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ABSTRACT

As part of the information needed by the Nuclear Regulatory Commission
to assess the Department of Energy's application to construct geologic
repositories for high-level radioactive waste, Battelle's Columbus Divi-
sion is investigating the long-term performance of materials used for
high-level waste packages. Waste-form studies are being directed toward
investigating spent-fuel leaching/dissolution behavior. Experiments
have been started to generate data on U0 and spent-fuel leach rates in
simulated anoxic groundwaters. Initial data indicate that uranium con-
centrations in the groundwaters and distilled-water leachants are very
low. The influence of groundwater species on the susceptibility ¢f cast
steel to pitting corrosion and stress-corrosion cracking is being
studied by potentiodynamic polarization techniques. Potential cracking
agents are being investigated by slow strain rate experiments. The
pitting-corrosion model was further developed, taking into account
cation dissolution at the pit base and chemically active pit walls,
Groundwater-radiolysis modeling has continued, with the description
being extended to include bicarbonate anions in groundwater. Simu-
lations show that modifications to the reactions accounting for bicar-
bonate should improve predicted pH values. Spent-fuel specimens are
being used in integral tests with flowing simulated groundwater to study
the role of cladding in radionuclide release and to identify possible
combined-effects processes.

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

The Waste Policy Act of 1982 delegates to the Department of Energy (DOE)
the authority for siting, construction, and operation of deep-mined geo-
logic repositories for the disposal of high-level waste and spent fuel.
The Nuclear Regulatory Commission (NRC) has the responsibility to regu-
late the activities of 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 des-
cribing in detail the proposed repository. The DOE has been directed to
take a multiple barrier approach to the isolation of radioactive wastes
with the waste package, the underground facility, and the natural geo-
hydrologic features of the site being the major barriers. Since NRC's
compliance assessment requires the technical capability to understand
relevant phenomena and processes relating to the long-term perfcrmance
of the multiple barriers, the NRC's Office of Nuclear Regulatory
Research (RES) has established this waste-package performance program at
Battelle's Columbus Division to provide that part of the input to the
assessment. As an important aid to this understanding, Battelle is
evaluating total system performance by integrating a variety of pro-
cesses that effect the long-term performance of waste-package materials,
This systems approach also serves to identify and evaluate research
needs.

After the repository is closed, the dominant mechanism to cause the
release of radionuclides from the repository is assumed to be ground-
water transport. The generally accepted approach to minimizing the
release is to provide a number of different barriers to the dissolution
and transport of radionuclides by the groundwater. For a deep-mined
repository, the geohydrologic features of the earth itself are expected
to be a major barrier to the release of radionuclides. The repository
site will be selected so that radionuclides will be isolated for very
long times. In addition, engineered features of the repository will act
as a barrier to the release of radionuclides. The repository will be
constructed so as to minimize disturbing the adjacent rock and to accom-
modate the thermomechanical effects of the emplaced wastes with a mini-
mum of degradation to its geohydrologic properties. Upon closure, the
underground openings and 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, tc control the release
of radionuclides for thousands of years., The objective of our research
is to provide an improved understanding of the long-term performance of
the materials used for the high-level waste package. More specifically,
we are identifying those processes that tend to degrade the performance
of the waste-package materials, performing experiments to produce data
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where data are otherwise lacking on material performance, and analyti-
cally modeling the processes to utilize the data more effectively. In
addition, we are identifying areas of work that should be performed by
DOE to provide missing data which are beyond the resources of the NRC.

1.1 Individual Program Tasks

The program is being conducted in three parallel efforts: waste-form
studies, overpack corrosion studies, and integrated system peri. -mance
studies. A more detailed summary of achievements can be found in the
second annual report for this program (NUREG/CR-2127, Volume 4, July
1985, Section 1).

1.1.1 Waste Forms

The waste-form studies are aimed at first describing and modeling those
mechanisms that will alter or "age" the waste form during the contain-
ment period, and second, identifying and describing those processes that
will influence waste-form dissolution after it is exposed to ground-
water. The waste-form studies have previously centered on borosilicate
glasses, and experiments have been performed to investigate the long-
term dissolution/reprecipitation behavior of simulated waste glass and
the effects of crystallinity influences. However, emphasis is now being
directed toward evaluating spent fuel as a waste form. In particular,
the leach/dissolution behavior of spent fue! and the effects of cladding
in radionuclide release are being studied,

Three spent-fuel leaching experiments have been planned that will pro-
vide a definite comparison of the leach behaviors of unirradiated and
irradiated fuels in repository-relevant environments. Spent-fuel and
U0z specimens will be exposed to different types of low-flow, anoxic
simulated groundwater and radiation field conditions. These experi-
ments, one of which is in progress, will be used to investigate spent-
fuel solubility and possible selective leaching of radionuclides.

1.1.2 OQOverpack Corrosion

The overpack corrosion studies focus on processes that can degrade the
metallic waste-package overpack., The objective is to collect data on
the parameters that influence the degradation processes, to identify the
controlling parameters, and vitimately to model the degradation pro-
cesses that determine the long-term performance of the overpack. The
material under study is cast low-carbon steel; this material is cur-
rently favored by DOE for use in a basalt repository.

The dominant degradation processes that affect the outside of the over-
pack are general corrosion, stress-corrosion cracking, pitting, crevice
corrosion, hydrogen attack, and mechanical stress. These processes may
occur individually or in combination., The parameters that affect these
processes include chemical composition and physical state of the steel,
groundwater composition and flow rate, temperature, radiation intensity,
availability of air, lithostatic forces, redox state, alkalinity or
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acidity, and availability of hydrogen. These can produce general corro-
sion, in which the rate of general corrosion will determine the neces-
sary wall thickness, or localized corrosion (such as pitting or crevice
corrosion), ir which (he rate of the localized attack and the container
1ife must be used to establish the wall thickness.

If the steel is susceptible to cracking in the expected environment, the
rate of cracking is so rapid relative to required container life that
the corrosion-allowance approach cannot be used to achieve acceptable
performance. What is important is the susceptibility of the metal to
crack initiation and propagation. Cracking may result from stress-
corrosion cracking or from reduction in fracture toughness from hydrogen
attack. Both of these processes are under investigation,

In addition, a comprehensive mathematical model is under development for
use in understanding the corrosion processes associated with the waste-
container materials in a repository environment. The model computes the
fluxes of corrosive species to the overpack surface, taking into account
the fact that certain corrosive species may be generated by radiolysis,
and also accounts for diffusion and convective flow to transport the
species. The modeling effort is also being applied to pitting attack
and considers three different aspects of the overall pitting process:
pit-initiation kinetics, pit-growth kinetics, and the evolution of the
pit-depth distribution. These analytical efforts ¢r~e well integrated
with the experimental efforts and are directed to providing an under-
standing of the long-term performance of the overpack materials, with
emphasis on those processes that can lead to poor performance,.

1.1.3 Integrated System Performance

The waste-package system performance studies are an interface between
the waste-form studies and the container-material studies to provide an
improved understanding of the performance of the total waste-package
system. The current emphasis is on the processes involved in waste-
package system degradation. One aspect of the total system under study
is the production of radioiysis products in the groundwater by gamma
radiation from the waste. This is of major importance in modeling the
corrosion of the overpack and in planning experiments to determine the
effects of radiolysis. Our radiolysis model is based on existing codes
and sets of chemical reactions coembined to provide the best description
of experimental data found in the literature. The output of the radio-
1ysis model calculations provides input to the water-chemistry model,
which is a fundamental part of the glass-dissolution model and the
general-corrosion model,

The water-chemistry model which we initially developed for our use with
our glass-dissolution and corrosion models has intentionally been kept
simple. Simplifying assumptions were made and only a limited set of
chemical species was used., This model calculates the concentration and
activity of each of the species in the water,
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Integral tests have been designed and are being performed using spent-
fuel specimens. Simulated groundwater is passed over these specimens
and then analyzed to investigate the effects on radionuclide release of
potential repository conditions. These tests will explore the role of
the cladding in radionuclide release and will aid in assessing combined-
effects processes that may affect waste-package integrity.

1.2 Qverall Program Objectives

In ali the program tasks, the ultimate objective is to develop a base of
information to assist the NRC in evaluating the performance of the waste
package proposed in DOE's license applicatiun. A near-term objective is
to provide information to allow the NRC to prepare position papers on
the information required . DOE for evaluation of their waste package.
Of significance here is identifying sensitive parameters affecting the
performance of materials and identifying data requirements.

To achieve the above objectives, the waste-form task is providing infor-
mation to give a better understanding of the release of radionuclides
from the waste form, beginning at the time it is first contacted by
groundwater, through the 10,000-year period defined in the EPA Standard.
This includes an understanding of the probable physicchemical 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 paramet: rs that affect dis-
solution of the waste form, including composition of the groundwater and
environmental conditions. The waste-form dissolution process is also
being mathematically modeled to allow analysis of the performance of the
waste form under specific input conditions.

The information on the performance of the overpack materials relates to
the required containment period of 300 to 1000 years, Overpack perform-
ance is expected to be most affected by corrosion and hydrogen-attack
processes. We are attempting to provide information on the parameters
of overpack-material composition, groundwater composition, and environ-
mental conditions that are most significant in these processes. OQur
preliminary study of the titanium alloy in brine did not reveal any con-
ditions that would cause general corrosion, pitting, crevice corrosion,
or stress-corrosion cracking to affect the good performance of the mate-
rial as claimed in the literature. However, vapor-phase attack was
identified; this could degrade the material and should be more
thoroughly investigated if the DOE selects this material for use.

