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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
investigating the long-term performance of materials used for high-level
waste packages. The effects on glass waste-form dissolution of tempera-
ture, pressure, solution chemistry, and ratio of glass surface area to
solution volume have been studied. The glass-dissolution correlation is
ready to be evaluated by comparison with experiments. The devitrifica-
tion correlation has been completed. In canister-corrosion studies, CF8
alioy was found less susceptible to glass attack than Type 304L stain-
less steel. Limited experiments revealed no corrosion mechanism which
would indicate that cast steel could not be used as a corrosion-
allowance container material; additional tests with cracking ageats are
planned. In hydrogen-uptake studies, cast steel was found to absorb
more hydrogen than wrought steel. Parts of the general-corrosion corre-
lation have been tested, and work continues on obtaining realistic
experimental data as input for it. Gamma fluxes and dose rates in and
near the waste package were calculated for CHLW ana spent-fuel waste
forms. The current water-radiolysis modei was found adequate when
tested against existing data, and preliminary calculations were
performed with the current water-chemistry model; in both cases,
additional chemical species are being incorporated.

This report documents investigations performed during the period
Apr 1, 1983 to April, 1984,

i
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EXECUTIVE SUMMARY

The Department of Energy (DOE) is conducting a large program for the
disposal of high-level radioactive wastes in deep-mined geologic reposi-
tories. The Nuclear Regulatory Commisson (NRC), bcin? responsible for
regulating high-level radioactive waste disposal, will review DOE's
application for the construction and operation of the repositories. To
assist in evaluating DOE's application, the NRC's Office of Nuclear
Regu latory Research is developirg an understanding of the iong-term
performance of geologic repositories. As part of this effort,
Battelle's Columbus Laboratories has been awarded a five-year contract
to investigate the long-term performance of materials used for high-
level waste packages.

The program is being conducted in three parallel efforts: waste-form
studies, container-material studies, and waste-package system studies.
This report summarizes the results obtained during the second year of
the program.

Waste-Form Studies

The waste-form studies are aimed at describing and modeling those
mechanisms that will alter or "age" the waste form during the contain-
ment period, and identifying and describing those processes that will
influence waste-form dissolution after it is exposed to groundwater.
During the first two years of the program, the waste-form studies have
been largely centered on borosilicate glasses.

Experiments were conducted to determine the relative effect of pressure,
temperature, solution chemistry, and the ratio of glass surface area to
solution volume on the dissolution of samples of borosilicate glass.
Some synergistic effects were found, but they were minor in comparison
to the effects of the individual experimental) variables.

A study of the radiation :ffects on glass has rot reveaied any new
approach to evaluating this phenomenon experimentally. We are largely
dependent upon the existing literature which indicates that radiation
has a small effect on glass performance.

The development of a glass-dissolution model began with some simplified
assumptions about the rate of glass dissolution which are being modified
by including phenomena known to affect dissolution processes. Mathe-
matical expressions have been added to the mode)l 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
fmportant in controlling the rate of glass dissolution., The glass-
dissolution mode! studies (along with the water chemistry model) will
also be used to identify the parameters of groundwater composition that
may influence glass dissolution,
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A model has been developed to predict the degree of devitrification that
will occur during the post-fabrication cooling period and the subsequent
rehoatin? in the repository after disposal. Results of these calcula-
tions will be used with the data from experimental studies to evaluate
t?c importance of devitrification in the long-term performance of the
glass.

An information base on spent fuel as a waste form has been developed to
identify available data on the interactions of spent fuel with ground-
water. A plan for future experimental and analytical studies will be
developed. Large quantities of spent fuel will be available for dis-
posal when a repository is ready for operation; thus, data on its
performance will be needed by the NRC.

Container-Material Studies

The container studies are focused on those processes that can cause
degradation of the metallic waste-package container. During the second
year, studies focused on cast low-carbon steel for use in a basalt
environment. The dominant processes identified for degradation of the
steel container are general corrosion, stress-corrosion cracking,
pitting, crevice corrosion, hydrogen attack, and mechanical stress. A
study was also completed on the corrosion of the Type 304L stainless
steel canister by hot glass.

To determine the extent to which hot waste glass might attack the inner
surface of the canister, coupons of Type L stainless steel were
exposed to reference waste glass at temperatures of 300-900 C for a
variety of exposure times. The results of these experiments indicate
that although pits initiate rapidly at all temperatures, they grow very
slowly. The observed pitting attack results in maximum penetration
rates of approximately 10-20 Im/year. Analyses of corrosion products
found in the pits indicated that silicon, zinc, and titanium from the
waste glass play an important role in the mechanism of corrosion by
glass at all temperatures. Limited experiments with CF8 alloy, the
casting equivalent of Type 304L stainless steel, indicate that CF8
resists glass attack better than Type 304L does and thus may be
preferable as a canister material.

In studying external-canister corrosion, we investigated general corro-
sfon, pitting, crevice corrosion, and stress-corrosion cracking of cast
low-carbon steel in anticipated repository environments. Two steel
castings with compositions similar to ASTM Standard A216 were cast: one
with low sulfur and phosphorus, and the other with sulfur and phosphorus
cougarablc 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

oundwater and a simulated concentrated (10X) basalt groundwater) at

50 C. These experiments did not identify any corrosion mechanism which
would indicate that steel could not be used as a container material.
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A comprehensive literature review has been conducted to identify
chemical species known to have caused stress-corrosion cracking in low-
carbon steels in some environments. The basalt repository environment
is being characterized by data from the literature and by data from our
water-chemistry and radiolysis models. Chemical species which have
caused stress-corrosion cracking of steel in environments similar to
that of the basalt repository will be examined by laboratory
experiments.

There are essentially no data in the literature on the effects of
hydrogen on the properties of cast steels, although there are con-
siderable data on its effects on wrought steels. To determine whether
the abundant data for wrought steels could be applied to cast steels,
the performances of cast and wrought steels were compared. Two castings
were prepared as described above, and both cast and wrought samples of
the clean and doped steel compositions were tested. Tests on samples of
each of the four steels in their as-fabricated condition, after exposure
to an outgassing procedure, and to a corrosion environment in basalt
groundwater showed Lhat cast steel was more susceptible te hydrogen
uptake than wrought steel. The sensitivity of these steels to hydrogen
embrittlement is being evaluated by conducting tensile and fracture-
toughness tests in gaseous hydrogen and an inert environment and
measuring the extent of degradition of the properties by hydrogen.

These data will determine whether more data are needed to assess the
performance of cast steel in repository environments.

In the corrosion-modeling effort, preliminary computations have been
performed to test parts of the general-corrosion model. The computa-
tions have proven quite successful and preparations are being made to
apply the model to more realistic problems., Applications of the mode)
are very dependent upon realistic input data. To this end, the modelers
and experimentalists are working together to define experiments to yield
data for input to the mode!. Experiments are planned in a ganma radia-
tion field to provide data on the enhancement of corrosion by radiation.
Also, data will be sought on the rate and composition of surface film
growth.

The pitting-corrosion model considers three different aspects of the
overall pitting process: pit-initiation kinetics, pit-growth kinetics,
and the evolution of the pit-depth distribution. Although much infor-
mation is available on metal pitting, few data are available for the
waste-package environment in the repository. We plan to conduct a
series of experiments to give data specifically applicable to the
pitting model.

ntegrat tem Perf C
At the beginning of the second year, the programming of the system come
puter model was removed from the scope of study by the NRC, with greater

emphasis being placed on providing information for a better under-
standing of the processes involved in waste-package system degradation.
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One process under study is the production of radiolysis products in the
groundwater by gamma radiation from the waste. The gamma fluxes and
energy deposition rates as a function of time in and near the waste
gachagn were calculatod using the ANISN code for both commercial high-
evel waste and spent fuel as gamma sources. These data are being used
to calculate the radiolysis products in the groundwater surrounding the
waste package. Using computations with the MAKSIMA-CHEMIST code, a set
of 55 chemical reactions was found best to describe experimental data
found in the literature on radiolysis products in groundwater. 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.

Another process under study is water chemistry, since it could affect
glass dissolution and canister corrosion. A general-purpose water-
chemistry code, WATEQ, was found not to be directly applicable, although
the WATEQ data set is of value. The water-chemistry model under
development has intentionally been kept simple. Simplifying assumptionc
were made that all chemical reactions among aqueous species were at
equilibrium and no precipitation, colloid formation, or complex forma-
tion occurred; some of these assumptions are being modified as the model
matures. A limited set of chemical species was used, and reactions
among the species are assumed to equilibrate rapidly. Additional
chemical species are being incorporated.
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1.  INTRODUCTION: PROJECT OBJECTIVES AND APPROACH

The Waste Policy Act of 1982 delegates to the Department of tnergy (DOE)
the authority for stting. construction, and operation of deep-mined geo-
logic repositories for the disposal of high-level waste and spent fuel.
The Nuclear Re?ulatory Commission (NRC) has the responsibility to requ-
late the activities of DOE to assure that the health and safety of the
repository workers and of the public are adequately protected. Prior to
construction, the DOE will submit a license application to the NRC
describing in detail the proposed repository. The DOE has been directed
to take a multiple barrier approach to the isolation of radiocactive
wastes with the waste package, the engineered facility, °nd 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 rolatigg to the lon?-torm 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 which will integrate
separ o' effects and improve our understanding of the long-term per-
formance of waste package materfals. This will also assist in identify-
ing and evaluating research needs.

It is ?cncrally 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 N"§ 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
repository, the geohydrologic features of the earth itself are expected
to be a major barrier to the release of radionuclides. The repository
site will be selected to have properties to optinize 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 geohydrologic features of the site, engineered features of the
repository and of the waste package wi‘l 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 patns.

From early waste-management studies, it has been recognized that the
radioac* fve waste should be in a physically stable chemically iner
form which will resist physical radation and dissolution DW-
water after disposal. More recently, it has been decided to more
confidence in isolating the waste by packaging the waste in a container
that will provide essentially complete containment of the radionuc)ides
through the period of time ‘n 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 radionuc)ides 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-
inc 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 Indi 1P T

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

1.1.1 Waste Forms

The waste-form studies are aimed at first dncrtblﬂ&'u\d modeling those
mechanisms that will alter or "age" the waste form during the contain-
ment period, and second, identifying and describing those processe: that
will Influence waste-form dissolution after 1t 1s exposed to ground-
water, During the first two years of the pro, am, the waste-form
studies have been largely centered on boros!licate glasses for both
defense and commercial high-level wastes., Thuse waste forms are simi-
lar, with the defense wastes lmi»v higher concentrations of fron,
aluminum, and zirconium from metallic matrices and claddings, and com-
mercial wastes having higher concentrations of radioactive 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
tatlored to optimize the waste-form properties for each t of hi
level waste. After the waste forms are produced, particu arl‘.mr ng
the very loog'nﬁod of time after disposal while sealed in their
container, they will experience processes that will change them., These
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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, will
reduce the radiation levels which can affect the dissolution process,
and will reduce the quantity of radionucides which must be controlled.
Detrimental effects are those that will increase tne dissolution rate of
the glass and hence increase the release of radionuclides.

One detrimental effect 1s 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 surtace area of
the 'lass to be contacted by the 3rounductor). mode! has been
developed to predict the degree of devitrification that will occur from
thermal effects durin? the post-fabrication coeling period and the
subsequent reheating in the repository afte: disposal. Results of these
caleulations will be used with the data f om experimental studies in the
third year to evaluate the ralative impertance of devitrification in the
long-term performance of the glass.

Cracking can also be caused by thermal stresses and by mechanica!l
stresses. The latter may occur eithe because of external forces in the
adjacent rock being applied to the wa'te form, because of the density
change in the container materials as ..oy corrode, or because of
internal forces such as density change from radiation effects., A stud
of the radiation effects on glass has failed to reveal any new approac
to evaluating this phenomenon exper imentally, 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. These experimental efforts
have also been valuable to establish many procedures nccossor¥ for glass
dissolution studies and have formed a base of experience for future
exper iments,

Experiments planned for the near future have three distinct objectives.
The first s 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 parameters of groundwater
composition that may influence glass dissolution. (This is the begin-
ning of a ! series of experiments of this type.) Lastly, a series of
experiments will be conducted to evaluate our analytical mode! of the
glass dissolution process.

1.1.1.2 Glass-Dissolution Mode!

The development of a "lll-dillb'ut'Oﬂ mode| began with the premise that
in high groundwater flow rate, the glass dissolution rate s the initial
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glass dissolution rate in unaltered groundwater; at low flow rate the
glass dissolution rate is determined by the equilibrium solubility of
the glass. These uvorsimplified assumptions are being modified by
including those phenomena that are known to affect the processes. For
example, if precipitation occurs, the solute concentration in the
groundwater falls below that of equilibrium with the glass and the glass
can continue to dissolve. More recently 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 reprecipitation of dissolved
glass species as a more stable phase inan the original glass. The lat-
ter point, described more fully in this report, is believed to be very
important in controlling the rate of glass dissolution; as mentioned in
the previous paragraph, the glass-dissolution model is being investi-
gated by a carefully planned series of experiments.

The glass dissolution modeling effort is pdaying 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 below),
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

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 is 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. Large
quantities of spent fuel will be available for disposal when a
repository is raady for operation, thus data on its performance will be
needed by the NRC,

1.1.2 Container Materials

The container studies are focused on those processes that can cause
degradatior of the metgilic waste package container. The objective is
to collect data on t.e pacameters that influence the degradation pro-
cesses, to identify th2 -ontrolling parameters, and to ultimately model
the degradation nrocesses that determine the long-term performance of
tne container., The scope of the studies are limited to the materials
which are indicated by D0 to be their candidate container materials.
During the first year of study a titanium alloy was the candidate
material. Ducing the secona year studies were redirected to cast low-
carbon steel fur usa iv a basrl: environment.

The dominant processes which have been identified as causing degradation
of ths steel container are general corrosion, stress-corrosion cracking,
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pitting, crevice corrosion, hydrogen attack, and mechanical stress.
These 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, radiation 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-Canister Corrosion

The use of low-carbon steel in a wet environment for a long-life con-
tainer requires that a sufficient thickness of steel be available to
sustain the lvoss of metal by corrosion without penetration over the
period of intecest. 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 thickness. However, if the steel is susceptible to
cracking in the anticipated environment, the rate of cracking 1s so
rapid relative to required container life that the corrosion-allowance
approach cannot be used to achieve acceptable performance. What is
important is the susceptibility of the metal to crack initiation.
Cracking may result from stress-corrosion 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 avaiiable for crevice =
corrosion 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 basalt
repository. With the current interest in cast steel for a long-life
waste container, corrosion studies have begun at several latoratories in
simulated repository environments.

Qur initial experimental approach was to investigate general corrosion,
pitting, crevice corrosion, and stress-corrosion cracking in anticipated
repository environments. Two steel castings with compositions similar
to ASTM Standard A216 were cast: onc a "clean" steel, with low sulfur
and phosphorus, and the other "doped" with sulfur and phosphorus compar-
able to normal foundry castings. One-half of each casting was hot
rolled, resulting in four types of low-carbon stee! for testing, a
wrought and a cast "clean" and "doped" steel. Specimens of these steels
for general corrosion, pitting, crevice corrosion and stress-corrosion
cracking were tested in two deaerated solutions, a simulated basalt
groundwater and a simulated concentrated (10X) basalt groundwater, at
250 C. Tne concentrated solution was to simulate a solution that could
occur from groundwater boiling during the early high temperatures in an
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unsealed repository. These experiments did not identify any corrosion
mechanisms which would indicate that steel could not be used as a
corrosion-allowance container material.

Subsequent experimental efforts are being directed at identifying para-
meters which may cause poor corrosion performance of low-carbon steel,
with emphasis on stress-corrosion cracking. A comprehensive literature
review has been conducted to identify chemical species known to have
caused stress-corrosion cracking in low-carbon steels in some environ-
ments. The basalt repository environment is being characterized by data
from the literature and by data from our water-chemistry and radiolysis
models. Chemical species which have caused stress-corrosion cracking of
steel in environments similar to that of the basalt repository will be
examined by laboratory experiments. First, electrochemical experiments
will be conducted with steel specimens in simulated basalt groundwater
containing the chemical species suspected of causing the attack. Data
from these experiments will show the steel's relative susceptibility to
cracking and the electrochemical conditions under which it is most
likely to occur. Those conditions under which the electrochemical tests
show that cracking of steel may occur will be used for additional slow
strain rate. These latter experiments will give more definitive data on
the susceptibility of low carbon steel to stress-corrosion cracking and
the conditions under which it may be expected to occur.

1.1.2.2 Hydrogen Embrittlement

Cracking of metals can also occur from degraded strength by hydrogen
attack. There are essentially no data in the literature on the effects
of hydrogen on the properties of cast steels, although there are con-
siderable data on its effects on wrought steels. The initial efforts in
our program were mnade to determine whether cast steels could be expected
to react in a manner similar to that of wrought steels to hydrogen
attack. If they would react similarly, then the abundant data for
wrought steels could be applied to cast steels.

To compare the performance of cast and wrought steels, two castings were
prepared as described above. The variation in the sulfur and phosparous
was included because it was suspected that these two elements may play a
significant role in hydrogen attack and corrosion. Both cast and
wrought samples of the clean and doped steel composit‘ons are available
for testing.

The susceptibility of the steels to hydrogen uptake was evaluated by
measuring the hydrogen content of samples of each of the four steels in
their as-fabricated condition, after exposure to an outgassing proce-
dure, and to a corrosion environment in basalt groundwater. The data
showed that cast steel was more susceptible to hydrogen uptake than
wrou jht steel.

The sensitivity of low-carbon steel to hydrogen embrittlement is being
evaluated by conducting tensile and fracture-toughness tests in gaseous
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hydrogen and an inert environment and measuring the extent of degrada-
tion of the properties by hydrogen. Tests are being conducted on the
four types of steels in the as-fabricated condition and some after
annealing. It is expected that these data will show the relative sus-
ceptibility of cast and wrought steels to hydrogen degradation and
determine whether more data are needed to assess the performance of cast
steel in repository environments.

1.1.2.3 Modeling of General Corrosion and Pitting

A comprehensive mathematical model is under develcpment for use in
understanding the corrosion processes associated with the waste-
container materials in a repository environment. The foundation for the
model for the general-corrosion process is a set of mass transport
equations 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. The boundary
conditions that must be used to solve the set of equations also include
an explicit function for the kinetics of the general-corrosion reaction.
Solving the transport eguations will require the use of numerical itera-
tive techniques in which the iterations wiil be required to converge on
the redox potential at the container surface.

Preliminary computations have been performed to test parts of the model.
The thermal parts of the code have been used to calculate a temperature
profile of ihe immediate region. With a given temperature profile the
transport of a single element, oxygen, has been calculated. Also, the
radiolytic generation of oxygen for a given radiation intensity and the
recombination of oxygen with undefined species have been calculated.

The computations have proven quite successful and preparations are being
made to apply the model to more realistic problems. Applications of the
model are very dependent upon realistic input data. To this end, the
modelers and experimentalists are working together to define experiments
to yield data for input to the model. 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 composition 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 pitting process: pit-initiation kinetics, pit-growth
kinetics, and the evolution of the pit-depth distribution. Many inves-
tigators have studied the metal-pitting process and much information is
available from the literature. However, 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 give data
specifically applicable to the pitting model.

The experimental and analytical efforts in the container materials task
are well integrated and being directed to providing an understanding of
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the long-term performance of the container materials, with emphasis on
those processes that can lead to poor performance.

1.1.3 Integrated System Performance

The waste-package system studies interact with the waste-form studies

and the container-material studies to provide an improved urderstanding
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 system model incorporating 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 firsi-generation system
model was developed and operable. At the beginning of the second year,
the programming 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 de' osition rates as a function of time in the materials
of the waste package and very-near-field basalt ervironment were calcu-
lated using the ANISN code for both commercial high-level waste and spent
fuel as gamma sources. These data are being used to calculate the radio-
lysis products in the groundwater surrcunding the waste package. To
simplify the calculation, it was initially assumed that the yroundwater
was pure water. A number of different sets of chemical reactions were
tried by computations with the MAKSIMA-CHEMIST code to determine the
complexity of the reaction descriptions necessary to describe the process
adequately. A 55-reaction set was found best to describe experimental
data found in the literature. 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
model and the general-corrosion model.

A general purpose water-chemistry code, WATEQ, was evaluated for use as

a basis for the glass-dissolution model and found not directly applic-
able, although the WATEQ data set is of value. The water-chemistry model
which we initially developed for our use has intentionally been kept
simple. Simplifying assumptions we-e made that all chemical reactions
among aqueous species were at equilibrium and no precipitation, colloid
formation, or complex formation occurred. In addition, only a limited

set of chemical species was included. The set includes the basic water
species, the species which dominate most natural groundwaters, and certain
species which are assumed to result from the corrosion of iron-based
metallic containers and from the dissolution of borosilicate glass. The
six reactions among the agueous species are assumed to equilibrate rapidly.
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Any other reactions are excluded by the choice of species. However,
additional species are being incorporated as the model matures.

Input to the model includes temperature, oxidation potential, volume of
water, and amounts of each of the elements in solution (including those
species from the radiolysis code). The water-chemistry model calculates
the concentration and activity of each of the water species. The results
are used for the glass-dissolution and corrosion models.

1.2 Overall Program Objectives

In all the program tasks, the ultimate objective is to develop a base of
information to assist the NRC in evaluating the performance of the waste
package proposed in DOE's license application. 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
performance of materials and identifying data requirements.

To achieve the above objectives, the waste-form task is providing infor-
mation to give a better understanding of the release of radionuclides
from the waste form, heginning at the time it is first contacted by ground-
water through the 10,000-year period defined in the draft EPA Standard.
This includes an understanding of the probable physiochemical condition
of the waste form when it is contacted by groundwater, as well as the
parameters of waste-form composition and environment conditions which
will cause changes from its state at the time of disposal. In addition,
we are producing experimental data on the parameters that arfect
dissolution of the waste form, including composition of the groundwater
and environmental conditions. The waste-form dissolution process is
also being mathematically modeled to allow analysis of the performance
of the waste form under specific input conditions.

The information on the performance of the container materials relates to
the roquired containment period of 300 to 1000 years. The container
performance is expected to be most affected by corrosion and hydrogen-
attack processes. We are attempting to provide information on the para-
meters of container-material composition, groundwater composition, and
environmental conditions that are most significant in these processes.
Our preliminary study of the titanium allzy in brine did not reveal any
conditions that would cause general corrc:icon, 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 degrade the material and should be more thoroughly
investigated if 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
cracking under repository conditions, because steel is known to fail by
this process in some environments. We are studying the chemical species
and environmental conditions that cause cracking to determine whether
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this mode of failure is expected under credible repository conditions.
Qur experimental studies on general 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-package 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 the amount and kind of chemical species that may be pro-
duced by radiolysis of the groundwater near the waste package as a
result of gamma radiation from the enclosed waste to be known. To
obtain this information, energy deposition and radiolysis codes are
used. The ANISN code is used to calculate the gamma fluxes and energy
deposition rates in and near the waste package over the time of storage;
these have been calculated for commercial high-level waste and for
spent-fuel waste forms. The gamma fluxes and energy deposition rates as
a function of time are then used in the water-radiolysis model to
calculate the amount and kind of radiolysis products in the groundwater
near the waste package. To determine how these radiolysis products may
affect the performance of the canister and waste form, it is necessary
to determine their chemical activities. These are calculated by the
water-chemistry model, using as input data from experiments and from the
groundwater-radiolysis model. The output from the water-chemistry model
is the concentration and activity of each chemical species in the
groundwater near the waste package. This information is used not only
as input to the general-corrosion and glass-dissolution models but also
as a point of reference in directing the experimental efforts in
corrosion and dissolution.
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2.  WASTE FORMS

The second year's work in waste forms concentrated on degradation
mechanisms for glasses and on evaluation of the literature for spent
fuels as a waste form. Work on the glass waste form was divided into
three separate tasks: evaluation of some variables that can influence
leaching/corrosion, evaluation of the devitrification that may cccur in
a full-size w.ste form, and continued evaluation of the influence of
various radiation-damage mechanisms on glass waste-form integrity.
Separate-effects analyses of the kinetics of glass dissolution were also
conducted. In addition, some consideration has veen given to spent fuel
as a waste form.

2.1 Leaching/Corrosion Experiments for Glass Waste Forms

The purpose of the leaching/corrosion experiments is to evaluate the
influence of environmental variables on the radionuclides released to
the repository. Some of the potentially detrimental variables include:
the exposure temperature, the surface-area-of-glass to volume-of-
solution (SA/V) ratio, the chemistry of the leaching solution or water,
and the composition of the waste form. The literature review conducted
in the first year indicated that many of these variables, particularly
temperature and SA/V ratio, have been explored in single-variable
experiments. However, the interactive or synergistic effects that could
occur under repository conditions have not been adequately investigated.
Therefore, the leaching/corrosion experiments for glass in this year's
experiments were conducted in a manner that would allow assessment of
these potentially interactive effects.

2.1.1 Experimental Procedure

Several standard procedures were developed for the leaching/corrosion
experiments. These involved equipment assembly, leaching-solution
preparation, sample preparation, and data recording.

2.1.1.1 Equipment

The equipment used for the leaching experiment consisted of autoclaves
into which PFA TEFLON* containers were placed. When the glass samples
and their retaining basket are in place, the PFA TEFLON containers hold
approximately 53 ml of liquid. The screw-top lids of these containers
were drilled with one hole to accommodate pressure changes. Befure use,
each container was cleaned using a standard procedure that included

*TEFLON is a registered trademark of the DuPont de Nemours Company.
PFA TEFLON containers were purchased from SAVILEX Part No. 0102;
screens were Part No. 26SC.
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hydrofluoric/nitric acid rinses, a 5-day oven bake at 200 C, water
rinses, autoclaving, and a boiling water bath to remove any possible
contamination. This procedure is very similar to that recommended by
DOE's Materials Characterjzation Center (MCC)(2-1), but was modified
according to Macedo's(<.2) recommendations.

tEach of the two utoclaves* was made of Type 316 stainless steel, had a
3.8-liter capacity, and was rated at 340 C/34 MPa. The autoclaves were
modified by brazing copper cooling coils and wiring heater strips along
the outer surface. For the experiments, the autoclaves were pre-
pressurized with argon and heated to the experimental temperature.
Final pressure adjustments were made by venting. A pressure control
system ensured that the experimental pressure for each run was main-
tained at the predetermined value.

In assembling the equipment for a run, the leaching liquid was placed in
the TEFLON container followed by the glass sample on top of the TEFLON
basket. One container of each solution, but without a glass sample, was
included in each autoclave run to serve as an analytical reference
("blank"). The containers were placed inside the autoclaves on a rack
and the autoclave tops were secured. Figure 2.1 schematically displays
autoclave loading.

2.1.1.2 Sample Preparation

The glass used in these experiments was obtained from the MCC in block
form. These samples of MCC 76-68 were core drilled** to an approximate
diameter of 6.35 mm. For the SA/V ratio of 0.001/mm, samples were first
cut to the approximate length, then ground to 2.3-2.6 mm, and then cut
in half on the diameter. The samples for an SA/V ratio of 0.0l/mm were
first cut to the approximate length, then ground to 10.u0-10.30 mm.
Figure 2.2 presents the shapes and diameters of these samples. After
grinding to size, each sample was polished in a SiC 200-grit slurry,
then rinsed with reagent-grade water. Samples were then dried at 100 C
for 2 hours, weighed, and their dimensions recorded.

Two liquids were used in these experiments: reagent-grade water meeting
ASTM D1192-77 specifications for Type I wafsr and a simulated basalt
water prepared by a standardized procedure '3). For this simulated
basalt water, two stock solutions were required. The first contained
sodium salts of carbonate, silicate, sulfate, fluoride, and hydroxide,

*Autoclaves were purchased from High Pressure Equipment Company
Catalog No. BC-5.

**Starlite Diamond Core Drill (9/64 in. 0.D.) purchased from
E. A. Kinsey Company.
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and the second contained hydrochloric acid and the chloride salts of
potassium, calcium, and magnesium. These stock solutions will remain
stable for a year if stored in an argon atmosphere. To make the simu-
lated basalt solution, 25 ml of each stock solution was combined in a
polyethylene jar. Reagent-grade water was added to make one liter of
so}ution. and the pH was adjusted to 9.75 by adding 0.1 M HC1 or

0.1 M NaOH.

After the glass samples were loaded into the TEFLON containers and the
TEFLON containers into the autoclave, an argon purge was used to
decrease the partial pressure of oxygen. The partial pressure was
determined prior to leach testing by pressurizing an autoclave to

6.9 MPa using argon. After five minutes, the autoclave was vented and a
sample of the vented gas was analyzed for oxygen content. Repetition of
this procedure showed that after [ve such purges, the partial pressure
of oxygen was 1.3 uPa, a sufficiently anoxic condition for the
leaching/corrosion experiments. Thereafter, both cutoclaves were

purged 5 times before each run.

The temperature of each autoclave was monitored by a cold junction com-
pensated, Type K thermocouple connected to a millivolt recorder. The
hourly temperature deviations of each autoclave were recorded in the
laboratory notebook. These values were then statistically analyzed for
the mean temperature and standard deviation about that temperature.

2.1.1.3 Data Collection and Analysis .

After the completion of a run, the TEFLON containers were removed from
the autoclaves, and the condition of each container was recorded. The
glass samples were removed and placed in a drying oven. The TEFLON
containers were equilibrated to 30 C, and pH values were recorded.

To ensure that all leached material, except that clinging to the glass
specimen, was analyzed, a digestion procedure was developed. This
procedure is summarized in Table 2.1. After digestion, samples were
submitted for ICAP analysis of boron, calcium, sodium, molybdenum,
strontium, and silicon. The fraction of each element, fi, lost was
calcuiated by:

(ug element in leachate) - (ug element in blank)
i ug element in glass sample

2.1.2 Preliminary Leaching Experiments

The preliminary leaching experiments were conducted to select appro-
priate equipment and run duration for the primary leaching/corrosion
experiments. Two types of equipment, autoclaves and ovens, were used
for conducting the expcsure. If both could be used simultaneously, the
amount of time needed to conduct the experiments would be greatly
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reduced. The autoclaves were needed for the high-pressure exposures in
the leaching pilot experiment. To evaluate which, if either, is suit-
able at low pressures, MCC 76-68 glass was exposed to 150 C reagent
grade water. The ratijo of surface area of the specimen to the volume of
solution was 0.01 mm-1 in all cases. The replication of weight-loss
data as a function of exposure time for 0.25 to 18 days in the oven and
a similar fixed exposure in the autoclave has been used to select expo-
sure times and type of equipment to be used in subsequent experiments.

Since two types of equipment, ovens with digestion bombs and autoclaves
with TEFLON containers, could be used to conduct the low-pressure
experiments, a statistical test procedure was developed to evaluate the
data consistency between these two devices. These data indicate that
the oven and autoclaves were not necessarily different for the solution
concentration of boron, silicon, and molybdenum but were definitely
different for the so'ution concentration of sodium, calcium, and
strontium.

Table 2.1. Acid digestion procedure.

1. Evaporate original solution to just below the level of the basket.

2. Add 25 m1 ULTREX* HNO3 + 5 m] perchloric acid, each by its
separate pipette.

Evaporate to dryness.
. Add 1 ml1 H2S04 (20 drops from medicine dropper).

. Evaporate to dryness.

3
4
5
6. Add 40 ml 50% UL1. ' HNO3 and reagent water (1:1).
7. Evaporate until ~20 m] remains (just below basket).
8. Pour leachate into volumetric flask.

9

. Rinse TEFLON container with ~2 m1 of 50 volume percent
nitric acid in reagent water.

10. Combine rinse with leachate in the volumetric flask.
11. Add enough reagent water to make 25 m) total.
12. Submit for analy:is.

*ULTREX is a trademark ¢ the J.T. Baker Chemical Company.
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Since high pressure was required in some of the leaching pilot condi-
tions, it was decided to conduct all the experiments in autoclaves. A
15-day, fixed exposure time was used in all cases to ensure both that
sufficient time had elapsed to avoid rapidly changing effects brought
about by the power-law relationship and that a measurable amount of
leaching/corrYsion would occur. Furthermore, the results imply that the
change to a t /Z-dependency has not occurred.

2.1.3 Leaching Pilot Experiment

The purpose of this experiment was to begin the separation and ranking
of variables that affect leaching/corrosion of nuclear waste glasses.
In this experiment, MCC 76-68 glass, a reference material for which a
large data base exists, was used. A statistical experiment with repli-
cation was used so that the influence of the main variables and the
potential interactions or synergisms between them could be evaluated.

2.1.3.1 Variables and Responses

The variables chosen for the leaching pilot experiment were temperature,
pressure greater than the autogenous pressure of water at the experi-
mental temperature, ratio of surface area of glass to volume of solution
(SA/V), and solution chemistry. The temperature-pressure conditions for
each autoclave exposure are listed in Table 2.2A. The lowest tempera-
ture and pressure conditions represent a reference condition. The data
at this condition can be compared to many of the data that exist in the
literature. The highest temperature and pressure conditions represent a
testing condition derived from an extreme temperature and pressure that
could develop in a repository in Ehe Sarly years after emplacement with
exposure to lithostatic pressure. 2.4) This condition can be considered
to be an accelerated test. The last condition shown in Table 2.2A is
the statistical midpoint between these two values. The specimens were
exposed at each autoclave condition listed in Table 2.2B. They repre-
sent SA/V ratios, differing by a factor of 10, and two different water
compositions: reagent-grade water (a reference condition), and a
simulated basalt water.

The responses to be evaluated at each condition were: change in pH,
change in weight, and solution concentrations of silicon, boron, sodium,
calcium, strontium, and molybdenum. The solution concentrations of
silicon and boron should be indicators of general corrosion at the test
conditions. The concentrations of strontium and molybdenum were

markers for some of the radionuclides that could be present in a real
waste, with strontium representing strontium-90 and molybdenum repre-
senting technetium. The analyses of sodium and calcium are a measure of
leaching, or selective ion exchange, t! t may occur. All six of these
elements wer:> evaluated through ICAP analyses. For the purpose of this
experiment, all material removed from the specimen is considered to be
mobile in a repository regardless of its physical form (i.e., ionized
species, colloids, or other precipitates). Therefore, the digestion
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procedure was used to ensure that all precipitates except those that are
on the specimen itself were taken into solution to be analyzed by ICAP.

