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ABSTRACT

As part of the Nuclear Regulatory Commission's requirement to assess the
Department of Energy's application to construct geologic repositories for
high-level radioactive waste, Battelle's Columbus Laboratories is investi-
gating the long-term performance of materials used for high-level waste
packages. Waste form experimentation has focused on borosilicate glass, using
the reference composition MCC 76-68. An experiment investigated the inf luence
of continuous contact between the glass specimen and the leachate on the
results of corrosion studies. It was found that precipitates formed during
cooling can affect the results. Other experiments evaluated the influence of
crystailization on glass waste-form performance and the influence of organic
acid on the waste-form and radionuclide mobility in groundwater. Models were
used to analyze glass dissolution, including the reprecipitation of dissolved
glass species. The effect of groundwater species on the electrochemistry of
steels is being analyzed to evaluate susceptability to pitting and stress-
corrosion cracking. Species identified as potential cracking agents are being
investigated by slow strain rate experiments. Hydrogen emprittliement studies
of steel showed annealed cast steel to be more sensitive to embrittlement.
Realistic general and pitting corrosion models are being developed, based on
known principles of mass transport and radiolytic production. Mechanical and
water-chemistry-related stresses which influence mechanical degradation were
evaluated. Groundwater-radiolysis and water-chemistry studies are continuing
as part of the integrated system performance task.

This report documents investigations performed during the period April, 1984
to April, 1985.
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EXECUTIVE SUMMARY

The Department of Energy (DOE) is conducting a large program for the

, disposal of high-level radioaciive wastes in deep-mined geologic reposi-
| tories. The Nuclear Regulatory Commissfon (NRC), being responsible for
requlating high-level radioactive waste disposal, will review 00E's
application for the construction and operation of the repositories,
assist in evaluating DOE's application, the NRC's Office of Nuclear
Regulatory Research is developing an understanding of the iong-term per-
formance of geologic repositories. As part of this effort, Battelle's
Columbus Laboratories has been awarded a five-year contract to investi-
gate the long-term performance of materials used for nigh-level waste

packages.

The program ‘s being conducted in three parallel efforts: waste-form
studies, container-material studies, and waste-package system studfes,
| ihis report summarizes the resylts obtained during the second year of
the program,

v

J

-F {

|

| The waste-form studies are aimed at describing and modeling those

| mechanisms that will alter or "age” the waste form during the con-
tainment period, and identifying and describing those processes that

| will influence dissolution of the waste-form after it is exposed to

. groundwater. DOuring the first three years of the program, the waste-

- form studies have centered largely on boros!licate glasses.

| During the third year, an experiment was conducted to assess the
, yncertainty associated with glass-corrosion data that results from an
; experimental difficulty inherent in most waste-form leaching experi.

l ments. The effect involves the precipitation of chemical constituents
| upon the glass specimen during cooling, Results indicate that this

| phengmenon may have some significance, particularly at higher

| temperatures.

| An analysis of canister cooling rates has indicated that these rates may

! allow some volume fraction of crystals to be produced by devitrification
of the waste form during cooling, An experiment was performed to

| prepare glass samples with different degrees of devitrification. These
samples are planned to be used to evaluate the effect of devitrification

on the dissolution of the glass,

The development of a glass-dissolution mode) began with some simplified
assumptions about the rate of glass dissolution, The mode! 1s bheing
moatified by including phenomena known to affect dissolution processes,
Mathemat ical expressions were added to the model to describe the actual
dissolution of the glass by transport of glass species across the
glass/groundwater interface, the convective flow of the groundwater, and
the reprecipitation of dissolved glass species as a more stable phase
than the original glass; the latter point Is believed to be very

ot
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important in controlling the rate of glass dissolution. The glass-
dissolution model studies (along with the water chemistry model) are
being used to identify the parameters of groundwater composition that
may influence glass dissolution. Experimental data are being collected
to verify the modeling studies.

Large quantities of spent fue! will be available for disposal when a
repository is ready for operation; thus, data on its performance will be
needed by the NRC. An information base on spent fuel as a waste form
has been developed to identify available data on the interactions of
spent fuel with groundwater. With the aid of this information, an
experimental plan was developed to examine spent fuel dissolution under
prototypic cond tions. Two tests were planned to provide information on
the applicability of a solubility-limited release mode! to the esti-
mation of the lung-term release of radionuclides from spent fuel,

Container-Material Studies

The container studies are focused on those processes that can cause
degradation of the metallic waste-package overpack. During the second
year, studies focused on cast low-carbon stee! for use in a basalt
environment, The dominant processes identified for degradation of the
steel overpack are general corrosion, stress-corrosion cracking,
pitting, crevice corrosion, hydrogen attack, and mechanical stress,

In studying external-overpack corrosion, we investigated general corro-
ston, pitting, crevice corrosfon, and stress-corrosion cracking of rast
low-carbon steel in anticipated repository environments. Two steel
castings with compositions similar to AST‘ Standard A216 were cast: one
with Tow sulfur and phosphorus, and the other with sulfur and phosphorus
comparable to normal foundry castings. One-half of each casting was hot
rolled, resulting in four types of low-carbon steel for testing., These
were tested for general corrosion, pitting, crevice corrosion and
stress-corrosion cracking in two deaerated solutions (a simulated basalt
groundwater and a simulated concentrated (10X) basalt groundwater) at
250 C. These experiments did not fdentify any corrosion mechanism which
would indicate that steel could not be used as a container material,

A comprehensive literature review was conducted to identify chemica)
species known to have caused stress-corrosfon cracking in low-carbon
steel in some environments. The basalt repository environment was
characterized by data from the literature and by data from our water-
chemistry and radiolysis models. The effects of certain species on
steels were analyzed by potentiodynamic polarization techniques and were
further studied using slow strain rate tests. The studies demonstrated
that FeCl3 can cause stress-corrosfon cracking of carbon steel at
chloride concentrations typical of groundwaters., Also, the results of
the polarization experiments and autoclave exposures suggest that pit
inftiation in low-carbon steels is likely in basalt groundwater,
Experiments conducted to determine the potential for hydrogen embrittle-
ment of overpack steel indicate that hydrogen can significantly reduce
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the cracking resistance of the steel. This effect is especially evident
in specimens that are annealed after casting. The embrittlement of
overpack material could be significant to long-term performance in a
repository. Thus, more studies are planned which will use welded steel
samples to investigate the impact of localized heating on the
susceptibility of steel to hydrogen embrittlement.

In the corrosion modeling effort, studies of corrosion correlations were
continued in the areas of general corrosion and pitting corrosion of
container materials. Efforts were directed toward developing a
physically realistic model that would include processes of major
importance in a repository environment. The mode! was applied to
specific examples to illustrate the effects caused by varying certain
parameters. Studies in pitting corrosion anaiyzed the propagation of
pit-depth distribution based on specific factors and rates of growth.

[ntegrated System Performance

At the beginning of the second year, the programming of the system
computer mode! was removed from the scope of study by the NRC, with
greater emphasis being placed on providing information for a better
understanding of the processes involved in waste-package system
degradation.

During the third year, emphasis has been placed on water-chemistry
studies and the radiolysis of agueous solutions containing ferric and
ferrous species. Calculations were performed using the radiolysis
mechanism developed this year for fron, Effort was also directed toward
the development of a mechanism for the radiolysis of solutions
containing chloride species.

Integral experiments were planned and assemb'ed to provide a means of
assessing the relative importance of various combined-effects processes
which may affect the long-term performance of nuclear waste packages.
These experiments will provide information on the performance of spent
fuel waste forms in environments approximating that of a potential
repository. They will also provide data which can be used %o benchmark
the radiolysis and water-chemistry models which are under development,
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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-
Jate the activities of DOE to assure that the health and safety of the
repository workers and of the public are adequately protected. Prior to
construction, the DOE will submit a license application to the NRC
describing in detail the proposed repository. The DOE has been directed
to take a multiple-barrier approach to the isolation of radioactive
wastes, with the waste package, the engineered facility, and the natural
geohydrologic features of the site being the major barriers. Since
NRC's compliance assessment requires the technical capability to under-
stand relevant phenomena and processes relating to the lon?-term per-
formance of the multiple barriers, the NRC's Office of Nuclear
Regulatory Research (RES) has established this waste-package performance
program at Battelle's Columbus Laboratories to provide that part of the
input to the assessment. As an important aid to this understanding,
Battelle is evaluating total system performance to integrate separate
effects and improve our understanding of the lon$-term performance of
waste-package materials. This will also assist in identifying and
evaluating research needs.

It is generally accepted that after repository closure the dominant
mechanism to cause the release of radionuclides from the repository is
groundwater transport. Considerable attention has been given to this
phenomenon and many processes have been identified that affect ground-
water transport. Simplistically, the water must first contact the
waste, the radionuclides must be mobilized by the water from the waste,
and finally, the radionuclides must be transported by the water from the
repository to be accessible to the environment of humans.

The generally accepted approach to minimizing the release is to provide
a number of different obstacles or barriers to the dissolution and
transport of radionuclides by the groundwater. For a deep-mined reposi-
tory, 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 to have properties to optimize isolation of the wastes.
Of major importance are initial groundwater chemistry that will inhibit
dissolution of the radionuclides and water flow rates and pathways that
will require very long times (>1000 yr) to reach the accessible
environment,

In addition to the natural barrier to radionuclide release offered by
the gechydrologic features of the site, engineered features of the
repository and of the waste package will provide additional barriers to
the release of radionuclides. The repository will be constructed in
such a manner as to minimize disturbing the adjacent rock and will
attempt to accommodate the thermomechanical effects of the emplaced
wastes with a minimum of degration to its geohydrologic properties.
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Upon closure, the underground openings and shafts to the surface will be
backfilled and sealed to minimize groundwater flow paths.

From early waste-management studies, it has been recognized that the
radioactive waste should be in a physically stable and chemically inert
form which will resist physical degradation and dissolution by ground-
water after disposal. More recently, it has been decided to add more
confidence in isolating the waste by packaging the waste in a container
that will provide essentially complete containment of the radionuclides
through the period of time in which the repository is heated signifi-
cantly above its ambient temperature by the heat from decaying fission
products. After the container is eventually breached by some process,
the waste form must remain sufficiently resistant to groundwater attack
to provide high retention of the radionuclides and, together with the
repository, to control the release of radionuclides for thousands of
years.

The waste package is the center of study of this research program. The
objective of the study 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, perform-
ing experiments to produce data where data are otherwise lacking on
material performance, and analytically modeling the processes to utilize
the data to better understand how the processes will affect the
material's future performance.

1.1 Individual Program Tasks

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

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. ODuring the first three years of the program, the waste-form
studies have been lar?ely centered on borosilicate glasses for both
defense and commercial high-level wastes. These waste forms are simi-
lar, with the defense wastes having higher concentrations of iron,
aluminum, and zirconium from metal?ic matrices and claddings, and com-
mercial wastes having higher concentrations of radicactive waste
products. Some effort has also been directed toward evaluating spent
fuel as a waste form,

The glass-forming agents added to each waste type can be expected to be
tailored to optimize the waste-form properties for each type of high-
level waste. After the waste forms are produced, particularly during
the very long period of time after disposal while sealed in their



container, they will experience processes that will change them. These
changes can be detrimental or beneficial. A beneficial change is the
decay of most of the fission products in the waste which will greatly
reduce the heat output (and temperature) of the waste package, reduce
the radiation levels which can affect the dissolution process, and
reduce the quantity of radionuclides which must be controlled. Detri-
mental effects are those that will increase the dissolution rate of the
glass and hence increase the release of radionuclides.

One detrimental effect is devitrification of the glass, which can lead
both to new phases with increased solubility and to cracking of the
glass (which is detrimental because it allows a greater surface area of
the glass to be contacted by the groundwater). A model has been
developed to predict the degree of devitrification that will occur from
thermal effects during the post-fabrication cooling period and the sub-
sequent reheating in the repository after disposal. During the third
year, glass specimens were prepared with diffuring degrees of crystalli-
zation and different crystallite sizes. These specimens wiil be tested
in year four to examine the effects of devitrification upon glass
dissolution.

Cracking can also be caused by thermal stresses and by mechanical
stresses. The latter may occur because of external forces in the
adjacent rock being applied to the waste form, because of the density
change in the container materials as they corrode, or because of
internal forces such as density change from radiation effects. A study
of the radiation effects on glass has failed to reveal any new approach
to evaluating this phenomenon experimentally. We are largely dependent
upon the existing literature which indicates that radiation effects in
glass have a small effect on its performance.

1.1.1.1 Glass-Dissolution Experiments

During the second year of the program, experiments were conducted to
determine the relative effect of pressure, temperature, solution chemis-
try, and the ratio of glass surface area to solution volume on the dis-
solution of samples of borosilicate glass. The<e experimental efforts
have also been valuable to establish many procedures necessary for glass
dissolution studies and have formed a base of experience for future
experiments.

Glass dissolution experiments begun during year three have three
distinct objectives. The first is to evaluate the most common leach-
testing procedure to determine whether some types of data from those
tests require unique interpretation. The second is to evaluate para-
meters of groundwater composition that may influence glass dissolution.
The last objective of these experiments is to evaluate our analytical
model of the glass dissolution process.
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1.1.1.2 Glass-Dissolution Model

The development of a glass-dissolution model began with the assumptions
that with a high groundwater flow rate, the glass-dissolution rate is
the same as the initial glass-dissolution rate in unaltered groundwater,
and with a low flow rate the glass-dissolution rate is determined by the
equilibrium solubility of the glass. These oversimplified assumptions
are being modified by including those phenomena that are known to affect
the processes. For example, if precipitation occurs, the solute concen-
tration in the groundwater falls below that of equilibrium with the
glass and the glass can continue to dissolve. Next, mathematical
expressions were added to the model to describe the actual dissolution
of the glass by transport of glass species across the glass/groundwater
interface, the convective flow of the groundwater, and the reprecipita-
tion of dissolved glass species as a more stable phase than the original
glass. The latter point is believed to be very important in controlling
the rate of glass dissolution. As mentioned in the previous section,
this aspect of the glass-dissolution model is being investigated by a
carefully planned series of experiments.

The glass dissolution modeling effort is playing an increased role in
planning the experimental studies for glass dissolution. In addition to
the reprecipitation evaluation described above, the glass-dissolution
model studies, along with the water chemistry model (described in
Section 4.1), will be used to identify the parameters of groundwater
composition that may influence glass dissolution. The ultimate goal in
all of the above studies is to provide a base of integrated information
to be used by the NRC in evaluating the long-term performance of glass
waste forms after disposal.

1.1.1.3 Spent Fuel

Spent fuel will be the primary high-level waste form available for dis-
posal when a repository is ready for operation; thus, data on its per-
formance will be needed b{ the NRC. Beginning in the second year of our
program, we began to develop an information base to include spent fuel
as a waste form in future studies. The immediate objective of this
effort was to identify the data that are available on the interactions
of spent fuel with groundwater to develop a plan for future experimental
and analytical studies. In the third year, a group of experiments using
actual spent fuel specimens was planned and the equipment for the in-
cell testing was assembled. These tests will be conducted during years
four and five.

1.1.2 Container Materials

The container studies focus on those processes that can cause degrada-
tion of the metallic waste package overpack. The objectives are to
collect data on the parameters that influence the degradation processes,
to identify the controlling parameters, and ultimate?y to model the
degradation processes that determine the long-term performance of the
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overpack. The scope cf the studies is limited to the materials which
are indicated by DOE to be their candidate materials. Ouring the first
year of study, a titanium alloy was the candidate material. Beginning
in the second year, studies were redirected to cast low-carbon steel for
use in a basalt environment.

