "strong link" approach mentioned ea:r iier (Section 2.5) would allow
one or more of the components to fall below the standards for the whole package.
The waste package would be acceptable as long as at least one component can be
demonstrated to meet, or exceed, the total package release rate. This approach
also avoids the problem of integrating data from component tests into a whole
package release rate.

If the "strong link" approach cannot be used, the integration problem is
unavoidable. In order to safely preaict whole package behavior in this case,
the testing of each component should be more extensive than otherwise necessary.
For example, to integrate sorption results with container failure and leaching
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releases, the adsorption isotherms for overpack and host rock materials must be
well defined, Leach rate data in terms of flow rates and temperature must be
extensive, Also, container breaching by corrosion must determine not only the
time necessary for failure, but also the dimensions of the resulting openings as
a function of time. These openings will control the rate at which water leaches
the waste form, and the rates at which radionuclides migrate into the sorptive
barriers. Sorption calculations must assume a set of conditions for waste form
and container behavior in terms of leaching and corrosion. The difficulty with
these calculations is that the assumed conditions are very difficult to predict
reliably. Various alternative scenarios would be required necessitating an ex-
tensive modeling effort. Modeling the behavior of the whole package based on
experimental data for single component testing also requires an assumed waste
form loading.

The conservative approach would be most desirable to assure compliance
with the NRC criteria. However, if materials cannot be found to satisfy the re-
quirements, more difficult modeling efforts are necessary. Such efforts can be
in{t;aged before all the experimental data is accumulated. (See recommendation
7. . -
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3. LEACH TESTING

In terms of radionuclide release, leachability is a primary concern for
evaluating the performance of candidate waste forms. This section concerns the

methodologies, variables, and test result interpretations involved in leach
testing.

3.1 Test Method Review

In this section, various test methods are reviewed and recommendations made
concerning preferred testing procedures. The largest volume of leach data
reported in the literature concerns glasses, comparatively little work has been
done on other waste forms. A summary pf leach rate d3ta (Fig. 3.1) for most
waste forms has been provided by McElroy and Burns. (1 Very little informa-
tion is published on the leaching hehavior of SYNROC(2) and coated particles,
but their leach resistance is anticipated to be quite high.

3.1.1 Test Methods

Leach tests can be grouped loosely into two classes, either static or dy-
namic tests. Some methodologies contain elements of both static and dynamic
procedures, namely the [AEA leach test and its numerous modific?ggons. Partic-

ularly(ggod summaries of leach test methods are given by Mendel and Flynn,
et al,

T T T T T T T T ]
CALCINES S ?
SUPERCALCINE (SINTERED) ‘
CEMENT E oo ,
ASPHALT '
GLASS: INDUSTRIAL S 3
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Figure 3.1. Comparison of leach rate data for various waste forms(l)



The various leach test procedures are briefly described below.

¢ Static tests - these tests involve leaching in a closed system where con-
tact is maintained between the sample and the same leachant for the duration of
the experiment. Static tests are frequently used as a screening device prior to
more elatorate testing procedures.

o [AEA procedure - this is an essentially static system; however, the
leachant is perzggically replaced giving the test a dynamic aspect. The ori-
ginal procedure has been modified many times in terms of operational as-
pects (sample sizes, leachant replacement intervals, etc.). In one form or
another(3shis is the most widely used leach test, both in this country and
abroad.

o Soxhlet type tests - these are dynamic tests in a closed recirculating
system wherein a continual stream of leachant contacts the sample. Two vari-
ations have been developed.

(1) The classical soxhlet apparatus collects leachant in a resevoir
below the sample which is kept at the boiling point. Water vapor
from the resvoir is condensed and drips over the sample continually.
A modification of this apparatus employs a resevoir to collect the
distillate before it is recirculated over the s?mgle, allowing a
measure of temperature control of the leachant.(?

(2) In the Paige apparatus,(7) an airlift recirculator is used to
cycle the leachant between the reservoir and the sample.

In the first case, the leachant is always distiled water; the leach pro-
ducts concentrate in the reservoir. In the Paige apparatus, the leachant plus
Teach products are recirculated over the sample.

¢ Continuous leaching - these are dynamic procedures of various types. A
large resigyir of leachant is used and either a one-pass circulation system
employed, or @ multi-pass system in which case gxghange columns are put in
line to remove material leached from the samples.(3,9) The leachates are
analyzed directly in the one pass system, whereas in the multipass system, the
leachates are flushed from the exchange columns for analysis. The general char-
acter ?f these tests are similar to the soxhlet type systems, except much larger
in scale.

Most of these procedures involve a compromise between ideal simulations
of natural conditions and experimental convenience. The thermally driven
soxhlet and multi-pass continuous flow procedures, are of necessity restricted
to distilled and deionized water leachants respectively, neither of which simu-
lates natural conditions. The IAEA family of tests also uses pure waters fre-
quently. In the IAEA tests, replacing the leachant solution is an attempt to
simulate flow rate conditions in the natural situation and to accelerate the
test. However, the flow rate simulation is very poor and the "acceleration"
aspect of the test is .,ossible to quantify. Dyiamic procedures, which involve
recirculating leachates [air-1ift (Paige) recirculating soxhlet and multi-pass
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continuous flow procedures] simulate flow conditions more closely, but the accu-
mulated lfgsh products are thought to have an inhibiting effect on further
Teaching.

The single-pass continuous flow procedure(a) appears to have the most
experimental flexibility for allowing realistic simulation of natural condi-
tions. Resevoir waters can be tailored to match any composition expected in the
repository, and flow rates can be as fast or slow, as desired. Temperature,
pressure, and radiation conditions can also be included in the test. This pro=-
cedure is recommended because of these strong points.

A number of proposed waste forms are of the multibarrier type, consisting
of the radionuclide host and "barrier" overcoating and/or matrix phases. In
testing these forms, the same strategy advanced for multi-component waste pack-
ages should be adopted. Namely, it is the penetration of the barrier phases
which is significant, while leaching is expected to be the principal failure
mode of the radioinuclide host phase of these composite waste forms. There is
an interrelationship in that leaching behavior may depend upon the manner in
which the barrier is penetrated. Adequate testing requires that the penetration
modes of the barrier systems be understood. Following this, leach tests should
be performed on the radionuclide host phases. This may require artificially
penetrating the barriers before measuring the leachability.

3.1.2 Standardized Leach Tests

Attempts have been made to establish a standardized leach test,(s»lo)
but the proposed procedures are variation of the IAEA %5 t method. Poor repro-
ducibility has plagued these standa;'dization attempts, probably due to dif-
ficulties in experimental design, materials characterization, and understanding
of the Teaching mechanisms. However, these tests may be of use as screening
devices prior to selecting materials for more extensive testing.

One standard leach test to evaluate candidate waste forms does not appear
feasible, because conditions in the repository can be difficult to predict with
certainty (particularly flow rates, see section 2). Environmental conditions
will also change during the repository 1ifetime making it necessary to perform
tests under a range of condtions for temperature, flow rates, etc. The flow
rate problem is the most difficult variable to simulate. A static test would
approximate the situation where water movement in the waste package is extremely
slow, while dynamic procedures simulate faster flow conditions.

For evaluating waste form performance under the range of expected condi-
tions, we recommended that a static test and a dynamic test be performed. The
single-pass continuous flow procedure appears to be the most useful dynamic
test. Test conditions should span those expected in the repository environment.
The variables to be included in these tests are discussed in the following
section.,

3.2 Variables

The variables which may effect the iec2c. rate behavior of candidate waste
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forms are the same as those already described in section 2. The recommendations
in these catagories are given below.

3.2.1 Media Composition

Leach tests described in the literature use solutions varying in composi-
tion, from deionized water, through "generic groundwaters," to waters recoverd
from specific natural environm..its. The form of the solids leached also varies
from finely ground powders, through small blocks or clyndess of representative
materials, to full size forms used in field tests. Inconsistencies in leachant
compositions and the solid materials make extensive inter-comparisons of pub-
Tished test results very difficult. Without more controlled testing, only gen-
eral comparisons can be made.

Leach rates for 1?$nt1§?1 materials are known to be affected by the com-
positon of the leachant,(:1,12) Leach rates for in?1Vide1 glfmgnts vary in
the same material, and as functions of temperature.(%,8, ,13,14) g light of
these observations, leachants should duplicate waters expected in the reposi-
tory, and samples should be the actual waste form compositions. “Generic"
waters and simulated waste form samples should be avoided whenever possible for
final testing.

For the most reliable results, the waters should also be equilibrated
with the overpack-backfill material prior to contacting the samples. In the
field situation, invading waters must also pass through these materials which
may alter the composition of local groundwaters before they contact the waste
form. By pre-equilibrating the lechants, this effect can be simulated in the
lab. However, this procedure assumes that the overpack-backfill material has
been selected. For initial testing this step may be omitted, but “or final
testing an effort should be made to incorporate this procedure.

3.2.2 Time

Leach data typically show high leach rates for the initial portion of the
test followed by a more gradual decrease, often approaching a constant rate with
time. ?ome f}uctuation in leach rates with time have also been ob-
served, 11,12) and attributed to changes in leaching mechanisms or sample con-
ditions. From studies of leaching behavior in glasses, it is believed that ini-
tial attack is not homogeneous, resulting in differential leaching, controlled
by diffusion processes. Over the long term, the leaching b?hsyior appears to bde
controlled by dissolution of the remaining glass framework.!! Based on
these observations, it is evident that leach tests be sufficiently long to es-
tablish steady state behavior.

Information on the long-term behavior of waste forms other than glass is
not available at present. Such information is necessary before final testing of
the forms can be performed. It is recommended that work be initiated on generic
materials to supply the missing information. These studies must also attempt to
illucidate leaching mechanisms. Once the general mechanisms are known some mea-
sure of assurance can be placed on long term predictions based on extrapolation
of relatively short term laboratory tests.

20




3.2.3 Temperature

Increasad teTYfgature generally increases leach rate,(3,13) but this is
not always the case . It is recommonded that leach tests be performed owver
the range of temperatures expected around the waste package during its lifetime.

Predicting the thermal properties of the waste package requires an ini-
tial assumption of the waste form loading, along with information on the thermal
properties (thermal conductivities, heat capacities) of the form, container,
overpack-backill and host rocks. Generic studies conducted in various areas may
supply intormation useful in formulating these temperature predictions.

3.2.4 Flow Rate - Contact Time

This is the most difficult variable to predict f?g the reasons mentioned
earlier. Single-pass continuous flow leaching of glass ) showed unpredict-
able behavior when flow rates and temperature were varied. No information is
avialable for other waste forms in terms of leachability and flow rate; however,
their behavior should also vary in a similar manner. This aspect requires more
detailed study.

Because of these uncertainties, a static test should be used to estimate
the very low flow situation, and dynamic testing performed to measure the ef-
fects of higher flow. Flow rates for the dynamic testing should cover the range
expected in the repository. This requires some assumptions concerning the waste
package configuration (size, shape, loading, therrial behavior), and site-
srecific hydrologic characteristics around the repository site. Numerous re-
gional geologic studies have been performed which may supply typical geo-
hydrologic data useful for predicting expected flow rates.

3.2.5 Radiation

Radiation is known to produce damage in solids, and radiolysis in lig-
uids, both of which may affect leachability (see section 6). Whether radiation
effects can be simulated or not is still an open gquestion. If radiation effects
cannot be adequately simulated, the candidate waste forms would have to contain
the actual radionuclide loading for reliable testing.

3.3 Test Result Interpretation

Measurements, sensitivities, and the units used to report the data will
govern how the results are interpreted and the limits of extrapolation and
scaling attempts.

3.3.1 Analytical Sensitivities and Units

Leach rate data are reported either as quantities of specific elements
leached (g/cm2 day), or as fractional releases relative to the waste form in-
ventory. The element or elements measured must be unambiguously stated because
leaching is an incongruent process. Fractional release rates are the most
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practical way of reporting data and easiest to use for comparison against
quantitative release criteria rather than release rates.

The release rate data is normalized to the surface arca of the test sam-
ple ang fguigig9§ to describe leaching behavior also contain a su~face to volume
term.(4,15,16, Typically, the geometric surface area is measured, which is
lower than the actual surface area exposed to leachant solutions due to the
microscopic irregularities in the sample surface. Part of the scatter ;n leach ’
rate data may be due to this uncertainty., Various posimetry methods may
be useful for obtaiining more accurate surface area data, rather than using geo-

metric areas in the leach rate calculations. .

In order to compare release rates with the NRC criteria, it will be
necessary to obtain a measure of fractional inventory release. This may be
obtained by multiplying laboratory leach rates by surface to volume ratios
anticipated in the waste form only if the following conditions are met:

1. [t is explicitly shown that the laboratory leach rate
is sensibly independent of test sample surface area.

2. The same measure is used to obtain the surface area in
test sample and waste form.

leads to area independent leach rates. It is shortsighted to assume that the
geometric area will provide such a measure in all cases. Leaching in crystal-
line waste forms could be dominated by grain boundary or dislocation related
effects. Additional research is required to establish the appropriate measure
for a particular waste form. (See recommendation 7.2.3.)

It has been syggested that leach test data be reported in terms
of diffusion coefficients.\2/ This assumes a mechanism which may not be
operative in all cases (for example, ?13§s vs. crystalline waste forms), or may
change during the course of the test. 1 This idea may only be useful for
comparisons of candidate materials of the same type.

|
|
|
|
|
The appropriate measure for surface area is, by definition, that which
|

keach test data often shows wide variations for identical experimental
runs,(3 particularly for glass samples. The most sensitive analytical tech-
niques should be employed in any testing prgcedur along with statistical treat-
ment of the test data. Rates as low as 10°° g/cm g?y can be measured in

the laboratory with gamma counting. Flynn, et al.( report that neutron
activation and gamma counting combined can extend this limit. The accuracy of
measurements however, is greater than the reproducibility of testing rasults.
Inductively coupled plasma (ICP), along with flameless atomic absorption tech-
niques, are also possible analytical methods which may increase analytical sensi-
tivities in situations where leach rates are very low.
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3.3.2 Scaling and Extrapolation

Predic%ive mgdels have been made to scale laboratory results to larger
size samples.(15,16) These mode’ have had only limited success, perhaps
because they assume mechanisms which may not be operative.

Verification studies, using published results, weuld be useful to compare
predicted results based on data from one study, with measured results from an-
other. However, the uncertainty in leaching behavior and differences in the
chosen variables and conditions may make this attempt very difficult or impos-
sible. More effort is required in this area before laboratory results can be
reliably scaled up to actual waste form sizes.

The fabrication process may also result n a full size product which dif-
fers from laboratory size samples in characte tics which may significantly af-
fect leachig behavior. F?r example, large si.. glass waste forms develop stress
cracks during cooling.(20) This increase in exposed surface area may signifi-
cantly affect leaching behavior, however, laboratory size samples cannot guage
this effect. Scaling laboratory results without some means of evaluating this
effect would produce questionable predictions. (See recommendation 7.2.3.)

For leach tests where apparent steady state conditions are established,
it is a relatively simple matter to extend the results as a function of time, as
long as the leach mechanism remains constant. The considerations of test dura-
tion (section 2.6.1.3), scaling and extrapolation (section 2.6.3) would apply.

Extrapolation of the test results also requires assumptions for the ther-
mal history of the package, the behavior of other package components, and flow
rates in the repository before long term release calculations can be attempted.
Several calculations should be made based on a number of assumed values for
these7bounding conditions. Further research in this area is described in sec-
tion 7.