2.1.3.2 Experimental Design

The conditions presented in Table 2.2 are those of a split-plot statis-
tical design, because each autoclave run is a specific combination of
temperature and pressure which cannot be independently varied. There-
fore, the temperature and pressure are whole-plot factors, and combi-
nations of surface-area-to-volume ratio and solution chemistry that are
included in each autoclave run represent a factorial design in that run
and are thereby called the split-plot factors. The run order and number
of replicates in each case are presented in Table 2.3, and as can be
seen from reviewing that table, the experiment was a fully replicated
one in which the exposure conditions were alternated between the two
autoclaves used in the experiment. In this way, any statistical bias
that could occur from using two different autoclaves is minimized. This
particular design allows evaiuation of all tue main effects in temper-
ature, pressure, surface-to-volume ratio, and solution chemistry. Also,
this design allows evaluation of the interactive effects among these
variables.

Table 2.2. Leaching Pilot Experimental Conditions.
A. Autoclave Conditions

Condition Temperature, C Pressure, MPa
A 90 0.1*
B 90 34.0
C 225 2.6*
D 225 34.0
E 170 17.0

*Autogenous Water Pressure

B. Specimens at Each Autoclave Condition.

Glass Surface Area

Spec imens to Solution Volume Ratio, mm-1 Water
1 0.01 Reagent
2 0.001 Reagent
3 0.01 Basalt
4 0.001 Basalt
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Table 2.3. Run order of leaching pilot experiment.

Run Autoclave 1* Autoclave 2%
1 C Ag
2 Eq Cg
3 Ag Bg
4 Dg Eq
5 Bg Dg

*Subscripts show the number of specimens submitted for
chemical analysis. See Table 2.4A for conditions
specified by the letters A-E.

2.1.3.3 Results

Tables 2.4 through 2.8 present the results of each experimental condi-
tion. The data presented in the tables are the changes in weight and
changes in pH, calculated as initial value minus final value, and the
solution chemistry, presented as the fraction of material lgst. This
value was obtained by subtracting the elemental "blank" analysis from
the solution analysis and dividing that difference by the original
weight of each element in the glass sample, then multiplying by 104.

“ome of the fraction elemental loss data listed in Tables 2.4 through
2.8 are negative. Such results are not entirely unexpected for samples
exposed to the simulated basalt water. In that case, elements removed
from the glass could react with elements in the solution to cause pre-
cipitation. Alternately, precipitation on cooling to room temperature
could remove species from solution. The “blank" should not be subject
to these situations and would retain most of the original species in
solution. When this blank value is subtracted in the fraction lost cal-
culation, then a negative value would result.

This interpretation is consistent with the weight-loss data. Nine of
the weight changes, or 25 percent of the data, for basalt water were
positive, indicative of a net weight gain. Of these, four have negative
fractions lost for calcium and, usually, sodium. Such data imply that
species originally present in the basalt solution have precipitated onto
the glass specimen. Also, one of the "blank" measurements for basalt
waters had erratic values for sodium and calcium, and these data have
not been included in Table 2.5 However, since the basalt water con-
tains no boron or molyboenum, those data in that table are acceptable.
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Table 2.4. Leaching pilot exper{mental results for both replicates
at 90 C and 0.1 MPa nominal conditions.

Temperature, C: 88.8 + 0.2 Pressure, MPa: 0.
90 + 0.3* 0.

Fraction Lost x 100**

Water S/V Aweight, ¥ ApH Si B Sr Mo Na Ca
.001 -.634 1.157 . 968 115 1.034 1.053 0.000 -4.410
-.113 2.066 .690 .218 1.199 1.498 1.967 5.860
Deionized
.010 -.376 3.250 .050 067 075 .318 .450 .583
-.322 2.893 .043 .174 .086 .401 .347 2.644
.001 .455 -.321 .193 .054 .351 .030 -7.400 16.660
279 -.415 .740 .052 .517 715 54.100 1.138
Basalt
.010 .094 -1.415 .030 .046 .050 .273 3.423 1.04
-.172 -.233 .040 .023 051 .255 2.804 1.03
.001 -1.108 . 740 0.000 .022 .875 1.163 0.000 -2.460
-.850 1.006 0.000 -.010 -.020 0.000 0.000 -1.660
Deionized*
.010 -.225 1.636 0.000 .029 .049 .517 .315 -.100
-.301 1.646 .002 .039 026 .707 .602 -.120
.001 -.802 -.500 .022 .046 475 .516 0.000 .501
.926 -.480 -.070 .029 .484 672 0.000 -2.830
Basalt*
.010 .065 -.530 -.0022 .015 .035 .145 -2.930 -.250
041 -.505 -.0003 017 -.058 .209 -.610 -.250

*Second replicate.
**Values of 0.000 are analyses that were below detection limit of
ICAP but set to zero for statistical treatment.
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Table 2.5.

Leaching pilot experimental results for both replicates
at 90 C and 34.0 MPa nominal conditions.

Temperature, C: 90 + 0.3 Pressure, MPa: 34
90 + 0.1* 34*
Fraction Lost x 100**
Water S/V Aweight, % ApPH Si B Sr Mo Na Ca
.001 -2.017 1.306 1.438 153 1.573 2.129 0.000 1.896
-1.389 1.261 0.000 .048 1.820 2.174 0.000 1.637
Deionized
0010 -0322 10986 .050 -076 -064 0688 .511 0%4
-.368 2.036 0.000 .154 .040 .795 .635 067
.01 176 -1.055 .056 .056 .870 .894 -- --
-.407 -1.050 .058 .039 .844 .B27 -- -
Basalt
.010 -.101 -.320 .006 .035 .070 .229 6.051 .149
-.126 -.580 0.000 .047 .086 .415 9.60¢ .154
.001 -.211 2.015 -1.75 .098 1.464 1.914 2.053 1.305%
-.080 1.945 -1.48 .030 .725 .825 122 .747
Deionized*
.010 -.322 2.395 -.090 .021 .178 .467 .632 .226
.209 2.735 -.110 .069 .022 .697 .640 .110
.001 .018 -.224 -.56 .021 .258 .461 -35.510 -2.410
7D -.314 -.36 .019 .252 .686 -36.390 -3.380
Basalt*
.010 -.0295 -.234 -.02 017 .064 .415 .857 -.220
-.0284 -.224 -.02 .005 .062 .360 .660 -.190

*Second replicate.

**yalues of 0.000 are analyses that were detection limit of

ICAP but set to zero for statistical treatment.
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Table 2.6.

Leaching pilot exper imental results for both replicates

at 225 C and 2.6 MPa nominal conditions.

Temperature, C: 229 + 0.2

Pressure, MPa: 2.6
2.6

229 E 0.1* *
Fraction Lost x 100**
Water S/V Aweight, % APpH Si B Sr Mo Na Ca
.001 -21.462 2.893 .00419 8.034 .484 36.518 40.152 .360
-22.290 2.612 -.0044 14.175 .675 20.349 20.355 .352
Deionized
.010 -2.313 3.228 .041 222 .046 3.719 4.130 .046
-6.031 3.309 .004 .391 .036 3.959 4.555 .046
.001 -11.37 -.154 -.01 1.389 .553 23.891 144.89 1.969
-21.95 -.153 -.065 8.584 .923 33.02¢ 173.38 1.431
Basalt
.010 -4.130 -.411 .009 2.018 122 3.433 11.641 .234
-7.679 -.583 .031 .296 .081 2.959 2.091 .167
.001 -25.73 1.262 0.000 2.407 1.879 35.527 36.027 . 806
-28.78 1.538 0.000 3.041 1.787 16.862 15.524 1.632
Deionized*
.010 -2.79 2.181 .002 .538 071 3.887 4.543 .09
-2.522 1.272 .004 .639 .059 3.864 4.452 .068
.001 -13.370 -.629 .028 1.625 .346 16.695 -47.400 -6.650
-10.427 -.639 -.010 1.935 . 305 15.821 9.179 -7.000
Basalt*
.010 -2.084 -.458 .005 .189 .185 3.222 3.378 -.17
-2.178 -.368 .005 .168 .178 3.441 3.616 -.14

*Second replicate.

**Values of 0.000 are aralyses that were below detection limit of
ICAP but set to zero for statistical treatment.
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Table 2.7.

Leaching pilot experimental results for both replicates
at 225 C and 34.0 MPa nominal conditions.

Temperature, C: 225 + 1.2 Pressure, MPa: 34
218 + 0.4~ 34
Fraction Lost x 100**
Water S/IV Aweight A pH Si 8 Sr Mo Na Ca
.001 -5.490 2.31u 2.347 -.010 2.847 13.954 6.309 .309
-20.320 2.120 -1.080 1.647 -1.080 29.204 29.870 .110
Deionized
.010 -2.38 2.480 -.070 .037 .070 3.576 3.870 .128
-2.45 2.380 -.070 .064 .049 3.457 3.798 .035
.001 -18.830 -.666 -.159 .243 .159 24.300 27.025 -.230
-21.260 -.996 -1.930 .683 -1.930 30.570 36.654 -.430
Basalt
.010 -2.920 -.496 -.100 177 .102 4.016 5.070 .402
-2.580 -.496 -.090 .048 -.090 3.794 4.598 -.190
.001 -22.3844 2.275 .29 12.092 28.598 34.329 .892 .734
-19.1062 2.295 -.040 4,242 22.403 28.607 171 .472
Deionized*
.010 -3.14 2.733 .002 211 .077 2.648 3.211 .168
-2.05 2.775 .005 .285 .076 3.705 3.630 1.55
.001 -11.24 -.874 .034 2.031 .682 18.270 44.457 0.000
-13.24 -.594 .429 1.436 .818 26.999 51.500 -.960
Basalt*
0010 -ZQIW ’.3“ ow 0263 0138 4.616 "30310 0213
-1.875 -.324 .019 .339 .135 4.148 5.647 .183

*Second replicate.

**yalues of 0.000 are analyses that were below detection limit of

ICAP but set to zero for statistical treatment.
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Table 2.8.

Leaching pilot experimental results for both replicates
at 170 C and 17.0 MPa nominal conditions.

Temperature, C: 159 + 0.1 Pressure, MPa: 17
156 + 0.7+ 17+
Fraction Lost x 100**
Water S/V Aweight, ¥ A pH Si B Sr Mo Na Ca
.001 -8.290 2.261 -.00046 .874 1.938 8.341 5.118 1.108
-7.11 2.277 -.00048 1.636 1.408 11.956 9.852 .278
Deionized
.010 -1.410 2.341 .002 .448 .022 2.516 2.720 .028
-1.574 2.433 . 0000 .631 .021 2.514 2.741 .010
.001 -1.754 .015 .053 .190 . 308 3.457 -3.710 -2.920
-.828 .006 -.010 .285 . 350 1.983 -13.230 -2.530
Basalt
.010 -.593 -.085 011 .09 .086 1.083 1.560 .240
-.610 -.086 .001 .163 .044 1.053 -2.100 -.240
.u0l -6.77 1.670 .125 3.098 .910 10.594 8.492 .470
-8.29 1.940 -.00338 .540 .885 11.525 8.797 049
Deionized*
23.62 2.400 .005 .132 .036 3.174 3.411 .043
-1.61 2.300 .001 .087 .036 2.637 2.637 .060
.001 -6.67 -.486 -.020 .419 10.020 12.046 -1.100 .617
-6.80 -.556 -.020 .498 10.534 12.894 -1.140 .552
Basalt*
.010 -1.360 -.426 .0003 .055 2.162 2.237 .010 .050
-1.320 -.316 .008 .135 2.162 2.615 -.00335 .046

*Second replicate.
**Yalues of 0.000 are analyses that were below detection limit of
ICAP but set to zero for statistical treatment.



The negative values for deionized water are more troublesome because
they imply that species are being removed from the TLFLON parts. If
this is the case, then the TEFLON cleaning procedure, which includes
autoclaving at 120 C for one hour, is not adequate for removing all con-
tamination. These procedures were based on those used by most investi-
gators in this area, but modified tc incluge the autoclaving. On
inspection after each run, many of the TEFLON containers showed visible
penetration of the leaching solution, especially those exposed to high
pressure. This penetration manifested itself in increased opacity of
the containers, and in some cases, as visible pockets of liguid. All
these containers returned to their original appearance after going
through the cleaning procedure. Yet the data imply that residual con-
tamination remained. Therefore, the number of repeat uses of TEFLON
containers is limited after exposure to high pressure.

2.1.3.4 Statistical Analysis of Data

The purpose of the main pilot waste-form leaching experiment was to
screen a subset of the large number of environmental factors that poten-
tially could affect the extent and rate of leaching of the glass waste
form into groundwater. The environmental factors included were:
temperature (TEMP), pressure (PRESS), ratio of surface area of glass to
volume of solution (SAV), and water type (WATER).

2.1.3.4.1 Weight-Change Data

Because of the obvious and large effect of temperature, the weight-
change data for the two different temperatures are analyzed separately.
The analysis of variance (ANOVA) for the 90 C data is presented in

Table 2.9. In addition to the previously mentioned experimental factors
(PRESS, SAV, WATER), an autoclave effect (ACLAVE) has also been included
in the model. The top portion of the table contains the ANOVA table
corresponding to the entire model being fitted to the data. All main
effects and interactions of ACLAVE, PRESS, SAV, and WATER have been
included in the model. The "ROOT MSE" value of 0.31 is an estimate of
the standard deviation of an individual percentage weight-increase
observation.

The bottom portion of the table contains information on the individual
main effects and interactions included in the model. Because the ACLAVE
and PRESS main effects are whole-plot effects, the corresponding sums of
squares are compared to the ACLAVE*PRESS interaction sum of squares for
testing purposes. All other effects are compared to the mean square
error term of 0.094 from the top portion of the table. The values in
the "PR > F" column are the observed significance levels or P-values of
the tests of the hypotheses that the corresponding main effect or inter-
action is not present in the model. A small value (< 0.05) is an indi-
cation that the corresponding main effect of interaction is present.
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Table 2.9. Analysis of variance table for weight change data at 90 C.

TEMP = 90
GENERAL LINEAR MODELS PROCEDURE
DEPENDENT VARIABLE: WT

SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PR > F
MODEL 15 8.266 0.551 5.84 0.0006
ERROR 16 1.510 0.094 ROOT MSE
CORRECTED TOTAL 31 9.776 0.307
SOURCE DF TYPE III SS F VALUE PR > F

ACLAVE 1 0.522 0.54 0.597

PRESS 1 0.119 0.12 0.786

ACLAVE-PRESS 1 0.972 10.30 -0.006

SAV 1 0.129 1.37 0.260

MTER 1 3-289 34-% 'O.W

SAV*WATER 1 1.411 14.95 -0.001

PRESS*SAV 1 0.147 1.56 0.230

PRESS*WATER 1 0.021 0.22 0.647
PRESS*SAV*WATER 1 0.013 0.14 0.710
ACLAVE*PRESS*SAV*WAT 6 1.643 2.90 0.041




The significant effects for PRESS, SAV, and WATER from Table 2.9 are the
WATER main effect and the SAV*WATER interaction. To illustrate these
effects, a tree diagram of the percentage weight increase averages is
presented in Figure 2.3. The value plotted for each branch is the
average response for all observations at the indicated conditions. For
example, the average response for the eight observations at TEMP = 90,
WATER = BASALT, and SAV = 0.010 is -0.03 percent. The main effect of
WATER is illusirated by the first branches which show that the averages
for the two water types differ by 0.64 percent. Note that in reagent
water there was an average weight loss, while in basalt water there was
an average weight gain. The interaction between WATER and SAV is illus-
trated by the fact that the SAV effect reverses itself for the two water
types. The root MSE value of 0.31 from the ANOVA table is graphed in
the lower left-hand corner for reference.

It should be noted that there was actually very little weight change
activity at 90 C. All of the average values in Figure 2.3 are less than
1 percent. These averages should be contrasted with the averages at

225 C, presented below, which range from 1 to 25 percent.

The ANOVA table for the 225 C data is presented in Table 2.10 and a tree
diagram of the average responses is shown in Figure 2.4. The signifi-
cant effects at 225 C are a SAV main effect and a SAV*WATER interaction.
The first branches of the tree in Figure 2.4 illustrate the SAV effect.
The only other effect that appears significant is the WATER main effect
at low PRESS and low SAV. This effect accounts for the SAV*WATER
interaction.

2.1.3.4.2 pH Data

Due to the significantly different initial pH values for the two water
types and the fact that the two solutions tend to similar equilibrium pH
values, the observations for the two different water types were analyzed
separately.

The ANOVA table for the reagent water data is shown as Table 2.11, and a
tree diagram of the average responses is presented in Figure 2.5. The
significant effects for SAV, TEMP, and PRESS from Table 2.1l are the
TEMP main effect and the TEMP-SAV interaction. ACLAVE, TEMP, PRESS, and
TEMP-PRESS are whole-plot effects and thus are compared to the
ACLAVE*TEMP*PRESS interaction term to test their significance. All
other terms are compared to the MSE value of 0.068 from the top portion
of the table.

The main effect of SAV is illustrated by the first branches of the tree
in Figure 2.5. The interaction of TEMP and SAV is shown in the second
set of branches. The effect of temperature at SAV = 0.001 is much
greater than the effect at SAV = 0.010 which accounts for the
interaction.
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Figure 2.3.

PRESS=AUTO

Tree diagram of percentage weight increase
averages at 90 C.
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Table 2.10.

Analysis of variance table for weight change data at 225 C.

TEMP = 225

DEPENDENT VARIABLE:
SOURCE

MODEL

ERROK

CORRECTED TOTAL

SOURCE

ACLAVE

PRESS

ACLAVE*PRESS

SAV

WATCR

SAV*WATER

PRESS*SAY
PRESS*WATER
PRESS*SAV*WATER
ACLAVE*PRESS*SAV*WAT

=)

[ N el el S S e

SUM OF SQUARES
2306.656
211.189
2517.844

TYPE II1 SS

0.955
46.390
5.496
1844.224
43.018
80.121
2.244
51.151
41.372
191.686

MEAN SQUARE

153.777
13.199

GENERAL LINEAR MODELS PROCEDURE

F VALUE
11.65

PR > F
0.0001
ROOT MSE

3.63308787
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=18.0
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g * 3.6

———e -24.6

Figure 2.4. Tree diagram of percentage weight increase
averages at 225 C.
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Table 2.11.

Analysis of variance table for change in pH data for reagent water.

WATER = W

DEPENDENT VARIABLE:
SOURCE

MODEL

ERROR

CORRECTED TOTAL

SOURCE

ACLAVE

TEMP

PRESS

TEMP*PRESS
ACLAVE*TEMP*PRESS
SAV

TEMP*SAV

PRESS*SAV
TEMP*PRESS*SAV
ACLAVE*TEMP*PRESS*SA

B et et et () e e e et 3

SUM OF SQUARES
13.59584300
1.09126700
14.68711000

TYPE III SS

0.31363200
1.79835612
0.173167613
0.00130050
7.08109875
3.20677812
0.50501250
0.14311250
0.07125313
0.30213325

MEAN SQUARE
0.90638953
0.06820419

F VALUE

0.13
0.76
0.07
0.00
34.61
47.02
7.40
2.10
1.04
i.l1

GENERAL LINEAR MODELS PROCEDURE

F VALUE
13.29

PR > F

0.739
0.4470
0.8041
0.0927
0.0001
0.0001
0.0151
0.1668
0.3219
0.3870

PR > F
0.0001
ROOT MSE
0.26115931




PRESS=5000 02.59
TEN'=225 <
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/
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Figure 2.5 Tree diagram of pH increas2 averages for
reagent water.

2-22



The ANOVA table for basalt water is presented as Table 2.12, and
Figure 2.6 contains a tree diagram of the average responses. Here the
only significant effect is the PRESS*SAV interaction. It should be
noted that the root MSE value of 0.23 is very large is comparison with
the change in pH data for basalt water; that is to say, the relative
error in these observations is large. Thus, the only effect to be
declared significant is the obvious interaction between PRESS and SAV.
The effect of PRESS reverses itself for the two SAV values as illus-
trated in Figure 2.6.

2.1.3.4.3 Elemental Data

Because of the effect of temperature on the variability of the
responses, the elemental responses for the two different temperature
levels were analyzed separately. That is, two analysis-of-variance
(ANOVA) tables were produced for each element, one at 90 C and the other
at 225 C. Sample ANOVA tables are shown as Tables 2.13 through 2.18.

In each case, an autoclave effect (ACLAVE) has been included in the
model in addition to the primary experimental factors PRESS, SAV, and
WATER. The top portion of the table contains the ANOVA table corres-
ponding to the entire model being fitted to the data. All main effects
and interactions of ACLAVE, PRESS, SAV, and WATER have been included in
the model. The "ROOT MSE" value is an estimate of the standard devia-
tion of an individual observation.

The bottom portion of each table contains information on the individual
main effects and interactions included in the model. Because the ACLAVE
and PRESS main effects are whole-plot effects, the corresponding sums of
squares are compared to the ACLAVE*PRESS interaction sum of squares for
testing purposes. All other effects are compared to the mean square
error term from the top portion of the table. The values in the

“PR > F" column are the observed significance levels or P-values of

the tests of the hypotheses that the corresponding main effect or
interaction is not present in the model. A small value (< 0.05) is

an indication that the corresponding main effect or interaction is
present.

For two of the element-temperature combinations, a tree diagram was
formed from the average responses to illustrate the effect of tne
experimental factors (PRESS, SAV, WATER) on the responses. The com-
binations illustrated in Figures 2.7 and 2.8 are boron and molybdenum.
The value plotted for each branch is the average response for all
observations at the indicated conditions. For example, the average
percentage of boron lost times 100 for the eight observations at

TEMP = 225, SAV = 0.001, and WATER = BASALT is 2.2 as illustrated in
Figure 2.7.
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Table 2.12.

Analysis of variance table for change in pH data for basalt water.

WATER = B

DEPENDENT VARIABLE: PH
SOURCE

MODEL

ERROR

CORRECTED TOTAL

SOURCE

ACLAVE

TEMP

PRESS

TEMP*PRESS
ACLAVE*TEMP*PRESS
SAV

TEMP*5AV

PRESS*SAV
TEMP*PRESS*SAV
ACLAVE*TEMP*PRESS*SA

DF
15
16
31

o
-

B e e e Q) b b e

SUM OF SQUARES
1.93588122
0.81674750
2.75262872

TYPE III SS

0.27993903
0.00048828
0.05586153
0.14217778
0.32415784
0.10158778
0.04255903
0.55836028
0.00239778
0.42835188

F VALUE

—
NOOO=MNHFOON
. - . . . - .

o&8

MEAN SQUARE
0.12905875
0.05104672

TBRRREE

GENERAL LINEAR MODELS PROCEDURE

F VALUE
2.53

PR > F

0.2059
0.9506
0.5241
0.3345
0.1383
0.1775
0.3748
0.0045
0.8312
0.1286

PR > F
0.0376
ROOT MSE
0.22593521




=N e 0.34

PRESS=5000
- r' =
0. 38 TEWP=225 | 1 39

TEWP=225 | 1 4
BP0 o-0.43

TEMP=225 o o 46

WATER=8B
-0.53
SAV=0.001
-0.59
TE”‘% -0.66
TEMP=90 o _0.67
apg = 0.23
PRESS=5000
-0.76
- TEMP=225 o .0.86

Figure 2.6. Tree diagram of pH increase averages for
basalt water.
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Table 2.13.

Analysis of variance table for silicon at 90 C.

TEMP = 90

DEPENDENT VARIABLE:
SOURCE

MODEL

ERROR

CORRECTED TOTAL

SOURCE

ACLAVE

PRESS

ACLAVE*PRESS

SAV

WATER

SAV*WATER

PRESS*SAV
PRESS*WATER
PRESS*SAV*WATER
ACLAVE*PRESS*SAV*WAT

DF
15
16
31

o
b

O b bt et et o ot ot ot et

SUM OF SQUARES

8.51961327
1.28439875
9.80401201

TYPE III SS

2.42026951
0.94102394
0.31910263
0.00003509
0.00284088
0.00048431
0.71834795
0.11310838
0.08155852
3.92284206

MEAN SQUARE
0.56797422
0.08027492

N~
o o,
o

288

.
O POO

co:—"—*moocu.
. . s 0w . .
BN =0 -

GENERAL LINCAR MODELS PROCEDURE

F VALUE
7.08

PR > F

0.2217
0.3357
0.0635
0.9836
0.8531
0.9391
0.0086
0.2525
0.3285
0.0004

0.28332829
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Table 2.14. Analysis of variance table for silicon at 225 C.

TEMP = 225
GENERAL LINEAR MODELS PROCEDURE
DEPENDENT VARIABLE: SI

SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PR > F
MODEL 15 2.54289029 0.16951269 0.33 0.9809
ERROR 16 8.18955989 0.51184749 ROOT MSE
CORRECTED TOTAL 31 10.73225019 0.71543418
SOURCE DF Type IiI SS F Value PR > F

ACLAVE 1 0.08022115 1.06 0.4902

PRESS 1 0.00055937 0.01 0.9453

ACLAVE*PRESS 1 0.07544573 0.15 0.7061

SAV 1 0.00386738 0.01 0.9318

WATER 1 0.26568223 0.52 0.4816

SAV*WATER 1 0.25307877 0.49 0.4921

PRESS*SAV 1 0.01395327 0.03 0.8709

PRESS*WATER 1 0.24503675 0.48 0.4989
PRESS*SAV*WATER 1 0.23362201 0.46 0.5089
ACLAVE*PRESS*SAV*WAT 6 1.37122363 0.45 0.8370
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Table 2.15. Analysis of variance table for boron at 90 C.

TEMP = 90
GENERAL LINEAR MODELS PROCEDURE

DEPENDENT VARIABLE: B
SOURCE DF SUM OF SQUARES MEAN SQUARE F VALUE PR > F
MODEL 15 0.06203300 0.00413553 2.72 0.0277
ERROR 16 0.02431300 0.00151956 ROOT MSE
CORRECTED TOTAL 31 0.08634600 0.03898157
SOURCE DF Type III SS F value PR > F
ACLAVE 1 0.02475313 14.47 0.1637
PRESS 1 0.00007200 0.04 0.8712
ACLAVE*PRESS 1 0.00171112 1.13 0.3044
SAV 1 0.00076050 0.50 0.4895
WATER 1 0.01911013 12.58 0.0027
SAV*WATER 1 0.00013613 0.09 0.7686
PRESS*SAV 1 0.00018050 0.12 0.7348
PRESS*WATER 1 0.00004513 0.03 0.8653
PRESS*SAV*WATER 1 0.00001512 0.01 0.9218
ACLAVE*PRESS*SAV*WAT 6 0.01524925 1.67 0.1919
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Table 2.16.

Analysis of variance table for boron at 225 C.

TEMP = 225

DEPENDENT VARIABLE: B

SOURCE DF
MODEL 15
ERROR 16
CORRECTED TOTAL 31
SOURCE DF
ACLAVE 1
PRESS 1
ACLAVE*PRESS :
SAV 1
WATER 1
SAV*WATER 1
PRESS*SAV 1
PRESS*WATER 1
PRESS*SAV*WATER 1
ACLAVE*PRESS*SAV*WAT 6

SUM OF SQUARES
311.99353100

78.95557300
390.94910400

Type 111 SS

1.34316050
14.93584512
56.65269013

103.93215312
22.09795200
25.94520612

7.78940450

0.00035112

0.04470050
79.25206788

GENERAL LINEAR MODELS PROCSDURE

MEAN SQUARE
20.79956873
4.93472331

F Value

0.02
0.26
11.48
21.06
4.48

PO O
ER88a

F VALUE
4.21

PR > F

0.9027
0.6980
0.0038
0.0003
0.0504
0.0357
0.2270
0.9934
0.9254
0.0540

PR > F

0.0034

ROOT MSE
2.22142371
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Table 2.17. Analysis of variance table for molybdenum at 90 C.

TEMP

8

GENERAL LINEAR MODELS PROCEDURE
DEPENDENT VARIABLE: MO

SOURCE OF SUM OF SQUARES MEAN SQUARE F VALUE PR > F
MODEL 15 7.83498650 0.52233243 4.93 0.0015
ERROR 16 1.69671700 0.10604431 ROOT MSE
CORRECTED TOTAL 31 9.53170350 0.32564522
SOURCE DF Type III SS F Value PR > F

ACLAVE 1 0.26645000 2.98 0.3343

PRESS 1 0.95358050 10.66 0.1892

ACLAVE*PRESS 1 0.08946450 0.84 0.3720

SAV 1 2.35770613 22.23 0.0002

WATER 1 2.13417800 20.13 0.0004

SAV*WATER 1 0.42458112 4.00 0.0627

PRESS*SAV 1 0.28918013 2.73 0.1182

PRESS*WATER 1 0.20801250 1.96 0.1804

PRESS*SAV*WATER 1 0.15764113 1.49 0.2404
ACLAVE*PRESS*SAV*WAT 6 0.95419250 1.50 0.2406
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Table 2.18.

Analysis of variance table for molybdenum at 225 C.

TEMP = 225

DEPENDENT VARIABLE:
SOURCE

MODEL

ERROR

CORRECTED TOTAL

SOURCE

ACLAVE

PRESS

ACLAVE*PRESS

SAV

WATER

SAV*WATER

PRESS*SAV
PRESS*WATER
PRESS*SAV*WATER
ACLAVE*PRESS*SAV*WAT

e e e 2

SUM OF SQUARES
3747.02552897

541.10511850
4288.13064747

Type 111 SS

28.16063628
0.26553828
22.86739378
3497.46933903
5.30483878
6.71336403
1.07567778
30.74260078
12.80306593
141.62307518

MEAN SQUARE
249.80170133
33.81906991

F Value

1.23
0.01

103.42
0.16
0.20
0.03
0.91
0.38
0.70

GENERAL LINEAR MODELS PROCEDURE

F VALUE
7.39

PR > F

0.4669
0.9317
0.4230
0.0001
0.6973
0.6619
0.8607
0.3546
0.5470
0.6552

PR > F

0.0001
ROOT MSE

5.81541657
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Figure 2.7.

"
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Tree diagram showing effect of experimental factors on boron.
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Figure 2.8.

Mo = 0.702
90

Tree diagram showing effect of experimental factors on molybdenum.



Summarizing the statistical analyses of the elemental data:

Silicon. AIl the average respcnses are smaller than 0.5. The only
significant effect at either temperature was a PRESS*SAV interaction
at 90 C.

Boron. At 90 C there is a significant WATER effect; however, all the
average responses are smaller than 0.1 in magnitude. At 225 C, there
are significant SAV and WATER effects as well as a significant SAV*WATER
interaction. These effects are illustrated in Figure 2.7. The first
branch of the tree illustrates the SAV main effect. The fact that there
appears to be a large WATER effect at SAV = 0.001 and no WATER effect at
SAV = 0.010 accounts for the SAV*WATER interaction.

Molybdenum. At 90 C there are significant SAV and WATER effects; how-
ever, all the average responses are smaller than 1.8. At 225 C there is
a very strong SAV effect which is illustrated by the first branch in
Figure 2.8.

Sodium. At 90 C, there are significant SAV and WATER main effects and
SAV*WATER and PRESS*WATER interactions. SAV appears to have a strong
effect in basalt water and PRESS appears to have a strong effect in
basalt water at SAV = 0.001.

At 225 C, the SAV and WATER main effects are significant in addition to
the SAV*WATER interaction. The fact that WATER has an effect at

SAV = 0,001 but not at SAV = 0.010 accounts for the SAV*WATER
interaction.

Calcium. At 9C C there are no significant effects, and all the average
responses are smaller than 4. Actually, except for one value (3.86),
all the average responses are smaller than 1.4. The large 2.86 value
appears to be due to the one observed response exceeding 16. At 225 C,
all the effects involving only SAV, WATER, and PRESS are significant;
however, all the average responses are smaller than 0.8 in magnitude
except for a single response of -2.56.

Strontium. At 90 C SAV, WATER, SAV*WATER, and PRESS*SAV are significant
but alT average responses are smaller than 1.4 in absolute value. At
225 C there are no significant effects and all average responses are
small.

2.1.3.5 Conclusions

A number of conclusions can be drawn from the split-plot experimeat in
temperature, pressure, surface-to-volume ratio, and water chemistry.
First, the effect of temperature is large and nonlinear, as illustrated
in Figure 2.9. Exposure of the waste form to temperatures above ~125 C
will result in significant removal of material from it. Second, the
effect of change in surface area of glass to solution volume ratio for a
given period of time is to change material removal proportionally.
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(4) Design and conduct an experiment to study the extent and rate
of leaching of a glass waste form into groundwater as a
function of the volume fraction of crystallization. Statis-
ticians will analyze the data generated by the experiment and
assess the need for follow-on experiments.

2.2 Devitrification Evaluation for Glass Waste Forms

A detailed thermal analysis conducted in the first year of this program
has shown that the cooling rate for nuclear waste glasses cast from the
melt is exceedingly slow. Prolonged exposure of the glass at elevated
temperatures is favorable for devitrification, the conversion of the
material from the amorphous form to a partially crystalline form. If
this crystallinity should occur to a volume fraction of 10 percent or
more, then breakage and enhanced leaching could result. This situation
has prompted an evaluation of the potential for devitrification of a
full-sized defense waste form usin cggling data based on thermal
calculations using the TRUMP code.l(2.

2.2.1 Methods

To calculate the volume fraction crystallized with temperatur? i9 a full
sized waste form, the method developed by Onarato and Uhlmann(2.7) has
been used. The volume fraction crystallized is represented by the
following equation:

Rmax

i 4 3
VC - f 3" W R dR
R'

In this equation, ¥ represents the cr(stal distribution function origi-
nally developed by Hopper and Uhlmannl2:8) and modified by Onarato and
Unhimann, and R represents the radius of the growing crystal. The
crystal distribution function is calculated by the following equation:

¥ = Iv T(t
t - ;73E

In this equation,[ly T(t)] represents the nucleation rate, U T(t)
represents the crystal growth rate, and dR*/dT represents change in the
size of the critical nucleus with time. In these equations, the nota-
tion T(t) represents the change in temperature with time. In the pre-
vious equation, the integration is accomplished from R* to Rpax. The
radii are determined from the crystal growth rate function as ?ollows:
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To accomplish this analysis for full-size waste form, the cylindrical
shape of the waste form is subdivided into a number of cells at which
the temperature change with time is determined by TRUMP calculations.
These thermal data are then used to compute the volume fraction crystal-
lized using the previously described equations and a computer code using
the logic shown in Figure 2.10. For each cell, the temperature interval
between Ty and Ty, the range over which devitrification can occur, is
divided 1ato 100 equal intervals. Then, the previously described equa-
tions are used to calculate the volume fraction crystallized in each
cell and the fina' radius of the crystals in that cell. Next, the
volume percent cry:tallized is calculated by a rotational integration
about the waste form's centerline, and the course of crystallization
with time is determined by summing these variables over the time incre-
ments used in the analysis.

