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NOTICE

This report was preparec as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
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product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.
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1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program U S. Nuclear Regulatory Commission,
Washington, DC M555

3. The National Technical Information Service, Springfield VA 22161

Although the listing that follows represents the majority of documents cited in NRC pubocations,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include NHC correspondence anc internal NRC memoranda; NRC Office of Inspection
and Enfnrcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program; formal NRC staff a,d contractor reports, NRC sponsored con'erence proceedings, and
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; Federal Regulations, and Nuclear Regulatory Commission issuances.
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6 ABSTRACT ~

h fAs part of_the Nuclear Regul'atory Commission's requirement to assess the
. Department of Energy's. application.-to construct geologic repositories;

'L -for storing high-level radioactive waste, Battelle's Columbus
Laboratories is investigating the long-term performance of materials
used for high-level waste-packaging. Devitrification ~ severity of glass

~ aste forms is being studied in terms of volume fraction of crystal--w

lization and crystal grain size. Glass-water contact during the heating
.and cooling periods of glass-leaching experiments is being evaluated for
-its effect on the overall.results~of the_ isothermal period. Modeling
: efforts-included the study of possible-colloid formation and the change
of water chemistry during glass dissolution. The electrochemical
propertiesLof container' steels were found to be only slightly affected
by the groundwater-species concentration, the presence e' basalt rock,
or the steels' cleanliness or microstructure. Hydrogen-embrittlement

-susceptibility may increase at expected repository temperatures.
Results of the corrosion-modeling effort suggest that radiolysis may
significantly affect general-corrosion kinetics. The water-radinlysir,
model was extended to account for more groundwater species and vas used
to predict the concentrations of two species in aqueous. iron sulfate;-
results were compared with experimental data. -A method was selected for
performing uncertainty analyses of waste-package models. Integral

-experiments: have been designed to address the combined effects of
repository conditions on the waste package.

This report documents investigations performed during the period April
_1984'through June 1984.
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1. INTRODUCTION: PROJECT OBJECTIVES AND APPROACH l

The Waste' Policy Act of 1982 delegates to the Department of Energy (D0E)
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 Counission (NRC) has the responsibility to regu-
late the activities of DOE to assure that the health and safety of the
repository workers and of the public are adequately protected. Prior to
construction, the DOE will submit a license application to the NRC
describing in detail the proposed repository. The DOE has been directed
to take-a multiple barrier approach to the isolation of radioactive
wastes with the waste package, the engineered facility, and the natural
geohydrologic features of the site being the major barriers. Since
NRC's compliance assessment requires the technical capability to under-
stand relevant phenomena and processes relating to the long-term per-o

'

formance of the multiple barriers, the NRC's Office of Nuclear Regula-
tory Research (RES) has established tnis waste-package performance pro-
gram at Battelle's Columbus Laboratories to provide that part of the
input to the assessment. As an important aid to this understanding,
Battelle is evaluating total system performance which will integrate
separate effects and improve the understanding of the long-term perfor-
mance of waste-package materials. This will also assist in identifying
and evaluating research needs.

It.is generally accepted that after repository closure the dominant
mechanism to cause the release of radionuclides from the repository is
groundwater transport. The generally accepted approach to minimizing
the release is to provide a number of different barriers to the dissolu-
tion and transport of radionuclides by the groundwater. For a deep-
mined repository, the geohydrologic features of the earth itself are
expected to be a major barrier to the release of radionuclides. The
repository site will be selected so that radionuclides will be isolated
for very long times. In addition, engineered features of the repository
will act as a barrier to the release of radionuclides. The repository
will be constructed so as to minimize disturbing the adjacent rock and
to' accommodate the thermomechanical. effects of the emplaced wastes with
a minimum of degradation to its geohydrologic properties. Upon closure,
the underground openings and shafts to the surface will be backfilled
and sealed to minimize groundwater flow paths.

The waste package--which is the center of this study--will be con-
structed to provide essentially complete containment of the radio-
nuclides through the period of time in which the repository is heated

.significantly by decaying fission products. After the container is
eventually breached by some process, the waste form must remain suffi-
ciently resistant to groundwater attack to provide high retention of the
radionuclides and, together with the repository, to control the release
of radionuclides for thousands of years. -The objective of our research
is to provide an improved understanding of the long-term perfor..ance of

.the materials used for the high-level waste package. More specifically,
we are identifying those processes that tend to degrade the performance

1-1
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* - of the waste-package materials, performing experiments to produce data
i,

'where data are otherwise lacking on material performance, and analyt -
cally modeling.the processes to utilize the data to better understand
how the' processes will affect material's future performance. In addi--

tion, we are identifying areas of' work that should be performed by DOE
to provide missing data which are beyond the resources of the NRC.-

1.1 Individual Program Tasks

L The program-is being conducted in-three parallel efforts: waste-form
E studies, container studies, and integrated system performance studies.

A more detailed summary of achievements can be found in the second
annual report for this program (NUREG/CR-3427, Volume 4, June.1984,

.

j. ' Section 1).

'aste Forms1.1.1 W
.

The waste-form studies are aimed at first describing and modeling those
mechanisms that will alter or " age" .the' waste .for:a during the contain-*

ment _ period, and second, identifying and describing those processes _that
will influence waste-form dissolution after.it is exposed to ground--

water. The waste-form studies have been largely~ centered on borosili-4

- cate glasses for both defense'and commercial high-level wastes; some
!~ ' effort has also been directed toward evaluating spent fuel as a waste
I form.
i-

-In borosilicate glasses, the glass-forming agents can be expected to be.
tailored to optimize the waste-form properties for each type-of high-
level. waste. After the waste forms are produced, particularly during.
the very long period of time after disposal while sealed in their con-;.
tainers, they will experience' processes that will.cause changes. One

7 detrimental effect is devitrification of the glass, which can. lead both.'

.to new phases with increased solubility and to cracking of the glass
.

(which is detrimental because it' allows.a greater surface area of thez. .

L
4' glass to be contacted by the groundwater). A model has been developed

to' predict the degree of devitrification that will occur from subsequent
p reheating in the repository after disposal. Another detrimental effect
- is cracking, which could be induced by the effects of. radiation on

glass. A study of the radiation effects on glass has revealed no new i
;' approach to evaluating'this phenomenon experimentally, so we are largely -

dependent on the existing literature which. indicates that radiation pro-
-duces only a small effect on glass performance.

.

"

1.1.2 Container Materials,
.

| The container. studies focus on processes that can degrade.the metallic
waste-pac 9 age container. The objective is to collect data on the para-,-

meters that influenceithe degradation processes, to identify the con-
trolling paraneters, and ultimately to model the degradation. processes

: that determine the long-term performance of the container. The material
,

.under study is cast low-carbon steel for use in.a basalt repository,'

which is the material currently favored by DOE.
:

1-2-
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This experiment is in progress and its results will be presented in the
next quarterly report.

2.1.2 Crystallinity Influences

Some of the e' valuations conducted in the first ano second project years
indicated that a fraction of crystallinity may be induced by devitrifi-
cation of the glass. Before undertaking a detailed description of this
crystallinity, its detrimental character needs to be determined. The
work of Hench and Clark (2.1) showed that volume fractions of crystal-
linity from 35 to 100 percent could reduce the durability of SRL 131-
29.8 percent TDS-3A waste glass to as little as 1/40 of its original
durability. They further discussed a mechanism of preferential attack
at the glass / crystal interface.(2.2) Therefore two parameters, the
volume fraction crystallized and the grain size of the resultant
crystals, could influence the corrosion characteristics of devitrified
glass. To assess these characteristics, an experiment which exposes two
different volume-fractions-crystallized at two different crystal sizes
is planned. However, before this experiment can be conducted, a means
for generating those specimens is needed.

Heterogenous nucleation is the best means of fixing crystal sizes and
volume fractions under isothermal heat-treatment conditions. The occur-
rence of Ru02 as a melt insoluble in PNL 76-68 glass, simulated by
MCC 76-68, provides an intrinsic nucleation site that should not distort
subsequent leaching results. Furthermore isothermal crystallization
experiments by Uhlmann and coworkers (2.3),have shown that time, tempera-
ture, and the number of nucleating particles per unit volume determine
the volume fraction crystallized.

By choosing different concentrations of nucleating particles, the
crystal size may be limited by impingement. For instance, crystal grain
diameters of 100 pm and 1 pm should result from respective concentra-
tions of 106 and 1012 particles per cubic centimeter. These concentra-
tions can be obtained by mixing comercial Ru02 with MCC 76-68 in weight
ratios of 20 mg Ru02 per gram of glass and 20 pg per gram of glass, if a
0.2 pm mean diameter is assumed for Ru0 .2

The temperature range for developing the samples should be between the
glass transition temoerature for MCC 76-68 (i.e., Tg = 450 C), a temper-
ature at which crystal growth stops, and the liquidus temperature
(Tg = 950 C), the temperature at which growth begins. A temperature
rary rf (Tg + 100 C) 1 T $ (Tg - 100 C) should be an appropriate
starting point.

The isothermal treat ent time must also be established. The data of
Bickford and Jantzen 2 4) indicate that various defense waste compo-
sitions will be significantly devitrified if isothermally treated
between 4 and 44 hou~s at temaeratures between Tg and Tg for those' glasses. Those glasses are somewhat more resistant to devitrification
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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

'r chemical species was used. This set included the basic water species,
the species which dominate most natural groundwaters, and certain'

species which are assumed to result from the corrosion of iron-based;-

|
metallic containers and from the dissolution of borosilicate glass.

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

concentration and activity of each of the water species. ,

i

[ 1.2 Overall Program Ob.iectives

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
-to provide information to allow the NRC to prepare position papers oni'

the information required of DOE for evaluation of DOE's proposed waste '

L
. package. Of significance here is identifying sensitive parameters

' affecting the performance of materials and identifying data
requirements.

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

,

as the parameters of waste-form composition and environmental conditions
which will cause changes from its state at the time of disposal. In
addition, we are producing experimental data on the parameters that
affect dissolution of the waste form, including composition of the
groundwater and environmental conditions. The waste-form dissolution
process is also being mathematically modeled to allw analysis of the
performance of the waste form under specific input conditions.o

|

The information on the performance of the container materials relates to
the required containment period of 300 to 1000 years. The container

! performance is expected to be most affected by corrosion and hydrogen-,

! attack processes. We are providing information on the parameters of
container-material composition, groundwater composition, and environ-
mental conditions that are most significant in these processes. Our
studies of cast low-carbon steel in a basalt environment (the container
material currently favored by DOE) focus on the susceptibility of the
metal to stress-corrosion cracking under repository conditions, because
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- 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

~ Jcredible. repository conditions.10urf experimental studies on general and
localized corrosion, together with our comorehensive general-corrosion
model, will assist in' evaluating the corrosion-allowance approach for
the use of steel as a long-life container.c

Mbdeling efforts'in the integrated system performance task are contri-
.buting significant'information to studies of general corrosion and glass,

dissolution. . These studies-require knowledge of the amount and kind of-
chemical species that may be produced by radiolysis of the groundwater
near the waste package as a result of gamma radiation from the enclosed
waste.. To~obtain this information, energy deposition and radiolysis
codes are used. The ANISN code is_used to calculate the gamma fluxes
and energy-deposition rates in and near the waste package over the time
after-disposal; these have been calculated for commercial high-level

, waste and for spent-fuel waste forms. The gamma fluxes and energy-
deposition rates as a function of time are then used in the water-

- radiolysis model to calculate the amount and kind of radiolysis products
in the groundwater near the waste package. To determine how these
radiolysis_ products may affect the performance of the canister and waste-
form, it is necessary.to; determine _their chemical activities. These are
calculated by the water-chemistry model. The output from the water-
chemistry model;is the concentration and activity of each chemical
species-in the groundwater near the waste package. This information is.
used not'only as input to the general-corrosion and glass-dissolution

- models, but also as a point of reference in directing the experimental
efforts:in corrosion and dissolution.

.

.
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'2.' ' WASTE. FORMS

.

Waste form experimentation for~the third year began in this quarter.
1Asnin previous years, experimentation will concentrate on glass waste'~

forms and is~ based on.results of previous experimentation. Experimen-
; tation with glasses prepared with real waste will be initiated, as will

experimentation'with spent fuel.
,

,

* il 2.1; Glass Experiments

-Four glass experiments are planned -for the third year: glass / water con-
; tact, crystallinity influences:, model validation, and definition of

- other degradation mechanisms. Experiments with real waste glass and.

espent' fuel are being planned.. The goal of each is to-develop data that"

will assist in the evaluation of source terms for radionuclide release ;

. to the--repository water. The first two. experiments, glass / water contact
:and crystallinity influences, began in the first quarter. The remaining
' experiments are being planned.- -

'

2.~1.1 -Glass / Water Contact
~

~

.
. .

~ ' m. . ~Some results from the leaching pilot experiment completed in'the second
'project' year indicated that spurious data may result from static experi-<

. ments in which.the glass ~and water.are in continuous contact during the
; heating isothermal-soaking, and cooling periods of an. experimental run.r

.
. Material.in' solution, either_ extracted from the soecimen or originally

b present'in simulated repository water, may precipitate-onto the specimen
>during. cooling from the experimental temperature.''Also, reaction with

; .the-specimen'during heating and cooling periods ri,ay' introduce anomalies
cinto'the data. However, conclusions about experimental conditions

. Lusually are drawn from' solution chemistry data and surface analyses
: assuming tonly an1 isothermal Ltreatment. Therefore,-an experiment has

J
.been devised'to assess the validity of.these assumptions.-

~

-In this experiment,'a number of samples are in continuous contact with;'

the. attacking sol ion during the entire experiment, while other samples-
: .are exposed to the solution only during the isothermal treatment time

Thatexperimental matrix is shown in Table.2.1. In all cases, either
. .MCC-1 or MCC-2P protocols are being followed,-except for separating some*. -of-theLsamples of glass from-the simulated basalt water.during the

: heating.and cooling periods..

To~ accomplish'the separation"of glass specimen and water, 120-ml acid
: digestion bombs (Parr Bomb model 4748) were; modified to accommodate the
. glass sample at* heights approximately 1/3 of the. distance from the
. bottom or:1/3 of the distance from the top. In all cases, the glass

~

.

samples,~ cut to'1 cm cubes and polished to 200 grit sic, were placed.

,

,

1

k
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.between two perfora'ted TEFLON * discs', and all the containers were filled
-with approximately 60 ml or half their volume, of simulated Grande Ronde
basalt water. .The volume was adjusted-to obtain a surface-to-volume
ratio of 0.01/nsn at_ the experimental temperature. Some bombs are
= inverted-during the heatup and cooldown periods so the solution contacts
the glass during the isothermal period; the other bombs continuously
expose the glass to that solution.

. Table 2.1. Glass / water contact experimental matrix.

Glass / Water MCC-1(2) MCC=2P(3)

Isothermal (I) XXX XXXX

contact

Continuous (1) XXX XXXX

contact

Blank (1) XXX XXX

(1) X = Replicate samples
(2) 90 C, S/V = 0.01/mm
(3) 190 C, S/V = 0.01/mm.