Leaching measurements on waste glasses often indicate incongruent disso-
lution: relative release rates for radionuclides may be substantially lower
than those for sodium or certain glassy matrix materials. The apparent reten-
tion of certain radionuclides in a relatively insoluble structure is encour-
aging; however, we feel that the cons2quences of incongruent dissolution have
not yet been adequately addressed with regard to predicting long term radionuc-
lide release. Taken t2 the limit, this incongruent dissolution process would
result in a situation where the radionuclides are retained in a host phase al-
tered by the selective removal of certain components. In such circumstances, it
would be the properties of the altered phase, rather than the original glass,
which would control radionuclide release. Very little is known about the prop-
erties of the insoluble structures resulting from the incongruent dissolution of
waste glass (radiation damage susceptibility, for example, has never been stud-
ied to our knowledge). Actually, it is commonly anticipated that the incongru-
ent dissolution will persist only up to a point at which time some dynamic bal-
ance is established; thereafter the relative release rates for all elements
would be identical. However, it is not clear whether this would be achieved by
a decrease in the release rate for host elements or an increase in the rate for
radionuclides.
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The observation of incongruent dissolution in waste forms implies that
either the mechanism of leaching must change at some point, or the radionuclide
inventory must be retained in an altered structure if extensive leaching accurs.

Additional research is recommended (section 7.2.2) to determine which case is
important in practice, and to investigate the durability of the altered struc-
ture. [f such information is not obtained, one can not conservatively apply
requlatory criteria to release rates for radionuclides measured in the presence
of incongruent dissolution; the only alternative would be to regulate the re-
lease of the most volatile element in the waste form.

3.3.3 Acceleration

The IAEA procedure (section 3.1.1) and its various modifications are
"accelerated" tests, but the effect is impossible to quantify because of flow
rate uncertainties in the natural situation. Other means of accelerating
leaching (increasing temperature, flow rates, agressiveness of the solution)
also depend on the assuption of a mechanism and its constancy, which may be un-
demonstrable. Long term leaching experiments appear to be a more reliable al-
ternative although time consuming. Durations in excess of a year are commonly
required to determine the long range behavior of waste forms.

3.4 Recommendations

A combination of static and dynamic tests is recommended for reliable
testing of the waste form leachability. Repeated testing would be required to
cover the range of conditions expected in a repository. For example, the ther-
mal behavior of the form will be a function of its loading primarily, as well as
characteristics of the othier package components. Consequently, a series of
leach tests would be required  performed at temperatures which vary from ambient
repnsitory temperatures to slightly in excess of maximum levels. In a similar
fashion, leach tests must be repeated for variation in flow rates and other
variables to span the range of expected environmental conditions.

A survey of the literature reveals that the compositions of both liquid and
solid phases affect leach rate behavior. For the most reliable results, the
composition of the liquids should match that of the local groundwaters. If
possible, they should also be pre-equilibrated with the overpack-backfill mate-
rial before leaching is initiated. The solids should also be of the same compo-
sition as the actual candidate waste form. This implies that the form also
incorporates actual waste loadings. Radioactive isotopes should be used in the
loadings rather than nonradioactive substitutes for the most reliable results.
However, nonradioactive elements may be used if radiation effects are shown to
be insignificant for particular forms, or if radiation effects can be effec-
tively simulated externally. The overwhelming majority of leach tests measure
the release rates of fission products and other relatively short lived radio-
nuclides. Only a small number of relatively recent studies measure the behavior
of the loag lived radionuclides. We recommend that these long half life iso-
topes bhe incorporated into future leach testing since these will be of major
concern in terms of long term behavior of the waste package (see section 2.7,
Task 1 draft report - R. Dayal, P. Soo, and K. Swyler).
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The single-pass continuous leaching procedure appears to be the most real-
istic and flexible dynamic testing method. Liquid compositions can be tailored
to duplicate any expected composition. Flow rates, temperature and radiation
effects can also be incorporated into the experimental design relatively easily.

For static testing, a simple closed system is adequate as long as tempera-
ture and radiation conditions can be included. The same requirements for media
composition described above apply to static testing also.

The duration of the leach tests must be long enough for steady state condi-
tions to be established. These periods may well be in excess of one year, based
on the long term leaching behavior of glasses. Little information is available
concerning the long term leaching behavior of crystalline waste forms, however.
Specifying the required length of a leaching test is not feasible without more
detailed information in this area.

Laboratory leach tests commonly show initial leach rates (over the period
of days to a few weeks) commonly two orders of magnitude higher than longer term
leach rates after steady state conditions are established. Predictions of leach
behavior are based on the steady state rates, however, rather than the higher
initial rates. This is the proper approach for predictions of long term behav-
ior over hundreds of thousands of years. However, after the container is
breached, initial leach behavior may release radionuclides at levels which will
exceed the 10CFR60 release rates for short periods - probably a period of sev-
eral years or less. Such a sudden pulse will be of very short duration relative
to the functional lifetime of the package and pose no serious environmental im-
pact since the fractional release is high for a short time only. The sorptive
barrier may contain the radionuclides released during the initial rapid leaching
of the waste form, but this is a function of the whole package design. If this
is the case, no pulsed release will escape the package. We recommend that the
release rate criteria (either for whole pakage release on waste form leach-
abilities) be structured so that this short term rapid release does not violate
the criteria.

Studies should be initiated on, (1) the long-term leaching behavior of
crystalline waste forms (see research recommendation 7.2.1), (2) analytical
methods for size scaling of test results from laboratory -ize samples to full
size forms and, (3) confirmation studies comparing predicted results from short
duration tests against measured results from long temm tests (see research rec-
ommendations 7.2.2 and 7.2.3).
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4. CORROSION TESTING

Corrosion testing is the principal area of concern in evaluating the per-
formance of potential container materials. The time at which the container ‘s
breached will determine the onset of waste form leaching, and the migration of
radionuclides into the overpack and backfill.

e The container must have several basic requirements in order to meet the
recent "strawman criteria" of near zero release for 1,000 years, as CUrrentSy
propased by the NRC. These requirements were recently reviewed by Scott,
shown schematically in Figure 1 and summarized as follows:

¢ "Size - for spent fuel the containers will be about 5 m in length and 20
¢m in diameter. For regular HLW the length may vary between 3-10 m and 20-30 cm
in diameter.

e Sealing - container must be capable for being filled and sealed remotely.
Sealing will probably be done by welding for metallic containers.

o Compatibility - the container must be compatible with the waste form and
any transmutation products or volatile species which will contact the interior
wall. The outer surface must be compatible with the interim storage environ-
ments and repository environments.
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Figure 4,1. Schematic drawing of the contain
environment in a geologic repository.
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e Temperature - for certain waste forms, such as glass, in-can melting tem-
peratures will be approximately 12009C for short times. Interim storage and
repository temperatures will be much less and will depending on the waste
loading and host rock.

e Mechanical strength and ductility - containers will be subjected to high
thermal loads during in-can melting procedures and during welding. Metallic ma-
terials wil? usually possess ample ductility to accommodate deformation assoc-
jated with these procesces. Impact resistance is a necessary requirement for
transportation accidents. For ceramic containers suitably desicned packaging
around the canisters must be employed to avoid impact failure."

In terms of the proposed release rates, if at least one of these components
can prevent fission product migration from the waste package for the first 1000
years, the criterion will be met. Based on available data, it is anticipated
that the container will be the principal means for meeting the 1000 year nearly
zero release criterion. Lately, various types of waste forms, such as pyrolytic
carbon coated wa?gs also appear capable of meeting this criterion independently
of the container\¢/,

Recent paper"3’4) have indicated that container materials are now avail-
able w?gsh may sa..sfy the 1000 year zero release criteria. Research in
Sweden indicates that either copper or lead can witiistand .~ 2 groundwater
environment in igneocus rock for geriods of a thousand years or more. Results
from tests performed at sandial?) indicate that a titanium alloy (Ticode A
0.3 Fe, 0.8 N, 0.3 Mo, bal. Ti) could withstand attack by some brine snlutions
for 300-600 years.

Corrosion tests performed on these materials were largely laboratory tests
using solutions simulating those expected in a repository. The corrosion de-
tected was generally a uniform attack, so that extrapolation to long times was
readily made. In engineering applications, uniform corrosion is not always the
case. More devastating types of corrosion can occur. Namely, pitting, inter-
granular, crevice or stress corrosion cracking. Because these corrosion modes
are extremely penetrating and propogate rapidly once initiated, they are more
severe. Conditions which could contribute to these types of corrosion may be
stresses due to internal pressure generated by heat from the waste form, stres-
ses from fabrication or transportation, crevices resulting from container manu-
facture or the presence of backfill, pit initiation sites from backfill, support
members, impurities from the intruding water, etc.

To properly evaluate container materials, laboratory and in-situ tests must
be devised to produce any of these severe corrosive conditions likely to be
present in the repository. The test material's compositional homogeneity, sur-
face roughness and cleanliness, as well as their condition of stress and heat
treatment, must be considered since they can seriously effect localized corro-
sion. The corrosive media's chemical composition, temperature, gas content, and
flow rate are a few of the factors which can effect localized corrosion.
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4.1 Test Methods

Corrosion testing of high level waste container materials can be considered
in two categories - laboratory tests, and scale-up or in situ tests,

4,1.1 Laboratory Tests

Laboratory tests are usually performed to select promising materials for
further testing from a large number of candidate materials. In the testing pro-
cedure, attempts are made to simulate normal or extreme environmental conditions
likely to be encountered. The laboratory tests are generally much simpler to
run and the results easier to interpret than in situ tests. These tests can al-
50 be used to examine a great number of variables, at lower cost and in shorter
time frames. Test conditions can also be chosen so that some degree of accel-
a2ration can be attained.

Test specimens may be in the form of rods, tabs or other suitable geome-
try which may represent the potential use of the material, or be in a shape that
will facilitate the evaluation of the corrosion test. Specimens may have their
surfaces carefully polished so that small amounts of corrosion may be readily
detected, as well as structural and chemical anlaysis of the surface facili-
tated. Methods for evaluating specimens are many and largely depend on the type
of corrosion, material or test environment. An ASTM standard { .r corrosion sam-
ple evaluation is rererred to below. A popular method, although not usually the
best, is to weigh the samples and calculate a corrosicun rate. Several assump-
tions are made concerning the type and uniformity of the corrosion taking place.
This method is attractive because the samples are not destroyed and the test can
be continued. The weight change measurements are usually complemented by de-
structive examinations by the optical microscopy, x-ray diffraction, SEM, XES,
etc.

Container materials corrosion tests have been carried out at temperatures
ranging from 259 to 600°C, depending on the design of the overall waste pack-
age. Tests investigating materials at temperatures over 100°C are performed
in stainless steel or nickel alloy autoclaves. Usually the autoclaves have met-
al or teflon liners for protection against the corrosive solution, or to prevent
interaction between the autoclave and the specimens. In some cases, the speci-
mens and corrosive media are encapsulated to prevent the interactions mentioned
above. With proper assembly of specimens, crevice corrosion can also be studied
in autoclave tests.

Typical results obtained from such tests are shown in Table 4,1(5) for
corrosion rates obtained on a variety of materials in three different brine so-
iutions. Crevice and pitting corrosion were detected in these tests.

4,1.1.1 Standardized Test Procedures

One of the problems encountered where laboratory tests are conducted by
several laboratories is the difficulty in comparing results due tn nonuniformity
in materials, test apparatus, and procedures used. Such problem, usually occur
early in a testing program and are not resolved until after great expediture
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Table 4.1

Corrosion Rates of Candidate Alloys in Deoxy?ggated Solutions
(2500C, P = 5 MPa, t = 28 days)\°

Alloy Brine A 8rine B Seawater
(mm/yr) (mm/yr) (mm/yr)
(1018 Mild Steel, 259) 0.03 0.03
(1018 Mild Steel, 70°) 0.07 0.036
1018 Mild Steel 1.7 0.07 0.4
Corten A Steel 0.9 0.05 0.2
2-1/4 Cr-1 Mo Steel 1.00 0.10 0.2
Lead 0.5 0.3 0.3
Copper 0.07 0.05 0.05
Naval Brass 1.0 ———— 1.0
90-10 Cupronickel 0.14 - 0.07
$S-304L 0.018 0.01 0.006
SS-316L 0.015 ——— 0.005
SS=Nitronic 50 0.008 ———— 0.003
$5-20Cb3 0.007 ———— 0.005
SS-Ebrite 26-1 0.016 ———— 0.005
Monel 400 0.03 ———— 0.1
Incoloy 3825 0.006 ———— 0.004
Inconel 600 0.009 0.007 0.005
[nconel 625 0.005 0.001 0.00122
Hastelloy C-276 0.007 —— 0.0015
Zircaloy=2 0.001 - ————
Titanium C.P. 0.014 B 0.012
Ticode 12 0.003 - 0.001

3pitting corrosion.
berevice corrosion,
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in time and funds. There are however, standard test procedures which have been
developed to circumvent this problem. The ASTM has adopted many standards for
corrosion testing, some of which are:

ASTM Gl - Preparing, cleaning, and evaluating corrosion test specimens.

ASTM G3 - Conventions applicable to electrochemical measurements in
corrosion testing,

ASTM G5 - Standard reference method for making potentiostatic and
potentiodynamic anodic polarization measurements.

ASTM G28 - Detecting susceptibility to intergranular attack in wrought
nickel=rich, chromium bearing alloys.

ASTM G30 - Making an using U-bend stress corrosion test specimens.

ASTM G36 - Performing stress corrosi. .racking tests in a boiling
magnesium chloride solution.

ASTM G41 . Determmining cracking suscept Yility of titanium alloys
exposed under stress to a hot salt environment.

ASTM G46 - Examination and evaluation of pitting corrosion.

These specifications are quite complete. For example, a sketch showing
stressed U-Cends (ASTM G30) is shown in Figure 4.”. and the definitions of pit
corrosion types are shown in Figure 4.3, (ASTM G46). Other organizations having
corrosion standards are the National Association of Corrosion Engineers (NAC:)
and the International Atomic Energy Agency (IAEA).

4,1.1.2 Waste Form Container

While there is considerable interest in corrosion of container mate-
rials by the respository environment, tests are also being conducted to g;aluate
the corrosive effect of the waste form on the container during filling,(
Currently, two alternative processes are being considered for incorporating high
level radioactive waste forms into the containers, the continuous melter and the
in-can melter. It is the latter process which presents the more serious corro-
sion problem, since the glass waste form is at higher temperature for a longer
time in the container., A test assembly used to evaluate candidate materials are
shown in Figure 4.4. These tests involve immersing samples of the test mate-
rials in the molten glass. In the coupon test, a ceramic crucible is used to
contain the 3lass and the entire assembly is placed in a furnace. The coupon is
exposed to the glass, air, and to air and wolten glass. Since these all repre-
sent conditions to which the container is exposed examination is made on all
three areas of the coupon. In a "thermocouple test", the container containing
the glass is made of Type 304 stainless steel pipe, and the assembly holding
specimens is again placed in a furnace in air. This test is used to evaluate
the attack of the test materials only at the glass-metal interface. Results
obtained from such tests are shown in Table 4.2.
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Table 4.2

Penetration of Canister Alloys by Pure Frit 211 at 11500¢(5)

Alloy Penetration, Wt. ¥ Test Remarks
mils Cr Condition
Inconel 625 16.9 21 25 hr at
1150°C
Hastelloy X 19.8 22
Inconel €01 19.0 23 Little selective penetra-
tion as found in previous
testD
Incol~y 801 >19.9 20 Specimen completely pene-
trated
Type 310
Stainless Steel 25.2 25
Type 304L
Stainless Steel 25.9 19
Inconel 600 25.9 16
Type 347
Stainless Steel 38.3 18
Hastelloy C-4 110 16 7 hr at 15 wt.% Mo reduces resis-
11500¢a tance to penetration

d4astelloy C-4 exposed to 65 wt.% Frit 21 and 35 wt.% composite sludge (with
uranium).

by. N. Rankin, “Compatability Testing of Vitrified Waste Forms," DP-MS-115
(Rev. 2/15/78), presented at Corrosion '78 Meeting, Houston, TX (March 6-10,
1978).