The integrations stun in the previous equations are accomplished with
spline techniques.™ The derivative of the critical nucleus size is
calculated by taking spline derivatives of the radius size as a function
of time, t. These radius sizes are calculated from the following equa-
tion at each temperature T = T(t):

R = 2e3 vm'/31e
No (Tg-T)T

In this equation, Vm is the molar volume and No is Avogadro's number,
2.2.2 Data Sources

A number of separate data sources were used to conduct this devitrifica-
tion evaluation. The data for the TRUMP calculation of heat flow are
available and will be described briefly in the following section. Data
for the crystallization approximation were difficult to obtain, and a
number of approximations had to be developed.

tIMSL Library.
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2.2.2.1 TRUMP Data

TRUMP(Z.6) 5 a sophisticated computer code used to perform heat flow
calculations for various geometries. In the case of the defense waste
form, the cylinder size was 0.64 meters in diameter by 2.48 meters high
of glass, poured into a canister 1 centimeter t! ick and 2.72 meters
high. For the calculation, the entire volume of glass, in a cylindrical
coordinate system, was subdivided into 186 cells approximately 6 centi-
meters x 8 centimeters in cross section. The whole of the glass volume
was assumed to begin its cooling at 1150 C by radiation to air and con-
duction to the floor on which the waste form sat, both of which were
infinite sinks. The calculation continued until the waste form tem-
perature was approximately 200 C or lower throughout. The thermal data
used for these calculations are shown in Table 2.19.

Table 2.19. Glass thermal data used for TRUMP calculations.

Heat Thermal
Density Capacity Conductance
Temperature (e), Cop)s (k),
0c g/cc cal};uoc cal/em hroC
100 2.813 0.224 8.15
400 2.786 0.309 11.77
700 2.499 0.345 15.77
1009 2.204 0.363 30.43
1100 2.11% 0.367 34.35
1200 2.031 0.371 45.09

The cooling curves and cooling rate curves are shown in Figure 2.11.
Also plotted in that figure are the cooling data f?s g similar location
in a full-sized waste form of similar composition.(2:9) These data are
referenced to Ty shown in that graph. The real cooling rate data
closely match the calculated coolin? curve, indicating that the TRUMP
calculation 15 a very close facsimile to real cooling. More impor-
tantly, this close match indicates that cooling rate data rated by
spline differentiation of the cooling curves is a very approxima=
tion of actual cooling rates occurring during canister cooling.
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2.2.2.2 Crystallization Data

Neither ?routh rate data nor nucleation data are available for the glass
composition in this particular waste form. Therefore, approximations
were used in both instances. To approximate the crystal growth rate, u,
the classical equation was used:

kT °AHf(Tl'T)
U = ;-_?- {1 - exp [ AHTTI

4 n
aO

In this equation, k is the Boltzmann constant; T, the calculation
temperature; AHg, the heat of fusion of the crystallizing phase; Tgs the
glass liquidus temperature; ag, the molar thickness of the growing
crystal layer; n, the viscosity; and R, the gas constant.

A recent paper by Bickford and Jantzcn(z']n) indicates that the primary
phases crystallizing in this glass are spinel and acmite. The data used
to accomplish this crystal growth calculation are listed in Table 2.20.
As can be seen from reviewing that table, the viscosity data do not
extend over the entire range of Ty to Tg and had to be extrapolated to
include that range. This extension was accomplished by first fitting a
Fulcher equation to the viscosity data in Table 2.20 using standard
techniques applied for ASTM reference materials. The Fulcher cqu;tion
was used to extrapolate the viscosity data to the viscosity of 10

poise. The glass transition tngoraturo. Tqs Shown in Table 2.20, was
assigned the viscosity value 1049 poise. n, all of the viscosity
data, the data provided in Table 2,20, the data extrapolated by the
Fulcher equation, and the value at the glass transition, were used to
accomplish a spline interpolation of viscosity in the crystal growth
calculations. Figure 2.12 presents this spline fit to the data along
with the actual and extrapolated data used to obtain that curve. As can
be seen in Figure 2.12, the methods applied give a very good approxima-
tion for the viscosity curve over the range needed for the crystalliza-
tion calculations.

The nucleation frequency, I,, also presents a difficult data problem.
One way of obtaining this value is to use the classical calculation as
defined by the following equation:

-1.024 1}
| ¥ 103‘ exp —3———7
v T (T =T)

This equation presents a nucleation frequency that is monotonically
decreasing with increasing temperature, and this value is in error near
the glass transition. An alternative method for obtaining the nuclea-
tion :atc s calculation from experimental data using the Avrami
equation.
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Table 2.20. Data used for crystal growth calculations.
Tg = 957 C; ag = 0.8 nm

Temperature Viscosity
T, oC n, poise
460* 1013
825 1400
875 620
923 290
973 160
1020 98
1069 62
1116 43
1166 33

'Tg calculated from knee in plot of 1/p0 vs. T.

A recent publication(z'w) presents volume fraction crystallization data

with time and temperature that can be used to solve for I, in the
following equation:

" 3.4
vc-l-up(-}lvUt)

Then, according to Uhimann's treatment, the following equation should
provide the approximate nucleation rate:

I 'onp( - )
n - -
1 AT, T,

where, T, = T/Tg and AT, = 1 - T, The parameters C and B in this equa-
tion may be obtained by usin‘ vzuqrsity data in a linear regression of
lyn against the finverse of AT.€T.9,
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2.2.3 Results

The results of the crystal growth and nucleation calculations are pre-
sented in Figure 2.13. Using the previously discussed data, the growth
rate curve takes the expected shape. The rate is highest at a tempera-
ture just below Ty and decreases sloul{ to approximately 750 C. At that
point, the growth rate decreases rapidly until termination in invoked

at Tg.

The nucleation rates are also presented in Figure 2.13. The solid line
represents the value calculated from the classical equation. This rate
is forced to a constant value above 860 C to avoid calculation errors
that result from generating exceedingly small numbers above that temper-
ature. The dashed line represents the value calculated from available
data usi?g tB’ second equation on page 2-44, The data used for this
solutionié. are for a case of heterogeneous nucleation, and as can be
seen in Figure 2.13, it results in a different nucleation rate curve
than that derived from the <lass‘cal, homogeneous nucleation equation.
At approximately 680 C, the two nucleation rate curves are very nearly
the same.

Both sets of nucleation calculations were used with the crystal growth
calculation to solve for the volume fraction crystallized in each cell.
When the classical nucleation rate solution was used, the volume frac-
tion crystallized increased slowly to about 5 percent at 780 C. In the
next time step, the volume fraction changed immediately to very large
values near 750 C. A similar result occurred when the calculated nucle-
ation rate curve derived from literature data was used. except that the
rapid changes occurred between 910 C and 880 C. These temperature
ranges are associated with the "knee" in the respective nucleation rate
curves shown in Figure 2.13. In other words, the lower temperature por-
tions of both curves are unrealistically high. Obviously, these results
make evaluation of the fraction of crystallization in the entire waste
form intractable.

An alternate means of partially assessing the severity of the crystalli-
zation problem is to compare the results of published TTT curves to the
temperature 9'?6,‘.5 generated by TRUMP, The data published by Bickford
and Jantzen(2:10) can"be used for this purpose. The temperature at the
nose of the TTT curve, Tp, and the time needed to reach that tempera-
ture, t,, can be used to approximate the cooling rate for avoiding a
fixed fraction of crystallization by using the following equation:

a1 _ Tn~Te
a-E ) n

For the referenced data, this value is -3.5 K/min for avoiding no more
than 1 percent crystallization., For each cell, the cooling curve gener-
ated by TRUMP can be used to calculate the instantaneous derivative
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using spline techniques.* These cooling rates can then be compared to
that from TTT estimates to assess the potential severity of the devitri-
fication problem.

The results of these calculations are presented in Figures 2.14 through
2.16 for the centerline and outside wall cells for cells in the top,
middle, and bottom of the waste form. In these figures, the dotted line
represents the critical cooling rate for av-iuing approximately 1 per-
cent crystallinity. Some peaks in these derivative curves are artifacts
of the numerical techniques and do not influence the interpretation.
Presented in Table 2.21 are the times required to reach the glass
transition and liquidus temperature in each of these cells.

These data are taken directly from the TRUMP cooling curves for each
cell.

Table ¢.21 Time required to reach Tq and Ty for
selected cells in the waste form,

Hours to Reach:
Cell Position Tg Ty

Top of waste form:

Centerline 5.25 1.0

Qutside surface 2.50 0.5
Middle of waste form:

Centerline 20.5 5.5

Qutside surface 9.5 0.6
Bottom of waste form:

Centerline 5.25 0.7

Qutside surface 2.60 0.5

The cooling rates for all of these cells are generally less than the
critical rate. Except for the more centrally located cells, the time
spent between Tg and T, while cooling at these slow rates is brief:

less than an hour for outside cells at the bottom and top of the
waste form, and only a few hours for the centerline cells in the top and
bottom, The interior cells cool at vcr{ slow rates compared to the
cr:ttcnl value and spend approximately 10 hours cooling at these slow
rates.

- - ——

*IMSL library.
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2.2.4 Conclusions

The calculation of the volume fraction crystallized in a full-sized
waste form cannot be adequately approximated using currently available
data and accepted classical approximations to the nucleation and growth
rates. If this approximation is to be pursued, experimental nucleation
and growth rate data are needed. Estimation of the severity of crystal-
lization using TTT data and TRUMP-derived cooling rates indicate that
only the more centrally located portions of the waste form are at risk
of being more than 10 percent crystalline. The outer portions,
especially those near the top and bottom of the waste form, are not
likely to be more than a few percent crystalline. Therefore, the effect
of the fraction of crystallization on leaching/corrosion will be
assessed (see Section 2.1.4) before applying further efforts to obtain
the crystallization data.

2.3 Transmutation Effects in Glass Waste Forms

As summarized in the first annual report, most individual radiation
damage mechanisms are not harmful to the waste form. However, the com-
bined effects of all these mechanisms operating simultaneously cannot be
evaluated by simulation experiments. The evaluation of the literature
pertinent to transmutation continued during this year.

The experimental study of radiation effects in glass waste forms will
have to be deferred pending receipt of the real waste that has been
produced by the MCC. This material is expected early in the third
program year. The first poriion of the third year's work will be
devoted to developing appropriate experiments for this material. These
experiments should begin apprcximately halfway tnhrough the third year
and continue into the fourth and possibly fifth program years.

Another possibility, which is beyond the scope of the present effort,
is the study of transmutation effects in the nepheline syenite glass
hemispheres containing strontium-90 which were formulated by AECL in
June of 1960. This glass couid offer a unique opportunity to study
transmutation.

2.4 Implications for Waste-Form Performance

The results of the multivariate experiment in temperature, pressure,
surface-to-volume ratio, and solution chemistry have several implica-
tions for waste-form performance. First, early container failure that
would expose glass of high surface temperature, around 125 to 150 C or
greater, to groundwater would result in rapid attack and removal of
material. If this failure were a small hole which would expose minimum
surface, then the problem would not be severe, since a deposit of
leached material is likely to build around such a hole. However, if
general loss of a large portion of the container is experienced, then
the waste form will be attacked. The severity of such attack will
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increase nonlinearly with increasing temperature. In later years, when
the outer temperature is below 100 C, material would be removed at a
much lower rate.

Exposing a large surface area of waste form also will accelerate attack.
Such acceleration is likely to be more pronounced if it occurs at higher
temperatures. However, it is not expected to be more pronounced than
the additive effect with temperature. In other words, a synergistic
effect between surface-to-volume ratio and temperature is unlikely to be
more than a second-order phenomenon. If cracking of the outer surfaces
of the waste form can be minimized during casting, the influence of
surface-to-volume ratio can also be minimized.

The solution chemistry will also have a large influence on waste-form
performance. Performance predictions based on deionized-water studies
should be conservative, since such water is a more severe condition than
simulated basalt water. However, performance predictions based on
static tests may be biased. Material that precipitates onto the glass
is not adequately taken into account. If it is loosely attached, then
it may become mobile even in slowly flowing groundwater. Tests
performed in reused TEFLON containers may be subject to spurious results
because of previously adsorbed species. Finally, the question of run-
to-run variation in static tests needs to be taken into account. This
accounting can be accomplished by increasing replications of experi-
mental conditions (i.e., runs). Increasing replications within a
condition will not properly account for this variation.

A number of interactions or synergisms were shcwn to be statisticaily
significant. However, the magnitudes of these interactions were found
to be only slightly larger than the prime =ffects of T, SA/V, and solu-
tion chemistry. A similar statement can be made about pressure above
the autogeneous pressure of water at any given temperature. Therefore,
that variable and tne interactions can be considered minor influences
and can probably be ignored.

The influerce of devitrification could not be clearly and completely
defined. The outer portion of the waste form is likely to be a few
volume percent crystalline, ancd such a state should have very little
effect on waste-form performance. The more central portions may be more
crystalline, perhaps up to 10-15 volume percent. At those levels,
cracking may occur during the thermal period, thereby raising the
potential for increase aiisck because of increased exposed surface.
Some work in this arealZ. has shown that increasing the fraction
crystallinity may accelerate materal removal. This acceleration needs
to be more clearly defined. If such definition should show that the
problem is severe, then a devitrification evaluation based on more
precise nucleation and crystallization data should be conducted for each
waste-form glass composition submitted for licensing.
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2.5 Glass-Dissolution Kinetics

During the past year, separate-effects analyses of glass-dissolution
kinetics were devoted to studies of three kinetic processes and their
effects on the overall rate of glass dissolution:

® actual dissolution of the glass by transport of glass species
across the glass/groundwater interface.

e convective flow of the groundwater.

e reprecipitation of dissolved glass species as a more stable
phase than the original glass.

In order to maintain the interpretation of the results on a reasonably
simple level, these processes were considered just two at a time, i.e.,
dissolution/convective-flow and dissolution/reprecipitation.

2.5.1 Dissolution Plus Convective Flow

Suppose that a volume V of groundwater is in contact with surface area S
of glass and that the volumetric flow rate of the groundwater is v. Let
C be the instantaneous concentration, within the groundwater, of the
glass component that controls the dissolution rate, and let Cy be the
equilibrium concentration of that component with respect to the glass.
The concentration C is assumed to be spatially invariant within V. This
is clearly a simplified treatment, in which possible reactions that the
species controlling dissolution (assumed to be silica, in this case) may
undergo, are not considered; it is assumed simpiy to accumulate, in
solution, until its saturation level (which is, in general, temperature-
dependent) ic reached.

It is assumed further that the rate at which the species is transferred
across the glass-water interface is directly proportional to the dif-
ference between its equilibrium and instantaneous concentrations in the
groundwater. The net rate at which the total amount of the species
within V varies with time t is equal to the rate at which new amounts
are added by dissolution minus the rate at which already-dissolved
species are transported away by flow, i.e.,

dc _ ; 2.1
VSE = KS (C, - C) - CY (2.1)

where K is a temperature-dependent rate constant. The quantities K, S,
V, and C, are all assumed here to be time-independent, although each may
actuaily vary with time during the long lifetime of a waste package.
"Loss" of the species, through processes such as radioactive decay or
chemical reactions, is not considered here.
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Equation 2.1 can be expressed in the alternative form

aC ak S . KS C (2.2)
- b Sl SR Al
where
a =1+ %S . (2.3)

Equation 2.2 can easily be solved, subject to a given initial condition,
taken here to be C (t = 0) = 0, to yield

C = ;9[1 - exp (- 2§§ t)] ' (2.4)

An expression similar to Equation 2.4 has also been derived by Machiels
and Pescatore(z-lz), albeit from a somewhat different point of view.

It is interesting to observe that Equation 2.3 can be expressed as
T
a =1+ ;g-
r

where 14 = V/(KS) is a "characteristic time" for saturation of the
liquid in V due to dissolution from the waste form and 1. = V/v is
essentialiy the "residence time" of solution witnin V. Clearly, if
Td<<Tp, then dissoluticn kinetics controls the variation of C with
time, whereas if ty>>tp, it is the flow of solution that is controlling.

Equation 2.4 can be expressed in an alternative form using the concept
of an “"effective characteristic time", Teff, defined as

o -1 -1\ -1
Teff = (‘r v % ) ’

which can be applied to Equation 2.4 to yield

c
C=—°[1-exp(- t)] .
» Teff

Let Q be the rate at which the species controlling dissolution is being
dissolved from the glass. Clearly,

Q = KS (Cq = €) & (2.5)
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Combining Equations 2.3 through 2.5,

. KSC ’
Q= [K% + exp (~ 2%§ t)] - (2.6)

Under steady-state conditions (that is, when the exponential term in
Equation 2.6 becomes negligible), one obtains

- ' (2.7)
Q = Cov/a .

Combining Equations 2.3 and 2.7,

o v (2.8)
T+

where p and v are normalized, dimensionless expressions for the steady-
state dissolution rate and the flow rate, respectively, and are given by

q
. d (2.9)
° = Rsc,
v (2.10)
\):-K—S- .

Clearly, for v << 1, glass dissolution is flow-rate-controlied, with

p = v, i.e., Q = Cov. Conversely, for v >> 1, dissolution is
controlled by transport oi the species across the glass-water interface,
with p = 1, i.e., Q = K5C,. !

Equation 2.8 is plotted on logarithmic axes in Figure Z.17. At the
lower flow rates, Lhe curve is seen to approach a straight line naving
unit slope, whereas at the higher flow rates, it approachec a straight
line having zero slope. These represent the two limiting cases dis-
cussed above.

The rate of release of the glass species to the environment external to
the volume V can also be readily calculated, being equal to Cv. Under

steady-state conditions, this quantity is equal to the rate of dissolu-
tion, as can be seen from Equation 2.1.

It is also of interest to determine the total amount of species which
has dissolved as of time t, this being denoted as Q. Clearly,

t
o+d B . (2.11)
J
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Figure 2.17. (Logarithmic plot of p vs. v (after Equation 2.8).



Combining Equations 2.6 and 2.11 and carrying out the resultant integra-
tion produces

TERET (2.12)

where
L=V _cv (2.13)
0 5 St

The first term on the right-hand side of Equation 2.12 is the instan-
taneous amount of dissolved species contained within volume V, so that
Qy must be the amount of dissolved species that has been carried out of
V by the flowing water.

Some interesting limiting cases exist for the analysis presented above:

@ o =1. This case corresponds to completely stagnant ground-
water, i.e., v = 0, in which case Equation 2.4 reduces to

¢ =cof1-exp (-kSt/v)] . (R d)

Characteristics of this case, corresponding to asymptotically
large times, are discussed below.

@ t »=. As already discussed, this limiting case corresponds to
steady-state conditiors, for winich the time-dependent contribu-
tior on the right-nand side of Eauation 2.4 becomes negligible.
Under tnis general heading, two cases are of interest:
a=1. 4Here, C asymptotically approaches the value Cos
meaning that dissolutior in a stagnant solution continues only
until the equilibrium solubility is reached. Clearly, for this
case, Q asymptotically approachas the Timiting value CgV.

@ _>> 1. This corresponds to very rapid flow of the ground-
water (i.e., t14>>1). From Equations 2.3 and 2.4, we find that

C = KSCO/V << Co .
Moreover, from Equations 2.3, 2.4, 2.12, and 2.13, we obtain

Q, *Q TKSC,t

In this case, the dissolved species is transported out of V almost
as fast as it goes into solution.
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2.5.2 Dissolution Plus Reprecipitation

Reprecipitation of dissolved glass species as part of a more stable
phase is a cause for concern in waste-package analysis. Basically, when
dissolved species are removed from solution (as precipitates), the solu-
tion becomes additionally undersaturated with respect to the glass, so
that the thermodynamic driving force for glass dissolution is increased.
As a result, the rate at which the glass dissolves is greater than that
which would have existed had no reprecipitation taken place.

Actually, processes associated with dissolution/reprecipitation have
long been known in the geochemistry field, since they occur with various
minerals in aqueous solution. One example of this sequence of processes
consists of the dissolution of nepheline (NaA1Si04) followe? b{ she pre-
cipitation of gibbsite (A1(0H)3). As pointed out by Lasaga 2.11) | the
overall reaction is

_ & + s
NaA1Si0, + H' + 3H,0 +» A1(OH), + Na~ + H,45i0,(aq)-

However, this reaction proceeds in a sequence that consists of at least
two steps. The first of these consists of nerheline dissolution,

, + ’+ 3+ ’
NaAlSlO4(S) + 4H + Na + Al + H4S'°4(aq)
and the second consists of the sub.ecuent ¢ibosite-precipitation
reaction,

A13* + 3Hp0 » AI(OH)3(S) + ot

where it has been assumed tnat the pH is low eaough that A3t is a
dominant speclgsi3 Another example of this general nature, as pointed
out by Lasagal?-13) involves the silica content associated with
interstitial waters in marine sedimeats, in whick amorphous silica dis-
solves and is reprecipitated in another form.

2.5.2.1 Thermodynamic Basis

The thermodynamic basis for waste-form dissolution/reprecipitation is
illustrated in Figure 2.18. As indicated there, the equilibrium solu-
bility with respect to the glass (e.g., silica glass) of the species
that controls glass dissolution is greater than that of that same
species with respect to the precipitate (e.g., quartz).

During glass dissolution, there exist two regimes of interest that can

be described in terms of the instantaneous concentration of the species
in the solution. Referring t- “igure 2.18, these regimes are:
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C.+ —=—— Equilibrium with Glass

C6—~~ ~——— Equilibrium with Precipitate

Concentratior of Dissolved Species in Groundwater

0_4

Figure 2.18. Illustration of equilibria associated with
dissolution/reprecipitation.
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0<C <Cj, for which the solution is undersaturated with respect to
both the glass and the precipitate. Hence, assuming that no pre-
cipitates exist in the solution at the initiation of contact
between glass and the water, the only kinetic process that takes
place is glass dissolution.

Co < C < Cqy, for which the solution is still undersaturated with
respect to the glass, so that glass dissolution continues to take
place. However, the solution is now supersaturated with respect to
the precipitate, so that precipitate growth, in the form of layers
on adjacent surfaces and/or colloids within the solution, is
energetically favored to occur.

A semiempirical description of the kinetics of the dissolution process
is presented in the following section.

2.5.2.2 Dissolution/Reprecipitation Model

Following the reasoning just presented, the kinetics of dissolution/
reprecipitation of the waste form is treated here as occurring in two
distinct sequential stages: glass-dissolution only, followed by
dissolution/reprecipitation. A semi-empirical analysis of each of these
stages is now presented.

2.5.2.2.1 0 gC <Cq

Here the solution is undersaturated with respect to both the glass and
the precipitate, which have saturation levels C, and Cy. respectively,
as indicated in Figure 2.18. Within this regime,

%% KS (€, -

which is clearly equivalent to Equation 2.1 except that v is taken as
zero for the case presently under consideration.

¢) (2.15)

For the sake of simplicity, particularly in the analysis of the
dissolution/reprecipitation regime, we now define dimensionless concen-
tration and time variebles as

(2.16a)
c/¢,

w
"

and

in

T ZKSt/V . (2.16b)

Combining Equations 2.15 and 2.16,

(=8

S - L' & (2.17)
T

a
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The solution of Equation 2.17, subject to the initial condition
s(t=0) =0, is

s(t) =1 - exp(-1), (2.18)

which is equivalent to Equation 2.14 above, as can be seen by combining
Equations 2.16a and 2.16b with Equation 2.14.

In addition, let r be the value of s corresponding to the upper limit of
this regime, i.e.,

o (2.19)
r CO/Co .
Moreover, let Tp be the value of t at which s = r,
From Equations 2.18 and 2.19, it follows directly that
- 1 (2.20)
Tp In (ITF) .

2.5.2.2.2 Cy <C <Gy

In this regime, glass dissolution and precipitate formation occur simul-
taneously. It is assumed that the physical process of glass dissolution
is essentialiy unaltered by the presence of the precipitate; however,
the precipitate does indirectly influence the rate at whicn dissolution
takes place because of its effect on (.

For the present purposes, it is assumed that, within this regime, Equa-
tion 2.15 is modified as follows:

%*%(CO-C)Ha' (ca-C) "

The first term on the right-hand side of Equation 2.21 is positive
(since C <Cq) and is the rate at which the species is added to the
solution froq the glass. On the other hand, the second term is negative
(since C >Cy) and represents the rate at which the species is trans-
ferred out of solution into the precipitate, with K' being the effective
rate constant for this latter process. Thus, Equation 2.21 is a mass-
balance expression that describes the overall transfer of matter from

the glass to the solution and from the solution to the precipitate.

(2.21)

A number of important observations should be made relative to the repre-
cipitation term in Equation 2.21:
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o The term itself is semiempirical in the sense that no particular
physical mechanism (e.g., layer growth on adjacent surfaces or
colloid formation within the solution) was assumed for the mode
by which reprecipitation occurs.

o The detailed nature of the effective rate constant, K', depends
on the nature of the reprecipitation process itself. In
general, K' can be expected to vary with time in a complex
manner. It is also temperature-dependent.

o The rate of reprecipitation varies 11near1y with the difference
between the saturation concentration, Cy, and the instantaneous
actual concentration, C.

In order to proceed further, some assumption must be made regarding the
time-dependence of K'. As a first attempt at describing reprecipitation
kinetics, it is assumed here that K' is a constant. Such behavior may
be more representative of layer growth on adjacent surfaces, which act
as a pre-existing substrate for the precipitate. Colloid formation, on
the other hand, involves the growth from solution of discrete particlea
starting from very small sizes. For this case, K' most likely increases
with time as the collcids grow from solution.

Again, for the sake of simplicity, we cast Equation 2.21 in dimension-
less form, i.e.,

;?- 'S’B(r'S) (2.;2}

where

K'V (2.23)

As seen from Equation 2.23, the saramete~ B is a measure of the ratio of
the rate constant for reprecipitation relative to that for dissolution.

The solution of Equation 2.22, subject to the initial condition
s(T = Tp) = r, can easily be shown to be

s fi i (k) e [ ) (22

where

s 5(1 + =) = %_%_gﬁ . (2.25)
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Combining Equations 2.16a, 2.19, and 2.15,

c. + BC!
C(t + ») = ck . 0 v 0o . (2.26)

Thus, the value Ck, appruached by C at asymptotically }arge times, is a
constant, consisting of a weighted average of Cy and Cy. In general,

Co < Ck < Cy. Moreover, upon consideration of Equation 2.26, one sees
that, if B<<l, then Cy is less than but close to Co. On the other hand,
if B>>1, then Cy is greater than but close to Cy. As can be seen from
Equation 2.21, what is taking place at times for which C = Cy is that
the rate at which the species is being added to the precipitate is
virtually the same as the rate at which it is leavina the glass by
dissolution.

It should be emphasized that Cy is not a true equilibrium concentration,
its magnitude being a function of the rate-constants K and K'. Rather,
Ck is a "kinetic" parameter; hence the choice of subscript for this
quantity. Further discussion of the nature of this saturation concen-
tration has been presented by Lasaga(2.13

As far as the net amount of glass dissolution is concerned, Equations
2.5 and 2.11 still apply. However, for 0 < 1 < Tp, one uses Equation
2.18 to obtain s (i.2., C), whereas for T > T,, one uses Equation 2.24
to obtain s. Carrying out this procedure, the final result for

02 1< Tpis

g =1 - exp(-1}, Ll
where q is a dimensicnless form of ), defined as
- . (2-28)
q
Cov
Likewise, for 1 > Tp, one obtains
2 1 -r 1 (2.29)
q'”rn{““ L o

gl -(T_%_F)l + B exp[- (1 + Q)T]s}

One can readily show that the value of s, at a given value of T (> t,),
is always smaller for the case in which reprecipitation takes place
(B # 0) as compared to the case in which no precipitation occurs

(B =0). The significance of this result lies in the fact that the
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instantaneous rate of glass dissolution is proportional to Cq - C (after
Equation 2.5). Consequently if s (and hence C) is maintained at smaller
values, as is the case when reprecipitation takes places, then the rate
of glass dissolution is increased, so that more glass goes into
solution.

2.5.2.3 Results

Results for a specific example are illustrated in Figures 2.19 and 2.20.
Here, the case of glass-dissolution only (i.e., no reprecipitation, or
B =0) is compared with that for which values of B = 1 and r = 0.2 were
selected. Accordingly, one can use Equations 2.20 and 2.25 to obtain
Tp = 0.223 and s¢ = 0.6, respectively, for this example.

Some principal features of the dissolution/reprecipitation model devel-
oped here are clearly illustrated in Figures 2.19 and 2.20. For
example, in Figure 2.19 we find that the variation of s with T is
initially the same for both cases. However, when s exceeds r, they
begin to diverge, with the value of s, at a given value of 1, being
lower for the case in which reprecipitation takes place, as expected.
In addition, the value of s asymptotically approaches a value of unity
for the case in which glass dissolution alone takes place, and a value
of 0.6 when buth both dissolution and reprecipitation occur.

Likewise, in Figure 2.20, the amount of glass species dissolved away
from the solid glass is the same for the two cases until T exceeds Tp,
after which more of the species has gone into sclution, at 2 given value
of v, for the case in which reprecipitation is taking piace, again as
expected. What is not shown clearly in Figure 2.20 is the fact that g
asymptotically approaches a constant value of unity if no reprecipita-
tion occurs, but asymptotically increases linearly with T if reprecipi-
tation does occur.

For purposes of further 1llustration, we refer again to the dis§31TS§on/
reprecipitation reaction that was discussed above (after Lasaga\é- )
consisting of the dissolution of nepheline and subsequent precipitation
of gibbsite. Shown in Figure 2.21, is the measured concentration of

A13% 4 s?lgtion as a function of time (after Tole, as reported by
Lasaga 2.13 ) for this particular set of reactions. Clearly, the data
exhibit the general behavior predicted by Equation 2.24 (the A13* con-
centration rises from zero) and "saturates" at a level that lies between
the saturation concentration for nepheline and that for gibbsite.

If we apply the dissolution/reprecipitation model developed above to the
data shown in Figure 2.20, i.e., taking Cy = 9790 ppm, C5 = 6 ppm and

Lx = 38 ppm, then one can use Equation 2.26 to calculate a corresponding
value for g, the result being B = 305. This large value of B is con-
sistent with the fact that € lier =uch 70500 w (g vhan e w0tz 32 €
for this particular case.

v
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Figure 2.19.

Variation of s with T for twc different cases: glass dissolution only
(broken curve) and dissnlution plus reprecipitation (solid curve).

For the solid curve, B8 =1 and r = 0.,2.
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Figure 2.20.

Variation of q with t for the cases illustrated in Figure 2.24.

For the solid curve, 8=1 and r = 0.2.




£9-2

Concentration, ppm

9800 -
9790 }— —=— Nepheline saturation (assuming congruent dissolution)
9780 |
9770

50+

40 *® K -

- . aume - - .'

30 "

20

10

-=— Gibbsite saturation
0 | | . | | | J
0 50 100 150 200 250 300
Time, hours
3+

Figure 2.21. Variation with time of Al in solution, at pH = 3.1 and 60 C,
during gibbsite repracipitation.

(After Tole, as reported by Lasaga(z'm). Reprinted by
permission of the Mineralogical Society of America).



In the present state of development, the glass-dissolution model has
satisfactorily described geochemical data. This represents a signifi-
cant step toward the ultimate objective of being able to describe the
performance of nuclear-waste glasses in repository environments and to
assist the NRC in evaluating the long-term release of radionuclides from
DOE's proposed waste package.

2.6 Spent Fuel as a Waste Form

Disposal of spent fuel is an alternative to reprocessing and disposal of
high-level waste. As with other waste-form candidates, an important
scenario which needs to be modeled and understood is one in which waste
packages are breached after disposal and available groundwater causes
leaching of radioactive elements. The ??o?ns of data available on leach
rates of spent fuel and UO2 is limited.(2.14) The available data will
be summarized, probable leaching mechanisms discussed, and suggestions
for further experimentation presented.

Spent fuel is largely U0z, but the physical and chemical properties of
irradiated fuel are significantly different from those of unirradiated
U02. Use of UOz as a laboratory analog must take these prcperty differ-
ences inte account. Leaching mechanisms will depend on irradiation his-
tory, groundwater conditions, and the element under consideration, among
other factors. In addition, when assessing the suitability of spent
fuel as a waste form, the added barrier of the cladding material should
be considered.

2.5.1 Cladding

Spent fuel will be disposed of in its cladding which, in most cases, is
Zircaloy. (The specific alloy may cepend on the reactor type.) This
cladding provides a significant barrier to migration of fuel and fission
products after disposal provided that it is intact. Fuel rods may
degrade dus to external corrosion arnd to varicus internal mechanisms.

Spent fuel rods are typically stored in water pools fullowing reactor
discharge. Pool storage is intended for relatively short periods of
time, but no evidence of fuel rod degradation or failurs tf;er approxi-
mately 20 years of storage in water has been observed.(2.15) reposi-
tory will not be available until the end of the century, so fuel rods
may remain in pool storage for longer times than originally intended.

If times extend well beyond 20 years, the importance of slow degradation
mechanisms in water needs to be examined.

Some of the important potential cladding degradai}on chanisms for
long-term storage identified by Blackburn, et a1l2.16) are: mechanical
overload (principally from internal pressure); internal hydriding or
hydrogen embrittlement; cladding oxidation; stress rupture; and stress-
corrosion cracking or chemical attack by fission products (e.g., cesium,
iodine). Most of these are temperature-dependent, and the last two are
the most likely to be operative.
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Breach tests of sp?nt fgel rods at elevated temperatures were conducted
by Einziger, et all2.17)  who found that the rods did not fail as
expected. They observed no gross changes in rod condition and further-
more noted 1.5-2.0 percent cladding creep with an attendant 31 percent
decrease in hoop stress. This value of cladding creep was 6 times
higher than predicted and explains the lack of breach. The test temper-
atures used (480-570 C) were sufficient to anneal in-reactor radiation
damage. More recent 2%sts at 325 C were conducted at Battelle-Columbus
by Einziger and Koh1i(2.18), No cladding breaches and minimal creep

(< 0.2 percent) were observed after 2100 hours. Geologic disposal
temperatures may be low (< 400 C) and may not result in the same values
of creep and stress reduction. In most cases the cladding will remain
intact and will serve as an additional barrier to groundwater attack in
the event of canister breach.