All containers were placed in two ovens maintained at 90 C and 190 C as
determined by a calibrated, type K thermocouple placed in contact with
one of the blank containers in each oven. When this thermocouple
reached the experimental temperature, the isothermal contact containers
were inverted to expose the glass to the basalt water. At the comple-
tion of-the 28-day exposure period, these containers will be inverted to
discontinue contact between the water and the glass samples. They will
remain in this position for approximately 1 hour to allow evaporation of
surface water; then all bombs will be removed and cooled to room
temperature. Once cool, the glass specimens will be removed, weighed,
and subjected to surface analyses by appropriate methods such as
scanning electron microscopy, secondary ion mass spectrometry, and Auger
spectroscopy. After acid digestion, the solution chemistry will be
determined.

* TEFLON'is a registered trademark of the DuPont de Nemours Company.
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This experiment is in progress and its results will be presented in the
-next quarterly report.

2.1.2 Crystallinity Influences

Some of the evaluations conducted in the first and second project years
-indicated that a fraction.of crystallinity may be induced by devitrifi-
cation of the glass. Before undertaking a detailed description of this
crystallinity,_its detrimental character needs to be determined. The
work of Hench and Clark (2.1) showed that volume fractions of crystal-
linity from 35 to 100 percent could reduce the durability of SRL 131-
29.8 percent TDS-3A waste glass to as little as 1/40 of its original
durability. They further discussed
at the glass / crystal interface.(2.2)a mechanism of preferential attackTherefore two parameters, the +

volume fraction crystallized and the grain size of the resultant.

crystals, could influence the corrosion characteristics of devitrified
glass. To assess these characteristics, an experiment which exposes two
different volume-fractions-crystallized at two different crystal sizes~

is planned.. However, before this experiment can be conducted, a means,

for generating those specimens is needed,

i. Heterogenous nucleation is the best means of fixing crystal sizes and
volume fractions under isothermal heat-treatment conditions. The occur-;

rence of Ru02 as a melt in_oluble in PNL 76-68 glass, simulated by
MCC 76-68, provides an intrinsic nucleation site that should not distorta

subsequent leaching results. Furthermore isothermal crystallization
experiments by Uhlmann and coworkers (2.3),have shown that time, tempera-

L ture, and the number of nucleating particles per unit volume determine
the volume fraction crystallized.

By choosing different concentrations of nucleating particles, the
. . crystal size may be limited by impingement. For instance, crystal grain

diameters of 100 pm and 1 pm should result from respective concentra-
tions of 106 and 1012 particles per cubic centimeter. These concentra-
tions can be obtained by mixing commercial Ru02 with MCC 76-68 in weight

! ratios of 20 mg Ru02 per gram of glass and 20 pg per gram of glass, if a
0.2 pm mean diameter is assumed for Ru0 .2

The temperature range for developing the samples should be between the
glass transition' temperature for MCC 76-68 (i.e., Tg = 450 C), a temper-
ature at which crystal growth stops, and the liquidus temperature

?

(Tg = 950 C), the temperature at which growth begins. A temperature
range of (To + 100 C) < T < (Tg - 100 C) should be an appropriate
starting point.

-

.The isothermal treatant) time must also be established.
;

The data of
|- Bickford and-Jantzent2.9 indicace that various defense waste compo-

sitions will be significantly devitrified if isothermally treated
between 4 and-44 hours at temperatures between Tg and Tg for those

4 glasses. .Those glasses a*e sanewhat more resistant to devitrification
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than MCC 76-68 because'of'their high Al 02 3 content, so isathermal
treatment times of 4 and 44 hours should also suffice for MCC 76-63

_ glass..

The method of response-surface exploration can be used to develop the
' time, temperature, and nuclei concentrations that should lead to the
. required volume-fractions-crystallized and crystal sizes. This method
is a statistical design that can be used to find maximum and minimum
response conditions without-knowledge of exact, functional relation-
ships. F
design (2 pr the variables to be explored, a central compositeW can be used to accomodate quadratic effects in all the
variables and should be. adequate for the present purposes. This design
is presented pictorially in Figure 2.1; the corresponding coordinates
are presented in Table 2.2. As previously discussed, they are based on
the fo_llowing initial values of the experiiaental variables:

Variable Low High

T, C 550 850
t, hours 4 44
n, #/cc 106 1012

At each condition, the volume-fraction-crys _tallized and the mean
particle size will be determined by standard techniques.

This experiment has begun, and it is expected to be completed in the
second quarter. Once these data are in hand they will be used to select
conditions for obtaining specimens needed for corrosion testing at
different volume-fractions-crystallized and mean crystal diameters.

2.1.3 Future Experimental Work

An experiment to assess the validity of a glass-dissolution model is
being planned. _This model postulates nuclear-waste-glass dissolution to
lie between that of quartz and amorphous silica, as shown in Figure 2.2.
An experiment to test this model will involve isothermally treating sam-
ples of quartz, amorphous silica, and waste glass specimens for various
times. The details of this experiment are partially dependent on the
glass / water contact experiment and will be established when that experi-
ment has been completed.

The fourth glass-wasta-form experiment is, in reality, a series of
experiments intended to address the influence of various environmental
factors on glass corrosion. A partial list of accelerating variables is

- presented in Table 2.3. As with the dissolution-model experiment, this
experiment depends in part on the results of the glass / water contact
experiment. However, this final series of experiments is in the very
early planning' stages. Plans should be completed in the second quarter
-of this project year.
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Figure 2.1. Coordinates and levels of central composite design.

Table 2.2. Coordinates and levels of central composite design.

Point Coordinates T, C t, hours log n

1 (0,0,0) 700 24 9
2 (-1,-1,-1) 610 12 7.25
3 (1,-1,-1) 790 12 7.25
4 (-1,1,-1) 610 36 7.25
5 (1,1,-1) 790 36 7.25
6 (-1,-1,1) 610 12 10.75
7 (1,-1,1) 790 12 10.75
8 (-1,1,1) 610 36 10.75
9 (1,1,1) 790 36 10.75
10 (-1.68,0,0) 550 24 9
11 (1.68,0,0) 850 24 9
12. (0,-1.68,0) 700 4 9
13 (0,1.68,0) 700 44 9
14 (0,0,-1,68) 700 24 6
15 (0,0,1.68) 700 24 12-
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Figure 2.2. Proposed model for glass leaching.
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Table 2.3. Preliminary list of factors that may accelerate glass. leaching.
.

Postulated. Mechanisms .,

Factor : Potential Sources .for Accelerating Glass Leaching

1. Natural organic acids ' Groundwater, packing material, rock Increases in solubility of nonsiliceous-
glass components via complexation with:
polyvalent cations such as metals and
transuranics

2. F- Groundwater, rock Complexation with silica (e.g., SiF 26 -)'
3. Cl- Groundwater, rock Complexation with silica

4 High pli Ambient groundwater with or without Increase in silica solubility via
ga -interaction with waste package reaction:
u

H SiO - + H+H SiO * 1 3 44 4
which occurs at pH 10.5 and above

5. Eh (redox) Ambient groundwater with or without Solubility of selected glass components
interaction with waste package may be Eh-sensitive

6. Soft iron . Canister, overpack Iron silicate precipitation

7 Aluminum Leached rock and packing material May lead to aluminum silicate precipi-
tation, analogous to iron silicate
precipitation

8. Temperature Waste package Silica solubility increases with
increasing temperature
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. 2.2 . Glass Dissolution /Reprecipitation Modeling

During this quarter,_two assumptions were examined. .The assumption that
the effective rate constant for precipitate growth remained constant

. during glass dissolution /reprecipitation was revised to take into
account the effects of possible colloid formation. In addition, the

effect on water chemistry of a time-dependent, rather than a constant,
concentration-of: dissolved silicon-bearing species was examined.

2.2.1 Kinet its of Glass Dissolution /Reprecipitation -

In.the r9qently issued Annual Report for the second year of this
program,tz.61 results were presented of some initial modeling studies
relative:to the reprecipitation of dissolved glass species as part of a
more stable phase. As discussed therein, the simultaneous occurrence of

- glass dissolution and precipitate growth takes place when Cf < C < Co.
-Here, C is the instantaneous, time-dependent concentration, within a
closed volume V of groundwater, of the glass component that controls

C' and Co are the saturation concentrations of.thisdissolution.- g
particular species relative to the_ precipitate and the glass,
respectively. Within this regime, the rate at which C changes with
time t was taken as

( *1)
h=f(C - C) + K' (C - C)g

where K is a rate constant for glass dissolution, S is the surface area
of glass exposed to the groundwater, and K' is an effective rate
constant for growth of the precipitate.

4

In the original calculations (2.6),'K' was chosen to be tima-independent,
and the predicted variation of C with t.that resulted did indeed exhibit
behaviorthathasbeenobservedexperimentally(e.g.,n9ghalinedissolu-
tion with gibbsite precipitation, as reviewed by Lasagat 7)),i.e.,

e C (t + =) = constant
e C' < C (t + =) < Co

Ouring the past reporting period, calculations were undertaken in which
K' was no longer-treated as a constant, but rather as an increasing
function of. time. Such behavior might be expected, for example, for the
growth of colloidal particles from solution, which, as they grow,
present an increasing amount of surface area to the surrounding ground-
water and thus are able to transport the dissolved species from solution'

at faster net rates. On the other hand, treatment of K' as a constant
may be more characteristic of growth of the precipitate as layers on
adjacent surfaces, for which the amount of exposed area remains approxi-

.

mately constant.
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The particular' form assume'd for K', at least for the present, was

K'(t) = a + b (t - t ) (2.2)p

where a and b are time-independent parameters (but possibly temperature-
dependent, although temperature variations are not being considered
here), and the time t is defined such thatp

C(t)=Cfp

Thus, times within the range t > tp are of interest in solving Equa-
tions 2.1 and 2.2. Clearly, the special case for which b =
corresponds to'that which had been previously treated.(2.6) 0

Equation 2.? was cast in linear form for simplicity in accounting for a
K' parameter that increases with time, rather than for a physically
realistic representation of actual reprecipitation kinetics.
Unfortunately, however, even the simple form of Equation 2.2 yields
results that are rather complex, as compared to the case for which
b = 0.

Proceeding with the analysis, Equations 2.1 and 2.2 can be combined and
expressed in terms of dimensionless variables and parameters % yield

h + YC s = 1 + (YC - 1)r
(2.3)

where

sE C/Co (2.4a)

rE CE/Co (2.4b)

.(2.4c)YE b

1 +3 (2.4d)ge +r _r
Y p

2-9
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where
,

s

aV (2.4e)
- 6 _= g

T a KSt/V (2.4f),

Tp a KSt /V (2.4g)p

The definitions of s, r, S, T, and Tp given here are consistent with
those presented in-Reference'2.6. The explicit dependence of Tp upon r
is given in Equation 2.20 of that reference.

Equation 2.3 can be easily solved, subject to the initial condition
s(g ) = r, where gp a g(T = rp), to yield the rather complex expressionp

s = r + (1-r) (2)1/2-
- 1/2 -

F ({} (
_

(2.5)
-}- 1/2 - -

2

({} g exp {(g2,g)--F
p _

where F-is Dawson's integral, defined in general as(2.8)

z
2 r 2

-z u (2.6)F(z) = e g du
J
o

Unfortunately, F(z) is not an elementary function; its values must be
computed numerically.

Analysis of the p'roperties of s(g) is currently in progress. However,
one particular feature that can readily be deduced is the behavior of s
at asymptqtgc times, i.e. , g + =. Toward this end, we use a well-knownrelationk 1,

2-10
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1/2 2
e erf(iz) (2 7);F(z) = # -z

2i

together with the asymptotic expansion for the complement of the error
function (2.9),

2
-z - -

erfc(z) - 1+0 (2.8)
2

_

' Equation 2.8 is valid for z + =. and l arg(z)| < 3r/4. Noting that
erf(z) = 1 - erfc(z), one can combine Equations 2.7 and 2.8 to obtain

F(z) ~ +h 1 + 0 |/ (2.9)
_. (z j .

If z-is real,-

1-- (2.10)
F(z) ~ 2z

' From-Equations 2.5 and 2.10, we obtain

s~r (2.11)
!

in the: limit as ( + =. Consequently, we see from Equations 2.4a, 2.4b,
and 2.11 that

.

C -C (2.12)o

as t + =. What this means is that as the time becomes asymptotically
- large,.the concentration of the species controlling glass dissolution,

; within the closed Volume of groundwater, gradually approaches the satur-
ation level of that species relative to the precipitate. Of course,"

such behavior 'is expected, .since from Equation 2.2, K' becomes very
,. large as t. increases, and in' turn, from Equation 2.1, C must approach Co
| in order to maintain dC/dt at a finite level.
!'

L Further' examination.of the properties'of the function s(C) will be
h carried out during the near term. Selected numerical examples will be
;

-- used to~ illustrate general features-of these properties. The ultimate |
.
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goal of these calculations is, of course, to determine effects that
reprecipitation has on the overall amount of glass that has dissolved
within the groundwater.

2.2.2 Water Chemistry During Glass' Dissolution

The water-chemistry model has been used to calculate the changes
occurring.in water chemistry as waste-form dissolution proceeds and to
predict the effects of these changes on the rate of dissolution of a
glass waste form. We have assumed that dissolution obeys a linear rate
law:

(2.13)
h=k(Co-C)

where C is the total concentration of the solubility-limiting element in
the solution, t is time, Co is the concentration of the solubility-
limiting element at saturation, and k is a constant. The definitions of
C and Co used here are consistent with those used in Section 2.2.1, and
the parameter k used here is equivalent to KS/V used in that section.
It is assumed that k will be constant for isothermal dissolution of a
given waste form. For our calculations, we use dimensionless units and
assume k = 1. In this case, the unit of time is the time constant for
Equation 2.13. Silicon is assumed to be the solubility-limiting
element; all other elements are assumed to dissolve readily compared to
silicon (as SiO ). In adaition, it is assumed that the waste form

2
dissolves congruently.

All these assumptions are more or less standard for glass-dissolution
calculations. The feature that makes this calculation significantly
more realistic than others is that Co is not assumed to be constant.
Inste&d, it is assumed that the activity of nonionized silicic acid
(H SiO ) is independent of pH and that the increase in silica solubility4 4
at high pH is due to 19nization. This is in good agreement with
experimental data (2.lv1 on silica solubility.

The comp:;ition of the' waste form was based on PNL 77-260 glass. PNL

77-260 contains several elements that are not presently included in our
water-chemistry model, so we used a simplified glass composition con-
taining oxides of silicon, boron, sodium, and calcium in the mole ratios
Si:B:Na:Ca = 1.0 : 0.432 : 0.431 : 0.709.

Twodifferentwaterswereusedforourcalqq1p{Jons, pure water and
'

synthetic Grande Ronde basalt groundwater.B 2 Since not all of the
elements in the synthetic groundwater composition described by Jones in
Reference 2.11 are included in the water-chemistry model, the composi-
tion of the groundwater was modified by lumping sodium and potassium as
sodium, and fluorine and chlorine as chlorine. Treating potassium th3
same as sodium is expected to have a negligible effect on pH calcula-
tions, since both NaOH and K0H are strong alkalis. Treating fluorine
the same as chlorine is less well justified since HF is a relatively

2-12
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weak acid while hcl is a strong acid. However, the pH as calculiU!d-
using this scheme was compared with the pH calculated by a more complete
water-chemistry program which did not r99uir9 lumping of elements, and
the difference was about 0.02 pH units. W 121 This is considered to be
sufficiently accurate for our purposes.