Tests such as these are quite specific for an application. The corro-
siveness of the glass can be adequately determined if the glass waste form com-
position to be used in the final process is known. The contact time is short,
so that no extrapolation is required and there does not appear o be any scaling
required. These tests do not consider the long term effects of the waste form
con%ainer interaction during storage in a repository. This area also requires
evaluation,

4.1.1.3 Corrosion in Salt

Laboratory tests are also being conducted to study the interaction be-
tween salt from a potential storage location ;garlsbad) and candidate container
materials (carbon steel and stainless steel) Coupons of the materials in
sealed and unsealed capsules are heated in furnaces at temperatures expected
during storage (800C and 2250C). Higher temperatures (600°0C) are used to
accelerate any reactions that may occur. The sealed capsule sample volume is
approximately five cubic centimeters. Corrosive attack on the coupons is
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evaluated by visual appearance and optical microscopic examination. Dimensional
changes of the specimens are measured with a traveling stage microscope. SEM,
x-ray energy spectrometry (XES), and x-ray diffraction are used to analyze sur-
face films on the specimens. Some of the corrosion data obtained in these tests
is shown in Table 4.3. As with the waste form tests described previously, these
tests are for a very specific set of conditions -the salt is from a specific po-
tential storage location. The advantage of such capsule tests is that they are
relatively easy to run and are not too costly, particularly for long term tests.

Table 4.3

Penetration (mils)@ of Candidate Canister A110¥ in
Sealed Capsules with Salt from Carlsbad, NM )

Time (hr) at 600°C

Temp 1000 5000
Material Oc End in Vapor End in Salt End in Vapor End in Salt
80 <2 <2 <2 <2
Type 304L 225 <2 <2 <2 <2
Stainless Steel 600 <2 <2 <2 <2
Low=Carbon 80 <2 <2 <2 <2
Steel 225 <2 <2 <2 <2
(ASTM-A-516) 600 3.3 2.8 20.1 9.3

a
Penetration =

Change in diameter
2

4 1.1.4 Electrochemical and Stress Corrosion Testing

Two other laboratory tests used to evaluate container materials are
electrochemical studies and stress corrosion tests. The electrochemical tests
are valuable in feading to an understanding of the corrosion processes which may
be occurring. To some extent, there has been some standardization of these type
tests in order to obtain better agreement between results obtained in different
laboratories. ASTM G-5 is an example of such a standard. Electrochemical be-
havior of candida%s titanium canister alloy; have been performed by Braithwaite,
et al. at Sandia, )

For many materials, the application of stress to the material in an ag-
gresive environment will lead to early failure. There are several standard
tests used to evaluate the susceptibility of materials to stress corrosion.
These standards have been established by organizations such as ASTM and some of
these specifications for stress corrosion testing have been referred to above,
In most tests, specimens of a particular geometry have a stress applied by
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bending and maintaining the bend with a bolt or spring. The assembly is then
exposed to an appropriate solution in a suitable vessel or autoclave. Stress
corrosion can also be evaluated under slow strain conditions. I[n this case, a
mechanical device which can control the stiain rate is used. Again, the sample
is in a vesse! or autoclave during the test.

Fracture mechanics are studied in much the same manner except the snec-
imen is usually precracked before testing in the corrosive environment. Results
of stress corrosion tests a §racture mechanical .2<*< on container materials
have been recently reported,

4,1.2 Scale-Up and In Situ Tests

Scale-up and in situ tests are most desirable since they represent
testing at conditions cTosest to the field conditions. Normally, these tests
are not performed routinely since they represent a considerable investment of
time and money.

Some in situ testing of con.ainer materials has b?gg done at Oak Ridge
Mational Laboratory and the results recanlty summarized, In these tests,
the specimens were heaters that were placed in a salt mine. Both carbon steel
and stainless steel were evaluated in this manner. Since the laboratory tests
conducted in this program were run under somewhat different conditions than the
in situ tests, it was difficult to determine any scale-up effects.

4,2 Test Variables

The purpose of conducting corrosion tests is to qualify a material which
will contain the waste form for a defined period of time, which is 1000 years in
the NRC strawman criteria. Interactions between the container and the waste
form must be studied, and more importantly, interaction between the container
and the isolation enviornment. In these studies, the conditions of the test
should be governed by the waste form and the repository in which the con*ainer
will be placed.

In a recent publication(5) Braithwaite and Molecke discussed the vari-
ables which can have an effect on container corrosion in a waste repository.
They list some enviornment parameters for various repositories, Table 4.4, and
discuss the effect of these variables as follows:

"TemgeratJrs: Increases in temperagure generally increase the corrosion
rates of metals,®so However, as Shannon® noted for steel in geothermal
brines, the corrosion retardant passivating film formed sometimes becomes more
nrotective as temperature is increased and the observed corrosicn rates

M. H. Uhlig, Corrosion and Corrosion Control, John Wiley and Sone, NY, 1972,
5¢, L. Laque, Marine Corrosion GCauses and Prevention, John 4iley and Sons, NY,
1975.

op. W. Shannon, "The Role of Chemical Components in Geothermal B8rines on Corro-
sion," Paper 57, presented at Corrosion 78, NACE, Houston, TX, March 6-10,
1978.
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Table 4.4

Repository Isolation Environments for High-Level waste(5)

Maximum Lithostatic/
Geologic Formation Interface Hydrostatic
and Was e Type Temperature Pressure Chemistry
Bedded Salt:
Spent fuel 70-100°¢ 18 MPa Dry NaCl
Defense HIW 70-100°C 18 MPa Ory NaCl
Reprocessed HLW 250°¢a 18 MPa Dry 98% NaCl,
with dispersed
1/2% H20
Reprocessed HLW 1500ca 18 MPa With potential
inundation due to
localized intrusion
of NaCl-MgCl,
brir2 or hydrologic
f1ow
Subseabed Sediments:
Reprocessed HLW 200°¢ 55 MPa Seawater saturated
sediments (40%
solids)

Basalt, Shale, Tuff:

Reprocessed HLW 250-300°¢ Atmospheric Air and steam for
about 100 years,
then possibly in-
undated with
ground water

arssumes 37 watts/m? (150 kW/acre) container spacing in repository; does not
include radiolysis effects.

39



decrease. Also, increases in temperature in an open system will cause a deple-
tion in dissolved oxygen in aqueous solutions. This will decrease the corrosion
rate of metals whose rate is controlled by diffusion of oxygen (for example,
1018 mild steel).

Pressure: The restraining pressure which an HLWY canister is subj: cted to
in a waste repository affects the corrosion rate primarily in that it nfluences
the physical state of intruding water and the concentration of dissolvrd gaseous =
species. The lithostatic (rock overburden) pressure, combined with low gas
pereability, in a bedded salt repository or the hydrostatic pressure in the deep
ocean sediment will prevent water vaporization even at high waste temperatures. .
HLW emplaced in hardrock formations will not be exposed to liquid water because
of the lack of a confining pressure. These arguments, of course, depend upon
the sealing and reflux pruperties of the formations.

Solution Chemistry: Waste canisters will be exposed to any thermal decom-
position products of the geologic isolation formation (CO, 50p, etc.) and any
dissolved and gaseous species present (0p, Ny, HC1, Hp, etc.). In gen-
eral, species in solution which increase the oxidizing power of that solution
(0z, H*, H»S, NO3, etc.) will increase the corrosion rate. Hydrogen
ions can also reguie the thickness and therefore the effectiveness of a metal's
passivating layer,* Basic pH conditions can cause caustic stress corrosion
cracking or even rapid dissolution if the metal is ampnoteric.® Choride ion
is potentially the most aggressive of the ions in t.at it promotes localized
passive film breakdown (which leads to pitting), and is a key consituent in
causing stress corrosion cracking of many alloys.® Large concentrations of
chloride can inhibit the corrosion rates of many alloys by salting out dissolved
oxygen and/or by adsorbing and blocking many active surface sites.

Stress: The tensile stress present in the canister wall is one of the as-
sential requirements for stress corrosion cracking in geolegic isolation condi-
tions. For the candidate alloys the environment-specific experimental study
needs to be conducted. For susceptible alloys, the threshold tensile stress de-
pends strongly on temperature, solution composition, and the presence of an
aqueous phase.

Sensitization and Welding: Alloys containing carbon and chromium can be
susceptible to sensitization. For example, sensitization in stainless steels
refers to the thermally induced formation of chromium carbide at or near grain
boundaries. This increases the susceptibility of the alloy to intergranular
attack and intergranular stress corrosion cracking. )5 Welding, becasue of
the high temperatures involved, often leads to sensitization and tensile stress
in welded regions. Stainless steel 304, for example, undergoes sensitization at
temperatures above 400°C.

Radiolysis Products: A study of gampa-radiolysis an hydrolysis in bedded
salt brines was conducted by G. H. Jenks.® The following conclusions can be

41bid.
5Th1d.

8G. H. Jenks, "Radiolysis and Hydrolysis in Salt-Mine-Brines," ORNL-TM=2717,
March 1972,
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drawn from his work: (1) the principal corrodant is HCL which forms from

MgCl, hydrolysis, (2) 2/3 of the MgClp present in the brine can hydolyze to
produce HC1 (only if the HC1 is removed or consumed as it is formed), (3) impor-
tant radiolysis products wil! include small amounts of Hp, 0p, Hp0p, and

0C1=, Chlorates, bromates, and Cl» will not be stable at the high tempera-

ture and pH expected in HLW geologic repositories.”

4.3 Test Specimens and Equipment

Specimens used in the corrosion tests should be rep: 2sentative of the ma-
terials to be used for the containers. That is, the coup.ns should be wrought,
cast, etc., if that is the form to be used in container fabrication, and be
subjected to similar heat treatments and surface finishes. In these tests, the
corrosion rates are expected to be very small, so that it may be necessary to
polish the surfaces in order to detect corrosion in the surface layers. How-
ever, the effect of surface polishing on the measured corrosion rates and pro-
cess should be evaluated. If welds are to be used in container fabrication,
their corrosion resistance must be evaluated because of the significant struc-
tural changes (cast structure, heat affected zone, etc.) produced by welding.

For laboratory testing, conventional speciments can be used. General cor-
rosion, pitting, and crevice corrosion can be determined on specimens of almost
any geometry determined by the test being performed and equipment used. Some
tests such as stress corrosion, fracture mechanics and slow strain rate corro-
sion require specially shaped specimens. Some of these are shown in Figures 4.2
and 4.5. Specimens should always be made in standard shapes and from well char-
acterized materiais (fabrication history, composition, heat treatment, etc.).

Corrosion test apparatus can be glass or metallic vessels containing the
specimen, or autoclaves (for normal or high pressures) which are sometimes mod-
ified to perform special types of tests. The apparatus used is largely governed
by the test temperature and agressiveness of the test enviornment. Whatever ap-
paratus is used, it geometric configuration and construction materials should
not interfere with the corrosion test results. A simple resin flask recommended
for immersion tc<ting in ASTM G31 1is shown in Figure 4.6.

4.4 Test Result Interpretation - Accelerated Tests

Ideally, a corrosion test should be run under in-situ conditions and for as
long as the expected life of the container. Unfortunately, in real life, the
corrosion engineer does not nave this op: ion and must attempt some form of acce-
lerated testing or extrapolation.

Two experimental variations are used to accelerate corrosion testing, name-
ly increasing the temperature or, the corrosiveness of the solution. For ex-
ample, to check the validity of the temperature acceleration, the data should
include a significant number of different temperatures. When plotted, the test
results should give a linear Arrhenius plot. Results deviating from linearity
should be investigated for a possible change in the corrosion mechanism. A
mechanism change with increased temperature would invalidate the acceleration
test. Another method of test acceleration is to increase the corrosiveness of
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the solution. However, interpretation of such tests is very difficult and their
use for extrapolation purposes is questionable.

e
B _‘ _
;J
i e =
n_ =i o ? -—‘

NOTE—The Nask can be used as a versatile and convenent apparatus (o con’ 4 simple immersion tests. Configuration
ollo’mﬂutummumwwammumh" i~ ared oy the specific test being conducted 4
= thermowell. 8 « resin Nask, C = specimans hung on supporting « - wrinlet. £ « heating mantle. F «~ liquid
interface. G « opening in Nask for additional apparatus that may b #d. and H « reflux condenser

Figure 4.6. Typical resin flask (ASTm 331).

Alternatively, it is possible to test materials at the highest anticipated
temperature in the "worst case" corrosive media, and run the testc until the
steady-state corrosion is well defined. Hopefully, the steady-state condition
obtained wi'l reflect anticipated long .erm behavior and produce conservative
performance estimates.

An important consideration in extrapolating corrosion data is the nature of
the corrosive attack. If the corrosion is uniform in nature, the extrapolation
to some finite time is relatively simple. However; in the case of localized at-
tack, such as pitting, crevice corrosion, intergranular or stress corrosion
cracking, extrapolation is extremely difficulat since the initiation time and
penetration rates for these corrosion types are difficult to determine. For ap-
plications such as waste containers, it would be best to select materials which
do rot exhibit these corrosion types or pursue a multibarrier container ap-
proach.
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4,5 Recommendations

For the initial screening of container materials, it would be appropriate
to conduct the corrosion tests in labaoratory experiments. However, it is im=
portant to conduct these tests under close control and with standard test pro-
cedures wherever possible, so that results in different laboratories can be com-
pared. The test materials should be well documented and the test media should
be representative of repository environments. In the laboratory tests, the
material should be subjected to tests which would inidicate its susceptibility
to pitting, crevice, intergranular, or stress corrosion. The test environment
should take into account changes in composition due to replenishment which may
take place in a flooded repository, and the effects of radiation exposure.

In order to qualify as a container . .erial for use in a repository a more
extensive test must he made. The candidate material should be exposed to condi-
tions that are expected to exist in a selected repository. These conditions
should be determined from repository site-specific investigations or from infor-
mation obtained from modeling. (See recommendation 7.1.3.? The former is pre-
ferred. The test should allow synergistic effects to be evaluated. (See recom-
mendation 7.1.1.) Test conditions should have the material under the antici-
pated maximum temperature and stress expected. The selected backfill should be
in contact with the material at the expected pressure and the environment should
be that of the selected repository. Radiation levels and dose rates should be
those expected at the container surface. Container surface area to environment
volume should be scaled and replenishment rates duplicated. A sampling plan
which allows the determination of the steady state corrosion rates, as well as
the nature of the corrosive attack is required also.

The test described above should give adequate confidence in the pe~formance
of the container in the respository. Therefore, the in situ testing should con-
sist of placing retrievable coupons of the container materials in the repository
adjacent to the containers. These coupons would be then retrieved periodically
to monitor the performance of the container.

Corrosion rates, (and thus the useful lifetime of a material) are most
easily de‘ermined for materials which corrode uniformly. It may occur that a
suitable un1:. ™ corroding material may not be developed in the container mater-
ials corrosion program. Materials susceptable to localized corrosion may then
have to be used. One method of using such materials and improving the ability
to predict their 1ife would bz *~ construct the container of multiple layers.
Usually the time to initiate o local pit or crack is much longer than the pene-
tration rate of the pit or crack., Knowing the time it takes for one of these
pits or cracks to penetrate a “hin layer of material, one can better estimate
the life of a container fabricited of materials susceptable to iocalized corro-
sion.
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5. SORPTION TESTING

The sorptive barrier consists of the backfill-overpack material and the host
ruck. Sorption testing is the main area of concern for evaluating the
performance of these package components.