The dominant processes which have been identified as causing degradation
of the steel overpack are general corrosion, stress-corrosion cracking,
itting, crevice corrosion, hydrogen attack, and mechanical stress.
hese processes may occur individually or in combination. The para-
meters that affect these processes include chemical composition and
physical state of the steel, groundwater composition and flow rate,
temperature, radiatiun intensity, availability of air, lithostatic
forces, redox state, alkalinity/acidity, and availability of hydrogen.
A study was also completed on the corrosion of the Type 304L stainless
steel canister by hot glass.

1.1.2.1 External Overpack Corrosion

The use of low-carbon steel in a wet environment for a long-life con-
tainer requires that the steel be thick enough to sustain the loss of
metal by corrosion without penetration over the period of interest, If
general corrosion dominates the process, the rate of general corrosion
will determine the necessary wall thickness. If localized attack such
as pitting or crevice corrosion occurs, then the rate of the localized
attack and the container life must be used to establish the wall thick-
ness. However, if the steel is susceptible to crackin? in the antici-
pated environment, the rate of cracking is so rapid relative to reouired
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. Cracking may result from stress-
cor-osion cracking or from reduction in fracture toughness from hydrogen
attack,

A large amount of data is available from the literature on the general
corrosion of low-carbon steel in a variety of environments., This is
also true for pitting attack, and some data are available for crevice
corrasion and stress-corrosion cracking, Data are also available for
hydrogen effects on wrought steel, but there are essentially none on
cast steels. Much of the data on the corrosion of steel are for salt-
water environments and shallow soil burial (such as pipe lines), but few
data are directly applicable to the environments expected in a reposi-
tory. With the current interest in cast steel for a long-life waste
container, corrosion studies have begun in simulated repository environ-
ments at several laboratories.

Our inftfal experimental approach was to investigate general corrosion,
pitting, cresice corrosion, and stress-corrosion cracking in anticipated
repository environments. Two steel castin?s with compositions similar
to ASTM Standard A216 were cast: one a "clean” steel, with low sulfur
and phosphorus, and the other "doped" with sulfur and phosphorus
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The susceptibility of the steels to hydroge uptake was evaluated by
measur ing the hydrogen content of samples of each of the four steels in
their as-fabricated condition, after exposure to an outgassin? proce=~
dure, and to a corrosion environment in basalt groundwater. The data
showed that cast steel was more susceptible to hydrogen uptake than
wrought steel.

The sensitivity of low-carbon steel to hydrogen embrittliement has been
evaluated by conducting tensile and fracture-toughness tests in gaseous
hydrogen and an inert environment and measuring the extent of degrada-
tion of the properties by hydrogen, Tests were conducted on a pure iron
as well as steels in the as-fabricated condition and some which were
annealed. Some degradation was found in steels in the as-fabricated
condi:iom; however, severe degradation was found in steels that were
annealed,

1.1.2.3 Modeling of General Corrosfon and Pitting

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 foundation of the
model for the general-corrosion process 1s a set of mass-transport equa-
tions which can be used to compute the fluxes of corrosion species to
the container surface, taking into account the fact that certain cor-
rosive species may be generated by radiolysis. The model accounts for
diffusion and convective flow to transport the species.

Preliminary computations have been performed to test parts of the model.
The computations have proven quite successful, Applications of the
model are very dependent upon realistic input data., Experiments are
planned in a gamma radiation field to provide data on the enhancement of
corrosion by radiation, Also, data will be sought on the rate and com-
position of surface film growth,

Battelle's modeling effort is also being applied to pitting attack,
which may be an important mechanism for the ultimate loss of container
integrity, The model being developed considers three different aspects
of the overall nittln? process: pit-initiation kinetics, pit-growth
kinetics, and the evolution of the pit-depth distribution. Many fnves-
tigators have studied the metal-pitting process, and much information is
avallable from the literature. MHowever, few data are available for the
waste-package environment in the repository, One series of experiments
planned by our experimental and analytic staff is expected to provide
data specifically applicable to the pitting model,

The experimental and analytical efforts in the container-mater als task
are well integrated and are being directed to providing an understanding
of the long-term performance of the overpack materials, with emphasis on
thuose processes that can lead to poor performance.
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1.1.3 Integrated System Performance

The waste-package system studies interact with the waste-form studies
and the container-material studies to provide on improved understanding
of the performance of the total waste-package system. During the first
year of the program, the major objective of this task was to develop a
waste-package sgstcn mode | incorporotfn? all the separate- and multiple-
effects models for waste-form and container performance into one
computer model. Indeed, at the end of the first year the first-
generation system mode! was developed and operable. At the beginning of
the second year, the DPO’rllliﬂg of the system computer model was
removed from the scope of study by the NRC, with greater emphasis being
placed on providing information for a better understanding of the
processes involved in waste-package system degradation.

One aspect of the total system under study is the production of
radiolysis products in the groundwater by gamma radiation from the
waste. This is of major importance in modeling the corrosion of the
container and in planning experiments to determine the effects of
radiolysis. The gamma fluxes and energy deposition rates as a function
of time in the materials of the waste package and very-near-field basalt
environment have been calculated for both commercial high-level waste
and spent fuel as gamma sources. These data are being used to calculate
the radiolysis products in the ?rounduator turroundin? the waste
package. To simplify the calculation, 1t was iInitially assumed that the
groundwater was pure water. Next, various chemical species, beginning
with iron, are being added to the reaction descriptions to be able to
apply the analytical method to various groundwater compositions. The
output of the radiolysis model calculations provide input to the water-
chemistry model, which is a fundamental part of the glass-dissolution
mode! and the general-corrosion model,

A general purpose water-chemistry code, WATEQ, was evaluated for use as
a basts for the glass-dissolution mode! and found not directly applic-
able, although the WATEQ data set is of value. The water-chemistry
mode! which we initially developed for our use has intentionally been
kept simple, Only a limited set of chemical species was included, The
set includes the basic water species, the fes which dominate most
natural groundwaters, and certain species which are assumed to result
from the corrosion of .ron-based metallic containers and from the
dissolution of borosilicate glass. The reactions among the aqueous
species are assumed to equilibrate rapidly. Any other reactions are
exc luded by the choice of species. Input to the model includes
temperature, oxidation potential, volume of water, and amounts of each
of the elements in solution (1nc‘udtng those species from the radiolysis
code). The uctor-cncmtstr{ mode) calculates the concentration and
activity of each of the water species, The results are used for the
glass-dissolution and corrosion models.

A series of integral experiments was planned during the third year.
These experiments are to use samples of real spent fuel with intact
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cladding and various degrees of failed claddings exposed to simulated
deoxygenated groundwater at 90 C. Selected experiments have spent fuel
spec imens embedded in packing material or container corrosion products.
The water will be pumped over each specimen at a nominal rate of 1 m/yr
and collected for analysis of radionuclide content. These tests are
performed to identify multiple effects which may affect container and
waste form performance and to obtain qualitative data or the release of
radionuclides from spent fuel with failed cladding. The experiments
will be conducted during the fourth and fifth years of the project.

1.2 Overall Program Objectives

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

To achieve the above ubjectives, 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
roundwater, through the 10,000-year period defined in the draft EPA
tandard. fh!s includes an understanding of the probable physiochemical
condition of the waste form when it is contacted by groundwater, as well
as the parameters of waste-form composition and environmental conditions
which will cause changes from its state at the time of disposal. In
addition, we are producing experimental data on the parameters that
affect dissolution of the waste form, including composition of the
groundwater and environmental conditions. The waste-form dissolution
process 15 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
performance is expected to be most affected by corrosion and hydrogen-
attack processes. We are attempting to provide information on the para-
meters of overpack-material composition, groundwater composition, and
environmental conditions that are most sign'ficant in these processes,
Our preliminary study of the titanium alloy in brine did not reveal any
conditions that would cause general corrosion, pitting, crevice corro-
sion, or stress-corrosion cracking to affect the good performance of the
material as claimed in the literature. However, vapor-phase attack was
identified; this could rade the material and should be more
thoroughly investigated {f the DOE selects the 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
crack ing under repository conditions, because steel is known to fail by
this process in some environments. We are studying the chemical species
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and environmental conditions that cause cracking to determine whether
this mode of failure is expected under credible repository conditions.
Our experimental studies on gereral and localized corrosion, together
with our comprehensive general-corrosion model, will assist in evaluat-
ing the corrosion-allowance approach for the use of steel as a long-life
container.

Although the development of an integrated waste-packa?e system model is
no longer included in the scope of this project, modeling efforts in the
integrated system-performance task are contributing significant infor-
mation to studies of general corrosion and glass dissolution. These
studies require knowledge of the amount and kind of chemical species
that may be produced by radiolysis of the groundwater near the waste
package as a result of gamma radiation from tne 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 canister and waste form, it 1s necessary to determine
their chemical activities. These are calculated by the water-chemistry
model, using as input data from experiments and from the groundwater-
radiolysis model. The output from the water-chemistry model is the con-
centration and activity of each chemical species in the groundwater near
the waste package. This information is used not only as input to the
general-corrosion and glass-dissolution models but also as a point of
reference in directing the experimental efforts in corrosion and disso-
lution. Some effects of radiolysis may be observed in the irtegral
experiments to be conducted during the fourth year of the program. The
primary objectives of the integral experiments is to identify combined
effects, possibly synergistic in nature, that affect the performance of
the overpack and waste form, and to provide some insight into the role
of cladding in the release of radionuclides from spent fuel.
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2. WASTE FORMS

Waste-form experimentation in this third project year has focused on
waste-form glass, using the reference composition MCC 76-68. Four
experiments have been conducted: (1) an assessment of the influence of
experimental design--specifically, the continuous contact between the
glass specimen and the leachate--on the results of static leaching or
corrosion at 90 and 190 C; (2) an experimental validation of the
dissolution/precipitation degradation model; (3) an evaluation of the
influence of crystallization on glass waste-form performance; and (4) an
evaluation, initiated at the end of this project year, of the influence
of organic acid on waste-form performance and radionuclide mobility in
groundwater. Because of the shift in program emphasis toward evaluation
of spent fuel as a waste form, these experiments will conclude the glass
waste-form work. However, the glass/water contact experiment is the
only one completed in this program year; the remaining experiments will
be completed in the first half of the fourth year.

The experiments yet to be completed address model verification, organic-
acid effects, and glass-crystallinity effects. At the conclusion of
these experiments, a topical report will be prepared describing the
results of the glass waste-form task,

During the year, a program plan was defined for the initial experiments
on spent fue!. This included a series of leaching tests and a deter-
mination of the location of radionuclides in spent fuel. Because the
emphasis on waste forms has shifted to spent fuel, this plan will be
modified early in year four of the program. Concurrently, the matrix
for the in-cell integral tests will be modified to reflect this shift,

2.1 Glass/Water Contact Experiment

The objective of this experiment is to assess the uncertainty associated
with glass-leaching data that -esults from an analytical difficulty
inherent in static waste-form 'eaching experiments. The potential
problem is precipitation of c-:mical constituents upon the glass speci-
men during cooling at the end of the experiment. The MCC-1P and MCC-2P
protocols used by most experimenters in this field require that the
reaction vessels be cooled to roam temperature prior to withdrawing
solution and glass specimens for analysis. With these and similar
procedures, waste-form constituents whose solubilities are temperature-
dependent and that are in solution at elevated temperature may nucleate
and precipitate upon the glass specimen during cooling, thereby changing
the solution composition and the glass-surface properties from those at
the test condition,

2.1.1 Procedure
In this experiment, a number of samples were in continuous contact with

the attacking solution during the entire experiment, while other samples
were exposed to the soluticn only during the isothermal treatment time,
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The experimental matrix is 3"?’" in Table 2.1. In all cases, efther
MCC-1P or MCC-2P protocols(2.-1) were followed, except for sezgr,glng
some of the samples of glass from the simulated basalt water(<:.¢) during
the heating and cooling periods.

Table 2.1. Glass/water contact experimental matrix.

Glass/Water Mcc-1p(b) Mcc-2p(c)

Isothermal(a) XXX XXXX
contact

Continuous(ad) XXX XXXX
contact
Blank(a) XXX XXX

(a)x = Replicate samples
(b)9o ¢, S/V = 0.01/mm
(€)190 ¢, S/V = 0.01/mm.

To separate glass specimen and water, 120-ml acid digestion bombs (Parr
Bomb Model 4748) were modified to accommodate the glass sample at
heights approximately 1/3 of the distance from the bottom or 1/3 of the
distance from the top. In all cases, the glass samples, cut into l-cm
cubes with a 200 grit diamond saw, were placed between the two per-
forated TEFLON* discs and all the containers were filled with approxi-
mately 60 ml, or half their volume, of simulated basalt water. The
volume was adjusted to obtain a surface-to-volume ratio of 0.01/mm at
the experimental temperature. Some bombs were inverted during the
heating and cooling periods so that the solution contacted the glass
only during the isothermal period; the other bombs continuously exposed
the glass to that solution. This procedure is represented in

Figure 2.1.

*TEFLON 1s a registered trademark of the DuPont de Nemours Company.
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Figure 2.1. Schematic representation of method used to isolate
glass sample from leachate.
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A1l containers were placed in two ovens that were maintained at 90 C and
190 C as determined by a calibrated, Type K thermocouple placed in
contact with one of the blank containers in each oven. When this
thermocouple reached the experimental temperature, the isothermal
contact containers were inverted to expose the glass to the basalt
water. At the end of the 28-day exposure period, these containers were
returned to their original upright position to discontinue contact
between the water and the glass samples. They remained in this position
for approximately 1 hour to allow evaporation of surface water, then,
all bombs were removed and cooled to room temperature. Typical heating
and cooling profiles are shown in Figure 2.2.

Once cool, the glass specimens were removed, weighed, and subjected to
surface analyses by appropriate methods such as scanning electron
microscopy, ESCA, and Auger spectroscopy. After acid digestion, the
solution chemistry was determined.

2.1.2 Results

Data on the percent change in weight are shown in Table 2.2. To
evaluate the presence of statistically significant differences between
continuous-contact samples and isothermal samples, standard analyses of
variance (ANOVAs) have been performed on these data. The 90 C and 190 C
data are analyzed separately because different variances are expected to
be induced by a more aggressive attack at 190 C. A summary of these
ANOVAs is presented in Table 2.3. The data at 90 C indicate that for
the 28-day tests no effect is present. At 190 C, the weight loss
changes show 8 statistically significant influence o

r
g uence of continuous and
isothermal contact.

Lmn
D N TCane "

Selected scanning electron micrographs of glass-specimen surfaces are
shown in Figures 2.3 and 2.4. Figure 2.3a illustrates an unleached
glass sample at 500X, showing the 200 grit grinding striations on the
surface. Surfaces of glass samples leached at 90 C are illustrated in
Figures 2.3b and 2.3c. The "honeycomb" structure apparent in both
results from the leaching of more soluble glass constituents, leaving
the less soluble constituents behind. The glass sample in continuous
contact with the leachate during cooling (Figure 2.3c) is morpho-
logically very similar to the glass sample isolated from the leachate
during cooling (Figure 2.3b), suggesting very minor precipitation of
solutes dur ing cooling from 90 C.