2.6.2 Characteristics

Although general characteristics of spent fuel can be described, signi-
ficant physical and chemical differences exist among fuels from dif-
ferent reactors. These differences arise primarily from differences in
fabrication or irradiation history of the fuel pellets. Differing
irradiation history in particular will affect spent fuel characteristics
and, hence, leaching behavior.

Spent fuel pellets are physically and chemically heterogeneous due to
the steep thermal gradient across them during irradiation (hottest near
center, cooler around periphery). An extreme example of th? png'ical
changes accomparying irradiation can be seen in Figure 2.22 2.1 ’ and
include:

e Grain growth--producing long, cclumnar grains near the pellet
center (at high temperature? foilowed by egquiaxed Jrains, with
the original grain structure near the periphery of the peilets

e Cracking--resulting in high curface area material

o Closed and oper porosity--some pellets have a central cavity

e Fission gas bubbles at grain boundaries.

The chemistry of spent fuel is equally heterogeneous, but pellets are
essentially heavily sintered UOp with ~4.5 percent fission products and
actinides. A variety of distributions and phases is expected for the
fission products and actinides, including:

e Solid solutions with UOp

e Metallic inclusions

e Oxide phases distinct from UO?
- & Gases.

A given element may be present in more than one chemical form within an

individual fuel pellet, and the specific bel=2vior of a given fission
product is difficult to predict. Behavior depends on:(Z.19)
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Lross-section of an oxide fuel pellet from high-
power light-water reactor or fast breeder
reactor fuel.

(Adapted from Reference 2.19).
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Birth location of fission product in fuel pellet
Temperature distribution within pellet

Fission product concentration (increases with burn-up)
Oxygen-to-metal ratio (increases with burn-up).

The latter two conditions increase with increased fuel-burnup rate.
Generally, the fission product contert is greatest in the non-
restructured region around the periphery of a pellet. In particular,
cesiuni-137 concentrates at the fuel/cladding interface and in grain
boundaries near the fuel-pellet periphery. Little information is avail-
able regarding unambiguous descriptions of the chemical state of fission
products.

2.6.3 Testing Conditions

The conditions under which spent fuel is leach-tested will influence the
elemental release rates obtained. In addition, problems arise when
attempts are made to duplicate chemical and physical characteristics of
spent fuel using simulated material.

Although most leach tests use fragments of unclad fuel, results of leach
tests using fuel plus cladding display important differences. The
latter case is closer to the actual disposal scenario but, for testing
purposes, the surface area of the fuel (which is highly cracked) is
unknown, and comparison of data becomes difficult. Fuel-plus-cladding
tests, however, give a more accurate account of the preferential
leaching of cesium-137 from the fuel/cladding interface. Unclad-fuel
tests permit measurement of surface area, but the effects of the
cladding are not measured. The fuel fragments themselves are inhomo-
geneous, and large Bu?ssrs of them are required for a representative
spent-fuel sample.( .

The grain structure, fission-product distribution, and effects of radio-
isotopes in spent fuel are probably not amenable to accurate simulation.
Simulated materials made to date are essentia'ly chemically and physi-
cally homogeneous; spent fuel contains grain boundaries, la~ge inhomo-
geneities, and radiation damage. Leaching mechanisms of spent fuel will
probably be more complex than those for simulated material, and direct
evaluation of spent fuel and spent fuel plus cladding is required.
Unfortunately, relatively few surface analyses can be performed on spent
fuel due to a lack of radiation-shielded analytical techniques. Leach
rates of spent fuel also are influenced by factors which affect leach
testing in general, including:

o Type of test--static vs. dynamic, duration

e Chemical composition of leachate--especially oxidizing or
reducing capacity

® pH of leachate

e Temperature of tests

e Irradiation history of fuel

o Element considered--different elements display different leach

rates.

2-71



2.6.4 Leaching Mechanism

The amount of data available on leach rates of spent fuel and U07 is
limited. Most of the leach tests have been performed at room
temperature, although s dggg are available at temperatures up to
approximately 200 C.(2.21-2. However, each investigator has used
different samples and experiments, so direct comparison of results is
difficult. The most detailed studies of leaching Tgcgggisms appear to
have been done by Johnson, et al (AECL-Whiteshell)\¢. and by Wang and
Katayam? ang ths;s associates at Battelle's Pacific Northwest Labora-
tories.(2.23-2. In these studies, U0 is used as a model to
investigate leaching mechanisms. Since the chemistry of spent fuel is
dominated by the chemistry of UO2, this is a suitable starting point and
provides guidelines for the probable leaching mechanisms of spent fuel.
There is a need for further studies using spent fuel to improv?
understanding of the details of spent fuel leaching, including(2.23)

& The roles of grain boundaries, microcracks and pores

o The effects of surface segregation and solid solutions
o The effects of radiation

o The interactive effects between spent fuel and cladding.

Some general observations on spent-fuel leaching by various investi-
gators are:

1. ching is_initially incongruent. Elements such as
&33' 13, i3}Cs, 36Sr. 1531 and inert gases, which tend to
migrate to gaps in the fuel and to the fuel/cladding interface,
are leached more rapidly from the fuel in the short term. This

initial relecse tends to be from leachable phases, especially
in the case of cesium, and matrix breakdown is not required.

2. At longer times, congruent dissolution is approached.
3. In general, leach rates are not strongly temperature-dependent.

4. Surface films on UO2 and spent fuel play an important role in
the dissolution process. Hydrolyzed, gelatinous U0y films may
lower the release of uranium to the leachate, while other
radionuclides may pass through the film.

5. The effects of oxygen on spent fuel leaching are significant.
U0 is quite insoluble in neutral and alkaline solutions under
reducing conditions, but solubility increases rapidly even
under mildly oxidizing conditions because of formation of U(VI)
species.

The dissolution mechanism proposed by Wang and Katayama(2.23,2.24) fop
U0z and spent fuel was developed following observations of surface films
produced during leaching studies of U02 “Qi'e crystals. The initial
dissolution of U0z involves oxidation of U4 (solid) to UB* (aqueous)
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through formation of uranyl ions. Subsequent hvdrolysis reactions lead
to the formation of solid uranyl hydrates or related complex compounds
that deposit onto the surface of the UO2. The thickness of these
coatings is a function of temperature, solution pH, and time. The dis-
solution of U0 will increase with temperature due to enhanced diffusion
of oxygen and H* jons to the UQp surface. However, the solubility of
uranyl ions is inversely related to temperature, 30 m?st of the dissolu-
tion products end up on uranyl hydrate deposits.(2.27) The presence of
Hp02, expected from radiolysis of water, enhances the oxidation-
dissolution of UO2 and increases the formation of hydrate deposits.

The observed leach rate of U0 is dependent on formation/dissolution and
also partial spallation of the hydrate films. Even after the solubility
limits of uranyl ions have been reached, dissolution can still occur as
long as precipitation is still occurring. As dissolution/precipitation
continues, other elements, whose solubility imit§ may not have been
reached, are released to solution. KatayamalZ2:23) has also observed a
rise in the leach rate after several hundred days of cumulative
leaching. During this accelerated leaching period, there is an increase
in the leach rates for all radionuclides. Evidence suggests that this
phenomenon is due to exposure of new surfaces to leachant as a result of
cracking and spallation of the protective surface film.

Preliminary studies of spent fuel leaching(2-22-2-24) indicate that
leaching mechanisms are similar to those found for UO2, but this
requires further investigation. Better understanding of leachate compo-
sition effects is needed. In general, leach rates in deionized water
are higner than those in groundwaters for most elements. However, the
leach mechanisms for all radionuclides may not be similar, and their
dependence on leaching solution is still unclear. In parf;cgg r, more
experimentat on with groundwaters is necessary. Katayama\é: h§§
rsgorisd that burnup has no measurable effect on leach ratgi of 1 Cs,
239+240py . and uranium, but does affect the leach rate of “#4Cm. No
other data are available on the influence of burnup, and further experi-
mentation is warranted.

2.6.5 Conclusions and Recommendations

The effectiveness of spent fuel as a waste form lies in its ability to
prevent release of radioactive elements to the environment. Both the
spent U0y fuel itself and the fuel cladding serve as barriers to fission
product release. Therefore, the condition of the cladding, the features
of the fuel-cladding interface, and the chemical and microstructural
characteristics of the spent fuel must be examined and understood.

Experiments to date with both the spent fuel and simulated spent fuel
have attempted to characterize the factors which will influence the
leaching/dissolution behavior and to develop models describing the
leaching/dissolution mechanism. Although numerous influencing factors
have been identified, further systematic studies of their effects are
necessary. Models which have been developed to describe the dissolution
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through formation of uranyl ions. Subsequent hydrolysis reactions lead
to the formation of solid urany) hydrates or related complex compounds
that deposit onto the surface of the UO2. The thickness of these
coatings is a function of temperature, solution pH, and time. The dis-
solution of UOp will increase with temperature due to enhanced diffusion
of oxygen and H* ions to the UQp surface. However, the solubility of
uranyl ions is inversely related to temperature, 30 g?st of the dissolu-
tion products end up on uranyl hydrate deposits.( .2 The presence of
Hp02, expected from radiolysis of water, enhances the oxidation-
dissolution ¢f UO2 and increases the formation of hydrate deposits.

The observed leach rate of U0y is dependent on formation/dissolution and
also piartial spallation of the hydrate films. Even after the solubility
limits of uranyl ions have been reached, dissolution can still occur as
long as precipitation is still occurring. As Gissolution/precipitation
continues, other elements, whose solubility l%m%%j may not have been
reached, are released to solution. Katayama\ié: has also observed a
rise in the leach rate after several hundred days of cumulative
leaching. During this accelerated leaching period, there is an increase
in the leach rates for all radionuclides. Evidence suggests that this
phenomenon is due to exposure of new surfaces to 'eachant as a result of
cracking and spallation of the protective surface film.

Preliminary studies of spent fuel leaching(2:22,2.28) jndicate that
leaching mechanisms are similar to those found for U0z, but this
requires further investigation. Bette~ understanding of leachate compo-
sition effects is needed. In general, leach rates in deionized water
are higher than those in groundwaters for most elements. However, the
leach mechanisms for all radionuclides may not be similar, and their
dependence on leaching solution is still unclear. In par{icsg r, more
experimentation with groundwaters is necessary. Katayama\é: hs’
rsgoriad that burnup has no measurable effect on leach rat5i4of 1 Cs,
239+280py . and uranium, but does affect the leach rate of <%4Cm. No
other data arc available on the influence of burnup, and further experi-
mentation is warranted.

2.6.5 Conclusions and Recommendations

The effectiveness of spent fuel as a waste form lies in its ability to
prevent release of radioactive elements to the environment. Both the
spent U0y fuel itself and the fuel cladding serve as barriers to fission
product release. Therefore, the condition of the cladding, the features
of the fuel-cladding interface, and the chemical and microstructural
characteristics of the spent fuel must be examined and understood.

Experiments to date with both the spent fuel and simulated spent fuel
have attempted to characterize the factors which will influence the
leaching/dissolution behavior and to develop models describing the
leaching/dissolution mechanism. Although numerous influencing factors
have been identified, further systematic studies of their effects are
necessary. Models which have been developed to describe the dissolution
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mechanism of UO2 and simple cimulated fu~1 systems must be extended to
include the effects of rore compiicated _hemical and microstructural
features of actual spent fueil elements. Leaching mechanisms for all
radionuclides are not the same, although the leach rate for the majority
of the fission products and actinides appears to be controlled by the
dissolution of the U0O2 matrix. Additional information on the leaching
mechanism of spent fuel is necessary.

The chemical and physical features of spent fuel are difficult to simu-
late. Experiments with simulated spent fuel are necessary for develop-
ment of Dehavior models, but additional studies with real spent fuel
should be conducted to test the validity of these models.

Further leiaching and dissolution experiments should be designed to
address the folluwing areas:

e The roles of surface area, grain boundaries, microcracks and
pores

o The effoct of fuel burnup on the leach rates of specific
elements

e The interactive effects between spent fuel and cladding

e The effects of leachate composition, particularly for

roundwaters

. e effects of elevated temperatures, up to and including

predicted storage temperatures.
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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 groundwat :r or brine to the
waste form and the egress of radionuclides to the repc.icory.

During this project year, the possible internal corrosion of the canis-
ter by the waste form has been studied. The canister is the innermost
metallic enclosure and is in direct contact with the waste. With a
borosilicate glass waste form, the most probable canister material is
Type 304L stainless steel. Canister corrosion could occur during the
relatively short period of time when the glass is molten. Corrosion can
also occur during the long period of time when the glass is still hot,
e.g., when it is in storage awaiting final disposition. To determine
the long-term corrosive effects of the waste form on the canister
materials, coupons of Type 304L stainless steel and its casting equiva-
lent, CF8 alloy, were exposed to PNL 76-68 waste glass at elevated
temperatures. The pits produced by corrosion were measured, and the
mechanism of corrosive attack was studied.

The general and localized corrosion of the outer metailic enclosure, or
overpack, by water in the repository has also been studied. At the out-
set of the project, a potential overpack consisted of a thick-walled
steel container covered by a thin shell of a titanium alloy. This was
considered 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 steel coupons were cast and wrought specimens of two
different compositions, one (“doped") approximating the composition of
1018 steel, and the other ("clean") containing lower levels of phos-
phorus and sulfur. The effect of groundwater on the relevant electro-
chemical and mechanical behaviors of these steels is being evaluated,
along with the possible embrittlement of a cast steel overpack by hydro-
gen generated during corrosion reactions, and radiolysis.

Closely related to these experimental efforts is the ongoing development
of a mathematical description of general corrosion and pitting corrosion
of container materials. The general-corrosion correlation has been
refined and simple test cases are being evaluated. Efforts in develop-
ing the pitting-corrosion correlation have focused on the kinetics of
pit generation and pit growth.

3.1 Internal Corrosion

The experimental investigation of internal corrosion of the canister was
carried out by exposing metal coupons to a reference waste glass under a
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range of temperature conditions. The corrosive effects of the waste
glass on the coupons were determined by measurement of pit depths. The
mechanism of the corrosive attack was studied by analysis of the corro-
sion products using energy dispersive X-ray analysis in the scanning
electron microscope.

3.1.1 Materials

Coupons of Type 304L stainless steel in the shape of rectangular solids
having the nominal dimensions 3.81 cm x 2.54 cm x 0.238 cm were used for
the experiments. The specimens were polished to a 600 grit finish
before use. Crucibles of Type 304L stainless steel were fabricated by
welding bases on short lengths of tubing. The certified analysis for
the stainless steel sheet and tubing that were used for the specimens
and the crucibles are shown in Table 3.1.

Table 3.1 Certified analyses of Type 304L stainless steel

Composition,

weight percent
Sheet Tubing
Carbon 0.017 0.016
Manganese 1.44 1.72
Phosphorus 0.026 0.024
Sulfur 0.010 0.013
Silicon 0.58 0.43
Chromium 18.29 18.64
Nickel 8.63 8.66
Mo1ybdenum 0.29 .-

A few specimens also were prepared from CF8 alloy, which is the casting
equivalent of Type 304L stainless steel. Some consideration has been
given to casting high-level waste canisters from the large supply of
contaminated Type 304 stainless steel. Thus some evaluation of CF8
alloy was made in this study. The composition of the CF8 alloy is shown
in Table 3.2. This alloy contained substantially more chromium and
slightly less nickel than the Type 304L stainless steel.

A supply of PNL 76-68 reference simulated waste glass, obtained from
Battelle's Pacific Northwest Laboratories, was used for the coupon
exposures. This glass is composed of two parts Frit 76-101 and one part
Waste Type PW-8a. The chemical composition of the particular lot from
which the supply was obtained is shown in Table 3.3.
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Table 3.2 Certified analysis of CF8 alloy

Component Composition,
weight percent

Carbon 0.052
Manganese 0.069
Phosphorus 0.119
Sulfur 0.017
Silicon 0.93
Chromium 20.59
Nickel 8.48
Mo1ybdenum 0.11

3.1.2 Accelerated Test Planning/Statistics

A baseline experiment for the program was developed. The responses were
the extent of pitting corrosion and chemical species present in pitted
areas. The primary experimental variables were exposure temperature and
time. For each temperature, the extent of corrosion was studied at mul-
tiple times. The maximum test temperature was 900 C. Based on data
reported in the literature, a tentative average trend curve of general
corrosion versus time was derived for planning purposes. Tentative
exposure times at 900 C were established based on this curve. These
exposure times proved to be adequate.

3.1.3 Experimental Procedure

The metal coupons were exposed to the waste glass by heating in muffle
furnaces at temperatures of 900, 700, 500, and 300 C. Approximately
120 g of the glass was melted in each crucible at 1000 C, and two metal
specimens were then immersed in each crucible. The exposure times for
the different temperatures were based on the assumption of an Arrhenius
relationship for temperature effects and were as follows:

900 C 700 C 500 C 300 C
400 hrs 470 620 974
750 890 1172 1826
1330 2664 2065 3273
1930

The third set of specimens at 700 C was inadvertently exposed longer
than the planned 1580 hours.

Six specimens were removed from exposure at each of the times indicated,
and they were taken from different regions of the furnace. When the
specimens were removed from the crucibles, the glass adnered to the
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Table 3.3 Composition of PNL 76-68 gla.s

Average Analysis Standard

Ox1de of 3 Bars (%) Deviation (%)
Ale3 0.84 0.03
8203 8.65 0.06
Ba0 0.62 0.01
Ca0 2.29 0.04
Cdo 0.05 0.01
Cr203 0.50 0.02
CsZO 1.21 0.08
Dy203 0.01 0.00
Eu203 0.01 0.00
Fezo3 9.08 0.12
Gdzo3 0.03 0.01
KZO 0.09 0.03
La203 4.89 0.06
Mg0 0.18 0.01
MnO2 0.06 0.00
MoO3 2.17 0.01
Nazo 11.60 0.95
Ndzo3 1.65 0.01
NiO 0.25 0.03
PZOS 0.56 0.08
SiO2 40.33 0.81
Sr0 0.49 0.01
TiO2 2.86 0.04
In0 4.75 0.08
v, 2.33 0.04
Total 95.50
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surfaces in different arounts for the various specimens. Most of this
glass could be broken away, but enough remained so that weight change
measurements could not be used as a measure of the metal corrosion.
Consequently, pit-depth measurements were made to determine the extent
of corrosive attack on the specimens.

Each specimen was sectioned across the width at the center line and one
of *the cut surfaces was mounted and polished. The edges which had been
in contact with the glass were then examined for pitting attack, using
an optical microscope. The measurements were made at a magnification of
200X, using an eyepiece equipped with a reticle.

3.1.4 Pit-Depth Measurements

In all specimens, a relatively large number of small pits having depths
of 5-10 um were observed. The numbers of such pits increased with expo-
sure time at each temperature, as would be expected. The effect of
exposure time on pit development at 900 C is shown in Figure 3.1, where
the pit distribution along the center line of the two worst specimens is
plotted for each of the four exposure times. There was a reasonably
uniform increase in the number of pits less than 20 um depth as the time
increased from 400 to 1930 hours. However, for deeper pits the growth
pattern was erratic. There was a large increment in the moderate-depth
pitting between 400 and 750 hours, after which the numbers stayed about
the same. The deeper pits (60-150 um) were relatively few, and the
increase with time was small. Nevertheless, the deep pits are the most
important in determining the rate at which the stainless steel will be
penetrated by the corrosive attack of the waste glass.

The results at 700 C are shown in Figure 3.2. More small pits were
observed at this temperature than at 900 C, but there were very few pits
deeper than 10 um in the 700 C specimens. This rapid drop in pit-depth
growth at the lower temperature indicates that although pit initiation
occurs readily at 700 C, there is little driving force to increase the
pit depth. As Figure 3.2 illustrates, there were very few pits deeper
than 20 um, with a single pit that reached a depth of 100 um.

At 500 C, the number of 5-10 um pits was approximately proportional to
exposure time, as shown in Figure 3.3. As at the other temperatures,
there was a sharp drop in the number of larger pits, and in spite of the
long exposure time only one was detected that grew as deep as 40 um.

The pit development at 300 C is presented in Figure 3.4. As at the
other temperatures, there was a significant increase in the number of
small pits as the exposure time was lengthened. However, in this case
no pits greater than 20 um depth were observed, and there were
relatively few pits in the 15-20 um range.

When the maximum pit depths for each time-temperature combination are

converted to penetration rates in micrometers/year, the resultant data
produce the curves shown in Figure 3.5. The maximum penetration rates
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plotted as a function of exposure time at the four temperatures make a
family of curves that illustrates the rapid decrease in corrosive attack
on the stainless steel as the temperature is lowered. From the trend of
these curves it could be estimated that at a canister wall temperature
of 100-150 C, the long-term rate of attack would be of the order of 10-
15 um/year.

The maximum penetration rates for the longest exposure times at each of
the four temperatures are plotted as a function of temperature in
Figure 3.6. These data result in a curve which indicates that a pene-
tration rate of 15-20 um/year would occur at a temperature of 200 C.

When a curve was fitted to these four points, the best fit proved to be
an exponential having the equation:

Rate, um/yr = 878.734(%339) 2,938,

Calculation of the penetration rate at 200 C from this equation gives a
value of 14.8 um/yr. At 150 C, the rate would drop to 7.2 um/yr from
this calculation. This latter value is somewhat lower than that esti-
mated in Figure 3.5. The result obtained from the curve fitting is pro-
bably more valid than that obtained by estimation of the temperature
trends shown in Figure 3.5.

It has been suggested that a 3/8-inch (9525-um) wall thickness of the
stainless steel be used for the canister. If there were to be a con-
stant pit penetration rate as high as 14.8 um/year, such a wall thick-
ness would be penetrated in 643 years. If the rate were only 7.2
um/year, it would take 1330 years for penetration. These times may be
conservatively short, because they assume a constant diffusion of corro-
sive agents to the glass-metal interface.

It should be emphasized that the maximum rates used to get the plots in
Figures 3.5 and 3.6 occurred for only a few pits at each temperature.
Consequently, if such attack rates were achieved at the canister wall
for the long term, there would still only be relatively few points of
penetration.

3.1.5 Corrosion-Product Analysis

One of the mounted and polished specimens from each time-temperature
combination was examined in the scanning electron microscope. Typical
pits were selected, and the composition of the corrosion products in
these pits was determined by energy dispersive x-ray analysis,

The scanning electron micrographs for the specimens at 900 C are shown

in Figures 3.7-3.11, together with the elemental analysis of the corro-
sion products. A typical pit in a specimen exposed for 400 hours
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(400-hour exposure)



42005 1000X

Component Composition (Area A), wt. percent
Fe 19.56
Cr 44 .63
Ni 10.77
In 21.36
Pb 1.84
Si 1.46
Ti 0.39

Figure 3.8 Energy dispersive x-ray analysis of corrosion products in
900 C specimen (400-hour exposure)



42376 1000 X

Component Composition (Area A), wt. nercent
Cr 64.83
Ni 12.45
Fe 11.23
Zn 7.63
Si 2.78
S 1.08

Figure 3.9 Energy dispersive x-ray analysis of 900 C specimen
(750-hour exposure)
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42374 1000 X

Component Composition (Area A), wt. percent
Cr 62.04
Ni 11.21
Fe 7.50
Si 11.82
In 7.15
Ti 0.28

Figure 3.10 Energy dispersive x-ray analysis of 900 C specimen
(1330-hour exposure)
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(Figure 3.7) contained the iron, chromium, and nickel of the base metal,
plus silicon and zinc from the glass. Two distinct phases were observed
in the glass which adhered to the specimen. The light-colored phase A
was largely silicon, titanium, praseodymium, and iron. The dark-colored
phase B was mostly silicon and iron, with moderate amounts of zinc and
lead. Neither of these compositions is typical of the bulk glass, and
it is 1ikely that other phases exist in the waste glass. Another pit in
the same specimen contained a large amount of zinc in addition to the
base metal components (Figure 3.8). This 21.36 percent concentration of
zinc is 5.6 times that which is present in the waste glass.

A comparison of Figure 3.9 with Figure 3.7 illustrates the increased pit
growth with exposure of 750 hours as compared to 400 hours. The longer
exposure also resulted in a higher concentration of zinc in the pit. A
small amount of sulfur also was present in the 750-hour specimen.

Extending the exposure to 1330 hours (Figure 3.10) resulted in a typical
pit having a greater volume but not greater depth than that at 750
hours. The zinc concentration was about the same in both cases, but the
longer exposure resulted in more silicon in the corrosion products.
Titanium appeared instead of sulfur.

After 1930 hours (Figure 3.11), the pit depth was substantially greater,
and to include the entire pit in the micrograph it was necessary to
reduce the magnification to 200X. The amounts of silicon, zinc, and
titanium in the pit were very close to those found in the previous
analysis (Figure 3.10). The distribution of base metal elements was
quite different, however,

Pits developed at 700 C are shown in Figures 3.12-3.14, At 470 hours
(Figure 3.12) the pit was small, but there was grain boundary penetra-
tion to 7 ym. In addition to the elements found in the pits at 900 C,
sodium and vanadium were detected in small amounts. The greater pit
development after 890 hours at 700 C can be seen in Figure 3.13. The
levels of silicon, zinc, titanium, and sulfur all were higher in this
case, with phosphorus and calcium appearing as well, Pitting after 2664
hours at 700 C is shown in Figure 3.14. This analysis is the first that
did not show the presence of zinc, although silicon, titanium, and sul-
fur were present in small amounts, along with aluminum.

The analysis of the corrosion products in a pit on a specimen exposed at
500 C for 620 hours is shown in Figure 3.15. The pits on this specimen
were shallow compared to many of those formed at higher temperatures,
but the zinc content of the corrosion product layer was high. After
1172 hours at 500 C (Figure 3.16), the pit depth was slightly greater,
and more elements were detected in the pit. However, the only one not
previously detected in corrosion products was potassium. The pits were
still ratner shallow after 2065 hours at 500 C (Figure 3.17). In this
case a large amount of zinc was found, together with the usual silicon
and titanium. Molybdenum was observed for the first time in a corrosion
product layer,
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ymponent Composition (Area A), wt. percent

Cr A9 5 "}A
Fe 9.11
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Figure 3.13 Energy dispersive x-ray analysis of 700 C
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specimen




45395 1000 X

Component Composition (Area A), wt. percent
Cr 47.16
Fe 29,25
Ni 14,16
Si 5.71
Al 2.30
Ti 0.74
S 0.68

Figure 3.14 Energy dispersive x-ray analysis of 700 C specimen
(2664-hour exposure)
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44749 1000 X

Component Composition (Area a), wt. percent
Fe 17.39
Ni 1.66
Si 47 .44
Zn 7.92
Ti 6.91
P 6.42
S 4.51
Ca 4,22
v 2.10
K 1.44

Figure 3.16 Energy dispersive x-ray analysis of 500 C specimen
(1172-hour exposure)
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Composition (Area a), wt. percent
49.15
9.06
/.69
. 99
.31
.64
1.16

Figure 3.17 Enerqgy dispersive x-ray analysis of 500 C specimen
(2065-hour exposure).
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Altho pits developed on the 30C C specimens during the 974-hour expo-
sure, (Figure 3.18), most of them were in the early stages of growth,
and the corrosion layer contained a variety of elements. None of these
were new, but the high silicon and sodium contents were unusual. It
should be noted that this area required greater magnification 52500 X)
than pits formed at the higher temperatures. A large amount of zinc was
found in the products on the 1826-hour specimen at 300 C (Figure 3.19).
The other elements present were typical of those found for other speci-
mens that were analyzed. Only a thin corrosion-product layer was found
on the specimen exposed at 300 C for 3273 hours (Figure 3.20). However,
there was grain boundary penetration as deep as 10 ym. Only small con-
centrations of silicon and zinc were found in this case.

These analyses demonstrated that silicon, zinc, and titénium were almost
always present in the corrosion products, sometimes in large amounts.
Althou?h a few other elements were detected in addition to these three,
the silicon, zinc, and titanium must play a major role in the pitting
attack on the stainless steel,

3.1.6 CF8 Alloy Exposure

Enough material was available to prepare 6 specimens of the CF8 alloy
for comparison with the Type 304L stainless steel. These specimens were
exposed at 900 C for 750 hours, thus providing data under the same expo-
sure conditions as those for one set of the Type 304L specimens. On
completion of the exposure it was found that very little glass adhered
to the CF8 alloy, in contrast to the strong bonding of the waste glass
to *he Type 304L alloy. Pit-depth measurements for the two worst speci-
mens are shown below with comparable data for the corresponding exposure
of the Type 304L stainless steel:

Nuaber of Pits

Pit depth, um (o] 3040
20 644 390
20-40 68 295
40-60 15 90
60-80 2 15
80-150 - 10

Many more small pits were initiated in the CF8 alloy, but few of these
pits increased in depth during the exposure, as compared to the Type
304L stainless steel. Apparently the inability of the waste ?lass to
bond to the CF8 alloy resulted in superficial pitting, with 1ittle pene-
tration into the metal surface,

Metallographic examination of the CF8 alloy showed that its
microstructure was distinctly different from that of the Type 304L
stainless steel. The photomicrographs shown in Figure 3.21 illustrate
this difference. The Type 304L had a typical austenitic structure, with
small equiaxed grains and annealing twins. On the other hand, the CF8
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Figure 3.(8 Fnergy dispersive x-ray analysis of corrosion products
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Cr
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Figure 3.19

1000 X

Composition (Area a), wt. percent

49.17
’1.04
16.89
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45754 1000 X

Component Composition (Area a), wt. percent
Cr 46.56
Fe 42.20
N /.80
Si 2.81
n 0.64

Figure 3.20 Eneray dispersive x-ray analysis of 300 C specimen

(3273-hour exposure),

3-£8



CF8 200X

Figure 3.21 Photomicrographs of Type 304L and CF8 ctainless steels
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alloy had large grains, with ferrite islands (dark) in a matrix of
austenite. This structural difference would provide a surface on the
Type 304L alloy with more grains per unit area, which could account for
greater bonding of the glass to the metal. The small difference in
chemical composition of the two alloys (Tables 3.1 and 3.2) would not be
expected to influence the bonding to any great extent, and it is more
likely that surface effects are responsible for the lack of adherence of
the glass to the CF8 alloy.

3.1.7 Conclusions

From the results of the exposures of the Type 304L stainless steel to
the waste glass over a range of temperatures, the following conclusions
can be reached:

K Pits initiate rapidly on the metal surface at the exposure
temperatures of 300-900 C, with more pits forming as the
temperature is increased.

2o The increase in pit depth with time of exposure is slow, so
that few deep pits are formed even at higher temperatures.

3. The pitting attack results in maximum penetration rates of
the order of 10-20 um/year. A 3/8-inch stainless steel
canister would be penetrated in about 500 years at the higher
rate and 1000 years at the lower rate.

4, Silicon, zinc, and titanium from the waste glass were found
in the corrosion products at all temperatures, indicating
that these elements play a role in the attack on the metal.

8. The presence of the same elements in the corrosion products
at all temperatures indicates that the corrosion mechanism
does not change with temperature.

6. Limited experiments indicate that the glass does not attack
CF8 cast stainless steel as much as it does the Type 304L
stainless steel; CF8 may be preferable fc - canister use.

3.2 External Corrosion

The objective of the overpack corrosion effort is to develop an under-
standing of the corrosion processes which can lead to overpack failure.
This objective is being achieved through continued perusal of the rele-
vant literature and experimental evaluaticn. Two systems have been
investigated: Titanium Grade 12 - salt and steel - basalt.

Emphasis in the program was shifted from the Titanium Grade 12 - salt
system to the steel - basalt system this year at the request of the NRC.
Two autoclave exposures on the tormer system were completed early in
this year, and an additional three autoclave exposures were completed on
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the steel - basalt system. Electrochemical and slow strain rate
evaluations also were performed on the latter system. Significant
results of these studies are given below. Detailed procedures are
available in the quality assurance documents listed in Section 5.

3.2.1 Titanium Grade 12 - Salt System

At the end of the first year, an autoclave exposure was completed in
which the effects of heat transfer and thermal gradients on corrosion of
Titanium Grade 12 in deaerated Brine A (see Table 3.4) were studied.
This test was performed at 250 C under autogenous pressure for 1000
hours. As described in the 1982-1983 Annual Report(3.1), deposits built
up on the heated-specimen surface exposed to the vapor phase, and
pressure buildup was noted in the autoclave during the test.

Analysis of the solution from this autoclave experiment was completed
early in the second year. Results, given in Table 3.5, indicated the
presence of significant quantities of ni?kel chromium, and iron. As
discussed in the 1982-1983 Annual Report(3-1), this contamination
apparently occurred as a result of the unexpected generation of HC! in
the vapor phase in the autoclave because of hydrolysis of MgClz on the
heated surfaces. This HC1 promoted severe attack of the HASTELLOY*
Alloy C-276 autoclave head. The presence of nickel corrosion products
is especially significant since nickel is an inlibitor of localized
corrosion of titanium. Thus, the validity of the low corrosion-rate
data reported for Titanium Grade 12 in this autoclave experiment is
questionable.

Analysis of the electrochemical data from this autoclave exposure also
was completed. Two types of electrochemical measurements were
performed: galvanic current and polarization resistance. The objective
of the galvanic-current experiment was to evaluate the potential
influence of variation in the overpack skin temperature, as a function
of location, on corrosion rates; this phenomenon is sometimes referred
to as thermogalvanic corrosion. The galvanic current between a heated
and an unheated specimen, having equal surface areas, was measured
periodically by means of a zero-resistance ammeter. The heated specimen
was maintained at 270 C by an internal resistance heater; the unheated
specimen was equilibrated at the autoclave temperature (250 C). Before
each measurement, the polarity of the electrodes also was measured.