The differential equation for glass dissolution (Equation 2.13) is
solved by the following conceptual process. From the composition of the
initial groundwater, the pH is calculated, and this is used to calculate
C. The initial rate of dissolution can now be calculated from Equa-
tSon2.13. The waste form is allowed to dissolve congruently for a
short period of time, thus changing the composition of the groundwater.
The process above is then repeated for the modified groundwater composi-
tion. .In general, it is to be expected that Co will change with time
and that the dissolution rate will not follow a simple exponential
curve. This is indeed the case, as shown in Figures 2.3 and 2.4. In
the case of pure water, the dissolution rate reaches a maximum at a
normalized time of about 0.07. For the synthetic basalt groundwater,
however, the dissolution rate drops monotonically from its initial
value. The reason for these two very different behaviors can be seen
from Figures 2.5 and 2.6. As the waste form dissolves in pure water,
its pH rapidly increases from its initial value of 7, and the total con-
centration of silicon at saturation, Co, also increases, raising the
dissolution rate. In contrast, the pH of the synthetic basalt ground-
water drops as the waste form dissolves. That reduces the saturation
concentration of silicon, resulting in a lower dissolution rate.

From these results, it is apparent that short-term glass degradation
data must be interpreted with caution. In the case of pure water, the
theory predicts thit the dissolution rate will increase with time, at
least at short times. Such experimental data might be incorrectly
interpreted as suggesting that the waste form is undergoing catastrophic
degradation. In the case of synthetic basalt groundwater, the theory
predicts a rapid decrease of the dissolution rate with time. This might
lead to an overestimate of the stability of the waste form.

2.3 Radiation Damage and Spent Fuel

A detailed experimental matrix for scoping the influence of various
radiation-damage mechanisms on glass corrosion and spent-fuel behavior
is presented in Section 4 of this report. Part of the activity in the
glass-waste-form effort will be to define an experimental patn from the
hot-cell experiments to simulation experiments. In this way, corrosion
changes induced by the various conditions in the hot cell may be related
to possible experimental influences which can be evaluated in subsequent
experiments. This effort is in the planning stage.

Experimentation with spent fuel, simulated or real, is not yet clearly
defined. Efforts to establish the most worthwhile procedures began in
this project quarter. As these procedures become more clearly defined,
specific experimental plans will be developed and executed.
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3. CONTAINER MATERIALS

Ouring this quarter, electrochemical and slow strain rate tests were
performed to assess stress-corrosion-cracking susceptibility and pitting
in carbon steels under various environmental conditions. Further
studies of this type are planned, in addition to pitting-kinetics
experiments supporting the development of the pit-propagation model.
Work on hydrogen embrittlement has rectified some anomalies in the data
obtained during the past project year. Additional hydrogen-
embrittlement tests are planned to study the effects on overpack steels
of long-term exposure to expected repository temperatures and to assess
the embrittlement susceptibility of commercial-purity iron. In the
modeling task, the general-corrosion correlation indicates that ..

radiolytic production of oxidizing species can significantly affect
general-corrosion kinetics. An improved description of data on pitting-
induction time is suggested frr use in the pit-propagation model.

3.1 Etternal Corrosion

The objective of the overpack-corrosion effort is to develop an under-
standing of the corrosion processes which can lead to overpack failure.
This oojective is being achieved through continued perusal of the rele-
vant literature and experimental evaluation. Accomplishments during
this reporting period are described below.

3.1.1 Literature Survey of
Stress-Corrosion Cracking

A survey of the literature on " Stress-Corrosion Cracking of Low Strength
Carbon Steels in Repository Environments" was performed during the last
quarter of project year 1983-1984 and a draft copy of the report was,

- distributed for comments. Comments were received and incorporated in
the report and the report is being finalized. The editor of Chemical
and Nuclear Waste Management also was contacted and he indicated inter-
est in publishing the report as an article in the journal.

3.1.2 Electrothemical Studies

The objective of the electrochemical studies is to provide information
on stress-corrosion cracking and pit initiation of carbon steels in
repository environments as influenced by variation in metallurgical and
environmental parameters. During the last project year, a matrix of
potentiodynamic polarization experiments was started in which the
effects of steel composition, structure, and groundwater composition
were examined. This matrix is continuing. An effort also was initiated
to examine the influence of large compositional variations in ground-
water chemistry on electrochemical behavior. The aim of this work is to
assess the likelihood that stress-corrosion cracking of carbon steel
will occur in repository environments.

|
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3.1.2.1 Metallurgical and Environmental Effects

The matrix of potentiodynamic polarization experiments being performed
on cast and wrought steels in simulated basalt groundwater at 90 C was
completed. Preliminary analyses of these data indicated that the
presence of basalt rock or concentration of the groundwater did not have
a major effect on the electrochemical parameters. More detailed analy-
ses indicate small but systematic effects of groundwater chemistry on
the electrochemical parameters. Figures 3.1 and 3.2 show that the cor-
rosion potential (Ecor) and the potential at the current peak (E eak)p
shifted to slightly more negative values and the passive current density

A(i as) decreased slightly upon increasing the solution concentration.psimilar analysis of the effect of leaching of the basalt rock on these
parameters indicated no systematic effect on the electrochemical para-
meters measured. Since the systematic shifts in these parameters were
small, their relevance is difficult to ascertain with respect to waste-
package performance.

Because variation in the groundwater chemistry had only minimal effects
on the electrochemistry, the remainder of the tests in the matrix were
performed in a single groundwater composition (referred to in the
previous reports as 1X bpgalt groundwater) which is prepared according
to a published procedure u L). The electrochemical studies focused on
the effects of steel cleanliness and structure on electrochemical
behavior. Two steel compositions were examined, one (" doped" with
phosphorus and sulfur) which is comparable to a 1018 composition and one
(" clean") having low phosphorus and sulfur (see Table 3.1). These two
steels were tested in the as-cast condition and in the hot-rolled condi-
tion, giving four combinations. Information on the preparation proce-

duresandcharacter(jzgtionofthesematerialsisprovidedinthe1983-1984 Annual Report r1

Results of polarization tests on the materials at 90 C and a scan rate
of 0.6 V/ hour in deaerated 1X basalt groundwater are summarized in
Table 3.2. The actual curves obtained during this reporting period are
given in Figures 3.3 and 3.4. These data show that neither the clean-
liness nor the structure of the steel had a pronounced effect on its
electrochemical behavior in basalt groundwater.

As an extension of this work, polarization tests were run in duplicate
on Ferrovac E in IX basalt groundwater at 90 C. Ferrovac E is a high-

purity iron containing only trace quantities of impurities (see
Table 3.1) and represents an upper bound in cleanliness for a ferrous
canister material. The results are sumarized in Table 3.2 and
Figures 3.5 and 3.6. Several features of the data are noteworthy.
First of all, two types of behavior are readily apparent. In Speci-
men 1, the appearance of the polarization curve is similar to that
reported for the other steels, exhibiting an active-to-passive transi-
tion, a passive region, and definite pitting and protection potentials.
Values of the parameters for Ferrovac E were comparable to those
previously reported for the other steels (see Table 3.2). On the other
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-Table 3.1. -Chemical compositions in weight percent of reference
steels and steels used in the experimental program.

Proposed Clean Doped
DOE BCL. BCL

Reference Steel Steel 1018
Element Steel (Actual) (Actual) Steel Ferrovac E-

' Carbon '0.15-0.20 0.18 0.17 0.15-0.20 0.003

Manganese 0.90 max 0.49 0.55 0.60-0.90 Tr(a)

Phosphorus 0.04 max 0.004 0.029 0.040 max -

Sulfur 0.045 max 0.002 0.036 '0.050 max -

Silicon 0.60 max .0.30 - 0.35 Tr-

Aluminum 0.10 0.14 Nil (b)- --

Copper- 0.006 0.007- - -

-Nickel 0.002 0.004 Nil- -

Chromium 0.007 0.011 Nil- -

Molybdenum 0.000 0.000 Tr:
- -

. Vanadium 0.000 0.006- - -

(a)Tr = trace quantity detected.

(b) Nil = norie detected.
I,
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Table 3.2. Sumary of results of potmtiodynamic polarization tests performed
on cast and wrought steels in deaerated basalt groundwater at 90 C
and a scan rate of 0.6 V/hr.

Material Structure V kkk) V (SCE) V kbk) V[SCE') Afb $ [[cm. AhNI
*

1018 Steel (a) Cast -0.840 -0.745 -0.508 -0.698 3.7x10-6 5.5x10-6 4.6x10-6

1018 Steel Wrought -0.859 -0.793 -0.481 -0.659 6.8x10-6 1.2x10-5 5.7x10-6

Clean 1018 Cast -0.859 -0.793 -0.471 -0.679 6.2x10-6 1.0x10-5 6.2x10-6

y Clean 1018(a) Wrought -0.859 -0.801 -0.508 -0.669 3.4x10-6 5.2x10-6 4,4x10-6

Ferrovac E (1)(a) -0.869 -0.754 -0.432 -0.679 6.2x10-6 1.2x10-5 6.2x10-6

Ferrovac E (2)(a) -0.754 (b) -0.461 -0.764 1.9x10-7 (b) 4.4x10-7

(a) Polarization curves run during this reporting period.
'

(b) Specimen'Ifree-corrosionpotentialwasmorenoblethanthepotentialatmaximum
current (Epeak)-

_
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hand, Curve 2 does not exhibit an active-to-passive transition or a
measurable passive potential range. A pitting potential is evident and
hysteresis occurred on the reverse scan, indicating that pitting had
occurred on the specimen. The protection and pitting potentials for
Curves-1 and 2 were similar, whereas the value for Ecorr for Curve 2 was
more noble than that for Curve 1. The most reasonable explanation for
this behavior is that the solution in the cell containing the latter
sample was contaminated with trace quantities of air which spontaneously
passivated the specimen. Interpretation of the specimen's behavior is
somewhat clouded by the occurrence of the spontaneous passivation; in
fact, one might mistake this behavior for active corrosion if a reverse
scan had not been performed.

The standard procedure for these electrochemical experiments is to allow
the specimens to equilibrate in the solution overnight before beginning
the polarization experiment. Periodically, during this equilibration
period, the specimens of Ferrovac E were visually examined, and evidence
of pit initiation was found on the polished surfaces of both specimens.
Following the polarization test, the attack on the specimen surfaces
appeared to be somewhat greater, as one would expect based on the
polarization behavior. Optical photographs of the specimens after
testing, given in Figures 3.7 and 3.8, show small distinct pits which
were associated with deposit buildup on the specimen surfaces.

In sumary, the results of the experimental studies performed this
quarter indicate that variation in the composition of the steels from
high-purity Ferrovac E to 1018 carbon steel does not have a marked
effect on the electrochemical behavior in a simulated basalt repository
environment. Since close correlation between electrochemical behavior
of steels and pitting and stress-corrosion cracking initiation has been
established for many environments, these results may indicate that minor
variations in the composition of carbon steel will not have a marked
influence on the initiation of either failure mode. Similarily, the use
of the more expensive high-purity steel does not appear to be justified.
It must be cautioned, however, that this technique does not provide
information on propagation rates; thus the effect of minor compositional
variations in 1018 carbon steel on pit or crack propagation should be

finvestigated.

In other work, the effect of scan rate on the polarization behavior of
several steels was studied in a 1X basalt groundwater at 90 C. These
experiments provide information on the most likely potential ranges for
stress-corrosion cracking susceptibility of the steels in repository
environments. In the fast scan tests (18 V/ hour), the curves are
generated as soon as the specimen contacts the solution, whereas in the
slow scan tests (0.6 V/hr), the specimens are allowed to equilibrate

-with the solution overnight. The aim of the fast scan polarization
tests is to obtain the maximum current density on relatively bare metal
surfaces..

,
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Results of these experiments, summarized in Figures 3.9 and 3.10 and
Table 3.3, show that passive currents are considerably higher at the
faster scan rates than at the lower scan rates, as expected. Empiri-
cally, it has been shown that stress-corrosion susceptibility of carbon
steel reaches a maximum where the differences in current density between
the fast and slow polarization scans are large. On this basis, one
would expect that the most likely range for stress-corrosion cracking of
carbon steel in basalt groundwater is between -0.78 V and -0.65 V (SCE).
However the differences in current between the fast and slow scans are
small in comparison to potent cracking systems, and thus one would not
expect a high degree of susceptibility to stress-corrosion cracking
at 90 C.

A potentiodynamic polarization curve was obtained for wrought 1018
carbon steel in deaerated basalt groundwater at 250 C and a scan rate of
0.6 V/hr. The results, given in Figure 3.11, show that the behavior of
the steel at 250 C was qualitatively similar to that observed at 90 C,
exhibiting an active-passive transition and definite pitting and protec-
tion potentials. Values for Icore lpeak, and Ipas were somewhat higher
at 250 C than at 90 C. The higher peak current may indicate that
stress-corrosion cracking is more likely at 250 C than at 90 C. On the
other hand, the hysteresis loop area at 250 C appears to be somewhat
smaller than at 90 C, suggesting a greater tendency for pits to repassi-
vate at the higher temperature.

3.1.2.2 Effects of Chemical Species
Present in Basalt Groundwater

As discussed above, the active-passive behavior observed for carbon
steel in the basalt repository environments is similar to that observed
for steels in many potent cracking environments. Although the steels
studied do not appear to exhibit susceptibility to stress-corrosion
cracking in the groundwater of nominal composition, several potent
cracking agents are present in low concentrations in the groundwater.
One or more of these species could become concentrated as a result of!

'

occluded cell corrosion, heat transfer, or some yet-to-be-defined
mechanism over the life of the repository. (In fact, most stress-
corrosion failures of practical interest occur in relatively innocuous
bulk environments whero a potent cracking agent concentrates at local

|
! sites. One such example is the caustic cracking of carbon steel

boilers, in which the cracking agent, Na0H, concentrates by five orders
of magnitude in crevices as a result of local boiling.) Accordingly, it
is important to examine the influence of variation in the composition of
the groundwater on stress-corrosion cracking susceptibility and to
attempt to establish acceptable compositional ranges for the cracking

' egents that are present.

Because a large number of species and variables must be examined, a full
matrix of stress-corrosion cracking experiments would not be practical,

!

and is probably not necessary. The approach to be taken in this task is
to use potentiodynamic polarization curves to predict stress-corrosion
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Table 3.3. Sumary of results of potentiodynamic polarization tests performed
on 1018 cast-steel and clean 1018 wrought steel in deaerated basalt
groundwater at 90 C comparing fast scan rate and slow scan rate data.