Our studies of cast low-carbon steel in a basalt environment are cur-
rently focused on the susceptibility of the metal to stress-corrosion
cracking under repository conditions, because steel is known to fail by
this process in some environments., We are studying the chemical species
and environmental conditions that cause cracking to determine whether
this mode of failure is expected under credible repository conditions,
Our experimental studies on general and localized corrosion, together
with our comprehensive general-corrosion model, will assist in
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evaluating the corrosion-allowance approach for the use of steel as a
long-life container.

Although the development of an integrated waste-package system model is
no longer included in the scope of this project, nodelin? efforts in the
integrated system-performance task are contributing significant infor-
mation to studies of general corrosion and glass and spent-fuel dissolu-
tion. These studies require knowledge of the amount and kind of chemi-
cal species that may be produced by radiolysis of the groundwater near
the waste package 2. a result of gamma radiation from the enclosed
waste. To obtain this information, energy deposition and radiolysis
codes are used., To determine how these radiolysis products may affect
the performance of the overpack and waste form, their chemical activi-
ties are calculated by the water-chemistry model, using as input data
from experiments and from the groundwater-radiclysis model. The output
from the water-chemistry model is the concentration and activity of each
chemical species in the groundwater near the waste package. This infor-
mation is used not only as input to the general-corrosion and glass-
dissolution models but also as a point of reference in directing the
experimental efforts in corrosion and dissolution. Some effects of
radiolysis may be observed in the integral experiments that are being
conducted., The integral experiments will provide insight into the role
of cladding in the release of radionuclides from spent fuel and will
help to identify certain combined-effects processes, possibly syner-
gistic in nature, that may affect the performance of the overpack and
waste form,
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2. WASTE FORMS

Waste-form experimentation is being directed away from an emphasis on
glass leaching to the leaching/dissolution behavior of unirradiated and
spent fuel. ODuring this quarter, a 32-day experiment evaluating the
leaching behavior of devitrified MCC 76-68 simulated waste glass was
conducted. The analysis of leachates (to be conducted next quarter)
from this experiment will conclude our efforts on glass-leaching experi-
mentation. Important results obtained this quarter from the glass-
dissolution and crystallinity experiments are summarized in Sec-

tions 2.1.1 and 2.1.2, respectively.

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

e Unirradiated U0z--no external radiation field
e Unirradiated U0p--external radiation field
e Irradiated fuel.

The experiments will be carried out with the specimens placed in contact
with flowing simulated tuff, vasalt, and brine groundwater and distilled
water. Each of the tests will be conducted for a minimum of nine
months, or until steady-state leach rates are observed. Progress on the
first of these tests this quarter is described in Section 2.2.1.

Waste-form dissolution modeling has continued, and results of the glass
dissolution experimerts have been compared to the model to validate an
analytic description of the dissol.tion/reprecipitation kinetics.

2.1 Glass Experiments

2.1.1 Glass-Dissolution Mode! verification

The results of an experiment to verify a numerical model for the long-
term dissolution and reprecipitation behavior of MCC 76-68 «imulated
waste glass in water at 90 C have been reported at length in the
previous two quarterly reports. In summary, we have observed that at

90 C, silice dissolving from MCC 76-68 reprecipitates as a crystalline
zinc silicate phase, probably willemite, in the glass surface alteration
layer. The zinc silicate precipitate controls the solubility (and
hence, the dissolution rate) of silica in the leachate at a value inter-
mediate between the experimental solubility of amorphous silica and the
calculated solubility of ZnSi03, which approximates the composition of
the observed reprecipitate, A;ter an initial equilibration period
(represented by time equivalents of 0 to around 2,500 days/meter in
Figure 2.1), the solubility of silica in the leachate levels off,
reflecting steady-state kinetics between the dissolution and reprecipi-
tation reactions. The quantity of zinc silicate crystals in the altera-
tion Tayer increases with time, as observed in scanning electron micro-
photcgraphs. The data in Figure 2.1 have been fitted by a first-order
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regression analysis, yielding ~2te constants of 5.382 x 10-4 for the
dissolution reaction and 3.871 x 10-4 for the reprecipitation reaction

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

2.1.2 Crystallinity Influences

The glass crystallinity experiment was completed at the end of this
quarter. In brief, two sets of samples doped with Ru0p as a heterc-
geneous nucleating agent were prepared for leach testing at 90 C. Three
digestion bombs with high surface-area-tc-volume ratios were prepared
for each crystallinity condition, as were two reference bombs containing
untreated MCC 76-68 glass. These samples were exposed to reagent-grade
water at 90 C for 32 days, a time increment equivalent to one of the
data points in the model-verification experiment. Exposure at these
conditions was completed late in the reporting period.

The leachate for each bomb has been submitted for analysis of dissolved
S‘Of' Once these analyses are complete, [CAP spectroscopic analyses

will be used to determine the concentrations of rare earth oxides and
selected transition metals in the leachates. Scanning electron micro-
scopy (SEM) will be used as needed to investigate changes to the surface
of the samples. The details of these analyses will be provided in the
annual report for this project year next quarter.

2.2 Spent-Fuel Experiments

2.2.1 Experimental Leach Rate Experiments

The objective of the spent-fuel and UOp leach tests to be conducted
under this program is to generate high-quality data on spent-fuel and
U0z leach rates under expected repository (i.e., anoxic) conditions. As
described previously, three different flow-through tests are being or
will be conducted. The first of these, an evaluation of unirradiated
UO2 leach behavior in the absence of an external radiation field, was
started November 16, 1985. The second and third tests are planned to
begin in early February and early April, 1986, respectively.

A1l three tests will be conducted in nearly identical agueous geochemi-
cal environments, except for the external radiation field. This will
allow us to isolate and characterize the magnitude of the effect of
radiolysis on UO; and spent-fuel leach rates. The most critical
variables are shown in the second °?9 igird columns of Table %21’ The
leacrates include a simulated brine(Z.1) (WIPP gsme A), tuff(2.7)
(Yucca Mountain J-13 well water), and basalt(2. roundwater as well as
distilled water. The serace-area—to-volume (SA/V? ratio is also varied
between 5 and 50 meter-! to evaluate the effect of this variable on U0}
and spent-fuel leaching. The latter consideration is intended to
facilitate evaluating solubility control on leach rates. Anoxic
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Table 2.1. Results of UDp ieach tests through day 50 of the
experiments conducted in the absence of an external
radiation field.

Synthetic
Reaction Leachate SA/V Uranium Corcentration

Vessel Number Composition (meter-1) TDay 20 ﬁ§$25&'
1 Brine 5 0.08 0.12

2 Brine 5 0.07 0.12

3 Brine 5 0.06 0.09

4 Brine 50 0.11 0.10

5 Brine 50 0.09 0.68

6 Tuff 5 <0.01 0.01

7 Tuff 5 <0.01 0.02

8 Tuff 5 <0.01 <0.01

9 Tuff 50 0.03 0.01

10 Tuff 50 0.01 <0.01

11 Basalt § ' <0.01 <0.01

12 Basalt 5 <0.01 0.01

13 Basalt 5 <0.01 <0.01

14 dasalt 50 0.04 0.03

15 Basalt 50 <0.01 <0.01

16 Distilled Water 5 <0.01 <0.01




conditi?ns ?re being established and maintained using the method of
Jantzen'2.4) who produced low redox potentials (i.e., -0.15 to -0.45
volts) in simulated groundwater by exposing it to high SA/V-ratio
ductile iron. The carbon steel reaction vessel provides additional
redox buffering capacity. Leachate redox potential will be established
bg a specially designed in situ Eh measurement device, which will allow
the Eh of the leachate exiting the reaction vessel to be measured with-
out contamination by atmospheric gases. This cell is currently being
prepared and will be available for use in this program sometime next
quarter,

All of the lcach tests are flow-through in design, using pulsed flow.

At least initially, leachate samples are being collected at a frequency
of 20 to 30 days. At the time of sampling, the leachate that is being
withdrawn from the experimental vessel is replenished with an identical
volume of leachate, which has been equilibrated with ductile iron for at
least 24 hours to consume oxygen and lower the redox potential. At each
sampling, the volume of leachate collected is small in comparison with
the total volume of leachate in the reaction vessel and is adjusted to
yield an equivalent contact time of 1 year.

The results of the first experiment through day 50 are shown in

Table 2.1. Total uranium concentrations in all of the 16 reaction
vessels are very low, and the only statistically significant effect is
that uranium concentrations in brine are several times higher than those
in tuff and basalt groundwater and distilled water, which are barely
detectable or not detectable at all by the fluorometric analysis pro-
cedure, We plan to continue to collect data on this experiment for at
Teast another 315 days to determine any changes in U0 concentrations
with time,

The second unirradiated U0, leaching experiment, which will be identical
to the experiment describeg above except having an external radiation
field of approximately 104 rads per hour, will be started in the next
several weeks, The spent-fuel test is currently scheduled to begin
early in Year 5 of this program. All three tests will be conducted for
at least one year, This experimental plan, taken as a whole, is
intended to be the definitive study for comparing the leach behaviors of
unirradiated and irradiated fuel in repository-relevant chemical
environments. This one-and-a-half year study should also show whether
spent fuei is as insoluble as unirradiated U0, under anoxic conditions
and if there is selective leaching of some raSionuclides from spent
fuel ,

2.2,2 Quality Assurance Procedures

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

o Laboratory Procedure for the Preparation of Simulated
WIPP Brine A, WF-PP-32, Revision 1, November 18, 1985
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e Laboratory Procedure for the Fluorometric Analysis of
Uranium in Ground Water and Brine, WF-PP-17, Revisien 0,
November 26, 198%5.