The surfaces of glass samples leached at 190 C, illustrated in

Figure 2.4, show very different morphological characteristics. The
glass cooled in isolation from the leachate (Figure 2.4a) exhibits a
"honeycomb” structure similar to those in Figures 2.3b and 2.3c, except
that the leached layer appears to be deeper, a result consistent with
greater dissolution at the higher temperature. However, glass samples
allowed to remain in contact with the leachate during cooling from 190 C
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Figure 2.2. Typical heating and cooling profiles.
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Table 2.2. Summary of results of glass-water contact experiments.

Temper ature (C)

90 190
Continunus Contact Percent weight 0.083 1.182
change 0.054 1.135
0.073 1.139
1.108
average 0.070 1.141
Isothermal Percent weight 0.083 1.167
contact change 0.079 1.199
0.079 1.334
1.204
average 0.080 1.226
Table 2.3. Analysis of variance (ANOVA) summaries
for glass-water contact experiment.
Temperature Calculated Probability of
(C) F-Statistic No Effect
Percent weight 90 1.44] 29.7%
change
190 4.552 7.6%
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Fiqure 2.3. Scanning electron micrograph of: a) unleached glass;
(b) glass leached at 90 C and isolated from leachate
juring cooling; and (c) glass leached at 90 C and

ooled in continuous contact with leachate.



Figure 2.4. Scanning electron micrographs of: (a) glass leached a
190 C and isolated from leachate during cooling; and (b),
(C), and (d) glass leached at 190 C and cooled in
continuous contact with leachate.



(Figure 2.4b-d) show distinct precipitates on the outer surface of the
honeycomb structures. These precipitates apparently formed predomi-
nantly during cooling from 190 C to room temperature by the deposition
of chemical constituents which were soluble at 190 C but, being
insoluble at lower temperature, precipitated onto the glass surface.
Figure 2.4b shows nodule-1ike precipitates covering about 50 percent of
the glass surface area. In Figure 2.4c, the honeycomb layer is almost
completely covered by a thin film, and large nodules were deposited onto
the film. Figure 2.4d shows the film in greater magnificiation with
traces of the honeycomb structure showing through, but with most of the
structure filled in by the precipitated material.

Leached glass samples have been analyzed by energy-dispersive x-ray
analysis (EDAX) and electron spectroscopy for chemical analysis (ESCA).
Selected EDAX analyses are reported in Table 2.4. The values are
normalized to 100 percent for the five elements listed. Their actual
concentrations are lower because other elements are present but are
either not detected by EDAX (e.g., oxygen) or are detected in trace or
irregular concentrations (e.g., titanium and magnesium). The data
discussed in the text are underlined.

Consistent with the SEM data, the EDAX analyses show no significant
compositional differences between glasses in continuous contact or
isolated from leachates during cooling in the 90 C experiments. Areal
scan data on specimens at 190 C sh:w that glasses in continuous contact
with leachates are enriched in iron and zinc. Data taken on selected
nodules indicate calcium and phosphorus enrichment of glasses in
continuous contact with the leachate. A1l four elements are MCC 76-68
giass constituents, and calcium 18 also present in the synthetic
groundwater. This enrichment is interpreted to be indicative of
precipitation of these elements onto the alteration layers during
cooling. Note, however, that the 190 C glasses isolated from the
leachate are somewhat enriched in zinc (areal acquisition) and calcium
and phosphorus (nodule acquisition) relative to unleached controls and
glasses leached at 90 C. One interpretation of these observations is
that zinc, calcium, and phosphorus concentrate in the alteration layer
during the 28-day experiment, and then iron, zinc, calcium, and
phosphorus further nucleate and precipitate upon the glass sample during

ceoling.

ESCA data show similar compositional trends and are reported in

Table 2.5. These data include oxygen and do not necessarily add up to
100 percent because several trace elements of little importance, such as
nickel and titanium, are not reported. Again, the more significant
compositional differences are between samples isolated and in continuous
contact with leachates at 190 C. Calcium, phosphorus, and zinc appear
to precipitate in the alteration layer during the cooling phase at the
conclusion of the experiment. However, these elements are already
slightly enriched on glass surfaces that were isolated from leachate

during cooling.
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Table 2.4. Chemical compositions of glass surface layers
determined by energy-dispersive x-ray analysis.

Relative Weight Percent(a)
Glass Sample Si P Ca Fe In

Areal Acquisition
Unexposed MCC 76-68 54.6 5.4 6.5 19.6 13.9

Areal Acquisition
90 C Isothermal 36.3 5.0 9.5 27.5 21.7

Areal Acquisition
90 C Continuous

Contact 35.4 -- 9.3 30.8 24.6
Areal Acquisition
190 C Isotherma! 47.7 - 7.8 18.0 27.2
Areal Acquisition
190 C Continuous
Contact 23.6 -- £.2 29.3 41.7
Nodule
190 C Isolated 38.6 9.4(b)  12.7 12.3 27.0
Nodule
190 C Continuous
Contact 25.3 22.0 27.2 9.4 16.1

(a)Normalized to 100 percent.
b)underlined data are discussed in the text.
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Table 2.5. Chemical compositions of glass surface layers
(0-3 nm) determined by electron spectroscopy
for chemical analysis.

Weight Percent

Glass Sample Si P Ca Fe In 0
Unleached Control 20.4 -- 2.3 2.9 1.5 67.7
90 C, Isothermal 13.0 - -- 3.6 0.2 82.0

90 C, Continuous Contact 17.5 -- 2.0 2.6 2.2 75.5
190 C, Isothermal 17.1 1.7+ 2.7 2.7 4.5 67.8
190 C, Continuous Contact 14.9 2.7 3.7 2.1 6.5 69.1

*Underlined data are discussed in the text.

In summary, the films and nodules shown in Figure 2.4b-d that coat the
leached honeycomb structure shown in Figure 2.4a are composed primarily
of iron and 2inc oxidec and a (a-P0; species. They appear to be an
artifact produced when the leachate is in contact with the glass speci-
mens during cooling from 190 C. These elements are also enriched in the
alteration layer during the 28-day 190 C experiments, and their presence
facilitates further nucleation and precipitation during cooling.

2.1.3 Discussion and Conclusions

SEM analyses show that certain elements precipitate in the glass altera-
tion layer upon cooling in 28-day tests at 190 C when glass specimens
and leachate are cooled in continuous contact. Precipitates are not
observed in the 28-day tests at 90 C. Small nodule-like and flocculated
precipitates are commonly observed on glass surfaces exposed to stgt;g
leachates for a period of time sufficient for saturation to occurié-?/,
However, the precipitates that we report are clearly artifacts of the
experimental design because they form during cooling to room temperature
at the conclusion of the experiment. These precipitates are comprised
of a thin film that coats the "honeycomb" alteration layer and larger
nodules that reside on the outer surface of the thin film. EDAX and
ESCA analyses indicate that the precipitates are largely composed of the
oxides of iron and zinc and of a Ca-PO4 compound. The precipitation
phenomenon gives rise to a small but statistically significant weight
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gain in the affected glasses. Any effect on leachate composition is too
small to be discer.ed analytically.

The results of these experiments are specific to MCC 76-68 simulated
waste glass exposed to synthetic basalt groundwater at 90 C and 190 C in
28-day static tests. Longer test durations would be expected to
increase the magnitude of the precipitation effect and might permit the
phenomenon to be operative at lower temperatures. Low velocity, flow-
through experiments may also be susceptible to similar experimenta)
artifacts. Similar effects may be expected for other nuclear waste
borosilicate glasses, such as the Defense Waste Reference Glass (OWRG) ,
SRL TDS-131, and SRL-165, Yhish contain varying amounts of iron, zinc,
calcium, and/or phosphorus 2.3), The precipitation effect may have
contributed to the irreproducibility of Ca and Zn concentrations in
leachates during the study of g pgecise static leach test for simulated
nuclear waste glass materials(2.4),

2.1.4 Implications for Radionuclide Isolation

The precipitation effect may have significant ramifications regarding
the behavior of actinides and other radionuclides during static leaching
of fully-loade high-level waste glasses. Calcium phosphates, which are
very insoluble(2.5 » particulariy at alkaline pH, may absorb ?r gogrs-
cipitate uranium, radium, strontium, and other trace elements(2.6-2.9).
Furthermore, iron oxides and o?fh{gyoxides are strong absorbents for a
wide variety of trace elements(<- . Artifact precipitates may, there-
fore, modify the partitioning of radionuclides between the surface
layers of glass and their agueous leachates.

The precipitation phenomenon described herein is of interest in that it
may lead to incorrect interpretation of alteration layer morphology and
composition and also of leach rates as measured by glass weight loss or
leachate composition. The use of the simple experimental approach out-
Tined in Figure 2.1 will minimize the opportunity for their formation.
The results of this study suggest that some data from the commonly used
leach tests may require special interpretation.

2.2 Glass-Crystallinity Experiment

A detailed analysis of canister cooling rates has indicated that these
rates may allow some significant volume fract}gn Y; crystals to be
produc?g ?5 devitrification of the waste form(Z.l A recent

reporti<. ) indicates that these calculations may overestimate the rate
of cooling by approximately 75 percent. In other words, experimentally
measured cooling rates are slower than those calculated, further
compounding the potential devitrification problem.

Before undertaking a detailed description of this crystallinity, its
detri?snisl character needs to be determined. The work of Hench and
Clark(2-13) showed that volume fractions of crystallinizy from 35 to
100 percent could reduce the durability of SRL 131-29.8 percent TDS-3A
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waste glass to as little as 1/40 of its original durability. They
further discussed 3 nghanism of preferential attack at the glass/
crystal interface(2:14), Therefore two parameters, the volume fraction
crystallized and the grain size of the resultant crystals, could influ-
ence the corrosion characteristics of devitrified glass. To assess
these characteristics, an experiment which exposes two different volume-
fractions crystallized at two different crystal sizes was planned. To
conduct this experiment, a means of generating those specimens was
needed.

Heterogenous nucleaticr is the best means of fixing crystal sizes and
volume fractions under isothermal heat-treatment conditions. The
occurrence of Ru0» as a melt insoluble in MCC 76-68 glass provides an
intrinsic nucleat?on site that should not distort subsequent leaching
results. Furthermore, isothermal crystallization experiments by Uhimann
and coworkers 2.15) nave shown that time, temperature, and the number of
nucleating particles per unit volume determine the volume fraction

crystallized.

By choosing different concentrations of nucleating particles, the
crystal size may be limited by impingement. For instance, crystal grain
digmeters gf 10 um and 1 um should require respective concentrations of
10% and 10? particles per cubic centimeter. These concentrations can be
obtained by mixing commercial RuOp with MCC 76-68 in weight ratios of

20 mg Ru0p per gram of glass and SO ug per gram of glass, if a 0.2 um
mean diameter is assumed for RuOp.

The temperature range for developing the samples should be between the
glass transition temperature for MCC 76-68 (1.e., Ty = 450 C), a
temperature at which crystal growth stops, and the ?iqu1dus temperature
(Tg = 950 C), the temperature at which growth begin.. A temperature
range of (Tg +100C) < T < (T ‘00 C) should be an appropriate start-

ing point.

The isothermal treatTgnY t‘me must also be established. The data of
Bickford and Jantzen\¢- €/ indicate that various defense waste composi-
tions will be significant y devitrified if isothermally treated between
4 and 44 hours at temperatures between T, and T, for those glasses.
Those glasses are somewhai more res1stan8 to devitrification than

MCC 76-68 because of their kigh A1203 content, so isothermal treatment
times of 4 and 44 hours should also suffice for MCC 76-68 glass.

The method of response-surface exploration can be used to develop the
time, temperature, and nuclei concentrations that should lead to the
required volume-fractions-crystallized and crystal sizes. This method
is a statistical design that can be used to find maximum and minimum
response conditions without knowledge of exact, functional relation-
ships. For the variables to be explored, a central composite
design(2-17) can be used to accommodate quadratic effects in all the
variables and should be adequate for the present purposes. This design
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is presented pictorially in Figure 2.5; the corresponding coordinates
are presented in Table 2.6. As previously discussed, they are based on
the following initial values of the experimental variables:

Variable Low High
T (C) 550 850
t (hours) 4 44
Np (#/cc) 106 109

2.2.1 Summary of Experimental Results

The details of the experimental procedures and results are presented in
Appendix A. The inclusion of heterogeneous nuclei of RuOp in MCC 76-68
glass changes the cause of crystallization. Also, they induce numerous,
small crystals in this glass as compared to the untreated MCC 76-68
reference. However, within the ranges of experimental conditions, the
influence of temperature, time, and the concentration of nucleation
particles, Np, on the mean crystal diameter is smail.

The inclusion of heterogeneous nuclei in MCC 76-68 glass heat treated at
temperatures and times comparable to those present during waste form
cooling can significantly change the volume fraction of crystals. The
ranges of temperature and time expiored to date indicate that 5 percent,
by volume, of a crystalline phase can be easily produced. The volume
fraction crystallized, Ve, Ts statistically related to T, ¢, and np as
follows:

log (V¢) = 0.14 + 0.28 T - 0.15 T2 + 0.22 log (Np) + 0.27 [T 10g(Np) 1.

The lack of a statistically significant time variable likely results
from slow growth in the temperature regime explored in this experiment.
Furthermore, initial data indicate that changes in crystal morphology
and composition are brought about by heterogeneous nucleation onto Ru0p
particles.

The ranges of temperature, time, and RuO; concentration that have been
explored have not yielded data that can be used to generate specimens
with V¢ in excess of 5 percent or with two distinctly different crystal
sizes. However, a preliminary empirical equation describing crystalli-
zation has been developed. Therefore, to improve this equation and, as
a result, to produce the specimens needed for leaching/corrosion experi-
ments, this effort should continue.
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Figure 2.5. Coordinates and levels of central composite design.

Coordinates and levels of central comnogite design.

Table 2.6. in nd levels of nty o
Point Coordinates T (C) t (hours) log Np
| (0,0,0) 700 24 7.5
Z (-1,-1,-1) 610 12 6.6
3 (1,-1,-1) 790 12 6.6
4 (-1,1,-1) 610 36 6.6
5 (1,1,-1) 790 36 6.6
6 (-1,-1,1) 610 12 8.4
7 (1,-1,1) 790 12 8.4
8 (-1,1,1) 610 36 8.4
9 (1,3.3) 790 36 8.4
10 (-1.68,0,0) 550 24 75
11 (1.68,0,0) 850 24 7.5
12 (0,-1.68,0) 700 4 r.9
13 (0,1.68,0) 700 a4 7.5
14 (0,0,-1.68) 700 24 6
15 (0,0,1.68) 700 24 9




2.2.2 Implications for Waste Form Performance

The striking change in crystal morphology and volume fraction induced by
heterogeneous nucleation may have an influence on waste form behavior.
These results are especially important because the heterogeneous nuclef
used are an intrinsic melt insoluble in MCC 76-68 glass. The empirical
relationship developed for V. indicates a complex behavior between
cooling rate and the concentration of heterogeneous nuclei. The form of
this equation implies that the slowly cooling, central portion of the
waste form may have a significant volume fraction of Crystals, perhaps

5 percent or greater,

Radioactive species such as those simulated by lanthanides and
molybdenum (1.e., technetium) in MCC 76-68 glass terd to concentrate in
these crystals. A combination of high V., which could lead to cracking
of the waste form, and radionuclides concentrated in solutie crystals
could have an impact on radionuclide release to groundwater. Clearly,
experimentation that will better define the influence of heterogencous
crystal nucleation and growth is warranted.

