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NOTICE

This report was prepared as an account of work sponsored by an agency of the Uruted States
Gevernment. Neither the United States Government not any agency thereof, or any of their
employees, makes any warranty, empressed or imphed, or assumes any legal liabihty of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe povately owned rights.
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Availabihty of Reference Matenals Cited in NRC Pubhcations

Most documents cited in N RC pubhcations will be available from nne of the followmg sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. Tt e Supenntendent of Documents U.S. Government Printing Of tice, Pmt Ottu e Bo= 37082
Washington, DC 20013-7082

3. The National Technical information Service, Springfield, VA 22161

Although the hsting that follows represents the majority of documerits c.ted m NRC pubhcations.
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Pubhc Docu
ment Room include NRC correspondence and inte nal NRC memoranda; NRC Office of Inspect-on
and Enforcement bulletins, circutars, information notices, inspection and investigation r atices;
Licensee Event Reports; vendor reports and correspondence; Commission papers, and apphcant and
ficensee documents and correspondence.

The following documents m the NUREG series are available for purchase from the GPO Sales
Program; formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NUREG senes
reports and techrucal reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.
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ABSTRACT
. .

;

As part of the information needed by the Nuclear Regulatory Commission
to assess the Department of Energy's application to construct geologic

. repositories for high-level radioactive waste, Battelle's Columbus Divi-
! sion is investigating the long-term performance of materials used for
i high-level waste packages. Waste-form studies are being directed toward

investigating spent-fuel leaching / dissolution behavior. Experiments
have been started to generate data on U02 and spent-fuel leach rates in4

i simulated anoxic groundwaters. Initial data indicate that urantua con-
centrations in the groundwaters and distilled-water leachants are very

,,

low. The influence of groundwater species on the susceptibility of cast '

: steel to pitting corrosion and stress-corrosion cracking is being
'

! studied by potentiodynamic polarization techniques. Potential cracking
| . agents are being investigated by slow strain rate experiments. The

pitting-corrosion -model'was further _ developed, taking into account:

| cation dissolution at the pit base and chemically active pit walls.
Groundwater-radiolysis modeling has continued, with the description'

being extended to include bicarbonate anions in groundwater. Simu-'

lations show that modifications to the reactions accounting for bicar-
bonate should improve predicted pH values. Spent-fuel specimens are

i being used in integral tests with flowing simulated groundwater to study
the role of cladding in radionuclide release and to identify possible;

combined-effects processes.'

!
; This report documents investigations performed during the period October
! 1985 through December 1985,
i
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; 1.- INTRODUCTION: PROJECT OBJECTIVES AND APPROACH

The Waste Policy Act of 1982 delegates to the Department of Energy (00E)
the authority for siting, construction, and operation of deep-mined geo-
logic repositories for the disposal of high-level waste and spent fuel.
The Nuclear Regulatory Commission (NRC) has the responsibility to regu-
late the activities of 00E to assure that the health and safety _of the
repository workers and of the public are adequately protected. Prior to

~ construction, the 00E will submit a license application to the NRC des-,

cribing in detail 'the proposed repository. The DOE has been directed to
take a multiple barrier approach to the isolation of radioactive wastes-

with the waste package, the underground facility, and the natural geo-
hydrologic features of the site being the major barriers. Since NRC's

! compliance assessment requires the technical capability to understand
relevant phenomena and processes relating to the long-term perfcrmance
of the multiple barriers, the NRC's Office of Nuclear Regulatory
Research (RES) has established this waste-package performance- program at
Battelle's Columbus Division to provide that part of the input to the

,

assessment. As an important aid to this understanding, Battelle is.
' ~ evaluating total system performance by integrating a variety of pro-

cesses that effect the long-term performance of waste-package materials.
This systems approach also serves to identify and evaluate research
needs.

After the repository is closed, the dominant mechanism to cause the
release of radionuclides from the repository is assumed to be ground-.

4 water transport. The generally accepted approach to minimizing the
release is to provide a number of different barriers to the dissolution
and transport of radionuclides by the groundwater. For a deep-mined
repository, the geohydrologic features of the earth itself are expected
to be a major barrier to the release of radionuclides. .The repository

1

site will be selected so that radionuclides will be isolated for very
long times. In addition, engineered features of the repository will act
as a barrier to the- release of radionuclides. The repository will be
constructed so as to minimize disturbing the adjacent rock and to accom-
modate the thermomechanical effects of the emplaced wastes with a mini-

' mum of degradation to its geohydrologic properties. Upon closure, the
underground openings and shaf ts to the surface will be backfilled and
sealed to minimize groundwater flow paths.

!

; The waste package--which is the center of this study--will be con-
structed to provide essentially complete containment of the radio-
nuclides through the period of time in which the repository is heated
significantly by decaying fission products. After the container is
eventually breached by some process, the waste form must remain suffi-
ciently resistant to groundwater attack to provide high retention of the

f radionuclides'and, together with the repository, to control the release
1 of radionuclides for thousands of years. The objective of our research

is to provide an improved understanding of the long-term performance of
i the materials used for the high-level waste package. More specifically,

we are identifying those processes that tend to degrade the performance
,

of the waste-package materials, performing experiments to produce data

i

1-1
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where data are otherwise lacking on material performance, and analyti-
cally modeling the processes to utilize the data more effectively. In
addition, we are identifying areas of work that should be performed bye.

y DOE to provide missing data which are beyond the resources of the NRC.

{. 1.1; Individual Program Tasks
' .The program is being conducted in three parallel efforts: wasta-form

studies, overpack corrosion studies, and integrated system pertemance !

! studies. A more detailed summary of achievements can be found in the
'

second annual report for this program (NUREG/CR-2127, Volume 4, July
1985, Section 1).

1.1.1 Waste Forms
,

The waste-form studies are aimed at first describing and modeling those
mechanisms that will alter or " age" the waste form during the contain-

; ment period, and second, identifying and describir.g those processes that
; will influence waste-form dissolution after it is exposed to ground-

water. The waste-form studies have previously centered on borosilicate
i. glasses, and experiments have been performed to investigate the long-
: term dissolution /reprecipitation behavior of simulated waste glass and
i the effects of crystallinity influences. However, emphasis is now being
; directed toward evaluating spent fuel as a waste form. In particular,

the leach / dissolution behavior of spent fuel and the effects of cladding;

i .in radionuclide release are being studied. '

4

.Three spent-fuel leaching experiments have been planned that will pro-,

! vide a definite comparison of the leach behaviors of unirradiated and
; irradiated fuels in repository-relevant environments. Spent-fuel and
; UO2 specimens will be exposed to different types of low-flow, anoxic' simulated groundwater and radiation field conditions. These experi-
3 ments, one of which is in progress, will be used to investigate spent-
'

fuel solubility. and possible selective leaching of radionuclides.

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

:
: metallic waste-package overpack. The objective is to collect data on
i the parameters that influence the degradation processes, to-identify the
j controlling parameters, and ultimately to model the degradation pro-

cesses that determine the long-term performance of the overpack. The
material under study is cast low-c&rbon steel; this material is cur-

'

rently favored by DOE for use in a basalt repository.
~

l The dominant degradation processes that affect the outside of the over-
pack are general corrosion, stress-corrosion cracking, pitting, crevice
corrosion, hydrogen attack, and mechanical stress. These processes may
occur individually or in combination. The parameters that affect these
processes include chemical composition and physical state of the steel,
groundwater composition and flow rate, temperature, radiation intensity,
availability of air, lithostatic forces, redox state, alkalinity or

.

1-2

- . _ _ _ _ . _ _ _ _ _ _ _ _ ____. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



, , ... . _ . _ _

,

4

acidity, and availability of hydrogen. These can produce general e.orro-
sion, in which the rate of general corrosion will determine the neces-
sary wall thickness, or localized corrosion (such as pitting or crevice

| corrosion), in which the rate of the localized attack and the container
~ life must be used to establish the wall thickness.

If the steel is susceptible to cracking in the expected environment, the
rate of cracking is so rapid relative to required container life that
the corrosion-allowance approach cannot be used to achieve acceptable
performance. What is important is the susceptibility of the metal to

; crack initiation and propagation. Cracking may result from stress-
' corrosion cracking or from reduction in fracture toughness from hydrogen

attack.- Both of these processes are under investigation. .

In addition, a comprehensive mathematical model is under development for
use in understanding the corrosion processes associated with the waste- !

container materials in a repository environment. The model computes the
fluxes of corrosive species to the overpack surface, taking into account
the fact that certain corrosive species may.be generated by radiolysis,'

and also accounts for diffusion and convective flow to -transport the

species. The modeling effort is also being applied to pitting attack
and considers three different aspects of the overall pitting process:.

pit-initiation kinetics, pit-growth kinetics, and the evolution of the
pit-depth distribution. These analytical efforts are well integrated

7

with the experimental efforts and are directed to providing an under-'

standing of the long-term performance of the overpack materials, with
emphasis on those processes that can lead to poor performance.

,

1.1.3 Integrated System Performance

The waste-package system performance studies are an interface between
the waste-form studies and the container material studies to provide an
improved understanding of the parformance of the total waste-packagei

system. The current emphasis is on the processes involved in waste-
package system degradation. One aspect of the total system under study

~

; is the production of radiolysis products in the groundwater by gamma
| radiation from the waste. This is of major importance in modeling the
{ corrosion of the overpack and in planning experiments to determine the

effects of radiolysis. Our radiolysis model is based on existing codes'

' ~ and sets of chemical reactions ccmbined to provide the best description
of experimental data found in the' literature. The output of the radio-i

( lysis model calculations provides . input to the water-chemistry model,
| which is a fundamental part of the glass-dissolution model and the

general-corrosion model.

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

,

1-3

|
_ _ _ ._ ._. _ __ _ ~ _ - _ _ _ . _ . . _ _ _ _ _ _ _ _ _ _. __ . . _ . _ . . _ _ . _ _ _ . -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ __ _ _ ____ _ - _ _ _ _ _ _ _ __

,

Integral tests have been designed and are being performed using spent-,

fuel specimens. Simulated groundwater is passed over these specimens
and then analyzed to investigate the effects on radionuclide release of

. potential repository conditions. These tests will explore the role of
'

the cladding in radionuclide release and will aid in assessing combined-
effects processes that may affect waste-package integrity.

; 1.2 0verall Program Objectives

In all the program tasks, the ultimate objective is to develop a base of
i information to assist the NRC in evaluating the performance of the waste
. package proposed in DOE's license application. A near-term objective is
1- to provide information to allow the NRC to prepare position papers on

the information required s ' 00E for evaluation of their waste package.
Of significance here is-identifying sensitive parameters affecting the
performance of materials and identifying data requirements.

To achieve the above objectives, the waste-form task is providing infor-
mation to give a better understanding of the release of radionuclides
from the waste form, beginning at the time it is first contacted by
groundwater, through the 10,000-year period defined in the EPA Standard.
This includes an understanding of the probable physiochemical condition
of the waste form when it is contacted by groundwater, as well_ as the
parameters of waste-form composition and environmental conditions which

#

will cause changes from its state at the time of disposal. In addition,
we are producing experimental data on the parametcrs that affect dis-
solution of the waste form, including composition of the groundwater and
environmental' conditions. The waste-form dissolution process is also
being mathematically modeled to allow analysis of the performance of the

| waste form under specific input conditions.

The _information on the performance of the overpack materials relates to
the required containment period of 300 to 1000 years. Overpack perform-,

ance is expected to be most affected by corrosion and hydrogen-attack
processes. We are attempting to provide information on the parameters
of overpack-material composition, groundwater composition, and environ-'

mental conditions that are most significant in these processes. Our
preliminary study of the titanium alloy in brine did not reveal any con-
ditions that.would cause general corrosion, pitting, crevice corrosion,
or stress-corrosion cracking to affect the good performance of the mate-
rial as claimed in the literature. However, vapor-phase attack was
identified; this could degrade the material and should be more
thoroughly investigated if the DOE selects this material for use.

Our studies of cast low-carbon steel in a basalt environment are cur-
rently focused on the susceptibility of the metal to stress-corrosion
cracking under repository conditions, because steel is known to fail by>

; this process in some environments. We are studying the chemical species
and environmental conditions that cause cracking to determine whether
this mode of failure is expected under credible repository conditions.,

Our experimental studies on general and localized corrosion, together;

with our comprehensive general-corrosion model, will assist in
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evaluating the corrosion-allowance approach for the use of steel as a
j long-life container.

| Although the development of an integrated waste-package system model is
no longer included in the scope of this project, modeling efforts in the.

integrated system-performance task are contributi.ng significant infor-
mation to studies of general corrosion and glass and spent-fuel dissolu-
tion. These studies require knowledge of the amount and kind of chemi-

;
' cal species that may be produced by radiolysis of the groundwater near

the waste package e3 a result of gamma radiation from the enclosed
i waste. To obtain this information, energy deposition and radiolysis

codes are used. To determine how these radiolysis products may affect'

}
the performance of the overpack and waste form, their chemical activi-
ties are calculated by the water-chemistry model, using as. input data *

i from experiments and from the groundwater-radiolysis model. The output
from the water-chemistry model is the concentration and activity of each
chemical species in the groundwater near the waste package. This infor-

,

mation is used not only as input to the general-corrosion and glass-'

dissolution models but also as a point of reference in directing the
experimental efforts in corrosion and dissolution. Some effects of
radiolysis may be observed in the integral experiments that are being
conducted. The integral experiments will provide insight into the rolej

| of cladding in the release of radionuclides from spent fuel and will
help to identify certain combined-effects processes, possibly syner-
gistic in nature, that may affect the performance of the overpack and

,

waste form.!
,
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2. WASTE FORMS

Waste-form experimentation is being directed away from an emphasis on
glass leaching to the leaching / dissolution behavior of unirradiated and

-spent fuel. During this quarter, a 32-day experiment evaluating the
leaching behavior of devitrified MCC 76-68 simulated waste glass was
conducted. The analysis of leachates (to be conducted next quarter)
from this experiment will conclude our efforts on glass-leaching experi-
mentation. Important results obtained this quarter from the glass-
dissolution and crystallinity experiments are summarized in Sec-
tions 2.1.1 and 2.1.2, respectively.

Three different spent-fuel leaching experiments have been planned, the-
first of which was started last quarter. These experiments will be com-
prised of the following test specimens and conditions:

Unirradiated 00 --no external radiation fielde 2
Unirradiated UO --external radiation fielde 2

e Irradiated fuel.
2

The experiments will be carried out with the specimens placed in contact
I with flowing simulated tuff, oasalt, and brine groundwater and distilled

water. Each of the tests will be conducted for a minimum of nine1

months, or until steady-state leach rates are observed. Progress on the
first of these tests this quarter is described in Section 2.2.1.

Waste-form dissolution modeling has continued, and results of the glass'

:_ dissolution experiments have been compared to the model to validate an
analytic description of the dissolution /reprecipitation kinetics.