2.2.3 Radionuclide Distribution in Spent Fuel

A task was started to summarize the available informatiun on the distri-
bution of selected radionuclides (Am, Cs, Np, Th, Pu, I, Sn, Sr, Tc, C)
in spent fuel. These elements were selected on the basis of their long
half-lifes and activity in spent fuel. The emphasis is on microscopic
distribution (for exampie, within grains and grain boundaries) rather
than macroscopic distribution of these radionuclides. This information
will be very useful in analyzing the data generated in the spent-fuel
leach rate studfes and in the integral experiments.

During this quarter, initial discussions were held with personnel at the
Karlsruhe Nuclear Research Center in West Germany and at Argonne
National Laboratory on the feasibility of using analytical technigues
such as electron microprobe analysis and Auger electron spectroscopy to
characterize the distribution of the above radionuclides. In addition,
the discussions also focused on t?s gse °£ available theoretical m?ge}i
such as the Booth Diffusion Mode1(2.3, 2.8) or the FASTGRASS Model(Z-

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

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

2.3 MWaste-Form Dissolution Modeling

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

For the glas? déssglgsion/reprecip!tation mode! developed earlier under
this program 2.8, 2. , both the glass-dissolution reaction and the pre-
cipitate-growth reaction were assumed to follow first-order kinetics,
that is, to vary linearly with the supersaturation. Thus, the rate of
glass dissolution was assumed to be proportional to Cy - C and the rate
of precipitate growth to be proportional to Cy - C, where Cy and C, are
the saturation concentrations in the groundwater of the species (sili-
con) controlling the kinetics, measured with respect to the glass and
the precipitate, respectively, with C being the instantaneous concen-
tration of dissolved silicon in the groundwater. The resultant model
yielded a relatively good "fit" to the experimental data obtained under
this program in the glass-dissolution experiment, as is shown in

Figure 2.1.
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It has been pointe ogi however, (e.g., Hohmann and Kahlweit(2.10),
Reich and Kahlweit!(2. ’) that crystal growth from solution is, in
general, determined by second-order kinetics, in which case the precipi-
tate growth under present censideration would proceed at a rate propor-
tional to (Cy - C)2. I? th;s light, the dissolution/reprecipitation
model developed earlier(2.8) was generalized to account for precipitate
growth occurring by second-order kinetics, assuming still that the glass
dissolution takes place via first-order kinetics.

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

dC KS '

1 ' 2 (2'1)
PR (c o C) - K (c - C)
a¢ v ° T

where t represents time, K is the rate-constant for glass dissolution, S
the surface area of the glass, V the volume of solution, and K' 2n
effective rate-constant for precipitate growth. Equation 2-1 is valid
within the regime Cqg< C< C. The constant K' may, in general, be
dependent upon time, Fut Only the simple case for which it is assumed to
be time-dependent is considered here. This particular case was con-
sidered in detail, for first-order reprecipitation kinetics, in Refer-
ence 2.8; the case for which K' was assumed to increase linearly with
time, again for first-order reprecipitation kinetics, was considered in
Reference 2.9.

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

T = KSt/V (2-3)
r3 Cg/C (2-4)
= K'V Co 2_5
B = (2-5)
In these terms, Equation 2-1 becomes
dc =1 .5 -B(r-s)? (2-6)
dr

with this equation being valid for r < s g.} he definitions of s,

t, and r are the same as those used earlier 2. with the definition of
B being modified somewhat from its prior form(z-é) to account for the
second-order kinetics.

One can readily show that the solution of Equation 2-6 can be expressed
as follows:
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$op s %5 ;-1 + ) tanh [@ (x = 1p) + tanh~ L (%)] : (2-7)

where
[1+8 (1-r)1/2 (2-8)
(2-9)

A

TP In (T%F) .

Equation 2-7 is valid for 1t > 1y (for which r < s < 1), the definition
of tp being consistent with thag used in Reference 2.8, At least in a
qual?tative sense, the variation of s with v, as predicted from Equa-
tion 2-7, is similar to that obtained from the model based on first-
order reprecipitation kinetics (Equation 2-24 of Reference 2.8). In
other words, s rises monotonically from its value of r at time Tp and
asymptotically approaches the value s=1,

2.3.2 Application to Glass-Dissolution Experiment

To apply the above analysis to the data obtained from the glass-dissolu-
tion experiment, it is first convenient to al;er ;he form of the effect-
ive rate-constant K', as was done previously(2.12) for the case of
first-order reprecipitation kinetics. For the reasons already
cited(2.12) | the effective rate-constant for this particular experiment
is proportional to S/V, in which case we define

K' = K* §/(CoV) (2-10)

where K" is another effective rate-constant, but one that is independent
of S/V. (The CQ factor in Equation 2-10 is arbitrarily included simply
to make K and K" have the same units,) Upon combining Equations 2-5 and
2-10, we find thot the parameter B has the simpler form

B = K"K . (2-11)

Other than this, the analysis presented above remains unchanged,
Clearly, with this new form for K', the right-hand side of Equation 2-8
is independent of S/V, so that, a. with the case for first-order repre-
cipitation kinetics, the extent of glass dissolution and precipitate
growth is uniquely determined by the magnitude of the parameter St/V.

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

Comparison of second-order kinetics to first-order kinetics will con-
tinue next quarter,
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3. OVERPACK CORROSION

During this year, the overpack corrosion studies have focused on the
carbon steel-basalt system, although it is recognized that other reposi-
tories have equal or greater probability of being licensed. By focusing
the research in this fashion, the inefficiencies associated with fre-
quent switching from system to system are minimized. Moreover, many of
the methodologies developed in the program and some of the data obtained
are applicable to other repository systems. The three continuing over-
pack corrosion tasks include potentiodynamic polarization studies, slow
strain rate studies, and pitting-kinetics studies. The objective of
these tasks is to investigate the iocalized corrosion behavior of carbon
steel in repository environments.

Corrosion modeling studies are continuing with current emphasis on
enhancing the general-corrosion model and developing a pitting-corrosion
model. Basic equations to describe the effect of water radiolysis on
general corrosion are being evaluated, and a pit-propagation model is
being extended to account for the results of previous pitting-kinetics
experiments.

3.1 Potentiodynamic Polarization Studies

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

As explained in the Year Three Annual Report(3:1), in the potentio-
dynamic polarization procedure, the polarity and magnitude of the
current flow between a metal specimen ard an inert counter electrode are
measured as a function of electrochemical potential. A polarization
curve is plotted as the logarithm of net current density versus the
electrochemical potential. For the anodic portions of the curve, the
current measured is equal to the corrosion rate of the specimen if two
conditions are met: (1) the over potential (difference between the
free-corrosion potential and the polarized potential) is large enough
such that the rates of the cathodic reactions are negligible, and

(2) the rates of parasitic oxidation reactions are negligible.

A schematic of anodic polarization curves showing several types of
behavior are given in Figure 3.1. For the active-corrosion case, the
anodic curve is linear on a potential vs. logarithm of current (E-log 1)
plot, and the forward and reverse scans are coincident. The presence of
a peak in the anodic portion of the curve followed by a decrease in
current with increasing potential, generally indicates the onset of
passivation., The occurrence of hysteresis between the forward and
reverse scans indicates pitting. Where the hysteresis loop is very
large, the protection potential may be very close to the open-circuit
potential, indicating a high probability of pitting in service.
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Figure 3.1. Schematic of typica' anodic potentiodynamic
polarization curves.

Ecor = corrosion potential; Ep;t = potential at which pits
1n?t1ate en forward scan; Epr:t = potential at which pits

repassivate on reverse scan; gcor = current density at the
free-corrosion potential; ipax = current density at active
peak; ipas = current density in passive range.
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The potentiodynamic polarization technigue also has been found to be
useful in 1denz1f¥1ng possible SCC environments for carbon steels. It
has been shown(3:2) that SCC is associated with envirorments that pro-
mote active-passive behavior and that the range of electrochemical
potentials that promotes SCC is near to and more noble spg§1t1ve) than
Emax (see Figure 3.1). Moreover, it has been observed(3-¢) that severe
cracking occurs in envé;gnments when ipay, on the fast scan is greater
than about 1 x 10-3 A/cmé and where the fast scan exhibits at least an
order-of-magnitude higher current than the siow scan.