2.3 Experimental Verification of the Glass
ﬁ‘ssoiut‘on?!egrecip?tat‘on Mode |
“he discolution/reprecipitation mode! interprets the rate of glass
waste-form dissolution as being controlled by the dissolution of the
least dissolvable glass species into the groundwater and the precipi-
tation of a more stable solid form of that species once its solubility
limit, C5, has been reached. Using the model, the instantaneous
concentration of the rate-controlling species, dC/dt, can ve expressed
as:

- () c-0+x -0 . (2-1)

In this equation, K and K' are the rate constants for glass dissolution
and solid precipitation, respectively; C, is the solubility limit with
respect to the glass; and S/V is the rat?o of the glass surface area to
the volume of solution.

2.3.1 Experimental Results

In an experiment for evaluating this model, ecimens of MCC 76-68
glass, crystalline quartz (a-quartz), and amorphous silica (a-5102) have
been exposed to reagent-grade water under MCC-1P conditions. The
exposure time to date has varied between | and 70 days. To ensure the
best possible accuracy in measurement of $102 concentration, the
experiment has been conducted at 90 C in bombs containing reagent-grade
water with cubic specimens 1 cm on a side to maintain a surface-
to-volume ratio of 0.01/mm, the MCC-1P condition. Because continuous
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glass-water contact is undesirable (refer to Section 2.1), all bombs
have been inverted to prevent such contact during heating and coo ing.
To reach thermal equilibrium, the bombs were placed in the oven for
24 hours before inversion to obtain glass/water contact. To prevent
contact on cooling, they were reinverted upon removal from the oven.

The experimental matrix is shown in Table 2.7. The numbers in this
table refer to the bombs, numbered 1 to 21. At the end of the 35th day,
Bombs 1 to 9 were cleaned and returned to the oven to provide additional
samples. [n this way, reasonably accurate measures of the dissolution/
precipitation curves for MCC 76-68 glass, fused silica, and a-qué~tz can
be obtained.

After treatment, the glass specimens are removed and weighed. The pH of
the leachant is measured, and the leachant is treated with high-purity
NaCO3 to ensure that all silicon is dissolved. The concentration of
monomeric silica in this solution is determined by an ammonium molybdate
colorimetric procedure. The results of the analyses are presented in
Table 2.8 and Figures 2.6-2.8.

Table 2.7. Silica-dissolution-model experimental matrix.(2)

Exposure Time, Days

Sample 1 3 s 8(b) 11 1a(b) 21 28(b) 35 42 56 70
MCC 76-68 } 1 & 3-8 5 6 7 8 9 10 11 12
Fused silica 1 4 7 13 16 19
a-quartz 2 5 8 14 17 20
Blank 3 6 9 15 18 21

(a)Numerals in table are bomb identification numbers.

(b)Bombs 1-9 will be subjected to digestion and cleaning procedures before
being returned to the oven on the 49th day. After their return to the

oven, Bombs 1-3 will be removed on Day 57, Bombs 4-6 on Day 63, and Bombs

7-9 on Day 77, counting from the beginning of the experiment.
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Table 2.8. Results of glass corrosion model experiment.

MCC 76-68 a-quartz amorphous 5102 biank
Exposure, days  pH(2)  xaw(d)  (Si07), ppm  pH(3)  xaW!d)  (Si0z), ppm pH(a)  xad(d)  (Si0z), pom  pH(a)  xaw(d)  (Si0;), ppm

1 8.3 0.0172 9.19 - - - - - - - - -

3 8.5 0.0572 18.77 - - - - - . - - -

5 8.7 0.0654 22.41 - - - - - - - - -

8 8.7 0.1044 33.04 5.415 0.0037 0.54 5.970 -0.0046 0.94 5.935 - 0.37
11 8.8 0.1217 38.90

14 8.9 0.1128 41.14 5.861 0.0114 0.57 5.910 0. =+ 0.55 5.794 - 0.18
21 9.0 0.1392 46.33

28 8.9 0.2833 60.50 5.850 0.0075 0.93 5.769 0.0228 2.30 5.790 - 0.48
35 9.0 0.2550 40.74

42 8.8 0.2319 78.78 5.875 -0.0068 0.89 5.115  -0.0046 1.33 5.425 - 0.075
56 9.0 0.3174 85.92 5.605 -0.0036 0.93 5.72% 0.0000 1.89 5.535 - 0.155
70 9.1 0.5183 149.62 5.960 0.0%00 1.80 5.840 0.0502 8.72 5.521 0.50

(2)Fina) pH when reagent water starts:pH = 5.0.

(b)percent weight change.

(+) = loss, (-) = gain,
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Figure 2.6. pH of leachant after exposure of sample at MCC-1P
conditions.
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Figure 2.8. Analyzed concentration of silica in leachant after
sample exposure to MCC-1P conditions.
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As can be seen in Figure 2.6, the pH change is much greater for

MCC 76-68 than for either of the silica references. The pH for

MCC 76-68 tends toward an equilibrium value of approximately 8.8, while
the pH of the reference specimens tends toward an equilibrium value of
around 5.6. The data on weight loss and silica concentration, shown in
Figures 2.7 and 2.8, respectively, are consistent with these pH data and
with each other. However, neither of these latter graphs yet show the
peak in silica concentration predicted by the proposed model.

2.3.2 Conclusion

The dissolution/precipitation reactions have not reached dynamic
equilibrium after 70 days of exposure. Six more bombs, each containing
MCC 76-68 specimens, have been returned to the experiment. These will
be removed at 14-28 day intervals starting with the 84th day. #s these
data become available, the dissolution/precipitation mode! will be
evaluated.

2.4 Organic Acid Experiment

The objective of this experiment is to identify factors that, if
operative in a repository environment, may accelerate glass leaching
rates. Such factors may include components of the physicochemical
composition of the groundwater in contact with the waste package--such
as pH, Eh, and the presence of complexing ions such as F-, C1-, and
organic acids--as well as processes that may affect glass integrity,
such as devitrification. For third-year and early fourth-year testing
we have chosen to concentrate on the effects of natural organic acids.
which are common groundwater constituents but whose effects on glass
leaching have not yet, to our knowledge, been experimentally addressed.

Natural organic acids in deep groundwaters may include compounds with a
wide range of compositions. We have chosen to evaluate two species that
typify two groups of organic acics frequently encountered in the natural
environment: acetic acid and fulvic acid. Acetic acid is one of the
principal microbiological breakdown products of ?ser?us natural organic
compounds. [t occurs widely in oil field waters(2-18) and has recently
been zgengified in deep groundwaters from the Palo Duro Basin,

Texas(2:19) __one of the sites recently selected as a potential high-
level nuclear-waste repository. Acetic acid was found in concentrations
ranging up to 225 mg/liter in Palo Ouro groundwaters, along with other
short-chain, aliphatic acid anions such as propionate, n- and iso-
butyrate, and n-valerate, which were present in concentrations up to

23 mg/liter. In oil-field ?r1n5§. acetic acid concentrations can range
to more than 4,000 mg/1iter(2.19), Humic species form mainly in soils
and swamps and occur widely in surface and shallow groundwaters and
occasionally in deep groundwaters. For example, fulvic acid, a slightly
more oxygenated form of humic acid, has been identified in concentra-
tions ranging up to 20 mg/liter in deep groundwaters from the Finnsjon
and Sterno areas of Sweden, both of whzgh 8$e prospective radioactive-
waste disposal sites in granitic media(Z.20),
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Thus, acetic acid and fulvic acid are representative of the types of
natural organic compounds that may occur in groundwaters in basaltic
lithologies--fulvic acid because soils and associated vegetation are
frequently buried by tasalt flows, and acetic acid because it is one of
the principal breakdown products of more complex organic compounds.
Acetic and fulvic acids are also appropriate selections for testing
because they represent limiting ranges of metal-complexing capacities
for natural organic ligands. Acetic acid is a monodentate ligand with
relatively weak metal-complexing capacity, and fulvic acid is a complex
polydentate 1igand with strong metal-binding characteristics.

The concentrations of organic 1igands used in the glass-corrosion
experiments are intended to bracket the extremes of their expected
concentrations in the actual waste-disposal environment. For acetic
acid, concentrations of 200 and 2,000 mg/liter are appropriate. To
evaluate possible nonlinearity of concentration influences, the
geometric mean of the concentrations was also used--632 mg/liter.
Fulvic acid values are an order of magnitude lower in all cases, i.e.,

20, 63.2, and 200 mg/liter.

The rudiation stabilities of these organic compounds are not clearly
understood. Similar organic acids, such as EDTA (ethylenmediaminetetra-
acetic acid), have been reported to decompose ?grslglly when exposed to
intense radiation fields and high temperatures\¢- However, the
present experiments are intended to simulate glass/water interactions
after package failure, which is not expected to occur until more than a
thousand years after disposal when the radiation field surrounding the
waste has diminished significantly.

The test plan, which was initiated late in this program year, is to dope
simulated Grande Ronde basalt water with the required concentrations of
fulvic acid and acetic acid. This doped water will be used in the
modified MCC-1P test (see Section 2.1). Chemical analyses of radio-
active simulants released to the leachant and surface analyses will be
used to evaluate the influences of these two acids. Table 2.9 is a
summary of the test.

Once the MCC-1P exposure period has expired, the sampies will be removed
and pH and weight changes will be measured. Chemical analyses of the
solutions will be directed toward evaluating the capacity of these
organic ligands for complexing multivalent cations removed from the
glass specimen. In particular, the comnlexation of molybdenum, which is
a simulant for technetium, and actinides will be evaluated.

2.5 Spent Fuel Experiments

Since spent fuel is a likely waste form for emplacement in a repository,
activity was initiated last year to characterize the state of knowledge
regarding the degradation of cladding and fuel under expigtf? repository
conditions. The literature review, completed last year,(Z-11) indicated
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that much more work needs to be performed in order to understand the
leaching/dissolution behavior of irradiated U0, fuel under prototypic
repository conditions. In addition, some work is needed in understand-
ing localized attack, e.g., stress-corrosion cracking and pitting, on
Zircaloy cladding.

Table 2.9. Organic acid test conditions.

Dopant
Concentration
Dopant (2) (mg/1) Purpose Replicates
None -- Reference XX
Acetic Acid 200 Low XX
632 Middle XX
2000 High XX
Fulvic Acid 20 Low XX
63.2 Middle XX
200 High XX

(8)Added to simulated basalt groundwater.

This year, with the aid of the literature review, we developed an
experimental plan to examine spent fuel leaching dissolution under
prototypic conditions. As part of that plan, a small effort was devoted
to determining the location of radionuclides, including the surface,
grain boundaries, and grains, in order to understand the
leaching/corrosion data obtained.

2.5.1 Leach Testing

In the evaluation of a licensing application it is likely that some type
of solubility-1imited dissolution model will be assumed fcr the long-
term release of radionuclides from spent fuel waste forms. This dis-
solution mode] may relate the expected solubility-limited dissolution
rate of a species such as uranium, as U0z, with the release of all other
radionuclides in ratios determined from analysis of short-term experi-
mental data. Two tests were planned to provide information on the
applicability of such a solubility-limited release model to the
estimation of the long-term release of radionuclides from spent fuel,
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A loop test was planned to investigate the release of radionuclides from
spent fuel fragments. These tests would be performed under prototypic
repository conditions for temperature, pressure, and groundwater
chemistry. During the dissolution process, fluid samples will be with-
drawn to provide information on the relative release rates of radio-
nuclides. This experiment was designed to provide information on how
the release rates of radionuclides change when the dissolution of the
waste form becomes appreciable.

Studies were also planned for the determination of activation energies
for the release of radionuclides from spent fuel due to leaching and/or
dissolution as a function of time and temperature regime. This would
have provided a means for assessing the applicability of high tempera-
ture tests to predictions of spent fuel performance at lower tempera-
tures. This information could also provide a means for quantitatively
accounting for effects of temperature on the predicted release rates of
radionuclides from spent fuel,

To supplement this work, data was to be used from some of the isothermal
leach teste reported in the literature. Measured release rates as a
function of temperature would be used to determine activation energies
for the release of radionuclides as a function of time and temperature
regime.

As noted earlier, the emphasis on spent fuel has been increased. As a
result of this action, the above plans for leach testing have been
revised. The plan now calls for dissolution experiments, utilizing
precise redox control, to be performed under prototypic repository
conditions.

2.5.2 Radionuciide Distribution

Justification for a mode! for the long-term release of radionuclides
from spent fuel will require information on the microscopic distribution
of radionuclides in the fuel material. [f the grain boundary and
surface inventory is removed during the initial 'each period, a case can
be made for a solubility-limited lona-term radionuclide release model.
The actual assessment of such a mode., however, would require informa-
tion on the distributions of radionuclides as well as results of other
studies, such as the leach tests described in Section 2.5.1.

After a review of existing literature data, the distribution of radio-
nuclides in residence in grains and grain boundaries will be determined
using an electron microprobe. The radial distribution of radionuclides
will be determined using an electron microprobe as well as an
anastigmatic SIMS apparatus. These distributions will be determined for
unleached fuel and fuel which has undergone various degrees of leaching.
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2.6 Waste-Form Modeling

During the past year, modeling studies of waste-form degradation were
devoted to glass waste forms and entailed two principal subjects:
effects of reprecipitation of dissolved glass species on the overall
kinetics of glass dissolution, and the infuence of water chemistry on
glass dissolution. The results are presented below.

2.6.1 Glass Dissolution/Reprecipitation Modeling

When a glass waste form undergoes dissolution into the groundwater with
which it presumably is in contact, it is possible that some of the
dissolved species may reprecipitate as more stable minerals, e.qg., as
layers on surrounding surfaces or as colloids distributed within the
water. As a result, the concentration of these dissolved species within
the water is reduced, which in turn causes the glass to dissolve to a
further extent in an attempt to approach thermodynamic equilibrium with
the water. Thus, the overal)l effect of reprecipitation is to enhance
the extent to which glass dissolution takes place. Results of leaching
experiments using a simple borosil1i,t5 ?lass have, for example, been so
interpreted by Petit and coworkers,(2.¢2

In the Annual Report for the second year of this program,(2.23) results
were presented of some initial modeling studies relative to the repre-
cipitation of dissolved glass species as part of a more stable phase.

As discussed therein, the simultaneous occurrence of glass dissolution
and precipitate growth takes place when Cy < C < Cy. Here, C is the
instantaneous, time-dependent concentraticn, within a closed veluge V of
groundwlter. of the glass component that controls dissolution. (g, and

o are the saturation concentrations of this particular species relative
to the precipitate and the glass, respectively., Within this regime, the
rate at which C changes with time t was taken as

%% - 5; (Cy - €) + XK' (C, - C) (2-2)

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

In the original calculations(?-23) k' was chosen to be time-
independent, and the predicted variation of C with t that resulted did
indeed exhibit behavior that has been observed experimentally (e.q.,
nephelzge ’;ssolution with gibbsite precipitation, as reviewed by
LasagalZ.24)) i e.,

e C (t +» ») = constant

@ Co<C(tsm) <Cqy.
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During the past year, calculations were carried out in which K' was no
longer treated as a constant, but rather as an increasing function of
time. Such behavior might be expected, for example, for the growth of
colloidal particles from solution, which, as they grow, present an
increasing amount of surface area to the surrounding ground water and
thus are able to transport the dissolved species from solution at faster
net rates. On the other hand, treatment of K' as a constant may be more
characteristic of growth of the precipitate as layers on ad jacent
surfaces, for which the amount of exposed area remains approximately

constant.