2.1 Glass Experiments.

2.1.1 Glass-Dissolution Model Verification

The results of an experiment to verify a numerical model for.the long-
term dissolution and reprecipitation behavior of MCC 76-68 :Imulated

i waste glass in water at 90 C have been reported at length in the
previous two quarterly reports. In summary, we have observed that at

! 90 C, silice-dissolving from MCC 76-68 reprecipitates as a crystalline
' zinc silicate phase, probably willemite, in the glass' surface alteration

layer. The zinc silicate precipitate controls the solubility (and
hence, the dissolution rate) of silica in the leachate at a value inter-
mediate between the experimental solubility of amorphous silica and the
calculated solubility of ZnSiO , which approximates the composition of3

; the observed reprecipitate. After an initial equilibration period
(represented by time equivalents of 0 to around 2,500 days / meter in

| Figure 2.1), the solubility of silica in the leachate levels off,
reflecting steady-state kinetics between the dissolution and reprecipi-

i

| tation reactions. The quantity of zinc silicate crystals in the altera-
tion layer increases with time, as observed in scanning electron micro-
photcgraphs. The' data in Figure 2.1 have been fitted by a first-order

:

(
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regression analysis, yielding ette constants of 5.382 x 10-4 for the
~

dissolution reaction and 3.871 x 10-4 for the reprecipitation reaction,

The experimental aspects of this study have now been completed. Efforts
in the near-term will be directed at preparing a manuscript for publi-
cation in a peer-reviewed journal.

2.1.2 Crystallinity Influences

The glass crystallinity experiment was completed at the end of this
quarter. In brief, two sets of samples doped with Ru02 as a hetero-
geneous nucleating agent were prepared for leach testing at 90 C. Three
digestion bombs with high surface-area-to-volume ratios were. prepared
for each crystallinity condition, as were two reference bombs containing
untreated MCC 76-68 glass. These samples were exposed to reagent-grade
water at 90 C for 32 days, a time increment equivalent to one of the
data points in the model-verification experiment. Exposure at these
conditions was completed late in the reporting period.

The leachate for each bomb has been submitted for analysis of dissolved
SiO . Once these analyses are complete, ICAP spectroscopic analyses2
will be'used to determine the concentrations of rare earth oxides and
selected transition metals in the leachates. Scanning electron micro-
scopy (SEM) will be used as needed to investigate changes to the surface
of the samples. The details of these analyses will be provided in the
annual report for this project year next quarter.

2.2 Spent-Fuel Experiments

2.2.1 Experimental Leach Rate Experiments

The objective of the spent-fuel and UO2 leach tests to be conducted
under this program is to generate high-quality data on spent-fuel and
UO2 leach rates under expected repository (i.e., anoxic) conditions. As
described previously, three different flow-through tests are being or
will be conducted. The first of these, an evaluation of unirradiated

UO2 leach behavior in the absence of an external radiation field, was
started November 16, 1985. The second and third tests are planned to
begin in early February and early April, 1986, respectively.

All three tests will be conducted in nearly identical aqueous geochemi-
cal environments, except for the external radiation field. This will

,

I allow us to isolate and characterize the magnitude of the effect of
radiolysis on UO2 and spent-fuel leach rates. The most critical
variablesareshowninthesecondag-{hirdcolumnsofTableg1)The
(YucuMountainJ-13wellwater),andbasalt(Pp;ineA),tuffddleachtes include a simulated brine / (WIP

2. groundwater as well as'

distilled water. The syrface-area-to-volume-(SA/V) ratio is also varied
between 5 and 50 meter-L to evaluate the effect of this variable on U02
and spent-fuel leaching. The latter consideration is intended to
facilitate evaluating solubility control on leach rates. Anoxic

2-3
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Table 2.1. Results of UO2 leach tests through day 50 of the
experiments conducted in the absence of an external
. radiation field.

Synthetic
Reaction Leachate SA/V Uranium Cor. centration (ppm)

Vessel Number Composition (meter-1) Day 20 Day 50

1 Brine 5 0.08 0.12
2 Brine 5 0.07 0.12
3 Brine 5 0.06 0.09
4 Brine 50 0.11 0.10
5 Brine 50 0.09 0.08

$ 6 Tuff 5 < 0.01 0.01 '

7 Tuff 5 < 0.01 0.02
8 Tuff 5 < 0.01 < 0.01
9 Tuff 50 0.03 0.01

10 Tuff 50 0.01- < 0.01
'

*

11 Basa1t 5 < 0.01 < 0.01
12 Basalt 5 < 0.01 0.01
13 Basalt 5 < 0. 01 ' < 0.01
14 Basalt 50 0.04 0.03
15 Basalt 50 < 0.01 <0.01
16 Distilled Water 5 < 0.01 < 0.01
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conditigns are being established and maintained using the method ofJantzen.2.4), who produced low redox potentials (i.e., -0.15 to -0.45j
,

volts) in simulated groundwater by exposing it to high SA/V-ratio
~

! ductile iron. The carbon steel reaction vessel provides additional
; redox buffering capacity. Leachate redox potential will be established

,

by a specially designed in situ Eh measurement device, which will allow !

the Eh of the leachate exiting the reaction vessel to be measured with-
out contamination by atmospheric gases. This cell is currently being
prepared and will be available for use in this program sometime next

: quarter.

' All .of the Icach tests are flow-through in design, using pulsed flow.
At least initially, leachate samples are being collected at a frequency

; of 20 to 30 days. At the time of sampling, the leachate that is being
i withdrawn from the experimental vessel is replenished with an identical

volume of leachate, which has been equilibrated with ductile iron for at
least 24 hours to consume oxygen and lower the redox potential. At each

,

sampling, the volume of leachate collected is small in comparison with*

the total volume of leachate in the reaction vessel and is adjusted to

j yield an equivalent contact time of 1 year.

The results of the first experiment through day 50 are shown in
Table 2.1. Total uranium concentrations in all of the 16 reaction
vessels are very low, and the only statistically significant effect is

i

that uranium concentrations in brine are several times higher than those'

in tuff and basalt groundwater and distilled water, which are barely
. detectable or not detectable at all by the fluorometric analysis pro-
cedure. We plan to continue to collect data on this experiment for at
least another 315 days to determine any changes in U02 concentrations
with time.

The second unirradiated UO2 leaching experiment, which will be identical
to the experiment described above except having an external radiation

i field of approximately 104 rads per hour, will be started in the next
several weeks. The spent-fuel test is currently scheduled to begin
early in Ye' r 5 of this program. All three tests will be conducted fora

: at least one year. This experimental plan, taken as a whole, is ,

intended to be the definitive study for comparing the leach behaviors of
,
'

unirradiated and irradiated fuel in repository-relevant chemical ,

environments. This one-and-a-half year study should also show whether ,4

spent fuel is as insoluble as unirradiated U02 under anoxic conditions,

! and if there is selective leaching of some radionuclides from spent
' fuel.
!

| 2.2.2 Quality Assurance Procedures
1

Two Quality Assurance Procedures were developed this quarter in conjunc-
tion with the Waste Forms Task. They are:

e Laboratory Procedure for the Preparation of Simulated
WIPP Brine A. WF-PP-32, Revision 1, November 18, 1985

:

2-5
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e Laboratory Procedure for the Fluorometric Analysis of
Uranium in Ground Water and Brine, WF-PP-17, Revision 0,
November 26,198'i.

2.2.3 Radionuclide Distribution in Spent Fuel

A task was started to summarize the available informatiun on the distri-
bution of selected radionuclides (Am, Cs, Np, Th, Pu, I, Sn, Sr Tc, C)
in spent fuel. These elements were selected on the basis of their long .

half-lifes and activity in spent fuel. The emphasis is on microscopic
distribution (for example, within grains and grain boundaries) rather
than macroscopic distribution of these radionuclides. This information
will be very useful in analyzing the data generated in the spent-fuel
leach rate studies and in the integral experiments.

During this quarter, initial discussions were held with personnel at the
Karlsruhe Nuclear Research Center in West Germany and at Argonne
National Laboratory on the feasibility of using analytical techniques
such as electron microprobe analysis and Auger electron spectroscopy to
characterize the distribution of the above radionuclides. In addition,

thediscussionsalsofocusedontheuseof)availabletheoreticalmggejpsuch as the Booth Diffusion Model(2.5, 2.6 or the FASTGRASS Modelt 1

to calculate the microscopic radionuclide inventory in spent fuels.
Since these models assume radionuclide migration in vapor form, detailed
knowledge of the chemical state of the radionuclides of interest is
essential.

The assessment of available information will be completed next quarter.
Gaps in the existing data base will be identified and areas of further
experimental and/or theoretical work needed will be explored.

2.3 Waste-Form Dissolution Modeling

2.3.1 Extension of Glass Dissolution /Reprecipitation
Model--Inclusion of Second-Order Reprecipitation
Kinetics

_

For the glass dissolution /reprecipitation model developed earlier under
this program (2.8, 2.9), both the glass-dissolution reaction and the pre-
cipitate-growth reaction were assumed to follow first-order kinetics,
that is, to vary linearly with the supersaturation. Thus, the rate of
glass dissolution was assumed to be proportional to Co - C and the, rate
of precipitate growth to be proportional to Co - C, where Co and C arenthe saturation concentrations in the groundwater of the species (s111-
con) controlling the kinetics, measured with respect to the glass and
the precipitate, respectively, with C being the instantaneous concen-
tration of dissolved silicon in the groundwater. The resultant model
yielded a relatively good " fit" to the experimental data obtained under
this program in the glass-dissolution experiment, as is shown in
Figure 2.1.

2-6
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~It has been pointed out})however, (e.g., Hohmann and Kahlweit(2.10),
"

Reich and Kahlweit(2.11 that crystal growth from solution is, in
; general, determined by second-order kinetics, in which case the precipi-

tate growth under gresent censideration would proceed at a rate propor-
model develo$ d earlierf2.8) was gen,eralized to account for precipitatetional to (C C) . I this light the dissolution /reprecipitation

pe
i growth occurring by second-order kinetics, assuming still that the glass ,

dissolution takes place via first-order kinetics. ,

i
For this case, Equation 2.21 of Reference 2.8 must be modified as
follows:

,

1

dC KS
(2-1)

-

- = - ( C, - C ) - K ' ( C ' - C )
dt V

where t represents time, K is the rate-constant for glass dissolution, S
the surface area of the glass, V the volume of solution, and K' an
effective rate-constant for precipitate growth. Equation 2-1 is valid
within the regime C$ < C < C. The. constant K' may, in general, be

,
dependent upon time, Tut only the simple case for which it is assumed to
be time-dependent is considered here. This particular case was con-!

sidered in detail, for first-order reprecipitation kinetics, in Refer-
~

i ence 2.8; the case for which K' was assumed to increase linearly with
time, again for first-order reprecipitation kinetics, was considered in
Reference'2.9.

! Following the procedure developed in Reference 2.8, we express Equation
2-1 in dimensionless form by defining the following:

sE C/Co (2-2)
'

! TE KSt/V (2-3)

rE Co/Co (2-4)

l 8E K ' V Co. (2-5)
KS

In these terms. Equation 2-1 becomes
,

I dc = 1 - s - S(r-s)2 (2-6)
dr;

with this equation being valid for r < s < , 7he definitions of s,;

r,andrarethesameasthoseusedear11 erd.8J'
S being modified somewhat from its prior form (2 5)with the definition of

<

to account for the}
second-order kinetics.

-

5 One can readily show that the solution of Equation 2-6 can be expressed
j as follows:
j

!

2-7 i
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s=r+hb -1 + 1 tanh (T Tp) + tanh-I h)- (2-7)
_

I
,

F where
~

; -A E [1 + 46 (1-r)]1/2 (2-8)
'

Tp s in (2-9).
,

Equation 2-7-is valid for T > Tp (for which r i s 11), the definition
of To being consistent with that used in Reference 2.8. At least in a.

qualltative sense, the variation of s with T, as predicted from Equa-
tion 2-7, is similar to that obtained from the model based on - first-

! order.reprecipitation kinetics (Equation 2-24 of Reference 2.8). In
!

other words, s rises monotonically from its value of r at time Tp and
j asymptotically approaches the value s=1.
,

2.3.2 Application to Glass-Dissolution Experiment

To apply the above analysis to the data obtained from the glass-dissolu-
tion experiment, it is first convenient to alter' the form of the effect-
ive rate-constant K', as was done previouslyL2.12) for the case of
first-ordet reprecipitation kinetics. For the reasons already
cited (2.121, the effective rate-constant for this particular experiment
is proportional to S/V, in which case we define

,

K' = K" S/(C V) (2-10)o

{ where K" is another effective rate-constant, but one that is independent'

of S/V. (The Co . factor in Equation 2-10 is arbitrarily included simply
to make K and K" have the same units.) Upon combining Equations 2-5 and
2-10, we find the.t the parameter B has the. simpler form

4

8 = K"/ K . (2-11)
i

Other than this, the analysis presented above remains unchanged.
Clearly, with this new form for K', the right-hand side of Equation 2-8

'

'

is independent of S/V,-so that,M with the case for first-order repre-
cipitation kinetics, the extent of glass dissolution and precipitate

j growth is uniquely determined by the magnitude of the parameter- St/V.
.

! Equation 2-7 was fitted to the 3xperimental data by again assuming r = 0
and using known values for Co and S/V. Qualitatively, the fit obtained
was similar to that obtained previously based on first-order reprecipi-
tation kinetics. In a quantitative sense, the fit was actually somewhat
better for the case of first-order reprecipitation kinetics, as measured
by the respective sums of squares of deviations of the data about the
fitted curve for the two cases.

.

Comparison of second-order kinetics to first-order kinetics will con-
tinue next quarter.

!
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3. OVERPACK CORROSION

During this year, the overpack corrosion studies have focused on the
carbon steel-basalt system, although it is recognized that other repost-
tories have equal or greater probability of being licensed. By focusing -

the research in this fashion, the inefficiencies associated with fre-
quent switching from system to system are minimized. Moreover, many of
the methodologies developed in the program and some of the data obtained
are applicable to other repository systems. The three continuing over- '

pack corrosion tasks include potentiodynamic polarization studies,-slow
strain rate studies, and pitting-kinetics studies. The objective of
these' tasks is to investigate the localized corrosion behavior of carbon
steel in repository environments.

Corrosion modeli.ng studies are continuing with current emphasis on
enhancing the general-corrosion model and developing a pitting-corrosion
model. Basic equations to describe the effect of water radiolysis on
general corros on are be ng eva ua e , and a pit-propagation model isi i l td
being extended to account for the results of previous pitting-kinetics
experiments.

3.1 Potentiodynamic Polarization Studies
|

Potentiodynamic polarization techniques are being used to evaluate the
influence of metallurgical and environmental variables on the electro-
chemical behavior of carbon steels in simulated basalt repository
environments. The results of these analyses are then used to assess the
tendency for stress-corrosion cracking (SCC) and pitting.