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

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

Prior to testing, the working electrode remains in the test solution
overnight while the solution is sparged with the desired gas mixture.
The pnlarization scans are then started approximately 16 hours after the
working electrode is immersed in the cell. Partial cathodic and full
anodic polarization curves are obtained by scanning at a rate of

0.6 V/hr and beginning the scan approximately 10U mV more negative than
the free-corrosion potential. The current for the anodig curve is
scanned until a current density of approximately 3 x 10-° A/cm€ is
attained; the anodic scan is then reversed until repassivation occurs
and the current changes polarity, becoming cathodic. When the polari-
zation plot is completea, a new steel specimen is inserted into the
polarization cell containing the same solutfon and is immediately
polarized to a potential of approximately -0.90 V (SCE). Within five
minutes of immersion, a fast anodic scan is performed using a scan rate
of 18 V/hr. After the polarization scans are completed, the following
polarization parameters are obtained from the polarization curves of
potential (E) versus logarithm of current density (log 1), Tcors Ecors
ipass Epits Eprots and Imax (imax obtained from the fast-scan curve?.

As described in the Year Three Annual Report.(J-l) a statistical experi-
mental design approach is being used to evaluate the influence of
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environmental variables on the electrochemical behavior of carbon steel
in simulated repository environments. The statistical anmalysis per-
formed and presented in the Year Three Annual Report used the design
values for the chemical concentrations of the eleven control variables.
Because of solubility considerations and interaction among variables,
e.g., most notably pH/C03-?/MC03-, the design concentrations of the
variables were not realized. Therefore, part of Year Four work involved
analyzing the actual concentrations of the elements present in the
solutions for the experiments previously performed.

During the polarization experiments in Year Three, solution samples were
collected from each experiment. As part of the coliection procedure, a
filtering process was used to remove any precipitate present in the test
solution. Therefore, the sample consisted of only the dissolved species
present at the time the test was performed. Prior to amalysis, any pre-
cipitates that formed auring storage of the samples were redissolved, so
that the analyses performed provided elemental concentrations represent-
ative of those present in solution at the time of testing.

The statistical analysis that was described in the Year Three report was
then repeated, using the actual concentrations of the species in solu-
tion, rather than the design concentrations. The analyses of the data
are still in progress, but the results of the regression analyses are
presented in Tables 3.2 and 3.3.

lable 3.2 shows the main-effect terms at a 90 percent probability of
significance level. The arrows indicate the direction of the regression
coefficient. Th. table compares the results of the regression analysis
for the designed chemical data (Year Three Report) to the regression
analysis for the analyzed chemical data. The measured concentrations of
some of the variables were significantly different from the designed
concentrations, e.g., for Si, Fe, F, and CO3/HCO3, so it is not sur-
prising that the regression results were altered. Several new effects
were observed and some effects were dropped with the new analysis. How-
ever, the main effects which showed up in both analyses had the same
direction with the exception of Epj¢ and Eprot for pH and Epit for
NC3/NO2. [n all cases, the new ana%ysis. which used the analyzed solu-
tion concentrations, is believed to give the more reliable prediction of
the true effects of the species on corrosion.

Table 3.3 shows a similar comparison for the two-factor interaction
terms. As for the main-effect terms, several new effects were identi-
fied when the analyzed solution concentrations were used. The only
contradictions when both analyses showed the same effect were for Epqt
and Eprot for the pH x CO3 interaction and Ecopr for the 5103 x 07 inter-
action., Also, three interaction terms were ?ndicated as having several
effects on the corrosion parameters which did not show up in the
previous analysis; these were pH x 5103, pH x €0, and NO3 x Si03.

The statistical analysis of the data is proceeding, and refinements to
the analysis may result in the removal of some of the reportea effects
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Table 3.2, Summary of main-effect terms for main matrix
comparing the statistical results based on
designed chemical data yi}h those based on
analyzed chemical data,\d

log log log
Ecor Tcor Tmax ipas Epit Eprot
pH -- v v R vt vl
c T gt et | TR U S
: R N e ey o v
Fe ‘- - - ’. - - - - - -
cogmco; 44 4= 44 -- 4 %
N03/N02 e’ “ - - - - " - -
803/8407 - - - - - - - - -‘ e’
5103 e' .‘ - - .' ’- e-
HZOZ - - f’ - - .' - - - =
02 -’ - - - - - - ” - -
(a) f or ' : increase or decrease, respectively, in response para-
meter (Ecqr, etc.) resulting from increase in control parameter
(pH, C1, etc,) for main matrix with designed chemical data ,

f or ; : increase or decrease, respectively, in resporse
parameter resulting from increase in control parameter for main
matrix with analyzed chemical data,

- indicates that no effect was observed,



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

log log log

Ecor icor Tmax ipas Epit Eprot
pHxC1 H { -4 Ay - W ' - v 4
TR ¥ SR T L I X
pHXN03 6 ‘ - = - - ‘ - - - -
pHXBOJ 6 - - - . ‘ - ’ - ’ - -
pHxSi03 ; - - - - - ‘ - ‘ - 6 -
pHXHzoz - - ; - ; - - - - - - -
phady O R T T T S
pHxCO - - ; - ; - - - 6 - ‘ -
ALY SRR Y S PU ¥ R ¥ B
CIXN03 - - % ’ - o e ’ - - ’ -
C]XB03 - - - - - ’ ; ’ ‘ ’ ; ‘
C‘KHZOZ ; - - - ; . ‘ ' - - - -
COJXH?OZ ; ' - - - - - - - - - -
C03102 - - - - - - - - - - - -
N07X803 - - - - - - - - - - - -
NO3x5103 % - ; - ; - ; - ; - - =
030, o T T R Y B Y
BOZXSi03 - - - - - - - - - - ‘ ‘
BOZKHZOZ - - ‘ ' - - - - - - - -
$104x07 v 4 - - - e -4 - = - =
H202x02 v ‘ - - o - e ; - - -
(a) f or § : increase or decrease, respectively, in response

parameter (Ecop, €tc.) resulting from increase in control parameter
(pH, C1, etc.) for main matrix with designed chemical data.

g or ‘ ¢  increase or decrease, respectively, in response
parameter resulting from increase in control parameter for main
matrix with analyzed chemical data,

- indicates that no effect was observed,



in the final model to be outlined in the Year Four Annual Report. A
large portion of the analysis yet to be completed involves considering
the correlations that resuited from not meeting the designed concen-
trations. The experimental design initialiy represented very low corre-
lations among all of the effects being considered. Because these
designed concentrations were not met, some correlations among effects
occurred. These possible correlations will be considered during further
analyses in the fourth guarter of Year Four research.

When the final analyses are completed, the results of the potentio-
dynamic polarization studies will be used to predict species and inter-
actions of species that are especially deleterious to the localized
corrosion behavior of carbon steel in a repository. These data will
then be used to guide future research ir which localized corrosion in
these deleterious environments will be investigated in greater detail.
As described in other sections, some of these experiments have been
started or are planned for the n2ar future. That a given environment is
deleterious must be established through independent laboratory, field,
and modeling studies of the repository geohydrology.

3.2 Slow Strain Rate Studies

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

3.3 Pitting-Kinetics Studies

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

Accordina’y, experinents were undertaken to characterize the pit-
propagation behavior of carbon steel in simulated basalt-repository
environments. Two types of experiments are bteing performed: weight-
loss experiments and electrochemical pit-propagation experiments., The
objective of these experiments is to characterize the pit-propagation
behavior of carbon steel in simulated repository enviromnments and to
develop an understanding of the mechanism of attack. Results of experi-
ments performed this reporting period are discussed below.

3.3.1 Electrochemical Pit-Propagation Experiments

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

A standard procedure has been developed to initiate pitting with the
moniter. This procedure consisted of (1) pre-packing the simulated pit
with a paste prepared with an electrolyte and Fe304, (2) deaerating the
test solution for 24 hours to fully deaerate the pit, during which time
the simulated pit and boldly exposed surfaces are not coupled, and

(3) aerating the test solution and coupling the simulated pit and boldly
exposed surface through the zero-resistance ammeter (ZRA).

Double-walled PYREX* cells are used in the experiments so that the temp-
erature can be controlled by flowing a heat-transfer solution in the
annular region between the inner and outer walls. The cells consist of
(1) a counter electrode cell containing * platinum electrode for poten-
tiodynamic or potentiostatic measurements (2) a reference electrode
cell containing a saturated calomel electrode (SCE) for electrochemical
potential measurements, (3) a platinum wire for Eh measurements, (4) a
frit bubbler for deaeration or aeration of the solution, and (5) provi-
sions for refreshing the solution continuously. Prior to the test, the
specimens are cleaned with acetone and assembled, and the simulated pits
are packed with a pasie as previously described. The specimens are then
inserted in the cell, the test solution is added, and the experiment is
started. During the course of the experiment, coupled pctentials, Eh,
temperature, and galvanic current flow are continuously monitored and
recorded with a data acquisition system. Solution and gas flow rates
are continuously monitored and maintained at 40 cc/hour and 10 cc/min,
respectively.

During Year Three, it was found that the simulated pits passivatad
during the course of the experiments when they were packed with a basalt
groundwater -Fe304 paste. It was thought that this passivation led to
non-conservative estimates of the rate of pit propagation; accordingly,
experiments were carried out to attempt to activate the pits.

The pits were packed with acidified Fe304 pastes, prepared with 0.1 N*+
or 0.01 N HC1 and Fe?04 rather than with basalt groundwater and Fe304.
The results of the electrochemical measurements performed on these pits

* PYREX is a registered trademark cf Corning Glass Works.
** N = Normal.
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In the first electrochemica! test performed this quarter, the pit-
propagatior experiments (performed last gquarter) were repeated with an
inert-wall geometry. As in the previous tests, the experiments were
performed at 75 C in basalt groundwater with pit; having a diameter-to-
depth ratio of 1:5 and with two packing pHs: 0.1 N HC1 (Cell A) and
0.01 N HC1 (Cell 8). As in the previous tests, the current and coupled
potential were monitored during the course of the tests, and on a daily
basis the pit and BES specimens were uncoupled and their potentials were
measured over a 30-minute period. The cells were then recoupled and the
current and coupled-potential measurements were resumed.