Scan

Material V/hr Vf0C5) V (SCE) VfCS) V[SCE) Af0m$ [/cm Af$m$
*

1018 Cast (a) 0.6 -0.858 -0.745 -0.508 -0.698 3.7x10-6 5.5x10-6 4.6x10-6

1018 Cast 18 -0.886 (b) -0.518 -0.669 1.9x10-5 (b) 8.2x10-5

Clean 1018 Wrought (a) 0.6 -0.859 -0.801 -0.508 -0.669 3.4x10-6 5.2x10-6 4,4x10-6

Clean 1018 Wrought 18 -0.896 (b) -0.491 -0.649 1.6x10-5 (b) 9.0x10-5
_

(a) Data repeated from Table 3.2.

(b) Polarization behavior did not exhibit a maximum current peak.
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cracking tendencies', as described in the literature.(3.3) Polarization
curves will be produced at a fast and a slow scan rate, and.the dif-
ference between the two curves will be used for examining the stress-
corrosion cracking tendencies of the steel. To examine the large number
of species and variables that may affect these tendencies, a statistical
approach is required.

Initially, 15 species or variables were selected for investigation in a+

screening matrix of experiments. The purpose of the screening test is
to determine which of the 15 variables significantly affect stress-.

corrosion cracking tendencies by estimating the main effect for each
variable. For each species, a high and low concentration will be inves-
tigated. The low concentration was selected based on the concentration
present in typical basalt groundwaters. The high concentration is typi-
cally 2 to 4 orders _of magnitude higher than the low concentration.

Table 3.4 gives the 15 species and their concentrations selected for
examination during the initial 2-level design matrix. These include
species present in the groundwater, those that may leach from the back-
fill, radiolysis products, and species that may intrude into the
repository.'

Table 3.5 shows typical concentrations which have been reported in the"

literature for the 15 species being examined in the present experiments,

along)withtheconcen{rationsofotherspecies.(Na+1 , potassium (K+ ), calcium (Ca+2), and sulfate (SO -2) will also
Species such as sodium

4' be included in the experimental matrix, but not as controlled variables.
~The concentration of potassium and calcium will be maintained constant,
,while sodium and sulfate ions will be used to balance the cation and'

. anion concentrations required for the 15 species to be added as vari-
: .' ables'. .The following are justifications'for the concentrations that

will be examined in this task.

pH_. The high value of.pH will be 9.3 and-the low value will
of 9.3 is selected based on the pH of the-basalt groundwater (be Q. A pH~

3.4/ and.

the knowledge that streis-corrosion cracking in C0 - /HCO -1 is most3 3prominent at pH 9.3.l3 0 A value of pH 6 is selected based on the
observation of the decrease.in pH found in Reference 3.4.

,

Cl-1 Chloride significantly affects corrosion and pr otgs stress-
~

corrosion cracking at high temperature-in carbon steel .3i and there-
,

fore is selected as a variable. The high level will be 100,000 ppm
because Cl-1 is known to concentrate in crevices and pits or at heated
surfaces to extremely high values (500X to 1000X). The low level will
be 100 ppm, based on Reference 3.4 (shown in Table 3.5), since it is the
low end of the concentration range..

,

-F .- Fluoride is an aggressive species with regard to corrosion of'

; metals. The high level will be 10,000 ppm, which is 200 times the
; maximum concentration given in Reference 3.4. The low level will be
|- .10 ppm, also based on Reference 3.4. (These values are shown in" Table 3.5).
.

I '
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Table 3.4. High and low concentrations.of species selected for
evaluation in the electrochemical experiments.

,

High Low- ,

Species Concentration Concentration
.

1. ' pH 9.3 6.0

2. Cl-1 100,000 ppm 100 ppm

3. F-l' 10,000 ppm 10 ppm

Fe+2 re+3 Saturation 0.05 ppm
f4.

5 'Al+3 1,000 ppm 0.1 ppm

C0 -2/HCO -l' 1M 0.001 M6. 3 3

NO -1/N0 -1 1,'000 ppm [N] 0.1 ppm [N]-7. 3 2

8. P0 -3 1,000 ppm [P ]- 0.1 ppm [P ]
4

/8 0 -2 1,000 ppm [B] 1 ppm [B]80 -39. - 473

~10. SiO -2 1,000 ppm [Si) 10 ppm [Si]
3

H022 100 ppm 011.

F - 12. C104-1 100 ppm 0
.

,

2% (Vapor) 013. '02

14. CO' 1% (Vapor) 0

4

80% (Vapor 1% -15. H2

i

B

|

'
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Table 3.5. Concentrations of species in basalt groundwater
or in actual or simulated basalt repository

,
environments.

Ref. 3.4 Ref. 3.5 Ref. 3.6 Ref. 3.7 Ref. 3.8 Ref. 3.9

1. pH 9.7(5.7) 300 ppm
2. Cl-1 98-297(500) ppm

3. F-1. 11-42(50) ppm 4%[Fe20 ](c)3
4. Fe+2/Fe+3 0 0.6(0,5)[Fe+2] ppm 0.009 ppm 18%[A1 0 )(C)23

.5. A1+3 0.02(20) ppm 0.007 ppm

6. C0 -2/HCO -1 4-55/45-118(70/200) ppm3 3

7. NO -1/N0 '13 2

8. PO -3 0.2[P] ppm 0.08%{P 0 ](c)4 25
9. 80 -3 g407-2 ,01.5(5)[B+3] ppm 1.3[B] ppm3 f

10. 510 -2 30-170(2000)[S1] ppm 30[510 ] ppm 59%[S10 ](c)3 2 2

11. H 022 0.34 ppm
-12. C10 -24

13. 02 3.2 ppm 0.5%(b)
14. CO

15. H2 0.02 ppm 76.6%(b)

Na+1 161-350(500) 2.2%(c)
K+1 3-25(100) 0.7%[K 0](C)2

'Ca+2 0.8-10(100) 1.7%[Ca0](c)
M +2 0-0.2(50) 2.1%[Mg0](c)9

50-2 4-197(200) 300 ppm

S-2 0(100)

N2- 25 ppm (a) 19.31(b)
CH4 700 ppm (a) 0.31(b)
CO . - 2.31(b)2

Eg -0.5 to -0.53(+0.2 to
.-0.4)VSHE

Ca) Measurements at 25 C.
|b) Composition of gas phase for simulated irradiated Grande Ronde basalt groundwater..i

- i,C) Composition of bentonite.
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Fe+2 pe+3 Ferrous (Fe+2) ions are present in the basalt groundwatersf

at low concentrations (as shown in Table 3.5). Due to the corrosion
process,.the solution near the canister probably will be saturated with
iron ions. With the radiolysis process occurring, ferric ions (Fe+3)
also may be pr (The EH values given in Table 3.5 preclude the
presenceofFegent.in the absence of radiolysis.) Ferric ions are
oxidizers and as such could affect the corrosion of carbon steel; there-
for The high level of
Fe+g Fe+2/Fe+3 will be included in the matrix.4/Fe+3 will be saturation and will be added as equal concentrations
of Fe+2 and Fe+3 at levels approximately twice as high as their
predicted saturation levels. The low level will be 0.05 ppm based on
Reference 3.4 (shown in Table 3.5).

Al+3 Aluminum is known to complex with fluorides and therefore can
affect corrosion.(3.9) Aluminum also has been shown to affect pitting

~

properties of stainless steels in ongoing research at Battelle. The
high level of Al+3 will be 1,000 ppm. The low level will be 0.1 ppm,>

based on Reference 3.4 (shown in Table 3.5).

C03-2/HC01-1 Carbonate and bicarbonate are known str9ss-Qorrosion
cracking aggnts and are present in basalt groundwater.t3.31 The
C0 -2/HCO -2 will be added in equal molar quantities. The high level

3 3
will be 1 M, based on Reference 3.3 and results of studies on pipeline
steels performed at Battelle; this level should provide maximum cracking
susceptibility. The low level will be 0.001 M, based on the average
concentrations presented in Reference 3.4 (shown in Table 3.5).

however, N0 -1 and N0 -1 are possible radiolysis species, and NO grted;NO3-1/N02-1 Nitrate and nitrite concentrations have not been rep
3 2 3 is a

known corrosion inhibitor and cracking agent.(3.3,3.9) Nitrate and
nitrite will be added in equal amounts. The high level of N0 -1/N0 -1,

3 2'

will be 1,000 ppm N and the low' level will be 0.1 ppm N.

F04-3 Phosphate is present in small quantit19 . n the
0) Phosphate is a

i groundwater (3.4) and also, in the form of P 05 g2

|
known inhibitor and cracking agent.(3.5) The high level will be

L
1,000 ppm P, and the low level will be 0.1 ppm P.

B01-3/Ba07-2 Borate is a known corrosion inhibitor and therefore is a
potential cracking agent.(3.3,3.9) The high level will be 1,000 ppm B.
The low level will be 1 ppm B based on Reference 3.4 (shown in

(- Table 3.5).

SiO3-2 Silicates are known corrosion inhibitors.(3.3,3.9) The high
! level will be 1000 ppm Si based on the high possible concentration given

in Reference 3.4 (shown in Table 3.5). The low level will be 10 ppm Si
i

based on Reference 3.4 (shown in Table 3.5).i
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H0._H022 is a radiolysis product (3.7) and a strong oxidizer. Refer-22;

n .ence'3.7 reports that 0.3 ppm H 02 2 was present after 1000 seconds of
L exposure at a: dose rate of 3.5 x 106 R/hr.- The high level will be

.100 ppm and the low level willibe zero.

C10 -14 Perchlorate is a possible radiolysis product and can act as an.'
innibitor. Although no concentration data are available, the concentra-

. tion used will be comparable to that for H 0 . The high level will be22
; 100 ppm and the low level will be zero.
'

.02 .0xygen is a radiolysis product and also may intrude into the <

repository. It is well.known for its effects on corrosion as ans'

oxidizer.- The high level of 02 will be 2 percent in the vapor phase,
4 times greater.than the concentration given in Reference 3.8 (shown in
Table 3.5). The low level will be zero.;

.

p CO. Carbon monoxide was not identified as being present in the ground-
'

water analysis found in References 3.4-3.8, but it is sometines diffi-
cult to differentiate C0 from N2 inN -was four.d by this. technique.(3.5) mass spectrometry analysis andi 2 Because C0 is a potent cracking

; agent and may be present, it is included in this matrix of experiments.
The high level of C0 will be 1 percent (in the vapor phase), which is
-half the CO concentration reported.in Reference 3.8 (shown in2

*

Table.3.5). The low level of C0 will be zero.
H'

2. ' Hydrogen gas may be present in large quantities as a result of
J radiolysis of-groundwater and corrosion reactions: as high as 76 percent !

, in'the vapor phase.is reported in Reference 3.8 (shown in Table 3.5).
The high level.of.H2 will be 80 percent and the low level will be
l' percent.

3.1.3 Slow Strain Rate Studies;

The objective of the slow strain rate studies is to assess the stress-'

corrosion cracking. susceptibility of carbon st' eels in candidate reposi-,

: tory environments. Specific environmental conditions (solution composi-
tion and electrochemical potential) are being selected on the basis of

|- the results of the electrochemical studies and the literature survey,
described above.'

i

n .The HASTELLOY* Alloy C-276 autoclave used for the elevated-pressure slow
strain rate tests was modified during this reporting period to accom-
modate counter and reference electrodes, and two Ag/AgCl reference elec-
trodes were constructed. During this project year, most slow strain.

* rate tests will be performed on hot-rolled 1020 carbon steel. A single
slow strain rate test has been performed on a hot-rolled 1020 steel

i'
'

*HASTELLOY is a registered trademark of the Cabot Corporation.
!

,
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specimen in a 1X basalt groundwater at -250 mV (Ag/AgCl, saturated) and
a strain rate of 6 x 10-/ s-1 This potential was selected on the basis
of the results of the potentiodynamic polarization experiments performed
at 250 C. No cracking was found in the gauge length of the specimen.

3.1.4 Pitting-Kinetics Studies

The objective of the pitting kinetics task is to verify the pit propaga-
tion model that was recently developed in the separate-effects modeling
effort. The experimental approach consists of exposure of mechanically
pre-pitted specimens of hot-rolled carbon steel, with pits having a
range of depths and aspect ratios, to a simulated basalt groundwater for
up to 8 months. In conjunction with the exposures, an electrochemical
pit-propagation monitor is being modified and verified for use in this
application. The monitor design currently is being used at Battelle's
Columbus Laboratories to study the kinetics of pit propagation in
natural-gas-pipeline steels.

During this reporting period, hot-rolled 1018 carbon steel plate,
approximately 7.5 cm thick, was ordered and received. Specimens were
machined from the plate, and mechanical pits were drilled in the speci-

Each specimen contains pits of a single diameter and three aspectmens.
ratios (depth to diameter) of 2, 5, and 10. Pits having four
diameters--5.08 m (0.2 in.), 2.53 m (0.1 in.),1.32 m (0.05 in.), and
0.51 m (0.02 in)--will be evaluated for 2, 4, and 8 months in aerated
and deaerated 1X basalt groundwater at 90 C. During the exposures,
. free-corrosion potentials of selected specimens will be measured.

,

3.1.5 Future Work

3.1.5.1 Electrochemical Studies

The statistical design for the electrochemical studies will be continued
through the project year. The initial experimental design will consist
of 16 experimental tests, which represent a saturated design of resolu-
tion III, and 3 center-point tests for which the concentration of each
species is controlled at a level between the corresponding high and low
values. The center-point tests will be used to estimate the magnitude
of. error in the data. This resolution III design confounds main effects
with 2-factor interactions but does not confound main effects with one
another. . Ignoring 3-factor and higher interactions, the data from these
first 19 tests will be analyzed to identify main effects and 2-factor
interactions that are potentially significant in affecting stress-
corrosion cracking.. Elimination of species may be possible at this

!

point.

Additional tests (including additional center-point tests) will be.run
for the purpose of separating main effects from the 2-factor interac-
tions. If no species are eliminated after the first 19 tests, 18 addi-
tional tests will be required. Two of these would be center-point
tests, and the remaining 16 would be repeats of the original 16 non-
center-point tests witn high concentrations replaced by low

I
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_ concentrations and low concentrations replaced by high. These tests,
'

combined ~with the original tests, represent a design of resolution IV
which confounds 2-factor interactions with other 2-factor interactions

l' but does~not confound the main effects with the 2-factor interactions or
with one another. Again ignoring 3-factor and higher interactions, the
' data from the first 37 tests will allow for the estimation of the main
effect of each species free of any 2-factor interactions. In addition,
estimates will be obtained for confounded groups of 2-factor inter-

. actions.' Additional tests may be required to separate 2-factor
interactionsLwithin significant groups. Elimination of species should
be possible at this point.

If.the number of deleterious species is relatively small at this stage,
a quadratic response surface will be fitted to the data. The first 37
tests will be supplemented by additional tests for which the concentra-
tions of some species will be controlled at the corresponding center-
point concentrations. This will transform the original 2-level design
into a 3-level design (each species having 3 possible. concentrations).,

The fitted response surface will be.used to identify parti,cularly
deleterious concentration regions for stress-corrosion cracking.. Slow
strain rate tests will then be performed to verify the results of the ~

electrochemical test matrix.

.In the tests-described above, the temperature will be maintained at
90 C. A limited number of additional. tests will be carried out at an
elevated temperature to assess the effect of high temperature on the
experimental-results.