It was found that the heated specimen was noble to tne unheated one by
about 90 mV throughout the exposure, and that the galvanic-current flow
was in the direction of the unheated specimen; i.e., the unheated
specimen was undergoing galvanic corrosion when contacted by the heated
specimen, assuming that the current measured was a corrosion current.
Actual current measurements are given in Figure 3.22. These data show
that the current fluctuated over tne initial 400 hours' exposure around

* HASTELLOY is a registered trademark of the Cabot Corporation.
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Table 3.4 Nominal compositicn of Brine A.

Component Concentration, wppm
Na* 42,000
K+ 30,000
Mg*+2 35,000
Ca*? 600
Srt2 5
c1- 190,000
S04-2 3,500
I 10
HCO3~ 700
Br- 400
B03-3 1,200

pH at 25 C = 6.5.
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Table 3.5 Results of inductively coupled argon plasma analyses
of test solution from the autoclave exposure of Titanium
Grade 12 in Brine A where effect of heat transfer was

studied.
Element* ug/ml (ppm)
Arsenic 4.7
Boron 210
Calcium 560
Cobalt 590
Chromium 2,600
Copper 310
Iron 3,600
Magnes ium 22,000
Manganese 210
Mo1ybdenum <8.0
Sodium 37,000
Nickel 9,100
Phosphorus 8.3
Palladium 3.9
Selenium 2.5
Strontium 13.0
Zinc 7.6

*Only elements having a concentration greater than
1 ppm are reported
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Figure 3.22 Galvanic current density as a function of exposure time for a
heated Titanium Grade 12 specimen coupled to an unheated

specimen (AT = 20 C) having equal surface areas in deaerated
Brine A at 250 C.

Heated specimens were noble to unheated specimens
throughout exposure.
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a value of 8 x 10-5 A/cm2. Converting this current to a corrosion rate
by means of Faraday's Law, and assuming an ionic valence state of +4 for
titanium, gives a value of 6.5 x 102 ym/year. This valve is more than
two orders of magnitude greater than the corrosion rate of the unheated
specimen as measured gr?vimstrically (1.72 um/year). As discussed in
the First Annual Report 3.1 , a similar discrepancy was observed between
corrosion rates of Titanium Grade 12 in Brine A predicted by
polarization resistance and those predicted gravimetrically. This
discrepancy was attributed to parasitic redox reactions in the solution
which contributed a net current.

The corrosion rate of the unheated thermogalvanic specimenr measured
gravimetrically was greater, by an order of magnitude, than the
corrosion rate of the gravimetric specimen from the previous autoclave
exposure, or from immersed U-bend specimens in this autoclave exposure.
Thus it appears that the galvanic current measurement successfully
predicted the direction of the galvanic effect, but not its magnitude.
However, in this autoclave exposure, deposits built up on the heated
specimens in the vapor phase, which apparently led to hydrolysis of
salts in the deposits and to generation of HC1. The HC1 in the vapor
may have accelerated the corrosion rate of the electrodes, which pass
through the vapor phase, more than that observed with the immersed U-
bend specimens.

During this second autoclave exposure, pressure buildup in the autoclave
promoted a leak after approximately 450 hours of exposure. As shown in
Figure 3.22, galvanic currents measured after restarting the autoclave
were considerably lower than those measured before shutdown. The data
taken after autoclave startup, however, are not considered to be
reliable since deposit buildup may have impinged on the autoclave head
by this time and affected the measurements.

Results of the polarization resistance (PR) measurements performed in
this autoclave exposure are summarized in Figure 3.23. These data show
that the polarization resistance values for the heated specimens are
higher (i.e., 1/PR values are lower) than those for the unheated
specimens. This suggests that corrosion rates for the heated specimens
were lower than those of the unheated specimens, a suggestion which is
qualitatively consistent with the results of the galvanic-current
measurements. Serious problems exist with the data, however. First of
all, corrosion rates predicted from the polarization-resistance
measurements are several orders of magnitude higher than those predicted
gravimetrically, as was observed in the previous autoclave exposure. In
addition, the polarization-resistance values for the unheated specimens
measured in this autoclave exposure do not agree well with those
reported in the first autoclave exposure. This effect may result from
the increased concentration of metal ions in the solution, as shown in
Table 3.5. Finally, the measured polarization resistance values for the
heated specimens decreased with exposure time after about 300 hours;
this may have been a real effect but more p.-obably was a result of
impingement of vapor-phase deposits onto the autoclave head.
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Figure 3.23 1/PR as a function of exposure time for heated and unheated

(AT = 20 C) Titanium Grade 12 specimens exposed in
deaerated Brine A at 250 C.
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The final autoclave exposure for the Titanium Grade 12 - salt system
also was completed this year. This exposure was identical to the
previous exposure in which the effect of heat transfer on corrosion
performance was evaluated, with one exception: a sealed internal
canister of Titanium Grade 12 was fitted inside the HASTELLOY Alloy C276
autoclave so that the test environment was isolated from the autoclave
head and body. This precaution was taken to prevent contamination of
the test solution by corrosion products from the autoclave head, as
occurred in the previous autoclave exposure. Included in the canister
were duplicate U-bend and crevice specimens in the vapor and the liquid,
and four gravimetric specimens in each phase.

Unlike the results of the previous autoclave exposure, the pressure
within the canister in this exposure did not increase with exposure
time. When the autnclave was opened at the end of the exposure, a
deposit was found to have built up on the outside of the internal
canister (see Figure 3.24). This region of the autoclave was filled
with an aqueous solution of 1,000 g/1 sodium chloride; this solution was
selected to match the vapor pressure of Brine A but to prevent HC1
generation by hydrolysis of magnesium salts.

The internal canister, which contained the actual specimens and Brine A,
was cut open, and only a small amount of deposit was found on the heated
specimen (see Figures 3.25 and 3.26). The solution pH was measured
using a glass electrode and was found to be 5.7. These observations
suggest that the internal canister had become isothermal during the test
and that the majority of the temperature drop had occurred between the
outside surface of the canister and the wall of the autoclave.

A1l of the specimens were found to have gained weight as a result of the
exposure, and the weight changes were comparable with those previously
reported, although the values for the gravimetric specimens which were
immersed in the 1iquid were somewhat higher than those previously
reported (see Table 3.6).

The specimens were optically examined and as in the previous exposures,
evidence of incipient attack was found within the crevices (see

Figure 3.27). This attack appeared to have been somewhat more severe on
the specimens exposed in the liquid, although the gravimetric results
did not reflect this. Colored interference spots were evident on the
specimens exposed to the vapor, suggesting that an aggressive condensate
had formed on them (see Figure 3.28?.

In support of the autoclave exposures on the Titanium Grade 12 - salt
system, the effect of temperature difference between a heated specimen
and the bulk solution (AT) on the rate of deposit build up on the
surface exposed to vapor was studied. The tests were performed for
three hours at ambient pressure over a solution temperature range of 40-
100 C and 2 AT range of 5-15 C.
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Figure 3.25 Low-power optical photograph of canister, specimen rack, and
heat transfer specimen following testing.

Note the small amount of deposit present on the heat
transfer specimen (lower left).
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Figure 3.26 Higher-power optical photograph of deposit found on heat
transfer specimen
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Table 3.6 Results of gravimetric measurements performed on Titanium
Grade 12 specimens exposed for 1000 hours to deaerated
Brine A at 250 C (final autoclave exposure).

Weight Change Corrosion Rate
Specimen Type Phase g/cm um/y(a)
gravimetric vapor 1.09 x 10-4(b) 1.27
crevice vapor 3.68 x 105(¢) 4.29
gravimetric 11quid 4.09 x 10'5(b) 4.77
crevice liquid 3.95 x 10-5(¢) 2.61

(a) Calculated assuming the weight gain was the result of Ti0p
formation.

(b) Averaged for 4 specimens.

(c) Averaged for 2 specimens.
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vapor liquid

3X 21464

Figure 3.27 Low-power optical photograph of .revice specimens exposed to
vapor and liquid phases in the final autoclave exposure.

2X 2L465

Figure 3.28 Low-power optical photograph of U-bend specimens exposed
to vapor in the final autoclave exposure
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Results given in Figure 3.29 show that the rate of deposit growth
increased with increasing temperature and AT. The data were plotted as
a function of 1/T to determine whether the rate of deposit buildup could
be described by a thermally activated process having a single activation
energy. Figure 3.30 shows that the data for AT = 5 C do fall on a
reasonably straight line, with an activation energy of approximately 13
kcal/mole. Data for AT = 10 C and 15 C have consider ably more scatter
and appear to fit lines having smaller slopes, indicating lower
activation energies.

The deposits which formed on the specimens were optically examined, and
selected samples were analyzed. In contrast to the multicolored
deposits which formed in the autoclave tests, where significant
contamination of the system had occurred by reactions with the autoclave
head, deposits formed at ambient pressure were of a uniform white color
(see Figure 3.31). The deponsits were found to contain approximately 68
percent chlorine, 15 perzent potassium, 13 percent magnesium, 4 percent
sodium, and a trace of sulfur, as determined by energy dispersive X-ray
spectroscopy. X-ray diffraction analyses of the deposits indicated the
presence of KOH, NaCl and two hydrated magnesium chlorides.

From optical examination of the specimens during deposit formation, it
appears that the mechanism of formation is related to a wicking action
whereby a thin deposit initially forms on the specimens at the vapor-
liquid interface, and solution then migrates up the specimen in the thin
layer between the specimen and the deposit, ultimately depositing on the
specimen. Such a mechanism may be driven by a large thermal gradient on
the specimen surface. Accordingly, thermocouples were attached to the
specimen in the vapor space, and the temperature was measured as a
function of distance from the solution-vapor interface. Typical results
of these measurements, given in Figures 3.32 and 3.33, show that the
temperature of the specimen in the vapor was indeed much greater than
that in the liquid and reached a maximum at about 2.5 cm from the
solution-vapor interface.

3.2.2 Steel - Basalt System
3.2.2.1 Autoclave Exposures

A matrix of autoclave exposures is being performed on the steel-basalt
system. The experimental variables are steel composition, steel
microstructure, and solution composition. Results of experiments
completed to date are discussed below.

Two carbon-steel compositions are being used in this study: one
("doped") approximating 1018 carbon steel, and one ("clean") with
similar composition but with low phosphorus and sulfur. The
compositions of these steels are given in Table 3.7. Both cast and
wrought specimens are included in the experimental matrix. Cast
specimens are machined directly from the billets, while wrought
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Figure 3.29 Rate of deposit growth, averaged over 3-hour tests, as a function
of solution temperature and AT on a Titanium Grade 12 specimen
exposed to naturally aerated Brine A.

AT = Tgpecimen in solution - Tsolution:
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Table 3.7 Chemical compositions in weight percent of reference
steels and steels used in the experimental program.

Proposed Clean Doped
DOE BCL BCL
Reference Steel Steel 1018
Element Steel (Actual) (Actual) Steel

Carbon 0.15-0.20 0.18 0.17 0.15-0.20
Manganese 0.90 max 0.49 0.55 0.60-0.90
Phosphorus 0.04 max 0.004 0.029 0.040 max
Sulfur 0.045 max 0.002 0.036 0.050 max
Silicon 0.60 max 0.30 0.35 -
Aluminum - 0.10 0.14 -
Copper - 0.006 0.007 -
Nickel - 0.002 0.004 -
Chromium - 0.007 0.011 -
Mo1ybdenum - 0.000 0.000 -
Vanadium - 0.000 0.006 -
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specimens are machined from sections of the billets which are hot-
reduced approximately 87 percent. Four types of specimens are included
in the autoclave exposures: gravimetric specimens, crevice specimens,
3-paint bend specimens, and polarization resistance (PR) specimens. The
crevice-corrosion specimens have a boldly-exposed-surface-area to
crevice-surface-area ratio of 10 and were made by attaching serrated TFE
washars to thin, rectangular specimens of the steels.

One-thousand-hour autoclave exposures were completed on 1018 steel
specinens in two simulated basalt groundwater compositions at 250 C
under stagnant deaerated conditions. Basalt rock, taken from an
outcropping of the Umtanum flow, was present in the bottom of the
autocleve during the exposures. One simuiated basalt groundwater was a
1X solution prepared according to a Rockweli-Hanford Procedure(3.2); the
other was a 10X concentration of that solution. The nominal composition
of the 1X simulated basalt groundwater is shown in Table 3.8.

Results of the gravimetric measurements performed on the specimens which
were exposed in the simulated groundwaters are given in Tables 3.9
through 3.12. These data show that general-corrosion rates were quite
low in these environments under deaerated conditions and were similar
for the twc materials. Surprisingly, general-corrosion rates were
somewhat hijher in the unconcentrated groundwater. The PR specimens
tested in the concentrated groundwater also exhibited somewhat higher
weight losses than the other specimens. These rates of general attack
in the unconcentrated groundwater ar? comparable, in most instances, to
those reported by Bradley, et a1(3.3) for ductile iron in a basalt
groundwater*,

Specimens were optically examined following exposure to find evidence of
pitting, crevice corrosion, and stress-corrosion cracking and to
characterize any surface films present. No evidence of stress-corrosion
cracking was found on any of the 3-point bend specimens. The depths of
pits were measured with a microscope having a calibrated stage. Results
of the analyses are given in Tables 3.9 through 3.12, where it can be
seen that shallow pits were detected on most specimens. Pitting was
somewhat more severe in the more concentrated solution and was similar
for the two materials. The pits on the specimens exposed in the less
concentrated groundwater appeared to be more prevalent in or near the
crevices. A typical photograph of one such pit is given in Figure 3.34.

Tenacious black surface films were present on all the steel specimens
following exposure to the basalt groundwater. The surface films on a
cast specimen of the clean steel which was exposed in the unconcentrated
groundwater were analyzed by energy dispersive x-ray (EDX) spectroscopy

*The 0p concentration of the groundwater in the tests by Bradley, et al
was not well controlled. A refreshed system was used with aerated
makeup water, but the basalt rock in the autoclave rapidly consumed the
oxygen.



Table 3.8 Nominal composition of 1X simulated basalt groundwater

Component Concentration, wppm
Na* 360
K* 3.4
Mg*2 0.03
ca*? 2.8
F- 33
cl1- 310
5042 175
C *
Si02 76

* Total inorganic carbon = 9 10-4 mole/liter.
pH at 25 C = 9.8.
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Table 3.9 Corrosion rates calculated from weight loss and pit depths

for cast specimens of clean 1018 steel exposed for 1000
hours to a deaerated simulated basalt groundwater at 250 C.

Average(c)
Number of Corrosion Rate Pit Depth Maximum

Specimen Type  Specimens(a) um/y(b) um Pit Depth
Gravimetric 3 15.64 6.0 9.0
Crevice 2 12.64 8.0 18(d)
3-Point Bend 2 13.10 - -
Polarization 2 7.42 - -
Resistance
(a) Some specimens were reserved for future analyses and thus the number

of specimens of each type which were descaled and weighed varied.
(b) Weight losses were converted to depths of penetration assuming

uniform attack and extrapolated linearly to give annual rates of

penetration.
(c) For 5 deepest pits.
(d) In crevice region of specimen.
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Table 3.10 Corrosion rates calculated from weight loss and pit
depths for wrought specimens of 1018 steel exposed for
1000 hours to deaerated simulated basalt groundwater

at 250 C.
Average(c) Maximum
Number of Corrosion Rate Pit Depth, Pit Depth,
Specimen Type Specimens(a) um/y(b) um um
Gravimetric 2 22.46 8.7 17
Crevice 2 22.49 8.3 15
3-Point Bend 1 15.35 - -

(a) Some specimens were reserved for future analyses and thus the number
of specimens of each type which were descaled and weighed varied.

(b) Weight losses were converted to depths of penetration assuming
uniform attack and extrapolated linearly to give annual rates of
penetration.

(¢) For 5 deepest pits.
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Table 3.11 Corrosion rates calculated from weight loss and pit depths
for cast specimens of clean 1018 steel exposed for 1000
hours to deaerated 10X simulated basalt groundwater at

250 C.
Average(c) Max imum
Number of Corrosion Rate Pit Depth, Pit Depth,

Specimen Type Specimens(a) um/y(b) um um
Gravimetric K Y 5.59 18 30
Crevice 1 5.83 13 20
3-Pcint Bend 2 7.46 - -
Polarization

Resistance 2 18.1 12(d) >1,000

(a) Some specimens were reserved for future analyses and thus the number
of specimens of each type which were descaled and weighed varied.

(b) Weight losses were converted to depth of penetration assuming uniform
attack and extrapolated linearly to give annual rates of penetration.

(c) For 5 deepest pits.
(d) Average for PR specimen which did not contain the deep pits.

3-54



Table 3.12 Corrosion rates calculated from weight loss and pit
depths for wrought specimens of 1018 steel exposed for
1000 hours to deaerated 10X simulated basalt
groundwater at 250 C.

Average(c) Max imum
Number of Corrosion Rate Pit Depth, Pit Depth,
Specimen Type Specimens(a) um/y(b) um um
Gravimetric 3 6.40 18 25
Crevice 1 3.92 21 25

3-Point Bend 2 6.78 - -

(a) Some specimens were reserved for future analyses and thus the number
of specimens of each type which were descaled and weighed varied.

(b) Weight losses were converted to depths of penetration assuming
uniform attack and extrapolated linearly to give annual rates of
penetration.

(¢) For 5 deepest pits.
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Figure 3.34 SEM photcgranh of pit ¢ ‘revice region of a
cast steel specimen exp ; JO0 hours in 250 C
deaerated simuiated basai(l grounawater containing
crushed basalt.
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and x-ray diffraction (XRD). The results of the analyses are summarized
in Table 3.13. These data indicate that the compounds present in these
films were primarily Fe304. The presence of surface films on the
specimen is consistent with the observed low rates of general attack and
the occurrence of pitting; pitting corrosion is normally associated with
the breakdown of passive films. The absence of any higher oxidation
states for iron is good evidence that oxygen was successfully excluded
from the autoclaves during the tests. In the presence of oxidants
generated by radiolysis of the groundwater, higher-oxidation-state
oxides, such as Fep03 or FeOOH, probably would be generated. Although
Fep03 is much less soluble than Fe304 and thus potentially more
protective, the corrosion performance of carbon steel in the presence of
oxygen and chlorides is generally poor because of local breakdown of
these oxide films.

Deep pits were observed on one of the polarization-resistance specimens
of the cast clean steel which had been exposed to the concentrated
groundwater. This attack reached depths greater than 1000 um and was
localized in the region of the specimen that had been exposed to the
vapor space in the autoclave. A1l other specimens in the autoclave were
fully submersed.

An additional autoclave exposure was performed to investigate further
the vapor-phase corrosion behavior of the steels in the concentrated
groundwater. Gravimetric and crevice specimens of cast and wrought
clean and doped 1018 carbon steel were exposed for 1000 hours in the
vapor and in the liquid at 250 C. Results given in Tables 3.14 through
3.17 do not indicate a significant or consistent effect of exposure to
liquid as compared to vapor on general, pitting, or crevice corrosion
for any of the four materials. Thus, the "pits" observed in the PR
specimen from the previous autociave exposure probably were simply
metallurgical flaws in the specimen.

3.2.2.2 Electrochemical Measurements

Electrochemical measurements were performed during the autoclave test
with the unconcentrated groundwater. The polarization resistance (PR)
of the cast steel specimens was measured as a function of exposure time
in the basalt groundwater using a two-electrode technique. Results
given in Figure 3.35 show that the value of 1/PR, which is proportional
to the corrosion rate, increased over the first 50 hours of exposure and
decreased over the remaining 950 hours. The polarization resistance of
platinum electrodes also was measured as a function of exposure time,
and values of 1/PR were found to be lower than values for cast steel, as
anticipated, and appeared to achieve a maximum after about 250 hours of
exposure.

The PR measured on the platinum electrode indicates the magnitude of the
exchange current, ig, for the primary reducible species in the solution.
This is represented graphically in Figure 3.36, where the reduction
reaction is Ox + ne= + Red. This measurement is not particularly
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Table 3.13 Results of EDX and XRD analyses of cast steel specimen exposed
for 1000 hours in 250 C deaerated simulated basalt
groundwater containing crushed basalt.

EDX
Composition, weight percent

Al Si S K Ca Fe
8.97 26.0 7.58 1.71 1.31 54.43
XRD

Powder Diffraction
Compound Number
Fe304 19-629
FepSi0g 29-720
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Table 3.14 Corrosion rates calculated from weight loss and pit
depths for specimens of clean cast 1018 steel exposed
for 1000 hours to deaerated 10X simulated basalt
groundwater at 250 C.

Corrosion Rate{a)  Average Pit(b)  Maximum Pit

Specimen Type Phase um/y Depth um Depth um
Gravimetric ] 9.47 10 14
Gravimetric L 10.21 6.8 8
Crevice v 12.16 10 13
Crevice L 9.54 14 20

(a) Weight losses were converted to depths of penetration assuming uniform
attack and extrapolated linearly to give annual rates of penetration.

(b) For 5 deepest pits.
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Table 3.15 Corrosion rates calculated from weight loss and pit
depths for duplicate specimens of clean wrought 1018
steel exposed for 1000 hours to deaerated 10X simulated
basalt groundwater at 250 C.

Corrosion Rate(2)  Average Pit(b) Maximum Pit

Specimen Type Phase um/y Depth um Depth um
Gravimetric Vv 12.4 9.4 12
Gravimetric L 9.49 11 14
Crevice v 10.8 10 13
Crevice L 8.14 14 18

(a) Weight losses were converted to depths of penetration assuming uniform
attack and extrapolated linearly to give annual rates of penetration.

(b) For 5 deepest pits.
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Table 3.16 Corrosion rates calculated from weight loss and pit depths
for duplicate specimens of cast 1018 steel exposed for 1000
hours to deaerated 10X simulated basalt groundwater at

250 C.
Corrosion Rate(a)  Average Pit(b)  Maximum Pit
Specimen Type Phase um/y Depth um Depth um
Gravimetric v 3.07 9.4 11
Gravimetric L 8.52 12 16
Crevice v 11.1 15 27
Crevice L 9.44 16 22

(a) Weigh. losses were converted to depths of penetration assuming uniform
attack and extrapolated linearly to give annual rates of penetration.

(b) For 5 deepest pits.
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Table 3.17 Corrosion rates calculated from weight loss and pit
depths for specimens of wrought 1018 steel exposed for
1000 hours to deaerated 10X simulated basalt
groundwater at 250 C.

Corrosion Rate(a)  Average Pit(b)  Maximum Pit

Specimen Type Phase um/y Depth um Depth um
Gravimetric '] 8.36 5.6 10
Gravimetric L 7.35 8.6 10
Crevice v 11.9 12 15
Crevice L 8.42 9.8 12

(a) Weight losses were converted to depths of penetration assuming uniform
attack and extrapolated linearly to give annual rates of penetration.

(b) For 5 deepest pits.
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accurate, because i, Red/Ox values on platinum may differ significantly
from those on the corroding metal surface. In this system, the primary
reduction reaction under deaerated conditions is probably Hp0 reduction,
but in the presence of radiation, many other reducible species may be
generated.

Elecrochemical potentials of the cast steel and platinum also were measured
as a function of exposure time with respect to an external (25 C) Ag/AgC]
(0.1 M KC1) reference electrode. The measurement performed on the steel
specimen is referred to as the corrosion or open-circuit potential and is
indicated graphically in Figure 3.36 as Ecoppr for a metal corroding under
activation control.* The measurement per?ormed on the inert platinum
electrode indicates the E, value for the dominant reduction reaction (see
Figure 3.36). This value is sometimes referred to as the solution Eh. It
must be cautioned that there are many problems associated with the use of a_
platinum electrode to measure solution Eh, such as filming of the
electrode, but the measurement does provide an indication of the oxidizing
power of the solution.

To convert the potential values to the standard hydrogen electrode (SHE), a
correction must be made for the thermal junction potential and the standard
potential difference between the two electrodes. These corrections nearly
cancel each other out, and thus the Ag/AgCl (0.1 M KC1 at 25 C) reference
electrode is equal to +0.22 V (SHE) for the reference electrode at 25 C and
the test solution at 250 C.

Results of the measurements, given in Figure 3.37, show that the potentials
for the platinum were consistently more noble than those of the cast steel,
as anticipated, and the values for both materials exhidited a peak after
about 250 hours of exposure. The increase in potential over the first few
hundred hours of exposures is common in systems where film formation or
passivation occurs. It should be noted that deposits had formed on both
c'st steel and platinum electrodes during the exposure. It was thought
that the drop in the potential over the remainder of the exposure may have
been the result of dcgradation of the reference electrode, and accordingiy,
the potential of the electrode was planned to be measured with respect to a
saturated calomel electrode (SCE) at 25 C, following exposure, to determine
whetner or not degradation had occurred. Unfortunately, gas bubbles had
formed in the electrode upon depressurization and cooling, and a final
potential reading could not be made.

*Activation control refers to a condition wh~re the rate-limiting step for
the reaction is charge transfer across the metal-solution interface.
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Figure 3.36 Graphical representation of electrode kinetics for a
corroding metal where the oxidation and reduction
reactions are under activation control.
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3.2.2.3 Potentiodynamic Polarization Experiments

A matrix of potentiodynamic polarization experiments, which is similar
to the matrix of autoclave exposures, is being performed at 90 and

250 C. In this test procedure, the polarity and magnitude of the
current density flowing between a specimen of the material of interest
and an inert counter electrode is 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 electrode if two
conditions are met: (1) the electrochemical potential is sufficientiy
far 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 3.38. For the active-corrosion case, the
anodic curve is linear on an E-log i plot, and the forward and reverse
scans are coincident. The presence of a nose in the anodic portion of
the curve is generally indicative of the onset of passivation. The
passive current density is indicated in the figure. Generally, this
value decreases with decreasing potential scan rate and may be
negligibly small for a highly corrosion-resistant material. 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 service.

Preliminary tests were completed on specimens in four types of deaerated
basalt groundwaters at 90 C:

Basalt groundwater (1X)

10X concentration of basalt groundwater

1X basalt grourdwater containing crushed basalt

10X concentration of basalt groundwater containing crushed
basalt.

Results of the experiments are given in Figures 3.39 to 3.42 and Tables
3.18 and 3.19. Reproducibility of the data was quite good in general.
The most striking conclusion from the data is that the steel undergoes
passivation and is highly susceptible to localized forms of corrosion,
such as pitting, in these basaltic environments. The latter conclusion
is based on the large hysteresis observed between the forward and
reverse scans and the fact that the values for Eppqt were very close to
values for Ecorp for most of the test conditions. }t should also be
pointed out that gelatinous deposits formed on the surfaces of the
specimens during the tests and that severe localized attack occurred
beneath these deposits. .

In other findings, the presence of the basalt rock or the concentration

cf the groundwater did not have a consistent or large effect on
corrosion behavior. Qualitatively, this is consistent with the results
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Figure 3.38 Schematic of typical anodic potentiodynamic polarization curves

Ecorr = corrosion potential; Epitt = potential at which
pits initiate on forward scan; Eprot = potential at which pits
repassivate on reverse scan; ipeak = current density at active
peak; ipass = current density in passive range.
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A1l potentials measured with respect to SCE.
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in deaerated 1X basalt groundwater at 90 C with and without
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Table 3.18 Surwmary of results of potentiodynamic polarization
tests on clean cast 1018 steel in deaerated basalt

groundwater at 90 C and a scan rate of 0.6 V/hr.

Ecorr Epitt Eprot icorr ipeak ipass

Solution Vv (SCE) V (SCE) V (SCE) A/cm? A/cm? A/cm?
1X -0.86 -0.47 -0.€8 6.3 x 10-6 1.0 x 10-5 6.3 x 10-6
1X + Basalt -0.80 -0.66 -0.72 5.7 x 10-6 - -
10x -0.87 -0 €2 -0.72 6.3 x 10-6 8.8 x 10-6 3.3 x 10-6
10X + Basalt -0.92 -0.45 -0.75 7.2 x 10-6 1.1 x 10-5 3.9 x 106
Ecorr = corrosion potential.
Epitt = potential at which pits initiate on forward scan.
Eprot = potential at which pits repassivate on reverse scan.
icorr = Corrosion rate at the free-corrosion potential.
ipeak = current density at active peak.

current density in passive range.
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Table 3.19 Summary of results of potentiodynamic polarization tests
run on wrought 1018 steel in deaerated basalt ground-
water at 90 C and a scan rate of 0.6 V/hr.

Ecorr Epitt Eprot icorr ipeak ipass

Solution Vv (SCE) vV (SCE) V (SCE) A/cm? A/cm? A/cm?
1X -0.86 -0.48 -0.66 6.8 x 10-6 1.3 x 10-5 5.7 x 10-6
1X + Basalt -0.80 -0.53 -0.72 5.5 x 10-6 1.2 x 10-5 7.8 x 10-6
10x -0.90 -0.45 -0.69 5.5 x 10-6 7.8 x 10-6 3.5 x 10-6
10X + Basalt -0.91 -0.55 -0.70 6.3 x 10-6 1.0 x 10-5 3.1 x 10-6
Ecorr = corrosion potential.
Epitt = potential at which pits initiate on forward scan.
Eprot potential at which pits repassivate on reverse scan.
icorr = corrosion rate at the free-corrosion potential
ipeak = current density at active peak.

ipass

current density in passive range.



of the exposure studies. However, longer equilibration times between
the basalt rock and the groundwater at the test temperature may alter
the corrosion behavior.

Potentiodynamic-polarization data also are useful in assessing
materials' susceptibility to stress-corrosion cracking. The presence of
an active-passive transition in the potentiodynamic-polarization curves
is an indication that stress-corrosion cracking may occur. However, the
magnitudes of the peak current density and the active-to-passive
transition are small, indicating low susceptibilitv to stress-corrosion
cracking at 90 C.

3.2.2.4 Slow Strain Rate Tests

Slow strain rate tests were performed on cold-rolled 1018 carbon steel
specimens (obtained from a commercial supplier; in the standard basalt
groundwater at 90 C and a strain rate of 6x10-//sec. The weight percent
composition of the steel used in these tests is: carbon, 0.18;
manganese, 0.72; phosphorus, 0.0007; sulfur, 0.010.

The tests were performed over a potential range of -0.5 to -0.7 V (SCE)
which was selected on the basis of the results of the potentiodynamic-
polarization behavior. This potential ran?e lies in the region of the
active-passive transition in the anodic polarization curve, a potential
region where stress-corrosion cracking of carbon steel is observed in
all the cracking environments that have been studied electrochemically
(see Section 3.2.2.5). Results of the tests, which are given in

Table 3.20, show that the mechanical properties of the materials were
similar in the basalt environment and in the inert environments.
Moreover, optical examination of the specimens did not indicate any
evidence of susceptibility to stress-corrosion cracking. The small
values of elongation to failure were the result of the use of cold-
worked, rather than hot-worked, material. Use of this material had the
advantage that failure times were reasonably short, even though the
strain rate was quite low.

3.2.2.5 Literature Survey of Stress-Corrosion Cracking

A survey of the literature was performed on stress-corrosicn cracking
(SCC) of low-strength carbon steels in repository environments. This
survey has been submitted to NRC as a topical report.

It was found that SCC of low-strength carbon steels has been observed in

a number of environments. Some of the cracking agents identified for
carbon and low-alloy steels are:
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Table 3.20 Effect of electrochemical potential on the time to failure

and the mechanical properties of cold-rolled 1018 carbon
steel specimens in slow strain rate tests in 1X basalt
groundwater at 90 C at a strain rate of 6x10-//sec.

Potential Time to Failure, Percent
V(SCE) Hours Elongation
-0.50 26.2 4.21
-0.60 26.6 3.95
-0.70 28.5 5.29

0il at 90 C 26.2 4.75
Air at 25 C 24.0 4.31
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In all the environments in which electrochemical studies have been per-
formed, stress-corrosion cracking occurs over an electrochemical
potential range in which there is a critical balance between active and
passive behavior, which is reflected in the potentiodynamic-polarization
curves. This relationship between passivation and stress-corrosion
cracking js Xhe basis for the dissolution mechanism for stress-corrosion
cracking. 3.4) The essence of this mechanism is that the walls of the
crack are passivated while plastic deformation continually bares unfilmed
metal at the crack tip, which undergoes rapid dissolution. In this
mechanism, environmental parameters play a role in cracking through their
influence on the chemistry and electrochemistry of the system, whereas
physical and metallurgical parameters affect the mechanical response at
the crack tip as well as the electrochemical behavior of the material.

A detailed discussion of this mechgnism and additional supporting
evidence are given by Parkins.(3.4

The results of the mechanical-effects studies of stress-corrosion
cracking in these systems also are quite consistent with the above
mechanism. Stresses approaching the yield stress apparently are
necessary for SCC to initiate in most of the systems studied. This
behavior may simply reflect the necessity for siynificant plastic
deformation to occur in order for the cracking to initiate. Historically,
the utilization of this knowledge to 1imit SCC either by decreasing the
applied residual stresses or by increasing the yield stress of the mater-
ial have met with only limited success. Among the reasons for this is
tne detrimental effect of cyclic loading on threshold stresses for
cracking. Moreover, the presence of notches in a structure can cause
local stresses to exceed the yield stress, even when static nominal
stresses are considerably lower. Finally, altering the composition or
microstructure of an alloy to increase its yield stress may actually
increase the probability that cracking will occur because of detrimental
effects of the alteration on the electrochemical behavior of the material
or the increased likelihood of hydrogen embrittlement.

One desirable feature of the dissolution model for s.ress-corrosion
cracking is that it enables a rapid prediction of the potency of an
environment on the basis of electrochemical measurements. Possible
stress-corrosion cracking environments are those in which a pronounced
active-to-passive transition is observed in the potentio-dynamic
polarization curves or in current-time data. Actual cracking velocities
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also can be estimated on the basis of electrochemistry. Indeed,
Parkins(3.5) found a good correlation between the peak current densities
measured on relatively bare metal surfaces with measured cracking
velocities, as shown in Figure 3.43. The straight line in Figure 3.43
is calculated from Faraday's Law,

= igM
IFd

where

anodic current density
atomic weight

valency

Faraday'c constant
alloy density

a MmN I
U O T T

demonstrating the excellent correlation between the measured cracking
velocities and those predicted on the basis of the proposed mechanism.