5.1 Test 4ethod Review

In tiis section, sorption test methods ar: reviewed, and preferred methods
recommenred. The parameter used to describe sorption properties is the distri-
bution roefficient (Kq), which is simply the ratio of the activity in the
solid ~hase (Ci/g) to that in the liquid phase (Ci/mL) for the solid-liquid
syste.n under consideration. According to its strict definition, the K4 is a
thermodynamically derived distribution law, valid for single ions at trace level
concentrations under ideal solution behavior. In practice, it is extremely dif-
ficult to determine a strictly valid K4, and such a result has dubious value
for predictions of non-ideal real system behavior. "Apparent" distribution
coefficients are actually measured experimentally and commonly referred to as
K4q numbers. Often the symbol Rq is used to avoid equilibrium connotations
for the experimentally derived distribution coefficients. An excelient col-
lection of recent work concerning sorption studies is compiled in reference 1.

5.1.1 Test Methods

Sorption tests are either static or dynamic in nature. The various pro-
cedures are outlined below.

e “.tch tests - these static tests are the most widely used procedures
12.gely due to their relative simplicity. Solids and spiked liquid phases are
contacted in a closed system. Contact times are either arbitrarily selected, or
based on the establishment of steady state conditions. The choice of 1liquid
phase composition and solid phase form (powders, chips, or pellets) is made to
simulate expected natural envirorments. Sorption during flow through porous
media is simulated by using powdered solids. Chips or pellets of the solids are
used to mimic sorption on fracture surfaces in hydrologic regimes dominated by
fracture flow.

e Column tests - these dynamic tests involve percolating a spiked liquid
phase through a column of either compacted granular material or unaltered mate-
rial (rock or soil cores). The spike is applied either directly to the top of
the column before liquid is percolated through (analagous to "spotting" samples
for chromatographic analysis), or by spiking the liquid reservoir itself. In
the first case, the apparatus functions as a chromatographic column, while in
the second case, the percolating liquid maintains a constant radionuclide con-
centration entering the column. Breakthrough of the radionu?lig?s in the column
effluent is most frequently determined, but in some studies, 2,3) the distri-
bution of radionuclides in the cores is examined after the test is completed.
The column offers the most realistic means of simulating field conditions for
natural materials, if liquid phase compositions and solids can be chosen ade-
quately. The use of homogenized, repacked solids in the column to simulate flow
through lithified materials negates this aim, but has been used to avoid the
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technical difficulties of using undisturbed material, and to simplify the exper-
imental procedure. When the permeabilities of the undisturbed materials are
exceedingly low, the use of high pressure heads is questionable in many situ-
ations, leaving little alternative except repacked columns. For studies
involving the overpack-backfill material repacked columns are required.

¢ Soil chromatographic tests(?) - In these procedures a slurry of pow-
dered solids is allowed to dry in a grooved surface. Spiked solutions are con-
tacted with one end of the sorber "column." Under the influence of capillary
draw, the solution migrates along the column. The solid and 1iquid phases are
analysed at the conclusion of the experiment. DOue to the rather drastic alter-
ation of the solids, results of these tests are questionable and of little wide-
spread application. This procedure may be of some use in measuring sorptive
properties of :0lid material under field conditions in the unsaturated zone. No
studies comparing field observations and experimental iesults have been reported
in the iiterature.

e Axial filtration(5) - this is a variation of the flow through column
test. The procedure involves centrifugationr of a slurry and filtration of the
1iquid phase during rotation. As the test proceeds, the radionuclide content of
the filtrate is monitored until steady state concentrations are established.
Experimental conditions used in this procedure appear very unrealistic and dif-
ficult to interpret at best. Little work has been done to compare this proce-
dure with other sorption tests.

The column test appears to be the most flexible in terms of simulating
natural conditions. Liquid phases can be tailored to match those expected in
the repository and flow rates can be as fast or slow as desired. Temperature,
pressure, and radiation fields can aiso be included in these tests. "Chromato-
graphic" column experiments appear to be unrealistic because once the container
is breached, radionuclides escaping from the inner package components will do so
at relatively constant concentrations depending on the leach rate of the waste
form. A large, sudden input of radionuclides into the sorptive barrier appears
unreasonable. For column tests of the overpack-backfill material, spiking the
reservoir to maintain a constant radionuclide concentration for the inflowing
water would be more realistic. Columns of packed granular material simulate
flow through the relatively porous overpack-backfill, while columns consisting
of rock cores (either fractured or unfractured material) simulate flow through
the host rock. Columns containing fractured rock samples can be used to cimu-
late flow through fractured host rocks, however this situation should be avoided
in the repository by proper site selection. The column test is recommenrded
because of these strong points.

Static tests would also be recommended to completely cover the range of
environmental conditions possible in the respository. A batch test using pow-
dered material would simulate a very low flow rate situation in the overpack-
backfill. Using chips or pellets of the host rock in a batch test would simu-
late low flow rates in a fracture flow regime. Both static and dynamic testing
are recommended to test candidate materials over the range of conditions
possible in a repository.
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5.1.2 Standardized Tests

Efforts are in progress to ?asabl1sh standardized batch tests. Reference
materials have been characterif$g, and interlaboratory comparisons of
experimental results compiled. No attempts have been made to standardize
column testing. In order to obtain data to properly evaluate the components in
the sorptive barrier, testing will require conditions which closely simulate
those in the repository. A rigid standardized testing procedure can be contrary
to these goals and should be avoided.

A data bank accumulasion of sorption data is being established(8) and
predictive models tested, Inmmarmation in this data bank is largely come
posed of generic studies upon whici the modeling equations are based. Few
sorption studies include all the per*inent variables which may affect the ob-
served results, therefore the potentia]l of the data cannot be fully realized.
However, this information should be us>ful in narrowing the list of candidate
host rocks, overpack and backfill materials, as well as determining the vari-
ables most important for predicting the sorptive behavior. For final s..ec-
tions, site-specific studies will be needed.

5.2 Variables
The variables which may effect sorptive behavior of candidate materials are |
those described in section 2. The recommendations in these areas are given
bel ow. |
|

5.2.1 Media Composition

Numerous studies have shown sorption to be dependent on chemical vari-
ables in the liquid phase (pH, redox potential, dissolved species concentra-
tions, etc.), as well as variations in compositions, particle size, surface
are?I ?tc., of the solid components. Reference 1 and the summary by Ames and
Rail10) contain the results of numerous studies which illustrate this.

Both the solid and solid phases must be well characterized in terms of
parameters thought to influence sorptive behavior. The liquid phase should be
analyzed in terms of major anions and cations, pH, Eh, and dissolved silica.
Highly charged ions present at low concentrations may significantly alter sorp-
tive properties and should be included in the descriptive data, as well as the
concentrations of naturally occurring carrier ions,2 Analysis of the liquid
phase after the completion of so~ption experiments would also aid in inter
preting the results, but this is not as essential as the initial characteriza-
tion. The solid phases also require extensive characterization. For the
solids, the most important supporting data ircludes particle size distribution,
surface area,® exchange capacity (cation and anion) and selectivity, as well

2No specific methods are recommended for these determinations. Numerous
standard procedures appear adequate for this purpose.
bFor layifls{};cate minerals (clays), a surface area procedure using organic
’

sorbers is recommended so that inter-layer, as well as external sur-
face area can be measured in these minerals.



as qualitative and quantitative mineralogy which must include amorphous and
crystalline components. The recommended characterization data is listed in
Table 5.1.

Table 5.1

Characterization Data Required to Supplement Sorption ngs Results
[Modified Fraom Hostetter, Serne, and Brandstetteri\®/]

Liquid Phase Solid Phase

Major Cations Cation Exchange Properties
(capacity and selectivity)
Major Anions
Surface Area
Minor lonic Species
(strongly sorbing species Particle Size Distribution
and carrier species)

Porosity
Pore Water Si02

Permeability
Eh

Hydraulic Conductivity
pH

Quantitative Mineralogy
(crystalline ind amorphous compounds)

Every effort should be made to use liquid phases identical to those ex-
pected in the repository. For the solid phases, the material should be the same
composition and form as that to be used in the repository. For best results,
site-specific sarples of the host rock should be used. Generic materials are to
be avoided whenever .ossible.

5.2.2 Contact Time

Contact time is the most difficult experimental variable to match with
expected repository conditions,as mentioned earlier (section 2.6.1.3). Static
tests would simulate very low flow situations, and dynamic testing would simu-
late the higher flow rate situations. A series of experiments should span the
expected range to provide the necessary data for evaluation.

Because sorption is not an instantaneous process, the sorptive behavior
of some elements, notably cesium (see Table 2.5), show a strong time dependence
which must be known before test results can be interpreted properiy. For a
mined repository in crystalline rock, the water flow around the waste package
will probably be quite slow. Therefore, the duration of a static test should be
long enough for steady state conditions to be established. Fluw rates for dy-
nzmic testing should be low also.
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5.2.3 Temperature

Sorption has been shown to be influenced by temnerature (see section
2.6.1.4). Testing should be performed at temperatures which cover the range of
those expected in the repository.

5.2.4 Radiation

Little effort has been expended to measure the effects of radi?g;on on
sorptive behavior. Radiation can produce structural damage in solids and
radiolysis products, which may affect sorptive behavior (see section 6 for more
information). With the exception of rock salt, little is know? gb?gs radiation
damage in gecmedia. Some structural damage has been observed, 13- but the
effects on sorption behavior remain to be determined. This area requires much
more study before ‘adiation effects on sorptive behavior can be assessed.

5.3 Test Results and Interpretation

Interpreting sorption test results is more involved than interpreting leach
and corrosion results because sorption is a reversible process. Ions sorbed on
surfaces can be desorbed with changes in the aqueous phase composition, either
easily ("reversibly sorbed" ions), or with difficulty ("fixed" ions). For
interpretive purposes, the desorption behavior of ions must also be known.
Desorption experiments are done by the same procedures outlined previou?lx,
simply by changing the liquid phase composition and repeating the test..l
Any number of aqueous phase changes can be used depending on the scenario to be
simulated. Desorption experiments are recommended to compliment the sorption
stuuaies.

5.3.1 Analytical Sensitivities

For elements with very large or very small K4 numbers, only small
amounts of activity will be in the liquid or solid phases respectively. There-
fore, analytical sensitivities must be high, and sample sizes adjusted accord-
ingly for best results.

5.3.2 Scaling and Extrapolaticn

Sorption data (K4 numbers) are directly applicable to the field situ-
ation if no significant variation in K4 is found for variations in solid/
liquid ratios in bat~h tests, and porosity variations in column tests. This
also assumes complete testing so that the data reflect the effects of all the
environmental variables over the ranges expected in the repository.

Extrapolations with time require that desorption data be obtained so that
predictions can be made for a variety of scenarios. Sorption data for particu-
lar elements as a function of time are also required for predictive purposes.
For this reason also, sorption testing should be sufficient duration for steady
state conditions to be established.

51



To determine the efficiency of the sorptive barrier, additional informa-
tion is required describing the physical characteristics of the nost rock, over-
pack and backfill configuration in the repository. Assuming water saturation
and a given flow rate, the effective porosity, hydraulic conductivity and per-
meability of the sorptive barrier components must be known (Table 5.1). Assuming
a given radionuclide release from the inner package components, the thickness of
the sorptive barrier required to confine the radionuclides can then be calcu-
lated. The scenario described above also assumes porous flow hydrology. If
fractures are present in the sorptive barrier components, radionuclide migration
through the barrier would be greatly enhanced. This situation should be avoided
whenever possible.

5.3.3 Acceleration

[t does not appear feasible to accelerate sorption testing and obtain
valid data. However, the time frames required tc achieve steady-states in labo-
ratory experiments are not so excessive as to be impracticable.

5.4 Recommendations

A combination of column and batch tests are recommended for sorption
testing. The materials used, and experimeatal conditions, should duplicate
those expected in the repository as closely as possible. To span the range of
environmental conditions likely to be encountered, multiple testing of the can-
didate materials will be required. For example, tests must be repeated for a
number of temperatures to determine sorptive behavior during the thermal history
of the repository. For predictive purposes, desorption, as weli as sorption
tests are required, and the sorption behavior must b2 known as a function of
concentration of the specific ions of concern, other chemical variables such as
pH, Eh and other species concentrations, and surface area. Not only the sorp-
tion capacity, but the selectivity of the barrier components must be determined.
Analysis of the liquid phases after contact with the solids may be helpful for
predictive purposes.

For dynamic sorption tests, columns of the candidate host rock may be ei-
ther fractured or unfractured depending upon the situation to be simulated.
Columns made from ground repacked material are suited only for testing of the
overpack-backfill material. The material used in the repacked columns should be
the same form (particle size distribution, surface area, etc.) as that to be
used in the repository, and the liquids should duplicate the expected composi-
tion of intruding waters as closely as possible. "Chromatographic" column tests
(section 5.1.1) are not appropriate for either host rock or overpack-backfill
testing, unless the technical difficulties of working with radionuclide bearing
solutions cannot be overcome. The water entering test columns should have a
constant radionuclide concentration rather than the sudden large concentration
used in chromatographic procedure.

Radionuclide breakthrough in the column effluent should be measured not
only as a function of initial radionuclide concentration in solution, but also
other chemical variables such as Eh and pH (see Table 5.1). The sorptive capac-
ity of the barrier components must also be determined in order to evaluate its
ability to hold the waste form radionuclide inventory. Following the conclusion
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of sorption and desorption testing, the distribution of radionuclides on the
column should be examined. Either autoradiography or detailed analysis of the
column material may be used,

Satch tests can De used to simulate low water flow rates, or essentially
stagnant conditions, around the waste package. Pellets or slabs of the host
rock and actual samples of the overpack-backfill should be used in the tests.
The duration of batch tests should be sufficiently long for steady-state condi-
tions to be established. As in the case of column tests, the sorptive capacity
and selectivity must be determined as functions of radionuclide concentration
and other chemical variables so that the test data is sufficiently complete for
predictive purposes. Recommended research areas dealing with the sorption
testing of candidate overpack-backfills and host rocks, as well as radiation ef-
fects on sorption behavior are described in section 7.
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6. RADIATION EFFECTS

6.1 Introduction

An important part of the present task is to establish realistic conditions
for waste package component testing. The literature clearly indicates that ra-
diation effects must be considered when formulating test conditions. What is
less evident is how and when the radiation conditions anticipated in a repos-
itory should be simulated. This question merits immediate and systematic con-
sideration - not only because of synergistic effects, but because of the addi-
tional operational complexities resulting where tests in a radiation environment
are required.

In this section, we first describe the radiation conditions expected to
exist in waste repositories, and the general effects which may result in the
waste package components. The potential impact of these effects on leach, cor-
rosion, and sorption testing is then discussed. At this point, certain prelimi-
nary conclusions concerning testing and interpretation can be drawn, and several
questions defined. These are presented in the last section.

6.2 Radiation Environment in the Waste Package

Within the waste package, the radiation environment will vary with both
space and time. Fission fragments in high level waste forms will decay pri-
marily by beta-emmission, producing energetic electrons and gamma rays. These
decays will account for most of the heat and radiocactivity generated initially
within the waste form.(1l) However, the lifetimes for beta-decay are for the
most part relatively short: substantial gamma ray, energetic electron and ther-
mal fluxes within the waste package will largely be confined to the first sev-
eral hundred years after burial.