3.1.5.2 Slow Strain Rate Studies

During the next reporting period, selected slow strain rate tests-will
be performed on hot rolled 1020 carbon steel in environments.that are
selected on the basis of results of the electrochemistry task.

3.1.5.3 Pitting-Kinetics Studies
.

. \
During the next reporing period, the exposure tests of the mechanically-
prepitted carbon-steel specimens will be started and initial testing of
the electrochemical pit-propagation monitors will begin.

3.2. Hydrogen Embrittlement

During the previous year,' experiments were conducted to determine the
potential forcembrittlement of cast-steel overpacks by hydrogen from
. corrosion oc radiolytic reactions. Although some of the results_
required verification, those experiments indicated that resistance to
cracking could be reduced significantly by hydrogen, particularly in
specimens that were annealed after casting. The apparently high sensi-
tivity to embrittlement of annealed specimens suggested that overpacks

~

'may become more susceptible to hydrogen embrittlement with service time,
because their microstructures change during long-term exposure to
repository temperatures.
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_ ork. planned for the current year includes: verification of some obser-W,

-vations made=in.the previous year; studies of the susceptibility to
embrittlement of cast steels that are heat treated to simulate long-term
exposure to; repository temperatures (in conjunction with the NRC-

.. sponsored program at Manufacturing Sciences Corporation); and studies of
i- the susceptibility to embrittlement of comercial-purity iron. During

this. quarter, the verification tests have been completed, and samples of
-commercial-purity iron have been obtained from Armco, Incorporated.

,

i- 3.2.1' Verification Tests on-Cast Steel

The'results of three sets of fracture-toughness tests from the previous
year required verification because of inconsistency in the data. The

I provides an indication of the material's.
fracture toughness, J q,iation, whereas the tearing modulus,.T (given by4

resistance to crack in1t'

-and dJ/da is the slope of the J-resistance. curve)o is the flow stress,T5(E/of)(dJ/da),whereE'isYoung'smodulus,a'

, provides a measure of
.

.the material's resistance to unstable crack growth. The data for the,

i ' annealed " clean" (low sulfur and phosphorus) steel tested in nitrogen-

.were not valid based on ASTM criteria to determine the J-resistance
Lcurves. Therefore~, two additional ~ tests were conducted in a nitrogen'

environment on the clean, annealed steel. In addition, the data for the
'" doped" steel (with sulfur and phosphorus added to levels typical of
scomercially available steel) in the as-cast condition indicated thatl'

~ the tearing modulus was slightly higher in hydrogen than in nitrogen.
Because hydrogen should reduce (or have no..effect on) the tearing.
modulus, those tests.were repeated to determine whether this. indication
was genuine or simply a result of specimen-to-specimen' variation in
properties. _Also, tests with the doped steel in the hot-rolled condi-
tion were repeated in hydrogen and in nitrogen.

4

Table 3.6-presents revised fracture-toughness data that include the
results of the new tests.. As expected,-multiple testing of-the as-cast

L

t ' doped steel revealed that the apparent moderate increase.in tearing
modulus--in hydrogen was a result of specimen-to-specimen variation. The
tearing-modulus values for that material ranged from 58 to 94 in nitro-
gen-and from 49 to 95 in hydrogen, with little difference in the'

The fracture toughness, J c, also varied widely in bothIaverages.
: environments. Hydrogen induced a greater reduction of J c in theI
as-cast doped steel than in the as-cast clean steel, although both

~

|- steels exhibited approximately the same toughness.in nitrogen.
,

The data'in Table 3.6 show that in all cases hydrogen reduced the frac-
~

~

ture toughness of the steel. Thus, a crack would initiate in an over-
pack at lower applied stress (or J integral) when hydrogen is present.;

This observation is consistent with previous studies of hydrogen embrit-
tiement at Battelle and elsewhere, and by itself it would not neces-
sarily indicate that premature failure by hydrogen embrittlement will-,

In many cases, a crack may initiate at low load or J-integral: occur.
value but then would not propagate, provided that the tearing modulus isL

sufficiently high-to resist further crack advance.i
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Table 3.6 Revised fracture-toughness data for
clean and doped steels.

,

..

.

Fracture Tearing
Toughness Modulus

Steel Test (JIC), psi-inch T = (E/of)(dJ/da),

Clean Steel
'

As Cast- 1000 psig N2 575- 67
1000 psig H2 420 72

Annealed 1000 psig N2 542* 152.*
1000 psig H2 65- 36

Wrought 1000 psig N2 1,265 117
1000 psig H2 65 85

Doped Steel

As Cast 1000 psig N2 658* 77*
1000 psig H2 225* 72*

Annealed 1000 psig N2 245 181
1000 psig H2 30 36

Wrought 1000 psig N2 605* 65*
1000 psig H2 185* 73*

'

* Based on results from new tests.

i

~
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If the tearing modulus is reduced by hydrogen, unstable crack growth is
more likely, and premature failure can occur. The tearing modulus was
not'significantly lower in hydrogen for the as-cast and wrought condi-
tions; however, a large reduction in tearing modulus was observed for

Theboth the clean and the doped steels in the annealed condition.
observation of a significant tearing-modulus reduction in hydrogen for
the annealed steels suggests that as microstructures change with time at
slightly elevated temperatures, such as those in a repository, sensitiv-
ity to hydrogen embrittlement may increase. This possibility will be
examined further in the current year in a cooperative effort with the
NRC program at Manufacturing Sciences Corporation.

3.2.2 Comercial-Purity Iron

Twelve small laboratory ingots of comercial-purity iron from three
heats were provided by Armco, Incorporated, for use in hydrogen-
embrittlement and corrosion testing. The ingots were produced with
chemical compositions that could be achieved in large quantity using
present practice at Armco. The chemical composition of the iron ingots,
determined by Armco, are presented in Table 3.7. These ingots currently
are being characterized metallurgically, and test specimens are being
prepared. In addition, one ingot from Heat V2025 was provided to Manu-

'facturing Sciences Corporation for use in their study of the effects of
processing variables on waste-container properties.

3.2.3 Future Work

Hydrogen-embrittlement testing of commercial-purity iron will be initi-
ated during the next quarter. In addition, as cast-steel samples become
available from the program at Manufacturing Sciences Corporation, these
also will be prepared in the form of compact-tension specimens and
tensile specimens and will be tested in hydrogen and inert environments.

3.3 Corrosion Correlations

Work on the corrosion correlations focused on further development and
testing of the general-corrosion and pitting-corrosion models. The
general-corrosion model was used to calculate the general-corrosion rate
as a function of time for three cases: first, with a low value for g (a
measure of the local radiolytic-production rate of an oxidizing species)
and a low value for c (the linear gama-absorption coefficient); second,
with a high vaiue for g and a low value for c; and finally, with high
values for both g and c. The results indicate that general corrosion
can be significantly affected by radiolytically-produced oxidizing

In the pitting-corrosion task, an existing model for thespecies.
induction time for pitting at an " average" site is used in conjunction

-with empirical techniques that account for the statistical distribution
of indu: tion times about that site. The Weibull distribution is being
considered as a flexible way to bring the description of pitting-
induction times into accord with experimental data.t
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Table 3.7. . Chemical. compositions of comercial-purity-iron samples *. .

Heat- Content, weight percent
Number .C Mn Si S P- Al Cu Ni Cr Mo .Cb Ti Co-

V2023 0.0037 < 0.004 0.'17 0.0034- 0.002 0.004 'O.075 0.'006 0.046 0.050 < 0.'002 <0.002 <0.003
V2024 0.0016 < 0.004 0.~16 0.0027- <0.002 <0.004 ' O.072 0.026 0.047 0.046 ' < 0.002 <0.002 <.0.003

V2025 0.0007 < 0.004 0.17 0.0028 <0.002 <0.004 0.076 0.029 0.047 0.048 < 0.002 <0.002 <0.003-
Y
!8

*Provided by Armco, Incorporated.
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3.3.1 General Corrosion

In the recently issued Annual Report for this program (3.11), the results
of some sample calculations were presented for a simplified general-
corrosion model. The major assumptions inherent in this model were:

The behavior of one oxidizing species within the groundwatero
outside the container wall was considered. This species,
nominally 0 , was assumed to be radiolytically produced.2

Mass transport of the dissolved species to the container surfacee
occurred via chemical diffusion only, with cylindrical geometry
being assumed for the surface.

Aside from its radiolytic production, the dissolved speciese
underwent no chemical reactions within the groundwater.

e The entire system was isothermal.

A " maximum-rate" model was used, in the sense.that the con-e
centration of the dissolved species at the container wall was
taken to be maintained at zero. .In this approximation, film-
growth kinetics did not, in any way, inhibit the rate of trans-
fer of the species across the metal / groundwater interface.

The gamma-field intensity, I(r,t), measured at radial distance re
from the axis of sy'unetry at time t, was taken to be

I(r,t) = (f) exp [-t .-c(r-1)] (3.1),

p

where c is the linear absorption coefficient. In Equation 3.'1, the unit
of time is the square of the container radius divided by the chemical
diffusivity of the species, the unit of distance is the container
radius, and the unit of I is clearly its value, in absolute units, at

t

r'= 1 and t = 0.
The local rate of production of the chemical species, being proportional
to I(r,t), was expressed as gI, where g is a parameter chosen to be
dimensionless, so that the production rate is likewise dimensionless.

j

i' The concentration field, c(r,t),-characterizing the species, was com-
puted for three different cases, i.e.,

e g=1,c=1

e g = 10, c = 1
|

o g = 10, c = 2
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using the following initial and boundary conditions:
~

,

e c(r = 1, t >'0) = 0
,

c(1 < r < 5, t = 0) = c (r = 5, t > 0) = 1 .-e
L

~

In this manner, effects of increasing the production rate and the linear,

absorption coefficient were both-evaluated. '

: During the past. reporting period, further consideration was given to
these same three problems. In particular, the rate of general corrosion
was calculated as a function of time for each. case. This rate is
proportional.to the rate at which the oxidizing species is transported

- across the container surface which, on the basis of this model, is in
j. turn proportional to

i

h(r,t) r=1 *

, .In addition,- the total depth of penetration of the corrosion layer into
the metal, which is proportional to'

t,

f (r,t)
r=1 dt '

,

'

3 o

; was also calculated for each case as a function of time. The results
, are illustrated in Figures 3.12 and 3.13.- Since we are presently

interested only in relative variations of corrosion rates and penetra-..

tion depths, these quantities-are plotted in terms of normalized,
dimensionless units, the precise definitions of which are unimportant

~

for present purposes. ~

;

' The calculated corrosion rates are plotted.in Figure 3.12. For the case
- g =.1, c = 1, the corrosion rate decreases monotonically with time. For
the. case g = 10, c = 1, which corresponds to a .large increase in the.

,productior rate of the oxidizing species _ relative to the previous case.

- (for whiclr g = 1),' the corrosion rate at any given time is generally
significantly higher than the corresponding rate for g = 1, c = 1
calculated at tht same time. The corrosion rate even experiences a

'
period during wh hh it increases with time.. This behavior results, of
course, from the much greater. amount of the oxidizing species that is

,i - generated for g = 10. Finally, the case g = 10, c = 2 illustrates the
-effect of increa. sing the linear absorption coefficient by a factor of-

+ - two.. - Comparison of the cases g = 10, E = 1 and g = 10, c = 2 shows that
the corrosion rate is indeed reduced by increasing c, although the
resultant curve still lies well above that for the case g = 1, c = 1.

i
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Figure 3.12. Calculated rates of general corrosion as a function of time.
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The corrosion depth calculated for these same three cases is plotted in
Figure 3.13 on the same time scale as in Figure 3.12. As would be
expected from the results presented in Figure 3.12, the corrosion depth,
at a given time, is indeed largest for the case g = 10, c = 1 and smal-
lest for the case g = 1, c = 1.

From the results of this highly idealized analysis, it appears that
radiolytic production of oxidizing species could indeed have a signifi-
cant effect on the overall kinetics of general corrosion. A major

-objective of this particular task is to quantify further our understand- i

ing of this effect through the use of more physically realistic |
lradiolysis models and through the inclusion of film-growth kinetics on

'the container surface.

3.3.2 Pitting Corrosion

Studies carried out thus far on this program in the area of pitting
corrosion have been centered on three principal aspects of the overall
p ocess:*

o Pit-generation kinetics
e Pit-growth kinetics
e Evolution of the pit-depth distribution.

The greatest emphasis thus far has been plaggd 99 the last two aspects,
in which substantial progress has been madelJ 141.

'

Our most recent studies of pitting corrosion have dealt with pit-
generation kinetics, about which there is still relatively little
knowledge. However, it does appear to be possible to make use of
existing theoretical models of pit initiation, in conjunction with a
more empirical description of the rate at which pits are formed on a
metal surface, to develop a physically reasonable description of the
overall pit-generation process.'

As has already been pointed out(3.12)3)the approach that would be takenwould be to use an existing model(3.1 for the induction time for pit-

ting at an " average" site, and then to account for a statistical dis-
tribution of induction times, about that for the " average site", through
the application of essentially empirical techniques. The problem then
would be to select a statistical distribution that would adequately
describe the gross features of pit-generation kinetics.

For example, the time-dependent pit-generation rate, G(t), which is
expressed in number of pits per unit area of syrface per unit time, may
be a " peaked" type. Janik-Czachor and Ivesq3.141 described the gross
features of such behavior, which are that G(t) rises from zero to a
maxjmumvalueandthenfallstozeroonceagain,usingaverysimple
sin (0.2t) function.

|

f

f
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An. improved approach to describing the pit-generation rate would be to
use a more flexible distribution function, one that could be more
readily brought into accord with corresponding experimental data. One
such example is the Weibull distribution, which is expressed for our
purposes as

i
I

. -

[(t-t)"'I _ -

) (3.2)j- G(t) = o exp -

T

and which is applicable for t > to, with G(t) = 0 for t < to. Here, N., m,
t, and to are variable parameters, with m > 1. Clearly,

!

.

fG(t)dt=N. '

o.

'
,

so that N. represents the total number of pits per. unit area achieved at
|asymptotically large times.

For.m > 1, the function G(t), given by Equation 3.2, rises smoothly frem
i zero beginning at time t = to, " peaks" at time tmax, which is given by

1/m

+ T (1 - 1t =t ,max o
:

I and then decreases monotonically with time, approaching zero
i asymptotically.

,

The time bax can be chosen to hg t characteristic incubation time, as
predictedfromfirstprinciplesta.{h,

3 Values of N., t, and m can then1.

3

be chosen that would yield generation-rate behavior that is consistent.

I with experimental data. Such choices may, however, have to be. inferred
from pit-depth-distribution measurements, which are more likely to be

_

made than direct measurements of the pit-generation rate itself. Rela- -
,

tionships between pit-generation rate and the time-dependent pit-depth
distrihyt; gn hggg already been established. for some elementarycases.lJ ~e,3.1 i

Near-term plans include the application of Equation 3.2,.in conjunction
with existing pit-growth data for metals, to the prediction of pit-depth
distributions as a function of time.;
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-~4 SYSTEM PERFORMANCE.