Results of the preliminary electrochemical studies performed on a 1018
carbon steel in a basaltic groundwater su?gest that same slight
susceptibility to SCC may exist in the bulk enviromments. However, most
stress-corrosion cracking problems of technological importance occur in
systems where the bulk enviromment is relatively innocuous, but where
potent cracking enviromments develop locally, e.g., caustic cracking in
boilers and carbonate/bicarbonate cracking of pipeline steels. Thus,
one must examine the bulk enviromment to identify potential cracking
agents and also to examine possible mechanisms for concentration of
these agents.

Unfortunately, a number of potential cracking agents are present at low
concentrations in the candidate repository enviromments. These include
carbonates, hydroxides, phosphates, nitrates, chlorides, and oxygen.
Phosphates and nitrates may enter a repository by the intrusion of
?roundwater containing fertilizers, although it appears that cracking

nduced by phosphates is only significant at low temperatures.
Moreover, nitrate may be generated by radiolysis of N». To complicate
the problem further, species other than those current%y identified as
potential cracking agents also may promote cracking, because any species
capabie of pramoting passivation alao SS a candidate stress-corrosion
cracking agent. Koch and Thompson(3:6) recently performed a 1iterature
survey of inorganic ionic species that affect corrosion of iron and
iron-base alloys. A summary of their findings is given in -
Table 3.21. These data show that the cracking agents NO3~, C03%, PO4~,
and 1= are inhibitors of general corrosion of steels, as is well known.
Other general corrosion inhibitors of steels which are_present in
repositories include Mg** and Ca**, silicates, and BO3".
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Figure 3.43 Measured stress corrosion crack velocities and current
densities passed at a relatively bare surfacs for
ferritic steel in a variety of solutions(3.5),
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A number of potential concentrating mechanisms for the cracking agents
may operate in a waste repository. For example, during the thermal
period but prior to pressure buildup, boiling and resulting
concentration may occur at, or near, the waste package. Localized
corrosion is likely, and anions will migrate into pits and crevices to
maintain charge neutrality where hydrolysis occurs. Thermogalvanic
corrosion, which can occur where there are gradients in the skin
temperature of the overpack, separates the oxidation and reduction
reactions, resulting in acidification at the anodic sites and hydroxide
buildup at the cathodic sites.

One problem with relating concentration mechanisms to stress-corrosion
cracking susceptibility is in identifying upper limits for
concentration. Clearly, this would require extensive physical modeling
of the transport of the species. On the other hand, only limited data
are available in the literature concerning lower limits in concentration
for established cracking agents. Synergistic effects of the species
present in the groundwater also must be considered.

Finally, the relationship between radiation and SCC warrants further
amplification. In addition to the previously discussed effect of
generating potential crackirg agents, radiati?n ;lso will move the Eh of
the groundwater in the noble direction. Ford 3.7) in a review of the
stress-corrosion cracking of ferritic steels, overlaid the pH-potential
domains for SCC of ferritic steels in a number of environments on a
single Pourbaix diagram, as shown in Figure 3.44. These data show that
the cracking domain for phosphates, carbonates, and caustic lie along
the water or H* reduction line and the domains for the latter two
systems correspond with the region of stability of Fe304. Although data
on Eh values in repositories are limited and of quest?onable accuracy,
many repository environments are considered to be highly reducing, and
thus the radiati?n flelds may move the Eh values into these cracking
domains. Furuya 3.8) demonstrated a similar effect in studies of the
stress-corrosion cracking of sensitized Type 304 stainless steel.

This literature survey leads to the following conclusions:

. A number of potential cracking agents are present at low
concentrations in repository environments.

. Stress-corrosion cracking of mild steel is relatively unlikely
in bulk repository environments because of the low
concentrations of the cracking species.

= The most serious threat to the integrity of a carbon-steel
overpack with respect to stress-corrosion cracking is thrcigh
concentration of the cracking species.

. Potential concentrating mechanisms include heat transfer,
pitting, crevice corrosion, and thermogalvanic corrosion.
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Table 3.21 Summary of the effects of various ions on the
corrosion of iron-base alloys.

Anion Effect Cation Effect
c1- Accelerate Cu*2 Accelerate
Br- Accelerate Cu*? Inhibit
)= Accelerate Int*2 Accelerate
i Inhibit Ca*2 Inhibit
F- Accelerate Mg+2 Inhibit
504-2 Accelerate Fet2 Accelerate
S03-2 Accelerate Cr+3 Accelerate
€103~ Accelerate
103" Inhibit
Te0g~ Inhibit
Cr04'2 Inhibit
Crp07-2 Inhibit
NO3~ Inhibit
NO2~ Inhibit
Mn04 - Inhibit
103~ Inhibit
As02~ [nhibit
As0g~3 Inhibit
A504‘3 Decrease Strength
P0g-3 Inhibit
HPOg~2 Inhibit
HoP0g~ Inhibit
032 Inhibit
B40-2 Inhibit
8033 Inhibit
Mo04~2 Inhibit
W04-2 Inhibit
Silicate Inhibit
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. The influence of radiation fields on stress-corro.ion cracking
is not fully understood, but limited experimental data suggest
that one likely influence is in moving the free-corrosion
potential in the noble direction, which may increase the
probability of SCC.

. Another effect of radiation fields may be to generate cracking
agents such as nitrates.

B Stresses approaching the yield stress generally are required
for cracking to initiate, even where the cracking agents are
present at high concentrations.

These conclusions suggest a number of data needs. First, experimental
and modeling studies are needed to assess the likelihood of stress-
corrosion cracking of carbon steel in waste-repository environments.

For the cracking agents identified in waste repositories, lower limits
in concentration needed to promote cracking must be established. It is
important to establish these data under realistic conditions where
synergistic effects of other species present in the waste repository are
considered. These studies can be accomplished through electrochemical
screening of the environments, followed by selected stress-corrosion
tests. The slow strain rate test technique for stress-corrosion testing
is probably the most promising because it is an accelerated test and it
allows a rapid evaluation to be made. Where evidence of cracking
susceptibility is observed, it may be desirable to perform fracture-
mechanics tests to measure cracking velocities accurately.

Physical modeling of possible concentrating mechanisms needs to be
performed to more accurately assess the 1ikelihood that these proposed
mechanisms operate and to bound the upper limits of concentration for
each mechanism, Identifying and quantifying mechanisms where selective
concentration of a single or of a few species occurs are especially
important in relating the modeling to the laboratory studies. Finally,
the model should be verified through experimentation.

3.2.3 Future Work

External-corrosion studies during the third year will focus on stress-
corrosion cracking and pitting kinetics of cast and wrought low-carbon
steels in basaltic environments.

The objective of stress-corrosion cracking studies will be to identify
species and environmental conditions (such as electrochemical potential
and species concentration) which will promote stress-corrosion cracking
(SCC) of steels in basaltic repositories. Electrochemical screenin
tests will identify particularly deleterious species and concentrat?ons
of those species. Selection of species for study will be based on the
recently-completed SCC literature survey and on studies of radiolysis
and groundwater composition being conducted in the System Performance
Task of this project. Slow strain rate tests will be performed to
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confirm cracking under the most agaressive conditions. The planned
experiments have the advantage of generating a wealilh of electrochemical
data that will be useful in developing the general- and pitting-corrosion
correlations.

The objectives in the studies of pitting kinetics during the third year
will be to obtain experimental data for use in validating the current

model of pit-propagation kinetics and in understanding the relationship
between pitting kinetics and geometrical, environmental, and metallurgical
parameters. An e'actrochemical pitting-corrosion monitor will be developed
and tested for use in the autoclave, based on a design currently used at
Battelle's Columbus Lakoratories to study the pitting kinetics of natural
gas pipelines. Once developed, tested, and proven, the monitor will
provide information un the effects of the above-mentioned parameters on
pitting of carbon steels in repository environments.

3.3 Hydrogen Embrittiement of Cast-Steel Overpacks

Hydrogen embrittlement of steel overpacks is a significant concern with
regard to container integrity because of the high hydrogen fugacity that
could develop in a repository environment as a result of corrosion and/or
radiolytic reactions. The extent of hydrogen degradation of the proper-
ties of any steel that is exposed to hydrogen depends on numerous material
and envirgnmental factors. Material factors that influence hydrogen
embrittlement include alloy composition, microstructure, impurity segre-
gation, and yield strength. Other factors such as hydrogen fugacity,
temperature, the presence of stress concentrators or cracks, and the
plastic-deformation rate also play a majar role in hydrogen embrittlement.
The influence of many of these factors on hydrogen embrittlement of cast-
steel overpacks in high-level-waste containers is being studied in this
program.

Hydrogen embrittiement of steels has been studied for over 50 years.

The technical literature contains considerable information regarding
hydrogen- induced loss of ductility and fracture toughness (embrittlement)
in Tow-to-medium-strength wrought steels. In the area of cast steels,
early work by Sims and his co-workers at 3attelle identified steel-
industry proJrams with heavy castings as a hydrogen-enbrittlement
~henomenon(3:9). Other similar studies have been conducted since that
.ime; however, tnere has Leen no research effort toward understanding
embrittlement of cast cteels and the effects of material and environmental
factors on that embrittiement. Therefore, Battalie has undertaken an
investigation of hydrogen embrittlement of cust steel to develop an under-
standing of the effects of some material factors on «mbrittlement. In
additicn, in an effori tu make use of the information available in the
technical literature on hydrogen embrittlement of wrought steels, a
comparison of the embrittiement susceptibilities of cast and wrought
steels of identical chemical composition has been made.
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3.3.1 Materials

To determine whether cast-steel overpacks will be particularly sensitive
to hydrogen embrittlement and to identify the factors that contribute to
hydrogen-embrittlement susceptibility in cast steels, two carbon-steel
castings were prepared with nominal compositions that conform to ASTM
Standard A27-8la, “Specification for Mild- to Medium-Strength Carbon-
Steel Castings for General Application"; the compositions of the castings
also conform to ASTM Standard A216 Grade WCA, which is bein congidered
by DOE as a specification for a potential overpack material(3.10), The
castings were sand-cast with approximately 8-inch-square cross sections
in an attempt to simulate the slow cooling that is likely to be experi-
enced in casting an overpack.

The effect of casting cleanline._ with regard to metalloid impurity
content was studied by preparing the castings with two impurity levels
from a split heat: (1) "clean", which represents a high level of
cleanliness and (2) "doped", which represents more typical commercial
cleanliness levels, but actually was prepared by purposely adding sulfur
and phosphorus to one half of the clean-steel melt. The compositions of
the steels are summarized in Table 3.22, which includes for comparison
the specified compositions of the other cast steels mentioned above. To
provide a comparison with wrought-steel behavior, the castings were
sectioned longitudinally, and one half of each casting was hot-rolled
parallel to the pouring direction (8:1 reduction) to plate form; the
temperature of each plate during rolling was between approximately 900 C
and 1000 C. In addition, portions of the as-cast halves of the castings
were annealed by heating in argon to 900 C, holding at temperature for
two hours, and furnace-cooling to room temperature.

The microstructures of the clean and doped steels are shown in Figures
3.45 and 3.46, respectively. In those figures it can be seen that the
clean-steel casting had a feathery, Widmanstatten-1like microstructure,
whereas the doped-steel casting had a more equiaxed-grain microstruc-
ture. The difference in structure would suggest a higher cooling rate
for the clean steel. However, the heat records from the casting
operation indicated that the cooling rates of all the castings were
similar. Therefore, the solidification structure probably was affected
by the presence of impurities which may provide nucleation sites for the
formation and growth of equiaxed grains in the doped steel.

The micr . ctures of both steels consisted of ferrite (1ight
constituen. in Figures 3.45 and 3.46) and pearlite (dark constituent).
In the as-cast condition there was considerable difference in the
morphology of those microconstituents, as discussed above. After
annealing, the ferrite and pearlite grains were much finer than in the
as-cast condition. However, the differences in the ferrite/pearlite
morphology observed between the clean and doped steels as cast were
reflected in the annealed condition. In the clean steel, the pearlite
appearea to be "banded", but the bands were oriented randomly, unlike
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Table 3.22 Chemical compositions of steel castings and

specified compositions of ASTM standards.

Steel
Design- Content, weight percent
ation c Mn p S S Al Cu Ni Cr Mo v
Clean Steel 0.18 0.49 0.004 0.002 0.3C 0.10 0.006 0.002 0.007 0.000 0.000
Doped Steel 0.17 0.55 1.029 0.036 0.35 0.14 0.007 0.004 0.011 0.000 0.006
ASTM A27 0.25 max 0.75 max 0.05 max 0.06 max 0.80 max -- - - o o St
Grade U-60-30
ASTM A216 0.25 max 0.70 max 0.04 max 0.045 max 0.60 max -- 0.50 max* 0.50 max* 0.40 max* 0.25 max* 0.03 max*

Grade WCA

* The sum of the contents of these elements shall not exceed 1.00 weight percent, and those contents shall

satisfy the following:

Mn
Carbon equivalent = C + § +

Cr + Mo + V Ni + Cn

5 + 15 0.50.
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bands in a rolled-steel product. The pearlite in the doped steel was
more evenly distributed, having formed from the more equiaxed cast
structure. In the hot-rolled condition, the ferrite and pearlite
constituents were banded in the direction of rolling for both steels.

In addition to differences in the configuration of microstructural
constituents in the as-cast condition, there were significant
differences in inclusion content. The doped casting contained numerous
manganese sulfide inclusions that were aligned on as-cast grain
boundaries. Those inclusions are visible in Figure 3.46a. The
manganese sulfide and other inclusions that were present in the as-cast
doped steel were not affected by the annealing heat treatment. The
manganese sulfide inclusions stiil were s tuated on as-cast grain
boundaries and formed a nearly continuous fi'm on those boundaries, as
shown in Figure 3.46b. The clean-steel casting had very few of those
manganese sulfide inclusions. When the steels were hot-rolled, the
manganese sulfide inclusions were elongated in the rolling direction,
and the resulting microstructures exhibited little difference in
morphology of the inclusions apart from the number of inclusions
present. Both clean and doped castings also contained clusters of
alumina-type inclusions which were strung out during rolling. The
alumina-type inclusions appeared to be more prevalent in the doped
steel.

Sensitivity to hydrogen embrittiement was evaluated by conducting
tension and fracture-toughness tests in gaseous-hydrogen and inert
environments and measuring the extent of degradation cf properties by
hydrogen. Testing in gaseous hydrogen separated the effects of hydrogen
from corrosion effects, such as stress-corrosion cracking, that could
occur in prototypic repository environments. In addition, the content
of hydrogen absorbed as a result of corrosion reactions with basaltic
groundwater was measured; parallel studies are being conducted at
Brookhaven National Laboratory to determine the effect of radiolytic
reactions on hydrogen absorption.

3.3.2 Tension Tests

Smooth, cylindrical tension specimens with a 0.25-inch-diameter (0.635-
cm) gage section were machined from samples of the clean and doped
steels in the as-cast, annealed, and hot-rolled conditions. The axes of
the specimens were oriented longitudinally (i.e., parallel to the
direction of pouring or hot-rolling) or transversely (i.e., perpen-
dicular to the direction of pouring or hot-rolling). Duplicate tension
tests were conducted at room temperature in hydrogen and in nitrogen
(reference environment) at a pressuri of 1000 psig and at an
engineering-strain rate of 104 sec-l., Strength and ductility
properties were measured, and the fracture surfaces were examined in a
scanning-electron microscope (SEM) to determine whether hydrogen
affected the fracture mode.
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3.3.2.1 Effect of Hydrogen on Tensile Properties

Tables 3.23 and 3.24 present the tensile data for the cast and wrought
steels, respectively. Table 3.23 includes for comparison the specified
properties for ASTM A216 Grade WCA steel. The table shows that the
strengths of the steels as cast, annealed, and hot rolled were not
affected significantly by impurity content, specimen orientation, or
test environment. The average yield and ultimate tensile strengths for
each material condition in hydrogen and in nitrogen were:

Material Yield Strength, Ultimate Tensile
Condition ksi (MPa? Strength, ksi (MPa)
As ~1ist 22 (149) 50 (345)
Annealed 31 (215) 56 (398)
hot rolled 41 (284) 64 (442)

In the as-cast condition, the steels studied by Battelle did not meet
the strength requirements of the Grade WCA steel, although they did meet
the specification for chemical composition. However, annealing the
steels increased the strength to approximately the minimum specified
level. Heat treating to meet strength specifications is a common
practice in the casting industry.

The ductilities of the steels were influenced by many factors,
especially impurity content and environment. Figure 3.47 compares the
reduction in area for each material condition. For material in the as-
cast condition, considerable scatter in the ductility data was nbserved
for replicate specimens, presumably as a result of the inhomogeneity of
the castings and the small specimen size relative to the grain size. To
reduce the scatter in the data, the results in Figure 3.47 were obtained
by averaging the data for both orientations. Averaging may mask to some
extent the effect of structure (orientation) on ductility; however, the
variation with orientation was small compared with the effects of
processing and of impu-~ity content. For the clean steel, annealing
increased the ductility vhen tested in nitrogen over that for the as-
cast condition and decreased slightly the ductility loss when tested in
hydrogen. Hot rolling further increased the ductility when tested in
nitrogen and decreased the ductility loss when tested in hydrogen. The
doped steel exhibited considerably less ductility than did the clean
steel in either test environment, particularly in the as-cast and the
annealed conditions. The inherent ductility was so low for the doped
steel in those conditions that the effect of hydrogen on ductility was
minimal, as is illustrated in Figure 3.47. This low ductility was
related to the manganese sulfide inclusions that were on the as-cast
grain boundaries, as is discussed in the following section. No
beneficial effect on ductility by annealing was observed for the doped
steel. However, hot rolling provided some improvement in ductility.
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Table 3.23.

Tensile properties of cast steels.

Casting Yiela Percent  Reduction
and Test UTS, Strength, Elongation in Area,
Condition Environment ks i ksi in 1 inch percent
Longitudinal Orientation
Clean, as cast 1000 psig Np 48 19 23 31
1000 psig Hp 49 18 15 20
Clean, annealed 1000 psig N2 58 30 37 56
1000 psig Hp 59 31 36 59
Doped, as cast 1000 psig Np 51 24 26 36
1000 psig Hp 50 22 15 18
Doped, annealed 1000 psig Np 55 32 14 28
1000 psig Hp 56 32 13 23
Transverse Orientation
Clean, as cast 1000 psig Np 50 21 29 50
1000 psig Hp 51 22 28 41
Clean, annealed 1000 psig Np 58 30 39 67
1000 psig Hp 59 30 32 37
Doped, as cast 1000 psig Np 51 25 13 16
1000 psig Hp 50 22 15 20
Doped, annealed 1000 psig Np 58 32 17 20
1000 psig Hp 59 32 15 23
ASTM A216 Grade WCA - Unspecified Orientation
As cast ur
heat treated Laboratory Air 60-85 30 Min 24 Min 35 Min
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Table 3.24 Tensile properties of wrought steels.

Yield Percent  Reduction
Steel Test UTS, Strength, Elongation in Area,
Identification Environment ksi ksi in 1 inch percent
Longitudinal Orientation
Clean 1000 psig Np 63 42 39 66
1000 psig Hp 62 42 40 63
Doped 1000 psig N2 67 42 34 53
1000 psig Hp 67 43 34 40
Traisverse Orientation
Clean 1000 psig N2 64 41 41 63
1000 psig H2 62 39 35 48
Doped 1000 psig N2 65 39 39 63
1000 psig H2 65 a1 34 37
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Figure 3.47 Ductility of clean and doped steels tension tested
in 1000 psig hydrogen or nitrogen.
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3.3.2.2 Fractography of Tensile Specimens

Fracture surfaces were examined in the scanning electron microscope to
determine the dominant fracture mode for each material condition and
environment. For the clean steel, fracture was strongly influenced by
the hydrogen environment. In nitrogen, the as-cast clean steel
fractured by a combination of tearing (failure with limited ductility)
and some ductile dimpled rupture. In hydrogen, the clean steel failed
by tearing in some regions and cleavage (brittle fracture) in others.
Hydrogen also reduced local plastic deformation in the annealed clean
steel. Annealing caused the fracture behavior in nitrogen to change to
completely dimpled rupture, whereas the fracture mode in hydrogen
changed to dimpled rupture plus tearing. Figure 3.48 presents examples
of dimpled rupture, tearing, and cleavage in the clean steel. The
figure shows the extent to which localized plastic deformation was
reduced by hydrogen. This reduction was more pronounced in the as-cast
condition than in the annealed condition. The refinement of the grains
and redistribution of segregated impurities during annealing probably
account for the increased resistance of the annealed steel tu
degradation by hydrogen. The fractographic evidence shown in Figure
3.48 suggests that the inherent resistance to fracture of the clean
steel may be affected strongly by hydrogen as a result of reduced crack-
tip deformation; this was studied further with fracture-toughness tests
with precracked specimens, as is discussed in Section 3.3.3.

The doped steel in both the as-cast and annealed conditions fractured
primarily along as-cast grain boundaries by delamination at manganese
sulfide inclusions (i.e., separation at the matrix-inclusion
interfaces), as is shown in Figure 3.49. In addition, some tearing wa.
observed. The fractographic appearances of as-cast and annealed doped-
steel specimens tested in hydrogen and nitrogen were virtually
identical. Hydrogen apparently had little effect on the process of
delamination at manganese sulfide inclusions. It is not clear at this
time to what extent the effects observed with respect to the manganese
sulfide inclusions are representative of other cast steels with similar
compositions but with inclusions that are more uniformly distributed.

In the hot-rolled condition, the clean and doped steels fractured by
dimpled rupture, or microvoid coalescence, both in hydrogen and in
nitrogen. This behavicr is consi?tent with that of other wrought steels
reported widely in the literature(3.11), In the hot-rolled condition,
the doped steel was slightly more susceptible to hydrogen-induced
ductility losses than the clean steel. The dimples on the fracture
surfaces of the doped steel consisted of a mixture of fine (initiated at
carbide-ferrite interfaces) and coarse (initiated at MnS-matrix
interfaces) dimples, whereas the dimples in the clean steel were almost
uniformly fine.

3.3.3 Fracture-Toughness Tests

Fracture-toughness tests were conducted following ASTM Standard E813-81,
"Standard Test Method for Jic, a Measure of Fracture Toughness", using
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1-T (i.e., one-inch (2.54-cm) thick) compact-tension specimens. The
type of test described in ASTM Standard £8135-81 is the preferred method
for characterizing the crack-extension behavior of a ductile metal. The
information obtained from such testing provides an indication of the
work required to initiate a ductile crack (Jic, the energy-release rate
when the crack is formed) and the resistance of the meta? to subsequent
unstable plastic crack growth (T, the tearing modu]u? which is
proportional to the slope of the J-resistance curve) 3.12),

The as-cast and the annealed specimens were oriented so that cracks
would grow from the outer surface toward the interior of the casting;
that is, parallel to the columnar grains of the casting. This crack-
growth direction is representative of the type of cracking that is most
likely to cause a breach in the overpack. Wrought specimens were in the
T-L orientation, which results in crack growth parallel to the rolling
direction. Tests were conducted in 1000 psig hydrogen and, as an irert
reference environment, in 1000 psig nitrogen. Crack length was
monitored using a d.c. electric-potential-drop method so that J-
resistance curves could be developed from a single specimen.

3.3.3.1 Effects of Hydrogen on Fracture Toughness

The results of tests on the as-cast clean steel are presented in Figure
3.50. From that figure, the value of Jyc for each environment is deter-
mined by the intersection of the J-resistance curve for that environment
and the blunting line for the particular material. The blunting line is
an approximation of the apparent crack growth resulting from crack-tip
blunting, Aag, and is defined by the expression

AaB 32:0]‘0 "

where oo is the flow stress (given by the average of the yield strength
and the ultimate tensile strength). The tearing modulus T is given by
the following expression(3.12

E dJ

T=5 &

0o2 da

where E is Young's modulus and dJ/da is the slope of the J-resistance
curve. T is a non-dimensional material parameter. A horizontal J-
resistance curve (T=0) would indicate that the material is subject to
time-dependent crack growth under a sustained load. This phenomenon,
also referred to as delayed failure, is one of the more serious concerns
with regard to overpack failure by hydrogen embrittiement.

The data in Figure 3.50 indicate a moderate reduction in fracture tough-
ness by hydrogen for the as-cast clean steel. Jic was reduced from
approximately 575 psi-inch (0.105 MN/m) in nitrogen to approximately 420
psi-inch (0.076 MN/m) in hydrogen. In an earlier report it was observed
that hydrogen reduced the tearing modulus of the steel by approximately
50 percent; however, during a Quality-Assurance review of that data, an
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error in the crack-length data for hydrogen that caused this apparent
reduction was detected. Actually, hydrogen did not significantly influ-
ence the tearing modulus, as is shown in Figure 3.50 and as has been
observed in previous studies at Battelle. However, for the annealed
specimens a substantial reduction in the tearing modulus was observed.
Table 3.25 summarizes the Jic and tearing modulus data for the as-cast
clean steel and the other material conditions, and includes for compar-
ison data from an earlier Battelle study on a low-strength pipe steel.

As Table 3.25 shows, hydrogen reduced the fracture toughness, Jic, for
all material conditions except the annealed clean steel. For that
material, Jic was extremely low in both nitrogen and hydrogen. The fact
that Jic was higher in hydrogen than in nitrogen may have been a result
of scatter in a low-toughness material. However, it is believed that
the annealed clean steel should have toughness at least as high as that
of the annealed doped steel, and that the low toughness was an experi-
mental artifact. An additional test in nitrogen will be conducted to
verify this possibility. Another inconsistency in Table 3.25 is with
the effect of hydrogen on the tearing modulus of the as-cast doped
steel. The data in the table suggest that exposure to hydrogen caused
the tearing modulus to double, an effect that clearly is unrealistic,
and this suggests a testing-related source for the inconsistency. Those
experiments also will be repeated.

The effects of hydrogen shown in Table 3.25 are summarized below:

Steel Percentage Reduction Due to Hydrogen

Condition Jic T

Clean; As cast 27 -7
Clean; Annealed* -225 51
Clean; Wrought 95 27
Doped; As cast* 65 -64
Doped; Annealed 88 80
Doped; Wrought 58 -9
X42 Pipe Steel 64 14

* Verification tests to be conducted.

The fracture toughness, Jic, was in most cases reduced substantially by
hydrogen. The exceptions are the clean steel in the as-cast condition,
which exhibited a modest reduction in Jy¢, and the clean steel in the
annealed condition, in which the measured Jic in the reference environ-
ment was extremely low and must be verified. The results overal)
suggest that castings with low imurity contents will be relatively
resistant to embrittlement. In fact, based on comparisons between the
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steels in the as-cast and wrought conditions, castings with low impurity
content should be more resistant to embrittlement than are their wrought
counterparts. The rather surprising result for the wrought clean
steel--a very large reduction in Ji¢ in hydrogen--was verified by
repeating the tests on the wrought-steel specimens. There appear to be
no distinct correlations in the present work between data for the
wrought and the cast steel that would allow other hydrogen-embrittlement
data in the literature for wrought steels to be utilized directly.

The effect of hydrogen on the tearing modulus was expected to be small,
based on an earlier hydrogen-embrittlement study on low-strength pipe
steel (data supplied in Table 3.25). Tearing-modulus data have not been
catalogued widely, and therefore the implications of a specific percent-
age reduction in T are not known at present. Thus, the tearing modulus
was viewed as a relatively coarse measure of hydrogen-embrittlement
sensitivity, with differences on the order of 20 percent to be
considered insignificant. Thus, the tearing-modulus values for most of
the steels were not affected significantly by hydrogen; the exceptions
were the doped, as-cast steel, for which additional tests must be
conducted because of the apparent increase in T in hydrogen, and the
annealed steels. Surprisingly, the annealed steels exhibited large
reductions in T when tested in hydrogen. A large reduction in T may
indicate that the material will be susceptible to delayed failure in a
hydrogen or hydrogen-bearing environment. Although the annealed clean
steel must be retested in nitrogen to verify the low toughness in that
reference environment, the tentative indication is that, at least for
steels with impurity levels typical of current commercial practice, the
thermal history of the casting may be very important. Microstructural
changes and/or repartitioning of impurities during welding or with long-
term exposure to low-level heat from the waste form may dramatically
reduce the resistance of the steel to hydrogen embrittlement.

3.3.3.2 Fractography of Fracture-Toughness Specimens

The fracture surfaces of the as-cast and the wrought fracture-toughness
specimens in the region of steady crack growth were examined in the
scanning-electron microscope. Those fracture surfaces were similar to
the fracture surfaces of the tensile specimens made from the same
material and tested in the same environment. The exceptions were the
as-cast clean steel tested in nitrogen and the wrought clean steel
tested in hydrogen. In both cases, the fracture surface in the region
of steady crack growth exhibited an appreciable proportion of cleavage
fracture which was not observed or the fracture surfaces of the
corresponding tensile specimens. The annealed specimens are currently
being examined fractographically for evidence of the reason for the
reduced tearing modulus in hydrogen.
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3.3.4 Hydrogen Absorption During Corrosion Reactions

Because hydrogen may be absorbed by the cast steel during corrosion
reactions with groundwater, hydrogen-absorption determinations were made
on as-cast and wrought specimens exposed to simulated basaltic ground-
water at 250 C to determine whether significant concentrations of hydro-
gen could be developed in cast-steel overpacks. In addition, some
specimens were exposed to more concentrated basaltic groundwater
containing ten times the nominal concentrations of the various

components, as described in Section 3.2.2. Coupons 1/4-inch (0.635 cm)

in diameter by 1 inch (2.54 cm) long were machined from both the clean
and the doped steels. The coupons were exposed to the simulated basaltic
groundwater environment under stagnant conditions for 500 to 2,000 hours.
Some of the as-cast coupons were thermally outgassed under vacuum for 24
hours at 250 C prior to insertion in the autoclave to remove any diffusible
hydrogen that might be present. After removal from the autoclave, the
coupons were stored in liquid nitrogen to retain the hydrogen until they
could be analyzed. Prior to analysis, the surfaces of the coupons were
abraded with a file to remove oxide or other corrosion products that
might influence the results of the analysis. The hydrogen contents of

the coupons were determined using an Ithac-01 Hydrogen Determinator.

The hydrogen was extracted from each coupon by an inert-gas-fusion method,
and the amount present was determined by the change in thermal conductivity
of the carrier gas; the sensitivity of the unit is 0.01 ppm hydrogen.

Table 3.26 presents the results of the hydrogen analyses. Three coupons
were evaluated for each material condition. In addition, at least three
coupons that were not exposed to the basaltic environment wer : analyzed
to determine the initial hydrogen contents. The hydrogen concentration
due to exposure was determined from the difference between those two
values.

The data in Table 3.26 exhibit wide scatter for replicate conditions.
This scatter is particularly evident for the unexposed clean steel in
the as-cast condition, which contained considerable dissolved hydrogen,
the content of which varied widely from one location in the casting to
another (from 0.32 to 3.39 ppm). Thermal outgassing did not reduce the
hydrogen content of the as-cast clean steel; in fact, the average hydro-
gen content of outgassed specimens was more than twice that of specimens
that were not outgassed. This indicates that most of the pre-existing
hydrogen probably was nondiffusible, i.e., in the form of gaseous hydro-
gen in pores or at internal interfaces. Specimen-to-specimen variations
in the initial hydrogen content of the clean steel may then be related
to variations in porosity or interface content, although such a corre-
lation was not attempted.

Hot rolling eliminated virtually all the pre-ex:sting hydrogen in the
clean steel. The doped steel contained very little hydrogen in the as-
cast condition (less than 0.1 ppm average) and exhibited little scatter
in initial hydrogen content. However, after exposure to the simulated
basaltic groundwater, both the clean and doped steels in the as-cast
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Table 3.26 Hydrogen absorbed during exposure to simulated
basalt groundwater

ogen Average
Content Content
Thermally of Exposed of Unexposed Concentration
Outgassed Spec imens, ppm Specimens, ppm Absorbed Ouring
Before 1 ight Exposure, ppm
Material Exposure(d) ange age IUTE Eﬁan by weight
| r inal t
Clean Steel
As cast Yes 3.29-5.74 4.65 2.78-5.73 4.43 0.22
As cast No 3.92-4.99 4.43 0.32-3.39 1.98 2.45
Wrought No 0.34-0.5% 0.42 0.00-0.00 0.00 0.42
Doped Steel
As cast Yes 0.56-2.89 1.86 0.00-0.06 0.02 1.84
wWrought NO 0.00-0.17 0.09 0.00-0.09 0.02 0.07
100-Hour sure (Nomina) Gro t it
Clean Stee!
As cast No 0.88-1.20 0.99  0.32-3.39 1.98 -0.99(b)
Wrought No 0.21-0.42 C.31 0.00-0.00 0.00 0.31
Doped Stee!
As cast No 0.34-0.60 0.49 0.00-0.32 Q.07 0.42
wWrought No 0.28-0.39 0.34 0.00-0.09 0.02 0.32
950~ X, re inal ater iti
lean Steel
As cast No 6.49-7.10 6.69 0.32-3.39 1.98 4.71
As cast Yes 4.48-6.80 5.67 2.78-5.73 4.43 1.24
Doped Stee)
As cast Yes 1.04-3.56 .81 0.00-0.0% 0.02 2.59
1,000-Hour yre (10X Nominal ter iti
Clean Stee)
As cast No 0.81-2.29 1.42  0.32-3.39 1.9 -0.56(b)
Doped Steel
As cast No 0.00-0.44 0.20 0.00-0.33 0.07 0.20

(a) Thermal outgassing was performed by heating to 250 C in a vacuum for

24 hours to Wrive off diffusible hydrogen.
(b) Probably an anomaly resulting from the wide specimen-to-specimen

variation in initial hydrogen content.
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condition exhibited considerable scatter in hydrogen content. The
magnitude of the scatter was comparable for both steels, as illustrated
in Figure 3.51; since thermal outgassing apparently had no effect on
initial hydrogen content, data for outgassed specimens were not
differentiated from data for sgecimens that were not outgassed. For
either steel in Figure 3.51, the hydrogen content did not iicrease with
greater exposure time over the level achieved with 550 hours' exposure,
suggesting that an "equilibrium" level of hydrogen was reached within
550 hours.