Energetic electrons generated in fission fragment decay will be largely
restricted to the immediata vicinity of the waste form - the range in typical
materials is a few millimeters or less. Gamma-rays, on the other hand, are
vastly more penetrating. All the components of a high level waste Backage may
be subjected to a considerable gamma dose. Values on the order %gl rad have
been estimated for material immgdiate]y ?gsrounding wasteforms. ( Initial
dose rates may be as high as 10° rad/hr,

Unlike the situation for fission fragments, radiation effects due to trans-
uranic (TRU) elements will be almost entirely confined within a single waste
package component - the waste form. The important decay mode here is alpha par-
ticle emission., While other radiations are produced in the decay chains, the
emitted alpha particle and recoil nucleus will produce most of the radiation
damage. These particles interact quite strongly with matter, and the primary
damage ranges are extremely small - typically a few hundred angstroms for recoil
nuclei. Consequently, barring actual migration of the radionuclides, the pri-
mary damage from alpha decay will be restricted to the immediate vicinity of the
waste form,
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Both alpha and beta decay result in atomic transmutations. The decay prod-
ucts can be auite diffarent chemicsély from the parent radionuclide. For ex-
ample when Wsr is transmitted to 0z2r by successive beta decays, the val-
ence increases by + 2 and the ionic radius decreases by 38 percent. Such
changes can defect the stability of the radionuclide host phase. Atomic trans-
mutations should be considered as part of the radiation environment.

Alpha decay in TRU elements is an inherently long lived process, typically
involving a number of intermediate species. Alpha decays will continue to ac-
cumulate waste forms for many thousands of years after the thermal and beta-
gamma fluxes from cesium fragments have decayed. There is, however, a prompt
component to the alpha-decay dose. Under typical conditions, roughly 5 percent
of the million year alpha decay dose is produced during the first one hundred
years, During this time, the beta-gamma dose from the decay of fission frag-
ments will have reached 90 percent of its ultimate value. Comparative behasior
for fission fragments and TRU decay in typical cases is illustrated in Table
6.1. It is evident that substantially different time scales should be used when
considering the effects of beta/gamma irradiation and those of alpha decays.

Table 6.1
Build Up of Radiation Dose in Waste Glass

Time Since Cumulative a=Dose Cumulative g-Dose From
Vitrification (a/q) x 10-17 Fission Fragments
(Years) (8/q)°
2 1.1 3.8 x 10!7
3 1.9 1.09 x 1018
10 2.5 1.75 x 1018
102 7.1 7.7 x 1018
103 14,6 8.5 x 1018
104 29,5 8.5 x 1018
105 61.3 3.5 x 1018
106 19.5 8.5 x 1018

dpata from ref, 1.
Estimated from ref. 3.

6.3 Radiation Effects in the Waste Package

In th~ radiation environment described above, effects may occur which have
a direct bearing on testing. In considering these, it is useful to draw a dis-
tinction between the ways in which gamma rays, electrons and heavy particles
interact with matter.
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Gamma rays lose energy in matter mainly by producing energetic electrons.,
Occassionally, these may cause atomic displacements by elastic coliision, Far
more frequently, however, the energetic electrons displace other electrons -
chemical bonds may be ruptured, valeace states modified, etc. These processes
can be vinwed as radiochemical or ionization effects fundamentally involving
some kind of charge transfer. With certain notable exceptions, ionization is
not very ?sfgcg;ve in displacing atoms in solids of the type considered for HLW
packages,\%2,9.

Energetic 2lectrons (beta particles) resulting directly from beta decay ine
teract with matter in the same way as the compton or photoelectrons due to gamma
1rrad1?§;on. Again, for most solids, the principal effect is ionization; Hall,
et al, have estimated that in a waste glass only about one atom is
displaced for every eight beta particles emitted.

Atomic displacements, however, are readily provided by elastic collisions
in internal alpha df??" The heavy recoil nucleus in particular can displace
roughly 2000 atoms. The number of atomic displacements produced in typical
waste forms by internal alpha decay is estimated to be at least 100 times
greater thal due to other mechanisms. Helium is also formed when alpha
particles are stopped in matter. When large numbers of stable displaced atoms
are produced, the bulk physical properties of materials are altered, resulting
in swel'ing, embrittlement, metamictization, etc. When the displaced atoms are
produced by elastic collisions, the process is known as displacement damage.
Both the radiation environment and the anticipated effects will be different for
dif;eren; components of the waste package. The general situation is depicted in
Table 6.2.

6.4 Radiation Effects in Leach Testing

Leach testing applies primarily to the waste fomm. The radiation environ-
ment and those effects which must be considered are indicated in Table 6.2.

6.4.1 Displacement Damage in the Waste Form

Displacement damage can cause compaction of glasses, an? mgtam]ctization
of minerals, possibly accompanied by swelling and gas buildup.(3,8-10) sych
effects may modify leach rates; a n?mbfr ?; evaluations have been carried out
for specific waste form candidates.(ls11-17) The time scale for displacement
damage due to alpha decays is long enough so that laboratory evaluation commonly
involves drastically accelerated testing-displacement doses which would accumu-
late over thousands of years in the repository environment are administered in a
few years. Methods which have been employed to simulate internal alpha decay in
waste forms include:

o Doping with short-lived alpha-emitters such as 244,242¢n 238py,
ang 2 lAm.?1.1?-§53 .

o Internal fission.(7)

e Neutron bombardment.(7,16,17)



Table 6.2

Radiation Conditions in the Waste Package?

Waste Package Radiation Environment Radiation Effects
Component

Waste form prompt aCCumu}agion of a and a displacement damage;
recoils, (~104=3 yrs), 1043 a/g ionization;
follgwed by long term build-up helium buildup,

(~10° yrs) to levels of 102 a/g  transmutation
Substantig1 g"and v _flux over
first ~102 yrs (1012 rad)

Canister a,a recoil and 8 at surface displacement damage
only, Substantial gamma flux at inner surface;
(wlo10 rad) possible ionization;

Overpack Depending on shielding effect ionization (+ possible
of inner components, gamma flux displacement if radio-
for a material within ~1 meter nuclides migrate)
of wasteform

Environment As in overpack ionization;

(geomedia and radiolysis of liquids;

1iquids)

AThe numbers are typical of literature values. Displacement damage her? is.
taken to mean thalt which results from atomic displacements caused by elastic

col'isions. Fast neutrons may also be produced within the wasteform; these
have not been included here. While our assessment is continuing, fast neutron
effects are visually %g?sidered negligible in comparison to those produced by
alpha and beta decay.
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¢ Heavy ion bombardment (implantacion).(7,12)
Doped waste forms may show only a relatively minor increase in leach rate
in these accelerated tests (Table 6.3).
Table 6.3

Radiation Effects on Leach Rates?@

Glass Conditions Leach Rate
g/ cmé-day
Zinc Borosilicate(l) unirradiated 8.4 x 10-6
PNL 76-68 doped (244 Cm, 8 x 10174a/q) 1.7 x 10=5
Lithium Borosilicate(1l) doped (238py, 9 x 1017 g/q) 1.6 x 10-3
doped 5233Pu, 1.8 x 1018 wq) 2.3 x 10-3
doped (238py, 2.7 x 1018 a/q) 2.6 x 103
Borosilicate(lz) ion i¢glanted to simulate increase in leach
2 x 10-° ao/g rate of

v 1.4 x 10-3g/c
calculated from
data in ref. 12

dSince different leach tests are used in each case, only relative changes are
meaningful.

b;g;s .each rate is said to be equal to that in a control sample doped with
Pu.

However, the reliability of accelerated radiation effect tests with doped waste
forms remains to be established. (See recommendation 7.5.1). In particular, it
has been claimed that when alpha recoil damage is simulated by surface ion
bombardm?nﬁ drastical ./ increased leaching can occur in waste storage
glacses.(12] Data are included in Table 6.3.

It is not clear how well ion bombardment, in which heavy positive ions
are nonstochastically implanted in a thin surface layer, realistically simulates
internal alpha decay. Leaching is demonstrably sensitive to surface conditiuns.
In glasses, for example, "...differences in chemical durability among various
silicate glasses reflect differences in the porous structure of the surface
films and consequent diftirﬁnces in the rates of diffusion processes taking
place in these films..."(18) The thickness of these films is typically at
least comparable to the range of an alpha recoil, or to the implantation depth
of a heavy ion. We are not yet certain how much is known about displacement
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damage effects on surface film formation; it is possible that if an expesed
structure of alpha recoil trfgss exists, surface filis will be less important in
determining leach behavior. ( In any event, it may be necessary to leach

the material to a depth equivalent to several alpha recoil ranges in order to
achieve steady-state conditions. It is doubtful that these conditions could be
realistically achieved when recoil damage is simulated by heavy ion implantation
if thiilgsocess produces a damage layer which is essentially one recoil range
thick,

Certain waste forms such as multi-phase ceramics are inherently inhomo-
geneous on a macroscopic scale; others may be rendered locally inhomogeneous in
the fabrication process, etc. [f radionuclides are nonuniformly distributed on
a scale which is large compared with the range of a recoil nucleus, spatial
fluctuations in the alpha-recoil dose will occur. (In SYNROC, for example, dis-
placement damage w}%& presumably be concentrated in the zirconolite and
perovskite phases. )) Under these conditions, differential effects such as
local gYslling could concievably affect the leach resistance of the waste
form, ( Each case requires individual assessment.

We do not feel that these differential effects in general can be properly
simulated by irradiation with external sources. While techniques such as neu-
tron or heavy ion bombardment may be quite useful in screening or initial as-
sessment studies, it seems too much to expect these to reproduce the relatively
fine-grained spatial distribution of alpha-recoil damage expected in certain
waste forms. Thus, unless it can somehow be demonstrated, a priori, that the
anticipated radiation effects are insensitive to the spatial gist bution of
alpha emitters within a given waste form, critical evaluation wi® involve
testing with doped samples.

Table 6.4 lists the isotopes which are commonly used as dopants to simu-
late the effects of internal alpha decay in high level waste glass.

Table 6.4

Doping Isotopes for Testing Waste Glasses

[sotope Half-Life
Pu-238 87.7 yr
Am=241 432 yr

Cm=242 162.8 day
Cm=-244 18.1 yr

In order to achieve total alpha-decay doses ewuivalent to those anticipated in
actual Yasse {ongs oping levels of a few percant are commonly re-

quired, 1,3,11,13-15 Even at these lgadings, a few years may be necessary to
obtain dose levels in the range of 101 a/g. [The virtues of a reliable
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screenin p;oiggure are apparent (see recommendation 7.5.1)]. The available
evidence(l,7, suggests that the effects of internal alpha decay do not de-
pend critically upon dose rate in these accelerated tests. This is encouraging
in that a strong dose rate dependance might cast serious doubts on the ability
of accelerated testing to reflect behavior under repository conditions. We
feel, however, that this area should be investigated further. In particular, it
should be determined whether accelerated testing with doped samples is expected
to represent worst case conditions. Also, in studies with doped samples, most
of the helium generated zn 1ntern3§ S]gha decay presumably remains in the sample
as the damage builds up.(1,13,15,22,23) This may not be the case at the low
dose rates anticipated in repositories. In certain instances, the presence of
helium may (synergiigically) affect radiation damage formation - by stabilizing
voids, for example. Here also additional comparison between accelerated
tests and repository conditions is warranted. (See recommendation 7.5.3.)

Since leach tests typically probe only a thin surface regicn, steps must
be taken to ensure that the spatial distribution of radionuclides and displace-
ment damage in or near the region under test does indeed reflect the situation
anticipated in actual wasteforms. This will require a certain amount of charac-
terization; alpha autoradiography may be particularly useful here. [t is not
general ly adequate to consider only the bulk effects of radiation on the indi-
vidual components or phases of a complex waste form. Leach testing should be
carried out on material which is characteristic of bulk and surface regions of
the manufactured waste form. Very-near surface regions may not be entirely
characteristic of b 15 behavior since recoil nuclei can be ejected from surfaces
during alpha decay. 28) There is also evidence that selectiv? ghsm;cal attack
occurs along recoil nucleus and heavy ion tracks at surfaces. 19,25) As a
minimum requirement, the material should be leached to a depth of several recoil
tracks.

6.4.2 lonization in the Waste Form

Internal ionization within the waste form is expected to provide only a
relatively small number of atomic displacements in comparison to the alpha re-
coil damage. Certain structural changes are said to occur in silicate based
materials under very heavy doses gf jonizing radiation. Quartz becomes amor-
phous upon heavy irradiation (101 rad) wi%h Sl?ctrons whose energies are be-
low the threshold for displacement damage. 4,26 Swelling or compaction o{
silicate glasses may also occur due to ionization ;ypically, doses of 1012
rad are required to provide an observable effect.(27 These changes appar-
ently do not involve la~ge scale migration of displaced atoms. Of perhaps equal
importance are effects associated with internal charge transfer. A relevant ex-
ample is cerium, which w?sn incorporated in glass can change its oxidation state
under gamma irradiation. 8) If a glass or ceramic waste form changes color
under irradiation, it is 1ikely that changes in oxidation states have taken
place; a leach test should assure that the charge states of radionuclides and
other species in the waste form do in fact simulate those which are anticipated
in the presence of radiation in the repository. (See recommendation 7.5.4.)

Leach tests to study the effects of alpha recoil damage are often carried
out in waste forms which have not been subjected to gamma radiation. Under
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actua! repository conditions, the waste form will have received a substantial
gamma dose before alpha recoils build up to the values commonly used in tests
(Table 6.3). The possible effects of gamma-ray “preconditioning” should be
established in tests designed to study long term leaching. (See recommendation
7.5.4.) There is some evidence to indicate that ionization may tend to offset
cert?in effects such as swelling which are produced by displacement dam-
age.(29) e are n?s aware of any direct studies on waste form materials. It
has been suggested(’/) that ionization might play a roie in radiation an-
nealing. Of course, the ionization from fission fragment decay will persist for
a relatively short time with respect to that required for the build-up of alpha
decays. There are situations in which modified gsog;c species or defects exist
in substantial numbers only during irradiation, (30, In others, however,

atoms rendered mg?ile by irradiation may remain mobile after the irradiation has
ended. Primak(3l) has shown that sodium atoms in glasses can retain their
irradiation induced mobility subsequent to electron bombardment.

6.4.3 Radiolysis of Leachants

The chemical nature of leachants may be modified by radiolysis. This ef-
fect has been studied in salt erneg where both gaseous and liquid species may
be produced by gamma radiolysis.(2,32) The quantity of radiolysis products
formed is found to increase with c-tal dose, concentration of dissolved solids
and dose rate. Static leach tests on glass and ceramic wasteforms carried out
during gamma irradiation indicate accelerated leaching in certain cases (Table
2.7). It is difficult to be more specific without 1 careful comparison of the
techniques used at several different laboratories; such a comparison will be re-
quired to establish realistic test conditions. The accelerated leaching may in-
volve radiolysis, as well as those possibilities discussed in the previous sec-
tion. It is important that the question be settled - radiolysis might be im-
portant only during the first few hundred years after burial, (i.e., during the
high gamma flux) while damage in the wasteform could remain stable for much
longer periods.

6.5 Radiation Effects in Corrosion Testing

Corrosion testing is most directly applicable to waste canisters. Relevant
effects which must be considered are indicated in Table 6.1.

6.5.1 Radiation Damage to the Container

Metals are quite resistant to bulk ionization damage. Under anticipated
repository conditions, we do not expect that the bulk properties of heavy metal
containers will be significantly altered by gamma irradiation. Prudence, how-
ever, dictates that this be confirmed by direct measurement at repository doses.
This should be a straightforward matter, and tests in generic materials are con-
sidered acceptable at this point. (See recommendation 7.5.2.) Heavy displace-
ment damage, if it occurs at all, should be largely confined to a thin interior
layer next to the waste form. I[f multi-component canisters are used, radiation
damage may occur in nonmetal lic compcnents; organics may be particularly suscep-
tible. lonization effects including charge buildup could presumably occur in
insoluble insulating layers (e.g., corrosion films) on or near metal surfaces
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The conductivity of highly insulating oxide layers such as Ti0p can be in-
creased by %ggizing radiation which might affect electrochemical corrosion
processes. While the significance of these effects is doubtful in com-
parison to effects such as requirements on radiolysis, some assessment is war-
ranted in view of the stringent requirements on containers and the localized
nature of corrosive attack.