One objective'of-the system-performance task is to. develop an improved
. understanding of phenomena that affect waste-package performance at the
system level. This includes phenomena.such as those arising through
combined ~ effects'as~well as:others which drive the evolution of the ,

waste-package condition.

During the past quarter, our efforts have been directed towards studies:
of groundwater che?.istry, groundwater radiolysis, uncertainty ar.alysis, g.

and the planning of integral experiments. The groundwater-chemistry '
studies will ultimately provide information en the composition,of the

2- - aqueous system in the. vicinity of waste packages and on how that
composition is-affected by the presence of the waste package. cThis

,
- information'_is needed.to support other. descriptions, such as those of

'

corrosion and radionuclide transport, which will be used to asse's thes
_ performance.of a high-level nuclear-waste repository. The water-
radiolysis' studies provide _information on how the presence of gamma '

- radiation alters the water chemistry in the vicinity of nuclear-waste '

_ packages. .Such alterations in the water chemistry may affect the long-
term performance of the metallic barriers used in waste packages..

Radiation-induced changes in the water chemistry may.also affect the
release rates of radionuclides from waste packages. This may occur*

' '

through radiation-induced changes in oxidation states which may 'ffect <Ya 1

solubilities of; radionuclides or groundwater species. These changes may -

._

thus affect the waste-package performance measure associated'with radio-
nuclide rel_ ease. Uncertainty analysis studies will provide a quantita- ',
tive means of assessing the likely range of waste-package performance-
parameters. This! quarter's efforts have been directed towards an ex'ami-i

nation of various uncertainty analysis techniques. The integral experi-
ments will provide,information on several technical issues relevant to
waste-package performance. ,4

4.1 Water-Chemistry Studies
f

The influence of water chemistry on the performance of materials for
high-level waste packaging is gaining general recognition among the'*

'

research community. ' Degradation of the backfill, *he container, an'd the
wasteformall_willbestronglyaffectedbythecompositionofthe|;

,

groundwater in contact with these materials. To date, however, it
appearsLthat'most-research efforts _either focus exclusively on water s

chemistry or else concentrate on individual degradation" processes t
' - neglecting details'of water chemistry. Our work is intended to b' ridge

this gap; applying water chemistry to the study of degradation t(
'

7 y. mechanisms. )
,

i c ,

; - Acomplete,quantitativestudyoftheintricaciesofwaterchemistrycan ,

'

; be very involved. Our' intent,.however, isLto explore the uses of-sater-
! chemistry computer' codes as tools that are coupled with descriptions''of

other phenomena. Accordingly, we are developing and working with a (,
'

'

water-chemistry code-that is easy to couple with descriptions'of other>

-
. , ~
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If'/ phenomena. This program is not as sophisticated as existing state-of-

the-art water-chemistry codes, but it is sufficiently advanced for our'

purposes. The code includes the major chemical species, including those'i

derived from the container and waste form as well as the major constitu-
y ents of natural groundwaters, and it provides a level of detail

:( comparable to that of the descriptions of the degradation mechanisms.
.

'Since water chemistry is being treated as a tool, the results of water-?, ;
chemistry calculations are reported in the discussions of the processes'

for'which this tool was used. During the current quarter, the primary
application of water chemistry was in calculating the kinetics of waste-
form dissolution. Some effort was also necessary to adapt our copy of
WATEQ to a new compiler version.

Recent results elsewhere(4.1-4.3) indicate that the precipitation of
iron silicates and aluminum silicates has a significant effect on the
durability of the waste form. At present, our water-chemistry model
does not provide adequate treatment of iron and aluminum species. Near-
term plans include an effort to improve our treatment of these elements.

4.2 Water Radiolysis Studies

As ~ reported previously(4 4), several investigators have shown that gamma
radiation may have adverse effects on the time-to-failure performar.ce
measure for metal components which are exposed to water in the presence
of a radiation field. These performance issues are being addressed
through the corrosion-modeling work described in Section 3.3, the corro-
sion experiments described in Section 3.1, and the water-radiolysis
studies and integral experiments described in this section. One purpose

s of the water-radiolysis studies is to develop a general description of
the gansna radiolysis of groundwaters in the vicinity of nuclear-waste

.t pcckages. This description will be used to provide water-radiolysis
' mechanisms and rate constants to the corrosion-modeling effort described;

in Section 3.3. This work is also being used to provide a description'

of the coinposition of the aqueous system in the vicinity of waste-
package metallic components to the container-materials task described in
Section 3.1. It is intended that this effort will lead to the develop-
ment of a generalized model for the radiolysis of all candidate ground-
waters. This will provide NRC with a tool which can be used to simulate
the effects of radiation on aqueous systems. This information can be,a
used as one element of the overall performance assessment of a potential.m

Q, nuclear-waste repository.

Our approach is, first, to develop a description for the radiolysis of'
,

QM pure water which might contain dissolved hydrogen or oxygen. This
description is being extended to account for anions and cations which

.n may be present in significant amounts in groundwaters of interest. Ass

fli, "this description-of groundwater radiolysis develops, it is being bench-
merked against experimental data which are available from the litera-
ture. As part of this effort, gansna-energy-deposition calculations were.

performed to determine energy-deposition rates to groundwater and
t

N 4-2,
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materialsLsurrounding a waste package. Results of these en
-deposition calculations have been reported previously.l4 4)ergy-In addi-'

tion, several mechanisms for the radiolysis of water were evaluated on
the basis of their ability to predict the behavior of water-radiolysis
experimentsdescribedinthelitgrg)ture.

Of these, the mechanism
presented by Rosinger and Dixont - was chosen as the basis for our

'

generalized description of groundwater radiolysis. During this quarter, I,

this' description has been extended to account for the presence of iron
ispecies in groundwaters.- As part of this effort, comparisons are made,

between predictions of the radiolysis mcdel and measured concentrations''

. of hydronium ions and ferric ions as a function of time for an aqueous

]
iron sulfate system exposed to ganma radiation.

4.2.1 Radiolysis of Groundwaters Containing Iron

! ; A mechanism' for the gansna radiolysis of groundwaters containing aqueous
. iron. species is(being developed as an extension of the Rosinger andDixon mechanism 4.6) for the radiolysis of. pure water. The reasons
using the Rosinger and Dixon mechanism are. described elsewhere.(4 4)for'

j -The first step in extending the basic mechanism to include aqueous iron '

species was to add the elementary reactions for the ferrous 9nd erric
cationsgiveninthemechanismofChristensonandBjergbakket.6(14 This

1 mechanism contains 13 reactions describing the oxidation of ferrous>

ions, the reduction'of~ ferric ions, and the sorption of ferrous ions.
These 13 elementary reactions were combined with the 55 reactions of the
Rosinger and Dixon mechanism to yield a system of 68 elementary reac-
~tions. This system of equation
usingtheMAKSJMA-CHEMISTcodelgpsintegratedwithrespecttotime'i to simulate an experiment performed;

| by Mathews(4.81 The data were chosen fqr a deaerated solution with an
[ initial ferrous ion concentration of 10-4 mole per liter. The resulting

time dependence of the ferric ion yield showed approximate agreement
Lwith Mathews' results,(4.81 as shown in Figure 4.1. However,' the

,

.f = hydronium ion-concentration calculated with this mechanism was in strong
disagreement with the experimental data; this is shown in Figure 4.2,
where the hydronium ion concentration gradually increases during the
: experiment, whereas the calculation shows the hydronium ion concentra-4

' tion quickly decreasing to'a very low level, on the order of 10-10 mole
' per liter. The same simulation performed with the entire mechanism of

Christer,sen and Bjergbakke showed very good agreement with the experi-
~

mental data for the ferric ion concentration but equally poor agreement
~

,

with the experimental measurements of the hydronium ion concentration.
This~is shown by the data points represented by circles in Figures 4.1
Land 4.2 for the ferric and-hydronium ion concentrations respectively.

,

, ,It was thus necessary to adjust the mechanism so that the hydronium ion
! - concentration would increase. This can be accomplished by increasing

the hydronium ion concentration or by decreasing the hydroxyl ion con-
centration. The latter approach was attempted first by adding the

i ' . elementary' reaction

W
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Figure 4.1. Ferric ion concentration as~a function of
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reaction set modified to include iron (o)
and its hydrolysis products (O).
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H + OH- = e- + H O2

which is important in systems of high pH(4.9); but the addition of this
reaction had no significant effect on the concentrations calculated for
any of the species. The former approach--adding reactions that produce
hydronium ion--was then adopted. This was accomplished by adding
elementary reactions for the first and second hydrolysis products of
aqueous ferric ions. The forward and reverse reactions are:(4.10)

Fe3+ + H O + Fe0H + + H+22

Fe0H + + H+ + Fe3+ + H O2
2

+HO+Fe(OH){+H+2Fe0H + 2

Fe(0H){+H++Fe0H++H02
2

4 sec and k-2 were measured by Hemmes et al(4.ll) to beThe rate constants k 2 1 and (8.0 1 1.0) x 109 sec-1, respectively.(6.1 1 0.4) x 10
Hemmes et al also estimated the value of the rate constant ki to be
3 x 107 ec-1 The rate constant k_1 was estimated from data presented
bySylva4.10}fortheequilibriumconstantfortheforwardandreverse
hydrolysis reaction. Data chosen for this estimation were those cited
by Sylva for 32 C and an ionic strength of 1.17 x 10-2 These data were
used to estimate a value of 4.7 x 109 sec-1 for k_1 When these
reactions were added to the description, the ferric ion concentration
was within a factor of 3 of the experimental data. The sum of the
ferric ion concentration and the concentration of the first hydrolysis
product of the ferric ion showed better agreement with the experimental
data than the ferric ion concentration alone. (In actuality, if the
first hydrolysis product were present, it would contribute to the
observed ferric yield since the experimental measurements were made at
304 nm. Based on the data of Olson and Simonson(4.12), the molar
extinction coefficients of ferric ion and the first hydrolysis product
of ferric ion are about 120 and 1900, respectively).

The results of calculations that included the first and second
hydrolysis products of aqueous Fe3+ are shown by the data points
represented by diamonds in Figures 4.1 and 4.2. As can be seen in
Figure 4.2, the hydronium ion concentration calculated with this system
of reactions is too low. Also, the ion product for water is calculated
to be 1.8 x 10-8, which is a significant departure from the desired
value of 10-14 When the reactions for the water equilibrium in the
absence of radiation were run in a kinetic simulation with the ferric
hydrolysis reactions, the ion product for water was observed to be
1.01 x 10-14 This indicated that the problem was not caused by the
hydrolysis reactions themselves.

To provide a reasonable hydronium ion concentration and H 0 ion product,2
the reactions

4-6



Fe3+ + og = Fe0H + k = 1042

2Fe0H + = Fe3+ + OH- k = 109and
,

,

which are listed in the set of iron reactions in the Christensen and
Bjergbakke mechanism, were then removed from the description. This was
a reasonable modification because the H O concentration is much greater2
than the OH concentration and because these reactions were not among
those reported in other kinetic studies of iron sulfate systems. Reac-
tions representing the sorption and desorption of ferrous ion were also
removed from the reaction scheme (those reactions involving species
identified by Christensen and Bjergbakke as "A"). -A radiolysis.simula-
tion using this modified mechanism was then run for the conditions used i

in Mathews' 9xperiment. The ion product for water was now calculated to
be 1.01 x 1014, which is a desired result.

Time-dependent concentrations of various species from this calculation
are shown in Table 4.1. Here the H+ concentration is seen to increase
from 4.0 x 10-6 mole per liter at 0 seconds to 2.6 x 10-5 mole per
liter, which is much lower than values-reported by Mathews. The first
and-second hydrolysis products for ferric ion level off at about
7.6 x 10-5 mole per liter and 2.2 x 10-5 mole per liter, respectively.

Table 4.1. Concentrations calculated using a modified model.

H+ 'Fe3+ Fe0H + Fe(OH)2+
2

Time (sec) (mole / liter) (mole / liter) (mole / liter) (mole / liter)

0 4.0E-6 0 0 0
600 1.5E-5 5.58E-8 2.31E-5 1.14E-5

1200 2.16E-5 1.70E-7 5.02E-5 1.77E-5
1800 2.60E-5 2.93E-7 7.32E-5 2.18E-5
3000' 2.60E-5 3.09E-7 3.59E-5 2.23E-5
6000 2.60E-5 3.09E-7 3.59E-5 2.23E-5

12000 2.60E-5 3.09E-7 7.59E-5 2.23E-5
18000 2.60E-5 3.09E-7 7.59E-5 2.23E-5

Additional changes were then made to the mechanism to make it more con-
sistent with other mechanisms reported in the literature for ferrous
sulfate systems.- Th9 fg] lowing reactions from the Christensen and
Bjergbakke mechanismt4 ol:

4-7

--_



Fe2+ + e = pe3+ + og- + H *

Fe2+ + H = Fe3+ + H-

H- + H 0 = H2 + OH-2

were removed and replaced with the reactions
.

Fe2+ + e- = pe+ + H O2

Fe2+ + H = pe2+ - H

Fe2+ - H + H+ = Fe3+ + H2 .

which are cited by Nenadovic et al(4.13). Since the first of these
reactions introduces Fe+ ion into the solution, the assumption was made
that this ion would undergo oxidation reactions analogous to those of
the ferrous ion. .As a first-order approximation, it was assumed that
the' rates of the Fe+ oxidation reactions could be estimated from the
analogous rates for the ferrous ion oxidation reactions. It was further
assumed that' the rate constants would vary with the inverse of the
radius of the metal. ion species. Handbook values of the Fe3+ and Fe2+
radiil4 14) were listed as 0.64 and 0.75 angstroms respectively. The
Fe+ radius was than estimated, using a linear extrapolation, to be 0.84
angstroms. Using this information, the ratio of the rate constants for
the oxidation of Fe+ ions was estimated to be 0.88.-

The final set.of reactions which has thus far been added to the Rosinger
and Dixon description for the radiolysis of water is listed in
Table'4.2. Concentrations of species calculated with this mechanism in
a simulation of Mathews' experiment, described previously, are shown in
Table 4.3 for selected times after initiation of irradiation. A com-
parison with measurements made by Mathews is shown in Figures 4.3 and
4.4 for selected iron species and hydronium ions respectively.
Figure 4.3 shows that the radiolysis model predicts the presence of
several important ferric species, whereas in Mathews' experiment, the

fjcj'en y concentrated toassumption was made that only ferric ion is s
l However,be measurable by spectrophotometry at 304 nm.

spectroscopic studies of ferric ion systems shoy thgt fpr(ic ion is not
the only ferric species which absorbs at 304 nmt4.lc,4.16 Based on1

data reported by Olson and Simonson,(4.12) the molar extinction
coefficient for the first hydrolysis product of ferric icn is more than
an order of magnitude greater than the molar extinction coefficient for
ferric ion at 304 nm. From these data, the molar extinction coeffi-
cients are estimated to be approximately 120 and 1900 liter-mol-2-cm-1
respectively for these species at 304 nm. Mathews reports measuring a

;

*These equations are shown as they appear in Reference 4.7.