The scatter in the data for the doped steel after exposure to the
basaltic groundwater, compared with the reproducibility of the data for
unexposed doped-steel specimens, indicates that the scatter in hydrogen
contents results primarily from specimen-to-specimen variability in
reactions with the groundwater or in absorgtion of hydrogen produced by
those reactions. However, since concentrating the groundwater
composition to ten times the nominal composition had little, if any,
effect on hydrogen absorption, the variability of reaction was probably
related to the specimens rather than the environment. The corrosion
data, discussed in Section 3.2, diu not exhibit much specimen-to-
specimen variability. Therefore, the scatter observed in the hydrogen-
absorption determinations probably arose from variations in the
absorption of hydrogen that was generated by the corrosion reactions,
and may be related to differences in the surface chemistries of the
specimens.

The scatter in the hydrogen-absorption data causes difficulty in evalu-
ating the effect of corrosion reactions with groundwater on hydrogen
absorption by cast-steel overpacks. It appears, however, that the
steels absorbed approximately 3 ppm or less hydrogen in the as-cast
condition and approximately 0.5 ppm or less hydrogen in the wrought
condition. Therefore, cast-steel overpacks might be expected to absorb
several times more hydrogen from groundwater corrosion reactions than
would their wrought-steel counterparts. However, in either case the
concentration of hydrogen atsorbed was not particularly high in
comparison with that which could be obtained with cathodic charging
methods (by which hydrogen contents of 5 to 10 ppm usually can be
generated), so that testing of cathodically charged specimens would not
be representative of anticipated repository conditions. Therefore,
future hydrogen-embrittlement studies will involve tests conducted in
high-pressure hydrogen. This should provide a realistic assessment of
embrittlement characteristics in a repository for two reasons: (1)
hydro?en pressures of approximately 1000 to 2000 psi as a result of
radiolytic reaction; have ueen estimated for a sealed repository, and
(2) the absorption of up to approximately 3 ppm of hydrogen from
corrosion reactions should have little impact on the embrittlement
observed in gaseous h{drggsn because the solubility of hydrogen at 1000
psi is 0.5 to 1.0 ppm(3. in a-iron (ferrite), and presumably would be
higher in steel. Any direct influence of the groundwater on the
integrity of the overpack should be observed in slow strain rate tests
in the corrosion studies.
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Figure 3.51 Hydrogen absorbed during exposure to simulated basaltic
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3.3.5 Future Work

The results of the tests with the as-cast clean steel suggest that cast-
steel overpacks can be made that are resistant to hydrogen embrittle-
ment. However, the data for the annealed steel indicate that therma)
history can adversely affect resistance to embrittlement. Therefore,
further studies will be conducted to determine the effects on resistance
to embrittlement of heating from welding and from long-term exposure to
the waste form after emplacement in the repository. These studies will
be conducted in coordination with the investigation being conducted by
Manufacturing Sciences Corporation on the effects of welding and heating
by the waste form on the microstructure of overpack steels. In addi-
tion, because DOE may choose to specify a pure-iron overpack, tests will
be conducted on a relatively pure iron. This iron is being provided by
the Armco Stainless Steel Division, and it will have a chemical composi-
tion that Armco believes can be produced in large quantities at rela-
tively low cost.

3.4 Corrosion Correlations

Efforts in developing the general-corrosion correlation include several
ongoing refinements in the correlation's treatment of convective trans-
port ancd potential gradients, temperature gradients, and coupling phe-
nomena. Some sample calculations have been performed with the general-
corrosion correlation, and the results were compared to data from the
literature. Work on the pitting-corrosion correlation focused on the
kinetics of pit initiation and propagation.

3.4.1 General-Corrosion Correlation

Presented here is a summary of the general-corrosion correlation.
Although usable in its present form, it is still under intensive
development. As a result, the descriptions of the current implementa-
tion of the correlation should be considered as a "snapshot" of its
present state rather than as a statement of its ultimate form.

This description falls into five sections. First, the general mathe-
matical formalism is described. Second, some recent refinements of the
general-corrosion correlation are discussed. The third section deals
with the possible experimental verification of the correlation. In the
fourth section, the numerical methods appropriate to the general-
corrosion problem are briefly presented. Finally, a few sample results
are given to demonstrate the current capabilities of the general-
corrosion correlation.

3.4.1.1 Mathematical Formalism
The foundation of the mathematical correlation is a set of mass trans-

port equations which can be used to compute the fluxes of corrosive
species to the container surface, taking into account the fact that
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certain corrosive species may be generated by radiolysis within the
backfill, i.e.,

Y " " -
H20 + 02, 02, H*, Hz02, HO2, H2, OH-, eaqs H, ...
and consumed by chemical reaction, e.g.,

Hp + 1/2 0p + H0
H202 + H20 + 1/2 02
H + Ha0 + e3q + Hy + OH™

If chemical diffusion is the only mode of transport, then the concentra-
tion of the ith species, Cj(r,t), at radial position r from the center
of the container (assuming an axially symmetric system, and neglecting
end effects) and at time t, is described by a second-order partial
differential equation of the form

aC D aC aC
i ¥ z i i
ek (5— "Ci) Nk (‘a'r) - Ek:(“ar

j production

) (3.1)
consumption

where Dj is the diffusivity of the ith species within the groundwater
and £ is the local tortuosity of the pores in the backfill or host rock.
In general, Dj will be & Function of the local temperature and  will be
a function of position.

The set of differential equations for the Ci(r,t) must be solved,

subject to appropriate boundary conditions, and the solution can then be
used to compute the cathodic current, Ic, as

3
o= D o0 F ('5?'1) ¢ur L

J
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where nj is the number of electrons involved with the reduction of
species j at the container/liquid interface, r = ro, F is the Faraday
constant, and the summation over j is taken over all electroactive
species (i.e., those that can corrode the container). The boundary con-
ditions that must be used to solve the set of equations represented by
Equation 3.1 also include an explicit function for the kinetics of the
corrosion reaction itself; in the original formulation of the general-
corrosion model, this was expressed as

Ic = =13 = -(naFp/M)(dL/dt)

where I3 is the anodic current, ny is the number of electrons involved
in the anodic reaction, p and M are the density and average atomic
weight of the metal, and dL/dt is the rate of penetration into the con-
tainer. For passive corrosion (that is, for the growth of a coherent
oxide film on the surface) we assumed that th? thlgkness of the film
could be computed from the point-defect modell3.14) ag

dL/dt = A(B - 1)/[exp (2KL) - 1] £3.3)

where K = Fe/(RT), with € being the electric field within the film (a
constant, ~10° V/cm), A and B are constants which depend upon the redox
potential at the container/backfill interface, R is the gas constant,
and T is the absolute temperature. Equation 2.3 reduces to the familiar
logarithmic growth law

L=<In[2kA (B - 1)] + In t}/(2K)

for films of thickness greater than a few tens of angstroms.

Because A and B are potential-dependent parameters, it is necessary to
compute the redox potential at the container surface. This can be
accompl}shg? using the mixed potential model developed by Macdonald

et al,(3:15) which utilizes the concentrations for the electroactive
species (principally 0z and Hp) computed from Equation 3.1. Thus, it is
evident that the problem presented in solving Equation 3.1, subject to
the appropriate boundary conditions, will require the use of numerica)
iterative techniques in which the iterations will be required to con-
verge on the redox potential at the container/backfill interface.

3.4.1.2 Refinements of the General-Corrosion Correlation
During recent months, it has become apparent that certain refinements of

the general-corrosion correlation are necessary in order that it may be
used to describe accurately the physical behavior of a container
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situated in a repository. These efforts are in progress, so that only
brief details are provided in this report. The refinements themselves
deal with convective transport and potential gradients, temperature
gradients, and coupling phenomena.

3.4.1.2.1 Convective Transport and Potential Gradients

It is well recognized that some flow of water will occur through the
backfill. Accordingly, Equation 3.1 will be modified to take into
account convective transport of corrosive species to the container
surface. In addition, because of the existence of a temperature
gradient in the region outside the container wall, a gradient of elec-
trical potential will also exist and may indeed have an important effect
on the transport of charged species therein. Hence, Equation 3.1 must
be generalized to

a_ci_=(aci . aci) *(“i) o (3.4)
ot at / 0/C it It

convection pot. grad.

the first term on the right-hand side of Equation 3.4 representing the
entire right-hand side of Etquation 3.1. The effect of fiuid flow may be
readily handled Qy specifying an average mass-flow rate of water through
the backfill, whereas the effect of the potential gradient will require
some knowledge of the phenomenon of thermal diffusion.

Recent work by Macdonald et al,(3:15) as well as work by the same
authors which has not yet been published, has shown that, for a number
of electrolytes (including LiC1, NaCl, KC1, RbC1, and CsCl1), the varia-
tion of potential, ¢, with temperature T in degrees Kelvin, can be
expressed in the form
2 3

¢ = A (AT) + A, (AT)" + Aq (AT)

AT = T - 298.15 K
in which the coefficients (A],A2,A3) are independent of concentration

and are only weakly dependent on the identity of the cation. Thus, the
variation of electrical potential with distance is readily expressed as

3¢ _ 3¢ aT
AR R
where (3T/3r) is the local temperature gradient.

3-109



Because a temperature gradient (and hence a potential gradient) exists
at the container surface, the flux expressed by Equation 3.2 must be
appropriately modified to account for this fact.

3.4.1.2.2 Temperature Gradients

Since the rate of transport of chemical species depends upon the local
temperature field, it is important that the temperature function,
T(r,t), for the groundwater outside the container be known. For this
purpose, we shall either use existing temperature data or generate such
data using available computer codes.

3.4.1.2.3 Coupling Phenomena

Because heat flow and mass flow take place simultaneously within the
backfill, an alternative approach to describing the transport of aggres-
sive species to the container surface is to use the formulations of
irreversible thermodynamics, in which coupling between heat flux and
mass flux is accounted for by the familiar phenomenological equations of
Onsager. Minimum effort is being expended on this approach at this
time, since we believe that the direct soluticn of the convective diffu-
sion equations is preferable; however, we will hold this option open,
subject to future developments.

3.4.1.3 Possible txperimental Verification of the Correlation

Two crucial aspects of the general-corrosion correlation being developed
in this program are the generation of corrosive (electroactive) species
in the backfill due to radiolysis of water, and the establishment of an
electrical-potential gradient normal to the container surface due to the
temperature gradient. The latter phenomenon results in thermal diffu-
sion wnich may enhance or cppose the transport of corrosive species,
depending upon the properties of the system. Radiolysis is important,
not only because it generates corrosive species, but also because it
almost certainly establishes the redox potential at the container/
backfill interface and hence determines the driving force for various
forms of corrosion. We believe that these two phenomena are subject to
direct experimental observation which would provide direct tests of the
validity of the model. A brief outline of an experimental pr?grig
designed to accomplish this task has been presented elsewhere!~: ).

3.4.1.4 Numerical Met'.ods

The model for general corrosion requires the solution of partial differ-
ential equations (PDEs). In the case of temperature, one must solve the
heat equation subject to given initial and boundary conditions. In the
case of concentrations, one must again solve the heat equation, although
the probiem is stated in terms of diffusion and modified by the addition
of production and consumption terms for the radiolytic species. We
solve the PDEs or a grid, i.e., the instantaneous temperature and con-
centration profiles are described by the values of temperature and
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concentration at a discrete set of positions corresponding to a certain
instant of time. This profile is used to calculate a new profile for a
later instant of time.

The qualitative behavior of a second-order PDE is determined by the
coefficients of the second derivatives. Second-order PDEs are fre-
quently classified as elliptic, parabolic, or hyperbolic solely on the
basis of the these coefficients. Both the heat equation and the PDEs
for the general-corrosion problem are parabolic, so similar methods
apply to both., Accordingly, the discussion below is written as if the
problem in question were the standard one-dimensional heat equation
(which is written below for a thermal diffusivity of unity)

(32u> - (it.‘_) s
), G,

even though the actual PDEs to be solved are different due to non-
constant diffusivity, the cylindrical geometry, and, in the case of the
concentration PDE, the existence of production and consumption terms.

In order to solve the heat equation, it is necessary to evaluate both
time and space derivatives. Time derivatives pose no particular problem
since they are obtained from explicit expressions such as Equation 3.1.
Space derivatives may be evaluated using one of a variety of formulas
derived from the theory of interpolation. We presently use the central
difference approximations

+th,t) - -h,t 2

and

2
2% . u(x+h,t) - 2u(x,t) + 4(x=h,t) 2
(axz,)t(x’t) he K

where h is the distance corresponding to one step of the space grid and
O(hz) denotes terms of order hé, These approximations provide modest
accuracy but exceptional ease of use with boundary conditions. For all
points x in the interior of the region over which the PDE is to be
solved, x + h and x - h are either also in the interior ur on the
boundary. If more advanced approximations were to be used, special
treatments would be necessary for points near the boundaries.

By solving the heat equation on a grid of points, the PDE is converted
to a system of ordinary differential equations (ODEs). The sim?leit
method for solving the ODEs is to apply the Euler-Cauchy method(3.17) at
each point independently:
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u{x,t*k) = u(x,t) + k (%% (x,t)
CTER

where k 15 the size of the time step., This melhod is certainly simple,
but it provides accuracy of only O(k). An additional difficulty with
this method is that it {s uastabie for k/h< > 0.5.

A better aggsoach to this problem i }o gs$ the Crark-Nicholson
method. (3. The trapezoidal method(3.19) for sclving an ODE is used
with this method, i.e.,

ctek) = u(e) o 3 ()« G ()

The trapezoidal method provides accuracy of 0(k2), and more importantly,
it is stable for all values of k. wNote that tais is an impliicit method;
it is necessary to know the new va2lue u(t + k) in order to calculate
(du/at) (t + k) so that u(t + k) can be calculated. In addition, use of
the Crank-Nicholson method couples the ODEs for all points into a system
of ODEs. In the case of the heat equation, this causes no particular
difficulty. The implicit equations result in a tridiagonal system of
linear eguations which may be solved very easily. However, the Crank-
Nicholson method is more difficult to apply to the general-corrosion
problem, for two reacons. First, chemical reactions such as those
listed in Section 3.4.1.1 cause difficuities. If several radiolytic
species are considered, there will be an ODE for each species at each
point. Reactions among the various species result in coupling of the
concentration ODEs for a given point. The coupling of the ODEs results
in a much larger Tinear systen. Rather than a tridiagonal system with
rank m, where m is the number of pcintis at which the PDE is to be
solved, one has & band diagonal systum with baniwidth 2n + 1, where n is
the number of coupled species, and rank nm, where m is the number of
grid points. This resuits ir a greatly increased computational load.
Second, the approach described itove for the Crank-Nicholson method is
applicable only to linear °)Es, and the kinetics of the chemical reac-
tions may not be linear. These difficuities may be overcome by using an
iterative predictor-corractor technique, and we may use such a technique
in the future.

At present, we are using a Runge-Kutta technique with accuracy of 0(k%).
This method provides good accuracy, and since it is an explicit method,
it has the advantage that the ODEs do not couple. However, it also
siiares with other explicit methods the disadvantage that it is unstable
for large step sizes. The time derivatives are caiculated four times
for each step:
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z]1 = k fit,u)
272 =k f(t + k/2, u + 21/2)
z3 = k f(t + k/2, u + 22/2) "
z4 = k f(t + k, u + 23)
u?t + k) =u(t) + (21 + 22p + 223 + 24)/6
where
du _ .
a't‘ f(t.U)

3.4.1.5 Results of Sample Calculations

Rather than attack the full general problem described in Section
3.4.1.1, we have chosen to start our study by treating only a portion of
this problem. We have written computer codes in such a way that it will
be straightforward to generalize them. This approach maximizes the
effectiveness of our programming effort and allows us to study the qual-
itative features of the model before attempting to solve actual corro-
sion problems. On the other hand, it must be understood that the cal-
culations presented here describe the qualitative response of the
corrosion model to variations of some of the parameters. The results
given here are not a quantitative assessment of general-corrosion
kinetics.

For our initial calculations we made a number of assumptions. Some of
these may not correspond to reality, but they are appropriate for
testing a program. Note that these assumptions are described in terms
of dimensionless variables, so units may not always appear to conform to
customary usage.

3.4.1.5.1 Heat-Transfer Calculations

As an initial test of the program, we studied the heat-transfer problem
only. The problem was described in terms of dimensionless parameters.
For these calculations, thermal diffusivity was assumed to be constant,
although the program allows non-constant diffusivities. The value
chosen for the thermal diffusivity was 1.

is time and r is radial position in waste package radii. One unit of
time is the square of the waste-package radius divided by the thermal
diffusivity.

The region of integration of the PDE was 0 <t <1, 1 < r < 5, where t

The time step was chosen as 0.005, and the radius step as 0.1.

The initial temperature T was taken to be

T(r=1,t=0) =1
T(le<r<b5, t=0)=0.
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The boundary conditions were taken to be

= exp (-t/1)
=0

where 1 is the characteristic decay time for the temperature at the
surface of the waste package.

The description of the system in terms of dimensionless variables may
appear to be cryptic, but it allows one to describe the system in terms
of a minimum number of variables. In this case, the heat-transfer
problem is reduced to a single parameter, t, which compares the rate at
which the waste package cools to the rate at which heat diffuses.

In Figures 3.52-3.54 we show temperature profiles for various times and
for t= 0.1, 1.0, and 10. Except near t = 1, diffusion of heat away
from the waste package is sufficiently slow that the fixed temperature
at the outer boundary will have a negligible effect on the calculations.
For significantly longer times, a larger radius for the outer boundary
would be desirable.

Close examination of Figure 3.52 shows that is is possible to choose t
so that it does not describe a physical waste package. Between t = 0.1
and t = 0.2, the temperature gradient at r = 1 changes from negative to
positive. This is correct for the boundary conditions that were speci-
fied, but it implies that, at short times, heat flows out of the waste
package, whereas at longer times, heat flows from the surroundings into
the package. It is conjectured that this will occur at sufficiently
long times for any value of t > 0. In future work, we may use a
different boundary condition at the inner boundary.

3.4.1.5.2 Mass-Transport Calculations

As a second test of the program, we solved the PDE for the concentration
of a radiolytic species as a function of time and position. The program
is capable of solving the coupled temperature and concentration PDEs,
but the coupled PDEs have not yet been studied systematically. To
eliminate the effects of heat conduction, we chose the initial and
boundary conditions as

T(l<r <5 t=0)=T(r=1,t>0)=T(r=5,¢t5>0) =k

where k is a constant. Integration of the temperature PDE produced a
constant function, as expected.

The region of integration was the same as for the temperature problems,
l<r<b5, 0<t<l., Time and radius step sizes were also unchanged.
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Figure 3.52. Temperature profiles near waste package,
calculated with t= 0.1.
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The intensity, I, of the gamma field was assumed to be
I (r,t) = exp(-t) exp[-e(r-1)]/r

where € is the linear absorption coefficient.

A single radiolytic species was considered, nominally 02. The rate of
production of 0p was assumed Lo be Ig. where g is a dimensionless
"g-value".

The diffusivity of Up was assumed to be 1. Tortuosity effects were
eliminated by setting tortuosity to 1, independent of position.

The rate of recombination of 0p with (unspecified) species was set to
zero.

The initial and boundary conditions were set as follows:

c(r=1,t >0) =0

c(l <r <5,t=0)=c(r=5¢t>0) =1

where c is the concentration of 0p. These initia! and boundary condi-
tions were chosen because they are appropriate for a maximum-rate calcu-
lation. The concentration of 02 on the outer boundary and the initial
concentration of 0z away from the waste package are set to the back-
ground concentration of 02 in the groundwater. By setting the concen-
tration of 0p at the surface of the package to zero, one can calculate
the maximum rate of oxidation of the container, limited by diffusivity
rather than by growth kinetics of an oxide layer.

In Figure 3.55 we show the concentration profiles for 0y at various
times, calculated with € =1 and g = 1. For this choice of parameters,
radiolytic production of 0p is so small that the maximum concentration
is just slightly above 1. The 07 behavior is dominated by diffusion to
the waste package.

To obtain the results shown in Figure 3.56, we left ¢ = 1 but increased
the rate of radiolysis by setting g = 10. In this case, significant
accumulation of 0p results, reaching a maximum concentration of over
1.4. Definite maxima are seen in the concentration profiles; to the
left of the maxima, 0p diffuses toward the waste package, whereas to the
right of the maxima, it diffuses toward the outer boundary. In this
problem, both inner and ouier boundaries are sinks for 02. [If the rate
of radiolytic production is low, as in Figure 3.55, there may be no
maximum in the concentration profile, and then the outer boundary will
act as a source rather than a sink. In Figure 3.56, for times approach-
ing 1, the outer boundary is beginning to affect the calculation. There
is a noticeable slope at r = 5,
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Figure 3.57 was calculated for the same conditions as Figure 3.56 except
that the linear absorption coefficient was increased to €= 2. This has
the effect of restricting radiolysis to a region closer to the waste
package. Comparison of Figures 3.56 and 3.57 also shows that the maxi-
mum concentrations are reduced.

3.4.2 Pitting-Corrosion Correlation

The development of pits on a container surface is likely to be an
important mechanism for the ultimate loss of container integrity. Con-
siderations of pitting corrosion have, during the past year, been
centered on three different aspects of the overall process: pit-
initiation kinetics, pit-growth kinetics, and the evolution of the pit-
depth distribution. Actually, the last aspect is just a combination of
the first two; that is, if one knows the rate at which pits are gener-
ated on a container curface as well as the rate at which a pit, once
gener.'ed, will grow then the time-dependence of the pit-depth distri-
bution follows directly. Of course, additional considerations such as
the "deactivation" or cessation of growth of certain pits must also be
considered. Nevertheless, it is possibie to make some generalizations
regarding the pit-depth distribution without having full knowledge
regarding either pit generation or growth. Battelle's second-year
efforts in these areas are summarized below.

3.4.2.1 Pit-Generation Kinetics

Battelle's analysis of pit-generation kinetics was limited, during this
reporting period, to a review of existing studies. One shortcoming of
these studies is that, in general, they do not represent conditions
appropriate to a repository environment. Such effects as those
resulting from the ambient gamma field, frum heat transfer across the
container surface, and from the presence of various chemical species
unique to this environment are therefore not treated and must be the
subject of future study.

In general, a theoretical model that is to be used to describe the
kinetics of pit generation must account for the following observations:

(a) Pitting occurs when the redox potentiai of the environment
exceeds some critical value, E..

(b) Pits nucleate only after some induction time has elapsed which
depends upon the overpotential AE = Epgdox - Ec.

(c) Pits usually are generated progressively across a surface;
that is, new pits are formed thfoughout the exposure period.
The number of pits generated per unit time is assumed to obey
some well-defined distribution law.

(d) In extreme cases, individual pits may overlap and coalesce.
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As far as t?s in?uction time for localized attack is concerned, Heusler
and Fischer proposed the following empirical relationship between
the generation time, ty, and the overvoltage, AE:

ty = to exp (Vo/AE)

where ty and Vg are constants. This equation was found to account
satisfactorily for the pitting characteristics of iron and borate buffer
solution containing chloride ions for induction times rangin? frgT a few
seconds to more than 28 hours. On the other hand, Lin et all3

derived the following theoretical expression for ty from a point-defect
model for passive-film growth:

-1
ty * & [exp (XFaAE) ) 1] .8 (3.5)

where T is a relaxation time for the movement of cation vacancies within
the film, X is the stoichiometry (MOx;2), a is the fraction of the total
voltage between the metal and the solution which appears across the
film/solution interface (= 0.743 for iron at 25 C) and &' is given by

XFaE
= 5,[ WL (g X2 exp( c)] . (3.6)

The parameters £, J9, and u are constants which depend upon the proper-
ties of the film, and ag)- is the activity of chloride ion. In princi-
ple, all the parameters in Equations 3.5 and 3.6 are known for any given
film; in practice, some of these are better determined empirically by
fitting Equation 3.6 to experimental data. Nevertheless Egggtion 3.9
was found to account for the data of Heusler and Fischer( in a
reasonably precise manner. Accerdingly, we propose to use Equation 3.5
to describe the generation of pits on waste-storage containers.

It is important to note that Equation 3.6 describes the generation of
pits on a uniform, perfect surface. In reality, pits will be generated
at different times even though a uniform (constant) overpotential exists
across the interface. Theoretically, this distribution in ty may be
accounted for by variations in film properties across a real surface
(see Equations 3.5 ?gd ? 6) and by a distribution in E. as given by the
point-defect model, 5 i.e.,

. 4.606RT 2.303RT

J
m (3.7)
E. * =XTa— '9930 9,-%2 " TafF 109,49 (agy-)
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where Jy is the rate at which metal holes submerge into the metal. How-
ever, a theoretical derivation of the distribution function does not
appear to be possible at this time because insufficient data are avail-
able relative to the variation of the parameters in Equations 3.5 and
3.6 for real passive films. Instead, the most profitable approach
appears, at this time, to be empirical, that is, to use Equations 3.6
and 3.7 to define the induction time for an “average" site and then to
introduce the distribution in ty using essentially empirical statistical
techniques. Various distribution functions will be evaluated for this
purpose.

A number of other investigators have considere? ths problem of pit-
generation kinetics. For example, Sato et al,(3:23) in their studies of
chloride pitting associated with a rotating stainless-steel electrode in
acid solution, found the pit-generation rate to be approxzmats}y con-
stant in time. On the other hand, Janik-Czachor and Ives(3.24) haye
suggested that the pit-generation rate for a metal in an aggressive
solution is of a "peaked" type, which they interpreted as probably being
represent. ‘ve of a statistical distribution of pitting susceptibilities
existing on the metal surface, centered at a "mean" susceptibility which
is represented by a characteristic time of incubation. For the alloys
they studied, there was no evidence for a time-independent pit-
generation rate. Interestingly, in their modeiing studies Sf the evolu-
tion of the pit-depth distribution, they used a simple, sin¢ (0.2 t)
function to represent the "peaked" function describing the rate of pit
nucleation.

3.4.2.2 Pit-Growth Kinetics

The rate at which a pit on a metal surface, once initiated, penetrates
into the metal is a subject that has long been of interest. A general
relationship that has been found to describe many types of pit growth is
the following:

h = a(t - ty)b (3.8)

where h is the depth, at time t, of a pit that had been generated at
time ty; < t, and where a and b are parameters that characterize the
particular pit-growth process. It has been found experimentally that,
én a wide ‘?riety of cases, the parameter b lies within the range

*E4 NEan

A few examples can ?3 §g§ed. A relationship similar to Equation 3.8 was
used many years ago\°- to describe the variation with time of the
maximum pit de?&" g r ferrous specimens in a soil environment. Somewhat
more recently, +26) it was pointed out that the special case for which
b = 1/3 has been found to apply to a number of situations, including the
maximum pit depth in laboratory tosts in almost 200 fresh waters, a
2000-foot industrial water-carrying pipeline for an interval of more
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than 13 years, and the pitting of aluminum in seawater. A time
dependence for pit growth similar_t Shat in Equation 3.8 has also been
discussed by Sato and coworkers.(3-23) Finally, in an experimental
study ot the pitting corrosion of carbon steels to be used gor uclear-
waste containment, preliminary results, reported by Marsh,(3:27) for the
variation with time t, in years, of the maximum pit depth, hpax, in mm,
indicated that

hmax = 3.2t0.49 . (3°9)

Clearly, the value of b in Equation 3.9 lies within the indicated range.

Of course, the exact nature of the parameters a and b is determined by a
number of factors, such as the pit geometry and the mass-transport pro-
cesses that contribute to pit growth. Also, since these factors, as
well as the experimental conditions (e.g., temperature), in general,
vary with time, the parameters a and b are likely themselves to be time-
dependent, particularly when we consider the pitting kinetics as
occurring over extended periods of time.

A few very simple examples serve to illustrate the validity of
Equation 3.8 for various pit geometries and rate-controlling kinetic
processes. Without presenting the details, one can show that:

e For dissolution-controlled growth of a hemispherical pit of
radius h, with time-independent total current to the pit and
with the current density across the pit surface being everywhere
the same,

ho~(t-tg)/3.

e For dissolution-controlled growth of a hemispherical pit, with
time-independent and spatially-independent current density
across the pit surface,

T L

The same relation holds for a cylindrical pit having constant
cross-sectional area perpendicular to the growth direction and
time-independent current supplied to its bottom, dissolving
surface. Of course, the constant of proportionality is
different for the two cases, and h represents pit depth for the
case of a cylindrical pit.

e For a cylindrical pit of depth h, again having constant cross-
sectional area perpendicular to the growth direction, but
growing by diffusion-controlled migration of the metal-
containing species from the pit bottom to the upper surface,
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h - (t = t0)1/2 F

assuming time-independent values for the concentration of that
species in the solution at the upper and lower pit surfaces.

It is clear that, in each of the above cases, pit growth is indeed
described by a specific form of Equation 3.8, despite the fact that the
assumed pit geometries and rate-controlling processes do vary from one
case to another. This may help explain why Equation 3.8, in some form,
is so often found to describe pit-growth data.

3.4.2.2.1 Physically Based Pit-Growth Models: Background

It is, of course, desirable to place our understanding of pit-growth
kinetics on a firm, quantitative basis in terms of physical models,
particularly if one is to predict, with some degree of confidence, the
long-term pitting behavior of a metal surface. Indeed, a number of
models for pitting corrosion, based essentially on the application of
mass-transport kinetics to simple pit geometries, have been developed
over the years. Examngszgg these can be found in(ghsgseported studies

of Engell an?3§§8}ica, 3.5T§t§:tgngt522f?33§3’ Pickering and

Franken Is Tester and
Isaacg.?gfgz) GalveleT?S?33) Nisaniﬁoaég and Holtan.?3-§£) Alkire and
Siitari(3:35) and Beck and Alkire.(3-

In addition, a number of detailed mathematica) treatm?ntg ?f pitting
corrosion h?Se b’en reported, for example, by Nfgm n,\3.37
Cherepanov, (3.38) and Kolotyrkin and coworkers,{3. 9 a related area,
in which a considerable amount of modeling has been carried out, is
stress-corrosion cracking of metals; however, this particular field is
not reviewed here.

3.4.2.2.2 Binary-Electrolyte Pit-Growth Model

As an initial step in developing a physically realistic model for
pitting corrosion of a waste-package container, a model was developed
during this reporting period based on the well-known transport theory
tharacterizing a "binary electrolyte®, which is a solution containing
me type of cation and one type of anion. A detailed discussion of the
general Shigsy of binary electrolytes has been presented by

Newman, (3. For our purposes, the cation represents the dissolving
metal and the anion represents an "average" of all the anions that may
exist within the solution inside the pit.

Assumptions included in the present model are as follows:

o The pit ceometry is as illustratzd in Figure 3.58, consisting of
a cylindrical configuration.

¢ The pit grows only along its length, which is taken to be
parallel to the x-axis, with growth occurring as a result of
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anodic dissolution of the bare metal that is assumed to comprise
the pit base located at x = h. The walls of the pit are taken
to be inert, so that current flow within the pit is likewise
one-dimensional.

No chemical reactions occur within the solution.
No convective flow of solution takes place.
Mass transport occurs under steady-state conditions.

The mobility of each of t?% &QHIL species is given by the
Nernst-Einstein relation,(3.40)

Given the?e asvmptiuns, one can show (using, for example, Equation 69-1
of Newman!3:40) that the flux, N4(x) and N.(x), of cations and anions,
respectively, within the solution inside the pit, is given by

\ F d 3.10
N,(x) = -0, [QT 2,00(x) gx ¢ (x) # ( -

where D+, 24 and c+(x) are, respectively, the diffusivity, number of
proton charges, and x-dependent concentration of the cation (+) and
anion (-), F the Faraday constant, R the gas constant, T the absolute
temperature, and ¢(x) the electrostatic potential. Clearly, the first
term within brackets in Equation 3.10 represents a contribution due to
electromigration, whereas the second term is a contribution due to
chemical diffusion.

Since no chemical reactions occur within the solution, expressions for
cation and gnion material balance become (see Equation (69-3) of
Newman (3.40))

4
ax Noix) =

Combining Equations 3.10 and 3 11,

RT %4




Moreover, since the solution must be electrically neutral at all points,

24 Colx) + 2. c.(x) =0 & (3.13)

From Equation 3.13, we obtain

C-(X) & a ;: C+(X) . (3-1‘\

Equations 3.12a and 3.12b can be added, and Equation 3.13 applied to the
resultant expression, to obtain

2
%—f [c’(x) + c_(x)] = 0 . (3.15)

X

Using Equation 3.14 to eliminate c_(x) from Equation 3.15,

z 2

Since the quantity in parentheses in Equation 3.16 is clearly non-zero,
it follows that

2
d (3.17)
c,(x) =0 "
ax? *
s0 that c4(x) satisfies the Laplace equation. The solution of
Equation 3.17 can be expressed as
ca(x) = ca(0) + [caln) - cat®)](xrm) . (3.18)

The functional form for the potential distribution, ¢(x), can now be
d::m;nimd through comparison of Equations 3.12a and 3.17, from which we
obtain

& [eot0) §5 000] =0 . Ak
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Equation 3.19 can readily e solved to yield

c,(x)
#(x) = ¢(h) + ﬁ%%% In [c—:'(ﬂ'] _ (3.20)

Next, consider the flux of anions. From Equations 3.14 and 3.18, we
obtain

Z
() = = 7t Je () + e, - c,(xmf . (320
Combining Equations 3.18, 3.20, and 3.21 with 3.100b,
c.(x)  40) - &(n (3.22)

F
n il lhes ‘FT 2. &%) Tafe,(007¢,

. c+(h)-c+(0)
. ;: 5
Since the anions do not undergo reaction at the pit base, it follows

that N.(x) = 0, in which case we deduce from Equations 3.13 and 3.22,
that

RT ¢,(0) 3.23
0(") ’ 0(0) + i—'r In [-c-:m] ¢ ( )

Finally, combining Equations 3.20 and 3.23,

c,.(x)
o(x) = #(0) - %IF n [EETUT] . (3.24)

Clearly, Equation 3.24 is a form of the Nernst equation.(3.40)
The cation flux is of particular interest, because it is this quantity
that is directly related to the rate of pit growth. It is now a simple

matter to calculate this flux simply by using Equations 3.18 and 3.24 in
conjunction vith 3.10a, from which we obtain
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z
N, = 0, (g = 1) [e,(m) - e, (0] (b . (3.25)

Clearly, the rate of pit growth is given by

%% . _m N, (3.26)
o

where m is the molar mass of the dissolving metal and p is its mass
density. The minus sign on the right-hand side of Equation 3.26 is
included because Ny < 0 (i.e., cation flux in the direction of the
crevice mouth) implies dh/dt > 0 (i.e., crevice growth). Combining
Equations 3.25 and 3.26, and recalling that z4 > 0 and z. < 0, we
obtain, taking h =0 at t =0,

mD
he = (
o

Hence, for this model the parameter b is exactly 0.5. Again, the first
term inside parentheses on the right-hand side of Equation 3.27 is a
contribution to pit growth due to electromigration, whereas the second
term is a contribution due to chemical diffusion. Thus, for example,
for z4 = +2 and z_ = -1, electromigration contributes twice as much to
pit growth as does chemical diffusion.