6.5.2 Radiolysis of Corrosive Agents

The chemical nature of corrosive agents may be altered by radiolysis.
Measurements at Sandia Laboratories indicate that corrosion of metal canisters
in salf gsines under static conditions is accelerated by gamma radiolysis. To
quote:

*.c:Effect of Rad1at1on Several allo ’ specimens were exposed to 90 OC

br{nes in the prssence of gamma radiation (107 R/hr, integrated dosage 1-2 x
R) from a °YCo source. A number of preliminary conclusions can be

drawn: (1) the principal effect on corrosion is due to the product1on of ra-
diolysis products; (2) the quantity of radiolysis products formed increases with
increases in the dose rate, the total dose, and the concentration of solids
dissolved into the irradiated solution; and (3) at dose rates typical of high
level waste, the corrosion rate of 1018 mild steel is doubled, while that of
stainless steel, Inconel 625, and Ticode-12 are just detectably increased. The
increases in rate are probably due to a slight increase in the oxidizing poten-
tial of the solution..."

It is interesting that the quantity of radiolysis products (as well as
corrosion rates) is said to depend upon dosa rate as well as total dose; appar-
ently the test can be accelerated by increasing the dose rate. We assume that
most radiolysis products will be created in material within about 1 meter of the
wasteform during the first thousand years. These may be lost to back reactions,
scavenging, etc., during and after irradation. When this occurs, the concen-
tration of radiolysis products at any given time will depend upon dose rate, as
well as total dose. This is apparent1y the case in the Sandia experiments.
Under these conditions, a dilemma arises -should one test at realistic dose

rates or realistic total doses? The answer depends on which method demonstrably °

provides worst-case conditions. To address this question, information will be
needed on the time required to build up radiolysis products and on their stabi-
Tity in the absence of radiation. This information will also be necessary to
determine how often corrosive or leaching solutions should be changed. (See
recommendation 7.5.2.)

6.6 Radiation Effects in Sorption Testing

Sorption tests will apply primarily to overpack and host rock materials.
Again, the radiation environment and effects of potenti ' importance are indi-
cated in Table 6.1. Both the solid and liquid phases ..y be influenced by radi-
ation.
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6.6.1 lonization in Overpack and Kost Rock Materials

Typical overpack materials include clays, zeolites, and exchange resins.
There 2§ Bittle radiation damage information available on some of these mate-
rials. Hydrated minerals such as clays might be modified to some extent
by int?rngl radiolysis. (Radiolysis has been observed in concretes, for ex-
ample.(3%)) Should some radiation damage occur, it is not clear that it would
be harmmful. For example, dehydration may expose more surface area for sorption;
our knowledge here is quite incomplete. The basic consiituents of many overpack
and host rock minerals are oxides which are relatively resistant to bulk ioniza-
tion damage. Sorption, however, ng involve surface effects in aggregate ma-
terials. Workers in the U.S.S.R.(30) have found that radiation influences the
surfaces of alumnosilicate minerals, and changes sorption properties. Again,
little information is available; however, the effects may be rather modest.
(See recommendation 7.4.2.)

Rock salt has been studied in some detail.(4,5,37,38) This material,
however, is not expected to be useful in terms of its sorptive properties.
Rather, radiation effects in rock salt may in part establish the environmental
conditions under which sorption testing should be 5 rried out. We have pre-
viously mentioned radiolysis of rock salt brines. ( In addition rock salt
is, without question, the most susceptible of the candidate host rocks to radi-
ation damage. The extent of the radiation damag? ig ggxerned by factors such as
temperature, radation dose rate, and total dose. 4,3, Under certain con-
ditions, radiation induced defect concentrations might approach 0.1% or more in
material within about a foot of waste containers.

When irradiated rock salt dissolves in water, gaseous hydrogen and hydro-
ch]or}gg ions are produced, in addition to the usual sodium and chloride
ions. ) The possible presence of these species should be taken into account
in assessing the capacity of those materials (if any), which might be used as
sorption barriers in rock salt. Such barriers, however, might effectively
shield the salt from radiation.

6.6.2 Radiolysis Effects on Liquid Media

As in leach and corrosion testing, radiolysis may modify the chemistry of
the media which transport radionuclides through the overpack. In c?rggin cases,
radiolysis effects are said to increase sorptive capacity slightly. 3
Radiolysis is particularly efficient in lzagid media (such as rock salt brines)
which contain bromide ion as a scavenger. There is apparently some evi-
dence that radiatZgn effects can influence the oxidation states of plutonium in
aqueous solution. 9) The relevance of these and other results toward formu-
lating realistic test conditions needs to be established. For example, valence
changes in aqueous species will probably be overwhelmed by the redox potential
of the geochemical environment. (See recommendation 7.5.2 and 7.4.2.)

6.7 Conclusions

In this section we summar .ze our initial review and off.r certain prelimi-
nary conclusions bearing on radiation effects in waste packic: testing.

64



6.7.1 Establishing the Radiation Environment in High Level Waste Packages

The radiation environment is inherently complex and will depend sensi-
tively on waste package design. Alpha recoil damage may be inhomogeneously
aistributed in complex waste forms; gamma dose rates at the outer surface of the
waste form or container will depend on the waste form loading and the shielding
properties of these components. Realistic estimates of the anticipated radi-
ation environment within specific waste packages will be an absolute necessity
in establishing test conditions for individual components. The current task
will assemble the available information as promptly as possible. When this is
complete, certain tests may prove demonstrably unnecessary. Our initial evalu-
ation indicates for example that radiolysis effects on container corrosion will
not require study if hsavy containers of the type proposed by Swedish re-
searchers are used, (40 However, some of the data apparently remain to be
developed for the newer candidate waste package configurations.

6.7.2 Simulation of Radiation Damage in Waste Forms

e We feel that at some point in the waste package evaluation it will be
necessary to test waste forms «r waste form materials which have received radia-
tion doses at least as large as those anticipated under repository conditions.
This will require either that the test form be doped or externally irradiated;
both may be required. No waste form should be considered in which realistic
radiation doses cannot be administered without using highly atypical test speci-
mens. Such waste forms are inherently untestable. It 1s conceivable that such
a situation might arise if, due to solubility limitations, a multiphase waste
form could not be doped with active alpha emitters without producing an atypical
internal structure. We do n ' see this as a problem for any of the waste forms
currently under study by DOE. It may, in some cases, be difficult to administer
realistic gamma doses to internal components embedded in heavy matrix material.
However, as long as the process of embedding does not drastically influence the
properties of the radionuclide host, external testing of the host phase under
gamma irradiation would appear adequate.

e There is no standard method for simulating the alpha recoil damage an-
ticipated in wasteforms. Doping is commc 'y used, but external irradiation has
2'so been suggested. In at least one cas. surface ion implantation is said to
iccelerate leach rates to an extent not commonly observed in materials doped
with alpha emitters. It is extremely important that this result be understood.
(See recommendation 7.5.1.) In the absence of standard test conditions, it is
not immediately clear how significant the difference is (Table 6.3). The situ-
ation is being reviewed; we will not speculate here except to say that it is our
present feeling that external irradia.ion may be a useful technique for screen-
ing waste forms by comparison, but should not pe entirely relied on to produce a
realistic absolute measure of waste form durability. Neutron irradiation cannot
be considered an acceptable simulation technique for critical evaluation unless
it can be demonstrated either that the anticipated spatial distribution of
alpha-emitters in the waste form is sensibly uniform or that the radiation
damage is insensitive to the details of the radionuclide distribution.
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Although radiation may modify bulk properties, it is often only a region
near the surface which is actually tested. It is important that the test region
be adequately characterized to ensure, as well as possible, that the spatial
distribution of radiation damage and radionuclides corresponds to that of the
actual waste form. We recommend that the leach testing be carried out on sam-
ples obtained from both interior and exterior regions of monolithic waste forms.
Research will be necessary to determine how best to characterize the radionuc-
lide distribution. (See section 7.5.1.)

o The different time scales involved for fission fraament and TRU decay
chains suggest that the important effects of beta decay and alpha recoil might
be simulated separately or sequentially. The validity of such a procedure re-
mains to be established, however, since a prompt buildup of alpha recoil to a
certain level may precede the slow long term accumulation. We will require an
accurate estimate of the temporal evolution of alpha, beta, and gamma fluxes
within the waste form, as in section 6.7.1. Except for transmutations, internai
beta decay can probably be adequately simulated by external gamma irradiation,
or in thin samples by energetic electron bombardment.

e If necessary, preconditioning effects of gamma irradiation on long
term alpha decay damage could be simulated by first subjecting doped samples to
a heavy gamma dose before leach testing is carried out. This would approximate
conditions for times greater than about 300 years. It is quite possible that
screening experiments can be carried out which show that such a simulation is
not required for critical wasce form evaluation. For example, in certain cases,
the majority of the ionization Camage may not be sufficiently stable to have a
significant effect on the long tern buildup of alpha-decay damage. Also, as
mentioned earlier, it appears that the effect of ionization may be to supress
certain effects due to displacement damage, rather than to enhance them. A few
measurements of the effects of simultaneous gamma irradiation and internal alpha
decay on candidate waste form materials would be useful in establishing worst
case conditions, as discussed in recommendation 7.5.4.

6.7.3 Simulation of Radiolysis Effects

o The available evidence indicates that leaching, corrosion, and sorp-
tion can be modified by radiolysis of the liquid media. Consequently, we anti-
cipate a need for standardized radiolysis/leaching, radiolysis/corrosion, and
radiolysis/sorption tests. If the cnemical composi.ion of radiolysed solution
can be established, it may be possiole to carry out simulations without irradi-
ation. However, testing during garma irradiation has the advantage that the
component under test is also irradiated. This distinction could be unimportant
in some corrosion tests; in leach and sorptior cesting however, we have seen
that gamma irradiation might affect the comgunen. being tested. Testing during
irradiation is generally recommended. If worst case conditions can be confi-
dently established, only a Timited amount of testing during irradation may be
required. Additional research required to establish thase condit‘ons is recom-
mended in section 7.5.2.
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6.7.4 Simulation of the Effects of Internal Transmutations

o The effects of internal transmutation due to beta decay may be the
most difficult to simulate for test purposes. Realistic simulation would seem
to reguire doping the waste form with active beta-emitters with the same chemi-
cal characteristics as cesium and strontium. It is important, in view of the
complexities which accurate simulation would entail, that some initiz" screening
be undertaken promptly, possibly by neutron induced transmutations. we must
learn as soon as possible if transmutation effects need to be accurately simu-
lated in waste form testing (recommendation 7.5.5).

6.7.5 Additional Questions

In addition to certain points explicitly discussed above, several other
questions remain to be addressed. These include the effects of temperature and
dose rate on radiation damage simulation, and a stipulation of which tests must
be performed during irradiation and which can be carried out in irradiated ma-
terial. These topics will be taken up in subsequent reports, as a necessary
prelude to formulating final test recommendations. Proposed research in
certain of these areas is described in Section 7.
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7. SUMMARY OF TESTING RECOMMENDATIONS AND RECOMMENDED RESEARCH AREAS

In this section, we will enumerate areas where research is needed to fill
information gaps identified in the testing areas discussed in previous sections.
These areas have been identified during our limited review of state-of-the-art
technology in testing methodology, as well as the state of knowledge concerning
the predictive interpretation of test results. These recommendations are, of
course, subject to modifications if newer information comes to our attention
which may in part resolve the questions posed here. Both areas must be inte-
grated in order to recommend specific tests and performance requirements neces-
sary to assure that a waste package or packages will meet the proposed release
rate requirements.

Much of the research described in the following discussions is closely inter-
related. The discussions presented are somewhat arbitrary in this regard. A
very tightly coordinated research plan is required to interrelate the efforts in
these areas as described, so that a larger, coherent, and useful body of infor-
mation is developed to support the formulation of specific testing procedures to
evaluate waste package candidates for compliance with the 10CFR60 proposed cri-
teria.

7.1 General Research Areas

7.1.1 Repository Environmenta Conditions

For this report, it was assumed that environmental conditions around the
waste package could be predicted with a fair degree of accuracy so that initial
efforts in this task could concentrate on assessing test methodology and the
identification of variables requiring inclusion in a testing scheme. However, a
directed effort is needed to define precisely the range of environmental con-
ditions (temperature, radiation fields, groundwater compositions, etc.) to which
the waste package will be exposed during its functional lifetime. This informa-
tion is necessary so that bounding conditions for testing can be established.
This will require analysis of many repository scenarios based on combinations of
host rocks and package components. We recommend that this work De initiated as
soon as possible so that formulating detailed testing schemes can be completed.
We plan to incorporate at least a portion of this work in our future efforts in
the test development review task. However, we feel that this problem will re-
quire a greater effort for best results.

7.1.2 Modeling Package Behavior-Summing the Parts

If the "strong link" approach to predicting package behavior (Section
2.6.5.) cannot be applied to particular package designs, it will be necessary to
integrate laboratory results for single component testing to produce whole pack-
age release rates. This is by no means an easy task. A modeling effort is
required in which various failure modes are assumed and consequent whole package
release rates developed from existing test data on single component behavior.
The conditions under which failure scenarios are developed will be based on the
following assumptions:
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1. Failure modes for the container must be -ssumed in terms of the type
of corrosion breaching developed, i.e., uniform attack, crevice
corrosion, stress corrosion cracking, etc., and the extent to which
the waste form is exposed to intruding waters as a function of time,
This prediction on corrosion behavior assumes environmental condi-
tions which require definition (see recommendation 7.1.1), test data
on corrosion behavior and leach rates, some of which are available.

2. Leach rate behavior under a variety of conditions must be assumed
where adequate experimental data are nct existant. This requires
many scenarios for environmental flow rates to be used which are
based on predictions of canister behavior (assumption 1 above)
environmental conditions, (recommendation 7.1.1) and leach rate
data as a function of flow rate (Sections 2.6.1.2 and 3.2.4),

In this latter area, little information is available (see recom-
mendation 7.2.1.).

3. Sorption behavior of the overpack-backfill and host rock must be well
defined since this is the final barrier preventing radionuclide mi-
gration out of the package /see recommendation 7.4.1). Here again,
assumptions must be made for each failure scenarior investigated, in
terms of sorptive behavior as a function of flow rates (in this case,
the conte :t time-Section 5.2.2) and other environmental conditions
(liquid media composition, temperature, etc.).

o We recommend that this modeling effort be initiated as soon as pos-
sible. [t is not necessary to wait until a large data base of testing results
is assumed since the purpose of this research area is to determine how to inte-
grate test results into whole package release rates. Methods for doing this can
be developed for assumed scenarios and refined as more reliable test data be-
comes available.

7.1.3 Whole Package Testing and Synergistic Effects

Synergistic effects cannot be adequately tested in the single component
testing strategy (Section 2.5 and 2.6.4). We recommend that research be initi-
ated to focus on the identification of synergistic effects in specific waste
package combinations.

e Small "model" waste packages can be manufactured using candidate
waste forms, containers, and overpack-backfill materials. These packages can be
exposed to leachant solutions tailored to simulate site-specific waters from sev-
eral repository environments. For these tests, the containers can also be arti-
ficially breached to allow leachant solutions access to waste forms, and to ac-
celerate the testing. The "model" can also be tested in a radiation field.