The particular form assumed for K' was
K'(t) =a+b(t-tp (2-3)

where a and b are time-independent parameiers (but possi.ly temperature-
dependent, although temperature variations are not being considered
here), and the time t, is defined such that

C(tp) - C6 .

Thus, times witanin the range t > tR are of interest in solving
e

Equations 2-2 and 2-3. C(Clearly, the special case f?r 3h1ch b = 0 cor-
responde to that which had heen previously treated, (2.23)

Equation 2-3 was cast in linear form for simplicity in accounting for a
K' parameter that increases with time, rather than for a physically
realistic representation of actual reprecipitation kinetics. Unfor-
tunately, however, even the simple form of Equation 2-3 yields results
that are rather complex, as compared to the case for which b = 0.

Proceeding with the analysis, Equations 2-2 and 2-3 can be combined and
expressed in terms of dimensionless variables and parameters to yield

g% +vEs =1+ (vg - )r (2-4)

whee
s = C/Cq (2-5a)
r s Co/Co (2-5b)
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y 2 b( %g) ’ (2-5¢)

,;EI:_BH-,p (2-5d)
with
s %§ (2-5e)
r = KSt/V (2-5¢F)
tp = KStp/V . (2-59)

The definitions of s, r, 8, r, and t, given here are consistent with
those presented in Reference 2.23. ?he explicit dependence of tp upor r
is given in Equation 2.20 of that reference.

Equation 2-4 can be easily solved, subject to the initial condition
s(¢p) = r, where gp = £(r = rp), to yield the rather complex expression

;2 1721
S:7% 1~ %53 {rl_(f) zJ
(2-6)

F [(§)mep] e [§ (cj - az)]}

where F is Dawson's integral, defined in general(2.25) as

? F 2
F2) s &7 J o g (2-7)

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

Analysis of the properties of s(¢) is presented below. However, one
particular feature that can readily be deduced is the behavior of s at
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asymptotzg Ei?es. if.e., £ + =, Toward this end, we use a well-krown
relation(2.25)

1/2 2
F(z) = EET' e’ erf(iz) (2-8)

together wfgh the asymptotic expansion for the complement of the error
function(2.26)

2
¥
fe(z) - S5 [1+ 0 ()] . i
erte) - S [t 0 ()]

Equation 2-9 is valid for z + = and larg(z)| < 3n/4. Noting that
erf(z) = 1 - erfc(z), one can combine Equations 2-8 and 2-9 to obtain

F(z) - ﬂ;—?;z—z + %'z' [1 + 0 (.:7)] ) (2-10)
If z is rea:,
F(2) - 35 (2-11)
From Equations 2-6 and 2-11, we obtain
e (2-12)

in the 1imit as ¢ + =. Consequently, we see from Equations 2-5a, 2-5b,
and 2-12 that

C - Co (2-13)

as t » =, Therefore, as the time becomes asymptotically large, the con-
centration of the species controlling glass dissolution, within the
closed volume of groundwater, gradually approaches the saturation level
of that species relative to the precipitate. Of course, such behavior
is expected, since from Equation 2-3, K' becomes very large as t
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increases. In turn, from Equation 2-2, C must approach C° in order to
maintain dC/dt at a finite level.

There are essentially two ways that one could proceed to apply this
model to explicitly determine the variation of s (that is, C) with time.
One method is to use the analytic solution expressed in Equation 2-6 in
conjunction with some type of numerical routine to calculate the
Dawson's integral contained therein. The other method would involve
direct application of a numerical integration procedure to the original
differential equation, Equation 2-4. The latter approach was used in
the calculations reported below.

It is convenient, at this point, to re-express Equation 2-4 using the
variable : rather than ¢ as a measure of time. This is clearly a minor
modification, as can be seen from Equation 2-5d, since these two
variables differ from one another only by an additive constant. Thus,
combining Equations 2-4 and 2-5d,

(2-14)

Q'Q

=l-r-flesey -] s-m

For times within the interval 0 <t « tp both 8 and y are zero, and
taking s(r = 0) = 0, the solution of Equation 2-14 becomes

=1 -exp (-1) . (2-15)

Equation 2.20 of Reference 2.23 is seen to follow directly by setting
s =rand « = rp in Equation 2-15. In addition, the solution of
Equation 2-14 for the special case y = 0 (i.e., for which K' is time-
independent) can be expressed in terms of elementary functions (Equa-
tion 2.24 of Reference 2.23).

We can aiso calculate the total amount, Q, of the species controlling
glass dissolution that has actually gone into solution. In general,

R -xs(c, - C) (2-16)

Equation 2-16 can be expressed in terms of dimensionless gquantities
using Equations 2-5a and 2-5f i.e.,
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(2-17)

where
.8 (2-18)
q = v .

Equations 2-16 and 2-18 are consistent with the terminology used in
Reference 2.23.

Closed-form expressions for q(:) were developed in Reference 2.23 for
two cases: K' = 0, and K' being time-independent (Equations 2.27 and
2.29 of Ref. 2.23, respectively). During the past year, a numerical
approach was used to obtain q(t) for cases in which both 8 and y are
greater than zero; for such cases, a fourth-order Runge-Kutta procedure
was used to integrate Equations 2-14 and 2-17 simultaneously.

The results of some specific numerical examples are illustrated in
Figures 2.9 to 2.12. Some general observations, based on these figures,

are as follows:

e Reprecipitation results in a decrease of the instantaneous con-
centration of glass in solution and an increase of the net
amount of dissolved glass, as compared to the case for which no
reprecipitation occurs. Indeed, the added amount of glass that
has dissolved due to reprecipitation effects can be appreciable.

e An increase of y (i.e., b) at constant g8 and r (i.e., a and Ca.
respectively) results in an enhancement of the overall repre-
cipitation effect.

e Likewise, an increase of 8 at constant y and r also enhances the
overall reprecipitation effect, although the reiative enhance-
ment becomes less pronounced for the larger y and « values, for
which the time-dependent term in K' dominates the time-
independent term.

® A decrease of r at constant 8 and v causes the reprecipitation
effect to be enhanced.
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bets = C.0

Figure 2.9.

variation of s and q with « for 8 = 0.0,
r = 0.2, and for selected values of vy.

The dashed curves correspond to 8 = y = 0,
i.e., no reprecipitation.
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Figure 2.10. variation of s and q with « for 8 = 0.5,
r = 0.2, and for selected values of y.

The dashed curves correspond to 8 = y = 0,
i.e., no reprecipitation.
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TAU

Figure 2.11. Variation of s and q with « for 8 = 1.0,
r = 0.2, and for selected values of v.

The dashed curves correspond to 8 = y = 0,
i.e., no reprecipitation.
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Figure 2.12. Vvariation of s and q with « for 8 = 0.5,
r = 0.1, and for selected values of v.

The dashed curves correspond to 8 = y = 0,
i.e., no reprecipitation.
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e For s #0, y = 0, the value of s asymptotically apprecaches a
constant value that is greater than r but less than 1.

@ For 8 #0, vy > O, the value of s attains a maximum and then
asymptotically approaches the constant value s = r.

The last two observaiioni are, in general, consZztSnt wigs analogous
experimental studies(2-24) and modeling studies(2:27,2.28) pertaining to
various geological processes.

[t must be emphasized that the mathematical form for K' used in this
analysis was selected on a largely empirical basis. [t should, however,
present a reasonable description of gross features of the reprecipita-
tion process.

Further studies in this area will include continued correlation of these
modeling studies with analogous studies reported in the literature for
geological systems. In addition, an experimental program of this
general nature is in progress at Battelle and should lend further
insight into both the kinetics of the process and the associated
physical mechanisms. It is also anticipated that water-chemistry con-
siderations will be included in the overall dissolution/reprecipitation
model, following a procedure analogous to that used to describe glass-
dissolution kinetics, as described below.

2.6.2 Inclusion of Water-Chemistry Effects in
Glass-Dissolution Modeling

One would expect that the rate of dissolution of a waste-form glass
would vary with both the glass composition and the groundwater composi-
tion. Moreover, as the glass dissolves, the groundwater composition is
continuously altered as species are added thereto from the dissolved
glass, which in turn would affect the instantaneous rate of dissolution.
This behavior was investigated, during the past year, usin ths water-
chemistry model that had been developed under this program(2.29),

The glass-dissolution model that was used for these studies is described
by Equation 2-2 (with K' = 0 for the present analyses) or Equation 2-16,
| [

dC _ (2-19)
at = k (Co - C)

where the parameter k in Equation 2-19 represents the quantity KS/V in
Equation 2-17. For the calculations summarized below, normalization of
time was introduced by setting k = 1. This is equivalent to using a
new, dimensionless time variable, r, as defined in Equation 2-5f.
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Actually, this approach to describing heterogeneous-reaction kinetics
has been in use for many years, a review of §ome of the earlier studies
having been presented by Moelwyn-Hughes(Z2:30), More recently, the
specific probl?m g{ less?ing of nuclear-waste-containing glasses has
been addressed(2-31,2.32) with varying degrees of complexity, using a
glass-dissolution model of this fundamental type.

The basic assumptions upon which the calculations reported here were
based are the following:

e Glass dissolution occurs congruently and is limited by the rate
at which silicon dissolves.

e No spatial variation of the silicon concentration in the volume
V of groundwater around the glass exists.

e The instantaneous rate of glass dissolution is proportional to
the difference between the saturation concentration of silicon
in agueous solution, with respect to the glass, and its actual
concentration.

e The solution into which the glass dissolves occupies a constant,
closed volume.

Clearly, Equation 2-19 is consistent with these assumptions.

A1l the above assumptions are more or less standard for glass-
dissolution calculations. The feature that makes this calculation
significantly more realistic than others is that C, is not assumed to be
constant. Instead, it is assumed that the activity of nonionized
silicic acid (H4Si04) is independent of pH and that the increase in
silica solubility at high pH is ?ge 5? jonization. This is in good
agreement with experimental data(¢-33) on silica solubility.

The calculations reported here were based on one waste-form composition:
the PNL 77-260 glass. Actually, a simplified glass composition was
used, containing oxides of silicon, boron, sodium, and caicium in the
mole ratios:

Si/B/Na/Ca = 1.0/0.432/0.431/0.0709 .

Two different waters were used in 33 calculations: pure water and
Grande Ronde basalt groundwater 2.38)  Actually, the basalt-groundwater
composition that we used was modified by lumping sodium and potassium as
sodium, and fluorine and chlorine as chlorine. Treating potassium the
same as sodium is expected to have a negligible effect on pH calcula-
tions, since both NaOH and KOH are strong alkalis. Treating fluorine
the same as chlorine is less justified since HF is a relatively weak
acid while HC1 is a strong acid. However, the pH as calculated using
this scheme was compared with the pH calculated by a more complete
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water-chemistry program which did not r?3u1r§ Tumping of elements, and
the difference was about 0.02 pH units. .35), This is considered to be
sufficiently accurate for our purposes.

The differential equation for glass dissolution (Equation 2-19) was
solved by the following conceptual process. From the composition of the
initial groundwater, the pH was calculated, and this was used to
calculate Cy. The initial rate of dissolution could then be calculated
from Equation 2-19. The waste form was allowed to dissolve congruently
for a short period of time, thus changing the compositici of the ground-
water. The process above was then repeated for the modified groundwater
composition. In general, it was to be expected that Co would change
with time and that the dissolution rate would not follow a simple expo-
nential curve. This was indeed the case, as shown in Figures 2.13 and
2.14. (The dissolution rates in those two figures are normalized to
unity at time t = 0.) In the case of pure water, the dissolution rate
reached a maximum at a normalized time of about 0.07. For the synthetic
basalt groundwater, however, the dissolution rate dropped monotonically
from its initial value. The reason for these two very different
behaviors can be seen from Figures 2.15 and 2.16. As the waste form
dissolved in pure water, its pH rapidly increased from its initial value
of 7, and the total concentration of silicon at saturation, Cq, also
increased, raising the dissolution rate. In contrast, the pH of the
synthetic basalt groundwater dropped as the waste form dissolved. That
reduced the saturation concentration of silicon, resulting in a Tower
dissolution rate.

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

Some additional calculated characteristics of the glass-dissolution
process for these two groundwaters are illustrated in Figures 2.17 to
2.24. In all these figures, time is again normalized as given by
Equation 2-5f, and all concentrations are in units of molality. These
figures are largely self-explanatory. However, it should be noted that,
in general, silicon concentration at saturation, Co, is a function of pH
and ionic strength; but since ionic-strength effects are not large, Co
is a function mostly of pH, in which case Figures 2.18 and 2.22 should
represent segments of the same curve. Comparison of these two figures
shows that such is indeed the case.

Continued efforts in this area, during the fourth year, will include
effects of different glass compositions (e.g., PNL 76-68 and SRL 165) as
well as other groundwaters (e.g., tuff). In addition, this general
approach will also be applied to spent-fuel waste forms.
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Figure 2.13. Glass-dissolution rate in pure water as a function of time.
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Figure 2.16. pH as a function of time as glass dissolves in synthetic
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Figure 2.20. Silicon concentration as a function of time as glass
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Figure 2.21. pH as a function of silicon concentration as glass
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Figure 2.24. Silicon concentration as a function of time as glass
dissolves in synthetic basalt groundwater.
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2.7 Future Work

Studies of dissolution and reprecipitation phenomena in the glass waste
form will be completed durin1 the coming year. The role of silica solu-
bility in glass leacning will be evaluated experimentally to provide
analytical verification of the waste-form dissolution model. The
effects of factors that may accelerate glass dissolution in a repository
environment will also be examined; these factors include the degree of
crystallinity of the glass and the presence of natural organic acids in
groundwater.

Spent-fuel studies in the coming year will focus on understanding the
dissolution of UO; under prototypic long-term repository conditions. An
experimental matrix has been prepared. The distributicn of radio-
nuclides will be examined through a literature search in preparation for
future experimentation.

During the next year, waste-form modeling efforts will address both
borosilicate glass and spent fuel. The glass-dissolution model will be
extended by including the effects of specific groundwater composition on
dissolution/reprecipitation kinetics. Efforts in modeling spent-fuel
degradation will be initiated. Existing models for environmentally
enhanced fracture of ?lass and ceramic materials will also be evaluated
in terms of their applicability to waste-form fracture in a repository
environment .
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3.  CONTAINER MATERIALS

The container consists of two or more concentric metallic enclosures
that act as a barrier against the ingress of groundwater or brine to the
waste form and the egress of radionuclides to the repository.

The general and localized corrosion of the outer metallic enclosure, or
overpack, by water in the repository has also been under study. At the
outset of the project, a potential overpack consisted of a thick-walled
stee] container covered by a thin shell of a titanium alloy for use in a
salt repository. To study overpack corrosion in the titanium-salt
system, coupons of Titanium Grade 12 were exposed in an autoclave to
high-temperature simulated brines. However, the use of a titanium shell
has subsequently been in less favor by the DOE, so the effort has
shifted from titanium to cast and wrought low-carbon steels, which are
being considered for use in a basalt repository. To study corrosion in
the steel-basalt system, steel coupons were exposed in an autoclave to
high-temperature simulated basalt groundwaters of varying concentration.
The effect of groundwater species on the relevant electro-chemical
behavior of steels is being evaluated to indicate susceptibility to
localized corrosion, specifically pitting and stress-corrosion cracking.
Where electrochemical results indicate that stress-corrosion cracking
may occur, a more thorough investigation is being conducted using slow
strain rate studies. The possible embrittlement of a cast steel over-
pack by hydrogen generated during corrosion reactions and radiolysis is
also being investigated.