4-8

|

+



3Mathews* fit of his experimental data for Fe +
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[
molar extinction coefficient of 2130 liter-mol-1-cm-l'for ferrous ion
solutions e oxidized to ferric ion solutions with hydrogen. peroxide.(yhfchg(t'Thishighvalueforthemeasuredmolarextinction

'

9- 4.
coefficient indicates that other absorbing. species may be present in,

' Mathews' solutions.
:
T,

| Table 4.2. Reactions added to the Rosinger and Dixon mechanism.
,

i- )
'

Fe2+ + OH Fe3+ - + OH- k = 3.400E+08=

Fe2+ + e- =- Fe+- k = 1.200E+08
'

'

Fe2+ k = 3.000E+08'Fe+' +- OH =

Fe2+ + 0H + OH- k = 5.290E+01Fe+ + H0'

=

02 2 Fe2+ + 02- k = 3.520E+08
2

! Fe+ + =

! H + Fe2+ Fe2+0H k = 1.380E+06=

Fe2+ - H .+ H+ Fe3+ + H2 k = 1.060E+06=

; Fe+ + H- FeH+ k = 1.200E+06=

i Fe+H. + H+ Fe2+ + 0 k = 4.000E+08=-

: Fe3+ + H Fe2+- + H k = 1.000E+08-=
2 H + OH- H0 k = 1.800E+07= e- +.

$; Fe3+- Fe 2 + HFegH+ k = 3.000E+07=

I Fe0H + + H+2 + k = 4.700E+09=

I- Fe0H +2
Fe(OH{2+. + H+ k = 6.100E+04=

.

4 Fe(OH)2+ Fe0H2 k = 8.000E+09+ H+
'=

L

i
- 'Therefore, to compare results of our calculations with these experi-

mental data it is necessary to back-calculate the absorption at 304 nm
L of radiant power by the solutions analyzed in Mathews' experiments.
-[ This was done for data reported by Mathews for a deaerated system,

assuming a 1-cm path length and an extinction coefficient of 2180 nm.
The apparent ferric ion concentration was estimated from the curve which
is reported in the literature as a fit of the experimental data. These*

. concentrations.and the estimated absorptions are shown in Table 4.4.
' These data were compared with results of our calculations by estimating

-the absorptions which would be observed if the solution had the composi-:

-tions which were' calculated. -This was determined by taking the sum of-'

; the absorption at 304|nm caused by the ferric ion and the first
F ' hydrolysis. product.of the ferric ton. The extinction coefficients used

dataofOlsonandSimonson.}tinthesecalculationsare19gnq1905respectively,asestimatedfrom
,.

4.12; The absorption of radiant power at: '

304.nm in a 1-cm cell for a solution of-a composition calculated by our
: .model and by solutions analyzed by Mathews are shown in Figure 4.5.
| From this figure, it can be seen that the calculated concentrations of

_the' absorbing species increase more rapidly at short times than is*

; observed-in the experimental data. The observed. steady states are also .
'

approached more rapidly in the calculations than in the experimental
; data. +

:
;
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Table 4.3. Concentration of all species ~ calculated for a simulation of-
Mathew's experiment using the Rosinger:and Dixon mechanism
with the additional reactions shown in' Table 4.2.

Time e H+ OH- OH H -H2
-

H02- 'H02' \H022 s

Seconds Mo1N/L' Moles /L Moles /L Moles /L Moles /L Moles /L Moles /L Molis/L Moles /L

0. O. 4.000E-06 2.500E-09 0, 0. O. O. O. O.
6.000E+02 7.021E-14 1.502E-05 6.731E-10 1.236E-12 2.231E-10 1.561E-05 3.058E-07 3.930E-14 2.302E-16
1.200E403 5.224E-14 -2.050E-05 4.931E-10 1.978E-12 3.141E-10 2.947E-05 2.524E-07 2.3%E-14 2.354E-16
1.800E+03 4.533E-14 2.378E-05 4.251E-10 3.587E-12 4.475E-10 3.997E-05 1.913E-07 1.574E-14 2.445E-16
3.000E+03 4.192E-14 2.580E-05 3.918E-10 8.251E-12 6.788E-10 4.737E-05 1.296E-07 9.902E-15 2.711E-16
6.000E+03 4.174E-14 2.592E-05 3.900E-10 8.725E-12 6.974E-10 4.783E-05 1.261E-07 '9.597E-15 2.744E-16
1.200E+04 4.163E-14 2.599E-05 3.890E-10 8.678E-12 6.%1E-10 4.808E-05 1.263E-07 9.590E-15 2.742E-16 i

1.800E+04 4.152E-14 2.605E-05 3.880E-10 .~8.631E-12 6.947E-10 4.834E-05 1.265E-0/ 9.582E-15 2.740E-16 ]

0" 0- 03 Fe2+ Fe3+ Fe0H +2Time Oj 02 HO2 2
Seconds Moles /L Moles /L Moles /L Moles /L Moles /L Moles /L Noles/L Moles /L Moles /L

?
U 0. O. O. 5.560E+01 0. O. O. 1.000E-04 0. O.

6.000E+02 7.049E-15 3.059E-14 5.560E+01 1.486E-16 2.272E-23 5.002E-25 6.837E-05 4.842E-08 2.058E-05 ,

1.200E+03 1.212E-14 .1.059E-13 5.560E+01 1.262E-16 2.675E-23 3.306L-24 4.071E-05 1.373E-07 4.274E-05 |

1.800E+03 2.599E-14 2.600E-13 5.560E+01 1.213E-16 4.193E-23 1.4 JOE-23 2.010E-05 2.239E-07 6.010E-05
3.000E+03 1.033E-13 8.916E-13 5.560E+01 1.316E-16 8.905E-23 1.671E-22 5.857E-06 2.927E-07 7.242E-05
6.000E+03 1.168E-13 9.933E-13 5.560E+01. 1.327E-16 9.374E-23 9.937E-22 5.253E-06 2.%3E-07 - 7.298E-05
1.200E+04 1.160E-13 9.909E-13 5.560E+01 1.322E-16 9.300E-23 2.661E-21 5.282E-06 2.972E-37 7.300E-05
1.800E+04 1.152E-13 9.885E-13 5.560E+01- 1.318E-16 9.227E-23 4.312E-21 5.311E-06 2.980E-07 7.302E-05

Time Fe(OH)2+ Fe+ Fe2+ - H Fe+ H
Seconds Moles /L Moles /L Moles /L Moles /L

0. O. O. O. O.
6.000E+02 1.045E-05 5.509E-07 1.322E-09' 1.054E-09
1.200E+03 1.590E-05 5.174E-07 8.118E-10 1.024E-09
1.800E+03 1.927E-05 3.076E-07 4.925E-10 7.499E-10
3.000E+03 2.140E-05 2.599E-03 2.006E-10 8.901E-11
6.000E+03 2.147E-05 7.511E-09 1.840E-10 2.608E-11 1

'

1.200E+04 2.142E-05 7.566E-09 1.842E-10 2.615E-11
1.800E+04 2.137E-05 7.623E-09 1.844E-10 2.623E-11

i
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Table.4.4.- Absorbances calculated for the species concentrations-
calculated in a simulation of Mathews' experiments.

Calculated
- Fe3+ Fe0H + Absorbance2

'

' Time (sec) (mole / liter) (mole / liter) at 304 nm,

'600 4.84E-8 2.06E-5 0.039
1200 1.37E-7 4.27E-5 0.081
1800- 2.24E-7 6.06E-5 0.114
3000- 2.43E-7 7.24E-5 0.138
6000 2.46E-7 2.70E-5 0.139

: 12000 2.98E-7 7.30E-5 0.139
18000 2.98E-7 7.30E-5 0.139

:
'

~ There is qualitative agreement between the two sets of data, however. A
comparison between the calculated hydronium ion concentrations and the

,

observed hydronium ion concentrations for this mechanism and Mathews' '

data is shown in Figure 4.4, which shows that the calculated values of '

the hydronium ion concentrations level off at about the same time as the:

calculated concentrations of the absorbing species. This observation,
.'

- coupled with the relationship between the ferric ion hydrolysis reac-
tions and the hydronium ~ ion,-suggest that an improved description of the
hydrolysis reactions may improve the agreement with the calculated
hydronium ion concentrations and the calculated absorbances. At

,

present, the agreement between the calculated hydronium ion concentra-
tions and the hydronium ion concentrations reported by Mathews is within
one pH unit.

- 4.2.2 Conclusions
t

The Rosinger and Dixon mechanism (4.5) for the radiolysis of water is
being extended to account for the presence of anions and cations which
may'be.found in groundwaters. Elementary reactions have been added to |
- this mechanism to' account for the presence of dissolved iron species. '

: The mechanism developed thus far shows qualitative agreement with data
presented'in the literature for iron species which absorb radiant energy

: at 304 nm. .The hydronium ion concentrations calculated with this model
are within one pH unit of the hydronium ion concentrations observed in:

an experiment reported in the literature.

4.2.3 Plans for Future Work

In the near term. the description of the hydrolysis of ferric species ;

will be improved through addition of reactions for additional hydrolysis
i

- 4-13 !
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products. Additional benchmark calculations will also be performed for
simulations of other experiments reported in the literature for the
irradiation of ferrous sulfate solutions. Attention will also be given
to effects of water chemistry on rate constants used in the radiolysis
mechanism which is under development. Longer-term plans call for
further extension of the radiolysis description to account for the
presence of other anions and cations nich may be in groundwaters of
potential importance to the disposal of high-level nuclear-waste
packages.

4.3 Uncertainty Analysis Methods for Nuclear-
Waste-Package Models.

This section presents the results of a study to evaluate methods for
performing uncertainty analyses of physical models representative of
those which are expected to be important in_ assessing the long-term
performance of nuclear-waste-package designs. This evaluation is per-
formed for a simplified, yet realistic, model of a selected physical
process which will significantly affect waste-package performance.

The selection of the physical process to be used during this uncertainty
analysis evaluation was based on three criteria. First, the physical
process should be important to the overall performance of the waste
package, yet have large uncertainties in some parameters. Secondly,
some data for characterizing these uncertainties should be available for
comparison. Finally, if possible, other work should be available for
comparison. Based on these criteria, the model for up

f p1 wasand pittingcorrosion which was suggested by Sastre and Pescatore e-
selected.

4.3.1 . Corrosion Model

The general form of the corrosion model is given by:(4 17)

D * (Ku + K ) exp (a/T(t)) Ob C1ctnC p

m R

T(t)=f(2}1/2 D(A t) + [2 I" I d +1) + T '

g L oi d 3j.1 j=1

where CD is the corrosion depth; T(t) is the time-dependent temperature;,

Ku and Ko are the uniform and pitting corrosion factors, respectively; 0
is the okygen concentration; Cl is the chlorine concentration; t is,

' time; k is the thermal conductivity; a is the thermal diffusivity; d is
the diameter of the region; D(x) is the Dawson integral at x; and a, b,<

c, n, aj, and Aj are empirical constants. To check our computer model,,

the 0.1 to 99.9 percentile spread for the uniform corrosion factor, Ku.
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.

L
was calculated and compared to the result given in Reference 4.17. The
. range given in that reference was-(0.00147,.676), and the Battelle pro-

.

<

gram found.the range to be (0.00157, 636). This range was found to be
within the accuracy necessary for this study.

F
t

The corrosion model under study requires a total of sixteen inputs, ten
'of which are random. . Table 4.5 gives the distribution type, including
constants, with their associated parameters for.each.of the sixteen
inputs. -In Table 4'.5, the first parameter listed is the value of a i

constant variable, the lower limit of a uniform distribution, the mean
of a normal distribution, and the minimum value of a. Rayleigh distri'u-o

tion. The second parameter listed is the upper limit for a uniform-
; distribution, the standard deviation for a normal distribution, and the
modal value for the Rayleigh distribution.

4.3.2 ' Uncertainty-Analysis Methods

The' uncertainty analysis methods chosen for study are the ones most j
)widely used in the nuclear power industry: Monte Carlo, Latin Hypercube

. Sampling (LHS), and Discrete Probability Distribution (DPD) methods.
While it'is possible to use Monte Carlo methods for the corrosion model

;used in this study,-it is expected that the final model for corrosion
and.other physical processes (e.g., heat transfer and radiolysis) will
require too much computer time if used in a Monte Carlo simulation.
Therefore, alternative methods are needed which can accurately approxi-- |

mate the Monte Carlo results..
,

LHS and DPD methods use an appropriate sampling scheme so that the fulll .

L sample space required in the Monte Carlo analysis is not needed; thus
'

|
the computer time is reduced, accompanied by some loss of statistical

The LHS method, descr' bed)in Reference 4.18, can be viewed asaccuracy. ,

an extension of quota s ling.h W The DPD method is a form of i

importance samplingl4 Z . 24

4.3.3 Results of Uncertainty-Analysis Calculations ;

I Five uncertainty analyses were performed. The first was the Monte Carlo
analysis in which 1000 simulations were made. The next two were made
using the LHS method in which ten and twenty strata were used. For the
final two analyses, the DPD method was used. For these analyses, the

(- standard DPD algorithim cannot.be applied unless very few discrete
j: points Jre used, because even for ten discrete points, a-minimum of

12 x 10 u storage spaces are required. We have developed a novel
sampling and condensation procedure which alleviates this problem and
allows the DPD' algorithm to be applied.

Results of.the application of each algorithm are shown in Tables 4.6 and ;

4.7 and in Figure 4.6. Table 4.6 gives a comparison of the LHS results t

with the Monte Carlo result for the mean corrosion depth, while
Table 4.7 gives a comparison'of the Monte Carlo and DPD results. As
these tables show,'both methods provido reasonable approximations to the

b
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Table 4.5. Input data description.

Distri- Para- Para-
bution meter meter

Variable Type 1(a) 2(b)

Rock Parameters

1. Geothermal Temperature (C) Uniform 54.0 60.0
2. ThermalConductivigy(W/m/k) Uniform 1.25 2.50
3. Rock Density (k Uniform 390.0 2410.9Specific Heat (g/m )4. J/kg/K) Uniform 820.0 1160.0

Waste Parameters

5. Waste Age (years) Constant 0.0 NA
6. Initial Power (kW) Constant 2100.0 NA
7. Backfill Outer Diameter (m) Constant 0.686 NA
8.- Backfill Thermal Conductivity (W/m/K) Uniform 0.40 1.40
9. Overpack Outer Diameter (m) Constant 0.325 NA
10. Canister Wall Thickness (m) Constant 0.053 NA
11. CanisterLength(m) Constant 4.10 NA

Corrosion Parameters

12. Pitting Corrosion Factor Uniform 1.00 6.00
13. Chlorine Concentration (ppm) Uniform 1.00 101.0
14. Os3 gen Concentration (ppm) Uniform 0.01 3.00
15. E(ponent of Time. Normal 0.469 0.0349
16. Uniform Corrosion Parameter (m/ year) Rayleigh 0.01_ 118.643

(a) Values given are: lower limit for a uniform distribution, mean value
for a normal distribution, minimum value for a
Rayleigh distribution, or value for a constant.

(b) Values given are: upper limit for a uniform distribution, standard
deviation for a normal distribution, or modal
value for a Rayleigh distribution.
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Table 4.6. . Mean corrosion depth (m) as calculated by the LHS method.
<

,

j '

Year Monte Carlo. LHS-10 LHS-20
o

i
e ~

..