After a period of time, the package can be recovered and examined to determine
the effects of the various components on each other.

The purpose of this experiment is to identify synergistic effects only.

These synergistic effects cannot be quantified easily because of the many com-
promises required to make a small, easily tested, waste package. [f unexpected
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results are observed (such as relatively increased corrosion rates on one side
of the container) testing under more realistic conditions can be designed to
quantify the observed effect. For these scoping tests, we do not recommend that
fully loaded waste forms be used, in order to make the experimental procedure
relatively simple in these early experiments.

Information on potential synergistic effects is necessary to support any
detailed testing plan proposed for evaluating single component operformince.
Without assurance that synergistic effects will not result in unexpectid failure
of the barriers, testing results for single components can always be questioned,
and these questions cannot be answered reliably.

7.2 Leach Testing

Research is necessary in the area of leach testing concerns systematic
testing of candidate waste forms under realistic repository conditions, methods
of scaling and extrapolating laboratory results to field conditions and time
scales, and studies to illucidate the relationship of surface to leach behavior.

7.2.1 Long Term Leach Behavior of Crystalline Waste Forms

Most of the leach data existent relevant to waste form behavior concerns
glass waste forms. Little information is presently available concerning other
waste forms and certainly an insufficient data base to allow their performance
to be evaluated reliably in terms of the proposed release rates. Information on
leach rate behavior for specific radionuclides as a function of flow rate is
particularly lacking and should be collected for glass, as well as crystalline
waste forms.

e We recommend that long term leaching studies be initiated immediately
on non-glass waste forms. The static and dynamic test methodologies have been
recommended (Section 3.4) along with the variables to be included in these stud-
ies. The range of conditions should be determined by studies of potential
repository-waste package scenarios as discussed earlier in this section (recom-
mendation 7.1.1). The duration of leach testing must be sufficiently long so
that steady state behavior can be determined. Based on the results of glass
leaching behavior, this may well require periods in excess of one or two years.
The long term tests should also include data analysis which provides mechanistic
information. Test samples must be examined in detail to determine the effects
of grain boundaries, lattice defects and dislocations, etc. on the observed
leach behavior in the crystalline forms. Without this type of information, pre-
diction based on laboratory tests, cannot be extended with confidence to the
time frames needed to assure radionuclide isolation from the biosphere.

7.2.2 Extrapolation of Leaching Data

The problems of extrapolation of test data have been discussed previously
(Sections 2.6.3 and 3.3.2). Methods for scaling and extrapolating test results
must be proven before any waste package can be relied upon to contain the
radionuclide load for the periods of time required. A considerable data base
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exists for leach behavior of glasses which can serve as a testing ground for
sca'ing and extrapolation models. Laboratory results for short duration leach
tests (in the order of days to a month of two) should be used to predict the
behavior of the glasses in longer duration tests. These predictions can then be
checked against the results of long duration laboratory tests. This approach is
feasible for glass, but it should also be applied to laboratory leach data
collected for crystalline waste forms during the course of research recommended
on these forms (recommendation 7.2.1).

o Laboratory results for leaching experiments which show incongruent
dissolution cannot be extrapolated reliably to time periods approaching the
functional lifetime repositories. We recommend that research be carried out to
investigate the conditions under which congruent dissolution is obtained in the
leaching of glassy and crystalline waste forms. Specific emphasis should be
directed toward establishing whether radionuclide release rates increase to be-
come commensurate with matrix dissolution rates, or vice versa. We 21so recom-
mend that, where possible, all long term extrapolation of fractional release
rates be based on those for congruent dissolution. These, by definition, will
be the same for all radionuclides. We feel that waste forms which achiave con-
gruent dissolution after a reasonable time period will probably be much easier
to test reliably. However, this assertion must be substantiated by additional
research.

® I[n particular, we recommend that procedures be developed to quantita-
tively assess the mechanical, chemical, and radiation durability of the radio-
nucl ide-rich altered structures that often arise as a result of incongruent
leaching. These structures first appear as films or layers, which protect the
unaltered inside form; fracture of these films is commonly invoked to explain a
pulsed increase in measured leach rates. This however, requires direct verifi-
cation. Consequently, the durability of the altered structures is important
because they may control the long term leach behavior. Ultrasonic and shock
testing may be useful in establishing the relative durability of surface films.
These tests would simulate shocks or stresses anticipated in the repository
which may remove the protective layer.

7.2.3 Surface Area Effects on Leach Rates and Scaling

In standardized leach testing, geometric surface areas are typically mea-
sured (see Section 3.3.1), but this measure is not indicative of the actual area
in contact with the leachant. The relationships between the surface/volume ra-
tio and leach behavior must be more precisely defined so that scaling and extra-
polation methods can be applied to laboratory results with more reliability (see
recommendations 7.2.2 and 7.2.3).

@ At present, there is no generally acceptable method by which to re-
late laboratory leach rates to fractional release of radionuclide inventory in
actual waste forms. Labgoratory leach rates are often expressed as a surface
mass flux, i.e., in g/cméday. These may be multiplied by a surface-to-volume
ratio anticipated in a waste form to obtain fractional release rates for that
waste form only if certain conditions are met, specifically:
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1. It must be shown that the laboratory leach rate is sensibly
independent of the test sample surface area.

2. Pursuant to 1 above, it must be shown that the same methods
are used to arrive at the surface area in test samples and
waste form., i.e., equivalent measures must be used.

3. The appropriate measure for surface area is inat which leads
to area independent leach rates. One commonly used measure
is the geometric surface area; this may fail to provide an
appropriate measure if the leaching occurs selectively at
microcracks, grain boundaries or dislocations. We expect
that leaching in crystalline waste forms might be influenced
by the latter two mechanisms (References 1 and 2).

Additional research is recommended both to (1) determine the appropriate
surface measure to use for leach testing in different waste forms, and (2) to
determine, by this measure, the anticipated surface-to-volume ratios in actual
waste “orms. Other surface measures beside geometric area which iy require
consideration include: (a) dislocation density in ceramics, (b) grain boundary
area in ceramics or devitrified glass, (c) microfracture density, and (d) BET
area.

e The nature of the reactive surface is also important in leaching be-
havior. Internal cracks developed in a waste form (Section 3.5, Reference 20)
may not be as susceptable to leaching as outer surfaces. Strained materic! pro-
duced in the actual waste package may also leach quite differently than un-
strained laboratory samples if selective attack occurs at dislocation. In addi-
tion, where waste forms are enclosed in containers and subsequently leached in
the field situation, the waste form surfaces in contact with the container walls
may wall behave differently than those on small laboratcry scale samples. These
surface relationships require additional study. A series of relatively >imple
tests can answer these questions. Theze experiments are described below:

1. Severai sets of leaching exneriments would have to be performed using
samples of identical composition (both crystalline and glass waste
forms), but different surface-to-volume ratios. The leaching, of
course, would be performed under identical conditions. The surface
areas should be measured by several m-thods (geometric, BET, and gas
porosimetry methcds, and liquid sorbe:s of various types). Test re-
sults can then be compared in terms of measured surface area to
determine the measurement technique which produces the most reliable
results. This information is necessary in both (1) formulation of
specific testing procedures, and (2) in developing reliable methods
for scaling and extrapolation of laboratory test results to the field
situation.

2. Evaluating the relative importance of fractured and unfractured
waste forms to leach behavior can be studied by performing tests on
fractured and unfractured samples under identical experimental con-
ditions.
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3. A study should be initiated to determine the relative leach behavior
of waste form surfaces on laboratory samples in direct contact with
leachant solutions, as opposed to surfaces in contact with container
walls. This can be done in several ways by performing leach tests
under identical conditions. !sing glass or crystalline waste forms,
samples, one or more sides of which are in contact with centainer ma-
terial and the remaining sides in contact with the solution, the
surfaces can be examined to determine differences in the modes of
attack between the two surfaces after a period of leaching. Another
approach would employ samples that are essentially laboratory scale
waste form and container combinations, as well as samples of the
waste form material alone. The container-waste form would have to be
artificially breached to allow access by the leachant. Both sample
types would be Teach.d under identical experimental conditions.

Leach rate results can then be compared directly (in terms of frac-
tional releases for specific radionuclides), and the samples examined
at the conclusions of the experiment to determine the mode and extent
of surface attack.

4. The leachability of strained or compacted materials should be studied
by performing leach tests using identical samples under stressed and
stress free conditions. One dimensional stress can be applied to the
samples (for experimental simplicity) and the leach rates measured
relative to unstressed samples. The surfaces of stressed and un-
stressed samples should also be examined to determine the mode of
surface attack under both conditions. If an effect is observed with
uniaxial strain, more realistic stress fields can be applied and the
tests repeated.

Information from these studies is necessary for several applications con-
cerned with evaluating package performance, as follows:

l. Determining the synergistic effects of the container on the leaching
behavior of the waste form. This knowledge is necessary in order to
formulate specific testing procedures.

2. Determine reliable surface-to-volume relationships for use in scaling
applications (Sections 2.6.3 and 3.3.2, recommendation 7.2.3).

These experiments should be initiated as soon as possible so that the in-
formation can be available to evaluate the performance of potential materials in
terms of the proposed release rate criteria.

7.3 Corrosion Testing

A relatively small amount of effort in the Nuclear Waste Management Program
has been devoted to the evaluation of materials for waste containers. This is
probably due to the only recent emergence of the "strawman" criteria in 10CFR60.
Since such a small amount of effort has been spent on container corrosion stud-
ies, more research is needed in this area to qualify a container for use in a
high level waste repository.
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7.3.1 Standardized Corrosion Testing of Candidate Container Materials

e Laboratory tests now being conducted on container materials need to
be expanded. These tests are essentially screening devices which evaluate a
large number of materials and test conditions such as the effects of tempera-
ture, solution chemistry radicactivity, and stress on material performance. The
tests also determine the nature of corrosive attack i.e., uniform corrosion or
localized attack, such as pitting, crevice, stress, or intergranular corrosion.
These tests should be performed in a uniform standardized manner so that results
from the various laboratories could be compared. An expanded effort in the
small laboratory screening tests is necessary and recommended. This will allow
further effort to focus on selected materials for extensive testing.

7.3.2 Loop Testing for Corrosion Tests

e The shortcoming of laboratory screening tests lies in not testing ma-
terials at conditions close enough to the final application. The advantage of
small laborator ' tests, are their simplicity, reasonable cost, screening func-
tion, insight into the corrosive processes occurring. To evaluate materials
under more realistic conditions, a more sophisticated test such as a "loop" is
required. A loop test is usually used when flow of the corrosive media is pres-
ent. These loops are complex since they must supply a source of flow, heat
transfer, corrosive media chemistry control, sample evaluation, surface-to-
volume ratio, etc. Such a loop test is costly, but ~omes closest to testing
materials under conditions of actual use. A test program should be initiated to
design, build, test, and operate such a loop facility. When adequate informa-
tion is available from modeling studies and the repository environment detemined
on actual selected repository sites (see recommendations 7.1.1, 7.1.2, and
7.1.3), materials can then be evaluated in the test loops under almost identical
repository conditions.

7.3.3 In Situ Testing

e While testing in the laboratory loop facilities will evaluate con-
tainer materials under expected repository conditions, there is always the pos-
sibility that during the storage of the c~~%ainer in the repository, the condi-
tions will change from those predicted. It is recommended that an approach used
in industry be incorporated into the canister corrosion program. This would be
to initiate a research effcert to evaluate the feasibility of using retiievable
test coupons placed adjacent to or as part of the containers. These coupons
would be removed periodically from the repository for evaluation. Corrosive at-
tack, mechanical properties, uid physical measurements would be made on the re-
trieved coupons. The use of such coupons would permit the assessment of con-
tainer mat.rials performance during the 1ife of the container. It would indi-
cate ./hetner changing repository conditions are affecting the life of the con-
tainer and give assurance of the container performance.

7.3.4 Multilayered Containers

® Another area of research recommended is associated with the type of
corrosion which takes place on container materials. As was suggested
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previously, the corrosion test program should seek to identify materials which
are least likely to suffer from localized corrosion, since the performance
prediction of materials subject to localized corrosion is extremely difficult.
[f the corrosion program shows that there are no materials which meet the uni-
form corrosion criteria, then another approach is needed. It is recommended
that a research program be initiated to evaluate the design of containers using
materials which can be susceptible to a localized attack. A suggested approach
would be to make the container of multilayers. This would take advantage of the
nature of most localized corrosion in that in that the time for pit, crack, etc.
initiation is usually much greater than their penetration rate. Once the time
to completely penetrate a thin layer of container materiais has been estab-
lished, the container can then be fabricated with the number of layers needed to
meet the proposed life of the container. There are many types of multilayer
constructions which can be considered. The container layers could be of similar
or dissimilar materials, they can be metal lurgically bonded, or they can be in-
sulated, they can be sacrificial, etc. Materials selected and the geometric
designs, would be chosen depending on Lhe type of corrosion taking place and the
environmental conditions. The successful development of a multibarrier con-
tainer would permit a more accurate prediction of container life, and may also
be necessary if a material showing uniform, low corrosion rates is not found.

7.4 Sorption Testing

7.4.1 Overpack-Backfill Material Sorption Behavior

As discussed previously (Section 5.2.1), the sorptive properties of ma-
terials are affected by the environmental conditions (media composition, tem-
perature, pH, Eh, etc.). Little information is available on the sorotive propr-
erties of potential overpack-backfill material determined under site-specifi.
conditions, largely because these conditions are not precisely defined.

® We recommend that a systematic testing program be initiated to deter-
mine the sorptive properties of candidate materials under very precise sets of
conditions designed to duplicate those expected in the respository during its
functional Tifetime. These conditions can be defined from site specific studies
(recommendation 7.1.1). The recommended test methodologies are described pre-
viously (Sections 5.1.1 and 5.4). Variables included in such tests were also
described at length previously (Section 5.2). In addition to simply measuring
adsorption, desorption behavior must also be determined so that this information
can be used as a predictive tool for assessing long term behavior of the waste
package, as well as efforts to "sum the parts" (Section 2.6.5 and recommendation
7.1.2). We recommend that this effort be initiated as soon as possible.

7.4.2 Radiation Effects on Sorptive Properties

Little information exists on the effects of radiation exposure on sorp-
tive properties. The components of the waste package will be exposed to radi-
ation (Section 6), the degree and nature of which is a function of the waste
loading and package component design. It remains to be determined if radiation
exposure will adversely affect the performance of the sorptive barrier. Such
information is required so that any adverse effects on package performance can
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be avoided by judicious modifications of the package design, such as increasing
the thickness of the sorptive barriers, or by use of sorptive materials that are
not as susceptible to damage as other candidates.

® Sorption tests must be performed without radiation exposure (data
from recommendation 7.4.1 can be used), with radiation exposure, and the results
compared. Dose rate effects may play a significant role (see Section six) in
test simulations so that testing should also be performed concurrently with ra-
diation exposure. These three experiments can then be compared to determine if
radiation effects are significant, and if they can be simulated, or if sorption
testing must be done in an applied radiation field. During these tests, the ef-
fect of radiation on radionuclide specification (Section 6.6.2) should also be
considered.

7.5 Radiation Effects

In Section six, we have identified certain areas where additional research
would be useful in establishing how radiation effects should be accounted for in
waste package testing. Here we present our specific recommendations along these
lines. The recommendations here pertain directly to test development; addi-
tional research of a more general nature is proposed in the Task 1 draft report
issued under the present contract in May 1980.