Closely related to these experimental efforts is the ongoing development
of a mathematical description of general corrosion and pitting corrosion
of overpack materials. This research is being directed toward develop-
ment of a physically realistic mode! that includes processes of major
importance in an actual repository. Efforts in adeveloping the pitting-
corrosion correlation have focused on the kinetics of pit generation and
pit growth. Analysis of mechanical degradation of waste-package com-
ponents has continued, with specific effort directed toward analyzing
sources of mechanical stress that, in combination with water-chemistry-
related factors, may contribute to the susceptibility of a steel to
stress-corrosion cracking.

3.1 Overpack Corrosion

Studies of overpack corrosion have focused this year on three areas:
potentiodynamic polarization studies, slow strain rate studies, and
pitting-kinetics studies. A1l of the studies have examined the carbon
steel-basalt rock system, The objective of the potentiodynamic polari-
zation studies is to evaluate the influence of metallurgy and ground-
water chemistry on stress-corrosion cracking (SCC) and pitting
susceptibility. The objective of the slow strain rate studies is to
confirm the results of the electrochemistry with regard to SCC and to
investigate the effect of electrochemical potential, temperature, and
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environment composition in detail for the identified cracking agents.
The objective of the pitting kinetics studies is to investigate the
effects of geometrical and environmental variables on pit propagation.
Discussion of progress on these tasks are given below.

3.1.1 Potentiodynamic Polarization Studies

In this task, potentiodynamic polarization technigues are being used to
evaluate the influence of metallurgical and environmental variables on
the electrochemical 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 and pitting.

The potentiody?gmlg polarization procedure is explained in the 1984
annual report.(3. In this procedure, the polarity and magnitude of
the current density between a specimen of the material of interest and
an inert counter electrode are measured as a function of 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 electrochemical potential is far enough away from the
open-circuit potential that the rate of the cathodic reaction is
negligible; and (2) the rates of parasitic oxidation reactions are

negligible.

Schematics 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 an 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 decreasing current, is generally indicative of
the onset of passivation. The occurrence of hysteresis between the
forward and reverse scans is indicative of 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 that particular environment.

The potentiodynamic polarization technique also has been found to be
useful in identifying potential stress-corr?aigg cracking (SCC) environ-
ments for carbon steels. [t has been shownl3:€) that SCC is associated
with environments thz* promote active-passive behavior and that the
electrochemical potential range for SCC is near to 3ng more noble than
Emax. Moreover, severe cracking has been observed(3. )in snvironments
when imay On the fast scan is greater than about 1 x 10-32/cmé and when
the fast scan exhibits at least an order of magnitude higher currents
than the slow scan.

The polarization behavior of the candidate alloys was determined using
conventional polarization techniques. The specific polarization equip-
ment used for these experiments included a PAR Mode! 173 potentiostat
with an ECO Mode] 567 function generator, coupled to a computer data-
acquisition system. For the ambient pressure tests, a three-compartment
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Figure 3.1. Schematic of typical anodic potentiodynamic
pelarization curves.

pr = corrosion potential; Epjpy = potential at which pits
1n?t1ate on forward scan; £ pr t = potential at which pits
repassivate on reverse scan; ? = current density at the
free-corrosion potential; 1m., - current density at active
peak; fpags = current density in passive range.
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electrochemical cell was employed that utilized a saturated calomel
reference electrode (SCE) and a platinum counter electrode. The three-
compartment electrochemical cell separates the working electrode from
the counter electrode, preventing mixing of the solutions in the
counter-electrode and the working-electrode compartments. The working-
electrode specimens, hot-rolled 1020 carbon steel, were cylindrical rods
drilled and tapped at both ends and sealed off using TEFLON* gaskets,
The specimens were typically 0.6 cm in diameter and 1.9 cm in length;
the actual area of each specimen was measured prior to immersion in the
electrochemical cell. The electrodes were polished with successively
finer grades of silicon carbide paper, finishing with a 600-grit grade.

Prior w0 testing, the working electrode remained in the test solution
overni?ht while the solution was sparged with the desired gas mixture,
The polarization scans were then performed approximately 16 hours after
immersion of the working electrode in the cell. Partial cathodic and
full anodic polarization curves were obtained by scanning at a rate of
0.6 V/h and bejinning the scan approximately 100 mV more negative than
the free-corrosion potential. The current for the anodic curve was
scanned until a current density of approximately 3 x 10-3 A/cm¢ was
attained; the potential scan was then reversed unti) repassivation
occurred and the current changed polarity, becoming cathodic. At the
completion of the polarization curve, a new steel specimen was inserted
into the polarization cell and immediately polarized to a potential of
approximately -0.90 vV SCE. Within five minutes of immersion, a fast
anodic scan was performed using a potential scan rate of 18 V/hr.

A few potentiodynamic polarization curves were obtained in an autoclave
at 250 C. In these tests, a pressure-balanced external Ag/AgC) refer-
ence electrode and an internal platinum counter electrode were used.
With the exception of the modifications necessitated by the cell design,
the experimental procedure used for the high pressure test wac similar
to that used at ambient pressure.

After completion of the polarization scans, the following polarization
parameters were obtained from the polarization curves of potential (f)
versus lcqarithm of current density (log 1): 1ecgrs Ecors pass Epits
Eprots and imax (imax was typically obtained from fast scan curve only).

3.1.1.1 Metallurgical Studies

The majority of the metallurgical studies were performed in a single
groundwater composition (referred to in the previous reports as 1X
basalt groYadsgter) which is prepared according to a published
procedure,\7-

*TEFLON is a registered trademark of the E. [. duPont
de Nemours Company.
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The electrochemical studies focused on the effects of steel cleanliness
and structure on electrochemical behavior., Two steel compositions were
examined, one ("doped" with phosphorus and sulfur) which is comparable
to a 1018 composition and one (“clean") having low phosphorus and sulfur
(see Table 3.1). These two steels were tested in the a;-cast condition
and in the hot-rolled condition, giving four combinations., [nformation
on the preparation procedures and charACf!rlfation of these materials is
provided in the 1983-1984 Annual Report.\d:

Results .f polarization tests performed on the materiais at a scan rate
of 0.6 v/hour in deaerated 1X basalt groundwater at 90 C are summarized
in Table 3.2. Typical polarization curves are given in Figures 3.2 and
3.3. These data show that neither the cleanliness nor the structure of
the steel had a pronounced effect on its electrochemical behavior in
basalt groundwater,

As an extension of this work, polarization tests were run, in duplicate,
on Ferrovac £ in 1X basalt groundwater at 90 C. Ferrovac € s a high-
purity fron containing only trace quantities of impurities (see

Table 3.1) and represents an upper bound in cleanliness for a ferrous
canister material. The results are summarized in Table 3.2 and

Figures 3.4 and 3.5, Several features of the data are noteworthy.

First of all, two types of behavior are readily apparent. [n Speci-
men 1, the appearance of the polarization curve is similar to that
reported ‘or the other steels, exhibiting an active-to-passive transi-
tion, a passive region, and definite pitting and protection potentials.
Values of the parameters for Ferrovac £ were comparable to those
previously reported for the other steels (see Table 3.2). On the other
hand, the curve for Specimen 2 does not exhibit an active-to-passive
transition, and the free-corrosion potential was in the passive poten-
tial range. A pitting potential is evident and hysteresis occurred on
the reverse scan, indicating that pitting had occurred on the specimen,
The protection and pitting potentials for Specimen | and 2 were similar,
whereas the value for E.qopp for Specimen 2 was more noble than that or
Specimen 1. The most reasonable explanation for this behavior is tnat
the solution in the cell containing the latter sample was contaminated
with trace quantities of 0p which spontaneously passivated the specimen,

The standard procedure used for these electrochemical experiments was to
allow the specimens to equilibrate in the solution overnight before
beginning the polarization experiment, Periodically, during this
equilibration period, the specimens of Ferrovac £ were visually
examined, and evidence of pit initfation was found on the polished
surfaces of both specimens. Following the polarfzation test, the attack
on the specimen surfaces was somewhat greater, as one would expect based
on the polarization behavior, Optical photographs of the specimens
after testing, given in Figures 3.6 and 3.7, show small distinct pits,
which were associated with deposit bulldup on the specimen surfaces.

In summary, the results of these experimental studies indicate that
variation in the composition of the steels from high-purity Ferrovac £
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Table 3.1. Chemical compositions and other data on steels used in the corrosion studies.

e

SaE

Sumber  or Thermomecnanical Tests

Des 1gnat 1om Trestment Used In Dimens ons T = L 1 ﬂ E E w Tr £ 1)

1018 ot -Rol led Pitting 16 mx 0.0 O 00U 0019 0.2 - = - . ok -
fposares 15.2 om strip

w020t® wot -Rolled Electrochemical  1.27 om rod 0.20 04 0011 0032 017 0.33 002 0014 0018 0.020 -
Pitting WMomitor,
Potent
Polarization

1020te! Wot -Rol led Siow Strate Rate  0.635 c» 0.22 0.5 000 0.0 - - - - - - -

dia. rod

Clean 8QL Cast or Met- Potentiodymamic  ingot .08 049 0006 0002 030 0006 -- 0.9 0007 000 0.10

Steel Rolles Polarization

Doped 301 Cast or Wot- PotentiodymamiC Ingot .17 0.5 0.029 0.03 0.3% 0.0 - 0.008 0.011 o0O.00 0.1 !

Steel Rollea Polarization

Ferrowac £ Cast Potentiodymamic  Ingot o0 i - W e - wt' w wii
Polarization

(a)not-rolles 1018 carbon steel not available in rod form.

(0)5r = frace.
()il = Nome detected.
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Figure 3.2. Potentiodynamic polarization curve for cast, doped BCL steel in basalt

groundwater at 90 C polarized with a scan rate of 0.6 V/hr.
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Table 3.2.

Summary of results of potentiodynamic polarization tests performed

on cast and wrought steels in deaerated basalt groundwater at 90 C

and a scan rate of 0.6 V/hr.

Ecors Emax» Epits Eprot» icors imaxs ipass

Material Structure V (SCE)  V (SCE) Vv (SCE) Vv (SCE) A/cmé A/cml
Doped BCL Steel Cast -0.840 -0.745 -0.508 -0.698  3.7x10-6  5.5x10-6  4.6x10-6
Doped BCL Steel Wrought -0.859 -0.793 -0.481 -0.659  6.8x10"®6  1.2x10-5 5.7x10-6
Clean BCL Steel Cast -0.859 -0.793 -0.471 -0.679  6.2x10"6  1.0x10-5 ©.2x10-6
Clean BCL Steel Wrought -0.859 -0.801 -0.508 -0.669  3.4x10-6  5.2x10-6  4.4x10-6
Ferrovac E (1) -0.869 -0.764 -0.432 -0.679  6.2x10-6  1.2x10-5 6.2x10-6
Ferrovac E (2) -0.754 (a) -0.461 -0.764  1.9x10-7 (a) 4.4x10-7

(a) The free-corrosion potential of the specimen was more noble than the potential

at maximum current (Egax)-
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Figure 3.4. Potentiodynamic polarization curve for Specimen 1 of Ferrovac £ in
basalt groundwater at 90 C polarized with a scan rate of 0.6V/hr.



11-¢

POTENTIAL (MILLIVOLTS SCE)

e Ty TN T Tfnvﬂr——r—rﬁvrnr—-v—ﬁw
-208 + 4
-488 s
-688 -
-808 -
-1000 | )
1200 lmtttasatal o s asasal o assasaade o s sasanbe. 2 s aasasal. a4 sasa
-8 -7 -6 -9 -4 -3 e -

LOG CURRENT DENSITY (AMPS/SQR CM)

Figure 3.5. Potentiodynamic polarization curve for Specimen 2 of Ferrovac E in
basalt groundwater at 90 C polarized with a scan rate of 0.6 V/hr.



20X oL615

ax 6L614

Figure 3.6. Optical photographs of Ferrovac E Specimen
following potentiodynamic polarization
testing in deaerated 1X basalt
groundwater at 90 C.
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Optical photographs of Ferrovac E Specimen 2
following potentiodynamic polarization
testing in deaerated 1X basalt

groundwater at 90 C.
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to 1018 carbon steel does not have a marked effect on the electro-
chemical behavior in a simulated basalt repository environment. Since
close correlation between electrochemical behavior and pit initiation
has been established for many environments, these results indicate that
minor variation in the composition of carbon steel or the use of a high
purity steel will not have a marked influence on the pitting perfor-
mance. The influence of steel composition on SCC cannot be fully
assessed on the basis of these electrochemical data. Although the
electrochemical behavior of Ferrovac E was not markedly different from
1018 carbon steel, it is well known that carbon content of steel can
greatly influence SCC susceptibility, and the carbon content of these
steels is considerably different. Thus, it is clear that properties
other than the bulk electrochemical response must be considered in
assessing the influence of metallurgical variables on SCC suscepti-
bility. Since SCC in this system is intergranular in nature, the
chemistry and electrochemistry of the grain boundaries, as influenced by
bulk composition, also must be considered. In addition, the influence
of steel composition on mechanical response of the material to the
applied load must also be taken into account in assessing the influence
of composition on SCC susceptibility.

3.1.1.2 Environmental Studies

Effect of Basalt Rock and Concentration
of Basalt Groundwater

Potentiodynamic polarizaton curves were obtained on two of the steels
characterized in Table 3.1: a wrought, doped BCL steel and a clean,
cast BCL steel. These were tested in the standard basalt groundwater
(1X) and a 10-fold concentration of this groundwater (10X) both in the
presence of crushed basalt and in its absence. In the former tests, the
solutions were equilibrated with crushed basalt by boiling overnight.
Pesults of these studies, summarized in Figures 3.8 and 3.9, show smail
but systematic effects of groundwater chemistry on the electrochemical
parameters. The corrosion potential (Ecqr) and the potential at the
current peak (Emax) shifted to slightly more negative values, and the
passive current density (ipas) decreased slightly upon increasing the
solution concentration. A similar analysis of the effect of leaching of
the basalt rock on these parameters indicated no systematic effect on
the electrochemical parameters measured. Since the systematic shifts in
these parameters were small, their relevance is difficult to ascertain
with respect to waste-package performance.

Effect of Electrochemical-Potential Scan Rate

The effect of scan rate on the polarization behavior of several steels
~as studied in a 1X basalt groundwater at 90 C. These experiments
provide information or the most likely potential ranges for stress-
corrosion cracking susceptibility of the steels in repository environ-
ments. In the fast scan tests (18 V/hour), the curves are generated as
soon as the specimen contacts the solution, whereas in the slow scan
tests (0.6 V/hr), the specimens were allowed to equilibrate with the
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solution overnight. The aim of the fast scan polarization tests is to
obtain the maximum current density on relatively bare metal surfaces.