As explained in the Year Three Annual Report (3.1), in the potentio- <

dynamic polarization procedure, the polarity and magnitude of the
current flow between a metal specimen ard an inert counter electrode are
measured as a function of electrochemical potential. A polarization
curve is plotted as the logarithm of net current density versus the
electrochemical potential. For the anodic portions of the curve, the
current measured is equal to the corrosion rate of the specimen if two
conditions are met: (1) the over potential (difference between the
free-corrosion potential and the polarized potential) is large enough
such that the rates of the cathodic reactions are negligible, and
(2) the rates of parasitic oxidation reactions are negligible. |

! A schematic of anodic polarization curves showing several types of
! behavior are given in Figure 3.1. For the active-corrosion case, the

j anodic curve is linear on.a potential vs. logarithm of current (E-log 1)
| plot, and the forward and reverse scans are coincident. The presence of
| a peak in the anodic portion of the curve followed by a decrease in
| current with increasing potential, generally indicates the onset of

passivation. The occurrence of hysteresis between the forward and1

! reverse scans indicates pitting. Where the hysteresis loop is very
i large, the protection potential may be very close to the open-circuit

!

]
potential, indicating a high probability of pitting in service.

,

|
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Figure 3.1. Schematic of typical anodic potentiodynamic
polarization curves.

Ecor = corrosion potential; Epit = potential at which pits
initiate on forward scan; E r
repassivate on reverse scan; gt = potential at which pitsp

icor = current density at the
free-corrosion potential; imax = current density at active
peak; i as = current density in passive range.p
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The potentiodynamic polarization technique also has been found to be
It

useful in identify)ing possible SCC environments for carbon steels.has been shown(3.c that SCC is associated with envirorments that pro-
mote active-passive behavior and that the range of electrochemical
potentialsthatpromotesSCCisneartoandmorenoble(jpoitive)thanEmax (see Figure 3.1). Moreover, it has been observed 2 that severe
cracking occurs in environments when imax on the fast scan is greater
than about 1 x 10-3 A/cm2 and where the fast scan exhibits at least an
order-of-magnitude higher current than the slow scan.

The polarization behavior of the candidate alloys is being determined
using conventional polarization techniques. The equipment used for
these experiments includes a PAR Model 173 patentiostat with an EC0
Model 567 function generator, coupled to a computer data-acquisition
system. A three-compartment electrochemical, cell is used that contains
a saturated calomel reference electrode (SCE) and a platinum counter
electrode. The three-compartment electrochemical cell separates the
working electrode from the counter electrode, thus preventing the
solutions in the electrode compartments from mixing.

The working-electrode specimens, made from hot-rolled 1020 carbon steel,
are cylindrical rods that are axially drilled and tapped. The specimens
are mounted on a threaded carbon steel rod with the ends of the speci-
mens sealed from exposure to the cell solution by polytetrafluoro-
ethylene (PTFE) gaskets. The composition of the steel is given in
Table 3.1. The specimens are 0.6 cm in diameter and 1.9 cm in length;
the actual area of each specimen is measured prior to immersion in the
electrochemical cell. The electrodes are polished with successively
finer grades of silicon carbide paper, finishing with a 600-grit paper.

Prior to testing, the working electrode remains in the test solution
overnight while the solution is sparged with the desired gas mixture.
The polarization scans are then started approximately 16 hours after the
working electrode is immersed in the cell. Partial cathodic and full
anodic polarization curves are obtained by scanning at a rate of
0.6 V/hr and beginning the scan approximately 100 mV more negative than
the free-corrosion potential. The current for the anodic curvg is
scanned until a current density of approximately 3 x 10-3 A/ cmc is
attained; the anodic scan is then reversed until repassivation occurs
and the current changes polarity, becoming cathodic. When the polari-
zation plot is completea, a new steel specimen is inserted into the
polarization cell containing the same solution and is immediately
polarized to a potential of approximately -0.90 V (SCE). Within five
minutes of imnersion, a fast anodic scan is performed using a scan rate
of 18 V/hr. After the p'olarization scans are completed, the following
polarization parameters are obtained from the polarization curves of
potential (E) versus logarithm of current density (log i), icor, Ecore

pit, E rot, and imax (imax obtained fram the fast-scan curve).i as, E pp

As described in the Year Three Annual Report.(3.1) a statistical experi-
mental design approach is being used to evaluate the influence of
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Table 3.1. Chemical compositions and other data on steels used in the corrosion studies.

$AE Composition {wei@t percent)

Designation Treatment Used In Dimensions C Mn P 5 51 Ca In Ni Cr Mo AIMut er or Thermomechanical Tests

-- -- -- -- -- --

1018 Hot Rolled Pitting 7.6 cm x 0.18 0.77 0.017 0.019 0.22

Exposures 15.2 cm strip

1020(a) Hot Rolled Electrochemical 1.27 cm rod 0.20 0.46 0.011 0.0 32 0.17 0.38 0.027 0.014 0.018 0.024 --

Pitting Monitor.
Potent todynamic
Polarization

-- -- -- -- -- -- --

1020(a) Hot Rolled Slow Strain Rate 0.635 cm 0.22 0.55 0.01 0.037
dia. rod

Clean BCL Cast or Hot. Potenticdynamic Ingot 0.18 0.49 0.004 0.002 0.30 0.006 -- 0.002 0.001 0.00 0.10

w
i Steel Rolled Polarization

Doped BCL Cast or Hot- Potentio1ynamic Ingot 0.17 0.55 0.029 0.0 36 0.35 0.007 -- 0.004 0.011 0.00 0.14b

Steel Rolled Polarization
ICI Nil Tr NilIDI -- -- Tr -- -- Mil

Ferrovac E Cast Fotenttodynamic Ingot 0.003 Tr
Polarization

(a) Hot-rolled 1018 carbon steel not available in rod form.
(b)Tr . Trace.
(c) Mil * Mone detected.
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environmental variables on the electrochemical behavior of carbon steel
! in simulated repository environments. The statistical analysis per-

formed and presented in the Year Three Annual Report used the design2

j values for the chemical concentrations of the eleven control variables.
Because of solubility considerations and interaction among variables,;

~ e.g., most notably pH/C0 -2/HC0 , the design concentrations of the3 3
variables were not realized. Therefore, part of Year Four work involved

,

| analyzing the actual concentrations of the elements present in the
solutions for the experiments previously performed.

During the polarization experiments in Year Three, solution samples were <

i collected from each experiment. As part of the collection procedure, a
filtering process was used to remove any precipitate present in the test
solution. Therefore, the sample consisted of only the dissolved species

; present at the time the test was performed. Prior to analysis, any pre-

cipitates that formed during storage of the samples were redissolved, so
that the analyses performed provided elemental concentrations represent-
ative of those present in solution,at the time of testing.

.

The statistical analysis that was described in the Year Three report was
a then repeated, using the actual concentrations of the species in solu-
,

| tion, rather than the design concentrations. The analyses of the data ;

;are still in progress, but the results of the regression analyses are,

presented in Tables 3.2 and 3.3.

Table 3.2 shows the main-effect terms at a 90 percent probability of'

significance level. The arrows indicate the direction of the regression,

coefficient. Th'. table compares the results of the regression analysis
ifor the designed chemical data (Year Three Report) to the regression

.

analysis for the analyzed. chemical data. The measured concentrations of!

! some of the variables were significantly different from the designed
i concentrations, e.g., for Si, Fe, F, and C0 /HC0 , so it is not sur-3 3

prising that the regression results were' altered. Several new effects
,

were observed and some effects were dropped with the new analysis. How-
| ever, the main effects which showed up in both analyses had the same
; direction with the exception of Epit and E rnt for pH and Epit forp

NO /N0 . In all cases, the new analysis, which used the analyzed solu-
3 2i

| tion concentrations, is believed to give the more reliable prediction of
|

the true effects of the species on corrosion.
L

Table 3.3 shows a similar comparison for the two-factor interaction'

terms. As for the main-effect terms, several new effects were identi-
fied when the analyzed solution concentrations were used. The only

| contradictions when both analyses showed the same effect were for Epit
| and E rot for the pH x C03 interaction and E or for the SiO3x02 inter-p c
i action. Also, three interaction terms were Indicated as having several

effects on the corrosion parameters which did not show up in the.

j previous analysis; these were pH x SiO , pH x CO, and NO3 x SiO .3 3

The statistical analysis of the data is proceeding, and refinements to
the analysis may result in the removal of some of the reported effects

i

I
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Table 3.2. Summary of main-effect terms for main matrix
comparing the statistical results based on
designed chemical data ytth those based on
analyzed chemical data.ta)

log log log
i or imaxEcor i as Epit E rotc p p

y} }} }} }} }|pH --

}} -{ -} IIC1 }} --

F h- }- t} }- f- h-
Fe h- f- ---- -- --

f} }-C0 /HC03 y} }- t}3
--

NO /N02 f} }} |}3
---- --

-} }}B0 /8 0473
-- -- -- --

-} }- i-SiO3 }- -f --

i} -}H022 -- ---- --

02 -} }} ---- -- --

}-CO -- -- -- -- --

(a) f or h : increase or decrease, respectively, in response para-
meter (Ecor, etc.) resulting from increase in control parameter
(pH, C1, etc.) for main matrix with designed chemical data .

f or h : increase or decrease, respectively, in response
parameter resulting from increase in control parameter for main
matrix with analyzed chemical data.

: indicates that no effect was observed.--

[

.
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Table 3.3. Summary for two-factor interactions comparing the
statistical results based on designed chemical data
with those based on analyzed chemical data.(a)

log log log
E roti as Epiti or imaxEcor ppc

}- }}pHxCl }} -} {} --

yf ffpHxC03 }} }- y- --

}-pHxNO3 }} -- ---- --

-} -} -}pHxB03 y- ----

}- j- }-pHxSiO3 y- -- --

I- }-pHxH 022 -- -- - ---

f- Ik Ihf-pHx02 ----

}- j-}- j-pHxC0 ----

C1xC03 }} -} }- }} }} --

}-}}}}ClxN03 ---- --

-f if If I}C1xB03 -- --

ff I}ClxH 022 I- -- ----

C0 xH 022 i} -- -- -- -- --
3

C0 x023 -- -- -- -- -- --

N0 xB03 -- -- -- -- -- --
2

N0 xSiO3 I- f- h- }- f- --

3

}} -} }} -} }}NO x023 --

}}B0 xSiO32 -- -- -- -- --

I}B0 xH 0222 -- -- -- ----

SiO x02 }} -}3
-- ---- --

j-H 0 x02 }}22 ---- -- --

(a) } or { : increase or decrease, respectively, in response
parameter (Ecor, etc.) resulting from increase in control parameter
(pH, Cl, etc.) for main matrix with designed chemical data.

4 8

e or t : increase or decrease, respectively, in response
parameter resulting from increase in control parameter for main
matrix with analyzed chemical data.

: indicates that no effect was observed.--
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in the final model to be outlined in the Year Four Annual Report. A
large portion of the analysis yet to be completed involves considering
the correlations that resulted from not meeting the designed concen-
trations. The experimental design initially represented very low corre-
lations among all of the effects being considered. Because these
designed concentrations were not met, some correlations among effects
occurred. These possible correlations will be considered during further
analyses in the fourth quarter of Year Four research.

When the final analyses are completed, the results of the potentio-
dynamic polarization studies will be used to predict species and inter-
actions of species that are especially deleterious to the localized
corrosion behavior of carbon steel in a repository. These data will
then be used to guide future research in which localized corrosion in
these deleterious environments will be investigated in greater detail.
As described in other sections, some of these experiments have been
started or are planned for the near future. That a given environment is
deleterious must be established through independent laboratory, field,
and modeling studies of the repository geohydrology.

3.2 Slow Strain Rate Studies

Slow strain rate experiments on selected environments from the potentio-
dynamic polarization studies were planned for this reporting period, but
these experiments were deferred until the first quarter of the next pro-
gram year to concentrate resources on the pit-propagation experiments.

3.3 Pitting-Kinetics Studies

Results of the potentiodynamic polarization experiments and. autoclave
exposures performed in Year Two suggested that pit initiation in low-
carbon steels is likely in basalt groundwater. The polarization curves
exhibit considerable hysteresis on the reverse scans, and protection
potentials are very near the corrosion potentials, even for deaerated
solutions. In the autoclave exposures, pits actually were found on
specimens exposed for approximately 1000 hours in a deaerated simulated
basalt groundwater at 250 C.

According1v, experiments were undertaken to characterize the pit-
propagation behaviur of carbon steel in simulated basalt-repository'

environments. Two types of experiments are being performed: weight-
loss experiments and electrochemical pit-propagation experiments. The
objective of these experiments is to characterize the pit-propagation
behavior of carbon steel in simulated repository environments and.to
develop an understanding of the mechanism of attack. Results of experi-
ments performed this reporting period are discussed below.

3.3.1 Electrochemical Pit-Propagation Experiments

A schematic of the pit-propagation monitor is shown in Figure 3.2.
Experimentally, the monitor is positioned vertically in a test cell

l
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Figure 3.2. Schematic of pit-propagation monitor.
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containing an electrolyte, and the current flow between the base of the
simulated pit and the boldly exposed surface (BES) is monitored as a
function of exposure time. Current measurements provide an estimation
of the rate of pit propagation where shifts in the electrochemical
potential of the pit base, as a result of the couple, are greater than
about 50 mV. For potential shifts less than this value, the rate
measured may be somewhat non-conservative since the reduction reactions
occurring ca the pit base will contribute to pit propagation but will
not be detected.

A standard procedure has been developed to initiate pitting with the
monitor. This procedure consisted of (1) pre-packing the simulated pit
with a paste prepared with an electrolyte and Fe3 4, (2) deaerating the0
test solution for 24 hours to fully deserate the pit, during which time
the simulated pit and boldly exposed surfaces are not coupled, and
(3) aerating the test solution and coupling the simulated pit and boldly
exposed surface through the zero-resistance ammeter (ZRA).

Double-walled PYREX * cells are used in the experiments so that the temp-
erature can be controlled by flowing a heat-transfer solution in the
annular region between the inner and outer walls. The cells consist of
(1) a counter electrode cell containing ' platinum electrode for poten-
tiodynamic or potentiostatic measurements. (2) a reference electrode
cell containing a saturated calomel electrode (SCE) for electrochemical
potential measurements, (3) a platinum wire for Eh measurements, (4) a
frit bubbler for deaeration or aeration of the solution, and (5) provi-
sions for refreshing the solution continuously. Prior to the test, the
specimens are cleaned with acetone and assembled, and the simulated pits
are packed with a paste as previously described. The specimens are then
inserted in the cell, the test solution is added, and the experiment is
started. During the course of the experiment, coupled pctentials, Eh,

!
temperature, and galvanic current flow are continuously monitored and I

recorded with a data acquisition system. Solution and gas flow rates
are continuously monitored and maintained at 40 cc/ hour and 10 cc/ min,
respectively.