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

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

The data in Figure 3.5 also show a potential difference of about 100 mv
between Cell A (.01 N HC1 package paste) and Cell B (0.1 HC1 package
paste) for either the BES or the pit specimen in the respective cells.
This behavior was found to be the result of a defective reference elec-
trode in Cell B and is thus of no conseguence. This finding, however,
does not alter the conclusions reached from the data in any way since
the pit and BES specimen potentials for each cell were measured with
respect to a single reference electrode. Thus, the net displacement of
the potential of the calomel electrode affected the absolute value of
the potential readings for a given cell but did not alter the potential
difference between the pit and the BES for that cell.

In a second short-term electrochemical expe: iment, stable pitting was
estahlished for active-wall and inert-wall pits, and a glass micro-
capillary was moved down the pits to measure the effect of pit-wall
activity on the potential profiles. These experiments were somewhat
different from the previous ones in that they were performed at room
temperature and with zirconia packing rather than Fe304 packing. This
was done to minimize an ocozing phenomena* that had been noted with
experiments performed at elevated temperatures with this paste. As in

* In several of the experiments, it was noted that the Fe304
packing paste expanded and nozed out of the pits during the tests.
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the previous tests, a diameter-to-depth ratio of 1:5 was used and the
experiments were performed with basalt groundwater and a 0.1 N HC1 pack-
ing paste,

The potential measurements were performed with the BES specimen and the
pit specimen uncoupled so that no current was flowing from the pit
bases, Results of this experiment are given in Figure 3.6. These data
show that there was no potential gradient down the inert-wall pit and
that, for this pit geometry, there was a significant difference between
the potentials of the pit base and the boldly exposed surface, The
absence of a potential gradient down the pit indicates that there was no
current flow. The large potential difference between the pit base and
the BES provides the driving force for pit propagation,

As shown in Figure 3.6, the behavior of the active-wall pit was quite
different from the inert-wall pit. There was no apparent driving force
for pit propagation as indicated by the similarity of the potential of
the BES and pit measur2d at the pit mouth, On the other hand, a signi-
ficant potential gradient existed down the pit and was most steep near
the pit mouth, Deep within the pit, the potential of the pit base was
similar to the uncoupled potential for the inert-wall geometry, The
implication of these results for the active-wall geometry is that, in
the absence of current flow from the pit base, significant current flow
occurs near the pit mouth and creates the high IR drop observed, This
effectively shields the pit base from the field of the boldly exposed
surface,

During this reporting period, AC impedance experimerts also were per-
formed in conjunction with several of the pit-propagation experiments,
The objective of these experiments was to obtain an estimate of the
resistance down the pits and to evaluate the influence of pit wall
activity and other variables on the ivesistance, The technigue also
provides information on polarizatiorn resistance, which is inversely
related to corrosion rate, and on other electrochemical parameters such
as the interfacial capacitance.

The experimental technigque is simple in concept. A Solartron Model 1250
frequency response analyzer in conjunction with a potentiostat is used
to apply a low-amplitude (+ 20 mV) AC voltage to the specimen, and the
magnitude and phase shift of the AC current response is then measured,
Measurements are performed over a range of frequencies and the data’
obtained are analyzed assuming a simple analog electrical model, which
is shown in Figure 3.7, The electrical interface is assumed to be a
resistance R, in parallel with a4 capacitance, C, which are both in
series with a solution resistance, Rg. A typical Bode plot, which is a
plot of the cell impedance and phase angle as a function of frequency,
is given in Figure 3.8 with the values of Rg, Rp, and C indicated. The
value of Rg is equal to the value of Z at large values of w since the
series capacitance becomes shorted at high frequencies; Z. = 1/juC + 0
as w -+ =, At low frequencies, Z; becomes very large (asw + 0, Zo + =)
and the total impedance becomes Z = Rg + Rp. Therefore, both Rg and Rp
are easily determined,
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The value of the capacitance is somewhat more difficult to calculate.
For an ideal system, the slope of the curve between the low and high
frequency plateaus is egual to -1, which corresporis to the siope for a
pure capacitor;

Z=1/juC + loglZ=(-1)log juC.

By extrapolating this line to w = 1, the value of C can be calculated;
Z,=1 = 1/C. In practice, the slope of the curve is rarely -1 and thus a
—Y slope is generally extrapolated from the inflection point on the
curve to « = 1 in order to calculate C.

A summary of the AC impedance experiments performed this quarter is
given in Table 3.4. Although the data are limited at this time and it
is difficult to identify clear trends, several interesting features are
notewor hy. First of all, the solution resistance data, Rg, clearly
show the . "'y resistive nature of the pits in comparison to the BES
specimens. Rg alues for the BES specimens were less than 5 ohms;
whereas, R¢ values For the pits were 2 tc 4 orders of magnitude higher.
Thus, the is values for the pits represent the resistance down the pits
since the R values for the BES specimens are extremely low. The data
seem to ind?cate that R¢ values are higher for inert-wall pits than for
active-wall pits. Significant differences between the data, e.g., wy*
and C values, for the two sets of experiments, 14 and 15, are apparent
and may relate to the different temperatures used for the experiments.
As data become available, tnese trends and their significance will be
studied in greater detail.

3.3.2 Weight-Loss Experiments

Weight-loss tests of 1000-hours duration were carried out on simulated
pits to aid in interpretation of the electrochemical experiments.
Specimens having the same geometry as those used in the electrochemical
pit-propagation experiments, but shortened in the axial direction, (see
Figure 3.2) were exposed to three environments: a pitting environment,
aerated basalt groundwater, and deaerated basczg ?Soundwater at 75 C.
The pitting environment was solution Number 47(3-1) from the potentio-
dynamic polarization task and was selected on the basis of the results
of those studies.

Other variables in addition to test solution composition and degree of
aeration that were included in the experiments were pit diameter-to-
depth ratio /1:1 and 1:2), coupling of the pit to the boldly exposed
surface (ccupled and uncoupled), and the pH of the Fe304 paste used to
pack the pits (about pH=1 (0.IM HC1) and about pH=2 (0.0IM HC1)). The
experiments were carried out in a flow-through system with the solution

* wy = frequency at maximum phase shift.
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Table 3.4. Summary of AC impedance data obtained for experiments
14A, 14B, 15A, and 15B.

Packing Rg Rp w C Test
Run No. Packing Normality  Wall Specimen (ohms) (ohms=-cm?) (Rag/s) (uF/cm?) Temperature

14A Fe304 0.0l N Inert Pit  2.53 x 103 99 0.064 3.93 x 104 75 ¢
14A Fe304 0.01 N Inert BES* 0.79 81 0.068 1.33 x 10° 75 C
148 Fe304 0.1 N  Inert Pit  2.58 x 104 304 0.068 4.36 x 103 75 C
148 Fe304 0.1 N Inert BES 1.39 57 0.066 0.37 x 104 75 C
15A Zirconia 0.1 N Act. Pit 623 447 9.47 653 25 C
15A Zirconia 0.1N Act. RES 4.02 898 6.11 371 25 C
158 Zirconia 0.1 N Inert Pit  1.37 x 104 1.78 x 103 1.0 349 25 C
158 Zirconia 0.1 N  Inert BES 2.93 672 5.65 553 25 C

* Boldly Exposed Surface.



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

Results of the weight-loss tests for the three environments are given in
Figures 3.9 to 3.11. Figure 3.9, which contains data for the deaerated
basalt groundwater, shows that the BES specimens had, in general, very
low corrosion rates in this environment, 25 to 50 um/yr, which were not
affected by pit diameter-to-depth ratio or packing pH. The corrosion
rates of the BES specimens appeared to be slightly lower for the coupled
than for the uncoupled condition, as one might expect, but the differ-
ences were small,

The corrosion rates for the pits were generally higher than for the BES
specimens (200 um/yr versus 25 to 50 .m/yr) but, nevertheless, were
moderate. There was no systematic effect of pH, coupling, or diameter-
to-depth ratio on the corrcsion rate of the pits. Thus, in the
deaerated basalt groundwater, the corrosion rates of the pits were
moderate and were probably controlled by the environment that developed
within the pits.

Results of the weight-loss experiments performed in the aerated basalt
groundwater are given in Figure 3.10, where it can be seen that the
corrosion rates for the boldly exposed surfaces were quite high, about
500 um/yr, and that there was considerable scatter in the data. Optical
examination of the BES specimens indicated that the high corrosion rates
were the result of occluded cell corrosion occurring beneath deposits.
The data in Figure 3.11 alsc show that uncoupled corrosion rates for the
pits were comparable to the corrosion rates for the BES specimens,
whereas coupled corrosion rates for the pits were considerably higher
than corrosion rates for the respective BES specimens at a diameter-to-
depth ratio of 1:1. This coupling effect appeared to drop off rapidly
with increasing pit depth; for the 1:2 diameter-to-depth ratio pit, the
effect of coupling on the corrosion of the pits was much less
pronounced.