Results of these experiments, summarized in Figures 3.10 and 3.11 and
Table 3.3, show that passive currents are considerably higher at the
faster scan rates than at the lower scan rates, as expected. Empiri-
cally, it has been shown that stress-corrosion susceptibility of carbon
steel reaches a maximum where the differences in current density between
the fast and slow polarization scans are large. On this basis, one
would expect that the most likely range for stress-corrosion cracking of
carbon steel in basalt groundwater is between -0.78 V and -0.65 V (SCE).
However, the differences in current between the fast and slow scans are
small in comparison to potent cracking systems, and thus one would not
expect a high degree of susceptibility to stress-ccrrosion cracking at
90 C in the 1X basalt groundwater.

Effect of Temperature

A potentiodynamic polarization curve was obtained for the wrought, doped
BCL carbon steel in deaerated basalt groundwater at 250 C and at a scan
rate of 0.6 V/hr. The results, given in Figure 3.12, show that the
behavior of the steel at 250 C was qualitatively similar to that
observed at 90 C, exhibiting an active-passive transition and definite
pitting and protection potentials. Values for icor, imaxs and ipas were
somewhat higher at 250 C than at 90 C. The higher peak current May
indicate that stress-corrosion cracking is moire 1ikely at 250 C than at
90 C. On the other hand, the hysteresis loop area at 250 C appears to
be somewhat smaller than at 90 C, suggesting a greater tendency for pits
to repassivate at the higher temperature. Because the polarization
behavior is qualitatively similar at 250 C to that observed at 90 C, it
was decided to perform the majority of polarization studies at 90 C.

Effect of Concentration of Species Present
in the Groundwater

As discussed previously, results of the potentiodynamic polarization
studies indicated that a uniform tenfold increase in chemical concentra-
tion of the groundwater did not have a pronounced effect on ine lectro-
chemical behavior. On the other nand, the literature survey(3:2) iden-
tified many species that are present in the groundwater or that may
intrude into the repository or be generated by radiolysis that may
significantly affect the localized corrosion behavior of carbon steel.
Accordingly, electrochemical studies were undertaken to evaluate the
influence of these species on electrochemical behavior. Because of the
large number of species considered, a statistical approach was used.

A literature survey of the chemical species selected for the investiga-
tion was the basis for determining the high and low concentrations to be
used in the experiments. The low concentration was based on that
present in typical basalt groundwaters. The high concentration was
typically 2 to 4 orders of magnitude higher than the low concentration.
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Table 3.3. Summary of results of potentiodynamic polarization tests performed
on doped cast BCL steel and clean wrought steel in deaerated basalt
groundwater at 90 C comparing fast scan rate and slow scan rate data.

éﬁ?zt Ecors Emax» Epits Eprots icors imax, ipas,

Material V/hr V (SCE)  V (SCE)  V (SCE) Vv (SCE) A/cmé A/cml A/cm?
Doped Cast(a) 0.6 -0.858 -0.745 -0.508 -0.698  3.7x10-®  5.5x10-6  4.6x10-6
Doped Cast 18 -0.886 (a) -0.518 -0.669  1.9x10-5 (a)  8.2x10-5
Clean Wrought 0.6 -0.859 -0.801 -0.508 -0.669  3.4x10-6  5.2x10-6  4.4x10-6
Clean Wrought 18 -0.896 (a) -0.431 -0.649  1.6x10-5 (a)  9.0x10-5

(a) Polarization behavior did not

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

Table 3.5 shows typical concentrations which have been reported in the
Titerature for the 15 species being examined in the present experiments,
a1on? with the concentrations of other species. Species such as sodium
(Na*!), potassium (K*!), calrium (Ca*2), and sulfate (S04-2) were also
included in the experimenta. matrix, but not as controlled variables.
The concentrations of potassium and calcium were maintained constant,
while sodium and sulfate ions were used to balance the cation and anion
concentrations required for the 15 species to be added as variables.
Justifications for the speclss sxamined in this task were presented in
the first quarterly report.(3.4

A1l of the experiments were performed on a commercially available, hot-
rolled 1020 carbon steel at 90 C in argon-purified simulated groundwater
solutions. The composition of the steel is given in Table 3.1. The
parameters analyzed were Eqopr, Eppots Epits Tcors Tmaxs and ip4q, as was
defined in Figure 3.1. The studies, described in the following
sections, were divided into 3 subtasks: the preliminary matrix, the
main matrix, and effects of single species.

3.1.1.2.1 Preliminary Matrix of Experiments

The purpose of the prziiminary matrix of experiments was tc determine
which of the 15 species discussed above have a significant effect on
general corrosion, SCC, and pitting corrosion. The preliminary matrix
was used as a screening test so that only species that significantly
affect corrosion were examined in the main matrix.

To estimate the individual main effects of each of the fifteen species,
a statistical design was used to define the optimal compositions of the
test solutions. The statistical design was a partial factorial design
of resolution IV. This design permits the main-effect terms of the
fifteen variables to be estimated free and clear of other main-effect
terms and of any two-factor interactions. Three-factor and greater
interactions still confound the main-effect terms: however, these
usually contribute only a small response compared to the main-effect-
term response. Consequently, a good estimate of the main-effect terms
could be calculated at the end of the screening matrix of experiments.
Four experiments were also performed using the midpoint of each species
concentration to provide an estirate of error for the polarization
experiments.

At the completion of the screening matrix of experiments, a regression
analysis was performed on the different corrosion parameters with the
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Table 3.4. High and low concentrations of species selected for
evaluation in the electrochemical experiments.

High Low
Species Concentration Concentration

1. pH 9.3 6.0
2. -l 100,000 ppm 100 ppm
3. F-l 10,000 ppm 10 ppm
4. Fe*l/Fet3 100 ppm 0.05 ppm
5. A1+3 1,000 ppm 0.1 ppm
6. C03-2/HC03-1 LM 0.001 M
7. NO3-l/N0Op-1 1,000 ppm [N] 2.1 ppm [N]
8. P0og-3 1,000 ppm [P] 0.1 ppm [P)
9. B03-3/B407-2 1,000 ppm [B) | ppm [B)
10. $§i03-2 1,000 ppm (Si] 10 ppm [Si]
11. H202 100 ppm 0
12. C104-1 100 ppm 0
13. 07 2% (Vapor) 0
14, CO 1% (Vvapor) 0
15. Hp 80% (Vapor) 1%
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Table 3.5. Concentrations of species in basalt groundwater or in
actual or simulated basalt repository environments.

Ref. 3.5 Ref. (a)  Ref. 3.6  Ref. 3.7 Ref. 3.8 Ref. 3.9
1. pH 9.7(5.7)
2. C1-1 98-297(500) ppm
3, F-l 11-42(50) ppm ax[Fe03](d)
4. Fe*2/Fe*d 0-0.6(0.5)[Fe*2] ppm  0.009 ppm 18%[A1,05](¢)
5. A143 0.02(20) ppm. 0.007 ppm
6. CC3-2/HC03~1 4-55/45-118(70/200) ppm
7. NO3-1/N0p-1
8. Po:oamz 0.2[F] ppm 0.08%[P205](d)
9. B03-3/8407-2  0-1.5(5)(8*3] ppm 1.3(8] ppm
10. $103-2 30-170(2000) [$1] ppm 30[sic2] ppm  59%[510,](d)
11. Hp0; 0.34 ppm
12. C104-2
13. 0z 3.2 ppm 0.5x(¢c)
14, CO
15. Hp 0.02 ppm 76.6%(c)
Na*l 161-1350( 500) 2.2x(d)
k*1 3-25(100) o.rs[gzo}(d)
Ca*2 0.8-10(100) 1.7%[ca0](d)
Mg*2 0-0.2(50) 2.1%[Mg0] (4)
50-2 4-197(200) 300 ppm
§-2 0(100)
N, 25 ppm(bd) 19.3%(c)
CHg 700 ppm(d) 0.3%(c)
o, 2.3x(c)
Ey <0.5 to -0.53(+0.2 to
-0.4)Voue
(a) Data on trace elements from Well DC-6. Personal communications from Tom Jones
to Jeff Means, 1983.
b) Measurements at 25 C,
éc; Composition of gas phase for simulated irradiated Grande Ronde basalt groundwater,
(d) Composition of bentonite.
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aid of a multiple regression routine on the MINITAB* statistical
computer program. The regression analysis calculated the "F" ratio and
the regression coefficient for each of the fifteen species. The "F"
statistic is a ratio of two variances, i.e., the sum of squares
explained by each factor when entered in the equation, divided by the
residual mean square (error). In general, when the calculated "F" ratio
for » factor is large, it means that a large amount of experimental
variation is explained by this term compared to the error variation. [f
a calculated "F" ratio exceeds the appropriate tabulated "F" value, then
it can be assumed that the solution variable has a statistically signi-
ficant effect on a particular polarization parameter. A 90-percent
probability that a species is significant is usually acceptable for most
experimental work and implies that one accepts a 10-percent chance of
being wrong in assuming that the factor has a significant effect.

The regression coefficients are multiplicative terms for the factors in
a regression equation and were determined by a linear least square fit
of the data. The regression coefficients determined in this study are
calculated based on the high and low concentrations (+1 and -1) of the
various chemical species. These factors are based on the design concen-
tration range of the species indicated in Table 3.4, Because precipita-
tion occurred in several solutions, the actual concentrations achieved
in the test solutions were not tha designed values. Therefore, tne
regression coefficients provide relative magnitudes of the measured
effects only and are not meant to give a quantitative measure of the
effects. Solutions are being analyzed, and actual chemical concentra-
tions of the species examined will be used in the final analysis to pro-
vide the quantitative measure for the regression coefficients.

Polarization experiments Ysri gerformed and polarization curves obtained
for each of 33 solutions.\”- 0) A wide range of behavior was observed
by varying the concentration of the 15 species used in the screening
matrix of experiments. Not all of the polarization parameters can be
selected from the curves in all cases. Table 3.6 shows the polarization
parameter values for 1018 carbon steel in solution 33. The variations
in the polarization parameters for the four tests repeated for this
solution indicate the reproducibility of the data obtained.

Results of the statistical analysis performed on the polarization data
are given in Table 3.7. These data indicate the main effect for each of
the 15 species on the six polarization parameters examined. The "F"
value indicates the significance of the species, and the coefficient
indicates the relative magn:tude of the effect. Coeificients are given
only for those species that have a significant effect, based on a

*Minitab Project, Statistics Dept., 215 Pond Laboratory, The
Pennsylvania State University, University Park, PA, 16802, 1981.
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75-percent or greater probability. For the majority of the discussions,
a 90-percent or greater probability is typically required before an
effect is considered significant. A positive coefficient indicates that
an increase in concentration increases the value of the parameter, and a
negative coefficient indicates than an increase in concentration of the
species decreases the value of the parameter. Table 3.7 indicates that
most species have an effect on at least one of the polarization para-
meters with the exceptions being perchlorate (C104~) and hydrogen (H2),
based on a 90-percent or greater probability of significance.

Table 3.6. Experimentally measured polarization parameters
for solution 33 which represented the mid-point
concentration of species defined in Table 3.4
(4 replicates, A-D).

Solution Tcors Ecors ipas» Epits Eprots Tmax(fast)s
A/cm V(SCE) Afemé  V(SCE) V(SCE) A/cml

334 2.50 x 10-6 -.544 6,25 x 10-6 -.203 -.576 1.12 x 10-4
338 1.10 x 10-6 _-.466 3.73 x 106 -.31 -.576 1.17 x 10-4
33C 1.37 x 106 .53 4,27 x 10-6 -.232 -.576 8.97 x 10-5
330 1.48 x 10-6  _.53  4.61 x 106 -.31 -.576 1.11 x 10-4

Table 3.8 summarizes the results of the .tatistical analysis for the
main effects of the chemical species examined in the screening tests.
Arrows are used to indicate the direction of the effect for each species
that had a significant effect, based on a 90-percent or greater proba-
bility. Many of she effects were expected, such as 0y and NO3~ increas-
ing Ecor and C037¢/HCO3~ decreasing Eqop. Other effects, such as C1-
decreasing Ecqp, were not particularly expected but can be explained
since C1~ would tend to make the steel more active and would thereby
decrease Ecor. It is also noteworthy that several species had a signi-
ficant effeSt on ipag. Referring back to Table 3.7, NO3~/NO2- and
803‘3/8407' had very large coefficients, indicating that these species
greatly increased the pgssive current density with an increase in con-
centration, while $103°¢ and CO had large negative coefficients, indi-
cating that these species greatly decreased ipag with an increase in
concentration,
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Table 3.7. Results of statistical analysis indicating the effect of each chemical species
on the polarization parameters measured by potentiodynamic polarization.

Ecor log icor 109 imax 109 ipas Epit Eprot

~F " Cosf 2 F Coef F Coef = F Coef  ~F Coeft  ~ F Coef
pH 0.5 6.4 -0.34* 0.0 174 -0.18* 27 .30 13 40.22*
Cl 7.6 -0.06* 0.2 7.1 -0.23* 34 +0.06* 20 -0.25* 30 -0.32*
F 0.5 1.0 1.8 +0.11** 39 -0.08* 0.0 0.3
Fe 0.9 0.9 0.2 86 +0.41* 0.0 0.3
Al 1.1 0.8 0.0 36 +0.03* 1.7 0.1
C03/HCO3 8.4 -0.07* 0.3 25.1 +0.43* 3.6 -0.16** 2.9 *0.06** 0.9
NO3/NO2 15.0 +0.09* 1.1 0.9 19 +0.64* 4.0 +0.13* 0.1
POg 1.1 0.4 0.3 28 +0.10* 0.3 2.6 -0.10**
803/8407 1.9 +0.03%* 0.1 1.3 29 +0.78* 6.0 +0.14* 5.1 +0.13*
Si03 1.1 7.2 -0.36* 0.2 138 -0.85* 0.0 0.1
H202 0.3 4.2 +0.27* 0.4 16 +0.25* 0.0 0.2
C104 0.2 0.1 0.0 | ¥ 0.2 1.3
02 3.9 +0.05* 0.5 0.0 i3 9.3 +0.13* 8.2 +0.15*
co 0.1 0.1 0.0 22 -0.64* | 95 | 0.0
Hp 0.0 1.7 +0,17** 0.2 0.3 1.2 0.1

*Greater than 90 percent probability that effect is significant.
**Greater than 75 percent but less than 90 percent probability that effect is significant.



Table 3.8. Summary of results of statistical analysis for the
main effects of the chemical species based on a
90-percent or greater probability of significance.

log log log
Ecor cor Tmax ipas Epit Eprot

pH - d -
Q1 $ - l
F v . -
Fe ' - -
A‘l - - -
C03/HCO3 d -

NO3/NO7 T - .
POg - - -
803/B407 . - »
Si03 - {

H202 : T .
€104 r - -
02 T - .
co i - -
H2 - - - - - -

T T
1 {

- - e -

o B i R S
-’
-

&~
.-
.-

T means that an increase in the control parameter (e.g., pH) resulted
in an increase in the response parameter. J means that an increase
in the control parameter resulted in a decrease in the response
parameter,

The polarization parameter imay, which i1s the maximum current density
during the active peak as measured with “he fast scan technique, has
been used to indicate the tendency for stress-corrosion cracking.
Generally, a higher stress-corrgsion cracking tendency is indicated by a
larger imax. As expected, C03-¢/HC03~ produced a significant increase
in imax with increasing concentrations. Chloride, on the other hand,
decreased imay with increasing concentration. The effect of C] was not
expected and will be considered more closely in the main matrix of
experiments.
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Pitting behavior also was affected significantly by some of the species.
Chloride, as expected, tended to decrease Epit and Eprot, indicating
more severe pitting conditions. Oxygen, 803/5407. and pH all tended to
increase Epjt and Eppot with increasing concentration.