During Year Three, it was found that the simulated pits passivated
during the course of the experiments when they were packed with a basalt
groundwater -Fe3 4 paste. It was thought that this passivation led to0

non-conservative estimates of the rate of pit propagation; accordingly,
experiments were carried out to attempt to activate the pits.

The pits were packed with acidified Fe3 4 pastes, prepared with 0.1 N**0
or 0.01 N fiC1 and Fe3 4 rather than with basalt groundwater and Fe3 40 0
The results of the electrochemical measurements performed on these pits

* PYREX is a registered trademark of Corning Glass Works.
** N = Normal. ,
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|

indicated that the 0.1 N hcl-packed pit was clearly active, but the
measured ZRA currents were low and comparable to those measured for the
pits which were packed with the less-aggressive electrolytes. On the
other hand, results of analysis of the polarization curves * performed on
the pits following one week of propagation indicated that the corrosionI

rates of the pit bases were one to two orders of magnitude higher than
the corrosien rates estimated from the ZRA measurements. In addition,

the counled potentials, for the pit--boldly exposed surface couple.
measured during the pit-propagation experiments, were very close (within
5 mV) to the free-corrosion potentials measured for the pit bases prior
to obtaining potentiodynamic polarization curves. It was speculated
from these observations that the reduction reactions occurring within
the pit, and not the galvanic (ZRA) currents, were the primary
contributors to corrosion attack of the pit bases.

Experiments were performed last quarter to test this hypothesis. The
pit-propagation experiments with acidified packing pastes were repeated
with the addition of careful. weight-loss measurements on the pit bases
and instant-off potential measurements on the pit bases and boldly ex-
posed surfaces. In the latter measurements, the ZRA current was inter-
rupted periodically during the course of the experiments and the poten-
tials of the pit base and boldly exposed surfaces were then measured,
with respect to a calomel reference electrode. By interrupting the

current, the potential (IR) drop down the pit associated with current
flow between the pit base and the BES specimen was eliminated.

Results of the experiments confirmed the hypothesis that the reduction
reactions within the pit control the corrosicn rate of the pit. The

weight losses on the pit bases were over an order of magnitude higher
than the values estimated from the ZRA currents, and the instant-off
potentials for the pit bases were within a few millivolts of the
potentials of the boldly exposed surfaces.

In summary, the results of the pit-propagation experiments performed
last quarter suggest that the electrode kinetics within the pit have a
dominant influence on the rate of pit propagation. This conclusion was
reached on the basis of results of electrochemical experiments performed
on simulated pits having active walls. This geometry was selected for
study because it more closely simulates the geometry of actual pits than
the geometry used for many electrochemir.al studies in which the pits
have inert walls. The inert-wall geometry is frequently selected for
these studies because it simplifies the mathematical modeling. However,
since the results of this program are not consistent with transport-
limited models that have been developed based on inert-wall pits, pit-
propagation experiments were performed this quarter to compare the two
geometries.

Tafel Extrapolation.*

3-11

.. . .

_ _ _ _ _ _ _ _ _ _ _ .



.

In the first electrochemical test performed this quarter, the pit-
propagation experiments (performed last quarter) were repeated with an
inert-wall geometry. As in the previous tests, the experiments were
performed at 75 C in basalt groundwater with pits having a diameter-to-
depth ratio of 1:5 and with two packing pHs: 0.1 N hcl (Cell A) and
0.01 N hcl (Cell B). As in the previous tests, the current and coupled
potential were monitored during the course of the tests, and on a daily
basis the pit and BES specimens were uncoupled and their potentials were.

. measured over a 30-minute period. The cells were then recoupled-and the
current and coupled-potential measurements were resumed.

Results of the current measurements are given in Figures 3.3 and 3.4.
As in the previous tests, these data exhibit considerable scatter but
the average currents were considerably higher than those measured with
the active-wall geometry (reported last quarter).,

i

The most striking difference between the results for the two geometries
was in the uncoupled-potential measurements. The data for the inert-
wall geometry, which are given in Figure 3.5, show that the uncoupled
potentials for the pit and BES specimens were as much as 100 mV apart
and averaged over 50 mV for both cells. This is in contrast to the
potential data for the active-wall pits where the uncoupled-potential
difference between the pit and BES specimen for a given cell was less
than 5 mV.

The data in Figure 3.5 also show a potential difference of about 100 mV
between Cell A (.01 N hcl package paste) and Cell 8 (0.1 hcl package
paste) for either the BES or the pit specimen in the respective cells.
This behavior was found to be the result of a defective reference elec-
trode in Cell B and is thus of no consequence. This finding, however,>

does not alter the conclusions reached from the data in any way since
the pit and BES specimen potentials for each cell were measured with
respect to a single reference electrode. Thus, the net displacement of
the potential of the calomel electrode affected the absolute value of
the potential readings for a given cell but did not alter the potential
difference between the pit and the BES for that cell.

In a second short-term electrochemical experiment, stable pitting was
established for active-wall and inert-wall pits, and a glass micro-
capillary was moved down the pits to measure the effect of pit-wall
activity on the potential profiles. These experiments were somewhat
different from the previous ones in that they were performed at room
temperature and with zirconia packing rather than Fe3 4 packing. This0
was done to minimize an oozing phenomena * that had been noted with
experiments performed at elevated temperatures with this paste. As in

' * In several of the experiments, it was noted that the Fe3 40
packing paste expanded and nozed out of the pits during the tests.
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the previous tests, a diameter-to-depth ratio of 1:5 was used and the
experiments were performed with basalt groundwater and a 0.1 N hcl pack-
ing paste.

The potential measurements were performed with the BES specimen and the
" pit specimen uncoupled so that no current was flowing from the pit

bases. Results of this experiment are given in Figure 3.6. These data
show that there was no potential gradient down the inert-wall pit and
that, for this pit geometry, there was a significant difference between
the potentials of-the pit base and the boldly exposed . surface. The
absence of a potential gradient down the pit indicates that there was no

i current flow. The large potential difference between the pit base and
the BES provides the driving force for pit propagation.

As shown in Figure 3.6, the behavior of the active-wall pit was quite
different from the inert-wall pit. There was no apparent driving force
for pit propagation as indicated by the similarity of the potential of
the BES and pit measurad at the pit mouth. On the other hand, a signi-
ficant potential gradient existed down the pit and was most steep near
the pit mouth. Deep within the pit, the potential of the pit base was

.

similar to.the uncoupled potential for the inert-wall geometry. The
' implication of these results for the active-wall geometry is that, in

the absence of current flow from the pit base, significant current flow
occurs near the pit mouth and creates the high IR drop observed. This
effectively shields the pit base from the field of the boldly exposed
surface.

During this reporting period, AC impedance experiments also were per-
formed in conjunction with several of the pit-propagation experiments.
The objective of these experiments was to obtain an estimate of the

; resistance down the pits and to evaluate the influence of pit wall
activity and other variables on the resistance. The technique also
provides information on polarization resistance, which is inversely4

related to corrosion rate, and on other electrochemical parameters such
as the interfacial capacitance.

The experimental technique is simple in concept. A Solartron Model 1250
r frequency response analyzer in conjunction with a potentiostat is used

to apply a low-amplitude (+ 20 mV) AC voltage to the specimen, and the'
,

magnitude and phase shift of the AC current response is then measured.
Measurements are performed over a range of frequencies and the data '
obtained are analyzed assuming a simple analog electrical model, which
is shown in Figure 3.7. The electrical interface is assumed to be a
resistance R in parallel with a capacitance, C, which are both inp
series with a solution resistance, Rs. A typical Bode plot, which is a
plot of the cell impedance and phase angle as a function of frequency,
is given in Figure 3.8 with the values of Rs, R , and C indicated. Thep

; value of Rs is equal to the value of Z at large values of w since the
~

series capacitance becomes shorted at high frequencies; Zc = 1/jaC + 0
as w + . At. low frequencies, Zc becomes very large (as w + 0,Ze +=)
and the total impedance becomes Z = Rs + R . Therefore, both Rs.and Rpp
are easily determined.
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-The value of the capacitance-is somewhat more difficult to calculate.
For an ideal system, the slope of the curve between the low and high-

,

frequency plateaus is equal to -1, which corresponds to the slope for a
pure capacitor;

. log Z = (-1)1og juC.Z = 1/jwC +

'

By extrapolating this line to u = 1, the value of C can be calculated;
Z =1 = 1/C. In practice, the slope of the curve is rarely -1 and thus a
Yslopeisgenerallyextrapolatedfromtheinflectionpointonthe

curve to o = 1 in order to calculate C.
'A summary of the AC impedance experiments performed this quarter is-

given in Table 3.4. Although the data are limited at this time and it
is difficult to identify clear trends, several interesting features are
notewor'Sy. First of all, the solution resistance data, R , clearlys
show the n: 7 y resistive nature of the pits in comparison to the BES
specimens. Rs alues for the BES specimens were less than 5 ohms;
whereas, R3 values for the pits were 2 to 4 orders of magnitude higher..
Thus, the K values for the pits represent the resistance down the pits'

s
since the RS values for the BES specimens are extremely low. The data
seem to indicate that Rs values are higher for inert-wall pits than for
active-wall pits. Significant differences between the data, e.g., w,*
and C values, for the two sets of experiments, 14 and 15, are apparent
and may relate to the different temperatures used for the experiments.
As data become available, these trends and their significance will be
studied in greater detail.

3.3.2 Weight-Loss Experiments

Weight-loss tests of 1000-hours duration were carried out on simulated
pits to aid in interpretation of the electrochemical experiments.
Specimens having the same geometry as those used in the electrochemical
pit-propagation experiments, but shortened in the axial direction, (see'

Figure 3.2) were exposed to three environments: a pitting environment,
aerated basalt groundwater, and deaerated basa] groundwater at 75 C.
ThepittingenvironmentwassolutionNumber47lg4fromthepotentio-

'

dynamic polarization task and was selected on the basis of the results
of those studies.

'

Other variables in addition to test solution composition and degree of
aeration that were included in the experiments were pit diameter-to-
depth ratio (1:1.and 1:2), coupling of the pit to the boldly exposeda

surface (ccupled and uncoupled), and the pH of the Fe3 4 paste used to0
pack the pits (about pH=1 (0.1M HC1) and about pH=2 (0.01M hcl)). The
experiments were carried out in a flow-through system with the solution

* w, = frequency at maximum phase shift.
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j. Table 3.4. Summary of AC impedance data obta'ined for experiments
' 14A, 148, 15A, and 158.
i

|
I

1 Packing Rs R w C Test
-

Run No. Packing Normality Wall Specimen (ohms) (ohmsEcm2)(Rad /s) (uF/cm2) Temperature

14A Fe3 4 0.01 N Inert Pit 2.53 x 103 99 0.064 3.93 x 104 75 C0
'

_

14A Fe3 4 0.01 N Inert. BES* 0.79 81 0.068' 1.33 x 105 75 C0

| 14B Fe3 4 0.1 N Inert Pit 2.58 x 104 304 0.068 4.36 x 103 75 C0

: 14B Fe3 4 0.1 N ' Inert BES 1.39 57 0.066 0.37 x 104 75 C0m

$3
15A Zirconia 0.1 N Act. Pit 623 447 9.47 653 25 Cj

15A Zirconia 0.1 N Act. RES 4.02 898 6.11 371 25 C'

15B Zirconia 0.1 N Inert Pit 1.37 x 104 1.78 x 103 1.0 349 25 C

-f 15B Zirconia 0.1 N Inert BES 2.93 672- 5.65 553 25 C

Boldly Exposed Surface.*

1

|

;

, , - _ _ .
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k

being. refreshed twice a week to maintain ~a constant bulk-solution pH
throughout the exposure period.

1

Results of the weight-loss tests for the three environments are given in
Figures 3.9 to 3.11. Figure 3.9, which contains data for the deaerated
basalt groundwater, shows that the BES specimens had, in general, very.4

low corrosion rates in this environment, 25 to 50 um/yr, which were not
affected by pit diameter-to-depth ratio or packing-pH. The corrosion
rates of the BES specimens appeared to be slightly lower for the coupled
than for the uncoupled condition, as one might expect, but the differ-

,
; ences were small.-

1

The corrosion rates for the pits were generally higher than for the BES
. specimens (200 um/yr versus 25 to 50 pm/yr) but, nevertheless, were

s

moderate. There was no systematic effect of pH, coupling, or diameter--

to-depth ratio on the corrosion rate of the pits.. Thus, in the
' deaerated basalt groundwater, the corrosion rates of.the pits werec

moderate and were probably controlled by the environment that developed
within the pits.

Results of the weight-loss experiments performed in the aerated basalt.
!

groundwater are given in Figure 3.10, where it can be seen that the
corrosion rates for the boldly exposed surfaces were quite high, about
500 pm/yr, and that there was considerable scatter in the data. Optical
examination of the BES specimens indicated that the high corrosion rates

; were the result of occluded cell corrosion occurring beneath deposits.'

-The data in Figure 3.11 also show that uncoupled corrosion rates for the
pits were comparable to the corrosion rates for the BES specimens,
whereas coupled corrosion rates for the pits were considerably higher-
than corrosion rates for the respective BES specimens at a diameter-to-i

depth ratio of 1:1. This coupling effect appeared to drop off rapidly
with increasing pit depth; for the 1:2 diameter-to-depth ratio pit, the<

effect of coupling on the corrosion of the pits was much less
pronounced.

The corrosion data for the aerated pitting solution are given in
Figure 3.11. These data exhibit much less scatter than that observed;

for the aerated basalt groundwater but, nevertheless, the trends in the
; data were similar. Coupling clearly accelerated the rate of attack of

the pit, and.the effect of coupling dropped off rapidly with increasing4 diameter-to-depth ratio. Corrosion rates shown in Figure 3.11 for the
BES specimens were extremely low, indicating that the pitting solution
effectively passivated the surfaces of these specimens. The data in

; Figure 3.11 also indicate that the packing pH did not have an effect on
;. the corrosion behavior of either the pit or the BES specimens.
!~ To investigate the effect of the diameter-to-depth ratio of the pit and ''

the relationship between pit-wall activity (inert versus active wall) on'

pitting rates, another matrix of 1000-hour exposures was performed.
These. tests were performed with a single packing with a pH of 1 in the
aerated pitting solution. The previous tests did not indicate a large
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| Figure 3.10. Results of 1000-hour weight-loss tests performed on simulated pits in
aerated basalt groundwater at 90 C.
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Figure 3.11. Results of 1000-hour weight-loss tests performed on simulated pits in an
aerated pitting solution (Number 47 from potentiodynamic polarization
studies) at 90 C.j
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effect of packing pH and the data for the pitting solution exhibited
much less scatter than-the data for the aerated basalt groundwater.
Four diameter-to-depth ratios were studied (1:0.5, 1:1, 1:2, and 1:5)
and all specimens were coupled.