The corrosion data for the aerated pitting solution are given in

Figure 3.11. These data exhibit much less scatter than that observed
for the aerated basalt groundwater but, nevertheless, the trends in the
data were similar. Coupling clearly accelerated the rate of attack of
the pit, and the effect of coupling dropped off rapidly with increasing
diameter-to-depth ratio. Corrosion rates shown in Figure 3.11 for the
BES specimens were extremely low, indicating that the pitting solution
effectively passivated the surfaces of these specimens. The data in
Figure 3.11 also indicate that the packing pH did not have an effect on
the corrosion behavior of either the pit or the BES specimens.

To investigate the effect of the diameter-to-depth ratio of the pit and
the relationship between pit-wall activity (inert versus active wall) on
pitting rates, another matrix of 1000-hour exposures was performed.
These tests were performed with a single packing with a pH of 1 in the
aerated pitting solution. The previous tests did not indicate a large
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effect of packing pH and the data for the pitting solution exhibited
much less scatter than the data for the aerated basalt groundwater.
Four diameter-to-depth ratios were studied (1:0.5, 1:1, 1:2, and 1:5)
and all specimens were coupled.

Resuits of the 1000-hour exposure are given in Figure 3.12. As was
observed in the previous tests, the corrosion rates of the BES specimens
all were quite low. On the other hand, the corrosion rates of the pits
increased with decreasing diameter-to-depth ratio, from 300 to 500 um/yr
at 1:0.5 to 1400 to 1700 um/yr at 1:2. Below that diameter-to-depth
ratio, the corrosion rate for the active-wall pit dropped off rapidly,
from 1700 um/yr at 1:2 to 250 um/yr at 1:5, whereas the corrosion rate
for the inactive-wall pit dropped off more gradually with increasing
depth, from 1400 .m/yr at a diameter-to-depth ratio of 1:2 to 1050 um/yr
at a diameter-to-depth ratio of 1:5. The trend for the 1:2 and 1:5
diameter-to-depth ratio pits for the inert-wall case is comparable to
that predicted from the inert-wall pit model, whereas the trend for the
active-wall case is comparable to that estimated from the previous
experiments. However, the trends in the data for the (shallcw) pit of
increasing pitting rate with increasing depth was not at all consistent
with the results of the previous experiment (compare Figure 3.11 and
3.12), and suggest that the shallow pits were not fully occluded,
resulting in passivation of the pit walls by the bulk electrolyte.
Examination of the surfaces of the BES specimens with active walls
confirmed this behavior; the surfaces inside the pits were passivated
about one pit diameter down the pits. The reason why this phenomenon
was not apparent in the previous weight-loss tests is not known, but may
relate to the consistency of the packing paste or the rate of tempera-
ture increase of the cells during startup of the tests; the packing
tends to expand upon heating and push out of the pits.

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

3.3.3 Discussion

In spite of the experimental difficulties encountered, a clear trend is
emerging from the pit-propagation studies. Simply stated, the inert-
and the active-wail pits benhave quite differently in the experimental
studies. For the active-wall pits, corrosion rates drop quite rapidly
with increased depth, and for relatively shallow pits, corrosion rates
approach conditions of a fully occluded cell where the rate of attack is
centrolled by the reduction kinetics within the pit and not by a
coupling effect with the boldly exposed surface. On the other hand,
corrosion rates for the inert-wall pits fall much more gradually with
increasing depth and follow the l//ﬁ relation predicted by the modil f?r
the inert-wall geometry developed earlier in the modeling studies. 3.3
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The resuits of the electrochemical studies shed considerable light on
why the activity o>f the pit wall has such a large effect on the corro-
sion behavior. When the pit wall actively corrodes, high currents flow
near the mouths of the pits, as shown schematically in Figure 3.13.
This produces high potentia! drops near the pit mouth, effectively
shielding the pit base from the potential field of the Loldly exposed
surface. This shielding effect does not occur for the inert-wal)
geometry, and thus high rates of corrosion occur for deeper pits.

These findings are gJite consistent with the geometries of pits observed
on carbon and low-alloy steels in natural environments. Deep, low
diameter-to-depth ratio pits are rarely seen. Indeed, most pits are
shallow with high diameter-to-depth ratios. For example, pits in
natural gas pipeline may be as much as an inch in diameter and

0.25 inches deep.

The implication of these findings for the licensing effort for a carbon
steel overpack is that pit-propagation models based on inert-wall geo-
metries are inaccurate and highly conservative, and that more realistic
pitting modeis can be developed which are nevertheless conservative but
which estimate much thinner wall requirements for a 1000-year life.

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

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

If this theory is correct, then rates of pit propagation for stainless
steels can be estimated on the basis of electrochemical kinetics studies
performed in simulated pitting environments.

3.4 JAERI-NRC Program Support

During this reporting period, carbon steel slow strain rate (SSR)
specimens were prepared and forwarded to JAER!I for use in their SSR
experiments,
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3.5 Future Work
3.5.1 Potentiodynamic Polarization Studies

The statistical analysis of the electrochemical data will be completed
with the inclusion of the chemical analyses data. The final regression
mode] will be developed. As discussed in the last quarterly report,
H202 and perchlorate did not show an effect on the electrochemical para-
meters in the matrix of experiments. This behavior was attributed to
the reduction of the concentration of these oxidizing ions in the solu-
tions prior to performing the potentiodynamic polarization experiments.
Several additional experiments were performed to investigate the
transient behavior of these species. Based on this work, results of the
electrochemical experiments with perchlorate will be analyzed and
reported.

3.5.2 Pitting-Kinetics Studies

T weight-loss exposures on the simulated pit specimens will be com-
pleted and the data will be analyzed. Several electrochemical pit-
propagation experiments will be performed. The objective of these
experiments is to evaluate the effect of coupl'ing on the potential (IR)
profile down the pit.

3.5.3 Slow Strain Rate Studies
No SSR experiments are plarned for next quarter. The SSR experiments on
environments selected on the basis of the results of the potentiodynamic

polarization studies will be resumed during the first quarter of the
next program year.

3.5.4 JAERI-NRC Support Program

No activities are planned for next quarter on the JAERI-NRC support
program. Activities on this task will be carried out as requested by
JAERI and with the approval of NRC.

3.6 Corrosion Correlations

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

3.6.1 General-Corrosion Modeling
Work is in progress to reformulate the general-corrosion model following
the mathematical formalism described in the last quarterly report. Two

aspects of the model that are being emphasized are improving the realism
of the water-radiolysis description and generalizing the boundary
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(4) Activity of the pit walls is described using linear-polari-
zation behavior (a widelg g?ployed assumption in studies of
electrochemical systems{(3-7)) that is independent of spatial
coordinates but which may vary quasistatically with time.

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

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

However, geg?use of Assumptions 1 to 3, one can show (e.g., Markworth
and Kahn(3.8) and others) that Eq. 3-1 reduces, to lowest order, to the
following expression:

(3-2)

where x is the distance measured along the pit length (taking x=0 at the
pit opening), o is the conductivity of the solution, and i is the
current density crossing each of the two pit walls at position x (with
i>0 for anodic currents and i<0 for cathodic currents). From Assump-
tion 4, i(x) may vary only quasistatically with time, which means that
Eg. 3-2 is valid at any given instant. Such time dependence results
from pit growth and from chemical reactions taking place on the pit
walls.

An important feature of Eq. 3-2 is that the potential, ¢, is now a func-
ticn only of x, its variation in this direction being of dominant impor-
tance because of Assumption 3. Thus, the major difference between

£q. 3-1 and 3-2 is that ¢ is a function of two spatial variables in

Eq. 3-1, but a function of only one (x) in 3-2. However, the current
cros;ing the active pit walls appears as an effective “source" term in
Eq. 3-2.

We choose to express Assumption 4 mathematically as

i(x) = -8 [8(x) - ol (3-3)
where g and ¢, are parameters which describe the assumed linear rela-
tionship between ¢ and i. Clearly, the current i is cathodic (negative)
for >0 and ¢<¢c, but would become anodic for 8>0 and #>ec.

Combining Eq. 3-2 and 3-3,

2

d"¢ 28

— = — . (3-4)
dx a (o ‘C)
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in which ¢ varies with x) depends upon the specific numerical values
selected for the various parameters, ¢0s ®hs ¢c, 8, o, h, and g. ome
specific cases have been treated elsewhere, by Fessler et al.(3.10 , for
simulated crevice configurations having very large length-to-thickness
ratios. It was found here, for example, that the largest potential
gradients within the crevices existed near the crevice opening. This
latter behavior was observed in some pitting experiments conducted at
Battelle, although the overall kinetics was not likely the same for the
two cases.