Based un the results of the statistical analysis, 11 species were
selected to be examined in the main matrix of experiments. As shown in
Table 3.8, Hp and C104~ had no effect on the polarization parameters
measured, based on a 90-percent or greater probability of significance;
therefore, these two species were removed from further consideration.
[t should be noted that C104~ may have an effect that lasts for only a
short period of time, and that it might have been overlooked in the
present experiments. Therefore, it will be proposed that additional
work be performed to consider the effects of C104”. The other two
species that were not considered in the main matrix of experiments were
A1*3 and P04'3. Both of these species were removed since they only
affected ipaq and the coefficients of the effects (see Table 3.7) were
less than Ehose of the other species. Fluoride also had only a small
effect on ip,s but showed an effect on ipax with a probability of signi-
ficance greater than 75 percent, but less than 90 percent. The deci-
sion, therefore, was made to retain fluoride in the main matrix.

Several of the two-factor interactions of the 15 species being examined
were significant. Of particular interest to this program are inter-
actions that are important when considering imax, which indicates the
tendency for stress-corrosion cracking, and when considering Epit and
Eprots which indicate the tendency for pitting. Hcwever, the gwo-factor
interactions were always confounded with several others, and individual
two-factor interaction effects could not be determined from the preli-
minary matrix analysis.

3.1.1.2.2 Main Matrix of Experiments

The primary purpose of the main matrix of experiments was to examine the
two-factor interactions that significantly affect corrosion behavior of
carbon steel. Also, an improved estimate of the main effect of each of
the 11 species in the main matrix of experiments was determined with the
aid of the larger data base available. Table 3.9 shows the 11 species
that were included in the main test matrix and the 21 two-factor inter-
actions, that were also to be examined. The interactions included in
Table 3.9 were based upon the results of the preliminary matrix analysis
of group-interaction effects on the polarization parameters.

The design of the main matrix of experiments was accomplished with the
computer aided design program called COED (Computer Optimized Experi-
mental Design). The COED orogram is an interactive computer program
that allows scientists involved in experimental investigation to pian
their experiments to obtain maximum information at minimum cost. COED
picks an optimal subset of experiments to be run from the total number
of possible experiments. The selection process is based on determinant
optimality theory; that is, it determines the experiments which minimize
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the error of prediction at each of the possible experimental design
points. COED can be used to generate an entire experimental design or
to build upon an existing experimental effort.

Table 3.9. Main effects and interactions selected from screening
tests to be examined in main test matrix.

Main Effects Two-Factor Interactions

pH pH x C1 C1 x Ha0
C1 pH x CO3 C03 x Hp02
F pH x NO3 €03 x 08
Fe pH x BO NO3 x BOj3
C03/HCO3 pH x Si03 NO3 x 0;
N03/N08 pH x Hp02 NO3 x Si03
803/8407 pH x 0 BO3 x $i03
5183 PH x CS B03 x HSOZ
H202 C1 x CO3 $i02 x 0p
06 C1 x NO3 H202 x 07
C C1 x BO3

In this case, the COED program was used to select 30 additional experi-
ments which, when combined with the preliminary matrix experiments,
would allow for the estimation of the 21 two-factor interactions listed
in Table 3.9. The ability to estimate the main effects listed in the
table carries over from the preliminary matrix. Table 3.10 gives the
design matrix for the 30 additional test solutions which were selected
by COED for the main matrix of experiments. The pluses and minuses
refer to the high and low concentration values given in Table 3.4 except
in the case of pH. In the main matrix of experiments, the nominal high
and low values for pH were 11.5 and 6.0, respectively,

The combined data set (preliminary and main matrix) for each of the six
polarization parameters was analyzed statistically as follows with the
results reported in Tables 3.11 and 3.12. A full regression model
including all eleven main effects and all 21 interaction terms was
fitted to the data. To facilitate the comparison of widely varying
species concentrations, all values (except for pH) were transformed to a
-1 to +1 scale before the regression analysis was performed.
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Table 3.10. Experimental design developed utilizing COED for main matrix of experiments.*

Experiment  pH 1 F Fe C03/HCO3  NO3/NOp B03/B407  Si03  H0p 02 €O
37 4 + - + + 4 - - - - +
38 + - + - + + - - + » -
39 + + - - - + - + + + -
40 + + - + + - - + + + -
41 + - - + - + + + + + -
42 W - - - + + - + - - +
43 - + - - + + + - + - +
44 + - + - - + + + - - +
45 - + - + - - + + + + +
46 + - - - + + + - + - -
47 + - - * - ¥ - - - - -
48 + + + - - + - - » - +
49 + - + - + - + + - - -
50 - - . - - - - - + + +
51 + - - + + + + - - - -
52 + - - + - - - + + - -
53 - + - + - - + + - + +
54 + + - - - - - - - - -
55 + + + - + - + - + + -
56 + - - + - - + - + - -
57 - - + + - + + + + - -
58 + - - + + - - + - - +
59 - - + + + + - - - - +
60 + . - - + + + + - - »
61 - - - + - - + - - + +
62 + + - + + - + - - - -
63 + + + , - - + + - - +
64 + + + + - + + - + + -
65 . + - + + + - + - + +
66 - - - + + - - - + + +

*(+) and (-) refer to the high and low concentrations, respectively, as indicated in
Table 3.4 (except for pH). Solutions 1 through 33 comprise the Preliminary Matrix.
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Table 3.11. Main effects, intercept terms, and correlation coefficients resulting from
statistical analysis of the combined preliminary and main-matrix data.

Main Ecor log icor 109 ipax log ipas Epit Eprot
Effects Re (osL)(@) RC (OSL) RC (OSL) RC (0SL) RC (0SL) RC (OSL)
pH - -0.87(0.00) -0.47(0.00) -0.52(0.00) 0.309(0.00)  (.120(0.00)
Cl -0.072(0.01) - -0.14(0.05) 0.14(0.05) -0.239(0.00)  -0.347(0.00)
F - - 0.18(0.01) 0.10(0.17) - —
€03 -0.39(0.01) - 0.29(0.00) -0.08(0.25) 0.143(0.00) -
NO3 0.076(0.00)  -0.20(0.03) -0.11(0.14) ok 0.071(0.04) -
B0 o o s o 0.105(0.00)  0.134(0.00)
Si83 0.023(0.11)  -0.20(0.03) L -0.19(0.01) s =
H0> - 0.22(0.01) B 0.14(0.04) = o
03 0.036(0.01) e - héh 0.066(0.06) =
C 0.021(0.15) - - IS - o
Iptercept -0.590 -5.54 -3.97 -5.04 0.061 -0.222
R2-fy11(D) 72% (45%) 77% (54%) 72% (43%) 81% (57%) 86% (71%) 81% (59%)
R2-final(c)  66% (57%) 68% (62%) 64% (55%) 75% (63%) 83% (78%) 76% (71%)

(a)re = regression ccefficient; OSL = observed significance level. RC > 0 indicates that the parameter
increases with increasing concentration; RC < O indicates that the parameter decreases with
increasing concentration. A small OSL indicates that the term is significant.

(D)"R2-fu11": coefficients of determination for the fitted regression models including ali
32 terms.

(c)"R2-final: coefficients of determination for the final model. The “RZ" term is the
percentage of total variability explained by the model. The term in parentheses is
the RZ value after adjustment for degrees of freedom.
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Table 3.12.

Interaction effects resulting from statistical analysis of the
combined preliminary and main matrix data.

Interaction Ecor Tog icor 109 imax log ipas Epit Eprot
Effects RC (OSL)* RC (OSL) RC (OSL) RC (OSL) RC (OSL) RC (OSL)
pH x C1 -0.033(0.05) 0.16(0.11) 0.19{0.02) -- -- -0.196(0.00)
pH x CO3 0.030(0.08) .- -- 0.11(0.20) 0.186(0.00) 0.088(0.08)

pH x NO3 -0.037(0.03) -- -- -- -0.060(0.15) -
pH x BO -- .- -0.19(0.02) -0.15{0.06) -0.071(0.08) -
pH x Si03 -- - -- 0.13(0.13) - 0.077(0.12)
pH x H202 -- -- 0.012(0.15) el i -
pH x o% -- - -- 0.12(0.15) -0.106(0.01)  -0.087(0.08)
€l x €03 0.036(0.01) -0.28(0.00) -- -0.16(0.02) 0.133(0.00) -
€1 x NO3 -- 0.20(0.03) -- 0.14(0.05) - -
C1 x BO3 -- -- -0.14(0.06) -0.19(0.01) -0.072(0.04)  -0.104(0.01)
Cl x ”ﬁ -- -- -0.17(0.02) -0.14(0.06) - -
€03 x 232 -0.030(0.04) -- -- -0.11(0.12) - ..
NO3 x 803 -- - -- -- -0.051(0.14) -
NO3 x Si03 - -- -- -C.07(0.34) - -
NO3 x 07 -0.023(0.11) 0.17(0.06) 0.23(0.00) 0.22(0.00) 0.089(0.01) 0.083(0.05)
803 x S103 -- -- - -- - -0.081(0.06)
803 x H202 - 0.022(0.02) -- -- - -
$i03 x 07 0.029(0.05) - -0.12(0.12) -0.14(0.06) -- -
Ho0p x 02 -0.027(0.07) - - er -e o

*RC = regression coefficient; OSL = observed significance level.
increases with increasing concentration; RC < 0 indicales that the parameter decreases with
A small OSL indicates that the term is significant.

increasing concentration.

RC > U indicates that

the parameter



The transformation was accomplished by using the equation
X* = (2X - M)/M

where X is the species concentration, M is the maximum concentration
tested, and X* is the transformed species concentration. Note that X*=1
if X=M and X*=-1 if X=0 (where 0 equals the minimum concentration). The
transformation formula for pH is

pH* = (pH-8.75)/2.7% .
Thus, pH*=1 if pH=11.5 and pH*=-1 if pH=6.0 .

The transformed variables described above were used as the independent
variables corresponding to the main effects. The independent variables
corresponding to the interaction effects were formed by multiplying the
transformed variables for the pair of species involved.

The "RZ2-full" values reported in Table 3.11 are the coefficients of
determination from the fitted regression models including all 32 terms.
The R¢ term may be interpreted as the percentage of total variability
explained by the model. The value in parentheses is the R value after
adjustment for degrees of freedom. Many of the terms in the full models
contributed very little to their predictive ability. To arrive at final
modeis for each of the polarization parameters, a stepwise regression
analysis was performed. A stepwise regression analysis selects a best
subset of independent variables to include in a regression model.
Regardless of the method employed, the goal of a stepwise regression
analysis is to eliminate insignificant terms and retain significant
ones.

Three stepwise regression technigues were employed here. They are

l. Forward Selection. This technique begins with no variables in
the model and adds variables one at a time. For each variable
not in the model, an F statistic is calculated which reflects the
variable's contribution to the model if it were to be included
next. The variable contributing most to the model is added
provided that the F statistic is significant at the 15 percent
significance level. The procedure continues adding variables to
the model until none of the variables excluded from the model
meet the 15 percent significance level criterion.

2. Backward Elimination. This tecnnique begins with all of the
variables in the model and eliminates variables one at a time.
For each variable in the model, an F statistic is calculated and
the variable contributing least to the model is eliminated,
provided that the F statistic is not significant at the 15 per-
cent significance levei. The procedure continues eliminating
variables from the model until all of the variables in the model
are significant at the 15 percent level,
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3. Stepwise. This technique begins with no variables in the model.
However, variables which are added to the model do not
necessarily stay there. Variables are added one at a time using
the same criterion as with forward selec’ion. After a variable
is added, however, a backward elimination is performed to delete
any variable which does not contribute significantly to the
model. This process continues until no variables can be added or

deleted.

The final mode! for each polarization parameter was chosen %o include
each of the 32 terms (11 main effects and 21 interactions) that appeared
in at least one of the three stepwise regression models. The coeffi-
cients of determination for the final mode! are reported in the "R2.
final" row of Table 3.11. Note that the RZ values that are adjusted for
degrees of freedom are higher for the final mode: than for the full
model in all six cases. This is a reflection of the fact that the terms
eliminated from the full models did not contribute significantly to
their predictive ability.

The regression coefficients (RC) and intercept terms for the final model
are also reported in Tables 3.11 and 3.12 along with the corresponding
observed significance level (0SL). In each case, the OSL may be inter-
preted as the probability of observing a regression coefficient as large
(in absolute value) as that observed under the hypothesis that the term
is insignificant. Thus, a small OSL indicates that a term is signifi-
cant. The regression coefficients for the main effects (Table 3.11) may
be interpreted as one-half the change in the polarization parameter that
would be produced by changing the concentration of the corresponding
species from low to high. A positive coefficient indicates that the
polarization parameter increases with increasing species concentration;
a negative coefficient indicates a decrease with increasing species
concentration. For example, E.or increases approximately 0.152 units as
the NO3 concentration increases from zero to 1000 mg/1, and Epi¢
decreases approximately 0.478 units as the C1 concentration increases
from zero to 100,000 mg/1. The regression coefficients for the interac-
tion terms (Table 3.12) are the muitipliers in the regression model for
the individual interaction terms. [f two species acted independently on
the polarization parameter, the corresponding two-factor interaction
regression coefficient would be zero.

Combining the intercept and regression coefficients into a final model
gives, for example,

10g fcor = -5.54 - 0.87 (pH*) - 0.20 (NO3*)
-0.20 (S103%) + 0.22 (Hp0p*) + 0.16 (pH*) (C1*)
-0.28 (C1*) (CO3*) + 0.20 (C1*) (NO3*)
+0.17 (NO3*) (0p*) - 0.22 (BO3*) (Hp0p*)
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as a predictive model for i.qr. The variables appearing in this model
are the transformed species concentrations described earlier in this
section. [n each final model, some terms had no significant
contribution and were thus excluded from that model. [t should be noted
that in Tables 3.11 and 3.12 the Fe main effect term and the pH x CO and
C03 x 0 interaction terms were excluded from all six final models.

The regression analysis was based on the design concentrations

(Tables 3.6 and 3.7). Because of precipitation of some of the species,
the actual concentrations which were present in the solution during the
test differ from the design concentrations. Solution samples were
obtained just prior to each test and these solutions will be analyzed
early in the next fiscal year. Therefore, the results presented here
are qualitative and at present a large significance will not be placed
on the quantitative measure of the estimate for the regression
coefficients.

Table 3.13 summarizes the results for the main effects of the chemical
species presented in Table 3.11. For comparison purposes, the results
of the preliminary matrix also are summarized in Table 3.13. These
results show that the analyses of the preliminary and main matrices
compare favorably for most of the response parameters. A few additional
species that were not identified in the preliminary matrix were identi-
fied as significant in the main matrix. This behavior is not surprising
and simply reflects the greater sensitivity to trends in the main matrix
due to the larger data base.

Two additional species were shown to have an effect on ipax. An
increase in the solution pH was shown to decrease imax while an increase
in F was shown to increase imax. Two additional species were shown to
have a beneficial effect on Epjt. An increase in both C03/HCO3 and
NO3/NOp was shown to increase Epit. Therefore, the only species foun<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>