Results of the 1000-hour exposure are given in Figure 3.12. As was
~

observed in the previous tests, the corrosion rates of the BES specimens
all were quite low. On the other hand, the corrosion rates of the pits
increased with decreasing diameter-to-depth ratio, from 300 to 500 um/yr
at 1:0.5 to 1400 to 1700 um/yr at 1:2. Below that diameter-to-depth
ratio, the corrosion rate for the active-wall pit dropped off rapidly,
from 1700 um/yr at 1:2 to 250 um/yr at 1:5, whereas the corrosion rate
for the inactive-wall pit dropped off more gradually with increasing
depth, from 1400 um/yr at a diameter-to-depth ratio of 1:2 to 1050 um/yr
at a diameter-to-depth ratio of 1:5. The trend for the 1:2 and 1:5
diameter-to-depth ratio pits for the inert-wall case is comparable to
that predicted frcm the inert-wall pit model, whereas the trend for the
active-wall case is comparable to that estimated from the previous
experiments. However, the trends in the data for the-(shallow) pit of
increasing pitting rate with increasing depth was not at all consistent
with the results of the previous experiment (c7npare Figure 3.11 and
3.12), and suggest that the shallow pits were not fully occluded,
resulting in passivation of the pit walls by the bulk electrolyte.
Examination of the surfaces of the BES specimens with active walls
confirmed this behavior; the surfaces inside the pits were passivated
about one pit diameter down the pits. The reason why this phenomenon
was not apparent in the previous weight-loss tests is not known, but may
relate to the consistency of the packing paste or the rate of tempera-
ture increase of the cells during startup of the tests; the packing
tends to expand upon heating and push out of the pits.

Because of the experimental difficulties encountered and the inherent
scatter in the data, the weight-loss experiments with the active- and
inert-vall pits are being repeated with duplicate specimens and lower
diameter-to-depth ratios (1:10). The results of these experiments will
be presented in the Annual Report for this program year.

3.3.3 Discussion

In spite of the experimental difficulties encountered, a clear trend is
emerging from the pit-propagation studies. Simply stated, the inert-
and the active-wall pits benave quite differently in the experimental
studies. For the active-wall pits, corrosion rates drop quite rapidly
with increased depth, and for relatively shallow pits, corrosion rates
approach conditions of a fully occluded cell where the rate of attack is
controlled by the reduction kinetics within the pit and not by a
coupling effect with the boldly exposed surface. On the other hand,
corrosion rates for the inert-wall pits fall much more gradually with
increasing depth and follow the 1/4 relation predicted by the modg fpr
theinert-wallgeometrydevelopedearlierinthemodelingstudies.(}.3)
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Figure 3.12. Effect of aspect ratio (depth to diameter) and pit
wall activity on the corrosion rate of pit on BES
specimens in 1000-hour weight-loss tests in an
aerated pitting solution (Number 47 from the
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potentiodynamic polarization _ studies) at 90 C.
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The results of the electrochemical studies shed considerable light on
why the activity of the. pit-wall has such a large effect on the corro-
sion behavior. When the pi.t wall actively corrodes, high currents flow
near the mouths of the pits, as shown schematically in Figure 3.13.
This produces high potential drops near the pit mouth, effectively
shielding the pit base from the potential field of the t.oldly exposed4

> surface.- This shielding effect does not occur for the inert-wall
geometry, and thus high rates of corrosion occur for deeper pits.

| These findings are qJite consistent with the geometries of pits observed ,

on carbon and low-alloy steels in natural environments. Deep, low
diameter-to-depth ratio pits are rarely seen. Indeed, most pits are,

| shallow with high diameter-to-depth ratios. For example, pits in
natural gas pipeline may be as much as an inch in diameter and
0.25 inches deep.

The implication of these findings for the licensing effort for a carbon1

steel overpack is that pit-propagation models based on inert-wall geo-
metries are inaccurate and highly conservative, and that more realistic
pitting models can be developed which are nevertheless conservative but2

which estimate much thinner wall requirements for a 1000-year life.

These findings also have implications for other overpack materials and
4 repositories.- Thus, there is no apparent fundamental reason why the
i above approach is not' applicable to a stainless steel overpack, which is

proposed for the tuff repository.
,

,

i An important issue is why lower diameter-to-depth ratio pits are
observed more frequently in stainless steels than in carbon steel. The
results of these studies suggest that this can occur as a result of high
rates of reduction within the pits which drive the corrosion reaction.
Thus, the fundamental difference between stainless steels and carbon
steel, with regard to the pitting behavior, may lie in the nature of the
hydrolysis reactions which occur within the pits and which produce
protons.that are subsequently reduced.

e

! If this theory is correct, then rates of pit propagation for stainless
; steels can be estimated on the basis of electrochemical kinetics studies

performed in simulated pitting environments.

| 3.4 JAERI-NRC Program Support
.

During this reporting period, carbon steel slow strain rate (SSR);

; specimens were prepared and forwarded to JAERI for use in their SSR
. experiments.j

!

,
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3.5 Future Work

3.5.1 Potentiodynamic Polarization Studies-

The statistical analysis of the electrochemical data will be completed
with the inclusion of the chemical analyses data. The final regression
model will be developed. ,As discussed in the last quarterly report,
H02 2 and perchlorate did not show an effect on the electrochemical para-
meters in the matrix of experiments. This behavior was attributed to'

the reduction of the concentration of these oxidizing ions in the solu-
tions prior to performing the potentiodynamic polarization experiments.
Several additional experiments were performed.to investigate the
transient behavior of these species. Based on this work, results of the '

electrochemical experiments with perchlorate will be analyzed and
reported.

3.5.2 Pitting-Kinetics Studies

T>e weight-loss exposures on the simulated pit specimens will be com-.
'

pleted and the-data will be analyzed. Several electrochemical pit-
propagation experiments will be performed. The objective of these
experiments is to evaluate the effect of coupling on the potential (IR)
profile down the pit.

3.5.3 Slow Strain Rate Studies

No SSR experiments are planned for next quarter. The SSR experiments on
environments selected on the basis of the results of the potentiodynamic
polarization studies will be resumed during the first quarter of the
next program year.

3.5.4 JAERI-NRC Support Program

~
No activities are planned for next quarter on the JAERI-NRC support,

program. Activities on this task will be carried out as requested by
JAERI and with the approval of NRC.

3.6 Corrosion Correlations

'The objective of the corrosion-correlation effort is to provide informa-
tion about corrosion processes that could affect overpack performance
and to complement experimental work in this program. Studies in this
effort are focused on general-corrosion modeling, pitting-corrosion
modeling, and mechanical degradation.-

3.6.1 General-Corrosion Modeling

Work is in progress to reformulate the general-corrosion model following
the mathematical formalism described in the last quarterly report. Twoi

aspects of the model that are being emphasized are improving the realism,
'

of the water-radiolysis description and generalizing the boundary

i

|
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condition at the waste container. It is expected that the reformulation
of the general-cerrosion model and sample calculations using the new

. version will be completed during the remainder of the current program
year.

3.6.2 Pitting-Corrosion Modeling

The pit-growth model originally developed under this program (3.3) was

based (on the familiar ionic-transport theory for a " binary electro-lyte" 3.4), which consists of a solution containing one cation species
and one anion species. The cation was taken to be the dissolving metal
at the pit base and the anion was assumed to-represent an " average"
description of all the anion species that may be present. Ionic trans-
port through the solution inside the pit was described using the mass-
transport formalism for a dilute solution (3.5). Important simplifying
assumptions were that the pit was cylindrical in shape; the pit base
consisted of bare metal which dissolved, causing pit growth; and the pit

. walls were chemically inert. These assumptions permitted a closed-form
description of pit growth to be obtained.

More recently(3.6), this model was extended to include a more detailed
analysis of cation dissolution at the pit base, which was described
using Butler-Volmer kinetics. Both the dissolution (anodic) reaction
and the backwards (cathodic) reaction were included. In addition, a
number of important limiting cases were developed, based on solution-
transport-limited kinetics and electrode-reaction-limited kinetics.

During this quarter, consideration was given to relaxing the assumption
of chemically inert pit walls. This was undertaken in response to
experimental studies of pitting being carried out under this program
(Section 3.3 of this report) which indicate that chemical effects of the
pit wall may be important.

To include the assumption of chemically active walls in a pit-growth
model, care must be exercised since it is possible for the model to
become prohibitively complex. With this in mind, we have developed a
very elementary description of active-wall effects based on a corres-
pondingly simple model of pit growth. Despite the simplicity of the
model, however, some important effects are revealed with this approach.

For the present, the following assumptions are used:

(1) A two-dimensional, rectangular pit is considered, although the
analysis could easily be applied to other configurations
(e.g., a pit having circular cross section in a plane perpen
dicular to its length).

(2) The line parallel to the pit length midway between the two
walls is assumed to be a line of symmetry.

(3) The length, h, of the pit is large compared to its width, d.

3-31
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.(4) Activity.of the pit walls is described using linear-polari-
zation behavior (a widely gmployed assumption in studies of
electrochemical systems u ')) that is independent of spatial
coordinates but which may vary quasistatically with time.

(5) No concentration gradients exist for any of the chemical
species within the solution.

As a result of Assumption 5, the potential, 4, inside the pit satisfies
the Laplace equation, i.e.,

0 4=0 (3-1)2

However,(becquse of Assumptions 1 to 3, one can show (e.g., Markworthand Kahn 3.81 and others) that Eq. 3-1 reduces, to lowest order, to the
following expression:

2d4(x) 2
" - I(*) ( }

2dx od

1 where x is the distance measured along the pit length (taking x=0 at the
pit opening), o is the conductivity of the solution, and i is the
current density crossing each of the two pit walls at position x (with

- i>0 for anodic currents and i<0 for cathodic currents). -From Assump-
tion 4, 1(x) may vary only quasistatically with time, which means that
Eq. 3-2 is valid at any given instant; .Such time dependence results
from pit growth and from chemical reactions taking place on the pit'

walls.

An important feature of Eq. 3-2 is that the potential, e, is now a func-
tien only of x, its variation in this direction being of dominant impor-
tance because of Assumption 3. Thus, the major difference between
Eq. 3-1-and 3-2 is that 4 is a function of two spatial variables in
Eq. 3-1, but a function of only one (x) in 3-2. However, the current
crossing the active pit walls appears as an effective " source" term in,

Eq. 3-2.

We choose to express Assumption 4 mathematically as

1(x) = - a [4(x) - e l (3-3)c

where a and *c are parameters which describe the assumed linear rela-
tionship between e and i. Clearly, the current i is cathodic (negative)
for s>0 and e<e , but would become anodic for s>0 and e>+c-

.

c

Combining Eq. 3-2 and 3-3,

2d4 28
, __ ( , , ) (3-4)

'

dx ed
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Eq. 3-4 can be cast in dimensionless form by defining

8.a e / *c (3-5)

and

yax(28)I (3-6)
Od

from which we obtain

2de (3-7)
E=0-1

+1

ThegeneralsolutionofEq.3-7can(gegxpressedinanumberofdiffer-9 ). For the present, we expressent forms (e.g., Markworth and Kahn 1

this solution as

e = 1 + AeY + Be-Y (3-8)

where

YAaeo - 1 - } [e h(s -1)-eh+1] csch yn (3-9)o

YB = } [e h (so - 1) - eh + 1] csch yh (3-10)

with eo aeo / *c (3-11)

,3-12)(Oh E Ch / *c

Yhah(2 (3-13)

and pit base (h are the values of the potential at the pit opening (x=0)where c and *o x=h),respectively. Actually, the potential ch is, in
general, related to the current density crossing the pit base, i.e.,

di (x = h)- a
dx

through some) electrode-kinetics expression (e.g., Butler-Volmerkinetics (3.6 ); however, this relationship is not considered here.

The important conclusion to be drawn from this model is the fact that
the potential (as represented by e in Eq. 3-9) varies with position
along the pit length in a decidedly nonlinear manner. This can be
contrasted with corresponding behavior for the case of inert walls, for
which the potential does. vary linearly with position along the crevice
length (3.3). The precise manner in which e varies with y (i.e.,
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in which 4 varies with x) depends upon the specific numerical values.
selected for the various parameters, e , *he *c, s, o, h, and Some.
specific cases have been treated elsewhere, by Fessler et al.(d.3.10), for

o

simulated crevice configurations having very large length-to-thickness
ratios. It was-found here, for example, that the largest potential
gradients within the crevices existed near the crevice opening. This
latter.. behavior was observed in some pitting experiments conducted at
Battelle, although the overall kinetics was not likely the same for the
two cases.

3.6.3 Mechanical-Degradation Analysis

Issues relating to the mechanical aspects of stress-corrosion cracking
are currently being addressed. The aim of this study is to develop a
worst-case scenario based on a combination cf the most aggressive crack-
ing agent and the loading conditions ~that lead to such cracking.

Several species have been identified as potential agents for inducing
stress-corrosion cracking in mild-steel container material These
species include carbonates / bicarbonates, nitrates, hydroxi qs
ferric chloride or chloride plus ferric oxide or hydroxide J 11gnd1

Although some of these species are not present in any significant quan-
tities in basalt groundwater, it is possible that they could concentrate
in'the vicinity of the container. Contamination of the groundwater with
fertilizers could, for example, be a source of nitrates. . Chlorides are
present in the groundwater, and the corrosion of the container material
willproduceferrousionsthatmaybeoxiizgtg.gricionsbyradio-lysis or oxygen ingress in the repository 3. j,

It should be noted that species produced in radiolysis of groundwater
could alter the stress-corrosion cracking behavior of the container mat-
erial significantly by altering the local pH and electrochemical poten-
tial. For the present, however, effects of radiolysis are not
considered.