+ 1) [c+(h) - c+(0)]t " (3.27)

+
Z

3.4.2.2.3 Comparison with G.P. Marsh Data

wWhile being careful not to claim detailed physical validity of the pit-
growth model just derived, it is nevertheless interesting to compare
predict}og; obtained therefrom with preliminary results reported by
Marsh, ) as presented above in Equation 3.21. This is a parti-
cularly attractive comparison to make in view of the fact that Marsh
reported a b-value of 0.49, which is very close to the 0.5 value
obtained in our analysis.

Toward this end, let us take z4, = +2, 2_ = -1, m = 55,847 gm/mol (for
iron), p = 7.86 gm/cm3 (also for jron), and D = 1 x 105 em¢/sec.

Then, taking Marsh's b-value to be 0.5, one can directly compare Equa-
tions 3.21 and 3.27 to obtain a value for the difference in cation con-
centration along the crevice length. One thus obtains

c,(h) = c4(0) = 7.6 x 10-3 mo1/1.
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This valu? is }ndeed within "reasonable" limits. For example, Ateya and
Pickering(3.41) estimated the concentration of Fel* jons at the base of
a crack-like slot to be < 0.1 M,

3.4.2.3 Evolution of the Pit-Depth Distribution

In Battelle's first Annual Report(3.42) for this program, an analysis of
the evolution of the pit-depth distribution was developed for the
special case b = 1, i.e., a linear variation of the depth of a given pit
with time. Under this assumption, together with the additional assump-
tion that the rate at which new pits are generated is an arbitrary func-
tion of time, G(t), an expression was derived for the time-dependent
frequency distribution for the pit depth.

During the past year, this analysis was extended to account for a more
general growth-rate expression, namely, that given by Equation 3.20.
One can, for example, use either of the two methods discussed in Refer-
.ence 3.42 and thereby obtain the following general expression for the
# pit-depth frequency distribution, assuming G(t) applies for time t > O:

L 1
b b
fh,t) = 3 B G(t - (B ) toe n e anh 13:208)
and
f(h,t) = 0 for h > at® . (3.28b)

It was assumed, in the analysis leading to Equation 3.28, that the para-
meters a and b are independent of time. However, as previously noted,
both are likely to vary with time as the temperature and other condi-
tions vary.

An example of the application of Equation 3.28 is presented in
Figure 3.59 for the special case b = 0.5. Here, the pit-generation rate
is given by

G(t) = Go gx - exp [- (n)"]§ (3.29)

for t 2 0, where Gy and )\ are constants, and G(t) = 0 for t < 0. For
this particular form for G(t), the pit-generation rate is zero prior to
time t = 0, after which it rises and gradually approaches the constant
value Gy. (Whether or not this is a physically realistic form for G(t),
even over a limited interval of time, is immaterial; it serves as a use-
ful illustration.) Values of f(h,t) are shown in the figure for several
times after the onset of pit generation. Two important features
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relative to the change of f(h,t) with increasing time are: (1) as
expected, the maximum pit depth increases with increasing time, which
would ultimately lead to container penetration, and (2) the total number
of pits, which is proportional to the "area" beneath the distribution
function, is clearly increasing with time, as expected from the
functional form assumed for G(t) in this ca'culation.
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INTEGRATED SYSTEM PERFORMANCE

Jne objective of the Integrated System Performance task is to develop an
improved understanding of phenomena that affect waste-package
performance at the system level. This involves phenomena that arise
from combined effects as well as processes which drive the evolution of
the waste-packags ndition.

This year our efforts nave been directed towards obtaining a better
understanding of gamma-radiation effects on the waste-form environment.
This involved performing energy deposition calculations for the gamma-
radiation field in the vicinity of the waste package and studies of
water radiolysis.

4 Onsigerations in veveloping a General Description of
urdundwater Radiolysis Near Waste Packages

Material-corrosion experiments have demonstrated that a radiation field
can produce adverse effects. Furuya et y114.1) have observed stress-
wrosion cracking of Type 304L stainiess steel in deionized water in a
radiation field (1.1 x 10° R/hr) at 100 C but not in the absence of
radiation, and Chikalla and Powell1\*:<€) have observed increases in
rrosion rates of up to an order of magnitude in irradiated brines
mpared to nonirradiated brines for iron-based alloys. It is therefore
necessary to account for effects of radiolysis in the corrosion theory
which is described in tion 3.4.1, as well as in the corrosion
research experiments discussed in Section 3

¢ purpose of this work is to develop a general mathematical
description for the gamma radiolysis of groundwater solutions. This
Jescription will then be used to perform a computer simulation of the
radiolysis of groundwater in the vi inity ot a waste package. This
yimulation will indicate the time-dependence of concentrations of the
jroundwater species present in the radiation field for a specified time-
dose relationship and specified initi1al water chemistry. These results
will Dbe 0 assess the suitability of the abbreviated description of
water )lysis that will be folded into the general-corrosion corre-
lation., se results will also Le evaluated to determine whether, and
how, the water chemistry in the autoclave experiments should be changed
Lo account radiolysis.

sdel rhenomeno logical Descr pition of Water Ndilu}jnix

when a gamma-ray photon passes through water, it may interact with a
water molecuie through Compton scatter ing, pair production, or photo-
electrir absorption. ‘(hese processes cause energy from the gamma-ray
proton to be tr ferred to the solution the photon travels through.
One result of this energy transfer is the formation of secondary
electrons of varying en Jies; these may interact with water mo lecules,
causing excitation and ionizati n|\4- '}, which in turn cause the

]

rmation of radiolytic species in the solution along the path of the




secondary electrons(4.4), 1f species are formed near each other, they
may recombine or react with one another. Eventually, the radiolytic
species and their reaction products will diffuse away from the region in
which they were formed and become part of a homogeneous solution, where
they will no longer have high local concentrations. Once distributed in
solutions, they will interact with other aqueous species.

Two approaches are used to analyze the time-dependence of the concen-
trations of radiolytic species in solution. 1iIn one approach, energy
deposition and species formation are modeled in detail as energy is
transferred to the solution. The reactions and diffusion of t?ese
spigies are also modeled on a molecular level in this approach
4.17). The result of these calculations is the source rate of species
which can participate in homogeneous chemical reactions in the host
solution. Eventualiy, the detailed calculations along the tracks of the
secondary electrons will be coupled to a d?scrigtion of the reactions
occurring in the homogeneous host solution(4.18),

An alternative approach, which is being employed in this program, is to
assume a source rate of species from regions where the primary species
are formed to the homogeneous solution. This source rate is taken in
the form of a G-value which indicates the source rate to solution for a
given aqueous species. The homogeneous reactions and time-evolution of
the speci?s ln solution are then analyzed using an appropriate chemical
mechanism(4.19),

4.1.2 Kinetic Description of Water Radiolysis

The rate at which a complex chemical reaction proceeds can be
established empirically either through an experimental determination,
measuring reaction rates for specific conditions and concentrations, or
through a more general approach of chemical kinetics, using empirical
laws of kinetics and a mechanism. The difficulty with experimentally
determining an overall reaction rate in a generalized application is
that differences in experimental conditions and species concentrations
can lead to significantly different results. The advantage of a kinetic
description is that changes in the experimental conditions and the
concentrations of species in the system can be accounted for
appropriately within the description. The time-dependence of a chemical
reaction can be described by chemical kinetics in three basic steps.
First, it is necessary to establish a reaction mechanism through which a
chemical reaction proceeds. The mechanism is a set of elementary
reactions which comprise the overall reaction(s) of interest. The rates
of each of the elementary reactions in the mechanism can then be
expressed through the empirical laws of chemical kinetics as the product
of the rate constant for the elementary reaction and the concentration
of each of the reactant species in the elementary reaction raised to a
power given by the species coefficient., The second step in describing
the time-dependence of species in solution is to write out the
differential equations describing the buildup and decay of each of the
species involved in the mechanism. The third and final step in
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performing the kinetic analysis is to integrate the set of differential
equations with respect to timel%.19), Solutions to these difforential
equations will be the concentrations of species stated in “he mechanism
as a function of time

Several investigators have proposed reacticn mechanisms for the
radiolysis of aqueous systems. The mechanisms investigated in this
program were chosen bec ;1l1‘,“ they were judged to provide an adequate
representation for their intended use. These radiolysis descriptions
ften use a subset of the reactions which have been identifica for

»

iter-radiolysis species.

Bielski and Giebicki(4.20) nave identified more than 228 elementary
reactions between species in irradiated oxygenated aqueous solutions
Ninety-nine of these reactions, involving 27 species, have been
identified for irradiated oxygenated water(4.18), The mechanisms

Joyd, et al,(4.21) Carver, et al,14.2?) Chatterjee, et al,(4.18) and
Rosinger and Dixen(4.23) are for water which may contain diss
hydrogen and,or oxygen. Burns' mechanism(4.24) is for granit
groundwater. This fluid may contain dissoived Ho and/or U2 ag well as
NO3~ and C1=. The mechanism of Christensen and Bjergbakkel4:25) is for
water containing dissolved H» and/gr 02 as well as dissolved iron.
Simonson and Kuhn's mechanism(4.25) is for brin solutions. his
description accounts for dissolved C1- as well as dissolved

2 This description also partitions the H»o and 02 between the aqueoy:
and gas phases. The mechanisms of Sciwarz(%:27) and of Kuopwrﬁann\j- 8)
are intended to apply only to Lhe reactions taking place along the paths
of secondary elections and radiclytic species. As such, they do not
account for species and reactions which occur homogeneously in solution.
Ihese descriptions have been included in these studies because of their
potential suitability "or use in th2 corrosion correlation due to their
abbreviated size.

4.2 Method for Developing a Genera)l ”ﬂﬁrr[pt.on
of Groundwater ‘adioiXS'ﬁ Near Wast= Fackages

Work on the development of a general description for the radiolvsis of
groundwater w#i'l proceed in six steps:

Determine energy-deposition rates from gamma radiation to
groundwater near the was’.e nackage.

Develop a general mechanism for groundwater radiolysis.

Benchmark the gencral mechanism against experimental data
available in the literature.

Revise the general mechanism if necessary and use it to:

(a) assess the simplified description of water radiolysis
used in the corrosion correlations

(b) esitimate the concentrations of speci2s in groundwater
that is expected to contact the waste package.

d )




benchmark experiments
111 data needs identifie | ’t.‘w[) 3
provide additional assurar that the groundwater-

radiolysis mechanism provi redible results.
the description of aqroundwater radiolysis if necessary.

Efforts to » in the Integrated System Performance task have focused
on Steps 1-3. Progress in these areas is described in Sections 4.2.1-
4.2.3. In preparation for Step 4, the current status of the water-
chemistry description used in the corrosion correlations is described in
Section 4.2.4.

Gamma-Energy Deposition Calculations

A quantitative knowledge of the gamma-energy deposition rates to the
aqueous system near the waste ;’u‘,“'- ige 1s rr‘ﬁ‘}\_,“\r!}lj for the gamma-
radiolysis studies as well as for the general-corrosion correlation
being developed. To quantify the gamma fluxes and energy-deposition
rates in 3”“_wd\Y“-Dd"k}ﬂ“ environment, calculations were performed with
the ANISN(8.29) code, Details of these calculations have been discussed
in an earlier V‘f‘[)')v‘f’ IV)\

Results are reported for the gamma-deposition rates to the commercial
high-level glass waste form, and to the package materials and
groundwater for commercial high-level waste packages and spent-fuel

waste packages. These data are presented for three points in time for

each type of waste package. For the commercial high-level waste package
ind environment, these are 0 years after reprocessing, 50 years after
reprocessing, and 100 years after reprocessing. It 1is assumed that the
fuel is reprocessed at 10 years after discharge from the reactor. Dose
rates for the spent-fuel waste package and environment are presented for
0 years after discharge, 50 years after discharge, and 100 years after
discharge.

Figure 4.1 shows the gamma-energy deposition rate to the commercial
high-level glass waste form as a function of distance from the central
axis of the solid cylinder. In this figure, the gamma-energy deposition
rates decrease by ~10% as the outer surface of the waste form is
approached. The contribution from alpha decay is not included in these
data. Fiqure 4.2 shows the gamma-energy deposition rates to the packing
material and basalt rock surrounding a commercial high-level waste
package. Figure 4.3 shows the corresponding gamma-energy deposition
rate to water if it were to occupy voids in the packing material and
basalt rock. These calculations do not account for energy-transfer
effects which might occur as secondary electrons escape from one
material and provide a dose to another in the Qacking material.
Experiments by Christensen and 9jerqhakk9(4-» imply that this effect
might increase the dose rate to the water by 30 percent. Figure 4.4
shows the gamma-energy deposition rates to the packing material and

basalt rock surrounding a spent-fuel waste package, and Figure 4.5 shows
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the gamma-energy deposition rates to groundwater which might occupy voids
in the packing material and basalt rock. Figure 4.2 shows the gamma
energy deposition rates to the packaging material and basalt rock sur-
rounding a CHLW waste package. The discontinuity in Figures 4.2 and 4.4
arises from differing gamma photon absorbance properties of the packaging
material and basalt rock.

4.2.2 Development of a General Descriction for
the Radiolysis of Groundwaters

The development of a general description for the radiolysis ot water will
proceed in several phases. First, a mechanism for the radiolysis of water
containing dissolved Hp and/or 02 will be chosen from those cited in Sec-
tion 4.1.2 to give suitable agreement with experimental data in the liter-
ature(4.21,4.32,4.33,4.34), This basic mechanism will then be extended by
including elem ntary reactions and rate constants described in the litera-
ture to account for the presence of other ?issolved species in ground-
waters. In this work, the MAKSIMA-CHEMIST(4.22) code will be used to set
up and integrate the differential equations for each mech?niam under
study. The MA?EIMA-CHEMIST coue uses an improved version 4.21) of the
Gear algorithm .35) for solving a stiff set of differential equations.
When using MAKSIMA-CHEMIST, the user is required to input the reaction
mechanism, the G-values for the production of primary radiolytic species,
the initial concentrations of species in solution, the dose-rate history,
and the points in time at which solutions to the set of differential equa-
tions are requested, as well as other ancillary data associated with the
running of the code.

4.2.3 Comparisons of Experimental Data with Computed
Predictions Using Water-Radiolysis Descriptions

Calculations were performed with MAKSIMA-CHEMIST using several descrip-
tions of water radiolysis in order to choose or develop a mechanism upon
which to build a generaiized description of the radiolysis of groundwater.
Identical calculations were performed for seven different descriptions for
the radiolysis of water. The input parameters (dose rates, initial con-
centrations, etc.) used in these calculations were chosen so that compari-
sons of computed resuits with experimental data could be made.

4,2.3.1 Calculations

The first set of calculations was performed using a number of

different mechanisms to see hog Yell they could simulate three sets of
data reported by Hochanade1(4:33), The conditions for these three cases
are shown in Table 4.1. A sample of the graphical results of such calcu-
lations is given in Figures 4.6-4.8 for Hp, 0p, H202, HY, ing
OH=, as calculated using the Rosinger and Dixon mechanism(4.23), The
calculated values of the Hp0p concentration at 1000 and 3 x 107 seconds
are shown in Table 4.2, along with an interpolation of Hochanadel's
measurements which were reported for other points in time. The inter-
polations were actually obtained from a graph of a fit of these data shown
in Reference 4.21.
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Table 4.1 Conditions for Hochanadel data(4.33),

Case A: H, = 0 mole/liter 0, = 4.52 x 107 mole/liter

Case B: H, = 7.33 x 10™* mole/1liter 0, = 7.6 x 107> mole/liter

Case C: H, = 4.42 x 107 mole/1iter 0, = 5.48 x 107 mole/Titer
Dose Rate: $.22 x 101% ev/cm -sec
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Figure 4.6 Simulation of water radiolysis for C1?e A using the
mechanism of Rosinger and Dixon(4.23),
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As can be seen in Table 4.2, several of the descriptions give reasonable
agreement with the experimental data for cases A and C. For case B, the
Kuppermann(4.28) = Schwarz(4.27) and Rosinger and Dixon(4.23) mechanisms
give agreement at later times. As a test of the chemical sense of some
of the results, the ion product of water was calculated_for the
calculated H* and OH- concentrations at 1000 and 3 x 10/ seconds.
Results of these calculations are shown in Table 4.3. The ion product
(Kyw) of water should be very nearly 1 x 10-14, As can be 3een in

Table 4.3, the Simonson and Kuhn(4.26) Carver, et a1(4.22 , Boyd,

et al1(4.21)  and Rosinger and Dixon(4.23) descriptions give good
agreement at 1000 and 3 x 107 seconds.

In the second set of calculations, the initial concentrations and dose
rates were chosen to model experiments performed by Schwarz(4.32), In
these experiments, Hp02 steady-state concentrations were measured for
several different dose rates. Since the total doses reported in that
work range from 1019 - 1020 ey/cc, the comparison data were chosen for
calculated concentrations at one second after the initiation of constant
irradiation at the prescribed dose rate. These data are shown in Table
4.4, s can be seen in Table 4.4, most of the calculated results are
within an order of magnitude of the experimental observations. The data
calculated using the Rosinger and Dixon mechanism are within a factor of
three of the experimental data for each of the dose rates shown,

4.2.3.2 Results and Conclusions

The mechanism of Rosinger and Dixon(4.23) contains 55 reactions and is

the most complete of the mechanistic descriptions of water radiolysis
examined here. Rosinger and Dixon's mechanism was in fair agreement
with the experimental data, using the rate constants reported by
Rosinger and Dixon and the G-values shown in Table 4.5. Also, H* and
OH= concentrations calculated using this mechanism were in good
agreement with the ion product for water. This mechanism therefore
appears to be a reasonable base upon which to build a generalized
description for groundwater radiolysis.
4.2.4 Water-Chemistry Description Used in

Corrosion Correlations

Effects of water chemistry pertain to all the various degradation
processes that result from the presence of groundwater, including waste-
form dissolution and the general and localized corrosion of container
materials. For this reason, a method for water-chemistry analysis has
been deveioped that can be utilized in various other studies of the
performance of the waste package.




Table 4.3 Ion product of water determined from calculated H* and OH- concentrations.

Mechanisa Case* Kw at 1000 sec Kw at 3 x 107 sec

Boyd, et al A 1.01 x 10-14 1.36 x 10-14

B 1.01 x 10-14 1.37 x 10-14

c 1.01 x 10-14 1.37 x 10-14

Carver, et al A 1.03 x 10-14 1.40 x 10-14

8 1.03 x 10-14 1.40 x 10-14

C 1.02 x 10-14 1.40 x 10-14

Chatterjee, et al A 2.65 x 10-18 1.48 x 10-17

B 1.44 x 10-17 1.48 x 10-17

& C 5.60 » 10-18 1.48 x 10-17
e

~ Kuppermann A 3.17 x 10-18 3.17 x 10-18

B 3.17 x 10-18 3.17 x 10-18

C 3.17 x 10-18 3.17 x 10-18

Rosinger and Dixon A 1.01 x 10-14 1.37 x 10-14

R i.01 x 10-14 1.38 x 10-14

c 1.01 x 10-14 1.37 x 10-14

Schwarz A 3.25 x 10-18 3.25 x 10-18

B 3.25 x 10-18 3.25 x 10-18

C 3.25 x 10-18 3.25 x 10-18

Simonson A 1.00 x 10-14 1.20 x 10-14

B 1.00 x 10-14 1.20 x 10-14

c 1.00 x 10-14 1.20 x 10-14

* Cases A, B, and C are described in Table 4.1.
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Table 4.4 Calculated Hp0p concentrations after one second of
observed steady-state experimental data.

irradiation and

(Dose Rate)(eV/liter-sec)

Mechanism (2.9 x 1021) (1.2 x 1022) (3.8 x 1027) (8.0 x 1022)
Boyd, et al 3.0 x 10-6 6.4 x 10-6 1.1 x 10-5 1.4 x 10-5
Carver, et al 3.2 x 10-6 7.5 x 10-6 1.5 x 10-5 2.1 x 10-5
Chatterjee, et al 1.5 x 10-6 3.2 x 10-6 4.9 x 10-6 10-6
Kuppermann 2.0 x 10-5 8.0 x 10-5 2.6 x 10-4 5.5 x 10-4
Rosinger and Dixon 7.0 x 10-6 1.5 x 10-5 2.9 x 10-5 4.4 x 10-5
Schwarz 2.2 x 10-5 8.5 x 15 2.7 x 10-4 5.7 x 10-4
Simonson 1.8 x 10-3 4.0 x 10-5 7.5 x 10-5 1.1 x 10-4
Experimental Data* 4.2 x 10-6 7.6 x 10-6 1.3 x 10-5 1.9 x 10-5

* From Reference 4.32.



Table 4.5 G-Values used in the comparison calculations.

Species G-Value
e;q 2.80
H* 2.90
OH= 0.10
OH 2.7
H 0.48
H2 0.45
H20?2 0.70
HO2~ 0.0
HO2 0.02
02" 0.0
02 0.0
H20 0.0
02* 0.0
0~ 0.0
03 0.0
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4.2.4.1 Testing of the Water-Chemistry De

In view of the importance of water chemistr is important to
consider the various assumptions which are implicit in our lescription,
One potential shortcoming of the water-chemistry analysis, in its
current form, is the limited number of species that are included. As a
test, we have compared calculations and experimental results for natural
and synthetic groundwaters. As part of the Basalt Waste Isolation
Project, chemical analyses have been carried out on Grande Ronde basalt
qroundwater., According to “:f,»m-.,lq-v-{‘ this ground ter "would be the
most likely to migrate into either of the two idate repository

horizons within the Grande Ronde Basalt (i.e. Umtanum and Middle

i
Sentinel Bluffs flows)." For experimental convenience, Rockwell Hanford
1¢

losely reproduces the actual

developed a synthetic groundwater which
S n was qgiven in Table 2.8,

groundwater, The composition of this

As a measure of the accuracy of the water-chemistry analysis, we have
selected the value of the calculated pH. At a given temperature, pH is
the most important single variable in determining the solubility and
rate of dissclution of a silicate glass. Accordingly, the accuracy of
the predictions of any system model are heavily dependent on the
accuracy with which pH may be calculated.

Three values for the pH of the synthetic groundwater have been obtained,
two theoretical and one experimental. All of these values are for a
temperature of 25 C. The first theoretical value was determined in the
water-chemistry analysis that has been included in the system
description. Because of the small number of species included, it was
necessary to lump sodium and potassium as sodium, and chlorine and
fluorine as chlorine. This method, which handles 16 solute species,
yielded a calculated pH of 9.97. The second theoretical value was
calculated using the program WATEQ of Truesdell and Jones(2.37)., This
program considers 109 solute species, and it was not necessary to lump
any of the measured concentrations. However, WATEQ does not normally
require that the electroneutrality condition be satisfied, so it was
necessary to run the program repeatedly until a pH was found which made
the solution electrically neutral. This pH is 9.88. By comparison, the
experimental value of the pH of the synthetic groundwater as reported by
Jones is 9.74 + 0.10.

Some of the assumptions that were made in analyzing the water chemistry
seem to be severe: many solute species were ignored, and the alkali
metals were lumped together, as were the halogens. However, these
assumptions may in fact be less important than they appear, since the
neglected species generally have very low concentrations, and sirce the
alkali metals are chemically similar, as are the halogens.

With regard to glass dissolution in basalt groundwaters, it is clear
that there is little to be gained by including additional species.
Increasing the number of solute species from 16 to 109 reduced the error
in pH from 0.16 to 0.14. It should be noted, too, that Jones's
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procedure for preparing synthetic groundwater includes the addition of
NaOH or HC1 solutions to achieve the correct pH.

Both our current methods for water-chemistry analysis and the WATEQ code
yield acceptable values for the pH of synthetic basalt groundwater. On
this basis, it is reasonable to conclude that the current water-
chemistry analysis is sufficiently detailed for use in describing the
chemistry of a baszlt groundwater. Additional species may still be
necessary, however, to describe more concentrated groundwaters or the
effects of the repository on the groundwater composition.

4.2.4.2 Software Maintenance

During the past year, a new, more accessible computer became available
for work on this project. It was determined that the best long-term
strategy would be to make a one-time effort to move our computer soft-
ware to this computer. This work is now finished, and we are proceeding
to develop more realistic analyses of the process of glass dissolution
and its dependency on water chemistry.

Most of our computations to date have used two programs: the general-
purpose water-chemistry code WATEQ, and our own program for coupled
water-chemistry and glass-dissolution calculations. These programs have
been moved to the new computer for more convenient access. No
significant obstacles were encountered in transporting our own water-
chemistry-plus-glass-dissolution program. The program appears to be
functioning correctly on the new computer. It is believed that the
current form of this program will be relatively easy to transport to
other computer systems should the need arise.

Moving WATEQ was not quite so straightforward. The version of the code
which we received contained certain machine dependencies, primarily in
input/output and in the treatment of character data. These dependencies
have been eliminated. In addition, there was a limitation in the
Fortran compiler which made it impossible to compile the program. The
vendor has provided a "fix" for the compiler, and the program has been
compiled successfully. Results obtained from WATEQ in its current state
appear to be correct.

4.3 Future Work

In the coming year, efforts in the Integrated System Performance task
will focus on studies of groundwater radiolysis, homogeneous kinetics,
and water chemistry. Work will be initiated on uncertainty analysis,
and an experimental apparatus for high-level waste package integral
studies will be constructed.

4.3.1 Groundwater Radiolysis Studies

In the near term, the Rosinger and Dixon(3:23) mechanism for water
radiolysis will be extended to account for other species which may be
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present in groundwater. It is anticipated that elementary reactions for
aqueous iron species will be added and the mechanism will be _valuated
against available experimental data. Additional ?1ementary reactions
for water species reported by Bielski and Gebicki(4.20) will also be
considered for inclusicn in the mechanism.

4.3.2 Homogeneous Kinetic Studies

In the third year of the program, work in homogeneous kinetic studies
will begin. This work will provide information on the kinetics of
aqueous reactions relevant to the water chemistry near the waste
package. This information will help to evaluate the limitations of the
equilibrium water-chemistry descriptions. This information will also
support the extension of the water-chemistry description to account for
the time-dependence of reactions which are slow on the timescale of
processes relevant to waste-package performance.

This work will be performed with the aid of the MAKSIMA-CHEMIST code
which is currently usea for groundwater radiolysis studies. First,
mechanisms for relevant reactions will be develcped and benchmarked with
literature data. Once the mechanisms are established, the reactions for
groundwater radiolysis will be folded in, along with reactions between
species of interest and groundwater radiolysis species.

4.3.3 Water Chemistry Studies

Studies of water chemistry will be aimed at improving the realism of the
description of the groundwater and the reactions taking place in it.
Species will be added to the description to account for the repository
environment, which includes the host rock and the packing material.
Currently, the emphasis is on the steel - basalt system. Much of the
work in the coming year will be closely coupled with the efforts of the
radiolysis task. The water-chemistry model is also closely tied to the
determination of corrosion of the overpack and, as modified by corrosion
products, to the dissolution of the waste form. The water chemistry at
the overpack-packing interface is also affected by the rate of flow of
groundwater. This effect will be added to the description, as well as
the kinetics of aqueous reactions (e.g., silicates).

Since the water-chemistry model involves several species, phases, and
processes, it is not practical to model all relevant aspects in detail.
More detailed concurrent studies in water radiolysis and homogeneous
kinetics will provide the information necessary to enable the water
chemistry mciel to account for these processes.

4.3.4 Uncertainty Analysis
In the third year of the program, work will be initiated on uncertainty

analysis. The purpose of this work is to increase the understanding of
the suitability of various uncertainty-analysis methods for analyzing
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nuclear-waste packages so that specific methods can be selected on a
quantitative basis. This study will provide a scoping analysis for a
selected model.

4.3.5 High-Level Waste Package
Integral Experiments

In the third year of the program, we plan to initiate work on the
construction of an apparatus for high-level waste package integral
experiments. The motivation for these experiments is a product of work
performed in the first year of the program in the system-performance
task. These experiments will address technical issues which wer? raiied
while developing the first-cut version of the system description(4.38),
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QUALITY ASSURANCE

Quality assurance surveillance activities fur the High Level Waste
Packaging Program were continued during the second year with review of
program experimental data sheets and associited Battelle Laboratory
Record Books. An ongoing program audit shwed no areas of non-
compliance as of January 1984.

Activities associated with preparation and agcroval of quality assurance
program procedures were also continued. OQuring the year, approximately
30 program procedures were prepared by program personnel, reviewed, and
approved for use in conducting the various tasks of the experimental
work. Three procedures were revised to reflect changes in testing
requirements. These are: WF-PP-27, WF-PP-28, and WF-PP-35.

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

Quality assurance surveillance activities will continue during the third
year of the contract. Procedures will be revised and new ones prepared
as necessary to meet program requirements.




Table 5.1.

Status of NRC waste packaging program QA procedures.

Procedure No. Title Status
WF-PP-1 Procedures for Record Keeping and Documentation for NRC Approvea
Revision 0 Waste Form System Model Development

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

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

WF-PP-11 Laboratory Procedures for Preparation of Teflon-Leach Approved
Revision 0 Containers

WF-PP-14 Laboratory Procedure for Leaching Glass Samples Approved
Revision O

WF-PP-16 Laboratory Procedure for Operating the Orton Approved
Revision 0 Dilatometer

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

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

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

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

Revision
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Table 5.1. C(ontinued.

Procedure NG. Title Siatus
WF-PP-28 Procedure for Performing Tension Tests of Steel Specimens Aporoved
Revision 1
WF-PP-29 Procedure for Conducting Hydrogen-Absorption Experiments Approved
4evision 0
WF-PP-30 Laboratory Procedure for Preparation, Cleanino, and Approved
Revision O Evaluation of Titanium Grade-12 Specimens for Cosrosion

Studies of the Overpac' Performance for the NRC Was:ie

Packaging Program
WF-pp-31 Laboratory Procedure for Preparation, Cleaning, and Approved
Revision 0 Evaluation of Cast and Wrought Carbon Steel! Specimens

for Corrosion Studies of the Overpack Perfarmance for

the NRC Waste Fackaging Program
WF-PP-32 Procedure for Preparation of Brine A for Corrosion Testing Approved
Revision G Under Simulated Repository Conditions
WF-PP-33 Procedure for Preparation of Simulated Basalt Groundwater Approved
Revision 0 Solution
WF-PP-33.1 Procedure for Preparation of Basalt Rock for Use in Approved
Revision 0 Corrosion Studies for the NRC Waste Packaging Program
WF-PP-34 Procedure for Preparation of Simulated Tuff Groundwater To be
Kkevision 0 Solutions Written
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Table 5.1. Continued.

Procedure No. Title Status
WF-PP-35 Procedure for Performing Autoclave Exposures for Corrosion Approved
Revision 1 Tests in Simulated Brines
WF-PP-35.1 Procedure for Performing Autoclave Exposures for Corrosion Approved
Revision 0 Tests in Simulated Brines Using Sealed Internal Canister
WF-PP-36 Procedure for Performing Stagnant Autoclave Exposures for Approved
Revision 0 Corrosion Tests in Simulated Basalt or Tuff Groundwaters
WF-PP-37 Laboratory Procedure for Preparing Polarization Resistance Approved
Revision 0 Specimens, Performing Polarization Resistance Measurements

and Evaluating Polarization Resistance Data
KF-PP-37.1 Laboratory Procedure for Performing Eh and Corrosion Approved
Revision 0O Potential Measurements in Autoclave Exposures in

Simulated Basalt and Tuff Groundwater
WF-PP-37.2 Laboratory Procedure for Determination of the Polarization Approved
Revision 0 Behavior of Metal Specimens at Ambient Pressure
WF-PP-38 Procedure for Preparing and Evaluation of U-Bend Specimens Approved
Revision 0 for Stress Corrosion Studies of Cverpack Materials for the

NRC Waste Packaging Project
WF-PP-38.1 Procedure for Performing and Evaluating 3 Point Bend Beam Approved
Revision O Specimens for Stress Corrosion Studies of Overpack Materials

for NRC Waste Package Program




Table 5.1. Continued.

?rocedure NMo.

WF-PP~39
Revicion

WF-PP-40
Revisir

kr-PP-41
Revisicn

WF-PP-42
Revision

WF-PP-43
Revision

WF-PP-44a
Revision

WF-PP-45
Revision

WF-PP-45,

Revision

WF-PP-46
Revision

~

i

0

0

0

0

0

0

1
0

0

Title

Procedure for Preparing, Testing and Evaluating Crevice
Corrosin Specimens of Titanium Grade-12 and Cast Steel

Laboratasv Proc:dures for Preparation, cleaning, and
tvaluat on of Thermogalvanic and Heat-Transfes Specimens

Laboratory Prccedures for Determinaticn &Ff Lorrasion Rates

Under Hcat-Transfer Conditions

Laboratory Procedure for Determination oY Thermogalvanic
Corrosion Rates

Procedure for Welding Titanium Grade-12 Plate for Use in
Corrosion Studies of Overpack Materials for NRC Waste
Isolation Project

Procedure for Welding Cast and Wrought Steel Specimens

Laboratory Procedure for Preparing and Evaluating Slow
Strain-Rate Specimens and for Performing Slow Strain-
Rate Tests

Laborater: Frocedures for Performing Slow Strain-Rate
Tests Under Puteniicstated Conditions

Procedure for Preparation of Titanium Grade-12 Corrosior
Specimens with Metallic Iron Embedded in the Surface

Status

Apprcved

Approved

Approved

Apcroved

Approved

To be
Written

Approved

Approved

Approved
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fuel waste forms. The current gate,-radiolysis model found adequate when tested
against existing data, and preminary calculations wereYperformed with the current
water-chemistry model; in botif cases, additional chemicalg\species are being incorporated.

f temperature, pressure, solution chemistry,
Jume have been studied. The glass-
by comparison with experiments.
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