7.5 1 Comparison of Radiation Effects Produced by Internal and by External
Sources

e MWithout exception, those measurements of which we are aware indicate
that the leach rates of waste glasses are only slightly modified by the buildup
of internal alpha-decays. Nevertheless, it is also an established fact that se-
lective etching occurs along charged particle tracks in glasses (and, appar-
ently, in minerals), and that surfaces may be rendered susceptible to chemical
attack on hcavy-ion implantation. At this point, we have no reason to question
a priori the validity of experiments on samples doped with alpha-emitters; we
heve pointed out earlier that experiments with implanted particles at surfaces
may fail to simulate the radiation dami ge resulting from alpha particles and
recoil nuclei in internal alpha-decay. However, we feei that it is essential
that the difference between results obtained with ion-implanted and with inter-
nally doped samples be thoroughly understood. This will require a detailed
characterization and comparison of the radiation damage produced by each tech-
nique, under standard test conditions (which, so far, have been lacking). We
also recommend that such a comparison also be carried out for samples damaged by
neutron irradiation or internal fission (a good start here has been made in
Europe). This work may lead to the establishment of a reliable screening pro-
cedure, which could precede or even preclude tedious testing with doped waste
forms (Section 6.4.1).

What we propose here is not a trivial undertaking. [t is not yet obvious
how best to characterize the radiation damage formed by the different tech-
nigues. Both bulk and surface sensitive measurements will probably be required.
We envision the various samples subjected to a common test of chemical durabil-
ity, which may differ in some respects for standard leach tests. Alpha particle
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effects and helium buildup may be studied by alpha bombardment either prior or
subsequent to neturon or heiavy particle bombardment. I[f this program is under-
taken, we feel it might best be carried out at a dedicated laboratory possessing
both the irradiation facilities and the analytical capability to conduct stan-
dardized comparisons.

7.5.2 Radiolysis Studies

It is important to identify as quickly as possible those tests which must
carried out during irradiation. Radiolysis tests are a case in point. Radio-
lysis of leachant: or corrosive agents must be considered when evaluating the
long-term durability of containers or waste forms. This may te done in several
ways:

a) By carrying out all tests under irradiation.

b) By carrrying out certain generic measurements to estabiish worst case
conditions, and subsequently testing the material under these condi-
tions,

¢) By rigorously demonstrating on an anayltical basis that radiolysis is
entirely negligible in a given situation.

We feel that option b) is generally preferable. Option a) may “e unnec-
essarily involved, and option c¢) may be useful in only a few cases (the Swedish
cuntainers, for example).

e e recommend generic measurements which include an assessment of
radiclysis products which would be anticipated in typical repository ground
waters. The extent to which these depend upon temperature and radiation dose
rates should be established. (It may also be necessary to take account of the
composition of anticipated test specimens.) Subsequently, testing should be
carried out during gamma irradiation under worst case conditions. Both con-
tainers and waste form materials should be so tested.

While we do not anticipate extensive degradation of the bulk properties
of heavy metal containers due to gamma irradiation alone, confirmatory examina-
tion should also be carried out during these tests. In fact, we recommend that
a preliminary screening be implemented promptly in this area. Metal samples
could be heavily gamma-irradiated in various atmospheres and then mechanically
tested. These measurements would settle the question of bulk irradiation effects
and, in addition, would be useful in investigating “"radiochemical" effects which
are said by Russian workers to occur at exposed surfaces during in-air storage
of radioactive wastes.

7.5.3 Radiation Dose Rate Studies

e We have recommended that at some point all waste package materials
should be exposed to total radiation doses typical of those anticipated in the
repository configuration. This will be necessarily involve administering the
radiation does at does rates which are at least hundreds, if not thousands, of
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times greater than those encountered in the repository. We recommend that re-
search be conducted to determine, as well as possible, whether the production of
radiation damage at high dose rates does in fact represent worst case condi-
tions.

The most straightforward way to do this is to compare the radiation dam-
age formed at the same total dose for different dose rates. In practice, it is
often difficult or impossible to vary the dose rate over a sufficiently wide
range. This is probably the case for internal alpha decay. Under these con-
ditions, about the best one can do is to try to establish the dose rate scaling
from a mechanistic viewpoint. For example, if the apparent saturation of stored
energy buildup on swelling in glasses is simply due to statistical limitations
on the number of available sites for displaced atoms, dose rate effects may be
negligible. On the other hand if over long periods of time processes can occur
whereby the number of sites for displaced atoms is increased (through formation
of aggregates by diffusion of point defects, for example), experiments at high
dose rates may underestimate the radiation damage formed in the repository.
Alternately, this could be counterbalanced by slow thermal annealing. Research
should address these mechanistic considerations, specifically considering the
effect of temperature. The central thrust should be to establish worst case
conditions for testing.

7.5.4 Study of Ionizing Radiation Effects

® We recommend that research be carried out to investigate the effects
of ionizing radiation on the formation of radiation damage due to internal alpha
decay in waste forms. Tests might be carried out on generic materials by sub-
jecting doped samples to heavy gamma or electron irradiation before substantial
alpha-decay has accumulated. The radiation damage could then be compared to
that in similarly doped samples which have not been exposed to ionizing radi-
ation. The sequence might then be reversed to determine if ionizing radiation
anneals or supresses the alpha-decay damage. A few such measurements should be
sufficient to determine if extensive testing of waste fon's under the combined
effects of alpha-decay and ionizing radiaiton is required. If such testing is
not critical, the test program may be considerably simplified.

e We recommend that experiments be carried out to determine whether the
charge or mobility of atomic species in the waste form will be significantly
modified during ionizing radiation. These measurements can be carried out on
prototype waste form materials during either electron or gamma irradiation,
Techniques such as spectroscopy, electron spin resonance, or electrical conduc-
tivity all may be useful. Measurements could, in fact, be carried out on waste
form/container material "sandwiches" to investigate the possibility of charge
layers at surfaces etc. A few scoping experiments here would be very useful in
determining if extensive critical testing during ionizing radiation is neces-
sary.

7.5.0 Simulaticn of Transmutations

0 We recommend that work begin immediately to arrive at a suitable meth-
od for simulating beta transimutations in waste forms. Emphasis should be placed
on crystalline materials and the effects of ionizing radiation on compensating
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the changes in valence which accompany transmutations must be considered. Some
idea of the stability under transmutations could be obtained by comparing the
structures of waste forms doped with transmutation products with those con-
taining simulated parent radionuclides.

7.6 Test Recommendations

In this section, we summarize our present recommendations relative to a
testing strategy for waste package evaluation.

7.6.1 General Considerations

Waste package evaluation should begin with single component testing.

The most important (key) tests are those which directly evaluate
radionuclide release. These are leach tests on waste forms,
corrosion tests on containers, and sorption tests on backfill
materials.

Ancillary tests and measurements are necessary to ensure that leach,
corrosion, and sorption tests rigorously assess worst case condi-
tions. We feel that the most important ancillary test involve
radiation effects. Mechanical tests will also be important.

Tests should be selected with a view toward nhow accurately the
results can be interpreted. Critical evaluation cannot be based on
generic materials alone.

In key tests, both static and dynamic conditions should be
investigated, under simulated repository environments:

Liquid phases should duplicate expected ground waters and solid
phase should match actual materials in form and composition.

Temperatures should span the range anticipated in reposi-
tories.

Contact time is the most difficult parameter to estimate
under repository conditions. Existing data do not provide
a basis for accurate estimates.

Scaling and extrapolation are among the most formidable and
difficult steps involved in waste package evaluation. Generally:

Steady state conditions must be achieved for extrapolation
in all key tests.

Long term predictions can be either empirical or mechan-
istic. The latter are inherently preferable, but diffi-
cult to establish in practice.



We anticipate that it may be necessary in certain cases

to resort to a worst case evaluation strategy, rather than
attempt a precise (and time-consuming) predictive evaluation
of Tong term behavior.

Once the behavior of single component. is established in key tests,
the parts must be "summed" to arrive at a performance evalaution for
the entire waste package.

Synergistic effects may be of critical importance in evaluating the
overall performance of a waste package by "summing the parts".
Synergistic effects should be considered both in key tests on indi=-
vidual components, and in specific experiments with model waste
packages.

There are three ways in regulatory criteria which can be applied to
"sum the parts" of a waste package: (1) by requiring that all com-
ponents satisfy release criteria, (2) by requiring that a "strong
link" component meet release criteria, or lastly, (3) by requiring
that the integrated package meet release criteria. The first strat-
egy is themost conservative and difficult to achieve. In the second
strategy, one is not really faced with the prodlem of accurately sum-
ming the parts; however, only a relatively limited number of packaaes
may qualify. On the other hand, the third strategy may qualify mc
waste packages, but involves a rigorous assessment of overall per-
formance. The probability that a waste package can be delivered to
meet 10CFR60 criteria depends sensitively on whether methods can be
derived to confidently assess the overall package performance. Re-
liance on a single "strong 1ink" decreases the number of possible
candidates.

We feel that, if a retrievability scenario is ultimately adopted,
waste package "testing" might continue after the waste packages are
emplaced. This envisions something more than remote monitoring. Pos-
sit ly small “"surveillance" waste packages could be periodically re-
trieved and examined.

7.6.2 Leach Testing

Single pass continuous flow leaching is the recommended dynamic test.
Leachants used for key testing should be actual ground waters, equi-
librated with backfill/overpack material.

Leaching of multibarrier waste forms should be carried out both on
pristine samples and, more importantly, on samples where the barrier
nas been penetrated.

[t is not permissible to use "steady state" laboratory leach rates

for radionuclides to predict long term release behavior unless either
of two conditions are met:
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The relative "steady state" release rates are sensibly
identical for all radionuclides and host elements (i.e.,
incongruent dissolution is not occurring).

or

The durability of the altered structure which results from
extensive incongruent dissolution of the waste form has
been adequately determined.

[f the above conditions cannot be satisfied for a particular waste
form, a!l long term release predictions must be based upon the
release rates referred to the most volatile element. We are entirely
aware that these may be greater than the "steady state" release
values for certain radionuclides measured 'n the lab time frame.

It is not permissible to estimate fractional release rates in a waste
form from laboratory leach rate data unless it is explicitly estab-
lished that the laboratory leach rate is in fact independent of the
parameter used to scale lab data to the actual waste form. A typical
scaling parameter is the "surface-to-volume ratio.” There is no rea-
son to expect that leach rates in general will be independent of this
scaling parameter.

We anticipate that in many waste packages, the container will be
primarily called on to satisfy the 10CFR6D criterion of near-zero
release for the first 1000 years. Consequently, it is the abiiity of
the waste form to retain long-lived radionuclides which may be of
primary importance. This should be reflected in leach testing.

Initial breaching of a waste container or other traumatic events in
the repository may result in leach rates which are, for a short time,
several orders of magnitude greater than the steady-state values. In
many cases, such a short duration "pulse" will probably represent no
real hazard 1n terms of total radionuclide release. We recommend
that the release rate criteria in 10CFR60 be so structured that such
acceptable pulses do not violate the criteria.

7.6.3 Corrosion Testing

\

Initial screening of candidate materials should be carried out in
laboratory tests to determine the relative susceptibility to pitting,
crevice, intergranular, or stress corrosion.

The test environment should simulate repository conditions.
As in leach testing, accelerated testing and/or extrapolation - 111 be
required in corrosion studies. Tests may be accelerated by in-

creasing temperatures or corrosiveness of solutions. The usefulness
of this latter method for extrapolaticn purposes is questionable,
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7.6.4

Conservative estimates may obtained if "worst case" experiments
can be carried out under conditions which lead to well defined
steady-state corrosion,

Corrosion rates are most easily determined and extrapolation simpli-
fied for candidate materials which exhibit uniform corrosion, as
opposed to pitting, crevice, intergranular, or stress corrosions.

For applications such as waste containers, it would be best to select
materials which are unlikely to suffer localized corrosive attack
under repository conditions or to pursue a multi-barrier approach,

Key testing of container materials should be carried out under
site-specific conditions. These conditions should have the material
under the anticipated maximum temperature and stress expected in the
selected repository, and in contact with the backfill material. The
sampling plan should determine both the nature of corrosive attack
and the steady state corrosion rates.

In situ testing could be continued by placing retrievable coupons of
the container muterials in the repository next to emplaced con-
tainers. Thase coupons would then be periodically retrieved *o moni-
tor the performance of the container.

Sorption Testing

A combination of column and batch tests is recommended for sorption
testing. Multiple testing of the candidate materials under dif-
ferent initial conditions will be required.

Desorption as well as sorption tests will be required.

Both sorption capacity and selectivity of the barrier components must
be determined.

Sorption tests cannot be accelerated. However, steady-state
conditions can be achieved in laboratory experiments in practical
time frames.

Dynamic sorption tests should be carried out using either fractured
te unfractured columns of the candidate host rock. Columns made from
ground repacked material may be used only to test overpack-backfill
material.

Chromatographic column tests are not appropriate for either host rock
or overpack-backfill testing, unless difficulties arise with other
techniques.

Radionuclide breakthrough in the column should be measured as a
function of chemical variablies, such as Eh and pH. The distribution
of radionuclides in the column should also be determined following
sorption or desorption testing.
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7.6.5 Radiation Effects

Realistic estimates of the radiation environment will be an absolute
necessity in establishing test conditions for waste package compo-
nents. Once these are assembled, detailed simulation of radiation
effects may prove unnecessary in many cases.

At some point in the waste package evaluation, it will be necessary
to test waste forms or waste package materials which have received
radiation doses at least as large as those anticipated in the reposi-
tory.

No waste package should be considered in which realistic radiation
doses cannot be administered for test purposes without using highly
atypical test specimens.

There is no standard method for simulating alpha recoil damage in
waste forms. In c~rtain waste forms, such as multiphase ceramics,
there is reason t. .elieve that the spatial distribution of radiation
damage may have an effect on waste form durability.

Neutron irradiation should not be considered as an acceptable simu-
lation of internal alpha decay damage for key testing in systems
where the alpha emitters are inhomogeneously distributed, unless it
is first established either that uniform irradiation can represent
worst case conditions or that the distribution of radionuclides
within the host is not critical in radiation damage formation.

Steps —ust be taken to ensure that the spatial di.tribution of radio-
nuclides _~d radiation damage in test specimens corresponds to that
anticipated in the actual waste form. Leach testing should be car-
ried out on samples obtained from both the internal and surface
regions of prolotype waste forms.

Screening test. must be carried out to determine the effect of radio-
lysis of liquid media in leaching, corrosion, and sorptinon tests.

The measurements should be carried out during ionizirq -diation and
be aimed at establishing worst case conditions.

We recommend that efforts be directed toward developing acceptable
simulations of transmutation effects in waste form materials. At
some point in the test program, all waste form candidate materials
must demonstrate adequate resistance to transmutation effects.

7.6.6 Future Work

The results and discussion presented above summarize our initial review of
test development relevant to waste package evaluation. In this review, we have
largely been concerned with general questions of testing philosophy and metho-
dology, rather than specific recommendations for a given test procedure. The
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intent thus far has been to identify the critical tests, and to raise those is-
sues which must be satisfactorily addressed in order to arrive at a valid test
program. This phase has, for the most part, been completed.

In the next phase of this task, the object is to address the issues pre=
viously raised (for example, to determine as far as possible what will consti-
tute worst case conditions for testing "generic" waste packages in the tests
identified previously) in order to arrive at detailed test recommendations.
Time can be saved if the screening test: carried out in DOE laboratories on
candidate waste package components can be made as compatible as possible with
those ultimately required for licensing. To this end, it is our intent to sub-
mit, in the near future, a hypothetical test program aimed at evaluating a
"generic" waste package. While such a program may be incomplete, ve feel that
it will form a useful focal point for the detailed considerations which must
precede development of a final test program.
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