14.1 11.6100' 15.9
200 25.7 22.6 25.8
300 33.8 29.7 32.9,

"

400 40.2 35.5 .39.4
500 46.0 41.1' 44.5
600- 51.6 46.4 49.2

.700 56.2 52.1 53.8
800 60.8 57.2 58.2

: 900: 64.9 60.4 62.5
#

1000 68.9 65.1- 66.3

:

:.

1. .

Table 4.7. Mean corrosion depth (m) as calculated by the DPD method.*

5-

i7 Year Monte' Carlo- DPD-10 DPD-20~

100 15.9 15.6 15.7'

.200 25.7 25.1 25.4'
'

300 '33.8 33.3 33.0
.

400 40.2 40.4 39.3
-500 46.0 46.5 45.2'

-600 51.6 51.3 50.6
700 56.2 56.3 55.3' ' '

.

800 60.8 60.6 59.7
900 64.9 -64.7 63.8

'1000 68.9 68.7' 67.9'

,

>

1
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Figure 4.6. Mean corrosion depth calculated by each
uncertainty-analysis method.

Processing time is indicated in central processing seconds (cps).
.
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|~ mean; however,'the'DPD results always provide a closer approximation.
Figure 4.6 also indicates the amount of computer time needed to obtain
the results using each method; clearly, the LHS and DPD analyses provide
an advantage in this respect.

,

While some indication of the DPD and LHS methods' effectiveness can be
obtained from an examination of the mean . values, the ultimate goal is to

!assess each method's ability to indicate the uncertainty in the model.
: Figure 4.7 presents a plot of the standard deviation calculated by Monte '

i

Carlo, DPD, and LHS analysis. From this figure, it is obvious that the--

DPD method of analysis does considerably better than the LHS method in
-

predicting the standard deviation, which is one measure of the;
uncertainty in the response of the model.

.

I zTable 4.8 gives results of percentile calculations for the DPD-20 and -

|
LHS-20 cases, together with the Monte. Carlo. result at year 1000. As the
figures show, the DPD overestimates the spread. The DPD analysis does

' predict the tenth and ninetieth percentile value within the accuracy of :,

the Monte Carlo result, while the LHS result only falls within-the range
of the ninety-fifth percentile value. Given the poor performance of the

L LHS prediction for the other values examined, it is not believed that
this result is'an' indication of anything other than good fortune. Addi-
tionally, in the analysis the response is the corrosion depth, and,

therefore an overestimate of the spread represents a conservative
,

; 1
result.

|

!

Table 4.8. Percentile estimates from each of the uncertainty methods. ;

I

4

Monte Carlo DPD LHS
'

Percentile Value Value Value
:

I 5 38.07 33.22 49.15
10 43.45 43.62 50.14
90 %.16 %.45 88.68,

'

: 95 103.9 116.7 104.6

!

4.3.4 Conclusions-

:

| The conclusion reached by this study is that the uncertainty analysis of i
'

! waste-package models should be performed using DPD methods when a Monte
! Carlo analysis is not possible. In this study the DPD analysis using 20

discrete points was a factor of 2.3 faster than the Monte Carlo; !

analysis, while the 20-strata LHS run was a factor of 8.2 faster.'

|i
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However, given the increased accuracy of the DPD results.over the LHS
.

results,' DPD methods must still-be preferred.

4.3.5- - Near Terra Plans

No further work is planned for this year.

4.4 Integral Experiments
,. ,

The integral experiments are a series of. experiments which will employ
high-level radioactive waste glass, simulated high-level radioactive
waste glass, and spent fuel. These experiments will be performed in a
radiation field and will address technical issues pertinent to the
system performance of nuclear waste packages. Among the technical

| issues which will be addressed are:

-o What are the significant combined effects?
4

Is it conservative to neglect the presence of barrier remnantse
when evaluating radionuclide release rates?i

Are radionuclide release rates for releases from the waste
!

e
package under in-situ conditions different from existing4

laboratory determinations of radionuclide release rates from
.

4 waste-form materials?

Do different types of barrier failure-openings lead to differente
time-dependent radionuclide release rates?

'

Does gama radiation affect waste-package performancee
significantly?

z.

How does spent fuel-perform under repository conditions?.e
!

I An approach using integral experiments has been chosen because there are
| many possible combined effects and because the issues are broad. Infor-.

mation gleaned from the combined-effects experiments--observations of
( reaction products and measurements of release rates--will provide a'

basis for prioritizing issues and combined effects. The experiments;

[ -will also provide measurements of radionuclide release rates from spent'

fuel and high-level-waste glass, as well as information on the mobili--

ties of specific radionuclides in the waste-package environment.

The measurements of release rates are also expected to provide a quali-
| tative evaluation of how release rates are affected by:
,

i
e Barrier failure mode
e Radiation fields
e Packing material
e Waste form.
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Among the parameters which will be studied in these experiments are:

e Waste form (spent fuel and waste glass)
e Canister failure modes
e- Flow rate.

4.4.1 -Technical Issues

4.4.1;1 Significant Combined Effects!-

'The use of a predictive methodology for waste-package performance in the.
licensing process will require a degree of confidence that all important
degradation processes are accounted for either explicitly or implicitly
in the models. One difficulty, however, is that there are many possible
combined effects, and the significance of many possible combined effects
is not well understood. The purpose of these experiments is thus to
simulate a waste-package environment to provide evidence on what

' combined effects are important and should be studied in greater detail.
This information will be obtained in post-test analyses of the surfaces

, and interfaces of the materials used in the experiments. For example, iif.a surface product is observed with a composition indicative of both!

the metallic barrier and packing materials, it will then be assumed that,

evidence for an interaction has been observed. This observation would
then serve as a partial justification of further basic research and
modeling of this interaction. The role of the integral experiments with
respect to combined effects is therefore to help prioritize the need for
detailed knowledge and models of combined-effects processes. This
information will be useful to NRC when evaluating a license application,

-because it will provide a partial basis for evaluating whether the i

,

applicant has adequately addressed an appropriate subset of combined
effects and issues.

These experiments are not intended to provide detailed information on
the combined-effects processes. They are intended to be scoping experi-
ments that will provide a qualitative basis for identifying those
combined-effects processes which might realistically be expected to |occur and for prioritizing further research on combined effects. '

,
.

. 1

4.4.1.2 Effect of Barrier Remnants on Release- 1

Rate Assessment !

'

When evaluating release rates of radionuclides from breached waste
packages, the effect of any remaining barrier components and corrosion
products on the release rate must be considered. Different types of
barrier failures (e.g., pitting and cracking) may have different effects
on the release rate and hence may affect descriptions such as that used
in the WAPPA code where the diffusion coefficient for release to the
packing material from the waste fgtm is scaled by the fraction of the
barrier area which is failed.l4 241 Corrosion products remaining from

'

,

barrier-degradation processes may also affect radionuclide release rates
by altering the porosity of the surrounding media and thereby affecting

:
<
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They may also act as agents for physical ordiffusion coefficients.
chemical sorption of radionuclides, and they may interact chemically
with the radionuclides. It will also be necessary to account for
effects of corrosion products on local water chemistry.

To address these issues, several experimental tests and post-operation
The effects of barrier failure modes on releaseanalyses are planned.

rates will be ac' dressed by comparing the releases and release rates
associated with different types of small-scale simulated breached
canisters (e.g., cracked, pitted, or closure-weld failed), with account
taken of the fractional area of the breach. Post-operation analyses of
the surfaces, interfaces, simulated corrosion products, and packing
material will provide information on interactions between these mate-
rials and the released radionuclides.

4.4.1.3 Comparison of Laboratory and
In-Situ Release Rates

Radionuclide release rates measured in these experiments on
borosilicate-glass and spent-fuel waste forms will be compared with data
available in the literature. Experiments which do not have packing
material downstream of the waste form will be used to address this
issue, since only the release from the waste package and its remnants is

Packing material will be present on the upstream side ofof concern.
the simulated waste package to help provide a suitable aqueous
environment.

4.4.1.4 Effect of Failure-Opening Type on
Release-Rate Assessment

Experiments will be performed with a variety of canister failure
The release rates measured for each of the simulated failureopenings. To facilitate comparison of the release rates,modes will be compared.

packing material will not be placed downstream of the simulated waste
Differences in release rates normalized to surface area of thepackage.

simulated breach may indicate an effect of differing failure openings.
Post-operational analyses of the waste-package surfaces will provide
additional indications of whether different failure openings cause
significant differences in local water chemistry. This may be indicated
by differences in tne surface composition of the waste-package surfaces
in the breach areas for the various simulated failure openings.

4.4.1.5 Effect of Gama Radiation on Waste-
Package Performance

The doseThe integral experiments will be performed in a gama field.
rate to the groundwater for these experiments will be 100 R/hr, which is
representative of the dose rate to groundwater at the surface of a waste
package for borosilicate-glass waste forms at 100 years after
reprocessing.

4-24
,



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

.

J

iffects of gamma radiation on the performance of t'e waste package willn
.be~ evaluated through post-test examination of corrosion samples placed
in flowing simuisted groundwater in the radiation field. The corrosion.

specimens will includeLa prepitted section of cast steel with machined
- pits of various depths'and diameters, U-bend cast-steel and stainless-'

steel. specimens, and a galvanic-corrosion specimen.
.

4.4.1.6 Performance of Spent Fuel Under
: Repository Conditions

These experiments will include four tests with spent fuel. Three of '

these tests will use failed spent-fuel sections,,and one test will be;
'

performed with an isolated fuel pellet.. All the tests will employ
i flowing simulated basalt groundwater which has been modified by packing
j material. Two of the tests with failed spent fuel will also enploy

: simuisted corrosion products, basalt, and packing material. Release
rates measured in these tests will be_ compared with release rates for

! spent fuel in aqueous systems measured by other investigators. Burnup iaffects will not be addressed in.these scoping tests.

4.4.2 Experiments*

.

4

~ Integral and control experiments will be performed on radioactive high-
level waste glass, simula*.ed PNL 76-68 waste glass, failed spent fuel,,

'

and a spent fuel pellet. These tests will be performed in a radiation
field representative of that on the outer surface of the waste package.
Anoxic basaltic groundwater modified by packing material will be
delivered to each test section. Some time-dependent release measure-,

j ments will be made, followed by post-operation analyses.
-

,

F 4.4.2.1 . Apparatus

A sketch of the apparatus is shown in Figure 4.8. Simulated anoxic
groundwater.is delivered through a cartridge containing basalt rock,

j- followed by a cartridge containing packing material. The fluid then
enters the manifold system of a 25-channel peristaltic pump. The pump
delivers the fluid through independent pump heads to each of 23
different test sections located in an oven in a hot cell. Fluid will'

: then flow from each test section to independent on-line collection po ts
'which will be maintained under an argon cover to prevent back-diffusion
of air'into the system. The collection ports will be located outside
the hot cell and will permit on-line fluid samples to be taken.'

*

Acquisition of equipment and materials for the apparatus has been
initiated. Scoping experiments are underway to define the flow path

' flow-related problems which might arise.

J >
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4.4.2.2 Analysis

Both on-line and post-test analyses will be performed.

The on-line analyses will be performed on fluid effluents taken from
individual test trains. These specimens will be analyzed for their
gama-emitting radionuclides by gama spectroscopy. General elemental
analyses wi'l be performed with inductively-coupled argon plasma tech-
niques. If solid phases are observed, the fluid can be filtered with
membrane filters and the residue can be examined by such means as
scanning electron microscopy. On selected samples, total alpha activity
will be measured, and some specific alpha-emitting nuclides will be
identified. The radionuclide release data based on the fluid effluent
will be presented as total releases for each test section and as
releases normalized to exposed surface area of waste form in each test
section. These data will be presented as current concentrations and
estimated cumulative releases. At the conclusion of the experiments,
attempts will be made to integrate the total release from waste forms
for selected test sections by suming the inventories of radionuclides
in the lines and sorbed on materials. The current concentrations will
be presented as a direct function of time, and the cumulative releases
will be presented versus time and square root of time.

Following the experiments, post-operation analyses will be performed on
simples of components, surfaces, and interfaces removed from the test

i sections. These analyses will include gama spectroscopy and a variety
'

of surface techniques including anastigmatic secondary ion mass spectro-
. metry, Auger, electron spectroscopy for chemical analysis, scanning
'

electron microscopy, and electron microprobe.

4.4.3 Near Term Plans

In the near term, the apparatus will be assemoled as components are
received. Scoping studies will be continued during this period to iden-
tify and resolve problems which might arise during the planned
experiments.

4.5 References for Section 4
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5. QUALITY ASSURANCE

Quality assurance surveillance of the various program activities con- I

tinued during the. quarter. One new procedure, WF-PP-26.1 Revision 0,
was prepared and approved while two others, WF-PP-ll and -14 were
revised to Revision 1. One other procedure, WF-PP-27, was revised two
times during the quarter to Revision 4 to reflect changes in testing
requirements. As of this date there are 34 approved QA procedures and
two approved work instructions for the program.

A summary of the program procedures which are being used to conduct the i
experimental program is given in Table 5.1. Included is the procedure
number, the current revision number, the title, and the status.

Quality assurance surveillance activities will continue. Procedures
will be revised and new ones prepared as necessary to meet program
requirements.

s
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Table 5.1..'StatusJof NRC waste pack' aging program QA' procedures.

Procedure No. Title < Status'-

s -

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

,

L

'WF-PP-5 Procedures for Record Keeping.and Documentation fer- Approved.
. Revision 0 Separate Ef.fects Model Developmentc '

,

i-
'

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

'f 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
r

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

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

'

.

WF-PP-26 Procedure for Preparation of Steel Hydrogen-Embrittlement Approved
Revision 0 Test Specimens

'
'

.
,

WF-PP-26.1 Procedure-for Prepara' tion of Hydrogen-Embrittlement' Approved
Revision 0 Test' Specimens from-Steel or Iron' Samples '

:

i

| \

- ,
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Table 5.1. Continued.
-

Procedure No. Title Status

WF-PP-27 Procedure for J-Testing Compact Tension Specimens Approved
Revision 4 .

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
! V' 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 Procedure for Preparation of Brine A for Corrosion Testing Approved
Revision 0 Under Simulated Repository Conditions

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
Revision 0 Corrosion Studies for the NRC Waste Packaging Program

WF-PP-34 Procedure for Preparation of Simulated Tuff Groundwater To be
Revision 0 Solutions Written

,

f
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Table 5.1. Continued.

Procedure No. Title Status

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 Exposures for Approved

Revision 0 Corrosion Tests in Simulated Basalt or Tuff Groundwaters

WF-PP-37 Laboratory Procedure for Preparing Polarization Resistance Approved

Revision 0 Specimens, Performing Pola.'ization Resistance Measurements
and Evaluating Polarization Resistance Data

. on

| A
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

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

.
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Table 5.1. Continued.

.

Procedure No. Title' Status

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 Conditions

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-44 Procedure for Welding Cast and Wrought Steel Specimens To be
| Revision 0 - Written
|

WF-PP-45 Laboratory 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
'

_ . -
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