Research corducted on line-pipe steels in carbonate / bicarbonate environ-
ment has shown that the material undergoes stress-corrosion cracking
when}qajgg.tobetwe;n40and100percentoftheyieldstrengthofthesteell 3- 31 This threshold stress is influenced by factors such as the
concentrationofthechemicalenvironment,9eQg11 ochemical potential,
and composition and processing of the~steelt3.1 Along similar lines,
cracking in nitrate and hydroxide envirgnm
exceed the yield stress of the material (3.pn(s requires stresses that14/ Work by 0ndrejein
et al.(3.15), pertaining to radioactive waste storage tanks, has shown
that nitrite and hydroxide ions act as inhibitors in complex waste com-
position. Although the comple) waste composition is not directly
related to the container-service performance, nitrate and hydroxide ions
constitute the common link between the two environments. It was
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determined that nitrate concentration in the storage tanks should not
exceed 5.5 M* and that a minimum combined nitrite and hydroxide con-
centration of 1.2 M should be maintained in the waste composition (3.15),
These concentration. limits are valid for temperatures up to 7Q C and
were developed for ASTM A285-8 and ASTM A516-70 material (3.15). For
ASTM A285-B and A212-8 material, it was noted that a 50-percent sodium

t ironment produced the most severe cracking at 90 to

Studies pertaining to the waste storage tanks (3.15, 3.16) indicated that
cracking of the tanks was related to residual stresses in the material.
As-welded plates of carbon steel cracked readily in a 50-percent sodium
nitrate environmen 3.while stress-relieved samples were immune to stress16). The stress-relieving operation involved plac-corrosion cracking
ing the specimen in a furnace maintained at less than 316 C; heating to
593 C at a rate of less than 200 C/hr; maintaining the furnace at 593 C
for 30 minutes; then cooling to 316 C at a rate of less than 260 C/hr.
The data in this study seem to suggest that stress-relieved specimens
did not crack when stresged up to 150 percent of the yield stress of the
material. Work by Conor (3.17), on the other hand, suggests that crack-
ing in annealed mild steel will occur when the applied stress reaches

0.1-percent carbon steel in 4N** ammonium nitrate (3.grtaken on a
the yield stress of the material. This work was ynd

17),

One of(the fajor differences in the studies performed by Conor (317) andCostas 3.16 is that Conor conducted slow-strain-rate tests while Costas
conducted constant-displacement experiments to study stress-corrosion
cracking susceptibility. The slow-strain-rate test is more severe in
that the specimen experiences continually increasing strain--fresh mate-
rial is exposed to the environment as the material is strained. In a
constant-displacement test, as cracking occurs the stress is relieved,
thereby reducing the severity of the test condition. This suggests that
the mechanical loading conditions also play a role in determining a
threshold stress for stress-corrosion cracking. If the loads. fluctuate,

such load-cycling will lower the threshold for stress-corrosion
cracking.

Finally, the stress-corrosion studies conducted in ferric chloride
environment indicate that carbon steel cracks readily in this environ-

ment g hloride concentrations that are typical of basait ground-
watertj.12). Cracking appears to be most severe in the temperature

| range of 150 to 250 C(3.12). The study has not defined the stresses
at which cracks initiate.

,

,

* Molar.
** Normal.
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Mechanical issues related to stress-corrosion cracking have been dis-
. cussed in a very general sense. Few sluantitative data exist in the
literature relating stress to other parameters such as temperature, pH,
potential, and concentration of various ionic species. It is obvious
that all the permutations and combinations would produce a matrix
requiring a large number of experiments. The material parameters, such
as composition of the material and the method of heat treatment, are
other variables that have not been addressed in this study. In addi-
tion, as noted earlier, cyclic stresses will play an important role in
determining stress-corrosion susceptibility.

While it may be argued that the container will be subjected to compres-
sive stresses during service and that stress-corrosion cracking does not
occur under such conditions, a recent study of an aluminum alloy has
shown that stress-corrosion cracking can occur under compressive
loading (3.18). This is another issue that needs to be addressed and may
become an important topic for study in this task.
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4. INTEGRATED SYSTEM PERFORMANCE

The integrated system performance task is designed to provide a better
understanding of phenomena that would impact the long-term performance
of waste packages at the repository system level. These studies will,

provide insight on possible chemical conditions of the waste package
environment, effects of_ cladding failure on radionuclide releases, and
combined-effects processes. Knowledge gained in these studies will aid

.

in assessing system performance models for nuclear waste packages.
During this quarter, continued emphasis has been placed on water-

. chemistry studies, groundwater-radiolysis studies, and integral
experiments.

Water-chemistry studies will provide information on how groundwater
chemistry and the corrosion of metallic barriers affects the waste form,
as well as how waste-form dissolution alters the local water chemistry.
These studies will also provide information on the chemical speciation
of radionuclides released from the waste form for assessing the trans-1

port rate of the radionuclides through the waste package.

The groundwater-radiolysis studies will provide information on the con-
centrations of radiolytic species in the vicinity of waste packages.
These species have the potential to affect the corrosion of the metallic
barriers, the rate of waste-form dissolution, and the chemical speciation
of the radionuclides released from the waste form. Radiolysis of ground-
water in the waste package environment can thus affect the containment
time for a waste package as well as the release rates of radionuclides
from the waste package to the underground facility.

The integral experiments are being performed to provide information on
the effects of cladding degradation on radionuclide release rates, per-
formance of spent-fuel waste forms in various environments, groundwater
radiolysis, and combined-effects processes. To accomplish these objec-
tives, the integral experiments have been designed to simulate character-
istics of repository environments for spent-fuel materials in deep-mined
repositories in tuff, basalt, and granite media.

4.1 Water Chemistry

| Work is in progress to enlarge the set of chemical species treated by
the water-chemistry model so that it will be applicable to the dissol-
ution of spent fuel. This requires the collection and evaluation of
thermodynamic data for aqueous uranium species and uranium complexes,
and the incorporation of inese species into the water chemistry code.
It is expected that extension and testing of the revised code will be
completed during the next quarter.

|
4.2 Groundwater Radiolysis Studies

Radiolysis of groundwater in.the vicinity of waste packages can cause
changes in water chemistry which may influence processes such as
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corrosion and radionuclide transport. Such' effects can in turn impact the
long-term performance of the affected waste packages. Perturbations to
the local water chemistry can include changes in pH and oxygen potential,
as well as the production of additional species which may have a deleter-
ious effect on the performance of waste package materials. As reported
previously, other investigators have observed that gamma radiation may
have adverse effects on the time-to-failure performance measure for metal
components which are exposed to water (4.1, 4.2, 4.3),

An objective of these studies is to develop a generalized model for ana-
lyzing the radiolysis of groundwater systems and the radiolysis of ground-
water systems whose composition has been altered by the presence of other
materials such as packing and corrosion products. This model will pro-
vide information on the expected concentrations of radiolysis products
in the vicinity of the metallic components of waste packages. Such infor-
mation will support the overpack corrosion studies in guiding the selec-
tion of experimental conditions for materials performance tests. The
model will also provide a means of assessing other radiolysis models
such as those required in the general-corrosion model, described in
Section 3.6. The model will provide a vehicle for determining effective
rate constants for complex reactions which may be incorporated in the
water radiolysis-component of the general-corrosion model.

.The approach used in these studies is to first develop a description for
the radiolysis of pure water which might contain hydrogen and/or oxygen.
This description is being extended to account for the presence of anions
and cations which may be present in significant concentrations in ground-
waters of interest. As the description of groundwater radiolysis is
developed, it is being benchmarked against experimental data available
in the literature. As part of this effort, gamma-energy deposition cal-
culations were performed to determine energy deposition rates to ground-
water and materials surrounding spent fuel and commercial high-level
waste packages. Results
been reported previously(of these energy deposition calculations haveIn earlier studies (4 4), several mechan-4 4).
isms for the radiolysis of water were evaluated on the bases of their

ability to predict the data from water-radiolysis experiments repgrtgd
4in the literature. Of these, the mechanism of Rosinger and Dixont W

Wds chosen as a basis mechanism upon which a generalized description for
groundwater radiolysis would be developed. Work this quarter has been
directed towards extending this description to account for the presence
of bicarbonate anions in groundwaters. Bicarbonate anions are a signi-

ficant spec 1 } 6), and are present in casalt groundwaters at concentra-
9 in tuff groundwaters having a reported concentration of

120 mg/ liter e.
tions on the order of 1.8 meq/ liter (4 7). A bicarbonate anion concen-
tration of 23 mg/ liter has also been reported for Permian Basin brine (4.8),

4.2.1 Radiolysis of Groundwaters Containing Bicarbonate Anions

To devel.op a mechanism for the radiolysis of groundwaters containing
bicarbonates, it was necessary to consider the interactions of CO2 with
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Table 4.1. Reactions-added to the groundwater which account
for interactions between radiolytic species
and bicarbonate species.

No. Reaction

H0j+C0j1. Oj+HC0j +

2
02 + CO -2. Oj+CO3 +

CO2 + OH-3. HCO3
+

HCO34. CO2 + OH- +

5. OH+HCO3 C03+HO2+

H2+C036. H+HCO3
+

H+C0j-7. e + HCO3
+

OH+CO{- OH + C038. +

C0j + H O9. HCO + OH- 2+
3

C02 + C02 + H03 + OH - H O10. C03+C03 2+

11. H+ + HCO - H C032+
3

H++HCO3H CO312. 2 +

H CO3-HO13. CO2 2 2+

CO2+HOH CO314. 22
+

HC0j+HOH CO3 + OH-15. 22
+

HCO316. OH + CO2 +

17. HCO3+H+ C02+H02+

HCO3+H+18. CO2+HO2 +
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Table 4.2. Rate constants for the reactions shown in
Table 4.1.

Reaction Rate Reference
Number Constant Number

1 1.5 x 106 liter / mole sec 4.16

2 1.5 x 107 liter / mole sec estimated (see text)

3 1 x 10-4 sec-1 4.10

4 1.4 x 104 liter / mole sec 4.10

5 5.5 x 107 liter / mole sec 4.14

6 2 x 104 liter / mole sec 4.15

7 6 x 105 sec-1 4.17

8 4.2 x 108 liter / mole sec 4.11

9 6 x 109 liter / mole sec 4.10

10 6.25 x 106 liter / mole sec 4.11 (see text)
11 4.7 x 1010 liter / mole sec 4.10

12 8 x 106 sec-1 4.10

13 4.3 x 10-2 sec-1 4.12, 4.10

14 1.5 x 101 sec-1 4.10

15 6 x 109 liter / mole sec estimated (see text)

16 1 x 106 liter / mole sec estimated (see text)
17 5.6 x 104 liter / mole sec 4.10

18 4.3 x 10-2 liter / mole sec 4.10
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This r n follows in part from the equili-
2andHCO(equiremg0,

radiolysis products.
4.9, 4.brium between CO 2 3

The mechanism developed this quarter is shown in T1bles 4.1 and 4.2.
The elementary reactions are shown in Table 4.1 and the rate constants
and literature sources are shown in Table 4.2. Data were available for
most of these reactions.

Reactions 1, 5 through 7, 9, 11, and 17 account for direct reactions of
the bicarbonate anion with radiolytic species. Reaction 3 accounts for
the direct decomposition of the bicarbonate anion. Reactions 4, 15, and
18 are direct sources of bicarbonate anions. In addition to these reac-
tions which represent the direct sources and sinks of bicarbonate
anions, several other reactions are needed in the model to account for
interactions with species produced through the bicarbonate-anion

23 , C0 , HCO , and H CO -reactions. These other species are CO , C0 3 3 2 32
Carbon dioxide is produced in Reactions 3, 10, 14, and 17 and it is
consumed in Reactions 4, 13, 16, and 18. Carbonic acid is produced in
Reactions 11 and 13, and is consumed in Reactions 12, 14, and 15. The
presence of dissolved carbon dioxide and carbonic acid tend to
contribute to acid conditions. This is countered by the presence of
hydroxide ions which react with carbon dioxide to form bicarbonate, and
with bicarbonate to form carbonate anions. This can also be countered
through the hydrolysis of bicarbonate which would produce hydroxide
ions. Hydrolysis of bicarbonate is not presently included in the
groundwater-radiolysis model.

Rate constants'and literature sources for these reactions are shown in
Table 4.2. Rate constants are available for all of the reactions except
2, 6, 10, 15, and 16. Rate constants for these reactions were estimated
based on comparison with other reactions and data in the literature.

Keene, et al.(4.13) have determined the rate constant for Reaction 16 to
be less than 106 liters / mole sec. In the groundwater-radiolysis model,

5 liters / mole sec. Thethis rate constant is provisionally set to 10
model is not believed to be sensitive to this rate constant since the
magnitude of the rate constant is low and the concentration of one of
the reactants, OH, is also generally low.

The rate constant for Reacti is stated to be essentially instantan-
For the purpose of estimating a rateeous by Cotton and Wilkinson -

i
.

| constant, Reaction 15 was assumed to be analagous to Reaction 9. fherateconstantforReaction15wasthereforeestimatedtobe6xIg
liters / mole sec, the same as for Reaction 9. The value of 6 x 10
liters / mole sec is also in the diffusion-limited rg making it con-
sistantwiththestatementofCottonandWilkinsontgimp,thatitis91

instantaneous.

Veeks and Rabani(4 ll) have observed evidence for the bimolecular
removal of the carbonate anion such as shown in Reaction 10. They
proposed the following reactions:

|
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2-C0 + C0 = CO2 + C043 3

or

C0 +C0 =2C02 + H0 + OH - H 0.3 3 2 2

The second reaction was chosen to be included in the model because all
~

of the product species could be accounted for with the existing reaction
Inclusion of the first reaction would have included a species

set.2-) with a sgurq9(C04
Weeks and Rabanil li)and no sink and thus would have been unrealistic.4 have twice measured this rgte constant tc be
7.25 x 107 liters / mole sec. A value of 6.25 x 100 liters / mole sec is
therefore used in the model.

Forthereggt{ggbetweenHatomsandbicarbonate(Reaction 6),Nehariand Rabanil4- 31, give the ratio of the rate constant for H+ bicarbonate
to the rate constant for H + 02 to be 1.0 x 10-6 liters / mole sec. Using
a value of 2.0 x 1010 liters / mole sec for the latter rate constant
(taken from the groundwater-radiolysis model), the value of the H+
bicarbonate rate constant was calculated to be 2 x 10-4 liters / mole sec.

Experiments performed by Schmidt(4.16) imply that for Reactions 1 and-2
the first is rate-controlling. Thus, the rate of Reaction 2 must be
much greater than the rate of Reaction 1. The rate constant for
Reaction 2 was therefore taken to be ten times that of Reaction 1.

4.2.2 Simulation of Groundwater Radiolysis

The groundwater-radiolysis model was used in four simulations. The
water composition for each simulation is shown in Table 4.3. Each
simulation used identical initial concentrations of H+, OH , H , and 0 -2 2
The composition of each did vary, however, with respect to the presence
of Cl , Fe2+ , and HCO species. When present, these species had3
identical initial concentrations, as is shown in Table 4.3. The H+ and

OH concentrations are based on an assumption of an initigl g8).H of 9.
This is consistent with values reported in the literature (4. The
concentrations of Cl and HC0 are derived from concentrations reported
in the literature (4.7). The nitial concentration of H2 is taken as a
typical background concentration and its estimation is described in
Ref. 4.9. The concentration of Op is based on an assumed concentration
of 1 ppb, and the initial concentration of Fe2+ is based on an assumed
initial con ent ation of .04 mg/ liter as has been reported for tuff
groundwaterl .6(1 This is also consistent with a ferrous concentration4

of .03 mg/ liter reported for Grande Ronde basalt groundwater (4.18). The
dose rate used in each simulation was a constant 1.0 x 1014
eV/ liter sec.

Figure 4.1 shows the value of pH calculated at 3 x 104 seconds into each
of the four simulations. As can be seen, the pH decreases to values
below 3 in each case where bicarbonate was pres 1nt and remains alkaline
where bicarbonate was not present. This large shift to acidity may be a
shortcoming of the present version of the model, which does not yet

|
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Table 4.3. Initial species concentrations for groundwaters used in radiolysis simulations.