3.6.3 Mechanical-Degradation Analysis

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

Several species have been identified as potential agents for inducing
stress-corrosion cracking in mild-steel container material. These
species include carbonates/bicarbonates, nitrates, hydroxi?ss gnd
ferric chloride or chloride plus ferric oxide or hydroxide 1 "
Although some of these species are not present in any significant quan-
tities in basalt groundwater, it is possible that they could concentrate
in the vicinity of the container. Contamination of the groundwater with
fertilizers could, for example, be a source of nitrates. Chlorides are
present in the groundwater, and the corrosion of the container material
will produce ferrous ions that may be oxi?izYT tg {Ssric fons by radio-
lysis or oxygen ingress in the repository(3.1I, 3.12),

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

Research corducted on line-pipe steels in carbonate/bicarbonate environ-
ment has shown that the material undergoes stress-corrosion cracking
when 3&?3? to betwe n 40 and 100 percent of the yield strength of the
steell3. . This threshold stress is influenced by factors such as the
concentration of the chemical environment, ?le?ggochemical potential,
and composition and processing of the stee1(3-13). Along similar lines,
cracking in nitrate and hydroxide envir?nmfnss requires stresses that
exceed ghi {ield stress of the material(3-14)  work by Ondrejein

et al,(3.15 s pertaining to radioactive waste storage tanks, has shown
that nitrite and hydroxide ions act as inhibitors in complex waste com-
position. Although the complex waste composition is not directly
related to the container-service performance, nitrate and hydroxide ions
constitute the common link between the two environments. [t was
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determined that nitrate concentration in the storage tanks should not
exceed 5.5 M* and that a minimum combined nitrite and hydroxide c?n-
centration of 1.2 M should be maintained in the waste composition 3.18),
These concentration limits are valid for temperatures up %o 7? C and
were developed for ASTM AZ285-B and ASTM AS516-70 material(3-15), For
ASTM A285-B and A212-B material, it was noted that a 5C-percent sodium
g;tg?gelg?vironnent produced the most severe cracking at 90 to

Studies pertaining to the waste storage tanks(3.15, 3.16) indicated that
cracking of the tanks was related to residual stresses in the material.
As-welded plates of carbon steel cracked readily in a 50-percent sodium
nitrate environmen? while stress-relieved samples were immune to stress
corrosion cracking - | ). The stress-relieving operation involved plac-
ing the specimen in a furnace maintained at less than 316 C; heating to
593 C at a rate of less than 200 C/hr; maintaining the furnace at 593 C
for 30 minutes; then cooling to 316 C at a rate of less than 260 C/hr.
The data in this study seem to suggest that stress-relieved specimens
did not crack when stresisd ’g t> 150 percent of the yield stress of the
material. Work by Conor(3:17), on the other hand, suggests that crack-
ing in annealed mild steel will occur when the applied stress reaches
the yield stress of the material. This work was ?ndfrsaken on a
0.1-percent carbon steel in 4N** ammonium nitrate(3.17),

One of ghe Tajor {ifferences in the studies performed by Conor(3:17) and
Costas(3-16) js tnat Conmor conducted slow-strain-rate tests while Costas
conducted constant-displacement experiments to study stress-corrosion
cracking susceptibility. The slow-strain-rate test is more severe in
that the specimen experiences continually increasing strain--fresh mate-
rial is exposed to the environment as the materia! is strained. In a
constant-displacement test, as cracking occurs the stress is relieved,
thereby reducing the severity of the test condition. This suggests that
the mechanical loading conditions also play a role in determining a
threshold stress for stress-corrosion cracking. If the lcads fluctuate,
such load-cycling will lower the thresheld for stress-corrosion

cracking.

Finally, the stress-corrosion studies conducted in ferric chloriae
environment indicate that carbon steel cracks readily in this environ-
ment ?5 ihloride concentrations that are typical of basa.t ground-
water(3:12) Crackin aqgsars to be most severe in the temperature
range of 150 to 250 C 3. . The study has not defined the stresses
at which cracks initiate.

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

While it may be argued that the container will be subjected to compres-
sive stresses during service and that stress-corrosicn cracking does not
occur under such conditions, a recent study of an aluminum ailoy has
shown that gtress-corrosion cracking can occur under compressive
10ading(3o1 ). his is another issue that needs to be addressed and may
become an important topic for study in this task.
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4. INTEGRATED SYSTEM PERFORMANCE

The integrated system performance task is designed to provide a better
understanding of phenomena that would impact the long-term performance
of waste packages at the repository system level. These studies will
provide insight on possiliie chemical conditions of the waste package
environment, effects of cladding failure on radionuclide releases, and
combined-effects processes. Knowledge gained in these studies will aid
in assessing system performance models for nuclear waste packages.
During this quarter, continued emphasis has been placed on water-
chemistry studies, groundwater-radiolysis studies, and integral
experiments.

Water-chemistry studies will provide information on how groundwater
chemistry and the corrosion of metallic barriers afferts the waste form,
as well as how waste-form dissolution alters the loca: water chemistry.
These studies will also provide information on the chemical speciation
of radionuclides released from the waste form for assessing the trans-
port rate of the radionuclides through the waste package.

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

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

4,1 Water Chemistry

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

4.2 QGroundwater Radiolysis Studies

Radiolysis of groundwater in the vicinity of waste packages can cause
changes in water chemistry which may influence processes such as
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Table 4.1. Reactions added to the groundwater which account
for interactions between radiolytic species
and bicarbonate species.

No. Reaction

| & 02 + HCO3 - HOZ + €03
2. 03+C03 - Op+ cog‘
3. HCO3 - COp + OH-
4. €0z + OH- - HCO3

5. OH + HCO3  ~ (03 + H20
6. H + HCO3 + Hz + (03

7. e~ + HCO3 - H+ C0%-

8. OH + CO§-  » OH- + CO3
9. HCO4~ + OH- - C0§- + Hz0
10. o3 + CO} » €02 + CO2 + HO3 + OH™ - H20
11. H* + HCO5= -+ HpCO03
12. H2CO3 + H* + HCO3
13. €02 +» HpC03 - H20
14. H2C03 » C0p + HR0
15. HpC03 + OH~ - HCO3 + H20
16. OH + COp + HCO3
17. HCO3 + H* » C0p2 + H20
18. €0z + Hp0 + HCO3 + H*
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Table 4.2.

Rate constants for the

reactions shown in

Table 4.1.
Reaction Rate Reference
Number Constant Number
1 1.5 x 106 liter/mole-sec 4.16
2 1.5 x 107 liter/mole-sec estimated (see text)
3 1 x 10-4 sec-1 4.10
4 1.4 x 104 liter/mole-sec 4.10
5 5.5 x 107 liter/mole-sec 4.14
6 2 x 104 liter/mole-sec 4.15
7 6 x 109 sec-1 4.17
8 4.2 x 108 liter/mole-sec 4.11
9 6 x 109 liter/mole-sec 4.10
i0 6.25 x 106 liter/mole-sec 4.11 (see text)
11 4.7 x 1010 liter/mole-sec 4.10
12 8 x 106 sec-1 4.10
13 4.3 x 10-2 sec-1 4.12, 4.10
14 1.5 x 10l sec-1 4.10
15 6 x 109 liter/mole-sec estimated (see text)
16 1 x 10° liter/mole-sec estimated (see text)
17 5.6 x 104 liter/mole-sec 4.10
18 4.3 x 10-2 liter/mole-sec 4.10
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radiolysis products. This requi nt follows in part from the equili-
- 39, 81
brium between Cip and HpC03(4.9, 4.10),

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

Reactions 1, 5 through 7, 9, 11, and 17 account for direct reactions of
the bicarbonate anion with radiolytic species. Reaction 3 accounts for
the direct decomposition of the bicarbonate anion. Reactions 4, 15, and
18 are direct sources of bicarbonate anions. In addition to these reac-
tions which represent the direct sources and sinks of bicarbonate
anions, several other reactions are needed in the model to account for
interactions with species produced through the bicarbonate-anion
reactions. These other species are C0p, C03%-, C03~, HCO3-, and HpCO3.
Carbon dioxide is produced in Reactions 3, 10, 14, and 17 and it is
consumed in Reactions 4, 13, 16, and 18. Carbonic acid is produced in
Reactions 11 and 13, and is consumed in Reactions 12, 14, and 15. The
presence of dissolved carbon dioxide and carbonic acid tend to
contribute to acid conditions. This is countered by the presence of
hydroxide ions which react with carbon dioxide to form bicarbonate, and
with bicarbonate to form carbonate anions. This can also be countered
through the hydrolysis of bicarbonate which would produce hydroxide
jons. Hydrolysis of bicarbonate is not presently included in the
groundwater-radiolysis model.

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

Keene, et al.(4:13) have determined the rate constant for Reacticn 16 to
be less than 106 liters/mole-sec. In the grogndwater—radiolysis model,
this rate constant is provisionally set to 107 liters/mole-sec. The
model is nct believed to be sensitive to this rate constant since the
magnitude of the rate constant is low and the concentration of one of
the reactants, OH, is also generally low.

The rate constant for Reactign 3? is stated to be essentially instantan-
eous by Cotton and Wilkinson 4.9). For the purpose of estimating a rate
constant, Reaction 15 was assumed to be analagous to Reaction 9. 3he
rate constant for Reaction 15 was therefore estimated to be 6 x 18
liters/mole-sec, the same as for Reaction 9. The value of 6 x 10
liters/mole-sec is also in the diffusion-limited riaims. making it con-
sistant with the statement of Cotton and Wilkinson(#:9) that it is
instantaneous.

yeeks and Rabani(4-11) have observed evidence for the bimolecular
removal of the carbonate anion such as shown in Reaction 10. They
proposed the following reactions:
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€03~ + €03~ = COp + C042°
or
€03~ + CO3~ = 2C02 + HO2~ + OH- - Hp0.