Initial Concentration (moles / liter)
_

Simulation H+ OH- H2 02 Cl- .Fe2+ HCO -3

A 1 x 10-9 1 x 10-6 4 x 10-10 5.6 x 10-8 0 1.0 x 10-6 1.8 x.10-3
~

B 1 x 10-9 1 x 10-5 4 x 10-10 5.6 x 10-8 8.75'x 10-3 0 1.8 x 10-3-

C 1 x 10-9 1 x 10-5 4 x 10-10 5.6 x 10-8 8.75 x 10-3 1.0 x 10-6 o

0 1 x 10-9 1 x 10-5 4 x 10-10 5.6 x 10-8 0 1.0 x 10-6 o

1
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Figure 4.1. Calculated values of pH for each of the four
simulations at 3 x 104 seconds.

As described in the text, acidic values of
pH for Cases A and B may be t result of a
shortcoming of the present version of the
model.
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account for the hydrolysis of bicarbonate anion. Hydrolysis of this
anion would produce additional hydroxide ions by the reaction

HC0 + H0H + H C03 + OH-3 2

Figure 4.2 shows that for simulation Cases A and B, which included
bicarbonate, most of the bicarbonate was converted to other species.

Figure 4.3 shows the dissolved-oxygen concentration calculated for each
of the four simulations at 3 x 104 seconds. Most of the initial dis-
solved oxygen (5.6 x 10-8 mole /L) was consumed for Cases A and D. The
presence of ferrous ions in each of these cases is likely to be
indirectly responsible for the reduction in oxygen concentration. The
reduction in oxygen concentration was not quite as effective for Case C
(2.13 x 10-9 mole /L) which also contained ferrous ions. Here the
presence of chloride species apparently interfered with the ability of
the ferrous ions to control the dissolved oxygen concentration. In
Case C, the initial chloride concentration was much higher
mole /L) than the initial ferrous concentration (1.0 x 10-6 m(8.75 x 10-3ole /L).
This is a significant result and requires further investigation. It is
important to determine whether chloride species can interfere with the
ability of ferrous species to reduce the oxygen concentration in a
radiation environment or if this behavior is a result of the current
mechanism in the model.

Figure 4.4 shows the H 02 2 concentration calculated at 3 x 104 seconds
for each of the simulations. Here the calculated concentrations are
seen to fluctuate between 1.73 x 10-9 and 7.65 x 10-7 mole / liter.
Adding hydrolysis of bicarbonate to the model may affect calculated
values of H 022 for Casas A and B.

Figure 4.5 shows that the dissolved-hydrogen concentration was rela-
tively insensitive to the changes in water chemistry for the four
simulations.

These calculations indicate that the bicarbonate module of reactions
requires improvement. It is believed that the addition of reactions
describing the hydrolysis of bicarbonate will provide improved behavior
with respect to calculated pH.

4.3 Integral Experiments

| The integral experiments provide a means of examining interactions that
may occur between components of the waste package and repository in var-
ious relationships. In particular, the integral experiments bring to-
gether elements of repository environments with metallic and nonmetallic
components of the waste package and waste form. This approach allows
for observing synergisms which may occur as greater degrees of freedom
are introduced into the system. Influences of packing material, corro-
sion products, and radiation on groundwater chemistry may induce differ-

! ent performance characteristics from waste-package components than might
'
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be expected from experiments performed in unperturbed groundwater
environments. Integral tests also provide a means of examining inter-
actioas between degraded waste-package components and waste-package
performance; for example, interactions between radionuclide release
rates and cladding degradation.

Spent-fuel integral experiments underway at Battelle combine character-
istics of waste-package degradation and waste-package performance in a
variety of environments containing packing material, simulated corrosion
products, basalt chips, and simulated groundwaters. These experiments,
by virtue of their principle components, are performed in a radiation
field. The apparatus is . assembled into two primary sections. One
section, containing the spent-fuel materials and other types of samples,
is located inside a hot cell. The in-cell component is housed in a oven
%ich, for the current tests, is operated at a temperature of.90 C. The

re.rminder of the apparatus is located outside the hot cell. Since the
experiment uses a once-through flow design, the out-of-cell portion of
the apparatus provides for both the source of simulated groundwater and
the collection of aqueous effluents. A matrix of experiments which are
underway and which are yet to be performed (in tuff environments) is
shown in Table 4.4. Data shown in this report will reference the test
numbers shown in this matrix.

4.3.1 Burnup Analyses

Part of the preoperational effort involved neasuring the radionuclide
inventory of representative spent-fuel samples. This inventory is to
provide reasonable estimates of the initial radionuclide content of the
spent-fuel waste forms used in the experiments. Part of this effort

included byrnup) analyses of PWR and BWR spent-fuel materials by the ND-148 method (4.20 For the purposes of the present calculations, the
fission yield of ND-148 is assumed to be 1.671 percent. The materials
were taken from sections of spent-fuel rods adjacent to the locations,
in the same rod, from which sections were removed for use in the inte-
gral experiments. The analyses give the ratios of the various isotopes
of uranium and plutonium, thus allowing radiochemical data to be trans-
formed into chemical data for these elements. A precise determination

of burnup(also) supports analytical calculations, via ORIGEN orORIGEN 11 4.21 computer codes, of the composition of the material.
Results of the burnup analyses of the representative spent-fuel samples
are shown in Tables 4.5 and 4.6. Table 4.5 shows the atom percent
analysis for various uranium and plutonium isotopes and the 148Nd/2380
and 239 u/2380 ratios. Table 4.6 shows the burnup values for the PWRP

and BWR fuel samples taken from the rods which were used to provide the
spent-fuel samples for the integral experiments. Laboratory analyses of
the elemental composition of spent-fuel samples is also underway to
provide data on the pretest inventory of radionuclides in the spent-fuel
specimens used in these experiments.

I
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Table 4.4. Matrix of Integral Tests.

1

Fractional Flow
Test Area Exposed Rate
No. Specimen (%) (ml/ day)

1 PWR intact fuel-rod segment 0 1

2 PWR degraded fuel-rod segment (1/16 inch perforations) .5 1

3 PWR degraded fuel-rod segment (1/16 inch perforations) .5 1

4 PWR degraded fuel-rod segment (1/16 inch perforations) 3 1

5 PWR degraded fuel-rod segment (1/16 inch perforations) 3 1

6 PWR degraded fuel-rod segment (1/16 inch perforations) 15 1

$| 7 PWR degraded fuel-rod segment (1/16 inch perforations) 15- 1

o' 8 PWR spent-fuel fragments 100 1-

9 PWR spent-fuel fragments 100 1

10 PWR spent-fuel fragments 100 10
11 PWR spent-fuel fragments 100 10

12 BWR spent-fuel fragments 100 1

13 BWR spent-fuel fragments 100 1

14 PWR degraded fuel-rod segment (1/32-inch perforations) 3 1

15 PWR degraded fuel-rod segment (1/32-inch perforations) 3 1

16 BWR fuel-rod section with in-service failure 1-

17 Test cancelled--fuel fell out of sample - 1

18 BWR fuel-rod section with in-service failure - 1
~

_

___i--____ _
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!
; Table 4.4. Continued

,

!

Fractional Flow
; Test Area Exposed Rate
j No. Specimen- (%) (al/ day)
! .

s 1

1 19 BWR fuel-rod section with in-service failure - 1'
20 PWR sections embedded in packing (1/16-inch perforation

j in each of 4 spent fuel-rod sections) - 1
1 21 PWR cladding slit and with PWR cladding perforation embedded
; in packing (1/16-inch perforation and a 1/16-inch by
; 0.5-inch slit) - 1
,

i 22 PWR cladding slit and with PWR cladding perforation embedded
: in packing (1/16-inch perforation.and a 1/16-inch by.

.L 0.5-inch slit) 1-

*
1 23 PWR fuel with cladding perforation embedded in corrosion
{ products - 1'

24 PWR fuel with cladding slit embedded in corrosion products - -1
' '

25 PWR fuel fragments - 1

| 26 PWR fuel fragments - 1
27 PWR fuel fragments - 1

,'

28 PWR fuel fragments 1
-

-

29 Blank (control) - 1
30 (not used) - 1



. - - - . . -
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1

! Table 4.5. Results of heavy element analysis..

Sample and Atom Percent Nd-148 Pu-239

| Axial Location * U-234 U-235 U-236 U-238 U-238 U-238

1 .

I PWR 0.015 0.600 0.346 99.039 5.648 x 10-4 5.022 x 10-3
'

Aprox. 59
;
.

i

BWR 0.019 1.394 0.243 98.344 2.826 x 10-4 3.981'x 10-3
Aprox. C9

; Plutonium Isotopes - Aton Percent
;

i L Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Date of Analysis-,

j "

f PWR 1.617 56.393 26.437 9.488 6.065 10-23-85

j Aprox. 59

. BWR 0.540' 72.041 19.908 6.103 1.408 10-23-85

j Aprox. 89

i
i Inches from bottom of the rod.*
1
;

;

l
1

)
1

I

1

;
4
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Table 4.6. Calculated burnup values for PWR and BWR spent-fuel samples. '

FTSample F' U' Pu' (Atom %- Burnup
Axial Location * (Fission / Atoms U-238)(Atoms U/ Atoms U-238)(Atoms Pu/ Atoms U-238) Burnup) (MWD /MTU)**

PWR 3.380 x 10-2 1.0097 8.905 x 10-3 3.212 30,835
Aprox. 59

BWR 1.691 x 10-2 1.0168 5.526 x 10-3 1.627 15,619
Aprox. 89

?
5 Inches from bottom of the rod.*

** Megawatt days per metric ton uranium.

Nd-148 100F' x=

U-238 1.671

Pu' = Pu-239 100x
U-238 % Pu-239

F' x 100
FT J

=

U' + Pu' + F' '

3Burnup FT x 9.6 x 10 ,=



-
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4.3.2 Data from the Spent-Fuel Integral Tests

The spent-fuel integral tests became operational on Septemaer 30, 1985.
Of the 29 individual tests outlined in the test matrix shown in
Table 4.4, all are operational except test no. 17 because the fuel fell
out of the sample during preparation,_and test nos. 25 to 28 because the
tuff material has not been received yet. Since the samples were loaded
in the hot cell in an air environment, the early data nre not expected
to be representative of the environment intended for the tests. As
such, effluent from the first two months has been collected and stored
for possible future analysis. Routine analyses of the effluent was
-initiated in December, 1985. Gamma analyses for two consecutive weeks
of sampling during this period are described in this report. These data
are shown in Figures 4.6 to 4.8. The data show the 134Cs activity in
uCi per ml for the effluent collected from the sample chambers con-
taining the tests indicated for samples collected on 12/13/85 and
12/20/85. Since these data are from an early period of operation, some
confounding influences are evident which will be corrected during the
next quarter. In particular, there has been some difficulty with tne 1

,

temperature controller on the oven. Temperatures of 100 C and above-
were never observed, however. Also, the diameter of the sample exit
lines (1/4 inch)'is large enough for the effluent fluid to occasionally
flow out of the lines. At flow rates of 1 and 10 ml/ day, this can

introduce significant error. This will be corrected by replacing the
end sections of these lines with capillary tubing. As a result, some
samples taken on 12/20/85 did not have eno' ugh fluid for a quantitative
analysis. Data for these samples therefore are not reported, nor is
data reported for samples where the specific activity level was below
detectable limits.

Figure 4.6 shows the data for test nos. 1 to 7. These tests examine
influences of cladding degradation on the release rates of radio-
nuclides. Test no. I represents an intact capped fuel-rod segment.
Since this sample showed the highest activity of this set, and since the
unit activity is dropping rapidly, we believe that these early data are
skewed by surface contamination of fine particulates which were picked
up by the samples during the sectioning of the rods and final prepara-
tion of the sample specimens. Anticipating this difficulty, each fuel-~

rod segment was superficially cleaned with a damp cloth before insertion
into its test chamber. With time, the specific activities for this set
should become representative of the samples themselves.

Figure 4.7 shows the specific activities of the fluid collected from the
test chambers for test nos. 8 to 13. These contain PWR and BWR fuel
fragments. Since the specific activities are lower than for test nos.
I to 7, we believe that the easily dissolved material was released at an
early stage compared with the degraded fuel-rod specimens. To test this
assumption, we will analyze the samples from the first two months of
operation to determine the early activity releases.

,
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Figure 4.6. Specific activities of 134Cs for the effluent
collected for test nos. I to 7.

Data for test no. 5 is unavailable.
J
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Figure 4.7. Specific activities of 134Cs in the effluents
.~or test nos. 8 to 13.

Data for test nos. 12 through 15 are unavailable.
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134 s in the effluent fromCFigure 4.8 shows the specific activity of
sample chambers containing test nos. 16 to 19. These are for sample BWR
spent-fuel rods containing possible in-service failures. .The presence
ofthesefailureswqsggpimatedbasedonresultsofeddycurrenttests

4reported previouslyl 'ci. Activity releases were observed for test
nos. 16 and 18.

4.3.3 Near-Term Plans

In the near term we will add hydrolysis of bicarbonate to the
groundwater-radiolysis model. This will hopefully improve the
calculation of pH when this species is present by providing additional
hydroxide anions. Further extension of the model will continue, and the
influences of chloride and related species on the oxidation of ferrous
ions will be examined. Work in water-chemistry modeling will continue
with further extension of the WATEQ module to account for the presence
of spent-fuel species. Data collection from the integral experiments
will continue.. Also, samples of the early effluent will be analyzed to
examine the early releases from the fuel fragments and degraded spent-
fuel specimens. To remove known confounding influences, the temperature
control of the oven will be improved, and the end sections of the exit
lines will be replaced with capillary tubing.

.
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5. QUALITY. ASSURANCE

Quality assurance standards have been established to monitor the various-
laboratory procedures and program activities. Procedures are revised
and new ones prepared as necessary to meet program requirements. Four
new procedures were either prepared or approved during this quarter,_
leaving a total of 38 approved QA procedures and 2 approved work
instructions for the program.

A sunnary of the QA procedures which are being used in this program is-
given in Table 5.1. Included is the procedure number, the current revi-
sion number, the title, and the status.

,

%

j

|
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Table 5.1. Status of NRC waste packaging program QA procedures.

Procedure No. Title Status
.

WF-PP-1 Procedures for Record Keeping and Documentation for NRC Approved
Revision 0 . Waste Form System Model Development

WF-PP-5 Procedures for Record Keeping and Documentation for Approved
i Revision 0 Separate Effects Model Development

WF-PP-10 Laboratory Procedure for Preparation of Glasses for NRC Approved
Revision 0 Waste Form Project

WF-PP-11 Laboratory Procedures for Preparation of Teflon-Leach Approved
i Revision 1 Containers

{} WF-PP-14 Laboratory Procedure for Leaching Glass Samples Approved
Revision 1

WF-PP-16 Laboratory Procedure for Operating the Orton Approved,

{ Revision 0 Dilatometer
1

| WF-PP-17 Laboratory Procedures for the Fluorometric Analysis of Approved
Revision 0 Uranium in Ground Water and Brine

| WF-PP-18 Experimental Procedure for Flow-Through Leaching of To Be
Revision 0 Unirradiated U02 and Spent Fuel Written

WF-PP-20 Procedure for Determining the Corrosion Rates of Alloys Approved
Revision 0 at High Temperatures

i

i'
WF-PP-25 Procedure for Preparation of Carbon-Steel Casting Approved
Revision 0

'
.

L

,.
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Table 5.1. Continued.

Procedure No. Title Status

WF-PP-26 Procedure for Preparation of Steel Hydrogen-Embrittlement Approved

Revision 0 Test Specimens

WF-PP-26.1 Procedure for Preparation of Hydrogen-Embrittlement Approved

Revision 0 Test Specimens from Steel or Iron Samples

WF-PP-27 Procedure for J-Testing Compact Tension Specimens Approved

Revision 4

WF-PP-27.1 Procedures for Performing Subcritical-Crack-Growth Tests Approved

Revision 0 with Compact Tension Specimens

T WF-PP-28 Procedure for Performing Tension Tests of Steel Specimens Approved
" Revision 1

WF-PP-29 Procedure for Conducting Hydrogen-Absorption Experiments Approved

Revision 0

WF-PP-30 Laboratory Procedure for Preparation, Cleaning, and Approved

Revision 0 Evaluation of Titanium Grade-12 Specimens for Corrosion
Studies of the Overpack Performance for the NRC Waste
Packaging Program

WF-PP-31 Laboratory Procedure for Preparation, Cleaning, and Approved

Revision 0 Evaluation of Cast and Wrought Carbon Steel Specimens '

for Corrosion Studies of the Overpack Performance for
the NRC Waste Packaging Program

WF-PP-32 Laboratory Procedure for Preparation of Simulated WIPP Approved

Revision 1 Brine A

\
.

I |

C
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Table 5.1. Continued.

Procedure No. Title Status

WF-PP-33 Procedure for Preparation of Simulated Basalt Groundwater Approved
Revision 0 Solution

WF-PP-33.1 Procedure for Preparation of Basalt Rock for Use in Approved j

Revision 0 Corrosion Studies for the NRC Waste Packaging Program

WF-PP-34 Laboratory Procedure for Preparation of Simulated Tuff Approved
Revision 0 Groundwater Solutions

WF-PP-35 Procedure for Performing Autoclave Exposures for Corrosion Approved
Revision 1 Tests in Simulated Brines

[ WF-PP-35.1 Procedure for Performing Autoclave Exposures for Corrosion Approved
Revision 0 Tests in Simulated Brines Using Sealed Internal Canister-

WF-PP-36 Procedure for Performing Stagnant Autoclave E>posures for Approved
Revision 0 Corrosion Tests in Simulated Basalt er Tuff Groundwaters

| WF-PP-37 Laboratory Procedure for Preparing Polarization Resistance Approved
Revision 0 Specimens, Performing Polarization Resistance Measurements-

and Evaluating Polarization Resistance Data

WF-PP-37.1 Laboratory Procedure for Performing Eh and Corrosion Approved
Revision 0 Potential Measurements in Autoclave Exposures in

Simulated Basalt and Tuff Groundwater

WF-PP-37.2 Laboratory Procedure for Determination of the Polarization Approved
Revision 0 Behavior of Metal Specimens at Ambient Pressure

WF-PP-38 Procedure for Preparing and Evaluation of U-Bend Specimens Approved
Revision 0 for Stress Corrosion Studies of Overpack Materials for the

NRC Waste Packaging Project
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Table 5.1. Continued.

Procedure No. Title Status

WF-PP-38.1 Procedure for Performing and Evaluating 3 Point Bend Beam Approved

Revision 0 Specimens for Stress Corrosion Studies of Overpack Materials
for NRC Waste Package Program

WF-PP-39 Procedure for Preparing. Testing and Evaluating Crevice Approved

Revision 0 Corrosion Specimens of Titanium Grade-12 and Cast Steel

WF-PP-40 Laboratory Procedures for Preparation, Cleaning, and Approved

Revision 0 Evaluation of Thermogalvanic and Heat-Transfer Specimens |
|

WF-PP-41 Laboratory Procedures for Determination of Corrosion Rates Approved |

Revision 0 Under Heat-Transfer Ccnditions |
,

WF-PP-42 Laboratory Procedure for Determination of Thermogalvanic Approved

Revision 0 Corrosion Rates
.

WF-PP-43 Procedure for Welding Titanium Grade-12 Plate for Use in Approved

Revision 0 Corrosion Studies of Overpack Materials for NRC Waste
Isolation Project

WF-PP-45 LaDoratory Procedure for Preparing and Evaluating Slow Approved

Revision 0 Strain-Rate Specimens and for Performing Slow Strain-
Rate Tests

WF-PP-45.1 Laboratory Procedures for Performing Slow Strain-Rate Approved

Revision 0 Tests Under Potentiostated Conditions

WF-PP-46 Procedure for Preparation of Titanium Grade-12 Corrosion Approved

Revision 0 Specimens with Metallic Iron Embedded in the Surface

WF-PP-47 Procedure for Preparing Specimens and Performing Electro- Approved

Pevision 0 chemical Pit Propogation Experiments on Carbon Steel
.



w we e
s i i

u v v
t e e
a R R
t
S n n

I I

l

l

e l -C l

- e
n C
I -

n
r I

o
f r

o.
t fd

e n
u e s
n m e

p l' i
i pt e u mn l q ao t E SC i

T f f
o o.

1 n n
5 o o

i i

t te cs csl

b et et
a pn l n
T se l enm om

Ii Ci
r rre re

op op
fx fx

E E
e e
rl rl
ua ua
dr dr
eg eg
ce ce
ot ot
rn rn
PI PI

.

o
N 0 0
e 0n 1 nr 5o 5ou

i id Ps Pse Pi Pic
o v v
r Fe Fe

WR WR -P

Tcn

1l ||||



- _

DISTRIBUTION LIST

Office of Regulatory Research
Division of Radiation Programs and Earth Sciences
Mail Stop 1130 SS
U.S. Nuclear Regulatory Commission, Washington, D.C. 20555

Attn: Division Director / Deputy Director
E. F. Conti, Chief, Waste Management Branch
F. A. Costanzi
J. R. Randall
M. B. McNeil
K. S. Kim, Project Manager (15)

Division of Waste Management, NMSS
Mail Stop 623 SS
U.S. Nuclear Regulatory Commission, Washington, D.C. 20555

Attn: Division Director / Deputy Director
Chief. Engineering Branch
E. A. Wick
M. Tokar
K. C. Chang
Document Control Center

Division of Waste Management, NMSS
U.S. Nuclear Regulatory Commission
1955 Jadwin Ave - Suite 310A
Richland, WA 99352

Attn: R. Cook, BWIP Site Rep.

Advisory Committee on Reactor Safeguards
Mail Stop H-1016
U.S. Nuclear Regulatory Commission, Washington, D.C. 20555

Attn: Waste Management Subcommittee
R. C. Tang

Battelle's Columbas Division
505 King Avenue
Columbus, Ohio 43201-2693

,

' Attn: D. Stahl, Program Manager (50)

. . _ _ _ _ _ .



.. ---

,

1

DISTRIBUTION LIST (Continuei)

Martin A. Molecke Michael Smith
Sandia National Lal Basalt Waste Isolation Projects
Albuquerque, NM 87125 Rockwell Hanford Operation

Richland, WA 99352
Neville Pugh
National Bureau of Standards Kenneth Russell
Washington, D.C. 20234 Department o' Materials Science

and Enginetring
Nicholas Grant Massachusetts Institute of
Department of Metallurgy Technology
Massachusetts Institute Cambridge, MA 02139

of Technology
Cambridge, MA 02139 Robert H. Doremus

Materials Engineering Department
Jerome Kruger Rensselaer Polytechnic Institute
Corrosion Section Troy, NY 12181
National Bureau of Standards
Washington, D.C. 20234 David C. Kocher

Oak Ridge National Lab.
Don J. Bradley P.O. Box X
Waste Package Programs Oak Ridge, TN 37830
Battelle Pacific Northwest Labs
Richland, WA 99352 Neville Moody

Sandia Livermore Lab.
Allen G. Croff Livermore, CA 94550
Oak Ridge National Laboratory
P.O. Box X Donald E. Clark
Oak Ridge, TN 37830 ONWI

Battelle Memorial Institute
Lynn Hobbs 505 King /. venue
Department of Materials Science Columbus, OH 43201
Massachusetts Institute of

Technology Martin J. Steindler
77 Massachusetts Avenue Argonne National Lab.
Cambridge, MA 02139 Argonne, IL 60439

Richard E. Westerman Donald G. Schweitzer
Pacific Northwest Lab. Brookhaven National Lab.
P.O. Box 999 Upton, NY 11973
Richland, WA 99352

Peter Soo
Edward J. Hennelly Brookhaven National Lab.
Savannah River Lab. Upton, NY 11973
Aiken, SC 29808

Nestor Ortiz
Arthur A. Bauer Sandia National Lab.
Office of Crystalline Rock Albuquerque, NM 87185

Development
Battelle Memorial Institute Pedro B. Macedo,

505 King Avenue Catholic University of America
Columbus, OH 43201-2693 Washington, D.C. 20064

.

.. i- -



DISTRIBUTION LIST (Continued)

Robert Williams Larry Evans
Electric Power Research Institute Armco Research Center
P.O. Box 10412 703 Curtis St.
Palo Alto, CA 94301 Middletown, OH 45043

William P. Reed Robert R. Gaugh
U.S. Department of Commerce Armco Research Center
National Bureau of Standards 703 Curtis St.
Washington, D.C. 20234 Middletown, OH 45043

Ray Walton M. John Plodinec
U.S. Department of Energy Savannah River Laboratory
Washington, D.C. 20545 Aiken, SC 29808

John E. Mendel Robert H. Frost
Materials Characterization Center Colorado School of Mines
Pacific Northwest Lab. Center for Welding Research
P.O. Box 999 Golden, CO 80401
Richland, WA 99352

G.B. Birchard
Larry Hench Mail Stop 11 0 SS
University of Florida U.S. NRC
Gainesville, FL 32611 Washington, D.C. 20555

David E. Clark T.C. Johnson
University of Florida Mail Stop 623 SS
Gainesville, FL 32611 U.S. NRC

Washington, D.C. 20555
Joseph Muscara
Mail Stop 1130 SS (5650 NL) John Voglewede
U.S. NRC Mail Stop 623 SS
Washington, DC 20555 U.S. NRC

Washington, D.C. 20555
Ken W. Stephens
The Aerospace Corp., Suite 400 Document Control Center, NMSS
955 L' Enfant Plaza, S.W. Mail Stop 623 SS
Washington, DC 20024 U.S. NRC

Washington, D.C. 20555
Robert S. Dyer
Office of Radiation Programs R.E. Browning /M.J. Bell

(ANR-461) Mail Stop 623 SS
U.S. Environmental Protection Agency U.S. NRC
401 M Street, S.W. Washington, D.C. 20555
Washington, DC 20460

P.T. Prestholt
Lorenzo Ricks U.S. NRC
U.S. DOE /BES 1050 Flamingo Rd. Suite 319
Washington, D.C. 20545 Las Vegas, NV 89119

s

- ----- _ _ _ _ . . _ . _



.

DISTRIBUTION LIST (Continued)

W. Ott
Mail Stop 1130 SS
U.S. NRC
Washington, D.C. 20555

J.T. Greeves
Mail Stop 623 SS
U.S. NRC
Washington, D.C. 20555

T.L. Jungling
Mail Stop 623 SS
U.S. NRC
Washington, D.C. 20555

Tilak Verma
U.S. NRC - SRP0/0NW1
505 King Ave.
Columbus, OH 43201

Metal Component Subcommittee
Mail Stop H-1016, ACRS
U.S. NRC
Washington, D.C. 20555

Jack L. McElroy
Pacific Northwest Lab
P.O. Box 999
Richland, WA 99352

- Harold Wallenberg
Lawrence Berkeley Lab
Berkeley, CA 94720

Don Alexander
U.S. DOE
Washington, D.C. 20545

\



_
.

.

t -

sehC PORM 136 U S hoCL E AR AEOUL ATOAV COMMasstDN a t ,om ? %.st m i an-,w a, noc esa ve, we .t e+

2' BIBLIOGRAPHIC DATA SHEET NUREG/CR-4379, Vol. 3

SEE th5TaucT,0NS 0% TMt af vtast

2 tit LE AND suG T t YLf sf.,E96.N.

Long-Term Per rmance of Materials Used for High-level
Waste Packaginc Third Quarterly Report, Year Four
October - Decemb 1985 . c a r i s ,- mon i v e

,

f oosr-
|

....

F/buary 1986. Au T -o. .s .

f -

o. . , ,0 .ssu o

Compiled by D. Stahl nd N.E. Miller f |
-- .. -

[ Ma rc h 1986

f .

. ..ua c - .s. m .. . w .. .1 ,i ,0. 430 3.wi.v.c s.... ou.m , . o o. . ss ~,.,, ,, ce.

Bat + i la's Columbus Divi 'on /
""o""a'''**""505 King Avenue

Columbus, Ohio 43201-2693
B6764

,e s,osso. .c o.a.s 1 1.os s... .so u.m ~o .x .ss . <, cm -
. n o ai.o -

-

[
Division of Radiation Programs a Earth Sciences Quarterly
Office of Nuclear Regulatory Rese 'c h
U.S. Nuclear Regulatory Commission " " * " ' '"'" " " ' * *

Washington, D.C. 20555 October - December 1985

12 Sv##L{U(NT.Av NOTES

1) 9sT A.C Y !200 words & en s

Waste-form studies are being directed towar investigating spent-fuel leaching /
dissolution behavior. Experiments have bee . tarted to generate data en UO2 nd
spent-fuel le6ch rates in simulated anoxic ro dwaters. Initial data indicate that - -

uranium concentrations in the groundwaters ana istilled-water leachants are very low.
The influence of groundwater species on t sud.: cibility ;f cast steel to pitting
corrosion and stress-corrosion cracking beir.g udied by potentfodynamic polari-
zation techniques. Potential cracking a ents are ing investigated by slow strair
rate experiments. The pitting-corrosio model was rther developed, taking into
account cation dissolution at the pit se enu chemic lly active pit walls. Ground-
water-radiolysis modeling has continue , with the desc iptio 1 being extended te
include bicarbonate anions in groundw er. Simulations how that modifications to
the reactions accounting for bicarbo te should improve edicted pH values. Spen +-
fuel specimens are being used in int gral tests with flow g simulated groundwater to
study the role of cladding in radio.clide release and to 1 entify possible combined-
effects processes.
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