The second reaction was chosen .~ be included in the model because ail
of the product species could be accounted for with the existing reaction
set. Inclusion of the first reaction would have included a species
(C04 =) with a s?xrii and no sink and thus would have been unrealistic.
Weeks and Raban* ) have twice measured this rate constant tc be

7.25 x 107 liters/mole-sec. A value of 6.25 x 10 liters/mole-sec is
therefore used in the model.

For the rezstl ? between H atoms and bicarbonate (Reaction 6), Nehari
and Rabani » give the ratio of the rate copstant for H* bicarbonate
to the rate constant for H + 0p vo be 1.0 x 10-® liters/mole-sec. Using
a value of 2.0 x 1010 1iters/mole-sec for the latter rate constant
(taken from the groundwater-radiolysis model), the valae of the H*
bicarbonate rate constant was calculated to be 2 x 10-% liters/muie-sec.

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

4.2.2 Simulation of Groundwater Radiolysis

The groundwater-radiolysis model was used in four simulations. The
water composition for each simulation is shown in Table 4.3. Each
simulation used identical initial concentrations of H*, OH-, Hp, and 03.
The composition of each did vary, however, with respect to the presence
of Cl1-, Fe?*, and HCO3~ species. When present, these species had
identical initial concentrations, as is shown in Table 4.3. The H* and
OH- concentrations are based on an assumption of an initi?l H of %,
This is consistent with values reported in the literature(4 The
concentrations of gl‘ and HCC3~ are derived from concentrations reported
in the literaturel( The ?nitial concentration of Hp is taken as a
typical background concentration and its estimation is described in

Ref. 4.9. The concentration of 0p is based on an assumed concentration
of 1 ppb, and the initial concentration of Fe2* is based on an assumed
initial con?snggation of .04 mg/liter as has been reported for tuff
groundwater This is also consistent with a ferrous concengsati

of .03 mg/liter reported for Grande Ronde basalt groundwaisr The
dose rate used in each simulation was a constant 1.0 x 10

eV/liter-sec.

Figure 4.1 shows the vaiue of pH calculated at 3 x 104 seconds into each
of the four simulations. As can be seen, the pH decreases to values
below 3 in each case where bicarbonate was pres-nt and remains alkaline
where bicarbonate was not present. This large shift to acidity may be a
shortcoming of the present version of the model, which does not yet
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Table 4.3.

Initial species concentrations for groundwaters used in radiolysis simulations.

Initia)l Concentration (moles/liter)

Simulation H* OH- Hp 02 - Fel+ HCO3~
A 1 x 10-9 1 x 10-% 4 x 1010 5.6 x 108 0 1.0 x 10-6 1.8 x 10-3
5 1 x 10-9 1 x 10-9 4 x10-10 5.6 x 108 8.7 x 10-3 0 1.8 x 10-3
C 1 x 10-9 1 x 10-5 4x10-10 56x108 8.75x10-3 1.0 x 10-6 ()
D 1 x 10-9 1 x 10-5 4 x10-10 5.6 x 10-8 0 1.0 x 10-6 0
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Figure 4.2. Concenirat1ons of bicarbonate anion at

3 x 109 seconds for Cases A and B.



account for the hydrolysis of bicarbonate anion. Hydrolysis of this
anion would produce additional hydroxide ions by the reaction

HCO3~ + HOH » HpCO3 + OM-

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

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

Figure 4.4 shows the Hp0p concentration calculated at 3 x 104 seconds
for each of the simulations. Here the calculated c09centrations are
seen to fluctuate between 1.73 x 10-9 and 7.65 x 10-7 mole/liter.
Adding hydrolysis of bicarbonate to the model may affect calcuiated
values of Hz0p for Cas2s A and B.

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

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

4.3 Integral Experiments

The integral experiments provide a means of examining interactions that
may occur between components of the waste package and repository in var-
fous relationships. In particular, the integral experiments bring to-
gether elements of repository environments with metallic and nonmetallic
components of the waste package and waste form. This approach allows
for observing synergisms which may occur as greater degrees of freedom
are introduced into the system. I[nfluences of packing material, corro-
sion products, and radiation on groundwater chemistry may induce differ-
ent performance characteristics from waste-package components than might
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Table 4.4, Matrix of Integral Tests.

Fractional Flow
Test Area Exposed Rate
No. Specimen (%) (m1/day)
1 PWR intact fuel-rod segment 0 1
2 PWR degraded fuel-rod segment (1/16 inch perferations) o9 1
3 PWR degraded fuel-rod segment (1/16 inch perforations) .5 1
4 PWR degraded fuel-rod segment (1/1€ inch perforations) 3 1
5 PWR degraded fuel-rod segment (1/16 inch perforations) 3 1
6 PWR degraded fuel-rod segment (1/16 inch perforations) 15 1
7 PWR degraded fuel-rod segment (1/16 inch perforations) 15 1
8 PWR spent-fuel fragments 100 1
9 PWR spent-fuel fragments 100 1
10 PWR spent-fuel fragments 100 10
11 PWR spent-fuel fragments 100 10
12 BWR spent-fuel fragments 100 1
13 BWR spent-fuel fragments 100 1
14 PWR degraded fuel-rod segment (1/32-inch perforations) 3 1
15 PWR degraded fuel-rod segment (1/32-inch perforations) 3 1
16 BWR fuel-rod section with in-service failure E 1
17 Test cancelled--fuel fell out of sample - 1
18 BWR fuel-rod section with in-service failure - 1
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Table 4.4. Continued

Fractional Flow

Test Area Exposed Rate
No. Specimen (%) (ml/day)
19 BWR fuel-rod section with in-service failure - 1
20 PWR sections embedded in nacking (1/16-inch perforation

in each of 4 spent fuel-rod sections) - 1
21 PWR cladding slit and with PWR cladding perforation embedded

in packing (1/16-inch perforation and a 1/16-inch by

0.5-inch slit) - 1
22 PWR cladding slit and with PWR cladding perforation embedded

in packing (1/16-inch perforation and a 1/16-inch by

0.5-inch slit) - 1
23 PWR fuel with cladding perforation embedded in corrosion

products - 1
24 PWR fuel with cladding slit embedded in corrosion products - 1
25 PWR fuel fragments - 1
26 PWR fuel fragments - 1
27 PWR fuel fragments - 1
28 PWR fuel fragments - 1
29 Blank (control) - 1
30 (not used) - 1
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Table 4.5. Results of heavy element analysis.

Sample and

Atom Percent Nd-148 Pu-239
Axial Location* » - = = . 0-238
PWR 0.015 0.600 0.346 99.039 5.648 x 10-4 5.022 x 10-3
Aprox. 39
BWR 0.019 1.394 0.243 98.344 2.826 x 10-9 3.981 x 10-3
Aprox. 09

Plutonium Isotopes - Atom Percent
Pu-238 Pu-239 Fu~?£% Pu-241 Pu-242 Date of Analysis

PWR 1.617 56.393 26.437 9.488 6.065 10-23-85
Aprox. 59
BWR 0.540 72.041 19.908 6.103 1.408 10-23-85
Aprox. 89

* Inches from bottom of the rod.
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Table 4.6. Calculated burnup values for PWR and BWR spent-fuel samples.

Sample
Axial Location*

Fl Ul

Fy
Pu' (Atom % Burnup

(Fission/Atoms U-238)Atoms U/Atoms U-238)(Atoms Pu/Atoms U-238) Burnup) (MWD/MTU)**

PWR 3.380 x 10-2 1.0097 8.905 x 10-3 3.212 30,835
Aprox. 59
BWR 1.691 x 10-2 1.0168 5.526 x 10-3 1.627 15,619
Aprox. 89

* Inches from bottom of the rod.

*x

Megawatt days per metric ton uranium.

F'o=

.
-
H

Burnup

Nd-148 , 100
U-238  T.e71

Pu-239 100
U-238 ¥ Pu-239

F' x 100
Ur+Pu’ + F'

= Fr x 9.6 x 103.




4.3.2 Data from the Spent-Fue! Integral Tests

The spent-fuel integral tests became operational on Septemper 30, 1985.
Of the 29 individual tests outlined in the test matrix shown in

Table 4.4, all are operational except test no. 17 because the fuel fell
out of the sample during preparation, and test nos. 25 to 28 because the
tuff material has not been received yet. Since the samples were loaded
in the hot cell in an air environment, the early data are not expected
to be representative of the ernvironment intended for the tests. As
such, effluent from the first two months has been collected and stored
for possible future analysis. Routine analyses of the effluent was
initiated in December, 1985. Gamma analyses for two consecutive weeks
of sampling during this period are described in this rsport. These data
are shown in Ficures 4.6 to 4.8. The data show the 134Cs activity in
uCi per m1 for the effluent collected from the sample chambers con-
taining the tests indicated for samples collected on 12/13/85 and
12/20/85. Since these data are from an early pericd of operation, some
confounding influences are evident which will be corrected during the
next quarter. In particular, there has been some difficulty with tne
temperature controller on the oven. Temperatures of 100 C and above
were never observed, however. Also, the diameter of the sample exit
lines (1/4 inch) is large enough for the effluent fluid to occasionally
flow out of the lines. At flow rates of 1 and 10 ml/day, this can
introduce significant error. This will be corrected by replacing the
end sections of these lines with capillary tubing. As a result, some
samples taken on 12/20/85 did not have enough fluid fer a quantitative
analysis. Data for these samples therefore are not reported, nor is
data reported for samples where the specific activity level was helow

detectable limits.

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